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Abstract
Solidification/stabilization (S/S) is the prevalent remediation technology for the treatment of heavy metal contaminated soils 
(HMCS). However, under the stress of complex surrounding environments, S/S effectiveness tends to deteriorate and freez-
ing–thawing is one of the most influential natural forcings. The different proportions of cement, lime, and fly ash were used 
as the compound curing agents to treat solidified/stabilized HMCS with varying levels of lead contamination. The resulting 
samples were subjected to up to 180 freeze–thaw cycles (F-T) (1 day per cycle). Unconfined compressive strength (UCS) 
tests and semi-dynamic leaching tests were performed after F-T to explore the strength evolution of compound solidified/
stabilized lead-contaminated soils (Pb-CSCS) and the chemical stability of the lead within. The results show that the F-T 
duration changes the strength deterioration mechanism of Pb-CSCS under F-T. There has been a shift in the main influenc-
ing factor from the promoted curing agent hydration by short-term F-T to the structural damage of the specimen induced 
by prolonged F-T. The variations in leachate pH, lead leachability, and diffusion ability with progressing F-T revealed a 
degradation effect of the changes in the physical states of water and crack propagation brought by F-T. These unfavorable 
changes in soil structure and chemistry reduce the acid resistance of Pb-CSCS. Notably, fly ash and cement facilitate the 
strength maintenance of Pb-CSCS under long-term F-T conditions. Curing formulations that included both cement and fly 
ash significantly increased the UCS of treated soils by up to 80.5% (3 F-T) under short-term F-T. In contrast, the curing 
formulation without fly ash lost 51.8% of its strength after 180 F-T conditions. For lead stabilization, cement and especially 
lime are favored. The results showed a 25% increase in the total proportion of lime and cement in the curing agent formula-
tion, leading to a 41.4% reduction of lead leaching risk.

Keywords  Solidification/stabilization · Long-term freeze–thaw cycle · Compound curing agent · Strength evolution · Lead 
leachability · Deterioration mechanism

Introduction

Soil heavy metal contamination is a widespread environmen-
tal problem caused by recent global industrialization (Ashraf 
et al. 2019; Bai et al. 2021a; Tang et al. 2019). Lead contam-
ination is currently one of the most severe and widespread 
problems of inorganic soil pollution, which has led to over 
902,000 deaths and 21.7 million years of healthy life lost 
worldwide (Brady and Weil 2016; Hou et al. 2020a; Kumar 
et al. 2020). About one-third of the world’s children are 
affected by lead poisoning, and about 800 million children 
have lead levels of 5 ug/dl or above in their blood, includ-
ing 31.23 million in China (IHME 2020).Consequently, the 
effects of heavy metal contaminated soil (HMCS) to persons 
and the environment should be given careful consideration, 
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and comprehensive remediation is urgently required (Bai 
et al. 2021b; Zhang et al. 2019).

Solidification/stabilization (S/S) is now a widespread 
remediation procedure for heavy metal-contaminated sites. 
Aside from S/S, physical (Gu et al. 2022; Liu et al. 2022) 
and biological (Liu et al. 2021a; Sharma et al. 2020) reme-
diation methods involving stripping-removal and degrada-
tion of contaminants in soil are the more desirable nature-
based eco-friendly solutions (Pervaiz et al. 2023; Zheng 
et al. 2022). Nevertheless, these methods generally suffer 
from insufficient economics and slow remediation processes 
(Cao et al. 2023; Wang et al. 2022). In developing countries 
such as China, the urgent land need for rapid urbanization 
requires economical and effective contaminated site remedi-
ation, which has hampered their promotion (CAEPI 2020; Li 
2019b). Correspondingly, S/S is a mature technology with a 
good remediation effect and high efficiency. It also improves 
the mechanical properties of the remediated site soil, which 
is favorable for landfill and construction projects (Chen et al. 
2017; Hou and Al-Tabbaa 2014; Hou et al. 2016; Liu et al. 
2021b; Wang et al. 2018, 2016).

When using S/S, however, the heavy metals in the soil 
are immobilized rather than fundamentally removed (Gong 
et al. 2018). It has raised concerns about the long-term effi-
cacy of S/S remediation in complex surrounding environ-
ments. Available studies have certified that the stability of 
the S/S is closely affected by the surrounding environment 
(Shen et al. 2019; Wang et al. 2019; Wiles 1987), such as 
freeze–thaw cycles (F-T) (Aldaood et al. 2014; Eskişar et al. 
2015; Hotineanu et al. 2015; Wang et al. 2015; Wei et al. 
2015a, b), high saline groundwater (Liu 2014; Liu et al. 
2015), acid rain (Du et al. 2012, 2014), and alternating wet-
dry action (Li et al. 2014; Zha et al. 2013). Among them, soil 
freezing and thawing is a widespread climate phenomenon 
on a global scale and has significant impacts on soil proper-
ties. The average multi-year seasonal permafrost area in the 
northern hemisphere covers 50.5% of its total land area and 
even reaches 81% in extremely cold years (Gao 2021). It is 
especially true for China, where 53.5% of the country’s ter-
ritory is seasonally frozen (Yang et al. 2020a).

