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Abstract: In the context of valorizing local materials at Saharan region 15 

for road constructions, a mixture composed of 65% tuff and 35% dune sand 16 

(named 65T35DS) was previously studied. The 65T35DS was shown to have 17 

the optimum geotechnical and mechanical properties. As an extension, 18 

this study consists in investigating the behavior of the 65T35DS mixture 19 

under coupled hydro-mechanical loadings. Suction-controlled drying-20 

wetting tests were performed on the 65T35DS statically compacted at the 21 

modified Proctor optimum (MPO) state. A series of small-strain cyclic 22 

triaxial tests under constant water content condition was then followed. 23 

Key findings of this paper include i) the 65T35DS prepared at MPO state 24 

is able to resist severe drought condition without inducing significant 25 

shrinkage. However, it swells during wetting and the swelling indices 26 

are quantified by correlations; ii) the elastic modulus under small-27 

strains is governed by suction and the applied confining stress. The 28 

effect of confining stress becomes dominant at lower suction level and 29 

negligible when suction increases; iii) at failure, the apparent cohesion 30 

drops quickly on the dry side of the MPO, on wet side, it decreases a 31 

little. The apparent friction angle decreases for the specimens with 32 

water content larger than 5.5%, i.e. wMPO - 5. The studied mixture 33 

satisfies the design standards of Saharan pavements and seems to be a 34 

good compromise for the valorization of local materials. 35 

Keywords: tuff, dune sand, elastic modulus, suction, small strains, 36 

triaxial tests, drying-wetting, Saharan pavements design.  37 
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List of notations: 38 

65T35DS: a mixture compound of 65% tuff and 35% dune sand 39 

Dmax: The maximum grain diameter 40 

wL: Liquid limit 41 

wP: Plasticity Limit 42 

IP: Plasticity Index 43 

MPO: Modified Proctor Optimum 44 

dmax: Maximum dry unit weight 45 

I CBR: Index California Bearing Ratio 46 

sMPO: Suction at Modified Proctor Optimum 47 

wMPO: Water content at Modified Proctor Optimum 48 

eMPO: Void ratio at Modified Proctor Optimum 49 

SrMPO: Degree of saturation at Modified Proctor Optimum 50 

Dms: Wetting slope of Fleureau et al. (2002) correlation in the (logs, 51 

w) plane 52 

Cms: Wetting slope of Fleureau et al. (2002) correlation in the (logs, 53 

e) plane 54 
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1. Introduction 55 

The Algerian Sahara has experienced a major program to extend the road 56 

infrastructure. The objective was to connect the isolated villages in 57 

the vast desert. With the development of the socio-economy, industry and 58 

Saharan tourism, the public works sector is now taking actions to set 59 

new policies for road construction. The new policies require to enhance 60 

the territory in a coherent manner, while allowing the preservation of 61 

the existing road heritage. This created a great need in materials for 62 

pavement constructions [1]. 63 

The standards used for the design of pavements in arid areas, however, 64 

impose restrictive characteristics (e.g. granulometry, stiffness, 65 

cleanliness, quality of the fines) of the pavement materials. These 66 

valuable materials are becoming increasingly rare or even non-existent 67 

in certain Saharan regions [2,3]. The challenge to design roads at an 68 

optimized cost has encouraged engineers to innovate by taking advantage 69 

of the characteristics offered by the area, and to widen the range of 70 

materials used in pavement bodies [3-8]. 71 

In this context, alternatives such as the recovery of local materials 72 

like tuff and dune sand have been exploited to compensate for the lack 73 

of the standard materials for pavements. Indeed, dune sands cover about 74 

60% of the Sahara [9] and tuffs cover approximately 300,000 km2 [8]. The 75 

use of the raw tuff as the only material in the base and foundation 76 

layers of Saharan roads has been reported in [10,11]. Once compacted and 77 

dried, the material acquires a lasting cohesive force. However, with the 78 

increase in traffic loads and water content, the pavements with tuffs 79 

as the sitting suffered cracking problems [12]. In order to overcome 80 

these shortcomings, the search for physical, chemical and mechanical 81 

treatment processes, or for the improvement of the fine material with 82 

coarse granular fractions remains one of the considered approaches 83 
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[8,11,13-15]. 84 

