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High Temperature Effect on the Engineering
Performance of Pumice Added Sand-Bentonite Mixtures

Esra GUNERI"
Yeliz YUKSELEN-AKSOY?

ABSTRACT

Soils surrounding energy geo-structures must perform for long periods of time under high
temperatures and thermal cycles. Engineering properties of soils are affected by temperature.
Pumice is a thermally durable material and it may be used to increase thermal durability of
soils. For this reason, it was aimed to develop thermally durable soil material by adding
pumice additive to sand-bentonite mixtures. 10% and 20% pumice were added to 10% and
20% sand-bentonite mixtures and compaction, consolidation, direct shear and hydraulic
conductivity tests were performed. The direct shear and hydraulic conductivity tests were
performed both at room temperature and 80 °C. The consolidation test results showed that as
pumice content was increased the total vertical deformation decreased at room temperature.
Pumice additive reduced the maximum shear stress values when temperature increased for
10B-90S mixtures. However, the pumice additive increased the internal friction angle of the
mixtures at high temperature. It was observed that the hydraulic conductivity increased with
increasing temperature. Thermal conductivity measurements showed that pumice additive
reduced the thermal conductivity value of the mixtures.

Keywords: Consolidation, permeability, pumice, sand-bentonite, strength, high temperature.

1. INTRODUCTION

The thermal behavior of soils has gained importance because of increase in number and type
of energy geo-structures such as energy piles, nuclear waste repositories, waste handling
facilities, electricity transmission and gas pipelines. The buffer (bentonite, bentonite-sand)
barrier, which is used as a sealing material at underground depot for high-level radioactive
waste, is exposed to high temperatures. Hence, change in hydraulic and mechanical
properties of buffer is a matter to be considered in the design of nuclear waste repositories.

Note:
- This paper was received on January 18, 2023 and accepted for publication by the Editorial Board on
September 8, 2023.
- Discussions on this paper will be accepted by March 31, 2024.

e https://doi.org/10.18400/tjce.1239009

1 Izmir Demokrasi University, Department of Civil Engineering, Izmir, Tiirkiye
esra_cetinorgu@hotmail.com - https://orcid.org/0000-0002-1840-2118

2 Dokuz Eyliil University, Department of Civil Engineering, izmir, Tiirkiye
yeliz.yukselen@deu.edu.tr - https://orcid.org/0000-0002-9145-765X

* Corresponding author



High Temperature Effect on the Engineering Performance of Pumice Added Sand-...

Moreover, the buffer material is needed which keeps its engineering parameters unchanged
under different thermal conditions especially in nuclear waste repositories.

Previous studies have shown that engineering properties of clayey soils change under high
temperatures [1]. High temperature alters soil physico-chemical properties; hydro-
mechanical properties as well [2, 3]. Increase in temperature of saturated fine-grained soils
to a level lower than the boiling point of water affects the permeability, compressibility and
shear strength behavior [4]. Thermal effects on shear strength, stiffness and yielding behavior
can be attributed to the volume change of soil [5]. The temperature increase in fine grained
soils such as clay and unsaturated soils can cause permanent changes in volume [6, 7, 8, 9,
10]. The over-consolidated clays show the elastic expansion behavior, while the normally
consolidated soil exhibits elasto-plastic thermal shrinkage (contraction) during heated
consolidation [6, 7, 10, 11, 12, 13]. Also at same dry density, high temperature significantly
reduces the swelling pressure of clayey soil, while diminishing swelling capacity vaguely
[14].

The shear strength of the normally consolidated (NC) clay increases with increasing soil
temperature [15]. For example, the axial stress in the peak deviatoric stress was lower than
that of the specimen at elevated temperature for the sample that subjected to temperature
history prior to shearing. However, the slope of the shear strength envelope is independent
of temperature [15]. The heated normally consolidated clay showed contraction during the
direct shear test. The reason for this behavior is thought to be the hardening of the clay during
heating [16].

Previous studies have shown that hydraulic conductivity increased with increasing
temperature [14, 17, 18]. The properties of pore water vary depending on temperature and
viscosity of the liquids passing through the porous structure of soils [15]. In addition, the
structural interaction of soil with water is also important.

In liner applications, due to the low hydraulic conductivity, bentonite is mixed with sand and
used as a reinforced filling material with high thermal conductivity and stiffness [1]. Sand-
bentonite mixture is more preferred as a filling material because of its low permeability and
high swelling properties [19]. Pumice is an amorphous aluminum silicate formed as a result
of volcanic activities. Chemical structure of pumice includes SiO,, Al,Os, Fe,Os3, CaO, MgO,
Na,0, K»O. Aluminum oxide in the chemical structure of pumice is known to provide high
heat resistance [20]. Due to its high heat resistance it can be used to improve engineering
properties of soils under high temperatures. Pumice’s spongy structure is formed by the
outflow of gas from sudden cooling during pumice formation [21]. Since the gaps in the
porous structure of the pumice are independent of each other, it is a material with low
hydraulic conductivity [22]. The pumice does not undergo any volume changes below 760
°C and does not enter the chemical reaction with any acid other than hydrofluoric acid.
Already the dissolution rate of pumice in an acid is maximum 2.9% [23, 24]. It was
determined that the pumice samples had a glassy structure and when they were heated up to
850 °C, no thermal reactions occurred in their structure and the pumice did not undergo a
structural deterioration [22].

