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ABSTRACT

For the design of concrete structures in the serviceability limit state, the uniaxial static modulus of elasticity may
be a most important parameter. In particular, this may be so just for a deflection control of the structure.

Even in new concrete codes, however, the elastic modulus is normally presented on the form of general empirical
relationships with the compressive strength and density of concrete. Normally, there is a large uncertainty associated
with the general equations obtained by regression. Thus, in a typical plot of static modulus of elasticity vs.
compressive strength, a large scatter can be observed at same strength.

The aim of this study is to present the method for obtain the maximum modulus of elasticity at same compressive
strength. In the present paper report the effects of mix ingredients on the modulus of elasticity of high-strength
concrete. The test of 284 cylinder specimens are conducted for type I with 11 % replacement of fly-ash cement
concretes. Different water-binder ratio, amounts of water and coarse aggregate as variables were investigated. And

also analyzed it statistically by using SAS.
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°  Test data from ref. 1

== New-RC Eq. (Without flyash)

Modulus of elasticity (10 ® kgf/cm?)

""" New—-RC Eq. (With flyash)
Il ' 1 S
0 300 600 900 1200 1500

Table 3& 59 BYFHW=171 kg/m)oNA B A
H(W/(C+F)=024~0.38) 9} -2 A1 3H(V=0.31, 0,37) ¥l
2 HgE 3 ZiO]U% Table 4= F2EAHVe=0.34)0]
A4g A5l dis) E-ARAE G D9 FEHW=16L, 171,
18lkg/m’)ol W eAdAS Mabde BAe] 9138 A
o|th.

FozA HUAFD0)

s Brlekiek

U&=l AASF AEE 910x20 cm TAA dHS
Aol 2}z Alw B8 56U KS F 2405, KS F
AR wet Al on, EAdEE 549 % 0%
HE Fst @15x30 cmaAlAel gt Fez ksl

13 19, HmmE AFES 1

AFARE ACT 2 New-RC &

7} H]iste] Fig. 1 YERAAT
Fig. 2014 & 4 9J%o] B Ao AdAzds 3%
ZANES oz = ACI-36340) 15 ok 10 %3

E 2o 247k Uehd uke) Zelo] oS £9)
ZagEd| thd New-RCAd| RleiME 2~4 %A =
& 7

P rSL'

Compressive strength (kgf/ cm®) B Ao e a7ts ZIAYE A 9k 1]
A AR G BAa] slstel pRas 7
Fig. 1 Elastic modulus vs. compressive strength ANBRAMS 8ty AE 289 56U 9] AAA R
Table 1 Test variables
Variables
Water-Binder ratio(%) [W/(C+F)] 24, 26, 30, 34, 38
Water content(kg/m’) [W] 161, 171, 181
Volume fraction of coarse aggregate [Vql 0.31, 0.34, 0.37
Max. size of coarse aggregate(mm) (D] 13, 19, 25
Curing age(day) 28, 56
Table 2 Material properties
Item Cement Fly ash Fine agg. Coarse agg.
Type Type 1 ~ River sand Crushed stone
Specific surface(cm™/g) 3315 4300 - -
Specific gravity 3.15 2.1 2.62 2.64
Fineness modulus - - 2.74 6.82
Compresive strength(kgf/cm®) 400 - - 1172
Elastic modulus(kgf/cm®) - - - 649848

g=Zae|Esls =2y H14H 15(2002)



Table 3 Mix proportions

Content(kg/m’)
W/(C+F) W-V¢Dg S/a W C FA G S
0.24 171-0.31-13,19,25 465 171 642 71 794 635
) 171-0.37-13,19,25 36.2 171 642 71 947 533
026 171-0.31-13,19,25 48.2 171 592 66 794 733
’ 171-0.37-13,19,25 38.2 171 592 66 947 581
0.30 171-0.31-13,19,25 50.7 171 513 57 793 810
) 171-0.37-13,19.25 41.1 171 513 57 948 656
0.34 171-0.31-13,19,25 52.4 171 453 50 793 368
) 171-0.37-13,19,25 43.2 171 453 50 948 715
038 171-0.31-13,19,25 53.7 171 405 45 794 914
) 171-0.37-13,19,25 44.7 171 405 45 948 761
Table 4 Mix proportions
Content(kg/n1’)
W/(C+F) W-V¢-Dg S/a W C FA G S
161-0.34-13,19,25 42.8 161 604 67 871 646
0.24 171-0.34-13,19,25 41.3 171 642 71 871 608
181-0.34-13,19,25 38.8 181 679 5 871 547
161-0.34-13,19,25 45.3 161 557 62 871 716
0.26 171-0.34-13,19,25 432 171 592 66 871 598
181-0.34-13,19,25 409 181 626 70 871 598
161-0.34-13,19,25 47.7 161 483 54 871 788
0.30 171-0.34-13,19.25 45.9 171 513 57 871 733
181-0.34-13,19,25 44.0 181 543 60 871 679
161-0.34-13,19,25 494 161 427 47 871 843
0.34 171-0.34-13,19.25 478 171 453 50 871 791
181-0.34-13,19,25 46.1 181 479 53 871 740
161-0.34-13,19,25 50.6 161 382 42 871 886
0.38 171-0.34-13,19,25 45.9 171 405 45 871 837
181-0.34-13,19,25 47.7 181 428 48 871 788
% . Age (days) AHEME shutel Wget e gy dRAS wd
3 o s 71 Sl BAEoRA, B AfeliE Qb
! ° 7 49 Pearsoni g ol 2,
E 3 e 14
2 o 2 311 A% 89 9 569 AAAE £
2 | osren newnota o] o Table 5% 6% A% 2 5699 AT 27 4Y25
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Fig. 2 Comparison of test result and code equations
for modulus of elasticity of high-strength
concrete
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Table 5 Simple statistics for all test results

Age|Variable] N | Mean |Std. D.| Min. Max.

