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Abstract
Jet grouting techniques have lately become one of the soil enhancement technologies used to increase the strength of poor soils
and resolve most of their difficulties. Seven full-scale soilcrete columns (SC) were formed in clayey soil using a one-to-one
water-to-cement ratio and different parameters, including five different pressures (30, 32.5, 35, 37.5, and 40 MPa) and three
different rotating rates (25, 35, 45 rpm). These metrics were used to assess SC’s resistance to chemical attacks [seawater,
magnesium sulfate (MgSO4)]. Additionally, it is also working on the strength investigation (unconfined compression test) of
samples after 105 days of curing in chemical solutions. Scanning electron microscopy (SEM) and Energy Dispersive X-Ray
Analysis (EDX) were used to study the microstructural behavior and chemical element distribution of full-scale SCs. As
a result, chemical attacks significantly affected upon the SC samples regarding pressure injection and jet grout’s rotation
parameters. In detail, the seawater solution positively impacted on the strength characteristic of SC specimens compared
with the normal environment, which is the average strength has been increased 20%. While, considerable deterioration and
deformation were detected in MgSO4 solution, leading to losing the mass and decreasing the strength for both parameters,
ranging between -10.2% and -58.8% for mass change and 2.0 and 9.5 MPa for strength, at 105 days curing. SEM and EDX
images proved the chemical attacked deteriorations and generation of hydration product with pozzolanic reactions.

Keywords Soilcrete column · Clayey soil · Cement · Seawater · Magnesium sulfate · Strength characteristic · SEM and EDX
studies

1 Introduction

Numerous soil improvement methods have been used suc-
cessfully in engineering practice to address a variety of
geotechnical issues. Additionally, high-pressure grouting
or "jet grouting" techniques were lauded for their cost-
effectiveness and efficiency. The basic understanding of jet
grouting is injecting controlled amounts of cement paste
during small diameter nozzles on a high-pressure rotating
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drill (i.e., 30–60 MPa). AS well, the soilcrete (jet grout col-
umn) is cemented geometrics constructed through injecting
water-cement grout and enhanced physicomechanical behav-
iors. The diameter of SC ranged between 40 and 140 cm
depending on employed operational parameters and soil type
[1]. In addition, the composition of foundation soil and the
efficiency of replacing soil were indicated as considerable
variables to investigate the mechanical and physical proper-
ties of high-modulus columns [2]. Besides, Water-to-cement
(w/c) ratio is represented as the main factor in controlling
the mechanical behaviors of SC. Generally, the w/c ratio of
1.0 is most useful in jet grout implementations; therefore,
it prefers to consider a lower w/c ratio in their substantial
groundwater flow to gain on the columns with a high elastic-
ity modulus and enhancement behavior of SC [2, 3]. Tinoco
et al. [4] researched that the drilling speed& rotational veloc-
ity, pressure injection & grout volume, and time interval per
step affect the geometry of the grout column. Erkan and
Tan [5] evaluated the effect of rotational speed, lifting speed
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Table 1 Properties of clayey soil

Property Values

Specific gravity (ASTM D854-10) 2.65

Water content (%) 20

Soil classification CL

Liquid limit (%) (ASTM D4318) 28.4

Plastic limit (%) 19.9

Plastic Index (%) 8.5

Maximum dry density (g/cm3) 1.86

Optimum moisture content (%) 13.2

Soaked CBR (%) 2.8

Standard penetration test (SPT) (N60) 12

Passing sieve No. #200 (%) 62.45

of drilling rod, w/c, and injection pressure on the mechan-
ical properties of columns in sandy soil through physical
modelling. Increasing the lifting step’s speed dramatically
decreases the compressive strength and slightly reduces the
column diameter. Furthermore, they concluded that removal
of the stem at high velocity affected the uniformity of the
column.

