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ABSTRACT 

Alternative materials represent an important potential source of aggregates for road 

construction. At present, their use remains limited owing to the abundance and low cost 

of high quality natural aggregates, low costs of landfill disposal and generally restrictive 

specifications for pavement materials. Nevertheless, their influence in relation to the 

primary aggregates is likely to increase in the future with the enforcement of more strict 

environmental regulations at national and European levels. The obiec!i,,~<?f!h!S ~es~ar~h_ 

project was to investigate a wide range of alternative materials and provide a practical 

framework for their assessment enabling pavement engineers to deal with most 

applications in road construction. 

Initially secondary materials were assessed according to the present UK specifications 

and were found to fail the requirements in most cases. However, the current approach 

does not assess fundamental properties such as stiffness, resistance to permanent 

deformation, tensile strength, resistance to fatigue and the development of these with 

time, leading to an inadequate assessment of these materials. To advance towards the 

development of performance-based specifications repeated load triaxial and indirect 

tensile tests were used. For their performance the Nottingham 150x300 mm triaxial 

apparatus was used and an indirect tensile apparatus developed which evolved from the 

Nottingham Asphalt Tester used for bituminous materials. In triaxial testing, models 

used to study the resilient behaviour of granular materials were found to give good results 

for unbound but not for lightly-treated secondary materials. For these, a new resilient 

model was developed. 

Testing and specimen preparation techniques together with performance classification 

systems were developed for both tests and recommendations for an overall methodology 

for the evaluation of secondary materials are presented. An application of this 

methodology was made to the study ofthirteen mixtures to be considered for full-scale 

trials. The application of secondary materials in pavements was evaluated using 

analytical methods of pavement design which demonstrated the potential of these at 

levels in the pavement as high as the roadbase and the overall thickness reduction that 

may result. 

MCMNunes Page XI 



ACKNOWLEDGEMENTS 

The author would like to express his gratitude to all persons and organisations who 

contributed directly and indirectly to this thesis with their support, encouragement and 

advice, thus helping towards its timely conclusion. 

Acknowledgement is due first and foremost to the Portuguese Research Council for 

Science and Technology (Junta Nacional de Investiga~iio Cientijica e Tecnol6gica, 

Programa PRAXIS XXI), who sponsored this research project, and without whose 

financial support it would not have been viable. The author also wishes to express his 

thanks to Andrew R Dawson for his guidance and invaluable insight as supervisor, as 

well as the sponsors for the LINK II Project upon which part of this research is based. 

Thankfulness is also extended to the National Laboratory of Civil Engineering (LNEC) 

in particular the Transportation Network Department, for granting an unpaid work leave 

for the duration of this project. 

Special thanks are also due to the Department of Civil Engineering of the University of 

Nottingham, for providing all the necessary facilities. It would simply not have been 

possible for the experimental work to have been carried out without the cooperation of 

Darren Belcher in the endless testing programme and, in particular, Jim Moody, who 

ensured an effective performance of the laboratory equipment throughout. A word of 

thanks is also extended to all the members of the Pavement and Geotechnics Research 

Group for the useful discussions, technical or otherwise, and their friendship, especially 

Nick Thorn, John Read, Barry Brodrick and Keith Cooper. 

Finally, special thanks are due to the author's wife Teresa and son Ricardo for their 

unconditional support especially throughout the research period. 

MCMNunes Page XlII 



Olp 

OIP(Nol) 

Olr(N) 

03p 

03P(No l) 

03r(N) 

Elp(N) 

Elp(lOO) 

E lp 

E 1P' 

MCMNunes 

LIST OF SYMBOLS 

coefficient characterising the reactivity of granulated blastfurnace slag 

material constant 

total horizontal deformation 

increment 

permanent axial deformation 

permanent axial deformation after cycle (N-I) 

resilient axial deformation at the Nth cycle 

permanent radial deformation 

permanent radial deformation after cycle (N-I) 

resilient radial deformation at the Nth cycle 

major, intermediate and minor principal strains 

permanent axial strain after N cycles 

permanent axial strain after 100 cycles 

permanent axial strain 

corrected permanent axial strain after N cycles 

major, intermediate and minor resilient principal strains 

permanent radial strain 

shear strain 

resilient shear strain 

tensile strain 

volumetric strain 

resilient volumetric strain 

maximum horizontal tensile strain 

horizontal tensile strain 

maximum vertical compressive strain 

vertical compressive strain 

Page xv 



e 
v 

(J 

(Jv 

a 

AI 

Ale 

ACV 

AIV 

b 

BI 

CBX 

CBY 

Csx 

CSY 

Page XVI 

Enabling the Use of Alternative Materials in Road Construction 

vertical compressive strain 

first stress invariant, e = (JI + (J2 + (J3 = 3 Pmax 

Poisson's ratio 

material constant 

normal stress 

tensile strength (monotonic loading) 

major, intermediate and minor principal stresses 

major, intermediate and minor repeated principal stresses 

unconfined compressive strength 

horizontal normal stress 

tensile stress resulting in failure after N cycles 

tensile stress 

tensile strength in direct tension 

tensile strength in flexural test 

tensile strength in indirect tension 

vertical normal stress 

horizontal tensile stress 

maximum horizontal tensile stress at the centre of the specimen 

maximum vertical compressive stress at the centre of the specimen 

vertical compressive stress 

shear stress 

angle of shearing resistance 

positive material constant 

material constant 

characteristic permanent strain 

Aggregate Crushing Value 

Aggregate Impact Value 

positive material constant 

material constant 

correction factor (tensile strain) 

correction factor (compressive strain) 

correction factor (tensile stress) 

correction factor (compressive stress) 

PhD The.Jis 



Cu 

Cv 

d 

M 

n 

N 

P 
p 

• P 

PI 

MCMNunes 

List of Symbols 

coefficient of uniformity 

coefficient of variation 

diameter of the specimen 

particle diameter at which 10 % of the material by weight is finer 

particle diameter at which 60 % of the material by weight is finer 

Young's modulus 

traffic load equivalence factor 

maximum force applied 

force required to produce ten per cent of fines 

rut factor 

shear modulus 

material constant 

material constant 

gauge lenght 

vertical distance between deformation measuring points 

measured horizontal deformation 

plasticity index 

bulk modulus 

material constants 

material constant 

material constant 

slope of the failure line 

percentage of fines generated during test 

total mass of test specimen 

mass of fines generated during test 

resilient modulus 

characteristic resilient modulus 

material constant 

number of cycles 

mean normal stress 

vertical load 

parameter related to the failure line, p. = S / M 

initial mean normal stress 

Page XVII 



Enablin'i, the U&e oj A\temo.tm MateTla\& In Road Construction 

P2 final mean normal stress 

Pa atmospheric pressure, Pa = 100 kPa 

P f friability property 

Pm average 'mean normal stress' during one stress path application 

Pmax maximum mean normal stress experienced during a stress excursion 

Pr repeated mean normal stress 

P' effective mean normal stress 

q deviatoric stress 

ql initial deviatoric stress 

~ final deviatoric stress 

qf deviatoric stress corresponding to failure 

<lm average deviatoric stress during one stress path application 

<lmax maximum deviatoric stress experienced during a stress excursion 

Clr repeated deviatoric stress 

r repeatability 

Ro horizontal distance between deformation measuring points 

R 2 correlation coefficient square 

Rcal fatigue ratio 

~ compressive strength of the immersed specimens as a percentage of the 

compressive strength of the control specimens 

s material constant 

S intersection of the failure line with the deviatoric stress axis 

SB Blaine specific surface of the natural fmes fraction « 80 ~m) 

SO Standard deviation 

Sm Stiffuess modulus 

t thickness of the specimen 

TFV Ten per cent Fines Value 

W axle load of commercial vehicle 

Ws standard axle load 

x distance to the origin (centre of the specimen) 

Y M measured vertical deformation 

PageXVllI 
PhD The,i, 



LIST OF FIGURES 

CHAPTER] 

Figure 1.1 Distribution of the demand for aggregates in the construction 

industry ................................................... 2 

CHAPTER 2 

Figure 2.1 Quantities and location of main secondary materials [Whitbread, 

Marsay & Tunnel, 1991]. . ................................... 24 

Figure 2.2 Processing of minestone at Gascoigne Wood Mine, Yorkshire. . ..... 27 

Figure 2.3 China clay workings (courtesy of Camas Aggregates) .............. 32 

Figure 2.4 Processing of china clay sand (courtesy of Camas Aggregates) ....... 32 

Figure 2.5 Slate waste extraction at Penrhyn Quarry, Gwynedd, North Wales .... 37 

Figure 2.6 Processing of slate waste as Type 1 and 2 sub-base material. ........ 39 

Figure 2.7 Triangular representation of several binders [Setra & LCPC, 1980] ... 43 

Figure 2.8 Conditioned fly ash, Ratc1iffe-on-Soar Power Station, Nottingham ..... 44 

Figure 2.9 Manufacturing process of blast furnace and steel slags .............. 54 

CHAPTER 3 

Figure 3.1 Typical pavement structures .................................. 86 

Figure 3.2 Summary of grading requirements for unbound sub-base and capping 

layers .................................................... 88 

Figure 3.3 Particle size distribution (minestone) ........................... 93 

Figure 3.4 Particle size distribution (china clay sand). . ..................... 93 

Figure 3.5 Particle size distribution (slate waste) ........................... 94 

Figure 3.6 Particle size distribution (power station ashes) .................... 94 

Figure 3.7 Particle size distribution (granite Type 1) ........................ 95 

MCMNunes Page XIX 



Enabling the Use of Alternative Materials in Road Construction 

Figure 3.8 Particle size distribution (blastfurnace slag) ...................... 95 

CHAPTER 4 

Figure 4.1 Guidelines for the selection of stabiliser ........................ 109 

Figure 4.2 Summary of grading requirements for stabilised capping layers. . ... 119 

Figure 4.3 Summary of grading requirements for cement bound materials ..... , 119 

CHAPTERS 

Figure 5.1 View of the repeated load triaxial apparatus .................... , 133 

Figure 5.2 Triaxial specimen. . ....................................... 133 

Figure 5.3 Detail of triaxial instrumentation. . ........................... 133 

Figure 5.4 New load cell for the triaxial equipment. ...................... , 135 

Figure 5.5 Location stud ............................................ , 136 

Figure 5.6 Digital control system in the repeated load triaxial apparatus. . ..... 137 

Figure 5.7 Nottingham Asphalt Tester .................................. 139 

Figure 5.8 Detail of the arrangement for stiffness modulus determination. . .... 139 

Figure 5.9 Repeated load indirect tensile apparatus ........................ 142 

Figure 5.10 Sub-frame for fatigue testing of bituminous materials [Read, 1996] ... 145 

Figure 5.11 New sub-frame of the repeated load indirect tensile apparatus ....... 145 

Figure 5.12 Comparison of load cells using irregular plastic specimen .......... 147 

Figure 5.13 Comparison of load cells using regular plastic specimen ........... 147 

Figure 5.14 Comparison of load cells during a fatigue test (fly ash specimen). ... 148 

Figure 5.15 New L VDT frame. ........................................ 149 

Figure 5.16 Comparison of LVDT frames (horizontal deformation) ............ 150 

Figure 5.17 Comparison of L VDT frames (horizontal deformation and stiffness 

modulus). . .............................................. 150 

Figure 5.18 Typical load pulse in the Nottingham Asphalt Tester .............. 152 

Figure 5.19 Load signal in the indirect tensile apparatus ..................... 153 

Figure 5.20 Material response - measured vertical deformation. . ............. 153 

Figure 5.21 Material response - measured horizontal deformation ............. 154 

CHAPTER 6 

Figure 6.1 Loading system in pavement structures under a moving wheel. ..... 161 

Page XX PhD Them 



List of Figures 

Figure 6.2 Rotation of principal stress directions in pavement structures ....... 161 

Figure 6.3 Loading system in repeated load triaxial tests .................... 162 

Figure 6.4 Typical stress / strain behaviour of granular materials: i) 

conventional triaxial test; ii) repeated load triaxial test. . . . . . . . . . . . . 164 

Figure 6.5 Triaxial stress paths and failure line (slate waste - SWO) ........... 169 

Figure 6.6 Axial strain during one loading cycle (slate waste - SWO) .......... 170 

Figure 6.7 Radial strain during one loading cycle (slate waste - SWO) ......... 170 

Figure 6.8 Poisson's ratio during one loading cycle (slate waste - SWO). . ..... 171 

Figure 6.9 Resilient behaviour approach using K - e model (slate waste-SWO) ... 173 

Figure 6.10 Specimen compaction for triaxial testing. . ..................... 177 

Figure 6.11 Detail of compaction mould . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 177 

Figure 6.12 Detail of studs' assembly ................................... 177 

Figure 6.13 Comparison of conditioning stress paths. . . . . . . . . . . . . . . . . . . . . . . . 182 

Figure 6.14 Stress paths for the study of resilient behaviour .................. 183 

Figure 6.15 Stress paths for the study of permanent deformation behaviour ...... 185 

Figure 6.16 Experimental result from triaxial test using monotonic loading 

(unbound material). ....................................... 187 

Figure 6.17 Development of permanent deformations in repeated load triaxial 

tests (unbound material). ................................... 187 

Figure 6.18 Typical resilient behaviour of granular materials under repeated 

loading (unbound material) .................................. 188 

Figure 6.19 Comparison of stress-strain behaviour of steel, concrete and granular 

materials [Allaart, 1992] .................................. " 188 

Figure 6.20 Experimental results from triaxial test using monotonic loading 

(treatment level J). . ....................................... 189 

Figure 6.21 Development of permanent deformation in repeated load triaxial 

tests (treatment level I) ..................................... 189 

Figure 6.22 Typical resilient behaviour of treated materials under repeated 

loading (treatment level I). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 190 

Figure 6.23 Typical resilient behaviour of treated materials under repeated 

loading (treatment level II) .................................. 190 

Figure 6.24 Failure lines of the unbound materials ......................... 192 

Figure 6.25 Ranking of materials based on triaxial strength. ................. 192 

MCMNunes Page XXI 



Enabling the Use of Alternative Materillis in Road Construction 

Figure 6.26 Significance of parameter p •................................. 201 

Figure 6.27 Performance of Pap pin volumetric model (unbound material) ....... 210 

Figure 6.28 Performance of Pappin shear model (unbound material). . ......... 210 

Figure 6.29 Performance of Pap pin volumetric model (treatment level I) ........ 211 

Figure 6.30 Performance of Pap pin shear model (treatment level I) ............ 211 

Figure 6.31 Performance of Pappin volumetric model (treatment level II). . ..... 212 

Figure 6.32 Performance of Pappin shear model (treatment level II) ............ 212 

Figure 6.33 Volume and shear displacement contours [pappin, 1979] .......... 214 

Figure 6.34 Complete definition of a stress path in a p-q space ................ 215 

Figure 6.35 Performance of the new volumetric model (unbound material) ...... 218 

Figure 6.36 Performance of the new shear model (unbound material) ........... 218 

Figure 6.37 Performance of the new volumetric model (treatment level I) ....... 219 

Figure 6.38 Performance of the new shear model (treatment level I) ............ 219 

Figure 6.39 Performance of the new volumetric model (treatment level II). . .... 220 

Figure 6.40 Performance of the new shear model (treatment level II) ........... 220 

Figure 6.41 Resilient modulus results .................................... 221 

Figure 6.42 Poisson's ratio results. . .................................... 221 

Figure 6.43 Permanent deformation results. . ............................. 230 

Figure 6.44 Non-asymptotic development of permanent strains (SWI). . ....... 231 

Figure 6.45 Non-asymptotic development of permanent strains (BA4) .......... 232 

Figure 6.46 Non-asymptotic development of permanent strains (MI4) .......... 232 

Figure 6.47 Permanent deformation model- influence of the stress level. ....... 233 

Figure 6.48 Classification system proposed. . ............................. 236 

CHAPTER 7 

Figure 7.1 Stresses in indirect tensile specimen (horizontal axis). . ........... 249 

Figure 7.2 Stresses in indirect tensile specimen (vertical axis). . ............. 249 

Figure 7.3 Mohr circles of the theoretical stress distribution in indirect tensile 

mode ................................................... 250 

Figure 7.4 Effect of correction factors on Poisson's ratio and stiffness modulus .. 261 

Figure 7.5 Stabilisation curves in terms of indirect tensile strength (fly ash). '" 266 

Figure 7.6 Measuring system used for determining Poisson's ratio ............ 269 

Figure 7.7 Poisson's ratio results (fly ash) ............................... 270 

Page XXII PhD TMsls 



List of Figures 

Figure 7.8 Conditioning phase (pulverised fuel ash). . ..................... 272 

Figure 7.9 Conditioning phase (furnace bottom ash) ....................... 272 

Figure 7.10 Frequency study in the Nottingham Asphalt Tester ............... 274 

Figure 7.11 Effect of frequency of loading on stiffness modulus ............... 275 

Figure 7.12 Typical resilient behaviour in tension (indirect tensile mode). . ..... 276 

Figure 7.13 Typical resilient behaviour in compression (indirect tensile mode) .. 277 

Figure 7.14 Tensile stress / strain behaviour at different stress levels ........... 277 

Figure 7.15 Stabilisation curves in terms of stiffness modulus (fly ash). . ....... 279 

Figure 7.16 Durability results of cement-stabilised fly ash (tensile strength) ..... 283 

Figure 7.17 Durability results of cement-stabilised fly ash (stiffness modulus). .. 284 

Figure 7.18 Durability results of lime-stabilised minestone (tensile strength) ..... 284 

Figure 7.19 Durability results of lime-stabilised minestone (stiffness modulus) .... 285 

Figure 7.20 Effect of the frequency ofloading on the resistance to fatigue ....... 290 

Figure 7.21 Fatigue results of cement-stabilised fly ash (c = 2 % @ 28 days) ..... 292 

Figure 7.22 Fatigue results of cement-stabilised fly ash (c = 2 % @ 90 days) ..... 292 

Figure 7.23 Fatigue results of cement-stabilised fly ash (c = 2 % @ 360 days) .... 292 

Figure 7.24 Fatigue results of cement-stabilised fly ash (c = 5 % @ 28 days) ..... 293 

Figure 7.25 Fatigue results of cement-stabilised fly ash (c = 5 % @ 90 days) ..... 293 

Figure 7.26 Fatigue results of cement-stabilised fly ash (c = 5 % @ 360 days) .... 293 

Figure 7.27 Fatigue results of cement-stabilised fly ash (c = 9 % @ 28 days) ..... 294 

Figure 7.28 Fatigue results of cement-stabilised fly ash (c = 9 % @ 90 days) ..... 294 

Figure 7.29 Fatigue results of cement-stabilised fly ash (c = 9 % @ 360 days) .... 294 

CHAPTER 8 

Figure 8.1 Compaction curve of mixture 8 ............................... 310 

Figure 8.2 Compaction curve of mixture 17. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310 

Figure 8.3 Compressive strength of the mixtures with fly ash or gypsum as a 

major component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315 

Figure 8.4 Compressive strength of the mixtures with china clay sand as a major 

component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315 

Figure 8.5 Compressive strength of the mixtures with Type 1 aggregate or 

blastfurnace slag as a major component. ....................... 316 

Figure 8.6 Ranking of materials based on the compressive strength of the 

MCMNunes PageXXlll 



Enabling the Use of Alternath!e Materials in Road Construction 

mixtures at 90 days. ....................................... 316 

Figure 8.7 Compaction rig. . ......................................... 320 

Figure 8.8 Compaction mould. . ...................................... 320 

Figure 8.9 View of inner specimen mould. . ............................. 320 

Figure 8.10 Scheme of the developed compaction mould .................... 321 

Figure 8.11 Indirect tensile strength of the mixtures with fly ash or gypsum as a 

major component. ......................................... 323 

Figure 8.12 Indirect tensile strength of the mixtures with china clay sand as a 

major component. ......................................... 323 

Figure 8.13 Indirect tensile strength of the mixtures with Type I aggregate or 

blastfurnace slag as a major component. ....................... 324 

Figure 8.14 Ranking of materials based on the indirect tensile strength of the 

mixtures at 90 days. . ...................................... 324 

Figure 8.15 Stiffness of the mixtures with fly ash or gypsum as a major 

component. .............................................. 325 

Figure 8.16 Stiffness of the mixtures with china clay sand as a major component .. 325 

Figure 8.17 Stiffness of the mixtures with Type 1 aggregate or blastfurnace slag 

as a major component. ..................................... 326 

Figure 8.18 Ranking of materials based on the stiffness of the mixtures at 90 

days .................................................... 326 

Figure 8.19 Fatigue lines of the fly ash and gypsum mixtures ................. 328 

Figure 8.20 Fatigue lines of the china clay sand mixtures .................... 328 

Figure 8.21 Fatigue lines of the Type 1 aggregate and blastfumace slag mixtures ... 329 

Figure 8.22 Analysis of relationship between stiffness modulus and tensile 

strength ................................................. 330 

Figure 8.23 Analysis of relationship between compressive and tensile strengths 

at 90 days ................................................ 330 

Figure 8.24 Classification system proposed ............................... 339 

CHAPTER 9 

Figure 9.1 Particle strength and CBR results ............................. 346 

Figure 9.2 Comparison of results (light stabilisation). . .................... 348 

Figure 9.3 Comparison of results (heavy stabilisation) ..................... 349 

Page XXIV PhD 'Thesis 



List of Figures 

Figure 9.4 Design criteria used for pavement analysis ...................... 353 

Figure 9.5 Results of the DoT approach to pavement design ................. 354 

Figure 9.6 Data for the analytical approach to pavement design .............. 360 

Figure 9.7 Tensile stress criterion ...................................... 361 

Figure 9.8 Compressive strain criterion ................................. 361 

CHAPTER 10 

Figure 10.1 Methodology proposed for the study of unbound and treated 

secondary materials ........................................ 367 

MCMNunes Page ITV 



LIST OF TABLES 

CHAPTER 2 

Table 2.1 Summary of the annual production and utilisation of some secondary 

materials in the EU. ........................................ 15 

Table 2.2 Summary of survey results on waste materials and by-products in the 

USA [Ciesielski, 1993]. ..................................... 17 

Table 2.3 Summary of survey results on waste materials and by-products in 

Canada ................................................... 18 

Table 2.4 Summary of the potential of secondary materials for use in pavement 

foundations. . ............................................. 21 

Table 2.5 Current volumes of secondary materials in Great Britain [Whitbread, 

Marsay & Tunnel, 1991] ..................................... 23 

Table 2.6 Typical chemical composition of pulverised fuel ash ............... 42 

Table 2.7 Typical chemical composition of blast furnace slag [Lee, 1974]. ...... 55 

Table 2.8 Typical properties of blast furnace slag [Lee, 1974]. . .............. 59 

Table 2.9 Typical chemical composition of steel slag [Lee, 1974] ............. 65 

Table 2.10 Typical properties of steel slag [Lee, 1974] ...................... 65 

Table 2.11 Example of physical and chemical properties of flue gas 

desulphurisation gypsum [Saylak, Taha & Little, 1988] ............. 70 

Table 2.12 Typical chemical composition of cement kiln dust and Portland 

cement [Sherwood, Tubey & Roe, 1977]. ....................... 75 

CHAPTER 3 

Table 3.1 

Table 3.2 

Table 3.3 

MCMNunes 

Summary of DoT requirements for unbound capping and sub-base 

layers .................................................... 89 

Summary of conventional test results. . ......................... 96 

Summary of conventional test results for the pulverised fuel ash ...... 97 

Page XXVII 



Enabling the Use of Alternative Materiab in Rood Conslnlction 

CHAPTER 4 

Table 4.1 Typical chemical composition of cements used. ................. 110 

Table 4.2 Typical chemical composition oflime used ..................... 112 

Table 4.3 Summary of DoT requirements for stabilised capping layers and 

cement bound materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 

Table 4.4 Estimation of necessary treatment levels ....................... 121 

Table 4.5 Formulation of mixes proposed in France [SETRA & LCPC, 1980] ., 122 

Table 4.6 Testing programme and summary of conventional test results ....... 124 

Table 4.7 Compressive strength requirements proposed by several sources ..... 126 

CHAPTER 5 

Table 5.1 Comparison of L VDT frames. ............................... 151 

Table 5.2 Results of repeatability study on stabilised fly ash (c = 5 % @ 28 

days). . ................................................. 156 

CHAPTER 6 

Table 6.1 Summary of repeated load triaxial test results on slate waste. . ..... , 168 

Table 6.2 Model constants and correlation coefficient (slate waste) .......... , 171 

Table 6.3 Stress levels for the conditioning of the specimen [after Paute, 

Dawson & Galjaard, 1996]. ................................. 180 

Table 6.4 Proposed conditioning stress path. . .......................... , 181 

Table 6.5 Stress levels for the resilient behaviour study [after Paute, Dawson 

& Galjaard, 1996]. ........................................ 182 

Table 6.6 Stress levels for the permanent behaviour study [after Paute, Dawson 

& Galjaard, 1996]. ........................................ 184 

Table 6.7 Comparison of models for resilient behaviour of granular materials. ., 204 

Table 6.8 Constants and correlation coefficients for the hypotheses considered 

to model the resilient behaviour (unbound materials) .............. 207 

Table 6.9 Constants and correlation coefficients for the hypotheses considered 

to model the resilient behaviour (treatment level I). . ............. 208 

Table 6.10 Constants and correlation coefficients for the hypotheses considered 

to model the resilient behaviour (treatment level II) ............... 209 

PageXXVlll 



List o/Tables 

Table 6.11 Constants and correlation coefficients for the new model for treated 

secondary materials. . ...................................... 217 

Table 6.12 Summary of permanent deformation results. . ................... 228 

Table 6.13 Results of modelling permanent deformation. . .................. 229 

CHAPTER 7 

Table 7.1 

Table 7.2 

Table 7.3 

Table 7.4 

Table 7.5 

Relationships between tensile strength tests ..................... 252 

Results of the indirect tensile strength tests. .................... 266 

Results of the indirect tensile stiffness modulus. . ................ 278 

Comparison of results obtained in triaxial and indirect tensile testing .. 279 

Strength development with time (minestone) .................... 286 

CHAPTERS 

Table 8.1 

Table 8.2 

Table 8.3 

Table 8.4 

Table 8.5 

Table 8.6 

Table 8.7 

Table 8.8 

Materials studied and respective sources. . ..................... 299 

Initial list of mixtures. ..................................... 301 

Selected mixtures and proportions. . .......................... 303 

Final testing programme .................................... 306 

Results of the compactibility tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309 

Simplified classification of the materials based on compressive 

strength at 7 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 7 

Results of the durability assessment. .......................... 327 

Simplified classification of the materials based on stiffness modulus 

and tensile strength. . ...................................... 332 

CHAPTER 9 

Table 9.1 Conversion of commercial vehicles into standard axles ............ 356 

Me M Nunes Page XXIX 



CHAPTER! 

INTRODUCTION 

1.1. Background 

The demand for aggregates in the construction industry has been increasing and in 1989, 

the total annual consumption in England and Wales reached 300 million tonnes [DoE, 

1994]. Due to the subsequent recession the consumption declined and in 1991 an 

estimated 240 million tonnes were utilised. Nonetheless, the upwards trend is likely to 

continue in the future, being projected to be between 420 and 490 million tonnes by the 

year 2011 [Whitbread, Marsay & Tunnel, 1991]. Road construction, maintenance and 

widening activities are the most important consumers of aggregates as illustrated in 

Figure 1.1, accounting for approximately one third of the total volume. 

On the other hand, there is an increasing difficulty in obtaining new planning consents 

for the extraction of primary aggregates, due either to the difficulty in obtaining sites for 

new quarries or the public concern related with the environmental impact of conventional 

aggregate exploitation. Alternative sources of supply need to be used and some of the 

present possibilities include the use of conventional crushed aggregate from coastal 

super-quarries, marine dredged aggregates and secondary materials. 

Associated with this problem, large quantities of waste are stockpiled around the United 

Kingdom and more wastes are currently arising from mineral extraction industries (china 

clay waste, colliery spoils and slate waste), from industrial processes (power station 
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ashes, slags from the steel making industry) and wastes from the construction / 

demolition industry and from municipal incinerators. 

Factories and 
Warehouses 

(13 %) 

AGGREGATE COMSUMPTION IN mE UK 
SoIllU: BACMI, 1991 

Other Public 

Worts 
(16%) 

Offices 
and Shops 

(14%) 

Housilg 
(25 %) 

ROAD 
(32 %) 

Figure 1.1 Distribution of the demand for aggregates in the construction industry. 

The re-use and recycling of secondary materials remain very limited in Great Britain. In 

1989/90, the estimated use of waste materials for aggregate replacement was 32 million 

tonnes which compares with a total utilisation of about 332 million tonnes representing 

approximately 10 % [Whitbread, Marsay & Tunnel, 1991]. The main factors responsible 

for this limited utilisation vary from material to material but, in general, they find the 

following barriers: 

• relative abundance and low cost of high quality granular materials representing 

a small percentage of the total costs of the road; 

• low costs oflandfill disposal in comparison with some other European countries' 

• inherent variability of many wastes meaning extra costs for processing and testing 

to assure their adequate performance; 

• inability to meet DoT requirements for road construction materials and 
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inadequacy of existing specifications for direct application to secondary 

materials; 

• collection, storage and processing costs; 

• transportation costs from source to areas of major demand such as the South East 

of England; 

• the reliance of engineers on experience with traditional and widely known 

aggregates. 

The factors stated above have contributed to an increasing interest, from the British 

Department of Transport (DoT), Department of the Environment (DoE) industry in 

general and research institutions, in identifying methods to stimulate the utilisation of 

alternative materials in road construction. Additionally, waste management strategies are 

being prepared and implemented both in the UK and at European Union level. 

1.2. Need for the present research 

In order to decide whether to use secondary or conventional materials in pavement 

construction and re-construction both benefits and disadvantages should be weighed. 

This is not a simple judgement since some of the aspects involved can not be readily 

quantified in monetary terms. Most of the environmental advantages fall in this class and 

this is one of the main factors responsible for the evident conservatism and reluctance in 

the application of waste materials. A global evaluation of secondary materials for re-use 

and recycling should be based on technical, economic and environmental factors, and due 

consideration should be given to them: 

• availability and economic acceptability - secondary materials need to be available 

in adequate quantities and at convenient locations (or to be economically 

transportable to sites) to justify the deVelopment of processing plants. 

Stockpiling or dumping costs should be taken into account in any economic 

analysis; 

• technical adequacy - suitable physical, mechanical and chemical properties of the 

secondary materials (or economically modified materials) are required in order 
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to maintain appropriate standards of quality and performance m road 

construction; 

• environmental acceptability - all the materials used in pavements must not be 

potentially harmful or environmentally damaging during construction and 

throughout the life of the pavement. 

In the technical grounds, the object of this research, the Specification for Highway Works 

[DoT, 1993] is a compulsory document for all projects in the United Kingdom financed 

by central government. Its scope is, however, much broader and local Authorities 

generally draw on the requirements specified by the Department of Transport to develop 

their own requirements for the local road network. However, these specifications tend 

to be restrictive and, in some cases, excessively conservative as far as the application of 

alternative materials is concerned. This is illustrated by the following quotations: 

"(..) while specifICations need to accommodate an adequate margin of safety to ensure 

that unsuitable materials are not used and that structures are fit for purpose. in some 

cases these margins appear to be excessive. Examples of such overspecification were 

found in most types of aggregates use (..)" [eIRIA, 1995] 

"At present we write specifications for grading. particle crushing. soundness. etc. but 

often we do not have sufficient logical grounds for adopting the limits we do. 

Sometimes, so it appears, the limits are determined more by what the industry is capable 

o/rather than what is theoretically justifiable." [Thorn, 1988] 

"Thus, at present, British practice generally requires that i/waste materials are to be 

used in road construction they must satisfy the test requirements that are imposed on 

naturally occurring aggregates used for the same purpose. This is a logical and 

defensible approach but it puts waste at a distinct disadvantage because the tesl 

methods and the criteria used for acceptance or rejection have, with few exceptions, 

been developedfrom experience with natural aggregates." [Sherwood, 1992] 

Clearly, there is a need for the development of new specifications for the assessment of 

pavement materials. This will require a redefinition of the evaluation philosophy, in 

order to assess the materials using properties related with performance rather than using 

index-type of tests. The new approach applied to the end-products to be incorporated in 
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the pavement structure would enable a more appropriate assessment and comparison with 

traditional materials. 

The use of alternative materials at sub-base and roadbase level represents a value-added 

application compared with their more frequent use as bulk fill that may represent an 

important contribution in making these materials competitive against conventional 

materials and reduce the importance of haulage costs over long distances. For this 

purpose, some fonn of stabilisation may be necessary to improve their performance. 

Also in this area, scope for further research was identified: 

"The DoE report notes the very many possible materials that may fall within the scope 

of this proposal. Little is known, however, about the range of mixes that could be 

successfully employed, the appropriate mix proportions, the properties resulting from 

those mixes, test methods for identifying suitable/unsuitable materials etc." [TRL, 1994] 

These materials could be used in road construction in different forms, ranging from 

totally unbound to heavily stabilised road concrete materials. Considering first the 

materials modified by light treatment, some lacunae are evident in this area with regards 

to material perfonnance under repeated loading: 

"Further research work on the development of an appropriate mathematical model for 

the weakly cemented material is certainly warranted if structural analysis is to be 

carried out on pavements incorporating this material. (. . .) certain areas of research 

should be targeted: 

• characterisation of the degree of cementation; 

• development of sample preparation procedure to enable good control of the 

quality and property of the test specimens; 

• use of accurate testing equipment which incorporates on-sample stress/strain 

measuring devices." [Chan & Rowe, 1994] 

On the other hand, the development of testing methodologies and equipment to perform 

a simple test capable of assessing the mechanical properties of the materials, consistently 

and reliably, is of paramount importance. This is clear from the recommendations 

expressed in a recent report for the Department of Transport [SWK PE, 1994 J and with 

special relevance for the study of secondary materials due to their natural increased 
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variability: 

"Research is recommended to advance our knowledge with respeclto the manufacture 

and testing of laboratory specimens of hydraulically bound material to properly 

characterise their mechanical properties ( . .)" 

"( . .) for the slower cementing, hydraulically bound materials to be more generally 

adopted. a workable procedure for proper strength and stiffness characterisation of the 

various mixtures was required to assist in the formulation of pavement designs. For the 

present report, strength / stiffness has been characterised by cube strength because no 

better procedure is available now. " 

1.3. Objectives 

This research focused essentially on the lacunae identified in the previous section. The 

overall aim was to develop methodologies, equipment, testing techniques and analysis 

tools to enable and increase the use of alternative materials in road construction. In more 

detail the objectives were: 

• 

• 

• 
• 

• 

to investigate a wide range of alternative materials for road construction, in order 

to contribute to a better knowledge of their properties; 

to study means of improving their performance through stabilisation when 

necessary; 

to propose an overall methodology for the evaluation of secondary materials; 

to develop testing equipment for the performance of selected performance-based 

tests; 

to develop testing techniques involved in the general evaluation methodology and 

to draft appropriate test procedures; and 

• to propose workable evaluation strategies incorporating the performance of 

Pa e6 
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1.4. Importance and benefits 

The main benefits from this research are expected to be twofold. Firstly, the results will 

contribute to broaden existing knowledge in the field of alternative materials, especially 

concerning their laboratory performance under repeated loading using performance-based 

tests. In due course, this knowledge should contribute to future changes in the DoT 

Specification for Highway Works and as a result is likely to widen the market for 

secondary materials. 

Secondly, from a more general use of these materials further benefits will result, such as: 

• the reduction of the demand for primary aggregates, allowing the preservation of 

finite resources; 

• the reduction of energy costs related to the extraction and transport of 

conventional aggregates; 

• the reduction of the environmental costs associated with conventional aggregate 

quarrying; 

• the reduction in environmental and economic problems associated with waste 

storage and dumping; 

• conservation of natural resources by releasing land that would otherwise be used 

for quarrying aggregates or dumping waste materials; 

• probable commercial benefit from the use of waste materials, since they are 

already financed by other industrial processes which generate them and, if not 

sold, they have to be stocked or disposed of, thereby incurring extra costs; 

• reduction in taxation cost levied on industrial residues not beneficially used. 

1.5. Thesis contents 

The thesis is organised in eleven chapters, the first of which consists of this introductory 

chapter. 
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In Chapter 2, after an initial overview of the use of secondary materials in several 

countries, the materials considered for study are selected. A comprehensive literature 

review covering those materials is then presented in terms of origin of the material, 

quantities available both as a result of present production and existing in stockpiles, 

current applications, technical properties and guidelines for their use. Environmental and 

economic considerations are brietly discussed. 

The secondary materials selected are assessed against current specifications for pavement 

materials, namely the Specification for Highway Works, both in an unbound fonn 

(Chapter 3) and stabilised with various road binders (Chapter 4). Due to the failure to 

meet the DoT requirements in both conditions, new equipment and tests had to be 

considered for their assessment. In Chapter 5, the present configuration of the repeated 

load triaxial apparatus is presented and the modifications made during this research 

identified. Then, the development of a repeated load indirect tensile apparatus is 

described, which evolved from the Nottingham Asphalt Tester used for the 

characterisation of bituminous materials. 

Chapter 6 focuses on the repeated load triaxial tests and presents the testing techniques 

used and the method developed for the compaction of the triaxial specimens. A thorough 

review and critical appraisal of existing models for resilient behaviour is presented and 

a new model for treated materials developed. Permanent behaviour is also studied using 

the French model for permanent defonnations and its limitations for the materials studied 

are explained. A classification system is then proposed using the results of characteristic 

resilient modulus and corrected permanent axial strains. 

The second main test considered for the characterisation of stabilised materials in tension 

was the repeated load indirect tensile test, the use of which is the subject of Chapter 7. 

The issues involved in this mode of testing are comprehensively discussed and its main 

advantages and disadvantages more closely compared with the direct tensile and beam 

flexure tests. The techniques for specimen preparation, testing and analysis of results are 

described for the determination of the following relevant properties to characterise 

stabilised materials: indirect tensile strength, Poisson's ratio, stiffness modulus, 

durability, resistance to fatigue and development of properties with time. 
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In Chapter 8, the techniques developed in previous chapters and the repeated load indirect 

tensile apparatus were used to conduct a comprehensive laboratory assessment of thirteen 

mixtures, with the ultimate objective of selecting six to be used in full-scale trials in the 

Pavement Test Facility of the Transport Research Laboratory. The testing programme 

included non-standard compactibility tests, compressive strength of cubes and tensile 

strength, stiffness, fatigue properties and durability assessment using repeated load 

indirect tensile tests. A new technique for the compaction of indirect tensile specimens 

was developed using the standard compactibility test rig. Additionally, a new 

classification system based on stiffness modulus, indirect tensile strength and resistance 

to fatigue is proposed and based on this combined approach the final mixtures were then 

selected. 

After an overall discussion of the results presented in Chapter 9, also including an 

application of the results to pavement design using analytical methods, the overall 

methodology proposed for the evaluation of secondary materials is outlined in Chapter 

10. The final conclusions of this research project are presented in Chapter 11 together 

with recommendations for future work. 
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CHAPTER 2 

BASIS OF MATERIAL SELECTION 

2.1. Introduction 

Alternative aggregate materials, also designated as secondary materials, is a tenn used 

to encompass all those aggregates formed of, or derived from, wastes, discarded materials 

or by-products of industrial processes (domestic, industrial, mining and mineral by­

products), resulting from human activity, that can be in someway re-used or recycled 

thereby playing a major role in waste management. The word 'secondary' is used to 

differentiate from 'primary' aggregates which are derived from geological sources with 

the essential aim of producing a pavement aggregate. 

There is some tenninology in the waste materials field that should be clarified since 

sometimes different tenns are used indistinctly for the same product when, in fact, they 

correspond to different concepts. A first distinction is usually made between by-products 

and waste materials. By-products are materials generated as a result of the manufacturing 

process of another product, and in that sense, they are wastes resulting from a production 

process (for instance, power station ashes and metallurgical slags). Wastes are remaining 

materials after the consumption cycle is finished, that is, they result from a consumption 

process (such as municipal incinerator ashes). This distinction has also been made in 

terms of market value [Bertolini, 1992] by-products being the ones with positive market 

value and waste materials those having null or negative market value. Sometimes the 

boundary between both is not clear and the phrase 'waste materials' tends to be used in 
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a broad sense in order to encompass all kinds of waste, although with understandable 

reluctance from waste producers hoping to find new markets for their residues. 

A distinction should also be made between the concept of re-use, recycling and disposal. 

Re-use assumes that the material is used in the same application or function; recycling 

presumes selecting and / or processing the material by crushing, breaking or modifying 

it in order to be used in a different application; and disposal means dumping the material. 

The incineration of municipal solid wastes should be treated as a way to dispose of 

materials, unless the resulting ashes are used in some way. 

There are many industries generating wastes and thus a wide range of secondary 

materials is available with potential for use in highway construction. Some of those more 

frequently referred to in current literature are: 

Municipal and domestic wastes 

• municipal incinerator ashes: incinerator fly ash and incinerator bottom ash; 

• scrap tyres; 

• recycled glass; 

• recycled plastic; 

• waste oils; 

Industrial wastes 

• by-product gypsum, including essentially fluorogypsum, flue gas 

desulphurisation (FGD) gypsum and phosphogypsum for road applications; 

• cement and lime kiln dust; 

• construction and demolition wastes: crushed concrete, crushed brick, crushed 

rubble, recycled asphalt pavements (RAP), recycled concrete pavements (Rep); 

• metallurgical wastes: ferrous slags (blastfumace slag and steel slag), non-ferrous 

slags, foundry wastes, steel mill wastes; 

• petroleum contaminated soils; 

• power station ashes: pulverised fuel ash and furnace bottom ash; 

• recycled and waste fibres; 

• roofing shingle waste; 
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• silica fume; 

Mining and mineral wastes 

• china clay waste; 

• colliery spoils: unburnt colliery shale (minestone), burnt colliery shale; 

• quarry wastes (for example, those resulting from the extraction and processing of 

conventional crushed aggregates); 

• slate waste; 

• spent oil shale; 

• mine refuse; 

• tailings. 
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2.2. Overview of the use of secondary materials 

In Europe, significant levels of waste materials re-use I recycling have been achieved by 

many countries such as Belgium, Denmark, France. Gennany. The Netherlands and the 

United Kingdom. A number of countries have developed specifications for these 

materials and have their own laws regulating waste disposal together with administrative 

measures to implement their use: in Denmark a tax of about £ 0.25 I tonne was 

introduced on primary aggregates and a charge of approximately £ 12 I tonne on landfill 

waste disposal [Whitbread, Marsay & Tunnel. 1991]; in Germany and The Netherlands 

a proportion of all materials used in a project must be secondary materials [Sherw~ 

1995]. A summary of the production and utilisation of some secondary materials in those 

countries is presented in Table 2.1 [Chi, 1992; Gorle, 1992; Krass, 1992; Thijs. 1992; 

Whitbread, Marsay & Tunnel, 1991]. 

The levels of utilisation are not as high as desirable or possible, and the non-existence or 

inadequacy of present specifications has been recognised in some countries. In the 

United Kingdom in particular, the Specification for Highway Works [DoT. 1993] 

promulgated by the Department of Transport, the Scottish Office Industry Department, 

the Welsh Office and the Department of the Environment for Northern Ireland. (but 

usually known as the DoT Specification), is a compUlsory specification for all projects 

financed by central Government. This Specification was written, and successively 

revised, based on years of experience and research studies essentially with conventional 

materials for road construction and does not have special requirements for secondary 

materials. Furthermore, most of those requirements concern the properties of the material 

to be applied in a particular pavement layer rather than the properties of the final product. 

Until end-product specifications or performance-based specifications are developed, 

secondary materials must comply with the existing Specification for Highway Works, 

otherwise they cannot be applied even if they are perfectly acceptable in terms of 

performance. 
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Table 2.1 Summary of the annual production and utilisation of some secondary materials in the EU. 

Material 

Country PFA FDA IFA IDA CS COW 

Production xlOJ tonnes 850 106 25 300 0 3000 

B Volume X 103 tonnes 723 94 0 0 --- ---
used % 85 89 0 0 --- ---

Production X 103 tonnes --- 400 270 2600 64800 32600 

D Volume xl03 tonnes --- 300 0 1800 13600 3700 

used % --- 74 0 69 21 II 

Production xl03 tonnes 890 100 --- 415 --- ---

DK Volume xl03 tonnes 783 88 --- 270 --- 3670 

used 0/0 88 88 --- 60 --- ---
Production x 103 tonnes 2535 447 200 1800 4700 20-25000 

F Volume xl03 tonnes 1175 > 224 --- --- 7990· ---
used % 70 > 50 --- --- 170· ---

Production xlOJ tonnes 10500 2600 --- 160 45000 24000 

GB Volume xl03 tonnes 4600 1140 --- --- 2800 11000 

used % 44 44 --- --- 6 46 

Production xl0J tonnes 970 100 85 650 --- 8000 

NL Volume xl0J tonnes 970 70 35 46 --- >4000 

used % 100 70 41 7 --- > 50 

Key: PFA Pulverised Fuel Ash B Belgium 
FBA Furnace Bottom Ash D Germany 
IFA Incinerator Fly Ash DK Denmark 
IBA Incinerator Bottom Ash F France 

CS Colliery Spoils GB Great Britain 

CDW Construction and Demolition Waste NL The Netherlands 
No information EU European Union 
Considering the use of stockpiled material 

The national efforts are now reinforced by the European Committee for Standardisation 

(CEN, Comite Europeen de Nonnalisation) of the European Union. There are three CEN 

Technical Committees working in areas related with secondary materials, under which 

several Sub-Committees and Working Groups are operating: 

• CEN TC 154 - "Aggregates"; 
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• CEN TC 227 - "Road construction and maintenance materials" in particular 

Working Group 4 -"Unbound, hydraulic-bound, waste and marginal materials" 

which focus specially on secondary materials for road construction and 

maintenance; and 

• CEN TC 292 - "Characterisation of waste products". 

These Committees have been drawing up European Standards which, after formal 

approval, will replace national standards of all member countries of the European Union. 

A considerable effort is being done at this level in both producing the necessary standards 

and specifications and funding research activities that could improve European expertise 

in this field. 

In the United States of America the annual generation of solid wastes is now 

approximately 4.5 US billion tonnes and continues to increase every year [Collins & 

Ciesielski, 1992]. A large number of States have developed solid waste regulations and 

are reviewing and modifying existing specifications in order to allow and increment the 

use of secondary materials. 

Surveys on the use of waste materials and by-products in highway construction, 

sponsored by the Transportation Research Board and the US Department of 

Transportation, Federal Highway Administration, were recently conducted [Ciesielski. 

1993; Collins, 1993; Ruth, 1993]. All fifty States and the District of Columbia were sent 

questionnaires with the purpose of evaluating the current practice of those States in terms 

of waste materials disposal, re-use and recycling. As an example, a summary of the 

results regarding the utilisation of secondary materials with potential application in hot 

mix asphalt concrete pavements is presented in Table 2.2. 

The results of these surveys are reported essentially in terms of number of States using 

and researching secondary materials and current practice in terms of re-use, recycling and 

disposal. The actual volumes of materials currently used and those accumulated over the 

years remain relatively unknown. Some remarkable aspects reSUlting from those surveys 

are [Ciesielski, 1993; Collins, 1993; Ruth, 1993]: 
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• at least 75 %, on average, of all pavement materials have been either re-used or 

recycled. This includes materials used in all pavement layers from surface to 

subgrade and materials used in the shoulders; 

• between 75 and 100 % of the asphalt surfaces and asphalt basecourses have been 

recycled in the majority of States and most of the remaining material re-used; 

• unbound granular materials of base and sub-base layers have been typically re­

used or disposed in embankments or fills, and stabilised materials have been 

mainly used in embankments, though other solutions were sometimes employed; 

• recycled asphalt pavements and scrap tyres are by far the most popular materials 

for using in hot mix asphalt concrete pavements, being used by 44 and 38 States 

respectively, although some of them still consider their use of scrap tyres to be 

experimental. 

Table 2.2 Summary of survey results on waste materials and by-products in the USA [Ciesielski, 1993]. 

Annual Quantity No of States No of States 
Waste million tonnes conducting using 

research 

Domestic 34 
Household and Commercial Refuse 

Glass 11 7 6 
Plastic 13 3 
Incinerator Ash 7.8 2 
Scrap Tyres 2.2 34 38 

Industrial 206 
Coal Ash 65 10 9 
Blastfumace Slag 15 11 13 
Steel Slag 7 8 9 
Non Ferrous Slags 9 
Reclaimed Asphalt Pavement 91 32 44 
Reclaimed Concrete Pavement 3 7 
Foundry Wastes 9 5 1 
Roofing Shingle Waste 7 2 

Mineral 1395 
Waste Rock 925 
Mill Tailings 470 5 7 

Total 1635 

In the State of New Jersey, USA, where the problem of waste disposal reached crisis 

proportions in the 1970's and 1980's, legislation was prepared in order to enforce the 
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recycling of as much waste materials as possible and that "private citizens be required 

to separate glass, aluminum, plastic and newspapers from their garbage and recycle it 

through Municipal and County recycling centers" [Justus, 1993]. Various incentive 

plans were also developed to encourage the use of specific recycled products, for 

example, asphalt concrete with 10 % glass (glassphalt). The Department of Transport of 

New Jersey specified that it would pay $ 1.00 per tonne if this solution was adopted and 

planned to extend this incentive programme to all construction projects awarded during 

1994 [Justus, 1993]. 

In Canada a survey of Transportation Departments conducted in all ten Provinces plus 

Yukon and North West Territories, concluded in 1991, demonstrated the use of a wide 

range of secondary materials [Mackay & Emery. 1993]. The results of the survey, 

summarised in Table 2.3, also evidence the lack of specifications for those materials. 

Table 2.3 Summary of survey results on waste materials and by-products in Canada. 

Rank Material Usen Specifications 

I Old Asphalt 10 3 
2 Old Concrete 4 
3 Blastfurnace Slag 

Air-Cooled 2 
Pelletised I 
Granulated I 

4 Fly Ash 4 
5 Steel Slag 4 
6 SiIicaFume 4 
7 Nickel and Copper Slags 2 
8 Bottom Ash 2 
9 Mine Waste Rock 4 
10 Waste Tires 2 
11 Lime and Cement Kiln Dust I 
12 Waste Foundry Sand I 
13 Waste Glass I 
14 Waste Shingles I 
15 Miscellaneous NA NA 

In conclusion, waste materials management is far from being a localised problem I 

challenge or specific to any country in particular. On the contrary. a large number of 

countries are putting a considerable effort into the reduction of wastes generated and into 
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the effective re-use / recycling of waste materials. Another important aspect is that there 

is still a considerable amount of work to be done in order to generalise their use in the 

construction industry, with focus on the development of appropriate specifications and 

design criteria to ensure their adequate performance. Furthermore, the vast majority of 

secondary materials are currently used in low-value applications and if uses of higher 

commercial value were found and proven they would further encourage the use of these 

materials. 
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2.3. Potential of secondary materials 

There is a wide range of secondary aggregates available as described before and a vast 

field of applications. Some of the most important uses are: 

• embankments as bulk and selected fill materials; 

• unbound roadbases, sub-bases and capping layers; 

• as cement bound material (CBM) for sub-bases and roadbases; 

• drainage layers and as lightweight drainage material behind structures; 

• gabions; 

• pipe bedding; 

• block-making industry, namely the manufacture of lightweight blocks; 

• production of lightweight aggregate; 

• structural concrete and building mortar; 

• cement manufacturing industry; 

• as a partial replacement of cement; 

• as a partial replacement of sand for grading correction; 

• as a filler or as an aggregate in bituminous materials. 

Some materials have higher potential than others and some may not be adequate for all 

uses referred before. This will be considered in detail in the next sections where the 

analysis of each material is carried out. 

In general, sub-base and capping layers are privileged layers for their application due to 

the lower specification requirements in those layers, and because they represent, together 

with imported fill, the largest requirement for aggregates in pavement construction. To 

illustrate this the design thickness of capping and sub-base may vary from 150 mm to 750 

mm [DoT, 1994]. 

A summary of the potential for use in pavement foundations of a wide range of secondary 

materials is presented in Table 2.4 [BS 6543, 1985; Sherwood, 1995). 
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Table 2.4 Summary of the potential of secondary materials for use in pavement foundations. 

Material Capping layer Sub-base Cement-Bound 

Unbound Unbound Materials 

Un burnt colliery spoils Low None Some 

China clay sand High Some High 

Slate waste High High Some 

Pulverised fuel ash Low Low High 

Furnace bottom ash Some Some High 

Blast furnace slag High High High 

Steel slags Low Low Low 

Crushed concrete High High High 

Asphalt planings High High Low 

Demolition wastes Some Some Low 

Municipal incinerator ashes Some Some None 

Burnt colliery spoils High Some High 

Spent oil shale High Some High 

Note: Potential classified as High, Some, Low or None. 
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2.4. Selection of materials 

Currently, the utilisation of alternative materials in road construction is limited (see 

Section 2.2). Furthermore, a large number of waste materials is generated. For these 

reasons, it was decided to study a wide range of materials representative of the main 

possible sources for road construction. However, a selection was necessary in order to 

narrow the number of materials to be included. 1be principal criteria for selection were: 

• availability in terms of imbalanced production I utilisation; 

• quantities of waste existing in stockpiles (Table 2.5 and Figure 2.1 illustrate the 

current situation); 

• potential for the replacement of primary aggregates in pavement foundations 

(Table 2.4); 

• interest demonstrated from waste producer industries in the study of their 

products. This aspect was also carefully considered since without the willingness 

from those industries to contribute to this process through the creation of 

infrastructures for commercialisation, the distribution of secondary materials and 

the implementation of quality control schemes, a widespread use of alternative 

materials will not be possible. 

The materials selected comprise both secondary aggregates and secondary binders as 

shown below. Some materials can be used for both purposes, as a main aggregate and 

as a binder, namely pulverised fuel ash and gypsum. 

Secondary aggregates 

• Unburnt colliery spoils ('minestone') 

• China clay sand 

• Slate waste 

• Power station ashes 

• Pulverised fuel ash and 

• Furnace bottom ash 

• Air-cooled blastfurnace slag 
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• Air-cooled steel slag 

• Gypsum 

Secondary binders 

• Pulverised fuel ash 

• Granulated blastfumace slag 

• Ground granulated blastfumace slag 

• Gypsum 

• Cement kiln dust 

These include the most important secondary materials in terms of volume available at the 

present time in Great Britain, as illustrated in Table 2.5, for which the development of 

new applications and the intensification of the current ones are apriority. Construction 

and demolition wastes and asphalt road planings seem to be more effectively used at the 

moment and the volumes available are reduced. 

In the following sections the selected materials are described in terms of the industrial 

processes which generate them, availability, location, present use in the construction 

industry and main characteristics of interest for pavement foundations. 

Table 2.5 Current volumes of secondary materials in Great Britain [Whitbread, Marsay & Tunnel, 1991]. 

Materials Stockpiles Annual arisings Annual utilisation 
(million tonnes) (million tonnes p.a.) (million tonnes p.a.) 

Colliery spoil 3600 • 45 2.8 
2000 on tips 

China clay sand 600 27 1.5 

Slate waste 400 - 500 6 0.5 

Power station ashes (pfa & fba) 200 13 5.7 

Blastfumace slag 20 4 4 

Steel slag II 2 0.4 

Construction & demolition wastes 24 II 

Asphalt road planings 7.5 6 

Others 100 0.1 

Key: including reclaimed tips. 
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Figure 2.1 Quantities and location of main secondary m teli 
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2.5. Colliery spoil 

2.5.1. Origin 

Colliery spoil is the waste produced by the coal mining industry, mainly composed of 

mudstones, shales and seatearths. The process of extracting the coal from deep mines 

with the constant need to reach and maintain the access to the coal seam generates a 

considerable amount of spoils. However, the most important proportion of waste is 

extracted from the mine with the coal brought to the surface and separated from it in the 

coal cleaning plant. 

There are two main types of colliery spoils: unbumt and burnt. Burnt colliery spoils 

result from the spontaneous combustion of the raw material, and are becoming more 

scarce due to factors such as [Sherwood, 1995]: 

• 

• 

improvements in coal/waste separation techniques reducing the amount of 

combustible material remaining in the spoil; 

safety aspects taken into consideration for the construction of spoil heaps, 

decreasing the probability of spontaneous combustion; 

• higher demand of this material for road construction. 

Unburnt colliery spoil, commercially known as minestone, is in general a very variable 

material in composition as a result of tipping in the same heaps all spoils arising from 

mining activity. This is the material which will be studied in this project and, thus, 

special attention will be given to its characteristics rather than to the ones of burnt 

colliery spoil. 

2.5.2. Quantities and location 

According to a report published by the Department of the Environment (DoE) 
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[Whitbread, Marsay & Tunnel, 1991] the annual arising of colliery spoil is estimated at 

45 million tonnes and despite the decline in the coal mining industry, this material is 

likely to continue as the largest waste material available in Great Britain, as a result of 

past coal mining activities. The proportion of waste to coal generated rose from 4 % in 

1920 to 53 % in 1988/89, increasing significantly between 1950 and 1970 with the 

introduction of mechanised methods of mining [Sherwood, 1995]. In terms of volume, 

it is estimated the existence of some 2000 million tonnes (3600 including reclaimed tips) 

of colliery spoil in stockpiles in England and Wales [Whitbread, Marsay & Tunnel, 1991] 

forming by far the largest source of waste material. The material is available in the 

coalfields, with the largest volumes in Yorkshire, Nottinghamshire and South Wales. 

2.5.3. Current utilisation 

In total just some 2.8 million tonnes are used each year [Whitbread, Marsay & Tunnel, 

1991] representing 6.2 % of the current production. This compares with levels of 

utilisation of21 % in Germany and 170 % of the total production in France, taking into 

account material used which was already stockpiled (Table 2.1). Naturally, these 

percentages should be considered together with actual volumes of material which, in 

Great Britain, are considerably larger. 

Colliery spoil has been used in road construction mainly as a bulk fill material, where less 

demanding requirements of existing specifications permit the use of both burnt and 

unburnt colliery spoils. However, minestone is specifically excluded from all 

applications as selected granular fill, selected cohesive fill (except when used as fill for 

structures), as unbound or stabilised capping material, and as unbound sub-base material 

[DoT, 1993]. On the other hand, burnt colliery spoil possesses, in general, better physical 

and mechanical properties and for this reason may be used in road bases and sub-bases 

of pavements. Another possible application is as cement bound material for sub-bases 

and roadbases since their requirements do not exclude in advance any material, 

specifying, instead, its properties and those of the stabilised end-product. 

Page 26 PhD 'l'h2sis 



Chapter 2 - Material Selection and RevielY 

2.5.4. Properties 

This material exhibits a certain number of characteristics which have to be carefully 

studied if it is to be applied in road construction. The main problems that can preclude 

its use concern: 

• heterogeneity in quality and composition, essentially due to the process of waste 

generation. Nowadays, modem production techniques have reduced this problem 

to a certain extent and some processing is already being carried out, mainly in 

tenns of grading control (Figure 2.2). For the large volumes of material already 

in stockpiles the problem still remains; 

Figure 2.2 Processing ofminestone at Gascoigne Wood Mine, Yorkshire. 

• wet weather placement is sometimes referred to as a problem, leading to its 

exclusion or imposing extra costs [Whitbread, Marsay & Tunnel, 1991]; 

• high sulphate content mainly with burnt colliery spoil, in which sulphates can 

occur in large concentrations as a result of the oxidation of pyrites during 
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combustion [Sherwood & Ryley, 1970]. This is not generally a problem with 

minestone [Rainbow, 1989]. For determining the sulphate content one must bear 

in mind that when the material is to be used in a stabilised fonn the important 

requirement is the detennination of the total sulphate content (in tenns of acid­

soluble content), and when utilised in an unbound fonn, the water-soluble 

sulphate content should be detennined because these reflect the availability of 

sulphate in these different uses; 

• sulphides content in the fonn of iron pyrites. Unlike sulphates, they can occur in 

appreciable concentrations in the unburnt colliery spoil [Rainbow, 1989] and less 

significantly in the burnt spoil (because of the oxidation of pyrite to sulphates 

during combustion); 

• high frost susceptibility, more important for burnt colliery spoil than for 

minestone [Sherwood, 1995]. 

The presence of high concentrations of sulphates and/or pyrite in the colliery spoil result 

in considerable expansion of the stabilised material. Carr and Withers [1987] identified 

two different types of expansion in the case of cement stabilisation: 

• short tenn expansion, as a result of the hydration of the clay minerals within the 

raw material. It is possible to minimise this expansion by mixing sand in high 

percentages (> 30 %) with the other components; and 

• long tenn expansion, due to sulphate attack to the cement matrix of the stabilised 

material. In this case the use of binders such as sulphate resisting cement and 

pulverised fuel ash are beneficial. 

The short tenn durability is essentially controlled by properties of the minestone such as: 

particle size distribution, plasticity, sulphate content and slaking resistance [Thomas, 

Kettle & Morton, 1987]. Although these index properties may be used to indirectly 

estimate the expansion and the effect of immersion, long tenn durability and geotechnical 

stability studies are essential for a complete evaluation of cement-stabilised minestone 

with regards to durability [Thomas, 1986]. Seven-day immersion periods are reported 

not to be sufficient to assess the full extent of the chemical attacks which may take 

months rather than days. 
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Unbumt colliery spoils are excluded from several applications in the construction of 

pavement layers as referred above. The exclusion as unbound material is justified 

because the coarse particles are, in general, aggregations of smaller particles, resulting 

in questionable long term particle stability [Sherwood, 1995]. However, the prohibition 

of using it as stabilised capping seems strange since the same material can be applied in 

the more demanding sub-base layer as long as it meets all requirements for cement bound 

materials. 

The durability test specified for cement bound materials, or immersion test, should be 

able to anticipate any problem of the stabilised material and, thus, its exclusion for 

capping layers, in advance, cannot be justified. In this standard test, the compressive 

strength of two identical sets of specimens is determined: one set after 14 days of curing 

in the standardised method, at constant moisture content, and the second, after immersion 

for 7 days after 7 days of standard curing. The index R; is defined as the compressive 

strength of the immersed specimens as a percentage of the compressive strength of the 

control specimens and is a measure of the effect of immersion in water. 

Some burnt colliery spoils possess pozzolanic properties, equivalent to those manifested 

by silicoaluminous pulverised fuel ashes, which have not been fully considered in 

pavement construction [Chi, 1992]. 

2.5.5. Technical guidelines 

F or a preliminary assessment of minestone for cement bound materials the following 

guidelines are indicated [Rainbow et al., 1984]: 

• sulphate content < 1 % - suitable for stabilisation; 

• particle size distribution - passing 75 J.1m < 20 %; 

• target moisture content used in the field - OMC + 2%. 

With respect to the levels of stabilisation necessary, some of the percentages of added 

cement suggested in the literature are reproduced below: 
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• 5 to 10 % by weight [Rainbow et 01., 1984]; 

• 5 to 10 % for sub-base and base layers [BS 6543, 1985]; 

• 6 to 10 % required for stabilisation to be used as a base material [OECD, 1977]; 

• 10 % [Kettle, 1990] to meet the strength requirement for soil cement which was 

a minimum unconfmed compressive strength of2.8 MPa at 7 days [DoT, 1986]. 

It is worth stressing that the referred limit value of 2.8 MPa contrasts with 4.5 MPa 

required for CBMI by the present DoT Specification for Highway Works [DoT, 1993], 

corresponding to a substantial increase in the strength requirement for cement bound 

materials. The values of the unconfined compressive strength were found to be affected 

by particle size and mould size, with higher strengths achieved for lower particle sizes 

and larger moulds [Kettle, 1990]. The latter is a result of increased particle fracture when 

compacted in smaller moulds. 

The mixing moisture content has been reported to influence the strength and durability 

of cement-stabilised minestone [Thomas, Kettle & Morton, 1990]. Although in the short 

term moisture contents above optimum levels reduce strength, in the long term moisture 

contents of up to 2 or 3 % above produce higher strength and resistance to the effect of 

immersion, freeze-thaw and wet-dry cycles. On the other hand, water contents below 

optimum level lead to a considerable reduction both in terms of strength and durability. 

Carr & Withers [1987] also found that minestone was suitable for stabilisation when 

compacted at the maximum dry density using a moisture content ranging from the 

optimum moisture content (OMC) and OMC + 2 %. 

Thus, it is important to carry out a strict site control regarding moisture content and 

density, in order to assure a successful application of minestone. Because this is not 

always the case, cement-stabilised minestone is best suited for less demanding 

applications or sites with short design life where small expansions may not be a problem. 
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2.6. China clay waste 

2.6.1. Origin 

Geologically, china clay or kaolin is fonned during the cooling process of granite, 

resulting from the action of steam and carbon dioxide on the orthoclase feldspar fraction 

in the granite. Its extraction is achieved by applying high-pressure jets of water against 

the faces of the rock in open pits. This process breaks the rock fonning a slurry which 

is pumped to a processing plant. At this stage the material goes through two different 

processes: first, to separate the bigger particles from the sand waste, and second, to 

separate fine clayey sand and mica residue from the china clay sand by de-watering the 

residual slurry (Figures 2.3 and 2.4). 

China clay is used in the ceramic and paper industries and, as in many other mineral 

extraction industries, the exploitation process gives rise to the generation of large 

quantities of waste materials. These wastes are generated at a ratio of 1 tonne of china 

clay to 9 tonnes of wastes composed as follows [OECD, 1977]: 

• 3.7 tonnes of coarse sand; 

• 2 tonnes of waste rock; 

• 2 tonnes of overburden; 

• 0.9 tonnes of micaceous residue. 

Apart from being the principal component of wastes, china clay sand has good 

engineering properties (see following sections) and, therefore, more potential for use in 

road construction. 

2.6.2. Quantities and location 

In tenns of volume, china clay waste represents the second largest waste material in the 

UK. 
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Figure 2.3 China clay workings (courtesy of Camas Aggregates). 

Figure 2.4 Processing of china clay sand (courtesy of Camas Aggregates). 
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It is located in the south-west of England, in Cornwall and Devon areas and it is 

estimated that some 600 million tonnes of material exist in stockpiles and 27 million 

tonnes are still produced each year [Whitbread, Marsay & Tunnel, 1991]. 

