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Abstract

Soil contamination by heavy metals threatens human health, and the disposal of heavy

metal- contaminated soil remains a serve problem worldwide. The heavy metals in soil degrade soil

mechanical properties, while the utilization of contaminated soil is difficult. In previous studies,

to decrease the impact of heavy metals, different types of cement and fibres were used to improve

soil mechanical properties. This paper investigates the validity of combined use of wheat straw fibre

and Portland cement in heavy metal-contaminated soil, and discusses the effect in mechanical

properties. Wheat straw reinforced soil (WS), wheat straw and cement reinforced soil (WCS) and wheat

straw and cement reinforced heavy metal-contaminated soil (WCCS), were tested via different heavy

metal content and type, different fibre content and length, different cement content and curing age.

The unconfined compressive strength (UCS), failure strain, deformation modulus, cohesion and internal

friction angle were determined by series of unconfined compressive strength tests and direct shear tests.

Keywords: heavy metal, treatment of contaminated soil, wheat straw fibre, mechanical properties

Introduction

With the acceleration of industrialization and
urbanization, more toxic and harmful chemicals are
discharged into the soil, which contaminate the soil
seriously [1-3]. Soil is one of the most important natural
resources, which is often used as subgrade material
in road construction [4-5]. Owing to the characteristics
of wide sources, high toxicity, and long latency, heavy
metals not only degrade the mechanical properties
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of soils, but also expose a great harm to human health
[6-8]. Therefore, the improvement of contaminated soil
properties has been a concern worldwide. According
to some previous studies, the method of solidification/
stabilization has been proved effective and practical
[9-10]. This method decreases the solubility, migration,
leaching toxicity and bioavailability of heavy metals by
using a binder to change the ion form of heavy metals.
The reactions between the binder and heavy metals
include adsorption precipitation, co-precipitation and
ion exchange. Portland cement is one of the common
methods in the solidification/stabilization remediation,
and the unconfined compressive strength test (UCST)
is often conducted to evaluate soil properties [11].
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It is considered that the presence of heavy metal
decreases the unconfined compressive strength (UCS)
of soils, while different concentration and type of ions
have different effects [12]. From some studies referring
to the strength of cement-solidified soil contaminated
by Pb*, the strength of heavy metal-contaminated soil
is greatly improved by cement [13-14].

As known to all, pavement structure is a bearing
structure, which possesses a capacity of certain
intensity and anti-deformation [15-17]. Numerous
studies have illustrated that fibres can improve both
intensity and anti-deformation of soil [18-21]. Natural
fibre and synthetic fibre are the two divided types
according to sources source. In some previous studies,
polypropylene fibres were chosen as reinforcement to
evaluate the strength and deformation of reinforced soil.
It is indicated that the addition of fibre can improve
compression, shear and deformation properties of soil.
When the fibre content is 0.2%, with 2.5 cm of length,
the reinforcement reaches the maximum effect [19].
Some other studies carried out direct shear tests on the
fibre and cement reinforced soil, and discovered that
the improvement effect of fibre on strength of cement-
soil was more significant [20]. It was noted that with
the addition of wheat straw, the cohesion of the soil
increased, so did the capacity of anti-deformation [21].

Wheat straw is the residue of wheat harvest, which
occupies a large quantity around the world [22-24].
Over 7 million tons of straw are produced in China
every year. Although there are many methods for straw
treatment, such as crushing returning and biomass
power generation, the proportion of treatment is still
less than 30% [25]. Therefore, a large number of wheat
straw are abandoned, resulting in serious air pollution
and ecological problems [26-27]. Such problems can
be solved if straw can be recycled as reinforcement in
heavy metal-contaminated soil remediation. In this
paper, wheat straw was chosen as reinforcement and

Table. 1. Properties of soil.

cement was used as solidified material. UCST and DST
were conducted to evaluate the properties of wheat
straw reinforced soil (WS), wheat straw and cement
reinforced soil (WCS) and wheat straw and cement
reinforced heavy metal-contaminated soil (WCCS).
The influence of fibre content, fibre length, cement
content, curing age, heavy metal content and type were
discussed via UCS, failure strain, deformation modulus,
cohesion, internal friction angle. This paper is to
investigate the validity of mechanical properties within
WCCS.

