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EXPERIMENTAL STUDY ON LOCAL DAMAGE OF REINFORCED CONCRETE WALLS
DUE TO TSUNAMI DEBRIS IMPACT
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Satoshi NAKAMURA, Hidekazu WATANABE, Susumu KONO, Kazunori FU[IKAKE,
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/mm?) 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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Specimen Impact object Experimental result
Test . L Compressive Measured Penetration
desi i Thickness | Reinforcement .
esignation strength velocity depth Damage
(mm) (Pw(%)) 5
(N/mm) (m/s) (mm)
STD-a 6.42 14.6 Scabbing
STD-b 7.39 17.0 Scabbing
19.9
STD-¢ 8.07 29.6 Scabbing
STD-d Cbs@100 9.07 #xox | perforation
120 double
L29a (033%) 5.14 —*2 Penetration
L29b 5.81 1.3 Penetration
L29¢ 6.77 17.6 Scabbing
L29d 9.80 wxex | Perforation
288
S29a 2.61 —*2 Penetration
"D5@150
S29b cbs@ls 543 N/A Penetration
80 double =
S29¢ (033%) 6.18 Fdokx Perforation
529d 6.44 wxxx | Perforation
L5la 5.79 —*2 Penetration
‘D5@1
L51b Cbs@100 7.76 11.2 Scabbing
120 double ol
L5lc (0.33%) 8.50 N/A Scabbing
L51d 9.33 LR Perforation
514
S5la 2.68 —* Penetration
5
S51b Cbs@150 545 N/A Penetration
80 double o
S5lc (033%) 6.91 ok Perforation
S51d 8.47 ok Perforation

*1 : Measured by laser velocity sensors.
*2 — : Penetration didn’t occur.
*3 ***% : Perforation occurred.

*4 N/A : No measurement was taken.

£2 av7)—bOAFHEE

Compressive Splitting tensile
Test Young's modulus
designation strength (N/mm?) strength
£n (N/mn??) (N/mm?)
STD 19.9 2.02x10* 1.76
$29,1.29 28.8 2.24x10* 2.44
S51,L51 51.4 3.06x10° 3.44

=3 #5 (1T bk CD5) OAhZrtEH

Test Yield strength™ | Young's modulus| Tensile strength
designation (N/mm?) (N/mm?) (N/mm?)
STD 522 2.18x10° 587
L29,L51 509 1.91x10° 563
$29,851 518 1.94x10° 572

*1 :0.2% Offset value
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Impact face Rear face

(a)Penetration: L29a (V=5.14m/s)

(b)Scabbing: L29c (V=6.77m/s)

(c)Perforation: L29d (V=9.80m/s)

Photographing range:
Impact face: 300 X 300(mm), Rear face: 1000 X 1000(mm)
BE 1 KREGEHEIRMEIK

|oo |
e g b
[ 1]

o
[J : Penetration
A\ : Scabbing
O : Perforation

12

—
L=

Impact velocity (m/s)
6

STD 129  S29 L51 S5l
Wall thickness = (120)  (120)  (80)  (120)  (80)

(mm) .
Types of specimens

5 FHBKD ) —XIZH T HEREE EHRREROBEFR

ACE K 1720 {&11- NDRC X PV, Ammann & Whitney = 'V,
Hughes 'Y, UKAEA X ', CRIEPI K '9, Kar #?", {£1F BRL
X W30 EIE Petry 2102032 Adeli-Amin 2 2% 0F 10 X TH
5. # 41TRT B RIE, 10 I TR EBRE RUCITVERE b



x4 EARSEAIBEX

EBARSEHEBEx DL

Test Observ?d Modified NDRC Ammann & Whitney Hughes Modified BRL Kar

designation penctration X .(mm) X,/ x X .(mm) X,/ x x .(mm) X,/ x X .(mm) X,/ x X .(mm) X,/ x
depth x ,(mm) ¢ e/ Xe ¢ e/ Xe ¢ e/ Xe ¢ e/ Xe ¢ e/ Xe

