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Abstract: In this article, a new technology of surface
wrapping and strengthening of expandable polystyrene
(EPS) beads is proposed. Three wrapping materials including
magnesium phosphate cement (MPC), ultra-high performance
concrete (UHPC), and water-borne polyurethane (WPU) were
evaluated. Four groups of uniaxial compression tests of EPS
concrete specimens were conducted: the failure process and
the characteristics of the specimens were analyzed; and
the complete stress–strain equation is proposed based
on these analyses. The research shows that the EPS beads
were strengthened by wrapping, and the axial compres-
sive strength of concrete is increased by 50–75%; the con-
crete with EPS beads wrapped by MPC and WPU has
obvious brittleness; the concrete with EPS beads wrapped
by UHPC has axial compressive strength close to that of
EPS concrete wrapped with MPC andWPU but has a larger
ductility coefficient (150%), a larger toughness coefficient
(50–90% larger), a higher energy dissipation coefficient
(40% larger), and larger residual stress. The proposed
stress–strain model is in good agreement with the experi-
mental results, which can accurately describe the stress
and deformation characteristics of EPS concrete under uni-
axial compression and has good applicability. The dis-
covery of this study provides background knowledge for

the structural analysis and design of this kind of concrete;
it provides a basis for selecting EPS concrete as structural
materials.

Keywords: EPS concrete, wrap, axial compressive prop-
erty, stress–strain curve

1 Introduction

At present, most buildings waste a lot of energy because
of the poor thermal insulation of the exterior wall [1]. In
order to reduce building energy consumption, the thermal
performance of exterior wall must be improved. The exterior
wall should not only have the character of thermal insula-
tion, but also be able to bear the load. Therefore, it is very
necessary to choose a kind of thermal insulation material
with load-bearing capacity to be used in the exterior walls.
Expandable polystyrene (EPS) concrete has the advantages
of light weight, thermal insulation, vibration absorption,
and energy absorption [2]. It is an ideal wall insulation
material. Compared with ordinary concrete, the strength
of EPS concrete is relatively low. It is mainly used for func-
tional materials [3]. In order to reduce building energy con-
sumption, it is particularly necessary to extend EPS concrete
into structural materials; therefore, the strength of EPS con-
crete needs to be improved.

Many scholars have done a lot of research on the
strength improvement of EPS concrete. Some scholars
adapt mineral admixtures such as silica fume [4] and
fly ash [5] to improve the strength of EPS concrete;
some other scholars improved the strength of EPS con-
crete by adding polyvinyl alcohol fiber [6] and polypro-
pylene fiber [7,8]; some scholars also used dispersible
latex powder [9], triethanolamine [10], polyvinyl alcohol
[10], surface active agent [11], and composite modifier to
change the surface properties of EPS beads to improve
the strength of the EPS concrete. However, the improve-
ment effect of current methods is limited. This article
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proposed an EPS beads strengthening technology, that is,
to wrap the surface of EPS beads with materials, and the
strength of EPS concrete was improved by the wrapped EPS
beads. When selecting the wrapping material, it should be
considered that the wrapping material can form a high-
strength shell on the surface of EPS beads. Silica fume,

cement, coal fly ash, nano-admixture [12–15], microbeads
[16,17], and the combination of these materials can be
appropriate packaging materials. In this study, magnesium
phosphate cement (MPC), ultra-high performance concrete
(UHPC), and water-borne polyurethane (WPU)were used to
wrap EPS beads. Then, EPS beads and wrapped EPS beads

Table 1: UHPC mix proportion

Materials Cement Microbeads Silica
fume

Quartz sand
(40 mesh)

Quartz sand
(80 mesh)

Quartz sand
(120 mesh)

Water reducing
agent

Water

Unit kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

UHPC mix
proportion

763 218 109 397 397 397 10.9 174.4

Figure 1: Manufacturing process of wrapped EPS beads: (a) powder mixing, (b) drop in solvent or WPU, (c) EPS beads wrapping, and
(d) aging of wrapped EPS beads.
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were used to prepare concrete. Themechanical properties of
concrete with wrapped EPS beads were greatly improved. In
order to provide a basis for structural material design, it is
necessary to explore its mechanical constitutive relation-
ship. However, scholars mainly focus on the compressive
strength [18–21] and splitting strength [7,8,22] of the EPS
concrete. There are few studies on axial compressive prop-
erties, only a few scholars have done relevant research.
These scholars have studied the performance of concrete
from axial compression failure mode [23], axial compres-
sion curve equation [24,25], curing time [26], peak stress,
peak strain [27], and the EPS content [28,29]. However,
there are few studies on the axial compressive properties
of high strength EPS concrete. EPS concrete after strength-
ening its axial compressive properties need to be further
studied. In this article, the axial compressive properties
of EPS concrete after strengthening were studied. The

failure mode, ductility, energy dissipation capacity, stiff-
ness attenuation, and stress–strain curve equations of EPS
concrete were analyzed. It provides a theoretical basis for
EPS concrete used as structural material, and promotes the
development of low-carbon buildings, with great signifi-
cance to reduce building energy consumption.

