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Assessing the Influence of Displacement Rates on the Failure Behavior and 34 

Undrained Shear Strength Characteristics of Reconstituted Varve Laminae 35 

Prepared at Different Moisture Contents 36 

 37 
Abstract 38 
The geotechnical behavior of varved clays in cold regions remains inadequately understood 39 
despite their widespread occurrence. This study addresses this gap by investigating the 40 

behavior of homogeneous and reconstituted varved clay samples through Unconfined 41 
Compressive Strength (UCS) testing. Homogeneous samples consist of Red Soil (RS) and 42 
Black Soil (BS), while reconstituted varved clays are prepared by layering RS and BS in 43 
configurations of 2, 4, 8, and 16 layers. UCS tests are conducted at displacement rates of 1.25, 44 
0.24, and 0.024 mm/min, hypothesized to simulate the velocity of glacial override on soils. 45 

Samples are prepared at five moisture contents ranging from 0.8 to 1.2 OMC. Results indicate 46 

that as moisture content decreases below OMC, undrained shear strength increases for all 47 
samples, accompanied by a reduction in strain, while the opposite trend is observed for samples 48 

on the wet side of OMC. For reconstituted varved clays, undrained shear strength increases as 49 
number of laminae rises from 2 to 8, but decreases in the 16-laminae sample, which suggests a 50 
threshold exists for the number of laminae beyond which strength reduces. Displacement rate 51 

significantly influences failure modes and patterns, with samples exhibiting more ductile 52 
behavior at lower displacement rates and higher moisture contents. 53 

 54 
Keywords: Reconstituted Varve Laminae, Unconfined Compressive Strength Test, Undrained 55 
Shear Strength, Displacement Rate, Moisture Content 56 

 57 

1. Introduction 58 
Varved clays are a common type of laminated soil deposit found in glacial environments. These 59 

soils are characterized by distinct light and dark-colored bands arranged alternately and 60 

repetitively. The dark bands constitute clay-dominant laminae deposited during the winter 61 
season, while the light bands constitute silt-dominant laminae deposited during the summer 62 
season (Hang, 2003; Ehlers, 2022). These laminae form due to the unique interaction of the 63 

turbulence and temperature of the lake water with the density distribution of sediment particles 64 

transported by moving and melting glaciers during the summer season. As winter begins and 65 
temperatures drop below freezing, the melting of glaciers stops, their movement slows down, 66 
and no fresh debris is added to the lake. In the still water conditions, the leftover fine particles 67 
from the summer settle on top of the coarser layer. This alternating settlement of coarse and 68 
fine particles creates a clear division, with visible light-colored and dark-colored laminae. One 69 

pair of light and dark-colored bands together forms a couplet. When these couplets repeat year 70 
after year, the deposits are known as varves or varved clays (Lamoureux and Bradley, 1996; 71 
Lindqvist and Lee, 2009).  72 

 73 
The engineering properties of the two soils that constitute the laminae in varves exhibit 74 
significantly different mechanical and infiltration responses under varying stress conditions, 75 
making these soils inherently anisotropic (Leroueil et al., 1990; Tankiewicz, 2015; Dobak et 76 

al., 2018; Schneider et al., 2022; Tornborg et al., 2023; Philippe et al., 2023). The darker lamina 77 
contains more clay-sized particles, has a higher natural moisture content in field conditions, 78 
lower hydraulic conductivity, higher plasticity, lower strength, and exhibits greater volumetric 79 
changes under load compared to the lighter-colored lamina (Florkiewicz et al., 2014; Flieger-80 
Szymanska et al., 2019). Despite these contrasting properties between the two soils forming 81 
the laminae, the anisotropic behavior of varved clays is often overlooked due to the complexity 82 
of measuring various anisotropic parameters (Lacasse et al., 1977). This study addresses this 83 



gap by investigating the undrained shear strength and failure pattern characteristics of both 84 

homogenous and reconstituted varved clays with varying numbers of laminae using 85 
Unconfined Compressive Strength (UCS) tests.  86 
 87 
UCS represents the load at which soil fails under axial compressive stress without lateral 88 

confinement and is influenced by factors such as soil type, displacement rate, temperature, and 89 
moisture content (Hampton and Yoder, 1958). There are very few studies that have explored 90 
the variation in shear strength behavior of soils with changes in these parameters, and even 91 
fewer studies specifically focus on varved clays or layered soil structures. Lo and Milligan 92 
(1967) conducted a comparative study on homogeneous and stratified clays and reported that 93 

the shear behavior of these two soil types differed considerably. The undrained strength of 94 
stratified clays was found to depend on the orientation of the stratification relative to the applied 95 
principal stresses. Awoleye et al. (1991) conducted UCS tests on clays at strain rates ranging 96 

from 0.08 mm/min to 2 mm/min and reported an increase in strength with a decrease in strain 97 
rate. Sabatini et al. (2002) found that even small variations in moisture content significantly 98 
affect soil strength under unconfined loading. Lydzba and Tankiewicz (2012) performed UCS 99 
tests on varved clays with bedding planes oriented at angles between 0° and 90° and reported 100 

that the resulting shear strength varied significantly, with the maximum strength being 14 times 101 
higher than the minimum. However, no clear trend was established between soil strength and 102 

bedding plane orientation. Alzubaidi and Lafta (2013) conducted triaxial tests under 103 
consolidation conditions by varying strain rates between 0.1% and 7% per minute on soil 104 

samples with lime contents ranging from 0% to 12%. Strength increased with higher lime 105 
content and strain rate; however, further increase in these variables led to a decrease in strength. 106 
Du et al. (2016) conducted UCS tests on frozen silty sands by varying negative temperature, 107 

moisture content, and applied strain rate. Brittle failure and a non-linear increase in strength at 108 
low moisture content and higher strain rates as the sample temperature decreased was reported. 109 

At lower strain rates, an increase in moisture content resulted in decreased strength. Tyagi et 110 
al. (2019) performed UCS tests on soil at different strain rates by mixing it with various 111 

proportions of cement and reported an increase in unconfined compressive strength with higher 112 
strain rates.  113 

 114 
Given the increasing construction in permafrost regions over the past few decades, 115 
understanding the strength properties of glacial soils has become crucial (Du et al., 2016). 116 

