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The capillary rise of shallow mineralized groundwater can contribute to the salinization of the soil layers. The excessive salt
amounts adversely affect soil physical and mechanical properties, as well as the heat transfer performance, all of which are key
factors with regard to the design of geothermal-related earth structures such as geothermal energy piles (GEP), ground source
heat pumps (GSHP), and earth-air tunnel heat exchangers (EATHE). Therefore, in this study, the thermal-mechanical
properties of saline soils are systematically investigated. A series of thermal and mechanical response tests were carried out
under different salinity conditions, and the shear wave velocity-stress behavior of saline soil was measured using a modified
oedometric cell coupled with an anchored bender element pair. Experimental results showed that saline soils generally have
higher dry density and lower optimum moisture content at higher salt contents. The shear strength of saline soil increased about
5% while the salt concentrations of bulk solution increased from 0mol/kg to 6mol/kg, and the shear wave velocity increased by
50% to 83% when the normal load increased from 12.5 kPa to 250 kPa for sodium chloride- (NaCl-) treated soil and 39% to 52%
for calcium chloride- (CaCl2-) treated soil. In addition, the thermal conductivity decreased by 0.121Wm-1 K-1 for NaCl-treated
soil and 0.129Wm-1 K-1 for CaCl2-treated soil on average when the salt concentration increased from 0mol/kg to 6mol/kg.
Finally, an elastic shear modulus (G0) model and a thermal conductivity (K) model were formulated for saline soil for the first
time, and the effectiveness and feasibility of the proposed models were validated by comparisons of the model predicted values
and experimental data.

1. Introduction

Salt accumulates in topsoil when the saline groundwater
migrates upward through capillary action and evaporates in
the ground surface. Soil salinization is a severe problem
throughout the world. According to the United Nations Edu-
cational, Scientific and Cultural Organization (UNESCO),
over 1 billion hectares of saline soils or salt-affected soils
are widely distributed in nearly 100 countries and regions,
especially in arid and semiarid areas [1]; many of these areas
are facing severe challenges of substantial air pollution and
energy shortage caused by consuming fossil fuels for heating
and cooling of the buildings [2]. Therefore, the renewable
geothermal energy becomes a promising alternative to
achieve thermal comfort due to its low cost, high availability,

stability, and minimal environment impact and can be uti-
lized by various geothermal subsurface earth structures such
as geothermal energy piles (GEP), ground source heat pumps
(GSHP), earth-air tunnel heat exchangers (EATHE), bore-
hole thermal energy storage (BTES), geological carbon diox-
ide sequestration and storage, and geothermal heated
pavement [3–7]. The basic principle of these projects is sim-
ple: a cold fluid (CO2 or water) is injected into the buried
pipe, absorbs heat from hotter surrounding soil, and then is
pumped out [8]. The geothermal-related system represents
an important mean to extract heat from below the earth by
fluid circulation, and study on maximizing its output perfor-
mance is very important. Since the soil acts as a load and heat
storage system for underground geothermal structures, eval-
uation of the surrounding soil’s thermal and mechanical
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properties is essential to the design process which plays an
important role in determining the final performance and
safety assessments of these geothermal earth structures.

Over the last decades, researchers carried comprehensive
studies on soil properties to improve the performance of the
geothermal-related earth structures. Brandl [9] presented the
importance of the thermal properties of soils in the behavior
of thermal-active ground structures. Demir et al. [10] found
that the soil’s thermal conductivity affects the performance
of the ground heat exchanger. Experimental studies con-
ducted by Darkwa et al. [11] and Bansal et al. [12] highlighted
that the overall performance of the EATHE system is signif-
icantly affected by the soil thermal properties. A study con-
ducted by Gan and Guohui [13] has shown that the
performance of an earth-air tunnel greatly depends upon
the heat and moisture transfer process in the soil. Laloui
and Donna [14] and Zhang and He [15] emphasized the
importance of thermal conductivity because it is the only soil
thermal property that can directly determine the heat trans-
fer process in soils comparing with thermal diffusivity and
heat capacity properties. Gao et al. [16] established a consti-
tutive relation of brittle rocks under thermal-mechanical
coupling conditions.

