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Abstract

Heavy metal-contaminated soil has become an influencing factor that restricts environmental development. Remediation
of contaminated soil and use of the repaired soil for other purposes are of great practical significance. The constitutive
relationship of solidified soil is important to evaluate the strength and mechanical properties of deformation.
Understanding the constitutive relationship of solidified soil is the basis for applying it to roadbed filling or building
materials. This study used contaminated soil repaired by calcium polysulfide, synthetic zeolite from fly ash, and cement
as research objects. The strength characteristics of the solidified soil under different water contents, chromium
concentrations, and curing ages were determined through indoor tests. The stress-strain curve of the solidified soil under
different conditions was obtained. The necessity of introducing damage variables was analyzed. The damage variable was
introduced based on the Popovics model, and an improved constitutive model of the solidified soil was established. The
constitutive model was then compared with the test results to validate the established model. Results show that the
strength of the solidified soil is positively correlated with curing ages and negatively correlated with chromium
concentrations. The unconfined compressive strength (UCS) of the solidified soil after 7 days of curing is the highest at
the water content of 22%, while that after 28 days of curing is negatively correlated with water contents. The established
model can describe the entire strain deformation process of solidified soil under different water contents, curing ages, and
chromium concentrations. This model can fully reflect the linear elastic deformation characteristics of the solidified soil
at the initial stage and the subsequent nonlinear mechanical behavior. The simulation results verify the rationality of the
established model. The obtained conclusions provide a significantly reference for the engineering application of solidified
heavy metal-contaminated soil.
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1. Introduction

Heavy metal-contaminated soils are widely distributed all
over the world, causing great harm to ecosystems and
people’s health. The number of underground structures
gradually increases with the development and utilization of
urban underground space. The presence of heavy metal ions
can reduce the stability and durability of underground
engineering structures and facilities, thereby affecting the
actual life of the project [1]. Chromium-contaminated soil is
characterized by strong toxicity, persistence, complexity,
and irreversibility, and its pollution remediation has become
a very urgent problem. High concentrations of chromium
can reduce the strength and bearing capacity of solidified
soil, causing more serious safety hazards [2]. Therefore,
corresponding measures must be taken to repair chromium-
contaminated soil to meet the needs of production and
construction or the requirements of roadbed fillings and
building materials.

At present, solidification/stabilization (S/S) method is
mainly used to repair heavy metal-contaminated soil at home
and abroad; it not only avoids groundwater pollution by
heavy metals but also improves the strength of the soil and
meets the engineering needs. Heavy metal-contaminated soil
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repaired by S/S method can be used as roadbed fillings and
building materials [3]. However, S/S method alone cannot
completely treat soil contaminated by high concentrations of
heavy metals. Fitch et al. [4] monitored the long-term
engineering characteristics of heavy metal-contaminated
sites solidified by cement and fly ash after 10 years. The
surface soil of about 50 mm thickness was severely degraded,
the strength was significantly reduced, and the contents of
heavy metal ions increased. For soil contaminated by high
concentrations of chromium, considering that the toxicity of
Cr(Ill) is lower than that of Cr(VI), CaS, can be used to

reduce Cr(VI) into Cr(Ill), synthetic zeolite prepared from
waste fly ash is then used to adsorb Cr(Ill), and chromium
pollutants are fixed through cement solidification [5]. In this
method, chromium-contaminated soil can be effectively
repaired. To realize waste reuse, scholars have explored the
use of chromium-contaminated soil after combined
remediation as roadbed fillings.

The key to using repaired contaminated soil as roadbed
fillings is that its mechanical properties should meet the
requirements of corresponding uses. Therefore, the influence
of different factors on the unconfined compressive strength
(UCS) of contaminated soil after remediation should be
investigated. Results provide a basis for the application of
repaired chromium-contaminated soil in engineering. The
mechanical properties of chromium-contaminated soil
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repaired by composite preparation are different from those
of general natural soils and rocks; as such, the constitutive
relations of repaired soils cannot simply follow the
constitutive relations of conventional soils. It is necessary to
analyze the uniaxial test results and establish a constitutive
model that conforms to the characteristics of the chromium-
contaminated soil after combined remediation by the
solidification-reduction-adsorption.

Based on this, according to the stress-strain curves
obtained under the conditions of different water contents,
chromium concentrations, and curing ages, the damage
variable is introduced, and an improved constitutive model
of the solidified body is established. This work aims to lay a
foundation for further research and application of the
solidified body of contaminated soil.

