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Abstract: In this paper, we report on the results of an experimental study of the yielding and shear
strength behavior of a normally consolidated silty clay soil from eastern Germany. The shear strength
tests were performed on remolded forms of the soil using a triaxial cell which can regulate the
temperature of the specimen. The experimental program comprised a series of pressure stepping
compression consolidated drained (CD) triaxial tests at temperatures of 20, 40 and 60 ◦C. Overall,
although the volume change behavior of the soil was found to exhibit some variations with changes
in temperature, possibly due to changes in the double layer thickness of the clay fraction of the soil
upon heating, the shear strength behavior (in terms of effective angle of internal friction) of the silty
clay soil was found to exhibit minor changes with variations in temperature and can be assumed to
be independent of temperature for the range considered in this study.
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1. Introduction

Analyzing the effect of temperature changes on the thermomechanical, yielding and
shear strength behavior of soils is essential for various engineering applications including
seasonal thermal energy storage, freezing/thawing soil processes, hydrocarbon extraction
from oil sands, radioactive waste disposal, etc. In most of these applications, the soil may
experience changes in temperature of up to 30 ◦C [1]. Moreover, high degrees of variations
in soil temperature are commonly exhibited due to seasonal temperature fluctuations,
especially in the upper soil layers of naturally occurring soils.

One of the earliest studies on the effect of temperature changes on the soil consolidation
behavior was published by Gray [2]. In recent times, several modeling and experimental
studies were conducted on the thermomechanical and yielding behavior of fine-grained
soils at different temperature conditions [1,3–6]. Experimental investigations on the ther-
momechanical properties of an unsaturated silt at the temperature range of 25 to 60 ◦C
were conducted by Uchaipichat and Khalili [7] using a modified triaxial device.

Vega and McCartney [8] performed temperature-regulated thermal consolidation
tests on compacted, saturated silt specimens under normally consolidated to heavily
overconsolidated initial stress states using an oedometer set-up with backpressure control.
The findings of their experimental investigations showed that during initial heating, the
silt specimens exhibited thermal volume changes which are similar to those reported in the
literature, with the normally consolidated soils showing thermal contraction, and whereas
the heavily overconsolidated soils showing thermal dilation or expansion. Additionally, in
all cases, the specimens showed elastic contraction during cooling, as expected.

Moritz [9] presented the results from a laboratory study of the properties of clay
at high temperatures on samples from a site close to a heat storage system. The results
indicated a reduction in shear strength of the normal Swedish clay with an increase in
medium temperature, with the modulus decreasing in the order of 0.5%/◦C.

Geotechnics 2022, 2, 250–261. https://doi.org/10.3390/geotechnics2010011 https://www.mdpi.com/journal/geotechnics

https://doi.org/10.3390/geotechnics2010011
https://doi.org/10.3390/geotechnics2010011
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geotechnics
https://www.mdpi.com
https://doi.org/10.3390/geotechnics2010011
https://www.mdpi.com/journal/geotechnics
https://www.mdpi.com/article/10.3390/geotechnics2010011?type=check_update&version=1


Geotechnics 2022, 2 251

Burghignoli et al. [1] presented the results of a laboratory study of the thermal prop-
erties of clayey soils and of the effect of temperature on their mechanical behavior. They
performed the experiments on reconstituted and natural clayey soils in the temperature
range between 20 ◦C and 60 ◦C using modified triaxial cells capable of controlling the
sample temperature. Their findings showed that the response of the soil to thermal loading
in drained and undrained conditions is not unique but among other factors, the recent and
overall stress history directly impacts its thermomechanical behavior and in particular the
soil volume changes. These soil deformations observed after heating are mainly due to
the rearrangement of particles in the soil skeleton. Furthermore, they found out that the
deformability and strength of the soil were relatively independent of temperature for the
temperature range considered in their study.

Abuel-Naga et al. [10] studied the thermo-mechanical behavior of natural soft Bangkok
clay, with temperature up to 90 ◦C using a modified oedometer apparatus. Based on the
findings of the experimental study, they concluded that the thermally induced volume
change is dependent on the soil stress level and history, and highlighted that factors such
as physico-chemical changes, soil plasticity and percentage of fines play an important role
in the intensity of the thermally induced changes and in general the thermo-mechanical
behavior of saturated fine-grained soils subjected to temperature changes less than the
pore-liquid boiling point.