2.6.3. Current utilisation 

According to the same report of the DoE, there is an estimated annual volume of material 

used in the construction industry of 1.5 million tonnes. The main reason for this small 

utilisation is its remote location in an area where the demand for aggregates is very 

limited. 

The field of applications of china clay sand in the local construction industry includes its 

use in the block-making industry for the production of calcium silicate bricks, in 

structural concrete and in building mortar. Specifically in the construction of local roads 

it has been applied in embankments, unbound sub-bases and stabilised with cement in 

road base layers. 

2.6.4. Properties 

The properties of this material are very similar to a conventional sand with some special 

aspects related to the presence of mica. Some difficulties to compact the material have 

been reported [OECD, 1977] principally with sands having high mica content. Despite 

this, china clay sand is chemically inert, that is, no problem is expected due to its 

chemical composition. 

Mica is fonned by any of a group of minerals consisting of hydrated aluminium silicates, 

which may contain in addition small amounts of elements such as titanium, iron and 

magnesium. It has an unusually flat particle shape and a layered structure with special 

characteristics of resilience when loaded perpendicularly to the cleavage planes. 
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The effects of mica on the properties of road construction materials have been studied by 

Tubey and Webster [1978] using china clay sands from different sources, and artificially 

increasing the mica content by adding different quantities of fine and coarse mica. To 

separate the effects of the mica content from those of the change in grading as a result of 

the addition of fines, samples of china clay sand were also studied replacing the addition 

of mica with the addition of silicas of a similar particle size distribution. [n summary, 

the following conclusions were drawn: 

• particle size distribution tests making use of sedimentation methods cannot be 

used with materials containing mica due to its shape, structure and ratio surface 

area / volume (specific surface area). Mica particles are very thin differing 

significantly from the spherical shape for which Stokes' law governing 

sedimentation techniques apply. Moreover, in particles with multiple flakes, 

considerable amounts of liquid can be retained between individual flakes. 

Finally, the specific surface area is high and as a result mica particles can float in 

liquids with low density; 

• the addition of mica decreases the density obtained after compaction for a given 

compactive energy and, consequently, a reduction in strength (using the 

California Bearing Ratio test - CBR) was observed. This is due to the properties 

of resilience of the mica which allows the material to deform and recover part of 

the deformation after compaction, but principally because of the change in 

grading resulting from the addition of fines. This effect is more significant with 

coarse mica; 

• the presence of mica does not increase the material degradation under 

compaction; 

• fine mica increases frost heave beyond the values that can be expected due to the 

change in grading. It is suggested that fine mica increases the number of pores 

with capillary dimensions, thereby, augmenting suction and facilitating water 

penetration into the material; 

• the influence of the presence of mica on the strength of cement or lime-stabilised 

china clay sands is limited to the effects resulting from the changes in densities. 

When adequately compacted, the presence of mica does not have any detrimental 

effect; 
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• in conclusion, the usual percentages of mica in china clay sands are low and, 

therefore, it is not probable that mica will constitute a problem for most 

applications as a road construction material. 

Other characteristics of poor workability and the requirement of high cement content for 

stabilisation have also been reported [Whitbread, Marsay & Tunnel, 1991]. Although 

some china clay sands may require relatively high cement contents in order to be used 

as cement bound material, which are not necessarily the ones with the highest mica 

content, they can normally be economically stabilised [Tubey, 1978]. 

China clay sand has already been investigated in the past as a road construction material 

by means of laboratory tests to determine the characteristics of typical samples and 

complemented by information resulting from previous experience on the use of this 

material in the South-West of England [Tubey, 1978]. The laboratory phase consisted 

essentially in performing those tests currently used for the characterisation of both 

unbound and cement bound materials in order to verify their suitability against existing 

specifications, namely: particle size distribution, specific gravity, compaction tests, CBR 

tests, breakdown under compaction, plasticity, frost susceptibility and 7-day compressive 

strength tests. Even though for one of the china clays tested the percentage of fines for 

selected granular fill use and frost heave value fell outside the limits of the DoT 

Specification [DoT, 1993], in general, the investigation confirmed the suitability of the 

material for most uses in road construction. 

2.6.5. Technical guidelines 

A range of stabilisation levels for china clay sands is suggested in the literature for bases 

and sub-bases. Percentages of cement of 6 % are indicated in the British Standards [BS 

6543, 1985] as a first estimate when there is neither experience from previous work nor 

other information is available. More usual proportions are considered to be between 2 

and 4 % [Tubey, 1978]. 
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2.7. Slate waste 

2.7.1. Origin 

Slate waste is the waste resulting from the slate quarrying industry. The main application 

for slate has been as a roofing material and, for this reason, only the rock suitable for 

splitting is used. All the weathered rock near the surface, material with poor cleavage or 

with joints closely spaced, and fragments from blasting result in waste production 

[Watson, 1980]. Furthermore, the subsequent processes of splitting and trimming the 

large blocks of good slate for the production of roofing slates generate further large 

quantities of waste. The overall ratio of waste to final product is about 20 to 1 and as a 

result, huge quantities of waste are accumulated in stockpiles. 

2.7.2. Quantities and location 

The estimated volume of slate waste in Great Britain is between 400 to 500 million 

tonnes in stockpiles resulting from past production, with approximately 6 million tonnes 

arising annually [Whitbread, Marsay & Tunnel, 1991], being responsible for the third 

largest volume of dumped waste in Great Britain (Figure 2.5). 

Slate waste is concentrated in remote areas of the country around the quarries. North 

Wales has been by far the main producing area. Other areas where the material is 

available are: Scotland, the Lake District and Cornwall. 

2.7.3. Current utilisation 

The utilisation of slate waste has been very limited both in quantity and in area. Only 

approximately 0.5 million tonnes is currently being used, which is just a small percentage 

of the annual production, leaving all the stockpiled material untouched. 
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Figure 2.5 Slate waste extraction at Penrhyn Quarry, Gwynedd, North Wales. 

The mam applications of this material are as pIpe bedding, drainage material, 

embankment fiU, capping layers and, over the past ten years, as Type 1 aggregate for 

unbound granular sub-bases. The latter has been produced at Penrhyn Quarry and 

applied in roads in North Wales. 

2.7.4. Properties 

Goulden [1992] carried out a study on slate wastes from various sources performing a 

comprehensive conventional testing programme. Initially slate wastes from six different 

quarries were studied for various physical, chemical and mechanical properties and, due 

to the consistency of the material, the slate waste from Penrhyn Quarry was chosen as a 

representative sub-base Type 1 material for further testing. The main conclusions that 

resulted from this study were: 

• the particles of slate waste exhibit high flakiness and elongation indexes; 

MC MNunes Page 37 



Enabling the Use of Alternative Materials in Road Construction 

• no evidence was found in compaction trials of detrimental effects of the high 

flakiness and elongation values. In particular neither excessive transient 

deformation nor rutting was observed during the passage of the compaction ro Ller 

indicating good internal friction of the material; 

• water absorption values were particularly low, which is in accordance with the 

use of slate as a roofing material, and so the compacted material is not likely to 

be affected by moisture content oscillations; 

• this low water absorption, combined with the non-plastic nature of the fraction 

under 425 !lm, gives slate waste an advantage over other conventional aggregates 

with regards to weathering resistance and durability. This was also confirmed by 

the results of the magnesium sulphate soundness test, where very high 

percentages were obtained; 

• particle strength values were lower than what may be expected for other 

conventional aggregates; 

• high permeability assures good surface water drainage; 

• to be considered non-frost susceptible [Roe & Webster, 1984] the percentage 

passing 75 !lm has to be limited to 6 %; 

• values obtained in CBR tests were typical of good quality pavement aggregates 

and above the minimum of 30 % specified for Type 2 sub-bases [DoT, 1993]. 

Slate aggregate has been used as a sub-base material mainly in North Wales. One of the 

roads in which it was applied failed prematurely as a result of heavy container traffic 

exploiting deficiencies in the overlying wet mix macadam (comprising a conventional 

aggregate). During reconstruction some tests were carried out to assess the performance 

of the slate material performance in the field [Goulden, 1992]. Those tests consisted of: 

• measurements of the sub-base reaction modulus using plate bearing tests; and 

• grading analysis of the sub-base material after seven years in service. 

The sub-base reaction moduli varied from 378 to 646 MFa [Goulde~ 1992] confirming 

the good condition of the slate aggregate. The degradation of the material was very small 

and at levels less than might be expected for conventional aggregates. It remained stable 

during reconstruction. 
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2.7.5. Technical guidelines 

This aggregate is processed (by selection and crushing, Figure 2.6) as a granular sub-base 

Type 1 and Type 2 according to the DoT Specification [DoT, 1993] and it does not differ 

significantly from other conventional aggregates in this respect. The main controls that 

have to be made at the source concern the grading of the aggregate to meet the DoT limits 

and the percentage of fines (passing 75 /lm) that has to be limited to approximately 6 % 

to assure non-frost susceptibility. 

For the compaction of this aggregate in the field, vibratory rollers have been found to be 

superior to smooth-wheeled or grid rollers producing higher densities and being able to 

compact thicker layers [Goulden, 1992]. 

Figure 2.6 Processing of slate waste as Type I and 2 sub-base material. 
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2.8. Power station ashes 

2.8.1. Origin 

Power station ashes are by-products of the coal-burning power generation industry. Coal­

fired power stations generally use pulverised coal which is burnt in a furnace generating 

two types of ashes. The first is a very [me ash which is carried off the furnace by the flue 

gases and extracted from them using mechanical arresters or electrostatic precipitators. 

This ash is called pulverised fuel ash or fly ash. The second type of ash is known as 

" furnace bottom ash. It is formed by the coarser and heavier particles of ash, which fall 

! to the bottom of the furnace into a hopper. 
L 

Physical characteristics of power station ashes depend on factors such as: power station 

(type size and arrangement of furnace) where they are generated, the source, type and 

degree of pulverisation of coal used, conditions of firing and collection and processing 

methods. The source and type of coal are one of the most important factors. 

2.8.2. Quantities and location 

According to the DoE report mentioned previously [Whitbread, Marsay & Tunnel, 1991], 

in 1988/89 the total production of ash was 13.2 million tonnes, fly ash accounting for 75 

to 80 % of the total amount and bottom ash for the remaining 20 to 25 %. According to 

the same report, the estimated volwne of ash stockpiled is 200 million tonnes, whilst the 

volwne annually used in the construction industry is 5.7 million tonnes. 

Coal fired power stations are essentially concentrated in the South Yorkshire, Nottingham 

and Derby areas close to the coal mines and hence power station ashes are most readily 

available in these locations. Nevertheless, other power stations exist around the country 

and, in addition, many stations that no longer generate electricity have stocks of ash. 
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2.8.3. Current utilisation 

Pulverised fuel ash is used, primarily, in the manufacturing of lightweight blocks. But 

there are some other important applications such as: in the cement manufacturing 

industry; in structural concrete, as a partial replacement of cement or as a partial 

replacement of sand for grading correction purposes; in the production of lightweight 

aggregate; as a filler in bituminous materials; as bulk and selected fill materials; and in 

stabilised sub-base and base layer construction. 

Some problems with the use of stabilised fly ash in sub-bases and roadbases have been 

reported [Thijs, 1992]: in Denmark it has not been used successfully due to "technical 

and economical factors"; in The Netherlands failures due to the formation of multiple 

horizontal layers occurred in cement-stabilised fly ash, some years after construction, and 

for this reason it is not used for this purpose. After a reported failure by liquefaction of 

a conditioned fly ash stockpile, its use for road embankments in Belgium has been 

restrained by legislation [Gorle, Verhasselt, Thijs & Kerkhof, 1992]. This situation was 

overturned by means of laboratory and field research. 

Furnace bottom ash is mostly used in the block-making industry for the production of 

lightweight blocks (as fly ash), as lightweight drainage material behind structures, and 

for specific backfilling operations. Formerly, it found use in pavement foundations as 

capping and sub-base but increasingly restrictive specifications have limited its use in 

these areas. Car parks and cycle tracks are examples of its continuing use in pavements. 

2.8.4. Properties 

2.8.4.1. Pulverisedjuel ash 

The main components of pulverised fuel ash are silicon dioxide (Si02), aluminium oxide 

(AI20 3) and iron oxide (Fe20 3). Typical chemical compositions are shown in Table 2.6. 

Based on the type of coal and the content of those three compounds, fly ashes are 
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classified in the American Standards as follows [ASTM C618, 1989]: 

• class F, silicoaluminous fly ash, with pozzolanic properties, usually produced 

from anthracite or bituminous coal, and having a minimum (Si02 + 

Al20 3 + Fe203) content equal to 70 %; 

• class C, sulphocalcic fly ash, with pozzolanic and hydraulic properties, usually 

produced from lignite or sub-bituminous coal, and having a minimum 

(Si02 + Al20 3 + Fe203) content equal to 50 %. 

Table 2.6 Typical chemical composition of pulverised fuel ash. 

Component ·1. 
Si02 48.5 

AI2 OJ 25.5 

Fe20 3 12.1 

CaO 2.5 

MgO 1.5 

N~O 1.0 

K20 3.0 

Ti02 l.l 

S03 1.0 

CI- 0.06 

Data supplied by Powergen, Ratcliffe-on-Soar Power Station, 
Ratcliffe, Nottingham. 

Fly ashes classified as class C have higher percentages of free lime (some may contain 

more than 10 % and as high as 60 % [Thijs, 1992]) having cementitious properties in 

addition to the nonnal pozzolanic characteristics of class F fly ash. F or this reason, 

pulverised fuel ash class C, also called hydraulic fly ash, can also be used as an activator 

of secondary binders. 

The percentages of Si02 and Al20 3 together with the percentage of calcium oxide (CaO), 

allow the representation of fly ashes in a triangular diagram. Figure 2.7 is an example of 

this representation, including the chemical composition of several binders [SETRA & 

LCPC, 1980]. 
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Figure 2.7 Triangular representation of several binders [Setra & LCPC, 1980]. 

Chemically fly ash does not pose major problems [Sherwood, 1995]: 

• it contains sulphates, sometimes in high concentrations. Nevertheless, as the 

permeabilities of compacted fly ash are low, the possibilities of problems arising 

from the presence of sulphates are more limited. In the case of sulphocalcic fly 

ashes [Thijs, 1992], which may contain high sulphate contents (up to 12 % has 

been reported), their addition in the manufacturing of cement has to be limited to 

avoid the risk of swelling; 

• it contains free lime and, consequently, many fly ashes are alkaline. When in 

contact with metals such as aluminium fly ashes can provoke corrosion. 

An important issue is the method used to store pulverised fuel ash. That procedure 

affects the final properties of the material and some sort of temporary storage cannot be 

avoided since the peaks in production and consumption are not simultaneous. On the one 

hand, production increases during winter when more energy is required to be generated 

to meet the consumer's demand, on the other hand the highest levels of activity in the 
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construction industry are observed in summer, when production is at its lowest level. 

Pulverised fuel ash can be stored and then supplied in the following forms: 

• in the dry state, directly from the storage silos where it is collected; 

• conditioned, that is with controlled amounts of water added to avoid dust during 

storage and transport (Figure 2.8); or 

• from lagoons, sometimes used for fly ash storage. 

Figure 2.8 Conditioned fly ash, Ratcliffe-on-Soar Power Station, Nottingham. 

When stored in dry conditions the best uniformity and quality is achieved but very high 

costs are involved in the construction of appropriate silos. When conditioned fly ash is 

to be used in pavement applications its moisture content needs to be closely monitored 

since excessive water contents may result in premature hydration of calciwn oxide. This 

is of major importance when fly ashes with high CaO content are to be used. Besides, 

variations in moisture may cause variations in the moisture content of the mix, reduce 

workability and inhibit a suitable combination of mix components. More precautions are 

necessary when using lagoon fly ashes due to their higher variability. They are coarser 
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than dry or conditioned fly ash and their coarseness increases with proximity to the 

discharges. This type of fly ash is often mixed with furnace bottom ash. 

When used in concrete several benefits can be expected from the inclusion of fly ash 

although it must be taken into account that some of those benefits will not be observed 

in some cases depending on the fly ash and cement used and field conditions. A general 

list of benefits is presented below: 

• 
• 

• 

• 

• 

• 

• 
• 

enhanced workability due to the shape and fmeness of the particles; 

decreased bleeding as a result of the reduction in water demand; 

lower shrinkage; 

reduced heat of hydration; 

increased long term strength; 

improved chemical resistance of concrete (for example to chemical attacks of 

sulphates and alkalies) and, thus, more durable concretes; 

lower penneability; 

possibility of lower costs by the partial replacement of cement. 

For use in pavement construction, one of the most attractive characteristics of the 

pulverised fuel ash is its pozzolanity. A pozzolana can be defmed as a siliceous and 

aluminous material, not having cementitious properties, but containing certain 

components which, at ordinary temperatures and in the presence of water, chemically 

react with calcium hydroxide forming compounds with high stability in water and with 

cementitious properties [LNEC, 1962]. 

The pozzolanic reactions can only develop after hydration has commenced, an aspect that 

affects the perfonnance of the mixtures. Hence, these materials do not show any binding 

properties unless combined with others, usually called activators. These have high 

percentages of calcium oxide which produces the required calcium hydroxide in the 

presence of water. Pulverised fuel ash reacts with that compound, producing further 

cementitious materials and producing higher strength, stability and durability in the long 

term. Therefore, materials treated with fly ash exhibit reduced early age strength, but 

higher strength in the long term when compared with materials stabilised with hydraulic 
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binders. 

The pozzolanic activity of fly ashes and their fineness are closely related, and it is 

generally accepted that the finest fly ashes have the highest po2Z0lanic activities and 

initial bearing capacity [Bolt, 1987]. The percentage of material retained on the 45 IJm 

sieve and the Blaine specific surface are good indicators of that activity. 

For use in stabilised sub-bases and roadbases, the use of pulverised fuel ash may have 

significant benefits: 

• possibility of cost and energy savings; 

• grading correction; 

• increase in the long term strength; 

• improvement of the resistance to chemical attacks, for example of sulphates; 

• the ability to re-cement cracks in the presence of moisture, when swfaces remain 

in contact and when unreacted fly ash and activator are still available. 

On the other hand, some precautions are necessary when used as a secondary binder to 

allow the development of the minimum strength which is required before being able to 

support in-service conditions. Cold weather significantly delays strength developments, 

and in this case the use of cement is preferable to the use of lime to increase short term 

strength. In addition, the moisture content used for compaction should be maintained 

during the curing period to ensure an adequate development of chemical reactions and, 

hence, strength gains. This may be assisted by sealing the stabilised layer, using 

bituminous emulsions. 

Pulverised fuel ash also has some advantageous physical effects when used for the 

stabilisation of soil and granular materials. The shape of the particles, predominantly 

spherical, have a plasticising action resulting in a substantial reduction of water demand; 

the low particle density has the effect of increasing the relative volume of cementitious 

materials in the mix. These characteristics can help to reduce the effects of the lower 

early-age strength. 

Page 46 



Chapter 2 - Material Selection and Review 

Materials stabilised using fly ash usually have better cracking behaviour than cement­

stabilised materials. This is because the pozzolanic reactions with calcium hydroxide 

produced during the hydration of cement are slower than the hydraulic reactions 

developed whenever cement is used as stabiliser. 

In addition to its pozzolanity, some fly ashes possess self-cementing properties after 

being compacted. In spite of these properties, it is believed that unbound fly ash is not 

adequate for capping layer construction and thus will not be appropriate for sub-base 

layers because of [Thij s, 1992]: 

• high frost susceptibility; 

• the possible loss of bearing capacity experienced when this material becomes in 

contact with water, for which the failures by liquefaction reported earlier in this 

section are an example; and 

• the very low values obtained from soaked eBR tests [Littleton & Willavise, 

1992]. 

The particle density of fly ash is very low when compared with other conventional 

materials and when compacted produces a lightweight layer, important when the road is 

constructed on highly compressive soils. 

2.8.4.2. Furnace bottom ash 

Furnace bottom ash has been studied at the University of Nottingham for the last few 

years with focus on those properties of relevance for its application as granular sub-base 

material. A considerable amount of work has been done involving laboratory testing, by 

both conventional characterisation and classification tests and repeated load triaxial tests. 

The likely performance in the field has been investigated by studying bottom ash in trial 

strips and in the Pavement Test Facility of the University of Nottingham, with special 

emphasis on permanent deformation characteristics (rutting), self-cementation properties 

and material degradation under compaction. This work has been amply reported in 

technical reports and conference papers [Dawson, Brown & Thorn, 1989; Dawson, 1989; 
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Bullen & Dawson, 1990; Dawson & Bullen, 1991; Dawson & Nunes, 1993] and a 

summary of the main conclusions are presented below. 

From the chemical point of view bottom ash is very similar to fly ash. However, it 

differs significantly in physical and mechanical properties, due to the coarser grading of 

the bottom ash. The material has a more uniform grading curve (with less coarse and less 

fine material) than the conventional Type 1 aggregate. This contributes to a rather poor 

permanent deformation behaviour and to the difficulties in compaction but, on the other 

hand, generates high permeabilities and a high toleration to an increase in fines resulting 

from the degradation of the material. The high permeability will permit free-drainage of 

the compacted sub-base and wet-weather workability. Most conventional Type 1 

materials are not free-draining [Dawson, Brown & Thorn, 1989]. 

Low Ten per cent Fines Values are obtained but no degradation or mechanical instability 

was perceived during compaction and trafficking - probably an effect of the prevalent 

grain size and grading [Dawson, 1989]. 

Bottom ash has low density, important where the stress levels applied to the underlying 

soils are critical. It also leads to lower transportation costs for a given volume required. 

When compared with conventional aggregates, compaction to very low air void contents 

is difficult. The addition of water and the use of pneumatic-tyred compactor may be 

beneficial. Bottom ash has reasonable, although not large, laboratory CBR values for 

appropriate levels of compaction. 

Furnace bottom ash has reasonable resilient modulus but not high when compared with 

conventional aggregates. On the other hand, bottom ash has only a mediocre resistance 

to permanent deformation especially when tested in dry conditions. When wet, its 

performance is similar to a conventional aggregate. In order to limit permanent 

deformation the density should be maximised. 

Overall, the problems associated with a less broadly-graded aggregate having rather weak 

particles appear to be offset, to a large extent, by the advantages deriving from its smaller 
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mean particle size and high permeability. 

2.S.5. Technical guidelines 

2.8.5.1. Pulverisedfuel ash 

Several guidelines for the application of pulverised fuel ash in pavements have been 

developed in several countries. In The Netherlands technical and environmental 

guidelines have been formulated for the application of cement bound fly ash in road bases 

based on road trial sections. The methodology entails the performance of a suitability 

test for material approval, laboratory tests and environmental guidelines as follows [Bolt, 

1987]: 

Suitability test 

• 

• 

• 

Proctor cylinders are compacted at 3 % below the optimum moisture content, 

using 1000 g of fly ash and 150 g of Portland cement. The amount of water 

necessary is mixed with fly ash 3 days before testing; 

specimens are stored at 20 0 C in plastic bags; 

compressive strength is detennined after 7 days curing and should be higher than 

3 MPa; 

Laboratory test 

• proctor cylinders made as for suitability test using percentages of cement equal 

to 6, 10 and 14 % (proportions of the fly ash dry mass); 

• the required cement content for a roadbase is the one corresponding to a 

compressive strength of 5 MPa after 28 days of curing; 

Environmental guidelines 

• roadbases where fly ash is used should be above the ground water table and under 

an impermeable surfacing. 

The compaction at 3 % below the optimum value seems to be low due to the 
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considerations presented before concerning the possibility ofloss of bearing capacity and 

frost susceptibility. The results will not reflect the full potential of the material. 

In Belgium the following acceptance criteria for dry fly ash used as a pozzolana were 

drawn [Gorle, Verhasselt, Thijs & Kerkhof, 1992]: 

• loss on ignition ~ 7 % (preferably 5 %); 

• Opticompact test - h ~ 20 mm [eRR, 1988]; 

• S03 content ~ 1.5 %. 

Concerning levels of treatment, there is a wide range of possibilities according to the type 

of fly ash, its intended application and criteria adopted which can be more or less 

conservative: 

• percentages of cement between 5 and 10 % are generally suggested for the 

stabilisation of pulverised fuel ash for sub-bases and base layers [BS 6543, 1985; 

Thijs, 1992]; 

• fly ash with 3 to 5 % of quicklime or 5 to 10 % cement and compacted at the 

optimum moisture content are reported to achieve compressive strengths between 

3 and 9 MPa, splitting tensile strengths between 0.4 and 1 MPa and resilient 

moduli between 3 and 5 GPa [Gorle, Verhasselt, Thijs & Kerkhof, 1992]; 

• when used for the stabilisation of other materials in combination with lime, 

typical proportions range from 12 to 14 % of fly ash and 3 to 5 % of lime. 

However, mixes with adequate quality for base layers have been produced using 

8 to 15 % of fly ash and 2 to 8 % of lime [Boles, 1986]. To improve early 

strength 0.5 to 1.5 % of Portland cement may be used as well. 

In order to reduce the problem of low initial strength and accelerate the strength 

development process some additives may be used [Gorle, Verhasselt, Thijs & Kerkhof, 

1992]. In Belgium 1 to 2 % of calcium chloride is added, resulting in faster strength 

development, improving at the same time the long term compressive strength (50 to 100 

%), immediate frost heave resistance and workability. In France gypsum is used with the 

same goal. 
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For in situ compaction, pneumatic-tyred rollers are reported to achieve the best results 

with mixtures having fly ash as aggregate, and vibratory rollers are recommended for 

coarser materials [Thijs, 1992]. 

2. B. 5.2. Furnace bottom ash 

Due to the relative modest performance of this material under repeated loading in terms 

of resilient modulus and permanent deformation its use in an unbound form should be 

restricted to low trafficked roads. For its use in the principal road network some form of 

stabilisation is required. 

This material should be compacted at relatively high densities to minimise the poor 

permanent deformation behaviour and achieve a reasonable load carrying ability. For this 

purpose, the use of pneumatic-tyred compactor may be beneficial [Dawson & Bullen, 

1991]. 
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2.9. Blastfurnace slags 

2.9.1. Origin 

Blastfurnace slag is a by-product of the iron manufacturing industry, produced when iron 

ore is transformed into metallic iron (called pig iron at this phase of the production 

process) in a blastfurnace. 

The blastfurnace is continuously fed with iron ore, coke (used as a fuel) and fluxing stone 

(limestone or dolomite). Pre-heated air is blown into the blastfumace, working at 

temperatures between 1300 and 1600 °C, and as a result the oxygen reacts with the 

carbon from the coke producing heat and carbon monoxide. Iron ore is formed of oxides 

of iron, silica and alumina. On the one hand, the oxides of iron combine with the carbon 

monoxide giving rise to metallic iron and carbon dioxide. On the other hand, silica and 

alumina react with the resulting compounds from the calcination of the fluxing stone, 

which are calcium and magnesium oxides, producing slag [Lee, 1974]. At this stage, the 

slags form a liquid layer that floats on top of the liquid iron inside the furnace and are 

then removed using different notches at different levels in the blastfumace. 

There are gases under pressure in the liquid slag and the method used for cooling it, 

together with its chemical composition, will determine the amount and size of bubbles 

that are not able to escape from the liquid before solidification and, consequently, will 

influence properties such as porosity and density. 

Blastfurnace slag is produced in three main forms: 

• air-cooled; 

• foamed or expanded; 

• granulated and pelletised. 

In the case of air-cooled slag the liquid slag is poured into pits and left to cool slowly in 
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the open air and, when it solidifies, but it is still hot, water is spread on the material in 

order to develop cracks. These will facilitate its breakage, crushing and screening 

according to normal quarry procedures, producing a material very similar to a natural 

rock in texture and gradation. 

For the production of granulated slag the liquid slag is suddenly quenched in water or 

steam causing its fragmentation. The formation of crystals is hindered, due to the speed 

of the cooling method, producing a glassy material in small granules (0 to 3 mm). 

Pelletised slag is produced by spraying controlled quantities of water onto the stream of 

molten slag, and projecting the mixture into an atmosphere super-saturated with water, 

using a drum turning at high speed. The plastic slag is then divided into particles ranging 

from 0 to 13 mm. The larger material is formed of expanded particles of lower density. 

It is possible to control the proportion of material under 3 mm produced by modifying 

the conditions of operation. This fraction of material is similar to granulated slag and is 

used as a binder. 

Foamed or expanded slag is obtained by cooling the molten slag using small quantities 

of water, in jets into the liquid slag while it is discharged into a reservoir. This method 

produces large quantities of steam within the molten slag thus forming an expanded 

material, with very low densities. 

Figure 2.9 illustrates the manufacturing process of both blastfurnace and steel slags. 

2.9.2. Quantities and location 

An estimated 20 million tonnes of blastfurnace slag exist in stockpiles, and 4 million 

tonnes of this material are currently produced each year, all of which is actually used 

[Whitbread, Marsay & Tunnel, 1991]. Approximately 72 % of the total production 

consists of air-cooled blastfurnace slag, 25 % of granulated slag and around 3 % of 

foamed slag. 
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This material is produced by British Steel integrated steelworks in four different locations 

in Great Britain namely, Teesside, Scunthorpe, Llanwem and Port Talbot. 

IRON PRODUCTION 
raw materials: 

iron ore, coke, fluxing stone 

I 
I Blastfurnace WorksJ 

I 
I 

Blastfurnace Slag I Pig Iron I 
I I Steel Scrap I-- - -

I I I 
Air-Cooled Granulated I Foamed or 

Pelletised Bxpanded I STBBL PRODUCTION (72 %) (25 %) (3 %) 

l Steel Slasl 

I I I 
Basic Blectric Arc Open 

Oxygen Furnace Hearth 
BOS (800/.) BAF (20 %) (0 %) 

Figure 2.9 Manufacturing process ofblastfurnace and steel slags. 

2.9.3. Current utilisation 

The main uses of blastfurnace slags in the United Kingdom are in road construction as 

an aggregate, for cement manufacture in blended cements, and in general building as a 

lightweight aggregate. However, this material is widely used in other applications, 

especially in some European countries where special techniques and composite materials 

have been developed. End-applications for this material include: 

• cement manufacture, as referred above, where granulated and pelletised 

blastfurnace slags may be included in percentages from 5 % up to 85 %; 
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in road construction it may be used at different levels of the pavement structure, 

including surfacing layers, as an aggregate and as a binder for the stabilisation of 

other materials; 

in lightweight blocks manufacture, made of pelletised slag and cement; 

in different types of concrete; 

in railways as ballast, essentially crushed air-cooled blastfurnace slag; 

in embankments particularly as lightweight fill; 

drainage blankets; 

as a sand for blasting; and 

in others less significant applications. 

2.9.4. Properties 

It is composed primarily of oxides of calcium and magnesium (CaO and MgO) with silica 

(Si02) and alumina (AI20)) accounting for approximately 95 % of the slag composition 

[Lee, 1974]. Typical composition and ranges are presented in Table 2.7. 

Table 2.7 Typical chemical composition of blast fum ace slag [Lee, 1974]. 

Component % by mass 

Lime (CaO) 36 - 43 

Silica (SiOz) 28 - 36 

Alumina (AlzOJ) 12 - 22 

Magnesia (MgO) 4 - II 

Total sulphur (as S) 1 - 2 

Total iron (FeO or FezOJ) 0.3 - 1.7 

Chemically this material does not constitute any significant problem and unrestricted use 

in pavement applications have been suggested [Baldwin, Addis, Clark & Rosevear, 

1995]. Besides, blastfurnace slags are produced complying with quality requirements 

specified by the British Standard Institution [BS 1047, 1983; BS 3797, 1990; BS 6699, 

1992] further limiting the possibility of chemical problems for materials complying with 
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those specifications. Some of the specification requirements for air-cooled blastfurnace 

slag with importance for pavements are listed below: 

• bulk densities of compacted material in the range 10 to 14 nun, must not be lower 

than 1.1 Mglm3; 

• stability against two types of unsoundness (iron unsoundness and 'falling' or 

'dica1cium silicate' unsoundness); 

• total sulphur content must not be greater than 2.75 % for bound materials, and the 

water soluble sulphate content must not exceed 2.0 gIL for unbound materials; 

• water absorption values must not exceed 10 %; 

• flakiness index of coarse aggregate must not exceed 35; 

• ten per cent fines value must not be less than 50 kN. 

Nevertheless, in the case of material reSUlting from past production, additional 

precautions have to be taken since the variability of older stocks is considerably higher 

than for current production [Sherwood, 1995]. 

Air-cooled blastfurnace slag has a group of characteristics that make it particularly 

suitable for the replacement of naturally occurring aggregates and can be easily processed 

in order to produce a material complying with current specifications [Lee, 1974]: 

• good particle shape and surface roughness, enhancing its frictional properties and 

the adhesion between particle and binder; 

• low coefficient of thermal expansion; 

• high fire resistance, of particular interest when used in concrete structures and in 

the manufacture of building blocks. 

On the other hand, its porosity is high and, accordingly, high water absorption values are 

common for this material. However, this characteristic is a result of the vesicular nature 

and is not an indicator of poor durability. On the other hand, it results in higher binder 

contents being necessary for its stabilisation, in particular when bituminous binders are 

used, and additional quantities of water for concrete. Moreover, the high surface area, 

which is a direct effect of the surface roughness, reinforces the high binder demand. 
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Granulated blastfumace slag, having a chemical composition similar to cement, possesses 

hydraulic properties when combined with a basic activator such as lime, cement, 

hydraulic fly ash, calcium or sodium hydroxide and other products formed of lime, 

gypsum and soda [Chi, 1992]. Its commercial value is too high to be used as an 

aggregate in road construction and, thus, it is used as an additive for cement or more 

generally as a binder. The latent hydraulic properties will depend on factors such as 

chemical composition, conditions of granulation and fines content. However, being a 

surface phenomenon the reactivity of the slag is essentially a function of the specific 

surface of the material after compaction, characterised by the coefficient IX, which is 

defined as follows: 

where: Ss 

Pf 

2.1 

Blaine specific surface (in cm2/g) of the natural fines fraction « 80 ~m); 

friability properties, that is, the percentage of fines « 80 ~m) generated 

in a standard crushing test, to simulate the generation of fines during 

compaction. 

According to this coefficient granulated slags are classified into four groups [OEeD, 

1977]: 

• class 1, IX < 20, slag not used in road construction; 

• class 2, 20 < IX < 40, slag most frequently used for gravel-slag and sand-slag 

mixtures; 

• class 3, 40 < IX < 60, used with materials difficult to handle; 

• class 4, IX > 60, used only in exceptional circumstances. 

The activity of the slags may still be improved by partial grinding (approximately 10 % 

of fines generated) or total grinding, and in this case ground granulated blastfurnace slag 

is obtained. During this process, an activator such as cement or lime may be introduced 

to produce a material with self-binding properties. 
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In summary, granulated blastfumace slag with its slow and progressive setting and 

hardening has the particularity of combining flexibility during construction, good early­

age mechanical stability (similar to a clean and angular sand) the ability to adapt during 

that period to permanent deformations that may occur in the subgrade and besides to be 

able to offer some capacity of self-healing. Reduced sensitivity to weather conditions 

and workability are also important factors reinforcing the utility of this alternative 

material. 

Pelletised blastfumace slag is composed of material under 12 - 13 mm. The fine fraction, 

o to 3 mm, possesses identical hydraulic properties to those of granulated blastfurnace 

slag and so it can be used for the same purposes in the cement manufacture and road 

construction. Its activity can be increased by grinding, as for granulated slag. The 

coarser fraction, being of expanded particles, possesses very low densities and is used as 

lightweight aggregate. 

Foamed blastfumace slag is formed of expanded particles with a cellular structure as a 

result of the process used for cooling the molten slag. Generally, it is crushed after 

hardening and presents the following properties: low densities, good thermal insulation 

and high fire resistance [OECD, 1977]. 

Regarding the variability ofblastfurnace slags from different sources, it was shown that 

slags produced in a particular steelwork are highly consistent and that variability is 

comparable to that obtained in the exploitation of conventional aggregates [Lee, 1974]. 

The slag properties are primarily dependent upon the conditions of operation of the 

furnace. Hence, if the type of iron ore used as a raw material changes there will be 

significant variations in slag properties, larger than the one obtained when slags from 

different furnaces but the same material sources are compared. Typical properties of 

blastfurnace slags are presented in Table 2.8. 

Despite the high values presented for water absorption, it has been experimentally 

demonstrated that blastfurnace slag is not frost susceptible. It can be used in base and 

sub-base layers and the performance of the frost heave test is superfluous [Croney & 

Jacobs, 1967]. 
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Table 2.8 Typical properties of blastfumace slag [Lee, 1974]. 

Property Unit Value 

Specific Gravity 2.38 - 2.76 

Bulk Density • Mg/mJ 1.15 - 1.44 

Water Absorption % 1.5 - 5 

Aggregate Crushing Value 25 - 39 

Aggregate Impact Value 21 - 42 

Ten per cent Fines Value kN 70 - 160 

Aggregate Abrasion Value 5 - 31 

Polished Stone Value 50 - 63 

Key: 14 mm single size material. 

2.9.5. Technical guidelines 

When bound applications of blast furnace slag are intended, binder contents for sub-base 

and base construction are as follows [BS 6543,1985; Chi, 1992; Sherwood, 1995]: 

• the British Standards propose 5 % of Portland cement as a first estimate for the 

determination of the optimum moisture content; 

• the "grave-Iaitier" (gravel-slag) is one of the most common materials used in 

France for road construction. It is a stabilised natural aggregate using a binder 

composed by 

• 8 to 20 % of granulated blastfurnace slag, 

• 8 to 15 % of partially ground granulated blastfurnace slag and 1 

% of lime or gypsum with soda as activator, or 

• 3.5 to 5 % of ground granulated blastfurnace slag; 

ground granulated blastfurnace slag (ggbs) is used in South Africa for the 

stabilisation of aggregates in a similar technique to the French "grave-Iaitier". 

The proportions of 80 % of ggbs and 20 % of lime are used; 

• a combination of granulated blastfurnace slag (15 %) and phosphoric slag (85 %), 

which has a chemical composition similar to blastfurnace slag, is used in Holland. 
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Despite being widely proven in other countries, gravel-slag mixtures are not so common 

in the United Kingdom. This material has some special characteristics that make it 

highly attractive for application in pavements, and the extensive experience acquired in 

France, where it is widely used, provides strong evidence that severe problems do not 

occur. Some of the main characteristics of the gravel-slag combination for road 

applications are [DEeD, 1977]: 

• binder distributed more evenly in the mass of the aggregate and in higher 

quantities, giving the long term benefit of being able to re-cement cracks in the 

presence of moisture, when surfaces remain in contact; 

• the long setting time of gravel-slag mixtures enables the short term storage of this 

material without major problems and a more flexible organisation of the 

construction works. In addition, it will allow the progressive increase of resilient 

moduli of layers where it was applied; 

• the observance of a curing period in which construction equipment cannot traffic 

the compacted layer is not necessary, being especially attractive for strengthening 

works while traffic is maintained, because of the short term perfonnance provided 

by aggregate interaction; 

• heavy rains are not considered to be a major problem during construction works 

as typical gradings allow the excess of water to drain off and the compaction to 

continue; 

• the setting phase is halted with very low temperatures, but continues once they 

nse; 

• strength developments occur over long periods of time (one year and more), and 

are not influenced by deferrals in setting due to low temperatures; 

• they possess good permanent deformation characteristics and thus rutting is not 

normally a problem; 

• indicative values for some mechanical properties of this material after setting and 

hardening are: 6 - 10 MPa compressive strength, 0.6 - 1.5 MPa tensile strength 

and elastic moduli of 20 GPa approximately. These values correspond to the end 

of the strength development period and thus they should be considered as 

indicative maximum values. 
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Other techniques are used, specially in France, to extend the use of blastfumace slags in 

road construction [OEeD, 1977]: "all-slag gravel-slag", similar to gravel-slag described 

earlier but in which the aggregate used is blastfurnace slag; ready-mixed gravel-slag, in 

which the material is produced in a fixed plant where the slags are generated and then 

transported to the construction place; pre-crushed granulated blastfurnace slag in which, 

to enhance the reactivity of the slag, the material is lightly crushed in order to reduce its 

dimensions obtaining a material ranging from 0 to 2 mm, with 10 to 20 % of fines « 90 

Jlm). 
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2.10. Steel slags 

2.10.1. Origin 

Steel slag is a by-product of the steel manufacturing industry. It may be produced from 

pig iron, from steel scrap, or a combination of both (Figure 2.9). For the manufacturing 

of steel, it is necessary to remove the excess of carbon and silicon from the metallic iron 

by oxidation and the addition of other components [Lee, 1974]. Lime or dolomite used 

as a flux combine with the oxidised constituents forming steel slag. Chemically, steel 

slags are composed predominantly of lime, silica and iron oxide. 

There are three principal types of furnace for producing steel: open hearth, basic oxygen 

and electric arc (Figure 2.9). In Great Britain, however, only the last two types are 

presently producing slags (BOS and EAF slags respectively). 

2.10.2. Quantities and location 

Existing steel slags in stockpiles amount to 11 million tonnes, according to a recent 

appraisal for the Department of the Environment [Whitbread, Marsay & Tunnel, 1991], 

of which 10 million tonnes are of BOS slags and 1 million tonne of EAF slags. The 

annual arisings of BOS slag are of 1.6 million tonnes, of which 0.2 million are utilised. 

The corresponding numbers for EAF slags are 0.4 million tonnes of production and 0.2 

million of material used. 

Steel slags are produced in the four British Steel integrated steelworks as mentioned for 

blastfurnace slag, and in the following areas where electric arc furnaces are in operation: 

Sheffield I Rotherham area, South Wales and Sheerness (Thames Estuary). 
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2.10.3. Current utilisation 

Steel slags are used as aggregate, as ballast for railways, in pavement foundations and in 

wearing courses of bituminous materials, where any expansion that may happen (see next 

Section) will not be so damaging. 

As a result of unstable and expansive behaviour, BOS (ILD) slags are "absolutely 

unsuitable" for Portland cement concrete or any other bound rigid mixture such as lean 

concrete or other pavement materials stabilised with hydraulic or pozzolanic binders 

[Verhasselt & Choquet, 1989; Gorle, Verhasselt, Thijs & Kerkhof, 1992]. 

2.10.4. Properties 

Presently, approximately 10 % of the annual production ofBOS slags is used. The main 

problem inhibiting further use is related with their chemical composition, namely the free 

lime content (1 to 15 % and sometimes up to 20 %), magnesia, dicalcium silicate and 

residual iron oxides and iron that may hydrate or oxidise. The free lime and magnesia 

when in contact with water may cause significant expansion which can lead to the 

disintegration of the particles. The reaction of calcium oxide with water and its 

transformation into calcium hydroxide is, in general, fast and the expansion will be 

experienced in a few weeks, unless those reactions are entrapped within the particles and 

for this reason retarded in time. On the other hand, the reaction of magnesium oxide 

develops over a long period. 

To reduce this expansion hazard, slags are stored outside, open to the environment, for 

periods of time of up to one year. This allows them to weather forcing the reactions of 

the components that may cause expansion or instability to develop during that period. 

Other techniques adopted in order to minimise expansion or instability problems are: 

• the mixture of steel slag with conventional aggregates; 

• its use in coated materials and the interposition of a sand layer, with 150-200 mm 
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minimum thickness, separating the steel slag from the overlaying material. 

This last technique was found to effectively decrease or totally solve the problem of 

permanent damage in the pavement structure [Verhasselt & Choquet, 1989]. This sand 

layer has the following functions: to partially accommodate the expansion of the steel 

slag layer, to spread the stresses generated during that process and to fill some of the 

voids and cracks created in the slag layer. 

Early research in Canada [Emery, 1975] presented experimental results suggesting that 

ageing, the increase in particle size (that is, limiting the amount of fines) and treatment 

with sulphuric acid would decrease the expansion of steel slags. 

In relation to the influence of steel slag size on expansion, the results obtained in Canada 

are opposed to the outcome from case studies accomplished in Belgium, where 

comprehensive research on the behaviour of steel slags as a pavement material has been 

conducted [Choquet, 1984; Verhasselt & Choquet, 1989; Verhasselt, 1991; Gorle, 

Verhasselt, Thijs & Kerkhof, 1992]. With respect to the laboratory study ofBOS slags 

the approach consisted of: 

• performance of disintegration tests, which involved the immersion of material 

samples in water, at 70°C, with the purpose of accelerating the mechanism; 

• swelling tests on samples with satisfactory performance in the disintegration test, 

based on the immersion of compacted specimens for 6 - 7 months, at 20 °C; 

• quantification of the changes in particle density, before and after immersion in 

water at 60 - 70 ° C, measured on the same sample of slag; 

• visual examination of material and of compacted specimens after immersion in 

water. 

As part of field studies performed, distress was observed in embankments, sub-bases and 

roadbases where unbound steel slags were used. The following aspects were pointed out 

as responsible for those situations: irregular distribution of free lime, weathering of 

materials not complete or inadequate and grading (> 30 mm) considered to be too coarse. 

Indeed, it is generally agreed that by using finer gradings « 20-25 mm) it is possible to 
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obtain a more efficient weathering of the slags, lower stresses will result from the 

expansion and cracking of particles, and the stresses in the contact points between 

particles will be reduced, resulting in a more uniform distribution of the stresses due to 

expansion. 

EAF slag has lower free lime contents which are therefore responsible for its higher use 

in the construction industry. Again they are processed by weathering, crushing and 

screening. 

Typical compositions and properties of steel slags are presented in Tables 2.9 and 2.10, 

respectively. 

Key: 

MC MNunes 

Table 2.9 Typical chemical composition of steel slag [Lee, 1974]. 

Component % by mass 

Lime (CaO) 40 - 50 

Silica (Si02) 10 - 20 

Alumina (AI20 3) 3-4 

Magnesia (MgO) 2-9 

Total sulphur (as S) 0.2 - 0.9 

Total iron (FeO or Fe20 3) 12 - 20 

Table 2.10 Typical properties of steel slag [Lee, 1974]. 

Property 

Specific Gravity 

Bulk Density • 

Water Absorption 

Aggregate Crushing Value 

Aggregate Impact Value 

Aggregate Abrasion Value 

Polished Stone Value 

Unit 

% 

14 mm single size material. 

Value 

3.1 - 3.5 

1.60 - \.76 

0.2 - 2 

12 - 25 

18 - 24 

3-4 

53 - 72 
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Steel slag particles possess good angularity. In comparison with blastfumace slags, they 

have higher densities, lower water absorptions and higher particle strength, resistance to 

abrasion and skid resistance [OECD, 1977]. These properties make the slag more 

suitable for wearing courses. In addition, the incorporation of steel slags in a bituminous 

medium will hinder the access of water to the slag particles and, thus, will decrease the 

risk of expansion. The relatively high density of steel slags represents an inconvenience 

regarding transportation costs, which are quantified in volumetric terms. 

2.10.5. Technical guidelines 

Some recommendations for the use of steel slags exist in the bibliography. Once again, 

it is worth emphasising that the use of steel slags in rigid bound layers is often reported 

to be unacceptable, whether using either hydraulic or pozzolanic binders. This is of 

paramount importance when using BOS slags, with high free lime contents. In Belgium 

the following guidelines are suggested for unbound roadbases and sub-bases [Verhasselt 

& Choquet, 1989; Gorle, Verhasselt, Thijs & Kerkhof, 1992]: 

• free lime content should not be higher than 4.5 % when it is produced; 

• gradings used should not exceed the maximum diameter of 20-25 mm; 

• steel slags should be allowed to weather in the open air for a period of one year, 

stockpiled for this purpose in its final grading. Its acceptance should be 

conditional upon admissible behaviour in an accelerated swelling test; 

• the incorporation in the pavement structure of a sand layer separating steel slags 

and overlaying materials is beneficial for reducing or eliminating possible 

damage of the surfacing layer. Its thickness should depend on the thickness of 

the steel slag layer subject to a minimum of 150 - 200 mm; 

• an experimental study of the slags proposed for use should always be carried out 

and the volumetric stability of the ftnal mixture should be verifted by performing 

a swelling test. 

Two types of tests are proposed to evaluate the volumetric stability of steel slags [eRR, 

Page 66 



Chapter 2 - Material Selection and Review 

1993]: 

• in the swelling test, a cylindrical specimen is prepared using the Standard Proctor 

compaction and it is immersed in water at 50 °e. Then, the linear expansion of 

this specimen is measured once a day, for 28 days, and should be lower than 1.5 

%. This test is essentially applicable to particle size distributions up to 25 - 30 

mm' , 

• alternatively, when the maximum dimension of the slag particles is higher than 

30 mm, a disruption test may be performed. It is based on the quantification of 

the amount of material disintegrated after an immersion period of 14 days, in 

water at 60 oe. The maximum value should not exceed approximately 1 %. 
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2.11. Gypsum 

2.11.1. Origin 

By-product gypsum encompasses a wide range of products generated from different 

industrial processes. The most common for pavement applications are: flue gas 

desulphurisation gypsum, phospho gypsum and fluorogypsum. Phosphogypsum and 

fluorogypsum result from the production of phosphoric and hydrofluoric acids, 

respectively. 

Flue gas desulphurisation (FGD) gypsum is defmed by Eurogypsum, representing the 

European gypsum industry, as: 

"Gypsum from jlue gas desulphurisation is a moist, finely divided. crystalline. high 

purity calcium sulphate dihydrate (CaS04 2HzOj· It is specifically produced in ajlue 

gas desulphurisation process incorporating limestone scrubbing, a refining process 

involving oxidation followed by gypsum separation. washing and dewatering ... 

FGD gypsum, also called desulphogypsum or synthetic gypsum, is generated in power 

stations burning lignite or sulphur-contaminated coals. When these are burnt, the existing 

sulphur is transformed into sulphur oxides, principally sulphur dioxide, which may 

contribute to the formation of acid rain when released to the atmosphere. As a result of 

environmental legislation limiting the emissions of sulphur dioxide, gas scrubber systems 

were introduced in power stations to remove the sulphur from the flue gases. The process 

consists of forcing the reaction of those gases with a neutral ising agent, usually a 

limestone or lime slurry, inside the scrubber systems. Dependent on the technology 

employed, the by-product generated can be FGD gypsum. 

2.11.2. Quantities and location 

The information regarding quantities of FGD gypsum is scarce but according to National 
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Power [Westaway, 1996] the production may be estimated to be over a million tonnes per 

annum. In addition, more gypsum is currently imported to the UK from mainland 

Europe. 

Being a by-product of the power generation industry, this material is essentially available 

in the same locations as the coal burning power stations and thus at the same locations 

as power station ashes. 

2.11.3. Current utilisation 

Cement-stabilised gypsum has been used in the USA and the existing field experience 

has demonstrated that when correctly designed it may be used in layers as high in the 

pavement structure as roadbases. As an example, it has been used in combination with 

cement and hydraulic fly ash (class C) for this purpose. 

Flue gas desulphurisation gypsum is also used for the production of a wide variety of 

building plasters, for which they can totally replace natural gypsum. In combination with 

anhydrite it is used as a setting retarder in the cement industry, for the production of 

wallboards, un-fired brick and masonry components, and in agriculture to improve soil 

characteristics [Winkler, Gruber, Hammerschmid & Rentz, 1989; Saylak, Scullion & 

Golden, 1993]. 

By-product gypsum is used in France to expedite strength development of gravel-slag 

mixtures and to improve their long term compressive strength, immediate frost heave 

resistance and workability. 

2.11.4. Properties 

In the United States of America, research has been conducted on the use of 

phosphogypsum in roadbase construction. Some of the factors that showed significant 
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effect on strength were [Saylak, Taha & Little, 1988]: 

• acidity of the material as characterised by its pH value. Material recently 

produced, with lower pH values (2.5 approximately), developed lower strength 

than stockpiled material with higher pH values (5.5 approximately); 

• correct grading and shape of the particles have an important effect on compaction, 

leading to higher densities and more stable materials. 

Comparatively, flue gas desulphurisation gypsum presents a suitable grading and pH 

value immediately after production. The main difference between recently produced and 

aged flue gas desulphurisation gypsum consists in its content of CaS03, as shown in 

Table 2.11, and its transformation into caSo4 which is relatively fast. Therefore, there 

is not any special advantage in ageing this material and, on the contrary, it causes 

significant reductions in strength [Saylak, Taha & Little, 1988]. 

Table 2.11 Example of physical and chemical properties of flue gas 
desulphurisation gypsum [Saylak, Taha & Little, 1988]. 

Property 

Moisture Content (%) 

pH Value 

Specific Gravity 

Fineness « 45 J,1m, %) 

Fineness Modulus 

Components (%) 

CaCOl 

CaSOl 

CaSO. 

New Gypsum 

13.5 

7.7 

2.33 

98 

2.77 

1.4 

7.0 

92 

Aged Gypsum 

13.4 

6.6 

2.64 

95 

2.84 

3.0 

0.5 

96 

It has been demonstrated that by-product gypsum may be used at sub-base and roadbase 

levels when stabilised with Portland cement or pulverised fuel ash, either individually or 

combined [Taha, 1989; Saylak, Scullion & Golden, 1993]. In France, by-product 

gypsum is particularly indicated for the stabilisation I activation of fly ash [SETRA & 

LCPC, 1980]. 
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2.11.5. Technical guidelines 

A recommended procedure for stabilised dihydrate gypsum mixtures and several 

guidelines developed in the USA are presented below [Saylak, Taha & Little, 1988; 

Saylak, Scullion & Golden, 1993]. 

Gypsum selection 

For preliminary gypsum selection, only a material with pH values above 5.0 should be 

considered, and the particle size distribution should be without agglomerations of 

particles retained on the 4.75 mm sieve. For gypsum with pH values under 5.0, the 

acidity may be reduced by chemical neutralisation or simply by washing. In this case it 

is advisable to replace the fines lost during the washing process with original material. 

Gypsum is highly sensitive to moisture, and whether water was used to reduce acidity or 

control dust, it should be taken into account when considering the moisture content for 

compaction. Excessive moisture may weaken the strength development process and / or 

cause serious problems of expansive behaviour. An adequate sealing of the stabilised 

layer is vital and in this case bituminous emulsions should not be used since they tend to 

supply the mixture with extra water. 

The temperature used to detennine the moisture content of the material should not exceed 

40°C, to prevent the removal of chemically combined water and its transfonnation into 

hemihydrate. 

Binder selection 

Cement with high percentages of tricalcium aluminate (C3A) may be responsible for 

expansive behaviour and crackings in cement bound gypsum. Indeed, it may react with 

sulphate generating ettringite crystals and cause expansion [Deussner, Neinz & Ludwig, 

1985]. However, ettringite cannot be fonned without excessive water or tricalcium 

aluminate and so the use of cements with C3A contents under 7 % is recommended or the 
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use of sulphate resistant cements. Moreover, if high sulphate resistant cements are 

employed, which contains percentages of C3A under 3 %, the possibility of expansive 

behaviour is negligible [Chang & Mantell, 1990]. 

Pulverised fuel ash is also suitable for the stabilisation of gypsum combining pozzolanic 

activity and fines correction, which may be particularly important for washed gypsum. 

However, the use of fly ashes with high calcium oxide contents, above 17 % (class C 

hydraulic fly ashes) is recommended. 

Strength 

Further strength enhancements are obtained by creating a granular matrix in the gypsum 

stabilised mixtures. This may be attained by adding other materials to the composition 

of the mixture such as a graded sand or furnace bottom ash. As a first estimate, a cement 

content of 7 % and gypsum / bottom ash ratio of 1: 1 may be used since they were used 

satisfactorily as roadbases in pavement test sections. 
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2.12. Cement kiln dust 

2.12.1. Origin 

Cement kiln dust (ckd), also known as cement flue ash or cement precipitator ash, is a by­

product of the cement manufacture industry. Similar to what happens with pulverised 

fuel ash, the gases generated during the production of Portland cement carry very fine and 

light particles from the kilns. This material is extracted from the gases, to prevent air 

pollution using electrostatic precipitators, cyclone separators, scrubbing towers and bag 

filters. 

The proportion of dust produced may be considerable, from 5 to 15 % of the cement­

clinker production [Sherwood, Tubey & Roe, 1977]. However, part of this material is 

re-used in the kilns and only the material having high alkali content, that is not suitable 

for re-use, is available as a secondary binder. 

2.12.2. Quantities and location 

Cement kiln dust is available where it is generated in cement works. Early estimates of 

1976 regarding the quantities of this material were reported to be an annual production 

of 0.4 million tonnes and the existence of 3 million tonnes in stockpiles [Sherwood, 

Tubey & Roe, 1977]. 

Recent information supplied by the British Cement Association and Blue Circle 

Industries indicate the following volumes produced annually in the stated cement works 

[Coole, 1995]: 

• Weardale Works (County Durham) ....................... 25000 tonnes 

• Westbury Works (Wiltshire) ............................ 50000 tonnes 

• Northfleet Works (Kent) ............................... 75000 tonnes 
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• Masons Works (Suffolk) ............................... 50000 tonnes 

2.12.3. Current utilisation 

Stockpiled cement kiln dust has been used in the past in embankments and in bituminous 

mixes as a filler (replacing natural fines and other conventional fillers such as limestone 

dust, Portland cement and hydrated lime) [Sherwood, Tubey & Roe, 1977; OECD, 1977]. 

Other possible areas of use are reported to be in roadbase layers, mixed with power 

station fly ash for the stabilisation of aggregates, in pollution control and in agriculture 

[Concrete Construction, 1979]. 

2.12.4. Properties 

The cement kiln dust available corresponds to the fraction of dust with high alkali 

contents. Yet these alkali salts are highly soluble and for this reason the material allowed 

to weather will have reduced alkali and sulphate contents when compared with recently 

produced kiln dust [Sherwood, Tubey & Roe, 1977]. On the other hand, its cementitious 

properties after being stockpiled for a long period will be much diminished due to the 

hydration of the free lime, dramatically limiting its interest as a secondary binder. The 

typical chemical composition of cement kiln dust in comparison with Portland cement 

is presented in Table 2.12. 

When cement kiln dust is used in concrete as a partial replacement for Portland cement, 

the following effects are observed [Ravindrajah, 1982]: retarded setting, increased water 

demand for the same consistency and reduced strength. These reductions, however, will 

not be significant for percentages of cement replacement up to 15 %. 

Some properties reported for application as a fill material in embankments are 

[Sherwood, Tubey & Roe, 1977]: good workability independent of the weather. high 

CBR values (80 %), and very low field dry densities, between 0.97 Mg/mJ and 1.18 
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Mg/m3
, when compacted using moisture contents ranging from 37 to 49 %. 

Table 2.12 Typical chemical composition of cement kiln dust and Portland 
cement [Sherwood, Tubey & Roe, 1977]. 

Components 

Si02 

AI20 3 

Fe20 3 

CaO 

MgO 

S03 

K20 

Na20 

Cement Kiln Dust 

(%) 

15.3 

2.1 

1.7 

43.0 

0.9 

6.2 

6.0 

0.7 

Portland Cement 

(%) 

22.0 

5.5 

3.0 

64.1 

1.4 

2.1 

0.5 

0.2 

An experimental study was carried out to ascertain the adequacy of cement kiln dust as 

a stabilising agent [Sherwood, Tubey & Roe, 1977]. Several samples were taken from 

different cement works and then used to stabilise a well-graded sand. The results 

obtained in terms of unconfined compressive strength were compared to the ones 

obtained with control specimens, in which the same sand was stabilised with cement. 

None of the ckd specimens reached the minimum compressive strength of2.8 MPa, after 

7 days curing, as stipulated by the then DoT Specification for Road and Bridge Works 

[DoT, 1976], and the best result achieved with cement kiln dust was just 20 % of that 

realised with Portland cement. As a result of this study cement kiln dust was considered 

to be unsuitable as a binder to replace cement. 

Despite the negative results when used individually as a binder, it has been used with 

pulverised fuel ash for the stabilisation of pavement aggregates for roadbases [Miller, 

Bensch & Colony, 1980]. In the post-construction observation and testing, it was found 

that deflections in the pavement decreased with the curing time, no cracking or surface 

damage was observed (with the exception of a localised area) and there was evidence of 

self-healing properties of the mixture. Similar mixtures studied in laboratory were found 
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to have identical behaviour to that of corresponding lime - fly ash - aggregate mixtures 

[Collins & Emery, 1983]. In some cases they developed higher initial strength. 

2.12.5. Technical guidelines 

The results of these studies seem to indicate that cement kiln dust should be combined 

with another binder to achieve better results. Optimum binder proportions reported in 

the bibliography are [Collins & Emery, 1983]: 

• 66.6 % of ckd to 33.3 % of fly ash; or 

• 50 % of lime kiln dust to 50 % of fly ash. 

Those percentages compare with 20 to 25 % of lime and 75 to 80 % of fly ash in lime -

fly ash - aggregate mixtures. This confirms that more cement kiln dust than lime will be 

required for similar stabilisation of the same type of aggregate. 
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2.13. Environmental considerations 

There is some concern related with the application of secondary materials in road 

construction, in particular those associated with ground water pollution due to leaching. 

It is argued that it is preferable to concentrate those materials susceptible to leaching into 

landfills, in a known place, where they can be controlled, rather than to disperse them in 

the construction of roads. However, some materials do not represent any danger for the 

environment because they do not contain toxic substances, or if they do, either the 

concentration of compounds is low (under acceptable limits) or the toxic compounds do 

not leach out of the aggregate particle. For other materials, if appropriate measures are 

taken their safe application is also possible, but special caution is needed mainly when 

the road is neighbouring rivers or ground water sources of public water supply [Baldwin, 

Addis, Clark & Rosevear, 1995]. 

Regulatory leaching tests have been developed in several countries using single batch 

extraction techniques. However, the leachate concentrations obtained in these tests are 

only representative of the particular conditions in which the tests are carried out, not 

reflecting the actual environmental impact of their use in road construction [van der 

Sloot, 1990]. Performance assessments are necessary for environmental aspects in the 

same manner as for the technical ones. Methodologies have been described involving the 

evaluation of bound and unbound wastes, using realistic gradings, degrees of compaction 

and physical and hydrological testing conditions simulating more closely the ones in the 

field [Bridges, 1995; Nunes, Bridges & Dawson, 1996]. 

A summary of the experIences on pollution potential of the secondary materials 

mentioned in this project is presented below. 

The use of slate waste and china clay sand as wastes resulting from quarrying naturally 

occurring materials do not constitute any threat to the environment. The environmental 

damage occurs because of the extraction of the primary slate and china clay respectively. 

Colliery spoils have been used in several countries, such as France, Germany and the 
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United Kingdom, and in spite of having high concentrations of sulphates and/or pyrite, 

they have not caused any environmental problem [Chi, 1992]. 

As far as power station ashes are concerned, and due to the nature of these materials, they 

give rise to more environmental concerns when large scale applications in road 

construction are intended, in particular related with the possibility of leaching of heavy 

metals and sulphates. Their leaching behaviour has been studied in The Netherlands 

[Bolt, 1987] where road trial sections were built and observed, each of them 

incorporating an 'environmental section'. These were specially designed to allow the 

water percolating through the pavement structure to be collected and analysed to measure 

the concentrations of several chemical compounds. It was concluded that during the first 

two years the leaching behaviour of cement bmUld roadbases (of fly ash or sand I fly ash) 

was equivalent to the one of sand stabilised with cement and, in the long tenn, leaching 

decreased progressively. In spite of these results, according to environmental legislation, 

bound applications of fly ash are permitted provided that the material is above ground 

water level and below a sealing surface. Regarding unbound applications of fly ash they 

must be completely isolated from the environment and positioned above ground water 

level. Bottom ash, on the other hand, has leaching characteristics similar to other 

materials currently used in The Netherlands, such as granulated blastfumace slag. 

In Belgium, leaching tests on several fly ashes have continned that the risk of ground 

water pollution is very small and that it is further reduced when fly ash is used in 

stabilised materials [Gorle, Verhasselt, Thijs & Kerkhof, 1992]. No environmental 

protection measures are required when used in bound materials in proportions up to 20 

%. Nevertheless, for other applications fly ash must be placed above ground water table 

and covered with an impenneable material, such as a wearing course layer, a 

geomembrane or plastic soil. 

The presence of sulphur in blastfumace slags is of some concern. From the 

environmental point of view, it may be responsible for generating leachates that could 

contaminate the ground water table. Besides this, it may attack concrete products or 

metallic items and it may cause swelling when in contact with water. However, the 

presence of sulphur is limited to low contents by present specifications [BS 1047, 1983; 
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BS 3797, 1990; BS 6699, 1992]. Consequently, if adequate drainage is provided leached 

substances will not reach dangerous concentrations [Lee, 1974]. To diminish the risk of 

attack to concrete products, a sulphate resistant cement could be used. 

In respect of steel slags, the risk of pollution is limited, as it is also for blastfumace slags. 

It is, however, necessary to restrict the contents of free lime to values under 

approximately 10 % [Choquet, 1984]. 

By-product gypsum is reported to cause negligible environmental pollution with the 

exception of areas where it may become in contact with sources of drinking water supply 

[Saylak, Scullion & Golden, 1993]. Leachate analyses were performed on samples and 

individual components of the mixtures used in a test section and compared with US 

Environmental Protection Agency standards. The maximum limits for drinking water 

were largely exceeded as far as sulphate concentration is concerned. On the other hand, 

the concentration of heavy metals were under the maximum permitted values. 

Another type of pollution associated with waste materials re-use and recycle is the 

pollution of the atmosphere. This can be in the form of gases from burning colliery spoils, 

as a result of spontaneous combustion, or in the form of dust. Dust control problems occur 

during storage, transport and placement when using pulverised fuel ash and other materials 

with very fine and light particles such as cement, lime and cement kiln dust. Special 

measures can be taken in order to minimise them. For storing purposes, the use of silos 

eliminates this problem or, if this facility is not available, fly ash for example can be 

conditioned to minimise dust. For transport and placement, the material should be covered 

in lorries and the use of special enclosed lorries with bottom unloading facilities is 

preferred; the addition of controlled amounts of water, which should be taken into account 

when considering the moisture content for compaction, is also possible. 

