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Introduction 50 

For granular soils, particle breakage contributes significantly to their time-dependent 51 

compression behaviors, including strain-rate effect, creep, and stress relaxation. 52 

Extensive studies on the particle breakage of granular soils have been conducted using 53 

conventional oedometer, constant-rate of strain test or triaxial test (Yamamuro et al. 54 

1996; Ueng and Chen 2000; Takei et al. 2001; Augustesen et al. 2004; Lade and 55 

Karimpour 2010, 2014, 2016; Lade et al. 2010; Kikkawa et al. 2012; Chen et al. 2016; 56 

Hyodo et al. 2016; Lv et al. 2017; Xiao and Liu 2017; Yin et al. 2017a; Chen et al. 2018; 57 

Chen et al. 2019a, 2019b; Xiao et al. 2019b; Xu et al. 2019). Furthermore, by means of 58 

numerical simulation based on discrete element method, several researchers have 59 

investigated the micro-scale mechanisms of particle breakage (Couroyer et al. 1999; 60 

Silvani et al. 2009; Kwok and Bolton 2013; McDowell et al. 2013; McDowell and De 61 

Bono 2013; Cil and Buscarnera 2016; Fu et al. 2017; Xiong et al. 2017; Manso et al. 62 

2018; Xiong et al. 2018; Zhou et al. 2018). More recently, X-ray tomography (Goodwin 63 

et al. 2003; Karatza et al. 2017; Guida et al. 2018), infrared thermography (Salami et al. 64 

2017), and acoustic emission technique (Li et al. 2018) have been adopted to study the 65 

particle breakage in a more visualized and quantitative way. 66 

 67 

Fewer investigations focused particularly on the effect of flooding on particle breakage 68 

of crushable granular soils. Karimpour et al. (2010) observed that the sand particles 69 

were more brittle in the presence of water. A unique relationship between strain, stress, 70 

total suction and time for creep of compacted rockfill was proposed and validated by 71 

Oldecop and Alonso (2007). Ovalle et al. (2015) reported that after flooding, the dry 72 

granular soils possessed equivalent behaviors of initially wetted soils in terms of 73 

compression curve and the level of particle crushing. Generally, a consensus has been 74 

reached on that flooding would reduce the inter-particle friction or interlocking, weaken 75 

the particle strength, and accelerate the static fatigue of particle, thereby inducing 76 

excessive compression deformation (Shi and Herle 2017; Shi et al. 2018a). This 77 



negative effect is particularly crucial for crushable granular soils. 78 

 79 

For cohesive soils, like clay, a unique stress-strain-strain rate relationship has been 80 

found (Bjerrum 1967; Yin and Graham 1989, 1994, 1999; Cheng and Yin 2005; Yin et 81 

al. 2011, 2014, 2015; Wang and Yin 2015; Zhu et al., 2016; Yin et al. 2017b; Shi et al. 82 

2018b, Jin et al. 2019), which indicates that it is possible to establish a clear correlation 83 

between strain-rate effect, creep and stress relaxation behavior. For granular soils, 84 

however, all these three time-dependent phenomena should be investigated separately 85 

because no definite correlations between them can be found (Lade and Karimpour 86 

2010). Few existing studies have covered all these three behaviors of one particular 87 

granular soil. Besides, a development of interlocking or cementation between particles 88 

with time, named “structuration”, is widely recognized for granular soils (Augustesen 89 

et al. 2004). Importantly, the majority of the adopted testing material is silica sand or 90 

rock material which is less sensitive to water content change and relatively difficult to 91 

crush. Therefore, full time-dependencies (i.e. strain-rate effect, creep, and stress 92 

relaxation) of crushable granular soils combined with flooding effect remain to be 93 

systematically investigated. 94 

 95 

In the current study, a crushable granular soil with relatively low particle strength was 96 

adopted as testing material. Constant-rate of strain (CRS) and multistage loading 97 

oedometer (MLO) tests on different specimens with various moisture conditions were 98 

performed to investigate the time-dependent behaviors in one-dimensional condition 99 

with effect of flooding. Importantly, the deformation mechanism at particle scale was 100 

discussed by evaluating the microstructure and microhardness of soil particles. The 101 

change in particle size distribution (PSD) curves before and after tests were correlated 102 

with plastic work. Furthermore, considering the significant influence of particle shape 103 

on the mechanical behavior of soils (Xiao et al. 2019a), four representative shape 104 

descriptors (circularity, aspect ratio, roundness and solidity) of soil particles before and 105 



after tests were determined and analyzed by digital image processing (DIP) techniques. 106 

