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Saline soil is a special soil that consists of fine particles and has poor engineering properties. It causes salt heaving and is collapsible
and corrosive. The treatment of this type of soil for the use as a resource for roadbed fillings has been one of the most important
engineering topics in highway construction near coastal areas. This study introduces a new type of aqueous polymer, called ZM,
which is used to amend and stabilize saline soil. To test the effects of ZM-solidified saline soil, unconfined compressive strength
(UCS) tests were carried out on unmodified and ZM-modified saline soil specimens, respectively. The test results show that the
ZM additive significantly improves the UCS. Based on the increase of the ZM admixture, the UCS increases with the curing
time. The main increment of the UCS occurs within the first seven days of curing. In addition, the salt content has a great
influence on the UCS. With increasing ZM concentration and curing time, the water stability and wetting-drying cycling
resistance improve. Based on the X-ray diffraction results, the diffraction peaks of ZM-modified saline soil insignificantly change
compared with those of unmodified saline soil. However, the SEM images indicate the formation of membrane structures in
ZM-modified saline soil. The modification process produces denser and more stable soil because the reaction products fill voids
inside the soil and form a viscous membrane structure on the soil surface.

1. Introduction

Geological formations in coastal areas are relatively new. The
effects of seawater leaching and coastal degeneration lead to a
high degree of mineralization of groundwater bodies. When
the groundwater rises along the capillary of the soil layer to
the surface or close to the surface, the salt in the water is sep-
arated by evaporation and condenses on the surface or in the
subsurface soil and coastal saline soil is formed. Most of the
coastal salinized soil is chlorine salinized soil. Chlorine salt
causes undesirable geological problems—such as uneven set-
tlement, salt heaving, pavement grouting, and frost heaving.
These problems affect road engineering and hinder the devel-
opment of the local economy [1, 2].

Various methods have been used to improve the physical
and engineering properties of saline soil: physical, chemical,

biological, mechanical, and electrical methods [3–6]. Among
these methods, chemical additives for soil stabilization have
recently received attention. There are two types of soil stabi-
lizers: inorganic stabilizers and organic polymer stabilizers.
Inorganic stabilizers, including cement [7–10], fly ash [11–13],
lime [14, 15], and fibers [16–19], are mainly used in road-
beds, foundations, piles, and embankments. They greatly
improve the strength and stiffness of the soil, but their dura-
bility and environmental effects remain unknown and need
to be studied. Hence, a new type of soil stabilizers, that is,
organicpolymer soil additives, hasbeendevelopedandapplied
in many countries during the last two decades [20–28]. Many
types of organic polymers as soil stabilizers have been studied
systematically by laboratory and field tests [26, 29–33]. The
polymer stabilizers have been used to improve the soil to
meet engineering requirements for desert land restoration,
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forest roads, and boreholes. The water resistance, unconfined
compressive strength, and flexural strength of soil can be
improved by polymer stabilizers. In addition, the Atterberg
limits, expansion potential, and expansion pressure of
polymer-modified soil are all significantly reduced. The
results of these studies show that aqueous polymer stabilizers
can improve the strength properties of soil.

A new aqueous polymer soil stabilizer is introduced in
this paper. This stabilizer was developed at Hohai University
to modify saline soil and is called ZM. To test the effect of
ZM-solidified saline soil, unconfined compressive strength
(UCS) tests were carried out on unmodified and ZM-
modified saline soil specimens. The solidification mechanism
of ZM-modified saline soil is discussed.

2. Materials

2.1. Soil Characteristics. Saline soil is widely available and
used in many geotechnical projects. Therefore, it has been
chosen as the object of this study. Nonsaline soil was used
in this research to create saline soil specimens with different
salt contents. It was obtained from a depth of 2m below the
ground surface of Nantong City in Jiangsu, China. Table 1
shows the engineering characteristics of the soil.

2.2. Synthesis and Characteristics of ZM. ZM soil stabilizer is
white emulsion. Its main reagents include methyl methacry-
late (MMA), butyl acrylate (BA), ammonium persulfate
(APS), sodium dodecyl sulfate (SDS), alkyl phenol polyox-
yethylene ether (OP-10), and deionized water (H2O). The
ZM was synthesized in a three-port flask containing a
blender, a thermometer, and a condenser tube. First, 50ml
H2O and OP-10 were added to the flask. The mix was stirred
in warm water until it is completely dissolved and then
cooled to room temperature. The APS was added to the flask
and completely dissolved. Subsequently, 20ml H2O was used
to flush the SDS from the flask wall back into the flask. After-
wards, MMA and BA were added to the flask and mixed
under continuous stirring. Meanwhile, the water bath pot
was heated. The chemical reaction occurred when the pot
reached a temperature of 80°–85°C. The pot was heated for
3 to 4 h until liquid reflux was observed. Because the reflux
weakened, the pot was heated up to 85°C for another half
hour. The reaction was then complete, and specimens were
obtained at room temperature. The chemical equation for
the polymerization reaction of ZM is shown in Figure 1.

