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EFFECT OF STRAIN RATE ON STRESS-STRAIN
RELATIONSHIPS OF CONCRETE AND STEEL

By Minoru WAKABAYASHI, Takeshi NAKAMURA,
Nozomu YOSHIDA, and Satoshi IWAI

Synopsis

An experimental study is made to investigate the effects of a strain rate on fundamental
mechanical properties of component materials of reinforced concrete structures subjected to
earthquake load, those are concrete and steel reinforcing bars. Load is applied monotonically
or cyclically to a specimen under the prescribed strain rate. Range of strain rates in case
of dynamic loading is 0.005/sec to 0.1 /sec. Compressive strength of concrete increases
with increasing strain rate. However, a geometrical configuration of a stress-strain curve
and the strain at the maximum stress are hardly affected by a strain rate. From tension tests of
steel bars, it is observed that yield stress increases with increasing strain rate. The behavior
in the strain-hardening region and the strain at breakage are not affected largely by a strain
rate. Thete is no significant difference between the stress-strain curves under monotonic
loading and the envelope curves under repeated loading.
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ACITHEBRA LT O EREENEMEEZET 2 L 5 IO AT 50, SFHRBEOBAICIIEREBIRICS
LTHRAMITS 5 LELNIEBRAEOPLTICEEI NHBREOMUBSHIES N, %’f—*‘/"t;t, avy
) — b EBUA TR A I UTHRE 60mm, # VR UEFEAICH L CTHREImm © &0 aH 0 b h,
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Vo, ENEN2KTOMAEN/c, F—2BEET v 7EBELTINTF~ 2 L a—LiCTEsh, o

Table 1. Test Results of Concrete under Monotonic Loading

Nominal Specimen Strain Rate (9%/sec) Sectional Maximum Strain at
Strain Rate : . Area Stress Maximum
(9%/sec) | TNumber ?ii?:;ﬁir Strain Gage (cm?) (kg/cm?) | Stress (%)
1 0. 00208 0. 00167 19. 62 285 0. 265

3 0. 00206 0. 00175 19. 61 281 0.296

0. 002 4 0. 00204 0. 00169 19.75 295 0. 269
5 0. 00212 0. 00181 19. 66 276 0. 282

55 0. 00205 0. 00184 (279) 0.288

6 0. 520 0. 556 19. 65 304 0.278

7 0. 538 0. 445 19. 68 299 0. 263

0.5 8 0. 620 0. 477 19. 85 337 0.294
9 0. 676 0. 493 19.71 334 0. 300

10 0.581 0. 546 19. 67 336 0.308

11 1.08 1.09 19.81 326 0.283

12 1.05 1.11 19.89 - 352 0.295

L0 13 1.27 1.26 19. 89 327 0.268
14 0.93 1.35 19. 67 345 0. 298

15 1.15 1.23 19.70 312 0.274

26 2.55 2.38 19. 86 314 0.263

27 2.16 2.82 19.75 297 0.273

2.5 28 2.15 2.15 19. 82 321 0. 265
29 2.33 2.36 19.72 318 0. 259

30 2.43 2. 60 19.81 | 350 0.311

16 4. 40 4.82 19.72 345 0. 306

. 17 5. 57 4.23 19.78 366 0.301
5.0 18 4. 80 4.85 19. 69 330 . 0.276
19 6.13 4.44 19.79 368 0.275

