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  Abstract 
Introducing a numerical modelling and formulae to predict ballistic limit (perfo-
ration velocity or perforation limit) of concrete barriers strengthened with steel 
plates and subjected to rigid projectile impact was the aim of this study. A for-
mula to predict the perforation limit of front steel-concrete (S-C) target is pro-
posed. A formula to predict the perforation limit of steel-concrete-steel (S-C-S) 
target is also proposed which reflects the significant effect of the rear steel liner. 
The results, being in good agreement with the experiment, have showed that the 
interaction between the concrete panel and the front steel liner (even with full 
bond assumption) has little effect on the perforation limit of the S-C target. In 
design of protective structures and regarding the percentage increase in perfora-
tion limit over reinforcement ratio of steel plates, the concrete-rear steel (C-S) 
target gives better result from the economic perspective than the S-C-S target. It 
is recommended to modify the power of compressive strength of concrete fc in the 
CEA-EDF perforation formula for concrete to avoid over-prediction of perfora-
tion limit when using high strength concrete. This modification may extend to 
other perforation formulae for concrete. 
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1. Introduction 

In order to increase the ballistic resistance of a concrete barrier (panel, slab or wall), a number of techniques were in-
troduced, e.g., [1-18]. Among these techniques are the use of high strength concrete [1, 2] and/or strengthening the bar-
rier either with steel plates, e.g. [4, 8-10, 14, 16-18].  

In the open literature, there is little information about projectile perforation of concrete barriers strengthened with 
steel plates. Based on experimental and analytical studies, Barr [11] reported that steel plates attached to a concrete bar-
rier improve its perforation resistance. Plates are usually placed on the back (rear) faces of the concrete elements, some-
times the plates are placed on the front (impacted) faces as well. Experimental studies [4, 15, 19] conducted on normal 
and high strength concrete panels subjected to hard projectile impact, and similar panels strengthened with steel plates 
at rear faces, showed superior ballistic performance of the strengthening panels.  

Many analytical and empirical formulae [4, 20, 21] are used to calculate the required thickness ho of concrete barrier 
to prevent perforation due to projectile impact. To apply these formulae on concrete barriers strengthened with rear steel 
plates, some studies recommend converting the thickness of steel plate ts to equivalent thickness of concrete teq [11, 17, 
22-26]. Then, the equivalent barrier thickness for concrete and steel plate, to prevent perforation due to projectile im-
pact, becomes heq = ho + teq. Based on experimental results of perforation of concrete barriers (with different thicknesses 
but with same concrete normal strength) and steel plates tested under the same circumstances [26], formulae to estimate 
equivalent concrete thickness teq for perforation of mild steel plate subjected to hard projectile were introduced. These 
formulae were based on the BRL [23, 27] perforation formula for steel and the ACE [20, 21, 28, 29] and CEA-EDF [20, 
21, 30] formulae for concrete.  
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In the open literature, to the best knowledge of the author, there are no analytical or empirical formulae to predict the 
perforation thickness for concrete barriers with front steel plates or for steel-concrete-steel (S-C-S) barriers, only there 
are formulae to predict the perforation thickness for concrete-rear steel (C-S) barriers.  

The main aim of this study was to introduce a numerical modelling and formulae to predict ballistic limit (perforation 
limit or perforation velocity VP; the minimum impact velocity VO for the projectile to perforate the target) of concrete 
barriers strengthened with steel plates and subjected to hard (rigid or non-deformable) projectile impact.  

In order to simulate numerically S-C-S targets impacted by hard projectile, at least, two material models are used; 
one for concrete and the other for steel. 

Many constitutive models are used for concrete. The Riedel-Hiermaier-Thoma (RHT) [31, 32] is one of these models. 
The RTH model as other material models (e.g., TCK [33], HJC [34] and K&C (or KCC) [35]) takes into account triaxi-
al stress states, strain rate effect and large deformations. The model is capable of describing the actual behavior of con-
crete, and it has been used to predict the response of a concrete target under impact loading, e.g., [36-40]. When the 
RHT model that been implemented in the ANSYS Autodyn program [41] is used, a single concrete parameter is re-
quired as input data; it is the concrete compressive strength fc. While other concrete parameters are related to fc. This is 
appropriate for users who unable to determine from experiments all the required concrete parameters. There are many 
parametric studies or modifications on the standard RHT model for improving the prediction of concrete response, e.g., 
[37-40].  

Many constitutive models are used for steel. The Johnson-Cook model is one of these models [42-44] The Rie-
del-Hiermaier-Thoma (RHT) [31, 32] is one of these models. It is appropriate in case of high-rate deformation. In the 
Johnson-Cook model, the yield stress is define as a product of three characteristics of ductile materials (strain hardening, 
strain rate and temperature) with no coupling among them, more details see Refs. [43, 44]. 

2. Experiments 
The present study is based on previous experimental works by the author on concrete panels, concrete panels with 

liners [4, 15, 19] and mild steel plates [26, 43]. The impact tests were conducted in the laboratory, projectiles were 
launched from a powder gun with velocity less than 1,000 m/s. Velocity was measured with electro optical velocity 
measurement device. Specimens were placed at 50 m from the gun. Blunt-nose hard-steel alloy projectile was 23 mm, 
64 mm, 0.175 kg and 1726 MPa in diameter, long, mass and yield strength, respectively.  

The concrete panels tested were made of concrete had different cubic strengths fcu (from 26 to 92 MPa), more details 
see Refs. [4, 19]. They were square (500 × 500 mm) of thickness of 100 mm. Four mixtures were formulated to fabri-
cate the concrete panels (designed C25, 50, 75 and 100), with compressive strengths of 26, 57, 77 and 92 MPa, respec-
tively.  

Steel plate liners consisted of normal mild steel of 1 mm, 2 mm and 3 mm thicknesses and of 240 MPa yield strength, 
360 ultimate strength and 20% strain at fracture.  

Focus was mainly on the perforation state; three levels of perforation were considered: (1) the projectile stuck in the 
concrete panel or rebounded (no perforation, NP). (2) the projectile perforated the panel with a considerable exit veloc-
ity (perforation; P). (3) the projectile made complete hole through the panel but with almost zero residual velocity (per-
foration limit, PL).  

2.1. Panels without liners 

Table 1 shows the experimental results [19] of concrete panels having different strengths. The PL for the specimen 
C25 is ~270 m/s. For specimens C75 and C100 which are the same as C25 but with concrete strengths of 77 MPa and 
92 MPa, respectively, the PL is ~300 m/s (NP at an impact velocity of 298 m/s and P at an impact velocity of 303 
m/s).  

Table 1. Experimental results of concrete panels having different compressive strengths 

No. Specimen Compressive strength fcu (MPa) Impact velocity (m/s) Perforation (P) or not (NP) 

1 C25A 26 270 NP (PL) 

2 C25B 26 299 P 

3 C50 57 337 P 

4 C75A 77 317 P 

5 C75B 77 298 NP (PL) 

6 C100 92 303 P 
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2.2. Panels with front steel plates 

Table 2 shows the experimental results [4] of concrete panels strengthened with front 3 mm steel plates (the speci-
mens denoted C25-3-0). In one of three cases (at impact velocities of 316 m/s) the front steel plate trapped the projectile, 
while in the other two cases (at impact velocities of 334 and 339 m/s), the projectile perforated the concrete panel. The 
scabbing crater area at the rear of the panel was very similar (crater mean diameter was ~ 255 mm).  

