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Abstract
The impact of low-range temperature variation on the residual shear strength parameters has been
investigated. For this purpose, a standard ring shear apparatus has been subjected to low-cost
modi�cations and equipped with thermoelectric temperature control system constructed in-house. This
allowed to conduct a series of tests for clay samples at temperatures of 5°C and 20°C, which is a typical
range of variation for thermo-active structures during heat extraction. In order to distinguish the impact of
temperature from the natural variability of the soil samples, additional temperature changes during
shearing were performed, after residual strength had been reached. The obtained results revealed an
observable impact of the temperature change on the residual shear strength of tested clay; however, the
variance has been close to the resolution of the measurement sensor and within the range comparable to
the natural variability of �ne-grained soils. Therefore, low-range temperature changes can be considered
as negligible in regard to the residual shear strength parameters.

1. Introduction
For the majority of problems encountered in geotechnical engineering, the impact of temperature on soil
behaviour may be easily disregarded, while the assumption of consistency of parameters is justi�ed.
However, there are a number of problems when the temperature variation has to be acknowledged and it
might have to be accounted for in the design. These problems may range from relatively high-
temperature exposure (70–100°C), in the case of nuclear waste repositories (Dupray et al., 2013) or
underground high-voltage power lines (Kroener et al., 2014; Ocłoń et al., 2015), to low-range differences,
typical for seasonal weather changes (Subramanian et al., 2017) or, the most notably investigated in
recent years, the utilization of shallow geothermal energy (Brandl, 2006). Various aspects of high-
temperature exposure on soil properties have been investigated rather extensively so far (Tanaka et al.,
1997; Hueckel et al., 2009), where the temperature impact is the most noticeable. Therefore, a growing
number of recent research activities focused on the latter case, as the implementation of ground source
heat pumps (GSHP) becomes a common practice; such systems are often incorporated into structural
elements to be used as the thermo-active structures. Nowadays, geotechnical structures investigated for
thermal activation include mostly: piles (Bourne-Webb et al., 2009; Amatya et al., 2012; Loveridge and
Powrie, 2012), diaphragm walls (Di Donna et al., 2017; Sterpi et al., 2017), and tunnels (Franzius and
Pralle, 2011; Di Donna and Barla, 2016). Although their popularity increases rapidly, various uncertainties
involved in their design still have to be addressed. One of such issues is a possible change of shear
strength of the soil when it is subjected to temperature variation.

The impact of temperature change on peak shear strength parameters has been investigated by a
number of researchers (Batenipour et al., 2014; de Groot et al., 2015; Di Donna et al., 2016; Yavari et al.,
2016; Ng et al., 2017). The in�uence of this factor on various other parameters, such as consolidation
properties, for example, was also a subject of some studies (Tsutsumi and Tanaka, 2012; Dalla Santa et
al., 2016). Furthermore, novel testing approaches have been developed in recent years, as well, to take
this issue into account (Murphy and McCartney, 2014; Pei et al., 2015). Nevertheless, the reliability
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implications associated with possible temperature impact on soil shear strength have been of most
concern, for various reasons and under different conditions.

Batenipour et al. (2014) performed triaxial tests at the temperatures of 3°C and 21°C to verify whether
tests at normal laboratory conditions (21°C) can be applicable to those in cold climate regions with
average temperature of 3°C. It was concluded that the friction angle did not vary with the temperature,
con�rming the earlier �ndings of Graham et al. (2001). In comparison, the majority of the other studies
were conducted with the use of direct shear apparatus. De Groot et al. (2015) investigated the change of
shear strength parameters of clay and sand samples at the temperatures of 20°C and 40°C. For clays,
they have noticed a small reduction of shear resistance with the temperature increase; however, it was
deemed as insigni�cant. Similarly, Di Donna et al. (2016) performed tests at temperatures ranging from
20°C to 60°C, for both, sand and clay specimens, with emphasize given to the investigation of the soil-
concrete interface and cyclic behaviour. It was concluded that, during the tests, some increase in
adhesion with the increase of temperature had occurred for clay-concrete interface, but with slight
reduction of the friction angle. This phenomenon has been explained by thermal consolidation of the
clay. Conversely, for sand-concrete interface, no particular effects on shear strength were noticed.
Correspondingly, Yavari et al. (2016) tested clay, sand, and clay-concrete interface, at the temperatures of
5°C, 20°C and 40°C. In this study, a small impact on the friction angle had also been observed, but
without any clear trend; it lead to a conclusion that this range of temperature variations has negligible
effects on the shear strength parameters. Finally, Ng et al. (2017) had performed tests at temperatures of
20°C and 60°C, at different suction pressures. Without suction, negligible thermal effects were observed
as well, with an increased impact on peak shear strength as the suction pressure increased.

