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Featured Application: Construction of protective structures with superior impact and blast
resistance.

Abstract: An engineered cementitious composite, endowed with strain recovery and incorporating
hybrid shape memory alloy (SMA) and polyvinyl alcohol (PVA) short fibers, was subjected to drop
weight impact loading. Numerical simulation of the composite’s impact behavior was performed,
and the model predictions agreed well with the experimental findings. Numerical and experimental
investigations demonstrated that incorporating SMA fibers in the composite yielded superior impact
resistance compared to that of control mono-PVA specimens. Heat treatment stimulated the SMA
fibers to apply local prestress on the composite’s matrix owing to the shape memory effect, thus
enhancing energy absorption capacity, despite the damage incurred by PVA fibers during the heating
process. The superior impact performance of the hybrid composite makes it a strong contender for the
construction of protective structures, with a potential to enhance the safety of critical infrastructure
assets against impact and blast loading.

Keywords: engineered cementitious composite; shape memory alloy; fiber reinforced; numerical
simulation; impact load; finite elements

1. Introduction

Missiles, bombs, aircraft and truck crashes, accidental explosions, and rock falls have been major
threats to civilian structures and military facilities [1]. There have also been rapid advances in the
technology of explosives and ammunition over the last few decades, about not only its destructive
capacity but also its sophisticated ability to penetrate the aimed target. Coupled with the growing
number of intended attacks on civilian infrastructure, a superior level of protection against explosive
and impact loading will be required in the future.

Reinforced concrete has been the construction material of choice for critical civilian infrastructure
and defensive structures. Due to its low tensile strength, concrete exhibits brittle failure under
dynamic loading, which can compromise structural integrity and safety within and near protective
facilities. When a structural concrete element is subjected to dynamic loadings, such as impacts or
explosions, it experiences unique states of stresses. For instance, near the impacted location, severe
hydrostatic compression can propagate, and the state of stress irreversibly compresses the concrete.
Simultaneously, away from the impacted area, confinement stresses are decreased, and the concrete
undergoes compression with a moderate state of stress. Moreover, the reflected rear face compressive
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wave of the target produces tensile waves, which interacts with compressive waves possibly leading
to spalling of the concrete [2].

Incorporating randomly discrete short fibers in concrete yields significant improvements in
engineering properties, such as tensile and flexural capacities, ductility, resistance to fatigue, and
impact loading [3]. In the early 2000s, a new kind of fiber-reinforced cementitious composite, commonly
known as Engineered Cementitious Composite (ECC), had emerged. ECC exhibits superior tensile
characteristics compared to that of conventional fiber-reinforced concrete (FRC) with strain capacity of
up to 8% [4]. Owing to its superior mechanical performance, unique micro-cracking capability, energy
absorption capacity, and impact resistance, ECC has become a strong contender for the construction
of protective structures [5]. Cement, supplementary cementitious materials, micro-sand (typically
less than 200 microns), water, and short fibers are the main constituents of ECC. Polyvinyl alcohol
(PVA), polypropylene (PP), polyethylene (PE), rubber, and steel (SE) fibers have been utilized in the
production of ECC. Recently, the authors have pioneered the use of short shape memory alloy (SMA)
fibers in ECC production [6]. SMAs are a class of metallic alloys that “remember” their original shape,
with unique ability to undergo large inelastic deformation and regain its un-deformed shape when
subjected to stimuli, such as radiation, thermo-mechanical or magnetic variations, and electric heating.

The unique behavior of ECC structural elements under impact loading has triggered significant
research aiming at the development of design guidelines for ECC in protective structures. On the
other hand, several experimental and numerical investigations have been conducted on the impact
resistance of ECC elements. The most pertinent recent research work focused on the impact behavior
of cement-based materials reinforced by mono-fibers [7-9] and/or hybrid-fibers with two different
types of fibers or more [10-12]. Due to technical difficulties and the high cost of conducting large-scale
missile impact tests, often small-scale drop weight impact testing has rather been adopted, despite
the limitations associated with such a testing approach. For instance, Maalej et al. [13] investigated
the impact resistance of hybrid-fiber ECC panels reinforced with 1.5% polyethylene (PE) and 0.5%
steel fibers. Results showed that the ECC panels could perform as a protective material in various
applications, such as improving shatter resistance with reduced scabbing and spalling associated
with distributed micro-cracking. Furthermore, Yang and Li [14] conducted a series of drop weight
impact tests on hybrid-fiber-reinforced ECC panels and beams incorporating PVA and PE fibers.
It was observed that the ductility of ECC specimens led to enhanced impact resistance through
improving the load carrying capacity and energy dissipation capability of the tested structural elements.
Similarly, Soe et al. [10] concluded that a hybrid-fiber reinforced ECC incorporating a combination of
1.75% PVA and 0.58% steel fibers achieved superior performance and dissipated more energy when
subjected to high-velocity projectiles than that of a control conventional concrete. Recently, Ali et al. [6]
experimentally investigated the impact resistance of SMA-ECC composites under drop weight impact.
Up to six hundred blows were applied per specimen to cause a fracture, which reflects the time and
efforts required to conduct such tests. Therefore, numerical simulation is a highly attractive alternative
considering the costs and difficulties of experimental tests.

For an accurate numerical prediction of the impact behavior of ECC structures, adequate material
models, which can represent the dynamic behavior of ECC, are essential [2]. Various commercial
codes have emerged modeling the dynamic behavior of concrete materials, such as ABAQUS, ANSYS,
AUTODYN, and LS-DYNA. Various material models representing different types of concrete have
been proposed for impact analysis [15-17]. However, they often require many input parameters, some
of which have no clear physical meaning and cannot be estimated by traditional material tests [18]. So
far, there is a dearth of numerical studies on the behavior of ECCs under dynamic loading.