Table 2. Experimental results of concrete panels with front 3 mm thick steel plate 

No. Specimen Compressive 
strength fcu (MPa) 

Steel plate 
Impact ve-

locity 
(m/s) 

Perforation 
(P) 

or not (NP) 

Spalling crater Scabbing crater 

at 
the front 

at 
the rear  Mean dia. 

(mm) 
Depth 
(mm) 

1 C25-3-0 26 3mm - 316 PL 

  
255 – 70 

2 C25-3-0 26 3mm - 334 P 

  
258 – 70 

3 C25-3-0 26 3mm - 339 P 

  
252 – 70 

2.3. Panels with rear steel plates 

Concrete panels tested with rear steel plates denoted C25-0-2 and C25-0-3, with 2 mm and 3 mm thick steel plates, 
respectively. Test results of these specimens [4] are shown in Table 3. 

Table 3. Test results of concrete panels with 2 mm and 3 mm rear steel plates 

No. Specimen Compressive strength fcu (MPa) Impact velocity (m/s) Perforation (P) or not (NP) 

1 C25-0-2 26 336 NP 

2 C25-0-2 26 359 NP 

3 C25-0-2 26 367 NP 

4 C25-0-2 26 407 P 

5 C25-0-3 26 270 NP 

6 C25-0-3 26 282 NP 

7 C25-0-3 26 317 NP 

8 C50-0-3 57 385 NP 

9 C50-0-3 57 413 P 

2.4. Panels with front and rear steel plates 

Test results of three specimens [4] strengthened with 1 mm or 2 mm steel plate liners at both the front and the rear are 
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shown in Table 4. 

Table 4. Test results of specimens with front and rear steel plates 

No. Specimen Compressive strength fcu 
(MPa) 

At the front 
(mm) 

At the rear 
(mm) 

Impact velocity 
(m/s) 

Perforation (P) or not 
(NP) 

1 C25-1-1 26 1 1 316 NP 

2 C25-1-1 26 1 1 338 NP 

3 C25-1-1 26 1 1 349 P 

4 C25-1-2 26 1 2 320 NP 

5 C25-1-2 26 1 2 324 NP 

6 C25-1-2 26 1 2 331 NP 

7 C50-1-2 57 1 2 393 NP 

8 C25-2-1 26 2 1 335 NP 

9 C25-2-1 26 2 1 350 NP 

10 C25-2-1 26 2 1 431 P 

3. Numerical simulations 
To evaluate the strengthening efficiency of the S-C-S barriers, numerical simulations of concrete panels with steel 

plates at their rear and/or front faces and with different concrete compressive strengths were undertaken. The numerical 
simulations were undertaken using 3-D (three dimensional) models, Figure 1, with applying the symmetry boundary 
conditions along the planes normal to x and z axes.  

 
Figure 1. 3-D model of specimens (one quarter). 

The concrete panel was supported on front and back structural steel fixation. The concrete panel was modelling using 
a Lagrangian mesh of 22,500 (30×30×25) elements for one quarter, with 25 elements through the thickness. Smaller 
cells were used, to improve the accuracy of the analysis, in the region of the projectile. Mesh size was selected, after an 
elementary study [40]. Also, the projectile was modelled using a Lagrangian mesh of 402 elements to represent one 
quarter, with 8 elements across the projectile diameter. The front and rear steel plates were modelling using a Lagran-
gian mesh of 900 elements for one quarter. The front and back steel fixation was represented by 18 elements for one 
quarter. Frictionless contact between the panel and the fixation surfaces is assumed. Full bond is assumed between the 
concrete panel and the steel plates. Gap interaction logic was used for projectile-barrier interaction. Element erosion 
technique was employed, with a geometric strain of 150% for element erosion initiation.  

The projectile which made from hard-steel alloy (steel AISI 4340) of 1726 MPa yield strength and 7% strain at frac-
ture was modelled using Johnson–Cook model [44, 45] (with the numerical values of steel AISI 4340 listed in Table 5). 
The steel plate liners which made from mild steel of were also modelled using Johnson–Cook model (with the numeri-
cal values of steel AISI 1006 listed in Table 5).  

In the Johnson-Cook model, the flow stress Y is defined as 
𝑌𝑌 = [𝐴𝐴 + 𝐵𝐵(𝜀𝜀𝑃𝑃) 𝑛𝑛] [1 + 𝐶𝐶 𝑙𝑙𝑙𝑙𝑙𝑙(𝜀𝜀𝑃𝑃.∗)] [1 − (𝑇𝑇∗)𝑚𝑚 ]                   (1) 

where 𝜀𝜀𝑃𝑃 is the effective plastic strain, 𝜀𝜀𝑃𝑃.∗  is the normalized effective plastic strain rate (𝜀𝜀𝑃𝑃. /𝜀𝜀𝑙𝑙. ) and 𝜀𝜀𝑙𝑙.  is the stain 
rate used to determine A, B, n. T* is the homologous temperature ((T-Troom)/(Tmelt-Troom)). T is the current (actual) tem-
perature, Tmelt is the temperature at melting point, and Troom is the room temperature. The five Parameters A, B, C, n, and 
m are concerned to the behaviour of the material observed during material tests. Johnson and Cook [44, 46] found good 
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agreement between the fit parameters and the experiments for different kinds of steel, among them are AISI 1006 and 
AISI 4340. The numerical values of the five parameters and the three material characteristics: mass density, specific 
heat CP, and melt temperature Tmelt are listed in Table 5.  

Table 5. Johnson-Cook constitutive model constants for projectile and steel plate materials 

 A (MPa) B (MPa) n C m  (kg/m3) CP (J/kgK) Tmelt (K) 

AISI 4340 [44, 46] 792* 510 0.26 0.014 1.03 7830 477 1793 

AISI 1006 [44, 46] 350 275 0.36 0.022 1.34 7850 452 1811 

Mild - Iqbal et al. [47] 304 422 0.35 0.016 0.87 7850 - 1800 

Mild - Yadav et al. [48] 363 793 0.58 0.005 1.65 7860 400 1798 

A36- O’Toole el al. [49, 50] 286 500 0.23 0.022 0.92 7890 - 1811 

ST37- Dehgolan et al. [51] 380 188 0.38 - - - - - 

460 E Borvik et al.[52, 53] 490 807 0.73 0.011 0.94 7850 452 1800 

* Replaced by 1726. 

Table 5 also lists the numerical values of the five parameters determined by Iqbal et al. [47] and Yadav et al. [48] for 
mild steel, O’Toole el al. [49, 50] for steel ASTM A36 and Dehgolan et al. [51] for steel ST37. It should be mentioned 
that there are no big differences in the physical and mechanical properties of the Low Carbon/Mild Steels (up to 0.3% 
carbon): structural steel DIN (German Institute for Standardization) ST37, ASTM (American Society for Testing Mate-
rials) A36, and AISI (American Iron and Steel Institute) 1006. They are iron alloys and their average alloy composition 
is basically identical. Figure 2a shows the quasi-static stress–strain for the kinds of steel listed in Table 5.  

 
Figure 2. (a) Quasi-static stress vs. strain for steel, (b) equivalent fracture strain vs. mean to effective stress ratio. 