20 4.91 5.60 - 19. 68 339 0. 285

21 5.66 6.16 19.77 361 0. 298

22 5.78 6.77 19.70 339 0.288

10.0 23 8.18 7.21 19.76 345 0. 265
24 7.73 8.51 19. 82 323 0.298

25 7.01 7. 80 19. 66 323 0.283




Table 2. Test Results of Concrete under Repeated Loading

Nominal

Sectional

Maximum | Strain at

Specimen Loading |Number of Cycles
Strain Rate Area Stress Maximum Loading Program
(%/sec) Number (cm?) Type I | OIT|I| V| (kg/cm?) | Stress (%) ’
0. 005 34 19. 69 3|1 3| 3] 3 305 0. 267
38 19.61 F 11 1) 1] 1 293 0.270
39 19.71 B 10 320 0.270
40 19. 67 C 10 322 0. 265
41 19.70 D 5| 5 294 0. 253
42 19. 62 A 303, 3|3 295 0. 263 (a) @
0.5 .33 19.73 A 31333 313 0.257 | O
43 19.79 E 1] 1] 1] 1 303 0.295 1
35 19.81 F 1] 1] 1)1 319 0. 285
36 19.73 F 1] 1] 1} 1 301 0.284
44 19.75 F 1] 1] 1] 1 334 (0.273) (C) ¢
- g m v . m| v
32 19.78 A 3| 3|3 3] 297 0. 304 1
2.5 37 19.83 F 1 1 1] 1 315 0.262 : )/
45 19. 68 1] 1] 1] 1 317 0.274
€
5.0 31 19. 80 A 3| 3| 3| 3| 321 0.294 - ® .|

1-9500% B ng YT
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— N2 T4 WEBERNLTY=TRYLa—2H500E X=Y La—FIL->TE=ZREEENEINK,

2.4 HEF& MARERARCRROBORLO 2EOEHFE L, ZH T 5 VA THEINBEAIC
k> TABEEELBUCEREEL —EE2ED, 74— F Ny Y27 28AOTHEB S N, Bk
WRBIC B 2 EHE ORI, HEOHM 2 v 7 ) — MERYICEE ST 2 EFFHEEZE L T0.005/sec
75 0.10/sec ORIICEEI Nz, 3 ¥ 7 Y — P EBRKII0KICEFEMRIITETY, B LM ETT
(0.00002/sec) & 6 Bepg (Table 1) ICREI N, FEEICOOVTS KT OERET >/, B I5EAR
BORUFBERE 2T, BEEE 4BBICEREIN, FHERLUAR Table 2 ORICREI NS &5 IKEN
BEVRTEICK - TED SNz, SEHRBRAEICDONTIT, EBHEEIZELOHM (0.00005/sec) 245 4
BYpe (Table 4, 5) ICREIN, HEFFEKRUEDEUBIREEBTHON,

3. £ R B R

3.1 aAvHyU—Fp BT ER, BOEUEmERKCEZ 150mm MRS K O FEERER
DEEEYZHZh Table 1, Table 2 K UF Table 3 [T R9 ., ERIFIC/ER L7-EEE - FE#E 1 Fig. 3
@~(@) DEIKIE->TW5B, ZE 5V RARKIVESNAE-BHEBRICAONS X5 HIME#EE 1T
CBE—EEERLUTOE L E8D0EY, BRBRERICEN SNBSS~V b BT —2ick 3 s, EE
WCEREREC IR LT AR 3R ORE S Ric B LTH YD, WEBSEKEMEHEIOERSERE T
PER LB B TR EREICE SV TV A C DD S NE. EH 7 VAL ZERRES — JIC L DRI
EX3NEELR->TED, Z8 5 Y 2OUEEZEBREOHEABUNDOEREZETEATHE EEDN
%, BREBNERICOVWTEEREICBT A0 & 4KRDES — VYV REINITELEE « LoBZRES
EDlcb O Fig-4 (@)~E) THB, FRBADIGII-ERRE T ORBEDOERIGIE F. RUBRKIG

Table 3. Test Results of ¢150x300 Cylinders

Specimen Sectional Area (cm?) | Maximum Stress (kg/cm?) | Strain at Maximum Stress (%)
1 177.2 274 0.292
2 176.9 279 0.302
3 176.9 280 0.270
4 177.2 289 A 0. 315
5 177.2 254 0.296
6 176. 4 265 0. 286
s ise,ECIMEN No. 1 (’E =0.002%/sec.) 7 o 0.8 SPECIMEN No.12 (€= 1'/‘,/se<:.)8 O_Sé;EC‘ME’N No.25 (€ =10 *hilsec) 8
o (a) - , - — () ———
: ! LOAD\ ,,/" i
06 LADL— ——6  0s < 6 08 LOAD N
< DIFF. \/‘ / 5 /! < \ 4
p TRANSFORMER ~ - = OIFF. / P = Z DIFF. ) =
g 04 % 43 {2_4 | TRANSFORMER / / “:3(’ Z 4 | _TRANSFORMER / =
a 7 S & \l\ / g £z Kj g
“—STRAIN / N e L sRAIN 7
. % GAGE | | / / A /| STRAIN J
02 ; il 2 0.2 e 2 02 /| GAGE ,
A s / v AN / / 5 2
I pe o L2 [ STRAIN | _ o
g - Vg L i GAG‘E A,./ b ‘
0 ke o I 0 7T . i -~
0 100 200 300 % 0.2 4 06 %0 ooz 004 008 00840.100
TIME (sec.) TIME (sec) TIME (sec.)