Overall, it is important to study the leaching potential of secondary materials and 

methods to limit harmful effects on the environment resulting from their application in 

roads. Clearly, when the raw materials are not suitable due to environmental issues, their 

stabilisation will go some way to reducing problems, producing better materials from 

both technical and environmental aspects. 
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2.14. Economic considerations 

2.14.1. Industry structure 

The aggregates industry is analysed using the Five Forces Model proposed by Porter 

[1980] with special focus on the secondary materials sub-industry. This model represents 

a powerful tool to understand the environment of a company within a particular industry, 

enabling it to identify and focus on the most important issues facing the industry. It 

considers five forces controlling the company as described below. 

1. Entry Barriers 

In the aggregates industry in general the entry (and exit) barriers are high due to the rising 

levels of initial investment required. In particular for the secondary materials sub­

industry the entry is further blockaded by the current industry's status quo. In fact, 

despite the benefits of using secondary materials their application remains very limited 

in the UK, in practice restraining entry. The main factors responsible for this situation 

were mentioned in Chapter 1. 

2. Substitute Products 

Available substitutes for conventional (or primary) aggregates are, essentially, secondary 

materials (there are some artificial aggregates that may also be considered as substitutes 

but their quantitative importance is very small and in some cases they are manufactured 

with secondary materials). The barriers mentioned before limit the potential entry of 

firms to the industry bringing substitute products. Transport costs constitute an important 

factor and, in some areas, it may be responsible for the availability of only one type of 

aggregate even though it may be available from several suppliers. 

3. Power of Suppliers 

The power of suppliers is perceived as being low. Most of the companies in this industry 

are simultaneously suppliers and contractors. Indeed, they directly extract the rock in the 

quarries, process the material and apply it in road construction. 
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4. Power of Buyers 

With the exception of private roads having a small weight in the overall market value, the 

bodies responsible for the construction and maintenance of the road network, 

representing the buyers in this industry, are the Department of Transport for trunk roads 

and motorways and Local Authorities for principal, classified and unclassified roads. 

Ultimately, the buyers or clients are the central and local government engineers 

responsible for the projects. Although contractors may present alternative solutions for 

particular projects, it is to the engineer to decide whether or not the alternative solution 

should be accepted and most engineers are conservative as far as innovation and the use 

of new materials are concerned. Overall cost is generally of paramount importance but 

performance aspects need to be assured. 

In brief, the power of buyers in this industry is high allowing them to exert pressures on 

prices and on the type of solutions adopted. 

5. Competitive Rivalry 

The aggregate industry is dominated by a small number of large companies that are 

simultaneously suppliers and contractors for road construction / maintenance and 

responsible for most of the total industry output. They sell homogeneous products and 

are characterised by having a small number of contracts of relatively high value. As a 

result, competition in quality is difficult and competition in price is risky, except for 

companies really having a cost advantage. Little incentive is felt for competition and for 

conducting research in order to develop new and better products resulting in a generally 

slow rate of technical development. 

In general, the competition in the secondary materials sub-industry is restricted to a small 

number of major companies linked to the industrial processes generating by-products. 

Again, transport costs playa major role and as a result they hinder competition in some 

localities. 

The Sixth Force 

The analysis of the secondary materials sub-industry will not be complete without 

MCMNunes Page 81 



Enabling the Use of Alternative Materials in Road Construction 

considering the effect of political and environmental forces representing the most 

important components of the sixth force [Dobson & Starkey, 1994]. These forces are of 

major importance and will probably have a determinant influence in the way the 

equilibrium between forces shaping the industry will be achieved in the future. 

In summary, the aggregate industry is fairly static and dominated by a small number of 

large companies selling undifferentiated products. Market share is successfully gained 

only by companies having a strong competitive advantage in terms of global costs of 

production and transport to the areas where the aggregates are used. The current 

equilibrium is favouring producers of conventional or primary aggregates but once cost 

and performance aspects are assured it may be changed to the advantage of the secondary 

materials sub-industry. Political and environmental inputs may also force in that 

direction. 

2.14.2. Strategic options 

The main issues to create and sustain competitive advantage that should be addressed by 

a company within or willing to enter the secondary materials sub-industry are: 

• costs of production and transport; 

• materials' performance; 

• political and environmental forces. 

As to costs of production and transport secondary materials have a potential advantage 

only in terms of production, since the materials are already financed by other industrial 

processes which generate them and when they are not sold the firms will incur extra costs 

to stock or dispose of them. Geographic factors and transportation costs which may 

account for 50 % of the total sale price are here determinant and the creation of 

infrastructures for efficient methods of transport seems to be essential. For road 

transport, the economic distance tends to be relatively small, around 20 to 50 miles, 

depending on factors such as type of material and processing costs. Rail transport 

increases that distance considerably but it is by sea that those distances are highest. As 
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an example, the Glensanda coastal superquarry, in Scotland, covers the South East 

region. Theoretically, with this new concept of superquarries as long as the rock deposits 

are in the proximity of the coast they can be put into the world market economically. 

Economies of scale may be exploited by developing large and highly capital intensive 

corporations encompassing business units in the areas of extraction, transport and, 

possibly, of ready-mix concrete. The latter would represent a related diversification in 

relation to the present typical configuration of most of the companies in this field. 

With regards to materials' performance, some advances have been made and it is hoped 

that this research will contribute towards the drafting of performance-based specifications 

that will reduce present entry barriers and will encourage product development and 

innovation. The Department of Transport Specification for Highway Works [DoT, 1993] 

already covers some areas in which the requirements are essentially specified in terms of 

end-product and where secondary materials may find fields of application. There is some 

evidence from this work that secondary materials are of adequate technical properties for 

use in road construction and when this is not the case they may be treated in order to 

improve their properties. It is important, however, that firms pursue rigorous quality 

control to assure more homogenous and higher quality material. 

Regarding political and environmental forces as part of the industry's environment, it is 

possible to attempt to shape it in the industry's favour. The means to achieve this will 

be by exerting pressure towards environmental awareness and lobbying in the political 

arena to change the present equilibrium in the industry. There is already some 

willingness from the Department of the Environment in restricting the extraction of 

conventional aggregates in some regions [FT, 1994]. 

In conclusion, firms in the secondary materials industry may need to pursue a cost 

leadership strategy in the short run in order to create cost advantage in relation to 

primary aggregates and reduce present barriers. In the long run, if superior products are 

developed and their performance is proven, then some differentiation may be possible 

and buyers may be willing to pay a premium for materials, resulting in better roads with 

higher life and lower maintenance costs. 
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CHAPTER 3 

PRESENT APPROACH TO THE 

USE OF UNBOUND SECONDARY MATERIALS 

3.1. Introduction 

Pavements are multi-layer systems formed of a number of layers of compacted unbound 

aggregates and/or bound materials, with increasing level of requirement, and 

consequently of material quality, from bottom to top. The three main components of the 

pavement are foundation, roadbase and surfacing. There are three types of pavement 

structures generally considered (Figure 3.1): 

• 

• 

flexible, in which the surfacing, and often the roadbase, are of bituminous bound 

materials the remaining layers being of unbound material; 

rigid, composed of a top layer of high quality pavement concrete forming 

roadbase and surfacing and built on a bound sub-base. The concrete layer may 

be 

• jointed unreinforced (URC); 

• jointed reinforced (JRC); 

• continuously reinforced (CRCP); 

• composite pavements, a combination of previous types and sub-divided into 

• flexible composite formed by a bituminous surfacing and upper roadbase 

(if used) built on cement bound roadbase or lower roadbase (cement 

bound materials types 3 or 4 - CBM3 or CBM4); and 
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• rigid composite, comprising bituminous surfacing built on roadbases of 

continuously reinforced concrete. 

FLEXIBLE 
FLEXIBLE COMPOSITE 
RIGID COMPOSITE 

RIGID 

..., . p 
o 

Capping Capping 

Subgrade 

Figure 3.1 Typical pavement structures. 

In order to evaluate the performance of secondary materials for use in pavement 

foundations their relevant properties have to be determined so that their suitability for 

pavement construction can be assessed. The relevant properties to be determined should 

be those which best characterise the likely in-service performance and these depend on 

the functions of the layer for which the material is envisaged. On the other hand the 

functions of the various materials depend on the level where they are used in the 

pavement structure. For unbound applications of secondary materials the only possible 

layers are capping and sub-base, since at roadbase level the use of unbound materials is 

not generally permitted in the UK. The functions of aggregates for sub-bases and 

capping layers can be summarised as follows in approximate order of significance: 

• to enable the placement and compaction of road materials in higher layers. 
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to provide a working platform for construction traffic preventing excessive 

rutting; 

to provide a drainage layer for the pavement structure, helping to drain the 

sub grade and reducing the detrimental effects of water on pavement performance; 

to contribute to the structural performance of the pavement, by spreading the 

load, due to traffic, which comes down through the completed pavement 

structure. By so doing they will prevent overstressing of the underlying soil; 

to operate as an insulating layer against frost. The importance of this function 

depends on the climate. In the United Kingdom the DoT Specification [DoT, 

1993] requires that the material must be non-frost susceptible if used within the 

depth of frost penetration, currently specified as 450 nun from the final surface 

. or 350 nun if the mean annual frost index is,1ess than 50. 

To effectively fulfil their role, the materials to be applied in those layers need to have a 

set of basic properties relevant for the functions mentioned above. These properties are: 

• 

• 

• 

load spreading ability - the important property of the aggregate which controls 

load spreading is the resilient modulus; 

resistance to permanent deformation to prevent rutting essentially under 

construction traffic (since stress levels in sub-bases and capping layers under the 

completed pavement are considerably lower); 

good permeability, to dissipate any water which has percolated through upper 

layers or entered during construction, to allow a rapid dissipation of the pore 

pressures generated during traffic loading on saturated soils and reduce the effects 

of frost action; 

• appropriate grading - the effects on performance of compaction under moisture 

content with small deviations in relation to the optimum value will be less 

significant in well-graded materials; 

• non-frost susceptibility if the layer concerned is to be applied in the conditions 

mentioned above. 
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3.2. Present assessment technique 

Presently the assessment of unbound materials for road pavements is done according to 

the Specification for Highway Works. Figure 3.2 and Table 3.1 contain a summary of 

the requirements for unbound capping materials, classes 6FI and 6F2, and for unbound 

granular sub-base materials, Type 1 and Type 2 [DoT, 1993 & 1993 i]. For comparative 

purposes typical values ofa conventional aggregate (a crushed limestone) are included 

in Table 3.1. Sub-base material Type 1 is a good quality granular material that can be 

used in all roads (except when rigid pavement structures are constructed, where unbound 

sub-bases are not pennitted in the UK roads), having higher requirements than sub-base 

material Type 2. The workability of the latter can be poor in wet weather (especially 

when a fine grading is used) and its use in flexible and flexible composite pavements is 

restricted to design traffic loadings of less than 5 msa at opening [DoT, 1994]. 
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Figure 3.2 Summary of grading requirements for unbound sub-base and capping layers. 
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Table 3.1 Summary of DoT requirements for unbound capping and sub-base layers. 

DoT Limit Crushed 
Property 

Capping (I) 
Limestone 

Sub-base (1) 
(indicative 

6Fl 6F2 Type 1 Type 2 values) 

Flakiness Index NS NS 

Elongation Index NS NS 

Plasticity 
NS Non Plastic Ip < 6 of < 425 ~m fraction Non Plastic 

Water Absorption (%) NS 5 2 (3) 1.2 

Particle Density (Mg/m3) NS NS 2.60 

Aggregate Crushing Value 
NS NS ACV(%) 22 

Aggregate Impact Value 
NS AIV (%) NS 23 

Ten Per Cent Fines Value 
TFVdry (kN) NS NS > 120 

Ten Per Cent Fines Value 
~ 30 ~ 50 (4) 

TFV soaked (kN) ~ 50 > 100 

Magnesium Sulphate 
NS ~ 65 Soundness, S (%) 97 

Sulphate Content (gllitre) 5 1.9 (5) or 5 0.25 (6) 5 1.9 (5) 

Optimum Moisture Content 
NS OMC (%) NS 7.0 

Maximum Dry Density 
NS NS 2.30 MOD (Mg/m3) 

California Bearing Ratio 
NS NS 

~ 30,T>2msa 
> 70 C B R(%) ~ 20,T<2msa 

Permeability (m/s) NS NS 2 X 10'" (8) 

Frost Heave (mm) 5 15 (7) 5 15 (7) 6 

Key: ---- = Not measured NS = Not Specified 
(I) Permitted materials: Class 6Fl - any material, or combination of materials, other than unburnt 

colliery spoil, argillaceous rock and chalk; Class 6F2 - any material, or combination of materials, 
other than unburnt colliery spoil and argillaceous rock. 

(2) Permitted materials: Type I - crushed rock, crushed slag, crushed concrete or well burnt non­
plastic shale; Type 2 - natural sands, gravels, crushed rock, crushed slag, crushed concrete or 
well burnt non-plastic shale. 

(3) In routine testing, if water absorption value of the coarse material is > 2 % the soundness test 
should be carried out [DoT, 1992]. This requirement was removed in the 1993 amendments 
[DoT,1993]. 

(4) Minimum recommended value [DoT, 1991J. 
(5) For materials other than slag, when placed within 500 mm of cement-bound materials, concrete 

pavements, concrete structures or concrete products. 
(6) When deposited within 500 mm of metallic items forming part of the Permanent Work. 
(7) If used within 450 mm of the designed final surface or 350 mm when the mean annual frost 

index is < 50. 
(8) Constant head vertical permeameter (100 mm diameter). 
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3.3. Testing programme 

A testing programme was set up with the intention to perfonn a complete characterisation 

of all materials studied, covering all tests required in the present specification for 

unbound capping and sub-base materials. The aim of this phase was to ascertain the 

feasibility of using the materials in unbound layers assessing them against current 

specifications. The following tests were included in this part of the work and were 

performed in accordance with the appropriate British Standard which are indicated in 

brackets: 

• particle size distribution [BS 812 : Part 103 : 1985] 

• descriptive tests 

• flakiness index [BS 812 : Part 105.1 : 1989] 

• elongation index [BS 812 : Part 105.2 : 1990] 

• plasticity [BS 1377 : Part 2 : 1990] 

• liquid limit, plastic limit, plasticity index 

• water absorption [BS 812 : Part 2 : 1975] 

• particle density [BS 812 : Part 2 : 1975] 

• particle strength 

• Aggregate Crushing Value, ACV [BS 812 : Part 110 : 1990] 

• Aggregate Impact Value, AIV [BS 812 : Part 112 : 1990] 

• Ten per cent Fines Value, TFV [BS 812 : Part 111 : 1990] 

• durability test 

• magnesium sulphate soundness [BS 812 : Part 121 : 1989] 

• sulphate content (water-soluble) [BS 1377 : Part 3 : 1990] 

• compactibility test [BS 5835 : Part 1 : 1980] 

• California bearing ratio, CBR [BS 1377: Part 4: 1990] 

• penneability [BS 1377 : Part 5 : 1990] 

• frost heave [BS 812 : Part 124 : 1989] 

Particle size distribution was detennined in dry conditions except for minestone and 

china clay sand for which both dry and wet conditions were used. 
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Some of the tests listed above are not commonly used neither in continental Europe nor 

in the United States, namely the particle strength tests and frost heave test. A full 

description of these may be found in the corresponding standards. In addition, although 

the magnesium sulphate soundness test is also used in other countries the results are 

reported differently, which may cause some confusion when comparing results. Hence, 

the results presented here are in accordance with BS 812 [1989] where the soundness 

value is calculated as the mass of material retained at the end of the test divided by the 

initial mass of the test specimen (expressed in percentage). In some other countries it is 

detennined as the mass of material lost during the test as a percentage of the initial mass 

of the test specimen [NP 1378, 1976; ASTM C88, 1990]. An approximate relationship 

between those results may be obtained by subtracting one value from 100 % to obtain the 

other. Note, however, that some test conditions may be slightly different. 

The selected secondary aggregates (Chapter 2) were evaluated using the tests listed 

above. Slags (blastfumace and steel) and gypsum were not considered for study at this 

stage in an unbound form. With regard to the slags they were excluded for practical 

reasons with the aim of reducing the number of materials and not based on technical 

grounds since they have been used in pavement layers without stabilisation. On the other 

hand, gypsum is not adequate for unbound applications, which is confirmed by durability 

results obtained in this project on stabilised gypsum. The sources of the materials studied 

were as follows: 

• minestone (MI) 

supplied by British Coal Corporation, Gascoigne Wood Mine, Selby, Yorkshire; 

• china clay sand (CC) 

supplied by Camas Aggregates, Lee Moor Quarry, Lee Moor, Devon; 

• slate waste (SW) 

supplied by Alfred McAlpine, Penrhyn Quarry, Bethesda, Gwynedd; 

• power station ashes (FA & BA) - pulverised fuel ash and furnace bottom ash; 

supplied by Powergen, Ratcliffe-on-Soar Power Station, Ratcliffe, Nottingham; 

• granite Type J (TJ) (to act as a control material) 

supplied by Mountsorrel Quarry, Leicestershire. 
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3.4. Results on unbound materials 

The results obtained in the conventional tests for aggregate materials used in capping and 

sub-base layers are presented in Figures 3.3 to 3.6 and Tables 3.2 and 3.3. 

The grading curve of the conventional crushed granite is also presented in Figure 3.7. 

This material was not exhaustively tested against the specification limits because it is 

produced as a Type 1 sub-base material meeting all DoT requirements. Granite will be 

further studied for the assessment of its mechanical properties using more fundamental 

tests (Chapter 6) to act as a control material regarding the performance of secondary 

materials. For this reason, only the properties necessary for the compaction of specimens 

in the laboratory were determined. The following results were obtained: 

• water absorption 0.6 % 

• particle density 2.71 Mg/m3 

• optimum moisture content 6.5 % 

• maximum dry density 2.19 Mglm3. 

Although blastfurnace slag was not studied at this stage in an unbound form, for the 

reasons explained before, its grading curve is presented in Figure 3.8. This material was 

assessed after stabilisation and the results presented and discussed in Chapter 8. 
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Figure 3.3 particle size distribution (minestone). 
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Figure 3.4 particle size distribution (china clay sand). 
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Property 

Flakiness Index 

Elongation Index 

Plasticity 
of < 425 J.1m fraction 

Water Absorption (%) 

Particle Density 
P. (Mg/m3) 

particle Strength Tests: 
Size fraction 

Aggregate Crushing 
Value, ACV (%) 

Aggregate Impact 
Value, AIV (%) 

Ten Per Cent Fines 
Value, TFVdry (kN) 

Ten Per Cent Fines 
Value, TFV lOOked (kN) 

Magnesium Sulphate 
Soundness, S (%) 

Sulphate Content 
(g/litre) 

Optimum Moisture 
Content, OMC (%) 

Maximum Dry Density 
MDD (Mg/m3) 

California Bearing 
Ratio (%) C B R 

Permeability (rn/s) 

Frost Heave (rom) 

MC 
DD 

Table 3.2 Summary of conventional test results. 

Minestone 

41 

60 

5.7 

2.43 

5.00-6.30mm 

33 (I) 

24 

20 

0-5 

4 

0.33 

7.2 

2.12 

5 
7.2 

2.12 

China Clay Sand Slate Waste 

12 

20 

Non Plastic 

1.9 

2.53 

5.00-6.30 mm 

27 

22 

40 

35 

81 (2) 

70 (3) 

0.03 

10.0 

1.93 

87 
10.0 
1.93 

8.2 

89 

66 

Non Plastic 

0.5 

2.80 

5.00-6.30 mm 

22 

20 

50 

30 

96 

0.01 

6.6 

2.23 

73 
6.6 
2.23 

2.4 x 10'] (4) 

8.0 

Key: ---- = Not measured MC = Moisture Content DD = Dry Density 

Furnace Bottom 
Ash 

Non Plastic 

10.4 

1.90 

5.00-6.30 nun 

51 (I) 

43 

10 

7 

77 

0.17 

24.0 

1.22 

69 
24.0 
1.22 

2.4 X 10.2 (5) 

0.2 

(I) The test is not suitable for testing aggregates with an ACV higher than 30 [DoT, 1993] 
(2) Size fraction: 3.35 - 5.00 mm 
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(3) Size fraction: 5.00 - 6.30 mm 
(4) Constant head vertical perrneameter (100 mm diameter) [Goulden, 1992] 
(S) Large horizontal perrneameter (specimen size, 1000 x 300 x 300 mm) [Dawson, Brown & 

Thorn, 1989] 
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Table 3.3 Summary of conventional test results for the pulverised fuel ash. 

Property 

Typical Chemical Composition (I) 

(%) 

Moisture Content, MC (%) 

Loss On Ignition (%) 

Fineness: Retained # 45 ~m 

Plasticity of < 425 ~m fraction 

Relative Density (Mglml) 

Sulphate Content (gllitre) 

Optimum Moisture Content, OMC (%) 

Maximum Dry Density, MDD (Mg/ml) 

California Bearing Ratio (%) 

Frost Heave (mm) 

CBR 
MC 
DD 

Pulverised Fuel Ash 

S;02 48.5 

AIP3 25.5 

Fe20 l 12.1 

CaO 2.5 

MgO 1.5 

Na20 1.0 

KP 3.0 

Ti02 l.l 

SOl 1.0 

CI- 0.06 

3.7 (as supplied) 

4.1 

35.3 

Ip = 17 

2.11 

0.83 

20.0 

1.40 

45 
20.0 
1.40 

15.3 

Key: MC = Moisture Content DD = Dry Density 
(I) Data supplied by Powergen, Ratcliffe-on-Soar Power Station, 

Ratcliffe, Nottingham. 
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3.5. Discussion of results 

3.5.1. Minestone 

According to existing specifications the minestone tested would have been rejected for 

sub-base material due to: 

• its high plasticity index value; 

• its high water absorption and the remarkably low magnesium sulphate (MgS04) 

soundness value, indicating low durability when used in pavement layers; 

• the very low Ten per cent Fines Value obtained, especially when soaked, showing 

low particle strength according to this test. The Aggregate Crushing Value was 

too high (above 30) confirming the weakness of the particles; and 

• the very low CBR value. 

Values obtained for TFV and MgS04 soundness tests were so low that it would have been 

rejected even as capping material. The sulphate content is also above the limit specified 

for materials placed within 500 mm of metallic items. Apart from the poor performance 

in the tests conducted, minestone is specifically excluded for unbound applications at 

capping and sub-base levels. 

TFV in soaked conditions was in the range between 0 and 5 kN. As a matter of fact, the 

soaking process alone, without load application, was responsible for the generation of 4 

% fines and more important deeply weakened the particles. TFV was not determined 

precisely due to the difficulty in using the compression machine for maximum forces less 

than 10 kN, and the low relevance of the precision of any result that could have been 

obtained in that range. 

Frost susceptibility was not determined due to the very poor performance demonstrated 

in the other tests, effectively excluding the material from unbound pavement applications. 

The main perceived problem with this material is its low particle stability when in contact 
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with water, resulting in deep particle degradation. This is also illustrated by the 

difference in grading curves when determined in dry and wet conditions (Figure 3.3). 

Consequently, this minestone cannot be recommended for unbound use in pavements 

principally because it is likely to come in contact with water. Minestone is very variable 

and these findings may not apply to other minestones. Further testing on this material 

should be conducted bearing in mind the aim of improving its particle and bulk stability 

by treatment with appropriate stabilisers. This is considered in Chapter 4. 

3.5.2. China clay sand 

As far as china clay sand is concerned it fails to meet the following requirements: 

• 

• 

sub-base Type 1 range of grading. Nevertheless, it still meets sub-base Type 2 

requirements; 

TFV requirements for sub-base materials, although still complying with DoT 

limits for capping materials. 

Water absorption and magnesium sulphate soundness values are just within the allowed 

limits. In the MgS04 test, the soundness value for the fraction between 5.00 and 6.30 

mm (70 %) was smaller than that value for the fraction 3.35 - 5.00 mm (81 %). Taking 

into account that the latter represents a larger percentage of the whole material, it can be 

considered as a more representative value. Sherwood [1995] analysing critically this 

durability requirement now imposed by the DoT Specification pointed out that the value 

specified is a result of a research work conducted by the Transport Research Laboratory 

(TRL) specifically applied to bitumen macadam roadbase. Despite this, the durability 

criterion was adopted for unbound sub-base materials. In the 1993 amendments of the 

DoT Specification the limit was reduced from 75 % to 65 %. 

This material has higher potential for unbound applications than perceived by the direct 

comparison with the specification requirements. No problems are anticipated either 

chemical or of durability owing to the low sulphate content, the reasonable soundness 

value and the non-plasticity of the fines. In addition, this material is non-frost susceptible 
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and produced high CBR values which, despite the low credibility of the test, seem to 

indicate a high bearing capacity. 

3.5.3. Slate waste 

Slate waste is processed by the supplier in order to meet all DoT requirements for 

granular sub-base Type 1. This was confirmed by the results obtained and represents an 

exception within the set of materials studied. The soaked Ten per cent Fines Value 

shown in Table 3.2 does not meet the DoT requirements. Nonetheless, this test was 

conducted using a non-standard size fraction (5.0 - 6.3 mm instead of the standard 10.0-

14.0 mm) because the standard fraction was not available in adequate quantities in some 

of the secondary materials studied and for comparative purposes it was decided to 

perform the test using the same size fraction for all materials. A change in the size 

fraction tested affects the result but it is not known in what way due to the flaky nature 

of the slate. Data available on slate waste of the same type and source, and obtained with 

the standard fraction, show adequate particle strength of the material [Goulden, 1992]: 

• 

• 

TFV in dry conditions 

TFV in soaked conditions 

160 

110 

kN' , 

kN. 

Good performance was also demonstrated in other tests. The water absorption was very 

low, 0.5 %, suggesting a high durability. This was also confirmed by the results obtained 

in the soundness test, in which very high percentages were obtained. The slate showed 

an exceptional performance in this test, better than some conventional aggregates. In 

terms ofpartic1e crushing resistance, the values obtained from the ten per cent fines test 

on the standard size fraction are fairly good. The slate has a high particle density, even 

higher than for most primary aggregates. The fraction passing 425 Jlm sieve was found 

to be non-plastic and the sulphate content very low. Inevitably, a very high flakiness 

index was measured, 89, and a high elongation index of 66. The permeability, measured 

vertically in the falling head permeameter, is higher than for most conventional 

aggregates. The horizontal permeability of the slate waste may be expected to be much 

higher than its vertical permeability. Good CBR values were obtained. 
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For slate waste, acceptance on the grounds of existing specifications for conventional 

materials seems evident. However, since present knowledge of slate waste results 

essentially from conventional laboratory testing and very limited data are available from 

field performance, it is considered important to extend previous testing with performance 

tests such as repeated load triaxial tests. 

3.5.4. Pulverised fuel ash 

Based on the results obtained, pulverised fuel ash in an unbound form does not seem 

adequate for the applications envisaged here in capping and sub-base layers. This is 

essentially due to the following factors: 

• its particle size distribution, principally formed by silt and clay-sized particles, 

is totally outside the limits specified for unbound sub-bases; 

• 

• 
• 

its high plasticity. When mixed with water, fly ash appearance is very similar to 

a moistened clay. The plasticity index value is too high for unbound use as a sub­

base material; 

possible loss of bearing capacity when saturated; 

frost susceptibility . 

Fly ash is not strictly an aggregate although it may be used as a pavement material and 

as a major component of stabilised mixtures. Despite the reasonable CBR value 

obtained, its potential for unbound applications in pavement foundations is limited. 

However, it has been used successfully as an embankment fill. 

3.5.5. Furnace bottom ash 

A similar situation happens with furnace bottom ash in terms of conventional 

specification for sub-base and capping materials. The reasons for exclusion in this case 

are: 
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• failure to fit into sub-base Type 1 range of grading, but still within Type 2 limits; 

• low TFV, under acceptable limits for both sub-base and capping layers (although 

there is difficulty carrying out the test according to the specification because of 

insufficient material of the correct size). This is also confinned by the ACV 

obtained of 51, although this test is not suitable for weak aggregates. 

Note that water absorption requirements were not included in the 1993 amendments 

[DoT, 1993] and so, despite the high value obtained, this would not be a reason for 

exclusion. 

Bottom ash possesses some properties indicating a higher potential for pavement 

construction than perceived from the present assessment techniques and the resulting 

exclusion. For example, the material possesses a slightly more unifonn grading curve 

than conventional Type 1 aggregates giving rise to high permeabilities, non-frost 

susceptibility and likely to result in a high toleration to an increase in (non-plastic) fines 

resulting from the material's degradation. It also has a remarkably low particle density, 

important for construction on soft soils, and reasonable CBR values. 

Another particular aspect of bottom ash is that despite having high water absorption 

values it did not give low soundness values. Thus, it seems that these two values are not. 

inter-related for bottom ash and that good durability may be expected. This is because 

of the vesicular nature of the material and it is contrary to what generally happens with 

conventional aggregates which are assumed by the the DoT Specification requiring water 

absorption values under 2 % [DoT, 1992]. It reinforces the need to assess and control 

materials' behaviour using perfonnance-related tests. The determination of index 

properties, indirectly related with performance is not totally reliable because exceptions 

may occur, especially when using secondary materials. 

3.5.6. General discussion 

The exclusion of china clay sand and furnace bottom ash based on the results of particle 

size distribution and TFV test does not seem to be reasonable without further testing to 
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determine their mechanical properties by using performance tests such as the repeated 

load triaxial test, which simulates the repeated loading effect due to traffic and allows the 

evaluation of those properties using correct stress levels. Some form of treatment may 

also be beneficial and may strengthen these materials to a sufficient degree to meet the 

DoT requirements for cement bound materials. 

Grading envelopes are generally based on Fuller's law [Fuller, 1905] with some 

adaptations resulting from past experience. Materials failing to meet grading 

requirements are not necessarily materials to reject. In some cases, the use of finer than 

standard gradings may have beneficial effects in decreasing inter-particle contact stresses 

and, hence, material degradation. However, their use introduces another problem due to 

the lack of previous experience of testing non-standard size fractions. This results in an 

increased difficulty in comparing the results with those obtained from standard gradings 

and in comparing results of different materials for which the relationship between 

standard and non-standard fractions will vary. 

With regard to particle strength, it has been demonstrated [Dawson & Nunes, 1993] that 

furnace bottom ash and slate waste are characterised as having low resistance to particle 

crushing according to the particle strength tests currently used in the UK for this purpose 

(Ten per cent Fines Value and/or Aggregate Crushing Value) particularly the bottom ash. 

Nevertheless, both materials showed satisfactory performance during compaction, with 

neither significant degradation nor mechanical instability. Dawson [1989] discussed in 

depth the possible reasons for this apparent contradictory behaviour. In brief, those tests 

seem to be unnecessarily intense and are performed using unrepresentative fractions of 

the aggregate full grading, not being able to predict the performance of the material in 

situ as an unbound granular layer, neither under compaction nor in service. 

In terms of the test methods used here some changes were necessary in relation to normal 

procedures described for conventional materials. First of all, particle strength tests 

should have been performed on a standard fraction of the aggregate between 10 and 14 

mm. It was considered adequate to follow the standard method when the percentage of 

material within that range was at least 15 % approximately. In practice, it was not 

possible to obtain this size fraction for some of the materials tested due to the small 
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percentage available in the bulk material and, because of this, all materials were tested 

using non-standard particle fractions to enable a direct comparison of results obtained. 

Smaller particles usually produce higher TFV [Dawson, 1989] and so, if the materials 

were tested with the standard particle fraction it may have resulted in lower TFV values. 

However, this is not always true and in the case of slate waste the use of a fraction with 

smaller particles resulted in a lower Ten per cent Fines Value, probably due to the 

flakiness of the particles. 

The Specification for Highway Works requires minimum values ofCBR test for granular 

sub-base Type 2. The specimen should be tested unsoaked, with surcharge discs, and the 

specimen compacted at the optimum moisture content and a density corresponding to a 

uniform air voids content of 5 % [DoT, 1993]. From the compactibility tests, it was 

perceived that most of the materials had an air voids content higher than 5 % when at the 

optimum point. When trying to compact specimens above the optimum levels, using a 

vibrating hammer, a great deal of effort was necessary in order to reach the point relating 

to 5 % air voids. This did not seem to be comparable to the situation in the field. 

Consequently, further specimens were compacted using the conventional effort at 

optimum moisture content and maximum dry density values, since they are always values 

of reference for the compaction during construction. 

The tests indicated focus essentially on the properties of the aggregates and particles 

rather than on those of the compacted material. Furthermore, the determination of the 

necessary mechanical properties to be used in mechanistic methods of pavement design 

is not possible using these tests. They may be indirectly estimated from these results, for 

example from CBR tests, using empirical equations, but the reliability of the estimated 

values will be reduced. This aspect is further discussed at the end of next chapter. 
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3.6. Summary 

• The present methodology for the assessment of unbound aggregates for pavement 

foundations was presented according to the Specification for Highway Works. 

The requirements of this specification are based on past experience obtained 

essentially with conventional aggregates and do not necessarily apply directly to 

secondary materials. 

The testing programme set up for evaluating the secondary materials studied 

against current specifications was described and the results obtained were 

presented. 

Slate waste is processed at source in order to meet the requirement for Type I 

sub-base material. All the other materials failed to meet one or more 

requirements for capping and sub-base layers. Minestone and pulverised fuel ash 

are believed not to be suitable for unbound applications in pavements (unless very 

special precautions are taken such as their total isolation in relation to the 

environment). China clay sand and furnace bottom ash possess properties 

demonstrating some potential for unbound applications that should be verified 

through the performance of more fundamental tests such as the repeated load 

triaxial test. 

• All materials should be considered for stabilisation (again with the exception of 

slate waste) 

• to improve their performance as modified 'unbound material' and 

• to verify their properties against the requirements for cement bound 

materials. 

• Several aspects discussed stress the desirability of developing performance-based 

specifications for the evaluation of pavement materials. This would enable a 

wider use of alternative materials. 
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CHAPTER 4 

LIGHT STABILISATION OF SECONDARY MATERIALS 

4.1. Introduction 

Apart from the potential for the replacement of conventional aggregate in pavements, 

either in unbound or bound layers, some of the secondary materials included in this 

research have cementitious / pozzolanic properties. Hence, they can be used for soil and 

aggregate stabilisation as secondary binders, alone or combined with conventional 

binders. Pulverised fuel ash, blastfurnace slag (granulated and pelletised), gypsum and 

cement kiln dust, alone or in the presence of lime or cement, are examples of secondary 

binders. Indicative values of light, moderate and heavy stabilisation will be given later 

in this Chapter (Table 4.4). 

These binding properties are an important and attractive aspect of these materials which 

can help to improve their competitiveness against primary aggregates by reducing layer 

thicknesses or enhancing mechanical properties, general performance and lives of the 

pavement layers. Improvements in the quality of sub-base materials may also lead to the 

reduction in layer thicknesses of overlaying materials. 

In the United Kingdom, rigid pavements are not used routinely for the construction of 

motorways or heavily trafficked roads [DoT, 1992 i], and consequently composite 

pavements will probably become more important in the future. Furthermore, the growth 

of heavy traffic and the desirability of using secondary materials are likely to contribute 
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to this tendency. 

In composite structures, the use of bound materials under the surfacing, which have a 

good tensile strength and high resilient modulus, gives rise to some particular aspects of 

performance of this type of pavement in relation to conventional flexible pavements 

[Quaresma, 1990]: 

• better load spreading to underlying materials; 

• development of tensile stresses in the base of the concrete or cement bound layer, 

which may cause the appearance of cracking, essentially longitudinal in the initial 

phase; 

• development of transverse cracking, due to thermal shrinkage; 

• good quality support to the bituminous layer, decreasing substantially the tensile 

stresses in its base, except when in the proximity of fissures in the roadbase; 

• where these fissures exist, there will be concentration of tensile stresses in the 

base of the bituminous layer, originating new cracks in this layer, which may 

propagate to the surface of the pavement. This behaviour is known as reflective 

cracking. 

The use of bound sub-bases, generally accepted to result in better performances of rigid 

and rigid composite pavement structures and currently compulsory for this type of 

pavement [DoT, 1994], should enhance the quality of flexible and flexible composite 

types of structure, emphasising the advantages already mentioned. Indeed, when the sub­

base is constructed with unbound granular material, under a bound roadbase, its 

contribution to the overall performance is limited. On the other hand, if the sub-base is 

made of bound materials it has an important effect in reducing tensile stresses in the 

roadbase, which can be translated into cost savings, by reducing thicknesses or cement 

contents, or by increasing pavement lives. 
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4.2. Hydraulic road binders 

4.2.1. Conventional binders 

The primary binders that are most commonly used for the stabilisation of soils and 

granular materials are cement and lime which are either used as a conventional binder or 

as an activator of a secondary binder. Figure 4.1 summarises guidelines presented in 

Terrel et al. [1979] for binder selection, according to the grading and plasticity of the 

material for stabilisation (in that figure Ip is the plasticity index). 

Perform 
Sieve Analysis & 
Atterberg Limits 

< 2S % 
pass 

# 7S I'm 

> 2S % 
pass 

# 7S I'm 

Cement Stabilisation 

Bituminous Stabilisation 
Additional requirement for 

basecourses: 
Ip < 6 & Ip (% pass # 7S I'm) < 72 

Cement Stabilisation 

Lime Stabilisation 

Cement Stabilisation 

Lime Stabilisation 

Cement Stabilisation 

Add lime 
to reduce to 

Ip < 10 (subgrade) 
Ip < 6 (basecoursc) 

Add lime Cement 
to reduce to -_ ... Stabilisation 

Ip < 30 

Lime Stabilisation 

Bituminous 
Stabilisation 

Figure 4.1 Guidelines for the selection of stabiliser. 
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4.2.1.1. Cement 

Cement is manufactured by calcining, at about 1450 °C, a mixture of calcarium (70 to 

80 % approximately), clay and eventually other materials rich in silica, alumina or iron 

[Coutinho, 1988]. From this operation, conducted in rotary kilns, results Portland clinker 

which is then cooled and subsequently ground. At this stage additives are introduced to 

produce various types of cement such as Portland cement, blastfumace cement, Portland­

pozzolana cement and pozzolana cement. The typical composition of the cements used 

in this research is presented in Table 4.1. 

Table 4.1 Typical chemical composition of cements used. 

Component Cement Composition (%) (I) 

Hope Works Weardale (2) 

Si O2 20.4 20.8 

Insoluble Residue 0.4 0.38 

Alz 0 3 5.8 4.0 

Fez 0 3 2.2 4.9 

CaO 65.0 63.9 

MgO l.l 2.13 

S03 3.2 2.0 

NazO 0.2 0.11 

K2 0 0.6 0.57 

Loss on Ignition 1.1 1.1 

Fluorine 0.15 0.09 

Free Lime 1.7 1.6 

Tricalcium Aluminate 11.7 2.3 

(I) Data supplied by Blue Circle Industries. 
(2) Cement with low tricalcium aluminate content. 

Cement possesses hydraulic properties and so it can react with water forming 

cementitious compounds. These hydration reactions give origin to hydrated calcium 

silicates and aluminates which are responsible for the development of strength in the 

stabilised material. Another product of hydration is calcium hydroxide, which may 
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further react with the clay minerals of the soil to produce further cementitious 

compounds. These secondary reactions are of the lime-clay type and will be discussed 

in the next section. 

Due to its hydraulic characteristics, in principle, cement can be used for the stabilisation 

of any type of soil or granular material. Although the range of materials that can be 

stabilised with cement is wider than with lime, it is believed that the best results are 

obtained with well-graded granular materials with enough fines to create a floating 

matrix. Its use with clays may be more problematic than the use of lime due to the 

difficulties in mixing them. 

4.2.1.2. Lime 

For the production of quicklime, high quality limestone is calcined at high temperatures 

(l150 or 1300 °C depending on the size of the stones), generating calcium oxide, or 

quicklime, and carbon dioxide. Hydrated or slaked lime results from the hydration of 

quicklime when in contact with controlled amounts of water. The typical composition 

of the lime used in this research is presented in Table 4.2. 

In general terms, the most important characteristics of lime used for stabilisation, to 

assure an effective treatment, are [PIARC, 1991]: 

quicklime 

• free CaO ~ 80 %; 

• fineness of grading - 0 / 2 mm with passing # 80 Ilm ~ 30 %; 

• rate of hydration - 1 : 4 mixture of lime and water to reach a temperature of at 

least 60°C after 10 minutes; 

hydrated lime 

• free CaO ~ 60 %; 

• fineness of grading - passing # 80 Ilm ~ 85 %. 
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Table 4.2 Typical chemical composition of lime used. 

Component Lime Composition (e/e) (I) 

Calcium Oxide 

Calcium Carbonate 

Magnesium Oxide 

Calcium Sulphate 

Ferric Oxide 

Aluminium Oxide 

Silica 

Combined Moisture 

Mn 

F 

Pb 

As 

Neutralising Value 

CaO 

CaCO) 

MgO 

CaSO. 

Fe2 0 3 

Al2 0 3 

Si O2 

H2 0 

asCaO 

(I) Data supplied by Buxton Lime Industries. 

95.63 

2.23 

0.47 

0.12 

0.07 

0.11 

0.74 

0.63 

160 ppm 

70 ppm 

2 ppm 

0.4 ppm 

96.75 

There is a wide range of domains in which lime is used: as a binder for soil stabilisation, 

in the building industry, in steel manufacturing industry, in non-ferrous metallurgy, in 

the chemical industry, in paper manufacturing and for water treatment [BLA, 1990]. 

Lime does not exhibit any hydraulic property by itself and for this reason it can only be 

used for the stabilisation of materials having pozzolanic properties and the strength 

development process is slower than when cement is used. 

The selection of a particular stabiliser should be based on an adequate laboratory study 

of the engineering properties of the individual materials for stabilisation and those of the 

stabilised materials. In general terms, lime reacts better with soils having particle size 

distributions ranging from fine to medium. The effect of lime is observed in two stages: 

Lime modification 

e a short term reaction with the clay minerals from which results a reduced 

plasticity and shrinkage, increased workability and trafficability, higher 

compactibility and bearing capacity. These improvements result from cation 
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exchange of the sodium or potassium ions from the clay surfaces by calcium ions 

from the lime, for which the clay minerals have a greater affinity [Sherwood, 

1993; Thomas, 1986]; 

Lime stabilisation 

• a long term pozzolanic reaction that results in the improvement of the mixture's 

performance in terms of swelling and strength over the time. This results from 

the reaction of the lime, in the presence of water, with pozzolanic components of 

the materials to be stabilised such as clay minerals (aluminium silicates). 

The pozzolanic reactions mentioned are extremely affected by curing temperature 

[PIARC, 1991]. At temperatures below 5 to 10 DC the reactions are practically 

suspended, while at 40 DC they develop 10 to 20 times quicker than at 20 DC. Hence, in 

tropical climates lime and cement frequently produce similar results both in terms of rate 

of strength development and of ultimate strength. Besides, the presence of particular 

substances have various effects on the stabilised materials such as their inhibition or 

retardation of the reactions (e.g. organic matter, nitrates), their acceleration (e.g. SUlphate, 

calcium chloride when at low content), and their swelling risks (e.g. sulphate, sulphides). 

Lime is used in the same way as cement for the activation of pozzolanic materials, which 

may, in turn, be used for the stabilisation of other aggregates. Lime / pulverised fuel ash 

systems may present some advantages in relation to cement / fly ash systems, such as the 

greater flexibility in the organisation of the construction works and reduced shrinkage 

due to the slower strength development. The latter may also be a problem for 

trafficability and solutions to accelerate the pozzolanic reactions have been attempted. 

The inclusion of calcium carbonate as an additive was shown to accelerate strength 

development and improve the performance of the mixtures in laboratory studies using 

routine tests, such as California bearing ratio (CBR), frost heave and conventional static 

triaxial tests [Pritchard, 1991; Littleton & Willavise, 1992]. Stabilised fly ash with lime 

contents as low as 2 % were reported to have satisfactory performances for embankments 

and capping layers, both under soaked and unsoaked conditions, and the addition of 

calcium carbonate to the mixture produced a non-frost-susceptible material. 
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When using lime to activate a secondary binder for the stabilisation of soil or granular 

materials containing clay, care should be taken since the lime reacts preferentially with 

the clay which also has pozzolanic properties, but originates compounds with lower 

cementitious characteristics [Sherwood, 1995]. A pre-treatment of the material with lime 

may be necessary prior to the addition of binder. 

4.2.2. Secondary binders 

Hydraulic road binders are here considered in a general way, including binders with 

hydraulic properties but also the ones with pozzolanic properties, in a similar approach 

as defined in the CEN draft on this issue [CEN, 1995 iii]. Hence, the secondary materials 

with properties which enable them to be used as secondary binders are presented below. 

Hydraulic binders 

• hydraulic or sulphocalcic fly ash 

• granulated blastfurnace slag 

• pelletised blastfurnace slag (fine fraction, 0 to 3 mm) 

The slags need to be combined with a basic activator such as lime, cement, hydraulic fly 

ash, calcium or sodium hydroxide. 

Pozzolanic binders 

• silicoaluminous fly ash 

• natural pozzolans and volcanic ash 

• thermally activated clays and shales. 

Pozzolanic binders need to be activated with materials having high percentages of 

calcium oxide, for example, cement or lime. 

From these materials, the ones with particular interest for this project have already been 

described in Chapter 2. Comparatively, pozzolanic binders are characterised by having 

lower calcium oxide contents « 5 %) and, when used for stabilisation, the resulting 

materials develop strength more slowly. However, all these binders set slowly when 

compared with conventional cement, which is why they are more appropriate for road 
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construction. 

Secondary binders may be used with conventional or secondary aggregates and in 

combination with conventional or alternative binders. The use of a secondary binder is 

beneficial, since it permits the application of higher percentages of materials with reduced 

market value when compared with conventional binders. The resulting mixtures will 

benefit from a more uniform and abundant distribution of binder. As a result, unreacted 

binder will be available in the long term to re-cement cracks in the presence of moisture. 
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4.3. Hydraulic stabilisation of pavement materials 

4.3.1. Mechanical stabilisation 

A complete laboratory study of hydraulic mixtures should include an initial mechanical 

stabilisation of the aggregates. Grading characteristics are very important for 

stabilisation and affect the type and amount of binder required. One of those 

characteristics is the coefficient of uniformity (eu) which is defined as follows: 

4.1 

where: D60 particle diameter at which 60 % of the material by weight is finer; 

DIO particle diameter at which 10 % of the material by weight is finer. 

The bonding action resulting from stabilisation develops essentially at the contact points 

between particles. The lower the coefficient of uniformity is (Le. the more uniform the 

particles are), the higher percentage of binder necessary for its stabilisation. Well graded 

aggregates have the advantage of producing highly compacted materials and due to the 

increase in inter-particle contact area they are more adequate for stabilisation producing 

higher strength results. 

The mechanical stabilisation process consists of the combination of the aggregate to be 

stabilised with another inert material with different particle size distribution (generally 

from 0 to 5 mm) so that the grading of the mixture is more adequate for hydraulic 

stabilisation. Ranges of grading are recommended in the specifications [DoT, 1993], and 

are generally based on the equations originally proposed by Fuller [Fuller, 1905]. 

Hence, the main objectives of a grading correction are the production of a mechanically 

stable material, reaching higher densities after compaction (and consequently higher 

bearing capacities), which will optimise the use of binder and facilitate the laying and 
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• 
compacting operations. The materials to consider for grading correction may be some 

of the secondary binders mentioned above and in this way they have a double action of 

grading corrector and binder. 

4.3.2. Mix design procedure 

Once the type of binder has been chosen, the mix design of hydraulic bound materials 

involves the following main criteria: 

• 

• 
optimisation of compaction moisture content to maximise the density; 

optimisation of binder content to meet the requirements of the layer where it is 

going to be used. 

The first is determined using the compactibility test. Note that for determining the 

optimum moisture content the binder has to be included in the mixture tested, since it 

affects the water demand for compaction. In this procedure it is assumed that the amount 

of water corresponding to the optimum moisture content should be sufficient to hydrate 

all the binder used and give origin to the best mechanical properties. This is not always 

the case and the consideration of more than one level of moisture during a stabilisation 

study in the laboratory may be necessary to fully optimise the mixture. This aspect will 

be further discussed in Chapter 8. 

The binder content for stabilisation is determined in order to meet the minimum target 

requirements, generally specified in terms of compressive strength [DoT, 1993]. 

Specimens are compacted over a range of binder contents, then cured and tested. The 

strength values obtained are plotted against the percentages of binder used. Finally, the 

binder content to meet the specified target strength may be chosen from this type of chart. 

The differences occurring between laboratory and site conditions, in terms of mixture 

preparation and compaction, should be taken into account. It is also necessary to bear in 

mind that the strength results reported are average values (instead of characteristic values 

USually adopted for concrete). For this reason a safety margin is generally considered 

When selecting the binder content. 
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4.3.3. Specification requirements 

Presently, the Specification for Highway Works [DoT, 1993] includes three classes of 

stabilised capping materials: 

• class 9A cement stabilised well graded granular material; 

• class 9B cement stabilised silty cohesive material; 

• class 9C cement stabilised conditioned pulverised fuel ash cohesive material; 

• class 9D lime stabilised cohesive material. 

F or sub-base and base layers it specifies the requirements of four categories of cement 

bound materials, CBMI, CBM2, CBM3 and CBM4. All categories can be used at sub­

base levels but those of better quality, CBM3 and CBM4 are generally used for base 

layers, with the exception of rigid pavements where they are applied in sub-bases, while 

CBM 1 and CBM2 are preferred for sub-base construction due to that layer's lesser 

requirements. 

A summary of the requirements for both stabilised capping and cement bound materials 

is presented in Figures 4.2 and 4.3 and in Table 4.3 [DoT, 1993 & 1993 i]. 
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0.10 

PARTICLE SIZE DISTRIBUTION 
DoT Grading Requirements 

1.00 10.00 

Particle Size (mm) 

100.00 

.--------_._------~ ------- -------~-------
1_ Capping 9A _ ..... _ Capping 98 _ .•. - Capping.9D 
'-------~--------- ------- ----- ------------------ ---

Figure 4.2 Summary of grading requirements for stabilised capping layers. 

PARTICLE SIZE DISTRIBUTION 

0.10 1.00 10.00 100.00 

Particle Size (mm) 

Figure 4.3 Summary of grading requirements for cement bound materials. 
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1,000.00 
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Table 4.3 Summary ofOoT requirements for stabilised capping layers and cement bound materials. 

Property Class of Material 

StabUlsed Capping Materials (I) 

Class 9A Class 9B Class 9C Class 90 

Coefficient of Uniformity NS ~S NS NS 

Liquid Limit s 45 s 45 NS NS 

Plasticity Index s 20 s 20 NS ~ 10 

Organic Matter (%) s2 s2 NS s2 

Total Sulphate Content (%) s I NS s I NS 

Pulverisation (%) ~60 NS ~60 ~ 30 

Moisture Condition Value (%) NS s 12 NS NS 

Binder Content (%) cement ~ 2 cement ~ 2 cement ~ 2 lime ~ 2.S 

Bearing Ratio (%) ~ 15 ~ IS ~ IS ~ IS 

Cement Bound Materials (2) 

CBM I CBM2 CBM3 CBM4 

Maximum Nominal Size (mm) NS NS 40 or 20 (3) 40 or 20 (1) 

Water Absorption (%) NS NS s 2 (4) S 2 (4) 

Soundness Value (%) NS NS > 75 > 7S 

TFV lOaked (kN) NS ~ SO NS NS 

7-day Compressive Average 4.5 7.0 10.0 IS.O 
Strength (MPa) 

Minimum 2.5 4.5 6.S 10.0 

Immersion Test (%) (5) ~ 80 ~ 80 NS NS 

Key: NS = Not Specified 
(I) Permitted Materials/or Capping: Class 9A - any material, or combination of materia Is, other 

than unburnt colliery spoil and argillaceous rock; Class 9B - any material, or combination of 
materials, other than chalk, unburnt colliery spoil and argillaceous rock; Class 9C -
conditioned pulverised fuel ash; Class 90 - any material, or combination of materials, other 
than unbumt colliery spoil. 

(2) Permitted Materials for CBMs: CBM I - no restrictions; CBM2 - gravel-sand, washed or 
processed granular material, crushed rock, all-in aggregate, blastfurnace slag or any 
combination of these; CBM3 & 4 - natural aggregate, crushed concrete, crushed air-cooled 
blastfumace slag, pulverised fuel ash as part of the aggregate. 

(3) When the spacing between longitudinal reinforcement is less than 90 mm, the nominal size 
of coarse aggregate should not exceed 20 mm. 

(4) If greater than 2 % then the soundness test should be carried out. 
(5) After the 7 days immersion period the specimens should not show any signs of cracking or 

swelling. 
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4.4. Testing programme 

From the information collected and results obtained in Chapter 3, it seems that all 

materials studied have some potential for use in pavement foundations. Table 4.4 

summarises the level of treatment thought necessary for this purpose based on the results 

obtained with the unbound material. In terms of economical viability, cement contents 

up to 15 % may usually be employed [Kennedy, 1980]. China clay sand and bottom ash 

have an aggregate matrix and their properties are close to a suitable sub-base material. 

In fact, their unbound application in low-trafficked roads should be considered. For fly 

ash, light to moderate stabilisation was proposed to compensate for the lack of an 

aggregate as a main component of the mixtures which reduces the short-term bearing 

capacity of the material. For minestone the highest levels were considered for this study 

due to the very poor results obtained when unbound, in particular the important particle 

instability when in contact with water. 

Material 

Minestone 

China Clay Sand 

Slate Waste 

Furnace Bottom Ash 

Pulverised Fuel Ash 

Key: c 
Light 
Moderate 
Heavy 

Table 4.4 Estimation of necessary treatment levels. 

Proposed Levels of Treatment 

None Light Moderate 
(c =0 %) (c = 2 - 4 %) (c=4-7%) 

./ 

./ ./ 

./ 

./ ./ 

./ ./ 

indicative values in terms of cement content. 
Treatment Levell. 
Treatment Level II. 
Treatment Level III (considered in Chapter 8). 

Heavy 
(c ~ 7 %) 

./ 

For the formulation of the mixes used in this project the technical guidelines presented 

in Chapter 2 were taken into account together with the technique used in France for this 

purpose [SETRA & LCPC, 1980]. Although those formulations were developed 

specifically for the French traffic and climate conditions, they give a good indication of 
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the levels of treatment necessary for the stabilisation of the same materials in other 

countries with similar conditions. The proposed formulas are indicated in Table 4.5 and 

the main objectives of those mixes are to obtain: 

• slow setting time to increase the flexibility in laying and compacting the layers; 

• immediate stability to enable initial trafficking after short periods of time; 

• high stiffnesses and resistance to fatigue for the long term. 

Table 4.5 Fonnulation of mixes proposed in France [SETRA & LCPC, 1980]. 

Components Stabilised Materials 

(by%) cement-bound slag-bound fly ash-lime- pozzolana-lime-

courses courses bound courses bound courses 

aggregate 95.5 to 96.5 80 to 85 85 to 90 85 

cement or hydraulic fly ash 3.5 to 4.5 

granulated or pelletised slag 15 to 20 

fly ash 8 to 12 

pozzolans 12 

lime 2 to 3 3 

water 4 to 7 6 to 9 4 t09 6t09 

Two levels of treatment were proposed for this project, corresponding to the lower end 

of these formulations (Tables 4.4 and 4.5), with the objective of achieving a light 

stabilisation of these materials. Table 4.6 summarises the materials and binders 

considered for each treatment level. A testing programme was established to assess the 

performance of the selected mixes. The aim of the programme was to describe 

performance according to existing procedures, in particular the DoT Specification. and 

the appropriate British Standards as follows: 

• compactibility tests [BS 5835, 1980]; 

• compressive strength tests performed on 100 mm-cubic specimens [BS 1924, 

1990]; 
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immersion tests [BS 1924, 1990]; and 

determination of frost heave [BS 812, 1989]. 

It also included repeated load triaxial tests which will be the subject of Chapter 6. 

All specimens were compacted using the optimum values of moisture content (OMC) and 

dry density determined in the compactibility test, with the exception of minestone. 

Stabilised minestone specimens were compacted throughout this research using OMC + 

2 % in accordance with the technical guidelines presented in Chapter 2. Initially, this 

material was mixed with lime in dry conditions. Then, the amount of water 

corresponding to the OMC was added and further mixing carried out, after which the 

mixture was allowed to stand for 24 hours. After this period, the extra 2 % of water was 

added, the components thoroughly mixed and then compacted. This procedure was found 

to facilitate the compaction process. 

Lime instead of cement was used as a binder for the stabilisation of minestone (MIl) or 

as an activator for the fly ash (MI4). Minestone's stabilisation with cement is already the 

subject of several research studies and has been widely covered in the bibliography 

[Rainbow et al., 1984; British Coal, 1986; Thomas, 1986; Carr & Withers, 1987; Kettle, 

1990]. On the other hand, lime stabilisation has not been fully investigated. In principle, 

the use of this stabiliser should be possible due to the reported pozzolanic properties of 

some minestones [Chi, 1992; Sherwood, 1995] and because they contain clay minerals 

that can react with lime. In 1977, a report of the Organisation for Economic Co-operation 

and Development made reference to French studies centred on the pozzolanic properties 

of colliery shales with possible use of the fine particles as a binder, combined with lime, 

for subgrade stabilisation. These properties have not been fully exploited in pavement 

construction. 
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Table 4.6 Testing programme and summary of conventional test results. 

.... 
'" Material Material Binder (°/.) Compadibility Tests Compressive Strength (1) Immersion Frost Repeated Load ... 

Code None Cement Lime Fly ash OMC MDO 7 days 14 days Tests Heave (1) Triaxial Tests 

% % % % Mglm"3 MPa MPa % mm @ 24h / 28d (2) 

UNBOUND 

China clay sand CC6 ./ 10.0 1.93 8.2 
~ 

Granite Type I Tl ./ 6.5 2.19 Not Applicable Not Tested 
~ 

S 
0Ij 

Slate waste SWI ./ 6.6 2.23 8.0 i-

TREATMENT LEVEL I 
~ 

.sa. .. 
China clay sand CC4 2 8.7 1.97 1.56 1.80 114 3.0 ii" 

0.0 
Results in i 

Furnace bottom ash BA4 2 22.2 1.24 0.27 0.24 77 i" 
Minestone MIl 5 8.7 2.07 0.54 0.74 63 4.3 

Chapter 6 ~ 
~ ., 
Q" 

Pulverised fuel ash FA2 2 19.5 1.41 0.99 1.60 97 6.S ~ 
s-

TREATMENT LEVEL II [ 
China clay sand CC2 2 8 8.3 2.04 Non-susceptible S 
Furnace bottom ash BA3 2 8 19.4 1.29 Not Tested Non-susceptible ~ g. 

Non-susceptible 
;a 

Minestone MI4 3 12 8.0 2.04 

Pulverised fuel ash FA3 5 19.0 1.42 Non-susceptible 

Key: OMC = Optimum Moisture Content MOD = Maximum Dry Density 

~ (1) Cement stabilised specimens tested at 7 days and lime stabilised specimens tested at 28 days, according to BS 1924 [1990]. 

i (2) Unbound specimens tested after 24 boon and treated specimens tested after 28 days curing. 

.j 
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4.5. Results 

A summary of the conventional test results obtained is presented in Table 4.6. The 

characterisation focused on the utilisation of the mixtures at sub-base level or above. For 

this reason, the requirements for stabilised capping were not verified exhaustively. 

Nevertheless, with the exception of minestone which is explicitly excluded from all 

classes, the other materials may be used according to the UK DoT Specification for 

stabilised capping layers. In fact, for this layer the requirements are quite broad enabling 

the use of a wide range of materials. Taking into account the results when unbound, the 

following factors may be pointed out: 

• 
• 

• 

china clay sand was found to meet the DoT requirements for unbound capping; 

the main problem with furnace bottom ash was the low Ten per cent Fines Value 

which is not a requirement for capping; and 

pulverised fuel ash is specifically considered for Class 9C. 

On the other hand, all stabilised materials studied failed to meet the limits specified for 

CBMI by a large margin, with furnace bottom ash (BA4) and minestone (MIl) resulting 

in particularly poor results. The assessment of the durability of these last two materials 

is also of concern due to a greater than 20 % drop in strength in the immersion test. A 

positive result is the substantial reduction in frost heave due to stabilisation, even with 

percentages of binder as low as 2 %. In particular, the fly ash was frost susceptible when 

tested in an unbound form and its stabilisation with 2 % cement reduced the problem to 

a level that may be expected with conventional crushed aggregates. 

The materials with the lowest levels of stabilisation (treatment level I) are clearly 

excluded for sub-base construction and other applications at higher levels in the 

pavement structure on the basis of their strength. The evidence collected in the 

bibliographic review indicates that some of these materials have been successfully used 

in road construction either in the UK or abroad reinforcing their potential. 

Studied more closely, the strength requirements in the DoT Specification for cement 
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bound materials appear to be too harsh and restrictive in relation to stabilised secondary 

materials. In the USA, the mix design procedure is based on the strength and durability 

of the materials. The former is assessed by compressive strength tests [ASTM 01633 & 

05102, 1990] and the latter using wetting-drying and freeze-thaw durability tests [ASTM 

0559 & 0560, 1989]. It has been demonstrated that soil-cement mixtures with 

compressive strengths of 4.5 MPa (identical to the limit imposed in the UK for CBMl) 

have a 95 % sample survivability under the severe testing conditions imposed by those 

two durability tests [Saylak, Taha & Little, 1988]. Hence, the limits imposed for the 

compressive strength of stabilised materials are related to the need for passing through 

durability tests that have been recognised as being too severe and not because those 

materials are subject to similar levels of stresses when used in pavements. Oifferent 

limits have been proposed in the bibliography, in particular the recent draft for European 

Standard [CEN, 1995 i] which proposes five grades of materials, the first of which has 

no minimum requirement for compressive strength (Table 4.7 gives some examples of 

the strength requirements proposed). Apart from this exception, however, the mixtures 

tested are too weak to be accepted either for cement bound material or soil-cement 

according to the sources listed in Table 4.7. 

Table 4.7 Compressive strength requirements proposed by several sources. 

Material Compressive Strength Notes Souree 

Limit (MPa) Age (days) 

Fly ash bound ~2 360 Grade I [CEN. 1995 i] 
mixtures 2 360 Grade 2 

5 360 Grade 3 
8 360 Grade 4 
II 360 Grade 5 

Soil-cement (I) 2.4 7 Light to medium traffic [Saylak el 01., 1993] 
3.1 to 4.5 7 Medium to heavy traffic 

Cement bound fly ash 5 28 For roadbases [Bolt, 1987] 

Cement bound fly ash 2.8t03.1 7 Cylindrical specimens [DiGioia et 01., 1986] 
3.5 7 Cubic specimens 
5.s 7 Maximum value (2) 

Lime bound fly ash 3.8t04.1 28 Cylindrical specimens 

Key: (I) Material corresponding to CBM I. 
(2) Maximum strength recommended to avoid distinct cracking which may reflect through the 

bituminous surface layer. 
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4.6. Inadequacy of present approach 

It is important to relate the requirements to be imposed on road materials to the demands 

of the layer in which they are going to be used, namely the level in the pavement, the type 

of structure and traffic. In addition, the properties determined should be those the 

material needs to possess to fulfill its functions and assure an adequate performance in 

the pavement structure. The fundamental properties required, directly related to 

performance in pavement structures, are: 

• resilient modulus, to spread the traffic load and prevent overstressing of 

underlying soils, in particular the subgrade; 

• resistance to permanent deformation, in particular for unbound materials to 

prevent rutting; 

• 

• 

tensile strength and resistance to fatigue of stabilised materials, to prevent 

cracking; 

durability of both unbound and stabilised materials to assure an adequate 

performance throughout the life of the pavement. 

These properties are not included for material characterisation in the present approach to 

the use of secondary materials that has been covered up to this chapter, with the 

exception of durability whose evaluation is considered through the immersion test. 

Instead, other requirements are specified emphasising properties of the particles rather 

than those of the bulk compacted material. For stabilised mixtures, the property 

requirements are in terms of unconfined compressive strength which are not the most 

important to characterise cement bound materials, as compressive strength is not a 

determinant factor in pavement failure mechanisms. Indeed, the mechanisms generally 

considered for design purposes and which will be described in more detail in Chapter 9 

are as follows: 

• cracking of bound layers which involves mechanical properties such as resilient 

modulus, Poisson's ratio, tensile strength and fatigue resistance; 

• rutting resulting from the accumulation of vertical permanent strains in aU layers 
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of the pavement, but especially in the unbound layers. The main properties 

involved in rutting are resilient modulus, Poisson's ratio and resistance to 

permanent deformations. 

Furthermore, the development of properties with the time is not taken into account in the 

present specifications and the ages considered (generally 7 days and, in particular ~ 

28 days) will normally be restrictive as far as the use of slow cementing secondary 

materials is concerned because intense trafficking may not occur until several months 

after placement. 

Overall, the conventional type of specification, of a recipe nature, leads to an inadequate 

assessment of alternative materials for road construction both in unbound and stabilised 

forms. For this reason, it is desirable to advance towards the development of end-product 

specifications. There are already examples of specifications moving in this direction, 

such as the ones for cement bound materials, though 'recipe' restrictions concerning the 

type of material, grading and properties of the aggregate particles still remain. 

In conclusion, standards specifying the relevant mechanical properties of end-products 

and requiring their assessment through performance-based tests are the way forward in 

pavement materials' engineering. For this to become a reality, it is necessary to consider 

other types of tests, capable of determining the fimdamental mechanical properties of the 

materials that may be used in mechanistic methods of pavement design and structural 

assessment for maintenance purposes. These aspects, together with the essential 

developments of methodologies for material evaluation, testing equipment and techniques 

to enable the utilisation of new materials in road construction, will be the main subject 

of the subsequent chapters. 
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Chapter 4 - Present Approach to the Use of Lightly-stabilised Secondary Materials 

4.7. Summary 

• Some of the secondary materials investigated possess hydraulic or pozzolanic 

properties enabling their use as secondary binders. These materials are identified 

and the process for stabilisation is described in general terms, including 

mechanical stabilisation, mix design and the present specification requirements 

to be met by stabilised materials. The action of the main stabilisers that results 

in the stabilisation of pavement materials is described. 

The testing programme set up to assess treated secondary materials against the 

present specifications included, essentially, compressive strength and immersion 

tests and the determination of frost heave. 

