mOE 5 &
Explosion and Shock Waves

DOI: 10.11883/bzycj-2024-0431

BAERIEER TREARIERBNENNITASTH
HOE 1, S

(LIAIBFRZE AR TSR, i 200092)

B MR LA WRREEH, ARG PURE RSB A . HAT, BARRA X T RAAEL ST
PRVEREAORIGHE 7T, (HAHSSRIBE T B AR BR o AW RS 31 N R A AR I e By i, &
SRS T AR SEAE TR ET 52 3)) 1 TR B BA BOR SEREREAHE M OB 52 o AR RS T RN, @8I 51 AR A
FHAR RIAHE JERE (K130 SR R EE R, At T EERSN TR R B A B LJER FR R, W 7 % A dE
GERINRIEAE S 1A e AT S8l J1 AR 12247 R VA S AR ST Bl 9 350 8 PR R AORE BE B B 0 T PR TR
BOAESE SRR, Bt R 7Y R % v o FIUIU R e g R 0 P 40 TR AHE S0 11 2l g MRz AR R S A I 284 F B 1) %ot 2
A AT RS . BT EE R BN, B R ESE R AR SAE A M 2 5, BEPRN AVR ST AT W7 284 J A HE 22 885 50 7 v )7
HiA it SR 5045 R — 8. AR TR B R ] O 4 5 5 R ARG ) (P 5 B M Vil 42 LA R T i o

KEIR: IREMTEG KRG BARIRNESLRE: BUEEE ATER BFUBORREL

FEISES: XXXXX EfRFERMRIE: XXXXX CHEMARIRAS: A

Analysis of dynamic behavior of light-frame wood walls under
blastloads

HUANG Zheng', PAN Zuanfeng!*

(1. College of Civil Engineering, Tongji University, Shanghai ,China)

Abstract: Compared to concrete and-steghgtructutes, research on the blast resistance of timber structures is relatively scarce.
Although there have been experimentdl Studies on the blast performance of light-frame wood walls, relevant numerical studies
remain limited. This study addressed thednumerical modeling of light-frame wood walls under blast loads, with a focus on the
determination of the dynainie’ tncreaseMactor (DIF) for nail connections and the failure criteria for wood studs. Based on the
partial composite actionnhepty, afi analytical expression was derived to describe the relationship between the DIF for nail
connections and othgg fiechanical properties of light-frame wood walls, including the stiffness of studs, the stiffness of sheathing
panels, and the Stiff¢ss of nail connections. A reasonable value for the DIF of nail connections was then provided by introducing
experimentally measured DIFs for wood studs and wood-frame walls. On this basis, a finite element (FE) model for blast
resistance analysis of light-frame wood walls was developed. In this model, the wood studs, sheathing panels and nail connections
were represented using beam elements, shell elements and discrete beam elements, respectively. The orthotropic characteristics
of wood-based structural panels, the nonlinear dynamic behavior of nail connections, and the dynamic elastic-plastic features of

wood studs were also appropriately modelled. Verification of the developed model against the experimental data indicates that it
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can accurately predict the dynamic response of light-frame wood walls under blast loads, as well as the time and corresponding
peak displacement when wood studs fracture. FE analyses also show that if the variation of the studs’ material properties is
reasonably accounted for, the predictions of the dynamic response and failure mode after the fracture of studs are also in good
agreement with the experimental results. The developed model paves the way for assessing the blast vulnerability of light-frame
wood structures in future research.

Keywords: Blast loads; Timber structures; Light-frame wood walls; FE modelling; Nail connections; Dynamic increasing factors

LESEILY) N ERS Ay v PR 0% N SN2 (N7 7 A R =T /o) SR Y 5 B | =3 - 5 S B st v
TR, 21 t2ly), BAURHERSE M SN E, FENH TR @R, sk, Rz sk
HR O SR AP A0 8 A A Al S SR ) 7K 52 WM e R M A ) KU S B 4R T, ARSI ASBI AhBT. H AT, X
TR e L S5 M AN 25 M BIFTR M RE AT 78 O U8R . AHELZ T, ARG G R B 78 W2
M, HA ONERERPUR ST 5IPE) OP K T 32 R ARHEZL S5 M PUR R T IR N 2 .

