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A series of direct shear and nuclear magnetic resonance (NMR) tests were performed on a compacted weakly
expansive clay saturated by sodium chloride (NaCl) solutions with different concentrations to study the effect of
NaCl solution on the shear strength and its mechanism. Results from the direct shear tests show that the shear
strength decreases slightly with increasing the NaCl solution concentration when the concentration is less than
1.0 mol/L. The results of NMR tests show that the smaller transverse relaxation times (T5) of specimens saturated

by NaCl solutions with concentrations of 0.5 and 1.0 mol/L are less than that of the specimen saturated by
deionized water. This means that the amount of smaller pores in the specimens saturated by deionized water is
greater than that in specimens by NaCl solutions. That is, the specimen saturated by deionized water is denser
than those by NaCl solutions under the same vertical pressure, and thus the shear strength of weakly expensive
clay decreases with increasing the NaCl solution concentration.

1. Introduction

The inadequacy of the knowledge in chemo-mechanical property
limits conventional soil mechanics applying to many fields including
the storage of nuclear waste, oil wellbore stability, and soil stabiliza-
tion, etc. It is becoming essential to investigate the chemo-mechanical
coupling in clays. Most of geomaterials are composed of multiphases
which are soil particles, pore solution, and air. The soil particles con-
stituting the soil skeleton are electrically charged [24] because the
negative charge exists on the particle surfaces, and it can adsorb polar
hydrone and ions to form the diffuse double layers [3]. The pore fluid
composition affects strongly the mechanical behavior of clayey soils,
especially for expansive soils, in the practices of civil, energy and en-
vironmental engineering [10,29], because the properties of the pore
fluid, which consist of solution concentration, dielectric constant and
salt composition, can change the thickness of the diffuse double layers
on the surface of clay particles [3]. The increasing electrolyte con-
centration or decreasing dielectric constant in the pore solution of clays
results in a decrease in the thickness of the diffuse double layers [14].

Shear strength as an important mechanical parameter to the civil
engineering is sensitive to the chemical composition of pore solution
[20]. To obtain different chemical compositions of the pore solution,
organics and inorganics, such as acetone, ethyl alcohol, NaCl, and
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potassium chloride, were widely used as solutes in the tests. The shear
strength decreases with increasing the dielectric constant, which is
mainly dominated by the organics in the pore solution [16]. The shear
strength increases with increasing the electrolyte concentration, which
is governed mainly by the inorganics in the pore solution [7,15].

In aforementioned studies, the shear strength could not be inter-
preted by the traditional effective stress because the chemical effect was
neglected, while the traditional effective stress concept was modified to
take into account the electrical attractive and repulsive forces [12,21].
Lambe [12] and Sridharan et al. [20] took the attractive and repulsive
forces into consideration to describe the shear strength of clays,
whereas Warkentin and Yong [28] considered that the interparticle
repulsion force has impacted on the void ratio affecting the shear
strength. Therefore, so far the knowledge about the contribution of the
interparticle electrostatic forces to the shear strength is inconsistent.

Moreover, the shear strength is affected by the structure of plate-like
particles [26,27]. The plate-like particles of clays are arranged: edge-
face (E-F), edge-edge (E-E), and face-face (F-F) [25]. The type of three
structures depends on the intergranular electrostatic forces [18]. In
saturated clays, the distribution of pore solution can represent the pore
characteristics in some extent. Nuclear magnetic resonance (NMR) can
be used to determine the proton spin-spin relaxation time (T) dis-
tribution, which represents the local structure around the spin-bearing
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molecule. There is a unique relation between T, and the pore size when
the pore is full of water [5]. The NMR is a useful tool to investigate the
distribution of water in clays [2,8,23].

The chemo-mechanical behavior of expansive clays is important in
engineering practice, but most studies focus on strongly expansive clay.
Many geotechnical engineering are constructed on weakly expansive
clay, while the knowledge of chemo-mechanical behaviour of weakly
expansive clays is limited. This paper aimed to investigate the chemo-
mechanical behaviour of weakly expansive clays, especially the effect of
the NaCl solution concentration on the shear strength and the dis-
tribution of water in the clays.

