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Abstract 10 

Loess is a typical silt-sized Aeolian soil that is widely deposited and possesses a 11 

fragile soil structure susceptible to collapse upon wetting. The instability of shallow 12 

loess slopes is well documented, but deeper failures triggered by rainfall and 13 

irrigation can also occur. In the case of long-term seepage, clay particles and salts 14 

have been observed to leach out of the loess slopes. This paper presents a systematic 15 

laboratory study of the effects of water conditions on the mechanical behaviour of 16 

silty loess, with isotropic compression and bender element tests carried out on natural 17 

and reconstituted loess recovered at 10m depth from a site in China. The results show 18 

that saturation causes reduction in both the compression yield stress and small strain 19 

stiffness of the soil, and that after being exposed to seepage, they decrease further. 20 

The possible mechanism of structure degradation is investigated by means of 21 

microscopic and chemical analyses, and it is found that seepage will cause the pore 22 

ions concentration to reduce with a loss of clay mineral bonding strength, resulting in 23 

the detachment of silt particles from aggregates. This work highlights the importance 24 

of monitoring the water outflow in the field at the loess slope edge, since it may 25 

causes large deformation in the long-term. 26 
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Introduction 31 

Loess is a typical silt-sized Aeolian soil that is encountered all around the world (Li et 32 

al., 2016), with wide deposits in northwest China (Heller & Liu, 1982). Loess has 33 

long been studied because of its collapsible mechanical properties. It is commonly 34 

reported that loess suffers a great loss of strength when subjected to wetting, for 35 

example after rainfall or irrigation, (Derbyshire et al., 1994; Muñoz-Castelblanco et 36 

al., 2011; Jiang et al., 2012; Zhang et al., 2017), and this property is believed to be the 37 

main reason for the frequently occurring collapse of shallow loess slopes (Zhang et al., 38 

2009; Xu et al., 2011; Xu et al., 2014; Leng et al., 2018). Deeper failures have also 39 

been observed, sometimes in the form of landslides, but they are less understood. 40 

These failures initiate underneath the water table, where the loess is saturated (Tu et 41 

al., 2009, Zhang et al., 2009; Xu et al., 2012; Tang et al., 2015; Zeng et al., 2016), so 42 

that the mechanism behind the strength loss cannot be attributed to the changes in soil 43 

micro-structure or in effective stress state variables commonly associated with 44 

shallow slopes (Li et al., 2016). For the saturated loess soil beneath the water table, 45 

factors affecting the stability can be a rise in the ground water table that will enhance 46 

the outflow in the field at the slope edges or along the valleys during a long period 47 

(Xu et al., 2011; Zhang et al., 2013; Li et al., 2014). Salt, which is reported widely to 48 

exist in loess soil (Zhang et al., 2013; Li et al., 2016), will then leach out as shown in 49 

figure 1. This will mainly affect the soil structure and may potentially have an impact 50 

on the soil strength further. In former studies on loess under water seepage condition, 51 

the hydraulic characteristics, such as hydraulic conductivity, have generally been the 52 
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focus instead of the mechanical properties (e.g. Zhao et al., 2016; Wang et al., 2018). 53 

On the other hand, published experimental works on the mechanical behaviour of 54 

loess are for either unsaturated or for simply saturated (short-term soil-water 55 

interaction) conditions (e.g. Zhou et al., 2014; Zhang & Wang, 2018; Xie et al., 2018; 56 

Liu et al., 2019), while the mechanical properties of loess undergoing water seepage 57 

(long-term soil-water interaction) have not been studied in controlled conditions. 58 

 59 

 60 

Figure 1 The leaching out of salt induced by water seepage in field 61 

 62 

It is well established that the strength of clays is affected by the pore solution 63 

concentration. Bjerrum (1954) and Bjerrum & Rosenqvist (1956) found that when 64 
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subjected to a hydraulic gradient resulting in leaching out of salts, the shear strength 65 

of natural marine clays decreases. Clays treated with NaCl solution, when exposed to 66 

distilled water, see their residual shear strength decrease; this was observed in 67 

bentonite (Di Maio & Fenelli, 1994; Di Maio, 1996; Di Maio & Scaringi, 2016), illitic 68 

soils (Di Maio et al., 2015) and mudstone soil from Japan (Tiwari et al., 2005, Tiwari 69 

