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Abstract
Solidification/stabilization technique has been widely adopted to remediate the heavy metal–contaminated sites. In the present
work, the strength and leaching characteristics of the contaminated soils solidified/stabilized by cement/fly ash were systemically
investigated. Electrical resistivity was also measured to establish empirical relationships for assessment of remediation efficacy.
Tests results showed that the unconfined compressive strength increased and the leached ion concentration decreased with
increasing curing time. In contrast, the unconfined compressive strength decreased and the leached ion concentration increased
with increasing initial heavy metal ion concentration in the specimen. For the strength characteristic, the most notable detrimental
effect was induced by Cr3+ and the least was induced by Pb2+. For the leaching characteristic, the trend was reversed. The
electrical resistivity of the tested specimen increased significantly with increasing curing time and with decreasing initial ion
concentration. The electrical resistivity of the Pb-contaminated specimen was higher than that of the Zn-contaminated specimen,
which in turn was higher than that of the Cr-contaminated specimen. Empirical relationships between the strength, leaching
characteristic, and electrical resistivity were established, which could be adopted to assess the remediation efficacy of heavy
metal–contaminated soil solidified/stabilized by cement/fly ash.

Keywords Solidification/stabilization . Cement/fly ash . Heavy metal–contaminated soil . Strength characteristic . Leaching
characteristic . Electrical resistivity

Introduction

Widespread contamination of soils by heavy metals is one of
the most severe environmental problems because it can seri-
ously deteriorate the quality of the environment and human
health. Many kinds of remediation techniques have been

extensively proposed for remediation of heavy metal–
contaminated sites. As a promising technique, solidification/
stabilization (S/S) has been extensively adopted in engineer-
ing practices owing to its efficacy, convenience, and cost-
effectiveness (Vipulanandan 1995; Suman Raj et al. 2005;
Kumpiene et al. 2008; Chen et al. 2015; Liu et al. 2018).

In the S/S technique, an additive is selected and mixed
with the contaminated soil to fix the harmful substances in
a stable form physically or to chemically reduce their
migration capacity in the soil. Investigations of additives,
which include cement, lime, fly ash, alkaline residue, and
bentonite, are of great importance to the remediation effi-
cacy of the S/S technique (Spence 1992; Conner and
Hoeffner 1998; Hunce et al. 2012; Chen et al. 2015;
Chen et al. 2017; Li et al. 2018). Among these additives,
cement has been widely adopted to solidify heavy metal–
contaminated soils. Chen et al. (2010) and Zha et al.
(2012) investigated the strength characteristics of
cement-solidified Pb- and Zn-contaminated soils and
found that the strength improved with increasing cement
content and curing time. For lower init ial Pb2+
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concentration, the strength of the solidified specimen in-
creased as the Pb2+ concentration increased, whereas the
trend was reversed for specimens with higher initial Pb2+

concentration. Moreover, a decreasing trend of the uncon-
fined compressive strength and an increasing trend of the
deformation modulus were revealed with increasing initial
Zn2+ concentration. Qiao et al. (2007) also experimentally
confirmed that, for cement-solidified specimen with cur-
ing times of 28 days and 56 days, the strength decreased
by 15.5% and 14.0%, respectively, due to the formation of
Pb(OH)2, Cu(OH)2, and Zn(OH)2 in the specimen.
Leaching characteristic of the Cr-contaminated specimen
investigated by Penilla et al. (2006) showed that the re-
mediation efficacy of contaminated soils solidified/
stabilized by cement alone was much better than that of
other additives including fly ash alone and cement/fly ash
mixture. In further studies, cement was partially replaced
by other additives such as lime or fly ash for cost savings
and eco-environmental protection. According to experi-
ments performed by Miller et al. (2000), cement and lime
could both effectively remediate As-contaminated soils to
reach the environmental safety limits based on leaching
and strength characteristics. Yin et al. (2006) investigated
the remediation efficacy of a cement/rice husk ash mix-
ture for Pb-contaminated soils. Test results showed that,
although the unconfined compressive strength of the mix-
ture was reduced owing to the partial replacement of ce-
ment by rice husk ash, the leaching characteristic of those
soils was effectively improved compared to the soil solid-
ified by cement alone. This was attributed to the fine
particles contained in rice husk ash. Such an influence
was investigated by Kumpiene et al. (2008), who ob-
served significant decreases of Cu2+ and Pb2+ in contam-
inated soil during laboratory and in situ leaching tests
when fly ash was incorporated. Yoon et al. (2002) and
Cao et al. (2018) performed electrical resistivity tests on
heavy metal–contaminated soils, confirming the signifi-
cant effects of the initial ion concentration, curing time,
and cement content on the electrical resistivity. Moreover,
empirical relationships between the unconfined compres-
sive strength and the electrical resistivity were established
to assess the engineering properties of Pb-contaminated
soils solidified/stabilized by cement.