However, there are few studies available on both thermal
and mechanical properties of saline soils that have combined
actions on the performance of the geothermal subsurface
structures [16]. Thermal conductivity is an intrinsic soil
property that describes its ability to conduct heat and is
affected by several factors including moisture content, dry
density, soil mineral components, and salts. The effects of
moisture content and other physical characteristics on soil
thermal conductivity have been investigated extensively
[17–21], while the effects of salts on the thermal conductivity
of soil have received little attention. Studies done to date have
left much uncertainty. Van Rooyen and Winterkorn [22]
found no noticeable effect of salt on thermal conductivity of
quartz sand at high solution contents with concentrations
of CaCl2 up to 0.18mol/kg or with NaCl up to 0.34mol/kg.
This is probably because quartz has the highest thermal con-
ductivity (i.e., 7.7 to 8.4Wm-1 K-1) of all the soil minerals
[23] whereas the thermal conductivities of salt solutions are
much lower (0.5 to 0.8Wm-1 K-1), making the salt solutions
have limited effect on the thermal conductivity of quartz
sand. Globus and Rozenshtok [24] concluded that the ther-
mal conductivity of quartz sand moistened with 0.25mol/kg
solution of the base KOH was lower than that of quartz sand
moistened with water. However, Noborio and McInnes [25]
and Nidal and Randall [17] found that the apparent thermal
conductivity of soils decreased with increased NaCl or CaCl2
salt concentration in solution from 0.1mol/kg to solubility
limits. The reason for this may be that their experiments were
conducted on Weswood clay loam, Padina loamy sand, and
Jordanian soils, which contain a significant amount of clay;
flocculation and aggregation caused by the interactions of
clay particles with salt ions may strongly influence the heat
transfer process [25], making the thermal conductivities of
salt-affected soils decrease. In addition, Farouki [26] stated
that the bonds provided by the exchanged cations may make
a contribution to the strength of clay. These bonds may also

be expected to affect the heat transfer process. Noborio and
McInnes [25] found that for soils with a significant amount
of clay, flocculation and aggregation might be strongly influ-
enced by the interactions of clay particles with salt ions,
which in turn influence the thermal and mechanical proper-
ties of soil.

Literature review indicated that the existing studies on
thermal conductivity of salt-affected soil are scarce, obsolete,
and even contradictory. Therefore, a series of laboratory
experiments were conducted to investigate the effects of soil
salt content on the thermal-mechanical properties including
compaction property, shear strength, compressibility, shear
wave velocity-stress behavior, and thermal conductivity.
Scanning Electron Microscopy (SEM) was also carried out
to take insight into the microstructure of saline soils. A ther-
mal probe based on the hot wire method was employed to
measure the thermal conductivity of soil at various salinity
conditions. By considering the soil salt content, two G0 and
K models were proposed for the first time for saline soils.
The model performance was also evaluated through the com-
parison of predicted and measured values.

2. Experimental Program

2.1. Materials and Sample Preparation. Laboratory experi-
ments were performed on kaolin clay from Hengyang
County, Hunan Province, which is mainly composed of albite
(Na(AlSi3O8), 52.2%) and quartz (SiO2, 41.0%) according to
X-ray diffraction (XRD). The basic physical properties of the
kaolin clay are given in Table 1. The salts employed in this
study are the analytical reagent (AR) of sodium chloride
(NaCl) and calcium chloride anhydrous (CaCl2), purchased
from Kermel Chemical Reagent Co., Ltd. The NaCl and
CaCl2 salts are abundant in nature and found in many salt-
affected soils; thus, they were commonly employed by
researchers in the literature [25]. In order to investigate the
variation of mechanical and thermal properties of saline soils
under different salt concentrations, the sieved and oven-
dried kaolin powder was mixed uniformly with a certain
amount of either NaCl or CaCl2 solutions. Mixing was
accomplished by spraying salt solution on the soil sample
and shaking the mixture in an air-tight plastic bag to reduce
the evaporation; the maximum water loss of 0.2% was
allowed and neglected in this study. The concentrations of
the salt solutions introduced to the soil were 0mol/kg,
1.5mol/kg, 3mol/kg, 4.5mol/kg, and 6mol/kg for both NaCl
and CaCl2 solutions. Deionized water was used in the entire

Table 1: Physical properties of kaolin clay.

Properties Values

WL (%) 29

WP (%) 18.6

IP 10.4

GS 2.62

ρdmax (g cm
-3) 1.68

Note: WL: liquid limit; WP: plastic limit; IP: plasticity index; GS: specific
gravity; ρdmax: maximum dry density.
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experimental process. After two days of equilibration in a
moist room, the prepared samples were tested [17, 25]. Then,
specimens were prepared under controlled dry density by
compacting within different apparatus for different tests. The
detailed experimental program is summarized in Table 2 for
a clearer expression.

2.2. Test Methods

2.2.1. Standard Proctor Compaction, Direct Shear, and
Compression Tests. To investigate the effects of salt on the
compaction behavior of saline soils, soils with either NaCl
or CaCl2 solutions at various concentrations and water con-
tents were compacted by compaction hammer in a standard
compaction cylinder. Standard Proctor tests were per-
formed according to the ASTM D698 standard. The speci-
mens were prepared in 3 lifts; the dry densities and water
contents in the compaction cylinder were measured to obtain
the compaction curves.

