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ARTICLE INFO ABSTRACT
Keywords: To understand the complex deformation features and failure mechanisms of expanded poly-
EPS concrete styrene (EPS) concrete and reveal the composite effect of expanded polystyrene beads and
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polypropylene fibers, a series of experiments were conducted on the poured EPS concrete spec-
imens. Meanwhile, a cloud computing system for 3D realistic failure process analysis (RFPA3D)
was established to model the fine failure process of a real concrete structure. The micromor-
phology of the EPS concrete specimens was obtained via CT scanning and further processed using
digital image processing technology. The Otsu algorithm was applied to automatically recognize
the segmentation thresholds of each partition image and a procedure for CT image processing was
designed to automatically realize digital image segmentation and merging. Then, the numerical
models reflecting the microstructures of the EPS concrete specimens were built using the pro-
cessed digital images and a series of 3D numerical simulations were performed using cloud-
computing-based RFPA3D. The results show that for concrete with low EPS volume fracture,
the non-smooth convex-step-shaped failure morphology, which is a typical brittle fracture char-
acteristic, appears. In contrast, ductile fracture occurs for concrete with a high EPS volume
fracture. Simultaneously, the addition of polypropylene fibers of a certain length can effectively
prevent the formation and expansion of new cracks in the cement matrix. In addition, the peak
strength of concrete increases with an increase in homogeneity while the residual strength
generally decreases with an increase in homogeneity. Moreover, a more heterogeneous material
presented more acoustic emission precursors before macro fracture. All these achievements
greatly improve our knowledge of the design, construction, and maintenance of EPS concrete in
civil engineering.

1. Introduction

In recent decades, the digital image processing (DIP) technology has been developed as an electronic method for manipulating
digital images, generating visual signals, storing them as an array of pixel points, and extracting image information from them. DIP
technology has been applied to analyze the microphysical properties of concrete materials, especially aggregate particle size and
shape, since the 1990s. Lightweight concrete (LWC) is a multi-purpose material for construction, providing several technical,
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economical, environment-enhancing, and environment-preserving advantages, and is destined to become a primary construction
material in the new millennium [1]. When expanded polystyrene (EPS) beads are used to produce LWC, they are typically referred to as
EPS concrete [2]. Babavalian et al. (2020) [3] examined the simultaneous effects of EPS beads and polypropylene (PP) fibers on the
tensile splitting, uniaxial compressive, and confined behavior of concrete by conducting 160 tests on cylindrical specimens. Sun and
Wang (2015) [4] studied the pull-out failure process of reinforced concrete (RC) specimens, using an image-based modeling approach
by considering random meso-structures within a material. The results show that their simulation can describe mesoscopic evolution in
the pull-out process and effectively match the macroscopic load versus slip curve. Skarzynski et al. [2] conducted 2D simulations for
four-phase concrete at the aggregate level, using an isotropic damage continuum model enhanced by the characteristic length of the
microstructure and discrete element model.

Direct meshing of the mesoscale geometric model of concrete can effectively preserve the shape of concrete aggregates [5].
However, traditional methods for studying pore structure have displayed obvious disadvantages and limitations. For example, some
are only suitable for characterizing pore sizes at a small scale [6] and some are only applicable when the camera is firmly fixed and the
observed region is pre-painted with random patterns [7]. Besides, like most low load-bearing lightweight aggregates, the introduction
of EPS beads to the concrete mixture reduces its compressive/tensile strength, as confirmed by previous studies [8-13]. Hence, some
researchers have tried to compensate for the weakening effect of EPS beads by reinforcing EPS concrete with fibers [14-20]. The
computed tomography (CT) scanning technology has proven effective for capturing the microstructure characteristics of concrete
materials [21,22]. The CT-scanned results can provide accurate material structure data, which can be addressed by DIP to generate a
series of interrelated images for numerical model establishment. However, to appropriately reproduce the three-dimensional (3D)
microstructure details of concrete, a large number of elements need to be generated; this requires a high-performance computing
resource and often cannot be satisfied by personal computers (PCs) [23]. However, cloud computing provides an effective solution to
meet this demand. Cloud computing is regarded as a promising next-generation technology that delivers computing services —
including servers, storage, databases, software, etc. — over the internet to offer fast innovation and flexible resources. According to the
U.S. National Institute of Standards and Technology (NIST), the main advantage of cloud computing is its immediate accessibility,
providing convenient access to a shared computing resource pool [24].