2 Experiment overview

2.1 Raw materials

The cement adopted is P.C (composite Portland cement)
42.5. The sand adopted is ordinary river sand and the
apparent density is 2,650 kg/m3. Silica fume is produced
by Beijing Muhu Admixture Co., Ltd, with SiO2 content

Figure 2: Unwrapped EPS beads and wrapped EPS beads: (a) unwrapped EPS beads, (b) EPS beads wrapped with MPC, (c) EPS beads
wrapped with UHPC, and (d) EPS beads wrapped with WPU.
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>92% and apparent density is 2,200 kg/m3. Microbeads
are produced by Tianjin Zhucheng NewMaterial Technology
Co., Ltd, the apparent density is 2,520 kg/m3 and bulk den-
sity is 760 kg/m3. Silane coupling agent adopted is KH550.
Water reducing agent adopted is polycarboxylic acid water
reducing agent. The size of EPS beads is 3–6mm and the
bulk density is 5.6 kg/m3. MPC is produced by Guizhou
Magnesium Phosphate Material Co., Ltd. WPU and polyur-
ethane mortar are produced by BASF Building Materials
Systems (China) Co., Ltd. The mix proportion of UHPC is
shown in Table 1.

2.2 Experiment mix proportion and
specimen preparation

Four groups of EPS concrete specimens were designed in
this article. In group Y which is the blank control group,
the EPS beads did not make any changes; the EPS beads
of group M were wrapped with MPC, group U were
wrapped with UHPC, and group W were wrapped with
WPU and polyurethane mortar. The wrapping process
was carried out in the mixer. First, the wrapping mate-
rials were evenly mixed, as shown in Figure 1(a). Second,
EPS beads were placed in the mixer, for group M and
group U, and the surface of EPS beads was wetted by
adding water with silane coupling agent; in group W,
the surface of EPS beads was wetted by WPU, as shown

in Figure 1(b). Third, the EPS beads of group M were
sprinkled into MPC and group U were sprinkled into
mixed UHPC powder until the EPS beads surface was
wrapped; group W were sprinkled into polyurethane
mortar until the EPS beads surface was wrapped, as
shown in Figure 1(c). The wrapped EPS beads were
placed in the natural curing room for aging, as shown
in Figure 1(d). After aging for 2 days, the wrapped EPS
beads were strengthened, as shown in Figure 2.

The next step is to prepare EPS concrete with wrapped
EPS beads and unwrapped EPS beads, the concrete mixing
process is shown in Figure 3(a). The mix proportion of EPS
concrete is shown in Table 2. During the preparation of
fresh concrete, subtract the amount of cementing mate-
rials and sand used in EPS beads wrapping from the mix
proportion. Four groups of EPS concrete prismatic speci-
mens (100mm × 100mm × 300mm) and cube specimens
(100mm × 100mm × 100mm) were prepared and placed
in the natural curing room. After the specimens were cured
in the natural curing room for 1 day, the mold was taken
off and the specimens were placed in the standard curing
room and cured for 28 days, the manufacturing process of
EPS concrete specimen is shown in Figure 3(b).

2.3 Test set and test method

The EPS concrete axial compression test and cube compres-
sion test adopted WAW-600D universal testing machine,

Figure 3: Manufacturing process of EPS concrete specimens: (a) concrete mixing and (b) specimens forming.
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which has the functions of automatic control, automatic
measurement, data acquisition, and screen display. The
test process is fully controlled and measured automatically.
The machine is shown in Figure 4. In the test, loading is
carried out in three steps. The first step is contact determi-
nation, when the pressure of the test piece is 1 kN, it is
judged that the tester is in good contact with the test piece;
the second step is uniform force loading, the loading rate is
0.2 kN/s, loading is done until the load reaches about 0.6 fc,
the elastic modulus of the concrete is obtained in this step;
the third step is displacement loading, the loading rate is
0.05mm/min, loading is done until the test piece is com-
pletely crushed. Three specimens were tested for each
group of EPS concrete and the complete stress–strain curves
data were obtained.