The idea of combining tuff with dune sands to improve their geotechnical 85 

properties can prove to be interesting, not only from an economic but 86 

also from an environmental point of view. The aim is to widen the use 87 

of abundant local materials in the Saharan regions and to achieve the 88 

best technical and economic choice for a road project. In the previous 89 

studies [16-20], the improvement of the physical and mechanical 90 

properties of the mixture of tuff and dune sand has been highlighted. 91 

Nevertheless, little effort has been made to consider the coupled hydric 92 

and mechanical behavior. 93 

In fact, pavements in Saharan regions undergo repeated drying-wetting 94 

cycles and are therefore susceptible to problems of swelling-shrinkage, 95 

which have a real impact on their stability and durability. In the 96 

literature, the effect of drying-wetting cycles on the volumetric 97 

behavior of different compacted soils has been extensively investigated 98 

[21-28]. Useful correlations relating swelling indices to the liquid 99 

limit were also proposed [29,30] for practical purposes. There is however 100 

still little evidence on the mixture of tuff and dune sand in terms of 101 

its swelling-shrinkage behavior under drying-wetting cycles. In the case 102 

of the compacted mixture bentonite - dune sand material, the results of 103 

Gueddouda et al. [24] showed that the shrinkage limit strongly depends 104 

on the compaction energy, therefore on the initial state of the material. 105 

Besides, the mechanical behavior of pavement bodies, usually in small 106 

strains (ɛ < 10-3), is strongly dependent on the hydric state. The 107 

experimental techniques for determining the elastic modulus depend on 108 

the level of deformation considered [31]. Many studies have shown that 109 

the elastic modules are highly related to the levels of suction or degree 110 

of saturation, in addition to other parameters such as the strains level, 111 

mean effective stress, deviator stress, relative density, loading 112 
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history and anisotropy [32-40]. 113 

The present study tries to fill the gap by relating the mechanical 114 

behavior to the hydric state (suction or water content) of the tuff – 115 

dune sand mixture. In a previously laboratory work [19], the effect of 116 

the addition of dune sand on the physical and mechanical characteristics 117 

of tuff from the Algerian Sahara has been studied. The authors have 118 

defined the optimal mixture, composed of 65% tuff and 35% dune sand, now 119 

called 65T35DS, having the best geotechnical characteristics and 120 

mechanical performance compared to the other mixtures studied. The use 121 

of this optimal compacted mixture in pavement foundations requires the 122 

knowledge of its behavior under various hydric states. The reason is 123 

that the water content of Saharan pavements is close to zero in summer 124 

but may increase abundantly in winter. 125 

The objective of this article is to present the study of the hydro-126 

mechanical characteristics of the 65T35DS mixture in small and large 127 

strains until failure. A series of hydric (drying-wetting) and mechanical 128 

(unsaturated triaxial) paths tests were carried out on the compacted 129 

65T35SD mixture, to analyze the effect of the water content and suction 130 

on material properties. The experimental program allows to validate an 131 

original technique of the small strain measurement previously developed 132 

by the authors. Il also enables to evaluate the designing parameters in 133 

pavement engineering (e.g. elastic modulus, friction angle, cohesion, 134 

shear resistance) of the material by taking into account the hydric 135 

state. 136 
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2. Materials and methods 137 

The studied material is a mixture of 65% tuff and 35% dune sand (65T35DS). 138 

Both raw materials are from the Ouargla region that located 800 km south 139 

of Algiers, the capital city of Algeria. This region is characterized 140 

by very low rainfall with an annual precipitation less than 100 mm 141 

(Figure 1). The tuff is a weathered limestone rock, available in 142 

abundance in this region and often used in the design of low-traffic 143 

roads. The dune sand is an aeolian sand with fine and uniform particle 144 

size, reddish color and rounded grain shape, characteristic of the 145 

Algerian Sahara. Figure 2 shows the grain size distribution of the tuff, 146 

dune sand and the 65T35DS mixture. The 65T35DS mixture consists of about 147 

70% sandy grains and 30% larger particles. Table 1 presents the 148 

geotechnical and mechanical properties of the 65T35DS. Based on the 149 

LPC/USCS classification [41], the 65T35DS mixture is identified as Clayey 150 

Gravel (GC). In addition, the French Road Earthworks Guide (GTR) [42] 151 

and corresponding standard [43] classifies the material as B6. Figure 3 152 

shows the location of this mixture both in the Casagrande diagram (Figure 153 

3a) and the GTR chart (Figure 3b). 154 

 155 

Fig. 1. Location of the studied zone and the rainfall. 156 

Location of 

the study zone
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 157 

 158 

Fig. 2. Grain size distribution curves of dune sand, tuff and 65T35DS 159 
mixture. 160 
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 162 
Fig. 3. The location of 65T35DS mixture in: (a) the Casagrande diagram 163 

