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ABSTRACT 32 

In geotechnical engineering, the soil-structure interface is an important aspect to be taken 33 

into account in soil-structure interaction because it relates to the stability of supported 34 

structure. In particular, the shear behavior of the soil-structure interface plays a key role in 35 

the design of civil engineering structures and their analysis over time. The interface is a thin 36 

zone of soil in contact with the structure where major stresses and strains develop in. To our 37 

knowledge, previous works on the characterization of the mechanical behavior of the soil-38 

structure interface mainly include typical soils (sand or clay) or natural soils, in contact with 39 

variable structural materials (concrete, steel, wood). However, natural soils are very complex, 40 

partly due to geological heterogeneities, and the mechanical response of typical soils do not 41 

always represent accurately intermediate soils between sand and clay. Previous studies on 42 

the mechanical behavior of those soils are significantly represented in the literature, 43 

especially in experimental research, however it is rather poorly documented on the interface 44 

between these soils and structural materials, whereas their response to mechanical loadings 45 

is different. The objective of this paper is to characterize the shear behavior of the soil-46 

structure interface for intermediate soils between sand and clay, by experiments at the 47 

laboratory scale. Artificial mixtures of silica sand and kaolinite-rich clay are chosen to 48 

represent the intermediate soils in this study. For this propose, the research is organized in a 49 

main experimental campaign that aims to investigate the effect of the clay fraction, from 0% 50 

(sand) to 55% (kaolin clay) on the mechanical behavior of a soil-concrete interface by a new 51 

direct shear device in the laboratory. The characterization of the shear behavior of the soil-52 

concrete interface at different clay and sand fractions allows to enlighten the role of soil 53 

microstructure at the soil-structure interface on the stability of civil engineering structures. 54 

KEYWORDS: 55 

Sand-clay mixture, clay fraction, soil-concrete interface, direct shear test, friction angle  56 
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1. Introduction 57 

Soil-structure interface is of importance for the design and safety of geotechnical structures 58 

because it transfers the load from the structure to the surrounding soil. Soil-structure interface 59 

is a thin zone between the structure and the surrounding soil where major stresses and strains 60 

develop in (Maghsoodi 2020; Pra-Ai 2013; Pra-ai and Boulon 2017; Rouaiguia 2010), with 61 

a thickness usually a few times the mean particle size of the soils (Hu and Pu 2004; Pra-ai 62 

and Boulon 2017; Tovar-Valencia et al. 2018; Yin et al. 2021a). In the field, it is difficult to 63 

measure the intrinsic properties (i.e., adhesion c and interfacial friction angle δ) of the soil-64 

structure interface, due to the long-time testing process, the heterogeneity of the stress state 65 

along the pile and the high installation costs. Moreover, there is still a lack of experimental 66 

understanding on how the interface behaves along loaded piles within sandy and clayey soils, 67 

due to the instrumentation restrictions along the piles at the engineering scale. Previous 68 

studies on the mechanical behavior of soil-structure interface mainly refer to model soils 69 

(e.g., sand or clay), without considering the fact that natural soils are generally composed of 70 

both sand and clay (Yin et al. 2021a). Since natural soils are complex and heterogeneous, it 71 

is difficult to gain well repeatable test results by using such soils for geotechnical tests. 72 

Reconstituted soils in terms of sand-clay mixtures are often employed in laboratory to 73 

investigate the mechanical behavior of natural soils. Literature on the mechanical interface 74 

behavior of sand-clay mixtures and structure is poorly documented (Yin et al. 2021a). Direct 75 

interface shear tests are usually used to study the mechanical behavior of soil-structure 76 

interface (Li et al. 2019; Maghsoodi et al. 2020a; Martinez and Stutz 2019; Vasilescu 2019; 77 

Yazdani et al. 2019; Yin et al. 2021c; Yin et al. 2020), since it can be easily and economically 78 

performed in laboratory. There are plenty of direct shear tests performed on reconstituted 79 

sand-clay mixture soils in the literature (Balaban et al. 2019; Dafalla 2013; Kim et al. 2018; 80 

Monkul and Ozden 2007; Shahin et al. 2020), however very few results focus on the direct 81 
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shear results of the interface between sand-clay mixtures and structural materials. For 82 

example, Aksoy et al. (2016) carried out direct shear tests to obtain the internal and interface 83 

friction angles of the sand-clay mixtures. The results show that the interface friction angles 84 

of both soil-steel and soil-wood are lower than the internal friction angles of sand-clay 85 

mixtures, but the details about the interface roughness is not given. An experimental 86 

investigation of interface direct shear tests was performed by Li et al. (2020) to study the 87 

shear behavior at the interface between a sand-bentonite mixture and a smooth geomembrane 88 

under the condition of freeze-thaw cycles. The test results indicate that the shear strength at 89 

the interface is lower than that of the mixture itself, and the shear strength decreases with 90 

increasing numbers of freeze-thaw cycles. However, these results fail to provide a 91 

comprehensive understanding on the mechanical response of the sand-clay mixtures even 92 

though they point out that the clay content affects the shear behavior of the mixtures. The 93 

influence of clay content on interface behavior and particles arrangement in not clear (Yin et 94 

al. 2021a). Implementing direct shear tests on sand-clay mixture-structure interface is 95 

necessary to better understand the mechanical characteristics of natural soil-structure 96 

interfaces. 97 

In this paper, the mechanical behavior of soil-structure interface is investigated by a new 98 

interface direct shear device. To represent the interface of a pile foundation in natural soil, 99 

reconstituted sand-clay mixtures at controlled clay fractions and a concrete plate are chosen 100 

for the soil and structural material. The effect of the clay fraction, from 0% (sand) to 55% 101 

(kaolin clay), on the mechanical response of the sand-clay mixture-concrete interface is 102 

therefore investigated.  103 

2. Experimental apparatus 104 

2.1 Interface direct shear machine 105 
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The mechanical behavior of the sand-clay mixture-concrete interface is investigated 106 

experimentally using a new interface direct shear apparatus at Ecole Centrale Nantes 107 

(France), adapted to a large range of soils, and validated by Vasilescu (2019). This machine 108 

is designed to characterize shear behavior of soil-structure interfaces in laboratory (Fig. 1). 109 

Its shear box can contain geological soil and structural material. A concrete plate (Fig. 1d) is 110 

used to simulate the pile material in Fig. 1a, embedded in the lower part of the shear box. The 111 

soil specimen in the shear box (Fig. 1b) can be a dry or saturated soil remolded or taken from 112 

the field. This machine (Fig. 2) offers the capability of conducting shear tests by imposing 113 

monotonic/cyclic mechanical and thermal loadings (note that, in this study, this part of the 114 

system is only used to apply and maintain a constant temperature). The device is designed 115 

for conducting tests with three boundary conditions: constant normal load (CNL), constant 116 

volume (CV), and constant normal stiffness (CNS).  117 

 118 

Fig. 1 Soil-structure interface: (a) schematic at in-situ scale, (b) schematic of the interface direct shear 119 
box at laboratory scale, (c) the interface direct shear machine in laboratory, and (d) a concrete plate. 120 
 121 
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 122 

