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Abstract

Over the years, investigating the behavior of soft soil, stabilized using different techniques, has been recognized as a critical
priority for geotechnical engineers. Numerous soil constitutive models have been utilized to simulate stabilized soil
behavior, improve strength and ductility, and analyze load-deformation responses. However, further investigation is
required to study stabilized soil's time-dependent strength and stiffness, especially at an early curing age. Early strength
and stiffness development is crucial in engineering construction for improving building quality and efficiency and
minimizing crack risk. Furthermore, estimating UCS from an early age aid in safety evaluation and ground-improvement
analysis. Researchers are increasingly recognizing palm oil fuel ash (POFA) as an eco-friendly alternative to traditional
soil stabilizers due to its abundant availability. This study proposes an advanced concrete constitutive model to simulate
the time-dependent strength and stiffness of POFA-stabilized and cement-stabilized soil due to pozzolanic interactions.
The model accurately measures strength and stiffness improvement from an early curing age to 28 days using finite element
analysis (FEA) before then comparing the experimental results. Based on the experimental results, the UCS values of palm
oil fuel ash-stabilized soil grew to 3.18 MPa and 3.89 MPa after seven and 28 days with an optimum content of 30%
(POFA): 10% Magnesium Oxide (MgO). It exhibited a significant increase in early strength with 64.02% compared with
cement-stabilized soil. For stiffness results, a slight increment of 9.26% was observed. Employing FEM, the sensitivity of
the parameters to stress-strain behavior was investigated. Finally, the validity of the concrete constitutive model to predict
the time-dependent strength and stiffness of stabilized soil was proved.
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1. Introduction

Research on soil has a long tradition. Soil is a complex material that exhibits non-linear behavior and often produces
time-dependent behavior when subjected to stress. The complexity of soil behavior stems from its composition as a
multi-phase material, showcasing a range of characteristics. These include elastic, plastic, and non-linear deformations,
as well as the presence of plastic and failure deformations [1]. Several soil models have been established, and these can
be categorized into elasto-plastic, elastovisco-plastic, linear, and non-linear elastic [2, 3]. The development of soil
constitutive models has become an imperative priority in providing a more precise and accurate comprehension of soil
mechanics and the way in which soil interacts with different loads and environmental circumstances. The use of such
models also provides a faster process, which costs less than experimental testing.
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Different constitutive models have been developed to simulate soil behavior over time, such as rate dependency,
stress relaxation, and creep behavior [4]. The elastic-viscoplastic model was used to capture the time-dependent behavior
of soft, saturated clay. Scholars such as Karstunen & Yin [5] and Baskari et al. [6] used the soil rheology constitutive
models to evaluate the creep behavior of Cillian volcanic clay and to estimate the reduction in soil-strength parameters
over time. Despite that, the broader adoption of elastovisco-plastic (EVP) analysis among geotechnical engineers
remains limited. This is mainly due to the complex mathematical formulation of constitutive models, require of soil
parameters, and difficulties in identifying them [4]. Mohr-Coulomb, Soft Soil, Hardening Soil, and Soft Soil Creep
models have been utilized to model soil behavior [7]. The elastoplastic model was used by Sternik [8] to simulate the
reduction of stiffness for over-consolidated clay under triaxial loading. To align with the requirements for various
development goals, soil-quality improvement has been widely investigated. In the last few years, the behavior of
stabilized soil has been predicted numerically using different constitutive models [9-11]. The vertical deformation of
cement-stabilized soft soil was analyzed using FEM by Tsige et al. [12].

Moreover, the effect of utilizing waste materials as soft-soil stabilizers on vertical displacement was investigated
[13-15]. The study, conducted by Adithan et al. [16], determined the optimum content of Quarry Dust Powder to produce
less settlement of reinforced soil using the Mohr-Coulomb model. Robin et al. [17] used the Modified Cam Clay model
to observe the modification of mechanical parameters due to lime treatment. Nguyen et al. [18] also used the Modified
Cam Clay model to predict the failure behavior of fiber-reinforced cement-treated clay. 3D finite element analysis was
achieved to simulate the rutting behavior of the soil stabilized with foamed sulphur asphalt [19].

Due to drying shrinkage, shrinkage cracking of cement-stabilized materials is likely to occur, leading Li [20] to
predict cemented soil's shrinkage cracking and shrinkage stress. The prediction of the time-dependent strength and
stiffness of the stabilized soil due to pozzolanic reactions requires an accurate constitutive model. The improvement of
Young’s modulus up to the age of 28 days in the soil stabilized with fly ash was simulated using the Mohr column model
by Mahvash-Mohammadi [21]. Although the behavior of stabilized soil has been described previously using different
constitutive models, very limited investigations on the time-dependent strength and stiffness of stabilized soil have been
reported to date, especially at the early age of curing. In this study, the concrete constitutive model was used, developed
by Shaalan et al. [22].