Soil development can be categorized into two major pro-
cedures. The first one, using an additive’s stabilizer in the
soil to increase the compacted soil’s long-term strength, may
take place in addition to themodification. The second one is a
change in the moisture sensitivity and texture of the soil dur-
ing the soil modification, which usually occurs by a change
in its plasticity [6, 7]. The most common binder material
used as a stabilizer to improve the performance properties of
clayey soils is cement. Consequently, the stabilizing soil with
cement has been detected that the unconfined compressive
strength increased with the increasing percentage of cement
content, reducing the plasticity index [8–11]. Sariosseiri and
Muhunthan [12] indicated that the UCS of soil with low plas-
ticity clay was enhanced five times compared with raw soil
by adding 15% cement kiln dust (CKD). The soil’s soaked
California bearing capacity (CBR) was also enhanced by uti-
lizing the CKD in clay soil to utilize it as a flexible pavement
subgrade [13]. Another application of using soil as a con-
struction material, Tulane et al. [14] determined that sandy
clay soil is ideal for making soil–cement bricks due to its
particle dispersion and sand properties. After modifying the
physical properties of the soil by combining it with sand to
stabilize its contents, enabling its pressing process [15].

Industrial development is the most competitive sector in
the world; therefore, there were many problems involved in
these activities. Thus, durability properties of cementitious
material are considered as one of these problems, which
OPC to chemical attacked used or released by the indus-
trial environment. As a chemical attack, the NaCl widely

affected the geotechnical properties of kaolinite clay treated
with cement kiln dust. TheAtterberg limits, standard Proctor,
unconfined compressive strength, and CBR tests were con-
ducted to examine themechanical behaviors. It was observed
that using 15% CKD and 10% NaCl in clay soil reduces the
e-CO2, energy consumption, and cost of soil stabilization. In
contrast, the modulus of elasticity and soil’s UCS with CDK
was less than cement as a stabilizer [7].

Magnesium sulfate (MgSO4) attack is a customary prob-
lem in the transportations, constructions, and pavements.
Works of literature have notated that the durability perfor-
mance of stabilized soil is significantly affected by exposing
the specimens to MgSO4 solution [16–18]. After the regu-
lated process involved in a sulfate attack, it is assumed that
magnesiumhydroxide and gypsumwere formed as a result of
the interaction between magnesium hydroxide (MgSO4) and
calcium hydroxide (Ca(OH)2) in the pore water. Numerous
investigations have been undertaken in this field, for exam-
ple, Yang et al. [19] and Little et al. [20].

Laboratory mechanical properties of SC had been
observed in the works of literature according to different
parameters such as the lifting speed and lifting steps. How-
ever, there is a non-similarity in geomechanical properties
between the in situ and laboratory work. Therefore, this
study aims to understand the durability properties of full-
scale soilcrete column (SC) during injecting in the clayey
soil. In addition, it has been investigated the role of pressure
injection (30, 32.5, 35, 37.5, and 40MPa) on themass change
and uniaxial strength under chemical attack’s solutions (con-
trol, seawater, and MgSO4) of the SC that there is a lake of
information in this sector. Jet grout’s rotations parameter has
never been considered to show the variation of geomechanics
behavior; hence, this study utilized three different rotations
such as 25, 35, and 45 rpm to investigate the durability and
mechanical properties of full-scale samples. As emphasized
earlier, the effect of pressure injection and jet grout rota-
tions that were researched the first time for grouting in this
study has been concerned with a significant gap in the pre-
vious studies. Thus, any conclusion obtained from the study
results is helpful for practical application experiments.

2 Experimental Work

2.1 Materials

2.1.1 Soil

The soil has been utilized in this case study was clayey soil
with properties that existed according to ASTM standard
requirements. Soil samples taken from site work were saved
in plastic bags to prevent moisture change. Based on a uni-
fied soil classification system (USCS), the soil is classified as
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Fig. 1 Particle size distribution of
OPC

clayey soil (CL) with low plasticity. According to soil tests,
liquid and plastic limits were 28.4% and 19.9%, respectively,
and all soil properties are detailed in Table 1.