Based on the balance between cost-effectiveness and
strength/leaching characteristics, the adoption of cement with
other additives in the S/S technique is evidently of great inter-
est in the remediation of heavy metal–contaminated soils and
is worth investigating in detail. In the present work, a series of
experiments was performed to investigate the strength and
leaching characteristics of Pb-, Zn-, and Cr-contaminated soils
solidified/stabilized by cement/fly ash. Electrical resistivity
tests were conducted as well to establish empirical relation-
ships for assessment of remediation efficacy.

Materials and testing methods

Materials

The tested soils were sampled from a construction site at a
depth of 4–5 m in Hefei, Anhui province, China. Following
ASTM standards (ASTMD2216-10 2010 and ASTMD4318-
17e1 2017), the basic physical properties of the soils, includ-
ing the density, water content, specific gravity, and Atterberg
limits, were determined and summarized in Table 1. The test-
ed soil can be classified as a low liquid limit clay (CL) accord-
ing to the Unified Soil Classification System (ASTM D2487-
00 2000). The main mineral components of the tested soils
were quartz, kaolinite, montmorillonite, and chlorite, as deter-
mined by the X-ray diffraction (XRD) technique (Fig. 1). In
addition, the maximum dry density of 1.66 g/cm3 and the
optimal water content of 21.3% were determined by
performing a proctor compaction test following the ASTM
D698 - 12e2 (Fig. 2).

Cement/fly ash was adopted to remediate the contaminated
soils in the present work. Ordinary Portland cement was pur-
chased in Nanjing city, China, and fly ash was obtained from
the Hefei Wanneng Power Plant. The main chemical compo-
nents of the cement and fly ash were analyzed by X-ray fluo-
rescence (XRF) technique, which are listed in Table 2. CaO,
SiO2, and Al2O3 were typically detected in the cement, where-
as SiO2, Al2O3, and Fe2O3 were mainly detected in the fly ash.
The particle size distribution of the fly ash determined by
using a laser particle size analyzer is shown in Fig. 3.

Pb-, Zn-, and Cr-contaminated soils were targeted for re-
mediation in the present work owing to their typical distribu-
tions serious and hazards in China. Analytical-grade
Pb(NO3)2, Zn(NO3)2·6H2O, and Cr(NO3)3·9H2O were select-
ed to represent the heavy metal contaminants owing to their
high solubility and the low interference of the nitrate in the S/S
process (Boardman 1999).

Specimen preparation

Specimens (called C10+F30) were prepared with fixed
mass ratios of cement and fly ash to dry soils of 10%
and 30%, respectively, as in investigations performed by
Kolias et al. (2005), Katsioti et al. (2008), and Moon et al.
(2009). For comparison, contaminated specimens solidi-
fied by 10% cement (C10) or by 30% fly ash (F30) were
prepared as well in the present work.