2. Test programe

A comprehensive laboratory programme was conducted with the
aim of providing new test data about the effect of NaCl solution on the
mechanical behavior of a weakly expansive clay. The programme in-
volved the direct shear tests and NMR tests on weakly expansive clay
saturated by NaCl solution with different concentrations.

2.1. Material and specimen preparation

The material tested is from Ningming area in Guangxi Autonomous
Region, China. The mineral compositions of the weakly expansive soil
are shown in Table 1. The soil is made up of four clay minerals, and the
Illite-smectite mixed-layer mineral (I/S) is the mainly expansive mi-
neral. Some physical-mechanical properties of the soil, such as specific
gravity, liquid and plastic limits, maximum dry density, optimum water
content, and free swelling ratio are summarized in Table 2. From the
value of the free swelling ratio, the soil is classified as weakly expansive
soil according to the Chinese National Standard Technical Code for
Buildings in Expansive Soil Regions [13]. Fig. 1 shows the grading
curve of Ningming expansive clay. The specimens were compacted
statically to the targeted dry density of 1.6 g/cm®. The NaCl solution
with concentrations (n) of 0 (deionized water), 0.5, 1.0, and 2.0 mol/L
were used to saturate compacted Ningming expansive clay specimens
by the vacuum saturation under confined volume expansion for seven
days. All the tests were performed at room temperature of about 20 °C.

2.2. Direct shear test

It is fact that the interparticle forces control the initial structure of
clay, and the clay can generate the volume changes due to chemical and
osmotic consolidations, which are induced by the changes in the ion
concentration and osmotic pressure, respectively [14] when the clay
with the pore solution of distilled water is immersed by saline solution.
To exclude these effects, the soil specimens were made from the dry
powder of clay sample. The initial water content of the soil sample was
0%. In this part, the powdered clay was dried at temperature of 105 °C
for 12h at least, and then the dry powdered clay was compacted to a
ring specimen with the sizes of 15 mm thickness and 50 mm diameter.
The water content of dry powdered clay increased only 0.12% after 1 h.
The specimens were then saturated by the NaCl solution with different
concentrations under confined volume expansion for seven days. After
saturation, the specimen was installed in the direct shear box carefully.
A small seating normal load was applied to the specimen, and the initial
position was recorded. The vertical pressure was applied up to the
target pressure step by step, and then the solution was poured into the

Table 1

Clay mineral of Ningming expansive clay.
1/ (%) 72.7
Illite (%) 8.3
Kaolinte (%) 14.6
Chlorite (%) 4.4

Magnetic Resonance Imaging 58 (2019) 6-13

Table 2
Physico-chemical property of Ningming expansive clay.
Specific gravity 2.74
Liquid limit (%) 71.5
Plastic limit (%) 28.7
Maximum dry density (g/cm®) 1.781
Optimum water content (%) 20.0
Free swelling ratio (%) 64.0
Cation exchange capacity (meq/100 g) 23.65
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Fig. 1. Grading curve of Ningming expansive clay.

shear box for keeping the specimens saturated. The vertical pressures
for the direct shear tests were 100, 200, 300, and 400 kPa, respectively.
In the direct shearing, a velocity of 0.005mm/min in the horizontal
direction was chosen for draining completely and no excess pore water
pressure generates during shearing. Table 3 shows the void ratio (which
is a ratio of pore volume to soil particle volume) of specimens at dif-
ferent stages for the direct shear tests. ey is an initial void ratio, e is the
void ratio after saturation under constant volume, and e. is the void
ratio at different vertical pressures. e is about 0.77, and e, increases to
about 0.79 after saturation during which specimens swelled slightly.