On the one hand, cloud computing is powerful and developers should ensure that software deployment adapts to the cloud platform
to maximize computing power. On the other hand, cloud services allow external users to flexibly rent the required scale of computing
resources that satisfy their needs, avoid purchasing expensive hardware equipment, and make full use of cloud computing configu-
ration flexibility, which will surpass the current limitations of hardware and software resources. In the field of civil engineering,
several researchers [25-30] have noted the prospect of further research combined with cloud computing, considering that infra-
structure software of the future will no longer run on bare metal but on virtual machines. Although attempts have been made to build a
structural health monitoring system based on a cloud computing platform, the application of cloud computing in civil engineering is
not extensive and mainly concentrates on theoretical aspects [25,30,31]. Therefore, achieving real structure modeling and fine failure
process simulation of EPS concrete using high computational efficiency and convenient resource allocation of cloud computing has
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Fig. 1. High-performance cloud computing platform for RFPA3D simulation.
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become a challenging and valuable topic in civil engineering.

Furthermore, most numerical simulations of concrete materials were conducted in two dimensions (2D). Concrete materials should
be represented in 3D to properly reflect the mortar matrix and aggregate. Meanwhile, crack growth, similar to many fracture me-
chanical problems, is related to spatial scale and direction; i.e., it cannot be simplified into a 2D problem. In particular, for EPS
concrete, the distribution of aggregates and EPS beads makes the failure evolution process much more complex. Thus, to reveal the
failure mechanisms and strength characteristics of EPS concrete, the 3D realistic failure process analysis (RFPA3D) method [32,33]
was applied to model progressive concrete fracture. RFPA3D has been developed based on continuum mechanics, statistical strength
theory, and damage mechanics and, as a well-recognized numerical method, it has been extensively used to simulate crack initiation,
propagation, and coalescence. The unique feature of the RFPA3D method is that there are no priori assumptions on where and how
cracks/fractures will occur. In particular, cracking behavior can occur spontaneously and a variety of mechanisms will be exhibited
when specific stress conditions are exceeded.

In this study, a series of poured specimens of EPS concrete were prepared to test the failure modes and peak strengths. The cloud
computing system of RFPA3D was established to realize a fine simulation of the failure process of real concrete structures. The
micromorphology of the EPS concrete specimens was obtained by CT scanning and the obtained images were analyzed using DIP. The
Otsu algorithm was applied to automatically recognize the segmentation thresholds of each partition image and a procedure for CT
image processing was designed to automatically realize digital image segmentation and merging. Then, numerical models reflecting
the microstructures of the EPS concrete specimens were built using the processed digital images and a series of 3D numerical simu-
lations were performed using RFPA3D. The reliability and effectiveness of the developed CT-based RFPA3D cloud computing method
was verified through a comparison of the numerical and experimental results. The fracture mechanisms and diverse failure modes of
EPS concrete were further studied.

2. RFPA3D cloud platform construction
2.1. Cloud computing environment configuration

The proposed cloud workstation and real-time online RFPA simulation system are shown in Fig. 1, from which we can see that any
terminal device can access a supercomputer or high-performance server through the Internet. The RFPA program does not need to be
installed on terminal devices. Instead, it can be accessed anytime and anywhere by opening a certain webpage and logging into a user
account. In other words, low-cost terminal devices, such as laptops, tablets, and smartphones, can complete many complicated tasks
that could only be achieved by large local computers in the past. The cloud server configuration contains up to 104-core Xeon platinum
processors, 736 GB RAM, 10 PB storage space, and 40,960 CPU computing cores. Fast calculations of tens of millions of elements on the
RFPA cloud platform can be initiated and monitored through personal terminal equipment.
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Fig. 2. RFPA cloud computing system.



X. Feng et al. Engineering Fracture Mechanics 261 (2022) 108214
2.2. Cloud computing performance testing

The main program of the RFPA3D system comprises four parts: the pre-processing module, finite element calculation module,
failure analysis module, and post-processing module; among these, finite element calculation is the most time-consuming part of the
analysis process. A detailed schematic of the developed RFPA cloud computing system is shown in Fig. 2.

With the help of cloud computing, the calculation scale and speed can be effectively increased. To test the performance of the cloud
virtual machine, a series of cylindrical numerical models with the same diameter (50 mm) and height (75 mm) but different numbers of
elements are built up. A cloud platform and personal computer were used to simulate the macro-fracturing of these models, induced by
the initiation, development, and penetration of microcracks under uniaxial compression. The personal computer contains an Intel i7-
10510 CPU, 16 GB RAM, and 1 TB storage space. A comparison of the single-step calculation time is shown in Fig. 3, from which it can
be seen that the computational efficiency of cloud computing is much higher than a personal computer when the number of elements is
more than one million. Note that as long as the configuration parameters are reasonable, the calculated results of the cloud server and
personal computers should be the same, and the calculation accuracy remains unchanged.

