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A B S T R A C T   

As the most widely used material in protective structures, a better understanding of the resistance of reinforced 
concrete (RC) to high-speed projectile striking is needed. It has been accepted that concrete material possesses 
limited impact resistance in virtue of its poor energy absorption capacity. To improve the performance of RC 
structures under impulsive loading, affixing externally-bonded Fiber Reinforced Polymer (FRP) sheets on 
structural elements is a practical method. Due to the emphasis of most existing literature on the penetration 
behavior of projectiles, the studies of impact-induced spalling damage on normal and FRP strengthened RC plates 
are not sufficient and in-depth. In this paper, the local response of un-strengthened and FRP strengthened RC 
plates under projectile impact is systematically investigated with experimental approaches. In consideration of 
the complexity of transient behavior as well as multiply parameters involved, empirical approaches based on 
dimensionless analysis are proposed to predict the diameter and depth of spalling craters on normal RC plates 
and strengthened ones with frontal CFRP layers, which fill current research gap and are potential tools for 
damage assessment and repair. The validity of the proposed approaches is verified by test results from the present 
and published studies.   

1. Introduction 

Due to increasing terrorist attacks and impact incidents, the design of 
civilian buildings to withstand impact loading has drawn greater 
attention. The dynamic characteristics and failure modes of structural 
components have been well elaborated for years [1–3]. In the past few 
decades, the behavior of reinforced concrete (RC) structures under 
projectile impacts gradually becomes a research hotspot [4–7]. A major 
focus of extensive studies is the local response of RC targets caused by 
hard impact. Li et al. [8] summarized potential damage modes forming 
on RC plates based on observations from extensive tests as shown in 
Fig. 1. Three failure modes were observed in the tests: penetration on the 
impacted face, scabbing on the rear face, and perforation of the whole 
target [9]. 

The main concern of existing studies is the depth of penetration 
(DOP) which is the traveling distance of the projectile into the target and 
ballistic parameters such as scabbing limit thickness (the minimum 
thickness of target required to prevent scabbing at the rear face), 
perforation limit thickness (the minimum thickness of target required to 

prevent perforation) and ballistic limit velocity (the minimum impact 
velocity of a projectile to perforate a target) [9]. Various empirical 
formulas for quantitative estimation of ballistic effects on concrete 
structures have been proposed [10–15]. With deeper investigations on 
damage mechanisms, some semi-analytical models are available. For 
instance, Forrestal et al. [16] measured the deceleration-time history of 
the projectile during the penetration and applied Newton’s second law 
to calculate the penetration depth. Besides, the maximum spalling crater 
depth equal to twice the diameter of projectiles was suggested. Chen and 
Li [17,18] modified Forrestal et al.’s model basing dimensionless anal-
ysis to eliminate dimension inhomogeneity so that it could be applicable 
to arbitrary projectile nose shape. The majority of existing studies 
hereinbefore focus on the penetration behavior of impactor. However, 
the assessment of the protective performance of RC structures should not 
solely rely on a single parameter DOP. In the design of structures to resist 
blast loading, the damaged areas on the surfaces of RC elements are of 
great significance due to potential threats caused by concrete fragments 
[19–21]. To obtain acceptable predictions on the dynamic response, 
researchers attempted a variety of approaches to quantitatively analyze 
the explosion-induced damage and several predictive models were 
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developed [21–26]. However, the size of projectile impact-induced 
surface damage on RC components has received less attention, which 
is required to quantify the extent of damage caused by ejecting small 
fragments, for instance, for a cased charge. For example, Grisaro and 
Dancygier [27] estimated the residual resistance of a concrete structure 
subjected to an explosion basing the material loss. Such analyses, 
especially when concerned with more sparse impacts, would benefit 
from a more in-depth study of the surface damage caused by smaller 
fragments. 

It is widely reported that concrete material is vulnerable to dynamic 
loading, especially when subjected to high-velocity impact and explo-
sion. With increasing requirements for resisting potential threats and 
accidents, developing practical methods to improve the impact resis-
tance of RC structures is imperative [28]. As mentioned hereinbefore, 
minimizing surface damage area and preventing projectile perforation 
are equally important in the design of protective RC plates or panels, as 
both ways could reduce secondary fragmentation [29]. In this context, 
with widespread applications of composite materials in the construction 
industry, externally-bonded fiber-reinforced polymer (FRP) layers have 
been widely applied to retrofit aging buildings and renovate dilapidated 
facilities [30–34]. In the past decades, using fiber-reinforced polymer 
(FRP) sheets as protective layers to strengthen RC structures has gained 

increasing popularity due to their superior characteristics, i.e., excellent 
strength-to-weight ratio, great durability and convenient installation 
[35]. Except for the mechanical properties of FRP material itself, the 
bonding strength at the interface [36,37] and the fracture behavior of 
concrete [38–40] play an important role in the performance of RC 
structures with externally-bonded FRP layers. In consideration of the 
catastrophic effects caused by high-velocity impacts, researchers are 
working to study the dynamic response and failure mechanism of 
strengthened RC structures in recent years. Vossoughi et al. [41] 
investigated the behavior of concrete panels protected by Polypropylene 
and Zylon fabric. Experimental approach was adopted to study the 
extent of kinetic energy absorbed by concrete targets with and without 
fabric. As observed from post-impact specimens, scabbing damage on 
the rear face of concrete panels was reduced and ejection fragments 
could be prevented by both types of fabric. Abdel-Kader and Fouda [42] 
conducted a series of projectile impact tests on concrete panels with 
strengthening Glass Fiber Reinforced Polymer (GFRP) sheets. Similar 
strengthening effects were reported in which the extent of damage was 
reduced by FRP sheets. Moreover, the effectiveness of GFRP sheets in 
reducing spalling damage on the impacted face was elaborated. Almu-
sallam et al. [43] applied experimental and numerical approaches to 
investigate the dynamic behavior of carbon fiber reinforced polymer 

