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ABSTRACT

Many investigators have tried to represent the nonlinear behavior of stress-strain relationship of concrete using
mathematical curves. Most of empirical expressions for stress—strain relationship, however, have focused on old age
concrete, and were not able to represent well the behavior of concrete at an early age. Where wide understanding on
the behavior of concrete from early age to old age is very important in evaluating the durability and service life of

concrete structures.

In this paper, effect of 5 different strength levels and ages of from 12 hours to 28 days on compressive
stress—strain relationship was observed experimentally and analytically. Tests were carried out on ¢100X200 mm
cylindrical specimens water-cured at 20£3 C. An analytical expression of stress-strain relationship with strength and
age was developed using regression analyses on experimental results. For the verification of the proposed model, the
model was compared with present and existing experimental data and some existing models.

The analysis shows that the proposed model predicts well experimental data and describes well effect of strength

and age on stress—strain relationship.

Keywords : stress-strain relationship, strength, age, early ages (of concrete), compressive strength
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Table 1 Mixture proportions of concrete

w/c | s/a Unit weight (kegf/m®) Ad™
%) | %) | W C S G |sp”| (%)
890 | 495 | 185 | 208 | 925 | 930 68 -
69.0 | 400 | 185 | 268 | 717 | 108 - 0.15
540 | 420 | 185 | 342 | 727 | 1012 - 0.3
390 | 454 | 175 | 449 | 799 | 970 - 0.8
300 | 426 | 170 | 567 | 714 | 970 - 1.1

* maximum aggregate size of 19 mm
*x stone powder
x*xx superplasticizer (ratio for cement weight)
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Fig. 1 Compressive stress-strain curves at 8 different
ages with 5 different w/c
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Table 2 Material properties with w/c of concrete

w/c | Age Bma | Bma
(%) | (days) E, E. | B/ E (fitted) | (fitted)
1 3266 | 56199 | 0.06 1.05 1.40
2 10308 } 119010 0.09 1.06 1.42
89 3 18013 | 119673 | 0.15 1.11 1.48
7 42742 1176693 | 0.24 1.21 1.60
14 56346 | 224075 | 0.25 1.28 1.70
28 67000 | 236000 | 0.28 1.29 1.75
05 800 3400 0.25 1.29 -
0.75 3600 | 30000 | 0.12 1.17 -
1 6600 | 88800 | 0.08 1.06 1.42
69 2 17600 | 147300 | 0.12 1.11 1.47
3 26700 | 180500 | 0.15 1.12 1.60
7 52300 | 207100 | 0.25 1.26 1.65
14 57300 | 226500 | 0.25 1.25 1.95
28 101400 | 258200 | 0.39 154 2.24
05 900 11100 | 0.09 1.12 -
0.75 5300 | 53300 | 0.10 1.08 -
1 26200 | 132600 | 0.20 1.17 1.47
54 2 46000 | 191700 | 0.24 1.22 1.66
3 108800 | 234400 | 0.46 1.70 1.85
7 141800 | 267700 | 0.53 1.93 2.63
14 137700 | 274700 | 0.51 1.82 3.00
28 176600 | 294400 | 0.60 2.30 -
0.5 3000 | 22800 | 0.13 1.12 -
0.75 21000 1121700 | 0.17 1.13 -
1 50300 | 179700 | 0.28 1.28 1.75
39 2 123100 | 259900 | 0.47 1.76 2.19
3 130500 | 266300 | 0.49 1.86 3.06
7 160800 | 287900 | 0.56 2.14 3.18
14 187100 | 305500 { 0.61 2.49 519
28 209800 | 318300 | 0.66 2.76 7.18
05 3900 | 36900 | 0.11 1.10 -
0.75 28000 | 133200 0.21 117 -
1 94100 | 217400 | 0.43 1.67 2.46
% 2 162200 | 286500 | 0.56 2.20 4,08
3 198100 | 310000 | 0.64 2.69 5.69
7 225200 | 332900 | 0.68 3.00 6.23
14 252700 | 352900 | 0.72 3.52 7.52
28 277300 | 362700 | 0.76 4.53 -