2. State of the art

The constitutive theory of geotechnical materials is the
foundation of modern geotechnical mechanics. It is of great
practical significance to study the stress-strain relationship
of heavy metal-solidified soil, and to establish the
constitutive model of heavy metal solidified soil, for using
the repaired contaminated soil as roadbed fillings and
building materials. At present, domestic and foreign scholars
conducted research on the constitutive model of solidified
soil mainly by using cement and conventional soil as the
research object. The models include damage constitutive
model, elastoplastic constitutive model, elastoplastic damage
constitutive model, and constitutive model which considers
the structure of solidified soil [6-8]. Chong et al. [9]
proposed a cement-soil constitutive model to describe the
volume change of soil stiffness and strength related to
pressure and used it to simulate the triaxial drainage test.
The initial isotropic stress state and the degradation rate of
cement determined the stress-strain volume response of
cement. Zhi et al. [10] established a constitutive model of
structured loess under high-stress conditions based on the
binary-medium model and homogenization theory. The
constitutive model parameters of structural loess were
determined through triaxial compression tests. The
comparison of the calculation and test results verified the
rationality of the established constitutive model. Tu et al. [11]
established a two-stage constitutive model of cemented
tailings backfill based on Weibull distribution density
function, strain equivalence principle, and damage
mechanics theory. The rationality of the model was verified
through experiments. The destruction mode of the specimen
under uniaxial compression was mainly tensile destruction.
Yao et al. [12] proposed a simple constitutive model to
describe the mechanical behavior of granular soil in a large
stress range. This model could describe the hardening
process of the yield surface. Bathayian et al. [13] proposed
an elastoplastic constitutive model suitable for granular soil
to describe the stress-strain characteristics of cemented
granular soil.

Some scholars have also studied the constitutive models
of frozen soil, sandstone, and cementing materials. Wang et
al. [14] established a macro-micro creep constitutive model
with visco-elastoplastic deformation characteristics of three-
phase frozen soil. The model parameters were determined by
creep test based on frozen soil, and the model was verified
by the creep test results of saturated frozen soil. The model
could well reflect the influence of temperature and ice
contents on the creep of saturated frozen soil. Pan et al. [15]
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studied the deformation behavior of rocks during
compression. A non-linear statistical damage constitutive
model was established using the method based on statistical
damage. The model fitted well for rocks of different types,
confining pressures, and water contents. This model could
be applied to most rock types and in most engineering
environments. Scholars also consider the processes of
damage evolution and ice volume evolution when studying
the constitutive model of frozen soil [16,17]. Abioghli et al.
[18] established a constitutive model to predict the
mechanical properties of fiber-reinforced cemented sand.
They revised the elastic parameters, flow laws, and
hardening laws of the model and verified the effectiveness of
the model through experiments. Doherty et al. [19] proposed
a constitutive model that could reflect the formation and
destruction of weakly cemented granular materials under
transient stress environments. In addition, some constitutive
models were studied considering different factors, including
dilatancy effect, brittle cracking, plastic rebound, and other
factors [20-22].

Existing research mainly focuses on the constitutive
relationship models of various conventional soils and
sandstone cementing materials. However, few studies have
investigated the constitutive model and relationship of
solidified contaminated soil and the stress-strain relationship
of the contaminated soil after solidification and remediation.
In particular, the constitutive model of solidified heavy
metal-contaminated soil has not been reported yet.

Aiming at the shortcomings of existing research, the
present work focused on chromium-contaminated soil after
remediation by composite preparation. The effects of
different water contents, chromium concentrations, and
curing ages on the UCS of the solidified soil were studied.
The stress-strain curves of the solidified soil under different
conditions were obtained. Based on the curves, an improved
constitutive model of solidified contaminated soil was
established, and the rationality of the model was verified.
Results can lay the foundation for the application of
contaminated soil after remediation to engineering practice.

The rest of this study is organized as follows. Section 3
describes test materials and methodology. Section 4 analyzes
the strength characteristics and the stress-strain relationship
and establishes a full-stage stress-strain model. Section 5
summarizes the study and presents relevant conclusions.