Nomenclature 

Ac Spalling crater area on concrete surface 
C Concrete strength-dependent parameter 
Cn FRP layer-dependent parameter 
d Diameter of projectile shank 
Dc Equivalent diameter of spalling crater 
DOP Depth of penetration 
E1 Young’s modulus in the fiber direction 
E2 Young’s modulus in the transverse direction 
Ec Energy consumed by concrete spalling 
Ef Energy consumed by FRP damage 
Ek Kinetic energy of projectile 
fc Compressive strength of concrete 

G12 In-plan shear modulus 
Hc Depth of crater depth 
I* Dimensionless impact energy 
M Mass of projectile 
U Dimensionless crater volume 
V Impact velocity 
vc Volume of spalling crater 
Veff Effective striking velocity after penetrating FRP 
α Corrected parameter for penetration depth 
ν12 Poisson ratio 
σ1 Tensile strength in the fiber direction 
σ2 Tensile strength transverse to the fiber direction 
τ12 In-plan shear strength  

Fig. 1. Projectile impact on the concrete plate (a) penetration; (b) scabbing and (c) perforation.  
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Fig. 2. Reinforcement details of RC plates.  

Fig. 3. Schematic diagram of impact test on FRP strengthened RC plate.  

Table 1 
Mix proportions of concrete specimens.  

Unconfined 
compressive 
strength 
(MPa) 

Cement 
(kg/m3) 

Fine 
aggregate 
(kg/m3) 

Coarse 
aggregate 
(kg/m3) 

Water 
(kg/ 
m3) 

Water/ 
cement 
ratio 

25 331 1014 830 205  0.62 
40 465 922 770 243  0.52 
50 488 928 759 205  0.42  

Table 2 
Mechanical properties of CFRP.  

Property Definition Experimental 
results 

σ1(MPa) Tensile strength in the fiber direction 750 
σ2 (MPa) Tensile strength transverse to the fiber 

direction 
8.3 

E1 (MPa) Young’s modulus in the fiber direction 83,000 
E2 (MPa) Young’s modulus in the transverse direction 3700 
ν12 Poisson ratio 0.23 
τ12 (MPa) In-plan shear strength 8.1 
G12 (MPa) In-plan shear modulus 1320  

Fig. 4. Geometry of (a) BC (Big-Conical) and (b) SC (Small-Conical) projectiles.  
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(CFRP) strengthened concrete panels under projectile impact. Localized 
damage modes including penetration tunnel, crack formation, spalling 
and scabbing damage and fracture of CFRP sheets were observed. Both 
impact tests and numerical simulations demonstrated that CFRP sheets 
could improve perforation energy of concrete panels and prevent frag-
ments flying off the rear face. However, the number of studies on FRP 
strengthened RC plates under projectile impact is insufficient up till now 
and the majority of findings rely on qualitative analysis. 

In this paper, the local response of normal RC plates and strength-
ened RC plates with CFRP sheets under hard projectile impact is studied 
by experimental approach. Since the focus of this study is the spalling 
damage forming on the impacted face, FRP sheets are attached at the 
frontal face of RC specimens. As reviewed hereinbefore, there is no 
available method to predict the size of spalling damage. To fill this gap, 
an empirical model for RC targets is first proposed. Then a series of tests 
are conducted for FRP strengthened RC plates. Lastly, a model to eval-
uate the protection of FRP layers on RC plates is proposed and verified 
with test results. 

2. Experimental program 

This study aims to investigate and analyze the spalling damage on 
the impacted face of normal and FRP strengthened RC plates caused by 
projectile impact. In comparison of numerical approaches that require 
sufficient expertise in material properties and impact dynamics as well 
as extensive computational resource, experimental studies could repli-
cate the actual scenarios and give reliable results in a straightforward 
manner. Moreover, experiment-based methods are commonly user- 
friendly to researchers and engineers by incorporating complicated 
characteristics into specific empirical parameters. Therefore, multiple 
factors are systematically studied through impact tests, i.e., concrete 
strength, number of CFRP layers, projectile mass and striking velocity. 

2.1. RC plates 

The dimensions of RC plates used in the tests were 300 mm × 210 
mm × 60 mm. All plates were reinforced with ф6 steel bar along the 
longitudinal and transverse directions. As the layout of reinforcement 
shown in Figs. 2 and 3, to prevent the projectile from striking the with 
rebars, no reinforcement was placed in the central area. The 

compressive strength (fc) of concrete specimens varied from 25 to 50 
MPa (cylinder strength at 28 days). Concrete strength was controlled by 
water/cement (w/c) ratio and the maximum size of coarse aggregate 
was 10 mm. The w/c ratio used for 25 MPa, 40 MPa and 50 MPa mix was 
0.62, 0.52 and 0.42, respectively. The mix proportions of specimens of 
different concrete grades are shown in Table 1. 

2.2. CFRP layers 

CFRP layers consist of carbon fiber sheets and matrix material. In this 
study, unidirectional carbon fiber was selected and the basic properties 
were provided by the manufacturer. Epoxy resin was used as the matrix 
material due to its stable performance and good compatibility. To pre-
pare the CFRP strengthened RC plates, epoxy resin was first mixed with 
the promoter for hardening. Then, the fiber sheets were impregnated by 
the resin. Before affixing the wet layers onto the RC plates, a thin layer of 
glue was brushed on the surface of RC plates for better bonding. The 
prepared specimens were cured at room temperature (26 ~ 30℃) for 

Fig. 5. Sketch of the test setup.  

Fig. 6. Fixed specimen in the specimen chamber.  

Table 3 
Experimental plan of RC plates.  

Test 
group 
No. 

Type of 
projectile 

Concrete 
grade 
(MPa) 

Gas 
pressure 
(MPa) 

Repetition Total 
number of 
tests 

1 Small- 
Conical 

40 2 3 9 
4 3 
6 3 

2 Big-Conical 40 2 3 9 
4 3 
6 3 

3 Big-Conical 25 2 3 9 
4 3 
6 3 

4 Small- 
Conical 

50 2 3 9 
4 3 
6 3  

Table 4 
Experimental plan of CFRP strengthened RC plates.  

Test group 
No. 