Because of superior thermal features of pumice, the addition of pumice to sand-bentonite
mixtures may improve the thermal durability of soils against high temperatures. The thermal
durability defines the ability of soils to maintain their engineering properties unchanged
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under temperature cycles or high temperatures. It is known that many properties of soils
change such as compressibility, shear strength, hydraulic conductivity under temperature
cycles and high temperatures. This change depends on many parameters such as soil type,
rate of temperature increase, exposure time to temperature. In the present study, it was aimed
to improve engineering properties of sand-bentonite mixtures with pumice additive. To this
end; compaction, consolidation, direct shear and hydraulic conductivity tests were performed
on the pumice added sand-bentonite mixtures. The direct shear and hydraulic conductivity
tests were carried out both under the room and high temperature (80 °C). The effect of pumice
and high temperature were analyzed.

2. MATERIAL CHARACTERIZATION AND TEST METHODS
2.1. Material Characterization

In this study, sand-bentonite mixtures were prepared with pumice additive. Pumice was
supplied from local supplier. The used bentonite sample was Na-bentonite. According to the
results of sieve analysis 20.7% of the sand is fine material. The sand was sieved through No.6
sieve. Sand and bentonite samples were oven dried at 105 °C for 24 hours before being used
in the experiments. Pumice was used as it is (without drying) in order to keep its natural state
since the natural water content of the pumice was very low, it was not subjected to drying
process, however at each experiment the initial water content of pumice (2-3%) was
determined and this amount of water was taken into account. The mixtures were prepared by
adding pumice to sand-bentonite mixtures in two different bentonite ratios of 10% and 20%.
The pumice additive was determined by weight as 10% and 20% of the total dry weight. The
mixtures without pumice additives are referred as 10B-90S and 20B-80S, respectively. The
physico-chemical properties of the materials were given in Table 1. The bentonite sample
passed through No.200 sieve. The grain size distributions of bentonite, pumice and sand are
given in Figure 1.

The X-Ray diffraction (XRD) analyses were performed in the focusing geometry from 0° to
89°, with a scanning speed at 0.1° 26/s and radiation at 60 kV, 5-60 mA on Thermo Scientific
ARL X’TRA X-Ray diffraction equipment. The XRD analysis results of bentonite and
pumice samples were given in Figure 2. According to the results, the calcium silicate, sodium
calcium aluminum silicate was observed in the pumice sample. The bentonite sample
contains montmorillonite, quartz and illite minerals.

Table 1 - The physico-chemical properties of the materials

Property Material
Bentonite Sand Pumice
Specific gravity 2.70 2.63 2.50
Liquid limit (%) 476.0 - 37.0
Plastic limit (%) 70.0 - Non-plastic
pH 9.50 - 8.86
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Figure 1 - Grain size distribution curves of bentonite, pumice and sand
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Figure 2 - The X-Ray diffraction analysis (XRD) results of the samples
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The scanning electron microscope (SEM) photos of the samples were taken with COXEM
EM-30 Plus device. The samples were compacted at their dry unit weight and wop+2% water
content then they were freeze-dried at least 24 hours in order to prevent shrinkage.

2.2. Test Methods

The samples were prepared by adding 10% and 20% pumice to 10B-90S and 20B-80S
mixtures. The 10% and 20% of the total weight of the mixture was weighed as pumice, the
remaining dry weight was sand-bentonite mixture. The water added and samples were mixed
homogenously and they were kept in a closed container for 24 hours to ensure that the water
was homogeneously dispersed in the mixture. For the compaction tests, samples were

prepared in four different water contents and Standard Proctor Test was performed according
to ASTM D698 [25].

The oedometer test samples were compacted at the 2% wet side of the optimum water content
(Wopt) corresponding to the maximum dry unit weight (Yamax). The samples were kept under
seating pressure (6.86 kPa) for 24 hours. The consolidation tests were performed to according
to ASTM D2435 [26]. The load increment ratio (LIR) was 1.0 (24.5, 49, 98, 196, 392 and
784 kPa). After the completion of the loading stage, unloading stage was initiated. At the
unloading stage the loads were decreased from 784 kPa to 196 kPa, then to 49 kPa.