The main component of ZM is acrylate polymer
(Figure 1), which contains a large number of functional
groups –COOH and –OH. Its molecular weight is in the
range of 11000–15000 (g/mol), and the average degree of
polymerization is 500–700. The molar ratio of each mono-
mer of ZM is detailed in patent 201810986971.6 (in Chinese).
Table 2 shows the important physicochemical characteristics
of ZM. As a new type of soil modifier applied to coastal saline
soil, ZM has significant advantages: (i) it has a wide range of
raw materials, simple synthetic process, and low cost; (ii) it is
an aqueous polymer material which can be configured to dif-
ferent proportions; (iii) gel-like bonding compounds can be

formed, which cover the soil surface and fill voids inside
the soil under natural conditions.

3. Sample Preparation

In this experiment, artificial saline soil was prepared. The soil
specimens were oven-dried and screened to aggregate sizes of
less than 2mm in diameter. After 24 hours at room temper-
ature, soil specimens with the specific water content were
prepared. Depending on the required salt content, NaCl solu-
tion was mixed with the soil and sealed at room temperature
for seven days to allow for an even salt distribution and uni-
form exchange with the soil. Over the next 48 h, enough dis-
tilled water was added to maintain the exchange absorption
between the soil specimens and salt. Finally, the soil was
dried, crushed, and screened (2mm) to obtain an artificially
prepared saline soil.

The screened saline soil was mixed with six different con-
centrations of ZM emulsion by total dry weight of soil: 0%,
0.3%, 0.6%, 0.9%, 1.2%, and 1.5%. Standard proctor compac-
tion tests were carried out on various saline soil-ZMmixtures
in accordance with ASTM D698-12e2 [34]. The results are
provided in Table 3. The specimens were prepared by static
compaction at their respective optimum moisture contents
and maximum dry unit weight values. Four-layered compac-
tion was used for UCS tests to maintain the uniformity of the
specimens with a diameter of 39.1mm and a height of
80mm. After preparing the specimens, the specimens were
separately tested after 0, 7, 14, 21, and 28 days of storage in
a standard container at a temperature of 25°C and humidity
of 95%.

4. Test Methods

4.1. Unconfined Compressive Strength Test. The influence of
ZM-stabilized saline soil on the compressive strength was
investigated using the UCS index in accordance with the
ASTM D2166/ASTM D2166M-16 standard [35]. Tests were
performed at a loading speed of 2.4mm/min until the speci-
mens failed. Additionally, UCS tests were carried out for each
group of three replicates. The test results represent the aver-
age values of the tests. The soil samples were prepared with
the same method as that used for the UCS tests, as shown
in Table 3.

4.2. Water Stability Test. One group of the specimens was
immersed in water for 24h before reaching the 7 and 28 days
of cure times; subsequently, the UCS was determined to
obtain the immersion strength (qui). The UCS of the control
specimens (qu0) selected the sample strength of 7 and 28 days
in Table 3. The ratio between qui and qu0 was equivalent to
the water stability coefficient K , as shown in

K = qui
qu0

× 100%: ð1Þ

4.3. Wetting-Drying Circling Test. Wetting-drying cycle
meant that the specimens are immersed in water for 12h
and then naturally dried at an ordinary condition for 12 h.
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One group of the specimens was tested for one wetting-
drying cycle before reaching 7 and 28 days of cure times.
Then the UCS of the specimens (quw) was determined. The
UCS of the control specimens (qu0) also selected the sample
strength of 7 and 28 days in Table 3. The strength loss rate
G of the specimens after 1 wetting-drying cycle was calcu-
lated using

