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Abstract: Crucial mechanical-chemical (MC) interactions occur during the cement hydration process
in cement marine clay; however, the role of such an important element of the resulting strength has
been subject to less investigation, particularly from the theoretical perspective. To overcome this
scientific gap, an efficient strength-based model accounting for the coupled MC processes is proposed
here. Based on the analysis of the cement hydration mechanism, the porosity was chosen as the
main factor to characterize the influence of the MC interactions on the overall response. To verify the
accuracy of the MC model, the unconfined compressive strength (UCS) experiment was conducted
for the cement marine clay samples, and the corresponding simulation model was constructed using
COMSOL multiphysics®. In addition, a comparison between the predicted results by the existing
three strength models and the proposed MC model was performed. Subsequently, the sensitivity
analysis and identification of mechanical parameters were carefully carried out. The obtained results
show that the UCS strength for Taizhou clay ranges from 10.21 kPa to 354.2 kPa as the cement content
increases from 10% to 20%, and the curing time varies from 3 days to 28 days. The mechanical
parameters in the MC model can be obtained according to the porosity level. A reasonably good
agreement between the UCS strength results of simulations and the experimentally observed data is
reported. Additionally, the predicted UCS strength results by the MC model demonstrate the best
correspondence with the measured values, indicating the high efficacy of the established model.

Keywords: strength model; cement marine clay; mechanical-chemical coupling

1. Introduction

In coastal and offshore areas, there exists extensively marine clay with insufficient
strength, high water content, excessive settlement, and high compressibility, which is not
suitable for engineering purposes [1–5].

To solve the geotechnical-related problems and meet the demands of construction,
many types of additives have been adopted to stabilize the marine clay. Some additives
are ecofriendly, including recycled additives such as blended tiles (RBT) [6–9], disposed
granite waste, and industrial waste by-products [10–12]. Other effective additives include
cement [13,14], bioencapsulation [15], calcium-based additives [16], polyurethane [17],
halloysite nanotubes [18], and nanometer magnesium oxide [19]. In the long term, ma-
rine clay treatment utilizing cement has proven to be the best solution to meet various
requirements [1,20].
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The cement hydration process is followed by mechanical-chemical interactions (MCI),
which strongly contribute to the strength [21–26]. Ghirian and Fall (2013) carried out col-
umn experiments to examine the role of the mechanical-chemical coupling (MCC) behavior
in the cemented paste backfill [21]. Santamarina et al. (2002) exploited interparticle forces,
fabric formation, and fabric change to explain soil’s MCC [23]. To assess the mechanism
of MC interactions in the strength evolution, researchers have recently investigated the
microstructure of cement marine clay using a scanning electron microscope. Ekinci (2019)
explored the strength and microstructural properties of marine clay-cemented mixes [27].
Rashid et al. (2017) employed the field emission scanning electron microscopy to inspect
the effectiveness of xanthan gum for the stabilization of tropical laterite soil [28]. However,
in most research works, the microstructure changes due to the MCC have not been quanti-
tatively measured to establish the strength models [27–32].

A series of strength models have been outlined in Refs. [33–43]. Kang et al. (2016) pro-
posed formulas to estimate the strength of cement marine clay based on the curing time and
previously proposed formula related to the volumetric solid content [33]. Ma et al. (2016)
developed a strength model for shale formations based on the Mohr’s theory and Coulomb
criterion [34]. Locat et al. (1990) found the power-law between water content and strength
of lime-stabilized clays [35]. Bi and Chian (2020) discussed the strength development
of various types of cement-treated clay over a wide range of curing time at high water
content and low cement dosage [36]. Yamashita et al. (2020) proposed the strength model
of cement-treated soil by the volumetric solid ratio excluding sand and the ratio of the
cement content to the mass of fine particles [37]. Yao et al. (2020) established and validated
a strength-prediction model using mix ratios and curing periods [38]. Yin et al. (2015)
adopted the concept of anisotropy and isotropy processes of soft Wenzhou marine clay,
proposing a new anisotropic elastic viscoplastic model [39]. However, most strength mod-
els essentially focus on factors such as the clay water/cement ratio, water, and cement
contents. The mechanism of MCI has not been described in the strength models using
appropriate parameters.