Materials and Methods
Materials
Soil

In this paper, the soil is a mixture of commercial
kaolin and sand at the ratio of 3:7. The properties of
kaolin and sand are summarized in Table. 1. The soil
was dried for 24 hours at temperature of 105°C and
sifted through 1 mm sieve before tests. in According
to the compaction test (JTG E40-2007), the optimum
water content of the soil is 12%, while the maximum
dry density is 1.98 g/cm®. The tests were conducted
at the optimum water content, with actual dry density
(almost 95% of the maximum dry density).

Cement

The cement used in the tests is an ordinary Portland
cement. The cement is mainly composed of CaO, SiO,,
AlO,, Fe,0O,, SO,, MgO, K,O and NaO. The indexes
of Portland cement are shown in Table. 2. Aiming to
mix sufficiently, the cement was also dried and sifted

through 3 mm sieve.

Property Standard Unit Kaolin Sand
Moisture JIS A 1203 % 2.90 0.39
pH JGS 0211 4.70 7.50
EC JGS 0212 mS/cm 0.42 0.06
Grain size distribution
Clay (<0.005 mm) % 56.40 0.10
Silt (0.005-0.075 mm) GB/T50123-1999 % 18.80 2.98
Sand (0.075-2 mm) % 24.80 96.92
N,-BET
Correlation coefficient (R?) 0.99
Specific surface area m*/g 29.41
Diameter nm 29.97
Pore volume cm’/g 0.22
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Table. 2. Properties of Cement.

Property Standard Unit Value Value of Standard
Initial setting time GB/T 1346-2011 h 5.6 >3
Final setting time GB/T 1346-2011 h 7.8 >6, <10
Stability GB/T 1346-2011 - Satisfied up to standard
Cement fineness GB/T 1345-2005 % 43 <10%
Bending strength
3 days GB17671-1999 MPa 33 >2.5
28 days MPa 6.4 >5.5
Compressive strength
3 days MPa 14.7 >10.0
GB17671-1999
28 days MPa 39.6 >32.5
Wheat Straw Fibres soil (WS), wheat straw and cement reinforced soil

Natural wheat straw fibres used in the tests is
from Sugqian, Jiangsu, China. The physical-mechanical
parameters are summarized in Table. 3. The wheat
straw was cleaned to remove impurities, then selected
and cut into a certain length. The length of wheat straw
selected for the test ranges from 5 mm to 10 mm and
10 mm to 20 mm. The fibre content, which is the mass
ratio with soil, fixes at the value of 0.05%, 0.1%, 0.2%
and 0.4%.

Heavy Metal

The chemicals used in the tests include PbCl,
CuCl,2H,0 and ZnCl,, while the concentrations of
heavy metals are 1000 mg/kg, 5000 mg/kg and 10000
mg/kg. The mass of heavy metals in the soil is 0.1%,
0.5% and 1% of dry soil, respectively. For convenience
of marking, soil with different metal concentration
(taking Pb as an example) are marked with Pb 0.1, Pb
0.5 and Pb 1.

Specimen Preparations

The mixture ratio of three kinds of soil is shown
in Table 4, 5 and 6, including wheat straw reinforced

Table. 3. Physical-mechanical parameters of wheat straw.

Parameter Unit Wheat Straw
Shape Cylindrical
Diameter mm 3-4
Dispersivity Well
Ultimate elongation % 1.13-2.30
Average ultimate force N 53-104.9
Thickness mm 0.498-0.665

(WCS) and wheat straw and cement reinforced heavy
metal-contaminated soil (WCCS). There are three types
of WCCS, which contains wheat straw and cement
reinforced Pb-contaminated soil (WCCS-Pb), wheat
straw and cement reinforced Cu-contaminated soil
(WCCS-Cu) and wheat straw and cement reinforced
Zn-contaminated soil (WCCS-Zn). In order to be more
clearly, soil with fibre length of X mm were marked
with WSX (e.g., WS5-10, WS10-20), soil with fibre
content of Y% were marked with WSY (e.g., WS0.2),
while soil with cement content of Z% were marked with
CZ (e.g., C5, C7.5, C10).