G = qu0 − quw
qu0

× 100%: ð2Þ

5. Results and Discussions

5.1. Effect of the ZM Concentration on the UCS. The com-
pressive strength and compressive strain of all tested saline
soil specimens (3% salt content, by weight of dry soil) after
different curing times are shown in Figure 2; the ZM con-
centrations were 0%, 0.3%, 0.6%, 0.9%, 1.2%, and 1.5%,
respectively. To compare the effect of ZM additives, the
compressive strength and compressive strain of specimens
without ZM and those with 0.3%–1.5% ZM are plotted in
each figure. The figures show that the ZM additives increase
the sample UCS. Figures 2(a)–2(e) show the compressive
strength and compressive strain of the specimens after a cur-
ing time of 0, 7, 14, 21, and 28 days, respectively. The max-
imum compressive strength was observed in the case of 1.5%

ZM after a curing period of seven days. In this case, the com-
pressive strength increased from 700 kPa for specimens
without ZM to 1561 kPa. The compressive strength of the
specimens with ZM concentrations of less than 1.5%, that
is, 0.3%, 0.6%, 0.9%, and 1.2%, is 1085, 1164, 1230, and
1317 kPa, respectively. Based on the ASTM D4609-08 stan-
dard [36], a minimum compressive strength increase of
345 kPa is a criterion for an effective stabilization. Specimens
with ZM concentrations of 0.3%–1.5% meet this criterion
and thus are classified as effective stabilization scenarios. In
addition, the compressive strength and compressive strain
of both the unmodified and ZM-modified specimens show
a strain-softening behavior. Ductile failure can be observed.
Compared with the unmodified specimens, ZM-modified
specimens maintain a high residual strength after reaching
the peak strength at different curing times.

The UCS values for different ZM concentrations and
different curing times are presented in Table 3 and
Figure 3. The strength characteristics of the saline soil are
notably enhanced by the ZM soil stabilizer. The strength
gradually increases as the ZM concentration increases from
0.3% to 1.5% and as the curing time increases from 7 to 28
days. However, the strength of the uncured specimens is
rather stable. The modified specimens have a higher strength
than the unmodified specimens after curing. The maximum
strength of 1930 kPa was obtained at a ZM concentration of
1.5% after 28 days of curing. It is 2.05 times larger than that
of the unmodified specimens after a curing time of 28 days
and 2.51 times higher than that of specimens with a ZM con-
centration of 1.5% without curing. This is because chemical
reactions between ZM and soil components form a kind of
viscous membrane structure, which leads to the strength
increase of the modified specimens. And these chemical reac-
tions normally occur over a few days.

5.2. Effect of the Salt Content on the UCS. The compressive
strength and compressive strain of specimens with saline soil
(0%, 0.4%, 3%, 6%, and 9%, respectively, by weight of dry
soil) after a curing period of seven days are shown in

Table 1: Soil characteristics.

Serial
number

Specific
gravity

Gran size Atterberg limits Compaction parameters
Sand

(0/075-2mm)
(%)

Silt
(5-75 μm)

(%)

Clay
(<5 μm)
(%)

Liquid
limits (%)

Plastic
limits (%)

Plasticity
index (%)

Optimum
water

content (%)

Maximum
dry unit weight

(g/cm3)

1 2.61 2.42 85.31 12.27 22.1 10.4 11.7 18.3 1.56

C = O

OH

R1

C = O

OR2

CH3

C = O

OR3

m

C = O

OR4

nx y
C = O

OH

R1

C = O

OR2

CH3

C = O

OR3

C = O

OR4

++ +x CH2 = C y CH2 = C m CH2 = CH n CH2 = CH CH2-C CH2-C CH2-CH CH2-CH
Initiator

R1 = H, CH3 R2 = CH3, C2H5, C4H9, C8H17, C18H37 R3 = CH3, C2H5, C4H9, C8H17 R4 = C2H5OH, C3H7OH, C4H9OH

Figure 1: Polymerization reaction of ZM.

Table 2: Physicochemical characteristics of ZM.

Physicochemical properties Values

pH 6-7

Phase Liquid

Solvability in water Solution

Viscosity (cp) 290

Specific gravity 1.06

Solid content 28%

Color Opalescent
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Figure 4. To compare the effects of the different salt contents,
the compressive strength and compressive strain of speci-
mens with a salt content ranging from 0% to 9% are included
in each figure. The UCS of the specimens decreases with
increasing salt content. Figures 4(a)–4(f) show the compres-
sive strength and compressive strain of specimens with dif-
ferent ZM concentrations (0%, 0.3%, 0.6%, 0.9%, 1.2%, and
1.5%). All specimens show strain-softening ductile failure;
the residual strength reduces with increasing salt content at
different ZM concentrations.