Direct shear tests were performed according to ASTM D3080 [27]. The dry samples were
mixed in a vessel until becomes homogeneous. Water was added to these mixtures so that
the water content was at 2% wet side of the optimum water content. Each sample was
compacted into three layers in the 6x6cm molds. The molds were kept submerged in a
container for 24 hours. It should be noted that the water contents of the 10B-90S and 20B-
80S samples were increased from 15% to 22.7% and 19.5% to 27.0%, respectively at the end
of this process. The initial water contents of the samples increased and changed between
22.7-32.7% at the beginning of the tests. The initial water contents of the samples are given
in Table 4. While the samples were kept in water, weight was placed on them to prevent
swelling. After 24 hours, the mold was placed in the shear box and cell was filled with water.
Three different normal stresses (49, 98, 196 kPa) were applied in the direct shear experiments
and samples were consolidated and sheared under these stresses.

Figure 3 - Temperature controlled direct shear test equipment
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The direct shear experiments were conducted under two different temperatures, at room
temperature and 80 °C. The water in the shear box was heated with specially designed heat
rod (Figure 3). The temperature of the water in the cell was kept constant at 80 °C by help of
thermostat. Two K-type thermocouples and a digital thermometer measured and recorded the
temperature of the water and soil sample (Figure 3). At the end of the experiments, the
samples were placed in an oven at 105 °C to determine the water content.

Hydraulic conductivity tests were carried out according to ASTM D5084 [28] using flexible
wall permeameters. The samples were kept in airtight plastic bags for 24 hrs. In order to
compact samples with less energy, the samples were compacted at Yamax and wop+2% water
content. The hydraulic conductivity tests were performed in two different temperatures: room
temperature and 80 °C. During the tests, the temperature was provided using heat rod (Figure
4).

|:| Heat rod
{O Thermostat

O Thermocouple

1

s

Figure 4 - Hydraulic conductivity test set-up

The soil was heated by heating the water in the cell. The deterioration in the structure of
plexiglass cells, fragmentation or rupture may occur under high temperature. For that reason,
the outer cell of flexible wall permeameters were made of aluminum in order to prevent
temperature negative effects on the plexi-glass material. There were three separate holes at
the top of the permeameter cell, for heat rod, thermostat and thermocouple. A hole was drilled
in the bottom geotextile large enough for the thermocouple to pass through. With the use of
geotextile in hydraulic conductivity tests, it was ensured that the soil sample was not dragged
during the water flow. The water flow was distributed homogeneously on the sample by using
geotextile. The thermocouple was inserted through a valve of the permeameter through this
hole and soil temperature measurement was supplied. The temperature of the water was
measured from the top of the permeameter cell with a thermocouple placed in the cell. Two
thermocouples were connected to the digital thermometer and temperature values were
recorded depending on time. With the help of a thermostat, the water temperature inside the
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cell was kept at 80 °C. The hydraulic conductivity values of the mixtures were expressed in
terms of pore volume of the flow. Thermal cycling was applied on the 8B-72S-20PU sample.
The test was initiated under room temperature, a cycle was carried out by gradually
increasing the temperature (25-50-80 °C) and then gradually lowering (80-50-25 °C) it back
to room temperature. At each temperature level, the test was continued until the flow became
stable.

The thermal conductivity values of sand-bentonite mixtures in the presence of pumice were
measured with Shotherm QTM device. The ambient temperature indicated by the device
during the measurements was recorded between 20~22°C. The samples were prepared and
compacted at the same saturation degree. The samples were grouped into two groups.
According to the bentonite content the sample properties especially optimum water content
values became different. One of them was 10B-90S mixture and 10%-20% additives and the
other 20B-80S mixture and 10%-20% additives. The void ratio and saturation degree values
of the mixtures were determined, and then the samples were prepared at that water content.
According to each group the average saturation degree values were obtained and the samples
were prepared at their group saturation degree value. The samples kept closed in a plastic bag
for 24 hours in order to distribute the water homogeneously in the mixture. The amount of
samples to be compacted into the molds was calculated and the number of impacts was
determined by trial and error. The needed number of impact was determined for each layer.
All samples were compacted in the same compaction scheme. Then samples were compacted
in three layers and 104 drops in a 12x12x4 cm?® mold. Measurements were made from five
different regions of each sample (Figure 5). The thermal conductivity values were determined
by taking the average of these values.

Figure 5 - Thermal conductivity equipment and measurement directions
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3. RESULTS AND DISCUSSION
3.1. Compaction Test Results

The Standard Proctor tests were performed on the 10% and 20% bentonite-sand mixtures in
the presence of 10% and 20% pumice additives. The compaction test results showed that the
Yamax 0f 10% bentonite-sand mixture was 16.7 kN/m?, then it decreased to 16.2 kN/m® and
15.6 kN/m? in the presence of 10% and 20% pumice, respectively (Table 2). It should be
noted that, the y4max of the pumice was determined to be 12.9 kN/m®. The low dry unit weight
value is a reason of decrease in dry unit weight values of bentonite-sand mixtures. On the
other hand, pumice additive changes the wqp values insignificantly. The maximum dry unit
weight and optimum water content values were used in order to prepare compacted samples
for oedometer and direct shear tests.