A concrete model was proposed based on elastic-plastic structure to capture the strain behavior of materials based on
cement, including elastic, plastic, creep, and shrinkage strains [23]. It was initially created for use in tunnelling
applications where the time-dependent behavior of shotcrete is estimated by estimating stress-strain behavior [24, 25].
It has the capability to investigate the strength of shotcrete at an early age. The characteristics of this model were
examined as a relevant approach to simulating cement-treated soil behavior by applying it to DSM columns in waterway
construction in Singapore with negligence of time-dependency behavior. It was revealed that it had the ability to model
strain-softening characteristics [26]. The concrete model was used in another study, conducted by Hung et al. [27], to
simulate the hardening and softening behaviors of cement soil columns in Singapore. According to the results, a good
degree of agreement has been achieved between the modeling of the concrete model and the test findings.

The capability of concrete models to design and model geotechnical reinforced concrete structures more precisely
was investigated by Maatkamp [28]. One of the most important aspects of engineering construction is the development
of early compressive strength. This significantly improves building quality and efficiency in construction, minimizes
the risk of early cracks, and allows for earlier use of the building [29-32]. In this proposed model, the early strength and
stiffness of stabilized soil, in particular, were simulated. Over the years, soil stabilization was achieved using ordinary
Portland cement as a conventional method. High production costs, high energy use, and CO, emissions, contributing to
global warming, are all justifications for researchers to look for the most cost-effective and eco-friendly cement
substitutes in soil stabilization [33, 34]. Recently, utilization of waste materials for soil stabilization has been
increasingly achieved by geotechnical engineers [35-37].

POFA has been extensively used and studied among the many waste materials that enhance soil properties. It is a
byproduct of burning palm kernel shells and palm oil husks in biomass power plants and is one of the most common
types of waste produced in Malaysia. In 2009-2010, it generated over 41% of the total global supply of palm oil [38].
Abdeljouad et al. [39] conducted an evaluation of POFA with the alkali activator potassium hydroxide (KOH) for
stabilizing clayey soil. In addition, POFA utilized by Sukmak et al. [40] as a predecessor of POFA soft soil geopolymer,
the alkaline activator employed in this study, consisted of a mixture of sodium hydroxide solution (NaOH) and sodium
silicate solution (Na2SiOs). Moreover, the effect of utilizing POFA with a magnesium oxide activator as a laterite soil
stabilizer as a replacement for OPC has been studied by Ezreig et al. [41]. Consequently, POFA reinforcement has been
highlighted as a highly promising technique for enhancing soil characteristics in geotechnical engineering applications.
In considering appropriate cases for numerical analysis, this study specifically focuses on OPC-stabilized and POFA-
stabilized soil due to their significance in the soil stabilization field. This study emphasizes the capability of the concrete
constitutive model to simulate the time-dependent behavior of stabilized soil due to pozzolanic reactions using
traditional and non-traditional techniques. The structure of this article is organized as follows: The methodological
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framework is presented in Section 2, and the experimental procedure is described in Section 3. Section 4 presents the
experimental results and discussion. The numerical analysis is shown in Section 5, and this is followed by the numerical

Vol. 10, Special Issue, 2024

results and discussion in Section 6. Finally, the conclusion is presented in Section 7.

2. Methodological Framework

The methodology is comprised of two distinct phases. Phase 1 of the study primarily centers around conducting
laboratory tests aimed at determining the index properties of the samples as well as performing engineering testing on
the prepared specimens. Phase 2 involves the numerical analysis of two stabilized soil samples using 2D axisymmetric
finite element analysis (FEA) with an advanced constitutive model. The methodological framework of this study is

shown in Figure 1.
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3. Experimental Procedure
3.1. Soil Sample and Stabilizing Materials

The sample of marine clay was extracted from Nibong Tebal, Puala Penang, Malaysia, at a depth of 3 m from the
ground surface. The investigated soil is mainly classified as inorganic silty clay with high plasticity (CH) according to
the Unified Soil Classification System (USCS). The physical characteristics of the marine clay, in accordance with
British Standards [42], are presented in Table 1. Ordinary Portland Cement (OPC) and Palm Qil Fuel Ash (POFA) were
used as soil stabilizers for the numerical analysis. The oxide composition of OPC used in this study aligns with the
chemical analysis used by Tsige et al. [12].

Table 1. Physical properties of marine clay

Soil properties Quantity (%)
Specific gravity 2.56
Gravel content (%) 0
Sand content (%) 1.50
Silt content (%) 88.86
Clay content (%) 9.64
(MDD) (g/cm?) 1.35
(OMC) (%) 29.8
Liquid limit (%) 62
Plasticity limit (%) 31
Plasticity index (%) 31

Palm oil fuel ash was sieved through a 300-micrometer sieve after drying for 24 hours at 105°C + 5°C in an oven.
According to the chemical analysis, POFA has a high silica (SiO,) concentration, as indicated in Table 2. Nano MgO
was used in this study as a chemical activator since it is an environmentally friendly and low-carbon soil stabilizer that
leads to fewer CO, emissions [43, 44]. It might react with water rapidly because of its strong reactivity and low
crystallinity. Figure 2 illustrates the utilized materials. The chemical composition of MgO utilized in this study is similar
to the chemical analysis by Ezreig et al. [41]. Table 2 shows the chemical composition of the material used in this work.