The specimen preparation of UCST and DST is
the same. In the UCST, three parallel specimens were
shaped while there are four parallel specimens with
different size in DST. The kaolin, sifted sand and
cement were dried at 105°C for over 24 hours, then cool
to room temperature. To obtain the heavy metal solution,
definite dose of chloride and quantitative deionized
water were mixed. Then, the kaolin, sand, cement and
wheat straw fibres were mixed sufficiently to achieve
ample dispersion of wheat straw fibres. At the final step,
the mixtures were compacted layer by layer according
to 95% of the maximum dry density and sealed into a
fresh-keeping film for curing with constant temperature
and humidity (20+2°C temperature; >95% humidity).

Unconfined Compressive Strength Test

The UCST and the DST were conducted referring to
the Highway Geotechnical Test Rules (JTG E40-2007).
The testing device of UCST was YSH-2 compactor
produced by Nanjing Soil Instrument Factory.
The loading step of the test was 1 mm/min, and
the UCS, failure strain and deformation modulus of
specimens under different conditions were measured
during the test. In this test, secant modulus (&)
was used to represent the deformation modulus.
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Table. 4. Mixture ratio of wheat straw reinforced soil (WS).

Fibre length/mm Fibre content/% The value of X
X 0.2 5-10, 10-20
5-10 X 0,0.05,0.1,0.2,0.4

Table. 5. Mixture ratio of wheat straw and cement reinforced soil (WCS).

Fibre length/ mm Fibre content/ % Cement content/ % Curing age/ d The value of Y
Y 0.2 7.5 28 5-10, 10-20
5-10 Y 7.5 28 0,0.05,0.1,0.2,0.4
5-10 0.2 Y 28 5,7.5,10
5-10 0.2 7.5 Y 7, 28,90
Table. 6. Mixture ratio of wheat straw and cement reinforced heavy metal-contaminated soil (WCCS).
e |con | o, [ G | Comnmion sy st [ Hemw T et
Z 0.2 7.5 28 0.5 Pb 5-10, 10-20
5-10 Z 7.5 28 0.5 Pb 0,0.05,0.1,0.2,0.4
5-10 0.2 V4 28 0.5 Pb 5,7.5,10
5-10 0.2 7.5 4 0.5 Pb 7, 28,90
5-10 0.2 7.5 28 4 Pb 0.1,0.5,1
5-10 0.2 7.5 28 0.5 Z Pb, Cu, Zn

Direct Shear Test

The device used in DST was ZJ strain-controlled
direct shear apparatus. In this test, quick shear test was
adopted and four vertical pressures (100 kPa, 200 kPa,
300 kPa and 400 kPa) were used. Moreover, the shear
step of the test was 2.4 mm/min. The shear strength
results of cohesion and internal friction angle under
different conditions were measured respectively.

Results and Discussion
Unconfined Compressive Strength Test Results
Effects of Fibre Content and Fibre Length

Fig. 1a) shows the effect of fibre content on the
UCS of WS, WCS and WCCS-Pb. It can be noted
that with the increase of fibre content, the UCS of
WS changes a little. Meanwhile, the UCS of WCS
and WCCS-Pb varies obviously. Besides, the UCS
of soil reinforced with different fibre content is less
than that of unreinforced soil, which may be caused
by the nonuniformity between wheat straw and soil
particles. For WCS and WCCS-Pb, the existing form
of wheat straw may influence the properties of soil,

as a result, the UCS increases first and decreases with
the increase of fibre content. Especially in relatively
high fibre content, fibres were prone to agglomerate,
leading to the destruction of soil. The maximum
UCS of WCS corresponds to the fibre content of
0.2%, while the maximum UCS of WCCS-Pb
corresponds to the fibre content of 0.1%, which may be
related to the volume of samples and the dispersion of
fibres.

The failure strain of WS, WCS and WCCS-Pb with
various fibre content are shown in Fig. 1b). With the
increase of fibre content, the failure strain of WCS and
WCCS-Pb changes slightly and the value is less than
that of WS with the same fibre content. It can be noted
that the brittleness of soil increases with the adding of
cement. The failure strain of WS increases in wave with
the increase of fibre content, which indicated that the
more fibres bring about the greater the strength, so does
the deformability of soil. Fig. 1c) depicts the change of
deformation modulus coincides with that of the UCS
when the fibre content changes.

