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In the past decades, the speed and scale of Chinese infrastructure construction have been enormous, and the resulting constructionwaste
is also quite amazing, which has become a huge threat to environmental protection. If the pollution-free engineering utilization of the
construction waste can be achieved at a low cost, it will undoubtedly be a great benefit for the country and the people. (erefore, a
preliminary experimental studywas conducted to investigate the strength characteristics of the cement treated and expanded polystyrene
mixed lightweight. (e waste soil (muddy clay and fine sand) as the main component of the lightweight mixture is taken from a
foundation construction site of a Yangtze River Bridge which connects two eastern coastal cities, Zhenjiang and Yangzhou. With
different mixture ratios and additives of the cement treated and expanded polystyrene mixed lightweight, a series of cubic samples were
tested by the unconfined compressive strength test, and collections of standard cylinder samples prepared by handwere inspected by the
conventional triaxial shear test.(en, a good exponential relationship between the uniaxial compressive strength and the cementmixing
ration was founded, and a logarithmic relationshipwas captured between the compressive strength and curing timewithin a period of 28
days after the specimens were made. Samples made of different soil as raw materials have different strengths, but all of these specimens
show a strain-hardening and stable behavior. Results show that the mechanical strength characteristics of the cement treated and
expanded polystyrene mixed waste soil mainly depend on the proportions of lightweight mixture.

1. Introduction

With the development of urbanization in China, the con-
struction industry develops rapidly. However, the growth of
construction industry is accompanied by the production of
construction waste, such as abandoned cement concrete,
brick, wood, metal, and excavated soil [1, 2].(erefore, it will
become very social and economic value if people can achieve
the resource utilization of those aforementioned wastes.
Comparatively, excavated soil needs more enough sites to
stack and is more likely to produce potentially harmful
pollution to the environment. In the process of recycling the
waste soil, it is generally accepted that adding some curing

agents or modified materials, such as cement ash or lime
powder, can play a good stabilizing role in reducing the
harmfulness [3]. Sometimes light materials such as ex-
panded polystyrene particles are also added for mixing to
reduce the mixture weight, so as to achieve the purpose of
reducing the self-weight in some earthworks, such as airport
runway, highway embankment, and railway embankment
[4, 5]. On the one hand, the engineering characteristics of
waste soil have been improved due to the solidification with
cement, and on the other hand, the settlement of the em-
bankment has also been controlled due to the lightweight
treatment [6, 7]. In engineering, the cement treated and
expanded polystyrene mixed lightweight is often used as the
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subgrade filler of adjacent projects, and the subgrade bears
the vehicle load transmitted from the pavement layer and the
self-weight load of the upper structure. (erefore, the
strength and deformation characteristics of subgrade have a
significant influence on the global strength and the stiffness
of subgrade and the pavement structure.

As a result, the mechanical properties of the artificially
lightweight mixture need to be revealed and quantified.
Since Frydenlund [8] investigated the application of EPS
geofoam in an embankment fill over soft clay foundation in
Norway, more studies have been conducted in the past
decades to reveal the mechanical properties of lightweight
mixtures. Some focused on influencing factors such as ce-
ment content, water content, curing time, and volume ratio.
(en, the parametric sensitivity on strength of cemented
lightweight mixture would be revealed [9, 10]. In addition,
there were also some studies focusing on the change of soil
properties caused by additives, such as unit weight, liquid
limit, and plastic index [11]. Some preliminary quantitative
relations obtained from the test were also well applied in the
project [12–14]. With the help of some high-tech equipment,
the strength mechanism of the microstructure of lightweight
mixture can be explained and quantified more easily [15, 16].
Moreover, the mechanical constitutive model of the light-
weight mixture can also be established, and the prediction of
strength and deformation of these lightweight fillers have a
good guiding role in engineering application [17–19].
However, these current research studies are mainly based on
ideal conditions. (e practical experience of using waste soil
after lightweight treatment is not enough, and systematic test
data or comparative effect analysis is still not sufficient.

In this study, two strength test methods will be carried
out to investigate the strength characteristics of the cement
treated and expanded polystyrene mixed lightweight of
waste soil from a pile construction site of a Yangtze River
Bridge which connects two eastern coastal cities, Zhenjiang
and Yangzhou, in China. One is the unconfined compressive
strength test, and the other is the conventional triaxial shear
test. Before the test, a series of attempts were also made on
the conditions of proportioning via the conventional
compaction test. Under certain conditions, the strength
change rule of the sample is revealed, and the quantitative
relationship of the influencing factors is preliminarily
established. (is study will become an important reference
for engineers and researchers interested in the design,
construction, and performance of lightweight materials.