2.1.2 Water/Cement (w/c)

The full-scale SC was constructed in the site with a w/c ratio
to analyze the durability properties in different chemical envi-
ronments. Benhamou [21] reported that this range ofw/c ratio
was utilized to observe the geotechnical applications such as
permeation grouting, jet-gout, and cement grout for rock or
soil injection. In addition, the Portland cement used in this
study is Portland cement (PC) type CEM I-42.5R according
to ASTM C150 [22], which is the particle size distribution
presented in Fig. 1, chemical and physical properties of PC
aredetailed inTable 2. Furthermore, cement paste (grout)mix
has been preparedwithw/c ratio one. In addition, the rheolog-
ical properties of cement paste (grout) has been obtained by
using a Coaxial rotating cylinder rheometer (ProRheo R180
Instrument, Germany), which is available in Gaziantep uni-
versity – Geotechnic laboratory, as shown in Fig. 2a, b.

2.2 Jet Grout Technology In Situ Soilcrete
Construction

The technology “Jet grouting” is an injection under high pres-
sure of various chemical reagents—binders (strengtheners)
which serve to improve the properties of the soil. In this study,
SC has been constructed in location Şahitkamil-Gaziantep-
Turkey at 37° 08′ 47.76′′ Nand 37° 22′ 24.96′′ E coordination
as shown in Fig. 3a. In addition, after the drilling step, the
injection process has been started to construct the SC by
using the Comacchio MC 15 machine presented in Fig. 3b.
The properties of the jet grout machine are reported in Table
3. Next, preparing cement paste in the grout mixer, which
is the using Portland cement (PC) type CEM I-42.5R with

Table 2 Chemical and physical properties of Portland cement (PC) of
present study

Properties Materials Values

Chemical (%) CaO 61.94

MgO 2.43

Fe2O3 2.43

Al2O3 5.58

SiO2 18.08

SO3 2.93

Na2O 0.18

K2O 0.99

Loss on ignition 4.4

Physical Specific gravity 3.17

Fineness (Blaine)(cm2 /g) 3750

d85 (85% finer size from grain size
distribution curve of cement)

0.03

d95 (95% finer size from grain size
distribution curve of cement)

0.07

water-to-cement ratio was one. Then, grout paste has been
injected with different pressure injections such as 30, 32.5,
35, 37.5, and 40 MPa in the clayey soil and different jet
grout rotations, which are 25, 35, 45 rpm to construct the
seven full-scale dimensions of SCs. Besides that, the case
study’s jet grouting method was selected as a double fluid
method. This method uses two different nozzles, which are
placed opposite each other in the same rod, and from each
one injected grout past and air with high pressure to erode the
soil and replaced with grout past then formed the SC after
hardening. Figure 4 presents the schematic diagram of SC
formation procedures.
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Fig. 2 Rheological properties of
jet gout column: a shear stress
versus shear rate relationship;
b coaxial rotating cylinder
Rheometer

Fig. 3 a Location of construction SC; b SC machine

Table 3 Jet grouting column information

Materials Properties

Machine name Comacchio MC 15

Rotation (rpm) 25, 35, 45

Pullout speed (cm/min) 85 cm/min

Pressure (MPa) 30, 32.5, 35, 37.5, 40

Cement type Cem I, 42.5 R

W /C 1:1

Viscosity (s/l) 33 s/1000 ml

Fluidity of concrete 70%

2.3 Sample Preparation

This section covers the preparation of the test specimen after
casting a full-scale SC (Grouting column) in the clayey soil.

Next, the grouting column has been cured in the clayey soil
for 28 days. After that, the area around the column was exca-
vated to extract full-scale dimensions and transported to the
geotechnical laboratory belonging to Gaziantep University –
Turkey, and taking a core sample was then covered with plas-
tic sheets to protect the moisture of the sample, as shown in
Fig. 5a–c.After preparing the test specimens, the size of spec-
imens was prepared with 50*100 mm according to ASTM
D698. For each condition (control, seawater, MgSO4), a total
of eight samples were designed regarding pressure injection
and rotation’s parameters, and three samples at each param-
eter were used for work accuracy; therefore, a total of 72
samples were prepared to cover this study. All samples were
exposed to different chemical environments, such as seawater
(NaCl) and magnesium sulfate (MgSO4) solutions, to study
the durability properties of full-scale SC. The test samples
are labelled according to different pressure injections such
as 30, 32.5, 35, 37.5, and 40 MPa with three different jet
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Fig. 4 Schematic diagram of SC procedure formation

