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This study presents a macro-modeling method for analysis of 
reinforced and prestressed concrete slabs under soft and hard 
missile impact loads. The analysis method is based on the Modi-

based on fundamental principles of solid mechanics and elimi-
nating the need for extensive material characterizations. An iter-
ative self-calibrating procedure was developed and implemented 

-

-
mentation methods for incorporating damping into the analysis 
formulation are investigated. Special considerations are given to 

The performance of the analysis method is evaluated through 
modeling 12 missile impact tests from the literature as well as 
conducting a series of analytical parametric studies. The analysis 

and reliable approach for analysis of concrete slabs under impact 
loading capable of capturing localized damages and shear failures.
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RESEARCH SIGNIFICANCE

ANALYSIS METHODOLOGY

Overview

6 
7

 k k u p pi
static

i
dyn

i i
static

i
dyn

+ + + + +⎡⎣ ⎤⎦ + ⎡⎣ ⎤⎦( ){ } = { } + { }1 1 1 1 1

 k
m c t

ti
dyn i
+

+⎡⎣ ⎤⎦ =
[ ]+ [ ]

1

1

2

γ
β

Δ
Δ

 p p
m c t u

t
u
t

u
i
dyn

i
i i i i

+ +
+{ } = { } +

[ ]+ [ ] { }
+

{ }
+

{ }⎛

⎝⎜
⎞

1 1

1

2
2

γ
β

Δ
Δ Δ ⎠⎠⎟

− [ ] { } + { }( ) − [ ]{ }+c u vt mu ui i i i1

 

kstatic kdyn

u u
ü
pstatic pdyn

m c

t
i i 

8

k

D

 k B D B dVT
Vol[ ] = [ ]∫ [ ][ ]

B

D
9 

 D T D T T D Tc
T

c c
i

n

s i

T
s i s i[ ] = [ ] ′[ ][ ] + ∑[ ] ′[ ] [ ]

=1

Dc
Ds i

i
Tc Ts i

 
′[ ] =

⎡

D

E
E

E
G

G
G

c

c

c

c

c

c

c

1

2

3

12

13

23

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0⎣⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

′[ ] =; D

E

s i

i siρ 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 00 0 0 0

0 0 0 0 0 0

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

�

 

Ecm m
Gcmn

mn i Esi
i

 E
f

G
E E
E E

E
f

cm
cm

cm
cmn

cm cn

cm cn
si

si

si

= =
+

=
ε ε

fcm cm m
fsi si

i
c s

 ε ε ε ε ε ε ε ε εc c
t

c
e

c
p

c
s

s s
t

s
e

s
p= − + +( ) = − +( )

c s t

e

p



79ACI Structural Journal/January 2022

c
s

11

Material constitutive models
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Fig. 1—Material models used for concrete (left) and reinforcement (right).
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Strain rate effect
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Damping and element erosion
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VERIFICATION STUDIES

Reinforced concrete tests

Fig. 2—Overview of analysis algorithm (new steps are highlighted in gray).
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2

Reinforcement modeling method

Fig. 3—Missile and target details of impact tests. (Note: Dimensions in mm; 1 mm = 0.0394 in.)

Fig. 4—FE models of RC slabs subjected to soft and hard 
missiles.
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Damping ratios and implementation method

a a1

a

Time step size

Fig. 5—Displacement-time responses for VTT-B1 slab. (Note: 1 mm = 0.0394 in.)
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Prestressed concrete tests
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(Note: 1 m/s = 3.281 ft/s.)
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Fig. 7—Analytical and experimental damage surfaces and deformed shapes for VTT-P1 slab.

Table 1—Summary of specimens tested by 

Orbovic et al.23 and Orbovic and Blahoianu24
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Fig. 8—Analytical missile velocity-time responses.
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23

CONCLUSIONS

 

Fig. 9—Analytical and experimental damage surfaces for Specimens B, D, E, G, and H.
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