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EXPERIMENTAL STUDY ON LOCAL DAMAGE OF REINFORCED CONCRETE WALLS 

 DUE TO TSUNAMI DEBRIS IMPACT 
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Hitoshi TANAKA, Norio SUZUKI and Taku OBARA 
 

The 2011 off the Pacific coast of Tohoku Earthquake triggered devastating tsunami which caused various structural damages to RC 
buildings. Impact tests were conducted using a lateral impact loading system to evaluate the performance of RC wall specimens. The 
damage of twenty RC wall specimens was classified into penetration, scabbing, and perforation. In order to evaluate the limit impact 
velocity for scabbing and perforation, the modified Hughes formula was proposed by assuming that tensile concrete strength is a 
constant value (1.76 N/mm2) regardless of the splitting tensile strength of accompanying cylindrical specimens. The proposed formula 
perfectly classified the local damage of twenty specimens in this study. 
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Scabbing Spalling 

RC 1/2 RC 20
1300mm

80mm 120mm Pw=0.33%

15mm 5mm
CD5 20mm

2 Impact area

RC 4 1
STD L29 S29 L51 S51 5

a~d
 

20N/mm2 30N/mm2 50N/mm2

3
1 2 

19.9N/mm2 STD 
28.8N/mm2 L29 S29 51.4N/mm2 L51 S51 

S L S 80mm
L 120mm STD L29 S29

CD5
L29 S29 L51 S51

D6 4

30

STD D6   
 

3

1  
Impact object

Thickness
(mm)

Reinforcement
(P W(%))

Compressive
strength
N/mm2

Measured
velocity

(m/s)

Penetration
depth
(mm)

Damage

STD-a 6.42 14.6 Scabbing

STD-b 7.39 17.0 Scabbing

STD-c 8.07 29.6 Scabbing

STD-d 9.07 *****3 Perforation

L29a 5.14 Penetration

L29b 5.81 1.3 Penetration

L29c 6.77 17.6 Scabbing

L29d 9.80 *****3 Perforation

S29a 2.61 Penetration

S29b 5.43 N/A Penetration

S29c 6.18 *****3 Perforation

S29d 6.44 *****3 Perforation

L51a 5.79 Penetration

L51b 7.76 11.2 Scabbing

L51c 8.50*1 N/A Scabbing

L51d 9.33 *****3 Perforation

S51a 2.68 Penetration

S51b 5.45 N/A Penetration

S51c 6.91 *****3 Perforation

S51d 8.47 *****3 Perforation

CD5 100
double
(0.33%)

Test
designation

120

80

Specimen

CD5 100
double
(0.33%)

19.9

28.8

120

80

51.4

CD5 150
double
(0.33%)

CD5 150
double
(0.33%)

Experimental result

 
*1 : Measured by laser velocity sensors. 
*2  : Penetration didn’t occur. 
*3 **** : Perforation occurred. 
*4 N/A : No measurement was taken. 

2  

T est
designation

Compressive
strength
(N/mm2)

Young's modulus
(N/mm2)

Split t ing tensile
strength
(N/mm2)

ST D 19.9 2.02×104 1.76
S29,L29 28.8 2.24×104 2.44
S51,L51 51.4 3.06×104 3.44  

 
3 CD5  

T est
designation

Yield strength*1

(N/mm2)
Young's modulus

(N/mm2)
T ensile strength

(N/mm2)

ST D 522 2.18×105 587
L29,L51 509 1.91×105 563
S29,S51 518 1.94×105 572  

*1 : 0.2% Offset value 
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   STD    L29    S29     L51    S51 

Penetration 
Scabbing 
Perforation 

Wall thickness  (120) (120) 
   (mm) 

(80)  (120) (80) 

L29b 1.3mm

Ammann & 
Whitney 0.87 0.161

6 Ammann & 
Whitney

Ammann & Whitney
4

0.69~0.81   
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3 13 5 5
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Vhs 5(b)
Ve

Vexp / Vhs Vexp / Ve 1.0

5
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NDRC

1.0 4
0.83~0.96

Hughes STD-d S51d 2 1.0
4

Hughes 0.89 UKAEA 0.85
3 3

  
6(a)