Studies have shown that F-T not only affects the physical 
properties of the soil but also alters its biochemical prop-
erties (Hotineanu et al. 2015; Shahidi et al. 2019). Conse-
quently, it will inevitably affect S/S stability and could even 
cause remediation to fail completely. In cases discussing the 
effects of F-T on soil mechanical properties, the unconfined 
compressive strength (UCS) of solidified/stabilized clayey 
sand was reduced by more than 60% (Shahidi et al. 2019). 
A loss of 55% to 70% was found in the tangent modulus 
of the cement-treated soil after one F-T (Ding et al. 2018). 
Meanwhile, soil porosity increases as F-T duration increases, 
as does the leaching concentration of heavy metals in stabi-
lized/solidified contaminated soil (He et al. 2021).

In most of the available studies (Hou et al. 2020b), how-
ever, only short-term F-T tests have been applied to the S/S 
soils, which is insufficient to investigate their long-term per-
formances in terms of mechanical strength and heavy metal 
immobilization. Actually, the long-term durability of solidi-
fied/stabilized HMCS is sensitive to changes in environmen-
tal conditions (Ouhadi et al. 2021). Studies have confirmed 
that the UCS of Pb-CSCS was reduced by more than 38% 
under 90 F-T compared with 7 F-T and soil permeability was 
also nearly fourfold higher (Yang et al. 2019). After 90 F-T, 
the soil lost more than half of its cohesion, and the solute 
longitudinal migration coefficient of saturated soil was 23 
times greater than that of soil without F-T (Yang et al. 2021).

However, most of these studies have focused on the 
effects of F-T on the strength characteristics of the solidified/
stabilized HMCS and the stability of heavy metals, while 
little attention has been paid to the mechanisms of F-T on 
the curing agent components. Meanwhile, the few studies 
that focus on curing agents only used a single curing agent 
to stabilized/solidified HMCS, such as cement, lime, and 
fly ash (Deng 2017). Meeting the requirement of simultane-
ous superiority of various mechanical and chemical perfor-
mances is difficult (Dermatas and Meng 2003; Li et al. 2021; 
Liu et al. 2019). Several studies have confirmed that (Wang 
et al. 2011) composite remediation by incorporating differ-
ent kinds of curing agents improved both the mechanical 
and environmental performances due to the complementary 
remediation characteristics of these curing agents (Pu et al. 
2020; Yi et al. 2012).

Therefore, this study utilized cement, lime, and fly ash 
mixed in different proportions as the composite curing 
agents for lead-contaminated soil composite remediation. 
The compound solidified/stabilized lead-contaminated 
soils (Pb-CSCS) were subjected to up to 180 F-T (1 day per 
cycle) before UCS and semi-dynamic leaching tests. Using 
F-T duration, curing agent formulation, and levels of lead 
contamination as variables, the main goals of this study are 
to investigate (1) the long-term mechanical performance, (2) 
the risks of lead leaching, and (3) the mechanisms behind 
how the performance evolutions of Pb-CSCS in a long-term 
F-T environment.

Methodology

Materials and specimen preparation

Materials

The contaminated soils were artificially prepared to ensure 
the consistency and reproducibility of their mechanical prop-
erties and pollution characteristics. The clay used in this 
study was obtained from a building site located in Jiangjin 
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District, Chongqing, southwestern China. It was a reddish-
brown soil collected from the top 0.5 to 1.5 m of strata, and 
being used after drying, impurity removal, and screening. 
Its basic physical properties and chemical compositions are 
shown in Tables 1 and 2.

Based on the previous works, three curing agent formu-
lations were selected to facilitate the simultaneous mainte-
nance of superior multiple engineering properties under F-T 
(Deng 2017; Li 2019a; Yang et al. 2020a, b). The compound 
curing agents were composed of cement, lime, and fly ash at 
the ratios of 2.5%, 5%, and 5% (C2.5S5F5), 5%, 2.5%, and 
2.5% (C5S2.5F2.5), and 5%, 5%, and 0% (C5S5) of dry soil 
weight, respectively. Chemical components of the curing 
agents obtained by XRF are shown in Table 2.

The contaminant of interest is lead. To improve solubility 
and avoid the interference of extraneous ions in the reme-
diation process, lead was added to the soil in the form of 
Pb(NO3)2 mixed with deionized water. Three lead content 
(0.5%, 1%, 1.5%) and seven F-T levels (0, 3, 7, 14, 30, 90, 
180 cycles) were set, according to previous study (Yang 
et al. 2019). The sample preparation scheme is presented 
in Table 3.