Hueckel et al. [6] attempted to explain the dependence of failure criteria on tempera-
ture for saturated clays. They pointed out that especially for the temperature range between
4 and 120 ◦C, the dependence of strength on temperature is material specific, and that the
evolution of both the yield locus and failure is largely dependent on the thermomechanical
loading history. They also reported some novel correlations between the various aspects of
the thermomechanical behavior of clays, and highlighted the need for extensive experimen-
tal and modelling studies to provide a sufficient and clear assessment of the response of
geotechnical systems subjected to high temperatures.

Mitchell [11] reviewed the effect of heat and temperature on the engineering behavior
of soils. For saturated soils, the volume and pore-water pressure variations that are induced
due to temperature changes were related to interactions of the thermal expansion of soil
minerals and water, their compressibility, and changes in interparticle forces. Furthermore,
a comprehensive review of thermomechanical and yielding properties of soils in view
of temperature changes was carried out by Laloui [12]. In the majority of the studies,
a significant dependence of the mechanical behavior of the studied soils on medium
temperature was reported.

On a more practical impact of the effects of temperature change on soils, Scaringi and
Loche [13] carried out a detailed review of the temperature-dependent fully coupled thermo-
hydro-mechanical behavior of soils, and their implications on the soil slope stability and
landslide analysis under climate change. They hypothesize that temperature fluctuations
produced in the soil due to climate change coupled with other known factors (such as
altered precipitation patterns and changes in land use) may alter important soil properties
such as shear strength and compressibility, permeability and water retention capacity,
thus affecting landslide activity and the frequency of occurrence and distribution of soil
slope failures.

The study presented in this research aims to contribute to the existing body of work
done by previous researchers studying the effect of temperature on the mechanical proper-
ties of soils, and is mainly concerned with the experimental analysis of the temperature-
dependent yielding and shear strength behavior of silty clay soils. The consolidated drained
(CD) multi-stage compression triaxial tests were conducted on the silty clay soil at the
temperatures of 20, 40 and 60 ◦C, using a triaxial device which can regulate the temperature
of the specimen.
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2. Experimental Plan
2.1. Soil Tested

A naturally occurring normally consolidated silty clay soil with moderate density
from Thuringia, eastern Germany was used in a reconstituted form for the laboratory
study. In Table 1, a list of the physical and geotechnical properties of the silty clay soil is
presented [14]. The results of the X-ray diffraction (XRD) mineralogical investigation of
the silty clay soil are presented in Figure 1. From the results of the XRD plot shown in
Figure 1, it can be seen that only the dominant minerals with a considerable comparative
grain volume or mass fraction of the total soil are indicated. Thus, other mineral forms
with a negligible or low comparative grain volume or mass fraction existing in the soil
grain structure have not been marked in the plot.

Table 1. Physical and geotechnical properties of the studied silty clay soil.

Properties Value

Gravel, >2 mm (wt.%) 16.1
Sand, 0.063–2 mm (wt.%) 8.8

Silt, 0.002–0.063 mm (wt.%) 58.2
Clay, <0.002 mm (wt.%) 16.8

Porosity (−) 0.443
Solids specific gravity (−) 2.673
Bulk dry density (g cm−3) 1.489

Natural gravimetric water content (%) 16.8
Liquid limit (%) 34.6

Plasticity index (%) 14.81
Unified soil classification system (USCS) CL 1

1 CL: clay of low plasticity.
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2.2. Devices Used

A modified triaxial testing system which can control the temperature of the sample
in the cell was used for performing the experimental study of the temperature-dependent
shear strength behavior of the silty clay soil (Figures 2 and 3). The test set-up included: an
enclosed temperature controlled triaxial cell (Figure 3), a UL-60 loading device fitted with a
highly accurate load cell (type KAS-E/D) (Figure 2b), which can apply deviatoric loads of
up to 60 kN, a linear transducer (TRS-0050), which has an electrical range of 50 mm and
a 2 µm repeatability, for recording displacements of the specimen in the axial direction, a
double piston VPC-D 250/20 volume/pressure controller, with a capacity (volumetric) of
250 mL of each piston and maximum pressure capacity of 2000 kPa, used for applying and
controlling the pore-water (backpressure) and cell pressure of the specimen, a pore-water
or pore-gas pressure sensor (type PR-25Y), with a maximum pressure capacity of 1000 kPa,
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for recording the pore-water pressure of the sample, a heat pump (Huber Ministat 125 Pilot
ONE) for regulating the temperature of the sample and the triaxial cell water using a
circulating fluid, and a data logger and PC control unit for the recording of data recording
and for controlling the system (Figure 2a).
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2.3. Procedure of Experimental Study