All materials, as treated, failed to meet the lowest strength requirement for 

cement bound materials and some questions were raised as to the durability of 

lime stabilised minestone and cement stabilised bottom ash, for the levels of 

treatment considered. A significant reduction in frost heave after stabilisation 

was observed for all materials studied. 

The present DoT strength requirements appear to be too harsh and restrictive in 

relation to stabilised secondary materials. Alternative limits proposed by several 

sources were presented but these may also be high. 

• Overall, the assessment of secondary materials using existing specifications is not 

satisfactory because their assessment is not based on fundamental mechanical 

properties, directly related to material performance in pavements or involved in 

pavement failure mechanisms. The development of new performance-based 

specifications is desirable but these will require new tests, testing equipment and 

techniques to be considered. 
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CHAPTERS 

TESTING EQUIPMENT DEVELOPMENT 

5.1. Introduction 

The need to consider new tests and testing equipment for a rational characterisation of 

pavement materials was demonstrated in the last chapter. Here, two equipments capable 

of determining performance-related properties will be presented: 

• 

• 

first, the repeated load triaxial apparatus mainly used for unbound and lightly 

treated materials; and 

second, the repeated load indirect tensile apparatus for the characterisation of 

stabilised materials, for which the first equipment cannot provide the necessary 

characterisation in tension. 

These equipments meet the requirements for a mechanical characterisation of pavement 

materials. In particular the determination of resilient modulus, permanent deformation 

and triaxial strength in the triaxial apparatus and tensile strength, stiffness modulus and 

fatigue characteristics in the indirect tensile apparatus. It is the objective of this chapter 

to describe them together with the developments made throughout this research. The 

issues facing the triaxial and indirect tensile tests will be examined in Chapters 6 and 7 

respectively. 
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5.2. The repeated load tria ial appar tu 

5.2.1. Introduction 

The repeated load triaxial apparatus (150 x 300 mm was first d eloped by Boyc 

[1976] providing the University of ottingham with an important t 

several aspects of the performance of unbound granular material under repeated loading. 

Since then, this equipment has been modified and upgraded by eral re archer and 

fully described [Boyce, 1976; Pappin, 1979' Brown 'R illy & Pappin 19 9' 

Karasahin, 1993]. 

The repeated load triaxial tests are performed on specimen of granular materials of 150 

mm in diameter and 300 mm high. The equipment is capable of cycling b th d iatoric 

and confining stresses and permits on-sample measurement 0 axial and radial trains 

leading to more accurate measurements of beha iour. A general iew of the triaxial rig 

and some aspects of the triaxial specimen and instrumentation used fI r the me urement 

of deformations are shown in Figures 5.1 to 5.3. A brief description of the pre nt 

configuration is presented below and the modifications made during thi re earch 

identified. 

5.2.2. Loading system 

The loading of the triaxial specimens is carried out inside the triaxial ell through 

hydraulic actuators controlled by servovalves. The maximum working 1 ad for the axial 

actuator is 20 kN which corresponds to axial stresses on a 150 mm specimen of up to 

1150 kPa approximately. Frequencies of loading up to 16 Hz may b appli d [B yce, 

1976]. 
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Figure 5.1 View of the repeated load triaxial apparatus. 

Figure 5.2 Triaxial specimen. Figure 5.3 Detail of triaxial instrumentation. 
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Enabl", the 

For the application of confining pr ur t th 

oil is preferred for ariable confining pre ure t 

viscosity, is chemically inert and has n n- n 

m lurn 

especially suitable for this application. nfinin up t 

up to 2 Hz may be applied [Boyce 1976}. 

The applied axial load and confining pr ~ ur 

cell and pressure cell. The original I ad c 11 [ 

of the loading rod, which was milled d \\n rom a 1 

to a 12 mm square section (Figure 5.2). oil train gau e 

u ly m 

squared section. This load cell pas e sed an ad quate en iti lity and linearity and it 

was placed inside the triaxial cell the reading were n t aft n th 

loading rod and the top of the triaxial cell. Howev r. th un 

found to be particularly usceptible to electrical n i 

cell fluid for constant confining pre ure te t . In dili n du 

loading rod, the top platen was unable to p rfi rm mall r tati n 

the specimen, giving rise to the application n n-um rm 

reasons a new load cell was de igned th mo t particular fl ature 

a shear pin and an integral radial spherical bearing igure . ) t 

in any vertical plane while maintaining the capability of m aurin 

as tension essential for the performance 0 triaxial e. te i n te t . 

located inside the metallic base of the cell which i in dir Cl 

solving the problems related with electrical noi e. 

5.2.3. System for mea uring deform ti n 

Axial deformations are measured using two Linear Varia I 

i n of 

h train g ug 

t \\ ith th t p pi t n. 

(L VDT) placed in the central ISO mm of the pecimen and diam tricall 

other (Figures 5.2 and 5.3). 

ran [! rm r 

itc t e h 

For the measurement of radial deformations two d t tw di rent 
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levels, 114 and 3/4 of the specimen height (Figures 5.2 and 5.3). These have narrower 

sections where the strain gauges are fixed to achieve higher sensitivities [Boyce, 1976]. 

Figure 5.4 New load cell for the triaxial equipment. 

The deformation measuring points are materialised in the specimen by four location studs 

placed before the compaction of the material. In some cases, the original studs [Boyce, 

1976] were found not to produce a firm embedment in the specimen due to the 

difficulties of material compaction around the studs and superficial location of the studs. 

For this reason, a modified version was manufactured incorporating a necked extension 

that would enable a deeper embedment of the studs in the compacted material. Similar 

studs have been used in France [Paute, Lefort & Benaben, 1990]. A diagram of the 

modified stud is shown in Figure 5.5. 

5.2.4. Digital control system 

The complete computer-controlled system to perform repeated load triaxial tests and 
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automatically conduct the data acqui ition i repre ented ch maticall ' in igure 5. . It 

comprises three major components [Chan & ousa, 1 91] : le tin apparatu, int rfac 

hardware and software. 

Location stud in two halve 
screwed together 

Figure 5.5 Location stud. 

The feedback closed-loop control system shown in the figure perate 

Inner Membran~ 

'0' rin 

fillw: 

• according to the stresses one wants to apply to the specimen, which are enter d 

into the control program a signal is sent thr ugh the DI A c nv rt r and through 

the controller to the servovalve which in turn activate the hydraulic actuator t 

apply the desired stress; 

• the response of the specimen is monitored by output tran duc r , in particular to 

measure the axial load and confining pre sure the load and pr ur c 11 . Their 

signals are sent back to the computer, i.e. back to the contr I alg rithm through 

the transducer signal conditioner unit and the NO c n erter; 

• the control software compares the output ignals with the c mmand ignal. If 

the amplitude differs by more than the control tolerance cifi d b} the u er the 
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equipment sends an adjustment signal to the servovalve so as to adjust to the 

desired levels the load / stress applied by the hydraulic actuators. 

The computer program currently used at the University of Nottingham is ATS 

(Automated Testing System) which has been described by Sousa & Chan [1991]. Apart 

from the control algorithms and data acquisition, this software includes monitoring, data 

analysis and reporting capabilities. However, the direct use of the data analysis and 

report programs is not advisable because the calculations are based on maximum and 

minimum values obtained directly from the raw data without filtering to account for the 

effects of electrical noise on the readings. 

Software I 

ATS Software: 

• Control Algorithms 
• Data Acquisition 

• Monitoring 

• Data Analysis 
• Reports 

Interface Hardware I Testing Apparatus 

Controllers: Input Transducers : 

• Servovalve 
Amplifier 

I---J~I. Servovalves 

D 

Transducer 
Signal 

Conditioner 

• Hydraulic Actuato 

Reaction Frame 

Environment 
Chamber 

Output Transducers: 

• Load Cell 
• Pressure Cell 
• LVDTs 
• Strain Hoops 

Figure 5.6 Digital control system in the repeated load triaxial apparatus. 
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5.3. The ottingham A phalt Te ter 

The Nottingham Asphalt Tester was de eloped in the ni ersity of ottingham and 

evolved from a rig for static creep on bituminous materials [Brown tal ., 1995]. It is a 

commercially available computer-controlled pneumatic quipment for determining the 

fundamental properties of bituminous materials on a routine asis. Th t rn compri 

a pneumatic actuator that applies repeated loading to the cimen and L VDT to 

measure the corresponding deformations. In Figures 5.7 and 5. th con entional T 

and the sub-system used for stiffness modulus determination ar pr nted. tiffne s 

modulus is here used in accordance with the terminology CUfT ntly adopt d in the field 

of bituminous and hydraulically bound materials and compare with th term re Hient 

modulus referred for unbound and lightly treated materials. 

The NAT equipment is now reasonably established for te ting bituminous material and 

it is already the subject of Drafts for Development of the Briti h tandard Institution. 

There are four types of test that can be performed on bituminous material in the NAT 

equipment: 

• indirect tensile stiffness modulus test [BS DD 213 1993]; 

• resistance to permanent deformation in unconfined uniaxial I ading [B OD 185. 

1993]. This test may be conducted under static or repeated I ading static / 

dynamic creep test); 

• fatigue characteristics in indirect tensile mode [B DD ABF 1996]. 

The tests can be carried out on specimens cored from the pavement r compacted in the 

laboratory, being able to accommodate specimens with diameters ranging from 100 to 

200 mm, 100 rnm and 150 rnm being the most commonly used. Th ir thickne may 

vary from 20 to 80 mm [Cooper, 1994]. 
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5.4. The repeated load indirect tensile apparatus 

5.4.1. Introduction 

With the development and continuous improvement of the NA T equipment and its 

growing widespread use for the characterisation of bituminous materials, the indirect 

tensile test is becoming more popular for material evaluation. There are three main ~ 

relevant for the assessment of bound materials, that can be performed using indirect 

tensile equipment: strength test, stiffness modulus test and fatigue test, all in indirect 

tensile mode. 

The adaptation of the NAT for the study of stabilised materials is seen as an attractive 

proposal resulting in some advantages for the characterisation of pavement materials: 

• advance in relation to the present situation in which the main standardised test for 

stabilised materials is the compressive strength test. 

• characterisation of materials using more performance-related tests (as tensile 

stresses may be developed); 

• possibility of testing cores directly obtained from the pavement, using special 

techniques of coring and sawing; 

• the use of the same equipment for the characterisation of both stabilised and 

bituminous materials, bringing economic advantages to testing laboratories; 

• determination of stiffness, fatigue and strength in the same apparatus; 

• uniformity in the testing of pavement materials; 

5.4.2. Limitations of NAT for testing hydraulic bound materials 

The conventional NAT equipment for bituminous materials has important limitations for 

testing stabilised materials that are outlined below. 
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Chapter 5 - Testing Equipment Development 

Equipment (general) 

• 

• 

• 

Low maximum loading capacity, up to 4.3 kN. Many hydraulically bound 

materials may be too strong for testing in such an apparatus. 

General drawbacks associated with pneumatic equipment, especially in terms of 

control of the load pulse. 

Limitations of the commercial software controlling the test which reduces the 

flexibility for research purposes. 

Tensile strength 

• Indirect tensile strength tests are not generally performed in the NAT. 

Stiffness modulus 

• Stiffuess modulus tests are presently performed in deformation-controlled rather 

than load-controlled mode (which is more useful for hydraulic materials). 

Fatigue properties 

• Inadequate design details of the NAT sub-frame for fatigue testing. 

Some problems related to the software controlling the tests in terms of deformation rather 

than load, and the control of the load by a closed-loop system converging slowly to the 

desired value in practice meant that specimens were initially overloaded. 

A repeated load indirect tensile apparatus was developed answering to the limitations 

presented above and was used throughout this research study. 

5.4.3. General description of the equipment 

The repeated load indirect tensile apparatus was developed using, whenever possible, 

existing equipment within the Department of Civil Engineering of the University of 

Nottingham, in particular components of the triaxial system were used. The major 

components of modem laboratory testing systems are not specific for a particular type 

oftest and so they may be modified into mUlti-purpose systems that may be used for the 
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performance of different types of tests on different material. igure 5.9 pre n a 

picture of the equipment. pecial emphasis was given to the de ig.n 0 an indirect tensile 

sub-frame that could be used in different test rig . 

Figure 5.9 Repeated load indirect len ile app Ius. 
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Chapter 5 - Testing Equipment Development 

In terms of loading and deformation measurement systems the equipment incorporates 

the following components: 

• 

• 

servo-hydraulic loading system capable of applying a maximum vertical load of 

20 k:N at frequencies up to 16 Hz; 

three pairs of L vnTs are used for the measurement of 

• 

• 

• 

vertical displacements of the loading cross-head. These are used, 

essentially, to stop the test after specimen failure; 

horizontal deformation of the indirect tensile specimen during stiffness 

modulus determination; 

vertical and horizontal deformation using miniaturised L vnTs in the 

central part of the specimens. This system is essentially used for Poisson 

ratio evaluation and is described in more detail in Chapter 7. 

With regards to control, the components form a feedback closed-loop system as already 

described for the repeated load triaxial apparatus. 

5.4.4. Control software modifications 

Initial tests in the conventional NAT for stiflhess modulus determination were conducted 

in deformation-controlled mode as this was the available version. This was found not to 

be a feasible method for hydraulic bound materials due to the wide variation of the values 

of stiffuess modulus for different materials. In order to know in advance the level of 

deformation (or strain) that one should impose onto the specimen, safeguarding its 

integrity, it is necessary to know or estimate stiflhess which is ultimately the object of 

the test. On the other hand, for load-controlled tests the stress levels to be used can easily 

be related to the monotonic tensile strength of the material. Taking into account these 

considerations the control software was modified to enable the performance of tests in 

load-controlled mode. 
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For research purposes more flexibility was needed. in particular for a 

load wave form and to increase the range of frequencie that could 

tter c ntro} fth 

us d. Curr ntly, 

the frequencies in the NAT may range from 60 to 160 m . Thi 1 d to the use of th 

servo-hydraulic system and the A TS software to control the r pe ted load triaxial te t 

since it permitted the required flexibility. 

5.4.5. Development of ub-frame for fatigu t tin 

In the initial stages of this research a fatigue frame similar to th on u d for bituminous 

materials was considered [BS DD ABF 1996; Read 1996). The original de ign (Figure 

5.10) was maintained and the only modifications w re in r lation to th dimension of 

the frame to incorporate the bigger 150 mrn specimens u ed in this r earch. 

From the initial tests it was evident that, for the stiffer hydraulic bound material, mall 

unevenness of the specimens was causing the loading head to rotate and tran mit part of 

the load to the vertical guiding rods. Even when this was not the cas in the beginning 

of the test, it would occur during the deformation process. onsequently the erticalline 

loading transmitted to the specimen was significantly altered to a n n-uni orm load which 

in turn resulted in further aggravation of the problem. 

To solve this issue it was necessary: 

• to re-design the sub-frame to improve its rigidity and e tend the linear bearing 

to reduce the possibility of rotation of the cross-head. The d lop d sub-frame 

is shown in Figure 5.11; 

• to develop a new load cell adequately po iti n d in th te ting app tus for an 

accurate measurement of the load actually transmitt d to the p imen. Thi i 

presented in the next section. 
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LVDT 

Linear 
Bearing 

Core 
<I> = 100 mm 

Guide Rod 

Vertical 
Stop 

Loading 
Strip 

Figure 5.10 Sub-frame for fatigue testing of bituminous materials [Read, 1996J. 
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Figure 5. 11 New sub-frame of the repeated load indirect tensile apparatus. 
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5.4.6. Development of 'internal' load cell 

The location chosen for the load cell was below the cross-head to account for any 

reduction of the load transmitted to the specimen. This is likely to result from the friction 

in the linear bearing, an effect that is aggravated with deviations of the loading head from 

the strictly horizontal position. The developed load cell is shown in Figure 5.11. 

To verify the adequacy of the new load cell a study was conducted using two plastic 

specimens which were loaded using repeated loading in circumstances identical to testing 

conditions. The load was monitored using both load cells, the existing one located 

externally in relation to the testing sub-frame and the new load cell. The first specimea 

used was an irregular specimen in which a non-parallelism of the surfaces in contact with 

the loading strips was artificially created with the objective of simulating an uneven 
specimen to the extreme. The second was a regular specimen perfectly machined to 

assure a completely uniform contact with the loading strips. Both specimens bad the 

dimensions of 150 mm diameter by 70 mm thickness generally used throughout this 

research. The results are shown in Figures 5.12 and 5.13 respectively. 

There was an important reduction in the vertical load applied to the irregular specimen 

and an excellent agreement of the readings from both load cells when a perfectly regular 

and homogeneous specimen was tested. 

Those situations correspond to both extremes in relation to what would happen in 

practice. In a current test the load transferred to the frame would fall somewhere in the 

middle depending on the regularity of the specimen and its homogeneity. 1bis is 

illustrated in Figure 5.14 where the load was monitored during an indirect tensile fatigue 

test performed on stabilised fly ash. 

The results of this study seem to confirm an important qualitative improvement of the 

testing sub-frame, enabling the load to be more accurately and consistently applied and 

measured. This will also enable the use of a unique specimen frame for all tests 

performed in the repeated load indirect tensile apparatus with evident advantages for the 

performance of these tests on a routine basis. 
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REPEATED LOAD INDIRECT TENSILE TEST 
Load CeU Study 
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Figure 5.12 Comparison of load cells using irregular plastic specimen. 
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Figure 5.14 Comparison of load cells during a fatigue te t (fly h pecimen). 

5.4.7. Development of an alternative LVD frame 

160.001.2 

The LVDTs frame currently used for measuring the horizontal d formation of the 

specimens is described in the Draft Standard B DD 213 [1993] for the d termination of 

the indirect tensi le stiffness modulus. This aluminium frame is supp rted directly on­

sample by four points on the flat surfaces along the horizontal diameter which may restrain 

the free deformation of the specimen and have repercussions in the tre tate induced. 

Since the indirect tensile specimen deforms outwards along that diamet r the centre being 

a neutral point in the deformation process, the use of a L VD frame upported by single 

'points' at the centre of each side of the specimen would lead in principle to a more 

accurate measurement of the deformations. This arrangement w made with th areas of 

contact with the specimen coinciding with its centre and limited t a circle of 17 mm in 

diameter to reduce the effects on stresses and strains. The alternati e fram i hown in 

Figure 5.15. 
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Figure 5.J5 New LVDT frame. 

Comparative studies were made testing a particular specimen with both L VDT frames 

and in identical loading conditions. These studies involved the artificial plastic specimen 

and stabilised fly ash with the two extreme binder contents considered in this research: 

2 and 9 % of cement. The results are presented in Figures 5.16 and 5.17 and in Table 5.1. 

In the case of fly ash stabilised with 9 % of cement, a first test for stiffness modulus 

determination was carried out using the old L VDT frame. Then the test was repeated 

using the new frame after which a second test was conducted again with the old frame. 
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REPEATED LOAD INDIRECT TENSILE TEST 
LVDTFrame Study 

, 
10 :---------~-----L------~ 

6 

4~---+-

2 +' ----*;.c---~----T----------- --+-- --
~rA 17.tT.--­

<Bnlcrconlen:c - 9% .--------j 
Cun. pemd: 90 ~ 

o +I---~i---~-- --------------- _.- "-_ ... -_ .. 

o 100 200 300 400 500 600 

Maximum Tensile StftSS (kPa) 

[_ .•. - Ok! F~(ist) -_~_~_~~~~-~ ~ki Frwne(2nd) 

Figure 5.16 Comparison of LVDT frames (horizontal defonnation). 
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Table 5.1 Comparison of LVDT frames. 

Frame Current [BS DD 213, 1993] New 

Sm (MPa) SD (MPa) Cv(%) Sm (MPa) SD (MPa) Cv(%) 

Plastic 3519 45 1.3 3461 116 3.3 

FA c=2%@28 d 2753 38 1.4 2767 95 3.4 

FA c=9%@90d 1 st 6289 167 2.7 6087 86 1.4 

2nd 5895 80 1.4 

Key: Sm Stiffness modulus FA Pulverised fuel ash 
SD Standard deviation c cement content 
Cv Coefficient of variation d days (curing period) 

When a second test was conducted with the old frame, Figure 5.16 and Table 5.1, the 

measurement with the new frame was between the other two and although some internal 

damage may be responsible for the small reduction in stiffuess (increase in deformation), 

overall the results were very similar. 

In Figure 5.17 the effect of the differences in horizontal deformations on the stiffness 

moduli are also plotted. They confirm previous observations and in average terms the 

results are of2753 and 2767 MPa respectively for the old and new frames (Table 5.1). In 

practice, those values can both be rounded to 2.8 GPa. The test performed on the plastic 

specimen also gave identical results. 

The results show that the measurements from both frames are similar, producing sensibly 

identical stiffuess values, the differences observed being in accordance with the variability 

obtained in the repeatability study presented later in this chapter. This may be explained 

by the small areas of contact between the L VDT frame and the specimen and its very light 

weight, meaning in practice that very small pressures are necessary to support the frame 

and LVDTs. 

5.4.8. Replication of NAT load pulse 

In the first instance, the load pulse applied by the pneumatic NAT was replicated in the 
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repeated load indirect tensile apparatus to compare the results obtained from both 

equipments when testing a plastic specimen. A typical load pulse obtained in the NAT is 

shown in Figure 5.18. The servo-hydraulic equipment is capable of closely replicating this 

load pulse enabling a superior control of the load wave as shown in Figure 5.19, where a 

risetime of 125 ms and a rest period of750 ms were considered. From the comparison of 

both load pulses it is evident that both loading and unloading times (and consequently the 

frequency of loading) can be better controlled in the indirect tensile apparatus. 

Nevertheless, the stiffuesses obtained from both equipments were identical and similar to 

the ones already presented in Table 5.1. 

The response to the load pulse illustrated in Figure 5.19 for a stabilised fly ash specimen 

is shown in Figures 5.20 and 5.21, for both the measured vertical and horizontal 

deformations. 

Nottingham Asphalt Tester 

Load 

Time 

Figure 5.18 Typical load pulse in the Nottingham Asphalt Tester. 
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Chapter 5 - Testing Equipment Development 

REPEATED LOAD INDIRECT TENSILE TEST 
Load CeO Signal 
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Figure 5.19 Load signal in the indirect tensile apparatus. 
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REPEATED LOAD INDIRECT TENSILE TEST 
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Figure 5.20 Material response - measured vertical defonnation. 
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REPEATED LOAD INDIRECT TENSILE TEST 
HorimDtaI LVDT Sica I 
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Figure 5.21 Material response - measured horizontal defonnation. 

5.4.9. Repeatability study 
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A study was carried out on the repeatability of the equipment / technique for the 

determination of stiffness modulus. Repeatability is defined as the value below which the 

absolute difference between two single test results is not statistically significant at the 9S 

% confidence level. For repeatability studies the tests should be performed in the same 

conditions of test specimen, operator, method, equipment, laboratory and should be carried 

out in a short interval of time. For that confidence level the repeatability (r) is given by 

[Dawson, 1996]: 

r = 2.8 x SD 5.1 

where SD is the standard deviation. 
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A total of 25 tests were perfonned on the same 100 mm specimen of fly ash stabilised with 

5 % cement and the results are listed in Table 5.2. The values obtained for the coefficient 

of variation and repeatability seem to be acceptable and compatible with the ones obtained 

for other laboratory testing techniques [Sherwood & Pike, 1984; CRR, 1988; Nunes, 1991]. 

The average obtained in this study (4664 MPa) compares with the stiffness of 4277 MPa 

obtained on 150 mm specimens (reported in Chapter 7). Although this result seems to 

indicate an influence of the diameter of the specimen on the stiffness value, it is not 

possible to draw a definite conclusion due to the limited data available. For bituminous 

material 100 mm specimens, with thicknesses as low as 40 mm , are currently used for 

stiffness and fatigue assessment. 
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Table 5.2 Results of repeatability study on stabilised fly ash (c = 5 % @ 28 days). 

Vertical Tensile Horizontal Risetime Stiffness Summary 

Force Stress Deformation Modulus 

kN kPa 11m ms MPa 

2.3 365.4 5.0 125 4739 Stiffness mean 4664 

2.3 361.8 5.0 125 4639 modulus min 4379 

2.3 362.3 5.1 125 4627 (MPa) max 4804 

2.3 367.4 5.1 125 4681 Standard (MPa) 107 

2.3 363.7 5.0 125 4705 deviation 

2.3 370.4 5.1 125 4718 

2.3 360.5 5.0 125 4654 Coefficient (%) 2.3 

2.3 36l.1 5.0 125 4685 of variation 

2.3 358.7 4.9 125 4734 

2.3 365.5 5.0 125 4693 
Repeatability (MPa) 300 

2.3 366.6 5.0 125 4777 (%) 6.4 

2.3 365.4 5.0 125 4747 

2.3 364.5 5.0 125 4707 

2.3 366.7 5.1 125 4678 

2.3 370.3 5.0 125 4784 

2.3 370.1 5.0 125 4804 

2.4 386.7 5.2 125 4785 

2.2 354.0 4.9 125 4638 

2.4 376.4 5.3 125 4637 

2.2 349.9 5.1 125 4460 

2.2 344.4 5.1 125 4395 

2.1 339.7 5.0 125 4379 

2.3 363.1 5.1 125 4638 

2.3 370.2 5.1 125 4668 

2.3 370.6 5.2 125 4631 
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5.5. Summary 

• The repeated load triaxial apparatus was briefly described and the improvements 

made during this research identified. These were, in particular, the modification 

of the location studs and the development of a new load cell with the capacity to 

perform small rotations to apply more uniform axial stresses and to reduce the 

susceptibility to electrical noise. 

The Nottingham Asphalt Tester used for the assessment of bituminous materials 

was succinctly presented and its limitations for testing hydraulic bound materials 

explained. 

The necessary modifications of the NAT resulted in the development of a repeated 

load indirect tensile apparatus based on existing laboratory components of the 

triaxial rig and the design of a testing sub-frame that may be incorporated in other 

testing machines. This frame was further refined through the development of an 

'internal' load cell positioned below the cross-head accounting for any reduction 

in the magnitude of the load due to friction. The frame enables a better control and 

measurement of the load applied and may be used for all tests performed in the 

indirect tensile apparatus. 

An alternative L VDT frame was designed supported in single 'points' at the centre 

of the specimen. However, the results obtained were identical to the ones obtained 

with the current frame not demonstrating superior performance for measuring the 

horizontal deformations. 

The repeatability of the indirect tensile apparatus and the technique used for the 

determination of stiffness modulus was assessed. Overall, the coefficients of 

variation and repeatability obtained seem to be reasonable and comparable to those 

obtained in other laboratory testing techniques. 

MC MNunes Page /57 



CHAPTER 6 

REPEATED LOAD TRIAXIAL TESTS 

6.1. Introduction 

Aggregates for use in pavement foundations must be able to spread the load, due to 

traffic, which comes down through the pavement structure. By so doing they prevent 

overstressing of the underlying soil (and thus premature failure of the pavement due to 

rutting) and prevent fatigue of any bound layers due to excessive resilient movement. 

The important property of the aggregate which controls load spreading is the resilient 

modulus (Mr). In certain cases the Poisson's ratio (v) and angle of shearing resistance 

(<I» can also be useful as they permit aggregate confinement and ultimate load conditions 

to be more accurately assessed. In the analytical modelling of pavement performance all 

these are required. Another important characteristic for pavement materials is their 

resistance to permanent deformation to prevent rutting. Both resilient modulus and 

permanent deformation properties can be determined by performing repeated load triaxial 

tests and strength can be determined by monotonic loading in the same apparatus. 

In previous chapters the importance of performance tests for the assessment of materials' 

properties was stressed. The repeated load triaxial test is able to act as a reasonably good 

performance test as pavement materials can be tested in the laboratory, at the correct 

stress levels, at full grading and subjected to loading which simulates, in a broadly 

satisfactory way, the complex loading system due to traffic. 
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6.2. General aspects of the behaviour of granular materials under 

repeated loading 

The stress state of an element of soil or granular material which is under bound layers of 

the pavement structure is presented schematically in Figure 6.1, and includes vertical 

(ov), horizontal (OH) and shear stresses (tVH' tHV). From this rather complex system of 

loading result some of the limitations of the repeated load triaxial test [Nunes, 1991]: 

• impossibility of simulating the rotation of the principal stress directions occurring 

in the pavement under a moving wheel (Figure 6.2) by applying simultaneously 

and directly to the specimen, normal and shear stresses. This test reproduces the 

repeated normal stresses, Figure 6.3, but is unable to apply reversible shear 

stresses and, therefore, only when the element of material in situ is underneath the 

load, does the stress state correspond to the one of the triaxial test; 

• inability to apply tensile stresses which occur in the base of treated or bound 

layers, simultaneously with the other stresses; 

• inadequate evaluation of permanent deformations; 

• simplification of the tridimensional stress state existing in the field to axisymetric 

conditions. 

It should be emphasised that shear stresses are more significant in those layers in the 

vicinity of the road surface, where bound materials are used, and for which the repeated 

load triaxial test has little or no meaning, since they form 'slabs' which behave very 

differently from unbound materials. 

In addition, the ability to apply tensile stresses is clearly not important when studying 

unbound materials, since these materials will not develop tensile stresses due to their 

unbound nature. However, tensile stresses are increasingly important when studying 

lightly and heavily-treated materials. 
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Figure 6.1 Loading system in pavement structures under a moving wheel. 

Figure 6.2 Rotation of principal stress directions in pavement structures. 
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Stresses 

Time 
Figure 6.3 Loading system in repeated load triaxial tests. 

With regards to permanent deformation, there are several factors responsible for the 

difficulty in assessing permanent deformation behaviour accurately in the triaxial 

apparatus, namely: 

• measurement of permanent deformations in the same direction of the applied 

principal stresses throughout the test. Owing to the rotation of the principal stress 

directions in the field this should contribute to an overestimation of the 

deformations in the triaxial test; 

• lateral expansion of the specimen, with similar implications on the deformations. 

In situ the lateral confmement of adjacent material is likely to reduce this effect; 

• effect of repeated shear stresses on the development of permanent deformations. 

Those stresses can be applied in the hollow cylinder apparatus and are responsible 

for the overall underestimation of permanent deformations in triaxial testing 

[Chan, 1990]. 

By comparing test results carried out in a hollow cylinder apparatus and in the repeated 
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load triaxial rig, it is possible to conclude (Chan, 1990] that the permanent strain 

behaviour of granular materials is affected by the application of reversed shear stresses. 

This influence on the rate of development of permanent deformations became more 

significant as stress conditions approached failure, while, for low stress conditions and 

when the ratio of the torsional shear to vertical stress is reduced, the triaxial results were 

found to be sufficiently accurate. As far as resilient behaviour is concerned, the 

applications of reversed shear stresses (either uni- or bi-directional) did not result in any 

significant difference between the two equipments. 

In summary, it is possible to say that the repeated load triaxial test still gives a good 

indication of the rutting susceptibility of the material. It is perfectly acceptable for 

material discrimination as will be demonstrated in this chapter and has a particular 

advantage over the hollow cylinder apparatus (mentioned above) in the sense that most 

pavement materials may be tested at their full grading. It has been concluded (Hight, 

Gens & Symes, 1983] that for a hollow cylinder apparatus with a 25.4 mm wall thickness 

the maximum particle size should be approximately 1 mm. This is the present practice 

for testing in the Nottingham hollow cylinder apparatus [Richardson, 1994], and 

represents a serious limitation of this equipment for testing the type of materials generally 

used in road construction. 

Hence, despite some limitations, the repeated load triaxial test is a reasonable reliable test 

for determining the mechanical properties used in analytical modelling of pavement 

performance. It represents a good compromise in complexity, simulation of field 

performance and reliability of results. It is, for this reason, a good candidate for 

consideration in new performance-based specifications for: 

• the determination of mechanical properties to be incorporated in analytical 

methods of pavement design; 

• the understanding and modelling materials behaviour; 

• materials discrimination and ranking. 

A typical curve representative of unbound granular materials' behaviour in a 

conventional triaxial test is presented in Figure 6.4.i and their behaviour under repeated 
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loading is reproduced in Figure 6.4.ii. From these figures, some typical properties can 

be pointed out which will be discussed below. 

Unbound granular materials exhibit non-linear behaviour under repeated loading. The 

deformations of these materials result from different mechanisms due to the interaction 

of individual particles forming the bulk material: 

• elastic deformation of the particles forming the aggregate at their contact points; 

• attrition and crushing at the particle contact points; 

• particle movements (sliding and rotation) eventually resulting m the 

reorganisation of the structure of particles. 

The last two points are responsible for the permanent deformations and can help to 

explain the non-linear characteristics. 

Stress 

Figure 6.4 

Stress 

Strain 

!~ 

ii 

increasing stiffness ......• 
N-I 3 10 20 100 1000 

Permanent 

I Resilient 
i 

~ 

Strain 

Typical stress I strain behaviour of granular materials: i) conventional triaxial test; 
ii) repeated load triaxial test. 

Another typical property is the inelastic behaviour, since load-displacement curves do 

not coincide with the unload-displacement ones (hysteresis of the material). The area 
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between those curves represents the work dissipated during one loading cycle. 

The term resilient is used in this circumstance when the stress/strain behaviour of the 

material is represented by a closed loop in opposition to the term elastic, used when the 

loading and unloading lines coincide. In this way, the concept of resilient modulus 

replaces that of elastic or Young's modulus. Owing to the non-linearity of granular 

materials, a given resilient modulus is only valid for a specific stress condition which 

emphasises another important property of this type of material, its stress-dependent 

behaviour. 

The initial part of the stress/strain curve, Figure 6.4.ii, agrees with the one obtained in 

conventional triaxial tests (Figure 6.4.i). However, stresses are unloaded at certain limits, 

distant from failure, and part of the strains which have already developed is recovered. 

After about 50 to 100 cycles, strains become almost entirely recoverable [Hicks & 

Monismith, 1971; Sweere, 1990] and are called resilient strains. The non-recovered 

strains are known as permanent strains (also called plastic or irrecoverable strains). 

Resilient axial and radial strains (E 1r (N) and E3r (N) ) are defined by the following 

expressions: 

6.1 

6.2 

where: 5Ir (N) resilient axial deformation at the Nth cycle; 

Ho vertical distance between deformation measuring points on the triaxial 

specimen; 

5 IP (N_I) permanent axial deformation after cycle (N-l); 

53r (N) resilient radial deformation at the Nth cycle; 

Ro horizontal distance between deformation measuring points on the triaxial 
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specimen; 

~3p(N.I) permanent radial deformation after cycle (N-I). 

Permanent axial and radial strains at cycle N (E1p(N) and E 3p (N») are defmed as follows: 

where: ~IP(N) permanent axial deformation at the Nth cycle; 

a3P (N) permanent radial deformation at the Nth cycle. 

6.3 

6.4 

The development of permanent deformation with the number of cycles is evident from 

Figure 6.4.ii, the rate of accumulation normally decreasing with the number of load 

applications. Load magnitude also affects permanent deformations in the following way 

[Thorn & Dawson, 1996]; 

• for stress paths of equal length, higher maximum deviatoric stresses produce 

faster straining; and 

• longer stress paths result in higher permanent strains. 

Page 166 



Chapter 6 - Repeated Load Triaxial Tests 

6.3. Preliminary testing on slate waste 

A series of preliminary repeated load triaxial tests were performed on specimens of 

unbound slate waste 300 mm high by 150 mm diameter. The aim was to gain an 

introductory insight into the complexity of the equipment and an initial assessment of a 

secondary material's behaviour under repeated loading. The testing conditions in this 

preliminary phase were not the same as adopted for materials at a later phase. The aim 

was to assess the effect of different conditions, in particular the degree of compaction / 

maximum dry density, on the mechanical properties of the material. 

The samples of slate waste were compacted in a mould, using a vibrating table and 

applying surcharge, at its natural moisture content (3.0 %), under light compaction effort 

achieving a dry density of 1.88 Mglm3• This density is clearly below the optimum values 

obtained for this material in the compactibility test (Chapter 3) and, therefore, is under 

the normal values that can be achieved in the field. This result was taken into account 

for the later testing programme, in which a different method of compaction was 

developed to control the final densities more accurately and produce higher levels of 

compaction. 

The failure line was determined experimentally by testing four specimens at different cell 

pressure levels. For each one of those the confining pressure was maintained constant 

throughout the test and the deviatoric stress was increased monotonically until the 

specimen failed. The failure line is shown in Figure 6.5. 

To study the resilient behaviour, a single specimen was subjected to a large number of 

stress paths as indicated in Table 6.1 and Figure 6.5. 
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Table 6.1 Summary of repeated load triaxial test results on slate waste. 

0 3 (kPa) q (kPa) Resilient Strains U&E) 

min min max 
q. / p. 

E\r Elr max 

50 50 0 42.0 3.0 231.6 -39.8 

100 100 0 42.0 3.0 150.0 -28.3 

100 100 0 87.7 3.0 368.4 -60.4 

100 100 0 134.5 3.0 583.0 -92.8 

100 100 0 184.3 3.0 786.8 -130.8 

150 150 0 42.5 3.0 131.6 -24.0 

150 150 0 90.6 3.0 298.5 -47.2 

150 150 0 137.5 3.0 462.5 -74.4 

ISO ISO 0 185.0 3.0 638.8 -100.0 

200 200 0 46.5 3.0 120.0 -22.5 

200 200 0 90.2 3.0 250.2 -37.4 

200 200 0 135.8 3.0 379.7 -55.3 

200 200 0 186.4 3.0 545.2 -86.2 

250 250 0 44.0 3.0 95.0 -19.0 

250 250 0 89.9 3.0 217.7 -36.3 

250 250 0 138.0 3.0 332.3 -54.8 

250 250 0 184.0 3.0 469.6 -70.3 

To improve the quality of the readings from the instrumentation which are automatically 

recorded in a computer file, a modified least squares filter was applied. The smoothed 

value, tIn, is given as a weighted average of five adjacent values from the original data 

[Hamming, 1983], successfully decreasing eventual levels of noise and facilitating the 

data analysis: 
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REPEATED LOAD TRIAXIAL TEST 
Preliminary Testing on Slate Waste 
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Figure 6.5 Triaxial stress paths and failure line (slate waste - SWO). 
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A summary of the results is presented in Table 6.1 and representative results obtained for 

the axial strain, radial strain and Poisson's ratio are shown in Figures 6.6 to 6.8. Some 

typical characteristics of granular materials behaviour are evident, such as, the non-linear 

relationship between stresses and strains (evident in the shape and spacing of the lines in 

Figures 6.6 and 6.7). The increase of resilient modulus with confining stress is 

particularly noticeable. A more remarkable feature is the very low Poisson's ratio 

obtained, 0.14-0.15, which remains approximately constant with the deviator stress and 

cell pressure. At low levels of deviatoric stress, and therefore low levels of strains, the 

accuracy of the system to measure strains decreases (in particular for radial strains). Thus 

the reliability of Poisson's ratio values for those levels is questionable. The low 

Poisson's ratio is likely to be a consequence of the high flakiness ofthe particles which 

tend to have a predominantly horizontal orientation easily observed after compaction. 
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REPEATED LOAD TRIAXIAL TEST 
Preliminary TestiDc 08 Slate Waste 
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Figure 6.6 Axial strain during one loading cycle (slate waste - SWO). 
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Figure 6.7 Radial strain during one loading cycle (slate waste - SWO). 
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REPEATED LOAD TRIAXIAL TEST 
Pre6minary Testing on Slate Waste 
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Figure 6.8 Poisson's ratio during one loading cycle (slate waste - SWO). 

To model the resilient behaviour of slate waste in this preliminary phase both K-6 and 

Uzan models were used. These models are presented in Section 6.6.2 and the parameters 

obtained are listed in Table 6.2. These constants were obtained using a statistical 

software able to perform multivariate non-linear regression analysis. 

Model 

K-6 

Uzan 

Table 6.2 Model constants and correlation coefficient (slate waste). 

1136 

906 

0.586 

0.707 - 0.203 

0.77 

0.98 

v 

0.15 

It is common practice to determine the constants of non-linear models to transform the 

model equation to make it linear, in order to calculate the parameters without need to use 
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complex and expensive statistical programs. It should be noted, however, that this does 

not lead to the same results. One procedme in relation to the K -6 model (Equation 6.19) 

is to apply logarithms to both sides of the equation and then use simple linear regression 

to determine the constants. Following this method the values obtained are KJ = 1202, K2 

= 0.552 and R2 = 0.79, which introduces an extra error of up to 3.5 % for the range of 

stress paths tested and slightly overestimates the correlation coefficient. 

Another technique consists of using different sets of data from repeated load triaxial tests 

to determine different constants of the same non-linear model. For example in the case 

of isotropic models, it is possible to take advantage of this fact and use experimental 

results from repeated cell pressure tests to evaluate some constants and then use data 

from repeated deviatoric stress tests to calculate the other constants of the same model 

[Karasahin, 1993]. Even though this may simplify the process of calculating the material 

constants, it is unlikely that the fInal model will correspond to the best fit for the totality 

of data available, since the constants were determined with partial data. From experience 

in this study, it is recommended that constants are determined using multivariate non­

linear regression analysis carried out using the totality of adequate experimental results 

obtained. 

In this preliminary phase, only these two models were used due to the simplicity of the 

stress paths applied for this particular study, in which the initial deviator stress was zero 

and the confining pressure constant. Another important factor is that the measured 

Poisson's ratio was found to be approximately constant for the slate as assumed by these 

models. 

The approach using K- e model is quite poor because this model neglects the influence 

of the deviatoric stress on the resilient behaviour. This is evident from the variation 

within the sets of data plotted on Figure 6.9 where each group of data represents results 

from one cell pressure with deviator stress increasing left to right. The inadequacy of this 

model has been confIrmed by other researchers [Correia, 1985; Karasahin, 1993]. 
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Chapter 6 - Repeated Load Triaxial Tests 

REPEATED LOAD TRIAXIAL TEST 
Preliminary Testing on Slate Waste 
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Figure 6.9 Resilient behaviour approach using K - e model (slate waste - SWO). 

For comparative purposes, the resilient modulus value was computed using the 

parameters of Table 6.2 for a particular stress condition that had been used previously for 

other materials with similar compaction [Thorn, 1988; Thorn & Brown, 1989]. This 

stress path corresponds to the application of a constant confining pressure of 50 kPa and 

cycling the deviatoric stress between 0 and 100 kPa. Under these conditions the value 

of resilient modulus was calculated as being 175 MPa. Comparing the slate waste with 

other materials [Dawson, Brown & Thorn, 1989; Dawson & Nunes, 1993], it seems that 

the slate waste performs slightly better than furnace bottom ash, sand and sand with 

gravel, as far as resilient properties are concerned. A higher resilient modulus was 

obtained at higher levels of compaction, more representative of those achieved in the 

field (this will be reported later in this chapter). The very low Poisson's ratio of the slate 

waste should be taken into account in pavement analysis and design. 
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6.4. Test technique 

F or the later work, it was important to have a detailed test procedure since several 

materials were to be tested in the repeated load triaxial rig. This is an important aspect 

since the aim was to make a comparison of the properties of secondary materials and of 

conventional aggregates. 

Some recommendations for the performance of repeated load triaxial tests resulted from 

a laboratory twinning project that was recently concluded between the Laborat6rio 

Nacional de Engenharia Civil (Portugal), the University of Nottingham (United Kingdom), 

the Laboratoire Central des Ponts et Chaussees (France) and the Delft University of 

Technology (The Netherlands). The aims of this project were [Galjaard, Paute & Dawson, 

1996]: to study the behaviour of soil and granular materials for road pavement 

construction; to compare the performance of triaxial test equipments; to develop and 

validate constitutive models; to compare and harmonise equipment, test procedures and 

design methods. These recommendations seemed to be an excellent starting point for 

testing secondary aggregates. They have been embraced by the European Committee for 

Standardisation (CEN) and are now part of an European Standard Draft [CEN, 1995]. 

The study of granular materials under repeated loading in the triaxial apparatus includes 

several phases of experimental work: specimen preparation, specimen conditioning, 

resilient behaviour tests and permanent behaviour tests. Each of these phases are briefly 

described below, taking into consideration the recommendations of CEN and of the 

laboratory twinning project referred above [CEN, 1995; Paute, Dawson & Galjaard, 

1996; Paute, Homych & Benaben, 1996]. Some modifications were necessary to test 

procedures in the light of the specific characteristics of secondary materials which will 

also be reported. 

6.4.1. Development of compaction technique 

The compaction technique should be able to reproduce the levels of compaction achieved 

in road construction in which the target is the maximum dry density obtained in the 
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compactibility test. It should also simulate the compaction mechanism in the field in 

order to obtain a compacted material whose particles are organised and orientated in a 

similar manner to that of the materials in the pavement structure. This is especially 

important for the study of permanent deformations which are particularly sensitive to the 

method of compaction [Thorn, 1988; Brown & Selig, 1991]. 

From the preliminary tests performed on slate waste it was evident that the use of 

vibrating table with or without surcharge load was not enough to reach high levels of 

density and that a different technique would have to be adopted. 

As to the simulation of the compaction mechanism, unbound materials are laid in the 

field and then, after the required amounts of water are added, they are compacted using 

rollers. This process follows a method that specifies the number of necessary passes 

which depend on the type of compaction plant, its static mass and the compacted 

thickness of the material [DoT, 1993]. The most common rollers apply vibration to the 

material under compaction. 

The simulation of this mechanism in the laboratory is difficult. For bituminous materials 

one of the methods used at the University of Nottingham is the compaction of slabs in 

the roller compactor rig [Brown et al, 1995]. This equipment simulates the action of a 

deadweight roller and includes a pivoted steel roller segment that compacts the material 

while an horizontal ram drives the slab mould backwards and forwards. From those slabs 

beam specimens can be cut or cylindrical specimens drilled for testing. For unbound 

materials, however, this method cannot be used. 

F or the manufacture of specimens with stabilised materials a vibro-compression 

technique has been used in France [Chi, 1976; NF P 98-230, 1992]. It results from the 

double action of an axial compression and radial vibration generating specimens with 

highly homogeneous densities. This method, which could be used for unbound materials 

since the specimen is compacted in its final form, was not available for this research and 

could not be developed in time. 

It has been demonstrated that moisture content and density affect the properties of 
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pavement materials under repeated loading [Dawson Thorn & Paute, 1996' Thorn & 

Brown, 1987; Thorn & Brown, 1988]. In general an incr ase in moi ture content results 

in lower resilient moduli, higher Poisson's ratio and larger pennanent deformations. 

Moreover, it is generally accepted that density only slightly affects the resilient properties 

of granular materials and that its influence on the permanent deli rrnation b ha iour is 

much more significant. 

The specimen should be tested at a density and moisture c ntent simulating the 

equilibrium pavement conditions as closely as possible. According to the p cification 

for Highway Works [DoT, 1993] these conditions shall b considered as being the 

optimum moisture content and the density corresponding to a unifonn air oids content 

of 5 %. As an alternative, a reasonable range of water content and densities may be 

chosen, for instance, within 1 % above and 2 % below the optimum m i ture content and 

within 95 % and 100 % of the maximum dry density. Paute, Dawson & Galjaard [1996] 

proposed a similar range of dry densities and three levels of water content: 1 2 and 4 % 

below the optimum value. However, for the objectives of this project the analysis of 

several secondary materials using a range of moisture contents and densities was not 

practical and, therefore, the study was conducted at the optimum alues which 

correspond to target field requirements and the values obtained should be reasonably on 

the conservative side. Another reason to support this choice are the results obtained in 

the conventional testing phase from which it was concluded that the point corresponding 

to 5 % air voids seems to correspond to an excessive degree of compaction for the 

materials studied (Chapter 3). 

In the light .of previous considerations and after several tentati e trials the following 

technique was developed (Figures 6.10 to 6.12 illustrate the meth d : 

• 
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a latex membrane to which four studs have been fixed is placed inside a mould 

and sealed to both extremities of the mould with two o-ring. 0 en ure the 

correct position of the studs, to which the instrumentation will be attached, and 

hold the membrane in place, vacuum is applied between the internal wall of the 

mould and the membrane (Figure 6.12); 
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Figure 6.10 Specimen compaction for triaxial testing. 

Figure 6.11 Detail of compaction mould. 
Figure 6.12 Detail of studs' assembly. 
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• unbound samples were compacted in the four-piece aluminium split mould 

normally used for the preparation of specimens for triaxial testing [Brown, 

O'Reilly & Pappin, 1989]; 

• stabilised specimens were compacted in new two-piece cylindrical plastic 

moulds, reinforced at different levels by "jubilee" clips hindering any lateral 

deformation of their walls (Figure 6.11). This type of mould is compatible with 

the need to leave the specimens curing inside the mould during the first few days 

before the material develops strength since the moulds are easy to manufacture 

and relatively inexpensive; 

• the compaction energy is transmitted to the specimen by both a vibrating table, 

on top of which the compaction mould is placed and fixed, and a vertically­

guided vibrating hammer operating on top of each layer; 

• the compaction is done in five layers and controlled layer by layer. The time and 

characteristics of vibration (frequency and amplitude) may be adjusted according 

to the type of material, in order to achieve the aimed densities; 

• the compaction is performed at the optimum moisture content and maximum dry 

density obtained in the compactibility test for graded aggregates [BS 5835, 1980]; 

• triaxial tests must be performed at constant moisture content, and for this reason 

it is important to guarantee that no water is lost during testing. For this purpose 

a waterproof geotextile (treated with silicone emulsion) is placed at the interface 

between specimen and both top and bottom platens. 

A more detailed description of sample preparation and setting-up procedure for the 

repeated load triaxial test may be found in the bibliography [Brown, O'Reilly & Pappin. 

1989; Nunes, 1996]. 

This procedure enables the compaction of materials at high densities, simulates the 

vibration applied by the rollers during compaction and, by using partial section 

compaction feet, can in some way simulate their kneading action. 

After compaction, unbound specimens are left for about 24 hours to allow the dissipation 

of pore pressures which may have been generated during the process. For permeable or 

dry specimens, this may not be necessary and then the triaxial specimen may be tested 
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immediately after compaction. 

For treated materials, however, the specimens have to be left for curing. The following 

guidelines were followed to assure similar conditions to all materials, including the 

heavily-stabilised mixtures studied in Chapter 8: 

• immediately after compaction, the specimens should be carefully sealed to avoid 

the loss of moisture. This is essential for strength development and may be 

achieved by using plastic membranes to wrap the specimens tightly; 

• 

• 

• 

sealed specimens should be stored in a temperature controlled room at constant 

temperature of 20°C; 

after a period of 2 to 3 days the specimens should have already developed an 

initial strength enabling the removal of the moulds and thus releasing them for 

the compaction of further specimens. The specimen should again be adequately 

sealed and stored at constant temperature (20°C) until the end of the curing 

period; 

especially for highly permeable mixtures, it is important to turn specimens up­

side down periodically in order to avoid concentration of moisture in the lower 

half of the specimens which would result in considerable heterogeneity within the 

specimen. 

6.4.2. Specimen conditioning 

The specimen conditioning procedure is aimed at bringing the specimen to a stable state 

of fully resilient behaviour, in which the deformations are almost completely recovered 

after each load application. It has been demonstrated [Galjaard, Paute & Dawson, 1996] 

that resilient strains can decrease significantly from the beginning of the test tending to 

stabilise after 5000 cycles approximately, demonstrating the importance of the specimen 

conditioning for the study of resilient properties. In addition, as a large number of cycles 

is applied to the specimen and both resilient and permanent deformations are recorded 

throughout the specimen conditioning, it also results in some valuable permanent 

deformation behaviour data. 
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In the programme described here, the conditioning of the specimen consists of applying 

20000 cycles of loading to the specimen, at the stress levels indicated in Table 6.3. The 

stresses are applied in the form of half sine waves with a frequency of loading of 1 Hz 

[Sweere, 1990; Brown & Selig, 1991]. There was a rest period between pulses ofO.S 

seconds. 

Table 6.3 Stress levels for the conditioning of the specimen [after Paule. 
Dawson & Galjaard. 1996]. 

Confining Stress, oJ (kPa) Deviator Stress, q (kPa) 

min max min max q,lp, 

o 100 o 600 2.0 

Stresses and strains (resilient and pennanent) are recorded at the following values of the 

cycle number, N: 20, 50, 100,200,400, 1000,2500,5000, 7500, 10000, 12500, 15000 

and 20000. After finishing the conditioning test, the specimen is left without loading for 

some time until all deformations have ceased. 

The first attempts to condition the specimen at the specified stress path (Table 6.3) 

resulted in the specimen failure. Two specimens of WlboWld china clay sand and one of 

furnace bottom ash treated with 2 % of cement failed during the conditioning phase. 

These materials are believed to be adequate road construction materials and the fact that 

they failed under the conditioning stress path seems to point to the inappropriateness of 

the stress path rather than of the material itself. It is believed that the recommended 

stress path is too harsh for this phase due to the following factors: 

• it subjects the specimen to the highest stress level used for the resilient behaviour 

study without providing an appropriate confinement to the specimen; 

• after conditioning the specimen was already subjected to high stresses and due to, 

the introduction of pennanent defonnations it is slightly more dense and stronger; 

• stress paths applied for all phases (conditioning, resilient behaviour and, 

permanent deformations) should be related to the failure line of the rnatcriat., 

tested. They should not surpass approximately 70 % of the values co~, 

to failure, except for permanent deformation testing when they may exccc:d; 
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slightly that value; 

from Figure 6.5 it is evident that prnax = 300 kPa and qrnax = 600 kPa will fall 

beyond failure. Even taking into consideration that slate waste was under­

compacted in the preliminary tests, other secondary materials will probably 

exhibit lower ultimate strength than conventional aggregates, and for those this 

conditioning stress path is not acceptable. 

As a consequence, the use of a constant confining pressure for conditioning the specimen 

is proposed to safeguard the integrity of the specimens. Since the main objective is to 

bring the specimen to a stable state and the mechanical properties will be determined in 

subsequent phases in which the desired stress paths may be applied, the use of constant 

cell pressure is not likely to affect the results in a significant manner. The resulting stress 

path is shown in Table 6.4 and Figure 6.13. 

Table 6.4 Proposed conditioning stress path. 

Confining Stress, 0 3 (kPa) Deviator Stress, q (kPa) 

min max 

100 100 

6.4.3. Resilient behaviour tests 

min 

o 

max 

Minimum of 
600 kPa 

70 % of failure 

q,lPr 

3.0 

According to Paute, Dawson & Galjaard [1996], to study the resilient behaviour a range 

of stress paths is applied to the specimen corresponding to stress ratios, qr / Pr' equal to 

0.0, 0.5, 1.5, 2.0 and 2.5, and two different minimum confining stresses, 0 3 min' 0 and 15 

kPa. The corresponding stress levels are presented in Table 6.5 and Figure 6.14. The 

frequency of loading should be of 1 Hz with 0.5 s rest periods, as for the conditioning 

test. 

As in the modified conditioning phase, the stress paths should not be higher than 70 % 

of the values corresponding to failure. In practice it may be necessary to limit the most 

demanding stress paths: D3 & E3 of the first series and 13 & 13 of the second series. 
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REPEATED LOAD TRIAXIAL TEST 
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Figure 6.13 Comparison of conditioning stress paths. 
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Table 6.5 Stress levels for the resilient behaviour study [after Paute, Dawson & Galjaard, 1996]. 

Path 1 1 J 4 

0 3 (kPa) q (kPa) 0 3 (kPa) q (kPI) 0 3 (kPa) q (kPa) 0) (kPa) q (kPI) 
q.Ip.. 

Code 

min max min max min max min max min max min mil min mil min mix 

First Series - OJ mill = 0 kPa 

A 0 250 0 0 10 260 150 150 0.0 

B 0 50 0 30 0 100 0 60 0 175 0 105 0 250 0 ISO O.S 

C 0 50 0 150 0 100 0 300 0 ISO 0 450 0 200 0 600 1.S 

0 0 30 0 180 0 60 0 360 0 100 0 600 2.0 

E 0 10 0 150 0 15 0 225 0 20 0 300 2.S 

Second Series - 0) .... = 15 kPa 

F 15 265 0 0 25 275 150 150 0.0 

G 15 65 0 30 IS 115 0 60 15 190 0 105 15 265 0 ISO 0.5 

H 15 65 0 150 15 115 0 300 IS 165 0 450 IS 215 0 600 I.S 

I 15 45 0 180 15 75 0 360 IS 115 0 600 2.0 

J 15 25 0 150 15 30 0 225 IS 35 0 300 2.S 

Page 182 



Chapter 6 - Repeated Load Triaxial Tests 

REPEATED LOAD TRIAXIAL TEST 
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Figure 6.14 Stress paths for the study of resilient behaviour. 

Each stress level is applied for 100 cycles in the sequence A I, A2, 81, 82, 83, ... , and 

the stresses and strains are recorded between cycles 90 and 100 for each path, allowing 

for strain stabilisation after each. Finally, after applying all stress levels the specimen is 

removed from the triaxial rig and the moisture content is determined. 

The use of stress paths corresponding to confining stresses of up to 265 kPa and 

deviatoric stresses of up to 600 kPa represents a radical change in the way repeated load 

triaxial tests are performed. In fact, previous researchers [TRB, 1975; Thorn, 1988; 

Karasahin, 1993; Cheung, 1994] have favoured the use of considerably lower levels of 

stress that are in accordance with the stresses induced in a finished road pavement. Yet, 

calculations of the vertical stresses induced in a pavement structure have shown that the 

stress levels during the construction phase may be ten times higher than the 

corresponding stresses in the same pavement during service [Cheung, 1994]. This 

reinforces the need to use a wide range of stress paths for triaxial testing, including the 

application of high levels of stress in order to simulate the construction phase. 
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6.4.4. Permanent behaviour tests 

F or the characterisation of pennanent defonnation properties several stress paths are 

used, but unlike for resilient behaviour, each stress path is applied to a new specimen 

without previous conditioning, since the number of load applications and the levels of 

stresses will fundamentally alter the specimen conditions. A minimum of four specimens 

need to be tested. Table 6.6 and Figure 6.15 present the stress levels used in accordance 

with the CEN draft [CEN, 1995] and the frequency ofloading was 1 Hz. 

Table 6.6 Stress levels for the pennanent behaviour study [after Paute, Dawson 
& Galjaard, 1996). 

Confining Stress, 0, (kPa) Deviator Stress, q (kPa) 

min mal. min mal. 
q'/Pr 

0 20 0 300 2.5 
0 100 0 600 2.0 
0 200 0 600 1.5 
0 75 0 300 1.7 

Each stress level is repeatedly applied, 80000 times, and the stresses and strains recorded 

for the following numbers of load applications, N: 20, 50, 100,200,400, 1000, 2S00!t 

5000,7500,10000,12500,15000,20000,40000,60000,80000. 

The application of extra stress paths may be necessary in some cases. Ideally, the final 

permanent strains should be within the range 2000 and 20000 J.l€ in order to permit the 

modelling of results [paute, Dawson & Galjaard, 1996]. 
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Figure 6.15 Stress paths for the study of permanent deformation behaviour. 
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6.5. Typical stress I strain results 

Stress-strain results are presented in Figures 6.16 to 6.18 illustrating the typical properties 

of granular materials described in the previous section with experimental data obtained 

from monotonic and repeated load triaxial tests perfonned on unbound slate waste. 

An interesting aspect that results from these figures is the curvature of the loading part 

of the stress / strain hysteresis loop corresponding to an increase of the resilient modulus 

with the stress level. This is contrary to what is widely presented in the bibliography and 

reproduced in Figure 6.4, which corresponds to a decrease of the resilient modulus as the 

peak deviator stress increases. Allaart [1992] clearly distinguishes the behaviour of 

granular materials under repeated loading from that of steel, linear elastic behaviour, and 

concrete characterised by decreasing resilient modulus with the stress level as a result of 

internal damaging of the material (Figure 6.19). He explains granular materials' stress­

strain relationships by considering two spheres acting against each other. For small 

pressures the area of contact is small and an increase in overall pressure on the material 

corresponds to a large displacement of the centres of the spheres. On the other hand, for 

higher overall pressures the area of sphere contact will be larger and the same increase 

in overall pressure will result in a smaller increase in the contact stresses. This results 

in smaller displacements and a higher resilient modulus. In addition, resilient dilation 

is also responsible for the fonn of the stress / strain curves. 

The same type of results is presented in Figures 6.20 to 6.22 for treatment level I, in this 

case for furnace bottom ash treated with 2 % of cement (see Chapter 4, Table 4.6, for 

material codes). For the stronger materials of treatment level II, it was not possible to fail 

the specimens up to the maximum working load of the triaxial equipment (20 leN) 

corresponding to a maximum deviatoric stress of approximately 1150 kPa. The rutting 

susceptibility of these materials is also significantly reduced and as a result the rate of 

accumulation is very small and more affected by electrical noise from the 

instrumentation. For this reason, only Figure 6.23 is presented illustrating the resilient 

behaviour of secondary materials treated with higher levels of binder content. 
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MONOTONIC LOAD 1RIAXIAL TEST 
Slate Waste 
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Figure 6.16 Experimental result from triaxial test using monotonic loading (unbound material). 

500 ~--

REPEATED LOAD TRIAXIAL TEST 
Slate Waste 

-~, -----~----_r------~--

I 
I ' 
I fMatirial: SWI ---'---l 

450 -r-iBildercorlelC: Uti>olnl 1--- --
! : c~ periJd: None ! 

400 r-"'Confrilg~~I_~~ar--
~ 350 i------------------­
~ 300 t--- -.. 
~' , 

.~ 

.s 

.! 
t 

Q 

250 +.---- ----__ ~- __ _ 
200 1--- .... -- - ~ 

i 
150 -i---

I 
I 

looL. 

50 

o 
o 500 

-0-- N=lto3 __ N=IOOII 

1000 1500 2000 2500 

Axial Strain (fJE) 

-0- N=I,OOO/l ___ N=20,OOOII 

Figure 6.17 Development of pennanent defonnations in repeated load triaxial tests (unbound material). 
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REPEATED LOAD TRIAXIAL TEST 
Slate Waste 
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MONOTONIC LOAD 1RIAXIAL TEST 
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Figure 6.20 Experimental results from triaxial test using monotonic loading (treatment level I). 
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Figure 6.21 Development of permanent deformation in repeated load triaxial tests (treatment level I). 
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Figure 6.22 Typical resilient behaviour of treated materials under repeated loading (treatment level I). 

REPEATED LOAD TRIAXIAL TEST 
C ...... ClayS ... d 

600 

500 .l.---------t-' -----f­
I 
I 

! 
__ 'I 

~ 400 L----.--t--._ .. -- .i..---

'-' 

~ 
.~ 
! 
III 

~ 

300 .;.------ -- -~-- - ----

200 ~- ---'-- --+ 
I 

100 i-

0...:.....---

o 20 40 60 80 

Axial Stnill (~) 

100 

~CC2' I 
Blldcr:c - 2 %+ .,.-1%1 
Cwq pcnod: 21 da)S 

COIIIiq SIlaS 0-100 th ! 
u.qC)CIe:N -100 i 

_ __...------J 

120 140 

Figure 6.23 Typical resilient behaviour oft:reated materials under repeated loading (treatment level U). 
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Comparing treated with unbound materials, it seems that very light treatment does not 

give rise to a totally different kind of behaviour under repeated loading. This seems to 

be the case, as long as the final strength / resilient modulus of the stabilised material is 

not excessively high. This aspect will be discussed in subsequent sections. The main 

perceptible difference is the amount of energy dissipated during one loading cycle which 

seems to be reduced for the treated material, reflected by a much narrower hysteresis 

loop. This tendency is also observed for the stronger china clay sand (treatment level II). 

In this case, however, the non-linearity of the material and stress dependency is 

considerably reduced and the stiffness markedly increased. 

Finally, taking into account the limitations of the equipment to a maximum load of20 

kN, a summary of the strength results that were possible to obtain is presented in Figures 

6.24 and 6.25. In the latter, lime-stabilised minestone (MIl) was only tested with a 

confining pressure of 50 kPa. An important increase in the strength of slate waste (SWI) 

was observed in relation to the preliminary test (SWO) when the material was clearly 

under-compacted at a dry density of 1.88 Mg/m3 (approximately 84 % of the maximum 

dry density obtained in the compactibility test). As expected, it is clear from these results 

that triaxial strength is significantly affected by the density of the material. 

The position of the failure lines in Figure 6.24 seems to confirm the idea already 

expressed that the stress paths applied in repeated load triaxial tests should be related to 

the failure line of the materials and some of the stress paths proposed in the European 

Standard Draft [CEN, 1995] may not be possible in practice. 

In Figure 6.25, the materials are ranked based on their triaxial strength when tested using 

monotonic loading without confining pressure (03 = 0 kPa). The results obtained with a 

confining pressure of 50 kPa are also given for the weaker materials. The strength 

improves significantly with treatment of the materials with the exception of minestone 

stabilised with 5 % of lime (MIl), which remains at the top end of the unbound specimens. 

Although the mixture is successful in the sense that it brings some cohesion to the material 

giving a strength slightly lower than for granite Type 1, from the results obtained it would 

seem that either the inter-particle bonds created are weak, or this is a result indicating a 

very low particle strength which is not much improved through treatment. 
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6.6. Resilient behaviour of secondary materials 

Secondary materials are essentially granular materials that mayor may not have some 

specific properties such as: special particle shape (e.g. slate waste), low particle densities 

(e.g. bottom ash), high particle densities (e.g. steel slag), pozzolanity (e.g. fly ash) etc. 

In principle, for modelling the behaviour of unbound secondary materials under repeated 

loading, current models for granular materials should be able to predict adequately the 

experimental results obtained from repeated load triaxial tests. The situation may change 

when those materials are treated. The objectives of this section are: 

• 

• 

• 
• 

to review and critically discuss existing models for granular materials in order to 

identify the ones most appropriate for use with secondary materials; 

to examine whether or not those models can be used with both unbound and 

bound secondary materials; 

to develop an acceptable model when existing ones do not apply; 

to identify eventual limits of applicability. 

6.6.1. General stress-strain relationships 

The stress-strain relationships generally used to characterise granular materials make use 

of Hooke's law governing the behaviour of elastic and isotropic materials: 

MCMNunes 

EI 1 -v -v ° 1 

E2 
1 1 -v °2 = - -V 
E 

E3 -v -v 1 °3 

major, intermediate and minor principal strains; 

major, intermediate and minor principal stresses; 

6.6 
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Young's modulus; 

Poisson's ratio. 

