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HIGHLIGHTS ABSTRACT

e This study examines the effect of time on
strength and degree of improvement of
grouting material in heated, cracked soil.

e The shear strength of the heated soil
increased from 14 to 300 kPa

o At 15% settlement ratio, bearing ratio rose
from 329 to 71.7 as water-cement ratio

Soft clayey soils present geotechnical engineering challenges with significant
stability and settlement. Various methods are employed to enhance the
geotechnical properties of these soils. Heating and grouting are the methods used
to improve such soil. A new heating and cement grouting system using gas as a
source of heating through boreholes and Portland cement for grouting was
designed and manufactured to enhance the soft soil. Different parameters were
. investigated, including the shear strength and the angle of internal friction, as well

increased from 0 to 1.25 . . as the water/cement ratio, W/C (0.5, 0.75, 1, 1.25, 1.5, and 1.75), and the period
* At'15 % settlement, ultimate bearing capacity of curing (3, 14, and 28 days). The results showed the shear strength and angle of

ratios decreased from 14.3 to 11.4 for models internal friction increased from 14 to 300 kPa and 0 to 50 degrees, respectively. If

with 1.25 to 1.75 water-cement ratios only the heating system is running, the strength and behavior of the soil will

* At 15% settlement, bearing rgtios for heating improve via heated and cement grouting with a water/cement ratio. If the w/c ratio
and 1.25 water-cement grouting were 71.70, increases from 0 to 1.25, the ultimate bearing capacity ratio (qu treated/qu
88.19 and 98 for different curing times untreated) increases from 6.5 to 14.3 at 15% settlement. However, when the

water/cement ratio increases from 1.25 to 1.75, the ultimate bearing capacity ratio

ARTICLE INFO (qu treated/qu untreated) decreases from 14.3 to 11.4. The ultimate bearing

capacity ratio improves with increasing curative time. It climbs from 14.3 to 19.6

Handling editor: Wasan I. Khalil during 3 to 28 days for cement grouting models, while the ultimate bearing

Keywords: capacity ratio grows from 6.5 to 7 during 3 to 28 days for heating process models

Soft soil; Bearing capacity ratio; Grouting, only, at 15% settlement.

Heating;Portland cement; Curing period.

1. Introduction

Buildings erected on soft soils may fail owing to their low strength, and excessive settling of the soil under an exterior load
might occur, so improvements for soft soils must be made before construction to minimize or decrease the maintenance cost or
failure of buildings [1]. The building of tunnels, mining operations, and hydroelectric engineering projects may often encounter
collapses, instability, and the influx of clay and water [2]. These issues are typically attributed to soil with inadequate strength
or permeability. Thermal treatment is the process used to strengthen and improve the behavior of unstable soils. In recent years,
numerous studies on the impact of elevated temperatures on soil quality have been published. Heat treatment decreased the soil's
liquid and plastic limits, optimal water content, unconfined compressive strength, and expansion pressure after being examined
in the laboratory for its influence on three varieties of clay from northern Jordan [3]. Any land-based construction needs a solid
foundation to sustain the entire structure, which is why it is so crucial. The soil beneath the foundation is extremely important
for its strength. Some projects require the use of additives or reinforcements because the soil compacted by modifying energy is
inadequate to produce the desired effects [4]. Grouting reinforcement is a valuable strategy for enhancing soil characteristics,
particularly in terms of augmenting strength and durability and mitigating permeability [5-7]. The process involves the injection
of grout slurry into the soil; different grout slurries are used for grout reinforcement. The selection of a specific grout slurry for
a particular project is contingent upon the intended purpose of grouting and the soil characteristics involved. The variety of
slurries used may vary from cement-based grout slurries, such as cement slurry and cement-sodium silicate slurry, to chemical
slurries, such as lignin, acrylic, urea, or epoxy resins [8]. Despite possessing changeable gel time, excellent penetration, and
flexibility after solidification, chemical grout is limited in its uses because of its high cost, lesser solid strength, and reduced
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durability [9]. Moreover, they have the potential to do damage to the surrounding environment. Cement and cement-sodium
silicate slurries are widely used as grout slurries in soil grouting projects owing to their cost-effectiveness, abundant availability
of raw materials, superior solid strength, commendable endurance, and compatibility with the surrounding environment [10].