The specimens of reconstituted silty clay soil for the CD triaxial tests were prepared at
their natural field moisture condition. The specimens were prepared with dimensions of
50 mm diameter and 100 mm height, in accordance with the specimen preparation standard
criteria of ASTM D7181 [15], where a height-to-diameter (H/D) ratio of 2 to 2.5 and a
minimum specimen diameter of 33 mm is suggested. The specimens were prepared by
making sure that their upper and lower faces were made flat to provide an even distribution
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of the applied deviatoric loads, and that the bulk density of the silty clay soil was consistent
all around the sample volume.

Before the start of each experiment, the water lines below the bottom loading pedestal
(i.e., the lower drainage or backpressure line), the upper loading pedestal/cap, the pore-
water stress sensor located at the rear end of the cell, and the two upper backpressure and
drainage lines were thoroughly flushed using de-aired water to eliminate the bound air
from the system and all connecting lines. In order to enclose the specimens laterally and
to make sure the partition of the back- and cell-pressures, rubber membranes of common
standard were used. A porous stone and filter paper combination was placed at each of the
bottom and top faces of the specimens, to prevent movement of soil particles through the
backpressure and drainage lines. Finally, after putting the samples in the correct position,
the rubber membranes were fitted with each of the bottom and top pedestals/caps using
very tight O-rings, thus ensuring the separation of the water pressures inside and outside
the specimens (i.e., back- or pore-water pressure and the cell-pressure).

Prior to the start of the triaxial testing procedure, and after preparing the specimen and
filling the cell with de-aired water, the water in the triaxial cell was heated to the required
temperature using the heating pump and circulating heating fluid (glycol mixed with
distilled water). For this purpose, adequate temperature stabilization time was provided
for the samples. An additional VPC water pressure application and control system was
attached to the triaxial cell to avoid an unnecessary increase or build up in the water
pressure inside the closed triaxial cell, due to the expansion of the water upon heating.
The additional VPC enables the control of the cell water pressure in the triaxial cell by
permitting excess water to be removed from the triaxial cell to the pump during the heating
process. The pump was then removed once the expansion and temperature of the cell water
was in a steady state.

The compression CD triaxial tests (σ1 > σ2 = σ3) were conducted at three cell pressures
between 100 and 300 kPa, and temperatures of 20, 40 and 60 ◦C, using the pressure stepping
or multi-stage compression method [16–18]. With multi-stage compression experiments,
the peak strength of the silty clay soil at three cell pressures and isothermal conditions
can be determined using only one sample. Afterwards, using these peak stress results,
Mohr plots can be drawn, and the shear parameters obtained. Multi-stage compression
experiments pose difficulties in the accurate determination of the points of peak stress
before moving on to the next step, and hence inherently include errors related to soil state
and micro-structural changes in between the various pressure steps [16–18].

However, some of the errors due to major micro-structural changes, which generally
occur at high deformations can be prevented or minimized by cautious early termination
of the shearing of the sample in the multi-stage compression experiments [17]. Moreover,
as reported by Hashimoto et al. [18], the differences between the results of the pressure
stepping experiments and the single stage or traditional triaxial tests was minor, and there-
fore taking into account the various advantages that multi-stage compression experiments
have over the conventional triaxial tests (such as saving time, quantity of samples used,
and economy), they are suitable and recommended for use.