As mentioned previously, in pavement engineering the tenn Young's modulus is replaced 

by resilient modulus due to the non-linear stress-dependent behaviour of granular 

materials. With this replacement and for triaxial test axisymetric conditions, the 

following equations are obtained: 

where: Mr 

v 

M = , 

v = 

resilient modulus; 

Poisson's ratio; 

0lr> 03r major and minor repeated principal stresses; 

E lr, E3r major and minor resilient principal strains. 

6.7 

6.8 

In the case of constant confining pressure (CCP) tests (03r = 0 kPa) Equations 6.7 and 6.8 

reduce to: 

01, 
M = 6.9 , 

E I, 

V 
€3, 

6.10 = , 
€I, 

As far as modelling is concerned, the fonnulation in tenns of bulk modulus and shear 

Page 194 

t 

f' 
~ 
~ 
t 
.~ 



Chapter 6 - Repeated Load Triaxial Tests 

modulus has been favoured in preference to the Young's modulus and Poisson's ratio 

type of stress-strain relationship [Boyce, 1976; Pappin, 1979; Allaart, 1992]. In this case 

they are expressed in the following form: 

6.11 

6.12 

where: Evr resilient volumetric strain; 

Esr resilient shear strain; 

K bulk modulus; 

G shear modulus; 

p mean normal stress; 

q deviatoric stress; 

Il increment. 

The following parameters volumetric and shear resilient strains, respectively, have to be 

defined since they are used in most of the models described below. The last term of the 

following equations is valid for the axisymetric conditions ofthe triaxial test: 

6.13 

€ 6.14 
Ir 

where E lr, E 2n E3r are the major, intermediate and minor resilient principal strains 

respectively; 
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and the stress invariants usually considered for triaxial test conditions are 

q, = 

where: Pr 

1 
- (01 + 2 03,) 
3 ' 

repeated mean normal stress; 

repeated deviatoric stress; 

major, intermediate and minor repeated principal stresses. 

6.15 

6.16 

After modelling the material behaviour, and for materials' comparison purposes, it is 

possible to determine the mechanical properties, resilient modulus and Poisson's ratio. 

for a standard stress path using the Equations 6.7 and 6.8. These can be expressed in 

terms of the stress invariants p and q as follows: 

. " 

, '."' .. 
{ . 

M, = ___ 9_p_,_q_, __ 
9 p € + q € ,,, , v, 

v = 
4.5 p € - q € ,., , v, 

9 p € + q € ,., r vr 

6.17 

6.18 

This method is adopted by other researchers and it is the base of a classification system 

for granular materials proposed in France [Paute, Homych & Benaben, 1996]. The 

classification is based on two parameters obtained from the results of repeated load 

triaxial tests: characteristic resilient modulus (Mrc) and characteristic permanent strain 

(Alc)' Both are determined for a standard stress path represented by Pr = 300 kPa and CIr 

= 600 kPa, from zero initial stress conditions (Table 6.3). 
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In Section 6.4.2 it was noticed that the standard stress path was too severe for some of 

the unbound secondary materials studied and it was not possible to apply it without 

experiencing high levels of permanent deformations or even failure in the conditioning 

phase. Conversely, for some treated mixtures the same stress path was very far from 

failure levels. Hence it was decided to compute the same characteristic values so as to 

allow a fair comparison of materials and the use of the French classification system, but 

to derive these from modelled, rather than measured, response on the standard stress path. 

This may result in a false extrapolation of resilient data beyond the range of actual 

resilient behaviour. Thus, it is necessary to emphasise that the characteristic values 

should be used for comparison and classification purposes and not for pavement design. 

6.6.2. Review of existing models for granular materials 

The principal models used for analysing granular materials behaviour are described 

below. Whenever possible, the equations are presented in a non-dimensional form and 

with uniform symbology between models in order to simplify their comparison. This 

may cause the model to appear in a slightly different form in relation to its original form 

proposed by their authors. 

K - a model [Brown & Pell, 1967; Hicks & Monismith, 1971] 

( 
3 Ppmaax ) K2 M =p K r a 1 

6.19 

where: Mr resilient modulus; 

Pa atmospheric pressure, Pa = 100 kPa; 

Pmax maximum mean normal stress experienced during a stress excursion; 

K\> K2 material constants. 
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The value 3 in the equation above can be removed by considering the following change: 

K K = K x 3 2 
I (lIew> I (old) 

However, in the original model 6 = 3 Pmax was considered and this was also adopted in 

this study. 

Uzan model [Uzan, 1985] 

where: 'lmax 

K"K2,K3 

M =p K , a I 

deviatoric stress; and 

material constant. 

6.11 

When compared to K-6 model, Uzan model has the advantage of taking into 

consideration the influence of the deviatoric stress on the resilient properties. However, 

these models can only be used to analyse results of constant confining stress tests in 

which the minimum deviatoric stress is zero. They also assume constant Poisson's ratio 

which has been experimentally demonstrated not to be correct. As a result these models 

are used for the prediction of axial strains but not for radial strains. 

Boyce model [Boyce, 1980] 

This is a non-linear elastic model with three material constants. The volumetric and. 

shear strains are expressed as follows: 
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6.22 

E = d {p I-m pm _1 (!!...)} 
sr a 3 G 

a P 
6.23 

independent material constants (K., Ga in stress dimensions, kPa); 

material constant dependent on Ka, Ga and m. 

This model was developed usmg the theory of reciprocity (or principle of the 

conservation of the energy) 

= 6.24 

As has been demonstrated (Figure 6.18 and Sections 6.2 and 6.5) energy is lost, due to 

hysteresis, so this theory is actually invalid. It can be applied to Equations 6.22 and 6.23 

giving the following relationship as one of several solutions: 

6.25 

The principal advantage of Boyce's model is the use of just three constants. It is included 

in the European Standard Draft [CEN, 1995] for modelling triaxial results from variable 

confining pressure tests. 
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Pappin model [Pappin, 1979; Pappin & Brown, 1980; Brown & Pappin, 1981; Brown 

& Pappin, 1985] 

The full version of this model, also known as 'contour model' and Pappin & Brown 

model, incorporates stress path length dependency for the shear strain and no longer 

assumes that reciprocity holds true. It consists of a six-parameter model expressed by the 

following equations: 

where: Pr 

E = a {p Ir a 

1 

3 G a 

repeated mean normal stress; 

repeated deviatoric stress; 

initial mean normal stress; 

final mean normal stress; 

1(., Ga, m, n, p, p. independent material constants. 

6.26 

6.27 

Note, in particular, the different stress-dependency in the two relationships, with mp~ 

and the introduction of an independent p which means that reciprocity is not valid. The 

constant p. resulted from re-writing the original equation. It is here viewed with the same 

meaning as in the model presented later in this chapter used for permanent deformation 

behaviour. Its significance is shown schematically in Figure 6.26 where it can be seen 
to correspond to a translation of the deviatoric stress axis and, thus, may be consiclerecl 

a measure of suction. Asswning zero apparent cohesion (in effective stress tenus) for a 

granular material p + p. equals the effective stress p'. This line of argument leads to the 

requirement that p + p. should replace p in both relationships and not only in the shear 

strain equation. 
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Figure 6.26 Significance of parameter p •. 

Mayhew model [Mayhew, 1983] 

p 

Mayhew found that considering stress path length dependency, the shear strains could be 

predicted more accurately for stress paths far from zero stress but there was no 

improvement for stress paths starting from near zero stress [Mayhew, 1983]. As this was 

believed to be the case in granular pavement layers, he proposed the following non­

reciprocal five-parameter model: 

6.28 

6.29 

where Ka, Ga, m, n, p are independent material constants. 
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Jouve & Elhannani model [Jouve & Elhannani, 1994] 

The model first proposed by Elhannani is based on Boyce's model, but it entails other 

possibilities for granular materials behaviour, namely: 

• the theory of reciprocity may not always be valid and, thus, the existence of an 

elastic potential may not be verified; 

• the assumption of isotropy of granular materials implicit in Boyce's model may 

not be valid and, thus, the possibility of isotropic or of cross-anisotropic materials 

is included. 

As a result of these hypotheses there are four versions for this model presented below» 

according to whether the material is isotropic (~= 0) or orthotropic (~ * 0), and whether 

it satisfies the theory of reciprocity or not. 

I) Isotropic with potential (reciprocity valid) 

As for the Boyce model- Equations 6.22, 6.23 and 6.25. 

II) Isotropic without potential (reciprocity invalid): Equations 6.22 and 6.23 hold but 

6.25 is replaced with p now being an independent material constant, increasing 

the number of constants to four: K., GI , m and p. 

III) Orthotropic with potential (reciprocity valid) 

6.3/ 
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where Ka, Gil' m, ~ are independent material constant and P is defined by Equation 

6.25. 

IV) Orthotropic without potential (reciprocity invalid): same equations as case III) 

with P being an independent material constant. Thus the total number of 

constants is five: Ka, Ga, m, P and ~. 

This model has the same advantages and disadvantages as the Boyce model, with the 

difference that it introduces anisotropy, but is more difficult to use in practice. 

Karasahin model [Karasahin, 1993] 

This model has 2 versions: the first is an isotropic model for the prediction of results 

from constant confining pressure tests (CCP) and in this case the model includes 7 

material constants; the second version incorporates anisotropy and it is used in particular 

for variable confining pressure tests (VCP), cycling both axial and radial stresses. This 

version has 13 constants in total. The equations of this model may be found in the 

bibliography [Karasahin, 1993]. 

The main advantage of Karasahin's model is the incorporation of materials' anisotropy. 

However, the high number of constants necessary for its characterisation tend to restrict 

its application in practice. Some problems in modelling radial strains still remain. 

6.6.3. Brief comparison of models 

From the re-written equations it is evident that Boyce, Pappin, Mayhew and Jouve & 

Elhannani models are of the same form. Table 6.7 summarises their capabilities and 

limitations. 
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Table 6.7 Comparison of models for resilient behaviour of granular materials. 

Model Type Redprodty Non-linked Ortbotropk Stress patb Otber 
Invalid non-linearity lengtb (p j 

Curve Boyce (l) (2) dependency 
Fitting 

K· e ./ 

Uzan ./ 

Pappin ./ 

Mayhew ./ ./ ./ 

I (Boyce) ./ 

Jouve& 
Elhannani 

Notes: (I) 
(2) 

II 

III 

IV 

./ 

./ 

./ 

~independentcon~t 
magnitude of power in €v and £. equations is different (m -- n) 

Jouve & Elhannani versions III and IV, are considered to be of less interest than the other 

models because of the difficulty in explaining the meaning of the parameter ~ in the case 

of non-elastic behaviour [paute, Dawson & Galj aard , 1996]. Additionally, for the 

application to treated secondary materials the consideration of anisotropy is less 

important. This is demonstrated by the results presented in Chapter 7 where specimens 

of stabilised fly ash were compacted following the same procedures as for triaxial 

specimens, dry-cut into diametral specimens and tested in the perpendicular directions 

in relation to the triaxial tests. The resilient moduli obtained were similar. 

It has been found in previous studies that Boyce and Elhannani models are able to predict 

shear strains, but poor predictions were observed for the volumetric strains [Karasahins 

1993]. This may suggest better performances of those models which do not respect the 

theory of reciprocity. Hence, with P as an independent variable the models are more 

general and encompass the possibility of complying with that theory. 

Furthermore, the consideration of the exponents m = n as proposed by Boyce and Jowe 

& Elhannani does not seem to be realistic. In this research, extensive testing was carried 
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out and the results obtained for those exponents were invariably different for the 

volumetric and shear strains. To contemplate the possibility of m "* n seems for this 

reason not only advisable but logical since this will also cover the possibility of m being 

equal to n. 

6.6.4. Models and modified models considered 

As a result of the considerations exposed in the last section, the hypotheses considered 

for evaluation to model the behaviour of secondary materials under repeated loading 

were: 

• 
• 

• 

• 

Pappin volumetric model, Equation 6.26; 

Pappin shear model, Equation 6.27; 

Mayhew shear model, Equation 6.29 (Mayhew's volumetric model is equal to 

Pappin's); 

Modified Mayhew volumetric model, incorporating the parameter p' (p+p 

replaces p) 

• Modified Mayhew shear model, incorporating the parameter p' 

€ = ~ { I-n (p + 'I') n 1 ( q )} 
ST PaP 3 G * 

a p+p 
6.33 

• Modified Mayhew shear model, incorporating the parameter p' and stress path 

length dependency 

MCMNunes Page 205 



Enabling tJw Ule of AlwmaJiw AIaIe,ials in Rood C onslnlcliorr 

1 

3 G 
Q 

6.34 

In the last equation it would be possible to separate the degree of effect of stress path 

length dependency (indicated by the last n) from that of non-linearity (represented by 1bc 

first two 'n's). Yet, that would imply the introduction of another material constant and 

the results show that this equation is sufficiently accurate for unbound materials. 

6.6.5. Modelling results 

The results of this evaluation are presented in Tables 6.8 to 6.10 and some examples 

representative of the performance ofG-K models are shown in Figures 6.27 to 6.32, for 

each level of treatment considered in this research. 

For the unbound materials the Pappin and Mayhew models give very good results 

(notice that Mayhew and Pappin volumetric models are expressed by the same equation). 

Slightly better performance is obtained in the case of unbound granite with the Pappin 

model. 

The two modified Mayhew models incorporating the parameter p., and p. with stress path 

length dependency, in general perform slightly better than the original model but this 

improvement is very small to justify the introduction of another material constant (p. ). 

With respect to the results obtained with treated materials the situation changes. The 

performance ofPappin and Mayhew models clearly declines in particular for the higher 

level of treatment (e.g. CC2, MI4 and F A3). In this case we can notice an increased 

importance of the parameters p. (in particular for the treated furnace bottom ash. BAlIDd 

BA4) and stress path length dependency (e.g. CC4, BA3. BA4, MI I. MI4 and FAll. 
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The modified Mayhew model incorporating the parameter p. and stress path length 

dependency performs consistently better than the others (with the exception ofBA4). 

Table 6.8 Constants and correlation coefficients for the hypotheses considered to model the 
resilient behaviour (unbound materials). 

UNBOUND MATERIALS 

Volumetric Model Shear Model 
Material Model '---------------r-----------

m p G. n 

CC6 P applO 099 69575 0602 I 802E 1 - ----- i 091 68670 0166 9 

Mayhew 0.91 70064 0.335 -----

Mayh+p· 0.99 62399 0.542 1.690E-I 2 0.92 65684 0.225 4 

Mayh++ 0.93 85132 0.241 2 

T1 Pappin : 0.85 120909 0.642 2.995E-I ----- 0.83 551997 1.840 228 

! 
0.77 110284 0.344 Mayhewi -----

Mayh+p·1 0.86 105287 0.544 2.776E-I ' 0.77 105314 0.291 

Mayh++1 0.82 177192 0.357 o 
SWI Pappin 0.93 77096 0.395 4.928E-2 ----- , 0.96 76644 0.349 

I I 

! 0.95 91449 0.413 Mayhew/ 
i 

91 

Mayh+p· 0.94 13 8.IE-051.337E-5 21 10.95 89083 0.352 4 
! 

Mayh++i 0.98 141756 0.382 

KEY: Mayh + p. Modified Mayhew model, incorporating the parameter p. 
Mayh ++ Modified Mayhew shear model, incorporating the parameter p. and stress path 

length dependency 
R Correlation coefficient 
K., G., m, n, p, p. Independent material constants 
Unbound Specimens: CC6 China Clay Sand 

Tl Granite Type 1 Sub-base material 
SWI Slate Waste 
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Constants and correlation coefficients for the hypotheses considered to model the 
resilient behaviour (treatment level I). 

TREA TMENT LEVEL I 

Volumetric Model Shear Model 
Material Model ~l -----------------------­

p' m p p' n 

CC4 Pappin: 0.83 424943 0.619 o 0.88 35926 0.997 4407 

c =2 % Mayhew 0.73 452112 0.886 

-----;~-----------------------------------------Mayh+p', 0.84 224533 0.395 

Mayh ++ 
I 

o 28 0.73 437077 0.858 II 

0.88 1468630 0.938 o 
BA4 Pappin: 0.92 173232 0.626 8.297E-2 - 0.87 88727 0.786 II' 

c = 2 % Mayhew· 
I 

Mayh+p': 0.97 34 1.7E-04 3.866E-5 35 

0.69 \03912 0.640 

0.75 60006 0.224 74 
! 

Mayh ++i 0.84 193960 0.576 3 
! 

MIl Pappin: 0.92 205800 0.787 1.195E-1 - 0.96 27543 0.120 10'1 
I 

1= 5 % Mayhew I 0.85 113463 0.707 
I 

Mayh+p'! 0.94 42094 0.358 1.I63E-1 205 0.86 93612 0.562 47 

Mayh++1 
I 

0.97 301347 0.826 3 

FAl Pappin ; 0.82 1270490 0.641 o 0.88 0.261 0.573 1.3E+09 
I 

c = 2 % Mayhew i 
I 

Mayh+p" 0.85 241677 0.201 

Mayh++; 

o 

0.94 2820460 1.564 

72 0.94 4506120 1.801 

0.95 5924800 1.183 

KEY: Mayh + p' Modified Mayhew model, incorporating the parameter p' 

19 

64 

Mayb ++ Modified Mayhew shear model, incorporating the parameter p' and stress .,.. 
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K., G .. m, n, p, p' Independent material constants 
Treatment Levell: CC4 China Clay Sand + 21Y. cement 

BA4 Furnace BoUOm Ash + 2 % cement 
MIl Minestone + 5 % lime 
F A2 Pulverised Fuel Ash + 2 % cement 
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Table 6.10 Constants and correlation coefficients for the hypotheses considered to model the 
resilient behaviour (treatment level II). 

TREATMENT LEVEL 1/ 

Volumetric Model Shear Model 
Material Model· 

R2 K. P . R2 G. . m p I n p 

CC2 Pappin : 0.63 560683 0.601 0 1 0.80 20704 0.000 5059 

c=2% Mayhew! 1 0.80 1121020 1.017 

pfa=8% 
Mayh+p'! 0.66 244849 0.337 0 35 0.80 94454 0.820 8.7E+07 

I I 

Mayh++1 I 0.80 0.422 0.003 2.6E+08 

BA3 Pappin . 0.82 269647 1.333 1.896E-1 ----- I 0.88 83304 0.669 246 
I 

c=2% I 
Mayhew 10.77 148131 0.764 

pfa=8% I 

10.82 Mayh+p', 0.97 91387 0.464 1.I63E-l 2 103480 0.387 20 
I 

Mayh ++i ! 0.89 237602 0.565 2 

MI4 Pappin i 0.79 2136950 0.620 3.168E-2 I 0.374 0.607 1.2E+09 ... _--- : 0.81 
i I 1=3% 
I 

Mayhew! 0.89 4787740 1.835 

pfa=I 2% Mayh+p'l 0.81 674267 0.261 2.30lE-2 34 0.89 2.3E+07 2.553 201 

Mayh ++1 I 0.96 I.2E+07 1.481 99 

i 
FA3 Pappin ! 0.94 1924180 0.756 5.409E-3 ----... 0.73 0.645 0.353 7.IE+08 

c=5% Mayhew i 0.81 6790680 1.864 

Mayh+p'i 0.94 1924940 0.756 5.390E-3 0 I 0.81 7011160 1.880 5 
i i 

Mayh ++: i 0.90 11 1.244 1.9E+08 

KEY: Mayh + p' Modified Mayhew model, incorporating the parameter p' 
Mayh ++ Modified Mayhew shear model, incorporating the parameter p' and stress path 

MCMNunes 

length dependency 
R Correlation coefficient 
K., Ga, m, n, p, p' Independent material constants 
Treatment Level II: CC2 China Clay Sand + 2 % cement + 8 % pulverised fuel ash 

BA3 Furnace Bottom Ash + 2 % cement + 8 % pulverised fuel ash 
MI4 Minestone + 3 % lime + 12 % pulverised fuel ash 
FA3 Pulverised Fuel Ash + 5 % cement 
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Figure 6.27 Perfonnance of Pappin volumetric model (unbound material). 
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Figure 6.28 Perfonnance of Pappin shear model (unbound material). 
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REPEATED LOAD TRIAXIAL TEST 
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Figure 6.29 Performance of Pap pin volumetric model (treatment level I). 
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Figure 6.30 Perfonnance of Pappin shear model (treatment level I). 
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Figure 6.31 Perfonnance of Pappin volumetric model (treatment level II). 
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However, in some cases this performance is still poor and, what is more, the constants 

Ka, Ga and p. start having random values, with excessively low / high values in particular 

cases, not consistent with those usually associated with these variables and in sharp 

contrast to the significance of p. as given in Figure 6.26. 

The aspects discussed above indicate the need to find another model capable of predicting 

adequately the resilient behaviour of treated secondary materials. Another attempt was 

made considering a different family of models that predicts the results in terms of 

resilient modulus and Poisson's ratio (Mr-v models). In contrast with these, the G-K 

models presented and analysed above model shear and volumetric strains or through 

Equations 6.11 and 6.12, the bulk and shear moduli. Intuitively, it is anticipated that 

dilative or compressive behaviour should reduce with the treatment level, moving from 

a granular-type to a continuum-type behaviour. The following Mr-v models were 

considered: 

• 

• 

• 

Wellner model [Gleitz, 1995]; 

Pezo model [Pezo, 1995]; 

Uzan type of model 

Resilient modulus defined by Equation 6.21 but including Poisson's ratio 

evaluation using similar type of equation 

6.35 

where K4, Ks and ~ are material constants. 

These models were not evaluated for unbound materials (for which they were originally 

developed). The objective was to fmd / develop a suitable model for treated materials for 

which the G-K models evaluated in previous sections were not satisfactory. Neither of 

those models was found to be appropriate for the objective in mind, not fitting the 

experimental results adequately. This fact was inferred from the very low correlation 

coefficients obtained. 
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6.6.6. Development of a new model for treated secondary materials 

From previous analysis with G-K models the importance of considering the stress path 

length dependency was identified. Indeed as stated earlier, the modified Mayhew model 

which incorporated stress path length dependency perfonned consistently better than the 

other hypothesis (except for BA4). This aspect is traditionally considered in Pappin shear 

model. Nevertheless, from the analysis of Figure 6.33 it appears that the consideration 

of stress path length may also improve the modelling of volumetric strains. 

q 

Shear 
• - - •• : ;,- •• - - - - displac:ement 

, " Contoun 

' .. 

p 

• •••• Volume 
Contours 

Figure 6.33 Volume and shear displacement contours [Pappin. 1979]. 

It is possible to contemplate the length of the stress path in a different manner by entering 

the repeated values of the mean nonnal and deviatoric stresses (pr and qr) into an 

equation. In this case, there is no need to consider the increment ~ between initial and 

final conditions. However, it will be necessary to include other parameters for a 

complete characterisation of a stress path, namely to define its position in relation to the 

origin of the p-q space. This may be achieved by considering the average values of p and 

q as shown in Figure 6.34. 
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q 

q2 --------------------
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

PI Pm P2 P 

Figure 6.34 Complete definition of a stress path in a p-q space. 

Based on these considerations, the following curve-fitting model is then proposed for 

modelling the resilient behaviour of treated granular materials under repeated load triaxial 

conditions: 

where: Pm average 'mean normal stress' during one stress path application; 

average deviatoric stress during one stress path application; 

material constants. 

6.36 

6.37 

Multivariate non-linear regression analysis was again used to determine the constants for 
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this model and the results are listed in Table 6.11. Some results exemplifying the 

perfonnance of the new model are presented in Figures 6.35 to 6.40, for each of the 

treatment levels considered. 

The new model perfonns consistently well in tenns of shear strains an~ for the treated 

specimens, also with respect to volumetric strains, with the exception of furnace bottom 

ash (BA3 and BA4). When compared with the G-K models analysed previously, i.e. the 

Pappin, Mayhew and modified Mayhew models, the new model perfonns better for 

treated materials (except for tba). Further discussion of the model will be carried out 

after presentation of the experimental results in order to understand the particular features 

of the furnace bottom ash. 

6.6.7. Stiffness properties 

The mechanical properties of the mixtures are ranked in Figures 6.41 and 6.42. It is 

worth noting that unbound materials are tested approximately 24 hours after compaction 

while the results for treated materials refer to tests perfonned after a curing period of28 

days. The values plotted were calculated for the standard stress path (Table 6.3) using 

the parameters given in Table 6.11. 

With respect to the resilient modulus, the results may be divided in two groups. The first 

including the unbound materials (namely china clay sand, granite Type 1 and slate waste) 

and those that despite being lightly treated still have resilient moduli of the same 
magnitude as for unbound materials (this is the case of furnace bottom ash, 8AJ and 

BA4, and minestone, MIl). The second group exhibits considerably higher values which 

are characteristic of treated materials. 

For the furnace bottom ash, stabilisation goes some way to improve the resilient modulus 

of approximately 230 MPa that may be expected when unbound [Dawson &. Nunes. 

1993], bringing the material with just 2 % of cement to a level equivalent to other 

unbound materials such as china clay sand and slate waste. The heavier treatment with 

2 % of cement and 8 % of pulverised fuel ash continues improving the performance of 
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the material. Yet that enhancement is relatively small and it is questionable, in economic 

terms, whether or not it is worth including an extra 8 % of fly ash taking into 

consideration the benefits (for comparative purposes see the difference in results obtained 

for china clay sand with 2 % cement, CC4, and with an extra 8 % of fly ash, CC2). 
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Figure 6.35 Perfonnance of the new volumetric model (unbound material). 
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Figure 6.36 Perfonnance of the new shear model (unbound material). 
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Figure 6.37 Perfonnance of the new volumetric model (treatment level J). 
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Figure 6.38 Perfonnance of the new shear model (treatment level I). 
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Figure 6.39 Perfonnance of the new volumetric model (treatment level II). 
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Figure 6.40 Perfonnance of the new shear model (treatment level II). 
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REPEA TED LOAD TRIAXIAL TEST 
Ranking based on resilient modulus 

c=5% 1=3% + c=2% c=2% + c=2% Unbowtd c=2% + Unbound Unbound 

pfa= 12"". pfa=8% pfa=8% 

FA3 MI4 FA2 ee2 

Material and Binder 

Figure 6.41 Resilient modulus results. 
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The stabilisation of minestone with 5 % of lime still gives a perfonnance inferior to the 

other unbound materials which seems to indicate that this particular minestone studied 

does not possess pozzolanic properties nor is its mineralogy beneficially altered by the 

lime. This aspect will be further investigated in Chapter 7 when different curing periods 

of up to 360 days are considered. The lime certainly improves the handling of the 

material before and during compaction but this result could easily be achieved with lower 

percentage of lime [Correia, 1990]. In summary, it may be said that this mixture is not 

very successful when compared with the perfonnance of conventional unbound materials 

but it brings the material to acceptable levels, a fact that is in sharp contrast with its 

totally unacceptable perfonnance when unbound. A heavier stabilisation of 3 % of lime 

and 12 % offly ash, in MI4, produces an incomparably better result taking much greater 

advantage of the binder used. 

Regarding Poisson's ratio, the same material groups as for resilient modulus can be 

broadly identified but in this case several materials fall outside the range of what might 

be expected. Let us consider first the unbound materials and those with a resilient 

modulus ofa similar magnitude (BA3, BA4 and MIl). The typical Poisson's ratio for 

this group ranges from 0.30 to 0.40, with the exceptions of granite (v = 0.57) and slate 

waste (v = 0.21). The result obtained for granite seems high but it was confinned by the 

value obtained during the pennanent deformation test and so no reason to exclude it was 

found. It is also in line with previous researchers' data [Sweere, 1990]. Both results may 

be due to the fonn of the particles. On the one hand, the granite is crushed in plants to 

bring the rock to the gradings nonnally used in road construction. The particles are 

blocky and sub-angular and, under loading, the rotation of a particle will easily disturb 

others in the vicinity giving rise to resilient dilation. On the other hand, due to their high 

flakiness the particles of slate waste will be predominantly in the horizontal position 

within the compacted material, thus restraining lateral defonnations. 

For the group of treated materials, the Poisson's ratio ranges from approximately 0.10 to 

0.25. In this group the exception is minestone (MI4) with a higher Poisson's ratio (v = 
0.33). This wide range of values obtained experimentally emphasises the need to 

characterise pavement materials both in terms of resilient modulus and Poisson's ratio, 

in opposition to what is suggested in some resilient behaviour models, such as K-6 and 
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Uzan, in which Poisson's ratio is estimated and assumed to be constant. 

By comparing the results of the preliminary test on slate waste (SWO) and those in the 

main testing programme (SW1), it is possible to draw some conclusions on the influence 

of the material density on the resilient properties of granular materials. Thorn & Brown 

[1988] showed that the degree of compaction does not affect resilient properties 

significantly . Yet, a tendency for the increase of the stiffness as the level of density 

increases was obtained experimentally. Boyce [1976] performed an extensive 

bibliographic review on factors affecting the resilient behaviour of granular materials and 

concluded that the density can affect resilient properties up to 50 % and that similar 

behaviour is expected from different materials when compacted at the same relative 

density. 

The resilient modulus obtained in the preliminary test (84 % of maximum dry density 

approximately) was of 298 MPa for the standard stress path. This compares with 383 

MPa when the material was compacted at optimum values which corresponds to an 

increase of about 30 %. It appears from these limited results that density has a significant 

influence on the resilient properties. 

6.6.8. Implication of results on resilient behaviour modelling 

On the basis of the results presented in the last section it was possible to identify two 

groups: one in which the materials are characterised by having an 'unbound type of 

behaviour' and the second in which the materials exhibit a 'treated type of behaviour'. 

Treated furnace bottom ash was identified as part of the first group a fact that explains 

the better performance of the G-K models in comparison to the new model. This aspect 

is corroborated by Figure 6.22 which shows an hysteresis loop for this material, not 

significantly different to that which may be expected for an unbound material (Figure 

6.18). 

Accordingly, it is possible to attempt the definition of boundaries of validity for the 

models studied: 
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unbound type of behaviour 

mechanical properties (indicative values) 

resilient modulus < 700 - 800 MPa 

model 

Poisson's ratio> 0.25 (with some exceptions for specific flaky materials) 

triaxial strength (03 = 0 kPa) < 1000 kPa 

Pappin model (Equations 6.26 and 6.27) 

or modified Mayhew (Equations 6.32 and 6.34) 

treated type of behaviour 
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mechanical properties (indicative values) 

resilient modulus> 700 - 800 MPa 

model 

Poisson's ratio < 0.25 (with some exceptions for specific materials) 

triaxial strength (03 = 0 kPa) > 1000 kPa 

new model for treated granular materials (Equations 6.36 and 6.37) 



Chapter 6 - Repeated Load Triaxial Tests 

6.7. Permanent deformation behaviour of secondary materials 

6.7.1. Introduction 

The study of the permanent deformation behaviour under repeated loading is another 

important part of the characterisation of unbound materials for road construction 

purposes. The accumulation of permanent deformations within one layer of unbound 

material may result in failure of the pavement due to rutting, an aspect that is generally 

taken into consideration during design by limiting the maximum vertical stress on the top 

of unbound layers. 

The number of studies for modelling the behaviour of granular materials in terms of 

permanent deformations is reduced when compared with those for resilient behaviour. 

This is reflected in the present state-of-the-art in this domain which remains essentially 

at an empirical level. Among the factors contributing to this situation, the following are 

noted: 

• for the study of permanent deformation it is necessary to test a new specimen for 

each stress path applied, while for resilient behaviour all stress paths may be 

applied to the same specimen. Yet, only four stress paths are usually considered 

for permanent deformations whilst that number for resilient behaviour is above 

thirty; 

• the number of load applications necessary to study permanent deformation is 

higher and so the tests are longer. However, the analysis of resilient behaviour 

results is substantially more complex and time consuming which may limit the 

time advantage; 

• last, but not least, most current design methods only consider the resilient 

properties of the materials. 

The study of permanent deformations is, however, decreasingly important when the 

material is treated. In fact, it is very unlikely that permanent deformations may be of 
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concern in bound layers as it will be demonstrated later in this Chapter. Nevertheless, 

in some of the mixtures considered the binder content is very small and there is no 

previous work involving the study of permanent deformations on lightly-treated 

secondary materials. Because of this, their investigation was considered worthwhile. 

6.7.2. Model for permanent deformations 

For the reasons described, no attempt was made to develop a specific model for treated 

materials. Instead, after a comprehensive review of the existing models it was decided 

to use the French approach which is believed to be the best available method at the 

present [paute, Hornych & Benaben, 1996]. This method is also being considered in the 

European Committee for Standardisation [CEN, 1995]. 

The model was developed in the Laboratoires des Ponts et Chaussees (LPCs) from 

results of variable confining pressure tests with the application of 80000 cycles of 

loading. It considers the permanent deformation with respect to the number of cycles and 

to the applied stresses. The two equations presented below are valid for stress states well 

below failure. 

Influence of the number of cycles 

* [ I (INOO) -B
I

] E lp (N) = E lp (N) - E lp (100) = Al 6.38 

where: E lp• corrected permanent axial strain after N cycles; 

E Ip (N) pennanent axial strain after N cycles; 

E lp (100) pennanent axial strain after 100 cycles; 

AI> BI material constants; 

N number of cycles. 
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An important practical significance is attributed to the parameter AI' representing the 

limit value of the permanent axial strain for a given stress path. For practical purposes 

AI is considered the lower of the following two values: 

• 
• 

the calculated value from Equation 6.38 using regression analysis; 

twice the corrected permanent axial strain after 20000 cycles . 

Influence of the stress level 

( 
qmax J 

Pmax + P '" 

( 

qmax ] a - b 
Pmax + P '" 

6.39 

... where: Pmax maximum mean normal stress experienced during a stress excursion; 

~ax maximum deviatoric stress experienced during a stress excursion; 

a, b positive material constants. 

6.7.3. Permanent deformation results and discussion 

Some changes were introduced during the execution ofthe programme in relation to the 

technique previously described. First of all, it was not possible to test four specimens for 

all the materials considered in this research due to the heavy testing programme. On the 

one hand, for the treated materials this did not represent any problem since, after an initial 

test, permanent deformations were found not to be of concern and one test would be 

enough to have a quantitative measurement of the materials' behaviour. On the other 

hand, for the unbound material it is possible to apply the French model to the results of 

only one test in order to have a complete characterisation of the material in terms of 

pennanent deformations both in relation to the influence of the number of cycles and of 
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the stress level. This is possible provided that the failure line of the material is known, 

as in this case (Figure 6.24). For these reasons, only one permanent deformation test was 

performed in each case. The results are presented in Tables 6.12 and 6.13 and in Figure 

6.43. 

The failure of the specimen CC5 after 5000 loading cycles and of another specimen of 

treated furnace bottom ash after 1000 cycles gave rise to further changes in the way the 

specimens were tested. Hence, in order to avoid further failures during testing, the 

remaining materials were tested maintaining the confining pressure constant throughout 

the tests. This is likely to cause some underestimation of the permanent deformations. 

Nevertheless, as the stress paths applied during the resilient study are well below failure 

it is still possible to quantify the rate of accumulation of permanent strains and compare 

results so as to allow material discrimination and classification. 

Table 6.12 Summary of penn anent defonnation results. 

Material Binder Stress Path 
. 

Elp( .... ) 

OJ q P.E 

kPa kPa 

UNBOUND 

CCS Unbound 0-33 0-200 

Tl Unbound 0-100 0-600 814 

SWI Unbound 100 0-500 1099 

TREA TMENT LEVEL I 

CC4 c=2% 100 0-600 201 

BA4 c=2% 100 0-600 589 

MIl 1=5% 100 0-600 404 

FAl c=2% 100 0-600 24 

TREA TMENT LEVEL II 

CCl c=2% + pfa=8% 0- 100 0-600 15 

BA3 i, c=2% + pfa=8% 100 0-600 433 

MI4 I i 
100 0-600 49 i 1=3% + pfa=12% 

FA3 I c=5% 100 0-600 6 ! 

Notes: ----- specimen failed after N = 5000. 
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Table 6.13 Results of modelling permanent deformation. 

: Influence of the stress level 
I 

Material! Binder ------------+-1---------
AI (%) BI RZ: p. (kPa) a b 

Influence of the no. of cycles 

I 

CCS 

T1 

SWI 

CC4 

BA4 

MIl 

FAl 

CC2 

BA3 

MI4 

FA3 

Influence of the number of cycles 

The results show that the equation reflecting the influence of the number of load 

applications, Equation 6.38, gives good results for unbound materials, but the same does 

not happen for treated materials, being totally inadequate for some. It is not possible to 

identify in this case rational groups for which a common model performance is observed. 

Another important aspect is that the significance attributed to the parameter Al is not 

always realised in practice. Indeed, that meaning would correspond to a limit value of 

the permanent axial strain of 1200 % for slate waste (SW1) and a negative value for CC2 

and FA3. Of course, when this happens the suggested practical value needs to be 

adopted, which is equal to twice the corrected permanent deformation after 20000 cycles 

(2 x 604 J.lE for SW1). 
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Ranking based on permanent deformation after 80000 tytles 
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Figure 6.43 Pennanent defonnation results. 

This model predicts well the deformations tending asymptotically to a limit value. 

However, it may be demonstrated experimentally that some materials do not behave in 

that manner exhibiting non-asymptotic development of permanent strains. Illustrative 

examples are presented in Figures 6.44 to 6.46. For the furnace bottom ash, Figure 6.45, 

some deterioration of the material or of the inter-particle bonds may be responsible for 

the acceleration in the accumulation of permanent deformations. For slate waste and 

bottom ash the correlation coefficients obtained were reasonably high, 0.86 and 0.82, 

respectively. Nonetheless, the quality of prediction as perceived from those figures is not 

adequate and it is important to examine the results graphically and to judge the quality 

of fit of the model. 

Influence of the stress level 

By using parameters p. and M = a / b (Figure 6.26) from the determined failure lines of 

the unbound materials, it was possible to determine both constants a and b of Equation 

6.39, and calculate the characteristic permanent strain for the standard stress path. For 

Page 230 



Chapter 6 - Repeated Load Triaxial Tests 

granite (Tl) and slate waste (SW1) the characteristic permanent strain seems to be 

reasonable taking as a reference the corrected permanent strain after 80000 cycles (Table 

6.12). In Figure 6.47 the parameter AI is plotted for the unbound slate waste, 

representing a complete characterisation of the influence of the stress level on the 

development of permanent strains. 

Conversely, the value of AI obtained for china clay sand (CC5) is too high. It may be 

argued that since the specimen failed after approximately 5000 cycles, a high value 

would necessarily result. This does not explain AI totally since the data considered for 

regression were recorded up to 2500 cycles over which range the model fits well the 

accumulation of permanent strains with the number of cycles (R2 = 0.94). In addition, 

the characteristic permanent strains of the material should be the same independent of the 

stress path applied, which does not seem to be the case. 
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Figure 6.44 Non-asymptotic development of permanent strains (SWJ). 
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REPEATED LOAD TRIAXIAL TEST 
Permanent Deformation - Furnace Bottom Asb 

-r----.-~ ~~ ----
I 

: r---~ __ -. ~-+i _::~~.L--l------+----_ :-_ ----~--=--i;.:;.2::::::::---~.:....:.;.,;;....:.......;....;;.~---1 

f 
200 -t--r--=?'--t-------1-------+! ----~---------~ --- --- --~-- -- --------+----1 

f I 
100 -tfj-f --------i-------+------+------~--__ _ 
° .-~--L-_'____\~~-'----'_t_-'--~~' -+I---,--~~ l.--.--~--J-_<__l- _ L '-- ~--

MaICiaI: SA4-
Binder c:onII:rt: C"'2 % 
elri'c perild: 28 days I . ________ ----=--.J 

° 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 

Number of Cycles 

4TxPeriment8l-re;UItS- ---- =-- French model 
~I _. ___________________ _ 

Figure 6.45 Non-asymptotic development of permanent strains (BA4). 
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Figure 6.46 Non-asymptotic development of permanent strains (MI4). 
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Figure 6.47 Permanent deformation model- influence of the stress level. 

2.5 

A research project to study the behaviour in terms of permanent deformations of five 

different granular materials was conducted at the University of Nottingham [Lekarp, 

Richardson & Dawson, 1996]. It has been concluded that this approach using data from 

failure lines gives origin to high scatter and no evidence of a relationship between 

permanent strains and static failure, as suggested in the French model, was found. This 

appears to confirm the results obtained here. 

For the reasons presented above it was decided to rank. the materials based on the 

corrected permanent axial strain after 80000 cycles (Figure 6.43), instead of considering 

their respective characteristic permanent strains. Unbound materials are clearly more 

susceptible to permanent deformations than treated materials as we would expect. There 

is no data at 80000 cycles for unbound china clay sand due to the failure of the specimen 

but its performance is worse than that of the unbound slate waste (SWI). This may be 

due to its particle size distribution being more uniform than Type 1 sub-base materials 

and the round shape of the particles. 
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On the other hand, contrary to what was found in terms of resilient modulus for which 

treated materials such as furnace bottom ash (c = 2 % and c = 2 % + pfa = 8 %) and 

minestone (l = 5 %) performed in a similar manner to unbound materials, the permanent 

deformations are substantially reduced by treatment. See in particular the position of 

china clay sand with just 2 % of cement (CC4). For the other mixtures, with higher 

levels of treatment, this issue becomes less and less important. 
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6.S. Proposed classification system 

A classification system based on the results of the repeated load triaxial tests should be 

based on both resilient and permanent deformation characteristics. The proposed system 

(Figure 6.48) draws on the classification method proposed in France for unbound 

granular materials [Dawson, Thom & Paute, 1996] which considers the characteristic 

values as the basis ofthe classification. Due to the problems experienced in modelling 

permanent deformations and the limitations of existing models the corrected measured 

pennanent strains after 80000 cycles were considered instead of the characteristic values. 

For the materials tested, there appears to be a negative correlation between the 

characteristic values. This is reflected by the correlation coefficient obtained of 0.88. 

Although it is an overall tendency, it is not always verified and materials with high 

resilient modulus may be susceptible to permanent deformations and vice-versa 

depending on factors such as the grading of the material, shape of the particles, moisture 

content and structure of the compacted material. 

The classification system incorporates four classes of materials: 

• Class CI this class was considered to include treated material with very high 

resilient modulus and very low susceptibility to permanent 

deformations; 

• Class C2 top quality unbound granular materials; 

• Class C3 medium quality unbound granular materials; 

• Class C4 low quality unbound granular materials. 

The class limits are empirically defined based on the experience of testing a wide range 

of granular materials. Classes C2, C3 and even C4 may also include lightly-stabilised 

materials, in particular some treated secondary materials, for which the treatment does 

not improve the material's perfonnance above the levels that could be expected from 

unbound materials. For those, their behaviour under repeated loading is likely to be of 

the unbound type. 
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6.9. Summary 

• 

• 

During the preliminary testing of unbound slate waste it was possible to identify 

the limitations ofMr - v models such as K-6 and Uzan models. The compaction 

method was also found to be inadequate to replicate the type of densities achieved 

in the pavement. 

The test technique required for repeated load triaxial tests included all phases: 

preparation, conditioning, strength assessment, resilient behaviour and permanent 

defonnation tests. The necessary changes to recommended procedures were 

identified and described. The need to refer the applied stress paths to the failure 

line of the materials studied was emphasised. 

A compaction technique was developed for the compaction of unbound and 

stabilised specimens. The material is compacted in five layers, in plastic moulds 

which are easy to manufacture and inexpensive. The compaction simultaneously 

uses a vibrating table and a vertically-guided vibrating hammer. 

The stress / strain behaviour of lightly-treated materials does not seem to be very 

different in type from that of unbound materials. For the higher levels of 

treatment, however, non-linearity and stress-dependency are reduced. 

• With regard to the result of mechanical properties it was possible to identify two 

different groups: the first comprising unbound materials and mixtures with 

similar results, was identified as having an 'unbound type of behaviour'; the 

second of materials corresponding to a 'treated type of behaviour' . 

• In general, treatment improves the triaxial strength of the materials in a 

significant way. One exception identified was minestone stabilised with 5 % of 

lime. Its strength remained at the top end typical of unbound materials indicating 

that this mixture is not totally successful in taking full advantage of the binder 

used. 
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• Again, treatment enhances resilient modulus but in some cases that improvement 

just brings the material to the level expected for conventional unbound materials. 

This is the case of minestone with 5 % lime and furnace bottom ash either with 

2% cement or 2 % cement plus 8 % fly ash. However, it is necessary to consider 

those results in comparison with their performance when they are unbound which 

was considered to be unacceptable for minestone and poor for bottom ash. The 

treatment of minestone with lime and fly ash appears to be more appropriate. 

• Available models for resilient behaviour were comprehensively reviewed and 

discussed. Several hypotheses were considered for analysis, namely Pappin's 

model, Mayhew's model and modified versions of Mayhew's model 

incorporating the parameter p. and stress path length dependency. 

• The Pappin and modified Mayhew models best described the materials with 

'unbound type of behaviour' , but their performance clearly declined for treated 

materials. 

• A new K -G model was developed for treated granular materials. Its performance 

was consistently better for those materials with 'treated type of behaviour' . 

Indicative boundaries of validity in terms of mechanical properties (resilient 

modulus, Poisson's ratio and triaxial strength) were presented for Pappin or 

modified Mayhew models and for the new model. 

• The French model for permanent deformations was adopted to analyse the 

experimental results. In general, the equation reflecting the influence of the 

number of cycles was found to give good results for unbound materials, but poor 

to bad results for most of the treated materials. The correlation coefficient alone 

is insufficient to draw any conclusions on the appropriateness of the model and 

for this reason a graphical examination is recommended. Often, the materials 

studied showed a non-asymptotic development of permanent deformations which 

is not well modelled by the French approach. 
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Some limitations were identified with the equation to model the influence of the 

stress level. In particular, the characteristic values determined by using the data 

from failure lines do not seem to be consistent, nor independent of the stress level 

applied. 

Permanent deformations were successfully reduced through treatment for all 

mixtures. For the higher levels of treatment the deformations obtained were 

negligible. 

A classification system for granular materials has been proposed developed from 

the French method. It considers the characteristic resilient modulus and the 

corrected permanent axial strain after 80000 cycles which may be obtained from 

repeated load triaxial tests. 
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REPEATED LOAD INDIRECT TENSILE TESTS 

7.1. Introduction 

The number of tests that can be used to evaluate the mechanical properties of stabilised 

materials is considerable. Some ofthe most commonly used are [Molenaar, 1993]: 

• beam flexure test; 

• direct tensile test; 

• indirect tensile test; 

• uniaxial compression test; 

• triaxial compression test; 

• resonant column test; 

• ultrasonic test; 

• wheel track test. 

These tests can be performed either using monotonic or repeated loading. However, it 

is generally accepted and understood that for a closer simulation of in situ pavement 

loading conditions the application of repeated loading is essential. 

In this research the repeated load triaxial and indirect tensile tests were adopted. The first 

is widely recognised as a performance test of some excellence for the study of unbound 

/ bound pavement materials. On the other hand, the indirect tensile test is more 
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controversial with a large number of followers but also of opponents. There is a popular 

English saying that has been used in a discussion on the appropriateness of the indirect 

tensile test for material evaluation: 

"Being an Englishman you never believe anything you read 

and only half of what you see" 

that illustrates the distrust of some towards this form of testing. Incidentally, as we 

stagger into the information age the proverb may also need some reformulation to a more 

conservative percentage of what one sees ... 

A comprehensive laboratory characterisation of stabilised mixtures for road applications 

involves the study of several properties that bound materials should possess in order to 

behave adequately in the pavement structure. The following aspects were considered in 

this study: 

• tensile strength; 

• stiffness modulus; 

• Poisson's ratio; 

• resistance to fatigue; 

• durability; and 

• development of properties with time. 

In this chapter the major objective is to present the methodologies for assessing the 

mechanical properties of pavement materials stabilised with hydraulic binders using 

indirect tensile tests. Special emphasis will also be given to the validation of the 

developed techniques and in demonstrating the usefulness of this mode of testing for 

material evaluation. 
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7.2. Discussion on the indirect tensile mode of testing 

Mixtures considered for stabilisation should be designed and optimised taking into account 

strength, stiffness and fatigue properties. When studying secondary materials the number 

of possible mixtures (secondary materials, secondary binders, or a combination of them) 

is generally higher than when using conventional materials. In addition, experience / 

infonnation available is more scarce. The need for a simple test to characterise them which 

is able to produce consistent measures of performance is of major importance. It is for this 

purpose that the repeated load indirect tensile test may have greater potential. Owing to 

its expedite nature, other fields of application include quality control and compliance and 

in the characterisation process for pavement back-analysis techniques. 

One of the complaints commonly made by critics of the indirect tensile test is that two 

halves of a cylinder loaded diametrically along the joint still gives a tensile strength value 

[Stock, 1992]. This observation misses two points: 

• 

• 

in fact, the tensile strength of such a test specimen is zero and it is impossible to 

prove / measure otherwise; 

it is wrong to use continuum elastic media analysis to calculate a tensile strength 

that does not exist between two parts of a split cylinder. 

Some of the criticisms towards this test are believed not to be completely justified. There 

has been a considerable amount of research work carried out using this type of test 

recently and important improvements have been made since the test was first described 

in 1953 (Carniero & Barcellus, 1953; Akazawa, 1953J. 

The strongest laboratory alternatives for this test are the direct tensile test and the beam 

flexure test. For the evaluation of strength, the direct tensile test has been preferred in 

the procedures for the characterisation of bound mixtures to be included in the European 

Standards [CEN, 1995 iJ though the indirect tensile test is also allowed as an alternative 

method. Concerning stiffness, direct tension or compression are recommended. A report 

of one of the Technical Committees of the Permanent International Association of Road 
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Congresses [PIARC, 1991] endorses the use of either direct tensile tests or splitting 

tensile tests for measuring tensile strength and stiffness and, when new materials are to 

be tested, to complement the study with fatigue behaviour evaluation using flexural tests. 

None of these three tests reproduces, in a representative way, the complex tridimensional 

stress state in the pavement with rotation of principal stresses and simultaneous 

application of normal and reversed shear stresses. 

A summary of advantages and disadvantages of the direct tensile test, beam flexure test 

and indirect tensile test is presented below. The issues facing the indirect tensile mode 

of testing are further discussed with the aim of demonstrating its suitability for pavement 

materials' assessment. 

Direct tensile test 

Advantages 

• using adequate techniques the properties obtained are the best approximation to 

the real values 

• uniform stress distribution in the central part of the specimen 

• no assumptions required for tensile strength calculation 

Disadvantages 

• complexity and time requirements 

• possible underestimation of results 

• special influence of compaction method 

• impossibility of testing specimens from in-service pavements. 

The test is reasonably complex and time-consuming. The application of pure tension is 

very difficult and for this reason special care is necessary when setting up the specimen 

in the testing rig to ensure its correct alignment and to avoid any eccentricity of the load 

applied. When grips are used to hold the specimen they also introduce secondary stresses 

into the specimen. 
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There are a number of factors that may result in an underestimation of the tensile 

strength: 

• 

• 

• 

load eccentricity; 

secondary stresses induced by grips; 

the application of the maximum tensile stress to a large volume of the specimen 

and thus the higher probability of including weak sections [Neville, 1995]; 

The method of compaction used for direct tensile specimens is extremely important and 

may affect results in a more serious manner than for other type of tests. Unless the material 

is compacted in one layer, using vibro-compression techniques that are not readily 

available, the artificial creation of weak sections is probable. Indeed, failure in those cases 

is likely to occur in sections of the specimen between compacted layers. When the form 

of the specimen is such that there are discontinuous changes in the specimen's transverse 

area, their effect combined with very small eccentricities of the load and the effect of the 

grips may also result in preferential failure surfaces at those levels. 

As far as stiffness is concerned, its value is determined as the slope of the stress / strain 

line, passing through the origin, and corresponding to a tensile stress level of 30 % of the 

tensile strength [NF P 98-232, 1992], or 50 % of that value [Shahid, Thorn & Peaston, 

1996]. Another method is to plot the stress / strain curve, the stiffness being the slope of 

the line passing through the origin and tangential to that curve [Shahid, 1994]. There are 

a few remarks worth mentioning: 

• perfect elastic behaviour is also assumed which is one of the main criticisms 

towards the indirect tensile test; 

• materials are not conditioned prior to testing for stiffness modulus determination 

or the conditioning is done at very small stress levels, well under the stresses 

applied during the test; 

• for non-linear materials the stiffness moduli determined are only valid for a 

particular stress condition; 

• the test is performed under static conditions (monotonic loading) failing to 

simulate the repeated loading due to traffic. 
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Stiffness in compression and in tension have been reported to agree reasonably well 

[Schmidt, 1972; Williams, 1986]. In this case, the importance of the direct tensile test 

for stifthess detennination is diminished due to the increased complexity of the test when 

compared with uniaxial compression tests. 

Important developments have been made in recent years to solve some of the problems 

referred above [Shahld, 1994]. However, the probability of the direct tensile test to 

become a routine test, especially in the more demanding area of control and compliance 

of pavement materials, remains low in the short term due to the difficulty in compacting 

tensile specimens in the field, the impossibility of obtaining specimens with the required 

shape from an in-service pavement and the need for specialised equipment. 

Beam flexure test 

Advantages 

• simulation to some extent of stress state in the lower part of bound layers (large 

horizontal tensile stresses combined with small vertical compressive stresses) 

Disadvantages 

• considerable overestimation of results, in particular strength values 

• need to extract slabs from the pavement to assess mechanical properties of 

finished pavements 

• strong influence of moisture content and variability of strength results. 

The most commonly used beam flexural test is the third-point loading in which the load 

is applied in two line loadings spaced at one-third of the beam length and symmetrically 

located in relation to the centre. On-sample instrumentation may be used improving the 

overall quality of the test [Correia & Nunes, 1989]. The analysis of results is based on 

elastic beam theory in which linear stress-strain relationship and linear stress diagram are 

assumed. Thus, the stresses and strains in the beam are assumed to be proportional to the 

distance to its neutral axis. This is just an approximation of the reality as it is known that 

the actual stress diagram for loads approaching failure is parabolic and as a result the 

tensile strength is overestimated. 
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Another aspect that may result in overestimation of the results is slower crack 

propagation due to the materials in the vicinity of the neutral axis which are subject to 

much lower stresses [Neville, 1995]. 

The flexural strength test is not recommended for control or compliance purposes due to 

the strong influence of moisture content and the variability of the tensile strength 

obtained in this test [Neville, 1995]. For testing specimens from a pavement it is 

necessary to cut slabs and then manufacture the beams with adequate dimensions. 

Though this is commonly done the extraction of cores is much easier and less disruptive. 

Repeated load indirect tensile test 

Advantages 

• 

• 

facility in obtaining specimens in the laboratory and especially in the field 

through coring represents the main advantage of this test 

• 
using adequate techniques the properties obtained are close to the actual values 

expedite nature of the test 

• more uniform results 

• the equipment necessary is relatively inexpensive 

Disadvantages 

• 
• 

• 

• 

small overestimation of the actual tensile strength 

highly variable stress state induced to the specimen 

impossibility of controlling the ratio of compressive stress to tensile stress 

applied to the specimen 

formation of wedges under certain conditions 

For bound pavement layers the design criterion is usually the maximum tensile strain or 

stress at the base of the bound layers underneath the load. In this area, the stress state is 

characterised by longitudinal and transverse tension combined with vertical compression. 

This is similar to the biaxial stress state in the proximity of the centre of the specimen in 

indirect tensile mode, though the ratio between compressive and tensile stresses cannot 

be controlled during test. However, if the specimen is directly cored from the pavement 
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it should be cored horizontally for the directions of the compressive and tensile stresses 

to coincide in the field and in the laboratory. This type of specimen is more difficult to 

obtain since in situ coring is normally done vertically. Nevertheless, it is possible to cut 

a slab from the pavement and core specimens from that slab in the appropriate direction. 

In the laboratory it is also possible to follow this procedure which is common practice for 

bituminous materials. 

It should be emphasised, however, that the direction of testing is more important for 

materials exhibiting strong anisotropic behaviour. This will depend essentially on the 

type and shape of the aggregate and whether or not the aggregate orientates preferentially 

in a particular direction during compaction [Karasahin, 1993]. Contrary to what happens 

with some unbound materials, there is no evidence that stabilised granular materials 

behave in a highly anisotropic manner. 

One common criticism of this test is the us(<>f linear elastic analysis to interpret the 

results. This is a valid comment due to the limitations of elastic theory to analyse non­

elastic, stress-dependent materials. Yet, this approach is commonly used in the 

alternative tests and so it is not a unique disadvantage of the indirect tensile test. 

In Figures 7.1 and 7.2 the theoretical stress distribution in a cylindrical specimen loaded 

in indirect tensile mode is presented based on the stress analysis conducted by Hondros 

[1959]. The sign convention generally used differs from that normally followed in soil 

mechanics and adopted in Chapter 6. Thus, tension is here considered positive and 

compression negative. 

It can be seen that, on the vertical axis in the central part of the specimen, typically one 

fourth of the diameter, the stresses do not change significantly and for this reason this is 

the best area to locate on-sample instrumentation. In particular, the tensile stress along 

the vertical axis where failure is initiated is approximately constant with the exception 

of the areas in the vicinity of the load. Here, high horizontal compressive stresses are 

induced in the specimen simultaneously to high vertical compressive stresses of similar 

magnitude, thus originating a biaxial compressive stress state. 
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REPEATED LOAD INDIRECT TENSILE TEST 
Theoretical Stress Distribution (P = 1 kN) 
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Figure 7.1 Stresses in indirect tensile specimen (horizontal axis). 

-800 

REPEATED LOAD INDIRECT TENSILE TEST 
Theoretical Stress Distribution (P = I kN) 

~ 

\ 
Horizontal 

Stress 

-+ 

-600 -400 -200 0 200 400 

Stresses along Vertical Axis (kPa) 

600 

Figure 7.2 Stresses in indirect tensile specimen (vertical axis). 
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Although shear stresses exist in that area, equal to half the difference between normal 

stresses and of about twice the magnitude of the shear stresses in the centre of the 

specimen, no evidence was found in the bibliography that they would initiate failure of 

bound materials. As a matter of fact, a premature failure due to those stresses would 

result in underestimation of the tensile strength when all the evidence points to a small 

(severe, according to those most critical of the test) overestimation of that property. 

The reasons why failure is not usually initiated in this area may be understood from the 

analysis of Figure 7.3. At the centre of the specimen, the ratio between tensile and 

compressive stresses, 0" max and Oy max' is of 1 : 3 (Mohr circle A). That ratio in terms of 

ultimate strengths for stabilised materials is of about I : 10 [Williams, 1986] (Mohr circles 

B and C) and the maximum unconfined compressive stress, which occurs approximately 

15 mm from the surface of the specimen down the vertical axis (Figure 7.2), is 

approximately 8.5 times the magnitude of the maximum tensile stress (Mohr circle D). 

Closer to the loading heads and the surface of the specimen a biaxial compressive stress 

state exists, which means that the specimen can resist considerably higher stresses than its 

compressive strength determined in unconfined compression tests (Mohr circle E). 

REPEATED LOAD INDIRECT TENSILE TEST 
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Figure 7.3 Mohr circles of the theoretical stress distribution in indirect tensile mode. 
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These local effects in the contact ofthe loading head with the specimen leading to stress 

concentrations are of some concern. For this reason, Poisson's ratio is generally not well 

estimated using vertical deformations measured externally on the loading strips. This is 

similar to what happens in other forms of testing, such as triaxial testing, in which the 

end effects at the contacts of the specimens with the top and bottom platens may have a 

significant effect on the results when the vertical deformations are measured externally. 

To overcome this problem, on-sample instrumentation is used, and this may also be the 

solution for indirect tensile tests when used in areas of the specimen where the stresses 

are relatively constant. 

The system for the measurement of horizontal deformations using L VDT frames as 

suggested by Schmidt [1972] may restrain the free deformation of the specimen thus 

modifying the stress state of the specimen. An adaptation of this system is commonly 

used nowadays for the determination of the indirect tensile stiffness modulus of 

bituminous materials [BS DD 213, 1993]. Significant experience has been gained 

recently with the use of the Nottingham Asphalt Tester in this form of testing which 

seems to confirm that the LVDT frame does not affect the results obtained substantially. 

The alternative LVDT frame described in Chapter 5 which is supported in single 'points' 

on each side of the specimen would decrease this problem. However, no significant 

difference in results was obtained. 

Inadequate alignment or the existence of irregularities in the specimen surface may 

contribute to inaccuracies in the measurement of deformations due to the rotation of the 

specimen and difficulties in assessing the implications on the stress level. Clearly, if the 

load is not applied uniformly this will lead to stress concentrations and the normal 

analysis based on two-dimensional plane-stress elastic theory is not valid. Specimen 

frames with vertical guides for the loading head have the advantage of hindering any 

specimen rotation and contribute to the uniform application of the load. This system has 

been criticised for reducing the load transmitted to the specimen through friction on the 

guides [Roque & Buttlar, 1992]. This problem has been solved in this research with the 

introduction of an internal load cell under the loading heads measuring the actual force 

transmitted to the specimen. 
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The indirect tensile test is easy to perform, it is reported to give more uniform results than 

with other alternative tensile tests and the strength obtained is believed to be close to the 

strength of the material [Neville, 1995]. This was also confirmed using the finite-element 

method to explain analytically the differences in results from the three tests in analysis 

[Raad, Monismith & Mitchell, 1977]. Those researchers concluded that: 

• 

• 

• 

the direct tensile test produces the most reliable tensile strength; 

the beam flexure test may originate tensile strength values that are up to twice the 

real value; 

(
the indirect tensile test seems to be the most appropriate in practice producing 1 
values that differ by not more than 13 % from the actual tensile strength. / 

Although some assumptions were considered to conduct the finite-element analysis, such 

as linear elastic behaviour and plane-stress conditions, other experimental relationships 

between tensile strength test results found in the bibliography appear to confinn this 

tendency. A brief summary of the equations is presented in Table 7.1. 

Table 7.1 Relationships between tensile strength tests. 

Relationsbip Reference Notes 

Old = 0.8 0ti [CEN, 1995 i) Fly ash bound materials 

[Kolias & Williams, 1978] I Cement bound materials 

[Quaresma, 1990] 2 Cement bound materials 

from I and 2 

Old = 0.89 to 0.95 0ti [Neville, 1995] Concrete 

[Dempsey et aI., 1984] Stabilised materials 

tensile strength in direct tension 
tensile strength in indirect tension or Brazilian splitting test 
tensile strength in flexural test 

Considering that there are factors that may give rise to an underestimation of the tensile 

strength in the direct tensile test, the equations presented in Table 7.1 seem to confirm 
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that the strength obtained in the indirect tensile test is very close to the actual values. 

Hence the possible fonnation of wedges in the specimen in the areas immediately in 

contact with the loading strips appears not to result in major overestimations of the 

tensile strength. Moreover, from the experience gained during this study the problem of 

wedge generation seems to be essentially confined to some materials combining high 

tensile strengths with fine aggregate as the main component. 

In other types of test also involving failure of the specimen, such as the indirect tensile 

fatigue test, the importance of wedge generation is diminished when load-controlled tests 

are performed as adopted throughout this research. Brown [1996] divides the cracking 

mechanism of failure into two phases: crack initiation and crack propagation. The latter 

depends on the stress level at the crack ends and so crack propagation in load-controlled 

tests is very fast when compared to defonnation-controlled tests in which the stress is 

reduced as the stiffness decreases to maintain the rate of defonnation constant. Good 

repeatability and reproducibility results have been obtained with fatigue tests in indirect 

tensile mode perfonned on bituminous materials in the Nottingham Asphalt Tester [Read, 

1996]. 

It has been said that highly variable stress states occur within the specimen in indirect 

tensile mode and as a result the stiffness modulus quantified in indirect tensile mode is 

an average modulus representing the composite response ofthe material [Sousa, Taylor 

& Tanco, 1991]. It has been counter-argued that for bituminous materials this is true for 

relatively high temperatures when the behaviour of the material is highly non-linear 

[Roque & Buttlar, 1992]. In stabilised materials this type of behaviour may be possible 

for some materials with very light treatment or with unbound type of behaviour for which 

this test has less potential and interest, whereas the non-linearity and stress-dependency 

clearly decreases as the level of treatment increases as was demonstrated with the 

repeated load triaxial test results. 

In summary, the indirect tensile test is not perfect, it has a number of advantages and 
. - .~ - ,,- ~. - .", 

disadvantages as'~ssible substitute tests have, but there is reasonable evidence that it is 

p~~~ble to ~bt;i~'~d~qu~t~ mechanical . .r~?Jlerties for use in analytical methods of 

pavement design when using appropriate methods of testing and analysis. Overall, in 
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terms of tensile strength the results should be very close to the actual values with possible 

small overestimation. As to stiffness the results obtained should be perfectly 

representative of the material's real value as long as adequate techniques are followed, 

in particular, the measurement of deformations in the central part of the specimen. 

Page2J~ 



Chapter 7· Repeated Load Indirect Tensile Tests 

7.3. Method of analysis 

The analysis of test results and the assessment of the mechanical properties is based on 

the theory of elasticity, assuming that the material is homogeneous, linear elastic and 

isotropic and that the material is subjected to plane stress conditions. A review of the 

expressions used is conducted below. 

Equations giving the stresses along axis x, perpendicular to the load: 

where: Ox 

x 

P 

d 

t 

2 P ( d' - 4 ",)' a = x 
1t d t d 2 + 4 x 2 

2 P 

Cd' 
4 d 4 

- 1) a = y 
1t d t + 4 x 2) 2 

horizontal tensile stress along x-axis; 

vertical compressive stress along x-axis; 

distance to the origin (centre of the specimen); 

vertical load; 

diameter of the specimen; 

thickness of the specimen. 

The maximum normal stresses occur in the middle of the specimen for x = 0: 

MCMNrtnes 

a = x max 

a = 
y max 

2 P 

1t d t 

6 P 

1t d t 

7.1 

7.2 

7.3 

7.4 
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where: Ox max maximum horizontal tensile stress at the centre of the specimen; 

Oy max maximum vertical compressive stress at the centre of the specimen. 