7

Vexp / Vhs 1.0
Hughes Vexp / Vhs 1.0 S29b

1.02 4
+20%~+40% 6(b) 6

Vexp / Ve 1.0
5

6(a)(b) Hughes
 

5 6 Hughes
5 6

7 Hughes
 

 

4  

x c(mm) x e /  x c x c(mm) x e /  x c x c(mm) x e /  x c x c(mm) x e /  x c x c(mm) x e /  x c

STD-a 14.6 21.5 0.68 18.2 0.80 24.9 0.59 23.4 0.62 20.7 0.71
STD-b 17.0 24.4 0.70 23.5 0.72 28.8 0.59 28.2 0.60 23.5 0.72
STD-c 29.6 26.4 1.12 27.5 1.08 31.3 0.95 31.7 0.93 25.5 1.16
L29b 1.3 17.9 0.07 12.7 0.10 18.1 0.07 17.0 0.08 17.3 0.08
L29c 17.6 20.5 0.86 16.7 1.05 21.9 0.80 20.9 0.84 19.8 0.89
L51b 11.2 20.1 0.56 15.9 0.70 21.0 0.53 18.7 0.60 19.4 0.58

Ave. x e  / x c
*1 0.78 0.87 0.69 0.72 0.81

S.D.*1 0.195 0.161 0.157 0.140 0.201

Test
designation

Observed
penetration

depth x e(mm)

Modified NDRC Ammann & Whitney Hughes Modified BRL Kar
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5  

(a) 

V hs V hs V hs V hs V hs V hs

(mm) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
STD-a 6.42 1.29 1.18 1.03 1.02 1.09 1.03
STD-b 7.39 1.49 1.36 1.19 1.18 1.26 1.19
STD-c 8.07 1.63 1.48 1.30 1.29 1.37 1.30
L29c 6.77 5.49 1.23 6.80 1.00 7.31 0.93 6.96 0.97 7.34 0.92 1.09
L51b 7.76 1.20 0.81 0.89 0.95 0.75 1.25
L51c 8.50 1.32 0.89 0.98 1.04 0.82 1.37

― 0.85 0.93 0.96 0.83 ―
0 2 3 2 3 0

UKAEA CRIEPI

8.18 10.37

120

4.96 5.45 6.21

Thickness
t

Velocity
V exp

Modified NDRC Chang

6.28 5.88

6.45 9.60 8.68

Hughes
Test

Designation V exp /V hs V exp /V hs V exp /V hs V exp /V hs V exp /V hs

Proposed formula

V exp /V hs

6.21

 
 

(b)  

V e V e V e V e V e V e

(mm) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
STD-d 9.07 13.34 0.68 11.72 0.77 8.66 1.05 9.61 0.94 12.38 0.73 1.05

L29d 9.80 14.78 0.66 13.68 0.72 10.19 0.96 11.56 0.85 15.84 0.62 1.13
S29c 6.18 0.68 0.78 0.90 0.92 0.67 1.06

S29d 6.44 0.71 0.81 0.94 0.96 0.70 1.11
L51d 120 9.33 17.36 0.54 20.13 0.46 12.10 0.77 15.44 0.60 15.84 0.59 8.66 1.08
S51c 6.91 0.65 0.59 0.85 0.77 0.51 1.19

S51d 8.47 0.80 0.72 1.04 0.94 0.62 1.46
0.67 0.69 0.89 0.85 0.63 ―

7 7 5 7 7 0

8.12 8.99 13.5780 10.63 11.72

120

80 9.05 7.97 6.84 6.73 9.22

Modified NDRC Chang Hughes UKAEA CRIEPIThickness
t

Velocity
V exp

Test
Designation V exp /V e V exp /V e V exp /V e V exp /V e V exp /V e

8.66

5.81

5.81

V exp /V e

Proposed formula

 
 

6  

(a)  

V hs V hs V hs V hs V hs V hs

(mm) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
L29a 5.14 0.94 0.76 0.70 0.74 0.70 0.83
L29b 5.81 1.06 0.85 0.79 0.83 0.79 0.94