In the Johnson-Cook model, no coupling between the damage and the constitutive equation, and failure is also an 
empirical model. The equivalent fracture strain p

fε  incorporates the effect of three independent material characteristics: 
stress triaxiality, strain rate and temperature.  

𝜀𝜀𝑓𝑓
𝑝𝑝 = �𝐷𝐷1 + 𝐷𝐷2 𝑒𝑒𝑒𝑒𝑝𝑝 �𝐷𝐷3

𝜎𝜎𝑚𝑚
�̄�𝜎
��  �1 + 𝐷𝐷4 𝑙𝑙𝑛𝑛 �

�̇�𝜀𝑝𝑝

�̇�𝜀𝑙𝑙
��  [1 + 𝐷𝐷5𝑇𝑇∗]                 (2) 

where 𝜎𝜎𝑚𝑚  is the mean stress, �̄�𝜎 is the effective stress, 𝜀𝜀̇𝑝𝑝/𝜀𝜀�̇�𝑙  is a non-dimensional plastic strain rate, and D1 to D5 are 
material parameters. Numerical values of the material parameters D1 to D5 for different kinds of steel are shown in Ta-
ble 6, Johnson and Cook [44, 46] did not evaluate these parameters for steel AISI 1006. Figure 2b shows the equivalent 
fracture strain 𝜀𝜀𝑓𝑓

𝑝𝑝  (only the effect of stress triaxiality is shown, the first bracket in Eq. (2)) against the mean to effective 
stress ratio 𝜎𝜎𝑚𝑚/�̄�𝜎 for the kinds of steel listed in Table 6 (fracture is very dependent on the state of hydrostatic pressure, 
and less dependent on the strain rate and temperature [46]).  

Table 6. Johnson-Cook equivalent fracture strain model constants for steel 

 D1 D2 D3 D4 D5 

AISI 4340 [44, 46] 0.05 3.44 -2.12 0.002 0.61 

ARMCO steel [46] -2.2 5.43 -0.47 0.016 0.63 

Mild - Iqbal et al. [47] 0.12 1.01 -1.77 -0.053 0.53 

460 E Borvik et al.[52, 53] 0.07 1.73 -0.54 -0.015 0.0 



Mohamed Abdel-Kader 
 

 

DOI: 10.26855/ea.2022.06.005 56 Engineering Advances 
 

The concrete panels were modelled using the RHT concrete model [32, 41, 54]. The RHT model consists of three 
pressure-dependent surfaces in stress space: the elastic limit surface Yelastic, the failure surface Yfailure and the residual 
strength surface Yresidual, which describes the crushed concrete strength. Yelastic is scaled down from Yfailure along the ten-
sile and compressive meridian by defined ratios (see Table 7, the default for tension: Elastic Strength/ft = 0.70 and the 
default for compression: Elastic Strength/fc = 0.53). The RHT is used with modified settings for concrete parameters [39, 
41], see Table 7. The modifications: taking the value of the normalized tensile strength 𝑓𝑓𝑡𝑡/𝑓𝑓𝑐𝑐 = 0.26(𝑓𝑓𝑐𝑐)−1/3, the con-
stant of the residual strength surface 𝐵𝐵 = 1.6(35/𝑓𝑓𝑐𝑐)1/2, the exponent of the residual strength surface m = 0.3 and us-
ing fcu (cube strength) to represent the compressive strength of concrete fc rather than fc’ (cylinder strength). 

Table 7. Modified data of concrete (26 MPa) in the RHT model 

Name Value Units Modifications 

Strength:    

Shear Modulus 16.700 GPa  

Compressive Strength (fc) 26.000 MPa = fcu 

Tensile Strength (ft/fc) 0.088 None = 0.26 (fc)-1/3 

Shear Strength (fs/fc) 0.1800 None  

Intact Failure Surface Constant (AFAIL) 1.6000 None  

Intact Failure Surface Exponent (NFAIL) 0.6100 None  

Tens. /Comp. Meridian ratio (Q2.0) 0.6805 None  

Brittle to Ductile Transition (BQ) 0.0105 None  

Hardening Slope Gel /(Gel - Gpl) 2.0000 None  

Elastic Strength/ft 0.7000 None  

Elastic Strength/fc 0.5300 None  

Residual Strength Surface Constant (B) 1.8600 None = 1.6 (35/fc)1/2 

Residual Strength Surface Exponent (m) 0.300 None = 0.3 

Compressive Strain Rate Exponent (α) 0.0320 None  

Tensile Strain Rate Exponent (δ) 0.0360 None  

Maximum Fracture Strength Ratio (SFMAX) 1.0E+20 None  

Use Cap on Elastic Surface Yes   

Failure:    

Damage Constant (D1) 0.0400 None  

Damage Constant (D2) 1.0000 None  

Minimum Strain to Failure 0.0100 None  

Residual Shear Modulus Fraction 0.1300 None  

Tensile Failure Hydro (Pmin)   

Erosion Strain:    

Geometric Strain (Instantaneous) 1.5000 None  

4. Numerical results and discussion 
The increases in PL, which were observed during the experiments due to strengthening the concrete barriers with 

steel plates need to be estimated, and this requires conducting numerical calculations to predict these increases in PL. 

4.1. Panels without liners 

For specimen of C25, the PL was ~270 m/s. Specimens of C75 and C100 with concrete strength of 77 MPa and 92 
MPa, respectively, the PL was ~300 m/s. This has been verified numerically in Ref. [39] and need not be repeated here. 
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4.2. Panels with front steel plates 

Upon observing the laboratory experiments on concrete panel with front steel liner, it was found that with regard to 
the PL, a slight increase occurs in relation to the corresponding concrete panel without liner. Figure 3a shows the pro-
jectile travel distance (the projectile path) against time at different impact velocities, resulting from the numerical simu-
lations for 100 mm concrete panel with 3 mm steel plate at front. The numerical results show that the projectile re-
bounded at impact velocities of 310 and 320 m/s (with small rebound velocities of about 2 and 1.8 m/s, respectively), 
while it perforated the target at higher velocities. At an impact velocity VO of 330 m/s, the projectile perforated the tar-
get with residual velocity of ~3.4 m/s. At VO of 360 m/s the projectile perforated the target with residual velocity of ~20 
m/s. Therefore, the PL predicted from the numerical simulations is in the range of 320-330 m/s. This agrees well with 
the experiment which showed that the projectile could not perforate the target at VO of 316 m/s while it perforated at VO 
of 334 and 339 m/s, Table 2. Considering the predicted PL to be 320 m/s, therefore, the increase in the PL of specimen 
with 3mm front steel plate is more than that of specimen without by about 19%.  

 
Figure 3. (a) Projectile path vs. time at different velocities, (b) damage and deformations for concrete panel with 3 mm front 

steel plate (VO of 320 m/s - time of 0.003 s). 

Regarding the damage, the directional deformations (in the impact direction) and damage at VO of 320 m/s and time 
of 0.003 s are shown in Figure 3b. The outward convexity of the steel plate observed in the experiment [4] was also 
predicted. The simulation results predicted the rear crater size (crater diameter of ~ 255 mm).   

