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Design Concept for Reinforced Concrete Slab Structures
under Soft Impact Loads
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The main objective of this paper is to propose a dynamic design procedure for concrete
slab structures to soft impact loads. Firstly, the ultimate limit states of concrete structures are
briefly introduced. And then, a design procedure for reinforced concrete(RC) slab structures
under impact loads is discussed, based on energy criterion and load criterion. Finally, a few case
studies on design of RC slab structures are carried out as an example of the proposed dynamic

design procedure.
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Table 1 Ultimate state of concrete structures under impact loads

LBEETHS. TDLI L
25, MERERIFTTORMOK

RO | @8RG | NREEY (MERH)

HREBDBARE

JR3 BB SRR SR B AL T T S AT

WEERAE.

MHBEFRECESRE. SHOBTERIC I DEHR
[ BOLINVE—-ERINTLN, BTRBIEHL THEY
BT LS LIRS CAMMBELPEEARLEL BV

ELNVREAML £ RE
T, RAEEREE— N2y
BEERBLIIBRETLHHOD

YRR
BHE VARESHOR

HHBEORRICL D HREOIANE~ERMTS.
RL, BELBOBBUEZIOTEAL, HIBHIC
R YUNHRIND & D i,

&35,
—7, RFHBERED LD

ha.

WHEEOBRBEL LD HRHBOLIINVF -2 RINT 5.
L, mERGL L ToREETERTILDIEXR
% MW NOBERPLETHD. &£, BAREWLPELDE L
BHEOZBIEENXHL0C, LBWEOTBICIRE
ERSBVWEEORBHLBHRERBILBD LI LHEE

REREEBREDOEEICE, &
BERCLLIHERBOREI
S o TRHERZHRT DL D Il
ERELDHIENENESL. £

b5.

EHBES R ED RE, TRE ORI R BN
LI FHE25k, BROBAND 0, SHKERELH
RETERERERCET LD, EREHLT HLEDN

Dizth, WEMDEREITISL
T, FeRpOEHRCL S, BE,
BAZEL WL S HEHTS

V7 EE
LR ] % M

BHEEIEECELRE. BHOEH LD LILF
—ERRIRT SN, LBEEOTELHEEFRALVEE
DRGRE. LEL, BURBNBOKBEIRFVBEK
BEmEsr B a s, BHEELRT 22, B
BRASARAR RS L OB {E M L AR BRI D L 3OV ¥ —
ERNTEEICHRATILENHS.

BENHLGE L, BTFBWN
BHDL I EREMOERIC X
> TOHRPEL, [EHES
Babn THRHERNDOEL S

WEEED
i, KR ABRER
T5 9 bk—A

BHBE A RELCEL RE. SHOERILLDERRO
IANF—FBRRTHH, WiELAL L CORERRR
feh, LEEEMOBEBICHEONLVEREDRBRE

ZEDRVEITREITHLE
BHHBEVEIOND. Fi,

EESI
| Rt BEWEN

Ve h—~

—FERE  BEWOEEEILD, OUDhEHELR
WEEE, DUDNRHETHHEE - BEHRIHE
LEVHELAITOEN D,

ZEE  ANoBERORE BEARIHFET N
PEAOEEHDCEL TRBENOEEEICLY VbR
EHAFLLVWEELE, VUDLhIHETIVES - BE
HEEHELAVEE AT LS.

D& REEWTIE, EIT,
R HESHETHY, B
RRETOERYPEE— Fi3—
BOLAEEMEZRLRY, B
B, BA, BEHAE, OU0bL

% A = R/ S

EHBEA R ED KA L, BT O R
EDavI)-rAPETLEHE - FJIES ORI
ExEARVERORBCRAL L TORERRIEND

EFRESINDHZ LIRS,
3. AR T IWERY

N R (RO Wy —

—EHE  MEDOEEECSIY, DUbLEHELL
Wiks L, DUDNRHATLINERE - REHABIHE
LAEVLHsEaroh 3,

ZEE  ARORERORE - EEHBRHEET AN
HROBEEHIHL TIHEHOIEECI NV UDL
FHELLRVWEEL, OUDKRHATHHEE BB
HEEHELZVEE LTSNS,

HEOEZS

—ikic, MEBHRHELEL
T5ar7) - EEWTIE,
EREROERITNSVEREY

BIUREENLEREALR/CSETRLLEDDOTHS.