For instance, Chin [19] utilized the LS-DYNA code in modeling the behavior of hybrid-fiber ECC
panels under drop-weight impact loading. It was observed that the Finite Element (FE) model gave
a reasonable prediction of the local and global responses of the ECC panels and closely predicted
the impact load-time histories of the impactor. Likewise, Li and Zhang [2] performed a numerical
simulation of ECC panels under high-velocity impact loading using the LS-DYNA code. Their results
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demonstrated the effectiveness of the proposed model in simulating the dynamic behavior of ECC
materials. Recently, Anil et al. [20] conducted an FE study on ECC beams under impact loading using
the commercial ABAQUS software package to observe the stress distribution in beams and attain an
accurate and verified model capable of simulating such loading conditions. Their analytical results
were in good agreement with the experimentally measured data in terms of maximum displacement
and load values. In addition, they observed that the stress distribution through the beams was
in reasonable agreement with the experimental crack distribution. Hence, it appears that accurate
simulation and prediction of the structural response under dynamic load can be a convenient way
to decrease the cost and efforts related to testing new materials and applications. The availability of
powerful FE modeling codes with the flexibility to incorporate new material models developed by the
user has stimulated such efforts.

In the present study, experimental testing and numerical simulation of a novel hybrid
fiber-reinforced engineered cementitious composite incorporating SMA and PVA short fibers
(HECC-SMAF) under impact loading were carried out, and the findings are discussed below. All test
results and curves present the average values of the tested specimen in triplicate for each test.

2. Experimental Program

2.1. Materials, Sample Preparation, and Curing

Type I ordinary Portland cement conforming to ASTM C150 [21] (Standard Specification for
Portland Cement), fly ash (FA) meeting the requirements of ASTM C618 [22] (Standard Specification
for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete), and micro silica-sand with
a maximum particle size of 200 pum were used in this study. Polycarboxylate high-range water reducing
admixture (HRWRA) in accordance with ASTM C494 [23] (Standard Specification for Chemical
Admixtures for Concrete) was added as a percentage of cement weight to adjust the workability
of the tested mixtures. Furthermore, two types of fibers were used: 8-mm long polyvinyl-alcohol
(PVA) and 16-mm long nickel-titanium (NiTi) shape memory alloy (SMA) fibers conforming to ASTM
F2063 [24] (Standard Specification for Wrought Nickel-Titanium Shape Memory Alloys for Medical
Devices and Surgical Implants). Table 1 provides the mechanical characteristics of the SMA and PVA
fibers, while the mixture proportions for all tested specimens are given in Table 2. The first number in
the mixture label indicates the PVA fiber content, while the second number is the SMA fiber content.
For instance, ECC2-1.5 refers to an engineered cementitious composite incorporating 2% PVA fiber
and 1.5% SMA fiber by volume fraction.

Table 1. Mechanical characteristics of SMA and PVA fibers.

Mechanical  Ultimate Tensile Diameter Length Young's Elongation Density

Properties Strength (MPa) (mm) (mm) Modulus (GPa) (%) (kg/m3)
SMA 869 0.635 16 41 38 6450
PVA 1620 0.039 8 43 6 1300

Table 2. Mixture proportions.

Mixture Cement Fly Ash Silica Sand w/cm HRWRA ‘I,)VA SOMA
(%Vp (%Vy)
ECC2-0 1 1.2 0.8 0.26 0.012 2 0
ECC2-0.5 1 1.2 0.8 0.26 0.012 2 0.5
ECC2-1.0 1 1.2 0.8 0.26 0.012 2 1.0
ECC2-1.5 1 1.2 0.8 0.26 0.012 2 1.5
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All ECC mixtures were prepared using a 20-L concrete mixer. First, all solid ingredients, including
the cement, FA, and silica sand, were dry mixed for one minute. This was followed by HRWRA and
water addition over another three minutes of continuous mixing. Subsequently, PVA and SMA fibers
were randomly dispersed and mixing resumed for another three minutes until fibers were uniformly
distributed. Subsequently, the required test specimens from each mixture were cast. Specimens were
demolded after 24-h and cured in sealed plastic bags for 7-days at T = 21 £ 2 °C) without external
moisture supply, which is a common curing method for ECC. Thereafter, specimens were stored in lab
conditions (T = 20 £ 2 °C and RH = 55 & 5%) until testing.

2.2. Mechanical Properties

From each ECC mixture, three 50 mm x 50 mm x 50 mm cubic specimens were prepared and
tested at the age of 90 days as per ASTM C39 [25] (Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimens) to obtain the compressive strength of the various ECC mixtures using
a 2000 kN compressive testing machine. Also, three 75 mm in diameter by 150 mm in height [3 in x
6 in] cylindrical specimens were prepared and tested to evaluate the elastic modulus and Poisson’s
ratio for all ECC mixtures per ASTM C469 [26] (Standard Test Method for Static Modulus of Elasticity
and Poisson’s Ratio of Concrete in Compression). Three uniaxial tensile coupon specimens (Figure 1)
from each ECC mixture were tested at 90 days using an Instron testing machine under displacement
control and a loading rate of 0.5 mm/min. Also, a 50 mm extensometer was attached to the coupon
specimens to estimate the strain capacity of each specimen. The ultimate tensile strength and strain
capacity were determined directly from an automated data analysis system connected to the Instron
testing machine. More details on the test procedures can be found in [6].

50 mm
~ 11 mm
40 mm
e ».;“’ 11 mm
r; Y
k
50 mm

L

Figure 1. ECC coupon specimens: (a) schematic drawing and (b) photograph.

2.3. Drop-Weight Impact Test

Considering that large-scale missile impact tests are costly, and their results are often not available
in the public domain, smaller laboratory-scale tests are more common [27]. The drop-weight impact
test is one of the most widely used techniques for evaluating the impact resistance of fiber-reinforced
cementitious materials [28-30]. In the present study, the drop weight impact test was carried out in
compliance with the procedure outlined by the American Concrete Institute (ACI) Committee 544 [31],
on four different ECC mixtures at the age of 90 days. Another series of similar ECC specimens were
heat treated up to 150 °C to explore the shape memory effect of SMA fibers on the overall behavior of
the hybrid composite under impact loading. The heat treatment was applied for 3 min using a heat
gun fixed at 35 mm away from the specimen. The gun was able to heat the specimens by up to 150 °C.
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The heat treatment process was similar to that proposed by Kim et al. [32] and used to activate the
SMA fibers, which were in the martensite phase before heating.