BRURHEZEE (RIFRARNEZENE) 2R BRME SR S5 MR R 32 2052 414, HHAUAS AHE BE AN A S
SERIBGE TR ARG o RS ARMEZE SR SIAE . TV Gl e FE 1T . AEABRNE Aot
BAEATS, ARHEZRRGI RS ARMELE . AR BSRAL S AT Be K AR HHT, SRR HEZEREHiT
PRPERERIAT AR R ok = AR AR R, DCH INEE RIE RERGAE 2013 4£~2016 (8] 78R T
AR B E RS . T RIS I SR AT S 4\ Jacques =5 UHE L O E I 7T 1 2
RS ARAEBNER B N B 1 2ema N, R Ee 25 R 7R : YA ZRAE 0.16~0.32 s Z AN, &R
KBS o B A AR R B I OR R B 2008 1LAVRD 114, MERERE, Jacques 2EHF 5T 2
i, RZHCT AR AR 2N H I T PR T /N SEERFE AL BT, Lacroix 0 & RORKHELGLEE T & 1A
(A - rh B2 S R B E RS, S5 R BN S SOV KA AN BAE ARSI I EN, ARHESERS
RAARSAEES R IR FEROR I 7R THORE , JAHEZE RS 2 H IR S A - AR AT i B2 4R
Viau ZE[90T 7T 1 THIAR T B 5 AR SLAE- T AGE R el tEse RS2, IS4 R R ki 35 kPa
I, KM 11 mm OSB AR LAY R i (R AHE B2 55 2 E AR ST R A2 25 i AR AT EH IR AR IR s R AT B
JEFRTTHIARC S, IR 22 INTHIAR e 8 AR ST s K% G AT S e e AR e 2 T A RIS R STAERE ()%
SFe 9T W FERSLIAE-TH/ R AR S RN AR HE ZERE DR VE REISEMR,  Viau 00T R T SERRil 41 FA
NEZEBE 0 B RS, R I R IATH VG E 1 o BT BRI, AR SZAE-TH/ R AR B IE B AL (AR 2 1E
ARILAEZS AT AR AL, HPEWORALASK SRR 550 . Mourao S50 LA AR 25 #4 i : RE A BIF 030
BT T 2818, 48 ORI IAE A0 R R M0 R I I B 2 A, A0 Al i B T 50 E e
[ (Single Degree of Fréedom, “ii#x SDOF) J5i%.

Zi AR, A D R RORAEZE RS TR I RE T e 1 — e et 78, (Bt T Hikealie i
A, BUE T BT e L BB AT B o 6 T ACHE S5 £ XAy 2512 VR 1 72 r 2801 T 1 {2
W7, B AR AT 1T 2098, AR R AT BRI ey 8 4 FH I B800EL 07 L0 98 AR, AL A
INEE K53 LacroixIB I & 1) — 2 51 52 R AHE B2 55 0k B i ue A B, O ACHE S8 70 A M A 2 1
TR RS R AL T B REARIEGE NS & 10 e ORSLAE-TARET 1E 38 AR 2t T 747 P K
ARILAES) B I RFAE B AR NEZE IR AT BR TR . ASCEE R R 1) 14T 830 IR R BOR
SEAERE IR HEI (PR o« ARAN 25 B S50 25 AN LU R B, P 37 (RS 2R AT A et B IR R iy 28k A FH
TARMEZERG BN Sy N o AT TR AR T R HEZR S5 M brde v re BB AU 77 A 2, 7]
N Ja R TR NEBR G5 M) 40 2 iV ) P Al S LB TR R At

1 BRIRERBHRERE
1.1 BUEE R IR



’ o5 W &
Explosion and Shock Waves
N TR BRI 3R N ARHESE RS BB B b AN [RS8 5 i gtk — IR B e, A

WF LU IO 55 KR R K% Lacroix ST J& [ — FR FIACHE LRSI B I A E v e e . AE %5 H
AHEZEREDE 2070 mm. 5 2159 mm. BT HEEL 6 A 38 X 140 mm AIHUIRS. /) 73 BASLAE (Stud) o
ARSLFENAIFE 406 mm, FEEIE 3 A 89 mmX4.24 mm Sitk] 5 S TR AR . AHEZERE -8
TR R R LSS KB E TR, 23 A8 11 mm 468K (Oriented Strand Board, @ik OSB)
18.5 mm &M . T OSB 4, ASrAES OSB il 64 mmX3.5 mm (4T ER:, £T1AIFE 150 mm.
X FRAWEE, ARSAESEABIERT 89 mmX 4.2 mm K] ER:, FTAEEH N 150 mm. ARHEZEEE R
R EE W E 1@)FR.