Mz, BEEB FEBRBINEHIEBEDEE
KX AERIEREZT 554, BN LBREECEL
BB ERIC OV T HBHEICH LRI RN
Bl, HBHEOEHICL > THERBEOLIIVE—LRIE
¢, BHOBRBEIEMZLOTHDLILNEEND.
—F, TBELMEL VKD Ak & nERERL A
UBARERTY b L —5 Ik BHREHRICHL T,
EMEEBORCEHL, HFREOILIVF - RINT
BEINBEERITOLI ENEING. 2054,
BRI EEOBRMEB BT ST, BTXRE
T B TREEREL DDAV D KHHEAL
RSB, BMSEFORBEHELEELTY
TREEQEL BZBNASH D0, HRHERORSEE
— FABLIEZEAN L 5D, AN I— VRS
THEHEICL > T TR Y Y — MISETY

LT B, BBRRIRE
KR L TORELBOBRETHIONEENTHS L E
2%, VI MNEERERAT TV Y ) — MEEHIKEN
ZEERREE—F (SAHE) 1, WTRELH Lk
XFAWBETHS. ZDIL, WLEEGANHEE
—FREEE TORBIRNE=INEL, LALET
YA BT HTHEESREO I ENELSND LD,
MEREL LT REE— P2 RBERRECT 20
HEE L, HRHET COREEBIL, HHHET L
K& R, A—arvyy— sl RERHE) <
LEREOBED SV IBEEEIC L - THREE— P2
BREZEDT, REMOBERIINVF—HEIZL 5T
75 VEND L. TRNECL DI FIVE— (5285,
Fig. 1ICRT L O, BREDF SHRNOESH T RILX
—DDHLO—WH D VE KRB EES R, =
DIFNVE—IIEEDEFOEBHT JUF — L&D
KRIREN BT ANVF—IZHrnD. £, BEHRI

—1310—



BINSN 2T ANF RV DNPEE, a2V )— )
OB SEOERERD T RIVF — L DFAIIIVF—
Kohh, BERZISICEEEOVOTFARAIANE—DB
SGRBEBEHI AN - L THHOEREICEPI N, F
BEHEO DT RIEEMORBIINE-L 258, —
T, BETRAFBECL - TRHERNE L TEHR D~
MBIEAS X 5N BEA I, MEHIEECL > TRE
HREEZRNTEZEICRS.

AR TIE, Fig. 2RI LI, REMBEL LI
¥F-REBIUMMHEETIT) RERRFEEFRES
5. BH0ORHTER, BRCIPNTHEEY TR,
KMTRENDMNP LRI F-RETH D, WRTR
ENBZWNALHEHEELLDDDTHS.

LTI, Fig. 2070 —RICR - R HFIEE BRS.

OXNSBEEMORE : MEBRFOR/ELTIHEED
DREELRETS.

QRABENREDEE : FHRHFESCHHAOE
B~ EHEBRNBEINTOSEEIIIMME HEET,
i, BEENTOAVSECRERHEORELTS .

OEBRMEORE : AEEEM I L THEINS &
BAEORE, HREFSTREL, EREHNKEIIE
REZTATS.

@HAEREMGOHRE  HFRHEORELENS, W
HRAHTERIRNEHRAOHEYE, HrEE, H24
BEEOHERFGEEHETS.

OLLREEDES : ZAROEENTELBE, ¥
thb, RESNEWENEEEZHBEL TOI20E 0
THHEZTOIBATE, HRFGIORHERHL D
R O~HMMAEE I 2 V—-bL, REFHEEHNEEHR
WEBHRITICER I BV ELRHRUER LUK
HHEBRERETS.

OBEWRDEE - HESOREE, TREHG, HES
*EBLTPCHEERTHSIPRCESLIZTENEVSHE
EWRR B EORERCEMEIFTIHIEEIZIRHCTLEL
EV S X FEHFOEBERADHEMERETS.

OBWEESRHB LI UBEDOHETEORTE « SN
BEHAEFALC, av 7Y - OfE, WETE, &
g, PCHHMESOBENOETEEZEETS.

COEBEBMRT : REL-EHEAOEHREE, b5
i, BEERNICN L CEHERESRTEITY. AWET
W, TRVX-RECLIELUBEYTIHEE,
EROHEBEEEEEL ERUEBILARERECLDE
REDMMEEALY, BHBERZHEEZT-FELT
525, =5, MEHEZECIVELHBELZTOEE
i, BEHEREANT - L L TEREEEE RN
2 %455,

OFF-:FE - ‘

Q)R X—HEMIT L DELMERE

BBOELEBEEL L > THEENORKLEEHE
BY5.