Overall, the experiments consisted of three phases, namely a saturation phase, consoli-
dation phase and deformation or shearing phase. During the first phase (i.e., saturation),
incremental cell or confining pressure steps σ3 = σc ranging from 50 to 500 kPa with si-
multaneous increments of backpressure σb ranging from 30 to 480 kPa were applied to the
specimens, thus having a constant value of effective stress of 20 kPa at all times, under
hydrostatic (σ1 = σ2 = σ3) and drained conditions. The B-value of the samples was regularly
calculated during each pressure step of saturation to check the level of saturation and the
elimination of remaining or entrapped pore-air from the samples, using an increase of
50 kPa of cell pressure and a minimum target B-value of 90%. Once the target B-value was
obtained, the consolidation phase of the experiment was started.

During the second phase (i.e., consolidation), the specimens were subjected to consoli-
dation under hydrostatic and drained conditions with a constant value of backpressure
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σb of 30 kPa and confining or cell pressure values σ3 = σc of 100, 200 and 300 kPa, corre-
sponding to values of effective cell pressures σ′3 = σ′c of 70, 170 and 270 kPa, for the three
respective shearing or loading stages, respectively. In this context, each consolidation phase
was conducted before the application of vertical deviatoric stress or shearing of the samples
corresponding to each loading stage.

Next, for the third phase (i.e., shearing), each specimen was allowed to be deformed
or sheared under anisotropic (σ1 > σ2 = σ3) and fully drained state at the cell or confining
and back- or pore-pressure of each respective consolidation phase. A very slow and
constant deformation or shearing rate of 0.014 mm/min was used for shearing the samples,
in compliance to DIN 18137 [19], to make sure that excessive pore-water stress was not
generated during the shearing phase. The deformation phase for each load stage was
typically run until peak deviatoric stress condition (without reaching ultimate soil failure).

However, this condition was not able to be attained for some of the samples, where an
incessant increase in the deviatoric stress or shear strength without reaching a peak stress
condition was experienced. For such instances, the loading phases were stopped without
reaching near peak conditions, and after significant levels of strain were attained. This
was done so in order to permit for the application of subsequent pressure steps at higher
confining stress levels, thus avoiding specimen fattening and the imposition of severe or
excessive micro-structural changes in the skeleton of the soil.

Finally, when each shearing phase was completed, the σ1 deviatoric loading piston
was unloaded or retracted back to isotropic condition, before moving on to the start of
the next consolidation and loading stage. The data for each test, such as, force or load,
displacement or strain, time, temperature, cell pressure, backpressure, pore-water pressure
and volume change of the samples were recorded at a sampling interval of 10 s.

The average or mean and differential effective stresses in this manuscript were cal-
culated using the equations: p′ = 1/3(σ′1 + σ′2 + σ′3) = 1/3(σ′1 + 2σ′3) and q = σ′1 − σ′3,
respectively. The symbols σ′1, σ′2 and σ′3 represent the principal effective compressive
stress states, and were calculated by deducting the quantity of the pore-water pressure u in
the samples from the total value of principal compressive stresses σ. From the slope M of
the p′ − q stress diagram, the peak effective angle of internal friction φ′ of the samples at
failure was calculated using the equation: φ′ = sin−1

(
3M

6+M

)
.

3. Obtained Results and Discussion
3.1. Saturation Phase Results

In Figure 4, the progress of the saturation phases of the silty clay soil measured
at room temperature is shown. The saturation process typically took around 120 h for
completion, and in this time the cell or confining stress σ3 = σc of the sample was gradually
increased from 50 to 500 kPa, thus keeping an effective stress of around 20 kPa in the
sample throughout the duration of the saturation phase of the CD test.
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During the early phases (application of confining pressures of 50 and 100 kPa), the
backpressure was only applied from the bottom side of the sample by also opening the
top drainage valve from time to time. This enabled the pore-air entrapped in the sample
to be freed and pushed out from the top face of the sample (i.e., free drainage). Once it
was confirmed that the volume of water entering-to and leaving-from the specimen were
almost the same, showing the elimination of most of the free or unbound pore-air in the
sample, the drainage line from the top face of the sample was closed. Afterwards, this top
drainage line was then connected to the backpressure application line, thus enabling the
application of the backpressure and the buildup of pore-water pressure in the specimen
from both its top and bottom sides.