2. Lightweight Treatment and
Proportioning Study

2.1. 3e Waste Soil and Additives. (e waste soil was taken
from a pile construction site of the Taizhou Bridge, a sus-
pension bridge across the river, which connects two me-
dium-sized cities, Zhenjiang and Yangzhou, both of which
are located in the plain of the lower reaches of the Yangtze
River in China. Except that the two main piers are in the
center of the river, most of the approach bridge and the
transition section between road and bridge are located on
the river bank. Coupled with the area of cable anchorage on

both sides of the bank, the volume of waste soil produced is
very large. According to the field site conditions, the waste
soil is mainly composed of two kinds of soil materials: one is
muddy clay and the other is hydraulic fill sand. On the other
hand, due to the elevation change of ramp and transition
section, a lot of subgrade filling will be required in the later
stage. (erefore, it will be a very economic and environ-
mental protection achievement to reuse these waste soils.

In the laboratory, the average natural water content of
the muddy clay taken from the construction site is 52%, and
the natural density is about 1.75 g/cm3.(e liquid and plastic
limits are 44% and 23%, respectively. According to the
ASTM D2487-11 [20], the waste muddy soil belongs to the
clay with low liquid limit. Another waste soil is the sand, the
content of the part whose particle size is smaller than
0.075mm is not more than 5%, and the content of the part
whose particle size is larger than 0.25mm is not more than
4%. Its nonuniformity coefficient and curvature coefficient
are 1.4 and 0.7, respectively. Obviously, the grading of this
fine sand soil is poor. (e particle grading curve of the two
waste soils is shown in Figure 1.

In order to improve their mechanical properties and
achieve the purpose of lightweight utilization, the Portland
cement, the tap water, and the expanded polystyrene beads
(EPS) are added in a certain proportion and order, with a
specific volume ratio or weight ratio. Detailed information of
the ordinary Portland cement is shown in Table 1. (e EPS
beads are white and round, with the diameters varying from
2 to 3mm, and the bulk unit weight of which is 0.013 g/cm3.

2.2. 3e Lightweight Proportion and the Compaction Test.
(e unit weight of the cement treated and expanded
polystyrene mixed lightweight mainly depends on the
amount of EPS beads, i.e., the volume ratio of soil to light
particles. Meanwhile, the bearing layer made of these
mixtures should have enough potential strength and stiff-
ness. (erefore, the Portland cement added by weight
percentage plays an important role in bonding EPS beads
and raw waste soil particles as a mixture. (rough pre-
liminary attempts and referencing to current literature
studies, two volume ratios of waste soil to EPS beads, Vs :
VE � 50 : 50 and 45 : 55, respectively, are selected, and dif-
ferent cement contents at αw � 8, 10, 12, and 15% are tested
to evaluate the lightweight strength properties. Based on the
standard curing conditions, four curing times of 7, 14, 28,
and 90 days are selected to evaluate the development of
strength growth.

Compaction shortens the distance between particles and
increases the density and strength of the lightweight mixture.
Engineering application requires that the lightweight density
should be reduced as much as possible on the premise of
ensuring the strength. With the help of the heavy com-
paction test, the maximum dry density (ρdmax) and the
optimum moisture content (wop) of the lightweight waste
soil under a compaction work will be obtained. In a cy-
lindrical vessel with an internal diameter of 10 cm and a
height of 12.7 cm, the mixture with a certain weight was
compacted by three layers, each with fourteen compaction
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times. (e weight of the hammer is 4.5 kg and the height of
drop is 45 cm, with the total compaction work less than
860 kJ/m3. (e detailed information of each composition
and the compaction test fitting curves are shown in Figure 2.
Ideally, a peak value can be found for each case, and this is of
important potential filling function for the subgrade filler.

Table 2 shows the results of the compaction test. It is
obvious that the addition amount of the EPS beads has a
decisive effect on the maximum dry density of the light-
weight mixture.(ough the maximum dry density decreases
with the increase of EPS particles, the change of the opti-
mum moisture content is not clear. However, the influence
of cement content on the maximum dry density and the
optimum moisture content is not obvious. (is may be
because the amount of cement added is not enough to have a
fatal effect on the composition of the lightweight mixture,
which is helpful for paving control according to the amount
of cement added at a certain level during the site filling
construction. With the same volume ratio and cement
content, the optimal moisture content for muddy clay
lightweight is at least 30% higher than that of the sand

lightweight, while the maximum dry density of the former is
slightly smaller than that of the latter.