Fig. 5 SC samples, a coring samples, b covering with a plastic sheet, c labeling the samples
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Table 4 Experimental program
of the study Sample code w/c Pressure injection (MPa) Jet grout’s rotation (rpm) Water content (%)

SC30-35 1:1 30 35 28

SC32.5-35 1:1 32.5 35 29

SC35-35 1:1 35 35 28

SC37.5-35 1:1 37.5 35 28

SC40-35 1:1 40 35 29

SC40-25 1:1 40 25 32

SC40-35 1:1 40 35 29

SC40-45 1:1 40 45 22

grout’s rotations (25, 35, 45) rpm. Therefore, the test sample
has been labelled as SC30-35, which means that the (SC) is
a soilcrete specimen, the pressure injection is 30 MPa, and
the jet grout’s rotation is 35 rpm, as detailed in Table 4.

2.4 Test Methods

2.4.1 Chemical Attacks Test

Durability properties exposed to chemical attacks of SC
according to ASTM C267 – 01 requirements [23]. However,
there is no specific test method to evaluate the durability of
concrete exposed to chemical attacks. In this study, magne-
sium sulfate (MgSO4) with a concentration of 1% by weight
and sodium chloride (seawater) (NaCl) with a concentration
of 3.5% by weight was prepared, and the specimens were
fully soaked in the chemical solution for 105 days. Before the
chemical exposure, the specimens were immersed in water
for 24 h and then left to dry for 2 h at 23 ± 2 °C to deter-
mine the initial weight of the specimens. At the end of each
week of exposure time, the specimens were removed from
the chemical solution tank and washed with water to elim-
inate chemical reaction products remaining on the surface
of the specimens. The specimens were then left to dry at 23
± 2 °C for 2 h before measuring their weights. Deteriora-
tion level and change in the surface of specimens were also
evaluated by visual observation after each week of exposure.
After each week, the cumulative change in weight for each
test specimen was determined using the following formula:

Mc = Wt − Wi

Wi
∗ 100

where Mc is the cumulative change in weight from initial
to weight at time t, W i is the initial weight of the specimen
before immersing in the chemical solution (in grams),Wt is
the weight of the specimen at time t (in grams).

Fig. 6 Unconfined compression test machine

2.4.2 Unconfined Compressive Strength (UCS)

The UCS test was examined on the soilcrete samples to
measure the strength value of specimens before and after
chemical attack for comparison and evaluate the degree of
chemically attacked affection after 105 days curing accord-
ing to different pressure injection and jet grout’s rotations
parameters. The procedure test followed the ASTM D2166
[24] requirements. Therefore, it placed the samples in the
center of the device and adjusted the loading machine care-
fully till tach the sample’s surface, then recorded zero as
shown in Fig. 6. Afterward, apply the load with axial strain
at a 0.5–2.0% /min rate. Note the strain rate should be chosen
so that the time to failure does not exceed about 15 min.

2.4.3 SEM and EDX Test

Figure 7 presents the Gemini300 (ZEISS) machine scan-
ning electron microscopy (SEM) machine used to analyze
the changes in the interfacial transition zone between cement
and clayey soil regarding pressure injection and jet grout rota-
tions before and after exposure to chemical attack. Energy
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Fig. 7 SEM and EDX image machine

Dispersive X-Ray Spectrometer (EDX) image was also
examined to the specimens byOxford Instruments, supported
by Aztec software, which is present in the central laboratory
of Gaziantep University to show any change in chemical ele-
ments composition of SC. The sample section is located from
the samples’ outermost layer (maximum 1 cm from the outer
layer). One inch (2.54 cm) slice of the specimens was cut and
discarded from both bottom and top regions and a 1-cm-thick
rectangular slice from the middle sections of the samples.

3 Result and Discussion

3.1 Chemical Attacks

3.1.1 Mass Change of SC

According to pressure injection and jet grout rotations, mass
change of SC has been observed after 105 days from differ-
ent environments, such as seawater (3.5%) and magnesium
sulfate (MgSO4) with a constant solution concentration of
1%.