Type of 
projectile 

The number of 
FRP layers 

Gas 
pressure 
(MPa) 

Total number 
of tests 

1 Big-Conical 0 2, 4, 6 12 
1 2, 4, 6 
2 2, 4, 6 
3 2, 4, 6 

2 Small-Conical 0 2, 4, 6 12 
1 2, 4, 6 
2 2, 4, 6 
3 2, 4, 6  
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one week. The mechanical properties of CFRP layers were tested ac-
cording to ASTM D 3039 and ASTM D 7565 and the results are sum-
marized in Table 2. 

2.3. Projectile 

The projectiles used for impact tests were machined from 316 
Stainless Steel. Two types of projectiles were designed and prepared, as 
shown in Fig. 4. All the projectiles were solid and the shank diameter 
was 12 mm. These two types of projectiles were denoted as BC (Big- 
Conical) and SC (Small-Conical), respectively. The mass of the BC pro-
jectiles was equal to 44.4 g, while the SC projectiles weighted 35 g. 

2.4. Setup 

In the present impact tests, the projectiles were launched from a 12- 
mm-diameter gas gun system as shown in Fig. 5. The launching system 
consisted of an air tank, an air chamber and an accelerating tube. A 
velocity measurement device located at the exit of the accelerating tube 
was used to measure the striking velocity of projectiles. Two opposite 
edges of test specimens were clamped within a chamber, as shown in 
Fig. 6. The impact velocity was controlled by gas pressure of the air tank 
and the projectile velocity varied from 100 to 250 mm/ms. 

2.5. Experimental program 

The entire test program was divided into 2 categorizes, viz., normal 
RC plates and FRP strengthened RC plates. In the former, specimens 
made of concrete of different compressive strengths were tested and the 
aim was to develop a predictive model for RC elements. Furthermore, 
systematic analysis of RC plates with FRP strengthening layers was 
conducted based on the results of the second series. 

2.5.1. Projectile impact tests on normal RC plates 
There were 4 groups of specimens in the first series. In each group, 

one type of projectiles was used to impact concrete specimens of the 
same grade. To vary the striking velocity, BC and SC projectiles were 
accelerated by three pressure levels, viz., low pressure (2 MPa), medium 
pressure (4 MPa) and high pressure (6 MPa). To guarantee the validity of 
results, impact tests under one specified pressure level were repeated 
thrice. Thus, a total of 9 tests were conducted for each group. The whole 
experimental program is presented in Table 3. 

2.5.2. Projectile impact tests on FRP strengthened RC plates 
Same to the impact tests for normal RC specimens, two types of 

projectiles were used in the second series. The concrete strength was 
kept unchanged, in which all the RC plates were made of C40 concrete. 
In each group, one specific type of projectile was selected to impact the 
specimens. The variation of striking velocities was achieved by 

Table 5 
Typic damage patterns observed from tests.  

Test specimen Photos of post-test specimens Observed damage pattern 

Un-strengthened RC plates Spalling crater was formed at the impact point. 

1-layer strengthened RC plates (1) FRP layer was perforated by the projectile and a hole was created at the impact point.(2)  
FRP was fractured along the fiber direction. 

2-layer strengthened RC plates (1) FRP layers were perforated by the projectile and a hole was formed at the impact point.(2)  
The top FRP layer was fractured along the fiber direction.(3)  
The FRP near the fractured region detached from concrete and bulged. 

3-layer strengthened RC plates (1) FRP layers were perforated by the projectile and a hole was formed at the impact point.(2)  
The FRP near the fractured region detached from concrete and bulged  
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controlling the gas pressure and three levels were applied (2 MPa, 4 MPa 
and 6 MPa)). Moreover, the number of strengthening layers was varied 
from 0 to 3 to investigate the strengthening effect of FRP sheets. The 
laminate stacking sequence of 1, 2 and 3 layers was [0], [90/0] and [0/ 
90/0], respectively, where 0◦ and 90◦ represented the direction parallel 
with the longitudinal and transverse directions of the plates, respec-
tively. Thus, each group consisted of 12 individual tests. The whole 
experimental plan is shown in Table 4. 

2.6. Experimental observations 

The damage pattern on the post-impact specimen was observed and 
recorded after each impact. The formation of spalling crater due to 
concrete crushing was the most common damage mode. Ascribed to the 
attached FRP layers on the impacted face, the crater could not be 
observed directly from post-test FRP strengthened specimens. Hence, 
the initial observation was on externally-bonded FRP sheets. It was 
found that the damage patterns on the strengthened specimens varied 
with the number of FRP layers. For specimens with 1 layer of FRP, a hole 
at the impact point and fractured FRP along fiber direction were 
observed. The width of damaged region was approximately equal to the 
diameter of the projectile and the length was changed under different 
striking velocities. A similar phenomenon was found on the 2-layer 
strengthened specimens, whereby a through hole was formed on the 
FRP sheets at the position of impact and the outer layer was torn. In 
addition, some bulges due to detachment of FRP from the concrete 
surface were observed. There was no apparent fiber breakage on 3-layer 
strengthened specimens except subjected to the highest impact velocity. 
However, a bulging region was found around the impact point. Photos of 
RC plates and FRP sheets are presented in Table 5 to show the damage 
patterns. 

2.7. Measurements 

The aim of experimental studies was to investigate the impact- 
induced spalling crater. As the most common damage mode caused by 
projectile impact, simplifying crater model as the frustum of a cone is 
widely acceptable and such assumption has been verified by tests [44]. 
As shown in Fig. 7, the authors assume the frustum-of-cone-shaped 
crater with the ‘base diameter’ as crater diameter Dc and the ‘head 
diameter’ equal to the projectile shank diameter d. The ‘height’ indicates 
crater depth Hc. Thus, the volume of spalling crater could be calculated 
by crater depth Hc, crater diameter Dc and projectile shank diameter d. 