3. Methodology

3.1 Test material and its composition
The CaS, used in the experiment has a volume fraction of

29% and its main component is CaS; (China Lianyungang

Lanxing Industrial Technology Co., Ltd.). The chemical
composition of P.042.5-grade Portland cement produced in
Fuxin is shown in Table 1. Synthetic zeolite was prepared
through alkali fusion-hydrothermal method using fly ash
[23], and its chemical composition is also shown in Table 1.
Taking into account the heterogeneity and complexity of the
original contaminated soil, soil was collected from an
uncontaminated area 2 km away from the Shenyang
chromium-contaminated site. The soil is silty clay and has
maximum dry density of 1.72 g/cm, and the optimal
moisture content of 22.0%. Other chemical components and
physical properties of soil are shown in Tables 1 and 2.
Debris was removed from the clay, which was then passed
through a 2 mm sieve and air dried naturally. A solution
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with certain mass concentration was prepared by K,CrO,

and CrNO,, then mixed with the sieved soil to prepare
chromium-contaminated soil with different Cr(VI) and

Cr(IIT) concentrations. Distilled water was used as test water.
All reagents used are analytically pure.

Table 1. Chemical composition of silty clay, synthetic zeolite from fly ash and cement (mass fraction/%

Chemical Sio, | ALO, | CaO MgO | Fe,0, | K,0 | Na,0 | TiO, | SO, | Ignitionloss | PO,
composition ? ’ ? ’ 20
Silty clay 53.1 31.2 1.7 0.9 1.6 1.3 3.6 - - - 0.6
Portland cement 21.87 5.69 62.25 3.12 3.80 1.41 0.35 - 1.02 0.48 -
Synthetic zeolite 50.29 14.17 3.42 1.96 7.23 1.05 20.88 0.55 - - -
Table 2. Physical properties of silty clay
Natural : Particle composition (by weight)
densit .| Saturation | Liquid | Plastic Plastic Void 1%
Index ’ Proportion 1% limit /% | limit /% Limit ratio s
/g-cm” ¢ ¢ ¢ Index Sand Cosmid
Value 1.99 2.71 91.3 30.6 18.7 11.9 0.657 42 32
Table 3. Proportioning schemes of test pieces
Experimental Cr(VD Chromium- . . .
CaS, /multipl
group contents/ mg - kg contaminated soil/g ass/multiple | - Synthetic zeolite/g Cement/g Water/mL
Al 3000 260 3 60 80 72
A2 3000 260 3 60 80 80
A3 3000 260 3 60 80 88
A4 3000 260 3 60 80 96
AS 3000 260 3 60 80 104
Bl 500 260 3 60 80 88
B2 1000 260 3 60 80 88
B3 3000 260 3 60 80 88
B4 5000 260 3 60 80 88
B5 10000 260 3 60 80 88

3.2 Specimen design and preparation

In this experiment, 10 groups of proportion schemes were
designed (Table 3). Specimens were prepared according to
the ratio in the table and cured for 28 days. Three parallel
specimens were prepared for each group. The effects of
different water contents and chromium concentrations on the
strength of chromium-contaminated soil after remediation
were investigated. With the A3 scheme as the benchmark
mix ratio, six groups of specimens were prepared to
investigate the influence of different curing ages (7, 14, 28,
56, 84, and 180 days) on the strength of chromium-
contaminated soil after remediation.

In this experiment, 16 groups of specimens of
chromium-contaminated soil after combined remediation
were produced. Each group contains three parallel
specimens, which adds up to a total of 48 specimens. The
specimen is a cylinder with the dimension of ¢ 50 mmx=100

mm. The order of adding various materials during the
production of the specimen is as follows.

According to the ratio in Table 3, CaS, and water (22%

of the mass of soil) were firstly added to the contaminated
soil, mixed, and stirred for 30 min. The sample was secondly
added with synthetic zeolite and water (22% of the mass of
zeolite), mixed, and stirred for 30 min. The sample was then
added with cement and water (22% of the cement mass),
mixed, and stirred for 10 min to obtain repaired soil. Static
pressure method was finally used to prepare standard
specimens. The specimens were placed in a standard curing
room with temperature of (204+2) °C and relative humidity
above 95% for 28 days of curing.

3.3 Test device and loading plan

Uniaxial compression test was carried out using a
compression testing machine. The loading process was
controlled by displacement, and the loading speed was 0.1
mm/min. Each group used three identical specimens for
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repeated test under the same stress state to ensure the
repeatability of the test. The operation procedure is referred
to ASTM D2166-06.