and (b) the French standard GTR chart. 164 

Table 1: Geotechnical characteristics and mechanical properties of the 165 

optimum 65T35DS 166 

Grain size distribution   

Dmax (mm) 40 

% < 0.425 mm 63 

% < 80 µm 19 

% < 2 µm (clay) 3 

Atterberg limits  

wL (%) 24 

wP (%) 12 

IP (%) 12 

Modified Proctor Optimum (MPO)  

dmax (kN/m3) 19.6 

wMPO (%) 10.2 

Bearing capacity  

I CBR Un-soaked (%) 89 

I CBR soaked (4h) (%) 70 

The dry 65T35DS was mixed with distilled water to reach the optimum 167 

water content (i.e. 10.2%) and then compacted with the modified Proctor 168 

effort [44]. The resulting dry unit weight was 19.6 kN/m3. The initial 169 

suction of the specimens at MPO state was measured by filter-papers 170 

according to ASTM D5298 [45]. Then, the hydraulic and mechanical 171 

properties of the compacted specimens were investigated by drying-172 

wetting and triaxial tests, respectively. 173 

2.1 Drying-wetting tests 174 

The drying-wetting test consists in putting the specimens into an 175 

environment where suction was controlled either by the osmotic technique 176 

or by the saturated salt solutions. The osmotic technique is suitable 177 

* Materials for which the measurement of PI is to be used as the basis for classification. For other materials, we will use VBS

Passing at 2mm

Passing at 0,08 mm

Soils

Plasticity Index (PI)

methylene blue 
value

65T35DS

(b)
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to apply suction in a range from 10-1500 kPa. The soil specimen was 178 

first placed into a dialysis membrane tube which was later tightly sealed 179 

at the ends. The sealed tube was then submerged into the polyethylene 180 

glycol (PEG) 20000 solution, whose suction was calibrated with the 181 

density of the PEG [46-48]. For suction larger than 2 MPa, the technique 182 

of the saturated salt solutions was used. It consists in putting the 183 

soil specimens into a desiccator, where the relative humidity of the 184 

atmosphere is related to the nature of the chemical salt at a given 185 

temperature [24,26,28,29]. A detailed description of the above two 186 

techniques is presented in [47,49]. 187 

Samples were prepared under three initial states: 188 

• Slurry pastes: Dried soil specimens were mixed with a specific 189 

amount of water to reach an initial water content of 1.5wL for 190 

drying paths. 191 

• Oven-dried slurry pastes: The slurry pastes (1.5wL) were dried in 192 

an oven then subjected to wetting paths. 193 

• Proctor compacted specimens: Specimens were compacted at the 194 

modified Proctor optimum (MPO) state. Initial suction (sMPO) of the 195 

specimen was measured with Filter-paper technique. The Specimens 196 

follow a drying path if the imposed suction s > sMPO, and a wetting 197 

path when s < sMPO.  198 

Small samples of about 2 to 3 cm3 were placed in contact with the imposed 199 

suction. The equilibrium of suction took about one week for osmotic 200 

method, and one month for the saturated salt solution [49]. After that, 201 

the specimens were taken out, weighed in air, then in a non-wetting oil 202 

and finally oven-dried. The physical parameters including void ratio, 203 

water content and degree of saturation were calculated. More details 204 

about the weighing technique can be found in [47,50-52]. 205 
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2.2 Triaxial tests in small strains 206 

Modules in small strains were measured using two techniques. The first 207 

technique is based on the measurement of P-waves velocity through the 208 

specimen under quasi-zero strains, and the second using the local strain 209 

gauges for strains smaller than 10-3. For the latter, the strain gauges 210 

were directly glued onto the test specimens. The granular nature of the 211 

compacted 65T35DS requires the prior production of a flexible silicone 212 

interface bonded to the specimen, on which the gauge is fixed. The 213 

detailed protocol of gluing the strain gauges onto compacted soils was 214 

previously presented in [38,39,53]. 215 

The triaxial device consists of a standard cell with a 38-mm-diameter 216 

pedestal. An extra access was reserved in the top cap and cell to allow 217 

the exit of the electrical cables of the strain gauges. The confining 218 

pressure was controlled by a pressure-volume controller varying from 0-219 

450 kPa. Besides, the cell is equipped with a 25 kN load cell, a 50 mm 220 

linear variable differential transducer and a data acquisition system. 221 

Figure 4 presents the schematic diagram of the experimental device. 222 

 223 

Fig. 4. Small strain triaxial system. 224 

All the specimens were statically compacted to the MPO state, in a 38-225 
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mm-diameter and 76 mm height mold. Then, they were either dried or 226 