In order to determine the amount of energy consumed by the front steel plate alone, a numerical simulation for 3 mm 
steel plate alone was performed. It was found that the minimum VO for the projectile to perforate the plate is ~171 m/s 
with a residual velocity of 17 m/s (Figure 4a). Therefore, consider the PL for the plate to be 170 m/s (no experiments 
conducted on 3 mm steel plate alone to support this PL predicted numerically). The kinetic energy required for the pro-
jectile to perforate the 3 mm steel plate alone is (½mVo

2) 2529 Joule.  

(a)   (b)  
Figure 4. (a) Projectile path vs. time at different velocities for 3 mm steel plate only, (b) steel scatter in front of the projectile 

(VO of 250 m/s, time of 0.003 s). 

As mentioned above, the PL of the 100 mm plain concrete panel without steel plate liner is 270 m/s. This is corres-
ponding to a kinetic energy for the projectile of 6379 Joule. The sum of the kinetic energies for the projectile to perfo-
rate both the 3 mm steel plate and the 100 mm concrete panel is 8908 Joule, which is corresponding to VO of 319 m/s. 
Therefore, the predicted PL for the entire target is 319 m/s. This agrees with the experiment (the PL in the range of 
316-334 m/s, see Table 2) and with the numerical simulation results (the predicted PL in the range of 320-330 m/s, see 
Figure 3a). Therefore, it can be seen (analytically, numerically and experimentally) that when a steel plate is attached at 
the impacted face of a concrete panel, the minimum kinetic energy (KEP,t) required for a projectile of mass m to perfo-
rate the target is approximately equal to the sum of the kinetic energies (KEP,s and KEP,c) for the projectile to perforate 
each of the steel plate and the concrete panel separately, Eq. (3a). Therefore, the PL of front steel-concrete (S-C) target 
VP,t is equal to the square root of the sum of the squares of the PL of each of the steel plate and the concrete panel con-
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sidered alone, Eq. (3c).  
𝐾𝐾𝐸𝐸𝑃𝑃,𝑡𝑡 = 𝐾𝐾𝐸𝐸𝑃𝑃,𝑠𝑠 + 𝐾𝐾𝐸𝐸𝑃𝑃,𝑐𝑐                                  (3a) 

1
2
𝑚𝑚𝑉𝑉𝑃𝑃,𝑡𝑡

2 = 1
2
𝑚𝑚𝑉𝑉𝑃𝑃,𝑠𝑠

2 + 1
2
𝑚𝑚𝑉𝑉𝑃𝑃,𝑐𝑐

2                                (3b) 

𝑉𝑉𝑃𝑃,𝑡𝑡 = �𝑉𝑉𝑃𝑃,𝑠𝑠
2 + 𝑉𝑉𝑃𝑃,𝑐𝑐

2                                    (3c) 

𝐾𝐾𝐸𝐸𝑃𝑃,𝑡𝑡 = 𝐾𝐾𝐸𝐸𝑃𝑃,𝑠𝑠 + 𝐾𝐾𝐸𝐸𝑃𝑃,𝑐𝑐 + 𝐾𝐾𝐸𝐸𝑆𝑆𝑐𝑐𝑆𝑆𝑡𝑡𝑡𝑡𝑒𝑒𝑆𝑆                            (3d) 
1
2
𝑚𝑚𝑉𝑉𝑃𝑃,𝑡𝑡

2 = 1
2
𝑚𝑚𝑉𝑉𝑃𝑃,𝑠𝑠

2 + 1
2
𝑚𝑚𝑉𝑉𝑃𝑃,𝑐𝑐

2 + 1
2

(𝜋𝜋𝑑𝑑2𝜌𝜌𝑠𝑠𝑡𝑡𝑠𝑠/4)𝑉𝑉𝑃𝑃,𝑠𝑠
2                       (3e) 

𝑉𝑉𝑃𝑃,𝑡𝑡 = ��1 + 𝜋𝜋𝑑𝑑2𝜌𝜌𝑠𝑠𝑡𝑡𝑠𝑠
4𝑚𝑚

�𝑉𝑉𝑃𝑃,𝑠𝑠
2 + 𝑉𝑉𝑃𝑃,𝑐𝑐

2                              (3f) 

By repeating the numerical simulations for different thicknesses of steel plate, the predicted perforation limits of steel 
plates are shown in Table 8. Table 8 also shows the PL predicted analytically from Eq. (3c). It can be seen from the 
table that both the analytical (Eq. (3c)) and the numerical results are close. However, it is noted that the analytical PL is 
always lower than the numerical PL. This may be explained by the fact that 𝐾𝐾𝐸𝐸𝑃𝑃,𝑡𝑡  is dissipated part of it in perforation 
of steel plate, a part in perforation of concrete panel, a part in steel fragments scattering (Figure 4b), and a part in con-
crete fragments scattering. With regard to concrete fragments, when the exit velocity is small or zero (the case where 
the impact velocity is very close or equal to the PL), the kinetic energy of the projectile dissipated in the rear concrete 
fragments scattering may be ignored.  

Taking the dissipated energy in steel fragments KEScatter into account (assuming that the velocity of steel fragments 
nearly equals the velocity of steel perforation VP,s) by adding it to the dissipated energies in perforation of both steel 
plate and concrete panel (KEP,s and KEP,c), yields Eq. (3f); where the mass of scatter mScatter is πd2ρsts/4, d is the projec-
tile diameter, ts is the steel plate thickness and ρs is the steel density (ρs =7850 kg/m3).  

Table 8 shows the PL obtained analytically from Eq. (3f). It can be seen from the last two columns in the table that 
both the analytical and numerical results are very close.  

Table 8. Predicted PL of concrete panel with front steel plate 

No. Specimen PL of concrete panel only 
(m/s) PL of steel plate only (m/s) PL of concrete panel with front steel plate 

(m/s) 

   1 
mm 

2 
mm 

3 
mm 

4 
mm 

5 
mm 

8 
mm 

Analytical 
Eq.(13c) 

Analytical 
Eq.(13f) 

Numerical 
NP-P 

1 C25-0-0 270 - - - - - - 270 270 270-280 

2 C25-1-0 270 88 - - - - - 284 284 280-290 

3 C25-2-0 270 - 128 - - - - 299 300 300-310 

4 C25-3-0 270 - - 170 - - - 319 322 320-330 

5 C25-4-0 270 - - - 217 - - 346 351 350-360 

6 C25-5-0 270 - - - - 250 - 368 376 370-380 

7 C25-8-0 270 - - - - - 350 442 462 460-470 

It should be noted here that, to the best knowledge of the author, there are no experimental data (except data of Barr 
et al. [16]) on the perforation of steel plate alone, concrete panel alone and steel-concrete target which were tested under 
the same conditions. This is why the data was taken from the numerical solution. However, to verify Eq. (3f), the data 
of Barr et al. [16] was used. Barr et al. [16] presented experimental results on the perforation of concrete panel and steel 
plate tested separately and as a single target under the same conditions. VP,s of 1 mm steel plate was 40.7 m/s, and VP,c 
of 82 mm concrete panel was ~105 m/s. The steel projectile used was of m = 1.0 kg and d = 40 mm. Substituting by this 
test data into Equations (3c) and (3f) yields 𝑉𝑉𝑃𝑃,𝑡𝑡= 113 m/s and 116 m/s, respectively, which agrees with the experiment 
(~117 m/s).  

