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Abstract: This study aimed to propose a method for determining the fracture behavior of sand-
coated polypropylene coarse aggregate lightweight concrete (PP-LWAC). To understand the fracture
response, an experimental investigation is carried out on 36 beam specimens and PP-LWAC is
prepared using sand-coated PP aggregate based on previous study. The mix proportion is designed
to match with three different specified compressive strengths. The Work of Fracture Method (WFM)
and Size Effect Method (SEM) is used to define the fracture parameters, proposing the relationship
between the fracture parameters and the compressive strength. Additionally, the crack mechanism is
studied using the Digital Image Correlation (DIC) method.

Keywords: lightweight aggregate; fracture parameters Work of Fracture Method Size Effect Method;
Digital Image Correlation

1. Introduction

Polypropylene Coarse Lightweight Aggregate Concrete (PP-LWAC) is an innovative
class of lightweight concrete, using polypropylene as a coarse aggregate. This material
shows the shift towards more sustainable and environmentally friendly construction prac-
tices, according to several Sustainable Development Goals (SDGs), particularly those related
to sustainable cities and communities, responsible consumption and production, as well
as climate action. The use of polypropylene, often sourced from recycled plastics, reduces
the waste stream and the overall weight of the concrete, leading to lower transportation
emissions and minimal structural load.

Previous study has shown that the use of lightweight concrete offers advantages such
as reduced structural component size, enhanced design flexibility, reduced dead load of
structures, improved structural response to dynamic or seismic loads, and reduction in
steel bars [1]. Additionally, it provides increased thermal insulation [2]. The application of
lightweight concrete in structural elements also has positive effects, including improved
ductility [3], increased cracking load [4], enhanced collapse load capacity, larger deflection
values, and minimized crack width [5]. However, this material has a higher friction
compared to normal concrete, as indicated by lower fracture energy value [6], limiting its
use in the construction industry.

Although the use of polypropylene aggregate in concrete offers numerous advantages,
careful consideration is required regarding its influence on structural integrity. One main
aspect of assessing the durability and safety of this material is understanding the fracture
mechanism. Generally, cracks are inherent properties of quasi-brittle materials such as
concrete, which can rapidly lead to failure. Therefore, there is a need to investigate the
fracture energy to fully understand the implications of using polypropylene aggregate.
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This understanding is essential for predicting and mitigating potential failures in structures
using PP-LWAC.

The methods that have been established for determining the fracture energy in con-
crete [7] are categorized into two primary methods:, namely the Work of Fracture Method
(WFM) and the Size Effect Method (SEM). WFM has been used for determining the fracture
energy of various lightweight concrete types, including foam concrete [8], polypropylene
fiber concrete [9], and limestone [10]. Meanwhile, SEM is widely applied for lightweight
concrete using expanded clay aggregates [11]. Several studies have integrated both meth-
ods to ascertain the fracture energy of lightweight concrete, by combining WFM and
SEM [6,12–14], as well as SEM and the Boundary Effect Method [15]. However, there is
limited information on the fracture energy determination in sand-coated PP-LWAC.

Digital Image Correlation (DIC) is a non-invasive optical method that enables the
monitoring of structures without inflicting damage. This method is effective in detecting
and tracking crack initiation as well as progression to analyze fracture mechanisms [16–19].
Several studies have applied DIC to determine the fracture energy in various materials,
including asphalt concrete [20], full-graded dam concrete specimens [21], and hydraulic
concrete [22]. However, its application in investigating the fracture energy in lightweight
concrete aggregates, particularly those composed of sand-coated polypropylene, has not
been documented.

Based on the background above, this study aimed to investigate the fracture mech-
anism of sand-coated PP-LWAC using DIC. Initially, existing literature on the fracture
energy determination method is reviewed, with a focus on WFM and SEM, as well as the
application in various concrete types. This was followed by a detailing of the method used,
emphasizing the innovative use of DIC as a non-invasive technique for observing crack
propagation in lightweight concrete.

2. Proposed Method

Proposed method used for investigating the fracture energy in sand-coated PP-LWAC
included WFM and SEM. Additionally, DIC was used to capture detailed visualizations of
the crack initiation and propagation, as well as to analyze the fracture mechanisms.