Consolidated drained (CD) direct shear tests were con-
ducted to evaluate the shear strength of soils under different
salinity conditions (ASTM D3080). The samples were
allowed to consolidate during axial loading and subjected to
shearing at a constant rate of 2.4mm/min up to the shear dis-
placement limit of about 8mm in all tests. The tests were
operated under four normal stresses of 100 kPa, 200 kPa,
300kPa, and 400kPa. Shear stress on the failure plane at failure
was obtained by the following equation: τ = C × R, where C is
the conversion ratio, 1.923 (kPa/0.01mm), and R is the numer-
ical reading of the dial gauge. Internal friction angle φ (°) and
cohesion c (kPa) were estimated by the Mohr-Coulomb shear
strength criterion equation: τ = c + σ tan φ [27].

A modified oedometric cell coupled with an anchored
bender element pair was used for one-dimensional compres-
sion tests and velocity-stress tests of salt-affected soil sam-
ples. Cell details and the experimental setup are shown in
Figure 1 (similar designs are documented in [28–30]). The
seating load applied was 12.5 kPa, and the subsequent load
was doubled each time until the load of 200 kPa; the maxi-
mum load was 250 kPa due to the jumbo size of the speci-
mens while the unloading sequence is 250 kPa, 100 kPa, and
0 kPa. Note that before loading and unloading each time,
the steady state, i.e., the state where excess pore water pres-
sures are dissipated, should be reached (the vertical deforma-
tion of the specimen should be less than 0.01mm per hour).
Despite that the steady state was usually reached in the first
24 h of each loading step in this study, the duration of each
step was still preset as 24 h considering the test convenience

and the standard of the oedometer tests. When the specimens
reached their steady state, shear wave tests were implemented
in each load case. The underlying principle of the shear wave
velocity testing technique is that a signal generator (Keysight
33210A) delivers a shear wave which is amplified by the
linear amplifier (Piezo Systems EPA-104) causing mechan-
ical vibration of the source bender element; the generated
mechanical wave (shear wave) propagates through the soil
sample and is eventually captured by the receiver bender ele-
ment, which is connected through a filter-amplifier (Krohn-
Hite 3362) into the digital storage oscilloscope (Keysight
DSOX2004A). The time difference between the transmitted
wave and the received wave displayed on the oscilloscope
is considered as the travel time of the shear wave; along
with which the shear wave velocity (v), this time difference
can be calculated with the tip-to-tip distance between the
bender element pair. With the known velocity of the spec-
imen, the elastic shear modulus G0 (also referred to as the
small strain shear modulus) can be calculated according to
the following equation: G0 = ρ · v2, where ρ is the bulk
density of the specimen. Besides, the velocity-stress behavior
of salt-affected samples can be analyzed with the applied
vertical stress.

2.2.2. Thermal Conductivity Test. A thermal probe was used
to measure the thermal conductivity of soils for the study of
the thermal effect purpose. This thermal probe is a commer-
cial thermal property analyzer, KD2 Pro (Decagon Devices
Inc.). The setup for the thermal conductivity measurement
and the specifications of the KD2 Pro instrument are pre-
sented in Figure 2. Its operating concept is based on the hot
wire method where the thermal conductivity is calculated
by monitoring the heat dissipation from a linear heat source
at a given voltage (ASTM D5334). The probe consists of a
heating wire (60mm long and 1.28mm in diameter) and a
thermistor in the middle of the wire. During the measure-
ment, the controller firstly heats the probe for 30 s and then
calculates the thermal characteristics; water translocation
can be overlooked due to the short time heating.

3. Results and Discussions

3.1. Mechanical Behavior of Saline Soil

3.1.1. Compaction Properties. Compaction curves of saline soil
under different salinity conditions are shown in Figure 3. It
can be observed that the maximum dry density ranged from
1.68g/cm3 to 1.83 g/cm3, where the corresponding optimum

Table 2: Physical properties of specimens used in thermal and mechanical tests.