The rheological properties of cement slurry and cement-sodium silicate slurry exhibit significant disparities. The change in
viscosity of cement slurry over the grouting period is not significant enough to visibly impact other parameters, such as grouting
pressure and grout slurry space distribution. Therefore, the viscosity of cement slurry was believed to remain constant over time
[11]. It is supposed that the viscosity of the cement slurry remains constant during the grouting operation. Nevertheless, it is
worth noting that the viscosity of a cement-sodium silicate slurry experiences a rapid rise over time and may be effectively
regulated by manipulating the various components involved [11]. The viscosity of the material, which varies with time, has a
notable impact on several parameters, including grouting pressure and the dispersion of grout slurry [12]. The rheological
behavior of cement-sodium silicate slurry was investigated by [13], who examined various volume ratios between the cement
slurry and water glass.

Based on the obtained findings, the author posited a conceptual framework whereby the cement-sodium silicate slurry setting
process may be delineated into three distinct phases: the initial low-viscosity stage, the subsequent stage of viscosity
augmentation, and the final stage of solidification. In the initial combination, there is a gradual and minimal rise in viscosity.
However, this is followed by a rapid increase in the viscosity and a subsequent drop in fluidity. Eventually, the cement-sodium
silicate slurry solidifies and progressively loses its fluidity. Applying uniaxial compression to grouted cylindrical specimens is a
commonly conducted test in soil research. This test aims to investigate the impact of various grouting parameters, such as soil
composition, grout slurry, and grouting pressure, on the effectiveness of soil grouting. In a study by [9], uniaxial and biaxial
compressive tests were performed on specimens injected with cement slurry or modified cement slurry containing urea
formaldehyde resin as an additive. [14] designed and implemented a grouting simulation test apparatus to investigate the
formation and progression of grout balls and cracks inside clay using cement slurry. The findings of their study suggest that the
process of fracture grouting in clay may be categorized into three distinct stages: the grout ball stage, the first fracture surface
stage, and the subsequent fracture surface stage. It was observed that each fracture takes place along the weakest surface. The
study of [13] developed a comprehensive experimental apparatus to replicate the phenomenon of grout splitting inside fault
fracture zones. They pointed out that the process of grouting and splitting in the soil can be categorized into three distinct phases:
energy buildup, soil fracturing, and slurry energy transfer. These stages are identified by analyzing the grouting pressure versus
time curves and considering energy dissipation. [15] used a custom-designed in-situ grouting experimental apparatus to examine
the underlying processes and progression of slurry fracturing using bentonite slurry.

The experiments demonstrate the phenomenon of slurry fracture and extension. A significant portion of the soil in the center
and south of Iraq is weak clay. The construction of projects on these soils presents a challenge; consequently, it is necessary to
enhance these soils, notably in these regions, which require promoting economic and development projects in various disciplines.
Therefore, the technique used to enhance this soil must be cost-effective, rapid implementation, and permanent. Iraq is regarded
as an oil-rich nation with an abundance of wells and oil refineries. Also, Iraq is considered a cement-producing nation, so fissures
caused by heating should be filled with heat-resistant cement. Implementing the heating method with cement grouting in such
areas is successful and cost-effective due to these factors. Therefore, this study aims to enhance the resistive strength of soft clay
soils treated with heating by using cement grouting with different cement-to-water ratios to treat cracks resulting from the heating
process. The effect of time on the strength and degree of improvement of grouting material in cracks in soil exposed to heat will
also be studied.