3 Experiment results and analysis

3.1 Failure mode of specimen

The failure process of EPS concrete can be divided into
three stages: elastic stage, working stage with cracks, and
failure stage [30,31]. The failure process of four groups of
specimens is shown in Figures 5–8. The failure process
and failure mechanism of four groups of specimens are
described in Table 3.

Group Y and group U showed better ductility. Group
M and group W showed obvious brittleness. The failure
mode of EPS concrete is related to the strength of EPS
concrete and the volume content of EPS concrete [32].
The different failure modes of the four groups of EPS
concrete are due to different strengths and properties of
the wrapping materials.

In group M, the EPS beads were wrapped with MPC
cement. MPC has some defects, such as high brittleness,
poor crack resistance, and deformation ability [33]. The
shell layer on the surface of the EPS beads is relatively
easy to damage. When cracks appear, it breaks quickly.
Therefore, when the specimen is damaged, it shows brit-
tleness. The EPS beads of Group U were wrapped with
UHPC. It is mainly composed of cement, silica fume, and
quartz sand. Its composition is similar to mortar and has
good compatibility. Therefore, it showed better ductility.
Group W showed brittleness, but brittleness was not as
obvious as group M. For one thing, group W has the
highest strength, which results in obvious brittleness;
for another thing, WPU as wrapping material of EPS
beads has good tensile strength and good ductility [34],
therefore its brittleness is not as obvious as group M.Ta
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Figure 4: WAW-600D universal testing machine.

Figure 5: Failure mode of group Y specimens.

Figure 6: Failure mode of group M specimens.
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3.2 Complete stress–strain curves

The complete stress–strain curves of four types of EPS
concrete are shown in Figure 9. The strength of the EPS
concrete in group Y is low, but the ductility is good. After
the curve reaches the peak, the descending section is
gentle; the residual strength is high, it is about 5 MPa.
The area of the whole curve envelope is large. There is
a process of strength decline and then recovery. The
strength of EPS concrete in group M is next highest. After
the strength reaches the peak, the curve drops sharply,
there is no obvious ductility, it shows brittleness. The
residual stress is about 1.5 MPa. The strength of EPS con-
crete in group U is also high. The ductility of the speci-
mens is good, there is a process of stress drop and then
rise in the curve. The descending section of the curve is
relatively gentle. The envelope area of the whole curve is
large, the residual strength is high, it is about 4.5 MPa.
The strength of EPS concrete in group W is the highest.Figure 9: Complete stress–strain curves.

Figure 8: Failure mode of group W specimens.

Figure 7: Failure mode of group U specimens.
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Figure 10: Strength and elastic modulus of test pieces: (a) specimen strength and (b) elastic modulus of the test piece.

Figure 11: Peak stress, peak strain, and ultimate strain: (a) peak stress and peak strain and (b) peak strain and ultimate strain.

Figure 12: Schematic diagram of energy dissipation calculation [37]. Figure 13: Energy dissipation coefficient.
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When the stress reaches the peak, the curve drops sud-
denly, but the residual stress of the specimens is high, it
is about 4 MPa.

3.3 Strength and modulus of elasticity

Cube compressive strength (fcu), axial compressive strength
(fc), and ratio of axial compressive strength to cube com-
pressive strength (fc/fcu) are shown in Figure 10(a).
The axial compressive strength and cube compressive
strength of concrete with EPS beads wrapped are sig-
nificantly increased. The ratio of axial compressive
strength to cube compressive strength is between 0.7
and 0.9, it is similar to ordinary concrete [35]. The
elastic modulus of EPS concrete is calculated according
to formula (1).

( ) ( )= − / − ×

−E σ σ ε 50 10 ,2 1 2
6 (1)

where E is the elastic modulus; σ1 is the stress corre-
sponding to the longitudinal strain of 50 × 10−6; σ2 is
the stress corresponding to 40% of ultimate strain; and
ε2 is the longitudinal strain produced by σ2. The elastic
modulus of the four groups of specimens is shown in
Figure 10(b). The elastic modulus of group W is the lar-
gest and the group M is the smallest.