Fig. 2 Interface direct shear test apparatus: (a) loading frame and electromechanical force actuators, (b) 123 
zoom of the main loading part, (c) container with the shear box and concrete plate, (d) lower part of the 124 
shear box and concrete plate and (e) refrigerated heating circulator bath with air-cooled cooling machine. 125 
 126 

In general, a classical direct shear box is equipped with an upper part and a lower part of the 127 

same size. Classical shear box for direct shear tests on soil-soil results however in a varying 128 

contact area between the two parts of soil sample during shearing. An ad-hoc new design is 129 

therefore proposed so that a constant shearing area is maintained over the specified range of 130 

displacement, to prevent rotation of the upper box and spurious friction component during 131 

shearing on soil-structure interface. The square interface shear box is divided in two parts, 132 

subsequently referred to as the upper part and the bottom part (Fig. 2c, d), which are 133 

independent in terms of movement. The dimension of the upper part is 100 mm × 100 mm 134 

and can accommodate soil samples with a maximum initial height of 50 mm. The bottom 135 

part can contain soil specimens or structural elements with a dimension of 140 mm × 100 136 

mm × 11 mm and has a temperature sensor in its lower part. The whole shear box is installed 137 

in a container (see Fig. 2a, c) that can be filled with distilled water for testing saturated 138 

specimens and possibly guarantee a homogeneous thermal equilibrium. During shearing, the 139 
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upper part of the shear box is fixed by the piston that applies the vertical load and cannot 140 

move, while the lower part moves horizontally, imposing a relative displacement. 141 

The vertical (i.e., normal) and horizontal (i.e., shear) loads are imposed by two 142 

electromechanical force actuators. A load cell is installed on each actuator to accurately 143 

measure both vertical and horizontal loads applied on the specimen (Fig. 2a, b). Two Linear 144 

Voltage Displacement Transducers (LVDTs) are used to measure horizontal and vertical 145 

displacements (Fig. 2a, b). As shown in Table 1, the vertical load cell provides normal force 146 

with a capacity of 10 kN while the horizontal load cell can impose a maximum shear force 147 

of ±10 kN; the two load cells have an accuracy of 0.1% of the measuring range. The 148 

maximum vertical and horizontal displacements are ±5 mm and ±20 mm respectively (with 149 

an accuracy of 0.1% of the measuring range). The apparatus allows to choose a load-150 

controlled shear mode or a displacement-controlled shear mode. The frequency for the cyclic 151 

test option ranges between 0 and 10 Hz. The maximum amplitude of horizontal displacement 152 

at the frequency of 1 Hz is ±5 mm, and at the frequency of 5 Hz is ±1 mm. 153 

 154 

Table 1 Characteristics of the sensors. 155 
Sensor Operating range Accuracy 

Vertical load cell 0 ~ 10 kN 0.1% 
Horizontal load cell 0 ~ ±10 kN 0.1% 

Vertical LVDT ±5 mm 0.1% 
Horizontal LVDT ±20 mm 0.1% 

Pt100 temperature sensor 0 ~ +50°C 0.2°C 

 156 

3. Materials 157 

3.1 Fontainebleau sand 158 

Fontainebleau sand NE34 (Fig. 3a) from Sibelco® company (France) was selected to prepare 159 

reconstituted sand-clay mixture. It is composed of 99% quartz according to energy dispersive 160 

spectrometer (EDS) analyses. Grain size distribution curve is presented in Fig. 4a, which 161 

corresponds to typical results in literature, with grain sizes below 500 µm. Grains have a sub-162 
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rounded shape. The specific gravity is 2.65. It is characterized with a mean grain size (d50) 163 

of 0.21 mm, a coefficient of uniformity (Cu) of 1.72. Its maximum and minimum void ratio 164 

is equal to 0.866 and 0.545, respectively (Maghsoodi et al. 2020b; Pra-Ai 2013; Vasilescu et 165 

al. 2019).  166 

 167 

Fig. 3 (a) Fontainebleau sand NE34 and (b) kaolin clay. 168 

 169 

 170 

Fig. 4 (a) Grain size distribution of Fontainebleau sand and kaolin clay represented by the cumulative 171 
passing as a function of particle diameter and (b) passing fraction as a function of particle diameter for 172 

the dispersed and non-dispersed kaolin clay. 173 
 174 

3.2 Kaolin clay 175 

A kaolin clay (Fig. 3b) from Argeco® company (France) was adopted as clay material. The 176 

kaolin is composed of 55% kaolinite minerals (Aboulayt et al. 2018; San Nicolas et al. 2013) 177 
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and well-dispersed quartz particles (Yin et al. 2021b; Yin et al. 2019). Atterberg limit tests 178 

on the kaolin clay was performed by using a Casagrande apparatus and the thread twisting 179 

method in the laboratory. The liquid (wL) and plastic (wP) limits of the clay are 37.3% and 180 

19.0%, respectively (plasticity index PI = 18.3%). Curves of grain size distribution are given 181 

in Fig. 4. The grain size distribution tests were conducted by using two laser granulometers 182 

on dispersed and non-dispersed kaolin clay. The dispersed kaolin clay was dispersed by 183 

distilled water in sample dispersion units before measuring, whereas the non-dispersed one 184 

was dry kaolin clay powder. The comparison of passing fractions before and after dispersion 185 

reveals that clayey aggregates are present in the kaolin clay, and they are then scattered by 186 

the dispersion process. The mean grain size d50 of the dispersed and non-dispersed kaolin 187 

clay is 8.6 µm and 47.5 µm, respectively. 188 

3.3 Concrete plate 189 

3.3.1 Mixing design 190 

Concrete was selected as the structural material. As summarized in Table 2, the concrete was 191 

prepared by mixing the cement, limestone filler, sand (0 ~ 4 mm), aggregates (6 ~ 10 mm), 192 

and distilled water according to Eurocode-2 (2004). After mixing, the concrete was moved 193 

to a mould and under steam curing for 28 days. Several slices of concrete plates with a size 194 

of 140 mm × 100 mm × 11 mm were cut from the concrete block for interface tests (Fig. 5). 195 

Table 2 Mix design of the concrete. 196 

 
Cement  
(kg/m3) 

Sand  
(kg/m3) 

Aggregate 
(kg/m3) 

Limestone 
filler (kg/m3) 

Water 
(kg/m3) 