Glacial override, the process of glaciers moving over existing soils, influences its strength, 117 
deformation, and stability. This behavior is further complicated by moisture content variations 118 

during the glacial overriding. This study addresses these aspects by conducting UCS tests on 119 
six different soil samples, which include homogeneous and reconstituted varved clay samples 120 
prepared at five moisture contents. Red Soil (RS) and Black Soil (BS) were selected based on 121 

laboratory geotechnical characterization to represent the laminae in actual varved clays. Two 122 

homogeneous soil samples are composed separately of RS and BS, while for the reconstituted 123 
varved clays, RS and BS are alternated in a repeating pattern to form four different samples 124 
with 2, 4, 8, and 16 layers. The five moisture contents at which these samples are prepared 125 

include the moisture content corresponding to Optimum Moisture Content (OMC), two on the 126 
drier side of OMC (0.8 OMC and 0.9 OMC), and two on the wetter side of OMC (1.1 OMC 127 
and 1.2 OMC). To simulate glacial override, UCS tests in this study are conducted at three 128 
displacement rates of 1.25 mm/min, 0.24 mm/min, and 0.024 mm/min. The behavior of soils 129 
under different displacement rates provides a simplified simulation of how soils with varying 130 

compositions might respond to different loading rates, which, in this study, is considered 131 
analogous to the varying velocities of glacial movement on the soil. Although the absolute 132 

magnitudes of displacement rates used in the present study might be different from the actual 133 



glacial override velocities, the general trends observed through the study regarding the 134 

undrained shear strength of the soil and its failure patterns provide insights into the way in 135 
which the soil may respond to glacial override.  136 
 137 

2. Materials and Methodology 138 
The two soils, RS and BS, used in the present study were obtained from the vicinity of the IIT 139 
Guwahati campus. Various preliminary geotechnical investigations were carried out to 140 
determine the suitability of these soils to replicate the soils that constitute the laminae of actual 141 
varved clays. These geotechnical investigations are discussed in Section 2.1, and the methods 142 
of testing and sample preparation are discussed in Section 2.2. 143 

 144 
2.1 Material Characterization of RS and BS used as Constituent Laminae 145 
Figure 1 shows the deposition sites of RS and BS. This figure also includes an image of the 146 

soils collected in a tray and dried. It can be observed that RS has a coarser texture, while BS 147 
has a finer texture. The preliminary geotechnical investigations conducted for selecting these 148 
soils include determining the Atterberg limits (IS: 2720 Part 5-1985) and Particle Size 149 
Distribution (PSD) (IS: 2720 Part 4-1980). These analyses revealed that RS can effectively 150 

represent the light-colored, silt-dominant laminae, while BS can represent the darker, clay-151 
dominant laminae of actual varved clays. The laboratory tests, including these parameters of 152 

RS and BS along with other important geotechnical parameters that help in assessing their 153 
engineering behavior, are listed in Table 1. 154 

 155 

 156 

 157 
Figure 1. Representative samples of (a) RS and (b) BS collected in the vicinity of IIT Guwahati 158 
campus 159 
 160 

 161 
 162 

 163 



Table 1. Geotechnical properties of RS and BS 

Geotechnical Parameters Red Soil (RS) Black Soil (BS) 

Specific Gravity  2.7 2.6 

Atterberg Limit (%) 

 Liquid Limit 

Plastic Limit 

Plasticity Index 

45 

19 

26 

95 

30 

65 

Compaction Characteristics   

 Maximum Dry Density (g/cc) 

Optimum Moisture Content (%) 

1.77 

19.5 

1.59 

21.5 

Grain Size Distribution (%)   

 Sand 

Silt 

Clay 

23.2 

54.4 

22.4 

8.4 

6.7 

84.9 

Soil Classification ML CH 

Shear Strength Parameters   

Effective friction angle (°) 17.53 13.0 

Cohesion (kPa) 12.4 6.1 

 164 
From Table 1, it is observed that the liquid limits of RS and BS are 45% and 95%, respectively. 165 
The liquid limit is often associated with the clay content in soils, with soils that have higher 166 

clay content tending to have a higher liquid limit. This aligns well with the findings of the PSD, 167 
which show that BS has a significantly higher clay content of 84.9%, compared to RS, which 168 

has a lower clay content of 22.4%. The plastic limits of RS and BS are 19% and 30%, 169 
respectively. In comparison to RS, the higher plastic limit of BS indicates that it requires more 170 
moisture to make transition from a plastic to a semi-solid state. Practically, this means that BS 171 

has a greater ability to retain water while maintaining a plastic consistency. Additionally, the 172 

plasticity index of 26% for RS reflects its moderate plasticity, whereas BS demonstrates 173 
significantly higher plasticity with an index of 65%. The plasticity index values provide insight 174 
into the range of moisture over which each soil exhibits plastic behavior. In this case, BS 175 

exhibits plastic behavior over a wider range of moisture content compared to RS. From the 176 
grain size distribution, RS is found to have a composition of 23.2% sand, 54.4% silt, and 22.4% 177 

clay, while BS is characterized by 8.4% sand, 6.7% silt, and a predominant 84.9% clay content. 178 
These variations in grain size distribution and Atterberg limits contribute to the divergent 179 

engineering behavior of the soils when placed in layers to form the laminae of varved clays. 180 
The dominance of clay in BS and the higher silt content in RS are noteworthy and explain the 181 
differences in Atterberg limits. Furthermore, according to the classification system, RS is 182 
classified as ML (silt with low to medium plasticity), while BS is classified as CH (clay with 183 
high plasticity). These parameters of RS and BS are consistent with the characteristics of actual 184 

varved clays documented in the literature by Eden (1955), Kazi (1967), Eigenbrod and Burak 185 
(1991), Lydzba and Tankiewicz (2012), Florkiewicz et al. (2014), Tankiewicz (2016), 186 

Krawczyk and Szymanska (2018), and Flieger-Szymanska et al. (2019). Table 1 also lists other 187 
parameters obtained from laboratory tests, such as specific gravity (IS: 2720 Part 3/Sec-2-188 
1980), compaction characteristics (IS: 2720 Part-7-1983), and shear strength parameters. The 189 
shear strength parameters were obtained from Direct Shear Tests (DST) conducted according 190 
to ASTM D3080/D3080M (ASTM 2012). 191 

 192 
2.1.1 Mineralogical and morphological characteristics of RS and BS  193 
To further ensure that RS and BS, used as representative soils in reconstituted varved clays, 194 

are mineralogically similar to the two laminae in actual varved clays, X-ray Diffraction (XRD) 195 



and Field Emission Scanning Electron Microscopy (FESEM) were conducted. Figures 2(a) and 196 