Specimen preparation

Uncontaminated soils and the compound curing agents 
were dried in an oven at 100 °C for 24 h before the grind-
ing and screening process. Specimen moisture was con-
trolled to 120% of the soil’s optimum water content. The 
lead nitrate solution was remolded with deionized water to 
achieve both the required contamination levels and speci-
men moisture. The contaminated soil was then prepared 
with the target lead concentration by stirring weighed 
dry soil and lead nitrate solution homogeneously with 
a magnetic stirrer. After the contaminated soil samples 
were kept sealed in a thermostat with constant humidity 
for 30 days, the compound curing agents were added for 
its remediation. The resulting mixture was molded into 
columns 39.1 mm in diameter and 80 mm in length at 
95% of the maximum soil density, then tightly wrapped 
with plastic film and placed in a standard curing box for 
28 days. Specimen preparation processes were completed 
promptly to prevent water loss from the contaminated soil. 
The experimental process flowsheet of this study is shown 
in the Fig. 1.

Table 1   Basic physical 
properties of uncontaminated 
soil

Physical proper-
ties

Liquid limit
(%)

Plastic limit
(%)

Plasticity index
(IP)

Optimum water 
content
(%)

Maximum 
dry density
(g/cm3)

Soil 29.7 17.2 12.1 19.52 1.93

Table 2   Chemical composition 
of uncontaminated soil and 
curing agents

Composition (wt%) CaO SiO2 Al2O3 MgO Fe2O3 SO3 Na2O K2O TiO2 Others

Soil 1.46 58.83 23.65 1.02 12.43 - - 0.77 1.09 0.75
Cement 58.01 22.26 8.87 3.66 3.79 1.04 0.20 1.34 0.51 0.33
Lime 84.23 3.1 3.1 4.32 0.29 – – – – 4.96
Fly ash 1.73 39.65 21.42 3.68 9.17 – – – – 24.35

Table 3   Summary of the 
experimental scheme

F-T Test Groups F-T duration 
(cycles)

Curing agent formulation Lead content

Short-term F-T 1 0 C5S2.5F2.5, C2.5S5F5, C5S5 0.5%, 1.0%, 1.5%
2 3
3 7
4 14

Long-term F-T 5 30
6 90
7 180
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Test programs

F‑T test

F-T tests were performed using a high-low temperature 
alternating test chamber (TC401, Chongqing Taisite Test 
Instrument Co. Ltd.). As shown in Fig. 2, each F-T refers 
to cooling the treated specimens from room temperature 
to − 10 °C and freezing them for 11 h, then heating them 
to 20 °C and thawing them for 11 h. After completing the 
F-T tests, the specimens were transferred from the test box 
and air-dried for subsequent use.

UCS test

UCS tests were used to determine the effect of F-T, curing 
agent formulation, and lead concentration on the strength 
behavior of Pb-CSCS. The tests were performed according 
to the Geotechnical Testing Technology using a YYW-2 
strain-controlled unconfined pressure apparatus (Shen and 
Zhang 2013). The load was applied by turning the hand-
wheel, and the axial strain was generated at a rate of 1 to 3%/
min. Loading continued until the strain continued to develop 
by 3 to 5% after the load values reached their peak, or until 
20% strain when no peak load values occurred (Gao et al. 
2014). The compression process of a single specimen was 
controlled within 8 to 10 min.

Semi‑dynamic leaching

Semi-dynamic leaching tests were performed on all Pb-
CSCS at 1% lead concentration and subjected to 0, 30, or 
90 F-T cycles according to ASTM C1308-08 (ASTM 2008). 
The systematic flow diagram of the test processing is shown 
in Fig. 3.

An acetic acid solution (pH = 2.88) applied in with a 
ratio of 10: 1 (mL/cm2) to the specimen surface area was 
used as the leaching solution. After measuring the initial pH 
of the leaching solution, the specimens were placed on the 
porous stones at the bottom of the beakers, and then the lips 
of the beakers were wrapped with plastic wrap. The speci-
mens were transferred to beakers containing fresh leaching 
solutions after the 2-h initial soak. The leachate obtained 
from the immersion was acidified with concentrated nitric 

Fig. 1   Experimental process 
flowsheet

Fig. 2   Temperature control curve of single F-T
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acid until its pH was less than 2 for the lead concentration 
measurement. Repeated operations were performed in the 
5th h and 17th h, respectively. Afterward, the operations 
of leachate renewal and lead concentration measurement 
were repeated at 24-h intervals. The entire semi-dynamic 
leaching process for each sample lasted 11 days (Liu et al. 
2013). Each set of tests was conducted in duplicate and the 
average lead concentrations were reported. Table 4 shows 
the semi-dynamic leaching test scheme.