107 

Experimental investigation 108 

Tested material 109 

The tested granular soil was a portion of fill material used in a pavement construction 110 

site. The gradation was rather uniform so that the breakage would be enhanced and 111 

identifiable changes in the gradation curve were more likely to occur. The characteristic 112 

indices of this soil are summarized as follows: minimum diameter (dmin), 2 mm; 113 

maximum diameter (dmax), 5 mm; mean diameter (d50), 3.298 mm; coefficient of 114 

uniformity (Cu), 1.605; coefficient of curvature (Cc), 0.942; specific gravity (Gs), 2.63; 115 

maximum void ratio (emax), 1.176; the minimum void ratio is not applicable here due to 116 

the high crushability of the particles. The typical particles are shown in Fig. 1(a). 117 

118 

Testing apparatus 119 

Following the recommendation of Head (1985), a steel oedometer ring with an internal 120 

diameter of 82.55 mm was designed and manufactured as the confining ring for both 121 

CRS and MLO tests. As shown in Fig. 2(a), The loading frame of standard triaxial 122 

compression machine was adopted. The vertical load and vertical deformation of the 123 

specimen were measured by an S-beam load cell and a linear variable differential 124 

transducer (LVDT), respectively. As for the MLO tests (Fig. 2(b)), the vertical load on 125 

the specimen was applied by lever-magnified dead weight. Similarly, an LVDT was 126 

adopted for measuring the vertical deformation. Drainage was only allowed at the top 127 

of the specimen. Due to the high void ratio and high permeability of this tested material, 128 

no pore water pressure transducer was used, and thus the total vertical stress is assumed 129 

to be the effective vertical stress (σ’v). All the transducers were carefully calibrated, and 130 

the possible errors induced by the deformations of the loading frame and load cell were 131 

well considered and corrected in the data analysis. The microhardness measurements 132 

were implemented with a digital Vickers microhardness tester (HVX-1000A, China). 133 



The photos of particles for DIP analysis were taken using Canon EOS 700D camera 134 

with a capacity of 18 million effective pixels. 135 

136 

Testing program 137 

The testing program is listed in detail in Table 1. To minimize the probability that the 138 

soil particles crushed during the specimen preparation, the specimens were prepared at 139 

loose state. Firstly, the air-dried granular soil of 310 g in total was equally divided into 140 

four batches. Then, four batches of soil were poured into the ring from the same height 141 

in sequence and were gently tapped by a rubber hammer at each layer. The void ratios 142 

for all specimens were kept at 0.857±0.01. The air-dried granular soils were reserved 143 

in the laboratory with a temperature of 20±1 ℃ and almost constant humidity of around 144 

55% for more than one year. For the saturated specimens, the prepared specimens were 145 

submerged under water, and a vacuum pressure of -100 kPa was applied for 12 hours 146 

before testing. It is worth noting that the so-called “saturated” here represents an 147 

approximately saturated condition, because it is difficult to achieve fully saturated 148 

condition under -100 kPa vacuum pressure within 12 hours and difficult to determine 149 

the accurate saturation degree which influences the crushability of grains (Ovalle et al. 150 

2015). Note that in this study, the saturation procedure was kept identical for all the 151 

saturated specimens to make sure the saturation degree constant. For the flooded 152 

specimens, deaired water was added into initially-dry specimens at a certain phase of 153 

the test, as shown in Table 1. Besides, the strain rate (𝜀̇) was varied at three levels 154 

(0.2%/h, 2%/h and 20%/h) in the CRS tests, and the maximum vertical stress was 155 

controlled at 2 MPa for all specimens. To eliminate the effect of loading period on the 156 

test results from MLO and CRS tests, the time point for applying each vertical stress in 157 