2.1. Work of Fracture Method (WFM)

WFM is commonly used for determining the fracture energy in line with RILEM
FMC-50 [23] and based on the Hillerborg cohesive crack model [24]. The determination of
the fracture energy was carried out by a three-point bending test on a notched beam and
calculated using the following Equation (1):

GF =
WF

(d − a0)b
(1)

where GF is the total fracture energy in N/mm, while WF denotes the total consumed
fracture energy correlated with the area under the load−displacement curve, measured in
N.mm. Additionally, b, d, and a0 correspond to the width, height, and notch depth of the
beam, respectively, each measured in mm.

The brittleness and ductility of concrete will be evaluated through the material charac-
teristic length (Lch) using Equation (2):

Lch =

(
EGF

f2
t

)
(2)

where Lch, E, and ft denote the characteristic length (mm), modulus of elasticity (GPa), and
tensile strength (MPa), respectively. A higher Lch value indicates that the concrete shows
greater ductility, implying an enhanced ability to resist crack propagation.
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2.2. Size Effect Method (SEM)

According to RILEM FMT-89 [25], SEM is recommended as an easier and simpler
method for determining fracture energy. This method includes performing a three-point
bending test on the geometrically similar notched beam of various sizes. In this method,
the primary fracture parameters obtained are fracture energy (Gf), length of fracture-prone
zone (Cf), brittleness number (β), fracture toughness (KIC), and effective crack-tip opening
displacement at maximum load (δC).

A five-step calculation process is carried out to accurately determine the fracture
energy. The first step is to determine the weight compensation by calculating the peak load
correction of P0 using Equation (3):

P0
j = Pj +

2Sj − Lj

2Sj
mjgj = 1, . . . , n (3)

where S and L are the distance between support and length of the specimen, respectively;
m is the mass of the specimen; and g represents gravitational acceleration. The second step
uses a linear regression analysis, which is conducted by plotting the ordinate Y and the
abscissa X with:

Xj = dj, Yj =

(
bdj

P0
j

)2

(4)

Y = AX + C (5)

In which X = d, Y =
(

1
σN

)2
, d0 = C

A , B = 1√
C

.
The third step entails the determination of the specific fracture energy and effective

length of fracture process zone:

Gf =
g(α0)

AE
(6)

Cf =
g(α0)

g′(α0)
× C

A
(7)

where Gf is the fracture energy in N/m, Cf is the effective length of the process zone in
mm, E is Young’s modulus of concrete, A is the slope of the line obtained from regression,
C is the intersecting point of the y-axis with the regression line, g(α0) is the dimensionless
energy rate, which is function of structural geometry, and g′(α0) is the first derivative with
respect to the initial crack relative length (α0 =

( a0
d
)
). Akbari et al. [6] stated that g(α0)

and g′(α0) are the functions that depend on the specimen geometry and are obtained as
per LEFM.

The fourth step includes the calculation of mode I fracture toughness and effective
crack-tip opening displacement:

KIC =
√

EGf (8)

δC =
8KIC

E
×
√

Cf
2π

(9)

where KIC is in MPa.mm0.5 and δC in mm.
Nominal strength of geometrically similar specimens in SEM uses size effect law and

can be calculated with:
σN =

B√
1 + β

,β =
d
d0

(10)

where σN is the nominal strength in MPa and parameter β is the Bazant and Kazemi’s
brittleness number [26]. When β is greater than 10, linear elastic fracture mechanics (LEFM)
is used to indicate the failure. When the value is less than 0.1, the failure determination
can use plastic limit analysis. Among these limit values, the determination of the failure is
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expressed as fracture mechanics. For specimens with a similar geometry in two dimensions,
σN can be calculated using Equation (11):

σN = Cn
Pu

bd
(11)

where Pu is the maximum load (N), Cu is the constant coefficient, b is the beam width (mm),
and d is the beam depth (mm).