2(b) present the results of the XRD analysis, while Figures 3(a) and 3(b) show the outcome of 197 
the FESEM analysis for RS and BS, respectively. The difference between these analyses is that 198 
the XRD technique examines the crystal structure of the soil, while the FESEM technique 199 
focuses on the microstructure of the soil. XRD works by illuminating the soil samples with X-200 

ray beams and then measuring the angles and intensities of the beams scattered by the crystal 201 
lattice of the soil grains. On the other hand, in FESEM, electron beams are directed onto the 202 
samples, which creates an image of the surface and topography of the sample. This electron 203 
beam is focused on the sample with the help of electromagnetic lenses. 204 
 205 

For conducting XRD analysis of RS and BS, the soils were finely ground and dried in the oven 206 
for 24 hours. The soils were then taken out of the oven, and the samples were placed on a glass 207 
sample holder. To ensure that the powdered sample didn't blow away and stayed in place, the 208 

soil was gently pressed with a glass slide. The excess soil powder was removed with the same 209 
glass slide, and care was taken to ensure that the surface of the soil sample was smooth. This 210 
process was done separately for RS and BS. The prepared soil samples were then placed in a 211 
sample holder inside the XRD instrument, which consists of a detector. When the X-ray beams 212 

interact with the crystal lattice of the minerals in the soils, diffraction patterns are obtained. 213 
The X-ray diffraction patterns are produced by varying the angle at which X-rays strike the soil 214 

samples. The intensity of diffracted X-rays at different angles is used to create XRD patterns. 215 
The peak positions and intensities of the XRD patterns are compared with reference patterns 216 

available in literature or a database to identify the mineral composition in RS and BS, as shown 217 
in Figures 2(a) and 2(b). The XRD patterns clearly indicate that BS contains a significant 218 
amount of the clay mineral montmorillonite compared to RS. A similar observation was 219 

reported by Ringberg and Erlström (1999). In this study, the researchers performed XRD by 220 
separating the summer layer (the lighter lamina) and the winter layer (the darker lamina) of 221 

varved clay. A significant difference was found between the XRD diffractograms of the two 222 
soils, particularly in the clay mineral peaks, with the winter layers showing higher magnitudes 223 

of these peaks. Blondeau (1975) also reported that when the dark and light laminae were X-224 
rayed separately, they were found to be mineralogically identical, except for the higher clay 225 

content in the dark-colored laminae compared to the light-colored laminae. The author further 226 
reported the dominance of illite in the light-colored laminae with minor montmorillonite, 227 
whereas montmorillonite dominated the dark-colored laminae. This finding aligns with the 228 

XRD results of RS and BS obtained in the present study. 229 
 230 

(a) 



(b) 

Figure 2. X-ray Diffraction spectra of (a) RS (b) BS samples 

 231 
Figure 3 displays the microstructure of RS and BS using FESEM analysis. FESEM analysis 232 

requires even more careful sample preparation than XRD. For FESEM, just like in XRD, both 233 
RS and BS were finely ground and oven-dried for 24 hours. Also, testing soils for FESEM is 234 
more difficult than conducting XRD analysis because, in FESEM analysis, the soil sample can 235 
absorb moisture from the atmosphere during the sample preparation stage and can 236 

simultaneously develop electric charges on its surface. If this occurs, the images obtained 237 
through FESEM may not be clear, and many white patches can appear in the images. To avoid 238 

moisture exposure, both RS and BS samples were immediately transferred to an airtight box 239 
filled with silica beads after being removed from the oven. For the FESEM analysis, both 240 
samples were mounted on the same stub using sticky carbon tape. To prevent the buildup of 241 

charges on the surface of the soil sample due to moisture in the environment, once the samples 242 

were placed on the stub, they were coated with gold. The samples were then inserted into the 243 

FESEM machine, and images were captured at 1000X magnification, as this magnification 244 
provided the clearest images. From the captured images, it was observed that the particles of 245 

RS appeared larger and more rounded (Figure 3a), while BS exhibited flaky-shaped particles 246 
(Figure 3b). Clay particles are generally flaky in shape. Moreover, comparing the network of 247 
pores between the particles of both soils, higher porosity was observed in BS compared to RS. 248 
This can be attributed to the presence of clay minerals with a highly flocculated structure, 249 

leading to a larger number of inter-floc voids. Therefore, based on the mineralogical 250 
compositions and microstructure of the chosen RS and BS, it is concluded that the light-colored 251 
and dark-colored laminae of actual varves from glaciated regions can be suitably represented 252 
by RS and BS, respectively. 253 
 254 

 (a) 



 (b) 

Figure 3. Field Emission Scanning Electron Microscopy (FE-SEM) showing microstructure 

of (a) RS (b) BS at 1000X magnification 

 255 

 256 
2.2 Methodology 257 
All the soil samples for UCS testing are prepared by weighing the soil according to its 258 
Maximum Dry Density (MDD). The water content used for preparing these samples is based 259 

on the OMC. The five water contents selected for sample preparation are OMC, 1.2 OMC, 1.1 260 
OMC, 0.9 OMC, and 0.8 OMC. The MDD and OMC were obtained by conducting the Standard 261 
Proctor Test (IS: 2720 Part-7-1983) on both soils. The MDD and OMC for RS are found to be 262 

1.77 Mg/m³ and 19.5%, respectively, while for BS, the corresponding values are 1.59 Mg/m³ 263 
and 21.5% (Table 1). The lower OMC of RS is attributed to the high presence of silt-sized 264 

particles, which allows better packing and helps in achieving MDD at a lower moisture content 265 
compared to BS. The higher OMC of BS is attributed to its high clay content, which requires 266 
a substantial amount of water for proper compaction. 267 

 268 
The standard stainless-steel UCS mould, with a volume of 86,192.74 mm³, is used to prepare 269 

samples with a diameter of 38 mm and a length of 76 mm. The homogeneous soil samples are 270 
prepared by following routine sample preparation steps for UCS testing. First, the required 271 

weight of soil is calculated by multiplying the MDD of the soil with the volume of the standard 272 

mould used for preparing the sample for testing. The soil is then placed in a bowl and mixed 273 
with the designated moisture content. The mixture is transferred into the mould, and the mould 274 

is screwed from the ends. This standard mould is also illustrated in Figure 4. Afterward, the 275 
sample is extruded using a sample extruding machine and immediately placed in the UCS 276 
machine by positioning it between metal plates. The axial load is then applied to the sample at 277 

a specific displacement rate. For the reconstituted varved clay samples, the sample extrusion 278 
process remains the same, but the amount of RS and BS used varies. Since the proportion of 279 
RS and BS is consistent for the standard dimensions of UCS samples, regardless of the number 280 

of laminae in the reconstituted varved clay samples, the weight of each soil (RS and BS) also 281 