MLO test was kept same as that needed for the CRS test with strain rate of 2%/h to 158 

reach the same level of vertical stress. 159 

160 

Several typical soil particles were chosen, then dipped and fixed in epoxy to form a 161 



sliced cylindrical specimen. The surface of the specimen was polished carefully 162 

following the procedures adopted by Zhan et al. (2018) until the cross-sections of soil 163 

particles were well exposed to air. After 10 days’ drying in the air, the first series of 164 

microhardness measurements was performed. Subsequently, the specimen was 165 

submerged in the deaired water and held under a -100 kPa vacuum pressure for 12 hours. 166 

The second series of measurements was performed on the same soil particles in the 167 

specimen immediately after the specimen was taken out from water. To ensure that no 168 

moisture is lost during the process, deaired water was spread on the surface of specimen 169 

after each indentation to keep the particle surface always moistened. 170 

171 

The particle shape analysis by DIP was only implemented on the particles retained on 172 

sieve #30 (d>0.6 mm). Due to the large number of particles, all the particles were 173 

divided into several batches in the image acquisition stage and analyzed collectively in 174 

the analysis stage. As shown in Fig. 1(a), all particles in one batch were arranged 175 

without touching and overlapping with each other. The image analysis was conducted 176 

using ImageJ software (NIH, USA) (Xiao et al. 2019a). The analysis consists of four 177 

procedures including scale setting, binary image generation, image processing and 178 

particle analysis. Firstly, pixel values on each image were converted into millimeter by 179 

scale factors. Then, original images (Fig 1(a)) were converted into binary images (Fig 180 

1(b)) for analysis. Followingly, several steps including Dilate, Fill holes and Erode 181 

processes were carefully carried out to make sure no addition or removal of pixels from 182 

the real particles (Ferreira and Rasband 2012; Kumara et al. 2012). Four shape 183 

descriptors (circularity, aspect ratio, roundness, and solidity) of every particle were 184 

calculated automatically by the software, and the calculation formula for each 185 

descriptor is listed in Table 2. Gather all the calculated shape descriptors information 186 

from all the particles to form a database for one specimen. Then, the database is 187 

imported to the data analysis software Origin. The value range of shape descriptor is 188 

divided into small sections. Each soil particle will be grouped into one specific section 189 



based on their descriptor value. Lastly, the number of soil particles in each small section 190 

will be counted by the Origin automatically. 191 

192 

Results and interpretation 193 

Compression behaviors 194 

Fig. 3 plots the compression curves of the granular soil in the CRS and MLO tests under 195 

dry and saturated conditions. To ease the comparison, the fitting equations of 196 

corresponding curves are also presented in Fig. 3. It demonstrates that the compression 197 

curves from CRS and MLO tests match well with each other, although some minor gaps 198 

can be observed. This implies that a good repeatability of the tests has been achieved. 199 

For the specimens under both dry and saturated conditions, the slopes of the 200 

compression curve at the beginning are several times steeper than the unloading-201 

reloading index (Cs, the slope of the unloading-reloading line in e-log(σ’v) plane). This 202 

can be explained by two concurrent mechanisms: (a) the crushable particles starting to 203 

crush even at the low levels of vertical stresses during the initial loading (Ovalle et al. 204 

2015), and (b) rearrangements of particles by sliding and rotation for the loosely-205 

compacted specimens. The increase of water content remarkedly reduces the 206 

deformation resistance of the specimens. The compression index (Cc, the slope of the 207 

normal compression line in e-log(σ’v) plane) for the saturated specimens is 1.71 times 208 

larger than that for the dry specimens. In addition, at the same level of stress, the elastic 209 

deformations of the saturated specimen in the unloading-reloading period are larger 210 

than those of the dry specimen. Despite the fact that the particles breakage could 211 

possibly occur from the beginning of loading, the yielding stress (σ’y), as marked in Fig. 212 

3, is normally regarded as an indication of the onset of particle crushing. Under the 213 

same moisture condition, the yielding stresses from CRS test, σ’y,CRS, and that from 214 

MLO test, σ’y,MLO differ slightly. It reveals that the compression behaviors acquired 215 

from MLO and CRS tests could be similar provided that the strain rate is kept at the 216 

same level. The effect of moisture content of the specimen on the crushing resistance 217 



is obvious, with the average σ’y from CRS and MLO tests decreasing significantly by 218 