Kinetic energy in
impacting body

Ww
Energy not Energy transmitted into
transmitted into concrete structure
concrete structure We
Absorbed Kinetic
energy je€ energy
Wa Wk
A
Irrecoverable Strain
energy <€ energy
Wi Ws

Fig. 1 Energy transformation process of impact collision

Fig. 2 Flow of dynamic design method for structures
under impact load
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Fig. 4 Concept of failure energy under impact load
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Fig. 7 Definition of energy absorbed during impact loading
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RC handrail Collision angle = 90°

Fig. 8 Setting of design impact condition of RC handrail
Note: 1 tf = 9.807 kN
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Tension steel (2nd layer) Compression steel (7th layer) BME (REE foa>sY) - FEX
Longitudinal Transverse Longitudinal Transverse ﬁiﬁﬁ LEMoBE (FLKREYANHE)
direction direction direction direction IZE 7=, Fig. 111x, Case RC2ODFEDE
2 2 A 2 A
Ao | A il <) B~ AR RERLE b OTHS
16.471 10.136 16.471 10.136 N A1 »
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S WEIEN X Case RO1IK D /S
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D1 ey | eeviy: theory | eeom <o TOB. Pig.9(a), 0)AHHIEE
R L& S ARBEE— FE & h
25.340 10.136 25.340 10.136 < :
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Table 3 Main results of dynamic analysis for design of RC handrail

@ IRXINVX¥-BEIIIDIREME
BEZXEEZHLLTODSH B

Case |Loading | Load at | Deflection | Cracking| Conctete |Reinforcement | Index oflocal | IO 222 1) — b EXOE#EICX
rate | failure | at faiture load |plasticity load| yielding load | deformation NEROEBICE 7.
(tffmsec){ (D) (mum) ) () ** @ (x 104/en?) @ WHEFTEDOER : Table 20
RC1 420 30.86 3.10 21.62 30.12 302 10.22 — - e ar
RC2 4.34 30.81 1.15 22.33 30.60 30.6 9.33 @Case RC3 KR &I, EHRTE
RC3 | 414 |(3086)%| 050)* | 2324 | —r 1.80 B3 K BRI O AR E TS
RC3U | 414 | 4308 | 141 2570 40.20 404 7.55 EDAFTHEMELES.
) 1 ® EEBEHBINT : Cose RCI
C Imy T Def i Fai
e | fmpulse | Towl - Defomation | Fuilure N B UCase RC2DHE & FHFICHRAT
energy energy Failure condition -
(kgfesec) (kgfrem) . (kgfcm) mode*¥sk %% % Table 3 EP MCase RC3 ':f#‘ EE L ,
RC1 151.1 10300 1620 PS Concrete crushing at rear face FOEHSHEFig. 9@, (WFOR
RC2 1434 2960 591 PS Conctete crushing at front face BO®iZRT. Case RC3OBLHIZIEE
8 oncrete crus at Troni cS -
1 Bk Table 3 Case RC3(HEEESEFEE H &
* Maximum impact load ** Maximum deflection i 1 =
kil Plastici(tiy in compress]i:l::lx . FHwx Encrgz at masimum dgﬂection BEREMNOMIZIE, ThEhEX
HkkkR B: B 1 y PS: Pu 3 *RETIR M 1 f t' e = o -
ending, nching shear ain deformation mode R L RATRERALYE. E7,

Note: 1 tf/ms = 9.807 X 10° kN/s; 1 tf = 9.807 kN; 1 kgf-s = 9.807 N-s; 1 kef-cm

=9.807 X 10-2N-m.
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Fig. 9 Distribution of deflection at failure for RC handrails

1 2 3
Deflection (mm)

Fig. 11 Impact force - central deflection relation

for Case RC2
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Fig. 12 3-Dimensional deformation mode of RC handrails
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Table 4 Main results of dynamic analysis on design of HRC and SFRC handrails