Seawater (NaCl) Figure 8a, b illustrates the mass change of
soilcrete sample exposed to 3.5%seawater solution regarding
pressure injection and jet grout’s rotations, respectively. The

change in mass was calculated for all samples in the control
environment through constant hydration [25, 26]. Generally,
the mass change investigated variation due to exposure in
seawater solutions, while the sample’s surface has not been
deformed compared with normal conditions. In addition,
variation of mass changes has been fixed after 45 days of
immersing in solution for most parameters of pressure injec-
tion, as shown in Fig. 8a. The optimummass change has been
achieved at sample SC30-35, which is 6% for 105 days and
0.9% for 45 days; therefore, it can be concluded that there is
a significant change with the 30 MPa pressure injection and
35 rpm rotations. Additionally, it indicates that the poros-
ity is large in comparison with other metrics, meaning that
the permeability and chemical absorption are increased [27].
1.3%, 1.9%, 1.8%, and 1.5% were considered as percentage
of mass change of samples SC32.5-35, SC35-35, SC37.5-35,
and SC40-35, respectively. The weight gain due to absorp-
tion of the chemical solution was also reported by serval
works of literature [28, 29]. Sanni and Khadiranaikar [30]
concluded weight loss of normal concrete specimens under
5%magnesium sulfate and 3.5% seawater environment were
0.43%and 0.35%, respectively, aswell, the present studywas
observed that the seawater had less effect on the soilcrete
sample compared with other chemical attacked. The results
of jet grout rotations detected a significant variation in jet
grout columns. The mass change was stable after 45 days for
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Fig. 8 Mass change of SC
exposed in seawater, a pressure
injections, b jet gout rotations

samples SC40-35 and SC40-25, while the mass change of
SC40-45 continuously increased with increasing the curing
time to 105 days; it can be attributed that the clay content
covers the large space of sample that caused to high per-
meability and chemical absorption. Furthermore, specimen
SC40-45 was recorded optimum value of mass change which
is exceeded 2.9% for 45 days and 3.4% for 105 days, which
indicates that the sample contained higher porosity and less
density compared with SC40-25 and SC40-35, that leads to
increasing the chemical absorption and high permeability.
While, the minimum result has been achieved at soilcrete
sample 40–25 which is 0.8% and 1% for 15 and 105 days,
respectively, it means with the less rotation leads to exist the
pure soilcrete with less porosity, less chemical absorption,
and high density. Besides that, the variation of mass change
has been fixed for sample 40–35 and 40–25 after 45 days
exposing as shown in Fig. 8b.

Magnesium Sulfate (MgSO4) This study also presented the
affection ofmagnesium of sulfate (MgSO4) on soilcrete sam-
ples. Figure 9a, b reports that the pressure injections and
jet grout rotations significantly affect the mass change of
soilcrete samples. Generally, Mass change detected a sig-
nificant variation due to exposure of the SC samples to
1% sulfate solutions. The rate of decrease was not uni-
form and ranged between 10 and 47% for pressure injections
and 20–47% for rotations. It can be understood that cement
grout of sample heterogeneously distributed in clayey soil.
The decrease in weight was observed for all specimens at
all pressure injections, which is detailed in Fig. 9a. How-
ever, the reduction rate was more remarkable than seawater
because theC–S–H rapidly loses calcium (Ca) ions and trans-
forms them into magnesium silicate hydrates (Mg–S–H).
Therefore, its non-binding compounds are generated when
magnesium hydroxide reacts with silica gel [31–33]. In this
case, specimen SC35-35 was notated as a minimum value of
mass change for 45 and 105 days, which are − 7.4% and −
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Fig. 9 Mass change of SC
exposure to MgSO4, a pressure
injections, b jet gout rotations

10.2%, respectively, and the results are very high compared
with the seawater. While the highest mass change has been
reached at samples SC37.5-35 and SC40-35 for all ages, it
can be attributed that the samples consist of a large amount of
cement content that leads to increasing the pozzolanic reac-
tion and generation hydration products [34].