2.3. NMR test

According to Coates et al. [5], for a fluid saturated porous the NMR

Table 3
Void ratio of specimens for direct shear tests.
Vertical pressure (kPa) n (mol/L) e e ec
100 0 0.776 0.797 0.719
0.5 0.773 0.796 0.720
1.0 0.778 0.803 0.724
2.0 0.777 0.797 0.723
200 0 0.776 0.797 0.658
0.5 0.778 0.799 0.663
1.0 0.777 0.799 0.679
2.0 0.771 0.791 0.679
300 0 0.778 0.801 0.635
0.5 0.775 0.795 0.636
1.0 0.774 0.795 0.637
2.0 0.773 0.798 0.635
400 0 0.776 0.799 0.617
0.5 0.774 0.794 0.619
1.0 0.779 0.797 0.619
2.0 0.777 0.798 0.618

Note: n is NaCl solution concentration, e, is an initial void ratio, e is the void
ratio after saturation under constant volume, and e, is the void ratio at different
vertical pressures.
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relaxation mechanisms are given by

T, T Ds Tp (@))

where T is the transverse relaxation time of the pore fluid as measured
by a CPMG sequence, Top is the transverse bulk fluid relaxation time,
T,g is the transverse surface relaxation time, and Tsp is the diffusion
time and accounts for the transverse relaxation in an inhomogeneous
magnetic field.

Top can be neglected compared to Tag, if a short echo time is
adopted [5]. Compared to Tss, Top is very long ([5]; Saidian and Prasad
2015). Thus, at low field NMR, both Top and T,p are negligible com-
pared to Tog [11]. In the fast diffusion limit, T, depends on Tos and T,
relaxation rate (1/T,) is proportional to the surface-to-volume (S/V)
ratio of the pore [4]. Hence, Eq. (1) is simplified as

LoLoo(s)
T2 TZS ? 14 pore (2)

where p, is the surface relaxivity coefficient, which is a characteristic
parameter of magnetic interactions at the fluid-solid interface; (S/V)pore
is the ratio of the pore surface area S to the pore water volume V, and is
related to the pore size (d), i.e., (S/V)pore = Fs/d. The geometry factor,
F,, depends on the pore shape, which is assumed to be a value of 2, 4 or
6 for planar, cylindrical or spherical pores, respectively. Because the
tested soil particles with layered structures, the pore shape can be as-
sumed planar, and then Eq. (2) becomes approximatively

1 2

T, " P ®)

where d is the pore size.

The NMR tests were performed on soil specimens saturated by NaCl
solution with different concentrations or subsequently experiencing
different consolidation pressures. After the saturation or saturation and
consolidation, the specimens with the sizes of 20 mm thickness and
61.8 mm diameter were pushed out from the cutting ring for the spe-
cimen preparation or consolidation, and then were moved into a sample
tube with the inner diameter of 110 mm for the NMR tests. The speci-
mens were prepared in the same way to that for the shear tests, and
were consolidated at the vertical pressures of 100, 200 and 400 kPa
before being taken to complete the NMR tests. The free induction decay
(FID) curves of the specimens were obtained. The FID curves of the soil
specimens were determined by a MiniMR NMR setup with 12.58 MHz,
which was jointly developed by the Institute of Rock and Soil
Mechanics, Chinese Academy of Sciences, and Niumag Corporation,
Suzhou, Jiangsu Province, China. The NMR setup consists of a sample
tube, magnet unit, radio-frequency (RF) system and data acquisition-
analysis system, which is sketched in Fig. 2. The magnetic field strength
of magnet unit was 0.3 Tesla. To generate a stable and uniform main
magnetic field, the temperature of the magnet unit is set to be 32°C,
within a variation of + 01 °C. The used NMR setup has the receiver
dead time of 35 ps. The CPMG for pulse sequence has the echo time of
0.2ms and the repetition time is 1000 ms. 2000 echoes were used to
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Fig. 2. The schematic map of MiniMR NMR.
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Fig. 3. T, distribution curves of expansive clay specimens saturated by NaCl
solution with different concentrations.

obtain the FID curve of water for all specimens. The pulse length of 90°
is 33 s, and the pulse length of 180° is 65.04 us. The value of T, was
obtained by the simultaneous iterative reconstruction technique, and
the iteration numbers was 10,000. The results were normalized by the
mass of the NMR specimens.