& Ajmera, 2015). When seepage occurs, not only will the pore solution concentration 70 

change, but the fine particles may move through the soil matrix by suffusion, resulting 71 

in the soil internal instability (Fannin & Slangen, 2014; Hunter & Bowman, 2018). 72 

For intact loess, although the soil structure is mainly made up of primary (large-sized) 73 

silt particles and silt particle aggregates, the coating and bonding between silty 74 

particles, reported to consist of clay or calcium carbonate (Xu & Coop, 2016; Li et al., 75 

2016; Ng et al., 2017a), may detach and erode within the soil, creating instability.  76 

 77 

Previous studies on loess’ mechanical behaviour focused on the compression and 78 

shearing behaviour under a limited range of water conditions and stress levels (Rogers 79 

et al., 1994; Wen & Yan, 2013; Jiang et al., 2014, Xu & Coop, 2016, 2017; Ng et al., 80 

2017a; Xu et al., 2018; Liu et al., 2019). Tests on saturated loess have demonstrated 81 

how the loess structure dominates its mechanical behaviour (e.g. Xu & Coop, 2016). 82 

The small strain behaviour of loess received much less attention (Ng et al., 2017b; 83 

Song et al., 2017; Liu et al., 2019). In clays and sand, the relationship between the 84 

small strain stiffness, denoted as G0, and the mean effective stress, p’, is well 85 

established for states on the normal compression line as: 86 
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where pr is a reference stress, A and n are soil parameters (e.g. Viggiani & Atkinson, 88 

1995; Jovičić & Coop, 1997) related to soil structure, such as particle arrangements 89 

and contacts (Cascante & Santamarina, 1996; Cho et al., 2006; Lee et al., 2007). For 90 

structured soil, such as the loess in this study, studying the mechanical properties at 91 

small strains and its characteristic parameters should thus provide useful 92 

complementary information on the evolution of structure. 93 

 94 

This paper presents results from laboratory tests on undisturbed and reconstituted silty 95 

loess subjected to isotropic compression under three different water conditions: at the 96 

natural water content (constant-water content test), simply saturated (traditional 97 

isotropic compression test after a short saturation stage) and after a long period of 98 

seepage. The tests were carried out to stress levels high enough for the soil to reach 99 

the normal compression line, and they were complemented by bender element tests. 100 

The specimens subjected to long-term seepage prior to compression were further 101 

investigated with mercury intrusion porosimetry and scanning electron microscope 102 

tests, and a possible mechanism for structure evolution is discussed. 103 

 104 

 105 

 106 

 107 
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Materials, testing apparatus and procedures 108 

 109 

Materials 110 

The soils tested were recovered at a depth of 10m in a typical location of silty loess 111 

deposition near Lanzhou city, China. Care was taken that the samples did not 112 

experience any previous water infiltration. The structure was kept intact by using 113 

block sampling, each block sample trimmed by hand and carefully sealed with layers 114 

of cling film and tape. A cutting ring was used to make undisturbed specimens from 115 

the blocks, while the rest of the soil was used to make reconstituted specimens and 116 

determine the soil properties. The particle size distribution (PSD) of the silty loess 117 

was determined by the hydrometer method. Figure 2 shows that more than 85% of the 118 

soil is of silt size, with clay content about 5%. The specific gravity is 2.70, and the 119 

plastic and liquid limit are 17·8% and 26·4% respectively. The minerals of the silty 120 

loess determined by X-ray diffraction (XRD) are summarized in table 1; they consist 121 

mainly of quartz, albite, calcite, and the clay mineral illite. 122 

 123 
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Table 1 Mineral composition of the silty loess 124 

non-clay minerals (%) clay minerals (%) 

Quartz Albite Calcite Dolomite Potassium feldspar Hornblende Illite Chlorite Illite/smectite (I/S) Kaolinite 