remains unchanged for all reconstituted varved clay samples. Figure 4 illustrates the 282 
preparation of the 4-layered reconstituted varved clay sample used in the UCS test. To achieve 283 
this, half of the total volume of the mould is considered to calculate the weight of each soil 284 

type, with the appropriate amount of water added based on the desired moisture content relative 285 
to the OMC. In this example, the weights of RS and BS are measured to fill half of the volume 286 

of the mould, which is approximately 43,096.37 mm³ for each soil. The unit weights of RS and 287 
BS are 1.77 Mg/m³ and 1.59 Mg/m³, respectively (as shown in Table 1). Therefore, 76.28 g of 288 
RS and 68.52 g of BS are weighed separately into two containers, and the soil-water mixture 289 
is prepared. For the 4-layered reconstituted sample, these soils are further divided into two 290 
equal portions of 36.63 g of RS and 34.47 g of BS. The soils are then alternately transferred, 291 



layer by layer, into the UCS mould to form a 4-layered sample. Once the layers are placed, the 292 

mould is sealed with caps on both ends, and the sample is extruded for testing. This process is 293 
repeated for other varved clay samples, prepared at different water contents and with varying 294 
numbers of layers, following the same methodology.   295 
 296 

 

 
Figure 4. Illustration of the sample preparation process for 4-layered reconstituted varved 

clays used in UCS testing 

 297 
For all the reconstituted varved clay samples, the soil samples are extruded and placed for UCS 298 

testing such that the lowermost lamina, which rests on the bottom plate, always consists of RS. 299 
With the layers arranged alternately, the top layer is always BS, in contact with the top plate 300 

attached to the loading cell. The reconstituted varved clays are designated as 2L, 4L, 8L, and 301 
16L in the study, where the numeric digits indicate the number of laminae, and 'L' stands for 302 

'Laminae'. 303 
 304 

3. Results and Discussions 305 
This section discusses the variation in undrained shear strength with respect to variables such 306 

as applied displacement rate and moisture content in both homogeneous and reconstituted 307 
varved clays, with additional consideration given to the varying number of laminae in the 308 
reconstituted samples. Additionally, different failure patterns under UCS loading for samples 309 
prepared and tested considering different combinations of these variables are also explored in 310 
this study. In Sections 3.1 and 3.2, the variation of undrained shear strength with respect to the 311 

chosen variables is discussed. Shear strength is an important property of soil that maintains 312 
equilibrium when the surface is uneven, such as in the case of slopes, or when loading on the 313 

soil induces shear stresses. In the UCS test, the applied axial stress generates shear stresses in 314 
the samples. The peak axial stress at which the soil sample fails is referred to as the unconfined 315 
compressive strength of the soil. According to the Mohr-Coulomb criterion, the unconfined 316 
compressive strength is related to the undrained shear strength, with undrained shear strength 317 
being half of the unconfined compressive strength. Since the study is conducted in the context 318 

of a glacial environment, where glacial override and hilly terrain prevail, the discussion focuses 319 
on the undrained shear strength across different soil profiles. 320 
 321 

3.1 Variation of Undrained shear strength with displacement rate and moisture content   322 
Figures 5(a) to 5(f) show the variation of undrained shear strength with displacement rate for 323 
RS, BS, and reconstituted varved clay samples with 2, 4, 8, and 16 laminae, that are tested at 324 



different moisture contents. The general trend observed in all these graphs indicates that 325 

undrained shear strength decreases as the displacement rate increases for all soil profiles at 326 
different moisture contents. This demonstrates that when the axial loading rate on the soil 327 
decreases, its ability to resist shear stress increases. The increase in undrained shear strength of 328 
soils with the decrease in displacement rate is more pronounced when the rate lowers from 0.24 329 

mm/min to 0.024 mm/min, compared to when it decreases from 1.25 mm/min to 0.24 mm/min. 330 
This non-linear behaviour suggests that soil samples exhibit greater sensitivity to undrained 331 
shear strength at lower displacement rates. This sensitivity occurs because slower displacement 332 
rates allow more time for the soil structure to mobilize its internal strength to resist loading. 333 
The mobilization at low displacement rates occurs through the rearrangement and redistribution 334 

of internal stresses within the soil that result in increased undrained shear strength. In contrast, 335 
when the displacement rate is higher, soils exhibit more brittle behaviour with less opportunity 336 
for internal adjustment, which leads to failure at lower axial compressive loads. This suggests 337 

that in the actual field conditions, the rate of glacial movement governs the strength and 338 
stability of both layered and homogeneous soils. This behaviour is further supported by visual 339 
observations of the failed soil samples after UCS testing shown in Figures 9 to 14. These figures 340 
show that samples subjected to higher displacement rates experience shear-dominated, abrupt 341 

failure with sharp failure planes, indicating a brittle nature compared to those subjected to lower 342 
displacement rates. Since displacement rate is analogous to the velocity of glacial movement, 343 

it can be inferred that rapid glacial override on soils in cold regions leads to brittle, abrupt, and 344 
early failure of the underlying soils. 345 

 346 
Additionally, it is observed that, among all the soil samples tested (Figure 5), RS consistently 347 
exhibits the highest undrained shear strength (Figure 5a), whereas homogeneous BS shows the 348 

lowest undrained shear strength (Figure 5b). The reconstituted varved clay samples exhibit 349 
intermediate undrained shear strength, with values between those observed for homogenous 350 

RS and BS. This pattern holds true for all combinations of displacement rates and moisture 351 
contents for the reconstituted varved clays. The higher undrained shear strength of RS is 352 

attributed to its higher shear strength parameters, i.e., the angle of internal friction and 353 
cohesion, compared to BS (Table 1). The high angle of internal friction allows for more 354 

compact packing of soil grains during sample preparation, while the high cohesion provides 355 
additional strength in the absence of lateral confinement, resulting in higher undrained shear 356 
strength for RS under unconfined axial loading compared to BS. 357 

 358 

  
(a) (b) 



  
(c) (d) 

  
(e) (f) 