3. Results and Discussion

3.1. Unconfined Compression Test. In the design and con-
struction of EPS lightweight subgrade fill, the compressive
strength is a very important index and is related to the safety
of the project.(e compressive strength is obtained from the
compaction test in which the samples are not subject to
lateral pressure. A series of cubic samples with the size of
7 cm× 7 cm× 7 cm are prepared using the aforementioned
densities and water contents. Each specimen was compacted
in three layers, and the sample together with mould was
placed in the curing room for 24 hours before demoulding.
(en, these samples were cured to the required period. In a
standard curing room, the temperature was kept at a
temperature of about 20± 2°C, with the relative humidity
over 95%. When testing, an axial loading device controlled
by computer was used to compact these samples, with a
displacement control rate of 1.0mm per minute. (ere were
at least 5 parallel samples for each mixture ratio, and the
singular data were eliminated. When the stress-strain curve
reached a peak value, it was determined as the compressive
strength of the sample. If there was no peak value or the peak
value was not obvious, the stress at 15% of the axial strain
was taken. In order to study the influence of cement more
sufficient, six cement contents were selected, e.g., 8, 10, 12,
15, 18, and 20%.

Figure 3(a) shows the variation of unconfined com-
pressive strength due to cement content increase and volume
ratio change. For specimens with a curing time of 7 days, the
unconfined compressive strength has a good exponential
relationship with the cement content. (e same condition is
also applied to the case of the 28-day curing time. (e
exponential relation can be summed up as a unified function
form, and the unconfined compressive strength can be
formulated as qmax � AeBαc , where A and B are the fitting
parameters. Based on the data range of the test results, A is
between 70 and 270 and B is between 0.1 and 6.5, and they
are mainly affected by the EPS addition, the curing time, the
soil category, and the curing condition. Figure 3(b) shows
that the strength difference gaps increase with increasing
cement content for all cases. (is indicates that cement has a
decisive effect on the strength of lightweight mixtures.

(e increase of EPS particles has a decreasing effect on
the compressive strength of the lightweight mixture. (e
most likely explanation is that the original part occupied by
hydrate is replaced by the increased EPS beads. In terms of
composition, due to the increase of light particles, the
porosity of light mixture is increased and the strength is
reduced. When the cement content is relatively low, the
compressive strength of the lightweight with different EPS
particles has a small difference. But when the cement
content is high, the difference cannot be ignored. In other
words, the increase of cement content enlarges the influ-
ence of EPS beads on the strength reduction of the
lightweight mixture, that is to say, it reduces the effect of
cement hydrate.
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Figure 1: Particle grading analysis curve for muddy clay and fine
sand.

Table 1: Properties of the ordinary Portland cement.

Items Unit Values
Density g/cm3 1.3
Fineness (residue on 0.08mm sieve) % 2.50
Normal consistency % 25.2
Setting time

MinutesInitial time 155
Final time 230

Strength of cement mortar (ISO)

MPa
3 d fracture resistance 3.8
28 d fracture resistance 8.0
3 d compression strength 16.0
28 d compression strength 42.0

SO3 content
%

2.17
MgO content 4.2
Ignition loss 1.2
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As the hydration of cement takes time, the curing period
has a significant effect on the strength of the lightweight
mixture. Figure 4 shows the increase of unconfined com-
pressive strength of two proportions versus the increasing
curing time. In general, the unconfined compressive

strength increases with increasing curing time. Similar to the
ordinary concrete products, the early strength of waste soil
lightweight mixture is greatly affected by curing time, and
the original 28 days is very important for the strength
growth. Obviously, strength increase is not significant after

Table 2: Results of the compaction test.