Values 330.0 707.4 950.6 210.0 212.1 

 197 
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 198 

Fig. 5 The concrete plate. 199 
 200 

3.3.2 Surface roughness 201 

Roughness parameters were measured by a Taylor Hobson Surtronic 3+ surface roughness 202 

tester before and after shearing tests. The roughness test was performed on two directions of 203 

the plate surface: six testing profiles in the shear direction and eight profiles perpendicular to 204 

the shear direction. The tester measured the roughness parameters of all profiles, and the 205 

mean values were calculated. Normalized roughness (Rn) is used for evaluating the interface 206 

roughness, it is defined as 207 

   (1) 208 

where Rmax is the peak-to-valley height that can be obtained by measuring the maximum 209 

vertical distance between the highest and lowest peak of the structure asperities along an 210 

evaluation profile length Ln (Gadelmawla et al. 2002; ISO 1997; Uesugi and Kishida 1986a; 211 

Uesugi and Kishida 1986b; Yin et al. 2021a). 212 

The average Rmax and Ra (arithmetic average of the absolute values of the profile heights over 213 

the evaluation length along the center line) of the concrete plate are 92.0 μm and 10.3 μm, 214 

respectively (Table 3). The Rn between the concrete plate and Fontainebleau sand, kaolin 215 

clay, and dispersed kaolin clay, is listed in Table 3. For sand, the concrete surface is medium 216 

rough (Hu and Pu 2004; Lings and Dietz 2005; Maghsoodi 2020; Maghsoodi et al. 2019; 217 

max

50
n
R

R
d

=
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Uesugi et al. 1989), while for dispersed and non-dispersed kaolin clay, it is a high rough 218 

surface (Maghsoodi 2020; Maghsoodi et al. 2019). Concerning the sand-clay mixtures, the 219 

surface can be regarded as rough.  220 

Table 3 Roughness parameters. 221 

 Ra (μm) Rmax (μm) d50 (μm) Rn (μm) 
Surface 

roughness 
Fontainebleau 

sand 
10.3 92.0 210 0.426 

Medium 
rough 

Kaolin clay 10.3 92.0 47.53 1.883 High rough 
Kaolin clay 
dispersed 

10.3 92.0 8.56 10.458 High rough 

 222 

Only one concrete plate was used for all shear tests. The Rmax and Ra were 90.5 μm and 10.2 223 

μm after all the interface shear tests. The results thus confirmed the assumption that the shear 224 

tests did not significantly alter concrete roughness, which is in agreement with previous 225 

publications (Tsubakihara et al. 1993; Vasilescu 2019). 226 

4. Experimental setup 227 

In this section, the sample preparation as well as the experimental plan of the interface direct 228 

shear test on sand-clay mixture and concrete is presented. The sample preparation protocol, 229 

initial sample properties and loading conditions are detailed. 230 

4.1 Sample preparation 231 

4.1.1 Atterberg limits 232 

Atterberg limit tests of sand-clay mixtures with a series of kaolin clay content (i.e., 25%, 233 

50%, 60%, 75%, 100%) were performed by using a Casagrande apparatus and the thread 234 

twisting method to get the liquid limit (wL) and plastic limit (wP), respectively. Plasticity 235 

index (PI) of the sand-clay mixtures were calculated with the values of liquid and plastic 236 

limits. As mentioned before, this kaolin clay has a 55% by weight of real clay from the size 237 

distribution point of view (<2 μm), so we multiply 55% on the kaolin clay content to get the 238 
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actual clay fraction (the similar ones that will follow). In the following, the clay fraction is 239 

expressed based on the clay definition of particles less than 2 µm. 240 

The results in Table 4 show the Atterberg limits of the sand-clay mixtures have a linear 241 

relationship with the kaolin clay content or clay fraction, corresponding to the literature 242 

(Hattab et al. 2015; Polidori 2007; Seed et al. 1966). The initial water quantity used for 243 

sample preparation is set up with a criterion (1.5wL, see the following section) based on the 244 

liquid limits of the sand-clay mixtures at each clay fraction. It is noted that at the clay fraction 245 

of 13.75%, there are not any values for the plastic limit and plasticity index (Table 4), since 246 

the clay quantity in the mixture is quite small, the measurement of the plastic limit is 247 

impossible. 248 

Table 4 Atterberg limits of the sand-clay mixtures. 249 
Kaolin clay content (%) Clay fraction (%) wL (%) wP (%) Plasticity index (-) 

25 13.75 17.9 - - 
50 27.5 22.4 13.7 8.7 
60 33 26.8 14.4 12.4 
75 41.25 31.0 15.2 15.8 
100 55 37.3 19.0 18.3 

 250 

4.1.2 Sample preparation 251 

The sample preparation is a key factor that influences the mechanical behavior of 252 

reconstituted soils (Carraro and Prezzi 2008; Krage et al. 2020; Wang et al. 2011; Wichtmann 253 

et al. 2020), especially for clayey soil samples. It is necessary to utilize an adapted procedure 254 

for the sample preparation to guarantee an optimized sample homogeneity of sand-clay 255 

mixtures. A specific sand clay mixing protocol is proposed to prepare the sand-clay mixture 256 

slurry (see Yin et al. (2019), Yin et al. (2021b) and Yin et al. (2021d)). It consists in mixing 257 

successively dry Fontainebleau sand, distilled water and kaolin clay powder at an initial water 258 

content of 1.5 times the liquid limit of the sand-clay mixture (Table 4). The procedure is 259 

proved to be suitable for the interface direct shear apparatus, which is capable to guarantee a 260 

good homogeneity of the sand-clay mixture samples, in terms of the distribution of phase 261 
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components, water content, density and mechanical parameters (see Yin et al. (2021b) and 262 

Yin et al. (2021d)).  263 

After the sand, distilled water and kaolin clay are mixed into a slurry, it is transferred to an 264 

oedometer cell and subjected to a preconsolidation phase in saturated conditions. The 265 

constant normal loading steps are 5.59 kPa, 25 kPa, 37.5 kPa, and 50 kPa (Yin et al. 2021d). 266 

Then the preconsolidated specimen is trimmed down to an adequate dimension for the 267 

interface shear box. The water content, the mass and the initial height of the sample are 268 

measured. More details about the sample preparation and designed oedometer cell can be 269 

referred to Yin et al. (2021b) and Yin et al. (2021d).  270 

4.2 Experimental plan 271 

4.2.1 Direct shear test 272 

Direct shear test on sand and clay are performed on the interface direct shear device as 273 

references, to compare with the interface results. The sand and clay samples are prepared by 274 

dry tamping method in the shear box layer by layer, without the concrete plate in the shear 275 

box. The samples are firstly consolidated and after that a displacement-controlled shear is 276 

carried out. The normal stresses are 20 kPa (only for sand), 50 kPa, 100 kPa and 150 kPa and 277 

loaded with a rate of 50 kPa/min. After reaching the target vertical stress, distilled water is 278 

instantly added into the container to submerge the sample and guarantee a saturated condition. 279 