37.1 17.4 13.0 4.9 2.2 2.2 12.9 4.5 3.0 2.7 

 125 

 126 

Figure 2 Particle size distribution curve of silty loess 127 
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Testing apparatus and procedures 128 

The isotropic compression tests were conducted in a triaxial system equipped with 129 

bender elements and local strain measuring LVDTs as illustrated in figure 3. The 130 

tested sample size was 50mm in diameter and 100mm in height. A pair of vertical 131 

bender elements was embedded in the top cap and pedestal to measure the small strain 132 

stiffness during compression (figure 3, part 10). A special oscilloscope was used as 133 

signal generator with a maximum applied voltage of 12V, and to receive the signals. 134 

The time-domain method, more specifically the first arrival method was used to 135 

determine the small strain stiffness. The time delay between transmitter and receiver 136 

elements was calibrated by “tip to tip” method. To minimize the uncertainty brought 137 

by near-field effects, a series of sinusoidal input signals of frequencies in the range 138 

5-15kHz was used, and a common travel time was obtained by comparing all the 139 

received signals. Two LVDTs for local axial strain measurement were directly glued 140 

on the specimen membrane (figure 3, part 11-13), and a system recommended by 141 

Ackerley et al. (2016) was set up for the local radial strain measurement (figure 3, 142 

part 3-7). The measuring range of the LVDTs was 0−10mm and the resolution was 143 

±0.0004mm. Before tests, the triaxial cell, loading frames, and pressure controllers 144 

were all confirmed to be working normally, and the transducers, including load cell, 145 

water pressure transducer, and LVDTs were all calibrated. 146 

 147 
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 148 

Figure 3 Schematic diagram triaxial apparatus equipped with vertical bender 149 

elements and axial and radial LVDTs 150 

 151 

Both undisturbed and reconstituted specimens were tested. For undisturbed specimens, 152 

a cutting ring with a chosen dimension was placed on the soil block and some 153 

downward pressure was applied, then the soil out of the ring edge was cut off by hand 154 

carefully to avoid any micro-cracks or structure destruction and the specimen was 155 

trimmed into the ring gradually (Xu & Coop, 2016). For reconstituted specimens, the 156 

moist tamping method was used for sample preparation. The soil was first oven-dried 157 

and grinded to aggregate sizes less than 0.3mm to remove the existence of intact 158 

structure as much as possible. Then the soil was weighed according to the designed 159 

initial void ratio for the experiments (loose, medium-dense and dense) and mixed well 160 
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at an initial water content of 3.65%, which is equal to the natural water content of the 161 

silty loess, until an homogeneous fabric was obtained. Then the soil was compacted 162 

on the pedestal in 4 even layers with the help of a split mould. Each layer had a 163 

thickness of 25mm. 164 

 165 

After the specimens were set up in the triaxial system, three different initial water 166 

conditions were applied before compression: constant-water content condition, simply 167 

saturated condition, and after seepage condition. For the constant-water content 168 

condition, the specimen was compressed in unsaturated condition, no further de-aired 169 

water, flushing or saturation stage was applied to the specimen, so the initial water 170 

content was kept constant at the natural water content (3.65%), and the water outlet 171 

(figure 3, part 16) was connected to the atmosphere during compression. For the 172 

simply saturated condition, the specimen was first flushed with CO2 and then a water 173 

head of 1m (9.8kPa pressure) was controlled (figure 3, part 14) to achieve water 174 

flushing through the specimen from the water inlet (figure 3, part 15). Water flushing 175 

was stopped when there was no air bubble coming out and a water drop could be 176 

observed at the water outlet (figure 3, part 16). Then the specimen was subjected to 177 

back pressure saturation to achieve a B-value above 0.95 (back pressure value: 300 178 

kPa). For the after-seepage condition, similarly, the specimen was flushed with CO2 179 

and 1m water head de-aired water in turn, but here to ensure steady-state seepage, the 180 

water flushing was not stopped until the coefficient of permeability, k, became stable 181 