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
L29¢ 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,/x.”! 0.78 0.87 0.69 0.72 0.81

SD." 0.195 0.161 0.157 0.140 0.201

*
—_

1 L29d [EAEFHE A B BRI L7z

50

50

(=3
[ A : Scabbing | ‘I O : Penetration | A : Scabbing
A : Scabbing
Bk T2 ES
E E E
s o € o = o
[=9 A o [=9
g /%Hn g g
= = =
S o S o S o
g« ASTD-b g« /A/ 5 9
3 A 3 L29c 2
i da. 5. 5 < ASIL
L29b
(=} o (=}
0 3 6 9 12 15 0 3 6 9 12 15 3 9 2 5
Velocity (m/s) Velocity (m/s) Velocity (m/s)
(a) STD (f:=19.9 N/mm?) (b) L29 (f’:=28.8 N/mm?2) (¢) L51 (fe=51.4 N/mm2)

6 EBROBEAZRS LFEREEDEFEE Ammann & Whitney KIZ K 2B AR S FHRX D LLE

M TH D, 22T, L29b iFEHIl S 2 BAEE 2 1.3mm &
HEFWINEWETHD Z Lnd, FHIEDORELREZIT DT
ORFHTIEAWRWZ 212 Le. x./x FHETlE, Ammann &
Whitney 3728 0.87 & 720, HHERAED 0.161 LFHMRED /T >
ENL7 RLEERSBANESAIHMIL7. ¥ 612 Ammann &
Whitney 3 & FEERHE R o0 L & 73, Mk 23 R imik i o SR IR
DODEAES 20, EEBEERBREOBEARSEZATT vy b LT,

Ammann & Whitney 20/, @E22E 125325 B S O N
ZRCERLTVWDZLRHERTED. ToMo 4 B0 Th,

Xo/x DB % 0.69~0.81 DFiPH CLul )22 AN B A S 2 34l L 7=.

5.2 EEFFMRAESRUVERBRRE M & ERBRILEK
5 TR & 4 U 7o Bk O E 28id 1 & RS & v
TR S D BRAHE & D EGHE R AR U, BEAEREAM =04 HTv TR
FERAFNT 5. AT o 7o REEGRHNUE, 5.1 ST
W2 10 2, & 512 Degen %Y, Becthel & *¥ 7, CEA-EDF
X0 3XaMait13Ths. Z2¢, £5loxT 5T,
13 XD TARERMERICEVVERHFOND bDERLTND. &
5(a)id, FEmHIEE L 72 BRI U C i R BERR SR S S 2L i
L7856 ORRHE Vi Zor L, 3 5, Bl Lz iBrik
Wb U CE Mg IR AR S R A i U 72355 o R E V. %
TR, Vexp / Ve BE D Vexp / Ve 23 1.0 2 Flal o 72354, EBRTRE
BEEZACTEE LY b BWEHET, REHEEELZEC L THERY,
fERM O TN/ D, 22T, F5ICRT A GREBRIKD LD
EiE, 1.0 &2 FEIS /R OB ZFE LIETH 5. ZORERND,
I HBE R SR SGHEECE, EIE NDRC T, 77X CTOfERT

1.0 BLbE220 223 i Lz, £72, E2h0 4 KoM
0.83~0.96 &72 0, L MRS AN DIT T, —J,
PR R S FEM T, Hughes 20T STD-d & S51d @ 2 (A% 73 1.0
Z LR, o 4 T T X TORBIKCTRBEME 2o/, Eiz, R
A FEBR IR D 2 D K TlX, Hughes 3T 0.89, UKAEA T 0.85
Ligofz. UL, fhod 8 3 CIxEmmIE R U 4 3 BIFL#/ M
FAMG L 7=