The results of S-C barriers indicate that the interaction between the concrete panel and the front steel liner (despite of 
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full bond assumption) has a little effect on the PL. The effect of contact between the steel plate and the concrete panel 
on the numerical results is shown in Figure 5, there is a small change in the numerical results when assuming fric-
tionless (instead of full bond) contact between the steel plate and the concrete panel. 

 
Figure 5. Effect of contact between the front steel plate and the concrete panel. 

4.3. Panels with rear steel plates 

Numerical simulations were performed for concrete panels strengthened with rear steel plates (C-S targets). Figure 6a 
shows the projectile path inside the concrete panel strengthened with 2 mm rear steel plate against time at impact veloc-
ities of 360, 390, 415 and 420 m/s. The figure shows that the projectile rebounded at impact velocities up to 415 m/s, 
while it perforated the target at VO of 420 m/s. The PL predicted from the numerical simulations (415 m/s) is higher 
than that observed in the experiment which showed that the projectile couldn’t perforate the target at VO of 367 m/s 
while it perforated at VO of 407 m/s. Considering the PL from experiment to be (average of 367 and 407 m/s) 387 m/s, 
therefore, the predicted PL is higher than that of experiment by about 7%.  

 
Figure 6. Projectile path vs. time at different impact velocities for concrete panel with (a) 2 mm (b) 3 mm (c) 5 mm steel plate 

at the rear. 

The predicted PL of specimen strengthened with 2 mm steel plate at the rear is higher than that of specimen without 
strengthening by about 54% (an increase from 270 to 415 m/s). Definitely it is the rear 2 mm steel plate that caused this 
increase in the PL. 

As mentioned above, the predicted PL for the 2 mm steel plate alone is about 128 m/s. The sum of the kinetic ener-
gies for the projectile to perforate the 2 mm steel plate in addition to the 100 mm concrete panel is 7813 Joule, which is 
corresponding to a perforation limit PL of 299 m/s. This PL is very low as compared with both the experiment (higher 
than 367 m/s, Table 2) and the numerical simulation results (higher than 410 m/s, Figure 6a). This indicates that the 
interaction between the concrete panel and the rear steel liner has significant effect on the PL of the C-S target.  

The numerical simulations were repeated after replacing the 2 mm rear steel plate with 3 mm and 5 mm rear steel 
plates. Figs. 6b and 6c show the numerical results.   

The sum of the kinetic energy required for the projectile to perforate the 3 mm steel plate alone (2529 Joule) and the 
100 mm concrete panel (6379 Joule) is 8908 Joule, which is corresponding to VO of 319 m/s. This does not agree with 
both the experiment (PL greater than 317 m/s, Table 3) and the numerical simulation results (PL greater than 430 m/s, 
Figure 6b). 

Figure 7a shows the impact velocity of the projectile against rear steel plate thickness (from 1 mm to 5 mm), the 
green color indicates the perforation of the projectile, the red color indicates a rebound or embedding of the projectile 
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and the yellow color is the region of the PL. The figure shows that the PL increases with an increase of the rear steel 
plate thickness. Figure 7a also shows the test results of four specimens C25-0-2 (Table 3), three specimens withstood 
the projectile of VO up to 367 m/s; while the projectile perforated the fourth at VO of 407 m/s. 

 
(a)                                                     (b) 

Figure 7. (a) Impact velocity vs. rear steel plate thickness, (b) projectile path vs. time at different impact velocities for con-
crete panel with 1 mm, 3 mm or 5 mm steel plate at the rear. 

Figure 7b shows the projectile path inside concrete panels strengthened with 1 mm, 3 mm or 5 mm rear steel plate 
against time at impact velocities (before and close to the PL) of 400, 430 and 470 m/s for the cases of 1 mm, 3 mm and 
5 mm, respectively. The figure shows that all targets behave in the same manner except for increasing the PL and larger 
spalling scatter volume in case of using thicker steel plate. 

Figure 8 shows the effect of rear steel plate thickness on penetration depth. At VO of 390 m/s, the projectile path in-
side the concrete panel strengthened with rear steel plate (with thickness from 1 mm to 100 mm) against time is shown. 
The figure also shows the relationship between the penetration depth and the steel plate thickness. It can be seen that 
with an increase of the steel plate thickness, the penetration depth tends to reach the penetration depth of semi-infinite 
concrete target (~73 mm for the present data according to the modified NDRC formula, for more details see [19, 55]). 
Figure 8 also shows the damage at different rear steel plate thicknesses; less damage in the concrete panel is observed 
with an increase of the steel plate thickness.   

 
Figure 8. Effect of rear steel plate thickness on penetration depth (VO of 390 m/s). 

To see the effect of compressive strength of concrete, the numerical simulations were repeated after changing the 
compressive strength from C25 (fcu=26 MPa) to C50 (fcu=57 MPa) and C100 (fcu=92 MPa).  

Figure 9 shows a comparison between the use of C25 and C100 when strengthen the concrete panel with rear steel 
plate of thickness of 1 mm or 5 mm. The figure shows the projectile path against time at impact velocities before and 
close to the PL. The figure shows that the targets behave in the same manner except for increasing the PL.  
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Figure 9. Effect of increasing concrete compressive strength at different steel plate thicknesses. 

Table 9 and Figure 10a show the PL of concrete panels with rear steel plates, resulting from the numerical simula-
tions, against steel plate thickness (from 1 mm to 5 mm) for different concrete compressive strengths (C25, C50 and 
C100 with fcu of 26, 57 and 92, respectively). Figure 10a shows that the PL increases with an increase of the steel plate 
thickness for all concrete compressive strengths. 

Table 9. Perforation limit (m/s) resulting from numerical and empirical solution, Eq. (6) 

Specimen Solution 
Rear steel plate thickness 

1 mm 2 mm 3 mm 4 mm 5 mm 

C25 
Numerical 400-410 410-420 430-440 440-450 470-480 

Empirical, Eq. (6) 352 399 437 470 501 

C50 
Numerical 430-440 440-450 450-460 470-480 490-500 

Empirical, Eq. (6) 486 536 577 613 645 

C100 
Numerical 450-460 470-480 490-500 500-510 510-520 

Empirical, Eq. (6) 595 648 691 728 762 

 
Figure 10. (a) PL vs. steel plate thickness, (b) PL versus concrete compressive strength, and (c) PL vs. steel plate thickness for 

different concrete compressive strengths. 