Slab Loading | Maximum | Maximum | Cracking Concrete Reinforcement | Index of local
Case | thickness rate impact | deflection load plasticity load | yielding load deformation
(om) | (tfmsec) | load () | (um) (0 @ ) (x 10%/em?)
HRC1 25.0 4.14 30.86 0.323 - - - 176
HRC2* 250 4.14 75.39 2.93 60.1 73.1 733 104
SFRC1 25.0 4.14 30.86 0.680 24.7 = -—- 1.65
SFRC2+* 25.0 4.14 56.54 3.89 26,9 53.4 54.1 5.70
HRC3 20.0 4.17 30.86 0.615 - = — 1.70
HRC4+ 200 4.17 58.59 2.81 42.7 56.9 56.9 5.90
Volume | Impulse Total | Deformation| Failure / Safety Safety
Case | displaced energy energy | Deformation Failure condition factors+s+ |factorsssss
(emd) | (kefsec) | (kgfrem)| (kefrem) | moders ) Y.ag | Y,0B
HRC1 505.2 105.4 549.1 2104 B 525 248
HRC2+ 2580 686.0 18750 3395 PS Concrete crushed (Center)
SFRC1 1056 1403 1489 556.6 B 4.47 222
SFRC2+| 3531 385.9 18330 3400 PS Concrete crushed (Center)
HRC3 1045 1204 1133 499.2 B 334 170
HRC4+ | 30000 411.6 12940 2909 PS Concrete crushed (Front face)
* Ultimate loading condition Note: 1 ti/ms = 9.807 x 10° kN/s;
** Plasticity in compression 1tf = 9.807 kN; 1 kgf-s = 9.807 N-s;
*** B: Bending, PS: Punching shear
**#* Safety factor based on total energy 1 kgf-cm = 9.807 x 10-*N-m.
w#xwx Safety factor based on deformation energy
(a) Horizontal(transverse) direction (Top) | HRC1
N
4 (b) Vertical(longitudinal) direction — )
PE ;
BEA T4~ .
=B g 24 e, '
-.(_,9’ HRC1 ""~__. . HRC2
~T &0 AAAL - .
35y & [P (Side end) ‘
23y 02
B (Center) (Bottom)
—
0" 2 4 6

Deflection (mm)

Fig. 13 Distribution of deflection at failure for HRC handrails

. N (o
(a) Horizontal(transverse) direction (Top)
) o SFRC1
4 (b Vertical(longitudinal) direction —
PE ‘
35x = ,
ggN E 4T-._ SFRC2 K
3L = 1 - - SFRC2
S| 5 27sFrct . _ .
8 o /
@5 = . '
gg 2 ol P (Side end) ’
s (Center) (Bottom)
e
0 2 4 6

Fig. 14 Distribution of deflection at failure for SFRC handrails Deflection (mm)

. N o
(a) Horizontal(transverse) direction (Top) | HRC 3,
J (b) Vertical(longitudinal) direction —
§
35 = P
BeA Eay .
§ § é ). .. I{RC4 . I‘IRC 4
=5 e 2t el .- +
S " | HRC3
480 S :
38y ® M}-,M (Side end) r
A j
=35 (Center) (Bottom)
. —
0 2 - 4 6

Deflection (mm)

Fig. 15 Distribution of deflection at failure for HRC handrails(with reduced depth)
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Fig. 16 Layered finite clement mesh of RC slab

ehrote, 22T, ZOBEOFHBEMEELZ KD,
ORMEEL—E L L TRCENCHBERHZ ERSY,
BEIED F CHBERERHMNTE o7, TOXELME
Wik 8% Case CRHIUE L CTable 5IZHFEET 5.

Case CRHIE & UfCase CRHIUDAEHTER2? 5, DUhN
KR sReRFEETHET (D) =1.29 (7.(0E) =
1.15) 73856 h, RCEAVAIERE > TOUhhOH
ECHT A RLEEPBRINEEAOLNS.

4.3 EREOHREENILLRCRITRE

R ED &S HHEREHO T AR T 1+ ORRPS,
AHRTRELLRERORAUSNOH TR Tl E
250, BBCREHOLLEERTHOTERZOOT,

Table 5 Main results of dynamic analysis on design of RC slab(No crack ultimate condition) v = 15m/sec
W =0.11f
Loading | Maximum| Maximum| Cracking | Impulse | Total |Deformation| Safety Safety
Case | rate |deflection} impact | load energy | energy | factorr | factor k = 70tf/cm
(tfmsec)| (mm) | load @) | ® [(keFseo)(kefem)| (gfamd) | V;(@®)| Y 0B)
CR1 71.1- 0.253 106.6 106.6 96.32 2044 855.6 — — — ——
CRH1 62.5 0.582 56.65 — 2419 5337 3108 1.29 1.15 s .
CRHIU| 62.5 0.582 1719 171.9 236.6 6747 3478 — —