- ——
'\
. o 4 ; i~ Top Plate
I i N . | Sheathing
150 mmpr i (OOSrB
E | ‘/o Plywood)
= i
iy - Stud
I /
e <
\ 5‘\ Face Nail
40mm
. Bottom/Plate
- _— e
% ol
' 2070 mm i
(a) Dimensions of wood-frame walls (b) Test setup of the shock tube
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Fig.1 Schematic diagram of the shock tube tests of wood-frame walls(®]
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Table 1 Test parameters of the shock tube tests of the light-frame wood walls(®!

REEAZFR TR Pra/kPa I/(kPa-ms) t,/ms dinax/mm fmnax/MIS BAFHK /T Z/m kg3
1% 6-2 11 mm 38.3 403.0 22.0 47 8.9 0.54 9.1
1% 7-1 OSB 38.2 384.9 20.1 59 9.4 0.55 9.1
1% 8-1 9.8 25.1 5.1 8 6.2 1.54 25.0
1% 8-2 52.6 163.0 6.2 45 7.9 5.31 7.1
1% 9-1 6.6 76.1 23.1 8 10.6 T 33.0
B 16-1  18.5mm 11.5 128.1 223 11 9.8 0.12 20.0
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% 17-1 AR 12.6 245.7 39.0 13 9.9 0.15 20.0
i 17-2 40.1 813.12 40.5 51 9.9 0.36 8.9
i 19-1 11.0 1222 222 11 9.8 0.12 225
i 19-2 42.1 450.4 214 56 10.3 0.46 8.5
1% 20-1 12.5 160.3 25.6 16 12.1 0.15 20.0
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Table 2 Experimental results for the material parameters of the componentsuin the light-frame wood walls

s 2 /(kg-m3) MOE/MPa fu/MPa
FHME cov FHE CoV. FHME cov
ASTHE 498.0 0.09 9690 0.11 44.5 0.23
OSB 685.0 NA. 5550 0.24 28.4 0.31
B 470.9 N.A. 7120 0.16 41.0 0.28

7£: MOE - Modulus of Elasticity, #iEfifE; £, - HiZRE
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Fig.2 Numerical model for the shocktube tests of light-frame wood walls
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Table 3 Comparison of the experimental and numerical results for the elastic response of the light-frame wood walls in the

shock tube tests
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55 RR YA AE S B IO AR L, 55 8-2 FOBRNERT 8 IE SRR R, I HAFAE W] R fh U
TER LB 13 @izl o 0/ R G TR 2 T BRI Ay, k56 houl 82 21 B S A 57
FE-TARAT ERE MR LS, & 14)Fim. B 13 JBoR 15T R M A A WS ARSI 20 A, 15
ORISR EARNEZERS SORpT B, L T BORMET R S i 2 F8 (LT 13) o 45 ASTM
D1761191, 45T IR AT 20 mm i, BIRJUCHIERC KRR @B 13 /RES], fE4 16
ms £ 19 ms K EVEEN, 55 8-2 MIARSLAE-TARET E R TR ek k2, R IE & HBLAT
HEEIBOR . 5 b, WS ESL AR R 8 B b = B el T 47U S BURI R S - AR BT R B4R 1)
WA (L 14) o Ak, BEZRERoR, RAARSAEBIA K R AT E R N o R VA A7
AL 4 mm, RSBV AR T, Ao RKAETEZRTTVIBOR, i‘zﬂjwzﬁ%—ﬁh

Test FE Stud-2&5 FE Stud-3&4 Pressyre
60
50 | Nail 1 to 7 ' Nail 7
g7 P :
g 30 | 0 2
- (]
g 20 Hrmmmmm A e AN e 120 &
o Nail 1
g 10 / 1 10 g
a2 0 f r — 0 3
A 100 0.005 0 5 0 0‘-25-10 é
-20 | Axial displacement at failure of nails { 20 &
-30 -30