51.8% when the specimen is changed from dry to saturated condition. 219 

220 

Time-dependencies 221 

Fig. 4 presents the time-dependencies (i.e. strain-rate effect, creep, and stress relaxation) 222 

of the crushable granular soils in MLO and CRS compression tests under dry and 223 

saturated conditions. 224 

225 

Fig. 4(a) shows that at a certain void ratio, the higher strain rate, the higher effective 226 

vertical stress. The commonly acknowledged concept of “isotach” (unique σ’v-ε-𝜀̇ 227 

relationship) for clayey soils seems is only valid for the soil specimen under saturated 228 

condition and does not apply for the specimen under dry condition. Furthermore, this 229 

finding is inconsistent with the test results on granular soils in some previous studies 230 

(e.g. Karimpour and Lade 2010; Lade and Karimpour 2010), which reported that the 231 

strain rate only had a temporary effect on the compression curve (i.e. the stress-strain 232 

relation would gradually rejoin a unique relationship after the change of strain rate). 233 

This difference is possibly due to the differences in the crushability of soil particles and 234 

the stress range of interest. As shown in Fig. 4(b), after 1.67 mins (100 seconds) of 235 

loading, the relationship between void ratio and the logarithm of time is almost linear. 236 

Under identical effective vertical stresses, the fitted creep coefficients (Ct, based on e-237 

log(t) curve) of the dry specimen are lower than those of the saturated one. Similarly, 238 

as shown in Fig. 4(c), the stress relaxation coefficient (Rα, based on σ’v-log(t) curve) of 239 

dry specimen is lower than that of the saturated one. These results imply that the 240 

increase of moisture content strengthens the time-dependency of the deformation 241 

behaviors of crushable granular soils. 242 

243 

Flooding effect 244 

The flooding effects on the creep, stress relaxation and compression behaviors of 245 



crushable granular soil are shown in Fig. 5. It can be seen from Fig. 5(a) that the curve 246 

of MLO_Flo initially creeps consistently with that of MLO_Dry. After creeping for 1 247 

hour, the water was added into the specimen, and the void ratio immediately drops down 248 

towards the creep curve of the saturated specimen that is under identical effective 249 

vertical stress. The specimen turned into a conditionally stable state at 24 mins after the 250 

addition of water, and a sudden drop of void ratio occurred at around 600 mins later. 251 

Then, the flooded specimen was incrementally applied to 2000 kPa. It can be observed 252 

that the creep curve of flooded specimen practically rejoins and overlaps the curve of 253 

the saturated specimen. Fig. 5(b) presents the test results from two stress relaxation tests 254 

with different starting time points of adding water. The stress relaxation curves of all 255 

initially dry specimens are almost identical. As shown in the figure, immediately after 256 

the addition of water, the effective vertical stress dramatically reduces to a low level 257 

and quickly turns into decreasing in a linear relationship with the logarithm of time. 258 

Note that the effective vertical stress drops suddenly by a large amplitude after adding 259 

water so that the apparatus unexpectedly compressed the specimen to supplement the 260 

sudden drop of the load. The levels of unexpected compression are slightly different for 261 

CRS_Flo1 and CRS_Flo2. Therefore, the stress relaxation tests of flooded specimen 262 

were not implemented under a strictly constant strain level, which complicates the 263 

discussion of this phenomenon. Note that more tests are needed to clarify the 264 

relationships between the stress relaxation behaviors under dry, saturated and flooded 265 

specimens. In Fig. 5(c), the compression curve of MLO_Flo specimen initially follows 266 

that of MLO_Dry, and then gradually converges to that of the MLO_Sat after flooding 267 

at effective vertical stress of 500 kPa. As shown in Fig. 5(d), the compression curves of 268 

two initially dry specimens in CRS condition overlap with each other. The stress 269 

relaxation was followed by compression at a 𝜀̇ of 2%/h until 2000 kPa was reached. A 270 

slight overshooting of the effective vertical stress after recompression is observed in 271 

the figure, which can be explained by the “structuration” occurred during stress 272 

relaxation. With the further increase of effective vertical stress, the compression curve 273 