Then a constant temperature of 18.6℃ is set, which corresponds to the average room 280 

temperature of the laboratory over a year. The shear velocity for the sand and clay are 0.1 281 

mm/min and 0.005 mm/min respectively, to ensure a drained shear. The total horizontal 282 

(shear) displacement is 10 mm for sand, and 8 mm ~ 12 mm for clay, which is enough to get 283 

a constant ultimate volumetric state. The sample parameters of the conventional direct shear 284 

tests are presented in Table 5. 285 
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Table 5 Sample properties of Fontainebleau sand and kaolin clay for the conventional direct shear tests 286 
on soil-soil. 287 

Test name 
Normal effective 

stress (kPa) 
Sample mass 

(g) 
Height (mm) 

Sample 
density 
(g/cm3) 

Void ratio (-) 

Sand_20kPa 20 601.26 32.80 1.61 0.642 
Sand_50kPa 50 601.01 32.85 1.61 0.645 
Sand_100kPa 100 602.34 33.80 1.57 0.683 
Sand_150kPa 150 603.44 31.53 1.68 0.580 
Clay_50kPa 50 587.77 48.10 1.12 1.369 
Clay_100kPa 100 607.70 50.55 1.10 1.399 
Clay_150kPa 150 609.21 51.59 1.09 1.438 

 288 

4.2.2 Interface direct shear test 289 

The kaolin clay contents of the interface direct shear experiments are 0%, 25%, 40%, 50%, 290 

60%, 75%, 100% by weight. In other words, the clay fraction (i.e., real clay content) is 0%, 291 

13.75%, 22%, 27.5%, 33%, 41.25% and 55%. The normal stresses are 50 kPa, 100 kPa and 292 

150 kPa that correspond to typical normal effective stresses acting on soil-pile interfaces at 293 

specific depths for bored or driven pile foundations. The sand-clay mixture samples are 294 

prepared by the method presented above and normally consolidated (NC). The initial 295 

properties of the samples are collected in Table 6. The samples of 100% sand content are 296 

prepared by dry tamping. 297 

Table 6 Sample properties after preconsolidation for the soil-concrete interface direct shear tests. 298 

Test name 
Sample 
mass 
(g) 

Height 
(mm) 

Water content 
(%) 

Density 
(g/cm3) 

Void ratio 
(-) 

Sr (%) 

0%Clay_50kPa 401.40 24.21 - 1.66 0.598 - 
0%Clay_100kPa 401.09 24.02 - 1.67 0.586 - 
0%Clay_150kPa 400.91 24.13 - 1.66 0.595 - 

13.75%Clay_50kPa 508.79 23.18 20.21 2.19 0.451 100 
13.75%Clay_100kPa 497.78 23.48 20.30 2.12 0.504 100 
13.75%Clay_150kPa 506.71 24.15 20.49 2.10 0.522 100 

22%Clay_50kPa 631.86 30.62 19.67 2.06 0.537 97.09 
22%Clay_100kPa 632.05 30.11 19.11 2.10 0.504 100 
22%Clay_150kPa 618.52 29.80 19.74 2.08 0.528 99.02 
27.5%Clay_50kPa 622.72 30.59 20.01 2.04 0.562 94.37 
27.5%Clay_100kPa 644.66 31.23 20.10 2.06 0.542 98.35 
27.5%Clay_150kPa 647.72 31.56 20.59 2.05 0.557 97.98 

33%Clay_50kPa 524.02 25.90 22.56 2.02 0.605 98.83 
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33%Clay_100kPa 511.29 25.58 22.35 2.00 0.622 95.27 
33%Clay_150kPa 509.98 25.35 21.91 2.01 0.606 95.83 

41.25%Clay_50kPa_a 530.32 26.80 27.29 1.98 0.704 100 
41.25%Clay_50kPa_b 531.87 26.94 25.83 1.97 0.689 99.42 
41.25%Clay_100kPa_a 544.63 27.71 25.53 1.97 0.692 97.78 
41.25%Clay_100kPa_b 523.94 26.85 25.19 1.95 0.700 95.42 
41.25%Clay_150kPa_a 530.48 27.01 24.95 1.96 0.686 96.42 
41.25%Clay_150kPa_b 531.55 27.18 25.41 1.96 0.699 96.30 
41.25%Clay_150kPa_c 530.15 27.03 25.07 1.96 0.690 96.31 

55%Clay_50kPa_a 523.18 28.15 30.32 1.86 0.858 93.61 
55%Clay_50kPa_b 555.90 30.87 32.78 1.80 0.953 91.10 
55%Clay_100kPa 545.08 29.10 30.49 1.87 0.846 95.51 
55%Clay_150kPa 540.61 29.06 32.33 1.86 0.885 96.81 

 299 

It is impossible to check the saturation degree (Sr) at the end of the consolidation stage on the 300 

interface shear machine. Thus, just the degree of saturation Sr after the preconsolidation in 301 

the sample preparation procedure is checked. In Table 6, most of the Sr values of the 302 

specimens are greater than 95% and thus they are considered as saturated (Di Donna 2014). 303 

More, the samples are submerged in distilled water in the container during the whole test 304 

steps, to ensure the direct shear test is performed under saturated conditions. 305 

4.3 Loading conditions 306 

4.3.1 Vertical loading 307 

After adding the first step of the normal stress on the sample, distilled water is added into the 308 

shear box container, then the temperature of the sample is set as a constant at 18.6℃, to 309 

obviate the thermal influence on test results. The normal load is added by a step loading 310 

procedure, as illustrated in Fig. 6. At each step, the vertical loading rate is 50 kPa/min. Each 311 

consolidation step is maintained until the normal deformation is stable then the next vertical 312 

stress is applied, see Fig. 6. After the vertical displacement of the specimen is stable, the 313 

Constant Normal Load (CNL) boundary condition is employed for the interface direct shear 314 

tests. When the changing rate of vertical displacement is less than 0.005 mm/h or the vertical 315 

strain rate is less than 0.2% per hour, the vertical deformation is considered stable, the 316 
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consolidation process is stopped, and the following loading step starts (ASTM-D2435 2011; 317 

Li et al. 2019).  318 

 319 

Fig. 6 Schematic diagram of the step vertical loading procedure. 320 
 321 

4.3.2 Shearing velocity  322 

Displacement-controlled interface shear tests are performed using a horizontal displacement-323 

controlled mode at a rate of 0.005 mm/min. The specimen is sheared to a total horizontal 324 

displacement of 5 mm, which is enough to reach a constant volume state, then sheared from 325 