2.3. Digital Image Correlation (DIC)

DIC commences with capturing a reference image of a sample before loading. Through-
out the loading or testing phase, continuous images of the specimen are captured. Subse-
quently, software that functions as an image correlation is used during the testing process
for comparison with reference image. The comparison results show the deformation or
movement the specimen passes through during the test [20]. A stochastic contrast speckle
pattern, which must first be applied to the surface under study, is used to measure defor-
mations in line with the DIC method. This pattern is crucial for accurate measurement
of deformations, requiring adherence to certain criteria to ensure high-confidence exper-
imental results and minimal noise. The criteria include high contrast, constant speckle
sizes, surface filling, isotropy, as well as randomness [27]. Moreover, adherence to these
standards ensures that the DIC method provides reliable and detailed insights into the
material’s behavior under stress, serving as an invaluable tool in the study of fracture
mechanics in sand-coated PP-LWAC.

3. Experimental Program
3.1. Materials

In this study, the fine aggregate used is sourced from Cimangkok, West Java, Indonesia.
Furthermore, the fine aggregate has a bulk specific gravity of 2.54 and a fineness modulus of
2.686, with a particle size less than 9.5 mm. The superplasticizer (SP) will be incorporated as
the mixture material for all water/cement (w/c) ratios to enhance fresh concrete workability.
This additive has a specific gravity ranging between 1.18 and 1.2 at 27 ◦C.

The Portland Cement Composite is used as the primary binder and polypropylene
(PP) plastic waste will be processed into coarse aggregate. The initial form of this uncoated
plastic aggregate, resembling the design created by G. Pamudji et al. [28] is shown in
Figure 1a. Typically, the largest pieces of the aggregate measures 10 mm in thickness, 20 mm
in length, and 20 mm in width. The production process for the coated aggregate follows
a similar procedure, where the plastic aggregate is melted and molded under hydraulic
pressure using an automatic temperature control manual injection plastic machine, at a
melting point range of 130◦C ± 10◦C. After formation, the plastic aggregate is cooled, and
the uncoated sample is covered with hot sand to produce the final sand-coated plastic
aggregate, as shown in Figure 1b.
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3.2. Mix Design and Test Specimen Preparation

An experimental program will be designed in this study, following the procedures
stated in previous study [29]. The design consisted of three concrete mixes corresponding
to the target strength class, as shown in Table 1. The dry mix concrete will be used
as the normal concrete, serving as the control specimen, which provided a baseline for
comparison with the modified concrete mixes. The production process of the concrete
refers to ASTM C192.

Table 1. Mix composition of the PP coarse aggregate concrete.

Target Strength Class w/c Ratio Cement Sand PP Aggregate Water SP

17–18.9 MPa 0.29 1 2 2.6 0.85 0.60%
19–20.9 MPa 0.28 1 2 2 081 0.70%

>21 MPa 0.286 1 2 1.8 0.9 0.80%

3.3. Test Procedure

In this study, nine cylindrical specimens measuring 150 × 300 mm will be fabricated
for each concrete mix series. Several tests are conducted consisting of three specimens each
allocated for measuring modulus of elasticity (E), determining Poisson’s ratio, and tensile
strength test (ft) in accordance with ASTM C469. Additionally, three smaller cylindrical
specimens measuring 100 × 200 mm will be prepared for each mix to determine the
compressive strength (fc) base” on ’STM C39.

To evaluate the fracture parameters using WFM, three notched beams will be crafted
for every target strength class. The beams have dimensions of 100 × 100 × 840 mm
(depth × width × length) and an 800 mm span. An illustrative example of concrete beams
prepared for WFM testing is shown in Figure 2a. On the bottom fiber (material under
tension), a steel plate will be positioned centrally on the beam to introduce a vertical notch,
with a uniform width of 5 mm. The ratio of the vertical notch depth to the three beam’s
depth is set at 0.5 (a0 = 0.5d), as depicted in the beam framework shown in Figure 2b.
During testing, a displacement-controlled load is employed, applying a concentrated load
at the center of the beam’s span. Throughout each test, the load applied to the beam and
deformations of specimens were simultaneous, ensuring a comprehensive understanding
of the material’s fracture behavior under stress.

Eng. Proc. 2024, 63, x 6 of 9 
 

 

the bottom fiber during the concrete casting process. A universal testing machine (UTM) 
with a maximum capacity of 50 kN will be used to test all notched beams under three-
point static loading. The beams will be loaded at a constant rate of 0.1 mm/min for SEM 
and 0.5 mm/min at WFM. 