# 6%, BEAREM=CA W CEBRFE R A R 2 56, #Kmfk
Bl 7p o T BRBRR TR BB K X ARG RE A C & 5 S Rk
TR 2 CFEE-Z =B R L TWD. 22T, Beflo
SEYEIX, Vexp / Vs 23 1.0 % LRI S 72RO B2 FH LTZETH H.
Hughes X%, Vexp/ Vis 2% 1.0 Z _E[A] 5 7255128, S29b O— gD 7
T, TOfEDL 1.02 EEROBHERIFMLE. o 4 XLTIE
+20%~+40% D FEPH T ARG L7=. & 6(0)IXE i KRRk 6
PR3 —BeP K & R B ISR © b 2 E@E o FHRIR R 2 L
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a) EmEFIEEL-FHBRAOEHREERAE L ZE@MFBBRES

5 BiEETMENZ A=Kl (MR

i 2 A L -5 8 DRFEE A FIED LR

Test Thickness | Velocity | Modified NDRC Chang Hughes UKAEA CRIEPI Proposed formula
€S
Lo t Vep 14 Vs Vs 14 Vs v
Designation ' A VeV | Ve | Ve | A VeV | A VeV | Ve Wi
(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 4.96 1.49 5.45 1.36 6.21 1.19 6.28 1.18 5.88 1.26 1.19
STD-c 120 8.07 1.63 1.48 1.30 1.29 1.37 6.21 1.30
L29¢ 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
6.45 9.60 8.68 8.18 10.37
L51c 8.50 1.32 0.89 0.98 1.04 0.82 1.37
AN FRER IR DD — 0.85 0.93 0.96 0.83 —
A A IR A5 0 2 3 2 3 0
b) EEBRELAARAOEHREERABL ERWERAESTFMLXZEALLGEORAEEHEEDOLE
Test Thickness | Velocity | Modified NDRC Chang Hughes UKAEA CRIEPI Proposed formula
es
L t Vew
D651gr1at10r1 ! Vﬂ Varp/ Vu VE VeA‘p/ V(, VB Vexp/ Ve VH Varp/ Ve VE Vex‘/l/ Vt’ Vﬂ Vﬂll/ VB
(mm) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
STD-d 120 9.07 13.34 0.68 11.72 0.77 8.66 1.05 9.61 0.94 12.38 0.73 866 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
S29¢ 6.18 0.68 0.78 0.90 0.92 0.67 1.06
80 9.05 7.97 6.84 6.73 9.22 5.81
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
80 10.63 11.72 8.12 8.99 13.57 5.81
S51d 8.47 0.80 0.72 1.04 0.94 0.62 1.46
B TRIRIE DI D1 0.67 0.69 0.89 0.85 0.63 —
it A R (R 7 7 5 7 7 0
* 6 BEFHEX 7 AU - ERETE GRARETE)
a) REBRELAHZBRAOGREERIMEL: ZEFMBRAESFEXZEA L HEORAEEHEBEOLE
Test Thickness | Velocity | Modified NDRC Chang Hughes UKAEA CRIEPI Proposed formula
€S
o ¢ V.
Designation A IR 2T R A I oo IR WP I O BN W
(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
120 5.49 6.80 7.31 6.96 7.34 6.21
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
80 3.34 3.71 5.31 3.52 4.01 4.51
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
80 3.92 5.24 6.30 4.13 5.66 4.51
S51b 5.45 1.39 1.04 0.87 1.32 0.96 1.21
e [oN ] 1.36 1.25 1.02 1.43 1.35 1.21
WA L 73R BR A4k 3 2 1 2 1 2
b) ZEFHLAHBRAOEREIERIE L ERRIRBRAESFEXZERA L HEORAEEHEBEOLE
Test Thickness | Velocity | Modified NDRC Chang Hughes UKAEA CRIEPI Proposed formula
es
t Ve . . . . . .
Designation v Ve Vep/Ve Ve Vew/Ve Ve Ve Ve Ve Vep/Ve Ve Vep/Ve Ve Vep/Ve
(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 13.34 0.55 11.72 0.63 8.66 0.85 9.61 0.77 12.38 0.60 0.85
STD-c 120 8.07 0.60 0.69 0.93 0.84 0.65 866 0.93
L29¢ 6.77 14.78 0.46 13.68 0.49 10.19 0.66 11.56 0.59 15.84 0.43 ’ 0.78
L51b 7.76 0.45 0.39 0.64 0.50 0.33 0.90
17.36 20.13 12.10 15.44 23.31
L5lc 8.50 0.49 0.42 0.70 0.55 0.36 0.98
LAAM ) — — — — _ _
AL L 73R BR (44K 0 0 0 0 0 0
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o o o
S Equation (4)(5) & Ve 5 Proposed fomula f yx,frfmy rion limit 5 Proposed fomula for perforafion li/mift
Proposed fomula for scabbip gllimit e 7 ‘ -
-3 -2 z -3
= / g2 ’ ¢ g = ’ i/
\i, - "A//A w 4 % - Proposed|fom: la'_f|(')_ s,a’(ﬁ)plﬁg 13 nﬂ‘ \Ew, - Proposed|fomula f'o_ s;:{b}\)il}gl'
172 S (ANNyAy -4 |73 | == gy ag /w S g L= [AY
2 /C//y ‘ g - /ézj; E %
/ 7
':E")' 2 / Equation (6)(7) & %’3 2 \ 2% Equation (6)(7) :é 2 O )/ =V ,6 i
= ;’(0 Sed fomula for perforation limit = /// ?’ = y/]‘ Equation (6)(7)
- / -
5 2 //90 s = 1/ 7 Penetration || = =) e [ : Penetration ||
/ A : Scabbing Y 77| A : Scabbing , X . _| & : Scabbing
/ O : Perforation /Equano“ W6 | O : perforation 4~ Bauation WG] O : Perforation
S - - S S
0 3 6 9 12 15 0 3 6 9 12 15 0 3 6 9 12 15
Velocity (m/s) Velocity (m/s) Velocity (m/s)
(a) STD (b) L29, S29 (o) L51, S51