5 mm back to 0 mm (initial position). This shearing rate is small enough and can ensure a 326 

totally drained shearing, it is chosen in accordance with ASTM-D3080 (2011) to ensure that 327 

excess pore water pressure is dissipated during shearing.  328 

5. Results 329 

5.1 Direct shear test 330 

5.1.1 Fontainebleau sand 331 

The results of direct shear tests performed on Fontainebleau sand are presented in Fig. 7. The 332 

mobilized shear stress-horizontal displacement curves indicate that for a specific initial 333 

sample density of dense state, the sand undergoes a peak phase before reaching a constant 334 

volume (residual) state at relatively high normal stress (100 kPa and 150 kPa) while the peak 335 
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is less apparent at low normal stress of 20 kPa and 50 kPa (Fig. 7a, b). This result is consistent 336 

with the literature (Vasilescu 2019) and can be read thinking of the behavior of dense sands 337 

which exhibit a contractive then a dilative volumetric response to direct shear loading, 338 

accompanied by a peak and a residual stress. According to the curves on vertical strain in 339 

Fig. 7c, the sand slightly contracts for horizontal displacements lower than 1.0 mm and then 340 

dilates. This volumetric behavior is consistent with typical direct shear response of dense 341 

sand (Di Donna et al. 2016; Hu and Pu 2004; Vasilescu 2019). 342 

The peak internal friction angle (φpeak) is 40.4°, and the internal friction angle at the constant 343 

volume condition (residual) φcv is 33.7° (Fig. 7b), which is 2.2° lower than the values of 35.9° 344 

from the same machine and 2.5° lower than the 36.2° from a conventional direct shear device 345 

in Vasilescu (2019), but in dry condition and a shear rate of 1.27 mm/min. This difference is 346 

induced by the size effect of the shear box (Cerato and Lutenegger 2006; Wang and Gutierrez 347 

2010; Wu et al. 2008), related to the progressive failure from the ends to the central part of 348 

the interface, therefore related to the dimensions of the shear box: the shear box of the 349 

classical device has a smaller size (60 mm × 60 mm), compared to the one on the interface 350 

machine (100 mm × 100 mm). Larger shear box provides more space for sand grains to 351 

rearrange and fully develop a constant volume state (Cerato and Lutenegger 2006; Dadkhah 352 

et al. 2010). To sum up, the results of direct shear test on sand-sand under saturated condition 353 

is consistent with previous results with/without water (Maghsoodi 2020; Maghsoodi et al. 354 

2020b; Pra-ai and Boulon 2017; Vasilescu 2019; Yavari et al. 2016).  355 
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 356 

Fig. 7 Direct shear test results of saturated Fontainebleau sand-Fontainebleau sand: (a) shear stress as a 357 
function of horizontal displacement, (b) Mohr-Coulomb envelopes, and (c) volumetric strain (positive 358 
values mean contraction and the similar ones that will follow) as a function of horizontal displacement. 359 
 360 

5.1.2 Kaolin clay 361 

For direct shear tests on saturated pure kaolin clay, shear stress-horizontal displacement, 362 

Mohr-Coulomb envelopes and volumetric deformation are represented in Fig. 8. The 363 

specimens are normally consolidated clay thus the shear stress curves do not show any 364 

distinct peaks. The bottom part of the shear box contains a few canals (seen as small holes) 365 

to allow water injection into the sample to allow a well distributed saturation. In the case of 366 

interface experiments, the end of those canals is covered by the concrete plate, whereas in 367 

direct shear experiments, there is not a concrete plate in the groove to cover. When shearing 368 
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the clay, a part of the clay particles might go to these holes, and due to this reason, shear 369 

stress drops can be observed on the curves in in Fig. 8a. This phenomenon is interpreted as a 370 

boundary effect induced by the shear box characteristics, and it tends to disappear when 371 

approaching residual state. The clay contracts without dilatancy during the entire shear tests 372 

(Fig. 8c), the maximum vertical strain increases with the normal stress (Fig. 8c). The 373 

contraction increases until the end of the test which is similar to the clay CNL direct shear 374 

test in Maghsoodi et al. (2020b). 375 

 376 

Fig. 8 Direct shear test results of saturated kaolin clay-kaolin clay: (a) shear stress as a function of 377 
horizontal displacement, (b) Mohr-Coulomb envelope, and (c) volumetric strain as a function of 378 
horizontal displacement. 379 
 380 
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The cohesion of this kaolin clay at constant volume condition (4.2 kPa, see Fig. 8b) is in good 381 

agreement with previous direct shear results on kaolin clay in Yavari et al. (2016). The value 382 

of cohesion is quite small (<5 kPa) since the tested specimens are highly saturated NC clay. 383 

The residual internal friction angle is 22.5° (Fig. 8b), in accordance with previous 384 

publications (Rouaiguia 2010; Yavari et al. 2016). 385 

5.2 Interface direct shear test 386 

This section presents the interface shearing results to clarify the influence of clay fraction on 387 

the shear behavior of the sand-clay mixture-concrete interface.  388 

5.2.1 Shear stress and volumetric deformation 389 

Shear stress as a function of horizontal displacement is exhibited in Fig. 9. As expected, the 390 

shear strength increases with normal stress, while it might either increase or decrease with 391 

clay fraction. At the clay fraction of 0%, there are small peaks on the shear stress curves at 392 

normal stresses of 50 kPa, 100 kPa and 150 kPa. For the tests of other clay fractions, no 393 

obvious peaks are found because the specimens are fully saturated and normally consolidated.  394 



22 
 

 395 

Fig. 9 Shear stress as a function of horizontal displacement at (a) 0%, (b) 13.75%, (c) 22%, (d) 27.5%, 396 
(e) 33%, (f) 41.25% and (g) 55% clay fractions. 397 
 398 

The results in Fig. 9c (22% clay fraction, 150 kPa normal stress) illustrate a sudden collapse 399 

of the shear stress that can probably be explained with an unstable matrix structure in sand-400 

clay mixture at this clay fraction because it is near the transitional clay content FCt (Monkul 401 

and Ozden 2005; Monkul and Ozden 2007; Yin et al. 2021a; Zuo and Baudet 2015). Part of 402 

the intergranular contact between sand grains are bridged by clay particles and then a 403 

metastable state is formed. Some of the intergranular bridges dislodge and thus a sudden 404 

collapse takes place during shearing. Another reason for this shear stress drop is that a part 405 

of the soil particles goes into the small pits on the concrete plate surface during the shearing. 406 
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However, this sudden collapse does not affect the total trend of the shear stress curve and the 407 

residual shear strength (Fig. 9b, c). 408 

The volumetric deformation in terms of vertical strain is presented in Fig. 10. The curves of 409 

the three normal stresses in 0% and two normal stresses (50 kPa, 100 kPa) in 13.75% clay 410 

fraction groups show a first contraction then dilation response during shearing. The response 411 

of volumetric deformation under the three normal stresses is very close, at the clay fractions 412 

of 22%, 27.5%, 33% and 41.25%.  413 

 414 

Fig. 10 Vertical strain as a function of horizontal displacement at (a) 0%, (b) 13.75%, (c) 22%, (d) 27.5%, 415 
(e) 33%, (f) 41.25% and (g) 55% clay fractions. 416 
 417 
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The vertical deformation is also expressed by the void ratio variation. From the beginning of 418 

consolidation to the end of shear, the void ratio versus the normal stress is presented in Fig. 419 