The first measurement for post-impact specimens is DOP, measured 
by a digital caliper. DOPs of all tested plates are smaller than the twice 
projectile shank diameter (2d), which is the maximum spalling crater 
depth suggested by Forrestal et al. [16]. Thus, the penetration behavior 
of projectiles could be treated as shallow penetration. Apart from the 
formation of spalling crater (Fig. 1(a)), other damage modes are not 
observed (Fig. 1(b) and (c)) and the measured DOP was equal to crater 
depth Hc. The measurement of crater diameter is not as straightforward 
as that for DOP due to the irregularity of crater contours. One available 
method to assess crater diameter Dc is to average the maximum crater 
diameters in different directions [45,46]. Alternatively, the crater size 
could be estimated by the diameter of a circle of equal area, also referred 
to as the equivalent crater diameter. To obtain accurate results, an image 
processing software Image-Pro Plus was applied in this study. For 
strengthened specimens, the measurement was conducted followed by 
the removal of FRP layers. Fig. 8 shows the impacted face of post-impact 
plate with 1-, 2- or 3-FRP-layer. The enclosed area, namely, spalling 
crater area Ac, could be calculated by Image-Pro Plus and the corre-
sponding results (values in red area) are shown in each figure. Then the 
equivalent crater diameter assuming a circular shape could be deter-

mined based on the measure crater area by Dc =

̅̅̅̅̅̅̅
4
πAc

√

. 

3. Analysis of results 

3.1. Spalling damage on bare RC plates 

The experimental results of normal RC plates are summarized in 
Table 6. The first column denotes the test number, where four sets of 
alphabets/digits refer to the type of projectile (BC and SC), the concrete 
grade, the launching pressure (L- 2 MPa, M− 4 MPa and H-6 MPa) and 
the number of tests, respectively. For example, specimen SC-40-L-01 
denotes the first specimen made by concrete with 40 MPa compressive 
strength subjected to a Small-Conical projectile impact launched by 2 
MPa gas pressure. 

3.1.1. Analysis of results for normal RC plates 
In this series of 36 tests, projectile striking velocity ranged from 100 

to 250 m/s. After each impact, only minor abrasions were found on the 
tip of projectile. Therefore, the deformations of projectiles were deemed 
to be negligible and all penetration behavior were treated as hard 
impact, which was consistent with the published experimental obser-
vations [17,18]. A spalling crater was observed on all RC plates without 
obvious scabbing (Fig. 1(a)) on the rear face. Thus, the experimental 
program was reasonable and met the corresponding demands. As shown 
in Table 4, DOPs in all the tests were less than 24 mm (2d), the maximum 
spalling crater depth suggested by Forrestal et al [47]. In other words, 
within the range of tested impact velocities, no tunnels were produced 
during the penetration of projectiles and it was rational to assume that 
the impact energy was consumed by RC plates to form spalling craters. 
Fig. 9 shows the comparison of DOPs between measurements from 
present tests and semi-analytical predictions by Chen & Li model 
[17,18]. It was found that the analytical model slightly overestimated 
DOPs, which might arise from the confinement of reinforcing bars and 
the influence of coarse aggregates. To quantify the difference, the 

Fig. 7. Frustum-of-cone-shaped spalling crater on the impacted face.  
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average ratio α of semi-analytical predictions to experimental results is 
calculated and summarized in Table 7, which demonstrates that α is a 
concrete strength dependent parameter. Thus, the differences between 
experimental and semi-analytical DOP mainly rely on concrete grades. 

3.1.2. Development of the spalling crater predictive model for RC plates 
The model for spalling damage prediction is based on the conser-

vation law of energy. During the penetration process, the kinetic energy 
of the projectile is transferred to the concrete material and is fulling 
consumed by forming an idealized local damage (Fig. 1(a)). A projectile 
with greater impact energy would cause severer damage. The energy of 
the rebound projectile is neglected from a conservative perspective. 
Based on this assumption, total impact energy is converted to producing 
a spalling crater. Thus, the volume of the spalling crater is assumed to be 
proportional to the projectile kinetic energy (Eq. (1). 

vc∝Ek (1)  

where vc is the volume of spalling crater and Ek is the kinetic energy of 
projectile. 

The non-dimensional impact factor I* has been widely used by re-
searchers in their empirical and semi-analytical formulae for DOP 
calculation [18,48,49]. As shown in Eq. (2), the numerator indicates the 
kinetic energy of projectile and the denominator represents the impact 
resistance of target. 

I* =
MV2

fcd3 (2)  

where M is the mass of projectile, V is the impact velocity, fc is the 
concrete compressive strength and d is the shank diameter of projectile. 

Based on the frustum-of-cone geometric simplification, the crater 
volume could be calculated using Eq. (3). To directly compare with the 
dimensionless parameter I*, the crater volume vc was normalized by d3 

to derive parameter U (Eq. (4). 

vc =
1
12

πHc(D2
c + d2 + Dcd) (3)  

U =
1
12

π Hc

d

[(
Dc

d

)2

+
Dc

d
+ 1

]

(4)  

where Hc is the crater depth (equal to the DOP in this paper); Dc is the 
crater diameter and d is the shank diameter of projectile. With this 
formula, the dimensionless crater area Ac/d2 can be obtained by dividing 
U by (Hc/d). 

The test results are summarized in an I*- U plot (Figs. 10 and 11) to 
show the correlation between two dimensionless parameters. It is found 
that the normalized crater volume U is linearly proportional to the 
impact factor I*. Moreover, the slope is closely associated with concrete 
compressive strength. Forrestal et al [47] reported that the resistance of 

Fig. 8. Measurement of crater area.  
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concrete targets to projectile impacts is highly governed by concrete 
strength. They introduced a strength-dependent parameter S in their 
model. In this study, an experimental parameter C that represents the 
slope of fitting lines in Fig. 9a-c is proposed and thus the projectile 
impact-induced spalling crater could be directly obtained through Eq. 

(5). The term C is a concrete strength-dependent parameter and it is 
equal to 0.637, 0.71 and 0.767 for fc = 25 MPa, 40 MPa and 50 MPa 
concrete, respectively. 

U = C × I* (5)  

With the empirical parameter C, the dimensionless crater volume U 
could be determined according to the impact factor I*. Then Chen & Li 
model for the calculation of normalized crater depth (Hc/d) is incorpo-
rated. The normalized crater diameter Dc/d could be evaluated using Eq. 
(6). 