The objective of this paper is to propose a simple but effective strength model for
cement marine clay that considers the MCC behaviors during the cement hydration process.
The latter’s mechanism is analyzed based on the SEM images at first. Subsequently through
considering the MCI, the mechanical-chemical coupled model (MC model) is proposed.
To verify the MC model, the unconfined compressive strength (UCS) test is conducted
for the marine clay from Taizhou coastal industrial zone. Meanwhile, the experimental
data are compared with those obtained from a corresponding UCS simulation model
built in COMSOL Multiphysics®. Furthermore, the high efficiency of the MC model
is demonstrated by comparison its results with those of existing three strength models.
Finally, the sensitivity analysis and identification of mechanical parameters pertinent to
the MC model are provided in some detail. However, the proposed MC model is simple
and only has one parameter, but it can describe the coupling mechanism effectively and
can be obtained easily.

2. Materials and Methods
2.1. Materials

The main materials are marine clay and ordinary Portland cement (OPC). The marine
clay originated from the Taizhou coastal industrial zone. The cement is ‘42.5 N’ OPC from
the Qianjiang cement factory, utilized for the admixture. The physical properties of the
employed clay are also summarized in Table 1.

Table 1. Physical properties of Taizhou clay.

Water Content
(%)

Unit Weight
(kN·m−3) Specific Gravity Porosity Liquid

Limit
Plastic
Limit

59.8% 17.3 2.817 0.616 51.9 24.5
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2.2. Preparation of Samples
2.2.1. Samples for Strength Test

The Taizhou clay was dried in the natural environment for one week. Then it was
sliced into small pieces before oven drying at a temperature between 105 ◦C and 110 ◦C for
at least 8 h. After that, it was ground into the fine powder, and filtered by a 2 mm sieve to
take out coarse particles.

The next step is to make the cement marine clay. At first, the original Taizhou clay
powder was weighed, then mixed with water to form remodeled clay (40% water content).
Next, a certain mass of water and 42.5 ordinary Portland cement were weighed and mixed
according to the water-cement ratio. At last, the cement paste was added into the original
marine clay to produce a uniform mixture (see Figure 1a).

Figure 1. Sample preparation. (a) Mixture of marine clay and OPC cement. (b) The sample for
strength test. (c) The samples for SEM observation.

Then the samples of the cement clay could be prepared. The cement clay was
compacted in the standard mold (height 80 mm, diameter 39.1 mm) for the UCS test
(see Figure 1b). The prepared samples should be kept in natural conditions for 24 h,
were pulled out from this mold, and then immediately wrapped with a vinyl film. Finally,
they should be stored in a humidity chamber of constant temperature 20 ± 5 ◦C till the
planed curing time.

2.2.2. Samples for the SEM Observation

The samples for the strength test were milled into small strips of 5 mm (length)× 5 mm
(width)× 1 mm (height) (see Figure 1c). The clay strip was then dried by implementing the
‘liquid nitrogen vacuum drying method’ to remove moisture. Thereafter, the SEM sample
was gold-coated by an SBC-12 ion sputterer from the KYKY to make the clay conductive.

2.3. Method and Tests
2.3.1. UCS Test

Samples with different curing ages and cement contents were assessed per the test
schedule given in Table 2. The UCS test was adopted as the evaluation index of the
curing effect. The initial average height H0 and cross-sectional area A0 of the sample
were measured and calculated, and then the UCS was measured by the WDW–T50 type
microcomputer-controlled electronic universal testing machine, produced by Jinan Testing
Machine Factory in Shandong, China. The load was applied at the rate of 1 mm/min,
and the required stress and strain data were collected by a microcomputer.

2.3.2. SEM Observation

Two samples in which corresponding data provided in Table 2 (i.e., No.2 and No.9)
were observed by the scanning electron microscope (SEM) of FEG650 type, produced
by FEI Company in the Netherlands. The BSD imaging mode was operated with 5 Kv
accelerating voltage, and the magnification is 5000 times. All the experimental operations
displayed in Section 2 meet the requirements of GB/T 50123-1999.
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Table 2. Test schedule.