Among the abovementioned studies, Di Donna et al. (2016) and Yavari et al. (2016) also emphasized the
problem of possible cyclic degradation associated with the temperature variation, especially, during
exploitation of thermally-activated geostructures, which may operate at the temperatures between 5°C
and 60°C. This issue had been investigated to some extent by Ng et al. (2014), whose results showed that
cyclic behaviour can be affected by the temperature. Furthermore, this issue may be of some importance
for creeping landslides on natural slopes (Eid and Rabie, 2016). Landslide mobility is affected by thermo-
hydro-mechanical behaviour of the soil, where thermal-induced dilation of solid particles or thermally
induced pore pressure may have an impact on landslide acceleration (Pinyol et al. 2018). Therefore, as
the shear strength parameters of �ne-grained soils may decrease to their residual values due to cyclic
loading or reaching relatively large strains, the research results presented herein aim to extend current
state of knowledge by assessing the impact of temperature change on residual strength parameters.

2. Experimental Techniques And Material Used
2.1. Testing apparatus and its modi�cations

A standard ring-shear apparatus has been used for the purpose of this study (Head and Epps, 2011;
ASTM, 2010). Although there are some commercially available equipment set-ups for soil testing at



Page 4/16

different temperature conditions, as a part of the current study, an application of a low-cost and in-house
modi�cation to the existing equipment was undertaken. The standard ring shear apparatus has been
modi�ed to accommodate temperature control system. The general set-up is presented at Fig. 1a. A 4
mm diameter copper tube, forming a spiral, was placed inside the chamber of the ring shear apparatus,
with water provided in a closed loop for temperature control. However, the standard testing cell did not
allow for this modi�cation due to insu�cient space between the wall of the cell and the loading cap for
the heat exchanger tube installation. Therefore, the external wall of the cell had to be replaced by a new
3D-printed element, which allowed the copper tubes to be �tted in easily (Fig. 1b). Provided modi�cation
has allowed to control the temperature of the soil specimen inside the cell without any extensive
alterations to its mechanical parts. Furthermore, as a part of the implemented modi�cation, the cooling
system was custom-made for the purpose of this research. It composes of reservoir with two pumps, one
for internal and one for external circulation (Fig. 1).

The internal circulation was connected to the main reservoir and the water block, which was bonded with
two Peltier modules with the use of thermal adhesive, in order to create a solid-state thermoelectric cooler
(TEC). A Peltier element is made of a semi-conductive material and provides an alternative to vapour-
compression cooling systems (PCB Heaven, 2009). When subjected to a speci�c voltage across the
device, a speci�c difference in temperature occurs between the two sides of the element, allowing for
accurate temperature control. Under these conditions, one side acts as a cooler, while the other one as a
heater. In the system prepared for this study, only a cooling side has been attached to the water block,
and two radiators were connected to the heating side in order to dissipate the resulting excess heat.
Additionally, ventilators were attached to the radiators to increase the e�ciency of the system. A control
circuit of TEC has been connected to the temperature sensor located inside the water block.

The second pump has been responsible for the external water circulation system (Fig. 1a), providing
cooling agent into the cell of the ring shear apparatus (Fig. 1b) through a thermally-isolated silicon tube.
Similarly, the cell has been covered by a 3 cm layer of thermally isolating foam (Fig. 2a). Temperature
measurements inside the cell were taken with the use of a sensor placed below the water surface.
Furthermore, initial tests were conducted in order to assess the temperature stabilization time inside the
soil sample for the subsequent tests; for this purpose, a sensor was placed in the soil sample to measure
temperature during its variation in the TEC system, similarly to target testing program. The obtained
results showed that the temperature inside the sample was approximately 2°C higher than measured in
the cell (Fig. 3a). This issue was probably a result of a heat �ux from the uninsulated base of the cell.
Therefore, in order to obtain a stable 5°C temperature in the sample, a temperature of 3°C had to be
achieved in the cell. In order to avoid its in�uence on the shear stress measurements, during the actual
tests, the sensor in the sample had been removed and only the one in the cell was used for temperature
control, with the necessary correction provided. Conducted investigation proved that the assumed
temperature range can be reached, controlled, and stably maintained for the entire duration of the test.