Equation (1) (Liu et al. 2013) was used to calculate the 
cumulative dissolved mass of lead: where Amax is the cumula-
tive dissolved mass of lead (mg), Ci is the lead concentration 
of the ith leachate (mg/L), and Vi is the volume of leachate 
(L).

The effective diffusion coefficient of lead in Pb-CSCS (De) 
was determined by Eq. (2):

where De is the effective diffusion coefficient (cm2/s), an 
is the dissolved contaminants in leaching interval n (mg), 
A0 is the initial content of pollutants in the samples (mg), 
V is the volume of the samples (cm3), S is the surface area 
of samples (cm2). (Δt)n , T = [(t

1∕2
n + t

1∕2

n−1
)∕2] , and tn are the 

(1)Amax =
∑

Ci × Vi, (i = 1, 2, 3,… , 13)

(2)De =
�⎡⎢⎢⎣

an

A0

(Δt)n

⎤⎥⎥⎦

2�
V

S

�2
T , (n = 1, 2, 3,… , 13)

Fig. 3   The systematic flow dia-
gram of semi-dynamic leaching

Table 4   Time interval of 
leachate renewal in semi-
dynamic leaching tests

Leaching interval (n) 1 2 3 4 5 6 7 8 9 10 11 12 13

nth leaching time (h) 2 5 17 24 24 24 24 24 24 24 24 24 24
Cumulative time (h) 2 7 24 48 72 96 120 144 168 192 216 240 264
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time interval, the average time, and the cumulative leaching 
time of the nth leaching, respectively (ANSI 2019).

Three‑way analysis of variance

Analysis of variance (ANOVA) is an important element of 
mathematical statistics for testing the significance of differ-
ences between the means of two or more samples. Multi-
factor ANOVA uses the decomposability of the mathematical 
model to decompose the conditional error (between groups) 
and random error (within groups) from the total variance, 
and compare them to find out the main factors affecting the 
test results.

In this paper, a three-way ANOVA model with no 
interaction effects and repeated tests was used to analyze 
the main factor affecting the UCS. As shown in Table 5, 
F-T duration, curing agent formulation, and lead content 
are denoted as factors A, B, and C, respectively. Each 
factor corresponds to different factor levels. A total of 
36 tests were conducted under the level combination of 
(Ai Bj Ck), and the test results were labeled as yijk, where 
i, j, and k represent the levels of factors A, B, and C, 
respectively.

The command for three-way ANOVA without interac-
tion is shown as Eq. (3):

where x is the value of all tests at the level combination of 
(Ai Bj Ck), and p returns the three probability values cor-
responding to each of the three factors. p < 0.01 indicates 
a significant effect of the corresponding factor on the test 
results, otherwise, it is excluded from the main influencing 
factors (Guo 2015).

The sum of squares between groups is used to measure 
the effect of a factor on a test indicator. The relationship 
strength (R2) of the investigated factors on the test indica-
tor is reflected by the magnitude of the between-group 
sum of squares as a proportion of the total sum of squares, 
defined as Eq. (4) (Zhong et al. 2015):

(3)
[
p, t

]
= anovan(x, group)

where SL2 denotes the sum of squares for factor L, and SL2 
denotes the total sum of squares.

The effect size ( ̂�i ) reflects the magnitude of the pure 
effect of the ith level of factor L on the test indicators, as 
shown in Eq. (5) (Zhong et al. 2015):

where yi represents the mean of the test indicators at the ith 
level of factor L, and y represents the mean of all test indi-
cators. A higher effect size indicates a greater impact of the 
level on the test indicator.

SEM test

The morphology of Pb-CSCS was observed with scanning 
electron microscopy (SEM) using a Zeiss Gemini 300. For 
better observation and accurate images, the diced samples 
(5 mm × 5 mm × 5 mm) for the SEM test were taken from 
the freshly exposed surface of Pb-CSCS that were subjected 
to F-T. After drying at a temperature of 50 °C for 48 h, the 
samples were sprayed with gold for 30 s to enhance their 
conductivity.

Results and discussion

UCS of Pb‑CSCS under long‑term F‑T

The effect of F‑T duration

The UCS of the Pb-CSCS as a function of F-T times is 
shown in Fig. 4. Intuitively, the UCS of Pb-CSCS after 
long-term F-T all shared a similar pattern of variation, as 
the UCS generally decreased with increasing F-T times. As 
the temperature alters between positive and negative under 
F-T, the volume difference caused by changes in the three 
states of water in the soil structure increases the squeezing 

(4)R2 =
S2
L

S2
T

(5)�̂i = yi − y

Table 5   Three-way ANOVA 
data structure table for the UCS 
of Pb-CSCS under F-T

F-T duration Factor Factor level

1 2 3 4

Short-term A(F-T duration) 0 3 7 14
B(Curing agent formulation) C2.5S5F5 C5S2.5F2.5 C5S5 -
C(Lead content) 0.5% 1% 1.5% -