11. The void ratio decreases with increasing normal stress in the consolidation process, and 420 

it reveals that the tests are repeatable. During the CNL shearing in Fig. 11, the void ratio 421 

continues to decrease (50 kPa: from 0.472 to 0.449; 100 kPa: from 0.433 to 0.409; 150 kPa: 422 

from 0.403 to 0.378), indicating a contraction tendency in agreement with Fig. 10d. The 423 

Normal Consolidation Line (NCL) and Critical State Line (CSL) are plotted in Fig. 11. The 424 

slope values of the NCL and CSL are -0.1452 and -0.1498, respectively.  425 

 426 

Fig. 11 Void ratio as a function of normal stress during the whole test (consolidation and shear) at 27.5% 427 
clay fraction. 428 
 429 

5.2.2 Adhesion and friction angle 430 

The residual interface strength is mobilized for a horizontal displacement of about 2 mm. 431 

Large displacement is quite often to occur along the soil-pile interface in the pile engineering 432 

practice, which corresponds to constant volume (residual) condition of the laboratory 433 

interface direct shear test. The residual shear strength is compared in Fig. 12a. For normal 434 

stress of 50 kPa, the shear resistance exhibits a quite stable behavior, and ranges between 435 

18.90 kPa and 23.92 kPa with increasing clay fraction. While for higher normal stress of 100 436 
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kPa and 150 kPa, the shear strength presents an overall decrease trend with clay fraction 437 

increases (Fig. 12a). The residual shear strength of 100 kPa normal stress decreases from 438 

54.50 kPa (0% clay) to 38.05 kPa (55% clay), and the one of 150 kPa normal stress varies 439 

from 73.21 kPa (0% clay) to 56.09 kPa (55% clay).  440 

 441 

Fig. 12 (a) Residual shear stress as a function of clay fraction and (b) Mohr-Coulomb envelopes in 442 
constant volume state. 443 
 444 

According to Di Donna (2014) and Li et al. (2019), the adhesion between soil and solid 445 

surface is induced by the contact of soil particle-solid surface asperity. Like the cohesion of 446 

soil, the adhesion of interface is obtained from the residual Mohr-Coulomb envelope (Fig. 447 

12b). 448 
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As shown in Fig. 13a, all the residual adhesions are smaller than 5 kPa (some are zero, i.e., 449 

33% and 41.25% clay fraction group), corresponding to the results of saturated NC clayey 450 

soils (Di Donna et al. 2016; Potyondy 1961; Vallejo and Mawby 2000; Yavari et al. 2016). 451 

Moreover, the adhesion results confirm that the degree of saturation is high enough to 452 

consider that the reconstituted samples are fully saturated. For sand under saturated 453 

conditions, the cohesion or adhesion is zero (Lu and Likos 2013; Nova 2010). For 454 

overconsolidated clay, the adhesion usually has positive values. The cohesion is quite small 455 

or even zero for normally consolidated clays (Nova 2010). Concerning the interface between 456 

sand-clay mixture and concrete, adhesion is mainly supplied by the contact of clay particles 457 

and clay particles-concrete surface in the interface zone. Overall, we can conclude that adding 458 

clay to sand may allow the adhesion of the soil-concrete interface to increase a bit (though 459 

null values at 33% and 41.25%) as exhibited in Fig. 13a. This is consistent with the test results 460 

of sand-clay mixture with different clay fractions, indicating that cohesion increases with 461 

increasing clay fraction (Akayuli et al. 2013; Al-Shayea 2001; Balaban et al. 2019). At the 462 

55% clay fraction in Fig. 13a, the residual adhesion is 3.3 kPa, only 0.9 kPa lower than the 463 

one of the clay (4.2 kPa). With clay fraction increases, a linear relationship is found on the 464 

three cohesion values of sand-clay mixtures that are acquired from direct shear tests on soil-465 

soil (Fig. 13a). The 55% clay-concrete interface has quite close residual adhesion (3.3 kPa) 466 

with the values from Yavari et al. (2016) (1.8 kPa, kaolin clay-concrete direct shear test) and 467 

Di Donna et al. (2016) (7 kPa, illite clay-concrete direct shear test). The red clay-porous stone 468 

interface (Li et al. 2019) gives a higher adhesion that is 9.6 kPa in average, due to the different 469 

soil type and structural plate.  470 

The residual interface friction angles (δcv) are shown in Fig. 13b, indicating an overall 471 

decreasing trend as clay fraction increases, despite two fluctuations at middle clay fractions. 472 

The δcv here has a similar fluctuation with the direct shear results of sand-clay mixture-473 
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structure materials (wood and steel) interface from Aksoy et al. (2016). The reason is that 474 

sand can provide higher intergranular friction than clay. In general, the interface friction 475 

angle (δcv) is not the same than soil’s internal friction angle (φcv). In Fig. 13b, the interface 476 

soil-concrete friction angles at different clay fractions are compared to the internal friction 477 

angles of soils. At 0% clay, the δcv is 26.4°, 7.3° lower than the φcv of sand (33.7°). At all clay 478 

fractions from 13.75% to 41.25%, the residual interface δcv values range as 23.6°, 26.8°, 479 

22.9°, 25.6°, 23.1°. At clay fractions of 27.5% and 41.25%, the δcv is 5.7° and 3.2° lower than 480 

the φcv (28.6° for 27.5%, 26.2° for 41.25%). Whereas at clay fraction of 55%, the gap between 481 

δcv (19.3°) and φcv (22.5°) is 3.2° (see Fig. 13b). 482 

Even though there is a lack of data on φcv at three intermediate clay fractions (i.e., 13.75%, 483 

22% and 33%), it is possible to conclude that the δcv are lower than the φcv, see also Rouaiguia 484 

(2010), Di Donna et al. (2016), Yavari et al. (2016) and Vasilescu (2019). As clay fraction 485 

increases, the residual interface friction angles decrease (Fig. 13b), which agrees with 486 

previous results of sand-clay mixture in direct shear tests (Balaban et al. 2019; Dafalla 2013; 487 