No. Water Content
(%)

Cement Slurry
Content (%)

Water Cement Ratio in
Cement Slurry

Curing Age
(Days)

1 40 10 1:1 28
2 40 15 1:1 28
3 40 20 1:1 28
4 40 10 1:1 14
5 40 15 1:1 14
6 40 20 1:1 14
7 40 15 1:1 7
8 40 10 1:1 3
9 40 15 1:1 3
10 40 20 1:1 3

2.4. The Mechanisms of Mechanical-Chemical Coupling during the Cement Hydration Process

When the cement paste is added to the clay, they interact tightly. During the cement
hydration process, the 3CaO·SiO2 and 2CaO·SiO2 in the cement can react with H2O,
generating 3CaO·2SiO2·3H2O (i.e., CSH) and Ca(OH)2 (i.e., CH), which leads to the change
of microstructure in the cement clay (see Figure 2a,b) [27,32].

Figure 2. Cont.
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Figure 2. Comparison of cemented marine clay after 3 d and 28 d to show the influence of cement
hydration on the microstructure and strength. (a) SEM images of 3 d cement marine clay. (b) SEM
image of 28 d cement marine clay. (c) Concept model of 3 d cement marine clay. (d) Concept model
of 28 d cement marine clay. (e) Comparison of strength for samples with different curing time.

The porosity can represent the mechanism of MCC due to cement hydration. The change
of porosity mainly results from four aspects (see Figure 2c,d). The first is CSH, a fibrous
and gelatinous substance that can combine small particles in a gel state. Therefore, the
shape and size of particles in the cement clay are modified, resulting in the porosity alter-
ation. The second is CH, represented by its own particular hexagonal plate-like structure,
mainly characterized by very low solubility in water. Therefore, the pore space can be
occupied, and the porosity will be reduced. Thirdly, the water is consumed in these reac-
tions, resulting in the shortening of space between particles, lessening the porosity. Finally,
electric repulsion and van der Waals attraction forces between clay particles are modified,
and thereby, the porosity can be modified as well. This trend of porosity evolution is
also supported by previous studies [44,45]. Figure 2e shows that the sample’s strength
significantly increases with the curing time, and the mechanism can be described by the
change of porosity.

2.5. The MC Model

Based on the mechanisms mentioned above, the strength model considering the
mechanical-chemical coupling process can be established, the so-called MC model for the
sake of brevity.

2.5.1. Elastic Behavior

The Hooke’s Law is employed to assess the elastic behavior of the cement clay:

σ = Eε (1)

where E is the value of young’s modulus, and it changes during the cement hydration
process. ε is strain and σ is the corresponding stress.

Since the microstructure of the cement clay is affected by the chemical-mechanical
evolution of the cement-soil-water system, the young’s modulus E can be expressed in
terms of the porosity change via an exponential function:

E = aEebEn (2)
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where n is the porosity of cement clay, and it changes with the progress of cement hydration.
aE, bE are the parameters for fitting curve.

2.5.2. The Yield Function

It is assumed that the clay behaves like a perfect elastoplastic material, and the
Drucker–Prager yield function can reflect this behavior. Therefore,

fij(σ) =
√

J2 + αI1 − k (3)

where J2 is the deviatoric stress tenor invariant; I1 is the hydrostatic component of the
stress tensor; α and k are material constants, which can be calculated by the cohesion force
c and friction angle ϕ as follows:

α =
2√
3

sin ϕ

3± sin ϕ
(4)

k =
2
√

3c· cos ϕ

3± sin ϕ
(5)

where c and ϕ are from the modified Mohr–Coulomb by matching the outer apices of
the Mohr–Coulomb hexagon with the Drucker–Prager surface. c and ϕ evolve with the
chemical reaction.

c = acebcn (6)

ϕ = aϕebϕn (7)

where n is the porosity, and it changes with the progress of cement hydration. ac, bc, aϕ, bϕ

are the fitting curve parameters.

2.6. The Simulation of the UCS Test via COMSOL

The COMSOL Multiphysics® is a general-purpose simulation software based on
advanced numerical methods. It has capabilities of fully coupled multiphysics and single
physics modeling. To verify the proposed MC model, a UCS model was constructed using
COMSOL Multiphysics® (see Figure 3). In the COMSOL-based model, all the mechanical
and geometry parameters and the boundary conditions were considered similar to those
of the experimentally tested sample. The dimensions of the circular cylindrical sample
were 80 mm (height) and 19.55 mm (half diameter), and the bottom end is fixed, while the
cylinder’s lateral side is free from any traction (i.e., unconfined condition). The control
parameters for the MC model were the elastic modulus E, cohesion force c, and friction
angle ϕ. The sensitivity analysis of the three parameters will be given and discussed
in Section 4.2. The Drucker–Prager (matched to Mohr–Coulomb criterion) is adopted
as the strength yield criterion in the Solid Mechanics Module of COMSOL. Subsequently,
the stress–strain curve can be obtained after calculation.
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Figure 3. Simulation of unconfined compressive strength test. (a) The WDW–T50 type microcomputer
controlled electronic universal testing machine. (b) The corresponding UCS simulation model built
by COMSOL.