The ECC mixtures were cast in cylindrical molds having dimensions of 100 mm x 200 mm [4 in
x 8 in]. Each cylindrical specimen was cut into three 100 mm X 50 mm [4 in X 2 in] discs using a
diamond saw. The discs were then tested under a drop weight impactor using an Instron impact
loading machine (Figure 2) with a maximum impact force of 44,000 N. Further details about the test
method can be found elsewhere [33].

Drop weight
tower Drop

weight

Impactor
Data acquisition
system
ECC
specimen

Steel supporting
frame

Figure 2. Impact loading testing machine setup.

3. Experimental Results

3.1. Compression and Tensile Behavior

The 90-day compressive strength of the composite specimens was about 70 MPa. Figure 3 displays
the variation in compressive strength test results. It can be observed that SMA fiber addition led to
slight or no increase in compressive strength of the composite. For instance, the compressive strength
of the ECC2-0.5, ECC2-1, and ECC2-1.5 mixtures slightly decreased by about 1.1%, 1.9%, and 5.8%
compared to that of the ECC mixture produced with 2% PVA fibers alone, respectively. This is ascribed
to increased porosity because of fiber clustering. Evidence of this was presented by Ali et al. [6].
Similarly, incorporating SMA fibers in ECC led to a general reduction in the elastic modulus and
Poisson’s ratio of the composite compared to that of the PVA-ECC control mixture (Figure 4a,b).
Also, it was observed that the elastic modulus of the different ECC mixtures was generally lower
than that of comparable strength conventional concrete. This is attributed to the absence of coarse
aggregates in ECC mixtures. The elastic modulus and Poisson’s ratio of ECC incorporating SMA
and/or PVA fibers ranged from 18.8 to 19.9 GPa and 0.14 to 0.19, respectively, depending on the fiber
type and content. The incorporation of SMA fibers in the ECC mixture led to a general reduction in
the elastic modulus and Poisson’s ratio of ECC compared to that of the mono-PVA control mixture.
For example, 0.5%, 1%, and 1.5% SMA fiber addition led to a reduction in elastic modulus by about
3.9%, 4.5%, and 4.7%, respectively, compared to that of the mono-PVA fiber-reinforced ECC mixture.
A similar trend was observed for Poisson’s ratio. For example, specimens ECC2-0.5, ECC2-1, and
ECC2-1.5 had Poisson’s ratio of 1.1%, 8.1%, and 24.3% lower than that of the control ECC2-0 specimens,
respectively. The overall reduction in elastic modulus of the ECC mixtures can be ascribed to the
reduced compressive strength caused by increased porosity due to fiber addition because of possible
fiber clustering, while the reduction in Poisson’s ratio imparted by fibers is attributed to the fiber
restriction on the lateral strain.
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Figure 3. The compressive strength of different composite specimens.
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Figure 4. (a) Elastic modulus and (b) Poisson’s ratio of composite specimens.

Furthermore, Figure 5 displays typical stress-strain curves from uniaxial tensile tests for the
various ECC mixtures. The achieved tensile strength ranged between 6 and 8 MPa with strain capacity
by up to 8%, depending on the SMA fiber content. Generally, the tensile properties of the composite
were improved owing to SMA fiber addition. For instance, the ultimate tensile strength of ECC2-0.5,
ECC2-1, and ECC2-1.5 specimens increased by 29.8%, 74%, and 39.8%, respectively, compared to
that of mono-PVA-ECC control specimens. Also, the strain capacity corresponding to peak strength
was significantly enhanced by SMA fiber addition. The enhanced tensile behavior of the hybrid ECC
specimens is ascribed to enhancing the fiber-matrix interfacial bond area (i.e., chemical and frictional)
via fiber addition, thus improving the overall load carrying capacity of the composite.

Tensile Stress (MPa)
o - N w s (8] [} ~ 0] ©

1!

4/'\-/\-/.\'\

----ECC2-0
-=--ECC2-0.5
—-ECC2-1
—ECC2-1.5

Strain (%)

Figure 5. Typical stress-strain curves for specimens from different composite mixtures.
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3.2. Impact Behavior

3.2.1. Energy Penetration

Figure 6a—c display the energy-time history curves for different composite specimens at different
drop levels. Each specimen was subjected to multiple impacts at different drop levels such that the
first, second, and third impacts were at 50 mm, 100 mm, and 150 mm, respectively, measured from the
upper end of the spherical steel ball up to the lower end of the impactor. It was observed that all tested
ECC specimens did not fail or even crack under the effect of multiple impacts up to the maximum
capacity of the testing machine. Also, it was revealed that among all tested specimens, ECC2-1 showed
the best performance at low impact levels, as shown in Figure 6a. ECC2-1 sustained the impact load
with better energy dissipation capability and lower penetration depth compared to all other specimens.
A similar trend was observed at higher levels of impact, as displayed in Figure 6b,c. Incorporating
fiber dosages higher than 2% PVA and 1% SMA, led to a general reduction in the energy dissipation
capability and penetration resistance at all impact levels. This is ascribed to increased porosity and
tendency of fiber clustering implemented with a high dosage of fibers.
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Figure 6. Typical Energy-penetration curves for different composite mixtures at different drop levels:
(a) 1st hit, (b) 2nd hit, and (c) 3rd hit.

The computerized system, which was used in the data acquisition during impact, was
programmed to calculate the energy dissipation capacity of the different ECC specimens through
estimating the difference between the applied impact energy and that remaining in the system upon
impact. The cumulative enhancement in energy dissipation capability of the ECC specimens is
illustrated in Figure 7. It can be observed that the energy dissipation capability was generally improved
by SMA fiber addition. For instance, the ECC2-0.5, ECC2-1, and ECC2-1.5 specimens achieved
dissipated energy of 23.39%, 30.43%, and 11.53% higher than that of the control ECC specimens made
with PVA fibers alone, respectively. This underscores the significant enhancement in impact resistance
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of the composite owing to SMA fiber addition. The accumulated impactor penetration depth in the
different ECC specimens is illustrated in Figure 8. Only small penetration occurred upon impact
loading. A general reduction in penetration depth was observed owing to SMA fiber addition. For
example, the ECC2-0.5, ECC2-1, and ECC2-1.5 specimens had 6.3%, 10.1%, and 2.6% lower penetration
depth compared to that of the control ECC2-0 specimens, respectively. This is ascribed to the resistance
of the composite’s fiber-matrix interfacial frictional bond. The ECC specimen incorporating 2% PVA
and 1% SMA fibers achieved the highest energy dissipation capacity and lowest penetration depth
among all tested specimens. Higher fiber dosage led to impact strength degradation due to increased
porosity via fiber clustering, as evidenced by the authors elsewhere [6].