Table 22%¢ E, S E 9 gl AR F7tel wz}
43 Ve & 5 slew, E/E. A #E E, @0l
E 350 AuFez o sl o o RS
& 4=tk ES wiot RS 2 ARAME EJ/E,
o] go] o Ak AMdES & 5 Stk o] TabledlA
E/E. S B,,(fttedE ofd F#AAE 23 S-S
& g e, 2 el BE A ti ol AbolY
A#ABAE Fg. 301 Yeht lth

Fig. 3¢llA 7]1& 244 (1)9] 71275 Auds B,..
(fitted)®} E,/ E. Alolole tadt 2& 4a3dArt
S ¢ Id0

Z3r|Eo| Zzet MHE NE SH-HHE AN i

By o(fitted)=[1.02 — 1.17( E,/E)]IT*™ (4

Flg 3—-?'7‘1:4 Bm a ﬁttﬁd
goIRe Aselel 348 e ¢ 4 Aok oA
& o= Bue) AErEs ARE WA T8 4o
WHE TA9] 7|7t FA3] TS on|g

E,/E.°] 04~059 ¥

ZaAEHE o] F7lsle] 2AEIL A3

4;1157} 718 Wl 2 AEE AE APl

o 0\‘
o°"

A= %E} ”ﬁ@#"ﬂ’\il\:— ol Ax Zsluo]
AEE %‘Z]‘—‘E 7MY 71€7)7F $A38] BolAle
& B £ ok webA AN B, .o e B
S8 B, Bl F7HAEQ 718718 ¥l v &
71 71eg Fel7] st s AE gloRiE
ZFA9 B, ,(itted) 9} LA F& B, ,(ftted ] 2o,
2 B a(fitted)- B, (fittedE 2 il thajr A
W AuuE Fig 49 2. o] 2P0 2R A#He] F
7hgtol wet Frksofol & 7187), B, . itted)- B
(fitted)7} APo 2 F718HS & F ok T3 24wl
thal e AFe] S8 met FkEojor & 71_7] Fhol
Z7kH, wicrh AEE F7kEoloF & 7187] kol ¢
ANE & F 3o

Zb gl dislN FolElol & 71eV1E A4
a+b-t2 YERH 28YdA9 ZAZE UFAE fy
7} a, be) BAE Fig. 59 2ol dch

3) 2849} A
g 2aARRY A (

()3 BAAA e 457

w/c=89%
w/c=69%
w/c=54%
w/c=39%
w/c=30%

560 +0.151

coeumpe

0.390 +0.05 1

0.387 + 0.013t

0.353 + 0.004 t
0 \J L) 1 v LS L) L] 1

0 5 10 15 20 25 30 35 40
t(day)

Fig. 4 Relationship between B, 4(fitted)~ B, 4
(fitted) and age ¢t

451



1.61
1.41
1.21
1.0:
0.81
0.6 1
0.4 1
0.24

(12.4=1.66 X 10125} "

0.0

0.25 4
0.20-.
0.154
0.10:

0.05 4

100

T T T T M T v T r ]
200 300 400 500 600 700 800
f
28

(a) a and fog

0.83EXP(-911/f )
28

100

T L} ¥ L) v L] v L] v 1
200 300 400 500 600 700 800
fas
(b) b and fzg

Fig. 5 Relationship between parameters (a, b) and
compressive strength at 28 days ( fog)

LS (fzg), E

9 g+

At & o,

fo _

Bmec] €q) 5

fou

Bm -1+ (Ec/ecu)

Bom

B = B, (fitted) =[1.02— 1. 17(E,/E)] "™
(ec = €a) ©)

Bm = Bm,d (ﬁttEd) = Bm,a (ﬁttEd) +(a+ b- t)

(e, = eg) (7
a=(12.4—1.66x10"2fg) "% ®)
b=0.83EXP (—911/fs) )