S29a 2.61 0.78 0.70 0.49 0.74 0.65 0.58

S29b 5.43 1.63 1.46 1.02 1.54 1.35 1.20

L51a 120 5.79 6.45 0.90 9.60 0.60 8.68 0.67 8.18 0.71 10.37 0.56 6.21 0.93
S51a 2.68 0.68 0.51 0.43 0.65 0.47 0.59

S51b 5.45 1.39 1.04 0.87 1.32 0.96 1.21

1.36 1.25 1.02 1.43 1.35 1.21

3 2 1 2 1 2

UKAEA CRIEPI

V exp /V hs

Modified NDRC Chang HughesThickness
t

Velocity
V exp

Test
Designation V exp /V hs V exp /V hs V exp /V hs

80 3.92 5.24 6.30

80 3.34 3.71 5.31 3.52

7.31 6.96 7.34

4.13 5.66

4.01

120 5.49 6.80

Proposed formula

V exp /V hs

6.21

4.51

4.51

V exp /V hs

 
 

(b) 
Proposed formula

V e V e V e V e V e V e

(mm) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
STD-a 6.42 0.48 0.55 0.74 0.67 0.52 0.74

STD-b 7.39 0.55 0.63 0.85 0.77 0.60 0.85
STD-c 8.07 0.60 0.69 0.93 0.84 0.65 0.93
L29c 6.77 14.78 0.46 13.68 0.49 10.19 0.66 11.56 0.59 15.84 0.43 0.78
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5  

(a) 

V hs V hs V hs V hs V hs V hs

(mm) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
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(b)  
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(a)  

V hs V hs V hs V hs V hs V hs

(mm) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
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STD-b 7.39 0.55 0.63 0.85 0.77 0.60 0.85
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The 2011 off the Pacific coast of Tohoku Earthquake triggered devastating tsunami which caused various 

structural damages to reinforced concrete (hereafter, RC) buildings. Among various damage types, local damage of RC 
members due to debris impact is taken as a topic of this study. The current codes and standards of RC buildings do not 
have any statements on design against tsunami debris impact loads. Furthermore, there are not many experimental 
studies on local damage of RC buildings by tsunami debris impact loads. In order to design tsunami-resistant RC 
buildings, development of design methods for debris impact loads is necessary. In this study, impact tests were 
conducted using a lateral impact loading system to evaluate the performance of RC buildings. The RC wall specimens 
were made to investigate the effects of impact load on local damage. The specimens were twenty square plates with 
1300mm by 1300mm, and had three variables; wall thickness (80mm, 120mm), specified concrete compressive 
strength (24N/mm2, 60N/mm2), and impact velocity (ranging from 2.6 to 9.8 m/s).  

In this study, damage of specimens is classified as penetration, scabbing, and perforation, and the limit impact 
velocity for scabbing and perforation was evaluated by comparing to values computed with using five existing impact 
formulae (modified NDRC formula, Chang’s formula, Hughes’s formula, UKEA formula, and CRIEPI formula). All 
formulae were originally developed for RC panels subjected to impact loads by solid steel missiles, and thus, the 
formulae do not cover the case of low impact velocity (ranging from 2.6 to 9.8 m/s) in this experiment. The 
experimental results and the evaluation results are summarized as follows. 

 
1. Influence of concrete compressive strength was not observed on the limit impact velocity for scabbing and 

perforation.  
2. The limit impact velocity of scabbing and perforation was evaluated using five existing formulae, all of which 

were developed for impact velocity higher than 100 m/s. The limit impact velocity of scabbing was well 
predicted by modified NDRC formula but overestimated by the other formulae. On the other hand, all formulae 
overestimated the limit impact velocity for perforation. 

3. All of five existing formulae were not able to completely classify the local damage of twenty specimens 
(penetration, scabbing, and perforation). 

 
In order to evaluate the limit impact velocity for scabbing and perforation with higher precision, the modified 

Hughes formula was proposed by assuming that tensile concrete strength is a constant value (1.76 N/mm2) 
regardless of the splitting tensile strength of accompanying cylinder specimens. The proposed formula perfectly 
classified the local damage of twenty specimens in this study. 
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