of CRS_Flo2 gradually evolves in the manner of CRS_Sat. 274 

275 

Crushing effect 276 

A particle-scale investigation is a basis for considering the crushing effect on 277 

macroscopic deformation. Measuring microhardness is a commonly used approach for 278 

characterizing the properties of the minerals and it shows certain correlation with the 279 

strength of the particles (Igarashi et al. 1996). Fig. 6 presents a typical microscopic view 280 

of a well-polished cross-section of a single grain of soil particle for microhardness 281 

measurement and the typical indentation points. It can be seen that a single grain of test 282 

soil particle comprises of micro- angular particles (bright areas) and the bonding 283 

materials (dim areas). 10-grams and 100-grams loads were, respectively, used for 284 

indenting the surfaces of five randomly-chosen micro- particles and five sections of 285 

bonding materials (Xuan et al. 2009; Xuan et al. 2016). The measurements were 286 

repeated for dry and saturated specimens. Figs. 6(b) and 6(c) show the typical 287 

indentations on bright angular particles and bonding materials. As shown in Fig. 7, 288 

when the soil particles are air-dried, the average Vickers microhardness (VM) value of 289 

bright particles is 1387.1 kg/mm2, contrasting with 66.5 kg/mm2 for the bonding 290 

materials. Besides, X-ray fluorescence (XRF) test was conducted on the tested soil 291 

particles. The results show that the percentages by mass of SiO2, Al2O3, Fe2O3, and 292 

MgO are 62.3%, 19.3%, 5.25% and 4.58%, respectively. Therefore, it is reasonable to 293 

speculate that the bright angular particles and bonding materials are quartz and clay 294 

minerals, respectively, based on the VM values (Samsonov 2012) and the percentages 295 

of oxide components. After saturation, the VM values of quartz particles has a 296 

negligible drop of 5.0%, while the drop is up to 65.0% for the clay mineral. Therefore, 297 

it can be concluded that, for the tested granular soil, particle crushing is mainly induced 298 

by the disaggregation of clay minerals, which could be further significantly aggravated 299 

due to the increase of moisture content. 300 

301 



The particle size distribution curves of the specimens after tests were determined by 302 

mechanical sieving, as shown in Fig. 8. The breakage ratio (Br), varying from 0 to 1, 303 

can be determined by the following formulation proposed by Einav (2007): 304 

  0( ) 1 ( ) ( )r r uF d B F d B F d   (1) 305 

where ( )F d , 
0 ( )F d and ( )uF d are current, initial and fractal PSDs, respectively, 306 

with  
0.3

max( )= /uF d d d (Coop et al. 2004). It is clear that the larger the Br, the higher 307 

the level of breakage. The calculated Br values for all specimens are listed in Table 3. 308 

Taking tests CRS_Dry and CRS_Sat as the references which are tested under dry and 309 

saturated conditions, respectively, without experiencing creep. With the comparison on 310 

Br values between the references and tests MLO_Dry and MLO_Sat, it can be 311 

concluded that creep can enhance the breakage level in both dry and saturated 312 

conditions, thereby proving that particle crushing of granular soils under constant stress 313 

is a time-dependent behavior (Augustesen et al. 2004; Oldecop and Alonso 2007; 314 

Karimpour and Lade 2010). As expected, the Br values are very sensitive to the change 315 

of water content. Similar observations for decomposed granite and carbonate sand were 316 

reported by Lee and Coop (1995). The reason behind has been explained in detail at the 317 

particle scale in the previous paragraph. 318 

319 

Several researchers (Daouadji and Hicher 2010; Ovalle et al. 2015; Hu et al. 2018; Jin 320 

et al. 2018a, 2018b) have stated that the Br increases monotonically with increasing 321 

plastic work (wp) under a certain moisture content, provided that the initial void ratio 322 

and PSD are kept identical. To reach the same level of breakage, larger plastic work is 323 

required for dry specimen than the moisturized specimen. The level of particle breakage 324 