Table 2. Chemical compositions of POFA and MgO

Oxides (%) SIOZ A|203 FezO3 CaO MgO Kzo P205 803 T|02 Hzo
POFA 495 218 1230 1761 - 842 952 070 0.61 -
MgO - - 0.01 - 99.5 - - 0.03 - 0.02

3 -

Soft marine clay Nano Magnesium Oxide (MgO) Palm Oil Fuel Ash (POFA)
Figure 2. Utilized materials

3.2. Sample Preparation and Test Procedure
3.2.1. Soil-Binder Preparation

To decrease the water content, the marine clay samples were oven-dried at 105 °C for 24 hours after being collected.
The materials were subsequently ground down, sieved, and passed through a sieve with 2 mm gaps. Deionized water
was utilized throughout the process of preparing the samples. The first soil binder had 15% OPC (MC:15% OPC) [45,
46]. OPC is utilized herein as a reference stabilizer. The other was a mixture of soil with 40% of the binder by weight
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of dry soil [41, 47, 48]. It was established with different mixtures of soil with POFA and MgO as activators (37.5%
POFA+2.5%, 35% POFA+5% MgO, 32.5% POFA+7.5% MgO, and 30% POFA+10% MgO by weight of dry soil).
Ezreig et al. [41] reported that the optimum binder content was 30% POFA:10% MgO.

3.2.2. Test Procedure (Unconfined Compressive Test)

To determine the axial stress-strain relationship, the UCS test was conducted. Moreover, this test aims to determine
the optimum amount of stabilizing binder to apply to the considered marine clay in natural conditions before testing and
analysis. The UCS tests were conducted under fixed conditions in accordance with the D2166_D2166M-16 [49]. Three
cylindrical samples were examined for compressive strength. Each sample that performed the UCS test was cured for
one, three, seven, 14, and 28 days, respectively. The samples were compressed at a constant rate of 1 mm/minute until
failure, as shown in Figure 3.

Figure 3. Prepared samples for the unconfined compression test

4. Experimental Results and Discussion

Three types of soil, including 1) natural marine clay, 2) clay mixed with OPC, and 3) clay mixed with POFA and
MgO, were used in the UCS test to determine the effectiveness of the additive in enhancing compressive strength. The
UCS and curing time of the mixtures NMC MC-B40 were plotted, as shown in Figure 4. The stabilized soil samples
with 30% POFA-10% MgO gave the highest UCS development among the mixtures at seven and 28 days of curing,
respectively. The stress-strain behavior of the stabilized samples with the optimum content of both stabilizers is
presented in Figure 5. It is evident that, initially, the stress grows slowly before rapidly increasing with a specific strain
until it reaches its peak stress. Afterwards, the stress declined for both stabilized soils [50]. This also shows that the
post-failure stress of stabilized soil drops much more rapidly with a longer curing period than with a shorter curing
period [51]. As shown in Figure 5, there are significant increases in the UCS of all stabilized samples with an increasing
curing period, and this has been reported by many researchers [52-55]. The results show that the strength increased from
257 kPa for untreated soil to 2270 kPa and 2881 kPa for soil with 15% OPC at seven and 28 days, respectively.
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Figure 4. Test results of compressive strength at seven and 28 days of curing for stabilized samples with different doses of the binder
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Figure 5. Axial stress vs. strain for (a) MC: 15% OPC and (b) MC: 30%POFA:10%MgO

Several studies also reported increased strength with cement concentration for a given curing time [56-59]. The
improvement in strength during the 28-day curing period was caused by the cement’s hydration process, resulting in the
production of Calcium Silicate Hydrate (C-S-H) and Calcium Aluminate Hydrate (C-A-H) [60, 61]. C-S-H and C-A-H,
by cement hydration, can bind rapidly with clay particles. This increases cohesion and strength by filling the spaces
between soil particles. The concentration of hydroxyl ions (OH-) in the soil-binder combination rises as the curing time
increases. This raises pH and causes ions from silica and alumina compounds to dissolve in the clay particles, thereby
improving OPC hydration [62].

Moreover, it can be noticed that the rate of increasing strength is high during the three days of curing and that 61.5%
of maximum strength was achieved at 28 days. This can be explained as early-age strength development that is mainly
dependent on cement hydration and cementitious compound production [56]. The consumption of the available cement
and a reduced reaction rate lead the rate of strength development to decrease over time [62]. For POFA-stabilized soil,
it was shown that the UCS increased from 257 Kpa for untreated soil to 3023 kPa and 3894 kPa for treated soil with
30% POFA-10% MgO at seven and 28 days, respectively, as seen in Figure 6b. The flocculation of soil particles due to
the cation exchange process is related to the increased stabilized soil strength during a shorter curing period [63]. As a
result of the interaction between nanoparticles and soil during a longer curing period, cementing gels, including
magnesium silicate hydrate (M-S-H) and magnesium aluminate hydrate (M-A-H), and others, were formed, improving
the binding of the soil particles and enhancing the UCS of the treated soil.
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Figure 6. Unconfined compressive strength of (a) MC-15% OPC and (b) MC-30%POFA-109%MgO at different curing periods