Dc

d
=

− 1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − 4
(

1 − 12CId
πHc

)√

2
(6)  

3.1.3. Verification 
The accuracy of the proposed approach to predict crater diameter is 

firstly verified by the present test results. Eq. (7) is slightly modified by 
introducing the parameter α to eliminate the overestimation of DOPs by 

Table 6 
Results of projectile impact tests.   

Test no. 
Projectile Mass M 
(g) 

Concrete strength fc 

(MPa) 
Striking velocity V (mm/ 
ms) 

DOP 
(mm) 

Crater area Ac 

(mm2) 
Equivalent crater diameter Dc 

(mm) 

SC-40-L-01 35 40  142.31 11.82 2978.7  61.6 
SC-40-L-02 35 40  169.38 11.88 2161.7  52.5 
SC-40-L-03 35 40  170.07 16.05 2852.7  60.3 
SC-40-M− 01 35 40  174.09 14.75 3366  65.5 
SC-40-M− 02 35 40  182.62 14.85 3500.8  66.8 
SC-40-M− 03 35 40  193.20 15.85 4114.8  72.4 
SC-40-H-01 35 40  218.66 17.09 3938.3  70.8 
SC-40-H-02 35 40  219.11 17.61 3128.1  63.1 
SC-40-H-03 35 40  226.24 19.05 4038  71.7 
BC-40-L-01 44.4 40  135.38 12.5 2902  60.8 
BC-40-L-02 44.4 40  138.17 11.65 2354.1  54.8 
BC-40-L-03 44.4 40  150.91 12.02 2136.7  52.2 
BC-40-M− 01 44.4 40  151.82 12 1980  50.2 
BC-40-M− 02 44.4 40  170.07 15.13 2492  56.3 
BC-40-M− 03 44.4 40  183.37 21.25 3345  65.3 
BC-40-H-01 44.4 40  192.80 20.25 4089.6  72.2 
BC-40-H-02 44.4 40  203.25 21.41 5408  83.0 
BC-40-H-03 44.4 40  219.68 20.81 5427.6  83.2 
BC-25-L-01 44.4 25  123.78 13.25 2017.6  50.7 
BC-25-L-02 44.4 25  134.72 12.97 2326.2  54.4 
BC-25-L-03 44.4 25  135.53 12.61 3357.5  65.4 
BC-25-M− 01 44.4 25  138.79 13.35 2353.7  54.8 
BC-25-M− 02 44.4 25  151.21 18.85 4424.7  75.1 
BC-25-M− 03 44.4 25  178.78 21.68 4584.2  76.4 
BC-25-H-01 44.4 25  182.70 22.95 5349.7  82.6 
BC-25-H-02 44.4 25  186.38 24.65 4644.3  76.9 
BC-25-H-03 44.4 25  195.47 22.75 3821.6  69.8 
SC-50-L-01 35 50  145.01 10.09 1582.1  44.9 
SC-50-L-02 35 50  162.62 10.25 3139.3  63.2 
SC-50-L-03 35 50  168.05 11.25 2011.3  50.6 
SC-50-M− 01 35 50  168.54 13.1 3990.1  71.3 
SC-50-M− 02 35 50  169.07 14.15 2550.1  57.0 
SC-50-M− 03 35 50  184.68 15.07 2760.9  59.3 
SC-50-H-01 35 50  200.53 16.05 2639.4  58.0 
SC-50-H-02 35 50  209.15 17.51 3254.9  64.4 
SC-50-H-03 35 50  215.95 19.28 4169.9  72.9  

Fig. 9. Comparison between test results and Chen & Li model predictions.  

Table 7 
The average ratio of semi-analytical results to experimental results (α).  

Test group Number of tests α 

BC-25 9  1.18 
BC-40 9  1.24 
SC-40 9  1.24 
SC-50 9  1.3  
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Chen & Li model. The comparison between experimental results and 
predictions is summarized in Table 8. To better present the differences, 

prediction errors are plotted in Fig. 12. As clearly presented in the chart, 
the errors of all predictions are less than 20% and most of them are 
within 10% difference, which indicate good predictive capability of the 
proposed approach. 

Dc

d
=

− 1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − 4
(

1 − 12αCId
πHc

)√

2
(7) 

The proposed approach is also verified by published test data 
[50–52] and the corresponding comparisons are shown in Table 9. 
Reasonable predictions on the referenced test results are obtained 
through the proposed approach. The maximum error (-19.89%) is found 
in Jeongsoo Nam et al.’s test [51]. A possible reason to produce such a 
difference might be that the researches used a spherical projectile in 
their tests. The predicted crater diameters of Beppu et al. [50] and 
Kojima [52] tests are close to the measured results, with errors of 
− 10.47% and 4.23%, respectively. 

3.2. Spalling damage on FRP strengthened RC plates 

The measurement data of all 24 specimens is summarized in 
Table 10, in which the first column indicates the test number. In the 
nomenclature for specimens, three sets of alphabets/digits refer to the 
type of projectile (BC and SC), the number of FRP layers and the gas 
pressure (L- 2 Mpa, M− 4 Mpa and H-6 Mpa). For example, SC-1-L 

U

I
Fig. 10. Relationship between dimensionless crater volume U and impact 
factor I*. 

Fig. 11. Linear fitting of data points of different concrete grades (a) C40; (b) C25 and (c) C50.  
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denotes a specimen strengthened with 1 FRP layer subjected to a SC 
projectile impact launched by 2 Mpa gas pressure. 

3.2.1. Analysis of results for strengthened RC plates 
The impact velocity of projectiles varied from 100 to 250 mm/ms. 

Based on the observation after each strike, no significant deformation 
was found on projectiles and the penetration behavior of projectiles 
could be regarded as hard impact. Since no obvious scabbing or cracks 
were observed on the rear face of plates, concrete spalling and the FRP 
fracture/deformation are two dominant damage modes on specimens. 
The measured DOP less than 24 mm (2d) confirmed that projectiles did 
not produce tunnels during the penetration process and the entire ki-
netic energy was consumed by causing spalling crater and FRP damage. 