The pulverized soils and cement/fly ash powders were
oven-dried at 105 °C for 24 h and sized through 2-mm
and 0.5-mm sieves, respectively. Target amounts of heavy
metal contaminants (with mass ratios of Pb2+, Zn2+, and
Cr3+ to dry soils, or concentrations equaling 0; 5,000;
10,000; and 15,000 mg/kg) were weighed and dissolved
in distilled water. The solutions were mixed with the dry
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soils and cured for 3 days to obtain the contaminated
soils. Next, the contaminated soil powders were oven-
dried again and mixed thoroughly with the additives at
the optimal water content determined as shown in Fig.
2. Finally, the prepared mixtures were put into a cylindri-
cal mold and statically compacted to obtain specimens
with a diameter of 39.1 mm, height of 80 mm, and dry
density of 1.58 g/cm3 (equaling 95% of the maximum dry
density). The prepared specimens were cured for 0, 7, 28,
or 90 days in a constant temperature and humidity curing
box at a controlled temperature of 22 ± 1 °C and relative
humidity of 95 ± 2%.

Testing methods

Unconfined compressive strength test

In accordance with the Standard Test Method for
Unconfined Compressive Strength of Cohesive Soil
(ASTM D2166 / D2166M-16 2016), the as-prepared spec-
imen was assembled in the strain-controlled YHS-2 UCS
testing apparatus and soaked in distilled water. The UCS
test was then performed at a vertical strain rate of 1%/
min. The stress and strain of the specimen were recorded
at intervals of 5 s until the specimen failed.

Toxicity characteristic leaching procedure

The leaching characteristic of the solidified contaminated
specimen was determined using the toxicity characteristic
leaching procedure (TCLP) following USEPA, Method 1311
1992. The prepared specimen was crushed into pieces smaller
than 9.5 mm. A leachant with a pH value of 2.88 ± 0.05 was
prepared by diluting 5.7 mL acetic acid (HAc) in 1 L deion-
ized water. Next, 12.5 g of crushed specimen and 250 mL
leachant (solid-to-liquid ratio of 1:20) were mixed in a poly-
thene bottle and vibrated at a rate of 80 rpm for 18 h
(Levasseur et al. 2006; Zha et al. 2018). The leachate was then
filtered through a 0.45-μm filter membrane; the Pb2+, Zn2+,
and Cr3+ concentrations in the leachate were determined by
atomic absorption spectrophotometry (AAS).

Electrical resistivity test

The prepared specimen was statically cut into a square cylin-
der in 40-mm width and 20-mm height. The electrical resis-
tivity was then measured using a GW Instek LCR-816 appa-
ratus in accordance with the testing method elaborated in
ASTM G187-05 2005. Two copper electrodes, 2 mm thick
and 50mm in diameter, were closely covered on both ends
of the specimen. A frequency of 2 kHz was selected for
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Fig. 1 XRD results for tested soil

Table 1 Basic physical properties
of tested soil Density

(g/cm3)
Water content
(%)

Specific
gravity

Liquid limit
(%)

Plastic limit
(%)

Plastic
index

Liquidity
index

1.92 25.50 2.67 49.40 24.80 24.60 0.03
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measuring electrical resistivity to avoid the influence of elec-
trode polarization and the double-layer relaxation effect
(Zhang et al. 2014). The electrical resistivity test was conduct-
ed at a temperature of 20 ± 2 °C. A diagram of the test layout is
shown in Fig. 4. Voltage and current signals were acquired
simultaneously to calculate the electrical resistivity of the
specimen using Eq. (1) as follows:

ρ ¼ ΔU
I

⋅
S
L

ð1Þ

where ρ (in Ω·m) is the electrical resistivity of the speci-
men; ΔU (in V) is the voltage drop applied across the speci-
men; I (in A) is the electrical current through the specimen; S
(in m2) is the cross-sectional area of the electrode at the two
ends; and L (in m) is the length of the specimen paralleled with
the direction of the electrical current.

Results and discussion

Unconfined compressive strength

The unconfined compressive strengths as a function of curing
time for the tested specimens are presented in Fig. 5.