100
90 -
80 -
70 1
60 -
50 -
40 +
30 -

20 A
10 A
Control
0

ECC2-0 ECC2-0.5 ECC2-1 ECC2-1.5

Enhancement in Energy
Dissipation (%)

Mixture

Figure 7. Percent enhancement in energy dissipation capability of different composite specimens.

Penetration Depth (mm)
w

ECC2-0 ECC2-0.5 ECC2-1 ECC2-15
Mixture

Figure 8. Accumulated penetration depth in composite specimens.

3.2.2. Impact Load-Time History

The impact load was measured during each impact as derived from the accelerometer
measurements. The impact load-time history curves are displayed in Figure 9a—c. It was observed
that all composite specimens did not fail or even crack under the effect of multi-impacts up to the
maximum capacity of the testing machine (44,000 N). The peak impact force for hybrid mixtures, which
incorporated 0.5%, 1%, and 1.5% SMA fiber, slightly increased by about 2.38%, 7.19%, and 3.03%,
respectively, compared to that of the control mono PVA-ECC mixture. The ability of ECC specimens
to resist impact load mainly depended on the fiber type and content. The material’s response under
impact load depends on its interactive behavior under compressive and shear stresses [34]. Since all
ECC mixtures had a slight difference in compressive strength, it appears that the SMA fibers-matrix
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bond allowed to better resist shear stresses induced by the impact load, thus leading to higher

impact resistance.
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Figure 9. Impact load-time history curves for different composite specimens at different drop levels:
(a) 1st hit, (b) 2nd hit, and (c) 3rd hit.

3.2.3. Local Pre-Stressing Effect

Heating the composite specimens by up to 150 °C led to the formation of multiple hairline cracks
of less than 10 pm in width at the front surface of the specimen, as shown in Figure 10a. The heat
treatment also led to strength degradation in the ECC specimens incorporating PVA fibers due to the
melting of the fibers in the proximity of the heating nozzle, as shown in Figure 10b. Figure 11 exhibits
the accumulated energy dissipated by heat-treated and non-heat-treated ECC specimens. For instance,
the energy dissipation capability of the heated ECC2-0 specimens decreased by about 9.9% compared
to that of its non-heated counterpart. Conversely, the hybrid SMA-PVA fiber-reinforced specimens
displayed different performance after the heating process, as demonstrated in Figure 11. For example,
the energy absorption capacity of the heated ECC2-0.5, ECC2-1, and ECC2-1.5 specimens increased by
about 20.1%, 32%, and 26.56% compared to that of its non-heated counterparts, respectively. This can
be ascribed to the shape memory effect of the heated SMA fibers, which led to a local pre-stressing
effect of the specimens, consequently enhancing its energy dissipation capability. This highlights the
crack arresting capability of SMA fibers in concrete structures, even when affected by high temperature.
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Figure 10. Effect of heat treatment on composite specimens: (a) surface cracking, and (b) polyvinyl
alcohol (PVA) fiber deterioration.
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Figure 11. Effect of heat treatment on energy dissipation capacity of different composite specimens.

4. Numerical Simulation

Numerical simulation and analysis were carried out using the commercial finite element (FE)
ABAQUS/Explicit software [35]. This tool incorporates various constitutive models for concrete,
including the Concrete Damage Plasticity (CDP) and Drucker/Prager (DP) models.

As per Tahmasebinia [36], the DP model can better simulate the behavior of ductile concrete,
especially under low-velocity impact loading compared to Brittle-Cracking models. While Li and
Zhang [2] demonstrated the effectiveness of simulating the dynamic behavior of cementitious materials
under impact loading using the CDP Model. In the present study, both the CDP and DP models were
utilized. Their effectiveness in modeling the behavior of HECC-SMAF composite under impact loading
was explored and compared with the experimental results.

4.1. Constitutive Models of Concrete

4.1.1. Concrete Damage Plasticity Model

The Concrete Damage Plasticity (CDP) proposed by Lubliner et al. [37] and Lee and Fenves [38]
was used. The CDP model assumes isotropic damage and is suitable for applications in which the
concrete is subjected to arbitrary loading conditions, such as cyclic loading. It accounts for degradation
of the elastic stiffness created by plastic straining that takes place in tension and compression, and for
stiffness recovery effects under cyclic loading [35].

Plasticity and damage are the main phenomena that characterize the nonlinear behavior of
cementitious materials. Strain softening, progressive deterioration, and volumetric expansion are the
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major phenomena that describe the plastic performance of concrete. These phenomena lead to the
degradation of strength and stiffness of cementitious materials [37,39,40]. Similarly, the damage is
characterized by the reduction of stiffness. A scaled isotropic damage model from the continuum
damage mechanics is introduced in ABAQUS (2012). This model describes the stiffness degradation
under uniaxial loading as per Equation (1):

— (1—d)E0(a—apl) 1

where ¢ is the stress, d is the damage factor, which represents the elastic stiffness degradation and has
values in the range between 0 (undamaged) to 1 (fully damaged). Ey is the initial (undamaged) elastic
stiffness, while ¢ and ¢”! are the total strain and plastic strain, respectively. If no damage is considered
in the concrete (d = 0), then Equation (1) can be reduced to Equation (2) as follows:

o =Ey (s - a"’l> )

Stiffness degradation models are classified into elastic degradation models and plastic degradation
models according to the presence of plastic strain [37]. The elastic degradation models are represented
by the total strain, implying that no plastic strain exists (i.e., € = 0, where €” is the plastic strain with
stiffness degradation). In this case, Equation (1) can be modified as follows:

o= (1 —d)E()E (3)

where ¢ is the total strain. On the other hand, plastic degradation models have been presented
to overcome the problems associated with elastic degradation models [37]. Through the plastic
degradation models, the stiffness degradation deals with the plastic deformation instead of the total
deformation as in the case of elastic models. It means that, after damage, plastic strain still exists
(i-e., € # 0). According to the aforementioned approach, Equation (1) can be rewritten in the form of
Equation (4):

o= (1-d)Eg(c — ) )