Table 2 - Compaction parameters of the 10% and 20% sand bentonite mixtures

Mixtures Max. dry unit weight Optimum water content
(KN/m?) (%)
100 PU 12.9 30.0
10B-90S 16.7 15.5
9B-81S-10PU 16.2 17.0
8B-72S-20PU 15.6 16.0
20B-80S 15.6 17.5
18B-72S-10PU 15.2 17.0
16B-64S-20PU 14.7 17.0

3.2. Volume Deformation of the Pumice Added Sand-Bentonite Mixtures Under Room
Temperature

The oedometer tests were conducted and the volume deformation behavior of sand-bentonite
mixtures in the presence of pumice were observed. The vertical strain (g) versus logarithmic
effective stress (o) curves of the 10B-90S, 20B-80S mixtures and pumice were given in
Figures 6 and 7. The total vertical deformation value of the 10B-90S mixture and 100%
pumice were 4.6% and 4.0%, respectively. In the presence of 10% pumice additive of 10B-
90S mixture, the vertical deformation value was determined as 3.7% and increased to 5.9%
when the pumice content was increased to 20%. The vertical deformation value of 20B-80S
mixture was found to be 10.1%. The vertical deformation values decreased to 17.1% and
16.7% with 10% and 20% pumice contents. According to the results, pumice additive
increased the vertical deformation amount under room temperature.

The compression index (C.) is an important parameter used to estimate the consolidation
settlement. As can be seen in Table 3, as the pumice content was increased, the total
deformation of the mixtures increased for 20B-80S mixtures.
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Table 3 - C. values of the 10% and 20% bentonite-sand mixtures with pumice additive

Sample Compression index (C.)

Pumice 0.083

10B-90S 0.056
9B-81S-10PU 0.056
8B-72S-20PU 0.079

20B-80S 0.153
18B-72S-10PU 0.265
16B-64S-20PU 0.259

3.3. Shear Strength Parameters of Sand-Bentonite Mixtures Under High Temperature

The 10% and 20% pumice were added to the 10B-90S and 20B-80S mixtures and direct shear
tests were performed under room and high temperatures. It was observed that while the
drained internal friction angle (¢') of the 10B-90S mixture at room temperature was 32.7°, it
decreased to 31.5° under high temperature (80 °C). The ¢’ values did not change with 10%
pumice but increased to 36.7° with 20% pumice content under room temperature. When 10%
and 20% pumice were added to 10B-90S mixtures under high temperature, ¢' values
increased to 34.1° and 34.7°, respectively. It was observed that the ¢’ values increased as
pumice was added for 10B-90S mixture under high temperature. The maximum shear stress
value was 106.9 kPa of 10B-90S mixture at room temperature (Figure 8). Generally, the shear
stress values of 10B-90S mixtures decreased slightly when temperature was increased from
room temperature to 80 °C. In addition, maximum shear stress (Tmax) values of the 10B-90S
mixture in the presence of 10% and 20% pumice additives increased by approximately 10
kPa under high temperature. Generally, increase in shear strength is reported as temperature
increases. However, some studies reported decrease in shear strength depending on
temperature increase. For example, as a result of unconsolidated-undrained (UU) and
consolidated-undrained (CU) tests at 20, 50, 80 and 110 °C for a Boom clay, a significant
decrease in strength was determined when the temperature increased [29]. Similarly, it was
reported that temperature affects density and viscosity of water, a decrease in the strength of
clayey soil sample and silt under 60 °C was determined [30]. Opposite to these findings, other
studies have shown that the internal friction angle is not affected by temperature and the shear
strength of soils reaches higher values when the specimens are heated [7]. According to the
former studies, it is obvious that the changes on the shear strength depends on the soil
mineralogy, stress and temperature levels, etc.

The internal friction angle of the 10B-90S mixture increased both at room and high
temperatures in the presence of 20% pumice, while 10% pumice additive caused a slight
increase only under high temperature (Figure 8). This effect also reflected on the shear
strength and affected the maximum shear stress (10% pumice, 102.9 kPa and 20% pumice,
103.8 kPa) values to a negligible extent. Table 5.5 shows the internal friction angle and
cohesion values of the 10B-90S and 20B-80S mixtures in the presence of 10% and 20%
pumice additives.
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Figure 8 - Shear stress-normal stress relationship of sand-bentonite mixtures at room and
high temperatures in the presence of 10% and 20% pumice additive a) 10B-90S, b) 20B-
80S