Tests Moisture content (%) Dry density (g/cm3) Specimen size (mm)
Solution concentration

(mol/kg)

Standard proctor tests From 13 to 23 From 1.55 to 1.75 Φ = 102 H = 116

0, 1.5, 3, 4.5, 6
Direct shear tests 18, 20, 22 1.65 Φ = 61:88 H = 20
1-D compression tests and velocity-stress tests 20 1.65 Φ = 102 H = 116
Thermal tests 18, 20, 22 1.65 Φ = 102 H = 116
Note: Φ: diameter; H: height.
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moisture contents are 21.2% to 17.4%, respectively. This phe-
nomenon can be explained by the theory of electric double
layer (EDL). The structure of EDL is shown in Figure 4; soil
particles with negative electrification provide electrostatic
attraction for water molecules; such attractive force is
strong enough to restrict the activity of water molecules
within immovable boundaries A and B, viz., the fixed layer.
The outer layer is called the diffusion layer, the thickness of
which is transformable due to the longer distance from the
soil particle and it is determined by the potential between B
(ζ potential) and C (zero potential). The more cations in
the diffusion layer, the quicker the ζ potential decrease,
thus, the thinner the diffusion layer. The cations in the bulk
solution can affect the thickness of EDL. Mitchell and Soga
[31] pointed out that the distribution of the charge density
and electric potential in the EDL can be described by the

Poisson-Boltzmann equation, and the thickness of EDL
can be expressed as

1
K

= 1
Eυ

DkT
8πn0

� �1/2
, ð1Þ

where 1/K is the thickness of EDL, E is the unit electrostatic
charge, ν is the ionic valence of the charge, D is the dielectric
constant of diffusion layer medium, k is the Boltzmann con-
stant (k = 1:23 × 10−23 J/K), T is the absolute temperature,
and n0 is the ionic concentration of the bulk solution. Based
on the formula, the thickness of EDL (i.e., the distance
between soil particles) decreases with the increase of the ionic
concentration of the bulk solution. Besides, the precipitated
phase of the salt solution and the new substance produced

Signal generator:
Keysight 33210A
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Keysight 

DSOX2004A

Filter/amplifier:
Krohn-Hite 3362

Linear amplifier:
EPA-104

Oedometric cell:
102mm in diameter

116mm in height
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100mm in diameter

8mm in height
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(a) Photograph of modified oedometric cell

Signal generator
Oscilloscope

Filter/amplifier

Dial gauge
Loading

Source BE

Receiver BE

Travel
length116mm

8mm

8mm

102mm

Linear amplifier

(b) Schematic of modified oedometric cell

Figure 1: Details of modified oedometric cell and experimental setup.
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by chemical reaction of the soil colloid and salt act as “fillers”
in the soil pore, causing the reduction of soil pore volumes;
thus, the soil becomes denser. In addition, the hygroscopic
properties of chloride salt enable a good performance of
water maintenance in saline soil, making the soil particles
easier to compact, ceteris paribus. Therefore, saline soils at
higher salt contents generally have higher dry density and
lower optimum moisture content.

3.1.2. Shear Strength. The relationship between salt concen-
trations and shear strength parameters of saline soil is illus-
trated in Figure 5. As the salt concentrations of the bulk
solution increased, both the internal friction angle φ (°) and
cohesion c (kPa) fluctuated up and down but the overall
trend eventually increased. This can also be explained by
the theory of EDL. As previously described, with the increase
of salt concentrations of the bulk solution, the thickness of
EDL decreased. Moreover, salt will crystallize and act as a
skeleton in soil pores when the salt concentrations of the pore
fluid get saturated; therefore, both the surface roughness and
contact area of soil particles increased accordingly, making
the friction force between particles increase [32, 33]. As can
be seen in Figures 5(a) and 5(c), for a constant concentration
of salt solution, internal friction increased with increasing
moisture content. The reason for this is that the higher mois-
ture content means more salt solution was introduced to the
soil; thus, the internal friction would have a slight increase
(no more than 2°). Nevertheless, the internal friction did
not show remarkable change for the pure water (salt
concentration = 0mol/kg). From Figures 5(b) and 5(d), it
can be seen that in high salt concentrations (4.5mol/kg and
6mol/kg for NaCl; 3mol/kg, 4.5mol/kg, and 6mol/kg for

CaCl2), the cohesion increased slightly after the moisture
content surpassed 20%. This is probably because the crystal
salt and the bonds provided by the exchanged cations
enhanced the cohesion of the soil [26], whereas for low soil
salt content, the decrease of cohesion was dominated by
water; viz., the water films between soil particles largely
decreased the cohesion.

In addition, salt can increase the suction of unsaturated
soils, causing the increase of shear strength [34]. Farouki
[26] stated that the bonds provided by the exchanged cations
can also contribute to the strength of clay. But the shear
strengths of salt-treated soils were only increased about 5%
as the NaCl or CaCl2 salt concentration increased from
0mol/kg to 6mol/kg (indicated in Figure 6). The reason for
this is that the shear strength of soil is affected by several fac-
tors, such as the strength of soil particles, soil fabric, pore
fluids, van der Waals force, electrostatic attraction and repul-
sion, suction, and chemical bond action [35–37]; the addition
of salt solution may decrease the cohesion but increase the
internal frictional angle of the soil; the complex physical-
chemical reaction may contribute to the strength in some
aspects but decay in others. Therefore, NaCl and CaCl2 only
had limited effect on the shear strength of soil.