humidified to different target water contents. The drying process 227 

consists in putting the specimens into air, whereas the humidification 228 

lies into putting the specimens into a high humidity-controlled chamber.  229 

During the equilibrium phase, the specimen absorbed water on wetting 230 

path, or lost water on drying path, to tend towards equilibrium with the 231 

environment. Every 24 hours, the specimen was weighed to monitor the 232 

amount of water absorbed or lost over time. When the water content of 233 

the sample reaches the target value, the sample was taken out of the 234 

chamber and wrapped in cellophane. Then, the sample was stored in a 235 

horizontal position for 48 hours in order to homogenize its water 236 

content. After that, the sample was ready for scheduled mechanical test. 237 

To measure the initial elastic modulus, the specimen was placed between 238 

two piezoelectric transducers to measure the P-wave velocity. The elastic 239 

modulus at zero strain is then deduced using the following formula: 240 

                        𝐸 =
V2ρ(1+ν)(1−2ν)

(1−ν)
                                                      (1)         241 

Where, V (m/s) represents the P-waves velocity, ρ (kg/m3) density of the 242 

material and ν, the coefficient of Poisson.  243 

The next step consists of a series of cyclic triaxial tests under 244 

isotropic confining stresses ranging from 0 to 450 kPa. During these 245 

tests, a 200 m/min loading-unloading cycles are carried out 246 

progressively at different levels of axial strain until failure. Table 247 

2 summarizes the techniques used and tests performed in this study. 248 

Table 2: Techniques used and tests performed on compacted 65T35DS. 249 

Water 

content (%) 

Modified 

Proctor 

tests 

Drying-wetting tests Triaxial tests 

Method to 

measure 

suction 

Method to control 

suction 
Method to measure modulus 
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Filter-paper 

technique 

Osmotic 

technique 

10 < s < 

1500 kPa 

Salt solution 

desiccators,  

2 < s < 15.6 

MPa 

Piezoelectric 

transducers 

Strain gauges 

(Cycle number: strain 

amplitude) 

(3 = q = 0 kPa) 

Cycle 1: 15 m/m  

Cycle 2: 50 m/m   

Cycle 3: 100 m/m 

Cycle 4: 500 m/m  

0  - -   

2.8  - -   

5.5  - -   

8  - -   

10.5      

12.8  - -   

15  - -   

Reference [45] [47]  [39] 

 : test performed; -: test not performed.  250 
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3. Results and discussion 251 

3.1 Behavior on drying-wetting paths 252 

The initial characteristics of the 65T35DS compacted with modified 253 

Proctor are wMPO = 10.2%, eMPO = 0.38, sMPO = 333 kPa and SrMPO = 72.7%. 254 

Fleureau et al. [29] have given correlations relating the wMPO, MPO, sMPO 255 

to the liquid limit wL (in percent): 256 

wMPO (%) = 4.55 + 0.32 wL - 0.0013wL2      (2) 257 

MPO (kN/m3) = 20.56 – 0.086 wL + 0.00037wL2     (3) 258 

sMPO (kPa) = 1.72 (wL) 1.64       (4) 259 

In addition, Fleureau et al. [29] have shown that the wetting paths of 260 

the modified Proctor compacted soils are linear and reversible in the 261 

(logs, w) and (logs, e) planes. The corresponding slopes, Dms and Cms, 262 

are also related to wL by the following formula: 263 

Dms = -∆w / ∆[logs] = -1.46 - 0.0051 wL     (5) 264 

Cms = -∆e / ∆[logs] = 0.0040 - 0.0019wL     (6) 265 

Table 3 synthesizes the measured and correlated values of the different 266 

parameters at MPO state. One may notice a good general agreement with 267 

differences varying from 4.6% to 15%. The liquidity limit is therefore 268 

a relevant, intrinsic, and simple parameter to predict the behavior of 269 

the compacted 65T35DS mixture. 270 

Table 3: Comparison of the measured and correlated parameters of the 271 

compacted 65T35DS (wL = 24%) 272 

 wMPO (%) dMPO (kN/m3) 

sMPO 

(kPa) 