Direct shear tests results of 20B-80S mixtures showed that pumice additive increased the
internal friction angle values under room temperature. The ¢ value of the 20B-80S mixture
at room temperature was 7.0°, while this value increased to 11.1° and 12.2° with 10% and
20% pumice additives, respectively. The cohesion (c") value decreased with both 10% and
20% pumice addition to the 20B-80S mixtures under room temperature (Table 4). Under high
temperature, the addition of 10% pumice reduced the internal friction angle from 13.6° to
11.6°. In contrast, the addition of 20% pumice increased the internal friction angle to 14.5°.
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The maximum shear stress values slightly increased for 20B-80S mixtures when temperature
was increased from room temperature to 80 °C. However, it should be noted that the ¢' values
increased in the presence of 20% pumice additives under high temperature (Figure 9 and 10).
The test results of the same mixtures are shown in Guneri and Yukselen Aksoy (2020) [31].
The tests on the same samples were repeated on the new device with new calibration. The
angle of internal friction values did not change however cohesion values changed with
compared to previous test results.

Table 4 - The shear strength parameters of the mixtures

Initial water Room Temperature 80 °C
content
Mixtures w (%) ) ¢’ (kPa) ) ¢’ (kPa)
10B-90S 22.7 32.7 40.4 31.5 31.5
9B-81S-10PU 23.8 32.7 46.8 34.1 354
8B-72S-20PU 25.7 36.7 28.7 34.7 29.1
20B-80S 27.0 7.0 38.5 13.4 20.0
18B-72S-10PU 283 11.1 25.4 11.6 29.7
16B-64S-20PU 32.7 12.2 322 14.5 24.0
120
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Figure 11 - Maximum tyqx values for all mixtures under room temperature and 80 °C
(under 98.1 kPa)

The results have shown that pumice contributes to the shear strength of sand-bentonite
mixtures under high temperature. Pumice has silanol (Si-OH) groups on its surface and this
silanol group binds hydroxyl groups at the edges of the clay platelets [10]. As a result, the
pumice is held by the clay surface and positive charge increase on the clay surface. Hence,
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shear strength of bentonite increases. Another reason is when pumice is added to the sample,
both the bentonite and sand content of the mixture decrease. With the decrease in the amount
of bentonite, the shear strength increases.

The maximum shear stress values under room and high temperature for all mixtures were
given comparatively in Figure 11. For all 10B-90S mixtures, the maximum shear stress value
decreased with increase in temperature; however, Tmax values of 20B-80S mixtures increased
under high temperature. According to the results obtained, the maximum shear stress
decreased as pumice additive was added to 10B-90S mixtures at room temperature, while the
addition of pumice to 10B-90S mixtures increased the shear stress values under high
temperature. In 20B-80S mixtures, while the maximum shear stress increased with 10%-20%
pumice at room temperature, only the maximum shear stress of 10% pumice added mixture
increased at high temperature.

3.4. Hydraulic Conductivity Tests under High Temperature

The hydraulic conductivity (k) tests on the 10B-90S mixture under room and high
temperature in the presence of 10% and 20% pumice were conducted. The water temperature
was gradually increased to 25, 50 and 80 °C. The measured soil temperatures corresponding
to these water temperature values were determined as approximately 20, 40 and 60 °C,
respectively. Hydraulic conductivity tests were expressed as the pore volume of flow. Inflow
and outflow amounts were recorded during the tests and Qou/Qin values were between 0.75
and 1.25. The dashed lines show the 0.75 and 1.25 Qou/Qin values, respectively. Figures 12
and 13 show the hydraulic conductivity-pore volume of flow graphs of 10B-90S mixtures in
terms of hydraulic conductivity-pore volume of flow in the presence of 10% and 20% pumice
additive. Temperature versus k values of the 9B-81S-10PU mixture are given in Table 5.
When the water temperature was increased from 25 to 50 °C, the k value increased 4.5fold
and followed by when temperature was increased from 50 to 80 °C the k value increased
1.5fold. The results showed that the hydraulic conductivity of the mixture increased with
increasing temperature. This is mainly due to the decrease in the viscosity of the water as the
temperature increases. However, it was reported structural changes in the body of soil may
cause change in hydraulic conductivity as well [13].
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Figure 12 - Hydraulic conductivity graph in terms of pore volume of flow for 9B-81S-10PU
mixture
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Table 5 - The change of hydraulic conductivity values of the 9B-81S-10PU mixture with the

temperature
Temperature (°C) k (m/s)
25 3.1x10M!
50 1.4x10°1°
80 2.1x10°1°

Table 6 shows the hydraulic conductivity values of the 8B-72S-20PU mixture under high
temperature and temperature cycles. As mentioned above, the hydraulic conductivity
increased with increase in temperature. Although the hydraulic conductivity values decreased
when the sample was cooled (returned to room temperature), it could not return to the initial
hydraulic conductivity value. This is explained not only by the change in water viscosity but
also structural changes in bentonite [14, 17, 18].
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Figure 13 - Hydraulic conductivity graph in terms of pore volume of flow for 8B-72S-20PU
mixture