Stud 3

. .
Time ( )
13 %ma% B 2

Fig.13 Numerical results for the shock tube test Wall 8-2

(a) Experimental observation (b) Numerical results

14 Bk R 8-2 FIATIR MG
Fig.14 Nail withdraw in the shock tube test Wall 8-2

16



mOE 5 &
Explosion and Shock Waves

4 518

[l A A b AR TR B - S5 R AR SS A BUBRBIT T T T AR R 7 R 5 BORCR,  (EXPARSEH FUR L RE
WA . BARCA WIS HT A KR BURHE RS (P UR PR RE, (b TR E I s &, B
HHFE N — D AT DR ENT B Bl SR RURHE S FUR I RE AU 07 1T SR A IR .
ASCLMINEE K224 Lacroix BT & 1 — it R RURHEZERE Bop A wlIe 0t R, WEFT 7K 34 ] T i
RURHEZER I BAE RV . AR B RS AHE SRR AR AT B E I R 2 0 s, 58 T RFELE K
BRI IS [ S ARSLAE- TR BT 3E R (3 AR ENE 12247 N LA RORSEAE B D)5 BB ERFAE . 9 T3
LR BB AR, ARSCIE S R 1 AT IERE SN SO AR B SR SRR HE N PR A 5
RIEA SRR S b, AT DGR/ R 458
(1) FEBHUMRNERT R N R RARHESUR ) AT I, 75 SRR 5 R AR 1547 9, AR

ARSAESHR R HEE . A ERE G RREw e L8y )y, HIAAE R, HErg

28 AR o
() AW THEM A AN HREHER AKX, HFSHRBEREGIR, @@

BT ARSI IR &4 (DIF=1.4) o« S8R TR wEESER 5N EIRETERS) 1178

KEKE, BUERMEE RS IRE RSB, WL T FTid e &R DIF )&k,

(3) ASCWETE 1 A B A I ACHE RS A SLAE A BB AE ) o\ ) ESfE T 5 45 2R 5 a6 45 R AL

HRSAE AR IR AR I 2.5 485 e AR SLAR I 5 KB A B oART AR W AR 1 A% 5 W 1 A% o 2 I (1]

) 558 45 RSB -

(4) BRI AR SIAE B B A AR UL 45 SRE 7R < S IS BROARHE S, AR AR SCAT AR AT T

AR TN R AR [ 25 S AT 0B, AN R A RIBCERS X T OSB ARHMEZLES, FEARSLAL B A

[ 25 il 27 AT REEIE OSB g5 7 1A O HTE RIS A AL TR O 1) 25 AN o MU AR R 2 Y 1 i

M5 R G KEMEIRIEA—HL
(5) BRI AAT IR MR BB IR AR A R R X T A AE I U AR AR HE SRS

FEG AR AR I B (RUGHBTBD  ARSZAE-TRETERR AR B A7 F2 B35, W& KT ASTM D1761

FURE HOAT 3 A AZ BB FRAEL o HUERET O B . USSR 5 S R A — 5, K

HE SR XK T 7 2 1) SORS BCRBORK 2 70 W IR A R UGS 57 s R 52
(6) HAFHBAFIRSIAEMPERZE Ay A SCEEAR Y B 8 B T 55 — D IE R A LR ORSZAE

AR RBIIR ) J FOREKIRE ], EL4E R (R AR SEAT A IR S 1) 0 2 12 B A RS =X 5 e 28 SR A

W) HAEREATE ISR ARSI AL O PR 22 5, U e i 3t B AR ST AT I 25 A HE SR ARk 1)

JIEE M MBS o HEA TR OB U rh, AT T ASCEST A, 87025 BRI M VR R BE AL,

T e B RS- S e AR 4r A R 10 5 bk 0 H

S 3k

[1] REITHERMAN R, COBEEN K. Design documentation of woodframe project index buildings[R]. USA: Consortium of
Universities for Research in Earthquake Engineering, 2003.

[2] farfgcds, friEse, g, & pEREMT 20 R EIFED]. EILEK, 2019, 49(19): 83-90. DOL:
10.19701/j.jzjg.2019.19.010.
HE M J, HE G R, LIANG F, et al. Development of timber structures in China during recent twenty years[J]. Building
Structure, 2019, 49(19): 83-90. DOI: 10.19701/j.jzjg.2019.19.010.