Fig. 3 Strain Rate and Loading Rate Diagram (Concrete)
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Fig. 4 Stress-Strain Curves of Concrete
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HIFDE ¢, TERTAL UTcihiid, FEFEFICDONTE EDS0M Fig. 5 @)~0) THD. REHE
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T3, B 150mm @ HEEHAREORNERERRICOVT, Bohikini—EHEF% Fig. 8 i, #K
FTALS hicPHigRE Fig. 9 1K, £ L TZOMICEERRNISHERVEEEL 5L THPNIST -8
S g E Fig. 10 TR, Fig. 9 XU Fig. 10 [ 3EEOmm ORERKOESRMER (0. 00002/sec) O
HWRERUTHE U, RRBEORKNSNIELZZER P 5 VADF — 2 I X 3 HIBEEE ORI EUEICKT LT
Fry b UlkbDds Fig. 11 TH 2, NhD + FIREERFI BT 2 EREDOFEHERL, BHRRITERER

BE/NTEREC L > TEHEBEEREI®HDTH 3, Fig. 12 BEBRBREOERIGTRORE EBHE L OBIZR
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05} . 051
(a) €=0.002%/sec I (b) €=05%/sec
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Fig. 5 Normalized Stress-Strain Curves of Concrete
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Fig. 13(1) Stress-Strain Curves of Concrete under Repeated Loading
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Stress-Strain Curves of Concrete under Repeated Loading
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2ZRUTNS,

R UETEROISI—EREFRZ Fig. 13 @)~ (0) T, R—DOEHEE TOHEBHTEROTERENG
TIE F, RUBKESHEOEDFEEE ¢ TERT/ILLUTRINTV S, KF ORI BEFEEEOEEG
JI—EBRTH %,

3.2 5 AMLRUEEMOEREREZNZEN Table 4 KU Table 5 ic;Rd HSMDIGITHIE
SNIWHEREFAOTHEINTO S, BEMOSTTIZATNER (1.27 cm®) ZROTELN, ER
TYER U7 - WEEER Fig. 14 @)~(@C) DX3IKE-TW53, EF b 5 Y RIC K BEHIEEHEIR
BIF—ETREEICI—HLTEY, BEEHTRICETOLODEBRONICEETH S, FEEEIC
B H—EERE Fig. 15 a)~0) ITRT, BEERVOER, BFEEZBROT, Z8 5 Y RIXD
HlsE S N BTSRRI DL b EHE X i, BIBIERIC X DB S NI HMON H—E fhRo
RERI R OB LB IR IRIC B 2B HEE OB D% Fig. 16 [KRT . R & LERERISIE - T8
BRI - IRDEIRREE - MEEGRE - BB OERUHNE & OBfRE 2 h < Figs. 17, 18, 19,
20, 21, 22 IT/RT . BHRD @) 13480 b) BERMOERERTH 5, MEERRIES — VI k 38 EH
ELOBEREMORDON, BMEIESERIERD8EE L SOBUREE -k, Mho4HIREE
HEEICBY A EETHY, BRES/N_FEECXIRREERTH 5.

Table 4. Test Results of Round Bars

Nominal| Speci- | Strain | Sectional | - . *| Elastic Stress (t/cm?) Strain** (%%)
Strain Rat A Loading Modul
men ate rea odulus
Rate | Type o | QRDEr | LOWEr {iyimatel e, | e
(%/sec)| Number|(% /sec)| - (cm?) (t/cm?) | Yield | Yield
4 0. 0052 1.28 M 2010 3.42 3.30 5.00 2.11 31.3
0. 005 13 0. 0053 1.29 M 1980 3.39 3.24 4,85 2.08 30.1
10 0. 0054 1.29 R 1960 3.48 3.22 — 2.17 —
3 0.0101 1.28 M — 3.53 3.42 —_ 1.90 —
1 0.486 | 1.28 M 2040 3.76 3.52 5.10 2.23 28.4
14 0. 509 1.29 M 1970 3. 60 3.42 4.84 2.39 28.6
0.5 7 0. 452 1.29 R 2010 3.70 3.50 5.02 1.98 27.2
0. 507 1.29 R 1980 3.76 3. 60 4.99 2.17 —
9 0.535 1.29 R 1920 3.71 3.54 4,86 2.65 28.9
2 4,59 1.29 M 2060 3.92 | 3.74 5.12 2.96 31.5
50 15 5.29 1.28 M 1940 4.00 3.81 5.06 2.98 32.5
6 4,73 1.30 R 2020 3.80 3.72 5.05 2.79 31.5
11 4.21 1.30 R 1900 3.85 3.66 5.08 2.85 30.1
5 9.08 1.28 M 2040 4.07 | 3.91 5.21 3.21 31.1
10.0 16 [10.00 1.30 M 1960 3.85 3.66 4,60 3.02 29.5
12 9.98 1.29 R 1980 3.91 3.79 511 2.94 30.6