The second mechanism is the pozzolanic reaction, which further produces magnesium aluminate silicate hydrate gel.
This occurs when magnesium and silica react with aluminium present in the precursor (POFA) [41, 64]. It was
demonstrated that the Mg interaction is time-dependent and that the bonding of soil particles with POFA-based MgO
develops over time. In fact, the UCS of MC after seven and 28 days of curing were superior to the UCS reported by
Khasib et al. [47], who performed investigations on the high-plasticity marine clay treated with POFA as source material
and NaOH along with Na,SiOs as alkali activators. This achieved 1000 kPa and 2800 kPa at seven and 28 days,
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respectively. Compared with OPC-stabilized soil, the strength of all POFA-stabilized samples generally increases more
than the strength of OPC-stabilized samples. The percentage gain in maximum stress between soil stabilized by OPC
and soil stabilized by POFA is about 33% and 35% at seven and 28 days of curing, respectively.

5. Numerical Analysis
5.1. Modelling Details

PLAXIS 2D has been used to analyze the behavior of stabilized soil. This is finite element software for geotechnical
applications in which soil models simulate deformation, stability, and water flow in geotechnical engineering. It can use
finite element methods to solve the imbalance caused by geotechnical works such as raising dams and embankments,
flooding, and removing soil for excavation geotechnics. It also solves the stress-strain relationships using constitutive
soil models. This research utilized the concrete model to simulate OPC-stabilized and POFA-stabilized soil behavior.

5.2. Finite Element Mesh, Boundary Conditions, and Analysis Procedure

Creating a finite element model using PLAXIS begins with a geometry model. The model was assigned physical and
mechanical properties to calculate the behavior of the stabilized soil. Due to the cylindrical shape of the samples, the
model will be chosen in PLAXIS, an axisymmetric model with 25 mm width and 100 mm height. It is assumed that the
strain is the same in all directions. The general properties of the two samples are shown in Table 3. The 15-node
triangular components were employed to discretize the entire soil domain; a similar approach has been used in the
literature. This demonstrates a fourth-order interpolation for displacements with the numerical integration including 12
Gauss points (stress points), providing more accurate modeling of curvature, complex behavior, and stress
concentrations [65]. A very fine mesh is used to enhance the accuracy of the analysis. Figures 7 and 8 show the geometry
of the model and the finite element mesh for both samples. The boundary is fully fixed at Xmin and Ymin to the bottom
for the boundary conditions. Therefore, there are no motions in vertical directions to the symmetry lines.

Table 3. General properties of stabilized marine clay

Properties MC-OPC  MC-POFA-MgO

Soil condition Drained Drained
Sunsat (KN/m?) 16.5 19.1
Esat (Kn/m3) 22.44 25.8
Initial void ratio 0.99 1.04

I T e T

OPC-stabilized POFA-stabilized
marine clay marine clay

Y A g

L L=

Figure 7. Geometry model of (a) OPC-stabilized soil and (b) POFA-stabilized soil
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Figure 8. Mesh of model geometry of (a) OPC-stabilized soil and (b) POFA-stabilized soil

5.3. Constitutive Model and Model Parameters

An appropriate constitutive model must be utilized during the numerical analysis to represent the behavior of the soil
accurately. This work simulates stabilized soil behavior using a concrete constitutive model built in PLAXIS 2D
software. This is an elastoplastic model for modeling concrete's time-dependent stiffness, strength, creep, shrinkage, and
strain hardening-softening in compression and tension. Also, it considers the non-linear behavior of the material. It was
initially created to simulate the behavior of shotcrete but is also effective for soil improvement, for example, with jet
grout columns. In the shotcrete model, the development of stiffness with time complies with the recommendation of the
CEB-FIP model code [66-72]:

. 28

B(®) = By o7 07D (1)

while E»g is Elastic modulus at 28 days, E1 is Elastic modulus at 1 day, Ss:ify is related to the stiffness ratio at 1 day and
thyd, E1/E4g, as in Equation 2. Furthermore, the (Sstifr) parameter controls the variation of stiffness with time.