Table 6 - The change of hydraulic conductivity values of the 8B-72S-20PU mixture with the
temperature cycle

Temperature (°C) k (m/s)
25 1.4x10710
50 2.0x10°1°
80 3.8x1010
50 2.9x10°10
25 1.6x101°
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3.5. Thermal Conductivity

The thermal conductivity values of 10B-90S mixtures and 20B-80S mixtures were measured
in the presence of 10% and 20% pumice. The thermal conductivity value of 100% pumice
was measured to be 0.878 W/mK. Thermal conductivity values of additive free (sand-
bentonite) mixtures were higher than this value, and as the pumice added to the mixtures, the
conductivity value of the mixtures decreased (Table 7). In the nuclear waste repositories
double layer model was used by [32]. Near canister there is a thermally conductive barrier.
However, in order to protect host rock there is a need for a thermally insulating layer.

Table 7 - The measured thermal conductivity values of the mixtures

Mixtures Thermal Conductivity (A, W/mK)
10B-90S 1.779
9B-81S-10PU 1.588
8B-72S-20PU 1.426
20B-80S 1.461
18B-72S-10PU 1.950
16B-64S-20PU 1.776
100PU 0.878

Previous studies show that sand can reduce the shrinkage of clay to a certain extent [33] and
increase the thermal conductivity [1, 16]. In this case, it is expected that the thermal
conductivity value of the 10B-90S mixture should be higher than the 20B-80S mixture. As
the pumice additive was increased the thermal conductivity of the mixture decreased,
indicating that pumice, which is already used in thermal insulation, can be used as a thermal
insulating barrier.

Previous studies report that the thermal conductivity of the mixture increases as the
percentage of sand increases. However, in one study it is shown that, depending on the
sample's dry density and water content, the thermal conductivity may remain constant or even
decrease with the increase of the sand content (at values above the limit value it will reach)
[34]. In this case, the thermal conductivity value of the 10B-90S mixture is expected to be
higher than the 20B-80S mixture. While measurement results based on the constant void ratio
and saturation degree support this behavior.

3.6. Scanning Electron Microscope (SEM) Analyses

The SEM photos of the pumice samples which were prepared under room and 80 °C
temperatures were taken. The flake shaped particles of the pumice can be seen clearly from
the SEM photo in Figure 14. The gaps in the structure of pumice increase its water adsorption
capacity [35]. But at the same time, its hollow structure reveals that any liquid that will pass
through it can find a way in the mixture and provide a transition to the fluid and cannot have
a reducing effect on hydraulic conductivity.
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Figure 14 - Scanning electron microscope photos of the samples (x1000) (a) pumice sample
at room temperature, (b) pumice sample at 80 °C

4. CONCLUSIONS

In the present study, compaction, consolidation, shear strength and hydraulic conductivity
behaviors of pumice-added sand-bentonite mixtures were investigated. The shear strength
and hydraulic conductivity behavior of the mixtures were also investigated under high
temperature. The compaction test results showed that the addition of pumice reduced the
maximum dry unit weight values of the 10B-90S and 20B-80S mixtures due to the very low
dry unit weight of the pumice. The optimum water content values did not change
significantly. The pumice addition to the 20B-80S mixtures decreased vertical deformation.
However, this effect was not observed in 10B-90S mixtures. According to the direct shear
test results, maximum shear stress values decreased when the temperature increased from
room temperature to 80 °C for 10B-90S mixtures. On the other hand, the maximum shear
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stress of 20B-80S mixtures generally increased with the effect of high temperature. The angle
of internal friction values of mixtures generally increased under high temperature in the
presence of pumice. Hydraulic conductivity test results show that as temperature increased,
the hydraulic conductivity increased. The test results of 8B-72S-20PU with thermal cycling
showed that the hydraulic conductivity decreases with cooling and at the end of thermal
cycling the sample hydraulic conductivity value did not return to its initial value. The thermal
conductivity values of the mixtures were measured and it was determined that the pumice
additive reduced the thermal conductivity value of the mixtures.

In line with all this data, it was observed that the hydraulic conductivity values of the 20B-
80S mixture exceeds the barrier limit value (1x10"!" m/s) for nuclear waste repositories or
municipal solid waste landfills. However, the bentonite amount can be increased in the
mixture in order to maintain the hydraulic conductivity limits. Considering the thermal
conductivity values, the pumice additive increases the insulating property. Besides the
thermally insulative characteristic of the pumice, it has the positive contributions to the
engineering properties of the sand-bentonite mixtures. For that reason, pumice and a material
thermally conductive like graphite can be used together. Also, it can be used as a second layer
(in double layer systems) in order to protect the host rock. The pumice additive has a positive
effect on compression behavior of 20B-80S mixtures. In terms of shear strength pumice
additive can be used for increasing shear strength of 20B-80S mixtures under high
temperatures.