(Br) is usually expressed as: 325 

p

r

p

w
B

a w



(2) 326 

where a is a fitting parameter, that is assumed as a constant for the soil specimen under327 



one certain moisture content. The plastic work was calculated as the sum of all 328 

increments of the total work done in compression, minus the elastic work done in the 329 

unloading period. All the increments of work are calculated as the product of the 330 

average vertical stress and the vertical strain occurs during two adjacent measuring time 331 

points. Note that the plastic work in dry condition (wp,d) and the plastic work in 332 

saturated or flooded condition (wp,w) should be calculated separately. The calculated 333 

values of plastic work are listed in Table 3. More energy dissipation is needed in a dry 334 

specimen to reach a given PSD, compared with saturated or flooded specimen. 335 

Therefore, for the flooded specimens, the Br value initially rose up following the trend 336 

of dry specimens (the blue line in the Fig. 9) to a certain level of breakage, Br,1. After 337 

they are flooded, the breakage value will develop from Br,1 to the final Br,f along the 338 

trend of the saturated condition (the red line in the Fig. 9). 339 

340 

If the plastic work values needed for a dry and a saturated specimens to reach a breakage 341 

value of Br,1 are expressed as Wp,d1 and Wp,w1, respectively, then we can have 342 

, ,

1 , 2 ,

p d1 p w1

p d1 p w1

W W

a W a W


 
(3) 343 

where a1 and a2 are the fitting parameters for dry and saturated specimens, respectively. 344 

From Eq. (3), we can get 345 

2
, ,

1

p w1 p d1

a
W W

a
  (4) 346 

If the plastic work after flooding is denoted as Wp,w2, then the final Br,f can be expressed 347 

as  348 

2
, 2 ,

1
,

2
2 , 2 ,

1

p w p d1

r f

p w p d1

a
W W

a
B

a
a W W

a

 


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(5) 349 

If 
2

, 2 ,

1

p w p d1

a
W W

a
  is taken as “equivalent plastic work”, Wp,e, Eq. (5) can be written 350 

as 351 



,

,

2 ,

p e

r f

p e

W
B

a W



                       (6) 352 

The Wp,e presents the plastic work that needed for the saturated specimen to reach the 353 

same breakage level that a flooded specimen achieves. If no flooding happens, Wp,e is 354 

equal to Wp,d for dry specimen and is equal to Wp,w for saturated specimen. 355 

 356 

Based on all the tests, parameters of a for the dry and saturated conditions were fitted 357 

as 320.0, and 174.1 respectively. The calculated breakage ratio for each test using the 358 

fitted parameters are also listed in Table 3. Fig. 9 presents the relationships of Br and 359 

wp,e at the end of each test and the fitting curves, which are nearly parallel to each other 360 

in the figure. 361 

 362 

Particle shape analysis by DIP 363 

Four standard shape descriptors of each individual particle were automatically 364 

calculated by ImageJ. Fig. 10 demonstrates the histograms and fitted normal 365 

distribution curves of the circularity versus corresponding particle number under CRS 366 

and MLO test conditions. As shown in Fig. 10(a), for CRS specimens, the increase of 367 

average circularity of particles under saturated or flooded condition is larger than that 368 

under dry conditions. This indicates the compression under the wet conditions renders 369 

particle assembling a perfect circle. As shown in Figure 10(b), the increased water 370 

content has less influence on the circularity change for the particles under MLO 371 

condition than those under CRS condition. The different trends for two test conditions 372 

may attribute to the different stress paths in the tests. Under both CRS and MLO loading 373 

methods, the circularity values change within a range of 0.5 to 1. The histograms and 374 

fitted normal distribution curves for the aspect ratio versus corresponding particle 375 

number are plotted in Fig. 11. As shown in Fig. 11(a), for CRS specimens, in both wet 376 

and dry conditions, compression has caused a greater average aspect ratio of particles. 377 

The wide normal distribution curve of the CRS_Dry specimen highlights that it has a 378 



wider range of aspect ratio than that of other specimens. Besides, the increase of 379 

average aspect ratio under the wet condition is greater than that under dry condition. 380 

The similar trend was also observed for MLO specimens. Under both CRS and MLO 381 

test conditions, the average aspect ratios of all particles range from 1 to 2.2. Fig. 12 382 

shows the histograms and fitted normal distribution curves for the roundness versus 383 

corresponding particle number under different test conditions. It can be seen that the 384 

average roundness is not sensitive to water content and the change of test condition, 385 

getting lower under both the dry and wet conditions compared with that of original state. 386 