Figure 5. Variation of undrained shear strength with displacement rate at different moisture 

contents for samples of (a) homogeneous RS soil, (b) homogeneous BS soil, and 

reconstituted varved clay samples with (c) 2L, (d) 4L, (e) 8L, and (f) 16L 

 359 

3.2 Variation of Undrained shear strength with displacement rate, moisture content and 360 

number of laminae in reconstituted varved clays 361 
Figures 6 and 7 specifically focus on the variation in undrained shear strength for reconstituted 362 

varved clays with different moisture contents and numbers of laminae at a given displacement 363 
rate. The results from homogeneous RS and BS samples are not shown here, as the differences 364 
in undrained shear strength magnitudes between RS and BS would make the graphs difficult 365 

to interpret alongside the reconstituted varved clays. Moreover, the discussion on undrained 366 
shear strength for RS and BS has already been briefly covered in the previous section. 367 
Figure 6 shows the variation in undrained shear strength with moisture content for reconstituted 368 
varved clay profiles at different displacement rates of 1.25 mm/min (Figure 6a), 0.24 mm/min 369 

(Figure 6b), and 0.024 mm/min (Figure 6c). From the graphs, it is observed that reducing the 370 
moisture content from OMC to 0.9 OMC and 0.8 OMC leads to an increase in undrained shear 371 
strength. Conversely, increasing the moisture content from OMC to 1.1 OMC and 1.2 OMC 372 
results in a decrease in undrained shear strength for all the soil profiles, irrespective of the 373 
applied displacement rates. However, the undrained shear strength values remain higher for 374 
samples tested at lower displacement rates, as discussed in Section 3.1. This decrease in 375 
undrained shear strength with increasing moisture content occurs because excess water acts as 376 



a lubricant between soil grains, which reduces friction and cohesion between particles and 377 

makes the soil fail more easily under load. A decrease in moisture content, up to a certain limit, 378 
leads to greater frictional resistance between soil grains. At moisture contents of 0.9 OMC and 379 
0.8 OMC, the undrained shear strength increases, which indicates that reduced moisture 380 
enhances interlocking between soil particles, leading to greater resistance to axial loading. The 381 

samples prepared at water contents lower than OMC also become more rigid, which is observed 382 
in their failure patterns shown in Figures 8 to 13. Also, for samples prepared at moisture content 383 
on the wetter side of OMC, significant challenges were encountered during the preparation 384 
phase. The samples frequently broke during the extrusion process due to their tendency to stick 385 
to the metal plates. Even after successful extrusion, the samples often became distorted while 386 

being placed between the two metal plates for UCS testing, making the samples prepared on 387 
the wet side of OMC difficult to handle. Due to these challenges, careful handling was required 388 
for samples prepared at moisture contents above OMC. These observations and experiences 389 

during the preparation and handling of soil samples with high water content highlight the 390 
adverse effects of excess moisture on the strength and stability of the samples. 391 
 392 
Another important observation from Figure 6 is the asymmetry in the sensitivity of undrained 393 

shear strength to increases and decreases in moisture content relative to OMC. Notably, the 394 
decrease in undrained shear strength due to increase in moisture content (from OMC to 1.1 395 

OMC and 1.2 OMC) is more pronounced than the increase in undrained shear strength for the 396 
same magnitude of moisture content decrease (from OMC to 0.9 OMC and 0.8 OMC) for all 397 

soil samples. For example, at a displacement rate of 1.25 mm/min for the 2L reconstituted 398 
varved clay sample, the undrained shear strength at OMC is 32 kPa. When the moisture content 399 
is reduced to 0.9 OMC and 0.8 OMC for this sample, the undrained shear strength increases to 400 

44 kPa and 52 kPa, respectively. However, when the moisture content is increased to 1.1 OMC 401 
and 1.2 OMC, the undrained shear strength decreases to 21 kPa and 17 kPa, respectively. The 402 

increase in undrained shear strength due to the reduction in moisture content from OMC to 0.9 403 
OMC and 0.8 OMC is 1.38 times and 1.63 times the undrained shear strength at OMC, 404 

respectively. Conversely, the decrease in undrained shear strength due to the increase in 405 
moisture content from OMC to 1.1 OMC and 1.2 OMC is 1.52 times and 1.83 times the 406 

undrained shear strength at OMC, respectively. This asymmetry suggests that soils are more 407 
sensitive to increases in moisture content compared to equivalent decreases in moisture content 408 
relative to OMC. This difference in sensitivity is due to increased pore water pressure at higher 409 

moisture contents, which significantly reduces the ability of soil to resist shear stresses, as 410 
discussed in Section 3.1. The higher pore water pressure lowers the effective stress within the 411 

soil, which weakens the bonds between particles and leading to earlier failure under axial 412 
loading.  413 

  
(a) (b) 



 
(c) 

Figure 6. Undrained shear strength variation with moisture content for reconstituted varved 

clay profiles with different laminae at displacement rates of (a) 1.25 mm/min, (b) 0.24 

mm/min, and (c) 0.024 mm/min 

 414 
From Figure 6, it is evident that as the number of laminae in the reconstituted varved clay 415 
sample increases from 2 to 4 and then to 8, the undrained shear strength increases. However, 416 

when the number of laminae increases to 16, the undrained shear strength decreases 417 
significantly, with these values falling below those of the 2-layered reconstituted sample. The 418 

increase in undrained shear strength up to 8 layers suggests that adding laminae within a fixed 419 
length of soil enhances load resisting capacity up to a certain number of laminae. This 420 

improvement in strength is likely due to the interaction between RS and BS laminae, where the 421 
RS laminae act as reinforcement in the alternating arrangement with BS in the reconstituted 422 
varved clay profiles. This is evident from the fact that in homogeneous BS soil samples, where 423 

the entire sample consists of BS, the undrained shear strength is the lowest among all the soil 424 

profiles considered in this study at the given displacement rate and moisture content. However, 425 
when the same BS is alternated with RS to form a laminated structure, an increase in undrained 426 
shear strength is observed. The RS laminae in the reconstituted varved clays also provide a 427 

confinement effect, limiting the lateral expansion of the BS laminae when BS is sandwiched 428 
between RS laminae. This is particularly evident in the samples prepared at moisture contents 429 

above OMC, as shown in Figures 10 to 12, which depict the failure patterns in the reconstituted 430 
varved clay profiles. Therefore, as the number of laminae increases in the reconstituted varved 431 
clays, the alternating arrangement of RS and BS enhances interlayer bonding and friction, 432 
contributing to increased undrained shear strength. However, when the number of layers 433 

reaches 16, a sharp decline in undrained shear strength occurs. This suggests that an excessive 434 
number of laminae introduces too many RS-BS interfaces within the soil samples, which now 435 
act as planes of weakness, reducing the overall strength during UCS testing. As a result, the 436 
RS laminae can no longer compensate for the weaker BS laminae, and the increased number 437 

of laminae outweighs the benefits of interlayer bonding between RS and BS, which leads to a 438 
decrease in strength. Additionally, the weakness of the 16-layered soil was evident during the 439 
sample extrusion process, as the layers often began to separate, particularly in samples prepared 440 

on the wetter side of OMC. At water content greater than OMC, these samples, among all other 441 
reconstituted varved clays, were more difficult to handle and place between the plates of the 442 
UCS machine, indicating mechanical instability caused by excessive layering and high-water 443 
content. 444 
 445 