3. Results
3.1. Comparison between the Experiment and Simulation

The stress–strain (ε− σ) curve of the cement clay with various curing ages and cement
contents are presented in Figure 4. The value of the peak point in each ε − σ curve is
selected as the UCS strength (see Table 3). When no peak point is detectable, the point’s
value corresponding to 10% of the axial strain is taken as the shear strenngth.

Figure 4. Cont.



J. Mar. Sci. Eng. 2021, 9, 1454 8 of 15

Figure 4. Comparison between the UCS experiment and COMSOL simulation. (a) Influence of different cement content.
(b) Influence of different curing time.

Table 3. UCS strength of cemented Taizhou clay.

No. Water Content
(%)

Cement Slurry
Content

(%)

Water–Cement
Ratio in Cement

Slurry

Curing Age
(Days)

UCS Strength
(kPa)

1 40 10 1:1 28 50.6
2 40 15 1:1 28 158.26
3 40 20 1:1 28 354.2
4 40 10 1:1 14 12.05
5 40 15 1:1 14 24.75
6 40 20 1:1 14 122
7 40 15 1:1 7 11.33
8 40 10 1:1 3 11.31
9 40 15 1:1 3 10.21

10 40 20 1:1 3 11.2

The UCS strength for Taizhou clay ranges from 10.21 kPa to 354.2 kPa. Furthermore,
the UCS strength increases with the curing time as well as the cement content. The trend of
the stress–strain curve varies from strain-hardening to strain-softening as the curing age
and cement content grows. The corresponding trends for 7 and 14 days indicate the strain-
hardening behavior, while that associated with the curing time of 28 days shows different
softening behavior (see Figure 4). Because with longer curing time, the UCS strength will
rise more sharply toward a peak followed by a greater amount of the strain-softening [39].
Additionally, there is a very high growth of the strength for samples with a curing time
of 28 days, as demonstrated in Figure 4. Such a trend is mainly attributed to the fact that
at a low water-to-cement ratio (w/c = 1 in this paper), there exists a steep increment in
the strength [46]. Figure 4 shows that the simulation results match well with those of the
experiment before reaching the UCS strength. This evidence reveals that the MC model
is available to predict the UCS strength of cement marine clay, as well as the stress–strain
curve of the sample with hardening characteristics. However, the proposed MC model is a
perfect elastic-plastic model, and it cannot capture the softening behavior.

3.2. Results of Mechanical Parameters of the M-C Model

For each tested cement clay sample, the values of E, c and ϕ have been listed in Table 4.
As the curing time increases, all three mechanical parameters rise. With the growth of the
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cement content, both values of E and ϕ would rise. An increasing trend for c is observed,
but its value for the sample with 20% cement content is a little smaller than that value for
the case of 15% cement content. This fact may be caused due to the existence of the optimal
cement content. Actually, the cement cannot be fully hydrated when the content is higher
than the optimal content.

Table 4. The value of E, c, and ϕ in the M-C model.

No.
Curing

Age
(days)

Cement
Content

(%)

Porosity
before Test

Elastic
Modulus

(MPa)

Cohesion
Force
(kPa)

Friction
Angle

(◦)

1 28 10 0.5537 1 16 26
2 28 15 0.5575 3.5 40 35
3 28 20 0.5610 12 30 66
4 14 15 0.5401 0.28 10 12
5 7 15 0.5288 0.1 5.2 11

4. Discussion
4.1. The Comparison with Existing Strength Models

Two strength models were selected for comparison [37,47]. One is from Japan Cement
Association (2007), and the other one was proposed by Yamashita (2020). The UCS strength
was calculated, and the obtained results are presented in Figure 5. The discrepancies
between the measured data and the calculated values can be evaluated by the given
Equation (8) as follows [37].