Dms Cms 

Measured values 10.2 19.6 333 -1.86 -0.047 
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Correlated values 

[29] 

11.4 18.7 315 -1.58 -0.042 

 273 

Fig. 5. Drying-wetting paths of 65T35DS mixture compacted at MPO and 274 
paste states. 275 

Figure 5 shows the global representation of the drying-wetting curves 276 

of the specimens initially prepared at MPO and paste states. Planes (a) 277 

and (c) show the variation of the void ratio and the degree of saturation 278 

versus water content, whereas planes (b), (d) and (e) show the variation 279 
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of the void ratio, degree of saturation and water content as a function 280 

of suction. 281 

In these five planes, the drying and wetting paths of the paste were 282 

represented by dashed lines, presented here as a reference and for 283 

comparisons. Continuous lines are used for the paths of the compacted 284 

specimens. Starting from the initial state (highlighted by the hollow 285 

circle signs), the compacted specimens follow either the drying or 286 

wetting path, as demonstrated in the figure. More specifically: 287 

▪ In plane (a), the void ratio increases during wetting and tends to 288 

join the saturation line, i.e. e = w  Gs, whereas it is almost 289 

constant on drying curve. The intersection between the drying and 290 

wetting curve corresponds to the shrinkage limit. The corresponding 291 

water content, wSL, is around 10% for the studied material. 292 

▪ In plane (b), the void ratio increases from approximately 0.38 to 293 

0.6 when the suction decreases from 333 kPa to 10 kPa. On the other 294 

hand, during drying from the MPO state, the material follows the 295 

plateau, i.e. eSL = 0.38. The intersection between the drying curve 296 

and the plateau defines the shrinkage limit. The corresponding 297 

suction, sSL, is 400 kPa. For specimens initially prepared at slurry 298 

state, the sSL and eSL are 520 kPa and 0.41, respectively. A 299 

significant hysteresis exists between the drying and wetting when 300 

suction is smaller than sSL. The hysteresis disappears as the applied 301 

suction becomes larger than sSL. The plateau of the shrinkage limit 302 

of the compacted specimens is lower than that of the paste. This 303 

confirms the hypothesis that the shrinkage limit is not an intrinsic 304 

parameter of the material as it depends on the initial state [47]. 305 

In addition, on the wetting path, the wetting slope of the compacted 306 

specimens is slightly larger than that of the dried paste. This 307 

confirms the role of the initial stress: the higher the initial 308 
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stress is, the larger the swelling index will be. 309 

▪ In plane (c), there are two substantially linear parts, the first 310 

has a smaller slope for wetting curve, and the second presents the 311 

drying curve where the degree of saturation decreases rapidly with 312 

the water content. 313 

▪ In planes (d) and (e), we note that from the MPO state, the water 314 

content and degree of saturation increase significantly when the 315 

suction decreases from 333 to 100 kPa. At lower suction range (s < 316 

100 kPa), the degree of saturation varies slightly and tend towards 317 

a plateau corresponding to Sr = 90%. On the drying curve of compacted 318 

65T35DS, both the water content and the degree of saturation decrease 319 

sharply and tend to stabilize at Sr = 10% and w = 1% when the suction 320 

increases to 15.6 MPa. 321 

Note that the wetting paths of compacted 65T35DS in the (log(s), e) 322 

and (log(s), w) planes coincide roughly with the correlated paths of 323 

slopes Cms and Dms respectively (Figure 5b and 5e). There is a good 324 

agreement between measured and correlated paths.  325 

Furthermore, based on the correlations of Fleureau et al. [29], 326 

wetting paths of another ten compacted soils are grouped in Figure 327 

6a in the plan [log (s), e]. The slopes Cms of these curves are 328 

parameterized according to the liquidity limit [29]. It can be noted 329 

that the 65T35DS mixture, with a liquidity limit of 24%, is relatively 330 

well located. 331 
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 332 

 333 

Fig. 6. Location of 65T35DS mixture wetting path on the Fleureau's et 334 
al. (2002) correlation in: (a) [log s; e] plane and (b) [log s; w/Dms] 335 

plane. 336 
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path, whatever the value of the soil liquid limit. 341 
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3.2 Behavior in small strains 342 