3.1.3. Compression Behaviors. The compression curves of
saline soil are acquired with the help of a modified oedo-
metric cell (see Figure 1), and test results are shown in
Figure 7. The calculated coefficients of compressibility are
given in Figure 8. The compression behavior is quite different
between salt-affected and salt-unaffected soils under lower
vertical stresses (0 kPa~50 kPa) while the difference gradually
disappeared under higher vertical stress (50 kPa~250 kPa)

KS-1 probe:
1.28 mm in diameter,
60mm long

Compacted clay specimen:
102 mm in diameter,
116 mm in height

KD2 Pro specifications:

(for thermal conductivity measurement)

Measurement speed: 60s

Accuracy: 5%

Operating environment: 0-50 °C

Range of measurement: 0.02-2 W/m·K

Controller

Figure 2: Measurement of thermal conductivity.
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conditions. For untreated soils, the compression deformation
is mainly caused by the reduction of pore space in soil and the
elastic deformation of the soil structure; no (or slight) dam-
age occurred between the connection of the soil skeleton
under very low vertical stresses [38]. For salt-affected soils,
however, the soil colloid is corroded by the salt before load-
ing; the composition of the soil has changed and the connec-

tion of the soil structure weakened or even lost. Therefore,
the compression deformation of salt-affected soils under
minor loads includes both the reduction of the pore volume
and the compression caused by plastic deformation of the soil
structure. Due to this reason, the compression behavior varied
significantly between salt-affected and salt-unaffected soils
(Figure 7). Nevertheless, elastic deformation and structure
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damage occurred in both types of soil under high load
conditions; hence, both salt-affected and salt-unaffected
soils exhibited similar compression results under high load
conditions. The test results also revealed that the slope of
compression curves becomes steeper with the increase of salt
concentrations and the compressibility of the CaCl2-affected
soil is always larger than that of the NaCl-affected soil. The
main cause is that the higher salt concentration and greater
ion exchange capacity of higher valence ions might damage
the soil colloid and destroy the soil structure; thus, the soil
exhibited greater compressibility.

3.1.4. Velocity-Stress Behavior. The shear wave velocity of
saline soil was tested while conducting the compression tests.
Figure 9 shows the typical received signal of the bender ele-
ment during loading and unloading, from which the first
arrival time (at the arrowhead) can be obtained; with the
known tip-to-tip distance (travel distance), the shear wave
velocity can be calculated. Figure 10 presents the shear wave
velocity-stress behavior of all the salt-treated specimens. The
shear wave velocity in the hypersaline condition is found to
be higher than that under low-salt conditions, and such dif-
ference is even pronounced under higher applied vertical
stresses (shear wave velocity rose by 50.06% to 82.93% under
12.5 kPa to 250 kPa for NaCl-treated soil and 39.49% to
51.52% for CaCl2-treated soil). As discussed previously, the
precipitated phase of the salt solution and new substance
produced by the chemical reaction of the soil colloid and salt
act as “fillers” in the soil pore; thus, the pore volumes
decrease; salt can also make the soil particles become closer
by contracting the EDL, causing the reduction of soil pore

volumes; in addition, higher applied vertical stress make the
soil samples denser, in which the shear wave propagates fas-
ter [30]. The shear wave velocity of NaCl-affected kaolin was
found slightly higher than the velocity of CaCl2-affected kao-
lin under the same stress and salt concentration. Higher
valence ions (i.e., Ca2+) have higher cation exchange capacity
and, thus, bring more damage to the soil colloid and soil
structure. The shear wave propagation hence is affected when
the soil skeleton is damaged and disordered.

3.2. Thermal Conductivity of Saline Soil. Thermal conductiv-
ities of soil samples with different moisture contents and salt
concentrations are plotted in Figure 11. The thermal conduc-
tivity decreased by 0.121Wm-1 K-1 for NaCl-treated soil and
0.129Wm-1 K-1 for CaCl2-treated soil on average when the
salt concentration increased from 0mol/kg to 6mol/kg. The
thermal conductivity of CaCl2-treated soil is slightly lower
than that of NaCl-treated soil. Moreover, the test results
showed that thermal conductivity decreased with the increase
of moisture content, which contradicted with the literature
findings [18, 20, 26, 38]. According toWiener [39] and Johan-
sen [18], the thermal conductivity of porous media, which
include solid, liquid, and gas, can be calculated by the geomet-
ric average (GA) method. It is noteworthy that with the
increase in salt concentration of the soil solution, the thermal
conductivity of the soil air and soil solution will decline [25,
40–42]; viz., the thermal conductivity of both the liquid and
gas phases decreases with the increase of the salt content;
therefore, the thermal conductivity of the soil decreases. In
addition, the bonds between the exchanged cations were
expected to affect the heat transfer process among soil particles
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[26, 43, 44]. For soils with a significant amount of clay, floccu-
lation and aggregation may be strongly influenced by the
interactions of clay particles with salt ions [25]. This statement
is verified by the SEM results. As seen in Figure 12, salt can
promote the formation of soil aggregation and the size of soil
aggregates increases with the addition of salt. The chemical
bond action and the crystalline salt can increase the interface
adhesion of soil particles, together with the effect of crystalline
swelling, macroscopic swelling, and overall particle-particle
interaction, changing a lot the microstructure of the soil in
the hypersaline environment in contrast to the unaffected
soil. Farouki [26] speculated that the less ordered the struc-
ture of the clay (i.e., more flocculated), the lower the thermal
conductivity. In recognition of those evidences, we can con-
clude that the higher the content of salt in the sample, the
lower the thermal conductivity it would have.

