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Effect of Curvature on Strength of Curved
Glued-Laminated Timbers Consisting
of Mizunara Laminations™
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R ERHELY ML 50 TH Y, MEMNCERGH, MEMCFIRIGIARET D&M
BEZhTWBZE, KRETHS, .

BERY 3\ C, REBRENBGOMREERR LT 1 7Bt 0BFKD, R;=200¢(60cm)
150¢ (45 cm), 100¢ (30 cm) TH % 3 WG} 18 hic DWW TRFE I 72y, AR I VT,
WiLsoN 3 & HUDsON R\ TEED KX\ R;=200¢ & R;=80¢ (24cm) DRB L FHic
&84k, 16BN T A LIy, At TAMRMAEORER I X sbAMMRIL,
FOMACE LiETHRFBOWTERIRN eIk, ¥, BERCSWTRMNORH
PREBELC X - TR stohd, 22T, BERE I REEER L > THAZER L,

ek, ARREGRICHicy, HPE RV WidtiEERFREDARM MLEHER
HEEN, KOO YBERETH» LAEERBECX L, REAOBLXET S,

2. HMHEBIUEMAE

Frc B Ui 16 o RBECER LY $ X+ s HBIRTH 52, FREBCB
Tit, B RBRRCRET Az Lk Lisd o, R WThb b FETES 1.75cm,
jE130r15cm, £ X540r70cm DD 4%, EX 16cm, E7cm, £X80~9%0cm DYHD
16 KRB L, FOMBRIE UTA 2y 50cm %72l 60 cm OFREPHES AT # TRl
REBETR, YV I/ERREY, ¥, ROEBERBRC X H UK RESRE G 2RO, L
HrrFhFh 100 kg/cm?, 10kg/em? & L7z,

AIMRBRRTHE, BIHACHS > TROA 2RO RRBEESEF TRV CRBEE
EL, 060 2BEBHEERLE, 205 bHBOBEVWEBH 2D, LHRIDOPRRNDD
16 thx BA CRBEFRODLAMBCAVAEHEL, B OBBH 2RICHABTIRET 7 4
vH—Uad v b THESEHE L, ZhbbA BTGB M OEE% Table 1 R34,
WFRLESHACHE s 2 KEBEBEE LLLOR2VWT, chb 2EDFEHETHELT
b, HHELLCEMERC LB T OFHET Y v 7RENGEFLIRD LIS
B L1, ZObAMMCHV MOV, ZhE CTRE, TORVERFTCSELT22
BOME (L Y EE 0.3x35cm) WML, =D 2KE L > LEBHORY ZBEM= T
n—nk L, 22KOEHRO > bRADPIRG19ROER LA VT, Had o 2@EH O MR
(Ri=200¢,80 %) it LZHFh 81k, 2116 kD IE3cm, ¥\ 6cm 550 19 BRI AH
AR REBEESAIC X D FE L2, EERE, EREY 10kg/cm?® & LT 48 BRJERT L
t, AR, BRlFE— 2 v b0 12 %ZF M E T, RRbAMEM & ¥ v 7 RE
DRIFELVESHAD $ X+ 7 2BEBME 7 4 v/ —vad v T2L b (EMESO
kg/em?, BEHF = =~ £ v ¥ CH1000), RBHEFRORE LR LS 15em & Uiz, B®RDO T —
sz hbeing o 4 MBAE 34 hoRBAEOWEY, —#H LT Table 25T,

T4 vH—Yad vk LEAHHMEOREAHELEVT BIERRSIOEERBREZT
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Table 1. Properties of materials used for central curved members
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No. E G Tu u Ry
(103 kg/cm?) (103 kg/cm?) {%) (mm)