4 Experimental results and Analysis

4.1 Characteristic analysis of strength
The specimens were prepared according to different water
contents and chromium concentrations in Table 3. After
curing for 28 days, UCS was determined. Taking the A3 mix
ratio as the reference mix ratio, UCS was measured after
curing for 7, 14, 28, 56, 84, and 180 days. The test results
are shown in Fig. 1.

From Fig. la, increasing chromium concentrations can
gradually reduce the strength of the solidified body. When

the chromium concentrations are low, CaS, in the

composite preparation can completely convert Cr(VI) into
Cr(1ll), and the synthetic zeolite can completely adsorb
Cr(1l). Therefore, chromium ions have little interference
with the hydration and pozzolanic reactions of the cement,
and the strength of the solidified body is high. However,
CaS, and synthetic zeolite are less effective in reducing and

adsorbing high-concentration pollutants. Free chromium
ions hinder the hydration and pozzolanic reactions of cement
and increase the weakening effect on the strength of the
solidified soil, resulting in a decrease in the strength of the
solidified soil [24].

As the curing ages increase, the strength of the solidified
soil also increases (Fig. 1b). For the chromium-contaminated
soil repaired by composite preparation, CaS, and synthetic

zeolite greatly reduce the hindering effect of Cr(VI) and
Cr(Ill) on the hydration and pozzolanic reactions. The
reaction time of active SiO, and AlL/O, in the synthetic

zeolite from fly ash is relatively late, thereby increasing the
strength of the solidified body [25].
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When the specimen was cured for 7 days, the maximum
strength value appeared at the optimal water content of 22%
(Fig. 1c). After curing for 7 days, Cr(III) in the contaminated
soil and the unreduced Cr(VI) jointly delay the hydration
and pozzolanic reactions, and the composite preparation has
not fully exerted its solidified effect. After curing for 28
days, as the water contents increase within a certain range,
the strength of the solidified body decreases. On the one
hand, when the water contents are high, the remaining water
in the solidified body makes the hydration film of the soil

particles too thick, resulting in a decrease in strength. On the
other hand, higher water contents are conducive to the full
contact and reaction between Cr(VI) in contaminated soil
and CaS; in composite preparation. More Cr(VI) is reduced
into Cr(III), which has a more obvious weakening effect on
the UCS of the solidified body. Therefore, high water
contents have a negative impact on strength.

7d
28d
different curing times

Unconfined compressive strength(UCS)

500 1000 3000 5000 10000| [ 7 14 28 s6 84 180 [18 20 22 24 26
Different chromium concentrations(mg/kg) Different curing times(d) Different water contents(%)
(a) (b) (©)
Fig. 1. The influence of different factors on UCS. (a) Different chromium concentrations. (b) Different curing ages. (c) Different water contents
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Fig. 2. Measured stress-strain relationship curve. (a) Different water
contents. (b) Different chromium concentrations. (c) Different curing
ages
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According to Fig. 2, under the influence of different
water contents, curing ages, and chromium concentrations,
the stress-strain curves of chromium-contaminated soil after
combined solidification-reduction-adsorption remediation
have similar characteristics. A typical and complete
simplified diagram of stress-strain curve, which can reflect
the chromium-contaminated soil after combined remediation
by the composite preparation, can be expressed as Fig. 3.
The stress-strain curve can be divided into three stages (OA,
AB, BC) and three regions (I, II, and III). The meanings of
all variables in the Fig. 3 are explained where they are used.
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Fig. 3. Stress-strain curves of solidified soil specimens

Fig. 3 shows the stress-strain relationship curve of
chromium-contaminated soil after combined remediation.
The curve can be divided into three stages.

The first stage is the OA section, which is the initial
straight-line section of the stress-strain curve of chromium-
contaminated soil after remediation by the composite
preparation. At this stage, a linear relationship exists
between stress and strain. The specimens become loaded, the

stress is small (o <o,,), the strain increases approximately

in proportion, the particles in the specimens are compressed,
the voids are reduced, the particles are not damaged, and the
particle deformation is within the range of linear elastic
deformation. The specimen of chromium-contaminated soil
after remediation shows linear elasticity. Hardening occurs
in the chromium-contaminated soil after combined
solidification-reduction-adsorption remediation.