3. Results and discussion
3.1. Results of NMR test

Fig. 3 shows the results of the NMR tests performed on the ex-
pansive clay specimens saturated by NaCl solution with different con-
centrations. It can be seen that T, of the specimens saturated by 0, 0.5
and 1.0 mol/L NaCl solution span from 0.34 to 5.17 ms, 0.45 to 4.8 ms
and 0.48 to 5.5ms, respectively. And T, at peak increases with in-
creasing the NaCl solution concentration, and are 1.59, 1.70 and
2.10ms for the concentrations of 0, 0.5 and 1.0 mol/L. The smallest
value of T, increases with the solution concentration. From Eq. (3), the
pore size of the specimen saturated by 0 mol/L solution is smaller than
that of the specimens by 0.5 and 1.0 mol/L solutions.

Fig. 4 shows the sketch of the structural arrangements of compacted
clay [6], which is considered to be the soil structure of compacted
weakly expansive clay used in this paper. The pore in the elementary
particle in Fig. 4 is a microscopic level [9]. During saturation, these

Clay platelet

s*Intra-elemnt pore
Fabric type B

nter-aggregate pore

ntra-aggregate pore

Fig. 4. Fabric type A is microfabric of clay predominantly made up of ag-
gregations of elementary particle arrangements, and fabric type B is elementary
particle arrangement in a parallel configuration.
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Fig. 5. T, distribution curves of saturated specimens with the same NaCl so-
lution concentration at different vertical pressures.

specimens were limited under constant volume, and the microstructural
pores swell to fill in the macrostructural pores. The swelling potential of
the soils in deionized water (0 mol/L) is higher than that in NaCl so-
lution [17]. As the concentration increases, the swelling potential de-
creases. Thus the macrostructural pore are filled more sufficient with
deionized water than in NaCl solution, and the mean pore size of the
specimen saturated by 0 mol/L solution is smaller than that of the
specimens by 0.5 and 1.0 mol/L solutions.

Fig. 5 shows the NMR test results of the specimens saturated by
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Fig. 6. T, distribution curves of specimens saturated by NaCl solution with
different concentrations at the same vertical pressure.

NaCl solution with the same concentrations under different consolida-
tion pressures. In the figure, “SS” means saturated specimen, for which
no consolidation pressure was applied. Inspection of Fig. 5 indicates
that the scope of T, decreases with the increase in the vertical pressure,
and that the T, distribution curve shifts down somewhat with in-
creasing the concentration and pressure, particularly for 1.0 mol/L. The
NMR test results of the specimens saturated by NaCl solution with
different concentrations at the same consolidation pressure are shown
in Fig. 6. Under the same vertical pressure, the mean pore size of the
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Fig. 7. Shear stress vs. shear displacement relation of Ningming expansive clay saturated by NaCl solution with different concentrations.

specimen saturated by 0 mol/L solution is also smaller than that of the
specimens by 0.5 and 1.0 mol/L solutions.

3.2. Effect of pore solution concentration on shear strength

Fig. 7 shows results of the direct shear tests, which are in terms of
shear displacement (S) against shear stress (z) under different vertical
pressures (0). It is observed that there is a peak value of the shear stress
for all concentrations, and a stable value of 7 for large S. The peak and
stable shear stresses are taken as the peak shear strength and residual
shear strength, respectively.

The relation between shear strength and normal stress can be ex-
pressed by the Mohr-Coulomb equation:

4

TT=c+otang

where 7 is the shear strength at peak or residual, ¢ is an cohesion in-
tercept, ¢ is an friction angle. Fig. 8 shows results of the direct shear
tests, expressed by the vertical pressure against peak shear strength or
residual shear strength. It can be seen that there is a linear relation for a
given NaCl solution concentration. The parameters of linear fitting
analysis are shown in Table 4.