Long-term A(F-T duration) 0 30 90 180
B(Curing agent formulation) C2.5S5F5 C5S2.5F2.5 C5S5 -
C(Lead content) 0.5% 1% 1.5% -
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effect on the surrounding soil particles (Fig. 5). This leads 
to displacement and destruction of the particles and, con-
sequently, changes in the morphology of the soil pores. At 
the microscopic level, the minerals in the clay are nega-
tively charged and surrounded by polar water molecules. 
Negative temperature causes the internally bound water to 
freeze, disrupting the original electrochemical equilibrium. 
Meanwhile, the unfrozen water is continually attracted to the 
surrounding soils, creating a new equilibrium (Deng 2017). 
This could also be responsible for the continuous expansion 
and contraction deformation within the soil, which even-
tually causes the strength deterioration shown when under 
long-term F-T.

As shown in Fig. 4a and c, the UCS of the specimens 
shows enhancement at a low number of F-T (0 to 3). This 
could be attributed to the fact that, given the generally strong 
hydrophilicity of alkaline curing agents, some water would 
absorb on the surface of alkaline curing agents to form a 
water film during the curing stage of the specimens instead 
of fully reacting with the curing agents (Cao et al. 2013). 
As F-T progressing, the changes in physical state of water 
promoted further hydration reactions of curing agents. Main 
reactions of cement, lime, and fly ash are shown in Tables 6, 
7, and 8, respectively (Peng 2006; Yu and Xu 2018). The 
hydration products C-S–H (3CaO·2SiO2·3H2O), C3AH6 
(3CaO·Al2O3·6H2O), Ca(OH)2, and CaCO3 fill the pores 
on the surface of the soil particle and eventually wrap the 
particles to form a blocky cohesive body (Yang 2003; Yu 
et al. 1989). At the same time, the large amount of active 
metal oxides (CaO, MgO, etc.) contained in cement and lime 
reacts with the soil particles through ion exchange, harden-
ing, and carbonation. Moreover, active silica and alumina 
in fly ash combined with CaO to produce hydraulic binders, 
which significantly improved the curing ability of cement 
and lime. Short-term F-T reduced the gaps and the thick-
nesses of the bonded water film between soil particles in this 
manner, resulting in a tighter soil structure and increased soil 
strength (Yousuf et al. 1995).

The effect of curing agent formulation

The UCS of Pb-CSCS with the varying curing agent for-
mulation is depicted in Fig. 6. All the UCS were found to 
meet the US recommendation of 0.35 MPa (USEPA 1996). 
Increasing cement content contributed to a significant 
enhancement in the UCS under F-T. For example, the UCS 
of C5S2.5F2.5 was 12.3% higher than that of C2.5S5F5 at 
a lead content of 1% when subjected to 7 F-T (Fig. 6b). In 
addition, the presence of fly ash effectively improved the 
strength and stability of the specimen under F-T. Com-
pared to C5S5 (7 F-T, 1% lead), the UCS of C2.5S5F5 and 
C5S2.5F2.5 increased by 6.3% and 19.4%, respectively. It 
has to do with the fact that only 1.73% of calcium oxide 

Fig. 4   UCS of Pb-CSCS subjected to different F-T times: a 
C5S2.5F2.5, b C5S5, and c C2.5S5F5
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in fly ash leads to its weak hydration; however, the total 
content of silica and alumina in fly ash exceeds 50%, and 
once mixed with the cement and/or lime, active silica and 
alumina in fly ash will react with calcium oxide provided 
by cement and lime to form a gel (Nie 2013). Moreover, the 
microbead structure of the fly ash accelerates the hydration 
and carbonation reactions by increasing the active surface 
energy of the specimen (Wu 2013). Activated carbon in fly 
ash facilitates heavy metal adsorption, thereby weakening 
the hindrance of heavy metal ions to the hydration of curing 

agents (Gao 2004). All these elements might help to improve 
the strength and stability of fly ash-containing Pb-CSCS 
under long-term F-T.

Nevertheless, a lower strength of C2.5S5F5 compared 
to that of C5S5 at 0.5% lead content and subjected to 3 and 
7 F-T was found (Fig. 6a). It reveals that the cement in the 
curing agent still played a dominant role in the UCS of the 
specimen under low lead content and short-term F-T condi-
tions. Conversely, lime has 1.45 times more calcium oxide 
than cement, ionizing a large amount of hydroxide ions in 

Fig. 5   Schematic diagram of 
soil structure failure during 
freezing and thawing

Table 6   Hydration of cement

Mineral Chemical composition Content (wt%) Hydration reaction process

Tricalcium silicate
(C3S)

3CaO ⋅ SiO2 36 ~ 60 2
(
3CaO ⋅ SiO2

)
+ 6H2O

→ 3CaO ⋅ 2SiO2 ⋅ 3H2O + 3Ca(OH)2

Dicalcium silicate
(C2S)