4.1.2. Drucker-Prager Model

The DP model is a plasticity model that describes the behavior of granular materials in which
the yield behavior is affected by the equivalent pressure stress [41]. It also takes into consideration
inelastic deformations that may be associated with frictional mechanisms, such as sliding of particles
across each other [35]. Furthermore, it has the ability to describe the hardening and softening behavior
of cementitious materials [42]. A Drucker—Prager failure criterion can be presented in the form of
Equation (5):

F=/lapf(K)+6h —k=0 ®)

where Jop and J; are respectively the second and first invariant of stress deviator. 0 is a friction
parameter which depends on the plain concrete strength, f;,. Function f(K) relates to Lode’s angle,
which combines the second and third invariant of deviatoric stress (termed as J3p). It takes into
consideration the variation of shear strength of concrete for different load paths and a given hydrostatic
pressure and demonstrates the shape of failure function in the deviatoric plane. It can be estimated as

_ 1) (3
f = L+ - ¢ Kag(/f )i, ©
2D

shown in Equation (6):

The hardening-softening parameter (x) can be determined using Equation (7):

—0)o; @)
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where oc is the uniaxial compression stress carried by concrete.

4.2. Simulation Technique

Three-dimensional finite element models of the tested ECC specimens were constructed in
ABAQUS/Explicit solver [35]. The cylindrical ECC specimen, spherical steel ball, hollow steel ring
holder, and steel drop weight were modeled using their actual dimensions in the experimental test
setup. The drop weight was modeled as a prismatic bar with a cylindrical head, as shown in Figure 12.
The different ECC specimens were modeled using 8-noded hexagonal solid elements (C3D8R), which
is commonly used in the simulation of impact behavior in the ABAQUS [35] library. A sensitivity
analysis was conducted to determine an optimum number of elements. The problem was solved
with increasingly finer mesh size, and the analysis was assumed to be optimum when the numerical
response nearly matched the corresponding experimental data.

Figure 12. Finite element modeling of drop weight impact test.
4.3. Damage Criterion

Since there is no material model for ECC composites in ABAQUS, the CDP and DP material
models were tested as concrete material models to capture the ductile behavior of ECC. Also, the
Damage Initiation Criterion and Element Deletion options [35] were utilized in these models for
defining the material’s tensile failure criterion [43]. The uniaxial compressive behavior of ECC is
characterized by the stress-strain relationship presented by Saenz [44] as follows:

Eoec

() ()

€p €p

O =

)

where o and ¢ are the compressive stress and strain, respectively. ¢, and ¢, are the maximum stress
and its corresponding strain, which were evaluated experimentally in this study and considered to be
the compressive strength fc” (MPa) and 0.002, respectively. Furthermore, the elastic modulus (Ej) and
Poisson’s ratio (v) of the ECC material were estimated experimentally, as shown in Figure 4a,b.

On the other hand, the problem in the case of uniaxial tension involves tensile cracking. The
tension stiffening is defined according to Tao et al. [45], with linear uniaxial tensile stress for the ECC up
to the reaching of the tensile strength assumed to be 0.1 of f;o. The softening response is then defined
by means of fracture energy Gr depending on the uniaxial compressive strength f o and the maximum
coarse aggregate size dy. The fracture energy is defined as the energy required to create a unit area
of the stress-free crack surface, which is size independent, instead of the descending branch of the
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stress-strain curve, which is size dependent [46]. Accordingly, the stress-crack opening displacement
relationship proposed by Hordijk [47] is utilized:

It W3 (o) Wi 3) p(—c2)
Lo (o) e em) - 2 (14 3)el- 9
fi (1wcr) wcr( 1) ©)

Wer = 5.14& (10)
ft
where w; is the crack opening width, w,, is the crack opening width at tensile stress failure, ; is the
tensile stress normal to the crack direction, f; is the uniaxial tensile strength, and c; and ¢, are constants
determined from tensile tests of ECC. The CEB-FIB [48] model is used in this paper to estimate f;
and Gp:

a8
fr =14(=57) (11)
;0.7
Gr = (0.04694% — 0.5d, + 26)(%) (12)

where d; is the maximum aggregate size. d, is assumed to be zero in this study since no coarse
aggregate was utilized. Once the stress-crack opening displacement relationship is known, the
stress-strain relationship can be determined for each element. Pertinent ECC material parameters,
including compressive strength, density, and tensile behavior, were implemented in the models using
actual corresponding experimental values shown in Table 3. Also, the constitutive parameters of
the CDP and DP models, such as dilation angle ¥ (ranges between 36° and 40°), plastic potential
eccentricity e (recommended value e = 0.1), stress ratio f;,/f, (ratio between the compressive strength
in bi-and uni-compression stress field, respectively), shape of the loading surface K., and viscosity
parameter V, were estimated based on the recommended range of values by the ABAQUS manual [35]
and Kmiecik and Kaminski [49].

Table 3. Mechanical properties of different engineered cementitious composite (ECC) specimens.

ECC2-0 ECC2-0.5 ECC2-1 ECC2-1.5
Tensile strength (MPa) 4.8 59 8.1 6.5
Compressive strength (MPa) 70.1 69.6 68.7 66
Elastic modulus (GPa) 19.86 19.08 18.96 18.92
Poisson’s ratio 0.185 0.183 0.17 0.14
Density (kg/m?3) 1808 1736 1758 1790

4.4. Initial and Boundary Conditions

Two types of conditions were adopted in the modeling procedures, initial and boundary
conditions. The initial condition was assigned to the impactor with a velocity of 1.38 m/s when
it touches the spherical ball, as displayed in Figure 13a. All the nodes of the impactor and spherical
ball could move only in the Z-direction. All the nodes of the hollow steel ring were prevented from
movement in all directions, while all the nodes of the lower base of the ECC specimen were prevented
from moving in Z-direction, as shown in Figure 13b.
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Figure 13. (a) Initial conditions and (b) boundary conditions.