2. Experimental Work
2.1 Material Used

Four materials are used in this study: Soil, gas, water, and Portland cement. The specifications of each material are as follows:
The soil sample used in this study was brought from the Al-Amer site in Baghdad city. The physical and chemical properties of
the soil used are listed in Table 1, and the grain size distribution of the soil used is plotted in Figure 1. Cooking gas and tap water
are used in this study. The cement used is sulfate-resistant Portland cement (type V). Table 2 shows the physical and chemical
properties of the cement. The tests were conducted in the Central Laboratory Department of the Iraqi Geological Survey.
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Figure 1: Particle Size Distribution of Soil Used
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Table 1: Physical and Chemical Properties of Natural Soils Used

Index Property Test Standard Index Valve
Soil A
Initial water content(%) 10
Liquid Limit (L.L.)(%) ASTM D4318 44
Plastic Limit (P.L.)(%) ASTM D4318 23
Shrinkage Limit (S.L.)(%) ASTM D427 19
Plasticity Index (P.1.)(%) ASTM D318 21
Specific Gravity (Gs) ASTM D854 2.69
Gravel (larger than 4.75 mm) (G)% ASTM D422 0
Sand (0.075 to 4.75 mm) (S)% ASTM D422 2
Silt (0.005 to 0.075 mm) (M)% ASTM D422 20
Clay (less than 0.005 mm) (C)% ASTM D422 78
Classification (USCS) ASTM D2487 CL
Organic Matter (O.M.)(%) ASTM D2974 <0.01
Total Dissolved Salt (TDS%) ASTM D5907 2.21
Total Solved Salt (TSS%) ASTM D5907 8.3
pH Value(%) ASTM D4972 7.2

Table 2: The physical and chemical properties of the Cement

Index Property Index
Value
Physical Properties
Specific gravity (G.s) 3.15

Compressive strength after three days (MPa) 17
Compressive strength after seven days (MPa) 26

Time of initial setting (minute) 93
Time of final setting (hour) 4.28
Chemical Properties

C3S% 57
C3A% 3.27
C28% 29
Si02% 19.79
Ca0% 63.8
MgO0% 3.19
SOs% 2.15
L.0.I% 0.89

2.2 The Devices and Tests Used in This Study

To explore the response of heated soft clay soil and cement grouting, it is important to simulate circumstances similar to
those that may be encountered in the field. A specific testing apparatus and its attachments are created and constructed to
accomplish this objective. The devices can provide heating and cement grouting, and then a monotonic load is applied to the 200
mm by the prototype foundation. The evaluation system includes the following components: metal load framework, metal box,
casing (barrier tube), heating system, and grouting system. The metal load framework is a metal structure that was created to
sustain the verticality of the piston mechanism utilized to deliver the center-focused load on treated soil inside a metal box with
the interior dimensions (92.5x92.5x92.5) cm® and bearing the penetration motor of the borehole casing through the heating
process would be done, as shown in Plate 1.

Metal load
framework

—

Penctration
motor

Regulator
velocity

Plate 1: Metal load framework
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As casing for the borehole, carbon steel casing was manufactured according to A53 ASTM grade B with an inner diameter
of 35 mm and an outer diameter of 43 mm (4 mm thickness) with a 40 cm depth. The heating system was fabricated and installed
to create heat inside the soil model. The system is composed of five major components: First, combustion pipes. Second, rubber
pipelines (W/BP 20/30 BAR) transmit gas and air from the source to the priming pipes. Thirdly, the control of the heating source.
Fourthly, an air compressor to provide the heating system with air. Also, the gas bottle and gas regulator. Lastly, measuring
devices measure the heating system, as seen on Plate 2 (A, B, C, and D).

(A)

Plate 2: The System of Heating ((A) combustion pipes, (B) the control of the heating source, (C) measuring
devices in the heating system, and (D) air compressor, the gas bottle, and gas regulator

The grouting system depicted in Plate 3 has been devised and constructed specifically for this study. The equipment
comprises four primary components: The modified autoclave with a pressure tolerance of 2 bars. Secondly, an air compressor is
needed to provide the grouting system with air pressure. Thirdly, the grouting mixer is a device used for mixing grout materials.
The grouting material has been blended using a consistent-speed drill, operating within the range of 60 to 300 revolutions per
minute. The mixer is equipped with a wing to facilitate the mixing process. Lastly, the open-end tube for cement grouting has a
25 mm diameter and 60 cm length. This tube contains a cap with a 35 mm inner diameter and a 50 mm outer diameter to prevent
the material grouted from escaping outside the borehole; it also includes a valve to make the grouting process easy and accurate,
as shown in Plate 4.