3CaO ⋅ SiO2 15 ~ 36 2
(
2CaO ⋅ SiO2

)
+ 6H2O

→ 3CaO ⋅ 2SiO2 ⋅ 3H2O + 3Ca(OH)2

Tricalcium aluminate (C3A) 3CaO ⋅ Al2O3 7 ~ 15 3CaO ⋅ Al2O3 + 6H2O → 3CaO ⋅ Al2O3 ⋅ 6H2O

Tetra-calcium aluminoferrite (C4AF) 4CaO ⋅ Al2O3 ⋅ Fe2O3 10 ~ 18 4CaO ⋅ Al2O3 ⋅ Fe2O3 + 2Ca(OH)2 + 10H2O

→ 3CaO ⋅ Al2O3 ⋅ 6H2O + 3CaO ⋅ Fe2O3 ⋅ 6H2O

Table 7   Main chemical reactions of lime in the remediation system

Reaction Product Reaction equation Note

Lime slaking Ca(OH)2 CaO + H2O → Ca(OH)2 Exothermic reaction, promoting other reactions in system
Ion exchange Pb(OH)2 Ca(OH)2 → Ca

2+ + 2OH
−

Pb
2+ + 2OH

−
→ Pb(OH)2

Solidification of Pb2+

Carbonization CaCO3 Ca(OH)2 + CO2 → CaCO3 + H2O Limestone, improving soil strength
Pozzolanic reactions Ca5Si6O16(OH) ⋅ 4H2O- Calcium silicate hydrate, calcium aluminate hydrate, and 

other gels improving soil strength

Table 8   Pozzolanic reaction of fly ash

Reaction Product Reaction equation Note

Pozzolanic reactions CSH,CAH Ca(OH)2 → Ca
2+ + 2OH−

Ca2+ + 2OH− + SiO2 → CSH

Ca
2+ + 2OH− + Al2O3 → CAH

Active SiO2 and Al2O3 combine with CaO in the cement and lime to 
produce hydraulic binders
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an aqueous environment. This means that in the case of 
high lead content, more lead precipitates were generated 
and coated on the surface of curing agent particles to hinder 
hydration, and macroscopically, the UCS of Pb-CSCS with 
high lime content were lower.

The effect of lead concentration

Figure 7 illustrates the effects of lead content on the UCS of 
the specimens at different F-T times. UCS decreased with 
increasing lead content, which is due to the fact that lead 
ions have a greater binding ability with hydration products 
compared with calcium ions generated by the hydrolysis of 
curing agent to stabilize itself (Yousuf et al. 1995). While 
excessive lead ions bind directly to the mineral crystal lattice 
of hydration products, resulting in structural disruption in 
hydration products (G and J 1999; Horpibulsuk et al. 2012). 
Significantly, Pb-CSCS with a higher cement content was 
more susceptible to deterioration. This is owing to the fact 
that the level of lead content in solidified lead-contaminated 
soil samples not only hinders the initial and final setting time 
of the cement hydration reaction but also directly reduces 
the strength of gels, thereby causing a strength reduction of 
the solidified soil (Olmo et al. 2001).

Upon short-term F-T of 3 cycles (Fig. 7b) or 7 cycles 
(Fig. 7c), the UCS of C5S5 was higher than that of C2.5S5F5 
at a low lead level (0.5%), while the opposite was found at 
higher lead levels. The inversion indicates that changes in 
lead content could affect the strength stability of Pb-CSCS 
with a given curing agent formulation in the freezing–thaw-
ing environment. However, that did not occur for Pb-CSCS 
subjected to a longer F-T time (Fig. 7d–g). There might be 
quite different main factors that affect the UCS of specimens 
with different F-T durations. Specifically, the main influ-
encing factor is shifted from the hydration of curing agents 
under short-term F-T to the structural damage of the speci-
men by F-T under long-term F-T.

ANOVA  ANOVA tests were performed to clarify the main 
influencing factors that control the UCS evolution of Pb-
CSCS suffering from different F-T durations. The results 
showed that factors A, B, and C all had a certain degree of 
influence on the UCS of the Pb-CSCS in both short- and 
long-term F-T cases, as the values of p were all < 0.01.The 
relationship strengths (R2) of the investigated factors on the 
UCS for the short-term F-T (Fig. 8a) were 26% (factor A), 
44% (factor B), and 14% (factor C), respectively. Curing 
agent formulation (factor B) has had the most significant 
effect on UCS. It was further found that C5S2.5F2.5 had 
the largest effect size ( ̂�i = 127.5 ), whereas that of C5S5 
( ̂�i = −110.3 ) was the smallest. This is consistent with the 
test results, where the UCS of C5S2.5F2.5 was generally the 
highest and that of C5S5 was the lowest under the same con-

Fig. 6   UCS of Pb-CSCS with varying curing agent formulations 
under F-T: a Pb 0.5%, b Pb 1%, and c Pb 1.5%
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ditions, due to the positive effects of the presence of fly ash 
and the highest cement and lower lime content as analyzed 
in the “The effect of curing agent formulation” section.