As mentioned above, in case of concrete barriers strengthened with a rear steel plate, the equivalent barrier thickness 
heq for both of concrete panel thickness ho and rear steel plate liner is calculated as follows: 

ℎ𝑒𝑒𝑒𝑒 = ℎ𝑙𝑙 + 𝑡𝑡𝑒𝑒𝑒𝑒                                        (4) 

where the formula to estimate the equivalent concrete thickness teq for perforation of mild steel plate is as follows [26]:  

𝑡𝑡𝑒𝑒𝑒𝑒 = 2896𝑑𝑑1/16

𝑓𝑓𝑐𝑐
3/8 �𝑚𝑚

𝜌𝜌𝑐𝑐
�

1/8
𝑡𝑡𝑠𝑠9/16                         (SI units)                       (5) 

And the PL of concrete barrier with a rear steel plate liner may obtained, as follows [21, 26]: 
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𝑉𝑉𝑃𝑃 = 1.3𝜌𝜌𝑐𝑐
1
6𝑓𝑓𝑐𝑐

1
2 �𝑑𝑑  ℎ𝑒𝑒𝑒𝑒2  

𝑚𝑚
�

2
3

                                  (SI units)                        (6) 

where ρc is the density of concrete. d and m are the diameter and the mass of the projectile.  
Table 9 and Figure 10a also show the PL resulting from the empirical solution, Eq. (6). Figure 10a shows that the 

empirical and numerical solutions are nearly close in case of C25 while the empirical solution overestimates the PL in 
the cases of higher concrete compressive strength (C50 and C100). This may attribute to that the empirical solution is 
based on the CEA-EDF formula for concrete [20, 21, 30], see Ref. [26], which does not reflect what has been proved 
experimentally that increasing fc to double or even more did not increase the PL of the concrete target by more than 
10% [1, 19, 56, 57]. By examining the CEA-EDF formula for concrete (Eq. (6), where heq is the concrete barrier thick-
ness), it was found that the formula is based on several factors, including fc which has a major effect in calculating the 
PL. It can be seen that by increasing fc about three times, the increase in the PL reaches more than 80%, see Figure 10b. 
While this major effect of fc on the PL was adjusted in the RHT concrete model used in the numerical simulations [39]. 
The undesirable major effect of increasing fc in the CEA-EDF equation on the PL can be reduced by change the power 
of fc to be, for example, a function of fc (such as: 0.55-0.016 ln(fc/106), where fc in N/m2) instead of 0.5, and Eq. (6) be-
comes:  

𝑉𝑉𝑃𝑃 = 1.3𝜌𝜌𝑐𝑐
1
6𝑓𝑓𝑐𝑐

0.55−0.016 ln(𝑓𝑓𝑐𝑐/106) �𝑑𝑑  ℎ𝑒𝑒𝑒𝑒2  
𝑚𝑚

�
2
3

                  (SI units)                   (7) 

This modification of the power of fc in the CEA-EDF formula may extend to other perforation formulae for concrete 
such as the modified Ballistic Research Laboratory (BRL) formula [19, 58, 59] and Chang formula [19, 60]. Surly, this 
needs future work. 

Table 10 and Figure 10c show the PL of concrete panel with rear steel plate, resulting from both the numerical and 
the empirical solution, Eq. (7), against steel plate thickness for different concrete compressive strengths. Figure 10c 
shows that the empirical and the numerical solutions are nearly close in all concrete compressive strengths. The figure 
also shows the test results of specimens C25-0-2 and C50-0-3 (Table 3). In case of specimen C25-0-2, both the numeri-
cal (410 m/s) and the empirical (409 m/s) solution overestimate the experimental PL (NP at 367 m/s – P at 407 m/s; 
assume average of 387 m/s) by ~6%. Also, for specimen C25-0-3, the numerical (450 m/s) and the empirical (474 m/s) 
solution overestimate the experimental PL (NP at 385 m/s – P at 413 m/s; assume average of 399 m/s) by ~13 and 
~19%, respectively. 

Table 10. Perforation limit (m/s) resulting from numerical and empirical solution, Eq. (7) 

Specimen Solution 
Rear steel plate thickness 

1 mm 2 mm 3 mm 4 mm 5 mm 

C25 
Numerical 400-410 410-420 430-440 440-450 470-480 

Empirical, Eq. (7) 361 409 448 482 513 

C50 
Numerical 430-440 440-450 450-460 470-480 490-500 

Empirical, Eq. (7) 399 440 474 503 530 

C100 
Numerical 450-460 470-480 490-500 500-510 510-520 

Empirical, Eq. (7) 424 461 492 518 542 

It is worth noting that assuming full bond contact between the rear steel plate and the concrete panel results an im-
provement in perforation resistance against projectile impact, see Figure 11a. 

  
Figure 11. (a) Effect of contact between the concrete panel and the rear steel plate, (b) effect of contact between the steel 

plates and the concrete panel. 
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4.4. Panels with front and rear steel plates 

As in the case of S-C and C-S targets, assuming full bond between the steel plate and the concrete panel at the front 
and the rear usually results greater perforation resistance against projectile impact, see Figure 11b. The figure shows 
that the projectile was blocked inside the target when assuming full bond contact while it perforated the target when 
assuming frictionless contact. 

Test results of S-C-S barriers are shown in Table 4. The numerical simulations were performed for specimens of 
concrete C25 with different steel plate thicknesses (1 mm to 5 mm) at both the front and the rear. Table 11 and     
Figure 12a show the PL resulting from the numerical solution, against front and rear steel plate thicknesses.  

Table 11. Perforation limit (m/s) resulting from numerical solution of concrete (C25) barriers with different front and rear 
steel plate thicknesses 

Rear steel plate 
Front steel plate thickness 

No Front 1 mm 2 mm 3 mm 4 mm 5 mm 

No Rear 270-280 280-290 300-310 320-330 350-360 370-380 

1 mm 400-410 400-410 420-430 450-460 480-490 500-510 

2 mm 410-420 430-440 450-460 470-480 500-510 530-540 

3 mm 430-440 450-460 470-480 480-490 520-530 570-580 

4 mm 440-450 480-490 490-500 520-530 550-560 580-590 

5 mm 470-480 500-510 520-530 540-550 580-590 620-630 

 
Figure 12. (a) PL(m/s), (b) percentage increase in PL, and (c) percentage increase in PL over reinforcement ratio for concrete 

barriers with different front and rear steel plate thicknesses. 

To see the effect of compressive strength of concrete, a numerical simulation for specimen of concrete C100 with 5 
mm front and rear steel plate thicknesses was performed and the numerical PL of the specimen was in the range of 
690-700 m/s, which is higher (by ~11%) than that of the similar specimen but with concrete C25 (620-630 m/s, see Ta-
ble 13).  

Percentage increases in PL due to strengthening with front and/or rear steel plates are shown in Figure 12b. As ex-
pected, the maximum increase in the PL occurs when strengthening the concrete barrier with maximum steel plate 
thickness at both the front and the rear (an increase of 130%). The least increase in the PL occurs when strengthening 
the concrete barrier with front steel plate only (an increase of 37% for 5 mm front steel plate). 

In Figure 12c, the percentage increase in PL over total reinforcement ratio (ρt) is shown, where ρt is the front and rear 
steel over the concrete ratio. For example, for 100 mm concrete panel strengthened with 1 mm front and 5 mm rear steel 
plates, ρt equals 6%. The percentage increase in PL over ρt for concrete panel strengthened with only 1 mm rear steel 
plate (48) gives the best result from the economic perspective. The worst results come from concrete panel strengthened 
with front steel plate only. 