 446 
 447 



3.3 Stress-strain curves for different combinations of soil profile, displacement rate and 448 

moisture content 449 
Figure 7 presents the stress-strain curves for different types of soil samples prepared at the 450 
water content of OMC under the UCS test with the load applied at different displacement rates. 451 
From an initial observation, it is evident that in all the soil samples, the peak compressive stress 452 

is highest for the displacement rate of 0.024 mm/min, followed by 0.24 mm/min, with the 453 
lowest peak compressive stress observed for samples loaded at the displacement rate of 1.25 454 
mm/min. The strains at which peak compressive stress is achieved are also highest for the soil 455 
sample loaded at the displacement rate of 0.024 mm/min, followed by 0.24 mm/min, and the 456 
lowest strain is observed for the displacement rate of 1.25 mm/min. 457 

 458 
It is further observed that among all the six soil profiles and for all displacement rates, the 459 
homogeneous RS samples exhibit the highest peak strength (Figure 7a), while homogeneous 460 

BS samples exhibit lower peak strength (Figure 7b). However, the post-peak nature of the 461 
stress-strain curve for homogeneous RS indicates its brittle nature compared to BS at all applied 462 
displacement rates. The brittle behavior in homogeneous RS is particularly evident from its 463 
sharp stress-strain curve up to the peak stress at displacement rates of 1.25 mm/min and 0.24 464 

mm/min. This is followed by a steep drop in the curve post-peak strength to very low 465 
magnitudes of compressive stress at these displacement rates. These characteristics of stress-466 

strain curve for RS indicates a sharp fracture of the sample. As the displacement rate is reduced 467 
to 0.024 mm/min, RS exhibits a more gradual stress-strain curve with a higher peak strength 468 

attained at higher strain magnitude. In this case, the post-peak drop is less sharp and does not 469 
fall to as low magnitudes as seen in the previous two higher displacement rates. Therefore, as 470 
the displacement rate is lowers, failure in homogeneous RS transforms to a less brittle nature. 471 

Comparatively, the stress-strain curves for homogeneous BS exhibit a gentler slope when 472 
approaching the peak stress, with noticeable plastic deformation before failure. After reaching 473 

the peak, a gradual strain softening is observed. 474 
 475 

The stress-strain curves for reconstituted varved clays with 2, 4, 8, and 16 layers are shown in 476 
Figures 7c, 7d, 7e, and 7f, respectively. Among the reconstituted varved clay profiles, as the 477 

number of laminae increases, the peak stress is achieved earlier, i.e., at smaller strains for a 478 
given applied displacement rate. For instance, at a displacement rate of 1.25 mm/min, the peak 479 
stress is reached at strains of around 0.012 and 0.0102 for the 2L and 4L reconstituted varved 480 

profiles, while for the 8L and 16L samples, it is approximately 0.009. At a displacement rate 481 
of 0.24 mm/min, the peak stress is attained at strains of 0.04, 0.034, 0.026, 0.024, and 0.021 482 

for the 2L, 4L, 8L, and 16L samples, respectively. For the displacement rate of 0.024 mm/min, 483 
the strain at which the maximum stress is reached is 0.049, 0.044, 0.04, and 0.036 for the 2L, 484 
4L, 8L, and 16L samples, respectively. 485 

 486 

From the stress-strain curve for samples loaded at a displacement rate of 0.24 mm/min, it is 487 
observed that as the number of laminae increases, the curve becomes flatter near the peak stress, 488 
indicating enhanced ductility in the samples as the number of laminae increases. However, for 489 

the other two displacement rates of 1.25 mm/min and 0.024 mm/min, the variation in the nature 490 
of failure with the increasing number of laminae, based on the stress-strain graph, is less clear. 491 
These observations are specific to samples prepared at OMC. For conciseness, the stress-strain 492 
curves of samples prepared at other moisture contents are not shown here, as the basic trend of 493 
the graphs remains the same. The only notable difference is that greater ductility is observed 494 

in the stress-strain curves for samples prepared at water content greater than OMC, with the 495 
peak compressive stress attained at slightly higher strain magnitudes for a sample loaded at 496 



given displacement rate. Conversely, samples prepared at lower moisture content than OMC 497 

become more brittle, achieving peak stress at lower strains.  498 
 499 
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(e) (f) 

Figure 7. Stress-strain curves under UCS loading at different displacement rates for samples 

prepared at OMC for (a) homogeneous RS, (b) homogeneous BS, and reconstituted varved 

clay with (c) 2L, (d) 4L, (e) 8L, and (f) 16L 

 500 
3.4 Visual analysis of failed soil samples under UCS loading  501 
Figures 8 to 13 display the failure patterns of UCS-tested homogeneous RS (Figure 8), BS 502 
(Figure 9), and reconstituted varved clay samples consisting of 2L (Figure 10), 4L (Figure 11), 503 



8L (Figure 12), and 16L (Figure 13). To simplify understanding and representation, the failure 504 

mode is discussed by referring to the displacement rates as "high displacement rate" and "low 505 
displacement rate," and the water content is referred to as "dry side of OMC" and "wet side of 506 
OMC". The high displacement rate is 1.25 mm/min, and as there was no major visual difference 507 
in the failure patterns between soil samples tested at displacement rates of 0.24 mm/min and 508 