60C1 155.6 13.0 0.78 11.2 1.6
60C2 140.1 12.6 0.73 12.1 1.6
60C3 100.5 10.6 0.68 12.3 1.1
60C4 947 10.5 0.68 124 11
Av. 122.7 11.7 0.72 12.0 14
60T1 161.3 14.2 0.77 12.3 15
60T2 1254 10.7 0.68 124 0.8
60T3 1164 104 0.66 122 0.8
60T4 82.1 10.7 0.67 129 1.2
Av. 121.3 115 0.70 125 11
24C1 160.9 135 0.79 11.2 19
24C2 149.6 13.0 0.76 116 1.7
24C3 106.8 9.9 0.68 109 1.0
24C4 94.8 12.1 0.68 11.2 1.1

Av. 128.0 121 0.73 11.2 14
24T1 151.0 14.0 0.76 12.2 1.6
24T2 136.9 125 0.74 123 1.7
24T3 1254 11.2 0.69 12.6 0.8
24T4 101.3 11.9 0.69 124 0.8

Av, 128.7 124 0.72 124 1.2

(Notes) E: Modulus of elasticity, G: Modulus of rigidity, ru:Specific gravity, »: Moisture

content, Ry : Average width of annual rings.

Table 2. Properties of all test specimens

No b h E G u " Rw
{cm) (cm) {10°kg/cm?) (10° kg/cm?) (%) (mm)

60C T Av. 2997 5.696 116.3 10.3 0.68 11.8 1.2
Max. 3.002 5.758 161.3 14.2 0.78 129 1.9

Min. 2.963 5.615 821 7.6 0.59 10.7 0.8

45CT Av. 2999 5.660 110.2 9.5 0.73 11.6 15
Max. 3.002 5.670 130.1 10.9 0.83 12.2 1.9

Min. 2.998 5.655 74.8 85 0.67 10.8 13

30CT Av. 3.000 5.633 1134 88 0.69 119 11
Max. 3.002 5.645 1410 9.3 0.76 121 1.6

Min. 2998 5.610 85.3 8.3 0.66 11.6 0.8

24CT Av. 3.000 5.734 128.3 12.3 0.72 11.8 13
Max. 3.003 5.752 160.9 14.0 0.79 12,6 1.9

Min. 3.000 5.707 94.8 9.9 0.68 10.9 0.8

(Notes) &: Width, %k: Height, Others: refer to Table 1.
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Fig. 1. Diagram of curved test specimens and testing method.

(unit: cm)

Tr-tedd, MERBRTIIIhd 16 EORBRBIOWTH 150 kg/em? DL v~ ¥ T Fig. 1
iRt X 55k, EMmEEoREY ML, WE20ks BLARCRTEEMYIME LR, ¥
fo, BHERTIIZHEE A o%, ¥R TORIIRE, EMEOWESML THE LN,
ENOWEIAERBREFARE L, WE 25 ke B, bAMKHZEL (K9 den) R THBIZ
BETHECRER T o, il BRE2EDL4BRORRE S IURBRIEY, ARC
—ELTHRLE,

¥7, BMEM= Ve —A3HE35cm, Hev14~34cm DEBERA/NELLOTHD
B, ARVEHRCOMUAELTHIREFHERECHEL, BEHOBEL L,

3. ERBIUER

2 #1316 ORI RBRFE RS Table 3 wRT2, RPOLHEEMIT, &, kIO
O IHAENEYERLT, ThEhRALLRDBRE, LR LizonTil, B
HEMMBMITEMD 06Z LT THAZ &b, ThEER LKL, B, MoRREORIER
BRERCOVTREREBRBIRL,

dup = 6—21 {GgoRa (1+2 cos? ) ~3R2(3R +4¢S) sin 2¢

+4S(6R*+30SR +.5%) sin? go} + %{R(Zp —sin 2¢)

+458 sin® go} +ﬁ€Z{R(2¢+Sin 2¢)+4S cos? ¢} (1)
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2
Som = %{GSOR —4(pR—S) sin? p —(3R+20S) sin 2«,:}

kPR

. PR .
+2C;—A(2§0—Sln 2¢)+m(2¢+81n 2§D) (2)

og = —61};:[ [GR2 {R(cos ¢ —1)—S(p+sin SD)} +{3SR(2R +S)

—3pR3+ S‘”’} sin 290 +3R2(3R +4¢S) sin? go]

P .
+ —4G—A{R(1—cos 2)+2S sin Zgo} (3)