In the empirical solution, the predicted PL of concrete panel with front and rear steel plates 𝑉𝑉𝑃𝑃,𝑡𝑡  is calculated as fol-
lows: Eq. (5) is used to calculate the equivalent concrete thickness teq for the rear steel plate, then, Eq. (4) is used to 
calculate the equivalent barrier thickness heq for both of concrete panel thickness ho and rear steel plate, and the PL of 
the concrete panel with a rear steel plate liner 𝑉𝑉𝑃𝑃,𝑐𝑐  𝑤𝑤𝑤𝑤𝑡𝑡 ℎ  𝑆𝑆𝑒𝑒𝑆𝑆𝑆𝑆  𝑠𝑠 is calculated from Eq. (7). To calculate the PL of the front 
steel plate alone 𝑉𝑉𝑃𝑃,𝑓𝑓𝑆𝑆𝑙𝑙𝑛𝑛𝑡𝑡  𝑠𝑠, many relations have been presented [26, 43]. Among them, a relation presented by Chen and 
Li [61] to predict PL of steel plate targets impacted by blunt shaped projectiles. The relation is given as: 
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𝑉𝑉𝑃𝑃 = 2��2𝑘𝑘𝑡𝑡𝑠𝑠(1+𝜂𝜂)
𝑑𝑑√3

��
𝜎𝜎𝑦𝑦
𝜌𝜌𝑠𝑠

                           (SI units)                   (8) 

where ts is the steel plate thickness, ρs and σy are the density and yield stress of steel, respectively, η is the ratio of the 
plug mass to projectile mass (i.e., πd 2ρsts /4m), d and m are diameter and mass of projectile, and k is an empirical para-
meter in the shear failure criterion (the value of the parameter k is not readily known; k = 1 in their paper [61]). There-
fore, the PL of the front steel plate alone 𝑉𝑉𝑃𝑃,𝑓𝑓𝑆𝑆𝑙𝑙𝑛𝑛𝑡𝑡  𝑠𝑠 was calculated from Eq. (8). And the last step is to calculate the PL 
for the concrete panel with both front and rear steel plate liners from Eq. 3(f). These steps for prediction of the PL for 
concrete barriers strengthened with front and rear steel plate are shown in Table 12. 

Table 12. Steps to estimate the PL for S-C-S barriers 

 Step Equation 

1 Calculate the equivalent concrete 
thickness teq for the rear steel plate. 𝑡𝑡𝑒𝑒𝑒𝑒 =

2896𝑑𝑑1/16

𝑓𝑓𝑐𝑐
3/8 �

𝑚𝑚
𝜌𝜌𝑐𝑐
�

1/8
𝑡𝑡𝑆𝑆𝑒𝑒𝑆𝑆𝑆𝑆  𝑠𝑠

9/16  Eq. (5) 

2 

Calculate the equivalent concrete 
thickness heq for both of the con-
crete panel ho and the rear steel 
plate. 

ℎ𝑒𝑒𝑒𝑒 = ℎ𝑙𝑙 + 𝑡𝑡𝑒𝑒𝑒𝑒  Eq. (4) 

3 
Calculate the perforation limit for 
the concrete panel with the rear 
steel plate. 

𝑉𝑉𝑃𝑃,𝑐𝑐  𝑤𝑤𝑤𝑤𝑡𝑡 ℎ  𝑆𝑆𝑒𝑒𝑆𝑆𝑆𝑆  𝑠𝑠 = 1.3𝜌𝜌𝑐𝑐
1
6𝑓𝑓𝑐𝑐

0.55−0.016 ln (𝑓𝑓𝑐𝑐/106) �
𝑑𝑑 ℎ𝑒𝑒𝑒𝑒2  
𝑚𝑚 �

2
3

 Eq. (7) 

4 
Calculate the perforation limit for 
the front steel plate alone. 
η =πd 2ρsts /4m 

𝑉𝑉𝑃𝑃,𝑓𝑓𝑆𝑆𝑙𝑙𝑛𝑛𝑡𝑡  𝑠𝑠 = 2��
2𝑘𝑘𝑡𝑡𝑠𝑠 𝑓𝑓𝑆𝑆𝑙𝑙𝑛𝑛𝑡𝑡 (1 + 𝜂𝜂)

𝑑𝑑√3
��

𝜎𝜎𝑦𝑦
𝜌𝜌𝑠𝑠

 Eq. (8) 

5 Calculate the perforation limit for 
S-C-S barrier. 𝑉𝑉𝑃𝑃,𝑡𝑡 = ��1 +

𝜋𝜋𝑑𝑑2𝜌𝜌𝑠𝑠𝑡𝑡𝑠𝑠 𝑓𝑓𝑆𝑆𝑙𝑙𝑛𝑛𝑡𝑡

4𝑚𝑚 �𝑉𝑉𝑃𝑃,𝑓𝑓𝑆𝑆𝑙𝑙𝑛𝑛𝑡𝑡  𝑠𝑠
2 + 𝑉𝑉𝑃𝑃,𝑐𝑐  𝑤𝑤𝑤𝑤𝑡𝑡 ℎ  𝑆𝑆𝑒𝑒𝑆𝑆𝑆𝑆  𝑠𝑠

2  Eq. (3f) 

Table 13 and Figure 13a shows the PL of concrete barriers strengthened with front and rear steel plates (S-C-S tar-
gets), resulting from the empirical solution in addition to numerical the solution. 

To see the effect of compressive strength of concrete, the PL of specimen of concrete C100 with 5 mm front and rear 
steel plate thicknesses, resulting from the empirical solution, was 603 m/s, which is higher (by ~5%) than that of the 
similar specimen but with concrete C25 (577 m/s, see Table 13).  

Table 13. Perforation limit (m/s) resulting from numerical and empirical solutions of concrete (C25) barriers with different 
front and rear steel plate thicknesses 

Rear steel 
plate Solution 

Front steel plate 

No Front 1 mm 2 mm 3 mm 4 mm 5 mm 

No Rear 
Numerical 270-280 280-290 300-310 320-330 350-360 370-380 

Empirical 266 284 304 326 349 374 

1 mm 
Numerical 400-410 400-410 420-430 450-460 480-490 500-510 

Empirical 361 375 390 407 426 447 

2 mm 
Numerical 410-420 430-440 450-460 470-480 500-510 530-540 

Empirical 409 421 435 450 467 486 

3 mm 
Numerical 430-440 450-460 470-480 480-490 520-530 570-580 

Empirical 448 459 472 486 502 519 
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4 mm 
Numerical 440-450 480-490 490-500 520-530 550-560 580-590 

Empirical 482 492 504 518 533 549 

5 mm 
Numerical 470-480 500-510 520-530 540-550 580-590 620-630 

Empirical 513 523 534 547 561 577 

 
Figure 13. (a) Predicted PL of S-C-S barriers, (b) and (c) experiments and predicted PL of concrete barriers. 

In Figs. 13b and 13c, test results and predicted PL of concrete barriers strengthened with 1 mm or 2 mm front and 
rear steel plates are shown. In the case of specimens C25-1-1 (Table 4, Fig. 13b), test results show that two specimens 
withstood the projectile at VO up to 338 m/s, while the projectile perforated the third at VO of 349 m/s. The predicted 
perforation limits for these specimens are 375 m/s (empirically) and 400 m/s (numerically). Fig. 13b also shows the test 
results of specimens C25-1-2 (Table 4). Test results show that the three specimens withstood the projectile impact ve-
locity VO up to 331 m/s (impacting at higher velocities was not performed for these specimens). The predicted perfora-
tion limits for these specimens are 421 m/s (empirically) and 430 m/s (numerically). Fig. 13c shows the test results of 
specimens C25-2-1 (Table 4), two specimens withstood the projectile at VO up to 350 m/s, while the projectile perfo-
rated the third at VO of 431 m/s. The predicted perforation limits for these specimens are 390 m/s (empirically) and 420 
m/s (numerically). 