As shown in Fig. 5, the unconfined compressive strength of
the specimens with different heavy metal types and initial ion
concentrations increased significantly with increasing curing
time, which confirmed the remedial effects on the contaminat-
ed soils by the incorporation of cement and/or fly ash. This is
because, during the S/S process, hydration reactions of the
C2S (2CaO·SiO2), C3S (3CaO·SiO2), and C3A (3CaO·
Al2O3) mainly in the cement will result in the formation of
calcium silicate hydrate gel (C-S-H) and calcium aluminate
hydrate gel (C-A-H), which encapsulate the solid particles and
fill the pores of the specimen. Ion exchanges between the Na+

and K+ on the clay particle surface and the Ca2+ generated
during cement hydration reduce the thickness of the diffusion
layer and improve the strength of the specimen. Additionally,
pozzolanic reactions between the redundant Ca2+ from previ-
ous reactions and the SiO2 and Al2O3 in the soil take place in
an alkaline environment and generate more hydration prod-
ucts such as C-S-H, C-A-H, and calcium aluminum silicate
hydrate (C-A-S-H) gels. These hydration reactions, ion ex-
changes and agglomerations, and pozzolanic reactions devel-
op fully with increasing curing time, which consequently con-
tribute to the improved strength, as shown in Fig. 5 (Conner
and Hoeffner 1998; Kumpiene et al. 2008; Deng et al. 2015;
Deng et al. 2018; Bian et al. 2018).

Results in Fig. 5 also showed that the remediation efficacy
of the cement/fly ash for the contaminated specimen (C10+
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Table 2 Main chemical
components of cement and fly ash Chemical components CaO SiO2 Al2O3 SO3 Fe2O3 MgO TiO2 Na2O

Content (%) Cement 43.8 27.2 9.9 3.0 2.9 1.6 0.5 0.4

Fly ash 0.6 33.1 1.3 0.3 1.7 0.5 0.9 0.5
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F30) was lower and higher than that of the cement (C10) and
the fly ash (F30) alone, respectively, which can be attributed to
the significant difference in CaO content (43.8% in cement
and 0.6% in fly ash) and the alkaline environment of the ce-
ment and fly ash. However, a common conclusion would be
that cement/fly ash does notably improve the strength charac-
teristics of the specimen (Nochaiya et al. 2010; Tang et al.
2010; Liu et al. 2019).

The unconfined compressive strengths as a function of initial
ion concentration for the tested specimens are presented in Fig. 6.

Results in Fig. 6 showed that the unconfined com-
pressive strength of the cement/fly ash–solidified speci-
mens obviously decreased with increasing initial ion
concentration. Evidently, the presence of heavy metal
ions, as well as the increase in initial ion concentration,
results in a retardation effect on the hydration reactions,
ion exchanges and agglomerations, and pozzolanic reac-
tions of the cement/fly ash mixture (Olmo et al. 2001;
Chen et al. 2007; Sophia et al. 2010; Wang et al. 2018;

Wu et al. 2018). Moreover, curves in Fig. 6 showed that
the heavy metal ion type significantly influenced the
strength of the specimen. The solidified specimen con-
taminated by Pb displayed the highest strength com-
pared with the specimens contaminated by Zn or Cr.
Therefore, for specimens tested in the present work,
the most notable detrimental effect on remediation effi-
cacy was induced by Cr3+, whereas the least was in-
duced by Pb2+; this is supported by Li et al. (2001),
Olmo et al. (2001), and Kumpiene et al. (2008). In their
reports, Qiao et al. (2007) and Chen et al. (2010) ex-
plained that Pb2+ in solidified soils only hinders the
hydration reaction of C3A and then reduces the quantity
of the formed C-A-H. In contrast, for Zn-contaminated
specimens, Olmo et al. (2001) reported that the
Zn(OH)2 precipitate formed on the solid particle surface
isolates the cement from the pore water, and the re-
placement of Ca2+ in the C-S-H gel by Zn2+ forms an
insoluble calcium silicate; both of these processes

1000 100 10 1 0.1

0

20

40

60

80

100

Pe
rc

en
tp

as
sin

g
(%

)