3.4 Peak strain and ultimate strain

The strain at 0.85 times the peak stress in the descending
section of complete stress–strain curve is taken as the
ultimate strain. The peak strain and ultimate strain test
results of four groups of EPS concrete are shown in
Figure 11. Compared to the concrete in which EPS beads
are not wrapped, the peak stress of concrete with EPS
wrapped with MPC, UHPC, and WPU increased by 62.85,
70.69, and 76.09%, respectively; the peak stress strain
increased by 46.51, 146.51 and 24.03% respectively; the ulti-
mate strain of group U increased by 124.88%, but the group
M and the group W decreased. It shows that the concrete
with EPS beads wrapped with MPC and WPU is brittle, the
stress decreases rapidly after the peak stress. Compared to
MPC and WPU, UHPC, as the wrapping material of EPS
beads, has the advantages of improving the ductility of the
EPS concrete.

3.5 Energy dissipation capacity

Referring to relevant theories of building earthquake
resistance [36], the energy dissipation capacity of EPS

Figure 14: Schematic diagram of yield point of PAPK method [37].

Figure 15: Ductility coefficient of EPS concrete. Figure 16: Characteristic points of toughness and brittleness index.
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concrete specimen can be expressed by energy dissipa-
tion coefficient (Ee). The calculation diagram of energy
dissipation coefficient is shown in Figure 12, the calcula-
tion formula is calculated according to formula (2) [37].

= /E S S ,e OABC OEDC (2)

where SOABC is the area enclosed by the load-displace-
ment curve, vertical line of ultimate load (Fu), and the
abscissa axis; SOEDC is the area enclosed by horizontal
line of maximum load (Fmax), vertical line of ultimate
load (Fu), and the coordinate axis. The ultimate load is
equal to 0.85 times the maximum load (Fu = 0.85Fmax).

The energy dissipation coefficients of four groups of
specimens are shown in Figure 13. The groupU is the largest
and the value is 0.75, second is group Y, and the groups M

andW are small. The energy dissipation coefficient of group
U was 37 and 45% higher than that of group M and group
W, respectively. The concrete with EPS beads wrapped with
UHPC has the best energy dissipation capacity.

3.6 Ductility performance

The ductility of concrete is expressed by ductility coeffi-
cient (μ), the ductility coefficient is calculated according
to formula (3).

= /μ u yΔ Δ , (3)

3where Δu represents the displacement corresponding to
the ultimate load and Δy represents the yield displace-
ment of the yield point. The yield point is found by PAPK
method, as shown in Figure 14. Draw a horizontal line
perpendicular to the longitudinal axis at the maximum
load point, find the point in the longitudinal axis where
the value is 0.75 times the maximum load value, then
make a horizontal straight line through this point and
intersect the load displacement curve at point A, connect
OA so that its extension line meets point B, make a ver-
tical line from point B to the horizontal axis, the intersec-
tion is Δy [38,39].

The ductility coefficients of four groups of specimens
are shown in Figure 15. The group U is the largest and the
value is 2.76, the second is group Y, and the groups M and
W are small. The ductility coefficient of group U is 39, 146,
and 151% higher than that of group Y, group M, and
group W, respectively. The ductility of concrete with
EPS beads wrapped by UHPC is the best.

Figure 17: Toughness and brittleness index: (a) toughness indices and (b) brittleness indices.

Figure 18: Stiffness degradation curves of EPS concrete.
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Table 4: The parameters of stress–strain curves equation

Specimen No. Rising section of curvesFalling section of curves

a b Rupper
2 c d Rdown

2

Y 1.691 −0.508 0.9988 −2.045 −0.613 0.8302
M 0.803 0.214 0.9996 −0.949 0.381 0.8273
U 1.200 0.738 0.9964 2.608 1.337 0.9670
W 0.880 0.223 0.9997 −1.336 −2.282 0.9113

Figure 19: Comparison between theoretical curves and experimental curves: (a) group Y test piece, (b) group M test piece, (c) group U test
piece, and (d) group W test piece.
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3.7 Toughness and brittleness analysis

The toughness of material is mainly reflected in two
aspects: the ultimate strength of the material and the
size of deformation when the material is damaged. The
ultimate strength is small, but the deformation is large at
failure, it shows toughness. Some materials have high
ultimate strength, but the deformation is very small
during failure, it shows brittleness [40]. The calcula-
tion diagram of toughness and brittleness coefficients is
shown in Figure 16. The toughness index is calculated
according to formula (4), and the brittleness index is
calculated according to formula (5).