For plane stress conditions ( Oz = 0), Hooke's law governing the behaviour of elastic and 

isotropic materials is: 

where: Ex, Ey horizontal and vertical strains; 

ox, Oy horizontal and vertical stresses; 

E Young's modulus; 

v Poisson's ratio. 

7.5 

As referred before, the term Young's modulus is not generally used in pavement 

engineering being replaced by resilient modulus or stiffness modulus. To differentiate 

in relation to the resilient modulus obtained from triaxial testing, stiffuess modulus will 

generally be adopted. 

Substituting Ox and Oy using Equations 7.1 and 7.2 the following equation is obtained: 

2P 
E = ----

x S redt 
m 

where Sm is the stiffness modulus. 

d 4 V - 16 d 2 x 2 

(d 2 + 4 X 2)2 
+ (1 - v») 7.6 

The maximum horizontal tensile strain (ExmaJ occurs in the middle of the specimen for 

x=O: 
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a 
E 

x max = x max (1 + 3 v) 7.7 

Total horizontal deformation (6) may be obtained integrating Equation 7. 6 over the 

diameter of the specimen: 

+d/2 

o = f E dx x 
7.8 

-d/2 

I.e. 

o = 7.9 

Solving Equation 7. 9 in relation to the stiffness modulus we obtain: 

s = 7.10 
m 

The determination of Poisson's ratio may be done using the following equation derived 

from Hooke's law (Equation 7.5): 

E 
a a x -

x y 
E 

V = 
y 7.11 

€ 
a - a x 

y x 
E 

y 
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Considering the relationship between compressive and tensile stresses at the centre of the 

specimen 

o = - 3 0 y max x max 7.11 

the following equation results for the assessment of Poisson's ratio 

e 
1 + 3 x max 

e 
V = y max 7.B 

e 
3 + x max 

€ y max 

where: Ex max maximum horizontal tensile strain at the centre of the specimen; 

Ey max maximum vertical compressive strain at the centre of the specimen. 

For this calculation it is either necessary to assume that the average values of the 

horizontal and vertical deformations measured along the gauge length are a reasonable 

approximation of the maximum values or convert those values into the maximum point 

strains necessary for the equation. 

Roque & Buttlar [1992] performed a three-dimensional finite element analysis on 

cylindrical specimens loaded in indirect tensile mode. Some differences were found in 

relation to the two-dimensional plane-stress results: 

• 
• 

• 

Page2S8 

variation in the horizontal tensile stress along the z-axis 

considerable and non-uniform specimen bUlging. Both vertical and horizontal 

deformations were found to be affected by the bulging of specimens under load; 

significant effect of Poisson's ratio on the stress distribution. 
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Consequently, a new measurement and analysis system has been proposed [Roque & 

Buttlar, 1992; Buttlar & Roque, 1994]. For the measurement of vertical and horizontal 

deformations a set of two miniaturised L vnTs is used which are located in the central 

part of the specimen, ideally in both faces of the specimens. This has the following 

advantages: 

• it contributes to a reduction of measurement errors due to bulging of the 

specimens; and 

• the measurement is carried out in an area where the stresses are almost uniform. 

Roque & Buttlar [1992] found that the measurements obtained with this system need to 

be corrected to take into account three-dimensional effects and specimen bulging. 

Correction factors were then proposed which depend on Poisson's ratio and the geometry 

of the specimen. These are presented below: 

a = x max 
2 P 

rt d t 
Csx 7.14 

Csx = 0.948 - 0.01114 (;) - 0.2693 V + 1.436 V (;) 7.}j 

and 

a = y max 

6P 
CSY 

1t d t 
7.16 

CSY = 0.901 + 0.138 V + 0.287 (;) - 0.251 V (;) - 0.254 (;)' 7.17 

where: Csx 

Csy 

MCMNunes 

correction factor (tensile stress); and 

correction factor (compressive stress). 
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Finally, the horizontal and vertical strains which are average values along the gauge 

length need to be converted to the maximum point strains at the centre of the specimen 

(correction factors 1.07 and 0.98 respectively) and also corrected to account for three­

dimensional effects (correction factors CBX and CBy). The equations proposed by those 

authors are: 

• for the horizontal tensile strain 

€ = x max 

HM 
1.07 Csx GL 

7.18 

C BX = 1.03 - 0.189 ( ;) - 0.081 V + 0.089 ( ; r 7./9 

• and for the vertical compressive strain 

YM 
€y max = - - 0.98 CSy 

GL 

CBY = 0.994 - 0.128 V 

where: HM measured horizontal deformation; 

Y M measured vertical deformation; 

GL gauge length; 

CBX correction factor (horizontal tensile strain); 

CBY correction factor (vertical compressive strain). 

7.20 

7.21 

The Poisson's ratio is then determined using Equation 7.11 and the stiffness modulus 
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using Hooke's law and the corrected values of stresses and strain: 

S m 
1 

(0 - V 0 ) 
~ max y max 7.22 = 

€ 
~ max 

The influence of these correction factors is shown in Figure 7.4 for a fly ash specimen, 

part of the results presented in Table 7.3. It can be seen that the effect on Poisson's ratio 

is noticeable but, on the other hand, the change in stiffness value can be disregarded. 

REPEATED LOAD INDIRECT TENSILE TEST 
Influence of Correction Factors 
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Figure 7.4 Effect of correction factors on Poisson's ratio and stiffness modulus. 
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7.4. Test specimens 

7.4.1. Choice of reference material 

The comparison of the indirect tensile test with other perfonnance-based tests such as the 

repeated load triaxial test is not easy or straightforward due to several factors: 

• non-linear behaviour of the materials meaning that the mechanical properties 

determined are only valid for a particular stress path; 

• impossibility of replicating in indirect tensile mode the loading conditions applied 

in triaxial testing; 

• size of the specimens and compaction method. 

To attempt this comparison and validate the results obtained in the repeated load indirect 

tensile tests the following issues would have to be addressed in order to minimise those 

problems: 

• the compacted material should be as homogeneous as possible to minimise the 

influence of the aggregate structure in the behaviour of the material; 

• the material should exhibit a behaviour close to linear, i.e. stress-dependency 

should not be significant; 

• the same compaction procedure should be adopted. 

For this purpose the material chosen was pulverised fuel ash stabilised with cement at 

three different levels of treatment, a material which was to be a focus of the study 

reported in the subsequent sections. To obtain information on the development of 

properties with time three different curing periods were also considered: 28, 90 and 360 

days. Other materials are referred to so as to illustrate partiCUlar issues. 

Page 161 pwnw. 



Chapter 7. Repealed Load Indirect Tensile Tests 

7.4.2. Specimen compaction 

The material was compacted in accordance with the technique presented for triaxial 

testing (Chapter 6), using vibrating table combined with vibrating hammer. The target 

moisture content and dry density were also the same as determined in the compactibility 

test. 

7.4.3. Storage conditions 

, 

After the compaction of the specimens they were left to cure for a pre-determined period 

\ 

according to the testing programme. The method used for curing affects the properties 

of the material. Therefore, it is important to standardise this procedure in order to 

simulate the situation in the field in a reasonable manner and enable comparisons 

between different mixtures. j 

The method used was as follows: 

• immediately after compaction, the specimens (inside their moulds) were carefully 

sealed to avoid the loss of moisture. This is essential for strength development 

and may be achieved by using plastic membranes to wrap the specimens tightly; 

sealed specimens were stored in a temperature controlled room at constant 

temperature of20°C; 

• 

• 

• 

after a period of 4 to 7 days the specimens had already developed an initial 

strength enabling the removal of the moulds, thus releasing them for the 

compaction of further specimens. The specimen was again adequately sealed and 

stored at constant temperature (20°C) until the end of the curing period; 

especially for highly permeable mixtures, it was important to turn specimens up­

side down periodically in order to avoid concentration of moisture in the lower 

half of the specimens which would have resulted in considerable heterogeneity 

within the specimen. 
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7.4.4. Sawing and coring of specimens 

Before the end of the curing period the triaxial specimens were dry-cut into diametral 

specimens using a diamond blade. The approximate dimensions of the final specimens 

were of 150 mm diameter and 70 mm thickness. 

The possibility of testing cores from in-service pavements is one of the main advantages 

of this form of testing. To assess the best technique for coring hydraulic bound materials 

in situ, 100 mm diameter specimens were cored from the middle of 150 mm triaxial 

specimens and used in the initial stages of this research to conduct a study on the 

influence of load risetime on the properties of the materials. 

The coring is generally more difficult than for bituminous materials but it was successful 

even for a material as brittle as stabilised fly ash, being easier for other mixtures with an 

aggregate as a main component. There are two aspects that resulted from this trial: 

• principally for the weaker materials the coring, as well as the cutting, should be 

conducted in dry conditions using appropriate core drills and diamond blades. In 

some cases, the use of water may result in permanent damage of the core and in 

any case it is likely to affect the materials' properties measured during test; 

• to avoid the damage of the core being drilled it is important to use vacuum (or air 

pressure) to remove the dust from the cutting surface. 
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7.5. Indirect tensile strength 

7.5.1. Test method 

The strength tests are performed using monotonic loading at a constant speed of 10 kPals 

until failure occurs. Values of the vertical load and vertical deformation are constantly 

recorded into the computer throughout the test. The vertical deformation is obtained 

from a pair of L VOTs measuring the displacements of the upper loading platen. Due to 

the effect of stress concentration in the proximity of the loading strips, that deformation 

is not considered in any analysis to calculate the mechanical properties of the material. 

Instead, it is used to control the test, via a personal computer, and automatically stop the 

test when the specimen fails. For test control purposes, failure is defined as 

corresponding to a vertical deformation of 10 mm. 

The indirect tensile strength is calculated using Equation 7.3 and the average of at least 

3 specimens (preferably 5) should be considered. 

7.5.2. Results 

The indirect tensile strength results obtained are presented in Table 7.2 and Figure 7.5, 

each row in Table 7.2 being derived from 3 specimens. 

The drawing of stabilisation curves allows the optimisation of mixtures in accordance 

with the properties required for the material under study. Figure 7.5 shows the 

stabilisation curve for each of the curing periods considered. It can be seen that though 

the tensile strength continues increasing with the percentage of binder, the improvement 

in strength decreases as the level of treatment increases. Economic analyses of the 

materials are desirable to evaluate whether or not the extra cost in binder is compensated 

by, for instance, an economically advantageous reduction in thickness of a pavement 

layer built from it. 
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Table 7.2 Results of the indirect tensile strength tests. 

Material Tensile Ratios (1) Standard 

Binder Curing Strength Deviation 
Content Period 

% days kPa kPa 

2 28 213 29.4 

2 90 350 1.64 14.2 

2 360 400 1.14 68.4 

5 28 510 72.9 

5 90 752 1.47 79.6 

5 360 779 1.04 131.7 

9 28 654 80.8 

9 90 1032 1.58 11.7 

9 360 1097 1.06 

ratio @ 90 days = ati (90 days) / ati (28 days) 

ratio @ 360 days = a ti (360 days) / ati (90 days) 

INDIRECf TENSILE STRENGm TEST 
Stablisatioa Curves 
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Figure 7.5 Stabilisation curves in tenns of indirect tensile strength (fly ash). 
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The ratio between tensile strength at 360 and 90 days appears to be considerably lower 

than 1.5 proposed for lime activated fly ash bound mixtures [CEN, 1995 i]. It may be 

observed from the stabilisation curves that for this particular material the strength 

development process until 90 days of curing occurs at a significantly higher rate than 

afterwards from 90 until 360 days. For this reason, a characterisation of this material at 

90 days seems to be adequate but one should bear in mind that the strength continues 

increasing with time. 

The coefficients of variation (Cv) obtained, of up to 15 %, are common in laboratory 

testing taking into account that the values obtained were the average of only three results. 

Some values deduced from the literature are: 

• Concrete - Cv of20 % for 20 or more results and 40 % for less than 20 results are 

indicated for mix design purposes [BRE, 1988]; 

• 

• 

• 

Concrete - Cv up to 20 % for the compressive strength of concrete [Neville, 

1995J; 

Soils - Cv up to 20 %, on reproducibility and repeatability testing [Dawson & 

Bullen, 1991]; 

Cement bound materials (CBM) - in terms of strength, the DoT requirement for 

CBMI is a minimum average 7 day cube compressive strength of 4.5 MPa, with 

individual minimum of 2.5 MPa [DoT, 1993]. It is numerically possible to 

comply with this requirement with test results having coefficients of variation up 

to 40 %. Even higher Cv may be possible if the average value covers the full 

range of possible CBMI strengths, i.e. above 4.5 and below 7.0 MPa; 

Gravels and sands treated with hydraulic binders - the direct tensile strength is 

determined in the French Standards [NF P 98-232, 1992] as the average of three 

results unless one value is lower than the average of the other two by more than 

50 %. This limit corresponds to a Cv of 57 %. 

It appears from the last two points that with the aim of simplifying the content of 

Standards for an easier execution of tests and analysis of results, very high coefficients 

of variation are actually being allowed, in fact much higher than what may be practically 

achieved. The use of Cv values may be a better method of controlling the variability of 

material properties, also being derived from a very basic calculation. 
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7.6. Poisson's ratio 

7.6.1. Test method 

The technique used for the determination of Poisson s ratio was adopted from the 

methodology proposed for bituminous materials by Roque & Buttlar [1992] and more 

directly from the recent research conducted by Read [1996]. A brief summary of the 

technique is described here. Poisson's ratio was not routinely assessed in this research, 

but its determination was carried out on selected specimens for test validation purposes. 

The measuring system comprises a set of two miniaturised LVDTs to measure both the 

vertical and horizontal deformations. Their positioning and gauge length had to be 

chosen taking into consideration aspects such as maximum particle size, relative 

uniformity of the stresses and at the same time minimise the bulging effects. The LVDTs 

are located in the central part of the specimen, where the stress and strain distribution is 

fairly constant, and supported by four aluminium locating pips glued to one of the flat 

surfaces of the cylindrical specimen. The gauge length considered was of 38.1 mm (1.5 

inch) which enables the use of the correction factors proposed by Roque & Buttlar [1992] 

to account for three-dimensional effects and specimen bulging. Figure 7.6 shows a detail 

of the system. 

The technique was found to work well with stabilised materials and no modifications to 

the system were considered essential apart from the necessary adaptations to the bigger 

150-mm-diameter specimens used in this work. 

The analysis is conducted using equation 7.11 or, considering the point strains at the 

centre of the specimen, equation 7.13 which leads to identical results. As referred before 

the appropriate correction factors should be used. ince they are a function of the 

geometry of the specimen and of Poisson's ratio an iterati e proce is necessary to 

determine the final value. However, the convergence proce s is extremely fast and does 

not represent a major obstacle. Indeed, the fmal result is not very ensiti e to small 
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variations in the value of Poisson's ratio and one to two iterations are generally enough 

to obtain the final solution. 

Figure 7.6 Measuring system used for detennining Poisson's ratio. 

7.6.2. Results 

The evaluation of Poisson's ratio was perfonned for fly ash stabilised with 2 and 5 % of 

cement after 90 days of curing. The results are shown in Figure 7.7. A comparison with 

the values obtained in the repeated load triaxial tests, 0.22 and 0.19 for 2 and 5 % 

respectively (see Chapter 6, Section 6.6.7) seems to indicate a small underestimation of 

the results. There are a number of factors that may have contributed to this difference: 

• triaxial tests were performed at 28 days and slightly lower Poisson's ratio values 

could have been obtained if tested at 90 days; 
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• lower reliability of the hoops for measuring very small radial defonnations when 

compared to the miniaturised L VDTs; 

• general difficulty in comparing triaxial and indirect tensile results due to the 

different stress conditions and stress paths applied during the tests; 

• although there is some evidence that elastic / resilient properties in compression 

and in tension are the same this is not yet unanimously accepted. 

REPEATED LOAD INDIRECT TENSILE TEST 
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Figure 7.7 Poisson's ratio results (fly ash). 
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In summary, the values obtained appear to be reasonable and help to validate the 

technique used and the repeated load indirect tensile test as a perfonnance-based test. 
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7.7. Stiffness modulus 

There are a number of specifications covering indirect tensile testing for the 

determination of strength [ASTM C496, 1990; BS 1881, 1983], stiffness modulus for 

bituminous materials [ASTM D4123, 1987; BS DD 213, 1993] and fatigue characteristics 

of bituminous mixtures [BS DD ABF, 1996]. Although the main criticisms of the 

indirect tensile test are actually applied to the determination of tensile strength due to the 

non-linearity and non-elasticity of the material when approaching failure, no standard has 

yet been developed for the determination of stiffness modulus in indirect tensile mode 

of materials treated with hydraulic binders. This represents an important lacuna in the 

present specifications that this research will try to cover. 

7.7.1. Test method 

The evaluation of stiffness is carried out after performing a failure test on one specimen 

of the same mixture to quantify the ultimate tensile strength of the material. For the 

stiffuess modulus test the maximum load to be applied is limited to approximately 60 % 

of that failure value, for assurance that the material will be performing in the elastic 

range. For some of the weaker mixtures the value of 70 % generally accepted for 

unbound granular materials seems to cause permanent deformations in the specimen. 

Before testing for stiffuess modulus the material should be conditioned using the highest 

stress level that will be used during the test. This conditioning is conducted by the 

application of 50 to 200 load repetitions. This phase was found to be important for a 

resilient response of the material and virtually eliminated the accumulation of pennanent 

deformations during stiffness testing. This aspect is illustrated in Figures 7.8 and 7.9. 

It Can be seen from these figures that the stiffuess during the conditioning phase changes 

by a varying amount, depending on the characteristics of the material, but remains 

broadly constant during subsequent stiffness testing. 
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REPEATED LOAD INDIRECT TENSILE TEST 
Specimen Conditioning 
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Figure 7.8 Conditioning phase (pulverised fuel ash). 

REPEATED LOAD INDIRECT TENSILE TEST 
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Figure 7.9 Conditioning phase (furnace bottom ash). 
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After conditioning, five to six increasing stress levels are used and for each one the load 

is applied repeatedly for a total of 15 cycles. The values of vertical load and horizontal 

defonnation are constantly recorded throughout the test. Indicative values of the stress 

levels to be applied are: 20, 30, 40, 50 and 60 % of the tensile strength previously 

obtained. A second test is then carried out after rotating the specimen through 

approximately 90 0
• 

For the analysis of results two methods are considered depending on the method used to 

measure the deformations: 

• Horizontal and vertical deformation measured using miniaturised LVDTs located 

in the central part o/the specimen (as Figure 7.6) 

Theoretically, this is the preferred method since the deformations are measured 

in an area where the stresses are broadly constant. The stiffness modulus is 

calculated using equation 7.22; 

Total horizontal (diametral) deformation measured using two diametrically 

opposed L VDTs mounted in an aluminium frame 

This was found to be an acceptable alternative that may be used when the first 

system is not available or to simplify and accelerate the tests. Its main 

disadvantage is not allowing the evaluation of Poisson's ratio which will need to 

be assumed. Owing to the similar stiffness modulus results obtained by both 

procedures, it is believed that the best operational method is to use the system of 

miniaturised L VDTs to make an initial evaluation of the Poisson's ratio for a 

particular material and further assessments of stiffness modulus to be conducted 

using the LVDTs in aluminium frame. The stiffuess modulus is calculated using 

equation 7.10. 

The results of the stiffness modulus are plotted against the maximum tensile stress at the 

centre of the specimen. If the material is stress dependent then the characteristic stiffness 

modulus is defined by interpolation as the one corresponding to a tensile stress level of 50 

% ofthe tensile strength, which is not the 'rear stiffness but representative of performance 

at likely stress levels in pavements. If stiffness remains approximately constant then an 

average value is calculated. This procedure is followed for the tests performed along both 
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axes and their average is reported as the stiffness modulus of the material. 

Effect of frequency of loading 

In an initial stage, a study was conducted in the conventional Nottingham Asphalt Tester 

(NA T) using 100 mm specimens and varying the risetime within the range allowed by the 

software controlling the test, i.e. 60 to 160 ms. The results are reproduced in Figure 7.10. 

It can be seen that for the range of risetimes considered the stiffness modulus is not 

affected significantly. Nevertheless, it is apparent that for the lower risetimes the scatter 

increases and thus risetimes above 120 ms (value currently used for bituminous materials) 

should be used. Limitations of the instrumentation to measure the load and deformations 

at faster rates of load applications may be responsible for the increase of scatter. 

REPEATED LOAD INDIRECT TENSILE TEST 
Frequency Study in the NAT 

------r-----,------~--- i T-S,OOO r---~-

4,900 +---- --- --- - --~ ---t--- --- --- - -l-- ----- - --------l--------l 
I i 

4,800 - -~...,....-----l----1 

I ::: t--~-± ~--- f·---~ ': --J~ -~ _[1- -- -- -- i 

~ 4,SOO t ---- -+'-1. - ---l-i!------ -t -- -- -- -: ---- ----+---1 ~-----j 
~ 4,400 t----- --t---~ ~--- ---~----- I 

~ 4,300 1-=+ ~~i- _ j --L_ -i ;::.-d,~-------j 
4,200 1 - I----- - - - ----i------ -t-1BiderCOJ1elt:C~ 

::: l--~n=±=_~-t~ 1 ._--=t -r;-~~::' 
40 60 80 100 120 140 160 180 

Rite Time (ms) 

[~=vBri8b~_~treSs~e'-_= ~~~nstan! S~s_0ef_J 

Figure 7.10 Frequency study in the Nottingham Asphalt Tester. 

An extension of the previous study was conducted with 150 mm specimens in the 

modified NAT where a broader range of frequencies is possible. The frequencies 

considered were 0.1, 0.5 and 5 Hz and the results are shown in Figure 7.11. It is evident 
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that even for this wider range the effect on stiffuess modulus can be disregarded and the 

variations observed are compatible with the ones observed in the repeatability study 

(Chapter 5). 
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Figure 7.11 Effect of frequency of loading on stiffness modulus. 

700 

The choice of frequency of loading should consider the following aspects: 

• 
• 

• 

it should be representative of transient pavement loading; 

it should be as high as possible to reduce the duration of testing, in particular for 

fatigue testing (described later in this chapter); 

it needs to permit a reliable data acquisition and assessment of properties. This 

implies lower frequencies than desirable to satisfy the other two points. 

In light of these considerations, and taking into account the results obtained in the 

frequency studies, the risetime considered for testing was 125 ms (corresponding to a 

frequency of 2 Hz) which is similar to the one generally considered for bituminous 

materials (120 ms). 
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7.7.2. Results 

An illustration of the behaviour of the materials stabilised with hydraulic binders under 

repeated loading in indirect tensile mode is presented in Figures 7.12 to 7.14. The 

deformations plotted in these figures were measured in the central part of the specimen 

using the system of miniaturised L VDTs. It can be seen that in this area where the 

stresses are broadly constant and for the stress levels used for stiffness modulus 

determination the behaviour of the material is resilient and almost linear and therefore 

the application of the equations derived from the theory of elasticity is acceptable. This 

behaviour is observed both in tension and compression and for all five stress levels 

applied (Figure 7.14) although higher scatter exists for lower stress levels and lower 

deformations. 

The results obtained for the stiffness modulus are gIVen In Table 7.3 and the 

corresponding stabilisation curves plotted in Figure 7.15 (when Poisson's ratio was not 

experimentally determined a constant value equal to 0.15 was assumed). 
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Figure 7.12 Typical resilient behaviour in tension (indirect tensile mode). 
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REPEATED LOAD INDIRECf TENSILE TEST 
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Figure 7.13 Typical resilient behaviour in compression (indirect tensile mode). 
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Stiffness continues to increase with the percentage of binder but with diminishing levels 

of improvement similar to what was observed for tensile strength (Figure 7.5), though in 

this case that is more evident at 360 days. The effect of an increase in binder content is 

stronger on tensile strength than on stiffness modulus. 

A comparison of the results obtained for the same material at 28 days in the repeated load 

triaxial tests (see Section 6.6.7) is summarised in Table 7.4. First, it should be 

emphasised that the values obtained in indirect tensile mode agree reasonably well with 

the ones obtained in triaxial mode, the results being of the same magnitude. Although 

the stiffness values obtained in the indirect tensile tests are less than those obtained in the 

triaxial tests, a second computation of the indirect tensile stiffness using the Poisson's 

ratio obtained in the triaxial tests gives a very close agreement between both tests. The 

difference in Poisson's ratio was already discussed in the previous section. These results 

seem to further validate the repeated load indirect tensile test as a performance-based test 

capable of determining the mechanical properties of pavement materials stabilised with 

hydraulic binders for design purposes. 

Table 7.3 Results of the indirect tensile stiffness modulus. 

Material Stiffness Ratios (I) Standard Coefficient of 

Major Binder Curing Modulus Deviation Variation 
Component Content Period 

% days MPa MPa % 

Fly Ash 2 28 2881 299.0 11.7 

2 90 3402 1.18 474.7 14.0 

2 360 4510 1.33 518.8 U.s 
Fly Ash 5 28 4277 416.9 9.7 

5 90 4631 1.08 467.7 10.3 

5 360 5838 1.26 504.4 8.6 

Fly Ash 9 28 5975 710.4 11.9 

9 90 6322 1.06 319.1 6.7 

9 360 6609 1.05 513.1 7.8 

Notes: (I) 
ratio @ 90 days = Sm (90 days) / Sm (28 days) 

ratio @ 360 days = Sm (360 days) / Sm (90 days) 
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REPEA TED LOAD INDIRECT TENSILE TEST 
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Figure 7.15 Stabilisation curves in terms of stiffness modulus (fly ash). 

Table 7.4 Comparison of results obtained in triaxial and indirect tensile testing. 

Material Indirect Tensile Testing Triaxial Testing 

9.0 

MajorComp Binder Curing Sm v Sm
2 

(I) Sm v 

% days MPa MPa MPa 

Fly Ash 2 28 2881 0.17 3206 3296 0.22 

Fly Ash 5 28 4277 0.15 4681 4711 0.19 

Notes: (I) Sm 2 computed using Poisson's ratio obtained in the repeated load triaxial tests. 
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7.S. Durability 

7.S.1. Test method 

With respect to cement bound materials, the Specification for Highway Works [DoT, 

1993] stipulates the detennination of the effect of immersion in water on the compressive 

strength as a way of evaluating the durability of the materials. It is thought that this test 

should be able to detect the presence of any hannful component within the stabilised 

material and its effect quantified by the index ~, defined as the compressive strength of 

the immersed specimens as a percentage of the compressive strength of the control 

specimens. 

This is not always the case and, for example, specimens of cement bound minestone were 

shown not to stop expanding at the end of the immersion period [Thomas, 1986; Thomas, 

Kettle & Morton, 1989]. On account of this, it was concluded that the determination of 

the complete effect of changes in moisture content after short periods of immersion was 

improbable. Nonetheless, despite its inability to evaluate the full extent of the expansion 

process, the presence of detrimental components causing significant expansion was 

clearly identified. Whenever necessary, once the presence of those components is 

initially detected, it will be possible to assess the material in more depth by further 

testing. Furthermore, the immersion test seems to be more representative of the 

conditions in the pavement than other durability tests used such as wetting-drying and 

freeze-thaw tests. These tests have been criticised as being excessively conservative for 

many geographic areas as a basis for specifying a design strength [Saylak, Taha & Little, 

1988]. 

Another approach is specified in relation to lime stabilised materials [BS 1924, 1990]. 

While the normal curing period for cement stabilised materials is considered to be 7 days, 

the period for materials stabilised with lime is considered to be 28 days and, therefore, 

the immersion tests should be performed on specimens cured for 28 days at a constant 

temperature of20 °C followed by 7 days immersion in water (compared with 35 days 
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standard curing). 

When the use of secondary materials and binders is being studied, some of the mixtures 

will develop strength at a slow rate. Consequently, those mixes will not have developed 

enough strength after 7 days of curing. Additionally, the immersion in water in the early 

age may be harmful for the strength development process or for the specimen integrity. 

Thus, for this project the normal durability test for cement bound materials is considered 

to be inadequate for the study of secondary aggregates and binders. Instead, it was 

proposed that durability tests be performed either on 

• specimens cured at 20°C for 21 days + immersion in water at 20 °C for 7 days . 

This hypothesis will allow testing at 28 days and direct comparison with 

specimens cured in a temperature controlled room at 20°C; or 

• specimens cured at 20 °C for 83 days + immersion in water at 20°C for 7 days . 

In this case tests will be performed at 90 days allowing direct comparison with 

specimens cured in a temperature controlled room at 20 °C for the same period. 

A question still remains as to whether testing at 28 days is completely fair to all types of 

possible mixtures including secondary aggregates and binders and whether it will 

evidence their true potential. If the answer is negative then it would probably be better 

to test them after longer curing periods. This is also in accordance with the type of curing 

period proposed for the European Standards [CEN, 1995 i & ii] where the mechanical 

performance of fly ash bound mixtures is assessed in the laboratory using strength and/or 

stiflhess modulus values at 360 days. These may be estimated from the 90 days results 

by using empirical relationships (mainly valid for lime activated mixes) proposed in the 

same standard drafts. 

There are also two other variables that can be introduced in the formulation of a 

durability test. These are the period of immersion and the temperature used. Strength 

after long-term (21 days) and short-term (8 days) immersion have been considered as 

alternatives to other durability indicators such as the vacuum-saturation test and freeze­

thaw test [Allen, Currin & Little, 1977]. 
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Different temperatures have also been used to achieve an accelerated ageing of the 

specimens: 

• by rapid cure at 49°C for 30 hours as a substitute for a normal cure [Allen, Currin 

& Little, 1977]; 

• in swelling tests on steel slags where the material is immersed in water at 50°C 

[CRR, 1993]; 

• in disintegration tests performed on steel slags involving the immersion in water 

at 60°C [CRR, 1993] or 70°C [OorIe, Verhasselt, Thijs & Kerkhof ,1992]; 

• to assess whether a particular soil is suitable for stabilisation or not a test has been 

developed in France involving curing at 90°C, for 24 hours, in a saturating 

atmosphere [pIARC, 1991]. 

A first study on durability was then conducted on cement-stabilised fly ash and lime­

stabilised minestone. The following conditions were considered: 

• curing period extended to 360 days for a full evaluation of the materials' true 

potential (at 20°C); 

• two periods of immersion, 7 and 21 days, using two different temperatures for 

each period (20 and 50°C); 

• the control specimens continued curing at 20 °C for the same curing periods (7 

and 21 days respectively). 

To evaluate the effect of immersion on properties more related to the performance of 

pavements the conventional compressive stress test is substituted by the indirect tensile 

test and the effect of immersion is assessed as follows: 

• quantify the ratio of tensile strength of immersed specimens over tensile strength 

of the control specimens; 

• quantify the ratio immersed / control stiffness modulus' 

• the occurrence of visible cracking and measurable expansion. 

The ratios of 'immersed' / 'control' both in terms of tensile strength and stiffuess 
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modulus should not drop below 75 to 80 %. This compares with the value of 80 % 

specified for the immersion test [DoT, 1993]. 

The assessment of the soaked specimens is performed immediately after removing the 

specimens from water and drying the free surface water. In this research it has been 

observed that leaving the specimen for a period of time, for instance two hours, may be 

enough for the specimen to start recovering from the period of immersion and its full 

effects not properly quantified. 

7.8.2. Results 

The results obtained are presented in Figures 7.16 to 7.19. The number of specimens was 

kept to a minimum due to the extremely long curing period considered and not all binder 

levels were tested at all testing conditions. Also just one set of control specimens was 

considered per material which continued curing at 20 °e. 
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Figure 7.16 Durability results of cement-stabilised fly ash (tensile strength). 
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Figure 7.17 Durability results of cement-stabilised fly ash (stiffness modulus). 
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Figure 7.18 Durability results of lime-stabilised minestone (tensile strength). 
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Figure 7.19 Durability results of lime-stabilised minestone (stiffness modulus). 
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64 

For pulverised fuel ash the results are reasonably high indicating a good durabil ity of the 

material. The exception here was fly ash with 2 % cement in which the immersed tensile 

strength dropped to 62 % of the control specimens. The water susceptibility seems to be 

higher for this level of treatment than for the other two, raising some concern on the 

durability of the material when stabilised with such a small percentage of binder. 

However, the prolonged immersion during 21 days produced a lower reduction to 78 %. 

Of course this improvement is due to hydration while the specimens are submerged 

(which may also account for ratios higher than 100 %) but prolonged contact with water 

is also likely to occur when the material is used in pavements and the possibility of that 

contact producing extra strength is a positive characteristic to bear in mjnd. 

The consideration of two immersion periods on durability studies seems to be 

advantageous to double check results and for the extra information that it provides in 

relation to long-term immersion. This aspect will be studied later in Chapter 8. 
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The results obtained with fly ash seem to confirm that tensile strength is more affected 

by variations in moisture content than is the stiffness modulus. 

As far as mine stone is concerned the results are in clear contrast with the ones obtained 

with fly ash. First, the deterioration of mechanical properties after immersion is high 

raising serious concern as to the durability of the mixtures. Second, there is an increase 

in the variability of strength and stiffness results which may result from the particles of 

the aggregate whose size was up to 28 mm and / or from the deterioration being amplified 

in weak sections of the specimens. 

There appears to exist a tendency for strength improvement (Figure 7.18) at higher 

temperatures and for longer periods of immersion. Curing temperature affects the 

strength and stiffness of lime stabilised materials. Higher temperatures activate 

pozzolanic reactions accelerating the strength development process. However, by 

altering the curing temperature to unrealistic values when in situ, there is a risk of 

facilitating production of chemical reactions that would not occur otherwise. Further data 

are listed in Table 7.5 where there is no clear evidence of strength enhancement with time 

when the material was cured at normal temperature (20°C). 

Table 7.5 Strength development with time (minestone), 

Material Tensile 

Major Lime Curing 
Strength 

Component Content Period 

% days kPa 

Minestone 5 28 121 
5 90 102 
5 360 154 

Minestone 9 28 127 
9 90 III 
9 360 113 

Minestone 13 28 110 
13 90 109 
13 360 101 
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For this reason it will be necessary to conduct a comprehensive research on the effects 

of using high curing temperatures before they can be incorporated safely in durability 

tests. Those effects will not be the same for all combinations of aggregate / binder and 

any generalisation from a particular material is not possible. On this count, at the present 

moment the use of 20°C is thought to be a more realistic and conservative option. 

Overall, the tests considered seem to be able to discriminate between materials according 

to their susceptibility to the immersion in water. With the findings reported here a second 

study on durability was carried out on a wide range of mixtures which will be presented 

in Chapter 8. 
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7.9. Resistance to fatigue 

7.9.1. Test method 

Fatigue testing is conducted by applying repeated loading to the specimen until failure 

occurs at tensile stress levels lower than the tensile strength of the material. This 

procedure is repeated with several specimens at different stress levels so that fatigue lines 

can be determined by plotting the indirect tensile stresses against the number of cycles 

to failure (on a log scale). Linear regression using the least squares method is applied to 

fit a straight line to the experimental results. The equation can be presented in the 

following forms: 

7.23 

or 

7.24 

where: ON indirect tensile stress resulting in failure after N cycles; 

0 0 indirect tensile strength; 

N number of cycles to failure; 

a, b material constants. 

The second method of presentation is here preferred since it allows a more direct 

comparison of the fatigue characteristics of materials by using the slope of the fatigue 

line or the value of ON / ~ after a specified number of cycles, for example 1,000,000 

cycles. 

Other methods of analysis exist. For example the analysis in terms of strains against the 
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nwnber of cycles rather than stress is commonly used for bituminous materials [BS DD 

ABF, 1996]. This was not adopted here for the following reasons: 

• the analysis in terms of strains requires the assessment of stiffness modulus at the 

stress levels used for fatigue testing. This gives rise to some problems 

• 

• 

the determination of stiffness using indirect tensile mode is a reliable 

technique in so far as the stress levels are maintained well below failure 

values (up to approximately 60 % of the tensile strength). But for fatigue 

testing the range of stress levels used is from 50 - 60 % up to 100 %; 

extrapolation outside the range of stresses used for stiffness determination 

may be unreliable, notably if that extrapolation is done for higher stress 

levels approaching failure; 

analyses conducted in terms of strains, which were carried out in the initial stages 

of this project, produced lower correlation coefficients. 

The stress levels should be related to the monotonic tensile strength of the materials and 

may be chosen down to approximately 60 % of the ultimate strength value, depending 

on the material tested. As an example 90, 80, 70, and 60 % may be enough to give a 

reasonable idea of the fatigue line and then further tests may be conducted to confirm 

values and improve the fatigue line definition. 

The values of the vertical load, cycle number and vertical deformation are recorded at 

specified times during the test. The main purpose of monitoring the vertical deformation 

is to permit the test to be stopped when the specimen fails. 

Effect of frequency of loading 

The influence of the frequency of loading on fatigue testing was studied by testing at 2 

different frequencies: 0.1 Hz and 2 Hz. The results are shown in Figure 7.20. It can be 

seen that a large increase in frequency causes an increase in the fatigue life of the material 

for a given stress level. Yet, the slope of the fatigue line does not change significantly. 

The frequency of loading used was 2 Hz, corresponding to a risetime of 125 ms. This 
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value is very similar to the one used for bituminous materials (120 ms), though the 

resting time is considerably decreased to 150 ms, reducing the length of the test. 
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Figure 7.20 Effect of the frequency of loading on the resistance to fatigue. 

7.9.2. Results 

1,000,000 

The fatigue lines obtained for each one of the three stabilisation levels and for each 

curing period studied are presented in Figures 7.21 to 7.29. In some cases, testing a 

higher number of specimens as recommended previously would improve regression 

results and the definition of the straight line. However, it was necessary to limit their 

number because of the extensive number of tests and materials studied in this research. 

On the one hand, there is no clear tendency of the fatigue susceptibility to increase with 

length of curing. On the other hand, there is some evidence suggesting a trend for an 

improvement in fatigue characteristics with an increase in binder content. An exception 

to this would be fly ash stabilised with 9 % of cement and tested at 90 days (Figure 7.28). 
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The specimens of this mixture were sub-divided into two groups to be tested at different 

frequencies (for the frequency study reported above) and for this reason the number of 

specimens is low and the slope of the line may be less reliable. 

Overall, the test appears to produce consistent fatigue lines and reasonable correlation 

coefficients. However, it is necessary to bear in mind that the inherent variability of the 

materials in terms of strength will affect the results in fatigue testing and in the same way 

as a minimum of 3 to 5 specimens is used for strength evaluation, 'ideally' the same 

number should be used for each stress level considered. From the experience gained in 

this work, it is considered that an absolute minimum of 4 different stress levels and 2 

specimens per stress level in a total of 8 specimens should be considered for the 

assessment of fatigue characteristics. 
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REPEATED LOAD INDIRECT TENSILE TEST 
F.tlcue Line - Pulveriled F.I AlII 

rrnjf-Ti n~i:f!f ;"';:i; ,., 
1.0 ' +! ftt--+ ; : .-,- .. q;, ....... .. 

I I ' : ~ J i : 
0.9 f-- + 'T ,J . _ • : i... L,. , 

I I" II 'I 

l : ttmttt-' 1'1: 1
': i I I; :: 

0.8 t- -r-- -+ THr++++----;- ,~- . -; fttt ic - T"'-+n,! 
~ ! Ii': I I I j !! i ii :! I 1/ 

• 0.7 Lt- -!-Tlitfttfutr1\m[t~tT ' 
b 0,6, + ,4H~ -+t--r I --

"Z t~ iii: I Ii! :::: ! : : ! i I I ,~ ::': , ' 0.5. 
b O.S --iTr~ , I -t fTJimr--r-:-;T11ITTi:+'jtT 'rtr.,+t 

0.4~--it I '" ~-j---~ i-T+Htr- +it+iJ' ;- t • ~" ••• 
[ ',I I I !III ! i J, ',;:h----'.· J __ LL~_.~l --'-- .. .1 .~~ .... , 

0.31 -f-t+-i-4i+t-i -\_L~t~~,Material:FAS,7,9 , .T .... -

I : i:':: I i I ::;! I : ! I Binder conte .. : c = 2 % 
0.2t-- ll--ttttHr -rntttmjiIICuringpcriod:360days it ; '1~:~~ -t •• '1+-

r , I, illj ", I ~Sl -0070 R"2 090 0.1,- ;-++l-r'W +-. j--'+-+r' ope= . ... 4 , .... ~: 
~ : r iii! ill' iii I ; illl ' I i - - r- I ~. r 1 fr. !'. ~ 1''-; 

0.0 L __ LLLcJ_l: --.1 __ ,-U 4- L ~L '.111. l.-'. ,." .. ;, i "_dll< 
10 100 1,000 10,000 100,000 1,000,000 

Numberorcytles to F •• re 

Figure 7.23 Fatigue results of cement-stabilised fly ash (c = 2 % @ 360 days). 

PhD7M,,, 



I.J 

• 1.0 

0.9 

0.8 

0.7 : 

... 
b 0.6 ; 

z O.S b 
0.4 

OJ 

0.2 

0.1 ; 

00 

Chapter 7 - Repeated Load Indirect Tensile Tests 

REPEATED LOAD INDIRECT TENSILE TEST 
Fatigue Line - Pulveri!ed Fuel Ash 

10 

, 
~ • ~ _, 1-. • ~ -

r I ~ 

• ...- -<- ~ t +~. , 

Iii L 

'~ I' 

i :1 I 
. "[' , i II iii 

· :'''1.' : .: :1 ~ 
... Matel"ial:i'iCz'i,24 .", 'll 

.... , Binder content: c = 5 % ~ 
. ,Curing period: 28 days II 

. I I •• Slope = -0.066 R"2 = 0.84 t 
, :; ~ i:: i:l ; [~T! 

100 1,000 10,000 

Number of Cycles to FaUure 

I I' 

100,000 1.000,000 
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Figure 7.26 Fatigue results of cement-stabilised fly ash (c = 5 % @ 360 days). 
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Figure 7.27 Fatigue results of cement-stabilised fly ash (c = 9 % @ 28 days). 
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Figure 7.28 Fatigue results of cement-stabilised fly ash (c = 9 % @ 90 days). 
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7.10. Summary 

• The issues involved in indirect tensile testing were comprehensively discussed . 

The advantages and disadvantages were identified together with those of the main 

alternative tests: direct tensile test and beam flexure tests. Overall the test has 

considerable potential for the study of secondary materials and binders and for 

evaluation of mechanical properties for use in analytical methods of pavement 

design. 

A method of analysis was presented which is based on two-dimensional plane­

stress elastic theory. This was complemented with correction factors to take into 

account three-dimensional effects and specimen bulging. Those factors were 

developed based on three-dimensional finite element analysis of indirect tensile 

specimens and were found to be more important for the calculation of Poisson's 

ratio than for stiffness modulus. 

A number of specifications cover this form of testing but, with the exception of 

indirect tensile strength, they are applicable to bituminous materials and do not 

cover materials treated with hydraulic binders. This represents a lacuna in the 

present specifications' coverage. 

The research conducted encompassed the study of tensile strength, stiffness 

modulus, Poisson's ratio, resistance to fatigue, durability and the development of 

properties with time. The methodology used and proposed for the assessment of 

each of these properties is described in detail with special reference to the results 

obtained with cement-stabilised fly ash. 

• Empirical relationships proposed in the bibliography for lime activated fly ash 

bound mixtures, to estimate 360-day properties from 90-day results, were found 

not to be applicable for the cement stabilised fly ash. This reinforces the 

importance of expeditious tests such as the repeated load indirect tensile test for 

material evaluation. 
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• For stifthess modulus and Poisson's ratio evaluation, on-sample instrumentation 

systems comprising miniaturlsed L VDTs located in the central quarter of the 

specimen should be used to measure the vertical and horizontal deformations 

directly in an area where stresses and strains remain broadly constant. However, 

for stifthess modulus determination, L VDTs mounted in an aluminium frame to 

measure the total horizontal deformation were found to be an acceptable 

alternative. 

• Coefficients of variation (Cv) up to approximately 15 % were obtained for both 

tensile strength and stifthess modulus. These coefficients are in accordance with 

the variability obtained in other laboratory tests. The use of Cv values seems to 

be an adequate method for controlling the variability of properties in laboratory 

testing. 

• The test considered for durability assessment seems to be able to discriminate 

materials according to their water susceptibility. On the one hand, the 

consideration of two differing periods of immersion appears to be advantageous 

providing extra information regarding long-term immersion. On the other hand, 

higher than normal temperatures should not be used before further research is 

carried out. 

• The resistance to fatigue is affected by the frequency of loading. Fatigue 

characteristics seem to improve for higher binder contents. 

• The results seem to agree reasonably well with those from repeated load triaxial 

tests and to contribute to the validation of the techniques developed and of the 

repeated load indirect tensile test as a performance-based test. Overall, the 

repeated load indirect tensile test seems to produce reliable and consistent 

measures of material performance. 
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HEA VY ST ABILISA TION OF SECONDARY MATERIALS 

8.1. Introduction 

In previous chapters a range of alternative materials was studied both in unbound and 

lightly-stabilised fonns. Another possible approach to the use of secondary materials is 

their stabilisation using higher levels of binder (treatment level III, see Section 4.4). This 

will produce stronger and more durable materials that may find applications at several 

levels in the pavement structure, perhaps as high as the roadbase. 

In this chapter, the last approach is considered and the methodologies developed and 

described before are applied to the study of thirteen mixtures. This work was conducted 

for the 'LINK II' project "Enabling the Use of Secondary Materials and Binders in 

Pavement Foundations" being carried out by the Transport Research Laboratory (TRL) 

with the University of Nottingham and involving the Department of Transport and the 

following companies generating secondary materials: British Cement Association, British 

Steel, Buxton Lime Industries Ltd, Camas Aggregates, National Power PLC, Powergen, 

Wimpey Minerals Ltd [Nunes, Dawson, Chaddock & Kennedy, 1995; Nunes, Dawson, 

Chaddock & Atkinson, 1996] 

The principal objectives of the project are: 

• to establish appropriate, rapid, practical, laboratory-based means of identifying 
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candidate materials and mixtures for use in the sub-base and capping layers of the 

pavement structure; 

• development of a generic specification defining acceptable perfonnance criteria 

for secondary aggregates and binders, for use in various layers of the pavement 

foundation; 

• application of this specification to a limited number of materials or material 

combinations, to evaluate their structural equivalence to conventional materials 

in full-scale trials carried out under controlled conditions of wheel loading and 

subgrade conditions. 

The main objective of the element of the work described here was to conduct a 

comprehensive laboratory assessment of thirteen different mixtures in order to select six 

which will be further studied and optimised. Ultimately, the six selected mixtures 

together with a control will be used for full-scale testing in the Pavement Test Facility 

of the Transport Research Laboratory. 
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8.2. Selection of mixtures 

The secondary materials considered in this work were most of the materials selected in 

Chapter 2, with the exception of minestone, slate waste and furnace bottom ash that were 

already the object of substantial work presented in previous chapters. A complete list is 

shown in Table 8.1 where their sources are identified. 

Table 8.1 Materials studied and respective sources. 

Material Company Source 

Aggregates 

China clay sand Camas Aggregates Lee Moor Quarry 

Air-cooled blastfumace slag Wimpey Minerals Ltd. L1anwem - Cambrian Stone 

Air-cooled steel slag Wimpey Minerals Ltd. L1anwem - Cambrian Stone 

Pulverised fuel ash Powergen Ratcliffe-on-Soar Power Stn 

FGDGypsum Powergen Ratcliffe-on-Soar Power Stn 

Binders 

Cement (OPC) British Cement Association Hope Works - Blue Circle Ind. 

Cement (CJA < 5 %) British Cement Association Weardale - Blue Circle Ind. 

Lime (quicklime) Buxton Lime Industries Ltd. Tunstead Quarry 

Pulverised fuel ash Powergen Ratcliffe-on-Soar Power Stn 

Granulated blastfurnace slag Wimpey Minerals Ltd. Llanwem - Cambrian Stone 

Ground granul. blastfumace slag Wimpey Minerals Ltd. Llanwem - Cambrian Stone 

FGDGypsum Powergen Ratcliffe-on-Soar Power Stn 

Cement kiln dust British Cement Association Westbury - Blue Circle Ind. 

The cement with low percentage oftricalcium aluminate (C3 A < 5 %) was used for the 

stabilisation of FGD gypsum in accordance with the technical guidelines presented in 

Chapter 2. 

The potential number of mixtures to consider in this study is vast. Apart from the 

number of secondary aggregates that were selected for study, one has to bear in mind the 

large number of possible mixtures resulting from combining primary and secondary 
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aggregates which in tum may be stabilised using primary or secondary binders, or 

combinations of these. In addition, the proportions of the mixture components may vary 

widely, further increasing the number of potential mixtures. 

The mixtures considered and the proportioning of their components were selected by a 

committee of members of the 'LINK II project'. Initially, a short-list of 18 mixtures 

incorporating secondary materials was developed together with an additional 3 reference 

mixtures based on: 

• known successful performance in the UK in the past; 

• known successful performance outside the UK; 

• suggestions from the industry involved; 

• best estimates of other possible successful mixtures. 

The initial list of materials is reproduced in Table 8.2. Further reduction of the number 

of mixtures had to be conducted to a proposed list of 13 mixtures. The narrowing was 

based on the following principles: 

• final material should have a reasonable chance of performing successfully; 

• final material should have some chance of being acceptable to a, possibly, 

sceptical clientele; 

• only one of two broadly similar mixtures should be subjected to detailed testing. 

The final materials selected were assigned to three 'families' as indicated below: 

• 

• 

• 

Ash or gypsum-based mixtures 

China clay sand-based mixtures 

Coarse aggregate-based mixtures 

MI, M2, M4, M6 and M7; 

M8, M9, MIO and M12; 

MIS, MI7, MI8 and MI9. 

The thirteen candidate materials listed above represent a reasonable spread of different 

types and the selection of the final six materials may be conducted by choosing two from 

each family without undue overlap as far as their components are concerned. 
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Table 8.2 Initial list of mixtures. 

Code Major Component Principal Binder Activator Notes 

MI Pulverised Fuel Ash Cement reference 

M2 Pulverised Fuel Ash Cement kiln dust Cement 

M3 Pulverised Fuel Ash Lime Sodium Carbonate 

M4 Pulverised Fuel Ash Gypsum Lime proven 

M5 Pulverised Fuel Ash Cement kiln dust Gypsum 

M6 Pulverised Fuel Ash Cement kiln dust Granulated slag 

M7 Gypsum Pulverised fuel ash Cement 

M8 China Clay Sand Cement reference 

M9 China Clay Sand Cement kiln dust Cement 

MIO China Clay Sand Pulverised fuel ash Lime a proven 

MIl China Clay Sand Pulverised fuel ash Granulated slag Lime 

MI2 China Clay Sand Ground granul. slag Lime Gypsum 

M13 China Clay Sand Cement kiln dust Ground granul. slag 

MI4 China Clay Sand Cement kiln dust Granulated slag 

MI5 Conventional aggregate Cement reference 

M16 Conventional aggregate Cement kiln dust Cement 

MI7 Conventional aggregate Pulverised fuel ash Lime Gypsum proven 

MI8 Blastfurnace slag Granulated slag Lime 

MI9 Blastfurnace slag Granulated slag Steel slag 

M20 Blastfumace slag Cement kiln dust Granulated slag 

M2I Conventional aggregate Cement kiln dust Granulated slag 

Selection of mixture proportions 

The estimate of the percentages of each component of the mixtures was based on: 

• the literature recommendations presented in Chapter 2; 

• past experience on the use of these materials of the members of the 'LINK II 

project' Committee; 

• the indispensable input from the companies involved. 

The resulting materials will need to demonstrate an acceptable structural performance 

both in the short and in the long term. In the third family (the coarse aggregate-based 
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mixtures) both the strength development process due to stabilisation and the aggregate 

matrix will contribute to the structural performance of the materials. The choice of an 

adequate grading curve of the mixture will contribute to its mechanical stability, 

producing better early age trafficability with the load being transmitted through the points 

of contact between particles and the fines filling the voids between coarse particles to 

prevent movement. On the other hand, the first family (the ash or gypsum-based 

mixtures) will need to compensate for the lack of an aggregate matrix with faster 

development of strength and stiffness to enable trafficking after short periods of time. 

This family relies very largely on the binder to produce a material with successful 

performance. The situation for the second family is intermediate with the existence of 

an aggregate structure as a major feature of the mixture, but lacking many of the coarser 

particles. 

As a result of these considerations Table 8.3 has been developed showing the suggested 

mixtures and respective proportions. It is not the objective of the work described in this 

chapter to conduct an optimisation of the mixtures. That is the purpose of a subsequent 

phase of the project which immediately precedes the full-scale pavement trials and which 

is in progress at the time of writing. As a result, it is expected the mixtures presented 

may be further improved through small variations in the proportions of binder and also 

in the moisture content used for compaction. 
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Table 8.3 Selected mixtures and proportions. 

Material Major Binder / Activator 
Code Component 

% % (by weight) 

Pulverised Fuel Ash 

MI 93 cement 7 

M2 90 cement kiln dust 7 cement 3 

M4 91 FGD gypsum 5 lime 4 

M6 70 cement kiln dust 20 granulated slag IO 

FGDGypsum 

M7 82 pulverised fuel ash 10 cement 8 

China Clay Sand 

M8 93 cement 7 

M9 90 cement kiln dust 7 cement 3 

MIO 80 pulverised fuel ash 15.5 lime 4 sodium carbonate 0.5 

MI2 92.5 ground granul. slag 6 lime FGD gypsum 0.5 

Granite Type 1 

MI5 96 cement 4 

MI7 92 pulverised fuel ash 6 lime 1.5 FGD gypsum 0.5 

Blaslfurnace Slag 

MI8 84 granulated slag 15 lime 

MI9 70 granulated slag 20 steel slag IO 
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8.3. Testing programme 

The final version of the testing programme is presented in Table 8.4. The programme 

also included an initial assessment in terms of compactibility tests to determine the 

optimum values of moisture content and dry density for the compaction of the mixtures. 

The relevant properties that need to be assessed when using the materials in pavement 

construction are: 

in the short term 

• early age trafficability. This is analysed through the values of compressive 

strength of cubes at 7 days. A guide requirement of a minimum of 2 MPa at 7 

days was considered based on the strength requirements presented in Section 4.5; 

in the long term 

• tensile strength; 

• stiffness modulus; 

• resistance to fatigue; and 

• durability. 

The long term assessment was based on repeated load indirect tensile tests performed at 

different curing periods. The evaluation of the durability is based on the comparison of 

the performance of specimens immersed for a specified period ('wet cure' in Table 8.4) 

with that of control specimens. 

Cube crushing tests were also performed at 7, 28, 90 and 360 days. Apart from giving 

an indication of early age trafficability, the information obtained enables an estimation 

of fatigue resistance at ages when it was not directly determined. This is also the main 

test currently used for the characterisation of stabilised materials [DoT, 1993] and 

considerable experience exists on the results obtained. By including this type of test in 

this project a comparison can be maintained with standard procedures. 

The results presented here concern tests performed on specimens cured for periods up to 
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90 days. The 360-days testing indicated in Table 8.4 is not reported because the testing 

dates coincided with the submission ofthis thesis, preventing the processing and analysis 

of results in due time. Nevertheless, the data is unlikely to affect the choice of the six 

mixtures to be considered for further investigation which is the main purpose of the study 

presented in this chapter. 
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Table 8.4 Final testing programme. 

REPEATED LOAD INDIRECT TENSILE TESTS 

Cubes at days Strength at days Stiffness at days Fatigue TOTAL 

normal I I 
wet cure normal wet cure 

7 28 90 360 I 28 28 90 28,90,360 28 90 @90days I 
3 3 3 3 I 12 3 2 I 3 2 1 6 i 15 

I 

3 3 3 3 12 3 2 I 3 2 I 6 
i 

15 I 
I 

3 3 3 3 12 3 2 I 3 2 I 6 I 15 

3 3 3 3 I 12 3 2 1 3 2 I 6 I 15 I 

, , 

3 3 3 3 12 l 3 2 ~3~ _ 2 6 15 

3 3 3 3 12 3 2 3 2 6 15 

3 3 3 3 12 3 2 3 2 6 15 
---~ ---I 

3 3 3 3 12 3 2 3 2 6· 15 

3 3 3 3! 12 3 2 3 2 6 15 
--,------- - 1 

3 3 3 3 12' 3 2 3 2 6 15 

3 3 3 3, 12 3 2 3 2 6 15 

3 3 3 3 12 3 2 3 2 6 15 
--_.-

I 3 3 3 3; 12 i_ 3 2 3 2 6 15 

156 195 

FA=pulverised fuel ash GY=gypsum CC=china clay sand T1=granite Type 1 BS=air-cooled blastfumace slag 
C=cement L=lime Fa=pulverised fuel ash Gs=granulated blastfumace slag Ggs=ground granulated blastfumace slag Cd=cement kiln dust 
Gy=FGD gypsum Ss=steel slag + =sodium carbonate (Na2C03) 

~ 
I:>-

~ 
~ 
~ 
'" ~ :.. 
~ 

~ 
~o 

'" 
~ 
~ ., 
iSo 
/;;" 
So 

~ 

r 



Chapter 8 - Heavy Stabilisation of Secondary Materials 

8.4. Compactibility tests 

To permit a fair comparison between mixtures and to evaluate the maximum potential of 

stabilised secondary materials it was necessary to conduct the compaction of the 

specimens at optimum conditions. Accordingly, to determine the optimum values for 

moisture content and dry density, compactibility tests were performed on all thirteen 

mixtures. Some changes were made in relation to what is specified by the British 

Standards [BS 5835, 1980; BS 1924, 1990]. First of all, the number of portions taken for 

each level of initial moisture content was reduced to one, or two portions when the first 

result appeared unreliable. This was an important practical measure, since the number 

of mixtures to be studied made with full compliance with the referred standard an 

impractical proposition. 

In addition, most of the current standards for pavement materials, including the ones 

referred above, were developed for conventional aggregates and direct application to 

secondary materials may cause errors as far as the evaluation of the properties of the 

material is concerned. In this particular case the standards specify that representative 

portions of aggregate for testing should be prepared from the bulk sample having an 

oven-dry mass in the range of 2.4 to 2.6 kg [BS 5835, 1980; BS 1924, 1990]. This 

amount of material will result in a compacted specimen of around 70 mm height for a 

conventional granite Type I for sub-bases. Secondary materials have a wide range of 

particle densities, with materials such as pulverised fuel ash and gypsum being at one end 

of the scale and steel slags at the other end. The use of a common quantity of material 

irrespective of their relative particle density will result in the energy of compaction being 

applied to completely different volumes of materials. This may result in significant under 

/ overestimation of the optimum values for compaction for light / heavy materials 

respectively. 

Thus it was decided that the compaction should be carried out on amounts of materials 

resulting in specimens of roughly the same volume after compaction (70 mm height in 

the mould gives a reasonable value). It may be argued that to estimate the amount of 

material to use we will need the optimum values for compaction which is the result of the 
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test. However, it is easy to do that estimation based on past results / experience or by 

compacting one or two specimens and then adjusting the amount of material necessary 

for the test. 

The results obtained using this procedure are presented in Table 8.5. The optimum 

values seem to be well defined. Figure 8.1 shows an example in which the compaction 

curve reaches a peak readily defining the optimum moisture content (OMC) and 

maximum dry density (MDD) values. Another type of compaction curve found was the 

one presented in Figure 8.2 in which the dry density of the specimen continues increasing 

for higher levels of water content. In this case, the effective optimum values considered 

are the ones corresponding to the point in which the difference between the initial 

moisture content and the residual one equals 2 %. Above this level further water tends 

to drain from the specimen, not being used in the compaction process. This generally 

happens with the most permeable materials such as china clay sand and blastfurnace slag. 

The compaction of these mixtures did not present any special difficulty and the same is 

expected to happen when producing the materials for the Pavement Test Facility trials. 

However, special precaution should be taken when mixing materials including very small 

percentages of binder. It is known that the production of homogeneous mixtures is 

difficult when some components are in percentages lower than 2 or even 4 %. In this 

study, mixes MIO, MI2 and MI7 have one component in percentages as low as 0.5 % 

which may represent a problem for the production of uniform mixes. To overcome this 

difficulty it is recommended that all binders should be pre-mixed together before being 

mixed with the major component. Following this procedure, what is certainly a very 

small percentage in total terms, significantly increases when considered only in relation 

to the total binder volume. 
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Material Code 

Pulverised Fuel Ash 

MI FA/C 

M2 FA/CdC 

M4 FAiGyL 

M6 FA/CdGs 

FGDGypsum 

M7 GY/FaC 

China Clay Sand 

M8 

M9 

CC/C 

CC/CdC 

MIO CC/FaL+ 

MI2 CC/GgsLGy 

Granite Type 1 

MIS TI/C 

Ml7 TI/FaLGy 

I!.~stfurnace Slag 

MI8 BS/GsL 

Ml9 BS/GsSs 

KEY: 
Aggregates 
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Table 8.5 Results of the compactibility tests. 

Major Binder 

Component C L Fa Gs Ggs Cd Gy Ss + I 

% 

93 

90 

91 

70 

82 

93 

90 

80 

92.5 

96 

92 

84 

70 

7 

3 

8 

7 

3 

4 

4 

10 

4 115.5! 

I ' 

1.5 6 

JO! 

15 I 

20 • 

6 

% 

I . 7 . 

I I 5 

i 20 I 

I 7 
I 

I 
i 0.5 
i 

i 
: 0.5 i 
I 

I 

0.5 

10 

I OMC 

% 

19.1 

19.4 

21.2 

17.9 

14.1 

9.8 

9.3 

9.2 

9.2 

6.5 

6.5 

7.0 

8.0 

MDD 

1.43 

1.51 

1.46 

1.58 

1.36 

2.01 

2.03 

1.95 

1.96 

2.14 

2.29 

2.08 

2.18 

FA=pulverised fuel ash GY=gypsum CC=china clay sand TI=granite Type 1 BS=air-cooled blastfurnace slag 
Binders 
C=cement L=lime Fa=pulverised fuel ash Gs=granulated blastfumace slag Ggs=ground granulated blastfurnace slag 
Cd=cement kiln dust Gy=FGO gypsum Ss=sleel slag + =sodium carbonate (Na2C03) 
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COMPACTIBILITY TEST 
Mixture M17 - Granite Type 1 + fly ash, lime and gypsum 
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Figure 8.1 Compaction curve of mixture 17. 

COMPACTIBILITY TEST 
Mixture M8 - China Clay Sand + Cement 
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Figure 8.2 Compaction curve of mixture 8. 
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8.S. Compressive strength of cubes 

8.S.1. Methodology 

The compressive strength was determined on 100 nun-cubic specimens at different curing 

periods foIIowing the procedure specified in the British Standard [BS 1924, 1990]. Using 

a vibrating hammer, specimens were compacted at the optimum values of moisture 

content and dry density previously determined. According to the referred standard, the 

stabilised material should be compacted and left in the moulds at a constant temperature 

of20 °C until the following day, when specimens may be removed from the moulds for 

further curing. For most of the mixtures this procedure was not possible since the 

development of strength occurs at a slower rate in comparison with conventional 

stabilised materials. Hence, they had to be left in the moulds for longer periods, typically 

two to three days before removal. Unfortunately, this results in corrosion of the moulds 

and the creation of links between mould and specimen which makes it difficult for the 

extraction of a complete cube to be achieved. This was a problem observed in partiCUlar 

for the fly ash and gypsum family and for some with china clay sand as a major 

component. For the other mixes with coarser aggregates the moulds' removal was more 

straightforward and there were no cube losses during that procedure. 

In some cases the cubes were extracted from the moulds using a standard extraction 

machine to minimise cube losses and preserve the integrity ofthe specimen. For future 

compactions of mixes involving secondary binders the following recommendations are 

thought to be beneficial: 

• use of a liner on the cube surfaces during compaction. This will inhibit material 

from sticking to the mould (although the liner material will need careful selection 

to avoid interference with the compaction process); 

• extension of the period before the removal of the mould to two or three days. 
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After compaction, specimens are stored for curing observing a procedure similar to the 

one described earlier in Chapter 7 which includes the following steps: 

• immediately after compaction, the specimens (inside their moulds) should be 

carefully sealed to avoid the loss of moisture. This is essential for strength 

development and may be achieved by using plastic membranes to double-wrap 

the specimens tightly; 

• sealed specimens should be stored in a temperature controlled room at constant 

temperature of20 °C; 

• after a period of 2 to 3 days the specimens should have already developed an 

initial strength enabling the removal of the moulds, thus releasing them for the 

compaction of further specimens. The specimen should again be adequately 

sealed and stored at constant temperature (20°C) until the end of the curing 

period. 

Other methods of storage could also be used. As an example, specimens may be left to 

cure under either sealed conditions or in a 100 per cent humidity room. After this first 

phase they could be stored in laboratory conditions, for 2 days before testing, allowing 

them to air-dry. Alternatively, they may be submersed in water for 2 days before testing. 

Some disadvantages have been found by Saylak, Taha and Little [1988] in relation to 

these procedures. The first method leads to higher strengths by allowing the specimen 

to reduce its moisture significantly, and it does not characterise moisture susceptibility. 

On the other hand, the humidity room and submersion procedures may be detrimental for 

specimen integrity or for the strength development process and, when new mixtures with 

secondary aggregates and binders are studied, it is desirable to make use of 

methodologies which will not by themselves compromise the acceptability of the 

materials. 

8.5.2. Results 

The results obtained in the compressive strength tests are presented in Figures 8.3 to 8.5 

as a function of time for each family of material. In Figure 8.6 the materials are ranked 
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according to their compressive strength. Since some of the materials develop strength 

at a rate slower than conventional materials, their full potential will not be realised unless 

they are left to cure for longer periods. For comparison purposes the materials were 

ranked according to their 90 days compressive strength. 

8.5.3. Classification and discussion of results 

In order to analyse the results and fully understand the strength or weakness of materials 

they may be classified into the four classes of cement bound materials considered in the 

Specification for Highway Works [DoT, 1993]. For a complete classification following 

that specification it is not enough to consider the compressive strength at 7 days, other 

properties being specified such as grading, type of material, effect of immersion in water, 

absence of cracking or swelling after immersion and soaked ten per cent fines value 

(TFV). However, those extra requirements wiII be disregarded for the purpose of making 

a first classification of these materials, which is shown in Table 8.6. 