Plate 3: The system of cement grouting ((A) the Air compressor, (B) The modified autoclave, (C) The
grouting mixer, and (D) The tube for cement grouting
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Plate 4: The tube for cement grouting

2.3 The CPT Probe Device

To measure the shear strength and the angle of internal friction values for heated treated soils (the effect of overburden
pressure due to the short penetration depth has been neglected), an electrical cone penetration probe (CPT) with a cross-sectional
area of 1000 mm? is used in this investigation per ASTM D 5778. This probe is connected to the penetrating motor through a
standard adapter made in Turkey, as shown in Plate 5. The penetration rate of 10 mm/sec is constant because the penetration
depth is small. Also, it does not contain a water pressure sensor because of the cost of this sensor.

Plate 5: Prepare the CPT probe to model the test

2.1 Establishing the Soil Modeling and Testing Procedure

A portable vane shear device has been used to determine the undrained shear strength of a clay soil sample. The obtained
result indicated a shear strength value of 14 kPa, while the clay soil had 29 % water content per 25 kg of dry soil. A laboratory
mixer with a capacity of 120 liters was used for blending purposes. The soil was enclosed inside polythene bags for one day after
mixing to achieve consistent moisture content. Subsequently, the dirt was placed in a metal container measuring 92.5 cm x 92.5
cm x 92.5 cm, with each layer being put at a depth of 10 cm. A 60 mm x 60 mm wooden ram was used to gently compact the
soil to get rid of any trapped air. Following the application of the final layer, the upper surface undergoes a cleaning and leveling
process. Subsequently, a hardwood platform, possessing an equivalent surface area to the bed's soil, is positioned onto the bed.
This platform is subjected to a sitting pressure of 5 kPa for one day. Upon alleviating the seat pressure, proceed to position the
guide plate according to the distinct arrangement, spacing, and length of the nine boreholes for the cases. This will facilitate the
successful installation of the said cases. Subsequently, employ a motor with a regulated velocity to penetrate the cases. Following
this, employ a 34.5 cm-diameter auger to excavate and remove the soil contents within the aforementioned cases. After this
procedure, the guide plate and motor must be removed, allowing the soil model to be prepared for the heating process. The
initiation of the heating phase in borehole scenarios is facilitated by combustion hands, which are heating pipes. Once the casing
is inserted into the soil and the gas and air ratio is adjusted to 10% gas and 90% air, the heating system is triggered, and the heat
transfer starts from the casing to the soil. The ignition of the casing fire is facilitated by pipe primers. The parameters constant
throughout this study for the borehole heating system were a 3D (= 13 cm) separation between boreholes, a heating duration of
eight hours, a casing depth of 40 cm, and a square pattern configuration. Following the completion of the procedure, the heating
equipment is deactivated, thereby allowing the soil model to undergo a cooling process for 24 hours until it reaches the
surrounding ambient temperature. During the grouting operation, it is necessary to adhere to the following stages to prepare the
slurry cement: Firstly, the extraction of borehole cases is achieved using a penetration or removal motor. Secondly, considering
the necessary quantity of cement for resistance and the varying proportions of water with varied water-cement ratios (W/C) (0.5,
0.75, 1, 1.25, 1.5, and 1.75), the cement should be added to a mixture of water, with or without the inclusion of a plasticizer.
This mixture should then be placed in a container inside a modified autoclave. Subsequently, the components should be
thoroughly mixed using a mixer for about three minutes. Additionally, after combining the water-to-cement ratio using a mixer,
proceed to securely seal the modified autoclave apparatus. Subsequently, carefully introduce the cement grouting tube into the
designated heating borehole. In the fourth step, an air compressor produces a pressure of 2 bar inside a modified autoclave
apparatus. This pressure is utilized to eject cement grout at the aforementioned pressure. Subsequently, the cement grouting tube
valve is opened to facilitate filling heated boreholes.