Prior to the tests performed on soil samples, the impact of temperature change on the testing equipment
had to be veri�ed. As the temperature induced stress changes were expected to be relatively small, any
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resistance resulting from the apparatus being affected might have had an in�uence on the obtained
results. For this purpose, a support by ball bearings, each 10 mm in diameter, was used instead of a soil
sample during a test (Fig. 2b). It allowed for the rotation of the loading cap with relatively small
resistance, which therefore allowed for the measurement of the temperature impact on the shear
resistance caused by the apparatus itself. Measuring this self-imposed resistance of the equipment
started with the placement of the ball bearing frame and �lling the cell with water. After stabilization of
measurements during subsequent shearing stage, the temperature was lowered to 5°C. As presented in
Fig. 3b, the decrease of temperature did not result in the increase of the measured shear stress. It was
concluded that this range of temperature change would have had no signi�cant impact on the test
results. Therefore, any measured variations would have been caused only by the temperature-induced
changes in the soil sample.
2.2. Test material, specimen preparation and experimental program

In the present work, tests were performed on natural clay; the soil sample had been taken in Warsaw, the
central part of Poland, from the Pleistocene clay stratum. The grain size distribution of the sample is
shown in Fig. 4. The basic soil properties were as follows: liquid limit LL = 68%; plasticity limit PL = 27%;
plasticity index Ip = 41%; with speci�c gravity of 2.61 g/cm3. Following the method proposed by Head and
Epps (2011), the soil sample was minced and dried at the temperature of 105°C to a constant mass. After
cooling down the sample, distilled water had been added so that the moisture content was corresponding
to the plasticity limit of the soil, and then it was left for 24 hours in order to reach uniform saturation of
the sample. Finally, the sample was placed in the cell of the ring apparatus and subjected to
consolidation prior to the test. During the test, an angular displacement of 0.048° per minute has been
used, following the recommendations of Head and Epps (2011).

For the purpose of this research, a total of 18 soil samples have been tested, at three different
consolidation pressures of 50 kPa, 100 kPa, as well as 200 kPa, and at the temperatures of 5°C and 20°C.
In order to obtain su�cient repeatability of results and to assess variability between samples at the same
conditions, three shear tests were conducted for each temperature level and consolidation stress
combination. For the test at 5°C, TEC system had been activated at the beginning of the consolidation
phase and maintained for the entire duration of the test. The temperature of 20°C corresponded to the
ambient temperature maintained in the laboratory.

For further comparison and assessment, as the ring shear apparatus allows for conducting tests at very
large strains, additional three samples were subjected to temperature change only after reaching the
residual shear strength. At the consolidation stage, these samples were kept at the ambient temperature
of 20°C and then sheared until constant shear stress was reached. Then, the temperature was lowered to
5°C for the period of 2 hours, and restored to 20°C, afterwards.

3. Experimental Results
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The experimental results are presented at Fig. 5. For each of vertical stresses under consideration, the
results of a series of three tests are presented for the assessment of the repeatability and the natural
variability between these tests.

Figure 5a contains the results of shear tests conducted at the temperature of 5°C, which are characterized
by very small differences between individual tests. With strain increase, after noticeable peak stresses
occur at the beginning, the shear stresses stabilize and reach their residual values. Additionally, Fig. 5b
shows vertical displacements during shearing, where initial contraction of the sample can be noticed at
the beginning of the test, leading to the stabilization of vertical displacements at larger shear strains.
Although the vertical displacements increased with the increase of the normal stress, for samples tested
at 200 kPa, they are lower than for those tested at 100 kPa.

The results obtained at the temperature of 20°C are presented at Fig. 5c. Comparable repeatability of
results can be noticed as for the tests at 5°C; similarly, the peak strength is followed by gradual
stabilization at residual stresses as the shear strain increases. Also in this case, a noticeable contraction
occurs with the increase of horizontal strains, as presented in Fig. 5d. Here, however, vertical
displacements at normal stresses of 100 kPa and 200 kPa are comparable and reach approximately 0.15
mm. Generally, values of vertical displacements at 5°C and 20°C are of the same order of magnitude.