5. Analysis of Results and Discussion

Dynamic analysis in this numerical simulation was conducted for the first, second, and third free
drops of the impactor. Thereafter, the accumulated damage, due to multiple impacts, was presented.
Numerical predictions were compared to the corresponding experimental data as discussed below.

5.1. Effect of Mesh Density on Model Accuracy

To investigate the effectiveness of utilizing different mesh densities on model accuracy, the
load-time history and applied energy-penetration curves resulting from the numerical analysis were
compared with the corresponding results obtained from the experimental investigation as portrayed
in Figure 14a,b. Five different meshing densities were examined ranging from very fine to coarse.
Table 4 displays the number of elements utilized in each case and the ratio between the results
obtained from the finite element analysis (FEA) and the corresponding experimental results. It can be
observed that as the number of elements increased, the shape of the predicted curves became smoother
and progressively converged toward the experimental behavior. Cases 1 and 2 were far from the
experimental curve. Conversely, cases 3 and 5 almost gave similar results to the experimental curves.
Case 4 achieved the closest prediction of the experimental results. Based on the results in Table 4, the
near optimum number of elements utilized in simulating the ECC specimens was 15,180 elements.
Since the spherical steel ball, holder steel ring, and drop weight were considered rigid, their element
sizes had no significant effect on the solution.

45000 25
(a) (b)
39000 -
20 A
33000 - =
= 2
< 27000 | 3
> B 15 |
g 21000 c
:' —Experiment I'_';
& 15000 - —-Case 1 2 107 Exoeri
g_ Case 2 3 —Experiment
o —-Case 1
= 90004 V¢ LN e Case 3 < Case 2
\ -.-Case4 T =z .. Case 3
3000 + "-\.;\---»CaseS ---Case 4
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-3000 0 - T T
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Figure 14. Effect of different mesh densities on numerical and experimental results: (a) load-time
history and (b) applied energy-penetration depth.
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Table 4. Sensitivity analysis of mesh density. FEA: finite element analysis.

Mixture Case 1 Case 2 Case 3 Case 4 Case 5
Number of elements 111 1926 8609 15180 28014
Applied load 1.28 1.09 1.08 1.01 1.07
FEA /Exp. ratio Applied energy 0.97 0.98 0.98 0.99 0.98
Penetration depth 0.77 0.89 0.93 0.96 0.92

5.2. Energy-Penetration Behavior

Dynamic loading on structures is accompanied by a large transfer of mechanical energy. To
numerically explore the behavior of structural elements under impact loading, consideration of the
energy balance should be the first step [28]. In the FEA, the impactor and the concrete element were
presented as a single mechanical system. Before impact, the drop weight only had kinetic energy, while
during impact, the drop weight slowed down significantly (lost a substantial part of its kinetic energy)
due to the energy dissipation capability of the concrete element. Figure 15 presents the experimental
and numerical applied energy-penetration depth curves for the ECC specimens at different drop levels.
It can be observed that the CDP and DP models could closely estimate the experimental behavior of
the ECC specimens under impact loading.

Table 5 reports the experimental and numerical results for all tested specimens. Although the DP
model exhibited good estimation of the applied energy at the first impact, the CDP model generally
displayed better performance in simulating experimental results at higher impact levels. Figure 16
displays the strain energy magnitude propagated through the ECC specimens due to impact loading
at different time intervals along with that remaining in the specimen after impact. It can be observed
that the propagated energy kept increasing through the specimen during the impact process, while it
was partially reversed (dissipated) upon removal of the load. The amount of applied energy which
remained or dissipated in the system depended mainly on the energy dissipation capability of the
tested material.

Figure 17 illustrates the total energy dissipated through all impact levels for the various ECC
specimens. It can be observed that the numerical and experimental values of dissipated energies were
in good agreement. During experimental testing, cracks were usually captured when their width was
sufficiently developed, while in numerical simulations, they could be detected at earlier stages. This
could result in estimating numerical dissipated energies that were lower than their corresponding
experimental values. Also, it can be observed that the total energy dissipated through the ECC
specimens using the CDP model was in better agreement with the experimental results compared to
that of the DP model. For instance, the total energy dissipated through the ECC2-0, ECC2-0.5, ECC2-1,
and ECC2-1.5 specimens using the CDP model was 24.4%, 17.3%, 18.8%, and 21.9% lower than that of
the experimental results, respectively. However, using the DP model, the total energy dissipated was
58.0%, 61.5%, 61.1%, and 56.6% lower than the corresponding experimental results, respectively.

Similarly, the numerically estimated penetration depth of the different ECC specimens under
multiple impacts was in good agreement with corresponding experimental observation, as shown
in Table 5. Figure 18 displays the accumulated penetration depth measured through the different
ECC specimens due to multiple impacts. Furthermore, Figures 19 and 20 show the total numerically
estimated penetration depth using the CDP and DP models, respectively. It can be observed that
the CDP model was more accurate than the DP model in predicting the penetration depth upon
multiple impacts. For instance, the total penetration depth determined by the CDP model for the
ECC2-0, ECC2-0.5, ECC2-1, and ECC2-1.5 specimens was 1.1%, 7.2%, 12.1%, and 3.7% higher than the
experimental results, respectively. However, the total penetration depth estimated using the DP model
was 25.1%, 21.2%, 18.7%, and 12.6% higher than the experimental results, respectively.
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Figure 15. Applied energy-penetration depth curves for composite specimens at different drop levels;

(a) 1st hit, (b) 2nd hit, and (c) 3rd hit.

Figure 16. Strain energy magnitude in composite specimens due to impact at: (a) 2.5-ms, (b) 5-ms,

(c) 7.5-ms, and (d) 10-ms.
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Table 5. Experimental and numerical impact test results.