T o4 WEAEOEN, dep: DAMREEOER, dr: RBEPROKELEL, R:
HrupRoMEBLE, S: AROERXKEORSE, ¢: bAMRKMEO HLAD 1/2 (rad), P:
WE, E: 7O ZBEBHOY v /7RE, I BiE2KE—x v, G: SUMREMEERE, £:
WEHPC X 5ERE (=6/5), A: WEHE, Th3 Fig. 1 2R),

¥, ERABEROVWTE, ®—2 v I 7—20F L RRATHIHERE R X 5EHEDE
REFAETDE, GHEROFHEME L » CERES L,

STREMCAT D EMEMD L%, O, dcp, 0x DIEREHEIONTH D E, Ri=60cm

Table 3. Results of flexural-rigidity test

Displacements (10—3 cm/20 kg) (2)
No. (1) Calculated (2) Observed (1)
04B ocp Om T otp O 4B éco o
60C1 311 6.1 41.8 35.8 6.0 50.1 1.15 0.98 1.20
60C2 34.6 6.7 46.6 40.6 6.0 57.8 117 0.90 124
60C3 48.7 9.5 65.6 49.5 7.7 70.2 1.02 0.81 1.07
60C4 50.2 9.7 68.0 51.8 8.7 75.8 1.03 0.90 1.11
60T1 29.8 5.8 40.2 35.6 6.1 50.6 1.19 1.05 1.26
60T2 377 7.3 51.3 43.8 9.5 60.3 - 1.16 1.30 118
60T3 41.9 81 56.3 41.9 7.2 62.2 1.00 0.89 110
60T4 58.0 11.3 78.0 61.4 14.1 86.2 1.06 1.25 111
Av. 415 8.1 56.0 45.1 82 64.2 110 1.01 116
24C1 20.6 4.0 17.0 26.6 4.8 249 1.29 1.20 1.45
24C2 224" 44 184 27.8 4.0 26.5 1.24 0.91 1.44
24C3 30.6 6.0 25.3 36.1 5.8 31.2 1.18 0.97 1.23
24C4 34.6 6.8 28.5 40.6 6.6 39.0 117 0.97 1.37
24T1 21.6 4.2 179 26.4 3.8 274 1.22 0.90 1.53
24T2 24.1 4.7 19.8 29.5 41 204 1.22 0.87 1.48
24T3 26.5 52 21.7 34.9 6.1 340 1.32 1.17 1.57
24T4 320 6.3 26.3 40.2 6.5 36.9 1.26 1.03 1.40
Av. 26.6 5.2 21.9 32.8 52 311 1.24 1.00 143

(Notes) 64B, dcp, 0z: refer to Fig. 1.
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Ti2 110 (C.V.6.6%), 1.01 (F116.5%), 1.16 ([ 5.7%), Ri=24cm ¢ 1.24 (F3.9%), 1.00 (&
Hﬁ%,MM@&&%&KD,mm%mﬁbfmmxoﬁmK&%km,%6#K%Mﬁﬁ
FEEEYRES BB, ZD04s 0rlRDOWTIL7 4 VH—Y aA v ORIEHROFEL
BBEEZBR, ZOEEDR\ I IROWTHRDLE, RRAFTYRIREVLSTHBH,
EHETER LR 101, 1.00 L7825, ULHLicdid, BRI O daeZhiz EHETS
LIXEZEL, ThED2WTRWEDEZARLMNTIRR,

R, RERCECTHILEHI N2 @R 16 hoWHEARERY Table4 i, %
7z, 4 MEEE 34 I OWT—8E L BERBER L Table 5 ©RT, FFObAMMOR
B, Mo BEMGC I DREBPEENT, N=Punwx, M=Mmnax, y=—h2 L LTELZDBR S,

0=%(N+%+%RL_W> (4)
¢=6LR<1+%R_yH/> | (6)
s = -1+ 1 EAEK (7)