4. Model Study of Mechanical and Thermal
Properties of Saline Soil

4.1. An Elastic Shear Modulus (G0) Model for Saline Soil. The
G0 of soil is an important parameter to predict the service-

ability of many earth structures in geoenergy and geoenvir-
onmental engineering [45, 46]. There are many models
reported in the literature for predicting the G0 of soils. Man-
cuso et al. [47] and Ng and Yung [48] proposed two models
which assumed that G0 is a function of net stress, suction,
and void ratio. Moreover, a number of studies incorporated
the degree of saturation (Sr) in the model to account for the
unsaturated conditions [49–53]. By using the suction stress-
based effective stress principle, Dong et al. [54] and Dong
and Lu [55] developed a G0 model with three model param-
eters. It should be pointed out that all these models require at
least three parameters and the calibration of the model
parameters requires extensive time-consuming laboratory
tests. Nevertheless, no G0 model with regard to the saline soil
has been reported.

In 1966, Hardin and Black [56] demonstrated the influ-
ence of the void ratio (e) and mean effective stress (p′) on
the G0 through an empirical equation:

G0 = A · F eð Þ · P′
� �m

, ð2Þ
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Figure 5: Effect of salt concentrations of bulk solution on shear strength parameters.
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where FðeÞ is a function of the void ratio and A and m are
material constants. This classic equation is also known as
the Hardin equation, and it has been widely used to estimate
the G0 of different soils, including sand, silt, and clay. For the
FðeÞ, various formulations have been reported in the literature.
Hardin and Black [56] proposed FðeÞ = ðeg − eÞ2/ð1 + eÞ,
where eg was proposed for sands of different angularity.
Shibuya et al. [57] introduced a simplified void ratio function
FðeÞ = ð1 + eÞa, where the coefficient a is equal to -2.4 for clay

based on the in situ seismic survey and laboratory bender ele-
ment tests. According to the previous analysis in this study,
salt can affect the microstructure of soils, making the void
ratio variable. Therefore, the soil salt content should be
incorporated in FðeÞ. Substituting the concentration of salt
solution (θ) and moisture content (ω) into FðeÞ, the follow-
ing equation can be obtained:

F eð Þ = 1 + eð Þ M·θ·ωð Þ/100, ð3Þ
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Figure 6: The relationship between shear strength and salt concentrations under different moisture contents and different vertical stresses
(ASSI: average shear strength increment with the salt concentration increasing from 0mol/kg to 6mol/kg under the same vertical stress).
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whereM (g/mol) is the molar mass of added salt. By conduct-
ing extensive laboratory experiments, McDowell and Bolton
[58] found that G0 varied with P′ and ðP′Þm following the
Hertz contact theory, and they suggested that m = 0:5. In
addition, the Hardin equation was proposed for saturated
soils, whereas the soils are often unsaturated in the field.
Hence, following the instructions of Ng and Yung [48], the
reference pressure Pref was introduced to the Hardin equa-

tion for normalizing P′ and is assumed to be the atmospheric
pressure (101 kPa) in the subsequent calculations. Conclud-
ing all the above considerations into the Hardin equation, it
can be drawn that

G0 = A · 1 + eð Þ M·θ·ωð Þ/100 · P′
Pref

 !0:5

: ð4Þ
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This model thus can describe theG0 of unsaturated saline
soils, requiring only one parameter A.

Figure 13 shows the performance of this model (equation
(4)). It can be seen that the calculated values have a high cor-
relation with the measured data. It should be noted that the
values of exponential in FðeÞ, i.e., ðM · θ · ωÞ/100, vary from
0 to 1.177 in this study, which are greater than the values of
-2.4 to -3 in most other studies [46, 59]. The soils are denser
in salinity conditions; therefore, the addition of salt will
decrease the void ratio and make the soil have greater G0. If
the exponential of FðeÞ ranges from -2.4 to -3, the model
may underestimate the G0 of saline soil.