Waste soil Muddy clay Fine sand
Vs :VE 50 : 50 45 : 55 50 : 50 45 : 55
αc (%) 8 10 12 15 8 10 12 15 8 10 12 15 8 10 12 15
ρdmax (g/cm3) 1.01 0.98 0.98 1.04 0.86 0.83 0.82 0.86 1.04 1.01 1.02 0.98 0.97 0.91 0.98 0.96
wop (%) 24.8 29.4 27.5 24.7 30.8 27.8 34.4 30.5 17.6 20.1 15.8 16.4 18.2 18.4 14.9 13.0

252010 155
αc (%)

100

200

300

400

500

q m
ax

 (k
Pa

)

Fine sand 50:50
Fine sand 45:55

Muddy clay 50:50
Muddy clay 45:55

(a)

252010 155
αc (%)

Fine sand 50:50 7d
Fine sand 50:50 28d 

Muddy clay 50:50 7d
Muddy clay 50:50 28d

100

200

300

400

500

600

700

800

q m
ax

 (k
Pa

)

(b)

Figure 3: Unconfined compressive strength for (a) different volume ratios and (b) curing times.
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Figure 2: Results of compaction test and fitting curves: (a) muddy clay and (b) fine sand.
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28 days and the entire relation between the unconfined
compressive strength and the curing time is close to a
logarithmic function, and the difference lies in the different
influence coefficients.

(e unconfined compressive strength of the artificially
prepared lightweight mixture produced by different waste
soil properties is different. From the aforementioned anal-
ysis, it can be seen that the compressive strength of sand
lightweight is greater than that of muddy clay lightweight.
For the 7-day curing time case, the comparison of uncon-
fined compressive strength of the two waste soils is illus-
trated in Table 3. (erefore, the difference in mineral
composition and grading composition of different raw soils,
the different conditions for cement hydration reaction, and
the different structures of EPS particle cementation will have
a huge impact on the properties of lightweight mixture.

3.2. Conventional Triaxial Test. Shear strength is one of the
most important mechanical properties of the geotechnical
materials. Whether the shear strength of geotechnical ma-
terials can be correctly measured is often the key to the
quality of the engineering design and the success or failure of
the project. Because the triaxial test can simulate the actual
stress state of materials better, the shear strength indexes of
internal friction angle (φ) and the cohesion (c) obtained by
this method performmore effective than other test methods.
Considering the time of the test and the actual state of the
lightweight filler in situ, it is more appropriate to determine
the index by the consolidated undrained test (CU). Fur-
thermore, because the pore pressure of the specimen in the
shear process can be measured, the effective stress strength
index can be obtained. In Table 4, the unconsolidated un-
drained test (CU) scheme of this study is illustrated and four
influence factors are evaluated.

(e samples are made with the help of a mini compactor,
with a standard uniform size of 3.91 cm in diameter and 8 cm
in height. For each cell pressure and proportion case, three
parallel samples will be tested and the average value is

adopted, unless there is one abnormal data to be removed.
Before the shear test, the saturation of the sample shall be
checked by the back-pressure method until it reaches 98%,
and the pore pressure valve should be closed after consol-
idation. Similar to the unconfined compressive test, the CU
test is also conducted by the displacement control rate of
0.08mm/min. When the shear test starts, the pore water
pressure should be recorded, and this will provide data for
the analysis of effective stress later.

For the volume ratio of Vs :VE � 45 : 55 and the cement
content of αc � 16%, the consolidated undrained shear stress-
strain curve, the Mohr failure circle, and its shear strength
envelope at a curing time of 7 days can be illustrated in
Figure 5. It is obvious that the stress-strain curves all belong
to the strain hardening type, and a common tangent line
under different confining pressures can be obtained. (e
intercept on the ordinate is the cohesion of the specimen,
and the inclination of the diagonal is the angle of internal
friction. Coincidentally, the appropriate strength envelope
can be found under three different confining pressures for
each proportion, which is very helpful to determine the shear
strength index of the lightweight.

Table 5 illustrates the test results of all samples of the CU
test. Overall, the effective stress cohesion is smaller than the
total stress cohesion, while the effective internal friction
angle is larger than the total stress internal friction angle.(e
strength parameters of the fine sand lightweight are larger
than those of the muddy clay lightweight. In general, both
the total stress strength index and the effective stress strength
index will increase with the increase of cement content and
with the extension of curing time, but decrease with the
increase of EPS particles. (e main reason is that with the
increase of EPS particles, the relative content of cementitious
material in the lightweight mixture is reduced.(at is to say,
under the action of external force, the effect of the ag-
glomeration component in this material is weakened. At the
same time, the increase of EPS particles makes the ce-
mentation structure easier to be destroyed and the damaged
area enlarged due to the stress concentration in the sample.
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Figure 4: Influence of curing time on compressive strength.

Table 3: Comparison of different waste soil lightweight (7 days).