* M : monotonic loading, R : repeated loading
** ¢, strain at beginning of strain-hardening
¢, : strain at breakage
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Table 5. Test Results of Deforméd Bars

I\é?;m@nal Specimen Strain Loadin g* Elastic Stress  (t/cm?2) Strain** (%%)
Rrgig Rate Modulus Upper | Lower :
hysecy | NUmPEr | o ey | TYPE | (t/emey | Yield | Yield |Ultimate| e &
19 0. 0053 M 1780 3.10 2.85 4.93 1. 45 28.3
0. 005 20 0. 0056 M 1730 3.01 2.89 5. 00 1.36 29.0
21 0.0051 R 1730 3.05 2.94 5.01 1.18 29.5
22 0. 0055 R 1740 3.05 2.91 4,83 1. 40 29.4
23 0.521 M 1690 3.21 3.05 4, 86 1.61 27.3
0.5 24 0. 585 M 1810 3.31 3.12 4,98 1.53 -27.4
25 0. 547 R 1780 3.19 3.08 — 1.57 —
26 0. 525 R 1740 3.24 3.10 4.99 1.50 28.0
27 5. 43 M 1750 3.52 3.42 5.19 1.68 28.0
5.0 28 5.43 M 1710 3.51 3.38 5. 22 1.77 30.9
29 4,06 R 1780 3.49 3.36 — 2.08 —
30 5. 60 R 1790 3.60 3.47 5.19 1.89 3L.5
31 9,18 M 1700 3.73 3,40 5.30 1.81 28.2
10.0 32 9,55 M 1690 3.53 3.32 5. 06 1.83 27.4
33 8.96 R 1790 3.72 3.42 b.24 1.66 29. 2
34 8.42 R 1780 3.64 3.49 5.21 1.99 30.6
* M : monotonic loading, R : repeated loading
*% ¢, strain at beginning of strain-hardening
¢, : strain at breakage
SPECIMEN No.19 (€=0.005%/sec.) 8 4 SPECIMEN No.25 (E=0.5 *%/sec.) 5
1
(a) /
. / (») :
3 8 3 DIFFERENTIAL / 6
9 LOAD _ : R _ “TRANSFORMER
% 2 | *77 % /'_/ﬂ‘)ﬂ-’_ﬁ—/—‘ 4 \D“: :;: L LOAD /f-‘./. :
s FV_LL-"“’W“\J;/ ‘é z / L z
” = EIE RS TTY PR ‘3
[ ; : : w oL s .Y =
R T A
- 14 H A!/“ ? 2
0 i i 5 0 4 ‘U’ ! TL |y
200 4 600 ; 3 i
° TIME (sec) 0 Y é J * o
SPECIMEN No.31 (€=10%/sec) ) LI 0 2 ‘ TIME(SZC.) ° 10
e
3 LOAD / | ¢
z o\\_o_oo_o v <
&( 2 /vf : //a : 4 g
g foo AN
A e
,di//‘*/ j Fig. 14 Strain Rate and Loading Rate
% 0.1 02 03 04 o5 ¢ Diagram (Steel)
TIME (sec.)
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Elastic Modulus (t/cm?2 ) Elastic Modulus (t/cm2)
2500 2500
i
|
X | S S . 2000
2000 fr=======+ R T T b oP
=] [] &
— i 5 S
i ' L 1500
150010 102 103 104 108 10 102 103 104 108
Strain Rate ( 3/ sec) Strain Rate (p/sec)
{a) (b)