Symbols

C. is the compression index

¢ is the internal friction angle

c is the cohesion

Tmax is the maximum shear stress

c’ is the effective stress

€ is the strain

k is the coefficient of permeability

A is the value of thermal conductivity

100PU is the 100% pumice

10B-90S is the 10% bentonite and 90% sand mixture
20B-80S is the 20% bentonite and 80% sand mixture

9B-81S-10PU is the 9% bentonite, 81% sand and 10% pumice mixture
8B-72S-20PU s the 8% bentonite, 72% sand and 20% pumice mixture
18B-72S-10PU is the 18% bentonite, 72% sand and 10% pumice mixture
16B-645-20PU is the 16% bentonite, 64% sand and 20% pumice mixture

58



Esra GUNERI, Yeliz YUKSELEN-AKSOY

Acknowledgements

This study was a part of a Scientific and Technological Research Council of Turkey
(TUBITAK) project (Grant No.217M553). The authors thank TUBITAK for this support.
The authors would like to thank for 100/2000 The Council of Higher Education of Tiirkiye
PhD Scholarship for Esra Giineri.

[1]

[2]

[5]

[6]

[7]

[]

[10]

[11]

[12]

References

Zheng, L., Rutqvist, J., Birkholzer, J. T. and Liu, H. H., On the Impact of Temperatures
up to 200°C in Clay Repositories with Bentonite Engineer Barrier Systems: A Study
with Coupled Thermal, Hydrological, Chemical, and Mechanical Modeling. Eng.
Geol., Volume 197, 2015.

Kale, R. C., Ravi, K., Influence of Thermal Loading on Index and Physicochemical
Properties of Barmer Bentonite. Appl. Clay Sci., Volume 165, 2018.

Karnland, O., Bentonite Swelling Pressure in Strong NaCl Solutions. Correlation
between Model Calculations and Experimentally Determined Data. 1997.

Laloui, L., Thermo-Mechanical Behaviour of Soils. Revue Francaise de Génie Civil.
5:6, 809-843, 2001. DOI: 10.1080/12795119.2001.9692328

Abuel-Naga, H.M., Bergado, D.T. and Bee Fong Lim., Effect of Temperature on Shear
Strength and Yielding Behavior of Soft Bangkok Clay. Soils and Foundations. Volume
47, 3,423-436, 2007.

Campanella, R. and Mitchell, J., Influence of Temperature Variations on Soil Behavior.
Journal of the Soil Mechanics and Foundations Division. 94, 609-734, 1968.

Cekerevac, C. and Laloui, L., Experimental Study of Thermal Effects on the
Mechanical Behaviour of a Clay. International Journal for Numerical and Analytical
Methods in Geomechanics. 28, 209-008, 2004.

Salager, S., Francois, B., Youssoufi, M. S. E., Laloui, L. and Saix, C., Experimental
Investigations of Temperature and Suction Effects on Compressibility and Pre-
Consolidation Pressure of a Sandy Silt. Soils and Foundations. 48, 4, 453-466, 2008.

Tang, A. M., Cui, Y. J. and Barnel, N., Thermo-Mechanical Behaviour of a Compacted
Swelling Clay. Geotechnique. 58:1, 45-54, 2008.

Uchaipichat, A., and Khalili, N., Experimental Investigation of Thermo-Hydro-
Mechanical Behaviour of an Unsaturated Silt. Geotechnique. 59:4, 339-353, 2009.

Coccia, C., Russell, J. and S. McCartney, J., Thermal Volume Change of Poorly
Draining Soils I: Critical Assessment of Volume Change Mechanisms. Computers and
Geotechnics. 80, 26-40, 2016. https://doi.org/10.1016/j.compgeo.2016.06.009.

Cui, Y.J.,, Le, T.T., Tang, A.M., Delage, P. and Li, X.L., Investigating the Time-
Dependent Behaviour of Boom Clay under Thermomechanical Loading. Geotechnique.
2009.

59



High Temperature Effect on the Engineering Performance of Pumice Added Sand-...

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

60

Delage, P., Sultan, N. and Cui, Y.J., On the Thermal Consolidation of Boom Clay.
Canadian Geotechnical Journal. Volume 37, 2012.

Villar, M.V. and Lloret, A. Temperature Influence on the Mechanical Behaviour of a
Compacted Bentonite. in Elsevier Geo-Engineering Book Series. Volume 2, 305-310,
2004.