Figure 6 presents failure envelopes at residual stresses for tests at both temperature levels that were
investigated. The in�uence of temperature variation on the angle of shear resistance is evident, but
negligible as the decrease of less than 3% was observed with the decrease of the temperature.

Furthermore, the impact of temperature change on the shear stresses is presented in Fig. 7. A noticeable
but temporary increase in shear stresses can be seen with the decrease of temperature from 20°C to 5°C,
when imposed during shearing. Some trend between the increase of the shear stress and the applied
normal stress can be observed, as this increase is approximately equal to 0.5 kPa at 50 kPa, 1.0 kPa at
100 kPa, and 1.5 kPa at 200 kPa. The small initial temperature-induced peak returns to the stress value
which preceded the temperature change, although the time period for this return increases for larger
stresses.

In order to allow a more in-depth analysis of these results, Fig. 7 also show the vertical displacements in
relation to the imposed temperature variation, at different normal stresses. Similarly to the shear stresses,
a change in the height of the sample occurred following the temperature decrease, as well. However, this
phenomenon ceased, as the temperature returned to its initial value of 20°C.

4. Discussion And Conclusions
Provided modi�cation to the standard ring shear apparatus allowed for the execution of the assumed
testing program on clay samples subjected to temperature change. Especially, the TEC system utilized for
the purpose of the study proved to be effective in the targeted range of temperature variation, as it
allowed for accurate control and maintenance of the conditions during the test. Although there already
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are commercially available solutions, which allow to perform tests at varying temperatures, they often are
expensive and rarely used outside major research institutions and laboratories. Modi�cations introduced
to the existing apparatus may be an alternative as a low-cost solution, therefore contributing to the
increase of availability of more advanced laboratory testing infrastructure; the cost of the necessary raw
materials was below €100. However, to validate whether temperature change would not have had an
impact on the anticipated outcome, a series of tests was performed with soil replaced by ball bearings;
the provided modi�cations proved su�cient for the planned testing program.

The results obtained from a series of tests on the soil samples revealed an observable impact of the
temperature change on the residual shear strength of tested clay; however, the variance has been close to
the resolution of the measurement sensor and within the range comparable to the natural variability of
this �ne-grained soil. Generally, the observed impact was in line with the results obtained by other
researchers for peak strength parameters (Batenipour et al., 2014; de Groot et al., 2015; Di Donna et al.,
2016; Yavari et al., 2016; Ng et al., 2017). Such small variations are rather insigni�cant for most practical
purposes. Therefore, it can be concluded that low-range temperature changes can be considered as
negligible in regard to residual shear strength parameters. The magnitude of variations is well within the
range of natural variance that can be observed in most clays. From practical point of view, such
variations generally do not have to be explicitly accounted for in the design of thermoactive structures.
Additionally, the conclusion of Batenipour et al. (2014) that the test results obtained at normal laboratory
conditions offer su�cient reliability for soils in cold climate regions at temperatures above freezing, can
be extended to the residual strength parameters of �ne grained soils.

Some limited impact has been noticed when temperature change was introduced during shearing, as
residual shear stresses were reached. However, with the progressive shearing, this in�uence deteriorated.
This may suggest the connection to possible thermal consolidation, similar to a phenomenon noticed by
Di Donna et al. (2016) or investigated by Pinyol et al. (2018). This issue, as well as the impact of heating
on residual shear strength, will be considered for further study in the future.
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Figure 1

Testing apparatus - temperature control system (a), the modi�ed ring shear apparatus (b)
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Figure 2

View on - the modi�ed testing chamber (a), the support by ball bearings (b)
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Figure 3

Impact of temperature - stabilization time (a), the apparatus without soil sample (b)

Figure 4

Grain size distribution curve for the tested soil
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Figure 5

Experimental results - shear stress versus horizontal displacement at 5°C (a), vertical displacement versus
horizontal displacement at 5°C (b), shear stress versus horizontal displacement at 20°C (c), vertical
displacement versus horizontal displacement at 20°C (d)
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Figure 6

Residual shear strength envelopes at tested temperatures
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Figure 7

Impact of temperature change on - residual shear stress at vertical stress of 50 kPa (a), vertical
displacement at vertical stress of 50 kPa (b), residual shear stress at vertical stress of 100 kPa (c),
vertical displacement at vertical stress of 100 kPa (d), residual shear stress at vertical stress of 200 kPa
(e), vertical displacement at vertical stress of 200 kPa (f)