In this series of tests, FRP sheets were affixed on the impacted face of 
RC plates as sacrificial layers to absorb a part of impact energy. In the-
ory, externally-bonded FRP layers could reduce the damage on the 
protected targets. For clarity, all measured DOPs are summarized and 
plotted in Fig. 13. Meanwhile, DOPs predicted by Chen & Li model for 
un-strengthened concrete plates are also presented to directly show the 
differences between semi-analytical and experimental results. It is worth 
noting that the penetration depth of projectiles into RC plates with FRP 
sheets is smaller than that into normal RC plates. In BC test groups, 
increasing the number of FRP layers is effective to resist the projectile 
and the penetration depth is reduced significantly. The effectiveness of 
FRP sheets is also observed in the tests using SC projectiles. 

Spalling crater area on each post-impact specimen is measured and 
the results are presented in Fig. 14. It is clearly shown that the crater 
area on the impacted face of RC plates is inversely proportional to the 
number of affixed FRP layers. In comparison with normal specimens, the 
reduction of crater area on strengthened RC plates is significant, 

especially when 2 and 3 layers of FRP sheets are used. Since the FRP 
sheets are made of unidirectional fiber bundles that possess the highest 
mechanical performance in the fiber orientation with relatively low 
tensile strength in the transverse direction, 2 FRP layers in [0◦/90◦] 
stacking sequence could constrain deformations and enhance mechani-
cal performance in the transverse direction. Further increasing the 
number of FRP layers from 2 to 3 lead to minor improvements, where 

Table 8 
Comparison of crater diameter between tests and predictions.  

Test no. I* C α Hc

d  

(
Dc

d

)

Model  

(
Dc

d

)

Test  

Error 

SC-40-L-01  10.26  0.72  1.24  1.18  4.84  5.13  − 6.03% 
SC-40-L-02  14.52  0.72  1.24  1.40  5.34  4.37  18.07% 
SC-40-L-03  14.65  0.72  1.24  1.41  5.35  5.02  6.08% 
SC-40-M− 01  15.35  0.72  1.24  1.45  5.41  5.46  − 0.81% 
SC-40-M− 02  16.89  0.72  1.24  1.53  5.54  5.57  − 0.43% 
SC-40-M− 03  18.90  0.72  1.24  1.63  5.69  6.03  − 6.06% 
SC-40-H-01  24.21  0.72  1.24  1.90  6.00  5.90  1.59% 
SC-40-H-02  24.31  0.72  1.24  1.90  6.00  5.26  12.37% 
SC-40-H-03  25.92  0.72  1.24  1.98  6.08  5.98  1.69% 
BC-40-L-01  11.77  0.72  1.24  1.26  5.04  5.07  − 0.53% 
BC-40-L-02  12.26  0.72  1.24  1.29  5.10  4.56  10.49% 
BC-40-L-03  14.63  0.72  1.24  1.41  5.34  4.35  18.61% 
BC-40-M− 01  14.81  0.72  1.24  1.42  5.36  4.19  21.89% 
BC-40-M− 02  18.58  0.72  1.24  1.62  5.65  4.70  16.97% 
BC-40-M− 03  21.60  0.72  1.24  1.77  5.84  5.44  6.87% 
BC-40-H-01  23.88  0.72  1.24  1.89  5.96  6.01  − 0.91% 
BC-40-H-02  26.54  0.72  1.24  2.03  6.08  6.92  − 13.72% 
BC-40-H-03  31.00  0.72  1.24  2.25  6.25  6.93  − 10.79% 
BC-25-L-01  15.75  0.637  1.18  1.30  5.34  4.22  20.95% 
BC-25-L-02  18.65  0.637  1.18  1.42  5.59  4.54  18.80% 
BC-25-L-03  18.88  0.637  1.18  1.43  5.60  5.45  2.74% 
BC-25-M− 01  19.80  0.637  1.18  1.47  5.67  4.56  19.52% 
BC-25-M− 02  23.50  0.637  1.18  1.62  5.90  6.26  − 6.03% 
BC-25-M− 03  32.85  0.637  1.18  2.00  6.32  6.37  − 0.78% 
BC-25-H-01  34.31  0.637  1.18  2.06  6.37  6.88  − 7.99% 
BC-25-H-02  35.70  0.637  1.18  2.11  6.42  6.41  0.11% 
BC-25-H-03  39.27  0.637  1.18  2.25  6.53  5.81  10.89% 
SC-50-L-01  8.52  0.767  1.3  1.14  4.77  3.74  21.58% 
SC-50-L-02  10.71  0.767  1.3  1.27  5.10  5.27  − 3.27% 
SC-50-L-03  11.44  0.767  1.3  1.31  5.20  4.22  18.84% 
SC-50-M− 01  11.51  0.767  1.3  1.32  5.21  5.94  − 14.13% 
SC-50-M− 02  11.58  0.767  1.3  1.32  5.21  4.75  8.92% 
SC-50-M− 03  13.82  0.767  1.3  1.45  5.46  4.94  9.50% 
SC-50-H-01  16.29  0.767  1.3  1.59  5.68  4.83  14.95% 
SC-50-H-02  17.72  0.767  1.3  1.67  5.79  5.37  7.33% 
SC-50-H-03  18.89  0.767  1.3  1.74  5.87  6.07  − 3.44%  

Fig. 12. Errors of predicted spalling diameters.  
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the crater area on RC plates with 2 and 3 FRP layers is close, as shown in 
Fig. 14. 

3.2.2. Development of the spalling crater predictive model for strengthened 
RC plates 

Based on the test results, frontal strengthening FRP layers could 
protect RC targets and reduce spalling damages. To quantify the rein-

forcing effect of FRP sheets, dimensionless analysis is conducted to 
establish the relations among key parameters. A critical assumption 
made in this study is that the impact energy is fully consumed to produce 
spalling crater and FRP damage. Hence, a formula (Eq. (8) based on the 
law of energy conservation is proposed. 

Ek = Ef +Ec (8) 

Table 9 
Comparisons between referenced test results and predictions.   