Abuel-Naga, H.M., Bergado, D.T., Ramana, G. V., Grino, L., Rujivipat, P. and Thet,
Y. Experimental Evaluation of Engineering Behavior of Soft Bangkok Clay under
Elevated Temperature. Journal of Geotechnical and Geoenvironmental Engineering.
132, 7, 2006.

Yazdani, S., Helwany, S. and Olgun, G., Influence of Temperature on Soil-Pile
Interface Shear Strength. Geomechanics for Energy and the Environment. 18, 69-78,
2019.

Romero, E., Gens, A. and Lloret. A., Temperature Effects on the Hydraulic Behaviour
of an Unsaturated Clay. Geotechnical and Geological Engineering. 19, 311-332, 2001.

Towhata, 1., Kuntiwattanaku, P., Seko, I. and Ohishi, K., Volume Change of Clays
Induced by Heating as Observed in Consolidation Tests. Soils and Foundations.
Volume 33, Issue 4, p. 170-183. 1993.

Komine, H., Simplified Evaluation on Hydraulic Conductivities of Sand-Bentonite
Mixture Backfill. Applied Clay Science. Volume 26, Issues 1-4, 13-19, 2004.

Depci, T., Kul, A.R., Onal, Y., Disli, E., Alkan, S. and Turkmenoglu,. Z.F., Adsorption
of Crystal Violet from Aqueous Solution on Activated Carbon Derived from Golbasi
Lignite. Physicochemical Problems of Mineral Processing. 48, 1, 253-270, 2012.

Sartiz, K. and Nuhoglu, ., Endiistriyel Hammadde Yataklari ve Madenciligi. Eskisehir.
Eskisehir. 1992

Kiling Aksay, E., Izmir-Menderes Yoresi Pomza Cevherinin Kullanimma Yonelik
Teknolojik Ozelliklerinin Arastirilmasi. Dokuz Eyliil Universitesi. 2005.

Giindiiz, L., Sarusik, A., Tozacan, B., Davraz, M., Ugur, I. and Cankiran, O., Pomza
Teknolojisi (Pomza Karakterizasyonu). Isparta. 1998.

Sezgin, M., Davraz, M. and Giindiiz, L., Pomza Endiistrisine Sektorel Bakis. edited by
L. Giindiiz and V. Deniz. 2005.

ASTM:D698-12. Standard Test Methods for Laboratory Compaction Characteristics of
Soil Using Standard Effort. ASTM International. 2012.

ASTM International. 2011. ASTM D2435 / D2435M - 11: Standard Test Methods for
One-Dimensional Consolidation Properties of Soils Using Incremental Loading.

ASTM. 2011. D3080/D3080M-11. Standard Test Method for Direct Shear Test of Soils
under Consolidated Drained Conditions. ASTM International.

ASTM. 2001. ASTM D5084-16 ‘Standard Test Methods for Measurement of Hydraulic
Conductivity of Saturated Porous Materials Using a Flexible Wall Permeameter.
ASTM International.



[29]

[30]

[34]

[35]

Esra GUNERI, Yeliz YUKSELEN-AKSOY

De Bruyn, D., Thimus, J.F., The influence of temperature on mechanical characteristics
of Boom clay: the results of an initial laboratory programme. Eng. Geol., 41,1 -4, 117
— 126, 1996.

Noble, C. A., Demirel, T., Effect Of Temperature On Strength Behavior Of Cohesive
Soil. Proceedings of an International Conference Held at Washington, D.C., January 16
With the Support of the National Science Foundation, Issue 103, 204-219, 1969.

Gtineri, E, Yukselen-Aksoy, Y., Shear strength behaviour of sand-bentonite mixtures
with pumice additivite under high temperature. E3S Web of Conferences. 205. 04004.
10.1051/e3sconf/202020504004, 2020.

Xue Y., Sun D., Wang L., Xu Y., A Double-Layered Model For Near-Field
Temperature In A Nuclear Waste Repository, Progress in Nuclear Energy, 133, 103646,
ISSN 0149-1970, https://doi.org/10.1016/j.pnucene.2021.103646, 2021.

Wersin, P., Lawrence H. J., Snellman, M., Impact of Iron Released from Steel
Components on the Performance of the Bentonite Buffer: A Preliminary Assessment
within the Framework of the KBS-3H Disposal Concept. In Materials Research Society
Symposium Proceedings, Volume 932, 2006.

Xu, Y., Jiang, L., Liu, J., Zhang, Y., Xu, Jinxia and He, G., Experimental study and
modeling on effective thermal conductivity of EPS lightweight concrete. Journal of
Thermal Science and Technology. Volume 11, 11. 10.1299/jtst.2016jtst0023. 2016.

Gokalp Z., Tas 1., Uzun O, et al., Yeralti Suyu Kirliligini Onlemeye Déniik Bariyer
Tasarim1.34, 122-131, 2017. https://doi: 10.13002/jafag4414

61







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