The jet grout’s rotations observed a significant effect on
the SC during exposure to MgSO4 solution with a concen-
tration of 1%. As a result, sample SC40-45 is considered a
minimum result compared with 40-25 and 40-35, which are
− 19.8%, − 58.8%, and 46.5%, respectively, for 105 days
curing, as shown in Fig. 9b. It is considered that the results are
acceptable compared with previous studies, and the weight
gain at the first 30 days due to absorption of magnesium
sulfate solution was also reported in this case study which
has the same manner as the previous studies [28, 29]. Cor-
don [35] concluded that the soilcrete is subject to the attack
of sulfate much in the same manner as concrete, but dete-
rioration in soilcrete is more rapid than cement concrete.

Reactions between the cement and chemical solution lead
to reducing the density of concrete due to the formation of
ettringite (C4A3S) and gypsum (CaSO4) [36, 37]. However,
the initial weight gains of the specimens may result from the
lower reduction amount in relative density than the increase
in relative volume [36].

Compressive Strength Approach This study presented the
uniaxial strength of SC in different environments such as
control (No attacked), seawater (NaCl), and magnesium sul-
fate (MgSO4) regards with different pressure injection and
jet grout’s rotations, as shown in Fig. 10a, b. According to
the results, the chemical attack wildly affected the soilcrete
samples. However, the strength of specimens after being
immersed in MgSO4 solution recorded the maximum results
compared to control, seawater for all pressure injections was
and jet grout’s rotations. In detail, MgSO4 solution has a
considerable influence and high deformation on the SC in
pressure injection. after being exposed to seawater solution,
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Fig. 10 Compressive strength of
SC at different environments,
a pressure injections, b jet
grout’s rotations

the optimum result has been recorded at soilcrete samples
SC37.5-35, which is 13.31 MPa, compared with specimens
SC30-35, SC32.5-35, SC35-35, and SC40-35 were 12.0,
12.1, 9.0, and 12.24 MPa, respectively, as shown in Fig. 10a.
It can be understood that the percentage of cement gener-
ally increased with increasing the pressure and caused to
rising the strength. Besides that, the SC exposure to seawater
improves the strength performance of cement paste binder
by producing calcium-sodium silicate gel through the com-
bination of cement calcium and dissolved silicate of the clay
structure [38]. According to jet grout rotations, the results
concluded that the minimum and maximum strength had
been measured at specimens SC40-35 and SC40-25, 7.17
and 15.89 MPa, respectively, as presented in Fig. 10b. This

variation in strength means that the rotations have a signifi-
cant effect on the uniaxial strength. The percentage of cement
increased with decreasing the rotation, which increased the
strength. Ghavami et al. [7] also concluded that themaximum
stress of cement-soil specimen was obtained by increasing
the percentage of NaCl. It can be understood this increas-
ing related to producing of continuous pozzolanic reactions
throughout curing time. As seen, the maximum compres-
sive strength increased by 18% with adding 10% NaCl to
cement-kaolinite clay soil compared with NaCl-free sample
throughout 7 days of curing time. In addition, the calcium-
sodium silicate gel was produced because of the combination
of dissolved silicate of the clay structure and cement calcium
that improves the strength properties of specimens. After-
wards, soilcrete specimens behave more brittle compared
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with non-salt soil. In conclusion of the present study, the
strength of the soilcrete sample enhanced after exposure to
seawater solutions.

The SC significantly deformed due to exposure toMgSO4

solution because of reaction has been occurred with cement.
As seen, the maximum strength obtained as specimen SC40-
35 for both pressure injection and rotation’s parameter
compared with SC30-35, SC32.5-35, SC35-35, SC37.5-35,
SC40-25, andSC40-45were 6.3, 2.0, 6.0, 3, 5.0, and5.0MPa,
respectively. Based on the literature’s results, the minimum
compressive strength value of the specimen was observed
after exposure to 1% concentration of magnesium sulfate
(MgSO4) solutions compared with the strength of the speci-
men immersed in water for one day. In addition, the MgSO4

solution was more effective (loss strength, deformation,
visual appearance degradation) on the SC specimens than
sodium sulfate solution at the same concentration of solu-
tions and regardless of the type of cement. In detail, MgSO4

salt is more aggressive than sodium sulfate, which leads to
more harm and deterioration on specimens. It can be under-
stood that this influence was causing the crack formation
and expansion during the sulfate attack and evanishing the
calcium silicate hydrate’s binding property and the cement
[39].Additionally, the decrease in strength of specimens after
exposure to MgSO4 solution indicates that the calcium ion
in calcium silicate hydrate (C–S–H) has been replaced by
magnesium, then resulting in magnesium silicate hydrate
(Mg–S–H), which is detrimental to the bonding forces within
the composite or non-binding materials [33, 34, 40].