Figure 5 shows the effect of the salt content on the UCS of
specimens with different ZM concentrations after a curing
time of seven days. The increase in the salt content reduces
the UCS of ZM-modified and unmodified specimens. A salt
content of 0.4% has a smaller effect on the UCS; the strength
of the modified specimens is only reduced by 5.4%, 3.1%,
6.4%, 4.3%, and 5.4%, respectively. However, when the salt
content of the soil exceeds 3%, the strength rapidly decreases
with increasing salt content. Additionally, the decrease of the
UCS is most pronounced for salt contents ranging from 6%
to 9%; it reaches 44.0%, 42.0%, 41.2%, 42.5%, and 34.5%,
respectively. Furthermore, the strength of the unmodified
specimens also decreases by 34.8%. This indicates that the
salt content of the soil has a great influence on the strength
of modified saline soil. Hence, the soil should be sampled at
any time to ensure the quality of the construction.

5.3. Effect of the Curing Time on the UCS. Figure 6 shows that
the UCS of each sample significantly increases with increas-
ing curing time. However, the main increment of the UCS
increase occurs within seven days of curing (Figure 7). As
an example, the UCS of specimens with 0.3% ZM reaches
1.09MPa after seven days of curing (a 0.63MPa increment)
and 1.45MPa after 28 days of curing (a 0.16MPa increment
over 21 days). The relative UCS increase of soil with 1.5%
ZM after 7, 14, 21, and 28 days is 183.6%, 6.4%, 6.6%, and
9.0%, respectively. This demonstrates that soil-stabilizing
reactions primarily occur in the early stages of curing;
thus, special attention should be paid to the premainte-
nance of projects.

5.4. Water Stability. The specimens with different ZM con-
centrations and a salt content of 3% (by weight of dry soil)
were tested for water stability. After the immersion for 24h,
unmodified specimens completely collapse; thus, their UCS
was not tested. The water stability of unmodified specimens
is extremely poor. Specimens with a ZM concentration of

0.9% show a peeling phenomenon and specimens with a
ZM concentration of 1.5% maintain their integrity.

Table 4 illustrates the variation of the strength of the
specimens with different ZM concentrations after different
curing times subjected to water stability. The immersion pro-
cess adversely affects the strength. Before immersion, soil
with 0% ZM displays qu0 values of 700 kPa and 940 kPa after
a curing time of 7 and 28d, respectively. However, the qui
value of 0 kPa was obtained after 24-hour immersion. A sim-
ilar effect was observed for the sample stabilized with 1.5%
ZM, where qu decreases from 1561 kPa and 1930 kPa to
970 kPa and 1570 kPa, respectively.

The water stability index K is presented in Table 4. The K
-value of the specimens increases with the addition of ZM
soil stabilizer. The K-value of specimens with ZM concentra-
tions of 0.3%–1.5% is approximately 60% after 7 days, while
the K-value of the unmodified specimens is zero. In addition,
the K-value of the specimens also increases with the curing
time. The K-value of the modified specimens increases by
16.22%, 20.95%, 21.71%, 19.17%, and 19.17%, respectively,
between 7 and 28 days of curing and remains approximately
80% after 28 days. In contrast to the unmodified specimens,
the addition of ZM significantly increases the water stability
of the specimens.

5.5. Wetting-Drying Cycling Resistance. Specimens with dif-
ferent ZM concentrations and a salt content of 3% (by weight
of dry soil) after a curing time of 28 days were tested for 1
wetting-drying cycle. During the experiment, it is found that
the surface of the unmodified specimens has been severely
stripped and the specimens are fractured. Although the spec-
imens with a ZM concentration of 0.9% are not broken, their
surface has been eroded. The integrity of specimens with
1.5% ZM concentrations is better.

Table 5 illustrates the variation of the strength for speci-
mens with different ZM concentrations and curing times
before and after wetting-drying cycles. The wetting and dry-
ing process adversely affects the strength. Before wetting and
drying, soil with 0% ZM displays qu0 values of 700 and
942 kPa after 7 and 28 d of curing, respectively. However,
after 1 wetting-drying cycle, a quw value of 0 kPa was obtained.
A similar effect was observed for the sample stabilized with
1.5% ZM, where the qu value decreases from 1561 and
1930kPa to 890 and 1570kPa, respectively.