0.024 mm/min, both are grouped under "low displacement rate". As the water content in the 509 
soil samples increases, the samples exhibit more ductile behavior. Differentiating the failure 510 
mode at intermediate moisture contents is challenging, so only the extreme moisture contents 511 
on both the dry and wet sides are chosen for visual analysis. Upon reviewing the images of 512 
failed soil samples, it becomes apparent that each soil profile fails uniquely, based on its 513 

composition, with reconstituted varved clays showing more complex failure patterns.  514 
 515 
In Figure 8, the failure modes for RS samples are shown under varying moisture contents and 516 

displacement rates. For samples prepared at moisture content on the dry side of OMC and tested 517 
at a high displacement rate, a well-defined Y-shaped failure surface is observed (Figure 8a), 518 
which indicates brittle failure. This suggests that the soil cannot withstand significant 519 
deformation before fracturing abruptly, which is characteristic of brittle behavior under rapid 520 

loading with low moisture content. For a RS sample with similar moisture content but tested at 521 
a lower displacement rate, a single oblique failure plane forms (Figure 8b). Although this is 522 

still a brittle failure, the response is less sudden, and the failure planes are less sharp, as the 523 
lower displacement rate gives the soil more time to respond to the applied load. For samples 524 

prepared at moisture content on the wet side of OMC and subjected to high displacement rates, 525 
shear failure occurs with the failure plane forming in the upper half of the sample, accompanied 526 
by visible surface peeling (Figure 8c). Unlike the abrupt failure observed in RS samples 527 

prepared at moisture content on the dry side of OMC, Figure 8(c) suggests that higher moisture 528 
content allows for some plastic deformation before failure under the same loading rate. When 529 

tested at a lower displacement rate, the homogeneous RS sample prepared at moisture content 530 
on the wet side of OMC exhibits a single, less pronounced oblique failure surface, along with 531 

noticeable bulging and horizontal minor cracks (Figure 8d). This smoother shear surface with 532 
minor cracks indicates that higher moisture content combined with a slower displacement rate 533 

allows for more gradual deformation, leading to greater absorption of stresses and resulting in 534 
a more ductile failure behavior. 535 

 536 

 
Figure 8. Failed homogenous RS samples after UCS test under varying displacement rates 

and moisture content 



Figure 9 shows the failure patterns for homogeneous BS samples tested for UCS. For samples 537 

prepared on the dry side of OMC and tested at high displacement rates, a combination of 538 
multiple fracturing and axial splitting is observed (Figure 9a). This behavior is due to the 539 
substantial amount of clay in BS (Table 1), which acts as a brittle material under dry conditions. 540 
In contrast, when the same sample is loaded at lower displacement rates, multiple fractures are 541 

still visible but appear less sharp and are accompanied by minor vertical cracks (Figure 9b). 542 
The contrast in failure patterns of homogeneous BS samples prepared in the same way but 543 
tested at different displacement rates is attributed to the gradual soil grain adjustment at slower 544 
displacement rates. For the homogeneous BS sample prepared on the wet side of OMC and 545 
tested at a high displacement rate, a single oblique failure surface with a smooth inclined failure 546 

plane is observed, which is indicative of ductile-type failure behavior (Figure 9c). For the same 547 
sample tested at low displacement rates, bulging in the middle portion of the sample along with 548 
irregular cracks is observed, which indicates progressive failure (Figure 9d). Such observation 549 

in Figure 9(d) is attributed to the higher clay content in BS, followed by the sample being 550 
prepared at higher moisture content and subjected to gradual loading. The visual observations 551 
of failure modes in BS highlight its high sensitivity to moisture content compared to RS. This 552 
is evident from the significant transition in the patterns of failed samples of homogeneous BS, 553 

which shift from brittle behavior at high displacement rates in dry samples to ductile behavior 554 
at low displacement rates in wetter samples. These differences in the observed patterns of failed 555 

homogeneous samples of RS and BS emphasize the role of moisture content and displacement 556 
rate in determining the failure mechanisms in soils.  557 

 558 

 
Figure 9. Failed homogenous BS samples after UCS test under varying displacement rates 

and moisture content 

 559 
For the 2L reconstituted varved clay samples (Figure 10), the failed samples show that damage 560 
under UCS loading is primarily observed in the BS lamina, with the RS lamina hardly being 561 
affected. For the 2L sample prepared at a moisture content below OMC and tested at a high 562 
displacement rate, a sharp fracture is observed in the BS lamina, with the fracture being parallel 563 

to the direction of load application (Figure 10a). The fracture in this case is abrupt and brittle, 564 
causing the failed portion of BS to break off instantly, followed by pulling away some of the 565 
surficial soil from the RS lamina. Additionally, a rough and tortuous shear plane is also 566 



observed to form within the BS lamina. When the 2L sample prepared at the same water content 567 

is subjected to loading at a lower displacement rate, multiple vertical slips form within the BS 568 
lamina (Figure 10b). Also, shear generation in this failed sample is evident at the interface 569 
between the layers, where the RS and BS laminae show separation along the interface plane, 570 
with some surface layers of RS peeling off. There is also slight bulging in the BS lamina in 571 

both Figures 10(a) and 10(b), with the RS lamina remaining mostly intact in both cases. In the 572 
2L samples prepared at a moisture content on the wet side of OMC and tested at a high 573 
displacement rate, a wedge-shaped failure mass develops in the BS lamina, which results in the 574 
development of an axial splitting plane in the RS lamina (Figure 10c). This means that the 575 
formed wedge in the BS lamina generates tensile forces in the RS lamina. For the same sample 576 

tested under low displacement conditions, ductile deformation with visible bulging in the BS 577 
lamina, followed by development of diagonal cracks is observed (Figure 10d). In this case, the 578 
RS lamina also shows development of smooth cracks.  579 

 580 

 
Figure 10. Failed 2L reconstituted varved clay samples after UCS test under varying 

displacement rates and moisture content 

 581 
From the failure patterns of the 4L varved clay samples, it is observed that the lowermost 582 

lamina, consisting of RS, remains the least affected, while the failure plane clearly passes 583 
through the remaining three laminae (Figure 11). Compared to the 2L varved samples (Figure 584 

10), where failure primarily occurs in the BS lamina, in the case of the 4L varved samples 585 

subjected to UCS loading, although the lowermost lamina consisting of RS remains the least 586 

affected, the other RS lamina is affected during sample failure due to being sandwiched 587 
between low-strength BS laminae at both ends. 588 
 589 
For the 4L reconstituted varved samples prepared at a moisture content below OMC and tested 590 
at a high displacement rate, a double shear failure resembling an X-shaped failure surface is 591 

observed (Figure 11a). For the same sample tested at a low displacement rate, an axial split 592 
originates from the central lower portion of the sample in the BS lamina and extends upward 593 
into the RS laminae (Figure 11b). For the same sample prepared at a moisture content on the 594 
wet side of OMC and tested at a high displacement rate, the formation of a smooth, gently 595 



inclined, tortuous shear plane along a single surface is observed, accompanied by slight bulging 596 

(Figure 11c). When the same sample is tested at a low displacement rate, a smooth shear failure 597 
plane initiates from the uppermost BS-RS interface, which is indicated by significant horizontal 598 
cracking at this interface (Figure 11d). The failure surface is vertical (perpendicular to the 599 
direction of layering) in the BS lamina and gently inclined in the sandwiched RS lamina. 600 