Finally, after the grouting operation has been completed, it is essential to thoroughly clean the equipment to avoid any
potential harm from solidifying the grouting material. Following the completion of the test model preparation, the 20 cm x 20
cm footing was positioned in the center of the dirt surface. The metal box was repositioned to line the centers of the footing and
pressurize the motor at a 1 mm/min loading rate. Subsequently, the loading transducer and linear variable differential transformer
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(LVDT) were fitted. Failure can be defined as the point at which the applied load leads to a settlement equivalent to 10% of the
width of the footing. However, it is important to note that vaporized water escaping from the upper layer can result in significant
cracks forming in this layer. In such cases, a settlement depth of 2 cm, corresponding to 10% of the footing width, may not be a
reliable criterion for assessing the state's weakness. In this study, all models consider a settlement equivalent to 15% of the width
of the footing resulting from the failure load. Plate 6 (A-H) illustrates the sequential procedures involved in preparing the soil
module, including heating and cement grouting treatment, culminating in the load test.

Plate 6: The stages of the test procedure of soil improvement by heating and cement grouting for load test ((A) Place
the soil inside the box, (B) Reaching the required level, (C) Heat system implantation, (D) Operating the heat
system, (E) Complete the burning process, (F) Mixing cement and water inside the injection system, (G) Cement
injection into the soil improved by heat, (H) The load test

3. Presentation and Discussion of Test Results

3.1 The Impact of Heating Treatments

To investigate the impact of heating on bearing capacity, three models were created via the square pattern with nine casing
boreholes of 3.5 cm in inner diameter and 40 cm in depth. The model was heated for 8 hours. The distance spacing and the
extended depth of the borehole casing were 3D and 40 cm (2b), respectively. Figure 2 depicts the dimensionless relationship
between the bearing ratio (q./Cu) and the settlement ratio (Settl./b footing) for all models (untreated soil and without casing,
untreated soil and with a casing, and treated soil after 8 hours of heating). The values of the bearing ratio (q./Cu) increase at 15%
of the settlement ratio (Settl./b footing) from 5.03 to 31.19, where the bearing capacity increases with the heating operation because
the bearing capacity parameters increase. Figure 3 (a and b) illustrates the variation of shear strength and angle of internal friction
with depth using the CPT device. Where the shear strength increases from 14 kPa to 300 kPa (as average), the angle of internal
friction drops from 0 to 50 degrees (as average), as shown in Plate 7.
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Figure 2: The dimensionless connection between the bearing ratio and the
settlement ratio for treated and untreated soils by heating
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Figure 3: The variation of shear strength and angle of internal friction with depth

3.2 The Impact of The Different Water-Cement Ratio

Seven models were carried out to investigate the effect of various water-cement ratios on bearing capacity. Six models were
executed with different water-to-cement ratios (0.5, 0.75, 1, 1.25, 1.5, and 1.75) for cement grouting, and one model was executed
without cement grouting and tested 3 days after cement grouting or without grouting. Figure 4 illustrates the dimensionless
relationship between the bearing ratio (qu./Cu) and the settlement ratio (Settl. / b foting) Without grouting at 0.5, 0.75, 1, 1.25, 1.5,
and 1.75 water/cement ratios of cement grouting, respectively. The use of grouting increases the bearing ratio (qu/Cu). Ata 15%
settlement ratio, the values of the bearing ratio (q./Cu) for the without grouting, 0.5, 0.75, 1, 1.25, 1.5, and 1.75 water/cement
ratio of cement grouting are 32.9, 41.9, 50.5, 59.9, 71.7, 62.6, and 57.4, respectively. The boost in efficiency is because the slurry
functions as a cementation material that occupies the location of heating cases when taken out at the end of the heating process,

produces treated soils with a cohesion stronger than that of heated-treated soils only, as shown in Plate 8. Also, the slurry's
pressure may affect the part's orientation, which increases friction