Figure 7 shows the effect of degree of saturation on the elastic modulus 343 

at null total stress using the measurement of P-wave velocity. There 344 

seems a hyperbolic relationship between Sr - E. As the increase in degree 345 

of saturation, the corresponding elastic module varies from 9.45 to 0.95 346 

GPa. This drop by a factor of 10 shows in fact the importance of the 347 

hydric state, e.g. water or suction, on the stiffness of the 65T35DS 348 

material. 349 

 350 

Fig. 7 Variation of p-wave velocity elastic modulus following wetting 351 
or drying paths from MPO state at null total stress versus degree of 352 

saturation. 353 

To analyze the effects of the hydric state and void ratio on the variation 354 

of the modulus, the Figure 8 presents the variation of the modulus on 355 

the one hand with the water content (Figure 8a) and on the other hand 356 

with the void ratio (Figure 8b). We can notice that: 357 

- On the dry side of the MPO, the void ratio is almost constant (e 358 

= 0.39 corresponding to the shrinkage limit). On the other hand, 359 

the water content varies from 10.5 to 0% and the modulus E varies 360 

from 1.7 to 9.5 GPa approximately. This shows the variation in the 361 

water content on the dry side, not the void ratio. 362 
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- On the wet side of the MPO, there is a simultaneous variation in 363 

the water content (which varies from 10.5 to 15%) and the void 364 

ratio (varies from 0.39-0.47), while the modulus varies a little 365 

from 1.7 to 1 GPa approximately. This small variation in the 366 

modulus on the wet side is due to the simultaneous variation of 367 

the water content and the void ratio. 368 

In conclusion, since most of the variation in modulus occurs on the dry 369 

side of the MPO, the variation in water content plays a major role in 370 

relation to the variation in the void ratio. 371 

 372 

Fig. 8. Analysis of the variation of the modulus with (a) the water 373 
content and (b)the void ratio. 374 

During deviatoric loading in triaxial cell at various isotropic confining 375 

stresses, cyclic loading-unloading at different axial strain levels are 376 

carried out. Figure 9 presents the ε1 – q relationship of four specimens 377 

with water content of 0, 5.5, 10.5 and 15% and two confining stresses 0 378 

and 450 kPa. Five Loading-unloading cycles were applied at each axial 379 

strain level to assess the reversibility of the ε1 – q relationship.  380 

For dry soil (w = 0; Figure 9a), the ε1 – q curves are superposed. This 381 

suggests a negligible influence of the applied confining stress on the 382 

slopes of the loading-unloading cycles, i.e., elastic modulus. Indeed, 383 
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for dry specimens, the suction is high (15.6 MPa) and causes high 384 

internal capillary stresses, which is much higher than the applied 385 

confining stresses. So, for dry 65T35DS, the suction governs the 386 

stiffness. When water content increases progressively, e.g. from 0 to 387 

15%, the effect of confining stress become more evident in ε1 – q planes 388 

(Figure 9b to 9d). As the water content increases, the soil suction 389 

decreases. Then, the confining stress starts to govern the increase of 390 

the stiffness. A higher confining stress yields a higher elastic modulus. 391 

Regarding the damping coefficient (i.e. the area of the loops of the 392 

loading-unloading cycles), it increases with the water content. 393 

 394 

Fig. 9. Small strain triaxial cyclic loadings under two confining 395 
stresses, respectively of 0 and 450 kPa, at constant water content. 396 

(a) w = 0%; (b) w = 5.5%; (c)w = 10.5%; (d) w = 15%. 397 

The effects of water content, confining stress and the axial strain 398 

level on elastic modulus are shown in Figure 10 for two values of 399 

confining stress, 0 kPa (Figure 10a) and 450 kPa (Figure 10b). 400 
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 401 

  402 

Fig. 10. Elastic modulus versus axial strain curves parameterized in 403 
water content for two confining stress values (a) 0 kPa and (b) 450 404 

kPa. 405 

In Figure 10a, the values of the modules derived from the P-wave velocity 406 

are presented on the ordinate axis. These points, corresponding to zero 407 

axial strain, are well located in the continuity of each corresponding 408 

water content curves. 409 

In the semi-logarithmic coordinate system [log e1; E], the modulus 410 

decreases with the axial strain regardless of the water content and 411 

confining stress. The decreasing rate seems dependent on the water 412 

content. On the dry side of the MPO (i.e. 0 < w ≤ 8 %), the modulus 413 

decreases significantly with the axial strains, whereas on the wet side 414 

it varies very little. The strain-modulus relationship seems quasi-415 
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linear in the semi-logarithmic plane and can be fitted as follows: 416 