Fig. 3 Particle size distribution of
fly ash

Specimen

A

V

AC power 

source

Copper electrode Copper electrode

Fig. 4 Schematic diagram of
electrical resistivity test

Environ Sci Pollut Res (2019) 26:30206 30219–30210



finally impede the hydration reaction and reduce the
strength of the specimens. With respect to the Cr-
contaminated specimens, Sophia et al. (2010) and
Bhatty (1987) concluded that Cr3+ could replace Si4+,
Ca2+ in the C-S-H gel, supplant Al3+ in the C-A-H
gel, and displace Al3+ in ettringite during the hydration
reactions, ion exchanges and agglomerations, and poz-
zolanic reactions. Finally, the integrity of the solidified
specimens initially contaminated by Cr3+ was strongly
affected, which resulted in the lowest strength compared
with the specimens contaminated by Pb2+ and Zn2+.

Leaching characteristic

The leached ion concentrations measured in the TCLP tests
are plotted as a function of curing time in Fig. 7.

Results in Fig. 7 showed that the heavy metal ion
concentrations in the leachate decreased rapidly in the
initial period and stabilized as curing time increased
further, which confirmed the remediation efficacy of
cement/fly ash for the contaminated specimens. The

reason is that the hydration reactions, ion exchanges,
and pozzolanic reactions of the cement/fly ash proceed
with increasing curing time. The heavy metal ions are
adsorbed onto the hydration gels and/or incorporated in
the chemical formations by precipitation, substitution, or
complexation (Li et al. 2001; Du et al. 2014; An et al.
2018; Wang et al. 2019). In addition, curves in Fig. 7
showed that the remediation efficacy of the cement/fly
ash for the contaminated specimen was better than that
of fly ash alone, which is consistent with the results
presented in Fig. 5.

Results in Fig. 7 also showed that the initial
concentration and type of heavy metal ion significantly
influenced the leaching characteristics of the solidified
specimens. Spence (1992) reported that Pb2+ in the con-
taminated specimens was mainly solidified by adsorp-
tion onto hydrated gels, whereas Zn2+ in the contami-
nated specimens could be precipitated in the alkaline
environment created by cement/fly ash and encapsulated
by or adsorbed onto the hydrated gels during the hydra-
tion process (Conner and Hoeffner 1998). When the
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initial ion concentration increases to exceed the adsorp-
tion capacity, excessive Pb2+ or Zn2+ will be dissolved
in the pore water and retard the hydrolysis and hydra-
tion processes, which reduces the stability of the solid-
ification. However, compared to Pb2+, the multiple so-
lidification mechanisms of Zn2+ implies less influence
of acid leachate on the contaminated specimens, as pre-
sented in Fig. 8 (Tashiro et al. 1994). With respect to
Cr-contaminated specimens, the encapsulation by and
adsorption onto hydrated gels have notable effects on

the solidification efficacy. Experiments performed by
Pandey et al. (2012) also showed extremely low Cr
concentrations in the leachate after TCLP tests.

Electrical resistivity characteristic

The electrical resistivities as a function of curing time for the
tested specimens are presented in Fig. 9.

As shown in Fig. 9, the electrical resistivity of tested
specimen increased significantly with increasing curing
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time. The electrical resistivity measured for the cement/fly
ash–solidified specimen was lower and higher than that of
the cement-solidif ied and the fly ash–solidif ied

specimens, respectively, which is consistent with the re-
sults presented in Figs. 5 and 7. Horpibulsuk et al. (2003)
and Tang et al. (2018) reported similar results, and
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explained that the pozzolanic reaction is enhanced during
the curing stage leading to a decrease in water content of
the specimen, and subsequently an increase in electrical
resistivity. Complementing this, Bredenberg (2017) em-
phasized that the incorporation of fine particles into the
hydration gels (such as C-S-H or C-A-H) resulted in a
densified microstructure of the specimen, which increased
the electrical resistivity owing to the lower electrical con-
ductivity of soil particles than that of pore water.

The effects of initial concentration and type of heavy metal
ions on the electrical resistivity of the solidified specimen are
presented in Fig. 10.