3. Microstructure characterization and model establishment
3.1. CT image processing and material structure characterization

The purpose of DIP is to identify and characterize the shape and distribution of EPS particles and the concrete matrix using image
threshold segmentation technology. In this section, the poured cylindrical concrete specimen is shown in Fig. 4. Meanwhile, the CT
section of the cylindrical concrete specimen shown in Fig. 4 (d) is considered as an example. The image resolution is 100 x 100 pixels.
EPS is of low density; therefore, it appears black in the CT-scanned image. The grayscale density of all the pixel points on the image is
shown in Fig. 5. The principle of the grayscale threshold calculation is expressed in Eq. (1). In particular, if the gray value of a pixel
point is lower than or equal to the threshold Ty, its gray value is set to be 1/(n + 1); if the gray value of the pixel point is greater than the
threshold Ty, its gray value is set to 0.

o+1) flxy) <T
2/(n+1) T <f(xy) <Ts
fxy) = : @
n/(n+1) Ty <f(x,y) <T,
m+1)/n+1) flxy) >T,
where f(x,y) is the initial gray value of the pixel point (x,y) and f (x,y) is the gray value of the pixel point (x,y) after standardization.

The gray histogram of the image and the generated grayscale grid are displayed in Figs. 5 and 6, respectively. In this study, the images
were segmented according to gray thresholds to establish the numerical models.

3.2. Reconstruction of a 3D digital model of material structure
In this study, the pre-processing module of the RFPA3D program was used to build a 3D model reflecting the microstructural
characteristics of EPS concrete. The 3D meshed numerical model was established by superimposing a series of processed images with a

certain interval. For a continuous solid material, it is assumed that the slice image of the material specimen can represent the
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75mm

4 EPS beads

Anhydrous cement

Fig. 4. The poured cylindrical concrete specimen: (a) appearance of the specimen, (b) visible EPS volume distribution, (c) surface micromorphology
of EPS particles scanned by SEM, (d) different scanned sections by CT, (e) EPS volume distribution of the specimen processed by Avizo and (f) SEM
observation of the interface transition zone between concrete and EPS particles.
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Fig. 5. Grayscale density of the image.

microstructure of the material with a small thickness t. To build a 3D numerical model, the image information needs to be converted
into vectorized data. The digital image is composed of square pixel points, as shown in Fig. 6. In three-dimensional space, if the image
is considered to have a default thickness t, each pixel point can be regarded as a finite element; i.e., the images can be compiled
according to scanning order. Simultaneously, if the thickness t of each defined image is sufficiently small, the error between the 3D
model and actual concrete specimen induced by meshing can be ignored. The vertex coordinates of each pixel point are transformed
into the corresponding physical location in vector space (the thickness of each pixel point is t and the side length is I). According to the
different standardized gray values of the pixel points, different concrete constitutions are identified, classified, and given related
material parameters.

Fig. 6 shows the generation process of a 3D rectangular grid on the left-corner slice image of Fig. 4 (d). According to the above
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Fig. 6. The generated grayscale grid around one EPS bead.

transformation approach (from the representative image to the finite element grid), several 8-node hexahedral elements are generated
using an image by the square pixel grid mapping method and the expanded thickness t is determined to be 1 mm. Fig. 7 shows the
compilation process of the 3D mesh model, from which it can be seen that although the particles in the testing specimen were con-
gested, with several small hexahedral elements and many edges and corners on the surface, the model reflected the real internal
microstructure characteristics of the heterogeneous concrete materials to a large degree so that the detailed failure behavior of the
actual material could be reproduced via numerical calculation.

Fig. 7. The process of stacking CT images.
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3.3. Heterogeneity of concrete

Heterogeneity plays a key role in governing the nonlinear deformation and failure behavior of concrete materials. Therefore, it
should be considered appropriately. In this study, the statistical distribution function is introduced to describe the non-uniform dis-
tribution of the physical and mechanical parameters of concrete media. The element properties of the model, including the elastic
modulus and strengths, are assumed to conform to the Weibull distribution [34] determined by Eq. (2), as follows:

m—1 m
s =" (1) ew| - ()] @
Up \Uo Uy

where u is a given mechanical parameter (such as compressive strength, tensile strength, elastic modulus, or Poisson’s ratio); ug is a
scaling parameter related to the mean value of u; m is defined as the homogeneity index that determines the shape of the Weibull
distribution function. As the homogeneity index m increases, the material becomes more homogeneous and vice versa [34].