(the development of k during seepage will be shown in detail later in the test results). 182 
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Then a back pressure saturation procedure (back pressure value: 300 kPa) was applied 183 

to achieve a B-value above 0.95. After the initial desired water condition was 184 

achieved, the cell pressure was increased in steps to conduct an isotropic compression 185 

test, to a maximum confining pressure of 1.5MPa. 186 

 187 

As a supplement, one-dimensional compression tests were conducted in an oedometer 188 

cell on samples of 75.7mm in diameter and 30mm in height. The deadweight was 189 

added in steps, to a maximum vertical stress of around 3.1MPa (total vertical stress). 190 

A back pressure valve was connected to the bottom of the specimen, and to the 191 

atmosphere (back pressure equals to 0kPa) during one-dimensional compression for 192 

the saturated specimens. Similarly to the isotropic compression tests, both undisturbed 193 

and reconstituted specimens in three different initial water conditions were tested, and 194 

for the after-seepage condition, de-aired water of 1m water head was first controlled 195 

to flow in from the bottom to the top surface of the specimen until the coefficient of 196 

permeability became constant. More detailed information on the compression tests 197 

conducted is summarized in table 2.  198 
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 199 

 200 

Table 2 Summary of tests conducted with the silty loess 201 

preparation 

method 
tests conducted 

sample 

diameter (mm) 

maximum verticle stress/confining 

pressure (kPa) 
water condition 

number of 

specimens tested 

initial void 

ratio 

undisturbed 

1-D compression 75.7 3110 

constant-water 

content 
2 0.979, 1.030 

simply 

saturated 
2 0.953, 0.967 

after seepage 2 0.975, 0.966 

isotropic compression  

bender element 
50 

1500 

constant-water 

content 
2 0.983, 0.973 

simply 

saturated 
2 0.980, 0.987 

after seepage 2 0.969, 0.959 

50 

constant-water 

content 
1 0.970 

simply 

saturated 
1 0.970 

after seepage 1 0.970 

reconstituted 1-D compression 75.7 3110 

constant-water 

content 
3 

0.975, 0.959, 

0.794 

simply 

saturated 
3 

0.982, 0.889, 

0.804 

after seepage 3 
0.919, 0.867, 

0.803 
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isotropic compression  

bender element 
50 

1500 

constant-water 

content 
3 

1.000, 0.922, 

0.859 

simply 

saturated 
3 

1.000, 0.948, 

0.858 

after seepage 3 
1.000, 0.948, 

0.857 

50 

constant-water 

content 
1 0.986 

simply 

saturated 
1 0.986 

after seepage 1 0.986 

 202 
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Three different methods were used for the calculation of the initial specific volume, vi, 203 

as listed in equations (2)–(4) below, which take account of the degree of saturation of 204 

the sample (Rocchi & Coop, 2014). 205 

s w
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di
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G
v                                                           (2) 206 
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(1 )G w
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=                                                     (3) 207 
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−

G w
v                                                     (4) 208 

where Gs is the specific gravity, γw is the unit weight of water, γdi is the initial dry unit 209 

weight, γi and γf are the initial and final bulk unit weights respectively, wi and wf are 210 

the initial and final water content respectively, and εv is the volumetric strain. An 211 

average was taken, and calculated void ratios outside a ±0.02 range from the mean 212 

value were discarded. 213 

 214 

Performance of the local LVDTs 215 

With the measurement of axial and radial local LVDTs, the deformation during 216 

saturation, seepage and compression can be determined. This is particularly important 217 

for monitoring the volumetric deformation of the specimen with constant-water 218 

content conditions during isotropic compression, since it cannot be determined by the 219 

change in volume of water. With the assumption that the specimen is homogenous in 220 

shape and fabric, the volumetric strain εv can be calculated as: 221 

εv=εa+2εr                                                           (5) 222 
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where εa is the axial strain, calculated as the average value of the axial strains 223 

determined by the two axial local LVDTs, and εr is the radial strain, calculated as the 224 

average value of the radial strains determined by the two radial local LVDTs.  225 