As shown in Fig. 10, the electrical resistivity of the speci-
mens decreased considerably with increasing initial ion
concentration, and the evolution depended on the type of
heavy metal in the specimen. According to studies
performed by Kibria and Hossain (2012) and Oh et al.
(2014), the addition of heavy metal ions and increase in con-
centration resulted in an increased cationic conductivity and
decreased electrical resistivity of the specimen. Moreover, the
higher heavy metal ion concentration retarded the hydration
reaction and promoted a loose microstructure of the specimen,
which then had a relatively low electrical resistivity
(Boardman 1999). As described previously, the most notable
detrimental effect on the hydration process was induced by
Cr3+, whereas the least was induced by Pb2+ (Li et al. 2001;
Olmo et al. 2001; Qiao et al. 2007; Kumpiene et al. 2008;
Sophia et al. 2010). As a result, the electrical resistivity of
the Pb-contaminated specimen was higher than that of the
Zn-contaminated specimen, which in turn was higher than that
of the Cr-contaminated specimen, as shown in Fig. 10.

Prediction of strength and leaching characteristics
using electrical resistivity

The strength and leaching characteristics are two key
technical parameters for the assessment of remediation
efficacy of the S/S technique. The efficacy could be
predicted by the electrical resistivity measured in the
present work owing to internal consistency in the mi-
crostructure characteristics.

Relationships between the unconfined compressive
strength and the electrical resistivity for cement/ fly ash–
solidified specimens with different initial ion concentrations
are presented in Fig. 11.

Figure 11 clearly showed that the unconfined compressive
strength increased with increasing electrical resistivity. Linear
relationships on a semi-log scale consistently occurred for
specimens with different initial ion concentrations.
Therefore, Eq. (2) could be adopted to fit the results shown
in Fig. 11 as follows:

qu ¼ aþ b⋅lg ρð Þ ð2Þ

where qu (in MPa) and ρ (in Ω·m) are the unconfined com-
pressive strength and electrical resistivity of the tested speci-
men, respectively; and a and b are fitting parameters based on
the test results.

Based on Fig. 11 and Eq. (2), the fitting parameters a and b
and the coefficient of determination for different specimens
are summarized in Table 3.
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The extracted fitting parameters a and b are plotted as a
function of the initial ion concentration in Fig. 12

Results in Fig. 12 showed that, for specimens con-
taminated by different heavy metal ions, changes in ini-
tial ion concentration did not result in notable variations
in either a or b, which confirmed the unique relation-
ship between the unconfined compressive strength and
the electrical resistivity. In this scenario, Eqs. (3–5)
could be obtained by inserting the average values of
the fitting parameters into Eq. (2).

Pb−contaminated soils qu ¼ −2:01þ 1:68⋅lg ρð Þ ð3Þ

Zn−contaminated soils qu ¼ −0:91þ 1:29⋅lg ρð Þ ð4Þ

Cr−contaminated soils qu ¼ −1:46þ 1:60⋅lg ρð Þ ð5Þ

Similarly, relationships between the leached ion concentra-
tion and the electrical resistivity for cement/fly ash–solidified
specimens with different initial ion concentrations are present-
ed in Fig. 13.

Results in Fig. 13 consistently showed that linear
relationships on a semi-log scale could be adopted to
describe the decreasing trend of the leached ion

concentration as a function of electrical resistivity, as
shown in Eq. (6).

CL ¼ cþ d⋅lg ρð Þ ð6Þ

where CL (in mg/L) is the ion concentration in the leachate
measured in the TCLP test; and c and d are fitting parameters.
The fitting parameters and the coefficient of determination
were determined based on Fig. 13 and Eq. (6), and are sum-
marized in Table 4.
Table 3 Fitting results in relationships between unconfined
compressive strength and electrical resistivity

Heavy
metal

Initial ion
concentration
(mg/kg)

Fitting
parameter

Coefficient of
determination

a b

Pb 5,000 − 2.65 1.87 0.937

10,000 − 1.77 1.61 0.991

15,000 − 1.61 1.56 0.975

Zn 5,000 − 1.29 1.44 0.969

10,000 − 0.44 0.97 0.948

15,000 − 1.01 1.47 0.785

Cr 5,000 − 2.10 1.99 0.984

10,000 − 1.50 1.66 0.978

15,000 − 0.78 1.16 0.979
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Fig. 11 Relationships between unconfined compressive strength and electrical resistivity of tested specimens
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The fitting parameters c and d as a function of initial
concentration of heavy metal ions in the specimens are
presented in Fig. 14.