7 EFRBRAEDOIEREK & Hughes AE L VREXIC L S BEMEGRAMBROLLE

6. EHMEXOFEER LICET H%E
6.1 Hughes KIZxt9 &t

5.2 HiD MR T, Hughes sA3 i & BV 72 Jmy E #8455 O FFANKS B 4 L
TWHZ &R LI, LinL, &5 2D ERKERZ ERMANCEEG
DA DR TR ShuTe. B vV O E B E A BT S
T OIITERFE R 2 22 LA U . Lo T, K
Tl Hughes sUCHOW TG 21TV, EEGHER T~ T a2 227l
AHEAR T ARET D, 2 2T, Hughes NOFEMZ UL FITRT.

Hughes 13 % %7 5 RC MO EAIKHI S BRI HN L,
BANAEL D E & BITEAERTANED LT < B H BEARS
AR ZIRR L2, £72, NDRCYX ACE® 7317 - 7= kit B %
O TN 1 S R - EE A R R & (R @WG) B LUK
6)(7) AR L7z,

BARSMER:
X Nyl
Z=019—= (1
=72 L,
MV?
$=1.0+12.3In(1.0 + 0.031,) (3)
EmEFIFRRE S @R
hy _ x x
2 =507 (E < 0.7) (1)
hy x X
T=174-+23 (E >0.7) (5)
EERRE SER:
e X X
X X
S=158-+14 (520.7) @)

ZIT, xIEEARSE (m), dIFEEEELE (m), N,IXEZEED
FeIm I IRAR S T 1.0, MIZTEZERE & (kg), VIZMEZSEE (m/s), f/ 1%
a7 Y — bEIEME (N/m?) Thd. LITEERETH Y X)),
FSITBREIENETH O RO L - TREND. elXHibfkE
BAEES (m), hJIERAFREFNZS (m) THD.