Figure 5 shows the ultimate bearing capacity ratio (qu treated/Qu untreated) With different percentages of the water/cement ratio of
cement grouting without grouting: 0.5, 0.75, 1, 1.25, 1.5, and 1.75 models, respectively. From this figure, if the water-cement
ratio increases from 0 to 1.25, the value of the ultimate bearing capacity ratio (qu treated/qu untreated) inCreases from 6.5 to 14.3.
However, when the water-cement ratio increases from 1.25 to 1.75, the ultimate bearing capacity ratio (qu treated/Qu untreated)
decreases from 14.3 to 11.4. The highest value of the ultimate bearing ratio is achieved when the water-to-cement ratio is 1.25,
equal to 71.7, because the ratio of water to cement has the greatest impact on the rheology of cement grout. When W/C = 0.5,
the flow pattern of grout is power-law fluid; when W/C is from 0.7 to 1, the flow pattern is Bingham fluid; and when W/C is
greater than 1, the flow pattern of grout is Newtonian [13]. Where W/C equals 1.25 with grouted pressure, the cementation
material reaches as far as possible in the heated, treated soil and fills all cracks and voids. Also, as shown in Figure 3, when the
water-to-cement ratio is greater than 1.25, the ultimate bearing capacity ratio (qu treated/qu untreated) decreases because the strength
of cement grouting materials decreases when a small amount of cement is combined with a large amount of water, thereby
reducing the strength of cementation material within cement grouting inside the cracks and voids.

When using a water-to-cement ratio of 0.5, the quantity of cement is ten kilograms, and the prevalence of injection materials
is low, as shown in the plate 9. Using a water-to-cement ratio of 1.25, the quantity of cement is 25 kilograms. This indicates that
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when the water-cement ratio is 1.25, all cracks and voids caused by the heating process are filled with the maximum grout
pressure of 2 bar; if the grout pressure exceeds 2 bar, heaving happens in the treated soil and leads to the failure of heated treated
soil models. Table 3 includes the ultimate bearing capacity ratio values given by the impact of the different water-cement ratios
for cement grouting models.
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Figure 4: The dimensionless connection between the bearing ratio and the settlement ratio
for various water-cement ratios of cement grouting models
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Plate 8: The heated treated soil with cement grouting content of 1.25 of water cement ratio
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Plate 9: The heated treated soil with cement grouting content 0.5 of water cement ratio

Table 3: The ultimate bearing capacity ratio values at the various water-cement ratios of cement grouting

The experimental The percentage of water-cement The ultimate bearing
variable ratio (W/C) capacity ratio
0 6.5
0.5 83
The water-cement ratio (1)'75 1?;
(w/0) 1.25 143
1.5 12.5
1.75 11.4

3.3 The Impact of The Curing Period of Cement Grouting

The curing period is one of the most important aspects of the study of cement grouting because the strength of cementation
materials increases with time, which is related to the cement's hydration and pozzolanic reactions, particularly for cement.
Cement hydration and pozzolanic reactions are two fundamental procedures in construction and cementitious materials.

Hydration of cement refers to the chemical reaction that takes place between cement and water, culminating in the formation
of cement paste. Calcium silicates, such as tricalcium silicate (C3S) and dicalcium silicate (C,S), are the primary constituents of
cement. Upon adding water to cement, the following reactions occur:

C3S + H20 — C-S-H gel (calcium silicate hydrate) + CH (calcium hydroxide) (D
C2S 4+ H20 — C-S-H gel + CH (2)

The C-S-H gel is responsible for the strength and durability of the cementitious material. In contrast, calcium hydroxide
(CH) contributes some additional strength but is less preferable regarding long-term performance. Hydration is exothermic,
meaning it releases heat, which is why curing concrete can become heated. Controlling the curing process is necessary to
guarantee proper hydration and the development of desirable properties in the hardened cement paste.

In the presence of water, a pozzolan material reacts with calcium hydroxide (CH) to produce the pozzolanic reaction.
Pozzolans are substances used to enhance the properties and efficacy of cement. The most common pozzolans are fly ash, silica
fume, and slag. The following represents the reaction:

CH + Pozzolan + H20 - Calcium Silicate Hydrate (C-S-H) +Calcium Aluminate Hydrate (C-A-H) (3)

Pozzolans react with the byproduct of cement hydration, calcium hydroxide, to produce additional calcium silicate hydrate
(C-S-H) and calcium aluminate hydrate (C-A-H). This reaction contributes to the cementitious material's overall strength and
durability, enhancing its resistance to chemical attack and reducing shrinkage. The pozzolanic reaction is a slower process than
cement hydration, and it can persist for an extended time, thereby contributing to the cementitious material's long-term
performance. Both cement hydration and pozzolanic reactions play significant roles in forming strength, durability, and other
properties of cementitious materials, such as concrete or materials grouted inside soils or rocks.