As shown in Fig. 14, the values of the fitting param-
eters remained almost constant for Zn- and Cr-
contaminated specimens with different initial ion
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Fig. 13 Relationships between leached ion concentration and electrical resistivity of tested specimens
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concentrations. Insignificant variations of the fitting pa-
rameters can be observed for specimens contaminated
by Pb. Considering the wide range of initial ion con-
centrations adopted in the present work and the simplic-
ity of the application, average values of the fitting pa-
rameters were determined and introduced into Eq. (6).
As a result, the relationships between the leached ion
concentration and the electrical resistivity of the speci-
mens contaminated by different heavy metal ions could
be presented in Eqs. (7-9).

Pb−contaminated soils CL ¼ 221:58 � 100:61⋅lg ρð Þ ð7Þ

Zn−contaminated soils CL ¼ 20:15−4:16⋅lg ρð Þ ð8Þ

Cr−contaminated soils CL ¼ 1:47−0:79⋅lg ρð Þ ð9Þ

Based on Eqs. (3–5) and Eqs. (7-9), the key technical pa-
rameters, including the unconfined compressive strength and
the leached ion concentration, can be determined and predict-
ed once the corresponding electrical resistivity is measured. In
this manner, the remediation efficacy of heavy metal–
contaminated soils solidified by cement/fly ash can be
assessed in a simple manner owing to the efficiency and
cost-effectiveness of the electrical resistivity technique (Feng
et al. 2017; Cao et al. 2018).

Conclusions

In the present work, unconfined compressive strength and
TCLP tests were performed to investigate the strength and
leaching characteristics of heavy metal–contaminated soils
solidified/stabilized by cement/fly ash. Electrical resistivity
was also measured to establish empirical relationships for
the assessment of remediation efficacy. Some main conclu-
sions could be drawn as follows:

1. The unconfined compressive strength increased and the
leached ion concentration decreased with increasing cur-
ing time, which confirmed the efficacy of cement/fly ash
for remediation of heavy metal–contaminated soils.

2. The unconfined compressive strength decreased and the
leached ion concentration increased with increasing initial
heavy metal concentration in the specimen.

3. The type of heavy metal significantly influenced the
strength and leaching characteristics of the specimens.
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Table 4 Fitting results in relationships between leached ion
concentration and electrical resistivity

Heavy
metal

Initial ion
concentration
(mg/kg)

Fitting
parameter

Coefficient of
determination

c d

Pb 5,000 159.48 − 70.14 0.944

10,000 221.96 − 109.89 0.997

15,000 253.31 − 121.80 0.884

Zn 5,000 17.06 − 2.82 0.674

10,000 21.46 − 4.95 0.984

15,000 21.92 − 4.72 0.967

Cr 5,000 1.65 − 0.80 0.998

10,000 1.26 − 0.69 0.777

15,000 1.49 − 0.89 0.912
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For the strength characteristic, the most notable detrimen-
tal effect on remediation was induced by Cr3+, whereas
the least was induced by Pb2+. For the leaching character-
istic, the trend was reversed.

4. The electrical resistivity of the tested specimens increased
significantly with increasing curing time and with de-
creasing concentration, which also depended on the types
of heavy metal ions in the specimen. The electrical resis-
tivity of the Pb-contaminated specimen was higher than
that of the Zn-contaminated specimen, which in turn was
higher than that of the Cr-contaminated specimen.

5. Linear relationships on a semi-log scale consistently oc-
curred for changes in the unconfined compressive
strength and leached ion concentration with the electrical
resistivity. The fitting parameters were almost constant,
providing a simple and fast method to assess the remedi-
ation efficacy of heavy metal–contaminated soils
solidified/stabilized by cement/fly ash.
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