 226 

For the specimens in simply saturated and after seepage conditions, εv can be 227 

determined by both local LVDTs and back volume, thus, by comparing these two 228 

results, an evaluation of the reliability of the local LVDTs measurements can be 229 

achieved. The ratios of the volumetric strain increments (Δεv) determined by the two 230 

methods at different loading stages are illustrated in figure 4. It shows that at 231 

relatively low stress levels, Δεv measured with back volume is always larger than that 232 

measured with local LVDTs, especially when the stress is less than 50kPa, and the 233 

difference is more significant for the undisturbed specimens. This may be due to the 234 

initial local inhomogeneity in specimen shape or fabric, thus the deformation of the 235 

local areas cannot fully represent the overall deformation of the whole sample. As the 236 

confining pressure increases, the difference reduces quickly and the results show good 237 

agreement with each other, indicating that the initial structure becomes less 238 

heterogeneous during isotropic loading. The local LVDTs measurements were thus 239 

assumed to be reliable at high stress levels, while at low stress levels a correction 240 

coefficient was applied, which was possible since the absolute values of Δεv are 241 

relatively small. The local LVDTs measurements and correction coefficients extracted 242 

from figure 4 were used to calculate the volumetric strain of the specimen with 243 

constant-water content condition during isotropic compression. 244 
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 245 

Figure 4 Ratios of the volumetric strain increments determined by two methods at 246 

different loading stages 247 

 248 

Compression behaviour 249 

 250 

The compression curves obtained from the one-dimensional and isotropic 251 

compression tests on undisturbed specimens are plotted in figure 5. The data for the 252 

two types of saturated specimens (i.e. including those after seepage conditions) are 253 

plotted in terms of specific volume, v, against effective stress, 3' for the triaxial tests 254 

and v' for the oedometer tests. The procedure explained above (eq. (2) to (4)) ensured 255 

the accuracy of the location of the normal compression lines (NCLs) (e.g. Xu & Coop, 256 

2017, Li & Coop, 2019). Normal compression lines determined from the data points 257 

after yielding were fitted to the data (Fig. 5). It is clear that two distinct, almost 258 
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parallel NCLs are reached under simply saturated or after-seepage conditions. The 259 

NCL after seepage, which plots to the left of the simply saturated sample’s curve is 260 

reached faster, with a more clearly defined yield point, indicating that the strength of 261 

the original intact structure has been “weakened” during the flow.    262 

 263 

The data for the undisturbed specimens, which are not fully saturated and were tested 264 

under constant-water content conditions, are plotted in terms of total stress. In 265 

unsaturated soils, the location of the compression curve in a plot of specific volume 266 

vs. total stress depends on the specimen’s suction. Compression tests carried out while 267 

controlling the suction to remain constant follow a curve representing that suction 268 

value, and for any given soil there is a family of compression curves corresponding to 269 

different values of suction. In compression tests carried out under constant-water 270 

conditions, as is the case here, the suction is not constant and decreases with 271 

increasing confining stress. The apparent slope of the curves obtained for the 272 

undisturbed specimens, which is steeper than that obtained in saturated conditions, 273 

corresponds therefore to the compression curve crossing contours of decreasing 274 

suction as the confining stress increases. 275 

 276 
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 277 

5(a) 278 

 279 

5(b) 280 

Figure 5 Compression curves with normal compression lines (NCLs) of undisturbed 281 

specimens in different water conditions (a) one-dimensional compression (b) isotropic 282 

compression  283 
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 284 

The isotropic and one-dimensional compression curves (Intrinsic Compression Lines 285 