 
(a) 

 
(b) 

Figure 2. Notched beam specimens: (a) specimens for WFM analyzing and (b) framework of 
notched beam. 

Table 2. Summary of experimental design. 

Specimens Standard Number of Repetitions 
Per Mix Achievable Parameter 

150 × 300 mm3 
cylindrical specimen ASTM C496 

three Modulus of elasticity 
three Direct tensile strength 
three Poisson’s Ratio 

100 × 200 mm3 
cylindrical specimen 

ASTM C39 three Compressive strength 

100 × 100 × 840 mm3 

beam specimen 

RILEM FMC-50 three Fracture toughness 
(WFM) 

RILEM FMT-89 three Fracture toughness 
(SEM) 

75 × 75 × 630 mm3 

beam specimen 
RILEM FMT-89 three Fracture toughness 

(SEM) 
125 × 125 × 1050 mm3 

beam specimen 
RILEM FMT-89 three Fracture toughness 

(SEM) 

The test procedure for DIC includes the use of a high-speed digital camera to capture 
a series of digital pictures of the concrete specimen. Using black ink, each speckle on the 
test specimen’s surface is marked individually [21]. Subsequently, the camera is set up 
vertically two meters from the specimen’s surface and mounted on a tripod, with LED 
cold light placed in front serving as the light source. Before testing, the DIC system is 
calibrated to ensure accurate deformation measurements. A reference image is captured 
to assess the speckle quality and confirm the accuracy of the calibration’s precision. To 
ensure that sufficient photos are obtained for recording the evolution of the crack, image 
acquisition frequency is adjusted during the test based on the loading rate. This sequential 
method ensures a detailed and accurate recording of the fracture process, providing val-
uable insights into the material’s behavior. 

Figure 2. Notched beam specimens: (a) specimens for WFM analyzing and (b) framework of
notched beam.

A set of notched beams, designed according to RILEM FMT-89 [25], will be further
fabricated to assess the fracture parameters using SEM. Table 2 shows the specific dimen-
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sions of the beams scaled in a ratio of 0.75:1:1.25, with three beams will be fabricated for
each target strength category. Subsequently, a continuous vertical notch with a depth of
a0 = 0.2d will be introduced at the midspan of each beam by embedding a steel plate into
the bottom fiber during the concrete casting process. A universal testing machine (UTM)
with a maximum capacity of 50 kN will be used to test all notched beams under three-point
static loading. The beams will be loaded at a constant rate of 0.1 mm/min for SEM and 0.5
mm/min at WFM.

Table 2. Summary of experimental design.

Specimens Standard Number of Repetitions Per Mix Achievable Parameter

150 × 300 mm3

cylindrical specimen ASTM C496
three Modulus of elasticity
three Direct tensile strength
three Poisson’s Ratio

100 × 200 mm3

cylindrical specimen
ASTM C39 three Compressive strength

100 × 100 × 840 mm3

beam specimen
RILEM FMC-50 three Fracture toughness (WFM)
RILEM FMT-89 three Fracture toughness (SEM)

75 × 75 × 630 mm3

beam specimen
RILEM FMT-89 three Fracture toughness (SEM)

125 × 125 × 1050 mm3

beam specimen
RILEM FMT-89 three Fracture toughness (SEM)

The test procedure for DIC includes the use of a high-speed digital camera to capture
a series of digital pictures of the concrete specimen. Using black ink, each speckle on the
test specimen’s surface is marked individually [21]. Subsequently, the camera is set up
vertically two meters from the specimen’s surface and mounted on a tripod, with LED cold
light placed in front serving as the light source. Before testing, the DIC system is calibrated
to ensure accurate deformation measurements. A reference image is captured to assess
the speckle quality and confirm the accuracy of the calibration’s precision. To ensure that
sufficient photos are obtained for recording the evolution of the crack, image acquisition
frequency is adjusted during the test based on the loading rate. This sequential method
ensures a detailed and accurate recording of the fracture process, providing valuable
insights into the material’s behavior.