Then, the confining or cell and back-pressures were incrementally and simultaneously
increased to their maximum set values. This allowed for the remaining few quantities
of bound gas or air pressures which were still left in the soil pores to be dissolved in the
pore-water solution at a high-pressure state. Once the confining or cell pressure value
of 500 kPa was reached, the changes in the amount of volume of water ∆Vw recorded
entering the silty clay soil sample at high pressure was quite low, and therefore, an extra
increment of the confining or cell pressure was deemed not necessary. This whole process
facilitated the achievement of the set-out target B-value of the sample, demonstrating the
near complete saturation of the silty clay soil samples.

3.2. Consolidation Phase Results

Figure 5 shows the results of the first stage consolidation (effective cell or confining
stress σ′3 = σ′c = 70 kPa) of the CD triaxial test of the silty clay soil at room temperature.
This first stage of consolidation was performed by reducing the confining stress of the soil
from 500 to 100 kPa, and by simultaneously slowly reducing the backpressure applied to
the sample from 480 to 30 kPa, hence escalating the effective confining stress of the silty clay
soil from 20 kPa to 70 kPa. This increase in the applied effective confining stress enabled
the removal of excess pore-water from the fully saturated sample, as can be seen by (and
is equivalent to) the negative quantity of volume change ∆V of the silty clay specimen in
Figure 5.
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3.3. Shearing or Deformation Phase Results

In Figure 6, plots of the stress–strain diagrams (i.e., axial compressive strain εa vs.
deviatoric or differential stress q), triaxial stress state diagrams (i.e., p′ − q), and axial-to-
volumetric strain diagrams (i.e., axial compressive strain εa vs. volumetric strain εv) of the
shearing or deformation phases of the CD triaxial compression tests on the silty clay soil at
the temperature T range of 20 to 60 ◦C are presented. From the stress–strain plots it can be
seen that, overall, the silty clay soil demonstrated a strain-hardening behavior at all strain



Geotechnics 2022, 2 257

ranges before reaching near-peak stress state. This strain-hardening behavior was evident
in the soil at all the studied temperatures (Figure 6a–c).
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Figure 6. Shearing or deformation phase results of the silty clay soil at: (a,d,g) T = 20◦ C;
(b,e,h) T = 40 ◦C; (c,f,i) T = 60 ◦C.

Considering the εa vs. q plots of the silty clay soil at the different temperatures consid-
ered in this study, and more specifically during the first stage of shearing (σ′3 = σ′c = 70 kPa),
where the silty clay soil samples are in large micro-structurally unchanged, the soil showed
a relatively higher bulk axial compressive strain εa (more than 10% at all temperature
conditions) at near peak deviatoric stress q states. This demonstrates a very low stiffness
modulus or a very high ductility of the grain skeletons of the silty clay soil, which are
predominantly comprised quartz and calcite mineral forms. This is also corroborated
by the very high degree of fattening or bulging rather than diagonal cracking failure of
the samples as shown by the images of the specimens taken after the completion of the
multi-stage shearing tests (Figure 7). From the images, when comparing the results from
the different temperature states studied in this research, no clear difference in the failure
pattern of the soil during shearing can be observed (Figure 7).
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At room temperature, the normally consolidated soil having a moderate density,
exhibited minor contractions at the beginning of the test (low shear strain levels), which
was then followed by an expansion or dilation by an almost equal magnitude at higher
strain levels, for all shearing or deformation stages (Figure 6g). The minor initial contraction
of the soil exhibited at the beginning of the test which was followed by a dilation of an
almost equal magnitude is what one would expect for a normally consolidated soil with
moderate density. This is also corroborated by the findings of previous studies, which
showed that dense overconsolidated soils tend to dilate strongly upon shearing while loose
normally consolidated soils tend to compress strongly when sheared [20,21].