Kim et al. 2018; Phan et al. 2016). The soil internal friction angle is expected to decrease 488 

with the increase of clay fraction in the intermediate clay fractions (however we do not have 489 

enough experimental results from our campaign, Fig. 13b). To sum up, the friction angle of 490 

the soil-concrete interface is smaller than the internal friction angle of the soil (i.e., δcv < φcv) 491 

and it decreases linearly when the clay fraction increases. A subsequent decreasing trend of 492 

the δcv is expected, basing on the overall trend of the δcv for clay fraction from 0 to 55%, even 493 

if there is not any interface direct shear test with the clay fraction higher than 55%. The 494 

residual interface friction angle should be close to the 19.33° when clay fraction >55% 495 

because the sand-clay mixture is totally clay-controlled. 496 
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 497 

Fig. 13 Comparison between soil-soil and sand-clay mixture-concrete interface direct shear results: (a) 498 
adhesion/cohesion and (b) friction angles as a function of clay fraction. 499 
 500 

6. Discussion 501 

6.1 Transitional clay content 502 

The clay content (FC) at the condition when the intergranular void ratio (eg) of the mixture 503 

becomes equal to the maximum void ratio (emax-s) of the host granular sand, i.e., eg = emax-s 504 

can be defined as transition or threshold clay content (Monkul and Ozden 2005; Monkul and 505 

Ozden 2007; Yin et al. 2021a; Zuo and Baudet 2015), i.e., FCt. When FC > FCt, sand grains 506 

are expected to be fully separated by clay particles. The maximum void ratio (emax-s) of 507 

Fontainebleau sand is 0.866 (Vasilescu et al. 2019; Yin et al. 2019). The intergranular void 508 

ratio (eg) of the sand-clay mixture is calculated according to the method proposed by Monkul 509 

and Ozden (2007) and Cabalar and Hasan (2013). As presented in Fig. 14, the FCt varies with 510 

different vertical consolidation stresses (20.93%, 23.73%, and 24.32% at 50 kPa, 100 kPa, 511 

and 150 kPa), which is consistent with literature (Cabalar 2011; Monkul and Ozden 2007). 512 

The FCt for the three normal stresses studied is thus around 22%, and it will be used for the 513 

shear behavior analysis afterwards. 514 
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 515 

Fig. 14 Intergranular void ratio as a function of clay fraction at different normal stress. 516 
 517 

6.2 Comprehensive Analysis  518 

To understand the role of clay on the behavior of soil-concrete interface, the results in terms 519 

of shear stress, adhesion, interface friction angle, water content after sample preparation, void 520 

ratio after consolidation, and intergranular void ratio are summarized in Fig. 15. A qualitative 521 

microstructural analysis is proposed for understanding how the soil particles are arranged at 522 

different clay fraction, as well as their influence on the response of sand-clay mixture during 523 

interface shearing (Fig. 16). 524 

When a soil sample is sheared, the external force is distributed and carried internally by the 525 

soil particles at different scale levels. An internal force chain is formed by the contacts along 526 

the boundaries of the soil particles, which transfers the normal stress and sustains the shear 527 

forces (Thevanayagam 1998). In sand-clay mixtures, the clay affects and changes the 528 

interaction, translation and rolling at the contact boundaries of sand grains. The macroscopic 529 

shear response can be interpreted by the sand-clay contacts at the microscopic scale, because 530 

the microstructure and internal mechanisms of the forces sustaining affect the macroscopic 531 
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behavior during interface shearing (Monkul and Ozden 2007; Thevanayagam 1998; 532 

Thevanayagam et al. 2002). 533 

 534 

Fig. 15 Comprehensive summary of the interface test results: (a) shear stress, (b) adhesion, (c) interface 535 
friction angle, (d) water content after sample preparation, (e) void ratio of specimen after consolidation 536 
phase on the interface machine and (f) intergranular void ratio. 537 
 538 
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 539 

Fig. 16 A qualitative microstructural analysis of sand and clay particles in the mixtures on the concrete 540 
plate at clay fractions of (a) 0%, (b) 13.75%, (c) 22%, (d) 27.5%, (e) 33%, (f) 41.25%, (g) between 41.25% 541 
and 55%, and (h) 55%. 542 
 543 

 544 

  545 
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When adding clay to sand until 13.75%, the interface behavior begins to change. The void 546 

ratio decreases from about 0.5 to the minimum value about 0.33 (Fig. 15e). The residual shear 547 

strength of the normal stresses of 100 kPa and 150 kPa test groups decreases about 10 ~ 15 548 

kPa (Fig. 15a). The residual adhesion slightly increases from 0 to 0.4 kPa (Fig. 15b), while 549 

the residual interface friction angles decrease with 2.8° (Fig. 15c). From 0% to 13.75%, the 550 

intergranular void ratio eg increases from 0.529 to 0.533 for 50 kPa, 0.495 to 0.581 for 100 551 

kPa, and 0.520 to 0.555 for 150 kPa (Fig. 15f). In order to interpret these results consider Fig. 552 

16a and b: when adding 13.75% clay to the mixture, the clay mainly remains located at the 553 

intergranular void of sand (Thevanayagam 1998; Thevanayagam and Mohan 2000), but also 554 

a few might exist at the contact points of sandy matrix (Yamamuro and Wood 2004) or form 555 

a thin layer coating the sand grains, which is confirmed by the decrease of residual shear 556 

stress and friction angle, and adhesion increase (Fig. 15). Hence, the clay between the contact 557 

points of sand grains changes the mechanical behavior of the sand-clay mixture along the 558 

interface and this result verifies the assumption of sand-fines contact proposed by (Lade et 559 

al. 1998). For a clay fraction of 13.75%, a very small quantity of clay particles also stays at 560 

the concrete surface roughness profile (Fig. 16b). Besides, though most of the clays are 561 

expected to be confined inside the intergranular void space (Thevanayagam 1998), some of 562 

the clays still play a secondary role in the transfer of contact forces during shearing; this is 563 

verified by the interface δcv decreasing from 0% to 13.75% clay (Fig. 15c). At this stage, the 564 

sand grain still controls the transfer of contact frictional forces. 565 

At clay fraction of 22%, the adhesion slightly decreases (<5 kPa) and there is an increase of 566 

void ratio, which means sand and clay are arranging differently from the previous case at 567 