4. Analysis Mechanism
4.1. Mechanical Properties

A total of 45 cylindrical and 45 prism specimens will be fabricated in the Structural
and Material Laboratory at the Universitas Indonesia. The fabrication process is carried out
using two types of mixes, namely normal weight concrete (NWC) and lightweight concrete
(LWC). The mechanical properties of the concrete, including modulus elasticity, Poisson’
Ratio, and direct tensile strength, will be derived from the experiment. A comparative
analysis between the NWC and LWC will be conducted to determine their performance.
Subsequently, the analysis of the material properties is carried out by observing the general
trends occurring in each of the mechanical characteristics and investigating influencing
factors. The results showing the mechanical properties will be systematically presented
through figures and tables, providing a clear and comprehensive understanding of how
the two concrete types compare in terms of their characteristics.

Total fracture energy (GF), or the energy required to propagate a crack with a unit
surface area, is determined using WFM. This study will show variations in GF for both
NWC and LWC across different target strength classes, investigating all potential factors.
The data obtained will be compared with other studies to contextualize the results within
the broader study landscape. Subsequently, a relationship will be proposed between GF and
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the compressive strength of LWC, specifically sand-coated polypropylene coarse aggregate
lightweight concrete (PP-LWAC).

The characteristic length Lch is a key parameter in WFM for determining the ductility
and brittleness of concrete. This parameter is intrinsically correlated to the length of the
fracture process zone (FPZ) in the fictitious crack model. During the analysis, Equation
(2) will be used to calculate Lch, and the result will be shown in the figures for further
analysis. Moreover, a nonlinear regression analysis will be conducted to express Lch (mm)
as a function of the compressive strength f′c (MPa) of LWC.

4.2. Analysis of Fracture Parameters based on SEM

In accordance with the guidelines provided by RILEM FMT-89 [25], the peak load
calculation for NWC and LWC specimens is expected to include adjustments for the weight
of the beam. This correction is crucial to ensure that the peak load accurately reflects
the specimens’ capacity to withstand applied forces. During the analysis, Equation (3)
will be used to modify the peak loads for the NWC and LWC specimens. Moreover, a
linear regression analysis, in line with RILEM TC89-FMT guidelines, will be conducted
to ascertain the primary fracture parameters in SEM, including the initial fracture energy
(Gf), the effective length of the fracture process zone (Cf), and the fracture toughness
(KIC), among others. Subsequently, the relationship between the initial fracture energy Gf
(N/mm) and compressive strength f′c (MPa) for LWC is expressed by an equation. The
results are compared with other studies to validate the conclusions.

4.3. DIC Analysis of Fracture Behavior

During the fracture test, strain and displacement measurements will be obtained from
the captured image through DIC method. A two-dimensional (2D)-DIC setup will be used
with a Fuji film X-A3 camera and two light sources. Using the reference image as a guide,
the DIC analysis tracks the speckles in distorted images. Subsequently, GOM Correlate
2021 software, a renowned tool in the field of digital image processing, will be used to
analyze the images captured.

By using the same software, the postprocessing will be performed to extract the
DIC analysis result. The horizontal displacements of the notch can be extracted from
the specimens’ surface using a line-type inspection gauge. The line drawn at the crack
mouth opening displacement (CMOD) clip gauge level on the processed image is divided
into various index points, to extract all the readings. As the points in the middle part
overlap with the notch opening, the values of displacement indicate zero. Subsequently,
the experimental clip gauge and the load-CMOD curves from DIC will be compared and
presented in a figure.

5. Conclusions

In conclusion, this study design an extensive experimental program to investigate
the fracture behavior of NWC and LWC using a combination of WFM and SEM, as stated
by RILEM FMT-89. Adjustments for the weight of beam specimens and a series of linear
regression analyses will be conducted to determine the primary fracture parameters and
establish a relationship between fracture energy and compressive strength for LWC. The
DIC method, using a 2D setup with a Fuji film X-A3 camera, will be used to capture
strain and displacement measurements, which will be analyzed by software. Comparative
analysis between experimental clip gauge data and DIC-derived load-CMOD curves will be
used to validate the efficacy of the DIC method. This comprehensive method will focus on
providing a better understanding of fracture mechanics in concrete, contributing valuable
insights for the development of more resilient and sustainable construction materials.
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