Different conclusions could be drawn for the long-term 
F-T, where F-T duration (factor A) became the most influ-
ential one on UCS with a relationship strength of 51% 

(Fig. 8b). The effect size of level 1 (0 F-T) was the largest 
among the four levels at 281. This also agrees with the 
test results where UCS was the highest when suffering no 
F-T compared to the other long-term F-T levels (30, 90, 
and 180 F-T). Again, the fact that the main influencing 
factors of the UCS of Pb-CSCS shifted from the hydration 

Fig. 7   UCS of Pb-CSCS with 
varying lead concentration 
under F-T
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of curing agents under short-term F-T to the impact of F-T 
on the soil structure under long-term F-T.

Lead leaching characteristics of Pb‑CSCS 
under long‑term F‑T

Leachate pH

Leachate pH provides information on the chemical stabil-
ity of Pb-CSCS (1% lead) during semi-dynamic leaching 
(Fig. 9). The overall variations of the leachate pH of Pb-
CSCS with different curing formulations were similar. In 
the initial stage of leaching, the overall increase in the pH 
values of the leachate was mainly due to the neutralization of 
the acid leaching solution with the alkalis generated by the 
hydrolysis of the curing agent in Pb-CSCS. Alkalis on the 
near soil surface were gradually consumed as the neutraliza-
tion reaction continued. Continued renewal of the acid leach-
ing solution caused a subsequent decrease in the leachate 
pH. After the hydration products on the surface of the speci-
mens were destroyed by acid erosion, the leaching solution 
started getting inside the soil body through the pores and 
cracks. This allowed the internal alkalis to dissolve into the 
leaching solution and showed a slow increase in pH again. 
As the available alkalis were depleted, the leachate pH even-
tually dropped sharply due to the deteriorated acid resistance 
of Pb-CSCS from the acid leaching.

Notably, the leachate pH of C5S5 (0% fly ash) was clearly 
higher than that of C2.5S5F5 (40% fly ash) and C5S2.5F2.5 
(25% fly ash), and changes gently with the increasing F-T. 
This demonstrates that the specimens with a higher propor-
tion of cement and lime in the curing agent have better frost 
resistance and acid resistance. Instead, fly ash significantly 
reduces the frost resistance and acid resistance of the speci-
mens. This is in line with the conclusion that fly ash reduces 
the acid–base buffering capacity of solidified waste (Li et al. 
2001).

It was also found that the leachate pH of Pb-CSCS sub-
jected to a shorter F-T duration was overall higher. A shorter 
F-T duration means a shorter time for hydration of agents 
and thus more unreacted gel-forming alkalis that are suscep-
tible to neutralization reactions. Correspondingly, longer F-T 
durations allowed for more adequate hydration of the agents, 
forming more gels for greater soil acid resistance. Therefore, 
pH fluctuations were reduced for Pb-CSCS after a longer F-T 
duration, and the pH change nodes were delayed compared 
to those after a shorter F-T duration.

Leaching concentration of lead

Lead concentrations in leachate for all the three types of 
Pb-CSCS after F-T showed an overall pattern of an initial 
increase followed by a decrease, and finally remaining rela-
tively stable with leaching time (Fig. 10). For Pb-CSCS with 
a specific curing agent formulation, the peak value of lead 
concentration was higher after a longer F-T, and a larger 
cumulative leaching time was required to reach the peak. 
The structural damage of Pb-CSCS by F-T allows the leach-
ing solution to penetrate deeper into the soil mass, mak-
ing more internal immobilized lead available for leaching. 
Correspondingly, it takes more time to fully enter the inter-
nal soil and leach the available lead out. More intuitively, 
Fig. 11 shows the phenomenon that the cumulative leaching 
mass of lead increased almost linearly with the increase in 
freeze–thaw time. The increase in cement and lime corpo-
rations reduced the cumulative lead leaching mass. A large 
amount of calcium oxide in the system provided by cement 
and especially lime enhanced the soil acid resistance (Li 
et al. 2001), which is beneficial to heavy metal stabilization.