13.75% of clay. The interface friction angle and the residual shear stress increase, indicating 568 

that clay actively participates in the interface shearing rather than only the sand. The 569 

intergranular void ratio increases and get close to the maximum void ratio of sand (0.866), 570 
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which means the clay fraction is around the threshold value. At this stage, nearly all 571 

intergranular voids between sand grains are filled with clays, and a little bit more clay is still 572 

present at the contact zone between sand grains as well. At this clay fraction, more clay 573 

particles are stuck in the grooves of the concrete surface roughness than at 13.75% clay 574 

fraction (Fig. 16c). Below a clay fraction of 22%, the shear behavior of the sand-clay mixture 575 

is mainly sand-controlled. 576 

Then after 22% clay, the friction angle, the residual shear stress and the final void ratio 577 

increase. More and more clays separate the sand grains, i.e., the sand grains loose contact 578 

points from each other (Fig. 16d, e, f). The surface grooves of the concrete plate are more 579 

saturated by clay particles than before (Rmax becomes smaller), which may result in a 580 

decreasing normalized roughness of the mixture samples to the plate, the interface thickness 581 

becomes thinner. The sand grains are more separated by the clays according to the increase 582 

of the intergranular void ratio of the samples (Fig. 15f).  583 

From 22% to 41.25%, the response of sand-clay mixture is governed by both sand and clay. 584 

When clay fraction goes up, the clay begins to be more dominant than the sand in the sand-585 

clay mixture. The intergranular void space of sand is totally filled up with more and more 586 

clay while some sand grains are still in contact with each other (Fig. 16c, d, e, f). According 587 

to previous publications (Miftah et al. 2020; Monkul and Ozden 2007), the sand grains should 588 

be totally separated after the FCt. Looking at the interface test results in Fig. 15, however, a 589 

part of sand grains is still in contact with each other and can sustain shear force. This is due 590 

to the compression effect in both the preconsolidation cell and on the interface device. 591 

Assuming that the mixtures’ behavior is related to the transitional clay fraction (Cabalar 592 

2011; Monkul and Ozden 2005; Monkul and Ozden 2007), the shear behavior of sand-clay 593 

mixture is expected to be controlled by clay after the FCt (about 22%, see Fig. 14), according 594 

the direct shear test result from Monkul and Ozden (2007) and Cabalar (2011). Looking at 595 
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the interface test results of shear strength and friction angle (Fig. 15a, b), however, the 596 

mechanical behavior of the interface is controlled by both sand and clay in the clay fraction 597 

range from 22% to 41.25%, and not just by clay. After the FCt, i.e., at the state of eg > emax-s, 598 

a part of the clay acts as the role of secondary load transfer medium (Thevanayagam 1998). 599 

Then from 41.25% to 55% clay fraction, the mechanical behavior of the interface is mainly 600 

controlled by clay. There is remarkable evidence that the increase of clay fraction from 601 

41.25% to 55% affects the adhesion and interfacial friction angle (Fig. 15b, c). Subsequently, 602 

at clay fraction of 55%, just the kaolin clay is in contact with the concrete surface, and 603 

therefore the interface behavior is dominated by clay. The particles larger than clay particles 604 

in the 55% clay group play the same role as sand in this mixture during shearing, clay 605 

particles separate all the larger particles and dominate the shear behavior. Moreover, in Fig. 606 

15d, the water content after sample preparation (preconsolidation) decreases to a minimum 607 

point at 22% clay fraction (19.67% for 50 kPa, 19.11% for 100 kPa, and 19.74% for 150 608 

kPa). Then it increases with clay fraction increasing due to the clay particles can hold more 609 

water than sand grains. The overall trend of adhesion is that it increases with the clay fraction, 610 

while a decreasing trend on the interface friction angles (Fig. 15b, c). The main information 611 

can be summarized as follows:  612 

(1) the contact between sand grains in the sand-clay mixture changes with increasing clay 613 

fraction, especially in the interface zone. Contact between sand-sand grains offers higher 614 

shear strength and friction than the one of clay-sand or clay-clay.  615 

(2) the number of particles in contact with the concrete plate surface changes with increasing 616 

clay fraction, which affects the normalized roughness and consequently the kind of particles 617 

(sand or clay) which participate more to the shearing. 618 

The shearing of sand involves more rotation of the rotund sand grains, the particle orientation 619 

is expected to have negligible effects and finally a higher shear resistance is exhibited 620 



35 
 

(Rouaiguia 2010). While shearing in clay involves more sliding along clay particles 621 

orientation, the smoother shear surface that is formed by strongly oriented clay particles 622 

usually exhibits a low shear strength with respect to the case of sand grains (Rouaiguia 2010). 623 

Moreover, in the interface shearing with sand-clay mixture, clay particles have lower particle 624 

friction than sand grains. With the increase of clay fraction, the shear surface in the interface 625 

zone gets smoother since more contact area is taken up by clay particles. The interlocking 626 

between sand grains in the rearrangement and rotation process is weakened with the 627 

intergranular void ratio increases. The sustaining of force chain transfer changes from sand 628 

grains subsequently to both sand and clay, and finally to clay. However, at the normal stress 629 

of 50 kPa, the residual shear strength stays nearly constant for all the clay fractions tested. 630 

In conclusion, with the increasing clay fraction from 0% to 55%, the interface shear strength 631 

decreases due to the arrangement of clay particles. The size and shape of particles in contact 632 

with the concrete plate also affect the shear resistance. The status of contact between sand 633 

and clay particles at different clay fractions is identified by the intergranular void ratio and 634 

interpreted by the sand-clay contact sketch in Fig. 16. 635 

7. Conclusions 636 

This paper investigates the influence of clay fraction on the direct shear behavior of the 637 

interface between reconstituted sand-clay mixture soil and concrete. A method of sample 638 

preparation is adopted to prepare the sand-clay mixture specimens for the interface direct 639 

shear tests. Test results are presented, compared and discussed. The main findings and 640 

conclusions of this research are summarized as follows: 641 

(1) When the clay fraction changes, the contact between sand grains and clay particles 642 

changes, especially the particles arrangement in the interface zone. Clay fraction affects the 643 

interface behavior and mechanisms through the contact of particles in the sand-clay mixture. 644 
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(2) Soil particles in contact with the roughness asperities of concrete surface changes with 645 

the variation of clay fraction. This affects the normalized roughness of the concrete. 646 

Furthermore, it decides whether the sand grains or the clay particles control the shearing at 647 

the interface zone more than the other one.  648 

The experimental results provide information on adhesion and friction angles for sand-clay 649 

mixture-concrete interface at different clay fractions, which is a first step to cover the lack of 650 

experimental data in the field. To improve the understanding of the interface’s mechanical 651 

response to shear loading, the interface direct shear experiments should be extended to more 652 

boundary and thermo-hydro-mechanical loading conditions to better approach the field 653 

conditions. For instance, interface direct shear tests under CNS condition and various 654 

(constant or cyclic) thermal loads to continue the present research are encouraged, as started 655 

by Vasilescu (2019) on sands. 656 
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