17



mOE 5 &
Explosion and Shock Waves

(6]

[7]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

HUANG Z H., DAI K S, WANG J Z, et al. Investigations of structural damage caused by the fertilizer plant explosion at
West, Texas. I: Air-blast incident overpressure[J]. Journal of Performance of Constructed Facilities, 2016, 30(4): 04015064.
DOI: 10.1061/(asce)ct.1943-5509.0000799.

FE, W, R, S5 BT EUE R RS TN R REEME SRS Sy ma R AT D). R AE S b, 2023, 43(11):
112201. DOI: 10.11883/bzycj-2023-0080.

SI D D, PAN Z F, ZENG B, et al. Analysis of the dynamic response of prestressed concrete frame structures under blast
load[J]. Explosion and Shock Waves, 2023, 43(11): 112201. DOI: 10.11883/bzycj-2023-0080.

WRAEFH, PHEE, TaSE, 5. b BRERTEE T AR AL LATAR VBT FE[0]. MR AR S oy, 2023, 43(1): 013101.
DOTI: 10.11883/bzycj-2021-0498.

CHEN N X, ZHONG W, WANG S F, et al. Study on geometric similarity law of steel frame minder a far-field explosion

load[J]. Explosion And Shock Waves, 2023, 43(1): 013101. DOI: 10.11883/bzycj-2021-0 40

Canadian Standards Association. Design and assessment of buildings subjected to blast load @)[S]. Canada: CSA
Group, 2012.

JACQUES E., LLOYD A, BRAIMAH A, et al. Influence of high strain-rates on t nanjic flexural material properties
of spruce-pine-fir wood studs[J]. Canadian Journal of Civil Engineering, 201441(1)y 56-64. DOI: 10.1139/cjce-2013-
0141. %‘

LACROIX D. Behaviour of light-frame wood stud walls subjected to t load1 ]. Canada: University of Ottawa, 2013.
VIAU C, DOUDAK G. Investigating the behavior of light-fram 0 ‘st}d.walls subjected to severe blast loading[J].

Journal of Structural Engineering, 2016, 142(12): 04016138, ; 1/(ASCE)ST.1943-541X.0001622.
VIAU C, DOUDAK G. Investigating the behaviour of ty]

igned wall-to-floor connections in light-frame wood

1 of Civil Engineering, 2016, 43(6): 562-572. DOI:

=

stud wall structures subjected to blast loading[J]. Can:
10.1139/cjce-2015-0452.

MOURAO R, CACOILO A, TEIXEIRA-DIAS F, et al Bldst resistance of timber structural elements: A state-of-the-art
review[J]. International Journal of Protective Structures, 2023, 14(2): 263-295. DOI: 10.1177/20414196221092466.
QUAYYUM S. Refined parametric models for wind load resistances of wood-frame walls[J]. Engineering Structures, 2019,
183: 841-859. DOI: https://doi.org/ 1 j.eng}truct.2019.01.058.

PURE, BRER, MK, 4. IS BT RGN PR RE IR S5 A TR T/ T [I]. MR /R Tolk R 2244k, 2010,
42(10): 1548-1554. /

ZHUEC,CHENZY,C al. Testing and FE modeling of lateral resistance of shearwalls in light wood frame
structures[J]. Journa larbi itute of Technology, 2010, 42(10): 1548-1554.

BULLEIT W M;¥PAN , ROSOWSKY D V. Modeling wood walls subjected to combined transverse and axial

loads[J]. Joupnal of Structural Engineering, 2005, 131(5): 781-793. DOI:10.1061/(ASCE)0733-9445(2005)131:5(781).
LACROI DAK G. Investigation of dynamic increase factors in light-frame wood stud walls subjected to out-
of-plane blast loading[J]. Journal of Structural Engineering, 2015, 141(6): 04014159. DOI:10.1061/(ASCE)ST.1943-
541X.0001139.

Canadian Standards Association. Engineering design in wood (CSA O86)[S]. Canada: CSA Group, 2024.

MI H. Behavior of unblocked wood shearwalls[D]. Canada: University of New Brunswick, 2004.

MCCUTCHEON W J. Stiffness of framing members with partial composite action[J]. Journal of Structural Engineering,
1986, 112(7): 1623-1637. DOI:10.1061/(ASCE)0733-9445(1986)112:7(1623).

American Standard for Testing Methods. Standard test methods for mechanical fasteners in wood (ASTM D1761)[S]. USA:
ASTM International, 2012.

18