Projectile Concrete strength fc (MPa) Striking velocity V (m/s) 
(

Dc

d

)

Model 

(
Dc

d

)

Test 

Error 

Nose shape Mass M (g) 

Beppu et al. [50] Hemispherical 50 25  195.47  3.62  4.00  − 10.47% 
Kojima [52] Hemispherical 2000 27.5  209.00  5.40  5.17  4.23% 
Jeongsoo Nam et al. [51] Spherical 35 55.2  161.00  4.95  5.94  − 19.89%  

Table 10 
Results of projectile impact tests.   

Test no. 
Projectile Number of FRP layers Striking velocity V (mm/ms) DOP (mm) Crater area Ac (mm2) Equivalent crater diameter Dc (mm) 

Nose shape Mass M (g) 

BC-0-L Conical 44.4 0  140.90  13.46 2692.3  58.6 
BC-0-M Conical 44.4 0  185.64  20.67 3674.6  68.4 
BC-0-H Conical 44.4 0  195.31  23.79 3833  69.9 
BC-1-L Conical 44.4 1  133.71  13.27 2114.1  51.9 
BC-1-M Conical 44.4 1  200.00  20.1 3325.9  65.1 
BC-1-H Conical 44.4 1  205.48  22.41 3110.2  62.9 
BC-2-L Conical 44.4 2  143.87  11.24 1591.1  45.0 
BC-2-M Conical 44.4 2  176.47  17.44 2635.8  57.9 
BC-2-H Conical 44.4 2  229.78  21.8 3347.7  65.3 
BC-3-L Conical 44.4 3  158.23  12.63 1613.9  45.3 
BC-3-M Conical 44.4 3  211.86  18.91 2993.7  61.8 
BC-3-H Conical 44.4 3  213.68  19.51 2921.6  61.0 
SC-0-L Conical 35 0  139.46  9.2 2436.3  55.7 
SC-0-M Conical 35 0  169.41  14.46 2784.7  59.6 
SC-0-H Conical 35 0  229.57  16.16 3809.9  69.7 
SC-1-L Conical 35 1  145.01  10.2 1654  45.9 
SC-1-M Conical 35 1  199.95  15.75 2919.9  61.0 
SC-1-H Conical 35 1  228.66  17.5 3299.5  64.8 
SC-2-L Conical 35 2  149.73  10.2 1512.7  43.9 
SC-2-M Conical 35 2  193.05  16.98 1812  48.0 
SC-2-H Conical 35 2  245.58  22.42 2559.3  57.1 
SC-3-L Conical 35 3  138.40  9.48 1512.7  43.9 
SC-3-M Conical 35 3  170.22  14.04 1812  48.0 
SC-3-H Conical 35 3  262.51  17.28 2559.3  57.1  

Fig. 13. DOP induced by (a) BC and (b) SC projectiles.  
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where Ek is the projectile kinetic energy, Ef and Ec are the energy 
consumed by FRP damage and concrete spalling, respectively, and vc is 
the volume of spalling crater. 

Two parameters I* and U present dimensionless impact energy and 
dimensionless crater volume, respectively, which have been introduced 
in Section 3.1.2. Following the same analysis approach, test results of 
FRP strengthened specimens are processed and summarized in the I*- U 
plot (Fig. 15). As the data points shown in Fig. 15, U is proportional to I* 
and the relationship could be approximated to a linear variation. 
Therefore, four linear fitting lines are proposed for RC plates with 0–3 
FRP strengthening layers to indicate the dependence of U on I*. The 

correlation coefficient (R2) of fitting lines is greater than 0.96, demon-
strating the great linearity between these two parameters. The slope of 
each line C varies with the layer number. It is worth noting that the slope 
of the fitting line of the control group is identical to the obtained results 
in Section 3.1. The repeatable results confirm that C is indeed a repre-
sentative material-dependent parameter. For strengthened RC plates 
with 1, 2 and 3 FRP layers, C is 0.56, 0.50 and 0.42, respectively. The 
reduction of values indicate that smaller spalling crater is formed on the 
RC targets if more FRP layers are affixed on the impacted face. To 
quantify the improvement effect of externally-bonded layers, the 
parameter C of FRP strengthened specimens is compared with that of un- 
strengthened ones. The ratio of C (Cn/C0, n = 1,2 and 3) reflects the 
proportion of impact energy effectively acting on RC plates to cause 
spalling damage. As the calculations shown in Table 11, 19%, 35% and 
44% of the impact energy is absorbed by 1, 2 and 3 FRP strengthening 
layers, respectively. 

To modify the empirical method proposed in Section 3.1 by intro-
ducing the improvement effect of strengthening layers, the spalling 
damage on RC plates with frontal FRP layers can be quantitatively 
assessed. Based on the ratio of C in Table 11, the impact energy 
consumed by FRP sheets could be determined and the effective impact 
velocity striking on the strengthened RC targets could be calculated by 
Eq. (9). As an example, a projectile with velocity V impacting on a 1- 
FRP-layer strengthened RC plate, the effective impact velocity Veff 
acting on the RC target was equal to (81%)0.5V = 0.9 V. Therefore, the 
calculation of spalling depth and diameter should be based on the 
effective velocity rather than the original value. By introducing the ratio 
of C to consider the energy loss on frontal FRP layers, the proposed 
model can predict the size of spalling crater on FRP strengthened RC 
plates. 

1
2

MV2
eff =

Cn

C0
Ek (9)  

where M is the mass of projectile, Veff is the effective striking velocity of 
projectile acting on RC plates, Cn is the experimental factor of RC plate 
with n strengthening layers (not more than 3) and Ek is the total kinetic 
energy of projectile. 

3.2.3. Verification 
The comparison between the test results and the predictions by the 

modified method is summarized in Table 12. Moreover, the errors are 
presented in Fig. 16 to clearly show the accuracy of predictions. The 
proposed model provides reasonable estimations of both crater depth 

Fig. 14. Crater area induced by (a) BC and (b) SC projectiles.  

U

I*
Fig. 15. Relationship between dimensionless crater volume U and impact 
factor I*. 