From the results obtained it is possible to draw the following conclusions: 

• there is no clear relationship between compressive strength after 7, 28 and 90 

days curing for the materials studied. Even considering materials within the same 

family, with the same major component, that relationship cannot be deduced from 

the results; 

• low early strength does not give a clear indication of strength with time. It may 

be either due to weakness of the material or slow cementation and strength 

development process, in which case the strength at higher ages will improve 

significantly (see in particular mixtures M4 and M 17). 
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A summary of the compressive strength results is presented below 1: 

Mixtures 

• best performance: M4-FAIGyL, MI7-TIlFaLGy, MIO-CClFaL+, MI-FAIC 

• worst performance: MI8-BS/GsL, M7-GYlFaC, MI2-CC/GgsLGy 

Aggregates (major component) 

• best performance: FA, TI 

• worst performance: BS, GY 

Binders 

• best performance: FaLGy, FaL+, FaC 

• worst performance: GsL, GgsLGy 

Early-age strength development 

• Fast rate: M9-CC/CdC, MI-FAlC, MIS-TIIC, M2-FAlCdC, M6-FAlCdGs 

• Slow rate: MlO-CClFaL+, M4-FAIGyL, M17-TIlFaLGy, M7-GYlFaC 

KEY: 
Aggregates 
FA=pulverised fuel ash GY=gypsum CC=china clay sand Tl=granite Type I BS=air-cooled blastfumace slag 
Binders 
C=cement L=lime Fa=pulverised fuel ash Gs=granulated blastfumace slag Ggs=ground granulated blastfumace slag 
Cd=cement kiln dust Gy=FGD gypsum Ss=steel slag + =sodium carbonate (Na2C03) 
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COMPRESSIVE STRENGTH OF CUBES 
Pulverised Fuel Ash and Gypsum Mixtures 
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Figure 8.3 Compressive strength of the mixtures with fly ash or gypsum as a major component. 
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Figure 8.4 Compressive strength of the mixtures with china clay sand as a major component. 
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COMPRESSIVE STRENGTH OF CUBES 
Granite Type I and Blastfumace Slag Mixtures 
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Figure 8.5 Compressive strength of the mixtures with Type 1 aggregate or blastfumace slag as a 
major component. 

..-. 
" 1:1.. 
~ --t 
1:1 
t ... 
~ 
~ 

.~ 
." 
." 

t 
Co e = u 

14-~ 
N 

12 

10 
0' 

8 

6 

4 

M 
N 

2 

o 

-

COMPRESSIVE STRENGTH 
Ranking based on 90 days results 

..... 
00 

~ ~ r-... r---
- -- --- - "- - ~- ~-- N~-· 

,...: ....: 

--.,; 

Figure 8.6 Ranking of materials based on the compressive strength of the mixtures at 90 days. 
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Table 8.6 Simplified classification of the materials based on compressive strength at 7 days. 

Material Code 

Pulverised Fuel Ash 

MI FA/C 

M2 FA/CdC 

M4 FA/GyL 

M6 FAlCdGs 

FGDGypsum 

M7 GY/FaC 

China Clay Sand 

M8 CC/C 

M9 CC/CdC 

MIO CC/FaL+ 

MI2 CC/GgsLGy 

Granite Type J 

MIS TIIC 

MI7 TIlFaLGy 

Blostfurnace Slag 

MI8 BS/GsL 

MI9 BS/GsSs 

KEY: 
Au,egllles 

Major 

Component 

% 

93 

90 

91 

70 

82 

93 

90 

80 

92.5 

96 

92 

84 

70 

C 

7 

3 

8 

7 

3 

4 

L Fa Gs 

4 

to 

10 

4 15.5 

1.5 6 

15 

20 • 

Binder 
I 

Ggs Cd Gy Ss + I 
% 

i 

6 

7 

5 

20 I 

7 

I 

I 

! 0.5 

i 
I I 

I o.s I 
I 

I 
10 ' I 

I 

1

10.5 • 
. I 

I 
I 

I 

I 

Simplified 

Classi fication 

CBMs 

CBM2 

CBM I 

None 

CBM I 

None 

None 

CBM I 

None 

None 

CBM I 

None 

None 

None 

FA=pulverised fuel ash GY=gypsum CC=china clay sand Tl=granite Type I BS=air-cooled blastfumace slag 
Bintkn 
C=ccmc:nt L=lime Fa=pulvc:rised fuc:l ash GFgranulated blastfumacc: slag Ggs=ground granulated blastfumace slag 
Cd=cement kiln dust Gy=FGO gypsum Ss=steel slag + =sodium carbonate (Na2C03) 
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8.6. Repeated load indirect tensile tests 

The testing techniques used for indirect tensile testing were essentially as presented in 

Chapter 7. In the cases where small variations were considered these are identified in the 

next sections. All data from this type of test are analysed and discussed together in 

Section 8.6.3 after presentation of the results in Section 8.6.2. 

8.6.1. Development of compaction technique and equipment 

The use of the same compaction technique for both triaxial and indirect tensile tests 

(Chapters 6 & 7) had the advantage of enabling a more direct comparison of results. That 

procedure worked well for triaxial testing because the specimens were compacted in their 

final form. On the other hand, to obtain indirect tensile specimens with adequate 

dimensions it was necessary to dry-cut the triaxial-size specimens obtained using the 

same technique. This raised some health concerns related with noise and the production 

of dust during cutting (the latter was more evident for mixtures having fine materials as 

a major component, for example pulverised fuel ash). In addition, the need to 

manufacture a large number of specimens in a relatively short period of time raised the 

need to develop a more expeditious compaction procedure that would directly produce 

specimens with the testing dimensions. 

For this purpose, it was decided to use the standard rig for the compactibility test [BS 

5835,1980]. This has the advantage of permitting the compaction to be carried out in 

exactly the same conditions as during the determination of the optimum values of 

moisture content and dry density. In particular, the same compaction energy can be 

applied by controlling the time of compaction, currently of 3 minutes for the 

compactibility test. Although the rig frame and vibrating hammer could be used for this 

purpose, the compaction mould was not adequate. A new mould was specially designed 

to fulfil the requirements mentioned above. In Figures 8.7 and 8.8 details of both the 

compaction rig and mould are shown. 
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The three-piece metallic mould enables the positioning of a thin plastic mould and 

extension within its boundaries (Figure 8.9). A schematic representation is also presented 

in Figure 8.10. The inner mould is made of plastic tube enabling an easy and economic 

manufacture of a large number of moulds with the dimensions of the final specimen. 

This is Particularly important since some of the materials cement slowly and they need 

to be kept in the mould for longer periods than would normally be necessary. 

The materials are compacted in one layer, using the standard vibrating hammer [BS 5835, 

1980] for a period of three minutes. The size of the completed specimen is ISO mm 

diameter by 70 mm thickness which compares favourably with the dimensions of the 

compacted material in the compactibiJity test. In this manner, using the pre-determined 

amount of material necessary and the same energy of compaction as during the 

compaction test, this technique should generate indirect tensile specimens compacted at 

the optimum values. 

After compaction the specimens are stored for further curing until they are tested 

fOllOwing the curing periods specified in the programme. The procedure used for 

specimen storage during curing for the indirect tensile specimens is similar to the one 

used for cubes which was discussed in the previous section. However, in this case the 

specimens are left in their moulds for longer periods. This is a good practical way to 

keep the specimen, preventing moisture losses and the possibility of accidental damage, 

and it is economically viable since the inner plastic moulds are relatively inexpensive and 

easy to manufacture. In addition, it enables the specimen to further develop strength 

which facilitates extraction. 

The removal of the specimens from the moulds is done using an extraction machine 

operated at constant speed. Contrary to what happened with the cubes, this operation is 

highly successful due to the relatively low adherence of specimen / mould surfaces (and 

certainJy no mould corrosion) and the absence of comers where the material tends to 

adhere. 
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Figure 8.7 Compaction rig. 

Figure 8.8 Compaction mould. Figure 8.9 View of inner specimen mould. 

Page 320 PhD Thesis 



Chapler - Heavy Stabilisation of Secondary Materials 

150 mm 

Figure 8.10 cherne of the developed compaction mould. 

8.6.2. Re nit 

8.6.2.1. Indirect tell ile treflgtll 

Rigidity 
Ring 

Specimen 
Mould ' 

Extension 

Specimen 
Mould 

Specimen 

'Jubilee ' 
Clip 

The results of the indire t ten ile tr ngth are presented in Figures 8.11 to 8.13 as a 

function of time t; reach fami! . All materials are ranked according to their tensile 

strength at 90 da (Figur .14). 

8.6.2.2. tifJile l1Iodulu 

To quantify the tiffuc m dulu a con tant Poisson's ratio of 0.15 was assumed. This 

value wa based n th r ult btained for other hydraulically bound mixtures which 
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were presented in Chapters 6 and 7. This is also corroborated by values reported in the 

literature [Kolias & Williams, 1978]. 

The results of the stiffness modulus are introduced in Figures 8.15 to 8.17 as a function 

of the curing period. In Figure 8.18 the materials studied are ranked according to their 

indirect tensile stiffness at 90 days. 

8.6.2.3. Durability 

With regards to durability, the recommendations that resulted from the first study 

reported in Chapter 7 were taken into account, namely the consideration of two periods 

of immersion to provide extra information on the resistance to long term immersion. 

Owing to the large number of mixtures in the study a strong emphasis had to be put on 

the reduction of the number of specimens. Hence, for this project the following 

procedure was adopted which represents a compromise between the issues discussed 

above: 

• curing of three specimens at 20°C for 21 days followed by immersion in water 

at 20 °C for 7 days; 

• all specimens tested for stiffness modulus at 28 days, in indirect tensile mode, 

using repeated loading; 

• first set of two specimens tested for indirect tensile strength at 28 days; 

• remaining specimen immersed again until completing 90 days curing; 

• specimen tested for both stiffness and strength at 90 days. 

This procedure was set after verifying that it was possible to compact a maximum of 15 

diametral specimens from a mixture batch within two hours (limit for use of the 

uncompacted material). 

The results obtained are presented in Table 8.7 in the form of a ratio between the 

mechanical properties assessed on the immersed specimens and on the control specimens 

cured at a constant temperature of 20°C. 
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Pulverised Fuel Ash and Gypsum Mixtures 
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Figure 8.11 Indirect tensile strength of the mixtures with fly ash or gypsum as a major component. 

1,000 

900. 

-- gOO • • 
~ 
'-' 700 . .1:1 .., 
r:::I 600 e ... 

rI'J 

:! soo 
<II 
III 400 " E-

.! 300 
~ 
r:::I 200 -

100 

o ' 
0 10 20 

INDIRECT TENSILE STRENGTH 
China Clay Sand Mixtures 

... M8 

~.-~.~ ____ ~==~~--~--1-----~------~--~~-'MIO 
i " 

, 
" 

'" 

30 

I " ,,' 

A" ,,' . ,,-

t " ... " .: ..• " .• " 
................. ~.,:;..."",. .... . 

,,,-,':"'-1 

~~ " 

, '~'-i , 

-~' 
,,' 

,~ t---
I.-- I I 

I 
I I 

-. 1 
I 

-- I 

40 50 60 70 80 

Curing Period (days) 

........ M9 

~M12 

90 

_ M8 CC/C .... M9 CC/CdC - .... - MIO CC/FaL+ - .•. - MI2 CC/GgsLGy 
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Me M Nunes Page 323 



..-
~ 

~ 
-= !Jl 
= 
.b 
00 
~ 

:= 
'" = ~ 

~ .... 
(,I 
~ 

.!:i 
-e 
= .... 

Enabling the Use of Alternative Materials in Road Cons/ruction 

INDIRECT TENSILE STRENGTH 
Granite Type 1 and Blastfumace Slag Mixtures 
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Figure 8.13 Indirect tensile strength of the mixtures with Type 1 aggregate or blastfurnace slag as a 
major component. 
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Figure 8.14 Ranking of materials based on the indirect tensile strength of the mixtures at 90 days. 
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REPEATED LOAD INDIRECT TENSILE TEST 
STIFFNESS - Granite Type 1 and Blastfurnace Slag Mixtures 
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Figure 8.17 Stiffness of the mixtures with Type 1 aggregate or blastfumace slag as a major component. 
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Table 8.7 Results of the durability assessment. 

Material Code Major Binder Ratio immersed I control (%) 

Comp C L Fa Gs Ggs Cd Gy Ss + Str th @ I S 'fe @ eng tl Iness 

Pulverised Fuel 

MI FA/C 

M2 F CdC 

M4 FAGyL 

M6 FA CdG 

FGD Gypsum 

M8 CCC 

M9 CCCd 

90 

91 

93 7 

90 3 

MIO CClFaL... 80 

MI2 CCGgsLGy 92.5 

Grallite Type 1 

MIS TlC 96 4 

10 

4 15. 

5 

% 

7 

5 

20 

7 

6 0.5 

28 days 90 days p8 days 90 days 

82 

72 

96 

88 

I 63 

90 

102 

0.5 151 

83 

103 

92 

93 

63 

86 

107 

99 

90 

102 

102 

109 

89 

106 

102 

117 

81 

102 

106 

131 

75 

82 

106 

107 

MI7 Tl fFaLG) 92 1.5 6 

109 

91 

142 

95 

114 

88 

99 

108 

Blastfurnace lag 

MI8 B IGsL 

M19 

KEY: 
Aggregates 

84 

70 

F =pulverised fu I h \ g) P 'um 
Binder: 

C=ccmenl lime 
Cd=cement kiln du I 

8.6.2.4. Re i tallce to fatigue 

15 

20 

T 

10 

r ~ 122 

I __ _ 
119 

87 

114 145 

89 

hina clay sand Tl=granite Type I B - air-cooled blastfurnace sIng 

G =granulated blastfumace slag Ggs=ground granulated blastfumace slag 
lecl lag + =sodium carbonate (Na2C03) 

The results obtained ar h wn in Figures 8.19 to 8.21 for each family of mixtures. In 

those graph 0
0 

repre en th indir ct tensile trengtb and ON the indirect tensile stress 

resulting in failure d fined a omplete rupture) after N cycles of load application. 
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REPEATED LOAD INDIRECT TENSILE TEST 
Fatigue Lines - Pulverised Fuel Asb and Gypsum Mixtures 
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Figure 8.19 Fatigue lines of the fly ash and gypsum mixtures. 
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REPEA TED LOAD INDIRECT TENSILE TEST 

1.J 
Fatigue Lines - Granite Type 1 and BJastfumace Slag Mixtures 
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Figure 8.21 Fatigue lines of the Type I aggregate and blastfumace slag mixtures. 

8.6.3. Discussion of results 

As for the compressive strength of cubes, there is no clear relationship between 28 and 

90 day test values of mechanical properties such as indirect tensile strength and stiffness 

modulus. Models that may eventually be developed for one mixture will not be valid for 

all mixtures even when considered within the same family of materials. The ratio 

between properties obtained at 90 and 28 days varied considerably. The highest changes 

experienced occurred for the tensile strengths of mixtures M 10 (Figure 8. ] 2) and M] 7 

(Figure 8.13) which illustrate a strong development of strength between 28 and 90 days 

of curing. In both cases a fly ash / lime type of binder was used, which was not included 

in any other mixture. With this type of binder a slow cementing process may be 

expected, which may justify higher improvements in relation to other faster mixtures, 

though the justification for the magnitude of the differences in strength is not completely 

clear. These results should be investigated to confirm whether this represents a real 

property of the materials. 
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Stiffness I Tensile Strength Relationship 
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Figure 8.23 Analysis of relationship between compressive and tensile strengths at 90 days. 
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The cement stabilised type of materials (mixtures MI, M8 and M15) clearly develop 

strength at faster rates. as it would be expected, showing very flat lines from 28 to 90-day 

results, both in terms of tensile strength and stiffness modulus. 

Similarly, no unique relationship between stiffuess modulus and tensile strength (Figure 

8.22) or between compressive and tensile strengths (Figure 8.23) was found in the 

analysis conducted. In the first case, however, the particle size of the mixtures' major 

component seems to have a strong influence on the results. In fact, the results may be 

grouped according to the family of the mixtures as shown in Figure 8.22. For the fly ash 

and gypsum famiJy there appears to be a linear relationship between stiffiless and strength 

while for the coarse aggregate family that relationship seems to be of the exponential 

type. The type of relationship for the china clay sand-based mixtures is not so clear 

because the results are grouped in the same area of the graph. Nevertheless, they are 

clearly located between the fine-graded and the coarse-graded mixtures emphasising the 

influence of aggregate size. These relationships should be further investigated in the 

future to assess the possibility of estimating stiffness modulus from tensile strength 

results. 

In Figure 8.23, the relationship frequently adopted in practice between compressive and 

tensile strengths is also plotted. In average tenns the practical ratio of 10: 1 between those 

two properties represents a good approximation of the results. In fact, the average value 

obtained was 10.9: I. Nevertheless, one must bear in mind that some materials deviate 

conSiderably from the average results (especially M 17) and so that relationship should 

be considered only for a first estimation of properties. 

Any classification of the mixtures studied should be done by taking into account all 

important properties that will affect the perfonnance of the material in the pavement. In 

this case, the mechanical properties that should be accounted for are tensile strength, 

stiffness modulus and fatigue characteristics, all of which were studied in this project. 

Compressive strength should be excluded from such a classification as it is not a relevant 

performance-related measure for road pavements. 

It is possible to classify these materials for pavement design purposes by using the 
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classification that has been proposed for fly ash bound mixtures (F ABM) in the draft for 

European Standards [CEN, 1995 i]. The classification is based on the results at 360 days 

of the tensile strength of the mixture in direct tension and the stiffness modulus either in 

direct tension or in compression. The draft considers five grades ranging from materials 

with the lowest quality, grade GO, to the highest quality, grade G4. The resulting 

classification is listed in Table 8.8. 

Table 8.8 Simplified classification of the materials based on stiffness modulus and tensile strength. 

Material Code Major Binder 

Component C L Fa Gs Ggs 

Pulverised Fuel Ash 

MI FAiC 

M2 FA/CdC 

M4 FA/GyL 

M6 FA/CdGs 

FGDGypsum 

M7 GYlFaC 

China Clay Sand 

M8 

M9 

MIO 

MI2 

CC/C 

CC/CdC 

CClFaL+ I 
CC/GgSLGY! 

Granite Type I 

MI5 TI/C 

MI7 TIlFaLGy 

% 

93 

90 

91 

70 

82 

93 

90 

80 

92.5 

96 

92 

I 

I 

I i 

7 

3 

4 

10 : 

8 110 1 

I 

7 

3 
I 

: 1

15

.

5 

4 I I, I 

11.51 6 I 

Blastfurnace Slag 
-'--~---'-----I~I-',--------, -', 
MI8 BSiGsL I 84 I II I I 15 I 

MI9 BS/GsSs I 70 iii 20 I 

KEY: 
Aggregates 

% 

6 

Cd 

I , 

i 7 

i 
I 
120 

7 

Gy Ss 

, 
I 

I i 
I 

I : 

I i 
I 5 i 

I , 

: 0.5 I 

10.5 : 

10 

+ i 
! 

, I 

i 
, 

I i 

, 
I 

·0.5. 

Simplified 

Classification 

FABM 

G4 

G3 

G4 

G3 

G2 

G3 

G2 

G3 

GO 

G2 

G4 

GO 

G I 

FA=pulverised fuel ash GY=gypsum CC=china clay sand Tl=granite Type I BS=air-cooled blastfumace slag 
Binders 
C=cement L=lime Fa=pulverised fuel ash GFgranulated blastfurnace slag GgFground granulated blastfumace slag 
Cd=cement kiln dust Gy=FGD gypsum SFsteel slag + =sodium carbonate (Na2C03) 
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It was necessary to estimate 360 day results from the 90 day results using the following 

approximate relationships [CEN, 1995 iJ: 

where: Old 

= 0.8 X 0li 

a 
td (360 days) = 1.5 X atd (90 days) 

S 
m (360 days) = 1.3 X Sm (90 days) 

tensile strength in direct tension; 

tensile strength in indirect tension or Brazilian splitting test; 

stiffness modulus. 

8.1 

8.2 

8.3 

The relationship between direct and indirect tensile strengths was already discussed in 

Chapter 7 (Section 7.2). The utilisation of the other relationships, between 90 and 360 

days testing, for the materials for which the classification was developed (fly ash bound 

mixtures) has to be made with caution because of the existence of different relationships 

fot different mixtures, as demonstrated by the results presented. Their application for 

materials other than fly ash bound mixtures is even less reliable, for example, their use 

for cement stabilised type of mixtures, which develop strength at a faster rate, would 

clearly overestimate 360-day properties. 

A swnmary of the performances based on tensile strength, stiffness modulus and material 

grade in accordance with the CEN draft is given below 2. 

2 
KEY: 

Aggregates 
F A=pulveriscd fuel ash 
Binders 

G\"=gypsum CC=china clay sand Tl=granite Type 1 BS=air-cooled blastfumace slag 

C=cemcnt L=lime .... =pulvcriscd fuel ash Gs=granulated blastfumace slag Ggs=ground granulated blastfumace slag 
Cd=ccment kiln dust Gy=FGD gypsum Ss=steel slag + =sodium carbonate (Na2C03) 
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Mixtures 

• best performance: M4-FAIGyL, M17-TIlFaLGy, Mi-FAIC 

• worst performance: MIS-BS/GsL, MI2-CC/GgsLGy 

Aggregates (major component) 

• best performance: FA, TI 

• worst performance: BS 

Binders 

• best performance: FaLGy, FaC, FaCdGs, FaCdC 

• worst performance: GsL, GgsLGy 

Early-age strength / stiffness development 

• Fast rate: testing at 7 days is more adequate for this assessment 

• Slow rate: M7/GYlFaC, M17-TIlFaLGy and MIO-CClFaL+ for strength 

development; and M19-BS/GsSs, MlS-BS/GsL for stiffness. 

With regard to the durability assessment (Table S.7) there is only one material raising 

some doubts in terms of long term durability, which is mixture M7 with gypsum as a 

major component. Mainly in terms of tensile strength the effect of immersion in water 

causes that property to decrease substantially (by 37 %). 

In several cases, the immersion in water resulted in higher tensile strengths and 

stiffnesses. This results from the hydration of binder that did not react with the water 

used during compaction. This points out the fact that the optimum moisture content may 

not be always the most adequate and that some mixtures including secondary materials 

and binders may benefit from a compaction using slightly increased values. This would 

introduce another variable in the stabilisation process, that is, the moisture content 

optimisation to achieve the best end-product. In practice, it means an increase in the 

number of mixtures to be considered in any laboratory study owing to the consideration 

of mixtures with different binder contents as well as different moisture contents. 

Regarding the results of the fatigue tests, their behaviour is not of much concern. The 
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tensile stress causing failure after 106 cycles of load application is estimated to be 50 % 

of the tensile strength or higher for all materials studied. It is necessary to mention, 

however, that for mixture M4 the fatigue line presented (Figure 8.19) is only a crude 

estimation of the fatigue performance. As a matter of fact, only two specimens were 

tested due to the high tensile strength of this material and the limitations of the equipment 

in terms of maximum load capacity. For the same reason, it was not possible to 

determine the fatigue resistance of mixture M17. 

The fly ash mixtures tend to be as strong against fatigue effects as the china clay sand 

mixtures or better, and the regression lines obtained with this material have the highest 

correlation coefficients. TypicaUy, the tensile stress causing failure after 106 cycles 

ranges from 60 to 70 % of the tensile strength. However, the gypsum mixture considered 

in the same family is rather more susceptible to fatigue, that percentage being of 

approximately 50 % in this case. 

With the exclusion of mixture M 12, not considered for fatigue testing, the china clay sand 

mixtures tend to present a very uniform behaviour despite the type of binder used. In 

fact, the lines obtained are practically identical and the tensile stress after 106 cycles is 

approximately 60 % of the tensile strength. 

The third family with granite Type 1 or blastfurnace slag as the major component gave 

the poorest results both in tenns of fatigue susceptibility and quality of the regression to 

determine the fatigue line. The tensile stress after 106 cycles ranges from 50 to 60 % 

approximately of the tensile strength. A higher number of specimens would be essential 

for a more reliable characterisation of the fatigue properties of mixtures M 15, M 19 and 

also for M I 0 of the china clay family. 

A comment should be made here on the grading ofthe granite Type 1 and blastfurnace 

slag used in this study. The maximum particle size was limited to 28 mm which, 

considering the diameter of the indirect tensile specimens, 150 mm, seems to be adequate 

enabling a relationship between the mould diameter and the maximum particle size 

higher than 5. Yet. the thickness of the specimen is only 70 mm and if this does not 

cause any problems in relation to the fly ash and china clay sand mixtures it may be 
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responsible for the lower correlation coefficients obtained in the fatigue lines of these 

mixtures. Indeed, the presence of large particles near the surface to which the load is 

applied and other size effects may influence the behaviour. Thus, it is recommended that 

this issue should be further investigated by comparing the results from indirect tensile 

specimens compacted according to the procedures described here, with the results 

obtained with cores (obtained from slabs either compacted in the laboratory or cut from 

a pavement). 

8.6.4. Classification system proposed 

The classification system proposed in the CEN draft [CEN, 1995 i] has the merit of 

incorporating in the same chart two important properties of hydraulically bound 

materials, stiffness modulus and tensile strength, which 'work' together to produce the 

final performance of the material in the pavement structure. This system is believed to 

derive from work conducted in France since a similar type of classification is included 

in the French specifications [SETRA & LCPC, 1984]. On the other hand, it has the 

inconvenience of using the properties of the materials determined at 360 days which is 

considered less practical or more dependent on empirical relationships between results 

at 360 days and other curing periods. The reliability of such relationships is limited to 

the material used for determining it and may differ significantly from material to material 

as demonstrated in previous sections. Another shortcoming of that classification 

procedure is that it does not consider another essential property of this type of material, 

that is, the fatigue resistance. 

A new performance classification system was developed based on the existing CEN 

proposal but incorporating the issues mentioned above. The chart is presented in Figure 

8.24 for which the properties are determined in the repeated load indirect tensile 

apparatus at 90 days rather than 360 days. For this purpose, the classes suggested by 

CEN were down rated using Equations 8.1 to 8.3. Five classes of materials were 

considered, and were ordered from best (G 1) to worst (G5) following the same criteria 

adopted in the classification chart proposed in Chapter 6, which was based on the results 

of the repeated load triaxial tests. The classes were slightly adjusted to produce more 
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uniform middle classes (G2 to 04). 

To consider the fatigue resistance of the materials a fatigue ratio (Rfat) was introduced in 

the Y axis which is mUltipJied by the indirect tensile strength. That ratio is defined as 

follows: 

R = fat 

where: 0N=I<Y'6 

°N=10 6 

°ti °N=10 6 

= 
0.6 °ti 

8.4 

( 0;10') 
tl Ref 

indirect tensile stress resulting in failure after 106 cycles; 

indirect tensile strength; 

tensile strength ratio for a reference fatigue line. 

The reference fatigue line was considered to correspond to the average fatigue 

characteristics obtained in this project for all mixtures tested. For this line the strength 

ratio 0N=IO"6 / 0ti equals 0.6. This parameter may be modified in the future after further 

research is carried out. The objective is to represent an average hydrauIicaJJy bound 

material, which is not necessarily equal to the average of the results obtained in this 

work. 

In practical terms, for a material with average fatigue performance the fatigue ratio is 

equal to 1 and so the Y axis becomes tensile strength. When the materials are less 

susceptible to fatigue that ratio is higher than 1 and consequently it is plotted at higher 

levels in the Y axis, towards higher classes. 

The results obtained in this research were plotted in the classification system and as 

Figure 8.24 shows, it enables a good discrimination of the mixtures studied. Materials 

such as M8, M I 0 and M6 are expected to have similar performance in the field, where 

a smalJ increase in stiffness (MS) is also compensated by a small improvement of the 
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tensile strength. Comparatively, these materials are expected to perform slightly better 

than mixtures M9 and M15, since having similar stiflhesses they will be subjected to the 

same level of stresses in the pavement (for the same traffic conditions) and their tensile 

strength is higher, which makes them less susceptible to fatigue cracking. Overall, class 

05 includes materials with low combined stiflhess and tensile strength values and for this 

reason it may be defined as containing improved granular materials. On the other hand, 

classes 0 I to 04 include stabilised type of materials. 

To further check the classification system the results obtained with pulverised fuel ash, 

stabilised with 2, 5 and 9 % of cement and presented in Chapter 7, were included in the 

same chart. They confmn a significant improvement of material performance by 

increasing the binder content from 2 to 5 %. From 5 to 9 % the mixture continues to 

improve but at much lower rates. It is also worth noticing that the performance of fly ash 

with 9 % cement resulted in a slightly lower position than mixture MI (fly ash stabilised 

with 7 % cement). There are a nwnber of factors that may be responsible for this result: 

• the difference in the definition of the percentages of binder. In the study reported 

in this chapter the percentages of binder were by weight of the total dry material, 

while in previous chapters those percentages were considered in relation to the 

weight of the major component (binder / dry aggregate ratio). This reduces the 

difference in binder content; 

• the use of different compaction methods. 

Finally, these results seem to further confirm the existence of a linear relationship 

between stiffness modulus and tensile strength previously discussed. 
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PERFORMANCE CLASSIFICATION SYSTEM 
Based on Repeated Load Indirect Tensile Tests @ 90 days 
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8.7. Selection of mixtures for full scale trials 

Based on the programme of testing described it was possible to select six materials 

which may be assessed in the TRL Pavement Test Facility after an optimisation of the 

mixtures presently being conducted. An overall appraisal of the materials' performance 

is carried out to help in the selection process. 

Performance of materials 

Only mixture M12 (CC/GgsLGy) was entirely unsuccessful. The results were obtained 

from batches made on different occasions so they appear to be valid for the constituents 

used. A modified mixture M12 tested in the repeated load indirect tensile apparatus has 

demonstrated good performance [Cheema, 1996]. This mixture comprised the following 

components (in brackets the original values ofMI2): 

• china clay sand ............................ 88.0% (92.5) 

• ground granulated blastfurnace slag ............ 10.0% (6.0) 

• lime ..................................... 2.5% (1.0) 

• gypsum .................................. 0.5% (0.5) 

The reasons for the poor cementation of the original M 12 are not clear but low binder and 

activator content are a possibility. This seems to be the case when compared with the 

French "grave-laitier", referred in Chapter 2, in which the binder is composed of 

• granulated blastfurnace slag. . . . . . . . . . . . . . . . .. 8 to 20 % 

• partially ground granulated blastfurnace slag. . . .. 8 to 15 % 

• ground granulated blastfurnace slag ............. 3.5 to 5 % 

• lime or gypsum with soda .................... 1.0 % 

Mixture M7 (GY/FaC) performed well when kept dry (except with regards to 

compressive strength) but gives rise to concern over its durability. 
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Of the remaining eleven mixtures all perform well enough to make them conceivable 

road construction materials. All mixtures (except M12-CC/GgsLGy) have stiffnesses 

significantly higher than conventional sub-base aggregates, and the stiffest material 

approaches the behaviour of lean concrete. On the other hand, for the lowest strength 

mixtures (M18-BS/GsL and M19-BS/GsSs) rutting is not likely to be of concern owing 

to the very low permanent deformations measured in the repeated load triaxial tests 

performed on lightly-treated materials (see Chapter 6). 

The best performing mixture is MI7 (TI/FaLGy) which has a high stiffness modulus and 

high tensile strength. In a pavement this could lead to fatigue cracking problems as the 

stress would be concentrated in a layer of this material. Such cracks would tend to be 

widely spaced because of the high strength and this could result in reflective cracking in 

bituminous overlays. However, construction techniques may be adopted to reduce this 

possibility. 

Mixture MI8 (BS/GsL) has a reasonably high stiffuess but low strength (compressive and 

tensile). In practice this is likely to lead to frequent small cracking and a consequent 

reduction in overall stiffness when placed as a pavement layer. As a result, it may be 

advisable to consider MI8 as an improved granular material. 

Considering the results more generally it is evident that a fly ash / lime / gypsum binder 

functions well. Other binders incorporating fly ash were also often found in the more 

successful mixtures. These could be considered for a more general use. Conversely, the 

binders containing slag were generally found in the moderate or poorly performing 

mixtures. This suggests that slag mixtures may require more careful attention in order 

to get the best results. Cement kiln dust appears to function as an adequate mechanical 

cement replacement (given the extended curing times), albeit requiring higher treatment 

levels. 

ConSidering the material forming the major component of the mixtures, fly ash and 

conventional aggregate seem to give rise to beneficial behaviour whilst the gypsum and 

slag-based mixtures performed less well. 
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Selected mixtures 

For the selection of the six mixtures the following acceptance criteria were considered: 

• available and relatively economic to supply; 

• environmentally acceptable; 

• compressive strength above 1 MPa at 7 days; 

• stiffness modulus above 1 GPa at 28 days; 

• less than 30 % drop in strength due to immersion; 

• less than 50 % drop in strength after 106 cycles. 

Bearing in mind these acceptance criteria, two mixtures were selected from each family 

and materials that demonstrated top and bottom performances within the same family. 

The following mixtures were selected: 

• 

• 
• 

Ash or gypsum-based mixtures 

China clay sand-based mixtures 

Coarse aggregate-based mixtures 

M4 and M6; 

M9andMlO; 

M17 andM19. 

After the chosen materials are evaluated in the pavement trials, it is anticipated that the 

performance of the ones with intermediate properties may be estimated. 
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8.8. Summary 

• A comprehensive laboratory assessment of thirteen hydraulically bound mixtures 

including primary and secondary aggregates and binders was conducted. The 

testing programme included compactibility tests, determination of the 

compressive strength of cubic specimens and the determination of strength, 

stiffness and fatigue properties using repeated load indirect tensile tests. In 

addition, the durability of the mixes was assessed by quantifying the effect of 

immersion in water on the strength and stiffness determined in indirect tensile 

mode. 

Compactibility tests were carried out with some variation in relation to the British 

Standard methods. In particular, the amount of material used in each portion wa') 

roughly determined in advance, in order to produce specimens with 

approximately the same height after compaction. This is an important 

modification for secondary materials for which the range of particle densities is 

wide and as a result following the British Standard the compaction energy may 

be applied to very different volumes of material. 

A new compaction technique was developed to manufacture indirect tensile 

specimens. The standard rig to perform the compactibility tests was used and a 

three-piece metallic mould designed to fit in that rig. This procedure is more 

expeditious and the specimens are compacted in one layer, in their final form. 

using a vibrating hammer in the same conditions as for the compactibility test. 

The use of a polymeric specimen case protects the specimen during curing and 

Overcomes corrosion problems experienced with meta11ic moulds. 

No unique relationships were found between the mechanical properties of the 

materials and the curing time, between stiffness modulus and tensile strength or 

between compressive and tensile strength. However, when the analysis was 

conducted within the same family of materials a strong influence of aggregate 

size on both stiffuess modulus and tensile strength was observed. Relationships 
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of the linear and exponential types were found for the fly ash / gypsum family 

and for the coarse aggregate family respectively. Existing empirical equations 

have a restricted applicability to the materials for which they were determined. 

• Immersion results seem to indicate the need to optimise the compaction moisture 

content on the basis of binder hydration and density to achieve the best final 

product. 

• Fatigue results presented higher scatters for the coarser mixtures stressing the 

need to test a higher number of specimens and to study the effect of compaction 

technique and specimen dimensions on fatigue results. 

• A new classification system based on the results of repeated load indirect tensile 

tests was developed. This system evolved from the existing CEN proposal and 

answers to the shortcomings here identified. In particular, properties are 

determined at 90 instead of360 days, and the resistance to fatigue of the materials 

is considered through the inclusion of a fatigue ratio. 

• Apart from mixtures M12 which was totally unsuccessful and M7, essentially due 

to durability doubts, all the other mixtures demonstrated moderate to high 

potential for pavement construction. The best performances resulted from 

mixtures with fly ash and conventional aggregate as major components and fly 

ash or combinations of fly ash / lime / gypsum as binders. 

• Six of these mixtures were selected for assessment in full scale trials to be 

conducted in the Pavement Test Facility of the Transport Research Laboratory. 
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CHAPTER 9 

OVERALL DISCUSSION AND DESIGN CONSIDERATIONS 

9.1. Introduction 

The experimental results obtained with unbound and stabilised materials presented in 

previous chapters are now considered in overall terms, with the objective of comparing 

the type of information that results from conventional tests with that obtained from the 

more fundamental tests used during this research. This comparison is carried out in terms 

of material discrimination and ranking since the properties measured differ in each case. 

The mechanical characteristics of the materials determined experimentally are used in the 

structural analysis of typical pavement sections, in order to illustrate their application to 

the design procedure and to emphasise the potential of alternative materials in layers of 

the pavement as high as the roadbase. 

9.2. Unbound materials 

Particle strength tests and the California Bearing Ratio test are currently used for the 

characterisation of unbound materials and requirements relating these properties are 

specified by the Department of Transport. In Figure 9.1 results obtained with several 

materials are presented. The information resulting from Aggregate Crushing Value 

(ACV), Aggregate Impact Value (AlV) and dry Ten per cent Fines Value (TFV) tests is 

similar. Note that higher ACV and AlV values correspond to higher percentages of fines 
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generated during the test, that is, weaker aggregate particles and lower TFV. However, 

better discrimination of materials was obtained using the dry TFV test. 

UNBOUND MATERIALS 
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Figure 9.1 Particle strength and CDR results. 

For the materials tested, the CBR test results present a pattern similar to the soaked TFV 

results. Of the materials shown in Figure 9.1, only slate waste and china clay sand were 

tested in an unbound form in the repeated load triaxial apparatus. Both resilient modulus 

and triaxial strength obtained in that equipment show a different tendency, with slate 

waste demonstrating slightly better properties (Chapter 6), contrary to the information 

from the soaked TFV and CBR tests. In the case of the TFV test, the level of stress to 

which the particles are submitted during the test is excessively high when compared with 

the pavement conditions. In addition, the fractions used for testing are not representative 

of the grading used in the field which contributes to the inability of this test to predict the 

performance of the material in pavement layers. 

On the other hand, and despite being widely used to test soils and granular materials, the 

CBR test has also important shortcomings: 
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the load is applied monotonically instead of repeatedly for better simulation of 

traffic loading; 

the stress state induced in the specimen is difficult to determine and highly 

variable, with very high stresses in the proximity of the load plunger contrasting 

with modest stresses caused in other parts of the specimen. That stress state is 

not taken into account when detennining the CBR value; 

the test does not simulate any situation in the field; 

the plunger size is small relative to coarse aggregates when compared with the 

relationship between vehicle tyre and aggregate size. 

Brown [1996] pointed out that CBR relates to shear strength and that for this reason it is 

surprising that it is used to estimate resilient properties such as the resilient modulus, an 

issue that is reinforced by the unrepresentative results obtained. 
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9.3. Stabilised materials 

Regarding lightly stabilised materials, a companson of results obtained using 

compressive strength tests and repeated load triaxial tests is shown in Figure 9.2. For 

each material the strength or resilient modulus (respectively) is plotted as a percentage 

of the maximum value obtained in the group of four materials presented. This procedure 

permits a more direct comparison of results and the assessment of the discrimination 

capabilities of the tests. The materials were ranked taking into account the measured 

resilient modulus, whose rank approximates the one given by the classification system 

of Section 6.8. A different ranking is obtained based on compressive strength, with the 

greatest discrepancies observed for stabilised china clay sand and minestone. 
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Figure 9.2 Comparison of results (light stabilisation). 
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For the more heavily stabilised materials, the results are presented in Figure 9.3 in terms 

of compressive strength, tensile strength and stiffness modulus obtained in indirect 

tensile mode. In addition, the ranking resulting from the application of the performance 
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classification system proposed in Chapter 8 is also shown which represents the most 

satisfactory characterisation. It can be seen that compressive strength does not follow the 

same pattern as that of the ranking line, confinning previous results. Furthermore, none 

of the tests per se are capable of predicting performance. For example, a high stiffness 

needs to be combined with high tensile strength and adequate fatigue resistance to ensure 

a good performance. 
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Figure 9.3 Comparison of results (heavy stabilisation). 

The use of the compressive strength tests for the characterisation of stabilised materials 

may, once again, be questioned based on the analysis presented above. It seems clear that 

it produces different rankings from those obtained with perfonnance related tests and thus 

it is not a totally reliable indicator of material perfonnance. In addition, the failure 

mechanisms in pavement structures do not involve failure in compression of stabilised 

layers and so it is not a relevant property on which to base material characterisation. 
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9.4. Pavement design considerations 

9.4.1. Behaviour of flexible composite pavements 

The design of pavements incorporating layers with hydraulically bound materials requires 

a different approach to that for flexible pavements due to the specific aspects of the 

behaviour of these materials under traffic loading. In particular, these materials tend to 

crack and this aspect has to be taken into account because of the consequent 

modifications introduced to the stiffness and stress state. Eventually these cracks may 

progress to the surface, a phenomenon known as reflective cracking, and ultimately be 

responsible for the failure of the pavement. 

There are two types of cracking occurring in hydraulically bound materials, primary and 

secondary cracking. For the type of pavement considered here, layers with these materials 

are laid without joints, except construction joints. These layers tend to contract due to: 

• hydration of binder; 

• variations in moisture content within the layer; 

• daily or seasonal temperature reductions. 

As this contraction is restrained by the friction with confining layers, high tensile stresses 

are then generated in the longitudinal direction, and consequently contraction cracks may 

be generated in the transverse direction. This process is known as primary cracking. 

Based on information gathered regarding the French road network, the main factors that 

seem to influence the process are [LCPC, 1988]: 

• type of aggregate - its influence is mainly the result of the variation in the 

coefficient of thermal expansion among aggregates; 

• grading - in general stabilised sands are less susceptible to crack, although this 

advantage is counterbalanced by the weaker residual particle interlock across the 

crack surfaces which tends to disappear over the time; 

• type and quantity of binder - roads with sand-fly ash or sand-cement layers 
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present less cracks than others incorporating lean concrete, or gravel-pozzolana­

lime and gravel-cement mixtures; 

construction period - this is related to the average temperature at the time of 

construction, with layers built during colder months showing reduced cracking; 

annuaJ climatic conditions - exceptionally severe winters may cause the sudden 

appearance of widespread cracking; 

traffic - it is not a determinant factor in this type of cracking but it has an 

amplifying effect; 

thickness and type of bituminous surfacing - in some cases it affects crack 

spacing, although in some cases no effect is observed. 

It is apparent from these observations that thermal contraction is the principal factor 

responsible for primary cracking, whose spacing may vary from 5 to 20 m or more 

[LCPc, 1988]. Thennal stresses decrease substantially with the depth of the layer in the 

pavement and as a result their effect is more important before the placement and 

compaction of overlying materials. 

When transverse cracking is closely spaced and maintains a good aggregate interlock and 

friction, the perfonnance of a pavement is generally good despite the discontinuities. In 

fact, one of the techniques to control this type of cracking is to induce them during 

construction through cuts performed along the complete width of the pavement in the top 

part of the hydraulically bound layer. Usually, spacings of 3 to 5 m are used in an 

attempt to reduce the crack widths and to assure good load transfer capabilities. The 

current Design Manual for Roads and Bridges [DoT, 1994] also confirms that primary 

cracks do not have a significant effect on the structural performance of the pavement, 

except when the subgrade soils are moisture susceptible. 

When primary cracking does occur, the stress regime at the crack edges is altered under 

traffic loading, in particular the tensile stresses in the base of the hydraulically bound 

layers, parallel to the crack, increase. The combined effect of traffic and temperature 

may cause further cracking. longitudinal in the first instance and known as secondary 

cracking, which results from the accumulated damage caused by the repeated action of 

wheel loads. These cracks are nonnally initiated at the primary cracks' location and are 
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facilitated by other factors such as: 

• the deterioration under traffic of the surfaces of transverse cracks due to increased 

displacements in this area; 

• when the crack propagates to the surface, the infiltration of water may cause more 

damage to the structure. 

Contrary to what happens with transverse cracking which tends to close under the action 

of traffic-induced longitudinal forces, this does not happen with secondary cracking. 

These aspects and the drastic reduction in stiffness modulus further accelerate pavement 

damage and ultimately result in failure. 

9.4.2. Design criteria 

Roads in the UK are designed to have a 40-year life [DoT, 1994]. However, assessment 

of the whole life cost shows that it is economically preferable for flexible and flexible 

composite pavements to be designed to 'critical' condition for a 20-year period, after 

which major maintenance is carried out in the form of overlying and / or partial 

reconstruction. Other types of pavements, namely rigid and rigid composite are designed 

to failure condition for the complete 40-year period. 'Critical' condition is defmed as 

corresponding to a 10 nun structural rut or to the first appearance of longitudinal cracks 

in the wheel paths. On the other hand, failure condition corresponds to 20 mm structural 

rut or extensive cracking. 

The design criteria used for pavement structures incorporating layers with materials 

stabilised with hydraulic binders are: 

• horizontal tensile stress (or strain) in the base of bound layers. This criterion 

aims to limit fatigue cracking; 

• vertical compressive stress (or strain) in the top of particular unbound layers, 

generally the subgrade. This criterion aims at the limitation of permanent 

deformation in the structure. 
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For bitwninous layers the analysis is generally conducted in tenns of strains (eJ, whereas 

for hydraulically bound layers the stress criterion (Ot) is usually adopted. These are 

illustrated diagrammatically in Figure 9.4. In flexible and flexible composite pavements 

rutting is analysed by reference to the subgrade strain (Ez). 

Bituminous Layer(s) 

Hydraulically 
Bound Layer(s) 

Unbound Laycr(s) 

Subgrade 

E 
.. t .. 

horizontal tensile strain 

o 
.. t .. 

horizontal tensile stress 

vertical compressive strain 

Figure 9.4 Design criteria used for pavement analysis. 

9.4.3. The DoT approach 

The Design Manual for Roads and Bridges [DoT, 1994] presents the mandatory design 

procedure of the Department of Transport to be used for trunk roads including 

motorways. It contains design charts for the detennination ofthe thicknesses of: 

• capping and sub-base layers based on the subgrade CBR value; 

• road base in cement bound material (CBM3 or CBM4) and bituminous materia1. 

These thicknesses are obtained directly as a function of the design traffic. 
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A sample application of this Manual was carried out for the design of a typical flexible 

composite pavement section. The resulting thicknesses obtained for the loading, base 

material and subgrade condition indicated are shown in Figure 9.5. 

Surfacing 

Roadbase 
(CBM3) 

Sub-base 

Capping 

Subgrade CBR = 3.S % 

Traffic Loading: 
10 msa 

130 mm 

200mm 

ISO mm 

330mm 

Figure 9.S Results of the DoT approach to pavement design. 

9.4.4. The analytical approach 

For the analytical methods of pavement design, also known as mechanistic or rational 

methods, the pavement is associated with a multi-layer system and the analysis conducted 

making use of Burmister's theory of stresses and displacements in layered systems 

[Burmister, 1945]. This theory is based on the following assumptions: 

• materials forming the layers are homogeneous, isotropic and linear elastic, for 

which Hooke's law is valid. The materials are characterised by a constant 

Young's modulus and Poisson's ratio for each layer of the system; 

• layers are infinite in extent with limited thicknesses, with the exception of the last 
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layer (subgrade or bedrock) considered infinite in depth; 

shear stresses are not developed in the surface of the layered system, that is, only 

vertical contact pressures are produced by the wheels. 

This theory is widely adopted in practice and is the basis of several computer programs 

used in analytical pavement design for the determination of stresses, strains and 

displacements in the layered systems. However, in the case of flexible composite 

pavements the principal limitation is the assumption of infinite layers in extent, as this 

does not correspond to the reality of discontinuities that occur in hydraulically bound 

layers at cracks and construction joints. The modelling of such cracks is complex and 

requires the use of finite element programs to model the discontinuities physically and 

geometrically. For the purpose of this chapter, however, the use ofa program based on 

Burmister's theory is believed to be sufficiently accurate as long as the practical issues 

of material behaviour are also considered. These issues are discussed below. 

Design traffic 

The real traffic loads are highly variable due to the diversity of vehicles in circulation. 

For design purposes, only commercial vehicles over 15 kN unloaded weight are 

considered and they are converted into a number of standard axles causing equivalent 

damage to the pavement. The common equivalence factor (EF w) considered is of the 

fourth power type: 

where: W axle load of commercial vehicle; 

standard axle load (80 kN in the UK). 

9.1 

The power function value equal to 4 in the equation above is not valid for flexible 

composite pavements. For these, values ranging from 11 to 33 have been suggested by 

the Permanent International Association of Road Congresses [PIARC, 1987]. A 
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comparison of results using a power function value equal to 4 and 15 is shown in Table 

9.1. It is evident from those results that the damage caused by overloads is much greater 

in flexible composite than in flexible pavements. Hence, for the fatigue design of 

hydraulically bound layers it is important to have a knowledge of the spectrum of axle 

loads expected, from which the heavier loads will have a predominant damaging effect, 

whereas the effect of light vehicles is comparatively negligible. 

Table 9.1 Conversion of commercial vehicles into standard axles. 

Axle load of Equivalence Factor Equivalence Factor 
commercial vehicles (exponent =- 4) (exponent = 15) 

40 0.06 3 x 10.5 

60 0.3 0.01 

80 1.0 1.0 

100 2.4 28.4 

115 4.3 231.3 

Horizontal tensile stress criterion in layers with hydraulic binders 

The existence of primary cracking in a pavement incorporating hydraulically bound 

layers is often unavoidable. This leads to the fonnation of slabs at the edges of which the 

stress conditions are not well predicted by direct use of the elastic layer theory in which 

the layers are considered as a continuum. To account for the presence of these 

discontinuities, the stresses calculated have to be increased, and for this purpose the 

following factors have been proposed in the literature: 

• 

• 

• 

1.25 

1.30 

1.1 to 1.4 

[Brown, 1979]; 

[LCPC, 1988]; 

[SARB, 1992]. 

To detennine the allowable stresses in these types of materials, with which the computed 

values must be compared, the fatigue properties have to be taken into account in order 

to simulate the repeated action of traffic loading. Fatigue laws of the logarithmic and 

exponential type have been used [PIARC, 1987]. Here the following equation is adopted: 
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9.2 

Hence, the allowable horizontal tensile stress becomes 

at = 00 (1 - 0.067 Jog lo N) 9.3 

Which gives a value of 531 kPa for the pavement of Figure 9.6. 

Vertical compressive strain criterion in the subgrade 

In a similar way, to estimate the vertical compressive strains in the subgrade at the crack 

locations a factor of 2.50 has been suggested and the allowable strains considered to be 

75 % of those appropriate for flexible pavements [Brown, 1979J. 

The University of Nottingham design method proposes the fol1owing equations for the 

permanent deformation criterion [Brown & Brunton, 1988]: 

• for life to critical conditions 

• for life to failure 

€ = z 

€ = z 

1.04 x 10-2 

(N / f,) 0.27 

2.16 x 10 -2 

(N / 1,) 0.28 

where: Ez allowable vertical compressive strain; 
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N number of cycles; 

4 rut factor (equal to I for hot rolled asphalt). 

The calculations conducted have shown that the use of this criterion associated with the 

increase of strains due to the existence of discontinuities. produce unreasonable 

thicknesses when compared with the ones obtained using the DoT approach, which are 

known from experience to perform satisfactorily. 

The allowable subgrade strain given by the Shell criterion [Shell, 1978] is considerably 

higher than that obtained from the Nottingham method. That criterion is defmed by the 

following equation: 

2.8 x 10-2 

€ = 
% 

9.6 

Based on the experience gained with the use of the Shell pavement design manual over 

the years, practical guidelines for an adequate choice of safety margins have been 

suggested [Gerritsen & Koole, 1987]. Hence, and based on a statistical analysis of the 

original AASHO Road Test results the following equations were proposed, which 

correspond to confidence levels of 85 and 95 % respectively: 

2.1 x 10-2 

€ = ---­
% 

1.8 )( 10-2 

€ = 
% 

9.7 

9.8 

Accordingly, for the analysis conducted it was decided to use a mean value between the 

strains obtained through the Nottingham method and that proposed by Shell for the 95 
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% confidence level. In the Nottingham method a rut factor equal to 1 was used, 

corresponding to a hot rolled asphalt in a flexible pavement. For flexible composite 

pavements this value may be conservative due to the reduced permanent deformations 

in the hydraulically bound layers, but alternative values are not available. This approach 

led to a permissible Ez value of 209 J.1E. 

Structural analysis 

The analysis following the analytical approach was conducted using the pavement 

designed in accordance with the Design Manual for Roads and Bridges, shown in Figure 

9.5, but in which roadbase and sub-base were considered as a unique structural layer 

made of the type of materials studied in previous chapters. This layer is assumed to be 

constructed on top of a capping layer for which different solutions and materials may be 

adopted: 

• 
• 

unbound materials occurring either locally or imported from other sources; 

in situ stabilisation of the existing subgrade; 

• stabilised materials from other sources. 

The elastic layered system computer program ELS YMS was used for the analysis 

[FHWA, 1985]. The pavement section is shown schematically in Figure 9.6 together 

with mechanical properties for each layer. 1bree types of capping layer were considered: 

• unbound material (resilient modulus = 100 MPa); 

• stabilised material (resilient modulus == 750 MPa); 

• stabilised material (resilient modulus == 2000 MPa). 

For the design load. a standard axle of 80 kN was considered. The geometry arrangement 

corresponds to the one used in the Nottingham design method. The material considered 

for the structural layer does not correspond exactly to any of the mixtures studied in 

Chapter 8. but is very close to the ones obtained with the china clay sand family. For the 

subgrade, the resilient modulus was estimated from the eBR value considered in the DoT 

approach. using the equation developed at the Transport Research Laboratory [Powell, 
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Potter, Mayhew & Nunn, 1984]: 

Mr = 17.6 x CBR 0.64 

where: Mr resilient modulus in MPa; and 

CBR California Bearing Ratio in %. 

226mm ISO 226mm ... ~ ... ~ ... ~ 

20kN ~ l20kN 

Thickness Poisson's Stiffness Tensile 
500 500 Ratio Modulus Strength 
kPa kPa (mm) (MPa) (kPa) 

Surfacing 130 0.35 3,000 

Structural 250 
300 0.15 15,000 1,000 

Layer 350 

Capping 
100 0 

330 0.35 750 0 
Layer 2,000 200 

Subgrade 0.40 40 

Figure 9.6 Data for the analytical approach to pavement design 

The design of the structural layer was carried out to resist fatigue due to traffic loading. 

Neither the time necessary for crack propagation, which corresponds to an 

underestimation of the life of the pavement, nor the influence of thermal stresses, 

overestimating the life of the pavement were taken into account. The overlying material 

(130 mm bituminous surfacing) will give considerable protection towards temperature 

and reduce the effect of thermal stresses. 

The results in terms of stresses and strains against thicknesses are presented in Figures 

9.7 and 9.8 for both criteria used in design. 
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Figure 9.7 Tensile stress criterion. 
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With the unbound support for the structural layer the thickness required is of285 mm and 

is conditioned by the compressive strain criterion in the subgrade (Figure 9.8). This 

value is in close agreement with the standard structures used in France for similar types 

ofmaterlals, as long as due consideration is given to the difference in standard axle load 

which is currently 130 kN and compares with the 80 kN used in the UK. It also 

corresponds to a reduction in the pavement thickness as designed by the DoT manual. 

It is clear from the results shown that the use of a stabilised material underlying the 

structural layer significantly reduces both the tensile stresses in the hydraulically bound 

material and the vertical compressive strains in the top of the subgrade. The reduction 

is particularly significant at subgrade level, when the stiffness of the material is increased 

from 750 to 2000 MPa (Figure 9.8). In addition, the higher the stabilisation, the lower 

the sensitivity of the stresses and strains to a variation of thickness of the stabilised layer. 

The bituminous surfacing above a structural layer with substantially higher stiffiless is 

subjected to compression, assuming total adherence between both layers. and as a result 

the tensile strain criterion in this layer does not condition its thickness since the question 

of fatigue cracking does not arise. Nevertheless. an adequate thickness should be used 

to resist the propagation of reflection cracks to the surface of the pavement 

9.4.5. DistDssion 

With a small increase in the thickness of the structural layer and using a stronger 

material, for example similar to mixture M 17 in Chapter 8, a reduction of the necessary 

thickness of capping may be achieved. The resulting thickness would be small enough 

to permit the use of in situ stabilisation to produce the capping. further reducing the 

strains at subgrade level. Stabilisation in situ enables the fe-USC of materials available on 

site, avoiding the use of quarried aggregates or the need for borrow pits. As a result, it 

presents similar benefits to the ones deriving from the use of secondary materials such 

as protection of the environment, preservation of natural resources and energy savings. 

Furthermore, stabilised materials present technical advantages in tenns of ~ 

which lead to further savings through the thickness reduction of overlying materials. 
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The analysis presented in the previous section was carried out using heavily stabilised 

secondary materials and mechanical properties representative of those introduced in 

Chapter 8. The design of layers of lightly treated materials does not represent any extra 

challenge in relation to the design of unbound aggregate layers. In fact, under traffic 

loading these materials will produce fine, closely spaced cracking because of their low 

tensile strength. A good aggregate interlock should be maintained and in this manner 

they would perform as a good quality unbound material. 

The concept of a structural layer associating roadbase with sub-base seems to produce 

reasonable layer thicknesses, benefiting from a reduction in relation to those resulting 

from the DoT approach based on design charts. The analytical approach considered 

would enable the use of alternative materials with lower properties when compared with 

the CBM3 or CBM4 required for cement bound roadbases, and this fact is compensated 

by a thicker layer gained by incorporating the sub-base in the structural layer. This type 

of approach has been used in France for several years, where a catalogue of structures has 

been developed and the thicknesses of the bituminous surfacing and of the underlying 

hydraulically bound materials is given as a function of traffic and type of foundation 

[SErRA & LCPC, 1984]. Moreover, the use of these materials in the structural layer 

would correspond to a high value / high volume application extremely important in 

making alternative materials competitive with conventional ones and in increasing the 

current volumes of utilisation. 
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9.5. Summary 

• For both unbound and stabilised materials, the results obtained from index type 

of tests such as particle strength. CBR and compressive strength were shown not 

to produce totally reliable information on material performance, giving rise to a 

different ranking of materials than that obtained with more fundamental tests. It 

emphasises the importance of using adequate performance related tests for the 

characterisation of pavement materials. 

• The behaviour in flexible composite pavements of the materials stabilised with 

hydraulic binders was outlined, with special emphasis on the types of cracking 

that may occur under traffic. 

• Using the Design Manual for Roads and Bridges a typical flexible composite 

pavement was designed. This structure was further analysed using mechanistic 

methods based on elastic layer theory, but modified in order to account for the 

existence of discontinuities. Additionally, the pavement structure was modified 

through the consideration of a structural layer (replacing both roadbase and sub­

base) and its thickness designed for the same traffic and foundation conditions. 

Three stiffuesses were considered for the underlying material, with the stabilised 

support demonstrating an important effect in reducing tensile stresses in the 

structural layer and reducing compressive strains in the subgrade. 

• The utilisation of analytical methods of pavement design is very important for the 

design of roads incorporating alternative materials. For these, a single structural 

layer (combined roadbase and sub-base) seems to be beneficial. reducing the 

pavement thickness and increasing the range of materials that may be applied 

under the surfacing layer. 

• The results from the proposed assessment strategy and equipment have been 

shown to enable an appropriate mechanistic design to take place, with all the 

consequent advantages. 
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CHAPTER 10 

PROPOSED METHODOLOGY 

10.1. Introduction 

The selection of materials to be used in a particular project depends on several factors 

such as availability, costs and technical requirements of the project, particularly the level 

of the layer in the pavement structure, type of structure and of traffic. Economic 

considerations tend to dictate the type of material used and the most economic and 

locally available materials are usually preferred. Nevertheless, their technical suitability 

has to be demonstrated and the methodology used for their evaluation should be able to 

detennine the adequacy, or otherwise, of any available material (both conventional and 

alternative). 

The methodology proposed for assessing the materials is based on the performance­

related tests used in this research and on the developments carried out in terms of testing 

equipment and techniques. The description of these was already the subject of previous 

chapters, in particular Chapters 6 and 7. Hence, the objective of this chapter is to outline 

the overall methodology for the evaluation of secondary materials that may be used on 

a routine basis hereafter. It may also be used for the characterisation of conventional 

materials, both unbound or stabilised. 
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10.2. Proposed performance-based methodology 

The methodology proposed is presented schematically in Figure 10.1 and it may be 

subdivided into three main stages: 

• Stage 1 - characterisation of the unbound material; 

• Stage 2 - stabilisation / mix design; 

• Stage 3 - assessment of mechanical propenies . 

Stage 1 consists of a general assessment in the first instance. using conventional 

characterisation and classification tests such as particle size distribution. plasticity of tile 

fraction fmer than 425 JIm, water absorption. particle density, magnesium sulphate 

soundness and compactibility. The purposes of these tests are to determine properties 

that are needed for subsequent stages such as optimum moisture content and maximum 

dry density needed for the compaction of specimens. In addition, other tests may be 

conducted, as the ones referred above. which provide useful infonnation about the 

material, their potential for unbound use or the need for mechanical or chemical 

stabilisation, the most adequate type of binder and durability issues. Note that it is not 

possible with this methodology to detennine the binder type. which is assumed to have 

been chosen in advance. Although a first estimate between cement and lime may be 

based on the guidelines presented in Chapter 4 (Section 4.2.1 ). for the use of secondary 

binders or combination of binders further research is necessary to develop a methodology 

taking into account the chemical reactions produced during stabilisation. 

After the general assessment, the material is tested in an unbound form using rep tated 

load triaxial tests (RL 1T) to detennine both resilient and permanent deformatioll 

characteristics, that is, resilient modulus (Mr). Poisson' s ratio and peI""""'D 

deformations. Results obtained from this test are analysed in order to assess wbetber the 

material has an acceptable behaviour to be used in unbound layers of the pavement. 

Values that could be expected from a conventional unbound crushed rock granular 
material may be taken as a reference to determine the adequacy of the material whaD 

unbOlmd. It may also be classified using the classification system proposed in 0aIp1er 

6 and the target class chosen according to the requirements of the project. 
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General Assessment 
Unbound Material 

Yes 

Stabilisation 
Mix Design Procedure 

~----f Assessment of appropriate 
Mechanical Properties 

In Compression 
RL TT Classes C2 - C4 

@ 28 days 

RLTT 
Resilient Modulus 
Poisson's Ratio 
Permanent Deformation 
Triaxial Strength 

Pavement Design 
(Analytical Methods) 

Economic Analysis 

Adjust 
Treatment 

Level 

STAGE 1 

STAGE 2 

STAGE 3 

In Tension 
RLITT Classes G I - G4 

@ 90 days 

RUTT 
Stiffness Modulus 
Poisson's Ratio 
Tensile Strength 
Resistance to Fatigue 

Figure 10.1 Methodology proposed for the study of unbound and treated secondary materials. 
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The characterisation using triaxial tests may be omitted according to the results obtained 

in the general assessment, when previous experience indicates that the material is not 

suitable for unbound applications or when the requirements imposed by the application 

inhibit its use. 

When the unbound material does not perform satisfactorily it is stabilised either with 

traditional or secondary binders. This represents Stage 2 of the methodology which 

makes use of the repeated load indirect tensile test (RLITI) for the mix design procedure. 

This is based on the determination of the following properties: stiffness modulus (Sm). 

indirect tensile strength and durability. The tests are performed after 90 days curing in 

accordance with the procedures followed in this research. It is believed that a 9O-day 

characterisation will be able to reveal the potential of mixtures cementing at slower rates 

and will permit a more satisfactory comparison of results for different materials. 

The level of treatment is adjusted, ifrequired, in order to satisfy the following criteria: 

• adequate mechanical properties (stiffness modulus and tensile strength) in the 

repeated load indirect tensile tests after 90 days of curing; 

• appropriate dmability of the mixtures, evaluated through the determination of the 

same properties on immersed and control specimens. 

What is adequate will depend again on the specific requirement of the project. Classes 

of materials and the respective properties are indicated in the classification system 

proposed in Chapter 8 based on the results of the repeated load indirect tensile test. At 

this stage. the fatigue characteristics are not determined and so when using Figure 8.24 

a fatigue ratio equal to 1 may be considered. 

In practice, a number of different mixtures is considered for study, with different levels 

of treatment and their properties determined. The results of their characterisation permit 

the drawing of charts in which the properties are plotted as a function of binder content, 

and then the final percentage of binder chosen to achieve the target properties. The 

selected material is then considered for Stage J of this methodology. 
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In order to determine the mechanical properties of the optimised mixture the same main 

tests / equipments are used, one for assessing the material's behaviour in compression, 

and the other in tension: 

In Compression 

• repeated load triaxial test after 28 days curing, to determine resilient and 

permanent deformation properties. Monotonic triaxial test to evaluate the 

ultimate triaxial strength is also needed in order to define the stress path used in 

the repeated load test; 

In Tension 

• repeated load indirect tensile test after 90 days curing, to assess resilient and 

fatigue properties, of major importance for increasing levels of treatment, as well 

as tensile strength using monotonic loading. 

An indication of the most appropriate type of characterisation based on the class of the 

material is presented below: 

• Classes C2 to C4 based on triaxial test results - characterisation in compression 

of unbound type of materials; 

• Classes G 1 to G4 based on indirect tensile test results - characterisation in tension 

of stabilised materials. 

Class C 1 of the first group and Class G5 of the second correspond to intermediate 

situations and the choice is not pre-defined. In principle, they may be characterised using 

indirect tensile tests. However, for materials with very low tensile strength or low 

combined results of stiffness / tensile strength, the determination of fatigue properties is 

not relevant because in the pavement they will crack frequently at close spacing. This 

type of material will be better characterised in compression using triaxial testing. This 

decision may be based on the results obtained during the mix design procedure either 

with the same mix if this was studied at that stage, or by estimation of the properties 

through interpolation between mixtures studied. 
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The characterisation in compression is proposed to be done at 28 days. In principle, the 

materials characterised in this way are lightly treated corresponding to improved unbound 

granular materials. The effect over the time is not as significant as for more heavily 

stabilised materials and for this reason a 28-day period of curing seems to be adequate. 