The variation of the strength loss rateG depending on the
ZM concentration and curing time is illustrated in Table 5.
The G-value of the specimens decreases with the addition

Table 3: Unconfined compressive strength of the specimens.

Serial number ZM content (%) Water content (%) Dry density (g/cm3)
UCS (kPa)/standard deviation (kPa)

0 d 7 d 14 d 21 d 28 d

1 0 18.3 1.56 451/17.8 700/29.9 721/32.4 831/31.9 942/42.3

2 0.3 18.3 1.56 463/20.3 1085/28.6 1279/51.2 1294/50.8 1453/56.1

3 0.6 18.3 1.56 552/21.9 1164/41.2 1324/52.5 1362/48.2 1552/60.5

4 0.9 18.3 1.56 561/26.3 1230/47.1 1328/44.3 1389/60.8 1616/65.4

5 1.2 18.3 1.56 544/22.0 1317/47.2 1411/45.7 1452/52.7 1903/51.3

6 1.5 18.3 1.56 553/21.7 1561/46.5 1663/65.8 1774/62.7 1930/53.8
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Figure 2: Compressive strength and compressive strain of specimens with different ZM concentrations after a curing time of (a) 0 d, (b) 7 d,
(c) 14 d, (d) 21 d, and (e) 28 d.
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of ZM soil stabilizer. The strength loss rate G of the speci-
mens modified with ZM concentrations of 0.3%, 0.6%,
0.9%, 1.2%, and 1.5% decreases from 47.71% to 47.41%,
45.53%, 44.70%, and 42.95%, respectively (after curing for
seven days). However, the unmodified specimens disinte-
grate after 1 wetting-drying cycle. TheG-value of the unmod-
ified specimens reaches 100%. Moreover, the strength loss
rate decreases with the curing time. The G-value of the mod-
ified specimens decreases by 25.79%, 27.41%, 25.78%,
25.75%, and 24.30%, respectively, between 7 and 28 days of
curing. These results indicate that the modified specimens
have a higher wetting-drying cycling resistance.

5.6. Optimum Concentration. Based on test results presented
in Sections 4.1, 4.2, and 4.3, the use of 1.5% ZM and 7 days of
curing time increases the strength (i.e., up to 122.8%
improvement of the UCS) and mitigates the water stability
and wetting-drying cycling resistance (i.e., up to 62.18%
and 57.05% improvement in K7d and G7d, respectively).
The strength of 1561 kPa was obtained for saline soil with a
salt content of 3% and ZM concentration of 1.5% after 7 days
of curing, which meets the strength standards for grade bases
for highways (1500 kPa, according to JTG/T F20-2015,
China). Therefore, from the economic point of view, a ZM
concentration of 1.5% is regarded as the optimum concentra-
tion for an effective stabilization. When the cost and design
requirements are changed, lower concentrations, such as
0.6%, 0.9%, and 1.2%, may also be acceptable choices, but
attention should be paid to curing.

6. Solidification Mechanism

X-ray diffraction and SEM were used in this study to
determine the mechanism based on which ZM stabilizes
saline soil.

Figure 8 shows the X-ray diffraction results for unmodi-
fied specimens and for specimens with a 3% salt content that
were modified with 1.5% ZM after 7 days of curing.
Figures 8(a) and 8(b) show that the X-ray diffraction results
for the specimens modified with 1.5% ZM are in agreement
with the results for the unmodified specimens. No new peaks
are observed. This means that the ZM does not chemically
react with saline soil to produce new functional groups and
mineral components, which mainly is due to the fact that a
small ZM admixture has no notable effect on the mineral
composition of saline soil.