The second stage is the AB section, where the stress-
strain curve of chromium-contaminated soil repaired by the
composite preparation shows a nonlinear ascending state.
This stage starts from point A. As the stress gradually

increases and when the stress exceeds the elastic limit (o;,)

of the chromium-contaminated soil after remediation, the
slope of the stress-strain relationship curve gradually
decreases. At this time, the internal particles of the
specimens are damaged, and the gaps between the particles
are continuously compacted. This compaction effect has a
sufficient advantage in the increase of strength compared to
the reduction in strength caused by structural damage. At
this stage, the specimen begins to suffer irreversible damage,
and microcracks are generated inside the specimen. As the
pressure increases, the particles of the specimen continue to
undergo plastic destruction, and the stress reaches the peak
at point B. The whole specimen is completely damaged.
Macroscopically, the stress-strain curve shows a nonlinear
rise, the internal cracks of the specimen expand outward, and
obvious microcracks appear on the surface of the specimen.
The third stage is the BC section, where the stress-strain
curve of the chromium-contaminated soil after remediation
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decreases nonlinearly. At this stage, the specimen begins to
be softened, that is, the stress decays rapidly when the strain
increase is not great. After that, the stress-strain curve
gradually changes from steep to slow, gradually reaching
point C of the residual strength value. When the stress
reaches the peak value, the cracks of the specimen continue
to expand, extend, and connect, forming macroscopic
oblique cracks along the weakest surface. As the strain
increases, the crack gradually penetrates the full section,
forming a damaged zone. While cracks in other parts of the
specimen no longer propagate. The specimen has an external
load that resists the frictional resistance of the inclined
surface and the residual adhesive force, causing a slow
decrease in the residual bearing capacity. After that, the
specimen gradually transitions to a residual stage with a

certain strength. When the strain reaches &, , the residual

strength is about (0.2-0.4)c,, . Under greater strain, the
strength of the specimen is still not completely lost.

4.3 Constitutive equation of chromium-contaminated soil
after combined remediation

Based on the stress-strain curve of the chromium-
contaminated soil after combined solidification-reduction-
adsorption remediation, the constitutive equation of
chromium-contaminated soil is established as follows.

(1) Stress-strain constitutive equation of elastic straight
line segment
As shown in Fig. 3, the corresponding stress and strain

of point A on the OA segment are o,, and &, respectively,

where o, is the elastic limit stress and &, is the elastic
limit strain. Equation (1) is as follows.

(M

In the equation, E  is the elastic modulus of the
chromium-contaminated soil after combined remediation by
composite preparation. o, is approximately (0.3-0.4)o,,,

and o,, is the peak stress of the chromium-contaminated
soil after remediation by composite preparation. The
constitutive equation of the elastic straight section OA is
shown in equation (2).
0, =E¢5(0<¢<¢g,) 2)
(2) Constitutive equation of the stress-strain relationship
curve in the non-linear ascending stage

In order to better reflect the stress-strain relationship of the
chromium-contaminated soil after combined solidification-
reduction-adsorption remediation, and to make the cons-

titutive equation more reasonable, the Popovics model [26]
is introduced, as shown in equation (3).

n

=0y, < n
lu &,
n—-1+ (lj
glu

In the equation, &, is the peak strain, o,, is the peak

G)

stress, and n is the model parameter. For the strain-
softening stress-strain curve of the chromium-contaminated
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soil after combined remediation, the curve can be divided
into two parts, the ascending section and the descending

section. In equation 3, the value of n is taken as n, and n,

respectively. n is a parameter closely related to the stiffness
of the material. The relationship between compressive
strength and n can be established to express its physical

meaning. The larger the value of n, is, the steeper the
ascending section of the curve in Fig. 3 is, indicating a larger
initial modulus of the material. The larger the value of n, is,

the steeper the descending section of the curve in Fig. 3 is.
Hence, the brittle failure of the material is more obvious.

Equation (3) can reflect the stress-strain relationship of
the chromium-contaminated soil after combined remediation
by composite preparation. However, when the parameter »
is a fixed parameter, the fitting accuracy is low. As n is
closely related to the stiffness of the material, the internal
damage of the specimen gradually increases and small
cracks appear in the specimen until it penetrates as the
loading process of the specimen progresses. Therefore, the
stiffness cannot be a constant but a constantly decreasing
parameter. Using the damage mechanics method, the
damage variable D is introduced. The damage variable is
used to describe the damage change law. In this study, the
trend that the elastic modulus decreases with increasing
strain is fitted, and the equation (4) is obtained.