3.2 Visual Appearance

3.2.1 Specimens Exposed to the 1% Seawater (NaCl)
Solution

Throughout this study, it was observed that the sodium chlo-
ride (seawater) significantly affectedSCby testing the change
in mass and compressive strength and evaluating the change
in visual appearance of the sample. Figure 11 shows the
change of visual appearance of soilcrete samples before and
after curing 105 days in 1% seawater’s solution, which con-
cluded that the best technique to assess the SC’s degradation
is to monitor the visual appearance and measure the mass
change of the test specimens. As seen, the color change has
been observed for all specimens compared with the control
sample. According to the structure of a sample, all specimens
were not deformed after immersing samples for 105 days in
sodium chloride solution. The same findings were observed
from previous research [27].

Fig. 11 Visual appearance of SC exposed to seawater for 105 days,
a before curing, b after curing

Fig. 12 Visual appearance of SC exposed to MgSO4 solution for
105 days, a before curing, b after curing

3.2.2 Specimens Exposed to the 1%Magnesium Sulfate
(MgSO4) Solution

Figure 12 shows the visual appearance of SC that was
exposed to a 1% concentration of MgSO4 solution for
105 days. Besides that, samples’ mechanical and physical
properties have also been significantly changed after being
exposed to the chemical solution. According to the results,
most cracks and deterioration in the shape of soilcrete speci-
mens occurred when exposed to magnesium sulfate solution,
which depends on the presence of cement content that leads
to break up to small parts of SC and do not revert to original
features of soil [35]. This study concluded that the maximum
deterioration anddeformationhaveoccurred in soilcrete sam-
ples exposed to MgSO4 solution compared with seawater.
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Fig. 13 SEM analysis of SC in different environments, a control, b seawater, c MgSO4

3.3 Microstructural Studying of SC

3.3.1 SEM Analysis

SC was analyzed in detail by scanning electron microscopy
(SEM) to observe the variation in the interfacial transition
zone (ITZ) between the grout materials and clay soil after the
chemical attack (control, seawater, andMgSO4) for 105 days
curing as detailed in Fig. 13a–c. Due to the fact that all
chemical attacks occur at the surface of the samples, defor-
mation begins at the surface and progresses to the interior
[36]. SEMphotos have been possessed for all specimens after
exposure to chemicals attacked from the samples’ outermost
layer (maximum 1 cm from the outermost layer). One inch
(2.54 cm) slices of the specimenswere slit anddiscarded from
both bottomand top regions and 1 cm thick circular slice from
the middle sections of the samples then scanned by SEM test
at magnification 10,000 times. Figure 13a, b shows the SEM
analysis of soilcrete samples at normal and seawater condi-
tions, as well, the samples had not been deformed according

to the structure after 105 days curing. While the seawater
solution has been wildly affected the specimen’s surface
according to the color as presented in Fig. 11. Figure 13c
illustrates the SEM analysis of soilcrete specimen after expo-
sure to MgSO4 solution, and it was detected that the MgSO4

more aggrieve the normal and seawater conditions. There-
fore, the surface’s deterioration appears on the specimen due
to the structure and colors, then caused to expansion and
cracked formation during the sulfate attack and demising of
binding property of cement and calcium silicate hydrate as
well [39].