Fig. 8 indicates the influence of the homogeneity index m on the shape of the probability density function of the Weibull distri-
bution. Hence, m is also termed the Weibull shape parameter. Moreover, once the variables uy and m are determined, the physical and
mechanical parameter values of model elements can be assigned using the Weibull parameter assignment method. Namely, the non-
homogeneous parameter assignment of finite elements can be realized by generating a set of uniform random numbers, establishing
the mapping from this set of numbers to a set of Weibull distribution random numbers (considering m), and determining the specific
parameter values via the Weibull random numbers (considering u,). Furthermore, to study the tensile failure and compression-shear
failure characteristics of the material, the Mohr—Coulomb strength criterion with a tensile cutoff is adopted [32,35].

3.4. Mesoscopic element mechanical model for elastic damage
The progressive failure process of a concrete model subjected to loading can be described using damage mechanics. The elastic
modulus of a damaged material is defined as follows:
E=(1-w0)E 3)
where @ is the damage variable. E and E, are the elastic moduli of the damaged and undamaged materials, respectively. The
constitutive relationships of the elements under uniaxial compression and tension are shown in Fig. 9 [36,37].

The constitutive relationship of a mesoscopic element under uniaxial tension shown in the third quartile of Fig. 9 can be expressed
as follows:

Oe > ¢
A€,
©=q1-""eu <e<eo )

le < e,

where A is the residual strength coefficient (which is defined as the ratio between the residual tensile strength f;- and the initial tensile
strength fi0); €40 is the strain at the elastic tensile limit; &, is the ultimate tensile strain of the element. The ultimate tensile strain is
defined as &, = 1 €4, where 7 is the ultimate strain coefficient.

The equivalent principle strain ¢ is defined as follows:
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Fig. 8. Distribution of element strength.



X. Feng et al. Engineering Fracture Mechanics 261 (2022) 108214

o\

feo

fer

Etu Eto

£l foo

Fig. 9. Constitutive law of elements under uniaxial compression and tension.
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where €1, €;, and €3 are the maximum, intermediate, and minimum principal strains, respectively, and < > is a function defined as:
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The constitutive law of one element subjected to a multiaxial stress state can be easily obtained by substituting the strain € in Eq. (4)
with an equivalent principal strain €. The damage variable @ can be expressed as:

0g > &
A€, _
0= 1-"¢. <<ey (¥4
€
le <eg,

To study the damage of elements when they are subjected to the compression-shear stress state, the Mohr—Coulomb criterion is
chosen to determine the compression-shear failure point, expressed as follows:
1 + sing

F=06—————032>fo (€))
1 — sing

where 67 and o3 are the major and minor principal stresses, respectively. f. is the uniaxial compressive strength and ¢ is the internal
friction angle of the mesoscopic element. When the element is under uniaxial compression and damaged according to the
Mohr-Coulomb criterion, the similar expression for the damage variable @ can be described as follows:

Oe < &,

w= 1€, (©))
1 7%8 > €0

where 4 is the residual strength coefficient. We assume that f../f.0 = fi/fio = A is true when the element is under uniaxial compression
or tension. When the Mohr-Coulomb criterion is met, the maximum compressive strain &, at the failure point can be calculated using
Eq. (10).

1 + sing

T 1
T sing” p(or +02) (10)

I,
€0 =— |fot
0 E() f 0
In this study, it is assumed that the compression-shear damage evolution is related to the maximum compressive principal strain ;.
Hence, we used the maximum compressive principal strain €; of the mesoscopic element to substitute the uniaxial compressive strain &
in Eq. (9); hence, Eq. (9) can be extended to a multiaxial stress state for shear damage:

081 < Eq

o = ASCO (11)
I ——& > €0

&
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3.5. Numerical model setup

In this study, the size of the numerical models was 50 mm in diameter and 75 mm in height, as shown in Fig. 10. The total number of
elements in the entire model exceeded 5 million. As the pore media, the concrete model is naturally composed of air elements [38]. To
further discuss the influence of heterogeneity on the macro-mechanical response, a group of numerical tests were conducted. There
were five specimens with different homogeneity indices m = 1.5, 2, 5, 7, and 10 loaded by uniaxial compression while the other
parameters remained the same. Axial displacement loading was applied on the top surface along the z-axis, at a rate of 0.002 mm/s,
and the bottom was fixed along the normal direction. The physical and mechanical parameters used for the modeling are listed in
Table 1. Additionally, to reveal the effect of changing the height-diameter ratio on the failure pattern and peak strength of cylindrical
specimens, a group of numerical models with different heights but the same diameter were established, as presented in Table 2.