Figure 9 displays the results of the SEM analyses of
unmodified saline soil with 3% salt. As expected, the unmod-
ified sample presents a discontinuous and dispersed porous
structure. Figure 10 shows the SEM images of the modified
saline soils (3% salt) with 1.5% ZM after a curing time of 7
and 28 days, respectively. After seven days of curing
(Figure 10(a)), a new material with gel-like appearance
appeared in the soil. This new gel-like material remained
on the surface of the soil particles in the form of a viscous
membrane structure and filled up the voids in the soil, as
can be seen in the soil images after 28 days of curing
(Figure 10(b)). This phenomenon is mainly caused by ZM
containing acrylate polymer, which has a large number of
functional –COOH and –OH groups and long-chain macro-
molecules (Figure 1). When ZM is used to modify saline soil,
one part of them fills the pores in the saline soil structure and
the other part covers the surface of the saline soil particles.
The hydrophilic groups (–COOH and –OH) chemically react
with the negative ions of the clay particles and establish com-
plex physical and chemical bonds between the soil particles
and soil stabilizer (hydrogen, ionic, electrostatic, dialysis, or
Van der Waals bonds). Based on these bonds, long chains
of ZM polymer macromolecules cover the surface of the par-
ticles to form a viscous membrane structure. Based on filling
and enwrapping of ZM, the UCS, water stability, and
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Figure 3: Effect of the ZM concentration on the UCS for different curing times.
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Figure 4: Compressive strength and compressive strain of specimens with different salt contents after seven days of curing: (a) 0% ZM, (b)
0.3% ZM, (c) 0.6% ZM, (d) 0.9% ZM, (e) 1.2% ZM, and (f) 1.5% ZM.
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wetting-drying cycling resistance of ZM-modified saline soils
are improved.

On the other hand, the chemical reactions between the
ZM and soil components normally occur over a few days.
Hence, the UCS of the solidified soil increases with
increasing curing time. However, most of the chemical
reactions occur in the early stages of curing such that the
UCS quickly increases in the first seven days and then sta-
bilizes (Figure 7). In addition, based on a higher ZM con-
centration, more porous parts of the soil are filled and

more bonds are formed, leading to greater soil strength
(Figures 2 and 3). Therefore, the UCS increases with
increasing ZM concentration.

7. Conclusions

The purpose of this study was to illustrate the effect of ZM
aqueous polymers on saline soil. Based on the laboratory test
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Figure 6: Effect of the curing time on the UCS for different ZM
concentrations.
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Figure 7: Relative increment of the UCS for different ZM
concentrations and curing periods.

Table 4: Water stability of the specimens after different curing
times.

Serial
number

ZM
content
(%)

7d UCS
(MPa)

28d UCS
(MPa)

Water
stability (%)

qu0 qui qu0 qui K7d K28d

1 0.0 0.70 0.00 0.94 0.00 0.00 0.00

2 0.3 1.09 0.62 1.45 1.06 56.88 73.10

3 0.6 1.16 0.67 1.55 1.22 57.76 78.71

4 0.9 1.23 0.72 1.62 1.30 58.54 80.25

5 1.2 1.32 0.81 1.90 1.53 61.36 80.53

6 1.5 1.56 0.97 1.93 1.57 62.18 81.35

Table 5: One wetting-drying circle of specimens at different curing
times.

Serial
number

ZM
content
(%)

7 d UCS
(MPa)

28 d UCS
(MPa)

Strength loss
rate (%)

qu0 quw qu0 quw G7d G28d

1 0.0 0.70 0.00 0.94 0.00 100.00 100.00

2 0.3 1.09 0.57 1.45 1.13 47.71 21.92

3 0.6 1.16 0.61 1.55 1.24 47.41 20.00

4 0.9 1.23 0.67 1.62 1.30 45.53 19.75

5 1.2 1.32 0.73 1.90 1.54 44.70 18.95

6 1.5 1.56 0.89 1.93 1.57 42.95 18.65
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Figure 5: Influence of the salt content on the UCS for different ZM
concentrations after a curing period of seven days.
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results, ZM is a new type of aqueous polymer soil stabilizer,
which effectively stabilizes saline soil.

The test results show that ZM-modified soils have higher
strength than unmodified soils. Additionally, it was observed
that the UCS of ZM-modified soils increases with increasing
ZM concentration and curing time and decreases with
increasing salt content.

Moreover, the water stability and wetting-drying cycling
resistance significantly improve with increasing ZM concen-
tration and curing time.

Based on the UCS, water stability, and wetting-drying
cycling resistance test results, 1.5% ZM can be regarded as an
optimum concentration for yielding an effective stabilization.

Although the X-ray diffraction results indicate no new
functional groups or mineral components, SEM clearly
shows the membrane structure of ZM-modified saline
soil. The newly formed gel-like material fills the voids
in the soil and covers the particle surfaces in a form of
a viscous membrane structure. This phenomenon leads
to the strength increase.
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Figure 8: X-ray diffraction results for specimens with different ZM
concentrations after seven days of curing: (a) 0%ZMand (b) 1.5%ZM.
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Figure 9: Micrograph of saline soils with 0% ZM after seven days
of curing.
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Figure 10: SEM images of saline soils modified with 1.5% ZM after
(a) 7 d and (b) 28 d of curing.
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