D =Aexp(e)+B “

n(l — Aexp(g) - B)

In the equation, D is the damage variable. 4 and B are
the parameters, which are determined by the test results.
Introducing the damage variable of equation (4) into
equation (3), and then equation (5) can be obtained.

n(1-Aexp(s,) - B)
n(1-Aexp(s)-B)
(C:IJ

lu

&

0, =0,

lu

&)
. n(l — Aexp(eg)) —B)—1+[

Equation (5) is the improved Popovics damage model.
For the AB ascending section, combine with Fig. 3 and
set the following equation.

0, =0, — 0, (6)
0,=0,-0, @)
&, =&, &, ®)
£ =6-8&, ©)]

Substituting equations (6)-(9) into equation (5), the
stress-strain ~ constitutive equation of the chromium-
contaminated soil after remediation in the AB ascending
section can be obtained, as shown in equation (10).

o,-0,.=(0,-0,) S 7%
lu _gle & —&
n(l—Aexp(<9)—15’)—l+[1 le

£, —&

lu
Namely,

) (6,-¢,) n(1-Aexp(¢) - B)

]nn (1-Aexp(£)—-B)
e

(10)

o,=(0,, -0,
] ( " “ (glu_gle) & —&
n(1—Aexp(¢)—B) -1+ ﬁ

1 1

u e

&8,
glu _gl

is made and m is

In the equation, if m=

substituted into equation (11), then equation (11) can be

simplified to equation (12).
mn(1—D)
o, :(0]“_O-le)n(l—D)—1+m"(H)) +0o, (12)

Taking the derivation on both sides of equation (12),
equation 13 can be got.

do, En(1-D)(n(1-D)-1)[1-m"""]
de, [n(1-D)~14+m" ]
In the equation (13), according to the continuity of the

curve, the equation (11) should satisfy the following
boundary conditions.

1) When ¢, =¢,,, m=0 and o,=0,,.

(13)

2) When ¢, =¢,,, m=1and 0,=0,,.
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n(1-Aexp(¢)-B)
e j

(11

+0,

E_ E n(1-D) _F

3) When ¢ =¢,, m=0 and =F,
de, n(1-D)-1

thatis £, = 202D "1 g
n(1-D)

4) When ¢, =¢,,, m=1 and %=0.
de,
From this, the constitutive equation of the ascending
section of the chromium-contaminated soil after combined
remediation can be obtained, as shown in equation (14).

n(1=D) +e E

0,=(&-¢,)E, w(-D) T Clete
n(l—D)—l+[gl_glej
glu _gle

(14)

(3) Constitutive equation of the stress-strain curve in the
nonlinear descent stage

For the descending section BC, the damage evolution
equation is fitted, as shown in equation (15).

D=4 +Bg?” (15)



Ling Liu, Zhongkai Tong, Xilin Li and Dan Meng/Journal of Engineering Science and Technology Review 15 (1) (2022) 42 - 50

In the equation, 4" and B are parameters, which are
determined by the test results.
Introducing the damage variable, equation (16) is got.

& n(1-4'-B'e”*)

n(1-4'-B&l®) (16)
“n(1-4 —B'g;~5)—1+[‘91j
glu

0, =0y,

&

£ g
| — Zlu
Let my=—-, E, = -

lu

sides of equation (16), equation (17) is got.

. Taking the derivation on both

lu

n(1-D)

doy L=m

~E n(1-D 1-Dy-1] (17)
e P A

From the continuity and boundary conditions, the
following 4 points can be obtained.

1) When ¢ =¢,,, m=1and o,=0,,.
2) When ¢ =¢,,, m=1 and %:0,
de,

3) When & = o, m —>w and o, = 0.

4) When & —©, m — o and %—m.
‘91

The constitutive equation of the descending section (BC)
of the chromium-contaminated soil after combined
remediation can be obtained, as shown in equation (18).

n(1- D)
n(1-D)
n(l—D)—1+[glj

lu

0,=¢E, (18)

(4) Full stress-strain constitutive equation of chromium-
contaminated soil after combined remediation by
composite preparation

To obtain uniform formula, £, in equation (14) is replaced

with E,, and E, in equation (18) is replaced with E, . Let

E,=tE_, where ¢ is a dimensionless constant.