( )= + /I A A A ,1 2 1 (4)

= /B A A ,1 2 (5)

where A1 is the area enclosed by the stress–strain curve
before the peak point, its physical meaning is that the
energy density is to be absorbed by light concrete failure;
A2 is the area enclosed by the stress–strain curve between
the peak point and the corresponding point of three times
the peak strain, its physical meaning is that the energy
density is to be released by the destruction of light
concrete.

The calculation of toughness and brittleness indices
of four groups of specimens are shown in Figure 17. The
toughness indices of group Y and group U were relatively
high and the values are 3.78 and 3.50, respectively. The
toughness index of group U is 91 and 47% larger than that
of group M and group W, respectively. The EPS concrete
of group M and groupW have larger brittleness index and
the values are 1.21 and 0.72, respectively. The brittleness
index of group M was the highest. The concrete with EPS
beads wrapped by UHPC has better toughness.

3.8 Stiffness degradation

Secant stiffness is used to calculate the stiffness of the
specimen, secant stiffness (K) is calculated according to
formula (6) [37].

= /K F Δ, (6)

where F represents the load, and Δ represents the displa-
cement corresponding to the load. Based on the initial
stiffness (K0), and calculating the stiffness (K) corre-
sponding to the displacement of EPS concrete specimen,
the stiffness ratio (K/K0) under the corresponding displa-
cement is obtained. The stiffness degradation curves are
shown in Figure 18.

When ε/εc is less than 0.5, the stiffness degradation
remains basically at the same level, the concrete is in the
elastic stage; When ε/εc is 0.5–1.0, there is a strength-
ening growth process in the stiffness of concrete in which
EPS beads is wrapped. The stiffness strengthening of EPS
concrete with group M and group W is more significant.
However, after the stiffness reaches the peak, the stiffness
degenerates rapidly. The stiffness degradation curves of
group U and group Y are relatively flat, showing that the
ductility of the concrete with EPS beads wrapped with
UHPC is good.

4 Complete stress–strain curve
equation under uniaxial
compression

It can be seen from Figure 18, in the stiffness degradation
curves, that EPS concrete with EPS beads wrapped with
materials has a stiffness strengthening stage before reaching
the peak strain. In this stage, the secant modulus increases
gradually, there is an inflection point in the rising section of
the stress–strain curve. Besides, it can be seen from Figure 9
that EPS concrete specimens have residual stress. From
these two points, it is shown that EPS concrete is obviously
different fromordinary concrete [24]. In order to obtain accu-
rate stress–strain curve equation, in this article, Sargin’s [41]
ordinary concrete equation is used in the rising section and
rational fraction in descending section, as shown in for-
mula (7).

⎧

⎨

⎪

⎩
⎪

( )

( )
=

+ −

+ − +

≤ ≤

+

+

>

y

ax b x
a x bx

x

c
x c

x

1
1 2

, 0 1,

1 , 1,d

2

2
(7)

where x = ε/εc, y = f/fc, fc is the peak stress, and εc is the
peak strain. The fitting parameters and fitting correlation
coefficients of EPS concrete were obtained by origin soft-
ware, as shown in Table 4. The comparison between the
fitting curves and the experimental curves are shown in
Figure 19, the experimental curves are in good agreement
with the theoretical curves.

5 Conclusion

In this study, a new type of EPS beads wrapping strength-
ening technology was proposed. MPC, UHPC, and WPU
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were used as wrapping materials and were successfully
wrapped with EPS beads. Compared with concrete of
unwrapped EPS beads, it was found that the axial com-
pressive strength of concrete of EPS beads wrapped with
MPC, UHPC, and WPU increased by 62.85, 50.51, and
76.09%, respectively. Compared with concrete of EPS
beads wrapped with MPC and WPU, the concrete with
EPS beads wrapped with UHPC has better ductility and
higher residual stress; the descending section of stress–
strain curve is more flat; the energy dissipation coefficient
is increased by 47.06 and 38.89%, the ductility coefficient
is increased by 146.42 and 150.91%, and the toughness
coefficient is increased by 91.25 and 47.06%, respectively,
than MPC andWPU. Hence, UHPC as EPS beads wrapping
material is better than MPC and WPU. At last, based on
Sargin’s ordinary concrete equation and rational fraction,
the complete stress–strain equations of four kinds of EPS
concrete were fitted and the recommended parameters
were obtained; they were in good agreement with the
experiment curves, it provided a reference for the design
of EPS concrete structure and will promote the develop-
ment of low-carbon buildings.
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