4.2. Thermal Conductivity Model of Saline Soils. Several
researchers have attempted to model the thermal conductiv-
ity (K) of soils [18, 20, 23, 41, 60–68]. DeVries [23] proposed
a thermal conductivity model derived from Maxwell’s equa-
tions. The weighted average thermal conductivity of each
phase of the soil matrix was taken into account for the overall
thermal conductivity of soil. Kersten [69] proposed an
empirical relationship between thermal conductivity and
moisture content and dry density. Johansen [18] proposed
an equation to predict the thermal conductivity of dry soils
and first presented the “normalize thermal conductivity
(kr)” concept. Côté and Konrad [66] proposed a more gener-
alized kr‐Sr relationship to develop a soil thermal conductiv-
ity model. Lu et al. [67] proposed a new kr‐Sr relationship for
establishing the thermal conductivity model. The Chen
model [70] was developed from a series of thermal conduc-
tivity measurements of quartz sands. More details of these
models are presented in the review works of Dong et al.
[19] and Zhang and Wang [44]. As per the literature survey,
most of the thermal conductivity models consider moisture
content, dry density, and soil mineral components as the
influencing factors of soil thermal conductivity. A few
researchers, however, focused on the effect of salt on thermal

conductivity, and there is even no available model relevant to
saline soils. Therefore, by taking into account the soil salt
content, a modified thermal conductivity model was pro-
posed. The model development is shown below.

According to the Maxwell equation, DeVries [23] pro-
posed a method that uses the weighted average of the thermal
conductivity value of each soil constituent. The model is
given as follows:

K = ∑N
i=0Kixiki
∑N

i=0Kixi
, ð5Þ

where ki is the thermal conductivity of each constituent
(Wm-1 K-1), xi is the volume fraction of each constituent,
and Ki is the ratio of the average thermal gradient of each
constituent to that of continuous medium in soils, which is
as follows:

Ki =
dT/dzð Þ1
dT/dzð Þ0

: ð6Þ

Since Ki is affected by some factors, such as k1/k0 (i.e., the
ratio of the thermal conductivity of one soil constituent to
that of a continuous medium in soils), particle size, shape,
and relative position, DeVries [23] presented an equation to
calculate Ki as follows:

Ki =
1
3 〠
a,b,c,

1 + ki
k0

− 1
� �

ga

� �−1
, ð7Þ

where ga, gb, and gc are the grain shape coefficients and
usually taken as 1/3 for spherical soil particles. DeVries
[23] furthered that by assuming ga = gb, equation (7) still
agreed well with experimental data.
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For unsaturated soils, solid particles and air are assumed
to be two components immersed in the continuous medium:
water. This assumption applies when the volumetric water
fraction is above a certain minimum limit so that water can
be considered as continuous. For fine-grained soils, this limit
is Vw/V = 0:05 to 0.10 [64]. The thermal conductivity of such
soils is expressed as

K = Vw/Vð ÞKw + Fa Va/Vð ÞKa + Fs Vs/Vð ÞKs

Vw/Vð Þ + Fa Va/Vð Þ + Fs Vs/Vð Þ , ð8Þ

where Fs and Fa are the weighing factors related to soil par-
ticles and air pores, respectively.

The effect of salt on heat flow through the soil air should
also be considered for the thermal conductivity of soil. Air is
related to the latent heat transport from water vapor move-
ment (Kv), which varies with salt concentration. According
to DeVries [23], from saturation to field capacity, the thermal
conductivity of soil air can be calculated byKa + Kv ; the value
of Kv may be obtained as the product of the relative humidity
h and the thermal conductivity of saturated air Kvs. And the
thermal conductivity of a gas-filled pore can be linearly
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Figure 10: Shear wave velocity-stress behavior of saline soils.
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interpolated from Ka + hKvs at field capacity to Ka at zero
water content. As the salt concentration in the soil solution
increases, both h and the magnitude of Kv decrease.

Moreover, it is affirmative that salts could have an impact
on the soil structure. Particle shape and orientation, the
essence of the shape factor, change with increased concentra-

tion of salt from a combination of aggregation, crystalline
swelling, macroscopic swelling, and overall particle-particle
interaction. Thus, the salt-induced microstructural changes
have the most direct influence on shape factors of soil parti-
cles, which correspond to the weighing factors Fs of soil par-
ticles. To evaluate the influence of soil salt content, the molar
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mass of added salt (M), salt concentration (θ), and moisture
content (ω) were incorporated into grain shape coefficients
gas, gbs, and gcs of Fs:

gas = gbs = lg e M·θ·ωð Þ/150 + 0:5
� �

,

gcs = lg e M·θ·ωð Þ/300 + 0:5
� �

:

ð9Þ

According to Farouki [26],

Fa =
1
3

2
1 + Ka/Kwð Þ − 1ð Þ · gaa

+ 1
1 + Ka/Kwð Þ − 1ð Þ · gca

� �
,

ð10Þ

where gaa = 0:333 − ððVa/VÞ/nÞð0:333 − 0:035Þ and gca =
1 − 2ga.