At elevated temperatures however, the soil showed only an initial compaction or
contraction without any significant or noticeable dilatant behavior at higher levels of shear
strain (Figure 6h,i). In saturated soils, the volume and pore-pressure changes that are
induced due to temperature changes are related to interactions of the thermal expansion of
soil minerals and water, their compressibility, and changes in interparticle forces [11]. Plum
and Esrig [22] postulated that heating of saturated fine-grained soils produces a volume
decrease (compactive behavior) of the soil due to the expansion of the double layers, thus
increasing the soil repulsive forces. However, contradictory statements can be found in the
literature regarding the effects of heating on the double layer thickness and interparticle
repulsive forces [11]. The results of our study, which showed that at elevated temperatures,
the silty clay soil lost its ability to dilate during shearing as compared to that of room
temperature, indicates the possibility of a reduction of the double layer thickness of the
clay fraction of the soil during heating, thus causing a volume increase (loosening) of the
soil prior to the start of the shearing phase. When sheared, this soil in a comparatively
looser state will then primarily compact in line with the typical behavior of loose normally
consolidated soils upon shearing.

Moreover, for the εa vs. εv plots, the compactions of the sample due to the applied
effective consolidation loads during the various consolidation phases of the different
loading stages of the multi-stage compression experiments are shown by the vertical drops
of the recorded volumetric strain data εv located between the three shearing or deformation
phases of the soil (Figure 6g–i).

Broadly speaking, the measured peak effective angle of internal friction φ′ of the silty
clay soil at room temperature condition (around 30◦, or slope at peak failure state M of
the p′ − q diagram of around 1.20) is similar to those of the typically recorded values for
normally consolidated silty-clayey (CL, ML) soils (ranging between 28 and 32◦) from the
literature [20,23].

Assessing the effect of temperature on the effective shear strength behavior or peak
deviatoric stress condition at failure (Figure 8, Table 2), the silty clay soil exhibited very
minor changes (or a slight increase) in its measured peak effective angle of internal friction
φ′ and slope at peak failure state M of the p′ − q diagram with an increase in medium
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temperature from 20 to 60 ◦C. Hence, for practical purposes, the effective shear strength
behavior of the silty clay soil can be assumed to be independent of temperature for the
range considered in this study.

Previous studies [1,8,21] indicated that when heated to high temperature states, over-
consolidated soils with high density generally exhibit a thermal expansive or dilatant
behavior, thus losing shear strength, whereas normally consolidated or loose soils with a
relatively low density exhibit a thermal compaction or contractive behavior when heated,
thus gaining shear strength, due to the creation of a more compact soil volume after grain
restructuring in the soil skeleton due to the heating process. Considering the above factors
and the moderate initial density of the silty clay soil used in this research, the results (i.e.,
negligible changes in shear strength of soil after heating) presented in this study corroborate
these previous findings.
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Table 2. Variations of M and φ′ of the silty clay soil with temperature.

Temperature (◦C) M (-) φ′ (◦)

20 1.2042 30.10
40 1.2148 30.34
60 1.2105 30.24

4. Conclusions

The results of an experimental study on the effects of temperature on the shear strength
behavior of a silty clay soil from eastern Germany were presented. The consolidated drained
(CD) compression triaxial tests were conducted on remolded specimens at the temperatures
of 20, 40 and 60 ◦C with a triaxial device which can regulate the temperature of the soil.
The findings of the study showed that the measured peak effective angle of internal friction
of the silty clay soil recorded at room temperature (around 30◦) is similar to those of
the typically recorded values for normally consolidated silty-clayey soils reported in the
literature. Moreover, the results indicated very minor or negligible changes in the measured
peak effective angle of internal friction values of the soil with changes in temperature for
the range considered in this study.

Considering the moderate initial density state of the silty clay soil used in this research,
the results (i.e., negligible changes in shear strength of soil after heating) presented in this
study corroborate previous findings from the literature which indicated that overconsoli-
dated soils with high density generally exhibit a thermal expansive or dilatant behavior
when heated, thus losing strength in their shear capacity, while normally consolidated
or loose soils with a relatively low density exhibit a thermal compaction or contractive
behavior when heated, thus gaining strength in their shear capacity.

However, the volume change behavior of the soil was found to exhibit some variations
with changes in temperature, i.e., at elevated temperatures the silty clay soil lost its ability to



Geotechnics 2022, 2 260

dilate during shearing as compared to that of room temperature, possibly due to a reduction
of the double layer thickness of the clay fraction of the soil upon heating, thus causing a
volume increase (loosening) of the soil prior to shearing. Considering the contradictory
reports found in the literature regarding the effect of heating on the double layer thickness
of clay minerals and soil repulsive forces, more research is needed to obtain a clear link
between the two.
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