RO EAFIL T, BFRERICBNT—H L THO O ALK
Th HWMPENREE, HE, EERLa 7Y — FOFIRMBER LU
T TN EBE R Z2 AV CEURIICEFR S e, Hughes I3,
KO~ Z 0=1,=3500 & LT\W5%. 7=72L, I, 40
Al OFPH TITEE N EFEFRS1 T\ a. & 512 Hughes 1340
HOBREBNESZEATHZ L2k, a7 U — h5lER
FEIZH T D OF RMEDORBOEEE R L, SIEBESRZSS, & B &
Mz HERE L. 7 I ERFER L Hughes KO # % /87
el 2z B & BRI A S L LD, Mo 0% Rk,
Az R, Oz @ LT ey b L. 72, HiReR
@WG) TRk N L HHABMERAES, EHL2RO(DTROHND
EORAEIRRE S & U CORT. EREE R o S HIER L OEm ks
DENENOFAM RO RN ALE T D L fERAl oM E 72 5. &
7o, SEERAE RO R AR X O BT th B O NI E T D
L RFHE L 72 B

Z ZC, Hughes XOFHlKEZEICO>WTE LTS, K 7@)7105,
STD (f', = 1.76 x 10° N/m?) TI%, I - E@aks s bICHE
BE<FHMELTCWAD. LAaL, 70) D> 1.29 - S29(f', = 2.44 X
106 N/m?) Ti&, HimEpE (A) - EiliE (O) 2Mabafl L 7o 58
RBBND. 7(c)? L51 - S51(f', =3.44 X 10° N/m?) (2725 &,
W HBERAE S 2% Lol CIEEmAEE (A) - H@pE (O) o
12, S51 TidFEmME (O) - Bl (O) oMIiiET 5 E TIC
20, FERSEAE LR F LTV Z EAHRTE 5. Hidiks
RAE S & K& S ERFBER AN TIER LI, 22T, 3HE
WCHWFEBR X, =22 ) — MIRDAMIEEDECHD. 2D
Z &5, Hughes RiX= 7 U — MR A BEINT 212 L7
o CTREBRERHMRSE MR T 25 & VW2 5.

=
W

6.2 IREKICET HHE

6.1 HioKE G, 27 U — MEBREOBINC LY fHEE
PR EDME 95 2 RSN, £z, 4 BErbar s J—
NI & D MR~ O B A BITER SR ol £ 2T,
27 ) — hBIRIREE DS RGNS 5 2 5 B DV TR
%. X 8 I FERAE R & R R R R T, Mo t/d g, BEE
ZE SRR TR L2 TH 5. Bl x / d 1XE AR S 2 @24 (R E
TR LfE I L koo, Kb o Ak o Kmk
B, AZEmHEE, O HmikE s L CEBEEE Yy LTk,
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XA O®IEL O 1 > bid Hughes SR ZRET DB H V- R
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Sﬂ)/)~x®/)/&~%ﬂm%%ﬁ1%xuﬁmmﬂ%mﬁ
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3.5

Experiment data
[0 : Penetration //é A

A\ : Scabbing Vs
O : Perforation
Hughes data
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A : Scabbing
@ : Perforation |_
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(logarithmic scale used) x/d
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EXPERIMENTAL STUDY ON LOCAL DAMAGE OF REINFORCED CONCRETE WALLS
DUE TO TSUNAMI DEBRIS IMPACT
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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/mm?), 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/mm?
regardless of the splitting tensile strength of accompanying cylinder specimens. The proposed formula perfectly

classified the local damage of twenty specimens in this study.

(2015 4 2 H 9 HIs A=z 30, 2015 4F 6 H 5 HIRHPUE)
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