* Safety factor based on total enexgy

4.2.2 HRCERDH

¥4, WBAY X)) — MRICR L TFig 1TOE%RE&E
CERPIEEE R R T o SR, PROBEZEZOY
bADELE. ZOBIFOERFER%Case (RIE LT,
Table SicRd. ZHESMa Y » ) — bS5
R OBRIHERD H 50 UhNREOMHIBEL T,
BREIY ) —bROPEHTHDZ LWL, LR
T3y, BRCEEAL 727 — A% Case CRHL & L THEHY
EfFolllh, EEFELLOUDLRORBEIRD LN

Table 6 Main results of effects of safety factor under different collision speeds

** Safety factor based on deformation energy
Note: 1 tf/ms = 9.807 x 10° kN/s; 1 tf = 9.807 kN; 1 kgf-s = 9.807 N-s; 1 kgf-cm = 9.807 x 1072 N-m.,

Fig. 17 Design impact
condition of RC slab

HMHEHRLEGETOENREDENICK > TEERHPED

IANEATOLMEBLTBLEN S S, BiC, fid

DT —RARFF 1 T, EEEE RIIVF-" BE

O ERIFNVE—" BEOBEIEIRHLTCENETREEL
7. FORER, BRr—ATLRERXEORE L > THD
&, rTE)/ 7(0E) 232 0BT DE LB Z LD DY
70, FRENROEIELEL IR L TED K D Ia#nk
OHFBEETBHIRTHETHS. 22T, ZIZTRE, B
130cm, #E130cn, B X 13cnD g >~ 7 ) — MR (A3
v=120cn) 2, EEO.5tf, HEARZTR
BEG0tE /on, WRAEIC DER

Collision | Loading | Maximum | Maximum | Time** | Impact | Total |Deformation| Impulse** | Safety Safety *EFIE ST AHBEE Hiz,
speed* rate impact | deflection load** {energy** | energy** factor*** | factor**** =1 rE ks o= i .
(cfsed) | (mse)| load @) | ey | (msedy | @ |gfom) | Gafeom) | gtosee) | Vi 7B | Vi @B) FHER A OEREE E BB
TENENEHRWEXRH AT LT
20 122 2.38 0151 | 325 | 150 | 3060 15.03 5670 561 438 o -
30 183 357 0227 | 325 | 225 | 6885 28 3.506 766 348 W, FNERICHTEELEEOE
%0 744 %76 G305 | 325 | 300 | 1224 7613 1134 4% 207 . 7
35 308 553 0405 | 345 | 325 | 2048 18 1488 389 308 e BEL . ERBMHERE }
50 366 714 05 | 560 | 347 | 3211 1854 840 | 355 169 Table BICRT. Frb, LERIILE
75 337 55 oGod | 365 | 38 | 4768 7673 | 3.6 355 15 e - i e
30 5.01 552 0810 | 395 | 346 | 6335 370.0 25.04 309 151 EEE CHEEVERT HROE
90 5.64 10.7 1.14 3.80 4.41 992.7 516.6 28.56 2.62 1.42 gg ﬁﬁg*ﬁﬁ% *, TBRII# n=#
20U 122 155 1.46 127 | 155 | 1450 724.0 4921 - NOEREEICRT DR BRFR
00 183 150 229 104 | 190 | 3070 8680 2945 - 3 p P
W00 | 244 67 213 685 | 167 | 2633 756.0 5726 - BICHT D éﬁfﬂ}ii§¥§bﬁﬁﬁ #
500 | 308 62 216 | 505 | 182 | 28% 0164 5400 | — — BrFrbTRLEDDTHS.
60U | 366 172 193 | 470 | 172 | 2502 368 20.23 = = .
- VIR VAS
o0 | 427 96 To5 | 245 | 196 | 2729 25 3525 = = Ffo, Table BIIIRL TAVA,
sou | 501 198 195 | 395 | 198 | 2948 838.7 39.08 — — W= EE 95em/sec X UF100cn/s
o0 | 564 23 236 | 395 | 223 | 401l 1130 5o - e
ecDBEITDVWTHLERFGIEEE)

* {J jndicates ultimate loading condition

*¥x Safety factor based on total energy
sxx Gafety factor based on deformation energy

*% At magimum deflection or at failure (ultimate loading condition)

RITEAT o728, WThOHEK
BOTHRUEDOHEEICE -T2

Note: 1 tf/ms = 9.807 x 10® kN/s; 1 tf = 9.807 kN; 1 kgf-s = 9.807 N-s; 1 kgf-cm = 9.807 x 10-2N-m.

ZOBFRERCESVT, £L
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Fig. 18 Safety factor of RC slab under different collision speeds
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