Using the mechanical properties obtained in Stage 3 it is possible to use analytical 

methods of pavement design, after which an economic analysis of the solution adopted 

should follow. This is not covered here as it is outside the scope of this research. 
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10.3. Methodology discussion and advantages 

The methodology proposed for the study of secondary materials represents a step forward 

in relation to the present situation, in which secondary materials are discriminated in 

relation to primary materials, according to specifications developed essentially with and 

for conventional materials. The Specification for Highway Works [DoT, 1993] does not 

go far enough in this subject and despite some 'end-product' specifications introduced. 

the limits required remain restrictive for the application of this type of material. 

More fundamental tests such as the repeated load triaxial test and the repeated load ,,--

indirect tensile test represent a good compromise in complexity, simulation of field -----_._-. --- - - ' 

performance and reliability of results. The following advantages may be identified from 

the rmplementati~~--of the meth~d~iogy proposed: 

• mechanical characterisation of materials and mixtures using fundamental 

performance-based tests. Of particular importance is the replacement of the 

compressive strength test presently used by the repeated load indirect tensile test 

for the mix design procedure; 

• 

• 

• 

common approach for both conventional and secondary materials. thereby 

facilitating a fair engineering comparison; 

enables a complete study and characterisation of materials, with the determination 

of the mechanical properties necessary to conduct structural analysis of 

pavements; 

as these tests are performed on the end-product and the properties determined 

used in pavement design, the problem of excessive safety margins in specification 

requirements is overcome; 

• easy discrimination of materials, important when there is a wide range of possible 

materials to be used, which is of special interest for secondary materials. 

It is believed that this procedure is feasible on a routine basis and thus the drafting of 

specifications based on these laboratory tests would represent an important contribution 

towards a more widespread use of alternative materials. 
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CHAPTER 11 

CONCLUSIONS AND RECOMMENDATIONS 

FOR FUTURE RESEARCH 

11.1. Introduction 

In this chapter the main conclusions from the research work conducted are outlined. 

These have been grouped into the following sections: materials, equipment, repeated load 

triaxial testing, repeated load indirect tensile testing and application. Further research is 

recommended in several areas covered or related to this investigation and these are also 

presented. 

11.2. Materials 

A wide range of alternative materials for road construction have been studied both in an 

unbound fonn (6 materials including a conventional crushed granite) and stabilised with 

various binders (21 mixtures in total). The initial study was conducted following the 

traditional approach which is based on the Specification for Highway Works. With the 

exception of unbound slate waste, a material that is processed at source to meet all 

requirements for sub-base Type 1 aggregate, all the others failed to pass the requirements 

imposed by the DoT Specification. Minestone and pulverised fuel ash are believed not 

to be suitable for unbound applications in pavement foundations but all the others 

demonstrate some potential that is not revealed by the results obtained using the existing 
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specifications. In particular, the strength requirements of both the unbound particles and 

cement bound materials are too harsh for stabilised secondary materials, aggravated by 

the characterisation at 7 days that does not take into consideration slower rates of strength 

gain. Consequently, performance-based tests were considered for their evaluation and 

the development of testing equipment and techniques was pursued. 

The tests chosen for the characterisation of the material were repeated load triaxial and 

indirect tensile tests. Based on these tests, a methodology for the evaluation of secondary 

materials was proposed, which includes the following three stages: characterisation of the 

unbound material, stabilisation / mix design and assessment of relevant mechanical 

properties in compression or in tension. This methodology presents several advantages 

in relation to the current practice, namely: 

• characterisation based on performance-based tests; 

• determination of mechanical properties necessary for using analytical methods 

of pavement design. 

Recommendations for future research 

• Further work is recommended considering the same materials but supplied from 

alternative sources, to study the effect of the variability of these materials on the 

mechanical properties of the mixtures. This issue is important for the quality 

assurance and certification that has to be provided by producers to generate more 

confidence in secondary materials. 

• The programme of testing should be extended, to other alternative materials, or 

combinations of materials, not considered in this study. This is important to 

establish a comprehensive knowledge on alternative materials that will contribute 

to a more widespread use in road construction when available to producers, 

engineers and the industry in general. 

• Further research is also recommended into the extension of the methodology 

developed to incorporate the selection of the most appropriate binder type, 

according to the type of soil or aggregate to be stabilised. 
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Perfonnance-based specifications in the style of the latest CEN standards should 

be drafted, incorporating laboratory characterisation of the mixtures using 

stiffness modulus, tensile strength and fatigue characteristics as proposed in 

Chapter 7. 

11.3. Equipment 

Improvements were made in the repeated load triaxial apparatus, namely the modification 

of the location studs and the development of a new load cell, which is less susceptible to 

electrical noise and has the capacity to perform small rotations that result in the 

application of more uniform axial stresses. 

A repeated load indirect tensile apparatus was developed, using a servo-hydraulic loading 

system shared with the triaxial rig. A testing sub-frame was specially designed to 

incorporate 150 mm specimens which may be used in other testing rigs. It contains 

vertical guide rods and an 'internal' load cell for more adequate application and 

measurement of the load transmitted to the specimens. The L VDT frame traditionally 

used for measuring the horizontal deformations was found to be adequate for 

hydraulically bound materials and an alternative frame, supported at single 'points' at the 

centre of the specimen, produced similar results. The results obtained with this apparatus 

seem to give results with adequate repeatability. 

Compaction techniques and the necessary equipment were developed for the compaction 

of both triaxial and indirect tensile specimens. The former combines the action of a 

vertically-guided vibrating hammer with the one of a vibrating table, while the latter uses 

the standard compactibiIity test rig and a specially designed mould to compact the 

specimens in one layer, in their final fonn. 

Recommendations for future research 

• Development of compaction equipment I techniques representing more closely 
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the compaction carried out in the field is recommended. Methods based on vibro­

compression techniques have been developed and used in France which are 

reported to produce specimens with highly homogeneous densities [Chi, 1976; 

NF P 98-230, 1992]. Although they do not closely simulate compaction Wlder 

vibrating rollers in situ, they represent an improvement in relation to current 

practices and should be taken into account for the development of new 

procedures. 

• Repeatability and reproducibility studies with the repeated load indirect tensile 

apparatus need to be extended and conducted respectively, to permit the 

incorporation in the national standards of the methods of testing developed during 

this research. 

11.4. Repeated load triaxial testing 

The test techniques for preparation of specimens, conditioning, resilient and permanent 

deformation testing were presented which required some modifications in relation to the 

normally recommended procedures for this type of testing. It was found that the stress 

path used for testing has to be chosen with reference to the failure line of the material, 

limited to 70 % of failure values. 

In terms of mechanical properties two groups of materials were identified. The first 

comprised unbound materials and other materials that, despite being stabilised, give the 

same type of results. Hence, the first group of materials was characterised by its 

'WlboWld type of behaviour' . On the other hand, the second group comprised materials 

with higher resilient moduli and triaxial strengths, lower Poisson's ratio and reduced non­

linearity, hysteresis and stress-dependency. This group was characterised by the 

materials' 'treated type of behaviour' . The defmition of these groups has implications 

in the modelling of materials and in the identification of resilient models able to produce 

the best results in each group. 

Stabilisation was found to improve triaxial strength, resilient modulus and reduce the 

accumulation of permanent deformations. The degree in which those properties 
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improved varied from material to material, the type of binder used having an important 

role. 

Resilient models available were thoroughly reviewed and discussed. Modelling using 

Mr-v models, such as the K-8 and Uzan models, was generally found to be poor. The 

hypotheses considered for study were Pappin's model, Mayhew's model and modified 

versions of Mayhew's model incorporating the parameter p. and stress path length 

dependency. These were found to model adequately materials with 'unbound type of 

behaviour' but their performance declined for the 'treated type of behaviour'. A new 

mathematical model was developed which produced consistently better performance for 

that group of materials. Boundaries for those two groups and of validity for the 

corresponding resilient models were proposed. 

The behaviour in terms of permanent deformation was studied using the French model. 

With regards to the equation representing the influence of the number of cycles, it models 

well the results obtained with unbound materials. On the other hand, the effect of the 

stress level is not of the same quality and the simplified approach using data from failure 

lines is not recommended. For treated materials the performance of that model decreased 

due to non-asymptotic accumulation of permanent deformations which is not well 

reproduced by that model. Nonetheless, it is believed that the development of a specific 

model for this type of material is not necessary because the permanent deformations 

obtained experimentally were very small and so internal material deformation will not 

be a significant contributor to overall permanent deformation of a pavement structure. 

A new classification system was proposed, which is based on characteristic resilient 

modulus and corrected permanent axial strain after 80000 cycles. The chart represents 

an important tool for understanding the significance of the experimental results. 

Recommendations for future research 

• It is recommended that the model developed for the resilient behaviour of lightly 

treated secondary materials be used to analyse experimental results obtained with 
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other stabilised conventional and secondary materials. In the study carried out, 

the fitting capability of the shear model was good for all materials, including the 

unbound ones. Further studies may be conducted with the volumetric model to 

extend its applicability to unbound and unbound type of materials. 

• The current state-of-the-art with regards to permanent deformation behaviour of 

unbound materials under repeated loading remains essentially at an empirical 

level. Research is recommended in this domain for the development of 

mathematical models capable of describing more adequately the laboratory 

response and applying it to in situ behaviour. 

11.S. Repeated load indirect tensile testing 

At present, this form of testing is not covered by standards with the exception of the 

determination of the indirect tensile strength. This represents a lacuna in the 

specifications that the work presented here may help to overcome since this form of 

testing has considerable potential for the study of stabilised secondary materials. The 

techniques for specimen preparation, testing and analysis of results were described in 

detail. These are proposed for the assessment of all relevant properties of hydraulically 

bound materials: tensile strength, stiffitess modulus, Poisson's ratio, resistance to fatigue, 

durability and the development of properties with time. 

For the detennination of Poisson's ratio the use of on-sample instrumentation positioned 

in the central part of the specimen is very important enabling a more accurate 

measurement of vertical and horizontal deformations in an area where the stresses are 

approximately constant. On the other hand, the traditional L VDTs frame currently used 

for bituminous materials was found to be an acceptable alternative for stiffuess 

quantification purposes, considerably reducing testing times. 

Durability assessment based on tensile strength and stiffness determinations was found 

to give adequate discrimination of materials and the consideration of two periods of 

immersion to increase qualitatively the information about the materials was proposed. 

PageJ78 PhD 7JIuIJ 



Chapter J J - Conclusions and Recommendations/or Future Research 

The effect of frequency on the fatigue properties was found to be more important for 

large variations in the frequency ofloading. For small changes the effect is negligible. 

In addition, it has been shown that higher binder contents produce materials less 

susceptible to fatigue for the same stress levels. 

Good agreement was found between stiffhess results obtained using triaxial and indirect 

tensile testing under repeated loading, thus contributing to the validation of equipment 

and techniques developed. 

An application of the testing equipment and techniques developed was carried out on 

thirteen mixes from which six were selected for full-scale trials. In general terms, the 

best perfonning 'aggregates' were found to be conventional aggregate and pulverised fuel 

ash. China clay sand also performed well, in a similar way to a cement stabilised granite. 

The most successful binders were fly ash with cement or lime and the combination fly 

ash / lime / gypsum. 

Empirical relationships between the mechanical properties of the materials and the curing 

time, or between compressive and tensile strength were found not to be totally reliable. 

It is important to actually perform the necessary laboratory tests and assess a particular 

material being studied. 

Based on the existing CEN proposal, a new classification system was developed. I t uses 

the following results obtained through repeated load indirect tensile tests: stiffness 

modulus, tensile strength and fatigue properties all obtained at 90 days curing. By 

incorporating fatigue and characterisation at 90 days, instead of 360 days, the chart is 

believed to be a more complete and practical classification system in comparison with 

existing proposals. 

Recommendations for future research 

• The effect of the moisture content should be more closely studied in order to 

optimise the mixtures with the partially conflicting requirements for optimum 
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density and for full hydration of the binder. This may be investigated by studying 

the mixtures compacted using a range of moisture contents, for example using the 

optimum moisture content obtained in compactibility tests (OMC) and OMC ± 

2%. 

• The effect of the maximum particle size of the aggregate on the compaction of 

indirect tensile specimens should be studied. This may be conducted by 

compacting slabs using the same mixtures and coring from them the cylindrical 

specimens used for testing. The results should be compared with the ones 

obtained following the compaction method described in Chapter 8, which should 

provide the necessary information to define the interaction effect between 

maximum aggregate and specimen sizes. 

• The study of fatigue characteristics in the repeated load indirect tensile apparatus 

should be extended using lower levels of stress, in percentage terms, to cause 

failure after higher number of load applications (106 cycles and above) with the 

aim of studying the existence of endurance limits that would have to be taken into 

account in pavement design. 

• The results obtained in indirect tensile mode should be validated I calibrated with 

results obtained in pavements. Initially, this is to be carried out in full-scale trials 

in the Pavement Test Facility of the Transport Research Laboratory. After this, 

the instrumentation and testing of site trials should provide the complementary 

and definite information necessary for the validation and implementation of the 

results. 

11.6. Application 

This research was essentially concentrated on laboratory studies of alternative materials. 

Their actual application in roads and the assessment of both equipment and methods with 

field results was not carried out. Nevertheless, their use was evaluated using analytical 

methods of pavement design in which the pavement structure is considered as an elastic 

layered system. This study has shown the following benefits resulting from the inclusion 

of layers with stabilised secondary materials: 
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the possibility of utilisation of these materials at levels in the pavement structure 

as high as the roadbase; 

their application in a structural layer, replacing the current roadbase and sub-base, 

was illustrated and seems to be beneficial thus permitting the reduction of the 

overall thickness of the pavement and enabling the application of a wider range 

of materials at this level when compared with the present situation. 

Remaining problems are likely to be: 

• 

• 

• 

durability of the mixtures, namely the gypsum-based mixture, which will require 

a careful application in controlled situations; 

environmental cracking, due to temperature changes. Strong materials will tend 

to produce a more widely-spaced and wider type of cracking, an aspect that needs 

careful consideration to control the process effectively; 

reflection cracking is a problem with flexible composite type of pavements . 

There are a number of construction practices that may be used to stop or delay the 

propagation of cracks to the surface of the pavement 

• induction of cracks in a controlled manner and with appropriate spacing 

between cracks to limit their width and maintain adequate levels of 

aggregate interlock and load transfer capabilities; 

• use of geotextiles or geogrids between hydraulically-bound and the 

overlying bituminous materials; 

• construction of a layer with selected materials separating those two layers. 

11.7. Final remarks 

The present research work aimed to technically contribute to the use of alternative 

materials in road construction. It is believed that the principal objectives were 

accomplished through the development of methodologies for their evaluation, testing 

equipment and the drafting of testing techniques specific for this type of materials. This 

was complemented by the development of a new mathematical model and of 

classification systems that should provide engineers with the necessary tools to deal with 
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most applications of alternative materials in pavements. Some evidence that seems to 

confirm the achievement of those objectives are: 

• the utilisation of the same repeated load indirect tensile apparatus and testing 

procedures in subsequent research works [Cheema, 1996], including the ongoing 

'LINK II' research project carried out by the Transport Research Laboratory with 

the University of Nottingham; 

• the interest manifested by the Department of Transport, secondary materials' 

producers and consulting engineers in the equipment and testing methods here 

developed. These are also a positive indication of their possible incorporation in 

national and international standards. 

Page 382 



REFERENCES 

Abbreviations 

ARRB 
ASTM 
BLA 
BRE 
BS 
CEN 
CIRIA 
CRR 
DoE 
DoT 
FHWA 
FT 
HMSO 
LCPC 
LNEC 
NF 
No. 
NP 
OECD 
PIARC 
RRL 
SARa 
SETRA 

SHRP 
SPRINT 
SWKPE 
TRL 
TRRL 
TRB 
Vol. 
pp. 

Australian Road Research Board 
American Society for Testing and Materials 
British Lime Association 
Building Research Establishment 
British Standard 
Comite Europeen de Normalisation (European Committee for Standardisation) 
Construction Industry Research and Information Association 
Centre de Recherches Routieres (Centre for Road Research) 
Department of the Environment (UK) 
Department of Transport (UK) 
Federal Highway Administration 
Financial Times 
Her Majesty's Stationery Office 
Laboratoire Central des Ponts et Chaussees (Central Laboratory for Bridges and Roads) 
Laborat6rio Nacional de Engenharia Civil (National Laboratory of Civil Engineering) 
Norme Fran~aise (French Standard) 
Number 
Norma Portuguesa (Portuguese Standard) 
Organisation for Economic Co-operation and Development 
Permanent International Association of Road Congresses 
Road Research Laboratory 
South African Roads Board 
Service d'Etudes Techniques des Routes et Autoroutes (Service of Technical Studies for Roads 
and Highways) 
Strategic Highway Research Program 
European Community Programme for Innovation and Technology Transfer 
SWK Pavement Engineering Limited 
Transport Research Laboratory 
Transport and Road Research Laboratory 
Transportation Research Board 
Volume 
Pages 

AKAZA WA T (1953) 
Union of Testing and Research Laboratories for Materials and Structures, No. 16, 1953. 

ALLAART A P (1992) 
"Design principles for flexible pavements. A computational model for granular bases". 
PhD thesis, Delft University of Technology, The Netherlands. 

MCMNunes 
Page 383 



Enabling the Use of Alternative Materials in Road Construction 

ALLEN J J, CURRIN D D, LITTLE D N (1977) 
"Mix design, durability, and strength requirements for lime-stabilized layers in airfield 
pavements". Transportation Research Record 641, Transportation Research Board, 
National Research Council, Washington, D. C., USA. 

ASTM C88 (1990) 
"Standard test method for soundness of aggregates by use of sodium sulfate or 
magnesium sulfate". American Society for Testing and Materials, ASTM C 88 - 90. 

ASTM C496 (1990) 
"Standard test method for splitting tensile strength of cylindrical concrete specimens". 
American Society for Testing and Materials, ASTM C 496 - 90. 

ASTM C618 (1989) 
"Standard Specification for fly ash and raw or calcined natural pozzolanfor use as a 
mineral admixture in Portland cement concrete". American Society for Testing and 
Materials, ASTM C 618 - 89a. 

ASTM D559 (1989) 
"Standard test methods for wetting and drying compacted soil-cement mixtures". 
American Society for Testing and Materials, ASTM D 559 - 89. 

ASTM D560 (1989) 
"Standard test methods for freezing and thawing compacted soil-cement mixtures". 
American Society for Testing and Materials, ASTM D 560 - 89. 

ASTM D1633 (1990) 
"Standard test method for compressive strength of moulded soil-cement cylinders". 
American Society for Testing and Materials, ASTM D 1633-84 (Reapproved 1990). 

ASTM D4123 (1987) 
"Standard Test Method for indirect tension test for resilient modulus of bituminous 
mixtures". American Society for Testing and Materials, ASTM D 4123 - 82 (Reapproved 
1987). 

ASTM D5102 (1990) 
"Standard test method for unconfined compressive strength of compacted soil-lime 
mixtures". American Society for Testing and Materials, ASTM D 5102-90. 

BALDWIN G, ADDIS R, CLARK J, ROSEVEAR A (1995) 
"Industrial by-products in road construction - water quality effects". Construction 
Industry Research and Information Association, Research Project 495, Draft Final 
Report. 

BERTOLINI G (1992) 
"Social, economical and environmental aspect of the use of domestic waste and by­
products". Second SPRINT Workshop, Exhibition and Demonstrations on Technology 
Transfer and Innovation in Road Construction, Alternative Materials in Road 
Construction, Rotterdam, The Netherlands, 1992, Commission of the European 

Page 384 



References 

Communities. 

BLA (1990) 

"Lime stabilisation manuaf'. British Lime Association, Second Edition, 1990. 

BOLES W F (1986) 

"Fly ash/acts/or highway engineers". Technology Transfer, July 1986, FHWA-DP-59-
8, Federal Highway Administration, Department of Transportation Washington D C 
USA. ' , .. , 

BOLT N (1987) 

"Coal ash applications for road construction in The Netherlands". Resources and 
Conservation, 14, 1987, Elsevier Science Publishers, Amsterdam, pp. 155-168. 

BOYCE J R (1976) 

"The behaviour 0/ a granular material under repeated loading". PhD thesis, University 
of Nottingham, UK. 

BOYCE J R (1980) 

"A non-linear model for the elastic behaviour of granular materials under repeated 
loading". Proceedings of the International Symposium on Soil Under Cyclic and 
Transient Loading, Swansea, UK, 1980, edited by G N Pande and 0 C Zienkiewicks. A 
A Balkema, Rotterdam, pp. 285-294. 

BRE (1988) 

"Design of normal concrete mixes". Building Research Establishment Report, 
Department of the Environment. 

BRIDGES M G (1995) 
"Consequence of binder on the leachability of some contaminants from secondary 
materials in road pavement foundations". Pavement & Geotechnics Research Group 
Report, University of Nottingham, UK. 

BRITISH COAL (1986) 
"Cement bound minestone: 1. Specification for pavement construction; 2. Thickness 
deSign guide for pavement construction". British Coal, Minestone Services. 

BROWN S F (1979) 
"Design of pavements with lean-concrete bases". Transportation Research Record 725, 
Transportation Research Board, National Research Council, Washington, D. c., USA. 

BROWN S F (1996) 
"Soil mechanics in pavement engineering". The 36th Rankine Lecture, Imperial College. 
London. 

BROWN S F, BRUNTON J M (1988) 
"An introduction to the analytical design of bituminous pavements". 3rd edition. 
University of Nottingham, UK. 

MCMNunes Page 385 



Enahling the Use of A/ternathle Materials in Road Construction 

BROWN S F, GIBB J M, READ J M, SCHOLZ T V, COOPER K E (1995) 
"Design and testing of bituminous mixtures". Research Report, Volume 2, University of 
Nottingham, UK. 

BROWN S F, O'REILLY M P, PAPPIN J W (1989) 
"A repeated load triaxial apparatus for granular materials". Proceedings of the 
International Symposium on Unbound Aggregates in Roads, UNBAR3, University of 
Nottingham, UK, 1989, edited by R H Jones and A R Dawson, Butterworths, London, 
pp. 143-158. 

BROWN SF, PAPPIN J W (1981) 
"Analysis of pavements with granular bases". Transportation Research Board, Annual 
Meeting, 1981, Washington, D. C., USA. 

BROWN S F, PAPPIN J W (1985) 
"Modelling of granular materials in pavements". Transportation Research Record 1022, 
Transportation Research Board, National Research Council, Washington, D. C., USA. 

BROWN S F, PELL P S (1967) 
"An experimental investigation of the stresses, strains and deflections in a layered 
pavement structure subjected to dynamic loads". Proceedings of the 2nd International 
Conference on Structural Design of Asphalt Pavements, University of Michigan, 1967, 
Ann Arbor, Michigan, USA, pp.487-504. 

BROWN S F, SELIG E T (1991) 
"The design of pavements and rail track foundations". Cyclic Loading of Soils: From 
Theory to Design, edited by M P O'Reilly and S F Brown, Blackie, pp. 249-305. 

BS 812 (1975, 1984, 1985, 1988, 1989, 1990) 
"Testing aggregates". British Standards Institution. 

BS 1047 (1983) 
"British Standards specification for air-cooled blastfurnace slag aggregate for use in 
construction". British Standards Institution. 

BS 1377 (1990) 
"British Standards methods of test for soils for civil engineering purposes". British 
Standards Institution. 

BS 1881 (1983) 
"Testing concrete. Part 117: Method for determination of tensile splitting strength". 
British Standards Institution. 

BS 1924 (1990) 
"Stabilized materials for civil engineering purposes". British Standards Institution. 

BS 3797 (1990) 
"Specification for lightweight aggregates for masonry units and structural concrete". 
British Standards Institution. 

PageJ86 PhD77fnu 



References 

BS 5835 (1980) 

"Recommendations for testing of aggregates. Part 1: Compactibility test for graded 
aggregates". British Standards Institution. . 

BS 6543 (1985) 
"British Standard guide to use of industrial by-products and waste materials in building 
and civil engineering". British Standards Institution. 

BS 6699 (1992) 
"Specificationfor ground granulated blastfurnace slagfor use with Portland cement". 
British Standards Institution. 

BS DO 185 (1993) 
"Methods for assessment of resistance to permanent deformation of bitumen aggregate 
mixtures subject to unconfined uniaxial loading". British Standard Draft for 
Development, British Standards Institution. 

BS DD 213 (1993) 
"Methods for determination of the indirect tensile stiffness modulus of bituminolls 
materials". British Standard Draft for Development, British Standards Institution. 

BS DD ABF (1996) 
"Methods for the determination of the fatigue characteristics of bituminous mixtures 
using indirect tensile fatigue". British Standard Draft for Development, British Standards 
Institution. 

BULLEN F, DAWSON A R (1990) 
"Investigation of the self-cementation characteristics of furnace bottom ash". 
Department of Civil Engineering Report, University of Nottingham, UK. 

BURMISTER 0 M (1945) 
"The general theory of stresses and displacements in layered systems". Journal of 
Applied Physics, Vol. 16, 1945. 

BUTTLAR W G, ROQUE R (1994) 
"Development and evaluation of the SHRP measurement and analysis systemfor indirect 
tensile testing at low temperatures". Transportation Research Board, 73rd Annual 
Meeting, 1994, Washington, D. C., USA. 

CARNIERO F L L B, BARCELLUS A (1953) 
Union of Testing and Research Laboratories for Materials and Structures, No. 13, 1953. 

CARR C E, WITHERS N J (1987) 
"The wetting expansion of cement-stabilised minestone - An investigation of the causes 
and ways of reducing the problem". Proceedings of the Second International Conference 
on the Reclamation, Treatment and Utilisation of Coal Mining Wastes, Nottingham, UK, 
1987, edited by A K M Rainbow, Elsevier, pp. 545-559. 

MCMNu1U!S Page 387 



Enabling the Use of AI/erna/ive Ma/erials in Road ConslTuc/ion 

CEN (1995) 
"Unbound and hydraulic bound mixturesfor roads - Test methods - Cyclic load triaxial 
test". European Standard Draft prEN 00227413, European Committee for 
Standardisation, Technical Committee 227, Brussels. 

CEN (1995 i) 
"Road construction. Mixtures bound with hydraulic binder other than cement. 
Specification for fly ash bound mixtures". European Standard Draft, European 
Committee for Standardisation, Technical Committee 227, Brussels. 

CEN (1995 ii) 
"Road construction. Fly ashfor hydraulic bound mixtures". European Standard Draft, 
European Committee for Standardisation, Technical Committee 227, Brussels. 

CEN (1995 iii) 
"Hydraulic road binders. Composition, specifications and conformity criteria". 
European Standard Draft, European Committee for Standardisation, Technical 
Committee 51, Brussels. 

CHAN C K, SOUSA J B (1991) 
"State-of-the-art on geotechnical laboratory testing". Geotechnical Engineering 
Congress, Boulder, Colorado, 1991, Geotechnical Engineering Division, American 
Society of Civil Engineers. 

CHAN F W K (1990) 
"Permanent deformation resistance of granular layers in pavements". PhD thesis, 
University of Nottingham, UK. 

CHAN F W K, ROWE G M (1994) 
"Assessment of industrial by-products for use in road bases. Resilient models". 
Technical Note, In 'Assessment of Industrial By-products for Use in Roadbases. Stage 
2 Report'. SWK Pavement Engineering Limited, Report for the Department of 
Transport. 

CHANG W F, MANTELL M 1(1990) 
"Engineering properties and construction applications of phosphogypsum". University 
of Miami, Coral Gables, Florida, USA. 

CHEEMA J A (1996) 
"The use of some secondary aggregates and binders as pavement construction 
materials". MRes Dissertation, University of Nottingham, UK. 

CHEUNG L W (1994) 
"Laboratory assessment of pavement foundation materials". PhD thesis, University of 
Nottingham, UK. 

CHI N D (1976) 
"Machine de compactage en laboratoire d'eprouvettes de graves Irailees aux liants 
hydrauliques". Bulletin de Liaison des Laboratoires des Ponts et Chaussees, No. 86, 

Page 388 

--



References 

Laboratoires Central des Ponts et Chaussees, Paris. 

CHI N D (1992) 

"Use of carbonaceous shales and metallurgical slags in road techniques". Second 
SPRINT Workshop, Exhibition and Demonstrations on Technology Transfer and 
Innovation in Road Construction, Alternative Materials in Road Construction, Rotterdam, 
The Netherlands, 1992, Commission of the European Communities. 

CHOQUET F (1984) 

"Etude en laboratoire des possibilites de valorisation des scories d'acieries et des lai/iers 
de haut fourneau en construction routiere". CR 22/84, Centre de Recherches Routieres, 
Bruxelles, Belgique. 

CIESIELSKI S K (1993) 
"A National overview - The use of discarded materials and by-products in hot mix 
asphalt concrete pavements". Proceedings of the Symposium on Recovery and Effective 
Re-use of Discarded Materials and By-products for Construction of Highway Facilities, 
Denver, USA, 1993, Federal Highway Administration & Environmental Protection 
Agency. 

CIRIA (1995) 
"Waste minimisation and recycling in construction - A review". Construction Industry 
Research and Infonnation Association, Special Publication 122. 

COLLINS R J (1993) 
"Overview of the use of mining wastes and mineral by-products as materials for highway 
construction". Proceedings of the Symposium on Recovery and Effective Re-use of 
Discarded Materials and By-products for Construction of Highway Facilities, Denver, 
USA, 1993, Federal Highway Administration & Environmental Protection Agency. 

COLLINS R J, CIESIELSKI S K (1992) 
"Highway construction use of wastes and by-products". Proceedings, Utilisation of 
Waste Materials in Civil Engineering Construction, New York, USA, 1992, edited by H 
I Inyang and K L Bergeson, American Society of Civil Engineers, New York, pp. 140-
152. 

COLLINS R J, EMERY J J (1983) 
"Kiln dust - fly ash systems for highway bases and subbases". Federal Highway 
Administration, Washington, D. c., USA. 

CONCRETE CONSTRUCTION (1979) 
"Cement kiln dust to be recycled'. Concrete Construction, Vo1. 24, No.5, May 1979, pp. 

332-333. 

COOLE M J (1995) 
Private Communication. Blue Circle Industries PLC. 

COOPER K E (1994) 
"Indirect tensile stiffness test". Seminar on the Use of Equipment and Test Protocols As 

MCMNunes 
Page 389 



Enabling the Use of Alternative MaJeriais in Road Construction 

Developed and Recommended by the LINK 'Bitutest' Project, University of Nottingham, 
UK. 

CORREIA A G (1985) 
"Contribution a I 'etude mecanique des sols soumis a des chargements cyc/iques". These 
presentee pour I'obtention du diplome de Docteur-Ingenieur Ii l'Ecole Nationale des 
Ponts et Chaussees, Paris. 

CORREIA A G (1990) 
"Ensaios laboratoriais de misturas de solos com /igantes". Seminario sobre Apli~io 
de Cimento em Pavimentos, Laborat6rio Nacional de Engenharia Civil, Lisboa, Portugal. 

CORREIA A G, NUNES M C M (1989) 
"Comportamento meciinico de misturas de areia e detritos de britagem de calcario 
estabilizadas com cimento". 3° Encontro Nacional de Geotecnia, Porto, 1989, Sociedade 
Portuguesa de Geotecnia. 

COUTINHO A de S (1988) 
"Fabrico e propriedades do betao". 28 Edi~Ao, Laborat6rio Nacional de Engenharia 
Civil, Lisboa, Portugal. 

CRONEY D, JACOBS J C (1967) 
"The frost susceptibility of soils and road materials". RRL Report LR 90, Road 
Research Laboratory, Crowthorne, UK. 

CRR(l988) 
"Opticompact for monitoring the quality of fly ash for use in road construction". 
Information leaflet A36, Centre de Recherches Routieres, Bruxelles, Belgique. 

CRR(1993) 
"Modes operatoires pour I 'evaluation de la stabilite dimensionnelle des scories LD et des 
materiaux simi/aires". Methode de mesure C.R.R. - MF 67/93, Centre de Recherches 
Routieres, Bruxelles, Belgique. 

DAWSON A R (1989) 
"The degradation of furnace bottom ash under compaction". Proceedings of the 
International Symposium on Unbound Aggregates in Roads, UNBAR3, University of 
Nottingham, UK, 1989, edited by R H Jones and A R Dawson, Butterworths, London, 
pp. 169-177. 

DAWSON A R (1996) 
"Sampling and statistics". Department of Civil Engineering, University of Nottingham, 
UK. 

DAWSON A R, BROWN S F, THOM N H (1989) 
"Use offurnace bottom ash as a sub-base material: results of a preliminary study". 
Pavement Research Group Report, University of Nottingham, UK. 

PageJ90 



References 

DAWSON A R, BULLEN F (1991) 
"D 

.c urnace bottom ash: its engineering properties and its use as a sub-base materiaf'. 
Proceedings of the Institution of Civil Engineers, Part I, 1991, 90, October, pp. 993-
1009. 

DAWSON A R, NUNES M C M (1993) 
"Some British experience of the behaviour of furnace bottom ash and slate waste for 
pavementfoundations". Proceedings of the Symposium on Recovery and Effective Re­
use of Discarded Materials and By-products for Construction of Highway Facilities. 
Denver, USA, 1993, Federal Highway Administration & Environmental Protection 
Agency. 

DA WSON A R, THOM N H, PAUTE J L (1996) 
"Mechanical characteristics of unbound granular materials as a function of condition". 
Proceedings of the European Symposium on Flexible Pavements, Euroflex, Laborat6rio 
Nacional de Engenharia Civil, Lisbon, 1993, edited by A G Correia, A A Balkema, 
Rotterdam, pp. 35-44. 

DEMPSEY B J et af. (1984) 
"Development of a preliminary ALRS stabilised material pavement". Report ESL-TR-
83-34, Department of Civil Engineering, University of Illinois, Urbana, USA. 

DEUSSNER M, NEINZ D, LUDWIG V (1985) 
"Mechanism of subsequent ettringite formation in mortars and concretes after heat 
treatment". Proceedings of the 87th Annual Meeting of the American Ceramic Society, 
Cincinnati, Ohio, 1985, American Ceramic Society. 

DiGIOIA A M, McLAREN R J, BURNS D L, MILLER D E (1986) 
"Fly ash design manual for road and site applications. Volume 1: Dry or conditioned 
placement". EPRI CS-4419, Electric Power Research Institute, Palo Alto, California. 

DOBSON P, STARKEY K (1994) 
"The Strategic Management Blueprint". Blackwell. 

DoE (1994) 
"Guidelines for aggregate provision in England". Mineral Planning Guidance MPG 6. 
HMSO, London. 

DoT (1976) 
"Specification for Road and Bridge Works". Fifth edition, Department of Transport. 
HMSO, London. 

DoT (1986) 
"Specijicationjor Road and Bridge Works". Department of Transport, HMSO, London. 

DoT (1991) 
"Earthworks _ Design and preparation of contract documents". Highways and Traffic 
Advice Note HA 44/91, Department of Transport. 

MCMNunes Page J91 



Enabling the Use of Altemalive MaJeriais in Road Construction 

DoT (1992) 
"Specificationfor highway works". Manual of Contract Documents for Highway Works, 
Vol. 1, Department of Transport, 1991, HMSO, London. 

DoT (1992 i) 
"Minister announces steps to tackle road traffic noise". Press Notice No. 204, 
Department of Transport, 1992. 

DoT (1993) 
"Specification for highway works". Manual of Contract Documents for Highway Works, 
Vol. 1, Department of Transport, 1993, HMSO, London. 

DoT (1993 i) 
"Notes for guidance on the specification for highway works". Manual of contract 
documents for highway works, Vol. 2, Department of Transport, 1993, HMSO, London. 

DoT (1994) 
"Design manualfor roads and bridges". Volume 7, Pavement Design and Maintenance, 
Department of Transport, 1994, HMSO, London. 

EMERY J J (1975) 
"New uses of metallurgical slags". The Canadian Mining and Metallurgical Bulletin, 
Vol. 68, No. 764, Toronto, Canada. 

FHWA(1985) 
"ELSYM5: Interactive version. User's Guide". Federal Highway Administration, 
Department of Transportation, Washington, D. C., USA. 

FT (1994) 
"Quarry Headfor the Coast'. Financial Times, 23 March, 1994. 

FULLER W B (1905) 
"Proportioning concrete". Chapter XI of A treatise on concrete plain and reinforced, 
edited by F W Taylor and S E Thompson, John Wiley, New York. 

GALJAARD P J, PAUTE J L, DAWSON A R (1996) 
"Comparison and performance of repeated load triaxial test equipment for unbound 
granular materials". Proceedings of the European Symposium on Flexible Pavements, 
Euroflex, Laborat6rio Nacional de Engenharia Civil, Lisbon, 1993, edited by A G 
Correia, A A Balkema, Rotterdam, pp. 7-21. 

GERRITSEN A H, KOOLE R C (1987) 
"Seven years' experience with the structural aspects of the Shell pavement design 
manual". Proceedings of the Sixth International Conference on Structural Design of 
Asphalt Pavements, University of Michigan, 1987, Vol. I, Ann Arbor, Michigan, USA, 
pp.94-106. 

GLEITZ T (1996) 
"Contribution to the mechanical determination of the non-linear stress-strain behaviour 

Page 392 



References 

of granular materials". Proceedings of the European Symposium on Flexible Pavements. 
Euroflex, Laborat6rio Nacional de Engenharia Civil, Lisbon, 1993, edited by A G 
Correia, A A Balkema, Rotterdam, pp. 273-279. 

GORLE D (1992) 
"Recycling of concrete and other road materials". Second SPRINT Workshop. 
Exhibition and Demonstrations on Technology Transfer and Innovation in Road 
Construction, Alternative Materials in Road Construction, Rotterdam, The Netherlands. 
1992, Commission of the European Communities. 

GORLE D, VERHASSEL T A, THIJS M, KERKHOF E van den (1992) 
"National report - Belgium". Second SPRINT Workshop, Exhibition and 
Demonstrations on Technology Transfer and Innovation in Road Construction. 
Alternative Materials in Road Construction, Rotterdam, The Netherlands, 1992. 
Commission ofthe European Communities. 

GOULDEN E (1992) 
"Slate waste aggregate for unbound pavement layers". MSc Dissertation, University of 
Nottingham, UK. 

HAMMING R W (1983) 
"Digital filters". Prentice-Hall Signal Processing Series, edited by A V Oppenheim. 
Prentice-Hall, New Jersey, USA. 

HICKS R G, MONISMITH C L (1971) 
"Factors influencing the resilient response of granular materials". Highway Research 
Record 345, Highway Research Board, Washington, D. C., USA, pp. 15-31. 

HIGHT D W, GENS A, SYMES M J (1983) 
"The development of a new hollow cylinder apparatus for investigating the effects oj' 
prinCipal stress rotation in soils". Geotechnique, Vol. 33, No.4, pp. 355-384. 

HONDROS G (1959) 
"The evaluation of Poisson's ratio and the modulus of materials of a low tensile 
resistance by the Brazilian (indirect tensile) test with particular reference to concrete". 
Australian Journal of Applied Sciences, Vol. 10, No.3, pp. 243-268. 

JOUVE P, ELHANNANI M (1994) 
"Application des modeles non-lineaires au calcul des chaussees souples". Bulletin de 
Liaison des Laboratoires des Ponts et Chaussees, No. 190, Laboratoire Central des Ponts 

et Chaussees, Paris. 

JUSTUS H G (1993) 
"New Jersey Department of Transportation experience with recycled materials". 
Proceedings of the Symposium on Recovery and Effective Re-use of Discarded Materials 
and By-products for Construction of Highway Facilities, Denver, USA, 1993, Federal 
Highway Administration & Environmental Protection Agency. 

MCMNunes 
Page 393 



Enabling the Use of Alternative MaleriaiJ in Road Construction 

KARASAHIN M (1993) 
"Resilient behaviour of granular materials for analysis of highway pavements". PhD 
thesis, University of Nottingham, UK. 

KENNEDY J (1980) 
"The economic viability of cement bound materials in pavements". Journal of the 
Institution of Highway Engineers, November 1980. 

KETTLE R J (1990) 
"The influence of particle size on the performance of cement bound minestone". 
Proceedings of the Third International Symposium on the Reclamation, Treatment and 
Utilisation of Coal Mining Wastes, Glasgow, UK, 1990, edited by A K M Rainbow, A 
A Balkema, Rotterdam, pp. 33-40. 

KOLIAS S, WILLIAMS R I T (1978) 
"Cement bound road materials. Strength and elastic properties measured in the 
laboratory". TRRL Supplementary Report 344, Transport and Road Research 
Laboratory, Crowthome, UK. 

KRASS K (1992) 
"Regulations and specifications". Special session, Second SPRINT Workshop, 
Exhibition and Demonstrations on Technology Transfer and Innovation in Road 
Construction, Alternative Materials in Road Construction, Rotterdam, The Netherlands, 
1992, Commission of the European Communities. 

LCPC (1988) 
"Fissuration de retrait des chaussees a assisses traitees aux liants hydrauliques". 
Bulletin de Liaison des Laboratoires des Ponts et Chaussees, No. 156, Juillet-Aot1t 1988, 
pp.37-66. 

LEE A R (1974) 
"Blastfurnace and steel slag. Production, properties and uses". Edward Arnold, London. 

LEKARP F, RICHARDSON I R, DAWSON A R (1996) 
"Some influences on the permanent deformation behaviour of unbound granular 
materials". Transportation Research Board, 75th Annual Meeting, 1996, Washington, 
D. C., USA. 

LITTLETON I, WILLA VISE G (1992) 
"An investigation of the effects of lime and sodium carbonate on the strength and 
durability ofpfa". Buxton Lime Industries, Report No. 92137, Swindon, UK. 

LNEC (1962) 
"Vocabultirio de estradas e aer6dromos". Laborat6rio Nacional de Engenharia Civil, 
Lisboa, Portugal. 

MACKAY M, EMERY J (1993) 
"Use of wastes, surplus materials and by-products in transportation construction". 
Proceedings of the Symposium on Recovery and Effective Re-use of Discarded Materials 

PageJ94 



References 

~d By-products for Construction of Highway Facilities, Denver, USA, 1993. Federal 
HIghway Administration & Environmental Protection Agency. 

MAYHEW (1983) 

"Resilient properties of unbound road base under repeated triaxial loading". TRRL 
Laboratory Report 1088, Transport and Road Research Laboratory, Crowthorne, UK. 

MILLER C T, BENSCH D G, COLONY D C (1980) 
"Use of cement kiln dust and fly ash in pozzolanic concrete base courses". 
Transportation Research Record 754, Transportation Research Board, National Research 
Council, Washington, D. C., USA. 

MOLENAAR A A A (1993) 

"Laboratory test methods". Delft University of Technology, Faculty of Civil 
Engineering, Laboratory for Road and Railroad Research. 

NEVILLE A M (1995) 

"Properties of concrete". Fourth and Final Edition, Longman Group Limited. 

NF P 98-230 (1992) 

"Tests relating to pavements. Preparation of hydraulically bound or non-hydraulic 
bound materials. Part 1: Manufacture of test pieces using vibrocompression". French 
Standard, NF P 98-230-1, April 1992. 

NF P 98-232 (1992) 

"Tests relating to pavements. Determination of the mechanical characteristics of 

materials treated with hydraulic binders. Part 2: Direct tensile test on gravels and 
sands". French Standard, NF P 98-232-2, September 1992. 

NP 13 78 (1976) 
"Aggregates. Soundness test by using sodium sulphate or magnesium sulphale" (in 
Portuguese). Portuguese Standard, NP 1378, Lisbon. 

NUNES Me M (1991) 
"Laboratory characterization of ballasts and application to rail track structural 
analysis" (in Portuguese). MSc Dissertation, New University of Lisbon, Portugal. 

NUNES M C M (1996) 
"University of Nottingham repeated load triaxial apparatus (150x300 mm). Selling-up 
procedure". Pavement & Geotechnics Research Group Report, University of 
Nottingham, UK. 

NUNES Me M, DAWSON A R, CHADDOCK B C J, KENNEDY J (1995) 
"LINK II Project: Enabling the use of secondary aggregates and binders in pavemenl 
foundations. Material review and preliminary selection of mixtures". Report I, Transport 
Research Laboratory with the University of Nottingham, UK. 

NUNES M C M, BRIDGES M G, DAWSON A R (1996) 
"Assessment of secondary materials for pavement construction: technical and 

MCMNunes Page 395 



Enabling lhe Use of Allemalive Materials in Road ConslruClion 

environmental aspects". Waste Management, Special Issue on Bulk Inert Waste, 1996, 
Elsevier Science, USA. 

NUNES M C M, DAWSON A R, CHADDOCK B C J, ATKINSON V (1996) 
"LINK II Project: Enabling the use of secondary aggregates and binders in pavement 
foundations. Results of phase 1 study". Report 2, Transport Research Laboratory with 
the University of Nottingham, UK. 

OECD (1977) 
"Use of waste materials and by-products in road construction". Organisation for 
Economic Co-operation and Development, Paris. 

PAPPIN J W (1979) 
"Characteristics of a granular material for pavement analysis". PhD thesis, University 
of Nottingham, UK. 

P APPIN J W, BROWN S F (1980) 
"Resilient stress-strain behaviour of a crushed rocK'. Proceedings of the International 
Symposiwn on Soil Under Cyclic and Transient Loading, Swansea, UK, 1980, edited by 
G N Pande and 0 C Zienkiewicks, A A Balkema, Rotterdam, pp. 169-177. 

PAUTE J L, DAWSON A R, GALJAARD P J (1996) 
"Recommendations for repeated load triaxial test equipment and procedures for unbound 
granular materials". Proceedings of the Emopean Symposium on Flexible Pavements, 
Euroflex, Laborat6rio Nacional de Engenharla Civil, Lisbon, 1993, edited by A G 
Correia, A A Balkema, Rotterdam, pp. 23-34. 

PAUTE J L, HORNYCH P, BENABEN J P (1996) 
"Repeated load triaxial testing of granular materials in the French network of 
Laboratoires des Ponts et Chaussees". Proceedings of the European Symposium on 
Flexible Pavements, Euroflex, Laborat6rio Nacional de Engenharia Civil, Lisbon, 1993, 
edited by A G Correia, A A Balkema, Rotterdam, pp. 53-64. 

PAUTE J L, LEFORT R, BENABEN J P (1990) 
"Materiaux pour assises de chaussees. Graves non traitees. Essai Triaxial a 
chargements repetes a l'appareil LPC'. Laboratoire Central des Ponts et Chaussees, 
Laboratoire Regional de Saint-Brieuc, Laboratoire Regional de Toulouse. 

PEZO R F (1995) 
"Reporting resilient modulus tests of unbound base / sub-base materials and subgrade 
soils". Proceedings of the International Symposium on Unbound Aggregates in Roads 
(UNBAR4), University of Nottingham, UK, 1995, edited by A R Dawson and R H 
Jones, Butterworths, London, pp. 127-140. 

PIARC (1987) 
"Semi-rigid pavements". Preliminary Report, Technical Committees for Flexible and 
Concrete Pavements, XVIlIth World Road Congress, Brussels, 1987, Permanent 
International Association of Road Congresses. 

Page 396 
PhDn.u1.r 

-



References 

PIARC (1991) 
"Field treatment of soils with lime or hydraulic or pozzolanic binders". Report. 
Technical Committee on Earthworks, Drainage and Subgrade, XIXth World Road 
Congress, Marrakesh, 199 I, Pennanent International Association of Road Congresses. 

PORTER ME (1980) 
"Competitive Strategy: Techniques for Analysing Industries and Competitors". Free 
Press, New York. 

POWELL W D, POTTER J F, MAYHEW H C, NUNN M E (1984) 
"Th e structural design of bituminous roads". TRRL Laboratory Report 1132, Transport 
and Road Research Laboratory, Crowthorne, UK. 

PRITCHARD M (1991) 
"Acceleration of the pozzolanic reaction in pfa/lime mix by the addition of sodium 
carbonate". The Royal Military College of Science, Civil Engineering Group, Swindon, 
UK. 

QUARESMA L (1990) 
"Pavimentos semi-rigid os. Concepr;iio e dimensionamento. Estruturas tipo". Semimirio 
sobre Aplicacrao de Cimento em Pavimentos, 1990, LNEC, Lisboa, Portugal. 

RAAD L, MONISMITH C L, MITCHELL J K (1977) 
"Tensile-strength determinations of cement-treated materials". Transportation Research 
Record 641, Transportation Research Board, National Research Council, Washington, 
D. c., USA. 

RAINBOW A K M (1989) 
"Geotechnical properties of United Kingdom minestone". British Coal Corporation, 
Minestone Services, London. 

RAINBOW A K M, CARR C E, KENNEDY J, KETTLE R J, SLEEMAN W, 

SPOONER P E (1984) 
"Cement Bound Minestone. Users guide for pavement construction". National Coal 
Board, Minestone Executive. 

RA VINDRAJAH R S (1982) 
"Usage of cement kiln dust in concrete". International Journal of Cement Composites 
and Lightweight Concrete, Vol. 4, No.2, pp. 95-102. 

READ J M (1996) 
"Fatigue cracking of bituminous paving mixtures". PhD thesis, University of 
Nottingham, UK. 

RICHARDSON I R (1994) 
"Permanent strain response of granular materials subjected to cyclic loading in the 
hollow cylinder apparatus". Pavement & Geotechnics Research Group Report, 
University of Nottingham, UK. 

MCMNunes Page 397 



Enabling the Use of Alternative Materials in Road Construction 

ROQUE R, BUTTLAR W G (1992) 
"The development of a measurement and analysis system to accurately determine asphalt 
concrete properties using the indirect tensile mode". Proceedings of the Association of 
Asphalt Paving Technologists, Vol. 61, pp. 304-332. 

ROE P G, WEBSTER D C (1984) 
"Specification for the TRRL frost heave test". TRRL Supplementary Report 829, 
Transport and Road Research Laboratory, Crowthome, UK. 

RUTH B E (1993) 
"Disposal, re-use and recycling of highway materials". Proceedings of the Symposium 
on Recovery and Effective Re-use of Discarded Materials and By-products for 
Construction of Highway Facilities, Denver, USA, 1993, Federal Highway 
Administration & Environmental Protection Agency. 

SARB (1992) 
"Users manual for the South African mechanistic pavement rehabilitation design 
method'. Interim Report IR911242, Department of Transport, Pretoria, South Africa. 

SA ¥LAK D, SCULLION T, GOLDEN D M (1993) 
"Applications for FGD by-product gypsum". Proceedings of the Symposium on 
Recovery and Effective Re-use of Discarded Materials and By-products for Construction 
of Highway Facilities, Denver, USA, 1993, Federal Highway Administration & 
Environmental Protection Agency. 

SA YLAK D, T AHA R, UTILE D N (1988) 
"Recommended procedure for sample preparation and testing stabilized gypsum 
mixtures". Proceedings of the Second International Symposium on Phosphogypsum, 
Vol. 2, Miami, USA, 1988, The Florida Institute of Phosphate Research. 

SCHMIDT R J (1972) 
"A practical method for measuring the resilient modulus of asphalt-treated mixes". 
Highway Research Record 404, Highway Research Board, Washington, D. C., USA, pp. 
22-29. 

SETRA, LCPC (1980) 
"La technique franr;aise des assisses de chaussees traitees aux /iants hydrauliques et 
pouzzolaniques". Service d'Etudes Techniques des Routes et Autoroutes et Laboratoire 
Central des Ponts et Chaussees, Ministere des Transports, France. 

SETRA, LCPC (1984) 
"Memento des spicificationsfranr;aises. Chaussees". Service d'Etudes Techniques des 
Routes et Autoroutes et Laboratoire Central des Ponts et Chaussees, Ministere des 
Transports, France. 

SHAHID M A (1994) 
"Pavements with cement bound bases". Pavement & Geotechnics Research Group 
Report, University of Nottingham, UK. 

PageJ98 Pili) '/7wsls 

--



References 

SHAHID M A, THOM N H, PEASTON C H (1996) 
"Steel fibre reinforcement in cement bound bases". Pavement & Geotechnics Research 
Group Report, University of Nottingham, UK. 

SHELL (1978) 

"Shell pavement design manual- Asphalt pavements and overlays for road trafJic". Shell 
International, London. 

SHERWOOD P T (1992) 
"The use of waste materials and by-products in road construction - A state of the art 
review". Transport Research Laboratory, Crowthome, UK. 

SHERWOOD P T (1993) 
"Soil stabilisation with cement and lime - a state of the art review". HMSO, London. 

SHERWOOD P T (1995) 
"Alternative materials in road construction. A guide to the use of waste, recycled 
materials and by-products". Thomas Telford Publications, London. 

SHERWOOD P T, PIKE D C (1984) 
"Errors in the sampling and testing of sub-base aggregates". TRRL Supplementary 
Report 831, Transport and Road Research Laboratory, Crowthome, UK. 

SHERWOOD P T, RYLEY M D (1970) 
"The effect of sulphates in colliery shale on its use for roadmaking". RRL Report LR 
324, Road Research Laboratory, Crowthome, UK. 

SHER WOOD P T, TUBEY L W, ROE P G (I 977) 
"The use of waste and low-grade materials in road construction: 7. Miscellaneous 
wastes". TRRL Laboratory Report 819, Transport and Road Research Laboratory. 
Crowthome, UK. 

SOUSA J B, CHAN C K (1991) 
"Computer applications in the geotechnical laboratories of the University of California 
at Berkeley". Geotechnical Engineering Congress, Boulder, Colorado, I 99 I, 
Geotechnical Engineering Division, American Society of Civil Engineers. 

SOUSA J B, TAYLOR R, TANCO A J (1991) 
"Analysis of some laboratory testing systems for asphalt-aggregate mixtures". 
Transportation Research Board, 70th Annual Meeting, 1991, Washington, D. c., USA. 

STOCK A (1992) 
"Discussion". Proceedings of the Association of Asphalt Paving Technologists, Vol. 61, 

pp. 328-332. 

SWEERE G T H (1990) 
"Unbound granular bases for roads". PhD thesis, Delft University of Technology, The 

Netherlands. 

MCMNunes Page 399 



Enabling the Use of Alternative Materiah in Road Construction 

SWK PE (1994) 
"Assessment of industrial by-products for use in road bases. Stage 3 report: draft 
specifications and planning full scale trials". SWK Pavement Engineering Limited, 
Report for the Department of Transport. 

TAHA RA (1989) 
"Utilisation of by-product gypsum in road construction". PhD thesis, Texas A&M 
University, USA. 

TERREL R L, EPPS J A, BARENBERG E J, MITCHELL J K, THOMPSON M R 
(1979) 
"Soil stabilization in pavement structures. A user s manual. Volume 1: Pavement design 
and construction considerations". Federal Highway Administration, Department of 
Transportation, Washington, D. C., USA. 

THIJS M (1992) 
"Fly ash and municipal incinerator residues". Second SPRINT Workshop, Exhibition 
and Demonstrations on Technology Transfer and Innovation in Road Construction, 
Alternative Materials in Road Construction, Rotterdam, The Netherlands, 1992, 
Commission of the European Communities. 

THOM N H (1988) 
"Design of road foundations". PhD thesis, University of Nottingham, UK. 

THOM N H, BROWN S F (1987) 
"The effect of moisture on the structural performance of a crushed limestone roadbase". 
Transportation Research Record 1121, Transportation Research Board, National 
Research Council, Washington, D. C., USA, pp. 50-56. 

THOM N H, BROWN S F (1988) 
"The effect of grading and density on the mechanical properties of a crushed dolomitic 
limestone". Proceedings of the 14th Australian Road Research Board Conference, 
Canberra, 1988, Part 7, ARRB, Vermont South, pp. 94-100. 

THOM N H, BROWN S F (1989) 
"The mechanical properties of unbound aggregates/rom various sources". Proceedings 
of the International Symposium on Unbound Aggregates in Roads, UNBAR3, University 
of Nottingham, UK, 1989, edited by R H Jones and A R Dawson, Butterworths, London, 
pp. 130-142. 

THOM N H, DAWSON A R (1996) 
"The permanent deformation of a granular material modelled using hollow cylinder 
testing". Proceedings of the European Symposium on Flexible Pavements, Euroflex, 
Laborat6rio Nacional de Engenharia Civil, Lisbon, 1993, edited by A G Correia, A A 
Balkema, Rotterdam, pp. 65-78. 

THOMAS M D A (1986) 
"The performance of cement stabilised minestone". PhD thesis, University of Aston, 
Birmingham, UK. 

Page 400 

-



References 

THOMAS M D A, KETTLE R J, MORTON J A (1987) 
"Short-term durability of cement-stabilized minestone". Proceedings of the Second 
International Conference on the Reclamation, Treatment and Utilisation of Coal Mining 
Wastes, Nottingham, UK, 1987, edited by A K M Rainbow, A A Balkema, Elsevier, pp. 
533-544. 

THOMAS M D A, KETTLE R J, MORTON J A (1989) 
"Expansion of cement-stabilized minestone due to the oxidation of pyrite". 
Transportation Research Record 1219, Transportation Research Board, National 
Research Council, Washington, D. C., USA. 

THOMAS M D A, KETTLE R J, MORTON J A (1990) 
"The role of the mixing moisture content in determining the strength and durability of 
cement stabilised minestone". Proceedings of the Third International Symposium on the 
Reclamation, Treatment and Utilisation of Coal Mining Wastes, Glasgow, UK, 1990. 
edited by A K M Rainbow, A A Balkema, Rotterdam, pp. 1-8. 

TRB (1975) 
"Test procedures for characterising dynamic stress-strain properties of pavement 
materials". Special Report 162, Transportation Research Board, National Research 
Council, Washington, D. C., USA. 

TRL (1994) 
"Enabling the use of by-product and re-cycled aggregates and binders in pavement 
foundations". Research project proposal, Transport Research Laboratory. (Unpublished) 

TUBEY L W (1978) 
"The use of waste and low-grade materials in road construction: 5. China clay sand". 
TRRL Laboratory Report 817, Transport and Road Research Laboratory, Crowthome, 
UK. 

TUBEY L W, WEBSTER D C (1978) 
"The effict of mica on the roadmaking properties of materials". TRRL Supplementary 
Report 408, Transport and Road Research Laboratory, Crowthorne, UK. 

UZAN, J (1985) 
"Characterisation of granular materiaf'. Transportation Research Record 1022, 
Transportation Research Board, National Research Council, Washington, D. C., USA. 

van der SLOOT H A (1990) 
"Leaching behaviour of waste and stabilised waste materials. Characterisation for 
environmental assessment purposes". Waste Management and Research, Vol. 8, pp. 215-
228. 

VERHASSELT A (1991) 
"Sous-produits industriels pour la realisation de melanges lies de fondation: laUiers de 
haut fourneau concasses, scories LD et cendres vo/antes". CR 33/91, Centre de 
Recherches Routieres, Bruxelles, Belgique. 

Me MNunes 
Page 401 



Enabling the Use of Alte17lDtive Materials in Road Construction 

VERHASSEL T A, CHOQUET F (1989) 
"Steel slags as unbound aggregate in road construction: problems and 
recommendations". Proceedings of the International Symposium on Unbound 
Aggregates in Roads, UNBAR3, University of Nottingham, UK, 1989, edited by R H 
Jones and A R Dawson, Butterworths, London, pp. 204-2 I 1. 

WATSON K L (1980) 
"Slate waste: engineering and environmental aspects". Applied Science Publishers Ltd, 
London. 

WESTAWAY S (1996) 
Private Communication. National Power PLC, Research and Technology. 

WHITBREAD M, MARSA Y A, TUNNELL C (1991) 
"Occurrence and utilisation of mineral and construction wastes". Arup Economics & 
Planning, Commissioned by the Department of the Environment, HMSO, London. 

WILLIAMS R I T (1986) 
"Cement-treated pavements. Materials, design and construction". Elsevier Applied 
Science Publishers, London. 

WINKLER R, GRUBER K-H, HAMMERSCHMID R, RENTZ 0 (1989) 
"Disposal of residual materials from flue gas cleaning in large furnace and lciln 
installations. Part I: Characterization of the residual materials and analysis of the 
possibilities for disposaf'. Zement KaIk Gips, Vol. 42, No.1, January 1989, Translation 
ZKG No. 11/88, pp. 19-24. 

Page 401 

d 


	339559_001
	339559_002
	339559_003
	339559_004
	339559_005
	339559_006
	339559_007
	339559_008
	339559_009
	339559_010
	339559_011
	339559_012
	339559_013
	339559_014
	339559_015
	339559_016
	339559_017
	339559_018
	339559_019
	339559_020
	339559_021
	339559_022
	339559_023
	339559_024
	339559_025
	339559_026
	339559_027
	339559_028
	339559_029
	339559_030
	339559_031
	339559_032
	339559_033
	339559_034
	339559_035
	339559_036
	339559_037
	339559_038
	339559_039
	339559_040
	339559_041
	339559_042
	339559_043
	339559_044
	339559_045
	339559_046
	339559_047
	339559_048
	339559_049
	339559_050
	339559_051
	339559_052
	339559_053
	339559_054
	339559_055
	339559_056
	339559_057
	339559_058
	339559_059
	339559_060
	339559_061
	339559_062
	339559_063
	339559_064
	339559_065
	339559_066
	339559_067
	339559_068
	339559_069
	339559_070
	339559_071
	339559_072
	339559_073
	339559_074
	339559_075
	339559_076
	339559_077
	339559_078
	339559_079
	339559_080
	339559_081
	339559_082
	339559_083
	339559_084
	339559_085
	339559_086
	339559_087
	339559_088
	339559_089
	339559_090
	339559_091
	339559_092
	339559_093
	339559_094
	339559_095
	339559_096
	339559_097
	339559_098
	339559_099
	339559_100
	339559_101
	339559_102
	339559_103
	339559_104
	339559_105
	339559_106
	339559_107
	339559_108
	339559_109
	339559_110
	339559_111
	339559_112
	339559_113
	339559_114
	339559_115
	339559_116
	339559_117
	339559_118
	339559_119
	339559_120
	339559_121
	339559_122
	339559_123
	339559_124
	339559_125
	339559_126
	339559_127
	339559_128
	339559_129
	339559_130
	339559_131
	339559_132
	339559_133
	339559_134
	339559_135
	339559_136
	339559_137
	339559_138
	339559_139
	339559_140
	339559_141
	339559_142
	339559_143
	339559_144
	339559_145
	339559_146
	339559_147
	339559_148
	339559_149
	339559_150
	339559_151
	339559_152
	339559_153
	339559_154
	339559_155
	339559_156
	339559_157
	339559_158
	339559_159
	339559_160
	339559_161
	339559_162
	339559_163
	339559_164
	339559_165
	339559_166
	339559_167
	339559_168
	339559_169
	339559_170
	339559_171
	339559_172
	339559_173
	339559_174
	339559_175
	339559_176
	339559_177
	339559_178
	339559_179
	339559_180
	339559_181
	339559_182
	339559_183
	339559_184
	339559_185
	339559_186
	339559_187
	339559_188
	339559_189
	339559_190
	339559_191
	339559_192
	339559_193
	339559_194
	339559_195
	339559_196
	339559_197
	339559_198
	339559_199
	339559_200
	339559_201
	339559_202
	339559_203
	339559_204
	339559_205
	339559_206
	339559_207
	339559_208
	339559_209
	339559_210
	339559_211
	339559_212
	339559_213
	339559_214
	339559_215
	339559_216
	339559_217
	339559_218
	339559_219
	339559_220
	339559_221
	339559_222
	339559_223
	339559_224
	339559_225
	339559_226
	339559_227
	339559_228
	339559_229
	339559_230
	339559_231
	339559_232
	339559_233
	339559_234
	339559_235
	339559_236
	339559_237
	339559_238
	339559_239
	339559_240
	339559_241
	339559_242
	339559_243
	339559_244
	339559_245
	339559_246
	339559_247
	339559_248
	339559_249
	339559_250
	339559_251
	339559_252
	339559_253
	339559_254
	339559_255
	339559_256
	339559_257
	339559_258
	339559_259
	339559_260
	339559_261
	339559_262
	339559_263
	339559_264
	339559_265
	339559_266
	339559_267
	339559_268
	339559_269
	339559_270
	339559_271
	339559_272
	339559_273
	339559_274
	339559_275
	339559_276
	339559_277
	339559_278
	339559_279
	339559_280
	339559_281
	339559_282
	339559_283
	339559_284
	339559_285
	339559_286
	339559_287
	339559_288
	339559_289
	339559_290
	339559_291
	339559_292
	339559_293
	339559_294
	339559_295
	339559_296
	339559_297
	339559_298
	339559_299
	339559_300
	339559_301
	339559_302
	339559_303
	339559_304
	339559_305
	339559_306
	339559_307
	339559_308
	339559_309
	339559_310
	339559_311
	339559_312
	339559_313
	339559_314
	339559_315
	339559_316
	339559_317
	339559_318
	339559_319
	339559_320
	339559_321
	339559_322
	339559_323
	339559_324
	339559_325
	339559_326
	339559_327
	339559_328
	339559_329
	339559_330
	339559_331
	339559_332
	339559_333
	339559_334
	339559_335
	339559_336
	339559_337
	339559_338
	339559_339
	339559_340
	339559_341
	339559_342
	339559_343
	339559_344
	339559_345
	339559_346
	339559_347
	339559_348
	339559_349
	339559_350
	339559_351
	339559_352
	339559_353
	339559_354
	339559_355
	339559_356
	339559_357
	339559_358
	339559_359
	339559_360
	339559_361
	339559_362
	339559_363
	339559_364
	339559_365
	339559_366
	339559_367
	339559_368
	339559_369
	339559_370
	339559_371
	339559_372
	339559_373
	339559_374
	339559_375
	339559_376
	339559_377
	339559_378
	339559_379
	339559_380
	339559_381
	339559_382
	339559_383
	339559_384
	339559_385
	339559_386
	339559_387
	339559_388
	339559_389
	339559_390
	339559_391
	339559_392
	339559_393
	339559_394
	339559_395
	339559_396
	339559_397
	339559_398
	339559_399
	339559_400
	339559_401
	339559_402
	339559_403
	339559_404
	339559_405
	339559_406
	339559_407
	339559_408
	339559_409
	339559_410
	339559_411
	339559_412
	339559_413
	339559_414
	339559_415
	339559_416
	339559_417
	339559_418
	339559_419
	339559_420
	339559_421
	339559_422