452

4. REAS HE

RN F84% A ohi Fel $9E
A9assle) vug Fo) Agslolol vuk 7129 AT

A% 2¢ WTRY FAAY B} 27, Aske, AF
7718 AHE, P WeIAlS) W 5 ¥EAEe)
AE 2o 74 $9-1%% Bedlt Aoz o
420 ATAREE ARun 7 2eAs) AeRolns
7} Aolg wolm QA onk, FRANE Aolrt 2
o oA AREA 7, WAl WEe] Aol 1 o]
8 Qo2 4 Yk ¥ AGAHE Arhae] H3e 5
A% 2HL ) 9 AREES 008 msE 4
et

2 QoA 7 el B $E-uPE 4L 2
AZ #o) B9 49 FAHO o
A7ATHET ofF Aol7t g
2 A84e AFHn

oIE QelN ANG mENT 39ARE A (¢
Q), BANAY YHHE (f), E, 5 E.9 ¥ B/
E.o #4904 dEGoRA MY 2d4o] 34
¥E FHE B Yo JeAE 4% B F 1 A9

Fig. 6o UehAict

il

JH
filo

uy
(o3

e o} 2ol 7 el A1
4o AsRolNE BL AR
g 93 glon} Yl o Awel X7} gtk

U Adly} o]Ro)A FAA A= ;e‘sdé

42 J|E MeZnie| | - 24

718 sYE 299 S T2 BY AP i
A7ATols, Z7|NFAN TAR7A Y EAE S
-HEE dA i AFAI= A Foke F 3Tk
4, Khan 59 829N K x4, 51 2
AYE Wi LR g £EEY, 2) 9T 2
oA o] WA EeA & Y, 283 3) I
2xellAe] 1A% it 6AZHFE S SH-AEE
TAE 2 7 WUk olg H¥AAE dHEN, ¢
Azzel wet I Al Apol7h gler, Bakrt Jagel

mE FA9 e WsklE 2 Aol 9SS L 4 ek

=E3RIESE =28 M133 52(2001)



20 7
28 days
5 14 days
[V
=
2
w3
<
7]
0T T T v T T T T 1
0.000 0.002 0.004 0.006 0.008
Strain
(a) w/c=89 %
25 =
- 28 days
©
o
=
7
v
<
7]
.' .
.e """ﬂ.‘%:‘lav —
! i
0.000 0.002 0.004 0.006 0.008
Strain
(b) w/c=69 %
30 —-
J 14 days
25
& 20
=
215
<]
&
10
5 0.75 day
e U2y .,
0 T T T T T T 1
0.000 0.002 0.004 0.006 0.008
Strain
(©) w/c=54 %
o
a
=
2
o
&
§ T T T 1
0.000 0.002 0.004 0.006 0.008
Strain
(d) w/c=39%
23°|E0| ZEot MS TRiet SH-HHE DA Ty

28 days
14 days

60 —
=
[a
Z 404
(]
(%]
Qo
n
20
\\D
Sl e ] T T ]
0.000 0.002 0.004 0.006 0.008

Strain

(&) w/c=30%

Fig. 6 Comparison of proposed model with experimental
results

Fig. 701]1_ B =Rl Aokd mdldal Khan 29
o3t A¥ATe Hlart MeE FAxAY Ao dist
of Vel e, AAE 2do] AEATE & dE3
I YEE ¢ S Utk F B =59 Agxgd ZA
A AAE ZdAo] thE ZAdA do AFATe

2
gous ¥ vl ANE dEo] 4us Yol
w AR & % 9l

1
B9, o] YS9 B AYINE UAHS AN
284 Apele] Folrt 9ee & 5 gl o

AolHz FAFA] MR thay| yEe® Hulkg
43 7|= 2UAlDjo| H|W - EM

718 d7Arse o3 mdde FaET} A A
3He olF] AHE Jehim ok webAq Ak _‘?ﬁa‘
2ge] HAFE AA Aot AY olFolx AH

of i vaE SRt (Fig. 8 #=x). vl AHed
FAAE Carreira®h Chu® ¥94° Ahmadse} Shah®]
TEAY 783 Kimd Leeo] ZdlaP0)g)ch