T A: WER, N: @, M: fiFe—-x v, R: e ROMEBEE, y: He
VRS O (MR E, MAlZAREB), Z: BERE, A M, TH5,
G)REBNWT O0=1 L LIcb D), BBRTHWERERILUHETHS, HIROHITE
iz, HeorcB - TRERRESAL, MELETREEROMTIEN X b /&L, HicM
BECIERIDKEL LB, O PELCONT, MELD @, LMEED O, ¥ RE L T4
&, Ry=60, 45, 30, 24 cm DIEIEHT, (@), 0,)=(0.971, 1.031), (0.962, 1.041), (0.945, 1.060),
(0.933, 1.076) Lich, HEOMME L IRAPOBEIREL b, @R AWLEE
IhiE, B8 3 MEBORBKDOBEL, R, =60, 45, 30 cm O, EHT29%, 3.9%, 5.7%
WTFhb k&L h, ¥, 2O PRI D (NRD £ i3, # h BOHBREH (form factor)
& XiTh, WEOHRTELMBROMER BB TEDOREY, BEAVEEOBA I, AX
CRENDXOCHMIBO X e &R E LD, DA, ZOcEXEED 4 HIRIF i FHT
R, £=6.85x1074 L17x107%, 247x10°% 3.82x10°% /¢ 5, *t:, EhOEEM = v
Fr—-AOBER, WTRLHMIB35cm, M\ 14~34cm DEBHDE L DIROWT,
ARV EMRCDOM UG LT LRREPFHERATEAL, chcl hRDLIDOTH B,
Table 4 T/R L7 R;=60cm (2002), 24cm (809 ORBKicOWTi3, BHAKE, Fom
HEWRIFIRAUBEN T X5 hTHEETH D, PRENCERT 2 RBENBE CoMECE R
Koy BERED ORI -1, Thi5IRB B3 5ERIEN or DB KM, R;=60,
24cm OREBAEROWTENR LR 0=25, 52kg/em? LHE I, KHITE~V 7y 29 R
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Table 4. Results of destructive test (1)
No. Pmax M.A. oC g8 _oc
(kg) {cm) (kg/cm?) (kkg/cm?) I8
60C1 844 18.39 1016 1207 0.841
60C2 799 19,77 1029 1341 0.768
60C3 653 19.83 853 838 1.018
60C4 603 19.51 771 778 0.991
Av, 725 19.38 917 1041 0.905
60T1 1598 11.38 1229 1239 0.992
60T2 1256 11.77 1001 860 1.164
60T3 1011 12.44 843 679 1.242
60T 4 830 12,08 672 748 0.898
Av. 1174 11.92 936 882 1.074
24C1 982 16.26 1106 1315 0.841
24C2 893 16.04 987 949 1.040
24C3 734 16.70 843 909 0.927
24C4 650 16.62 752 910 0.826
Av. 815 1641 922 1021 0.909
24T1 1200 13.24 1109 1256 0.883
24T2 770 14.04 748 892 0.839
24T3 995 13.44 933 845 1.104
24T4 800 13.58 757 913 0.830
Av. 941 13.58 887 977 0.914

(Notes) C: Compression-type loading,

T: Tension-type loading,
M.A.: Moment arm at Pmax, oc: Strength of curved test specimen, ss: Strength of straight

Pmax: Maximum load,

beam.
Table 5. Results of destructive test (2)
No. Prax Mmax ac [ _oc
{kg) (kgem) (kg/cm?) (kg/cm?) I8

60CT Av.®) 929 13234 895 910 1.003
Max. 1598 18185 1229 1341 1.242

Min. 540 9158 635 626 0.746

45CT AvD) 907 13221 913 909 1.009
Max. 1450 17270 1204 1241 1.133

Min. 557 9126 637 575 0.822

30CT Av.D) 861 12589 893 948 0.941
Max. 1275 16537 1190 1119 1.142

Min. 546 9107 645 735 0.735

24CT Av.e) 878 13036 904 999 0.911
Max. 1200 15967 1109 1315 1.104

Min. 650 10803 748 845 0.826

(Notes) Pmax: Maximum load, Mmsx: Maximum bending moment, oc: Strength of curved

test specimen, og: Strength of straight beam, a) Average of fourteen specimens, b) six
specimens, c) eight specimens.
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RENTWBE I XFSORFIEBREI D THRBCBETH- L Lc k33D THAH S,