E = β log ɛ1 + µ       (7) 417 

  418 

Fig. 11. Variation of  slope versus water content for four confining 419 
stress values. 420 

Figure 11 shows the variation of  slope versus water content. The  421 

slope (in absolute value) decreases significantly with the water content 422 

on the dry side of the MPO. The decrease slows down on the wet side and 423 

tends to be zero. Moreover, the confining stress seems to have limited 424 

effect on the variation of . 425 

 426 

Fig. 12. Elastic modulus versus confining stress curves parameterized 427 
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in water content for four axial strain levels. 428 

To highlight the effect of the confining stress, Figure 12 presents the 429 

variation of the modulus versus confining stress in the bi-logarithmic 430 

coordinated system (logσ3, log E) for the water content from 0 - 15 % 431 

and axial strains from 0.002 - 0.05 %. At a given water content, the 432 

curves seem linear and the slope is independent on the axial strains. 433 

According to [36,37,40,54], a power function is generally suitable to 434 

simulate the (σ3, E) curve: 435 

E = α σ3n        (8) 436 

Where α corresponds to the value of the modulus at the confining stress 437 

of 1 kPa, and n the slope of the (σ3, E) curve in the bi-logarithmic 438 

scale. 439 

Figure 13 presents the variation of the parameters α and n as a function 440 

of the water content for different axial strains levels. The parameter 441 

α decreases strongly on the dry side of the MPO then tends towards a 442 

residual value on the wet side (Figure 13a). Concerning the parameter 443 

n, it increases significantly with the water content on the dry side of 444 

MPO, then tends to a plateau of about 0.4 from the MPO on the wet side. 445 

The axial strain level does not seem to influence the (w, α) and (w, n) 446 

relationships. 447 
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  449 

Fig. 13. variation of (a) α parameter and (b) n parameter, versus 450 
water content for four axial strain levels. 451 

3.3 Failure behavior 452 

After cyclic loading in small strains, the samples were loaded 453 

monotonically at constant water content until failure. During these 454 

tests, the change in negative pore pressure (or suction) could not be 455 

measured. So, the tests are interpreted in total stresses. Figure 14 456 

presents the stress paths in the Cambridge mean total stress (p) – 457 

deviator stress (q) plane for water contents of 0 (the most dry specimen) 458 

and 15% (the most wet specimen), respectively.  459 

During shearing, mean total stress p increases linearly with q, following 460 

a slope of 3/1. It reaches a maximum value corresponding to the failure. 461 

The failure criteria correspond to a straight-line envelope with the 462 

slope of Mmax and an y-intercept of q0. The corresponding cohesion and 463 

friction angle are apparent parameters. The apparent friction angle  464 

and the apparent cohesion C of the 65T35DS material can be deduced using 465 

the following relationships: 466 

𝑞0 =
6 cos𝜑

3−sinφ
× 𝑐         (9) 467 

𝑀 =
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φ = 𝑠𝑖𝑛−1 (
3M

6+M
)         (11) 469 

𝑐 = 𝑞0 × (
3−sinφ

6cosφ
)        (12) 470 

 471 

 472 

Fig. 14. Stress paths in [p,q] plane and failure criteria for two 473 
constant water contents (a) w= 0% and (b) w = 15%. 474 

Fig. 15 shows the variations of the apparent cohesion Capp and apparent 475 

friction angle app versus water content. The capillary cohesion at the 476 

quasi-dry state can reach as large as 600 kPa. It decreases with the 477 

water content and reaches a value of about 100 kPa for a water content 478 

of about 15%, corresponding to a degree of saturation of about 85%. On 479 

the very dry side of the MPO (e.g. w < 5.5%,), app varies a little. 480 

However, as water content increases from 5.5 to 15 %, app drops to a 481 

value of about 20°. 482 
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 483 

 484 

  Fig. 15 Variation of (a) apparent cohesion and (b) apparent angle of 485 
friction versus water content. 486 