The average roundness of all particles under different test conditions distributes in a 387 

range from 0.5 to 1. The histograms and fitted normal distribution curves for the solidity 388 

versus corresponding particle number are plotted in Fig. 13. The compression lowers 389 

down the average solidity of particles, especially for the specimens under saturated or 390 

flooded condition. This trend indicates the surfaces of particles, in general, become 391 

more corrugated compared with the soil particles polished naturally. It is also observed 392 

that the different test conditions have slight effects on the solidity of particles. The 393 

solidity values for all the particles change from 0.8 and 1. 394 

395 

Conclusions 396 

In this study, four constant-rate of strain tests and three multistage loading oedometer 397 

tests were conducted on a crushable granular soil under dry, saturated, or flooded 398 

condition. Microhardness tests were implemented to explain the crushing mechanism 399 

at particle scale under dry or wet condition. Digital image processing technique was 400 

also utilized in order to investigate the changes in particle shape of soil particles before 401 

and after the tests. The following conclusions can be drawn: 402 

(a) The tested crushable soil particles start to crush even under low levels of vertical403 

stress. The presence of water significantly weakens the compression resistance of404 



the soil specimen. 405 

(b) At a certain void ratio, the vertical stress on the specimen exhibits a strain-rate406 

dependency, however, the “isotach” behavior seems is only valid for the saturated407 

specimen and a unique characteristic curve for stress and void ratio are not observed408 

for the tested soil. Both the creep coefficient and stress relaxation coefficient of the409 

dry specimens are smaller than that of the saturated ones.410 

(c) The saturated specimen and the flooded specimen share the same behaviors in terms411 

of creep and stress-strain relationship under compression. However, regarding412 

stress relaxation behavior, the flooded specimens showed much smaller stress413 

relaxation coefficients than that of the saturated specimen. This can be possibly414 

explained by the stress level, at which relaxation and flooding start, is too high for415 

the tested crushable granular soil so that the sudden collapse induced by416 

moisturization exerts a severe destructive effect on the soil structure.417 

(d) By measuring the local microhardness on a single grain of soil particle, it is418 

observed that the soil particle comprises of micro- quartz particles and clay minerals,419 

whose microhardness and strength would drop greatly due to the increase of water420 

content, thereby aggravating particle breakage.421 

(e) The breakage ratio of the specimen can be well correlated with the equivalent plastic422 

work done during the compression. Two fitted curves for dry and saturated/flooded423 

conditions, respectively, are almost parallel in the plot of breakage ratio with respect424 

to the logarithm of equivalent plastic work.425 

(f) The increase of water content would facilitate the change in shape of soil particles.426 

The compression generally renders the particles assembling a circle, meanwhile427 

being more corrugated on the surfaces.428 

429 

It is recommended that the full time-dependencies of crushable granular material should 430 

be investigated under triaxial, even hollow cylinder test conditions to investigate the 431 

effect of more complicated stress paths. 432 
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Table 1. List of CRS and MLO tests 

Test Name. 
Initial void 

ratio (e0) 
Test condition 

CRS_Dry 0.847 
Compressed and unloaded-reloaded at constant 𝜀̇ of 2%/h at 0.5, 0.8, and 1.5 

MPa, started relaxation at 2 MPa 

CRS_Sat 0.851 

Compressed and unloaded-reloaded at 𝜀̇ of 2%/h at 0.5 MPa, compressed and 

unloaded-reloaded at 𝜀̇ of 0.2%/h at 0.6 MPa, compressed and unloaded-reloaded 

at 0.9 MPa at 𝜀̇ of 20%/h, compressed at 𝜀̇ of 2%/h to 2 MPa, started relaxation 

at 2 MPa 

CRS_Flo1 0.865 

Compressed at 𝜀̇ of 2%/h to 0.5 MPa, compressed at 𝜀̇ of 0.2%/h to 0.7 MPa, 

compressed at 𝜀̇ of 20%/h to 1.2 MPa, compressed at 𝜀̇ of 20%/h to 2 MPa, 

started relaxation at 2 MPa, flooded specimen just at the start of relaxation 

CRS_Flo2 0.858 
Compressed at 𝜀̇ of 2%/h, started relaxation at 0.5, 0.8 MPa, compressed at 𝜀̇ of 