Fig. 9 shows the shear strength of the weakly expansive clay satu-
rated by NaCl solution with different concentrations. Fig. 9(a) shows
the peak shear strength against the pore solution concentration at dif-
ferent vertical pressures. At the vertical pressure of 100 kPa, the peak
shear strength decreases slightly with increasing the pore solution
concentration when the concentration is less than 1.0 mol/L, while the
variation in the peak shear strength at the concentrations of 1.0 and
2.0 mol/L is insignificant. At the vertical pressures of 200, 300 and
400 kPa, the variation in the peak shear strength is similar to that at the

vertical pressures of 100 kPa.

Fig. 9(b) shows the residual shear strength against the pore solution
concentration at different vertical pressures. The residual shear strength
also decreases with increasing the pore solution concentration for the
concentration less than 1.0 mol/L, and the residual shear strength in
2.0 mol/L NaCl solution is close to that in 1.0 mol/L solution.

Fig. 10 shows the shear strength parameters of the weakly expansive
clay saturated by NaCl solution with different concentrations. Fig. 10(a)
shows the cohesion against the pore solution concentration. It can be
seen that the cohesions at peak and residual decrease with increasing
the concentration of pore solution for the concentration less than
1.0 mol/L. The cohesion in 1.0 mol/L NacCl solution is almost the same
as that in 2.0 mol/L NaCl solution. Fig. 10(b) shows that the friction
angle of peak shear strength decreases slightly with increasing the
concentration, but the variation in the friction angle of residual shear
strength is negligible for different concentrations.

During the direct shear tests, the particles around the shear surface
depart from the initial position. This movement of clay particles which
depart from the initial position is hindered by the adjacent particles.
The inhibition of interparticles produces the shear strength at macro-
scope. The whole shear process consists of three stages, as shown in
Fig. 11. The inhibition of interparticles induced from the physic-che-
mical forces between clay particles, the viscous damping of adsorbed
water at the surface of clay particles, and mechanical locking between
interparticles [12]. In the different shear stages, the ways of inhibition
of interparticles are different.

At the initial stage of the shearing, there is a potential shear surface.
The shear surface is formed not by breaking the particle, but driving the
particles apart their position. In Fig. 12, Particle a is located on a po-
tential shear surface. To form shear surface in the process of shearing,

10
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Table 4
Parameter of linear fitting analysis.
Concentration Strength type Cohesion Friction angle R-square
(mol/L) (kPa) (degree)
Deionized water Peak shear 37.15 23.9 0.99
Residual shear 29.61 17.2 1.00
0.5 Peak shear 31.38 22.7 0.99
Residual shear 25.36 17.1 1.00
1.0 Peak shear 24.39 22.7 0.98
Residual shear 12.55 18.0 1.00
2.0 Peak shear 25.10 23.0 0.99
Residual shear 14.12 17.8 1.00

Particle a must be kept away its primary position to a new position.
During moving, Particle a is subjected to the resistances from other
particles in Aggregate C. All the aggregates around the potential shear
surface are in similar process. At the stagel, the main ways of inhibition
are the physic-chemical forces and mechanical locking between parti-
cles in the aggregates. The physic-chemical forces between inter-
particles, either the Van der Waal attractive force or diffuse double
layer repulsive force, hinder the particle from the movement.

Along with the shearing, the mechanical locking between particles
in the aggregates becomes more and more intense. In the meantime the
viscous damping of the adsorbed water at the surface of clay particles
starts to work. With increasing the shear stress, the soil is at the stagell
where the mechanical locking occurs between aggregates. As shown in
Fig. 11, Aggregate C and Aggregate D hinder each other moving in the
process of shearing. At the stagell, all inhibitions among particles and/

250 T T T T
l o (kPa)
—0— 100
—0—200 T
—4—300
——400 |
0 1 1 1 1 1
0.0 0.5 2.5 3.0

0 1.5 2.0
n (mol/L)

(a) Peak shear strength

or aggregates reach the most intense, and thus the shear stress reaches
the maximum. After the maximum shear stress, the particles around the
shear surface tend to parallel to the shear surface, and thus the me-
chanical locking may disappear, while the aggregates around the shear
surface are destroyed.