The effective diffusion coefficient of lead

The effective diffusion coefficient (De) is often used to 
evaluate the mobility of substances in porous media. De 
of lead in Pb-CSCS under F-T ranged from 3.86 × 10–13 to 

Fig. 8   Relationship strength 
(R2) of the factors on the UCS 
of Pb-CSCS under F-T: a 0 ~ 14 
F-T and b 0 ~ 180 F-T
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Fig. 9   Leachate pH of Pb-CSCS 
with acid leaching under F-T: a 
C2.5S5F5, b C5S2.5F2.5, and 
c C5S5
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8.03 × 10–13 m2/s (Fig. 12), which is within the common 
order of magnitude for that of lead in solidified/stabilized 
lead-contaminated soils (10−19 ~ 10−12 m2/s). According to 

the existing classification of the mobility of heavy metals 
in polluted soil abased on De (De  < 3.0 × 10−13 m2/s, low 
mobility; 3.0 × 10–13 ≤ De < 1.0 × 10−12 m2/s, medium mobil-
ity; and De ≥ 1.0 × 10−12 m2/s, high mobility), all the tested 
Pb-CSCS indicated medium mobility of lead under acid 
leaching. Lead mobility in Pb-CSCS with C5S2.5F2.5 was 
the largest, followed by C2.5S5F5, and that of C5S5 was the 
smallest under the same conditions, which corresponded to 
their cumulative lead leaching mass. Once again, it confirms 
that the samples with higher cement and lime content have 
a better curing effect of lead, and the lime offers the greater 
benefit. In addition, De increased with longer F-T durations. 

Fig. 10   The concentration of lead in the leachate of Pb-CSCS under 
F-T: a C2.5S5F5, b C5S2.5F2.5, and c C5S5

Fig. 11   Cumulative lead leaching mass of Pb-CSCS under F-T

Fig. 12   The effective diffusion coefficient of lead in Pb-CSCS under 
F-T
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The enhanced lead migration demonstrated the deteriorat-
ing effect of freezing–thawing on the structural integrity of 
solidified soil from another perspective next to soil strength.

SEM

Figure 13 displays SEM images of the Pb-CSCS with vary-
ing curing agent formulation at 0.5% lead under F-T. The 
surface of the hydrated gel became rougher and more porous 
in the soil as the F-T times increased. This indicates that the 
F-T has a significant damaging effect on the soil structure. 
When the F-T time was increased to 180 d, a large number of 
acicular bacillus cement (commonly referred to as ettringite 
(AFt)) was observed. The swelling of AFt in water led to a 
loss of strength, which accelerated the physical deterioration 
of Pb-CSCS. Furthermore, flaky calcium hydroxide and gel-
like CSH/CAH production was observed in the samples that 
subjected to 3 F-T. This is consistent with the conclusion 
that short-term F-T promotes the hydrolysis of the curing 
agent and thus increases the early strength of the Pb-CSCS.

Figure 14a–d depict the entire process of the gradual reac-
tion of the fly ash surface to produce the gelling substance 
CAH/CSH. This phenomenon also corresponds to the fact 
that fly ash improves the strength development and stability 
of Pb-CSCS under long-term F-T. Compared to Fig. 14b, 
less cementitious material is produced in Fig. 14d, which 
also shows that the high content of lead slows down the 
hydration reaction of the cement.

Conclusions

This study focused on the strength and chemical stability 
of Pb-CSCS under long-term F-T conditions via UCS and 
semi-dynamic leaching tests. The effects of three influential 
factors, F-T duration, curing agent formulation, and lead 
content, on the research properties were investigated. The 
influence strength of each factor on the UCS of Pb-CSCS 
under different F-T durations was clarified mathematically 
by ANOVA. The main conclusions include:

	(1).	 Short-term F-T facilitated the strength improvement 
of Pb-CSCS, but the deterioration of Pb strength was 
eventually highlighted after long-term freeze–thaw. 
The most influential factor on the UCS of Pb-CSCS 
shafted from the curing agent hydration during the 
short-term F-T to the structural damage by the later-
stage F-T.

	(2).	 Cement dominated the UCS of Pb-CSCS with low 
lead content under short-term F-T, while fly ash 
improved the strength development and stability of 
Pb-CSCS under long-term F-T.

	(3).	 Lead degraded soil strength by generating precipita-
tion that hindered hydration of the curing agent and 
directly degraded the gel strength, especially for the 
Pb-CSCS with high lime content.

	(4).	 The mobility of lead in Pb-CSCS was medium under 
acid leaching, and it increased as freeze–thaw pro-

Fig. 13   SEM images of Pb-
CSCS with varying curing agent 
formulations at 0.5% lead under 
F-T
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gressed. Higher cement content, especially lime con-
tent in curing agents, favored the stabilization of lead.

Overall, the findings showed the long-term performance 
and failure mechanism of Pb-CSCS with a view to providing 
guidance for engineering construction on the remediated site 
and the control of secondary contamination risks, as well as 
a reference for the selection of suitable curing agents and 
proportioning. Undeniably, due to the vast, complex condi-
tions in the field, additional heavy metal species and the 
safety of curing agents should be considered. In situ tests 
should be conducted if necessary to evaluate the remediation 
effect from multiple perspectives and indicators.
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