R;=60 cm DRBRMAIC I %A MM OBE S XOBEM YT 5 HEHE I, EMRINTY
#5917 kg/cm?, 0.905, 5IRECTH U< 936 kg/em? 1.074 L \WTFhiTHTRER R LI,
FRFERE, PHRERSIOCBEHCHTAEEEE b, FIREAEREY ER 7, Ll
23 Ri=24cm OREBAETIE, FOHER X OCHEENEMRE CTF 922kg/cm?,  0.909,
3IEET T 887 kgfem?, 0914 TH b, BEHICHT B HEEC S\ TR ERNERT 2R A
Dbtk slcb oD, FHEE TR hEClddie, SIBEMAERELY PR TIZ BE
TE ok, Zhe2nwTix, FIRERBRGEF2EHCY v 7 REO & - 12 24T2 BB OEK
BE (T48kg/em?) 23, RESFEB LIz D LRbhb, o 24T2 B3, FIRMEMA S
IFREMNOKRERBIRENELEL, Th X B L30T, EHREL D8 &R
LEVCHEBEYR L, TOBEBEEMED, BROCSIEEOTHBECETEL L LAL0
LHmEhs, '

&Kz, Table 5 157k Uiz 4 R A S 34 thD [KEEM § X7 5 bA MM O —E U= BB
REDWTBRBH, T TREMBE S EM, JIRAMERLXINTSZ L, 28R
BIZOWTOKREY, FOFEHE, RAERSIVCBR/MICI hRLTCHS, EhobA o
BEE 00 I D\THhB &, Ri=60, 45, 30, 24 cm o B RIE 1 57 # T 895, 913, 893, 904 kg/cm?
EvPhd 900kg/em? B O+ LBEERTRL TR Y, FHEOFE Y v 7 REcETE VT
55300 (AU E=116.3, 110.2, 1134, 128.3 ton/cm?), &= OFHHBEEE LI HA I,
BEEFITES AT E S Bbhb, LaLikdib, Kz h bR BENOBE os iz B
THh5 &, FOHBHE oc/osit Ri=60, 45, 30, 24 cm O JEIZF#HC 1.003, 1.009, 0.941, 0.911
Ehh, Ri=60cm (2008, 45cm (1502 CiHERIBDOLhiVX 5 TH B4, Ri=30cm
(1007, 24cm (804 CEBEARDORBEREER L, (s, Eho 60CT OFHHERE K>
T, 0c(895)<0s(910) I3t L 0c/os=1.003 & 75 - T\ 525, SRR D Tid7ews,)

ARBHEA LT 3 7 (3mm) kX L, WiLsoN OHEBRTIE 12.7~34.9 mm, Hupson
DERTIXEE HIC12Tmm TH Y, 07 FEOMEL X 5 MBS SHORMBETI
BBH, ThbOPHEBERZMEL ¢/R) LT =y b L, WiLson, HubsoN B & [
BeR Lcn2 Fig. 2 Th %, Erbd#baklir, FEReBTIBEMCHT I
BefEIz, 4 BEV-TRicEs T Wiison, Hupson f&k% L » Tk b, HRido &<
R,=200¢, 150¢ O 2 fiRic oW Tk, BEERRIBDLhILWI 5 ThoTe, Fh, EHO
BOHID Ri=100¢ 80t TB\WTH, ZOEBRERIFHRLIIALLTERHLTH Y,
o, BfTo WitsoN REDERNRE L oTz, 0O 2HMEROVTIE, Hubson Rk b
S LRAMOBLN R HFORB TR HEMR F/=[1-10¢/R k&, Xy —B$5L>
ThHol,
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Fig. 2. Average ratios (O) of the ultimate strength of curved timbers
to straight beams plotted against the curvature ratio (#/R).

(A) WILSON {1-2000(z/ R}, (B) HuDsoN [1-15(z/R)], (C) [1-10(z/R}].