4. Experimental and numerical result analysis
4.1. Physical experiment

4.1.1. EPS concrete specimen preparation

In this study, cylindrical concrete specimens were made with a size of 50 mm (diameter) x 75 mm (height). The mixture ratio of
water, cement, sand, and aggregate was 1:2.02:2.73:5.54. Moreover, micro silicon powder was added to the concrete as a modified
binder, considering that fine silica fume can increase the strength of EPS concrete (by 15 % at most) by improving the dispersion of EPS
beads in the cement matrix and bonding between EPS beads and cement paste [39]. Meanwhile, PP fibers with a certain length and EPS
beads with a diameter of 3 mm were used. The mix proportion of the fabricated concrete specimens is shown in Table 3, and the
parameters of PP fiber and EPS bead are shown in Table 4. The poured specimens were cured in an incubator for 28 d. The concrete was
made from ordinary Portland cement of Grade 42.5, produced in Dalian, China. Medium river sand (0.25-0.5 mm) was used as the fine
aggregate, as shown in Fig. 4. As shown in Fig. 4 (b), the EPS volume distribution was random and discrete and Avizo software was
used to calculate the porosity of the specimens in this study. The section of EPS concrete was further observed by scanning electron
microscopy (SEM), as shown in Fig. 4 (c) and (f). From Fig. 4 (), it can be observed that the interface of the modified EPS beads has
good adhesion, under a magnification factor of 1000.

4.1.2. Analysis of stress—strain curve

Figs. 11 and 12 show the experimental results of the concrete specimens. Meanwhile, from Fig. 11 (c) and 12 (c), three typical
stages can be observed in the stress-strain curve. First, in the elastic stage from the coordinate origin to the elastic limit, only a few
small cracks were found on the surface of the specimen, the initial stress—strain curve was linearly elastic, and the axis strain increased
with the increase in axis stress. Second, at the collapse stage from the elastic limit to the peak strength, more new cracks occurred at the
existing micropores, cracks, interfaces between polystyrene particles and cement, and other defects because of the high-stress

Fig. 10. Numerical model of EPS concrete.
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Table 1
Physical and mechanical parameters used in the numerical simulations.
Parameters Value
Elastic modulus (GPa) 30
Compressive strength (MPa) 200
Internal friction angle (°) 30
Ratio of compressive to tensile strength C/T 10
Poisson’s ratio 0.25
Inhomogeneity index 1.5,2,5,7,10
Table 2
Geometry of the specimens.
Height/Diameter 0.5 1 2 3
Specimen name size-1 size-2 size-3 size-4

Specimen for testing the effect of size

Table 3
Mix proportion of fabricated concrete specimens.
Specimen No. Water cement ratio (w/c) Silicon powder (kg/m3) EPS volume (%) PP fiber length (mm)
M1 0.49 100 10 0
M2 0.49 100 20 0
M3 0.49 100 30 0
M4 0.49 100 40 0
M5 0.49 120 40 3
M6 0.49 120 40 6
M7 0.49 120 40 9
M8 0.49 120 40 12
Table 4
The physical and mechanical parameters of PP fiber and EPS bead.

Properties PP fiber EPS bead

Density (kg/m>) 900-920 25.7

Diameter (mm) 1 3

Length (mm) 3-12 -

Shape Straight Ball

Aspect ratio 545 [16] -

Tensile strength (MPa) 400 [16] -

concentration and low strength at these positions. Under continuous loading, newly formed cracks gradually developed. Polystyrene
particles cannot prevent the continuous expansion of cracks. Instead, the interfaces between the polystyrene particles and cement
provide potential paths for crack development. With an increasing number of cracks initiating and developing, macro-collapse occurs
when the stress reaches its limit. Third, during the strain-softening stage from the peak strength to the residual strength, with
continuous loading on the top of the specimen, the stress value rapidly drops to the residual strength after reaching the peak, indicating
that the EPS concrete specimen loses its maximum bearing capacity. The degree of damage of the specimen becomes increasingly
serious and the macroscopic fracture mode becomes increasingly obvious. Because the macroscopic strength is reduced by the

10
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Fig. 11. Experimental results of the concrete specimens with different EPS volume fractions: (a) progressive failure process of Specimen I, (b)
progressive failure process of Specimen II, (c) stress—strain curves and (d) peak strength curve.

embedded EPS beads, the EPS concrete cannot be fabricated into supporting members. After the peak strength is reached, the specimen
bearing capacity generally drops sharply and then decreases at a slow rate. Regardless of the rapid dropping stage or slow decreasing
stage, the axial strain continues to grow, indicating that the deformation modulus maintains a continuous decline.