αc
(%)

Waste soil
Fine sand
lightweight

Muddy clay
lightweight

Increment
(%)

8 173.0 164.3 5.3
10 204.8 185.7 10.3
12 225.9 198.2 14.0
15 271.3 226.6 19.7
18 319.7 252.5 26.6
20 368.3 280.1 31.5

Table 4: (e CU test scheme.

Waste soil Muddy clay Fine sand
Vs :VE 50 : 50 and 45 : 55
αc (%) 14 and 16
Tc (curing time, d) 7, 14 and 28
σ3 (cell pressures, kPa) 50, 100 and 200
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Accordingly, the effect of friction component will be
weakened when the size of the aggregate produced by the
damage of cemented structure becomes smaller, whereas all
these will be gradually improved due to the increase of
cement content or curing time.

4. Conclusions

(e strength characteristics of cement treated and expanded
polystyrene mixed lightweight of waste soil from the con-
struction site of a Yangtze River bridge in China were in-
vestigated, regarding the compaction test, the unconfined
compressive test, and the traditional triaxial test. (e results
were analyzed and the influence factors were evaluated. (e
main conclusions are as follows:

(1) (e cement treated and expanded polystyrene mixed
lightweight is a kind of mixed material suitable for
subgrade filling, and its real strength actually comes
from the structure formed by cement hydration and
cementation. According to the compaction test, the
waste soil lightweight can be controlled according to
the degree of compaction, but the influence of dif-
ferent cement ratio can be ignored.

(2) Under the present proportions and test conditions,
the unconfined compression strength increases with
increasing cement content, and a well exponential
relation can be obtained. (e unconfined com-
pression strength also increases with increasing
curing time, and a logarithmic relation can be ob-
tained. (e strength performance of lightweight will
be reduced due to the increase in EPS beads usage.

(3) (e unconfined compression strength increases
rapidly within the original 28 days of curing time.
Different waste soil lightweight has different strength
properties; the fine sand lightweight has higher
strength than the muddy clay lightweight, which is
suitable for different cement contents and EPS beads
addition. In terms of strength, this kind of light-
weight mixture is feasible as a kind of subgrade filler
material.

(4) (e lightweight material originated from the two
kinds of waste soil is a strain-hardeningmaterial, and
its strength increases with the increase of confining
pressure. (e stability of the mixture is good, and the
cohesion and the internal friction angle can be ob-
tained by the common triaxial test. In theory, this
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Figure 5: Shear strength test of the muddy clay lightweight: (a) stress-strain curve; (b) failure envelope of the lightweight (Vs :VE � 45 : 55,
αc � 16%, and Tc � 7 d).

Table 5: Comparison of the CU test results for different proportions.

Tc (d) Strength index
Fine sand Muddy clay

Vs :VE � 45 : 55 Vs :VE � 50 : 50 Vs :VE � 45 : 55 Vs :VE � 50 : 50
αc � 14% αc � 16% αc � 14% αc � 16% αc � 14% αc � 16% αc � 14% αc � 16%

7

ccu (kPa) 16.72 25.11 18.22 27.34 15.50 23.79 16.97 25.50
ccu
′ (kPa) 14.91 22.04 16.23 24.69 13.69 20.31 14.44 22.91
φcu (°) 16.27 18.26 17.14 19.58 14.39 17.52 15.20 19.02
φcu
′ (°) 33.73 34.33 42.98 43.74 32.17 32.99 33.47 35.15

14

ccu (kPa) 23.94 35.95 26.09 39.14 22.19 34.06 24.30 36.51
ccu
′ (kPa) 21.35 31.56 23.24 35.35 19.60 29.08 20.67 32.80
φcu (°) 17.02 19.21 18.08 20.66 15.17 18.30 17.51 20.24
φcu
′ (°) 38.18 39.72 45.77 46.31 36.93 37.13 39.77 40.27

28

ccu (kPa) 30.53 45.85 33.27 49.92 28.30 43.44 30.98 46.56
ccu
′ (kPa) 27.22 40.24 29.63 45.08 25.00 37.08 26.37 41.83
φcu (°) 18.44 20.43 19.63 21.39 16.07 19.43 18.38 21.75
φcu
′ (°) 44.48 45.30 46.80 47.10 42.98 43.94 43.72 45.98
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kind of waste material has great potential for recy-
cling, but the premise is that other supporting tests
also need to be conducted.
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