A complete constitutive equation of the stress-strain
curve for the chromium-contaminated soil after combined

solidification-reduction-adsorption ~remediation can be
obtained, as shown in equations (19a)-(19c).
0,=E¢((0<¢g<g,) (19a)
(n(1 —D)—l)(l —gwj
£
o, =E ! o+ le g,
(n(l—D)—1)+(6‘_6‘e] :
u gle
(e.<&<¢g,) (19b)
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tn(1-D)

n(1-D)
(n(1-D) —1)+[‘91J

lu

(19¢)

o, =L, & (&, <& <x)

In the equation (19), E_ is the elastic modulus of the
chromium-contaminated soil after remediation by composite

preparation, E, = Fte E, is the elastic modulus at the peak

&

e

point of chromium-contaminated soil after remediation by

is the stress at the

e

. . o,
composite preparation, E, =—“ . o,

lu
boundary point between the linear stage and the nonlinear
stage in the stress-strain curve of chromium-contaminated

soil after remediation by composite preparation, MPa. o,, is
the stress corresponding to the peak point in the stress-strain
curve of chromium-contaminated soil after remediation by
composite preparation, MPa. g, is the strain at the
boundary point between the linear phase and the nonlinear
phase in the stress-strain curve of chromium-contaminated
soil after remediation by composite preparation. &, is the
strain corresponding to the peak point in the stress-strain
curve of chromium-contaminated soil after remediation by
composite preparation. n 1is the parameter. D is the
damage variable. All parameters in the model can be
obtained directly or indirectly through compressive strength
tests.

4.4 Verification of constitutive equation

Measurement data was used to verify the theoretical value of
the uniaxial compression stress-strain constitutive equation
(Figs. 4, 5, and 6).
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Fig. 4. Validation results of the stress-strain constitutive model under
different water contents. (a)7d. (b)28d
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Fig. 5. Validation results of the stress-strain constitutive model under
different chromium concentrations. (a)7d. (b)28d
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Fig. 6. Validation results of the stress-strain constitutive model under
different curing ages

From the above comparison results, the theoretical
calculation results of chromium-contaminated soil after
combined solidification-reduction-adsorption remediation fit
well with the ascending and descending sections of the
measured stress-strain relationship curve under different
water contents, curing ages and chromium concentrations,
without significant errors. The verification results show that
the stress-strain constitutive model derived in this study can
better reflect the stress-strain relationship of the chromium-
contaminated soil after combined solidification-reduction-
adsorption remediation.
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5. Conclusions

In this study, solidified specimens were prepared using the
chromium-contaminated soil after remediation of calcium
polysulfide, synthetic zeolite from fly ash, and cement. The
strength characteristics under different water contents,
chromium concentrations, and curing ages were studied, and
the stress-strain curves under different conditions were
obtained. Based on the damage mechanics, the damage
variables were introduced. The constitutive model of the
chromium-contaminated soil after combined remediation
was established, and the theoretical values were verified by
the experimental date. The obtained conclusions are as
follows.

(1) The UCS of the solidified body after 7 d of curing
age increases first and then decrease, while the UCS of the
solidified body after 28 d of curing age continues to decrease.
UCS shows a continuous growth trend with increasing
curing ages due to the delayed effect of hydration and
pozzolanic reaction. Chromium with high concentrations has
a significant weakening effect on the strength of solidified
soil, resulting in a decrease in UCS.

(2) Based on the analysis of stress-strain curves under
different conditions, in the initial stage, the solidified body
undergoes linear elastic deformation and hardening. The
stress-strain curve shows a non-linear ascending state. The
irreversible damage gradually appears at the specimen, and
the specimen suffers plastic failure. After reaching the peak
stress, the strain softening phenomenon gradually decreases.
The solidified body has an obvious elastic stage under
loading, and the plastic deformation is also relatively large.

(3) The damage variable was introduced, the Popovics
model was improved, and the elastoplastic nonlinear
constitutive model of chromium-contaminated soil after
combined remediation was established. This model can
accurately describe the stress-strain relationship of solidified
bodies with different water contents, curing ages and
chromium concentrations under uniaxial compression.

(4) The constitutive model was verified. The calculated
values of the model fits well with the test values, indicating
that the established constitutive model was reasonable.

The obtained conclusions can be extended to the
constitutive model of solidified bodies of chromium-
contaminated soil and provide a theoretical basis for the
engineering application of heavy metal-solidified bodies.
Although we introduced the damage variable to make the
constitutive model of heavy metal-contaminated soil more
accurate, it still lacks real practical application. In the future,
we expect this model to be widely used in the theoretical
study of chromium-contaminated solids, and even extended
to other heavy metal-contaminated solids.
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