The influence of fibre length on the UCS, failure
strain and deformation modulus are shown in Fig. 1d),
e) and f) respectively. It is obvious that the fibre length
represents little influence on the indexes, which may be
caused by many facts. On the one hand, the wheat straw
fibres with the length of 5-10 mm and 10-20 mm were
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Fig. 1. Effects of fibre content and fibre length in unconfined compressive strength test.

mixed in the soil with a uniform length. On the other
hand, the friction between wheat straw fibre of different
length and soil particles was little different from that
between soil particles. As a result, the soil UCS, failure
strain and deformation modulus change little with
the variety of fibre length.

Effects of Cement Content and Curing Time

Fig. 2a) presents the influence of cement content
on the UCS, which shows that as the cement content
increases, the UCS of WCS and WCCS-Pb increases
steadily. It can be seen that the UCS difference between
WCS and WCCS-Pb is little when the cement content

is 5%. It can be calculated that the UCS of WCS is about
1.35 times of that of WCCS-Pb. When the cement content
increases to 7.5% and 10%, the difference between
two soils are changed to 2.17 times and 1.72 times,
respectively. This indicates that when the cement content
reached 7.5%, the heavy metals in the soil inhibit the
formation of cement-hydrate to some extent, as a result,
the UCS difference between WCS and WCCS-Pb
increases. When the cement content increases (reaching
10%), more cement participate in the hydration reaction
and more cement-hydrate is generated. Meanwhile,
the inhibition of heavy metals on cement hydration
is limited, thus the UCS difference between WCS
and WCCS-Pb decreases.
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The effect of cement content on the failure strain and
the deformation modulus are depicted in Fig. 2b) and
¢), respectively. The failure strain and the deformation
modulus increase with the increase of cement content.
Whatever the cement content is, the failure strain of WS
is larger than that of WCCS-Pb. Besides, when in the
same cement content, the overtime increase in failure
strain of WCS is 41%. Moreover, it can be concluded
that the deformation modulus of WCS increases rapidly
first and then slowly down, while that of WCCS-Pb
increases slowly first and then rapidly.

Fig. 2d) presents that the curing time of cement
had a significant impact on the strength. It depicts that,
when the curing time is 7 d, the UCS of WCS is 0.633
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MPa. When the curing time reaches 28 d and 90 d,
the UCS rises to 1.845 MPa and 1.9 MPa, which
increases by 191.5% and 200.2% respectively. Besides,
the UCS of WCCS-Pb with 7 d, 28 d and 90 d curing
time were 0418 MPa, 0.418 MPa and 2.009 MPa.
When comparing the UCS of WCS and WCCS-
Pb, it was found that the UCS of WCCS-Pb is less
than that of WCS when in a shorter curing time (e.g.,
7 d). However, as the curing time increases (e.g.,
from 28 d to 90 d), the difference diminishes.
This is because the longer the curing time is, the more
sufficient the cement hydration reaction exists and
the more cement-hydrates are generated to adsorb
and encapsulate heavy metals to reduce the destruction.

b) 3.0
—0— WS0.2, 5-10+28 d
241 —0—WS0.2,5-10 +28 d + Pb0.5
S
=
5 1.8F
E
[75]
i-s’ 1.2} O/O/O
=
= 06l
040 1 1 1
5 7.5 10
Cement content (%)

5

d = 30
g —0—WS0.2,5-10 + C7.5
S 54l —0—WS02,5-10+C7.5+Pb0.5
@
2
= 1.8k
wn
£
g 12}
5]
Q
2 061
=
g
S 00 1 1 1
= 7 28 90
- o

Curing time (d)

f) 200
= —0— WS0.2, 5-10 + C7.5
S —0— WS0.2, 5-10 + C7.5 + Pb0.5
< 150+
<
3
= 100}
s,
3
g
= 50+
Q
]
n