ε =
1
n

n

∑
i=1
|(A− B)/B| (8)

where ε is the average value of normalized difference, A and B are calculated strength
and measured strength, respectively. n is the number of data. The average normalized
discrepancies of ε based on the strength models proposed by Japan Cement Association,
Yamashita, and this paper are 79%, 8%, and 3%, respectively. Obviously, the MC model
demonstrates the best prediction, indicating that it is suitable for capturing the UCS strength
of cement marine clays.

Figure 5. Comparison of measured strength and estimated strength by two existing models and
M-C model.

4.2. The Sensitivity Analysis of Mechanical Parameters

The sensitivity analysis of each mechanical parameter is also performed (see Figure 6).
Figure 6a shows the effect of E on the stress–strain curve, with moconstant c (c = 16 kPa)
and ϕ

(
ϕ = 26

◦)
. The slope of the curve is influenced by E. The slope becomes steeper

with increasing E, and the influence of E on the slope becomes smaller as E increases.
Figure 6b shows the result for constant E (E = 0.75 MPa) and ϕ

(
ϕ = 26

◦)
, with c ranging
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from 1 kPa and 40 kPa. As the cohesion force c grows, the peak strength also improves.
Figure 6c shows the influence of different friction angle ϕ on the behavior of clay when
using a constant elastic modulus E (E = 0.75 MPa) and cohesion force c (c = 16 kPa).
It shows that ϕ affects both the yield point and the trend of the curve in the plastic stage.
The yield stress grows with increasing ϕ. When ϕ is small, the plastic stage keeps constant
stress. And when ϕ becomes larger, there is still an increasing trend for stress after the
yield point. In summary, the plotted results indicate that the elastic stage is controlled
by E, while the plastic stage is controlled by c and ϕ. The slope of the curve is significantly
related to the level of E, while the height of the yield point is commonly influenced by c
and ϕ. Additionally, ϕ affects the trend of the curve in the plastic stage.
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Figure 6. Influence of each mechanical parameter on stress–strain curve. (a) Influence of different
elastic modulus. (b) Influence of different cohesion force. (c) Influence of different friction angle.

4.3. The Identification of Parameters in the M-C Model

The porosity n of each sample was measured, and the elastic modulus E, cohe-
sion force c and friction angle ϕ can be achieved through the COMSOL simulation.
According to Equations (2), (6) and (7), the parameters associated with the MC model
(i.e., aE, bE, ac, bc, aϕ, bϕ) can be estimated by the curve fitting based on the data of n and
corresponding mechanical properties ( i.e., E, c and ϕ). The obtained results are shown in
Figure 7. The corresponding R2 factor for young’s modulus, cohesive force, and friction
angle in order are 0.9151, 0.9064, and 0.8688, indicating a good fitting. The value of R2 in
Figure 7c is relatively lower than that in Figure 7a,b), because the measured friction angle
ϕ for sample No.3 is about 66◦, much higher than other samples.

Figure 7. Cont.
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Figure 7. Relation between mechanical parameters and porosity in the M-C model. (a) Relation
between elastic modulus and porosity. (b) Relation between cohesion force and porosity. (c) Relation
between friction angle and porosity.

5. Conclusions

The mechanism of mechanical-chemical coupling was analyzed. Then the MC model
for the cement stabilized marine clay was proposed, and verification studies were per-
formed by comparing the obtained results from the experiment and those of the simulation.
The mainly obtained results are summarized as follows:

1. The strength varies during the cement hydration process in the cement marine clay.
According to the mechanism analysis of the MCI using SEM images, the porosity was
employed to describe the influence of the mechanical-chemical coupling, and the MC
model was appropriately established.

2. Comparisons were made between the predicted results by the MC model, the UCS
test, and the existing strength model. The obtained results indicate that the proposed
model is suitable for capturing the UCS strength of the cement marine clay. It is a
simple model but an effective one with only one parameter (i.e., porosity), which can
be readily obtained.

3. Regarding the stress–strain curve of the MC model, the elastic stage is controlled
by Young’s modulus E, and the slope becomes steeper with its growth. Further,
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the plastic stage is controlled by the cohesion force c and friction angle ϕ, and the
yield stress is enhanced by growing c and ϕ.
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