Slightly more bulging is observed in this case, particularly around the RS-BS interface in the 601 
middle portion of the sample. The gentle angle of failure plane (< 45°) in Figure 11(c) and 602 
11(d) can be attributed the lamination in the soil profile.  603 
 604 

 
Figure 11. Failed 4L reconstituted varved clay samples after UCS test under varying 

displacement rates and moisture content 

 605 
In the failed 8L varved clay samples (Figure 12), the failure patterns are observed to be more 606 
complex compared to the 2L and 4L varved samples. It is evident from the figure that the 607 

lowermost RS lamina remains relatively unaffected and intact, while the RS laminae 608 
sandwiched between BS laminae undergo shearing, similar to the 4L varve case. For the sample 609 
prepared on the dry side of OMC and loaded at a high displacement rate, a tortuous "lambda"-610 

shaped failure pattern is observed (Figure 12a). The sharp and abrupt failure surfaces reflect 611 
the brittle nature of the failure. When the same sample is subjected to a lower displacement 612 

rate, the sample splits axially, and material breaks off from the middle portion, with vertical 613 
cracks forming around the failed sample (Figure 12b). The upper portion appears plastically 614 
deformed, which indicates ductile nature of failure. For the sample prepared on the wet side of 615 

OMC and tested at a high displacement rate, multiple shearing planes develop with 616 
predominantly diagonal cracks and slight bulging (Figure 12c). When the same sample is 617 

loaded at a lower displacement rate, vertical cracks with occasional diagonal cracks develop 618 
throughout the sample (Figure 12d). The slight bulging, along with the gradual development 619 

of smooth cracks, indicates a greater degree of ductile deformation under slower loading 620 
conditions compared to the previous failed 8L varve sample in Figure 11(c). 621 
  622 



 
Figure 12. Failed 8L reconstituted varved clay samples after UCS test under varying 

displacement rates and moisture content 

 623 
For the failed 16L varved clay samples prepared on the dry side of OMC and loaded at a high 624 

displacement rate, it is observed that the upper half of the sample forms a wedge, causing the 625 
lower portion to split axially (Figure 13a). This is again a typical characteristic of brittle failure. 626 

For the same sample tested at a low displacement rate, a distorted Y-shaped failure surface is 627 
observed (Figure 13b). The distortion is due to the presence of multiple laminae, while the 628 

smooth failure surface is attributed to the lower displacement rate. In the failed 16L varved 629 
samples prepared on the wet side of OMC and tested at high displacement rates, shear failure 630 

occurs along a single plane, passing through the entire height of the sample and affecting each 631 
lamina (Figure 13c). For the same sample tested at a low displacement rate, multiple smooth 632 
vertical cracks are observed to develop, particularly through the middle portion of the sample 633 

(Figure 13d). The crack development is smooth and progressive in nature. 634 
 635 

 
Figure 13. Failed 16L reconstituted varved clay samples after UCS test under varying 

displacement rates and moisture content 



Finally, it is observed that when samples are prepared on the wetter side of OMC, BS exhibits 636 

bulging under loading. Compared to the failure patterns of the laminated samples with 2L, 4L, 637 
and 8L varves, the least amount of bulging is observed in the 16L varved profiles. In fact, as 638 
the number of laminae increases, the bulging in the samples decreases. This suggests that as 639 
the number of layers increases and the thickness of the BS laminae decreases in the varved 640 

samples, the BS laminae, being sandwiched between RS laminae, experience restricted 641 
bulging.  642 

 643 
4. Conclusions 644 
The present study investigates the behavior of two types of soil samples under UCS loading, 645 

which includes homogeneous and reconstituted varved clay. The samples are tested for 646 
combinations of variations in displacement rate and moisture content, with additional 647 
consideration of different number of laminae in reconstituted varved clay. The results 648 

demonstrate that these variables significantly affect the undrained shear strength of the tested 649 
soil samples. The key findings are summarized as follows: 650 
1. For all soil the profiles, the undrained shear strength consistently decreases with increasing 651 

displacement rate. This has been attributed to the limited internal stress redistribution when 652 

the soil is loaded at higher displacement rates, whereas at lower displacement rates, the 653 
soil structure has more time to mobilize internal strength which results in more more 654 

ductile behavior.  655 
2. The stress-strain graphs indicate that soil exhibits brittle behavior in samples prepared at 656 

moisture content lower than OMC and subjected to higher displacement rates, gradually 657 
shifting towards a more ductile state in samples prepared at higher moisture content than 658 
OMC and subjected to lower displacement rates. This is further supported by visual 659 

analysis of the failed samples. For instance, in samples prepared at low moisture content, 660 
those loaded at high displacement rates exhibit brittle, abrupt failure with sharp failure 661 

planes, while those loaded at lower displacement rates show gradual brittle failure with 662 
smoother failure planes. In contrast, for samples prepared at high moisture content, the 663 

difference between failures at varying displacement rates is more pronounced, with 664 
samples loaded at lower rates displaying progressive failure surfaces and slightly more 665 

bulging compared to those loaded at higher rates. These observations suggest that both 666 
displacement rate and moisture content play key roles in determining the nature of failure 667 
in soils. 668 

3. The number of laminae in the reconstituted varved clay samples significantly influences 669 
the undrained shear strength and failure pattern of the soil. Increasing the number of 670 

laminae from 2 to 4 and then to 8 enhances the undrained shear strength. This increase is 671 
attributed to the confining effect of the RS laminae on the BS laminae, which results in 672 
stronger interlayer bonding. However, when the number of laminae reaches 16, the 673 

undrained shear strength decreases drastically, as the numerous interfaces act as planes of 674 

weakness. This suggests that there is an optimal number of laminae that maximizes the 675 
undrained shear strength, beyond which additional laminae become detrimental. 676 

4. Reducing the moisture content below the OMC in the soil samples leads to an increase in 677 

undrained shear strength, while increasing moisture content beyond OMC results in a sharp 678 
decline. This is due to the asymmetry in soil sensitivity to moisture variations, suggesting 679 
that soils are more sensitive to increases in moisture content than to decreases by the same 680 
amount, using OMC as the reference. This highlights the nonlinear relationship between 681 
soil strength and moisture content and demonstrates the critical role that moisture content 682 

plays in influencing the undrained shear strength of soils. 683 
 684 



Overall, the findings of this study highlight the complex interplay between displacement rate, 685 

moisture content, and laminae in determining the strength and failure behavior of both 686 
homogeneous and varved clay soils under unconfined axial loading. This work underscores the 687 
need for more detailed study of multi-layered soils, such as varved clays, to accurately capture 688 
their strength and deformation behaviors. 689 
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