3.4 Effect of suction on mechanical properties 487 

In this sub-section, all mechanical parameters of 65T35DS are discussed 488 

according to the initial suction of the specimen before the triaxial 489 

loading. The value of suction is deduced from the drying-wetting curves 490 

presented in section 3.1.  491 

3.4.1 Effect of suction on elastic modulus 492 

Figure 16 presents the variation of the elastic modulus as a function 493 

of suction in a bi-logarithmic scale (log s; log E) for four confining 494 

stress and axial strain values. It is noted that whatever the axial 495 
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strain, the module increases rapidly with the suction on the wet side 496 

of the MPO. At a given suction, the module increases with the confining 497 

stress. On the other hand, on the dry side of MPO (s > 0.33 MPa), this 498 

increase converges towards a constant slope for very high suction values, 499 

regardless of the confinement stress. 500 

 501 

Fig. 16. Elastic modulus-suction relationship parameterized in 502 
confining stress for four axial strain levels (a) e1 = 0.002%; (b) e1 = 503 

0.005%; (c) e1 = 0.01% and (d) e1 = 0.05%. 504 

This observation confirms those observed in paragraph 3.2 and allows to 505 

conclude that i) when the soil is very wet, the suction values are low, 506 

then the confining stress plays a major role and governs the module 507 

variation; ii) when the material becomes drier, the suction increases 508 

sharply, compared to the confining stress, the soil suction plays a 509 

dominant role in the module variation. These results are consistent with 510 

those of the literature [36,37,40,55,56]. 511 
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3.4.2 Effect of suction on failure parameters  512 

Figure 17 shows the variation in apparent cohesion and friction angle 513 

as a function of suction. As suction increases, Capp increases rapidly 514 

on the wet side of MPO and then increases slightly on the dry side, 515 

whereas φapp tends gradually towards a plateau. These results are 516 

consistent with those observed by [57-61]. 517 

 518 

  519 

Fig. 17. Variation of (a) apparent cohesion and (b) apparent angle of 520 
friction versus suction. 521 

4. CONCLUSION 522 

The study characterizes the hydro-mechanical properties of the optimized 523 

mixture composed of 65% tuff and 35% dune sand (i.e. 65T35DS). A series 524 
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of drying-wetting and triaxial tests has been performed. Drying-wetting 525 

tests show that: 526 

▪ As the MPO state is already on the level of the shrinkage limit, the 527 

drying process will not risk inducing additional shrinkage which may 528 

be the cause of cracks. In practice, the 65T35DS compacted at MPO 529 

state can well resist the draught conditions in Saharan regions. 530 

▪ Due to the presence of fines associated with the tuff, the wetting 531 

path induces a slight swelling. The experimental results in this 532 

study and from the literature confirm the validity of using liquid 533 

limit as an intrinsic parameter to predict the swelling index upon 534 

wetting. The practicing engineers are encouraged to examine this 535 

simple but effective empirical correlation in order to get a 536 

preliminary judgment of the swelling behavior of the compacted 537 

material. 538 

The results of the small-strain triaxial tests show that: 539 

▪ At dry state, the elastic modulus of the compacted 65T35DS is as 540 

large as 9.45 GPa, which is almost 10 times as the value at high 541 

degree of saturation. This highlights the significant influence of 542 

the hydric state on the resulting stiffness of the studied material. 543 

In the extremely dry season, the pavement built with 65T35DS will be 544 

robust to resist the low-volume traffic loads, however, special care 545 

should be paid, and unnecessary traffic loads should be limited in 546 

rainy seasons. 547 

▪ The water content and confining stress are two parameters governing 548 

the elastic modulus. As soil become moister (e.g. on the wet side of 549 

the MPO), the confining stress starts to play a dominant role in 550 

governing the evolution of the rigidity and a higher confining stress 551 

yields a larger elastic modulus. 552 
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▪ The elastic modulus remains almost constant for the high-water 553 

contents regardless the strains level, but slightly decreases as the 554 

strains increase on the dry side of the MPO. 555 

▪ The variation of the elastic modulus as a function of the confining 556 

stress can be described with a classical power function E = α σ3n, 557 

where α and n are dependent on water contents or suctions. 558 

Finally, the results of the large-strain triaxial tests (until failure) 559 

suggest that: 560 

▪ As the water content increases from the complete dry to high degree 561 

of saturation, the apparent friction angle decreases from 28.4 to 562 

20. 563 

▪ The capillary cohesion at the quasi-dry state can reach as large as 564 

600 kPa. It decreases with the water content and reaches a value of 565 

about 100 kPa for w about 15%, and Sr of 85%. 566 

▪ The relationship between the friction angle and capillary cohesion 567 

versus suction was established, allowing further interpretation of 568 

the results in the framework of unsaturated soils effective stress 569 

concept or independent state variables principles. 570 
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