4.1.3. Effect of EPS content on compressive strength

From the perspective of failure pattern formation, the failure process of concrete can be divided into three stages. In the first stage,
several cracks, such as pores, microcracks, and bonding surfaces, were produced at the existing defects of the concrete. During the
second stage, a large number of cracks developed stably and slowly due to the increase in external load. This stage is the stable
propagation stage of the cracks. In the third stage, when these cracks connected to form macroscopic fractures, which dictated the
specimen strength, the cracks entered the unstable growth stage. For the concrete containing a volume fraction of EPS beads, the
expansion and combination of inner cracks were restricted owing to the existence of particles and the specimen exhibited ductile
failure characteristics. For concrete containing a small volume fraction of EPS beads, the influence of particles on the combination of
cracks is relatively small, indicating that brittle macroscopic fractures are more easily formed, eventually leading to the instability of
the specimen.

Fig. 11 shows the experimental results of the concrete specimens with different EPS volume fractions under uniaxial compression,
from which we can see that the fracture patterns, deformation laws, and strength characteristics of EPS concrete specimens are
influenced by the volume fractions of the EPS beads. Clearly, for concrete with a relatively low EPS volume fracture, a convex-step-

11



X. Feng et al. Engineering Fracture Mechanics 261 (2022) 108214

(b)

20 - 20
—— PP fiber Length 3mm
—— PP fiber Length 6mm
PP fiber Length 9mm =15k
ISt —— PP fiber Length 12mm % /'
2 a — "
& 20 I/
& 10F 310}
g f @
@ = &
/ 5
{ D
5k AI o SE
0 1 1 1 1 1 1 L 1 1 J 0 1 1 1 l
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0 3 6 9 12
Strain PP fiber length (mm)

(c) ()

Fig. 12. Experimental results of the concrete specimens with different PP fiber lengths: (a) progressive failure process of Specimen I, (b) progressive
failure process of Specimen II, (c) stress-strain curves and (d) peak strength curve.

shaped failure morphology appears. This non-smooth continuous crack propagation is a typical brittle fracture characteristic, as
illustrated by [40] and reflects the internal mechanism of crack propagation. For concrete with a relatively high EPS volume fracture,
the ductile fracture characteristics appear, as shown in Fig. 11 (b); this is mainly caused by a large number of microcracks distributed in
the cement matrix around the particles and the specimen can continue to bear an external load until the final failure. Meanwhile,
Fig. 11 (c) shows the stress—strain curves of concrete with different EPS volume fractures. Fig. 11 (d) indicates that the compressive
strength of EPS concrete decreases almost linearly with the increase in EPS content, which is consistent with the results of other
physical experiments [9,39]. This is because the increase in EPS content reduces the cement content per unit volume of the insulation
mortar and therefore reduces the macroscopic strength.

4.1.4. Effect of polypropylene fiber length on compressive strength
Fig. 12 depicts the influence of different polypropylene fiber lengths on the 28 d compressive strength of foam concrete with the

same EPS content. The EPS particle content used in this test was 40 % and the water-binder ratio was 0.5. The lengths of the poly-
propylene fibers used for each specimen were 3 mm, 6 mm, 9 mm, and 12 mm. As shown in Fig. 12 (d), the compressive strength of the
concrete increases gradually with an increase in the polypropylene fiber length. When the fiber length is 6 mm, the 28 d compressive
strength is 12.17 MPa; when the fiber length is 9 mm, the 28 d compressive strength is 12.75 MPa; and when the fiber length is 12 mm,
the 28 d compressive strength is 14.977 MPa. However, the reinforcing effect of fibers with small lengths is not obvious. When EPS
concrete is in the curing process, many microcracks are produced during the shrinkage hardening process. The addition of
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polypropylene fibers of a certain length can effectively prevent the formation and expansion of new cracks in the cement matrix.
Fig. 13 (b) shows the local enlarged drawing of polypropylene fiber-enhanced concrete, from which we can see that the polypropylene
fibers penetrate through the EPS concrete from multiple directions, enhance the multidirectional tensile strength of the EPS concrete,
and reduce the possibility of cracking. Polypropylene fibers of a certain length form a network structure in freshly mixed concrete,
which effectively inhibits the segregation of EPS concrete.