3.3.2 EDX Analysis

The EDX was used to classify the chemical compositions
of soilcrete specimens subjected to various chemical condi-
tions, including normal, saltwater (NaCl), and magnesium
sulfate (MgSO4) solution (Fig. 14a–c). Additionally, this
approach blasted electrons in the desired region of elemen-
tal composition. The chemical elements will then release
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Fig. 14 EDX analysis of SC after exposure to different chemical environments, a normal, b seawater, c MgSO4

distinctive X-rays, which may be detected on the detector
[41]. To illustrate any differences in chemical elements, con-
tent, and structure of SC, an EDX image was taken using the
Gemini300 machine. Additionally, Fig. 14a depicts the EDX
picture of the soilcrete sample in its natural state. The cement
grout injected into the clayey soil has a high concentration of

cement, which results in the highest concentrations of chemi-
cal components such as calcium (Ca) and iron (Fe) compared
to a chemically attacked specimen, which is 62.75% and
4.7%, respectively. However, Si (17.79%) and Al (5%) were
considered due to the presence of soil in the samples. In
Fig. 14b, the micrograph of the soilcrete sample after expo-
sure to NaCl solution is finished. As can be observed, the
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(Ca) chemical element peak remains visible compared to a
normal situation due to a considerable quantity of Ca at this
location. Therefore, it is indicated that C–S–H may occur in
the same area; hence, this pozzolanic reaction fills the pore
space of clay, increasing its strength and geotechnical qual-
ities [42]. Figure 14c illustrates the EDX examination of a
soilcrete sample after being soaked in a 1%MgSO4 solution.
As shown by the result, the specimen lacked cementitious
components, and ettringite formation occurred, although the
clay’s shape remained consistent. Thus, Ca was reduced by
14% compared to a normal situation. Simultaneously, the Si
and Al contents were still rising at 17.7% and 5.28%, respec-
tively. Additionally, this reaction forms silicium, aluminum,
and ferric oxide hydrogels [43]. Thus, the identical results
reported in this investigation indicated that the Ca element
was reduced bymore than 43% compared to the natural envi-
ronment.

4 Conclusion

This paper observed the influence of pressure injection and
let grout’s rotation on SC’s strength and durability properties
in clayey soil. The durability properties of SCwere analyzed,
and the following conclusion was drawn:

• This study detected that the mass change investigated vari-
ation due to exposure in seawater solutions, while the
sample’s surface has not been deformed compared with
normal conditions. The maximum mass change has been
obtained at a sample SC30-35, which is 6% for 105 days
and 0.9% for 45 days. The results of jet grout rotations
detected a significant variation in jet grout columns. The
mass change was stable after 45 days for samples SC40-
35 and SC40-25 (1% and 1.5%), while the mass change of
SC40-45 continuously increased with increasing the cur-
ing time, which is 3.4% after 105 days of curing.

• Magnesium sulfate attack is considered an effective
parameter on the SC regarding pressure injection and
rotations. Therefore, the variation of mass change ranged
between 10 and 47% for pressure injection and 20–47% for
rotations, which is very high compared with the seawater
attacked. Themaximummass reduction has been exceeded
− 51.2% and − 46.5% at samples SC37.5-35 and SC40-
35 for all ages. The same approach of mass change was
observed according to jet grout rotations after 105 days of
curing.

• Strength properties of full-scaleSCafter chemical attached
also investigated a wild variation regarding pressure injec-
tion and jet grout column. Therefore, the strength of spec-
imens after being immersed in MgSO4 solution recorded
the minimum results compared to control and seawater
environments, which ranged between 0.0 and 9.5 MPa.

According to the control environment, the strength value
was varied from 6.2-to-10.0 MPa for both pressure injec-
tion and rotation and ranged between 7.17 and 15.89 MPa
for seawater conditions.

• SEM and EDX results of full-scale SC observed the reac-
tion of chemical solution with the samples, and generation
of hydration products increased with increasing chemical
curing time. It is also proved the variation of durability
and mechanical properties. Generally, MgSO4 solution
observed the highly surface deteriorations and structural
deformation of soilcrete samples after curing for 105 days
curing compared with normal and seawater environments.

• Future investigation on the presenting more durability
properties of SC through subjecting to the sulfuric acid
(H2SO4) solution, considered a chemical attack and wet-
ting and drying test. Besides that, it is recommended to
improve the geomechanical properties of Full-scale SC
column using different methods and different binder mate-
rials to replace cement such as silica fume, slag, andfly ash.
More investigation about laboratory working compared
with site working because of the heterogeneous distribu-
tion of soil.
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