In(Ey /E
Sstiff = —n(\/z—lT/_is) )

As with the improvement of Young’s modulus, the development of unconfined compression strength with time is
described following the recommendation of the CEB-FIP model code:

Fo (t) = C%ZB)eXp (Sstrength(l v 28/t)) 3)

where F¢2g is UCS at 28 days, Fc1 is UCS at 1 day, Sswengmn iS related to the stiffness ratio at 1 day and tiya, Fc2s/ Fc1, as

in Equation 4. Furthermore, the Sswrengin parameter controls the variation of the strength with time.
(), (28)

I G ACLN
Sstrength = # 4)

In the shotcrete model, the improvement of ductility material is described by the reduction of uniaxial plastic failure
strain with time (€P¢py) by determining the values of (€Pcpy) at the period of 1 h, 8 h and 24 h, €Pycpu, €P(8)cou and €Pa)cpu-

5.4. Concrete Model Calibration and Parameter Determination

Since it is costly and time-consuming to test soil in a laboratory in its early stages of curing, finding high-quality test
results in the literature can be challenging. Experimental work focuses mainly on the negligible unconfined compression
strength during curing. It is shown below that the proposed constitutive model can represent stabilized soil's stress-strain
behavior, including failure behavior.
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To calibrate the parameters utilized in the analysis, the unconfined compressive test is simulated humerically with
concrete constitutive models using a soil-test facility. Calibrated parameters for OPC-stabilized marine clay and POFA-
stabilized marine clay are listed in Tables 4 and 5. Figures 9 and 10 illustrate the axial stress-strain curves from the test
and simulation. It should be mentioned that the failure behavior can be captured by a concrete model, similar to a study
conducted by Waichita et al. [25].

Table 4. Calibrated parameters of a concrete constitutive model for OPC-stabilized marine clay

Parameter Value Reference
Ez 170000 kPa Calibrated from PLAXIS soil test
N 0.25 Recommended by Waichita et al. [25]
feos 3000 kPa Calibrated from PLAXIS soil test
feon 0.1 Calibrated from PLAXIS soil test
fem 0.5 Calibrated from PLAXIS soil test
fan 0.1 Calibrated from PLAXIS soil test
Gceos 28 kn/m Calibrated from PLAXIS soil test
Dmazx 40 Recommended by Yapage & Liyanapathirana [68]
v 0 Recommended by Ong & Tan [26], Shaalan et al. [22]
fros 317 kPa Lab test (fr2s=0.11 fe2g)
feun 0 Recommended by Maatkamp [28], Waichita et al. [25], Wahab et al. [61]
Geos 0.01 kn/m Recommended by Waichita et al. [25]
E1/Eo 0.50 Calibrated from PLAXIS soil test
felfcas 0.36 Calibrated from PLAXIS soil test
Aduct 16 Recommended by Ong & Tan [26]
£P (yep -0.05 PLAXIS (2022) [66]
&P @) cp -0.0015 PLAXIS (2022) [66]
€ ayep -0.0012 PLAXIS (2022) [66]
t hyd 28

Table 5. Calibrated parameters of a concrete constitutive model for POFA-stabilized marine clay

Parameter Value Reference
Ex 182000 kPa Calibrated from PLAXIS soil test
N 0.35 Recommended by Yaro et al. [70]
feos 4000 kPa Calibrated from PLAXIS soil test
feon 1 Calibrated from PLAXIS soil test
fefn 0.5 Calibrated from PLAXIS soil test
feun 0.1 Calibrated from PLAXIS soil test
Ge,s 38 kn/m Calibrated from PLAXIS soil test
Drmax 18 Recommended by Khasib et al. [47]
\ 0 Recommended by Ong & Tan [26]
fros 438.35 kPa Lab test (fr28=0.11 f2s)
frun 0 Recommended by Maatkamp [28], Waichita et al. [28], Vinoth et al. [69]
Gros 0.01 kn/m Recommended by Waichita et al. [25]
E1/Ex 05 Calibrated from PLAXIS soil test
fealfeos 0.46 Calibrated from PLAXIS soil test
Aduct 16 Recommended by Ong & Tan [26]
Py -0.01 PLAXIS (2022) [66]
ey -0.0015 PLAXIS (2022) [66]
€ aep -0.00022 Calibrated from PLAXIS soil test
t hyd 28
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Figure 9. Axial stress-strain result of the unconfined compressive test on OPC-stabilized marine clay with the simulation

results of the concrete model
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Figure 10. Axial stress-strain result of the unconfined compressive test on POFA-stabilized marine clay with the simulation

6. Results and Discussion

6.1. Parameter Sensitivity Analysis

results of the concrete model

A sensitivity analysis is carried out to investigate the concrete model parameters' influence on stabilized soil's stress-
strain behavior. This involves deactivating the model parameters separately and evaluating their effect on the stress-
strain relationship. The soil-test facility is utilized to achieve the parameter sensitivity analysis. According to previous
modeling by Maatkamp [28], a general soil test simulates an unconfined compression test. The parameters with the most
influence on the stress-strain curve are evaluated, and this was done on a POFA-stabilized soil sample.