Fig. 8ol & < g+ Hled o) }}_9] mEAe
AN -9l 71571 Hadsbele ASe wolth o)
Al b maldo o] 359 71877} ;(]—O] Hol:= A
HAle] W] AR 2y WiFoR AZHEY.
e REANY SAEE Careira®t Chud] =E4),
Ahmad®} Shah¢] 94 T2 Kim¥ Leed] Ec;w”
o Afolof EAE &+ Jth EF AT FAER
5E 7k mEN9 aRoAe) 718719 Aolrt o A

o PN
4e % 5 gk

é rlo



40 -

20 28 days
—_ s,
S ) 7 days .,
Z 204 days T~ .,
[} o e . 3
g i 1.2 days LI
) p 1 day .t e .t Sy
ey 14.5h C e o T
14 9.7 h .
0 ¥ l L) ' L) ' L] I
0.000 0.001 0.002 0.003 0.004
Strain

(a) Temperature-matched curing ( fog =30 MPa)

80 —

3 days

70 — 2 days

60 * 20h
& 50 ': ‘ .
& . < .
£ 30 1A 3
U) o .

20 7 9h .

10 8h —

0 Ll I L] ' L] ' L] I
0.000 0.001 0.002 0.003 0.004
Strain

(b) Sealed curing ( /o5 =70 MPa)

Fig. 7 Comparison of proposed model with Khan et
al.’s experimental results

4 g2 Agse 57 Aoz o =gtk A
Ze ZaES wiE ZAESY YA $H-HY
& I g3 AEV} B =RoA Aokd mdaz 7]
&9 B digte] AH we} FREHIoH 1 d
£ Fig. 9@ Fg. 9ol 22 Yehlidc

et A= ZAYES FF 7€)} Stk £k
A HY (aRE 23ERdE =2AT), s
29| 718718 T Wk 71&Y] EdA ] Aolx
A4 ARE ¢ F g W A= Z3YE(Fg
Ib)AME Al F7Htel wet 71& EdA] 7] Ao
7 AZE E3ENT o AJE ¢ 5 don, 2849
Aeodle A7t AA AHEE A8 g3 78 9l
Ak wekA o] Aol 19, 2%, 28l 799 33}
T AdAEE ol83sld 1 54& AHRrsi.

2

20 =
i 28 days
~ 15 4
ol
o
= 4
2?10 '
1] e Experimetal Data
7] Proposed mode! eq.
—— Kim & Lee
s Af Ahmad & Shah
- Carreira & Chu
0 T ' I ' I ' 1 v 1
0.000 0.002 0.004 0.006 0.008
Strain
(a) w/c=89 %
25 =
_ 28 days
20
@ 4
s
Z 15 o TeRinaaa.
1%
w0
8 J
@ 10 -
5
0 T T T T Y T T 1
0.000 0.002 0.004 0.006 0.008
Strain
(b) w/c=69 %
30 7 14 days
25 o
S 20 R
& i N
b3 N e
~ 15 = ™ -
[
9 1 .
» 10 -
5
0 T T T T T T T ]
0.000 0.002 0.004 0.006 0.008
Strain
{c) w/c=4 %
50 =
b 7 days
40 — X
o] ﬂ’*m“
% -1 =3
— 30
w
o ~
<4 T L
B 20 <.
- M .
10 <
0 T T T T T T T 1
0.000 0.002 0.004 0.006 0.00¢
Strain

(d) w/c=39 %

E=E23R|ERE] =&E 13 565(2001)



70 o

60

50 —

40 —

30 <

Stress ( MPa )

20 —

10

0

7 days

0.000

T T 1
0.002 0.004 0.006 0.008
Strain

(&) w/c=30 %

Fig. 8 Comparison of experimental results with
proposed and existing models

20 —

15

10

Stress ( MPa )

e Experimetal Data

Proposed model eq.
— Kim & Lee

28 days Ahmad & Shah

Stress ( MPa )

| I ' 1
0.002 0.004 0.006 0.008

Strain
(@ w/c=89%
7 days

0.000

0.002 0.004 0.006 0.008
Strain

(b) w/c=39 %

Fig. 9 Comparison of stress-strain curves with age
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