4. B bHb b I

BHic kT, RBARBOMBERR, &7 3 7E Lt OBFHN, Ri=200¢(60cm), 150¢
(45cm), 1002 (30cm) TH 5 3 HRE 18 hic oW THEE ML fopd, T & Tik WILsoN,
HupsoN HRICI W TERO K E W R=200¢ & R;=80¢ (24 cm) DRBRGEEF foic & 8 45t
6&EML, ohd 4R34 GOLER: X+ IbAMMEH LT, ZOMAc JiETi
RYBr EROBRH L ML, ¥, FRBREOMNE, BRCAVLBERIMU TS,
EE O BEGEC I - TERLE,

FRILUTOXSENEh S, A

1) EEMCRT S REEO T, 4R GCThics\ T WILsoN, HupsoN Fi&% k
H b, #ic Ri=200¢ 1507 ® 2 MER BT, BEERIZZHbhEVLS TH T,

2) R;=100¢, 80¢ i} HHMEEBEME, ARV LELLBRNTH Y, B,
ﬁﬁ@WﬂwNﬁkoéiﬁ%L#oto:@2m$mov1m,mmmna;oggam@
BoOEehicERR F={1-10¢/Rlc, XH)—BTLHEREER.
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Summary

In curved glued-laminated timbers, it is known that the ultimate bending strength is
reduced as the ratio of lamination thickness to radius of curvature is increased. Curved timbers
made from Douglas fir, Sitka spruce and Southern yellow pine have been tested by WiLsoN
in the United States, and from the results of these tests it has been suggested that the design
stress in bending for a straight member should be modified by a factor to obtain a stress
value applicable to a curved member of the same section. The factor has values given by the
formula [1—2000 (¢/R)*] where ¢ is the lamination. thickness, and R is the radius of curvature
of the center line of the member in corresponding units. This modification is recomended in

many specifications for the structural use of timber and is used for softwood and hardwood
species other than those on which the original investigations were made.

On the other hand, HupsoN carried out the tests on curved laminated beams made from
three softwood species of particular interest in the United Kingdom. The species used for the
tetsts were Baltic redwood, larch (home-grown) and Sitka spruce. From the average results
the reduction in strength accompanied an increase in curvature was found to agree closely
with a simple linear relationship that was expressed by the formula [1—-15(#/R)].

There are some problems, however, for these modification factors. (A) Although hardwood
species were not used in WILSON’s original investigations, it was reported that the formula
was applicable to hardwood species. (B) In HupsoN’s investigations, the curved beams were
tested exclusively so as to induce compressive stress at the concave surface.

In this paper, the effect of curvature on the strength of curved glued-laminated timbers
was investigated. Four kinds of curved specimens, in which the radii of curvature for the
concave surface were 60, 45, 30 and 24 cm, were made of Mizunara (high density hardwood)
thin laminations. These specimens were about 3 by 6 cm in cross-section consisting of nineteen
laminations each 0.3 cm thick. The radii of curvature for the concave surface were represented
as 200, 150, 100 and 80¢ (¢: lamination thickness). Half of the curved specimens were de-
stroyed so as to induce tensile stress at the concave surface (tension-type loading), and the
other half destroyed so as to induce compressive stress at the concave surface {(compression-
type loading). In calculating the strength of each curved test specimen the precise equation
for deep curved beams was used, and the strength was compared with that of the straight
beam.

The results are summarized as follows;

1) The average reduction in strength was found to be smaller than that given by both
WiLsoN’s and Hupson’s formulas at all four curvature ratios (#/R) tested. At curvature ratios
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about 0.005 and 0.006 (R; =200 and 150 ¢), no reduction in strength might be found.

2) WiLsoN’s formula [1—2000 (¢/R)*] was obviously conservative and departed remarkably
from the test results at curvature ratios about 0.009 and 0.011 (R;=100 and 80¢). For these
curvature ratios the average reduction in strength was found to agree more closely with a
formula [1-10(¢/R)] than Hupson’s formula [1-15(¢/R)].