Fig. 20 Elastic Modulus versus Strain Rate Diagram

Strain at Beginning of Strain-Hardening (x10-2) Strain at Beginning of Strain-Hardening ( x10-2)
4

4 T
9
3 g 3
B> o
_—— PRt ‘4
2 ‘2‘_ - ; | I
——————————————— 8—-6
[ 5T s
______ B__ |
1 | |
10 102 - 103 104 105 10 = L | |

Strain Rate ( p/sec)

(a) - (b)

Fig. 21 Strain at Beginning of Strain-Hardening versus Strain Rate Diagram

Strain Rate ( u/sec)

Strain at Breakage (x10°2)

Strain at Breakage ( x1072)
40 1 40
OD
30— P === -3 30 = 8 o
4 )
o Fo o %

20 J 20
10 102 103 104 105 10
Strain Rate ( u/sec)
(a) ‘ (b)

Fig. 22 Strain at Breakage versus Strain Rate Diagram

102 103 104 1058
Strain Rate( p/sec )



270 ‘ WA RITEFRER H25B-1 (F 54. 4)

4. & £

41 A U—~p HRETERER» S, BEBOBRKICONTEKRISHEN LA T 2 EmsEE
THdo EHEEPRE I SO S D EBHEEEL D dASIRY, F—EBEEICHT 2I57-
EigI2 Fig. 4 TRONAEIREKSHENATHBELD D EIKIEE, UL LEKE, b8
BEEOREKIGHE LERIGTEOETHRTILT 5 &, Fig.5 DX S ICZ O/EAENLILRIB L —FL,
Fig. 6 OFHEEI-ERGEPOSEEEIRIZEASBRICERESZ RV EBbr b, FEREKNGCHER,
HERNEHEBOS IR 1 &35 &, B :=0.005/sec T14%, ¢=0.05/sec T24% D FFH-H58% LN,
UL UBRKISHEREROER, Fig. 12 X5 icEL0R 62 EBRLNED, T 5DEEEICONTIR
EHEOHEBIRDONB . > TERKENEE COFEGH-EBEREHET S &, Fig. 70X Kb
TNCOOWTEREOR BN RELBENIHEEZ . BNEFTOBAICRES — YRS HEEERD D
TR LB QEHIER TR 72 - 7o '

DB UEERIC S, BREETRSAEEC, EEEOBRICONTERRSHES LR TS, UL LED
B UHEROIEIRE  OBABEABREOIGIIEMA 5 C &0 RIS 2/3 BELITOGIEIC
BUJ %5 ~10EEEORDELTRIE-ERROSKERIC FEEEZ 0D, BICREISH FICBO TR
DR UBBSET ECENRAICERIN T ERAMNED LN 5,

4.2 & 5 EEERISHERC TR IE RERESE KT B 1Cht > T AT 3. I THREK
IS TIEE (S HERR B AT IC e, LS TI3TEE ¢=0.005/sec D& & 8% L5, ¢=0.10/sec D& £16%
DEREIE>THD, BHEMITE ¢=0.005/sec D& & 7 %D _ER, 6=0.10/sec D & ¥18% D LAHED 5
Nico FERERISTIEDO FARIZM - ERME 2 NFNO THERICTED LARLFIZRUTH S,
FETE(LBALIR OB IR TREE DI KICHE S BIRIGHED FRICREL TR EL 85, ERBRICAS &, B
RERIC K BISHO LR RERMBICEBY 3 FARIZERX L, KRFIEHRE I ERNIHREO®BE I
HUTIiZ»3% GUsi) »55% (BEH) OLAERITEETHZ. BHROERZIERERCESD
SR END, EFHEOREBIBEBICREATHRL,, BEREIC OV THEREOZEIWASHL T,
P> THEMREENL I NS &, BRI TRISTEN R4 5 L EFELBISR OE AT 505, &
TEALIRIC A B S HBRHCIE T 3 & Z 2 SN ABREOEME TOMNLBMEHSEEIC 52 2 B BINS O &
BT BCEMTES,