2%/h to 2 MPa, started relaxation at 2 MPa, flooded after 1 hour of relaxation 

MLO_Dry 0.856 
Step-wisely loaded to 0.5 MPa, creeped for 12 hours, step-wisely loaded to 2 

MPa, creeped for 12 hours 

MLO_Sat 0.859 
Step-wisely loaded to 0.5 MPa, creeped for 12 hours, step-wisely loaded to 2 

MPa, creeped for 12 hours 

MLO_Flo 0.854 
Step-wisely loaded to 0.5 MPa, creeped for 12 hours, flooded after 1 hour of 

creep, step-wisely loaded to 2 MPa, creeped for 12 hours 

Table Click here to access/download;Table;Table-20190514.docx



Table 2. List of formulas of shape descriptors 

Descriptor Formula Parameters 

Circularity 
2

4πA

P

A is the area of particle in square pixels or in calibrated square 

units; P is the length of the outside boundary of the particle 

Aspect ratio 
major

minor

L

L

Lmajor is the major axis of particle’s fitted ellipse; Lminor is the minor 

axis of particle’s fitted ellipse 

Roundness 2

4

major

A

πL

A is the area of particle in square pixels or in calibrated square 

units; Lmajor is the major axis of particle’s fitted ellipse 

Solidity 

hull

A

A

A is the area of particle in square pixels or in calibrated square 

units; Ahull is the area of convex hull 



Table 3. List of plastic work and breakage ratio of each specimen 

Test Name. wp,d (kPa) wp,w (kPa) wp,e (kPa) 
Br determined 

by Eq. (1) 

Calculated Br by 

fitted Eq. (2) 

CRS_Dry 86.2 0 86.2 0.203 0.212 

CRS_Sat 0 164.3 164.3 0.481 0.485 

CRS_Flo1 99.9 10.3 64.7 0.310 0.271 

CRS_Flo2 86.6 150.9 198.0 0.267 0.280 

MLO_Dry 124.2 0 124.2 0.523 0.501 

MLO_Sat 0 174.9 174.9 0.544 0.534 

MLO_Flo 9.5 194.4 199.6 0.490 0.532 
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Figure caption list 

Figure 1. (a) Original image for DIP analysis and (b) binary image generated in 

ImageJ software 

Figure 2. (a) Photo of the apparatus for CRS test (b) photo of the apparatus for MLO 

test 

Figure 3. Plots of void ratio versus log (effective vertical stress) of the tested soil 

under two test conditions: (a) CRS and (b) MLO 

Figure 4. Plots of the time-dependent behaviors of the tested soils under dry and 

saturated conditions: (a) strain-rate effect, (b) creep, and (c) stress relaxation 

Figure 5. Plots of the effects of flooding on the behaviors of (a) creep, (b) stress 

relaxation, (c) compression in MLO condition, and (d) compression in CRS condition 

Figure 6. Microscopic views of (a) the cross-section of single grain of particle, (b) 

typical indentation point on angular particle, and (c) typical indentation point on the 

bonding materials 

Figure 7. The average VM values of different spots on the particles under dry and 

saturated conditions 

Figure 8. The PSD curves determined by mechanical sieving of each specimen before 

and after the testing 

Figure 9. The plot of plastic work versus breakage ratio of all specimens and the 

fitting curves 

Figure 10. Histograms and fitted normal distribution curves for circularity values 

versus corresponding particle number in each specimen under (a) CRS and (b) MLO 

test conditions 

Figure 11. Histograms and fitted normal distribution curves for aspect ratio versus 

corresponding particle number in each specimen under (a) CRS and (b) MLO test 

conditions 

Figure 12. Histograms and fitted normal distribution curves for roundness versus 

corresponding particle number in each specimen under (a) CRS and (b) MLO test 

conditions 

Figure 13. Histograms and fitted normal distribution curves for solidity versus 

corresponding particle number in each specimen under (a) CRS and (b) MLO test 

conditions 
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