6.1.1. Elastic Modulus (E28)

The elastic modulus, at 28 days of curing, can be calculated from the stress-strain curve obtained from laboratory

tests at 28 days.
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Table 4. Elastic modulus (E2s) sensitivity analysis cases (the increments between (0-3) cases seem to be 20E+3 kPa)

Parameter Values (kPa) Case References
Ex 110E+3 0 Reference
Ez 130E+3 1
Ezg 150E+3 2
Ez 170E+3 3
Ex 182E+3 4 Calibrated from PLAXIS soil test

CASE (4)

4 CASE (3)
4000 —— CASE (2)
—— CASE (1)
—— CASE (0) 1
—— LABORATORY |

3000+

2000+

Stress (kPa)

1000 +

0 T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

Axial Strain

Figure 11. The model sensitivity to (E2s) in a stress-strain curve by cases (0-4)

As shown in Figure 11, the stress-strain curve is noticeably affected by the increase in the elastic modulus, with
failure strain occurring earlier in the loading process. Soils with a higher elastic modulus are less likely to deform
significantly before the failure point. Compared to soils with lower elastic modulus, this trend shows increased material
stiffness and improved resistance to deformation since strain starts to occur at lower stress levels [73—76]. As the elastic
modulus of the stabilized soil increases, the stress-strain curve undergoes a significant change from a linear elastic
behavior to a linear elastic-brittle failure behavior.

6.2.1. Time-Dependent Stiffness-Strength Parameters

Time-dependent parameters include the hardening of the soil with curing time. The parameters under consideration
are E1/Egg and fci/fcas. The parameter sensitivity is evaluated according to the cases given in Tables 7 and 8.

Table 5. Time-dependent stiffness sensitivity analysis cases

Parameter Value Case Reference
E1/E 0.4 43
E1/E 0.5 44
EiEx 065 45  Cajibrated from PLAXIS
Ei/Ez 0.8 46 soil test [22]
E1/E 1 47

Table 6. Time-dependent strength sensitivity analysis cases

Parameters Values Cases References
fC1/fC2g 0.25 48

fedfea 0.46 49 Calibrated from PLAXIS
fedfcas 0.8 50 soil test [22]

falfcas 1 51
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The results of applying the cases (43-47) given in Table 7 are visualized in Figure 12, considering stress-strain
behavior. The lines in the graph are divided in the order of the cases in which they are illustrated.

| | | | | | CASE (47)
| | | | | | CASE (46)
4000 4 : : : : : | e CASE (45)
: : : : | CASE (44)
| CASE (43)
| | ABORATORY
3000 - | |
— ! !
© : ;
D‘ v ¥
X : :
~ | |
2 2000 - |
o 1 1
— 1 1
= : :
iz 3 3
1000- -
0 T ‘ ‘

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

Axial Strain
Figure 12. The model sensitivity to (E1/E2s) in a stress-strain curve by cases (43-47)

The slope of the stress-strain curve becomes more gradual when the stiffness ratio between days one and 28 decreases,
and this also affects the tangent of the curve. Therefore, as the ratio decreases, it exhibits more deformation under stress,
resulting in a decreasing slope on the stress-strain curve. Nevertheless, the generation of failure strain will be delayed.
This effect aligns with the investigation reported by Maatkamp [28].

The cases for the fci/fcog Sensitivity analysis are presented in Table 8. The results of applying the different cases in
the unconfined compression test are presented in Figure 13. The failure stress that the material experiences decrease
slightly as the strength ratio decreases. Moreover, as the fci/fcog decreases, the failure strain is generated earlier.
Although this parameter affects the stress-strain curve, its impact is considered relatively insignificant. Despite the
differences between the materials used and their behavior in this study and those in the study conducted by Maatkamp
[28] on the concrete structure, both show the same effect on the stress-strain curve, taking into consideration that the
effect in Maatkamp [28] is more significant than in our study.
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Figure 13. The model sensitivity to (fci/fczs) in a stress-strain curve by cases (48-51)

6.2. UCS (o) Improvement

A precise analysis and estimation of strength and stiffness improvement over time are produced by FEM. The effect
of OPC and POFA on the early strength and stiffness of the soil was studied numerically using a concrete model. Figure
14 illustrates the increment of UCS with time for both stabilized soil samples.
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Figure 14. Increment of the unconfined compressive strength of stabilized marine clay at (a) short term (one day) and (b)
long term (28 days): numerical results based on the calibrated concrete model

Anticipating the above figure shows that POFA-stabilized soil exhibits a more rapid early-age strength gain compared
with OPC-stabilized soil. It also demonstrates a substantial rise in strength compared with OPC-stabilized soil, with
64.02% and 47% after one day and three days, respectively. It can also be noted that the greater growth rate was after
three days of curing for both stabilized soil samples. The strength reached 70% and 69% of the maximum strength by
28 days for (MC: OPC) and (MC: POFA), respectively. This is a higher growth rate than in the results reported by N.
Jiang et al. [50]. These results demonstrate that POFA will be a more efficient early-age strength enhancer than OPC,
indicating that POFA can be an effective alternative stabilizer for soil.