Table 11 
Calculations of the ratio of C for FRP strengthened specimens.  

Projectile Specimen Cn Cn/C0 

Conical Control specimens  0.72 100% 
1 FPR layer strengthened specimens  0.58 81% 
2 FRP layers strengthened specimens  0.47 65% 
3 FRP layers strengthened specimens  0.40 56%  
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and diameter. The differences between experimental and predicted 
DOPs in most of the tests are within 20% except for two cases (BC-0-L 
and SC-2-L). In terms of crater diameter evaluation, except for 22% 
overestimation in BC-2-M, all other tests were well predicted with errors 
lower than 20%. Therefore, this modified empirical approach is capable 
to predict the size of spalling crater on FRP strengthened RC plates. 

4. Conclusion 

In this study, to systematically investigate the effects of multiply 
factors on projectile impact-induced damage, normal RC plates made of 
three grades of concrete [(fc = 25, 40 and 50 MPa)] and strengthened RC 
plates with FRP sheets [(number of layers varying from 1 to 3)] were 
tested with different impact velocities [ranging from 100 to 250 mm/ 
ms]. The authors propose prediction approaches for both normal and 
FRP strengthened RC plates basing dimensionless analysis of the test 
results, which lead to that the size of spalling damage on protected 

structural components could be quantitively evaluated. The main the-
ories and assumptions used for developing the models are summarized 
as follows:  

- Crater is in a frustum-of-cone shape.  
- Penetration depth should be shallow (DOP less than 2d) and only a 

spalling crater formed on concrete targets.  
- The crater depth is determined semi-analytically by Chen & Li model 

[17,18].  
- Dimensionless parameters I* and U are approximated in a linear 

relationship and the slope factor C was derived by linearly fitting the 
test results to the proposed formula. 

Since the dynamic behavior of structural components under projec-
tile impact is transient and complex, the theoretical analysis of damage 
formation is of great difficulty. Moreover, the current studies on the 
impact-induced spalling damage of FRP strengthened RC plates are not 

Table 12 
Comparison of DOP and crate diameter between test results and predictions.  

Test no. V 
(mm/ms) 

̅̅̅̅̅̅
Cn

C0

√ Veff 

(mm/ms) 
I* C 

(
DOP

d

)

Model  

(
DOP

d

)

Test  

Error 
(

Dc

d

)

Model  

(
Dc

d

)

Test  

Error 

BC-0-L  139.46  1.00  139.46  9.85  0.71  1.16  0.77 34%  6.19  4.64 3% 
BC-0-M  169.41  1.00  169.41  14.53  0.71  1.39  1.21 13%  6.75  4.96 8% 
BC-0-H  229.57  1.00  229.57  26.69  0.71  1.83  1.35 26%  7.40  5.81 10% 
BC-1-L  145.01  0.91  131.96  8.82  0.71  1.10  0.85 23%  5.17  3.83 17% 
BC-1-M  199.95  0.91  181.95  16.76  0.71  1.48  1.31 11%  5.31  5.08 9% 
BC-1-H  228.66  0.91  208.08  21.92  0.71  1.68  1.46 13%  6.56  5.40 11% 
BC-2-L  149.73  0.81  121.28  7.45  0.71  1.03  0.85 17%  4.58  3.66 16% 
BC-2-M  193.05  0.81  156.37  12.38  0.71  1.29  1.42 − 10%  5.44  4.00 22% 
BC-2-H  245.58  0.81  198.92  20.04  0.71  1.61  1.87 − 16%  6.29  4.76 20% 
BC-3-L  138.40  0.75  103.80  5.46  0.71  0.92  0.79 14%  4.30  3.66 6% 
BC-3-M  170.22  0.75  127.67  8.25  0.71  1.07  1.17 − 9%  5.04  4.00 11% 
BC-3-H  262.51  0.75  196.88  19.63  0.71  1.59  1.44 10%  5.70  4.76 19% 
SC-0-L  149.76  1.00  149.76  8.27  0.71  1.08  0.90 17%  5.59  4.44 2% 
SC-0-M  170.26  1.00  170.26  10.70  0.71  1.20  1.23 − 2%  6.01  4.86 1% 
SC-0-H  200.75  1.00  200.75  14.87  0.71  1.40  1.24 11%  6.75  4.88 10% 
SC-1-L  149.76  0.91  136.29  6.85  0.71  1.00  0.92 8%  4.56  4.50 − 7% 
SC-1-M  170.26  0.91  154.94  8.86  0.71  1.11  1.03 7%  4.95  4.78 − 4% 
SC-1-H  200.75  0.91  182.69  12.31  0.71  1.28  1.25 3%  5.51  4.99 3% 
SC-2-L  149.16  0.81  120.82  5.39  0.71  0.92  0.60 35%  4.47  3.26 15% 
SC-2-M  170.26  0.81  137.91  7.02  0.71  1.01  1.03 − 2%  4.81  3.66 14% 
SC-2-H  200.75  0.81  162.61  9.76  0.71  1.15 1.22 − 6%  5.43  3.96 17% 
SC-3-L  146.20  0.75  109.65  4.44  0.71  0.87  0.62 29%  4.03  3.52 1% 
SC-3-M  170.26  0.75  127.70  6.02  0.71  0.96  1.03 − 8%  4.35  4.08 − 2% 
SC-3-H  215.05  0.75  161.29  9.60  0.71  1.14  1.36 − 19%  4.91  4.17 12%  

Fig. 16. Prediction errors of (a) DOP and (b) crater diameter.  
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sufficient and in-depth, which leads to the lack of damage evaluation 
models. Based on the empirical parameter C obtained in the present 
paper, the relationship between the impact energy and the volume of 
spalling crater is directly established and thus the localized damage on 
normal and strengthened RC plates could be determined in a fast and 
convenient method. The developed model is potentially to be a practical 
tool for engineers to design, assess and reinforce RC structures to resist 
impact effects. The validity of the approach proposed in predicting 
spalling crater on normal and FRP strengthened RC plates is verified by 
test results from the present and published studies. 
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