(ICL) for the isotropic curves) of reconstituted silty loess specimens are shown in 286 

figure 6. Again the data for the tests performed at natural water content are shown in 287 

terms of total stress, while the data for the saturated tests are shown in term on 288 

effective stress. The triaxial specimens with relatively high initial specific volume that 289 

underwent saturation and seepage processes experienced an initial collapse, monitored 290 

by the local LVDTs (figure 6b), which was not found with the undisturbed specimens, 291 

probably due to the existence of an intact, more stable structure. Another difference is 292 

the lack of complete convergence between the compression curves of a given water 293 

condition. For the specimens with relatively low initial specific volume, this could be 294 

because much higher stress levels are needed to induce large enough volumetric 295 

strains to reach the NCL (Li & Coop, 2019). An overall downward shift can still be 296 

observed as the sample undergoes a steady flow of water, while the difference 297 

between ICLs under simply saturation and after seepage becomes less significant 298 

compared to the NCLs of the undisturbed specimens.  299 

 300 
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 301 

6(a) 302 

 303 

6(b) 304 

Figure 6 Compression curves of reconstituted specimens in different water conditions 305 

(a) one-dimensional compression (b) isotropic compression with intrinsic 306 

compression lines (ICLs) 307 
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 308 

Small strain behaviour 309 

 310 

Bender element tests were carried out during the isotropic compression tests.  311 

 312 

G0 under different water conditions 313 

The small strain stiffness G0 of specimens was measured at the confining pressure of 314 

50kPa (total for unsaturated and effective for saturated). In figure 7a, a comparison 315 

between the stiffnesses of undisturbed and reconstituted specimens under 316 

constant-water content and simply saturated conditions shows that both the remolding 317 

and the saturation affect the stiffness G0, with decreased values from 1/6 to 1/3 of the 318 

undisturbed soil stiffness. For these samples, the stiffness remains constant over a 319 

period of 24hrs, as has been reported by others (e.g. Song et al., 2017). 320 

 321 

The effect of seepage on the small strain stiffness is shown in figure 7b where G0 was 322 

measured at an effective pressure of 50kPa at different times and therefore outflow 323 

water volumes, until the coefficient of permeability became stable. The seepage was 324 

temporarily stopped and the back pressure was kept at 0kPa when the measurement 325 

was conducted, to ensure an exact effective stress of 50kPa. In both the undisturbed 326 

and reconstituted specimens, the value of G0 decreases continuously until becoming 327 

constant at an outflow volume of 900ml, which is about 5 times the specimen volume. 328 

This decrease in G0, under the same confining pressure, indicates a degradation of soil 329 
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structure as water flows through the sample, more pronounced in the undisturbed 330 

specimen. 331 

 332 

 333 

7(a) 334 

 335 

7(b)  336 
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Figure 7 Small strain stiffness of specimens in different water conditions at isotropic 337 

stress state of 50kPa (a) constant-water content and simply saturated conditions (b) 338 

after seepage condition 339 

G0 under different confining stresses 340 

The relationship between small strain stiffness and effective stress is investigated in 341 

figure 8 where bender element test data are plotted for both the undisturbed and 342 

reconstituted specimens, under different saturated flow conditions. A unique line is 343 

identified after yielding for each type of saturated test, indicating the existence of 344 

distinct normal compression lines in terms of lnG0-lnσ3'. Two parallel lines can be 345 

determined for the undisturbed samples under saturated conditions, the specimen after 346 

steady flow plotting lower than the simply saturated one. The constant-water content 347 

sample is plotted in terms of total stress, with a much higher stiffness. The data for the 348 

reconstituted specimens, both simply saturated and after seepage flow, plot on a single 349 

line, almost parallel but lower than those for the undisturbed samples. 350 

 351 
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 352 

8(a) 353 

 354 

8(b) 355 

Figure 8 Small strain stiffness of specimens in different water conditions under 356 

isotropic compression (a) undisturbed (b) reconstituted 357 

 358 
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The mechanism of seepage water induced degradation 359 

 360 

The mechanism of seepage-induced structure degradation was investigated by means 361 

of microscopic and chemical analyses. The coefficient of permeability, k, of the 362 

undisturbed and reconstituted specimen subjected to seepage conditions under a 363 

constant isotropic effective confining pressure of 50kPa was calculated during the 364 

seepage process by: 365 

60

qL
k

Sh
=                                                          (10) 366 

where q is the volume of water outflow per minute, L is the length of specimen, S is 367 

the area of the cross section of specimen, and h is the seepage water head (which is 368 