17 of 27

;I: ECC2-0 ECC2-0.5 ECC2-1 ECC2-1.5
Exp. CDP DP CDP/Exp. DP/Exp. Exp. CDP DP CDP/Exp. DP/Exp. Exp. CDP DP CDP/Exp. DP/Exp. Exp. CDP DP CDP/Exp. DP/Exp.
1 103 103 111 1.00 101 110 113 111 1.03 1.01 109 111 110 1.02 .00 105 108 111 1.03 1.05
Eng;gy 2 218 203 219 098 106 212 213 217 1.00 102 216 213 217 0.99 101 213 208 220 0.98 1.03
3 315 314 331 0.99 105 322 324 330 1.01 103 322 324 328 1.01 .02 317 318 329 1.01 1.04
1 171 161 141 0.94 08 165 156 135 0.94 082 176 166 144 0.95 08 168 158 138 0.94 0.82
&l‘(’;‘:)l 2 274 282 177 1.03 065 289 287 200 0.99 069 293 295 229 1.01 078 271 288 212 1.07 0.78
3 357 319 205 0.89 057 369 352 227 0.95 062 364 360 246 0.99 068 365 340 238 0.93 0.65
1 145 153 144 1.06 099 135 153 144 113 106 137 156 146 113 106 142 150 141 1.06 0.99
(Ir;e;{) 2 15 138 185 091 122 143 137 162 0.96 113 133 137 146 1.03 110 148 140 156 0.95 1.05
3 165 176 249 1.07 1.51 155 174 220 112 142 145 173 201 119 138 160 177 211 1.10 132

Note: Hit no. = number of impacts. Pen. = Penetration depth. Exp. = Experimental results.



18 of 27

Appl. Sci. 2019, 9, 994

Experiment

@ CDP

SSaariets
4
Rt loldls

Vipioeoy

05
SRRRNE

P

%
»

2%
5

R
2%

29

S
X HHE I
S
TN

)

re%y

R R IR
Sat ettt et et et ctes

[EFHEIR,
Bt
Bt
[0t

s
fidleres
oo
B

AT

40

Tp]
(s}

o Tp] o n o
[s2] o (o] -— -

(r) ABiaugz pajedissiq

Te}

ECC2-15

ECC2-1
ixture

5

ECC2-0

0

ECC2-

M
Accumulated dissipated energy of different composite spec

tal, Concrete Damage Plasticity (CDP),

imens due to multiple impacts

Figure 17.

and Drucker/Prager (DP).

experimen

2 Experiment
B CDP

SR
TR
ot bt
et S 00’”‘"‘“’"‘”’”’"‘
SO ES NN SN I IS

o T A R S R R I oA oo I S 8 IO A R I I AR I o
s e
M
e e e e it et B e e e e s

R RILR

R - o
B L LA
e e et
B R B e RSB
P10 0 0.50°00_ 00109 0020 0.0.9_0.6,0_0.0.0 0_0.8.0.0.0.9_0.6.9_0:0.9.0.6,0_¢.6.0_¢_¢

i T s TERI TR S T A
T ottt e e b tatotete! Sesaanitet
Trtatiteet et ta ittt tatitetet

ool 208
R R R R R

(ww) yydaqg uonesyauad

ECC2-1.5

ECC2-1

ture

ECC2-0.5

ECC2-0

IX

M

10Us COMpPOs1

impacts

ite specimens due to multiple

Figure 18. Accumulated penetration depth for var

tal, CDP, and DP.

experimen



Appl. Sci. 2019, 9, 994 19 of 27

UT, M

+
+
s
+
4
+
+
i
4
4+
+
+
+

Figure 19. Penetration depth for composite specimens due to multiple impacts using the CDP model:
(a) ECC2-0, (b) ECC2-0.5, (c) ECC2-1, and (d) ECC2-1.5.

Figure 20. Penetration depth for composite specimens due to multiple impacts using the DP model:
(a) ECC2-0, (b) ECC2-0.5, (c) ECC2-1, and (d) ECC2-1.5.
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5.3. Impact Load-Time History

The ductility features imparted into the CDP and DP models enable simulating the behavior of
ECC materials under dynamic loading close to experimental findings, as shown in Figure 21, with the
CDP model exhibiting superior performance. The tolerance in the applied load estimated using the
DP model was about four times that of the CDP model compared to actual experimental data. For
instance, as displayed in Figure 22, the accumulated impact load applied on the ECC2-0, ECC2-0.5,
ECC2-1, and ECC2-1.5 estimated using the CDP model was 11.6%, 3.5%, 1.0%, and 2.2% lower than
the corresponding experimental data, respectively, while that estimated by the DP model was 39.6%,
31.7%, 25.2%, and 26.9% lower than the experimental results, respectively. The difference in numerical
accuracy can be attributed to the fact that the CDP model is constructed based on the two main failure
mechanisms of concrete: tensile cracking and compressive crushing. The evolution of yield surfaces in
concrete is controlled by two hardening variables, which causes failure under tensile and compressive
stresses simultaneously. While the DP model is based on the same criterion, only one of the two
main failure mechanisms can be assigned for the material during the simulation, which affects its
overall performance.
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Figure 21. Typical impact load-time history curves for composite specimens at different impact levels:
(a) 1st hit, (b) 2nd hit, and (c) 3rd hit.
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Figure 22. Applied impact load of different composite specimens due to multiple impacts: experimental,

CDP, and DP.

6. Failure Criterion

A key benefit of the numerical simulation is the ability to capture when and where the first

crack is initiated, which is experimentally more challenging. Figures 23 and 24 display the stress

distributions through the ECC specimens outlined via the numerical simulations. Maximum and

minimum principal stresses were illustrated on the upper and lower surfaces of the different ECC
specimens. It was observed that the stress distributions in the developed models using ductile

modeling techniques, such as the CDP or DP models, can give realistic results of the actual crack

propagation under impact loading. Figure 25 illustrates a comparison between the experimental

and numerical simulation failure criterion of different ECC specimens under impact loading. The
differences in the stress distribution between the experimentally tested and simulated specimens can

generally be attributed to the fact that the tested specimens were made from a rather heterogeneous

material, while a homogeneity assumption was made in the simulation process. This could lead to

variation in the crack propagation path. The stress distribution in the ECC elements was globally
distributed rather than local. This can be observed through the impulsive waves generated due to

impact loading on all surfaces of the ECC specimens. Furthermore, it was observed that the tensile

stresses were propagated at the upper surface of specimens around the circumferential edge of the

impacting ball (Figure 23). Yet

the compressive stresses were generated through the specimen under

7

the impacted area. These compressive stresses were transferred into tensile stresses when the elastic

wave reflected at the distal face. Under impact loading, the tensile stresses in concrete structures

cannot be avoided.
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Figure 23. Upper surface stress distribution of composite specimens due to impact at: (a) 1-ms, (b) 2-ms,
(c) 3-ms, and (d) 4-ms.
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Figure 24. Distal face stress distribution of composite specimens due to impact at: (a) 1-ms, (b) 2-ms,
(c) 3-ms, and (d) 4-ms.
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Figure 25. Experimental and numerical failure criterion of composite specimens due to impact:
(a) ECC2-0, (b) ECC2-0.5, (c) ECC2-1, and (d) ECC2-1.5.
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7. Validation of Numerical Model