4.2. Numerical simulation results of cloud computing

4.2.1. Crack evolution analysis

As shown in Fig. 14, under the uniaxial static compression load, dispersive microcracks first appear at the middle of the specimen.
With the gradual increase in external load, these cracks begin to interpenetrate with each other at a 45° angle from the loading di-
rection, extend to both ends of the specimen, and finally, break the specimen along the direction inclined near 45°. Notably, at the
beginning of loading, high-stress concentrations occur at the existing pores, bonding surfaces, weaknesses, etc., where the initial cracks
are generated. With the formation of initial cracks, the concentrated stresses are released and rebuilt at the tips of the cracks. This
process is repeated and leads to continuous crack development. The phenomenon of continuous crack propagation and penetration can
also be found in the experiments. Eventually, the specimen completely loses its bearing capacity. The fracture characteristics and
instability modes agree with the physical tests.

Fig. 15 shows the damage and failure processes of EPS concrete specimen under uniaxial compression when the homogeneity m =
7. The green color represents that the elements have not undergone compression-shear or tensile failure while the red color indicates
that the elements have failed, either in compression-shear mode or tensile mode. From the elastic modulus contours, it is clear that the
weak elements in the concrete specimen begin to undergo damage first. Subsequently, an increasing number of elements are damaged
and destroyed under further loading. The continuous process of stress buildup, stress release, and stress transfer leads to the formation
of relatively small shear failure zones, as shown in Fig. 15 (b). With increasing loading, these failure zones gradually connect and form
an obvious macroscopic shear fracture zone across the whole specimen, after the peak bearing strength of the specimen is reached.

4.2.2. Influence of heterogeneity on concrete failure

Fig. 16 shows the stress-induced progressive failure of the concrete specimens. Fig. 16 (a) and (c) clearly depict the various failure
patterns and high-stress concentrated areas, respectively. Although 3D crack development cannot be observed directly, the spatial
location and morphology of cracks can be captured by monitoring acoustic emission (AE) events. Fig. 16 (b) shows the spatial dis-
tribution of AE events, in which the center and radius of a ball represent the location and relative energy magnitude of a certain AE
event. The red color represents the AE generated as the stress state of the element satisfies the tensile failure criterion and the blue color
is therefore related to the compression-shear failure criterion. Moreover, according to the stress—strain curves of the concrete speci-
mens with different heterogeneity shown in Fig. 17 (a), it can be found that when m = 1.5, many elements are damaged as early as at an
axial strain of 0.0200041; when m = 3, many elements first fail at an axial strain of 0.0300164; when m = 5, the initial element failures
occur at an axial strain of 0.0300164; when m = 7, some elements begin to undergo damage at an axial strain of 0.045016; when m =
10, some damaged elements occur for an axial strain of 0.0600329. They indicate that the linear elastic stage is longer for a more
homogeneous concrete specimen. Fig. 17 shows that the peak strength of the specimen increases with the increase in homogeneity
while the residual strength generally decreases with an increase in homogeneity. At the same time, with the increase in homogeneity,
the higher the macroscopic strength, the steeper the descending portion of the post-peak curve. Moreover, the stress-strain curve
shows the fluctuation feature at the residual stage because of the non-uniform gradual fracture process, which can also be found in the

(b)

Fig. 13. PP fibers observed by SEM: (a) magnification of 200 times and (b) magnification of 50 times.
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Fig. 15. The damage and failure process of EPS concrete: (a) the stress—strain curve and failure process by elastic modulus contours and (b) the
inner crack development at the middle section of the specimen.

previous tests.

4.2.3. Geometry effect on concrete failure

To investigate the influence of the slenderness ratio t, i.e., the ratio of height to diameter, on concrete failure, a series of cylindrical
numerical models with the same diameter of the circle area but different heights were fabricated. As shown in Fig. 18, when the
slenderness ratio is small, i.e., the model height is small, a single fracture cannot directly affect the resistance of the entire specimen,
forming multiple main fracture features. With an increase in slenderness ratio t to 1.0, several macroscopic fractures also appear,
except for the main fracture. When the slenderness ratio is t = 2.0, a macroscopic fracture comprising many small complex cracks
appears. When the slenderness ratio is t = 3.0, a penetrating shear crack forms in the middle of the specimen. Furthermore, the
slenderness ratio has a significant influence on peak strength and the process of concrete damage softening, as shown in Fig. 19. The
bearing stress of a model with a small slenderness ratio suddenly decreases to a low level of residual strength after failure.