To investigate the effect of the curing period of cement grouting on bearing capacity, one should know the increase in bearing
capacity for treated soils by heating processes with different periods, such as the curing period of cement grouting in models.
For this purpose, four models were constructed without cement grouting and tested for various durations (1, 3, 14, and 28 days).
Figure 6 illustrates the dimensionless relationship between the bearing ratio (qu/cu) and the settlement ratio (Settl./bsooting) for (1,
3, 14, and 28) days of the heating process only for models, respectively. The bearing ratio increases with time (qu/cy). Ata 15%
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settlement ratio, the values of the bearing ratio (qu/cy) for the 1, 3, 14, and 28 days of the heating process are 31.19, 32.9, 34.6,
and 35.2%, respectively.

To explore the effect of the curing period of cement grouting on bearing capacity, three models were executed with the same
water-to-cement ratio (W/C = 1.25) for cement grouting and tested at three, fourteen, and twenty-eight days after cement
grouting. Figure 5 illustrates the dimensionless relationship between the bearing ratio (qu./Cu) and the settlement ratio
(Settl./bfooting) for (3, 14, and 28) days of the heating process with cement grouting at a water-cement ratio equal to 1.25 of models,
respectively. At a settlement ratio of 15%, the values of the bearing ratio (q./Cu) for the 3, 14, and 28 days of the heating
processes with cement grouting at a water-cement ratio of 1.25 have emerged as 71.70, 88.19, and 98, respectively. Figure 7
illustrates the values of the ultimate bearing capacity ratio (qu treated/qu untreated) for the heating procedure with cement grouting
over varying time intervals. In Figure 8, the ratio of ultimate bearing capacity (qu treated/qu untreated) iImproves with increasing
curative time. The values of the ultimate bearing capacity ratio climb from 14.3 to 19.6 during 3 to 28 days for cement grouting
models, while the ultimate bearing capacity ratio grows from 6.5 to 7 during 3 to 28 days for heating process models only. As
can be seen in the figures, the force grows with time. There are two possible explanations for this increase: The first is that the
injected cement materials solidify within the cracks and cavities caused by the heating process, and their strength grows with
time due to the outcomes of interactions between cement and water.

The second reason is that wet, cohesive soils have the sensitivity and thixotropy that clay has. Saturated clays may have lost
strength because their original deposit structure has deteriorated. On the other hand, thixotropy is characterized by a softening
of material upon remolding, followed by a progressive recovery to its former strength upon resting in the original shape. This is
an isothermal, reversible, time-dependent process under constant composition and volume [16]. Lastly, Table 4 contains the
ultimate bearing capacity ratio values determined by the heating procedure's consequences with or without cement grouting at

variable time intervals.
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Table 4: The ultimate bearing capacity ratio values at the various curing periods of the heating process
with or without cement grouting (W/C=1.25)

The experimental The curing time (day) The ultimate bearing capacity ratio
variable Without grouting With grouting
1 6.23 ---
, . 3 6.5 14.3
The curing period 14 6.92 17.63
28 7 19.6

4. Conclusion

Based on the findings of the present investigation, the following deductions may be drawn:

. When the heating system was running, the shear strength and angle of internal friction increased from 14 to 300 kPa
and 0 to 50 degrees, respectively.
. The bearing ratio increases from 32.9 to 71.7 at a 15% settlement ratio if the water-to-cement ratio (W/C) increases

from 0 to 1.25. The boost in efficiency is because the slurry functions as a cementation material that occupies the
location of heating cases when taken out at the end of the heating process, filling the cracks and voids caused by the
heating process and covering the parts of treated soils.

. At a 15% settlement ratio, the magnitude of the ultimate bearing capacity ratios reduces from 14.3 to 11.4 for models
1.25 to 1.75 (W/C).

. At a settlement ratio of 15%, the values of the bearing ratio (q./Cu) for the 3, 14, and 28 days of the heating processes
with cement grouting at a water-cement ratio of 1.25 have emerged as 71.70, 88.19, and 98, respectively.
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