In the last, the soil is at the stage III, at which the sketch of mi-
crostructure is shown in Fig. 13. Around the shear surface, the particles
become to the oriented arrangements, which formed a shear zone. At
the stage III, there is the physic-chemical forces between particles and
the viscous damping of the adsorbed water at the surface of clay par-
ticles but no mechanical locking.

In Fig. 10(b), it can be seen that the peak friction angle is larger than
that at the residual. The friction angle is a macroscopic result of the
viscous damping of the adsorbed water at the surface of clay particles
and mechanical locking among particles and/or aggregates. In the
procedure of the shear test, the mutual inhibition effects among parti-
cles and/or aggregates are most strongly at the peak shear stress. In the
last shear stage, the particles around the shear surface are oriented
which are parallel to the shear surface [22], and the mechanical locking
exists hardly. Therefore, the friction angle of the peak shear strength is
larger than that of the residual shear strength.

NaCl solution can restrains the diffuse double layers thickness. The
decrease in the diffuse double layers thickness can result in the decrease
in the viscous damping of the adsorbed water at the surface of clay
particles [19], which results in the decrease in frictional strength.
Fig. 14 shows the results of relative diffuse double layers thickness
changing with increasing the pore solution concentration by Eq. (5)
[14]:

200 T T T T
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—0— 100
—0—200 |
—4—300
—— 400
0.0 0.5 2.5 3.0

0 1.5 2.0
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(b) Residual shear strength

Fig. 9. Shear strength vs. NaCl solution concentration relation.
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(5)

where 1/K is the thickness of diffuse double layers thickness, ¢, is the
permittivity of vacuum, D is the dielectricconstant of the medium, k is
Boltzmann's constant, T is the absolute temperature in Kelvin, ny is the
electrolyte concentration, e is elementary charge, and v is cation va-
lence. The diffuse double layers thickness of specimens in deionized
water was defined as unit thickness. The relative thickness reduces
rapidly as the concentration is smaller than 1.0 mol/L. When the con-
centration is greater than 1.0 mol/L, the relative thickness reduces
slightly. Otherwise, the macrostructural pores are filled more sufficient
with deionized water than in NaCl solution. The inhibition of inter-
particles is strong in the specimen saturated by 0 mol/L NacCl solution,
and thus the strength is the biggest.

4. Conclusions

A series of direct shear and NMR tests were performed on com-
pacted weakly expansive clay to investigate the effect of NaCl solution
on the mechanical behavior of weakly expansive clay. The following
conclusions can be obtained from this study:

(1) The results of NMR tests show that the smallest value of T, increases
with the solution concentration. When the specimens are saturated
by deionized water, and then were taken to be consolidated, the
smallest value of T, also increases with the solution concentration
at the same vertical pressure. The mean pore size of the expansive
clay specimen saturated by deionized water is smaller than that of
the specimens saturated by NaCl solutions with 0.5 and 1.0 mol/L
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under limited volume expansion.

When the NaCl solution concentration is less than 1.0 mol/L, the
shear strength decreases with increasing the concentration. But
when the concentration is greater than 1.0 mol/L, the variations in
the diffuse double layers thickness is negligible, and thus the shear
strength at 2.0 mol/L is close to that at 1.0 mol/L. According to the
results of NMR tests, the NaCl solution increases the mean pore size,
which results in the decrease in the inhibition of interparticles, and
thus the shear strength decreases.

The cohesions at peak and residual and the friction angle at peak all
decrease with increasing the NaCl solution concentration, while the
variation in the friction angle at residual is negligible for different
concentrations.

(2

—

3

-
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