As a precursor, POFA, which is rich in reactive Al and Si ions in the presence of MgO, significantly impacted the
increase of UCS by producing Al-O-Si and Si-O-Si chains, resulting in a strong and dense soil mixture [48]. While MC:
OPC achieved 2340 kPa and 3000 kPa, MC: POFA reached 3187 kPa and 4000 kPa at seven and 28 days, respectively.
Notably, clay soil's strength improved by approximately 36% and 33% with optimum POFA content, compared with
OPC content, at seven and 28 days, respectively. Showing a substantial gain over OPC-stabilized clay after 28 days.
The comparison of UCS values between OPC-stabilized soil and POFA-stabilized soil is shown in Table 9. This
indicates the potential effectiveness of this technique in practical application in deep soil mixing construction. Moreover,
utilizing POFA as a precursor demonstrates a promising technique in geotechnical engineering applications such as
subgrade and sub-base materials for road construction and foundation elements [77].

Table 7. Comparison of UCS values between OPC-stabilized soil and POFA-stabilized soil

Curing times UCS values for OPC- UCS values for POFA- Growth rate
(days) stabilized soil (kPa) stabilized soil (kPa) (%)
1 day 1097 1799 +64.02
3 days 1827 2689 +47
7 days 2340 3187 +36
28 days 3000 4000 +33

6.3. Stiffness (E) Improvement

In the second part of the study, the proposed model can estimate the time-dependent stiffness of stabilized soil even
in the early stages of curing. The stiffness variation when adding POFA to marine clay will be analyzed and compared
with OPC-stabilized marine clay in particular. It can be observed that significant improvement was obtained. As shown
in Figure 15, the elastic modulus rapidly increased during 24 hours of curing. It achieved approximately 50% and 53%
of the maximum stiffness at 28 days of curing for (MC: OPC) and (MC: POFA), respectively, demonstrating a significant
rise in stiffness. Regarding time-dependent stiffness, the results obtained in the current study are higher than those
proposed by Mahvash-Mohammadi [78]. It appears, from a comparison of each of the stabilizers, that the addition of
POFA has resulted in a significant increase in the early stiffness of the soil.
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Figure 15. Increment of elastic modulus of stabilized marine clay at (a) short term (one day) and (b) long term (28 days):
numerical results based on the calibrated concrete model

During the early curing stages, the pozzolanic reaction is very rapid, leading to early stiffness gain in stabilized soil.
It is evident from Figure 15 that both materials show similar trends in the development of stiffness with time. The
percentage gain in stiffness between the soil stabilized by OPC and the soil stabilized by POFA is around 6% and 8%
at seven and 28 days of curing, respectively. However, it should be noted that the rate of increase in stiffness of the
POFA-stabilized soil is higher than that of the OPC-stabilized soil during the early age of curing. The comparison of
elastic modulus values between OPC-stabilized soil and POFA-stabilized soil is shown in Table 10.

Table 8. Comparison of elastic modulus values between OPC-stabilized soil and POFA-stabilized soil

Curing times (E) values of OPC- (E) values of POFA- Growth rate
(days) stabilized soil (kPa) stabilized soil (kPa) (%)
1 day 85000 95480 +12.34
3 days 123000 128200 +4.23
7 days 144000 153100 +6
28 days 170000 182000 +7

6.4. Concrete Model Validation

In order to demonstrate the applicability of the concrete model to simulating the time-dependent behavior of
stabilized soil, the strength and stiffness values are determined at different curing periods and then compared with the
simulated results.

6.4.1. Time-Dependent Strength (o)

The comparison between the concrete model results and the laboratory results is presented in Figure 15, in which the
improvement of the UCS (o) of the stabilized soil samples with time is evaluated at different curing periods. The results
demonstrate a good agreement between predicted and experimental results for OPC-stabilized soil. While the Finite
Element Method (FEM) yields strength values slightly higher than the laboratory results, the difference is considered
insignificant, with variations of 4.47%, 3.057%, 3.04%, 6.24%, and 4.05% at different curing times, as shown in Table
11. On the other hand, for POFA-stabilized marine clay, the comparison shows a good quantitative agreement between
the predicted and measured results, with variations of 3.39%, 7.73%, 5.28%, 5.744%, and 2.685% at different curing
times, as shown in Table 12. This demonstrates the concrete model's capability in predicting the stabilized soil's time-
dependent strength, considering that the concrete model takes only 28 days into account. The analysis results and
comparisons between this model and the laboratory results of concrete compressive strength improvement of tunnel
lining with time show a good agreement for 28 days [79].
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Table 9. Comparison between experiment and numerical results of UCS of (OPC-stabilized soil)

Cur(l(;lgygl)mes ExperlEE?Dr::) results Numezll(cséll)results Variations (%)
1 day 1049 1097 4.47
3 days 1772 1827 3.057
7 days 2270 2340 3.04
14 days 2526 2689 6.24
28 days 2881 3000 4.05

Table 10. Comparison between experiment and numerical results of UCS of (POFA-stabilized soil)

Cur(l(;lgygl)mes ExperlEE?Dr::) results Numezll(cséll)results Variations (%)
1 day 1739 1799 3.39
3 days 2489 2689 7.73
7 days 3023 3187 5.28
14 days 3399 3600 5.74
28 days 3894 4000 2.69

6.4.2. Time-Dependent Stiffness (E)

Figure 16 shows the comparison between the predicted and measured stiffness improvements of both stabilized soil
samples. The numerical analysis results exhibit a precise estimation of stiffness improvement during the 28 days of
curing for OPC-stabilized soil, with variations of 7.59%, 11.60%, 1.41%, 3.36%, and 0.47% at different curing times,
as shown in Table 13. For POFA-stabilized soil, the stiffness values align closely with the corresponding laboratory test
results, with variations of 0.82%, 6.47%, 4.73%, 10.56%, and 0.44% at different curing times, as shown in Table 14.
This aligns with the findings of a study conducted by Shaalan et al. [80]. Which proved the applicability of the proposed
model with shotcrete lining time-dependent stiffness estimation.