The numerical models were first used to evaluate the applied impact energy required to achieve
crack initiation and failure of the tested specimens, and their results were subsequently compared to
that experimentally acquired in a recent study by Ali et al. [6]. Figure 26a,b illustrate the experimental
and numerical values of the impact energy sustained until crack initiation and final fracture of the
ECC specimens, respectively. It can be observed that there was a reasonable agreement between the
numerical predictions and experimental results. The numerically estimated results using the CDP and
DP models were 18.7% and 39.2% lower than the corresponding experimental data, respectively. For
instance, per the CDP model, the sustained impact energy until first crack initiation and final fracture
for the ECC2-0, ECC2-0.5, ECC2-1, and ECC2-1.5 specimens were lower than the experimental values
by 15.5%, 16.2%, 18.7%, and 17.1% and 16.3%, 17.4%, 16.7%, and 18.2%, respectively. Likewise, the
sustained impact energy until first crack initiation and final fracture of the ECC2-0, ECC2-0.5, ECC2-1,
and ECC2-1.5 using the DP model was lower than the experimental data by about 30.2%, 36.1%, 32.5%,
and 35.5% and 32.3%, 36.5%, 34.5%, and 39.2%, respectively. The CDP model outperformed the DP
model in evaluating the fracture energy of ECC specimens under impact loading, which supports
earlier discussion. Differences between the experimental and numerical results can be ascribed to the
inability of the simulation to model how the fibers were pulled out along with approximations related
to the definition of materials parameters.
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Figure 26. Impact energy sustained by composite specimens: (a) 1st crack and (b) failure.

The various hybrid composite HECC-SMAF specimens achieved superior impact resistance to
that of the control PVA-ECC specimens. This is ascribed to the higher energy dissipation capability and
pull-out resistance of SMA fibers compared to that of PVA fibers, requiring more energy before fracture
of the specimens. The ECC2-1 specimen exhibited superior impact resistance compared to that of all
other ECC specimens, which was observed both experimentally and numerically. Higher fiber dosage
beyond 2% PVA and 1% SMA by volume fraction led to tensile strength and impacted resistance
degradation due to fiber clustering and increased porosity, as evidenced elsewhere by Ali et al. [6].

8. Conclusions

Experimental testing and numerical simulations were carried out in the present study to
investigate the behavior under impact loading of a novel composite endowed with strain recovery,
which is made of an engineered cementitious composite incorporating hybrid SMA and PVA short
fibers. Impact loading was conducted at different drop levels using a drop weight impact test, and
numerical simulations of the composite’s impact behavior were performed. The following conclusions
can be drawn based on this research:

e The tensile properties of the ECC composite were generally enhanced owing to SMA fiber
addition. All ECC mixtures achieved a tensile strain of up to 8%. Among the tested mixtures, the
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composite incorporating 2% PVA and 1% SMA fibers achieved the highest tensile properties and
impact resistance.

e  Generally, the impact resistance of the composite was improved owing to SMA fiber addition.
Upon multiple impacts, the energy dissipation capability of the HECC-SMAF composite was
increased by about 23.39%, 30.43%, and 11.53% owing to SMA fiber addition of 0.5%, 1%, and
1.5% by volume fraction, respectively, compared to that of the ECC specimen incorporating 2%
PVA fibers alone.

e The impact penetration depth tended to decrease upon SMA fiber addition. For instance, the
ECC2-0.5, ECC2-1, and ECC2-1.5 specimens had 6.3%, 10.1%, and 2.6% lower penetration depth
compared to that of the control PVA-ECC specimen, respectively.

e  The heat treatment process led to the melting of the PVA fibers with the associated loss in
mechanical properties. Yet, the heat treatment stimulated the SMA fibers to locally prestress the
composite’s matrix owing to its shape memory effect. Consequently, an overall enhancement
in the energy absorption capacity of the heated HECC-SMAF hybrid composite over that of its
non-heated counterpart was observed.

e  The superior impact performance of the hybrid composite and similar composites [50] make such
novel materials the strong contenders for constructing protective structures, with a potential to
enhance the safety of critical infrastructure assets against explosions and impact events.

e Plasticity models, coupled with the add-erosion option and maximum principal strain, were
appropriate for simulating the behavior of the ECC composite under impact loading.

e  The numerical simulation results using the Concrete Damage Plasticity were in closer agreement
with the corresponding experimental data than that of the Drucker/Prager model in terms of
energy dissipation capability and maximum penetration depth. The numerically estimated results
in terms of the energy dissipation ability using the CDP and DP models were 24.4% and 61.5%
lower than that of the corresponding experimental data, respectively, while it was higher than
that of the corresponding experimental data by 12.1% and 25.1% in terms of the total penetration
depth, respectively.

e  Generally, the stress distribution, crack propagation, and failure criterion of the numerically
simulated ECC specimens were in good agreement with the experimentally observed behavior
of the ECC specimens under impact loading. However, the tolerance in the applied impact load
evaluated using the DP model was about four times that of the CDP model compared to that
estimated experimentally.

e  This study demonstrates the feasibility of using numerical simulation to reasonably predict the
behavior of the hybrid composite developed in this study under impact loading. The model can
be further enhanced to capture additional aspects related to the fiber type, dosage, strain rate,
and other relevant parameters that were not within the scope of the current study. Developing
a comprehensive and robust model can save time, effort, and cost associated with laborious
experimental testing.
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