Fig. 20 shows the distribution of microcracks on different cross-sections of specimen m = 7 at critical failure. It can be seen that the
cracks approximately distribute across the middle and lower parts of the specimen and there are many small branches on both sides of
the main fracture. The macroscopic fracture plane penetrates the middle section and breaks the specimen, showing a typical
compression-shear failure mode. The formation and penetration of the dominant failure surface is the main cause of the overall
instability of the specimen.

4.2.4. Influence of heterogeneity on AE characteristics of concrete

The AE-axial strain curves of the concrete specimens with different heterogeneity are shown in Fig. 21, from which it can be seen
that during the initial compaction stage, AE events mainly occur in the specimens with a low homogeneity index and the number of AE
events gradually increases with an increase in loading. In addition, the smaller the homogeneity index, the greater the accumulative AE
energy before macro-fracture, implying a greater degree of damage to the specimen. This phenomenon occurs because the dispersion
degree of the material strength parameters is larger for a more heterogeneous material and more elements will be damaged under low
stress. Meanwhile, the AE energy is released more quickly and forms a high peak during the critical failure stage. It is worth noting that
a more heterogeneous material presents more AE precursors before the macro fracture, and for a more homogeneous material, the AE
events are mainly caused by the final instability.
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Fig. 16. The failure modes influenced by different homogeneity indexes m.
5. Conclusion

In this study, a series of poured EPS concrete specimens were prepared to study the failure modes and peak strengths and reveal the
composite effect of EPS beads and PP fibers under uniaxial compression. Meanwhile, by combining cloud computing, CT scanning,
digital image processing, and 3D realistic failure process analysis methods, a fine simulation of the failure process of real concrete
structures is realized. The major findings and conclusions are summarized as follows.

Concrete specimens with different EPS volume fractions and PP fiber lengths were tested under uniaxial compression. First, the
axial stress—strain curves can be divided into three main stages. In the elastic stage, only a few small cracks can be found on the surface
of the specimen and the initial stress—strain curve is nearly linearly elastic; in the collapsed stage, many new cracks occur at the existing
microcracks, pores, bonding surfaces between polystyrene particles and cement, and other defects because of the high-stress con-
centration and low strength at these positions; in the strain-softening stage, the concrete specimen loses its maximum bearing capacity
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Fig. 18. Failure characteristics of four specimens with different slenderness ratios.

quickly, maintains the residual strength, and the axial strain continues to grow, indicating that the deformation modulus maintains a
continuous decline. Second, for concrete with a low EPS volume fracture, the non-smooth convex-step-shaped failure morphology, as a
typical brittle fracture characteristic, appears. In contrast, for concrete with a high EPS volume fracture, ductile fracture characteristics
occur. Meanwhile, the compressive strength of EPS concrete decreases almost linearly with an increase in EPS content. Third, the
experiments indicate that when PP-EPS concrete is in the curing process, many microcracks are produced during the shrinkage
hardening process and the addition of polypropylene fibers of a certain length can effectively prevent the formation and expansion of
new cracks in the cement matrix. Simultaneously, the compressive strength of EPS concrete gradually increases with an increase in
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Fig. 19. (a) Stress-train curves of different slenderness ratios and (b) relationship between slenderness ratio and peak strength.

Fig. 20. Cracks on the section S1 - S5 at the peak failure state of the specimen with m = 7.

polypropylene fiber length.

Moreover, the cloud computing platform of RFPA3D was established to realize a fine simulation of the failure process of real
concrete structures. The micromorphology of the EPS concrete specimen was obtained by CT scanning and the obtained images were
analyzed by DIP. The Otsu algorithm was applied to automatically recognize the segmentation thresholds of each partition image and a
procedure for CT image processing was designed to automatically realize digital image segmentation and merging. Then, the nu-
merical models reflecting the microstructures of the EPS concrete specimen were built using the processed digital images and a series of
3D numerical simulations were therefore performed using RFPA3D. First, the linear elastic stage is longer for a more homogeneous
concrete specimen and the peak strength of concrete increases with an increase in homogeneity while the residual strength generally
decreases with an increase in homogeneity. Second, when the slenderness ratio is small, a single fracture cannot directly affect the
resistance of the entire specimen and, when the slenderness ratio is large, a dominant shear crack controls the specimen stability.
Third, a more heterogeneous material presents more AE precursors before macro-fracture. Additionally, cloud computing can effec-
tively improve the computational efficiency of numerical simulations and overcome the limitations of hardware and software re-

sources. All these achievements greatly improve our knowledge of the design, construction, and maintenance of EPS concrete in civil
engineering.
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Fig. 21. AE energy characteristics influenced by different homogeneity indexes m.
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