Since there is no available thermal conductivity data
of saline soil from the literature, several salt-affected soil
samples were reproduced and tested to evaluate the model
performance. The properties of reproduced specimens are
listed in Table 3, and model performance is shown in
Figure 14. It shows that the model prediction agreed with
measured values well with the deviation of approximately
5%. Figure 15 shows the comparison among different
thermal conductivity predictive models. It can be seen
that most of the predicted values from other models pro-
posed in the literature were higher than the measured
values. Since the influences of salt are not considered in
these models, the microstructural change on the heat con-
duction path is underestimated, thus causing overestima-
tion of the thermal conductivity of saline soils. Based on
the above analyses, it can be concluded that the proposed
model is capable of predicting the salt-affected soil’s ther-
mal conductivity.

Table 3: The properties of reproduced specimens.

Salt
type

Salt concentration
(mol/kg)

Moisture
content (%)

Dry density
(g/cm3)

Void
ratio

Predicted thermal conductivity
(Wm-1 K-1)

Measured thermal conductivity
(Wm-1 K-1)

None 0

18.995 1.537 0.707 1.344 1.371

21.173 1.556 0.686 1.420 1.435

23.373 1.531 0.714 1.428 1.461

NaCl

1.5

19.429 1.563 0.678 1.398 1.410

21.205 1.566 0.675 1.371 1.455

23.038 1.553 0.689 1.376 1.475

3

19.069 1.580 0.660 1.419 1.363

20.975 1.587 0.653 1.370 1.417

23.255 1.566 0.675 1.440 1.435

4.5

18.733 1.590 0.650 1.373 1.326

20.530 1.593 0.647 1.384 1.373

23.014 1.568 0.673 1.353 1.390

6

14.988 1.588 0.652 1.163 1.187

17.154 1.653 0.587 1.358 1.343

20.805 1.615 0.624 1.379 1.372

22.832 1.565 0.676 1.322 1.339

CaCl2

1.5

18.285 1.627 0.613 1.430 1.431

19.732 1.644 0.595 1.462 1.497

22.073 1.598 0.641 1.413 1.478

3

16.874 1.629 0.610 1.326 1.313

19.502 1.644 0.595 1.377 1.404

21.322 1.610 0.630 1.367 1.392

4.5

15.748 1.645 0.594 1.211 1.238

17.463 1.671 0.570 1.308 1.324

19.191 1.660 0.580 1.316 1.350

21.051 1.613 0.626 1.315 1.319

6

13.236 1.620 0.619 1.134 1.086

15.142 1.675 0.566 1.225 1.224

17.156 1.702 0.541 1.327 1.323

18.828 1.680 0.561 1.327 1.332

21.198 1.633 0.607 1.297 1.313
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5. Conclusions

The mechanical and thermal properties of saline soils were
systematically investigated in this study. Laboratory observa-
tions indicated that the addition of salt has nonnegligible

influence on the thermal and mechanical performances of
natural soils because the salt can change the soil fabric and
microstructure. As the salt concentration increased, the
saline soil’s bulk density increased, causing the shear wave
to propagate faster. The shear strength was also found to
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increase in salt-affected soil by comparison with untreated
soil. As the compression loading increased, the difference of
compressibility between salt-treated and salt-untreated soils
gradually reduced. The higher the salt content is, the lower
the compressibility will be, given the same vertical load,
which is attributed to the destruction of microstructures
due to salt attack. The decrease of thermal conductivity of
saline soils as the soil salt content increase is attributed to
the salt induced flocculation and aggregation which affects
the heat conduction path. The flocculation and aggregation
of saline soils at the microscale creates many air voids
(intra-aggregate pores and interaggregate pores) with rela-
tively low thermal conductivity, as well as salt solutions,
which coexisted in the soil pores, thus significantly decreas-
ing the efficiency of the heat transfer process. By considering
the soil salt contents, two theoretical models were developed
for the first time to predict the G0 and K of saline soils. Both
literature data and experimental results were employed to
validate the proposed models. The comparisons showed
good model performance which indicated the model robust-
ness for predicting the thermal-mechanical properties of
saline soils; however, further studies are still desired to extend
the models to a wider range of soil types.
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