0 L L L
7 28 90
Curing time (d)

Fig. 2. Effects of cement content and curing time in unconfined compressive strength test.
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Fig. 2¢) and f) depicts the failure strain and the
deformation modulus of WCS and WCCS-Pb with
different curing time. The trend of the failure strain
and the deformation modulus were similar to that of the
UCS. As the curing time increases, the failure strain
and the deformation modulus of the soils increases.
Moreover, the difference of the failure strain and the
deformation modulus between the two soils decreases
with a relatively longer curing time (e.g., from 28 d
to 90 d).
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Fig. 3a), b) and c) shows the effect of heavy metal
content on the UCS, failure strain and the deformation
modulus of WCCS-Pb. It can be seen that the presence
of Pb* had a negative influence on soil strength.
As shown in Fig. 3a), the UCS of WCCS-Pb decreases
gradually with the increase of Pb*" concentration.
It can be calculated that as Pb*" concentration increases
from 0.1% to 0.5% and 1%, the UCS decreases by
22.7% and 54.5%, respectively. In Fig. 3b) and c),
the failure strain of WCCS-Pb is the largest with
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the highest concentration of heavy metal (1%), while the
deformation modulus reaches minimum. Besides, as the
heavy metal content increases, the deformation modulus
of WCCS-Pb decreases, which is consistent with the
change trend of the UCS [28-30].

Different heavy metal ions have different effects
on WCCS. In Fig. 3d), e) and f), when the heavy metal
content is 0.5% (5000 mg/kg), the UCS of WCCS-Pb is
significantly higher than that of WCCS-Cu and WCCS-
Zn. According to some studies, solubility was an
important factor, which affects the remediation effect
of heavy metal-contaminated soils with the method of
solidification/stabilization [31-34]. As shown in Fig. 3d)
and f), the UCS and the deformation modulus of
WCCS-Zn are more than that of WCCS-Cu. It is
considered that when in a higher heavy metal content
(5000 mg/kg), the solidification effect of cement
on Zn?" is greater [35-37]. The failure strain of WCCS-
Zn is the largest, followed by WCCS-Cu and WCCS-Pb.

Direct Shear Test Results
Effects of Fibre Content and Fibre Length
Fig. 4a) and b) depicts the effect of fibre content
on the shear strength indexes, including cohesion and

internal friction angle. It can be seen that, with the
same fibre content, the cohesion and the internal friction
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Fig. 4. Effects of fibre content and fibre length in direct shear test.

angle of WCS is the largest. Besides, the cohesion
difference between three soils is obvious, while
the internal friction angle difference is relatively
little. For instance, when the fibre content is 0.2%,
the cohesion of WCS and WCCS-Pb with the fibre
length of 5-10 mm are 3.76 times and 2.47 times of
WS. Nevertheless, the internal friction angle difference
between them are only 1.26 times and 1.07 times of WS.

The influence of fibre length on shear strength
indexes are presented in Fig. 4c) and d). As the fibre
length increases, soil cohesion and internal friction
angle exists almost no change, which may be caused by
no significant length difference in the fibres mixed in
the final soil samples.

Effects of Cement Content and Curing Time

In Fig. 5a), the cohesion of WCCS-Pb increases as
the cement content increases, which is consistent with
the change trend of WCS cohesion. With the increase of
cement content from 5% to 7.5% and 10% in WCS, the
cohesion increased by 107.5% and 182.8%. It is assumed
that more cements provided more active substances (such
as Ca0), and more hydration products are generated
correspondingly. The hydration products with high
specific surface area improves the soil compactness.
With the improvement of soil compactness, the grip
force of soil particle on fibres is improved, thus the
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strength of the soil is improved. The presence of Pb*
exhibits a negative effect on the hydration reaction of
cement, as a result, the cohesion of WCCS-Pb is less
than that of WCS when in the same cement content. As
the cement content increases, the cohesion difference
between WCS and WCCS-Pb increases. To be specific,
the cohesion difference between WCS and WCCS-Pb
are 67.2 kPa (5% cement), 97.5 kPa (7.5% cement) and
160.2 kPa (10% cement), respectively. In Fig. 5b), as the
cement content increases, the internal friction angle of
the soil increases as well, but the increase is slightly
less than that of soil cohesion. It is indicated that cement
content has a greater influence on the soil cohesion
when compared with the internal friction angle [38-39].