3500

3000

2500

2000 - :

1500 - %

1000 - §

s0y O FEw (concrete model)
o

0 4 8 12 16 20 24
Time (day)

28

4500

4000 -
3500 -
3000 -
2500 -
2000 -
1500 1
1000 1
500

o (kPa)

@ Experiment
@ FEM (concrete model)

12 16 20 24
Time (day)

Figure 16. Concrete model validation for compressive strength development with time of (a) OPC-stabilized soil and (b)

POFA-stab

ilized soil

Table 11. Comparison between experiment and numerical results of (E) of (OPC-stabilized soil)

Cur(lcrilgytsl)mes Experl?llle;r;t) results NumeEch;)results Variations (%)
1day 79000 85000 7.59
3 days 100300 123000 22.57
7 days 142000 144000 141
14 days 154800 160000 3.36
28 days 169200 170000 0.47
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Table 12. Comparison between experiment and numerical results of (E) of (POFA-stabilized soil)

Curing times  Experiment results Numerical results Variations (%)

(days) (kPa) (kPa)
1 day 94700 95480 0.82
3 days 110400 128200 16.14
7 days 146400 153100 473
14 days 147200 171600 16.56
28 days 181200 182000 0.44
P — — x10°
s s s s s s 200
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Figure 17. Concrete model validation for stiffness development with time of (a) OPC-stabilized soil and (b) POFA-stabilized soil

7. Conclusion

In the present study, POFA-stabilized soil was investigated numerically as a replacement for OPC-stabilized soil with
finite element analysis, PLAXIS 2D. The concrete model was used to simulate time-dependent strength and stiffness
improvements. Depending on the experimental results, the calibration of model parameters was achieved. A parameter
sensitivity analysis was performed to study the effect of each parameter on the stress-strain curve, and the parameters
with the greatest effect were then illustrated.

The main findings of this study include a noticeable improvement in the Unconfined Compressive Strength (UCS)
of POFA-stabilized soil. It increases rapidly at the early age of curing within the optimum binder content. It also exhibits
more rapid early-age strength gain compared with cement-stabilized soil. The highest UCS growth rate reached 64%
during the first three days of curing at optimum binder content. After three days, the growth rate slowed. This can be
attributed to the gradual consumption of magnesium oxide, an essential component of pozzolanic reactions. According
to the calibration, the concrete constitutive model is valuable for comprehensively understanding the mechanism
involved in the stabilization process, enabling a more accurate representation of stress-strain behavior. It can be noticed
that the stress-strain curve obtained from the proposed model aligns with the stress-strain curve obtained from the
laboratory results. It exhibits a notable ability to capture the failure behavior of stabilized soil. According to parameter
sensitivity analysis, the elastic modulus (Ez2s) and time-dependent stiffness parameter (Ei1/Ezs) influence the stress-strain
behavior most. Higher elastic modulus accelerates the failure strain occurring in the stress-strain curve, indicating greater
material stiffness and resistance to deformation compared with lower-modulus soils. As the stiffness ratio between days
one and 28 decreases, the stress-strain curve exhibits a more gradual slope, leading to increased deformation under stress
and a delayed generation of failure strain.

Based on the numerical results, the early strength of POFA-stabilized soil demonstrated a 47% and 64.02% increase
in UCS values at one and three days, respectively, compared with OPC-stabilized soil. Meanwhile, compared with OPC,
it also exhibited significant improvement by approximately 36% and 33% with optimum content at seven and 28 days,
respectively. For stiffness development, POFA-stabilized soil significantly increased early stiffness compared with
OPC-stabilized soil. On the other hand, the increment rate of POFA-stabilized soil reached 7% and 8% in seven and 28
days, respectively, compared with OPC-stabilized soil. Comparing the UCS and stiffness values obtained from the
stress-strain curves after one, three, seven, 14, and 28 days in the laboratory test results, the proposed model agreed well
with the measured results. This proves the accuracy and reliability of the concrete constitutive model for simulating the
time-dependent strength and stiffness of stabilized soil. It can be concluded that the role of the concrete constitutive
model is to provide a framework for predicting how the mechanical properties of the stabilized soil change over time.
Utilizing this model enables engineers to understand and predict how the strength and stiffness of the stabilized soil
evolve over time, which is crucial for designing and evaluating the performance of engineering structures constructed
on such soil in both the short term and the long term.
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