5. Verification for other experiments 
Barr et al. [16] tested concrete panels (thickness of 82 mm, diameter of 767 mm and fc of 40 MPa) strengthened with 

1 mm or 3 mm steel plates as front and rear liners. The specimens were impacted by cylindrical mild steel projectile of 
flat face, mass of 1.0 kg and diameter of 40 mm at different impact velocities (Tables 14 and 15). The numerical simu-
lations of these barriers were undertaken using a 3-D model as shown in Fig. 14, with applying the symmetry boundary 
conditions along the planes normal to x and z axes.  

 
Figure 14. 3-D model of barriers tested by Barr et al. (one quarter). 

The projectile which made from mild steel (no other data presented in the paper of Barr et al. [16] was model using 
Johnson-Cook model [44, 45], with the numerical values of steel AISI 1006 listed in Table 5 and of the material pa-
rameters D1 to D5 of Mild - Iqbal et al. [47] listed in Table 6. The projectile was modelled using a Lagrangian mesh of 
1000 elements to represent one quarter, with 10 elements across the projectile diameter. 

The concrete panels were modelled using the RHT concrete model and the data given in Table 7 with these modifica-
tions: fc = fcu = 50 MPa (=1.25 fc

’), ft/fc = 0.07, B = 1.34 and m = 0.3. The concrete panel was modelling using a Lagran-
gian mesh of 7,200 elements for one quarter, with 30 elements through the thickness. Smaller cells were used in the 
region of the projectile. 

The steel plates liners (with thickness of 1 mm and 3 mm) which made from mild steel, as the projectile, were also 
modelled using Johnson-Cook model [44, 45], with the numerical values of steel AISI 1006 listed in Table 5 and of the 
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material parameters D1 to D5 of Mild - Iqbal et al. [47] listed in Table 6. The streel plate was modelled using a Lagran-
gian mesh of 240 elements to represent one quarter. Full bond is assumed between the concrete panel and the steel plate. 
The target was fixed at the perimeter. The numerical and empirical solutions of these barriers are shown in Tables 14 
and 15 and Fig. 15.  

For plain concrete barrier without steel plates, the experimental PL was less than 80 m/s, while it was ~105 m/s 
(more than 31 % increase in PL) for the corresponding barrier but with small rebar reinforcement (0.25% EWEF; 0.25% 
each way-each face). The predicted PL resulting from the numerical solution is in the range of 120 to 125 m/s, and is 
107 m/s from the empirical solution. 

Table 14. Predicted PL of plane concrete panels with steel plate liners, Barr et al. [16] 

Concrete thick-
ness (mm) 

Front steel 
plate (mm) 

Rear steel 
plate (mm) 

Impact ve-
locity (m/s) 

Perforation 
or Not 

Exit velocity 
(m/s) 

Numerical PL 
(m/s) 

Empirical PL 
(m/s) 

82 
 

- - 74 NP  

120-125 107 - - 80 P 26 

- - 81 P 17 

- 1 (E) 170 NP  

190-195 154 

- 1 (S) 187 NP  

- 1 (T) 174 NP  

- 1 (T) 178 P 60 

- 1 (T) 188 P 68 

* E, S and T indicate rear steel plate attached by edge clamp alone, by Spitz bolts and by through bolts, respectively. 

Table 15. Predicted PL of reinforced concrete panels with steel plate liners, Barr et al. [16] 

Concrete 
thickness (mm) 

Front steel 
plate (mm) 

Rear steel 
plate (mm) 

Impact ve-
locity (m/s) 

Perforation or 
Not 

Exit veloc-
ity (m/s) 

Numerical PL 
(m/s) 

Empirical PL 
(m/s) 

82 
0.25% EWEF 

- - 100 NP  

120-125 107 - - 111 P 36 

- - 115 P 39 

- 1 146 NP  

190-195 154 - 1 166 P 42 

- 1 172 P 38 

1 - 123 P 28 
145-150 130 

1 - 126 P 38 

1 1 188 P 54 
205-210 171 

1 1 192 P 68 

- 3 235 NP  

250-255 198 - 3 256 PL 0 

- 3 266 P 65 

3 3 282 P 51 
275-280 239 

3 3 284 P 50 

In Figure 15, test results (Barr et al. [16]) and predicted PL, resulting from numerical and empirical solutions, of con-
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crete barriers strengthened with 1 mm or 3 mm rear steel plates are shown. In the case of 1 mm rear steel plate and no 
front steel plate, test results show that the PL was ~176 m/s to 188 for unreinforced concrete barriers (Table 14), while 
less than 166 m/s (which is supposed to be equal or greater) for the corresponding reinforced concrete barriers (Table 
15). Barr et al. attributed that to the method of attachment of steel plate, the weaker the attachment of the rear steel plate, 
the greater the overall perforation resistance of the target. The predicted PL resulting from numerical solution is in the 
range of 190 to 195 m/s, and is 154 m/s from empirical solution. 

In the case of 3 mm front and rear steel plates, test results show that the PL was less than 282 m/s (~278 m/s, taking 
into consideration the residual velocities of 51 and 50 m/s) for reinforced concrete barriers (Table 15). The predicted PL, 
resulting from numerical solution, is in the range of 275 to 280 m/s, and 239 m/s from empirical solution. 

 
Figure 15. Prediction of perforation limit of concrete barriers tested by Barr et al. 

6. Conclusions 
The main conclusions that can be drawn from the present study on the impact resistance of concrete panels with steel 

plate liners and with different concrete strengths indicate the following: 
1) The present numerical modelling, using the RHT model for concrete and the Johnson-Cook model for steel, well 

predicted the impact resistance of steel-concrete-steel (S-C-S) barriers subjected to rigid projectile.  
2) When a steel plate is placed as a front liner of a concrete panel, the minimum kinetic energy required for a projec-

tile to perforate the target is equal to (or slightly greater than) the sum of the kinetic energies for the projectile to 
perforate each of the steel plate and the concrete panel separately, and the PL can be predicted from Eq. (3f).  

3) The interaction between the concrete panel and the front steel liner (even with full bond assumption) has a little 
effect on the PL of the S-C barriers. 

4) When a steel plate is placed as a liner at the rear face of a concrete panel, the minimum kinetic energy required for 
a projectile to perforate the target is significantly greater than the sum of the kinetic energies for the projectile to 
perforate each of the steel plate and the concrete panel separately, and the PL can be predicted from Eq. (7). This 
reflects the significant effect of the rear steel liner on the PL. 

5) A formula (Table 12, Eq. (3f)) to predict the PL of S-C-S barrier is proposed, the formula was assessed on flat or 
blunt nose hard projectile in the ranges of 25 < fc < 100 MPa, 270 < Vo < 630 MPa. 

6) In design of protective structures and regarding the percentage increase in PL over reinforcement ratio, concrete 
barriers strengthened with only rear steel plate gives better result from the economic perspective than that streng-
thened with front and rear steel plates. The worst results come from concrete panels strengthened with front steel 
plate only. 

7) To reduce the undesirable significant effect of increasing fc in the CEA-EDF perforation formula on the PL, it is 
recommended to modify the power of fc in Eq. (6) to be a function of fc instead of 0.5, see Eq. (7). This is to avoid 
the over-prediction of perforation limit when using high strength concrete. However further studies are still needed, 
particularly on high strength concretes. This modification of the power of fc in the CEA-EDF formula may extend 
to other perforation formulae for concrete. 
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