1m in this study). The coefficient was determined at different cumulative volumes of 369 

water outflow. Figure 9 shows that despite the initial difference due to a more 370 

disturbed structure of the reconstituted specimen (similar void ratio but fewer 371 

macropores), the coefficient for both samples decreases during seepage and reaches 372 

the same constant value. It has been reported that for compacted clays or clayey soils, 373 

the hydraulic conductivity is significantly influenced by the size of the aggregate and 374 

the percentage of fine particles (Benson & Daniel, 1990; Kenney et al., 1992; Benson 375 

& Trast, 1995), larger aggregate sizes and fewer fine particles can provide larger voids 376 

in between, and thus higher permeability. It then can be inferred that for both the 377 

undisturbed and reconstituted silty loess, there is possible disintegration of soil 378 

aggregates during seepage, resulting in smaller aggregate size and more fine particles, 379 

and thus lower permeability. 380 
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 381 

 382 

Figure 9 Variation of permeability coefficient of undisturbed and reconstituted 383 

specimens during seepage 384 

 385 

After seepage, samples were also collected from different points of the undisturbed 386 

specimen for pore size distribution (by mercury intrusion porosimetry (MIP)) and 387 

grain size distribution, together with the intact original sample. The MIP test results in 388 

figure 10a show that before seepage, the pore size distribution of intact sample has a 389 

major peak around 15μm, and no obvious minor peaks can be observed. After seepage, 390 

the major pore sizes reduce to less than 7μm for all sample points, and some minor 391 

peaks can be found between 0.1 and 1μm. The decrease in pore size explains the 392 

decrease in coefficient of permeability after seepage. It has been reported that dry-side 393 

compacted clays and clayey silts generally have a bimodal pore size distribution 394 
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(Delage et al., 1996; Romero, 2013), when subject to water infiltration, the aggregates 395 

in soil will expand and occupy the macropores in between, resulting in the decrease in 396 

macropore size and increase in micropore size, and thus a less bimodal distribution 397 

shape and a lower permeability (Alonso et al., 2011; Romero et al., 2011; Musso et al., 398 

2013). While the evolution of pore size of intact silty loess during seepage seems 399 

different, considering the low aggregates expanding potential due to the low clay 400 

content, the decrease in macropore size is more likely to be caused by the fine 401 

particles detached from the aggregates, and the increase in the amount of micropores 402 

can also be an evidence of the increase of free fine particles. Meanwhile, the results 403 

from the grain size distribution (figure 10b) show that there is no significant 404 

difference among different points in particle size before and after seepage, indicating 405 

no further suffusion occurred during the whole process. Then it can be concluded that 406 

particle rearrangement occurs locally during seepage, and the pore size between 407 

primary silt particles and aggregates is reduced. 408 

 409 
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 410 

10(a) 411 

 412 

10(b) 413 

Figure 10 MIP test and PSD analysis results of undisturbed specimen before and after 414 

seepage (a) pore sizes density (b) cumulative particle size distribution 415 

 416 



Page 29 of 44 
 

 

A scanning electron microscope (SEM) test was conducted with the undisturbed loess 417 

specimen before and after seepage to have a more direct look at the soil structure. The 418 

specimens were cut into small pieces with attention to the direction to ensure the cross 419 

section surface was tested, and the results are shown in figure 11. It shows in figure 420 

11a that in undisturbed soil, secondary (small-sized) silt particles are more likely to be 421 

bonded with some primary silt particles to form aggregates, and the primary silt 422 

particles and aggregates are bonded at the contacts to form the soil structure, with 423 

apparent macropores in between. While after seepage, as shown in figure 11b, it 424 

seems that instead of bonding to primary silt particles, some secondary silt particles 425 

are more likely to exist separately and fill in the pore space between large particles or 426 

aggregates, which reduces the pore size. It indicates that the long term seepage may 427 

have an effect to first weaken the bonding within the soil structure, then create 428 

detached small silt particles, and further transport them into the pores. 429 

 430 
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 433 

11(b) 434 

Figure 11 SEM images of undisturbed specimen before and after seepage showing 435 