0 R USRI OB B (T IR e TR IR 1378, BRI BOTHEELBIC BN TS
#D E LR OIS J1-E B RO SR R Otk & 32 EBEOMES 2R T C LR Sk,

4.3 HEEDT—F EDHER avy Y — b OFEFEHRE  $EHO_LERERRIGTIE RO TR IS B O
FNENOIELBTIHEOEINCH T 2 EEHE EDOBRICOVT, AEBRBERESEBTED LD
H#ghs Fig. 28 (a)~(c) TRINTVS, RERNCRIZSDESMALNEL, AEBER G IZIZAROE
WA RLTNE T EBHD5B, '

5. = gﬁ

B o NI RS E B IR DRI HENANS

5.1 avgU—b (1) BASHERSEESEAT ZICONTERT 2,

@) BAISHEOERTREOBEEEEASZFTO,

(8) RIS NISS -l ORRTEEFICES S ML,

(4) JERERRE DR 2/3 UFORSH FICHY 5480 8 UBis - EEROSKEIC BEEEL 10, L
B UEICES T FICE O TR DIE UM OB KIC SN TR 2 IKBMNERT 2 EAERT .

5.2 8 % (1) EMRC TR NEREEESEAT I ONT ERT 3, I5HO_EARI M
EERFBMOT S & IZEA—TH 5.



B PR EE B av g )~ EERH OB — BRI R T EEEORE

Comressive Strength
Static Compressive Strength

1.4

1 T
—+— Test Results
O Mahin, Bertero
& (Fe=176 kg/cm?2)
4 (Fc=457 kg/cm?)

> Watstein

1.0
10 102 103 104 105
Strain Rate (p/sec)
(a) Compressive Strength of Concrete
Upper Yield Stress
4 Static Upper Yield Stress
1.
—¢— (Round Bars)
-4~ (Deformed Bars) J' Fest Results ¢
T a Staffier, Sozen
®
1.2 +— DO ACl Committee 439 d
' . ; %
5 *
1.0 F_Mrﬁf. A

10 102 103 104 105
Strain Rate ( u/sec)

(b) Upper Yield Stress of Steel

Lower Yield Stress

Static Lower Yield Stress
1.4 —

-¢- (Round. Bars)

-+— (Deformed Bars)
A Staffier, Sozen -7
A Mahin, Bertero -7

1.2 b— o e - + ¢
a s AC| Committee 439 -7 4 '#%

_--4 0
| | [ - ‘%

Test Results

I -

Manjoine | _--~ ;—_
\ - )

L -

>
-

10 102 10° 10% 10°
Strain Rate ( p/sec)

(c) Lower Yield Stress of Steel
Fig. 23 Comparison with Reference Data

271



272 FORBIRUICE 4 225 B-1  (IF 54. 4)

(2) EEELBHARORIEEEIC X ZBERISTEOERNICKELTREL2S,

(3) FEFEEIL, WHREK BIERE, RUBMBORICIZEALEELEZIN,

@) BYEUEHKBOIST-EEROOKRI, BRUEBKOEELEO @B0ch i » T HAEHERE O
MEBEAE—HT B,

E i i3

AEBRTaAYI Y — P RBAOEEKOERBICBT 2EEFICH LT, KK TERFBEELZHROD

BMEEZTANC, TR BRHOBEE LT T, APFIIEMO2EE R UDMEE AR HH R EAe
- —fBrTE (C) [BhiokE DR LHERT 3 BEEH Oy RURAMBES B B 2 Xilbavpis] BFE
REE - EBERE) KRB DT, OEBERE L TTOLNILLDTH S,

2 & X B

1) Mahin, S. A. and Bertero, V. V., “Rate of Loading Effects on Uncraked and Repaired Rein-
forced Concrete Members,” Earthquake Engineering Research Center Report No. EERC 72-9,
Berkeley, Dec. 1972.

2) ACI Committee 439, “Effect of Steel Strength and of Reinforcement Ratio on the Mode of Failure
and Strain Energy Capacity of Reinforced Concrete Beams,” journal of the ACI, Vol. 66, No. 3,
Mar. 1969, pp. 165-173.

3) Staffier, S. R. and Sozen, M. A., “Effect of Strain Rate on Yield Stress of Model Reinforce.-
ment,” Civii Engineeing Studies, Structural Research Series No. 415, University of Illinois, Feb.
1975.

4) Manjoine, M. J., “Influence of Rate of Strain and Temperature on Yield Stress of Mild Steel,”
Journal of Applied Mechanics, Vol. 11, Dec. 1944.