Fig. 5¢) shows the cohesion of WCS and WCCS-
Pb rises gradually with the increase of curing time.
When the curing time rises from 7 d to 28 d and 90 d,
the cohesion of WCCS-Pb increases by 75.5 kPa and
185.5 kPa (36% and 88.3%, respectively). When the
curing time are 7 d, 28 d and 90 d, the corresponding
cohesion of WCCS-Pb decrease by 53.4 kPa, 97.5 kPa
and 31 kPa compared with that of WCS. The mechanism
of shear strength via curing time is similar to that of
cement content. As shown in Fig. 5(d), the internal
friction angle of WCCS-Pb increases linearly. When
the curing time increases from 7 d to 28 d and 90 d,
the internal friction angle of WCCS-Pb increases by
9.2° and 15.3°. The variety of internal friction angle of
WCS with curing time is not obvious and the internal
friction angle difference between WCS and WCCS-Pb
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Fig. 5. Effects of cement content and curing time in direct shear test.

decrease. It is noted that hydration reaction of cement
continues in the later of the curing period, and more
hydrates are generated to adsorb and encapsulate Pb*,
which resulted in the reduction of Pb*".

Effects of Heavy Metal Content and Type

The effect of heavy metal content on shear strength
indexes is illustrated in Fig. 6a) and b). As the heavy
metal content rises, the cohesion and internal friction
angle of WCCS-Pb decreases gradually. When the
cement content is 7.5% and the curing time is 28 d, the
cohesion of WCCS-Pb with 0.1%, 0.5% and 1% Pb*
concentration is 204.6 kPa, 188 kPa and 114.7 kPa.
The increase of Pb*" concentration from 0.1% to 0.5%
and 1% result in a decrease of the cohesion by 8.1%
and 43.9%, respectively. According to some studies,
too much Pb*" would hinder and delay the hydration of
cement, and reduce the strength of soil as a result [29].
Fig. 6b) shows the decrease of internal friction angle of
WCCS-Pb with the increase of Pb** concentration. To
be detailed, some cracks may be formed in the curing
of WCCS-Pb. With the amount of Pb*" increases, the
process of crack generation and expansion accelerates
meanwhile.

Fig. 6¢) and d) shows different heavy metal ions has
different effects on shear strength indexes. When the
heavy metal content is 0.5%, the cohesive of WCCS-Pb
reached the largest, followed by WCCS-Zn and WCCS-
Cu. The solubility of lead chloride used in the test
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Fig. 6. Effects of heavy metal content and type in direct shear test.

is lower than that of copper chloride and zinc chloride.
The internal friction angle of WCCS-Cu is the lowest.
It can be found that Zn** had a greater impact on shear
strength compared with the effect of Cu*". According to
some previous studies, when the concentration of Zn?
is relatively high (5000 mg/kg), the Zn*" solidification
is mainly caused by the reaction of cement hydration
products (such as calcium silicate hydrate) and Zn*".
As the result, the precipitates are formed, adsorbed on
the surface of soil particles and fibres or existing in the
pore of the soil. Besides, a large number of insoluble
substances (such as Ca[Zn(OH),H,O],) are formed by
Zn* and precipitated when the test environment was
alkaline. Therefore, the solidification effect of Zn** by
cement is relatively better [40].

Conclusions

In this paper, the UCST and DST are conducted
to investigate the UCS, failure strain, deformation
modulus, cohesion and internal friction angle of WS,
WCS and WCCS, by evaluating the influence of fibre
content and length, cement content, curing time, heavy
metal content and type. The results of WS and WCS
are mainly used for contrast, while the mechanisms are

discussed and analysed. The following conclusions are
reached:

1. The presence of heavy metal hinders the hydration
of cement, thus the UCS, deformation modulus,
cohesion and internal friction angle decrease.

2. The cement content and curing time have an
active impact on WCS and WCCS-Pb. As cement
content and curing time increase, the UCS, failure
strain, deformation modulus, cohesion and internal
friction angle increase, which is mainly caused by the
effect of cement-hydrate.

3. With wheat straw added in the soil, the UCS,
deformation modulus, cohesion and internal friction
angle are not improved, while the failure strain increases
gradually as fibre content increases. Therefore, wheat
straw fibres can improve the soil deformation to some
extent. Moreover, when fibre content is 0.2% and 0.1%,
the UCS of WCS and WCCS-Pb reaches maximum
respectively.

4. It is noted that the singly use of wheat straw fibre
or cement may not achieve the appropriate strength
indexes, while a combined use of fibre and cement
witnesses the better performance. The results confirm
the validity of mechanical properties within fibre and
cement reinforced heavy metal-contaminated soil.
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