different soil structures (a) before (b) after 436 

 437 

The bonding material of loess structure is reported mainly to be clay minerals and 438 

calcium carbonate (e.g. Li et al., 2016; Jiang et al., 2012). The calcium carbonate is 439 

relatively stable in pore water, while the mechanical properties of clays are reported to 440 

be related to the pore fluid composition, particularly for illite, the major clay mineral 441 

in loess, the decrease in pore ion concentration can cause strength loss (e.g. Zhang et 442 

al., 2013; Fan et al., 2017). Loess contains soluble salts with cation mainly as Na+, 443 
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and medium soluble salts with cation mainly as Ca2+ (e.g. Li et al., 2016). It is also 444 

reported that in natural condition, the soluble salts are already dissolved with high 445 

concentration (Fan et al., 2017). The outflow water of the undisturbed loess specimen 446 

was therefore collected at different cumulative volumes to test the Na+ and Ca2+ 447 

concentrations, and the results are plotted in figure 12. It shows that Na+ only exists at 448 

the start of the outflow, while Ca2+ can be observed during the whole seepage process. 449 

It indicates that by saturation, the structure degradation due to bonding strength loss 450 

can be caused by the significant decrease in the concentration of soluble salt cations; 451 

while during seepage, the degradation of soil structure and strength can develop 452 

further due to the initial loss of soluble salt cations and the continuous loss of medium 453 

soluble salt cations, which are caused by the seepage water leaching. 454 

 455 

 456 

Figure 12 Variation of Na+ and Ca2+ concentrations in the outflow seepage water of 457 
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the undisturbed specimen 458 

 459 

Conclusion 460 

Both undisturbed and reconstituted specimens of a typical silty loess were tested to 461 

study the mechanical behaviour under different water conditions, especially in 462 

long-term seepage condition. Both the compression yield stress and the small strain 463 

stiffness were found to decrease during seepage, with a more significant reduction in 464 

the undisturbed samples. This was accompanied by a marked increase in 465 

compressibility post-yield, with all effects suggesting a significant degradation of 466 

structure during seepage.  467 

 468 

It can be concluded from the compression results that the loess yields earlier at low 469 

stress levels and show larger compressibility after long-term steady state seepage. 470 

Similarly, a negative effect is found with the small strain stiffness data obtained 471 

during compression. As the specimen is subjected longer to seepage, the decrease in 472 

G0 is observed, indicating a less stable soil structure. 473 

 474 

With a closer investigation of the evolution of soil structure formation and pore ions 475 

concentration during seepage, it is postulated that as the soluble and medium soluble 476 

salts in loess are leached out by seepage water, the pore ions concentration decreases 477 

and results in a loss of clay mineral bonding strength. Then some of the smaller-sized 478 

silt particles are more likely to be detached from the aggregates, and the soil structure 479 
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is thus weakened. This highlights that the outflow in field at the slope edge should be 480 

monitored as salt deposits have already been observed on the loess surface in slope 481 

areas, and that may cause large deformations in the long-term. 482 
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 491 

Notations 492 

G0  small strain stiffness 493 

p’  mean effective stress 494 

pr  reference stress taken as 1kPa 495 

A  soil small strain stiffness parameter 496 

n  soil small strain stiffness parameter 497 

σv  total normal stress in one dimensional compression 498 

σ3  total confining stress in isotropic compression 499 

σv'  effective normal stress in one dimensional compression 500 

σ3'  effective confining stress in isotropic compression 501 
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v  specific volume 502 

vi  initial specific volume 503 

Gs  specific gravity 504 

γw  unit weight of water 505 

γdi  initial dry unit weight 506 

γi  initial bulk unit weight 507 

γf  final bulk unit weight 508 

wi  initial water content 509 

wf  final water content 510 

εv  volumetric strain 511 

εa  axial strain 512 

εr  radial strain 513 

Δεv  volumetric strain increment 514 

k  coefficient of permeability 515 

q  volume of water flow out per minute 516 

L  length of specimen 517 

S  area of the cross section of specimen 518 

h  seepage water head 519 

 520 
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