% S 150 6417 90.5 470.0 781.0

E. 150 369743.0 | 21099.0 | 309743.0 | 416343.0

% fo 1341 7012 1059 | 5370 856.0

Ec 134 | 383978.0 | 19375.0 | 331708.0 | 425934.0

Table 6 Correlations for all data

Age 28 56
Variable Ve fe E. Y S Ec
W -0.13| -0.061 -018] -0.11| -0.041 -0.19
011 048] 003 019] 061 0.03
041 -0911 -0.38] -0.33} =090}  -0.39
WACHE) 500" 0.00] 0.00] "000] 0.00] 000
C 0.38 0.88] 034 031] 089 0.35
0.00 0.00 0.00{ 000] 0.00 0.00
FA 038 083 034| 031 089 0.35
’ 0.00 0.00] 000] 000] 0.00 0.00
S/a -048| -061] -0.14| -0:39]1--056]  ~0.08
0.00 0.00] 0.09] 000 0.00 0.35
S =044 -0.77] -022\ -037] ~0.75  -022
0.00 0.00] 0.01| 000] 0.00 0.01
G 0.32 0.01] -0.18] 029 -003]  -0.17
0.00 093] 006] 000] 072 0.05
De 028 -005f 015] 033] =005 0.00
) 0.00 053] 0.06] 000] 059 1.00
Ve 034 006; 015| 031} 000, -0.14
0.00 053] 0.06] 000] 099 0.11
1 0541 056 11 045 041
Te o 000 0oo] o] 000|000
a 1] 054 11 046
“ 0] 000 0 0.00
*Note : Correlation coefficient
Confidence limit
F.A=Flay ash

7=Unit weight of hardened concrete
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Fig. 3 Relation of W/C ratio and water content

Table 7 Correlations between each variables
in case of VG=0.34

Age 28 56

Variable | 7. e E. Ye Fe E.
w  .-018[ -006] -0%| -018] -009] -028
011 067|002 015 043 002
—054] -092| -054| -047] -079] -056
WACE) 0007 000l aoo] 000l 000] 000
c 049] 08| 045] 042] 078] 045
000/ 000] 000] 000] 000 000
A 049] 088] 045| 042] 076] 045
: 000 000 000|000 000 000
o -042] -080] -037] -0.35| -0.69] -0.36
000 000] 000]  000] 000] 000
N 026] -003] 009] 02| -005] -009
: 002] o77] 042] 009| 070|047
1 o] o7 1|__061] 06l
Te 0| 000] 0.00 0| 000] 000
P 1 070 1| 060
ok 0] 000 0l 0.00
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4 Influence of water content on modulus of

Table 8 Correlation between each variables in case
of W=171 kg/m’

Age 28 56
Variable | 7, e E. Ye Fe E.
2020 09| —027] -013| -091] 021
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¢ |.o17| _osl oz oul oss| o021
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ra 007 os[ o2 oul 088 02
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000] 000|083 "0.00] 0.00] 047
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000 "047] 004|000 091 016
b, 047] -001] 031] 05| -0.02] 015
’ 0.00] 093] 001 000] 0.8 021
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Age=28days  mQm V=031  ~Om= V,=0.34

“eghe V=037

4.5

Modulus of elasticity (10%kgf/ cm?)
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3.0
25 30 35 25 30 35 25 30 35 40
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(a) with 13mm aggregate

(b) with 19mm aggregate

(c) with 25mm aggregate

Fig.5 Influence of coarse aggregate volume fraction on modulus of elasticity
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Table 10 Correlation between each variables for target strength data

Age 28 days 56 days
F500 F600 F700 F600 F700 F800
Variable Ve fck E. 7e fck E. Ve fck Ec 7 fck Ec Ve fck E. 7c fck E.
w -0.26| -0.281-0.15]-0.29] -0,02|-0.34|-0.24| -0.06|-0.39|-0.09| -0.14/-0.01|-0.11] 0.08]|-0.01|-0.20| 0.09(-0.36
0.12] 0.09] 0.38] 0.07] 091] 0.03] 0.09] 069] 0.00] 068 051]| 0.95| 043]| 056] 0.96] 0.16] 054| 0.01
W/(CHF) 048] -0.23] 0.40{ 0.28] -0.231 0.46| 0.18] -0.68] 0.12| 042] -0.46] 0.33{-0.07! -0.67(-0.29| 0.08| -0.65] 031
0.00] 0.16] 0.01{ 0.08{ 0.15] 0.00] 0.21] 0.00] 0.39} 0.04; 0.03] 0.12] 0.61] 0.00] 004} 059] 0.00| 0.03
C -0.53| -0.04(-054|-0.38] 0.17]-054|-026| 059|-0.27|-044} 0.441-0.33] 0.04; 0.66| 0.27|-0.15| 0.64!-0.48
0.00] 082] 0.00] 0.02| 0.29] 0.00] 0.06] 0.00| 0.05] 0.03| 0.04] 0.12] 0.80] 0.00] 0.05] 0.29] 0.00] 0.00
S/a -0.561 -0.33] 0.26]-0.021 -0.03} 0.36]-0.30] -0.31] 0.381-0.82] -0.16/-0.53]-0.19| -0.28|-0.07|-0.06| 0.26] 0.39
0.00] 0.04] 0.11] 092| 0.83] 0.02] 0.03] 0.03] 0.01] 0.00] 0.46| 0.01]| 0.19| 0.05] 0.63| 065| 0.07] 0.00
g 0.06] -0.02} 0.30] 0.12{ -0.08| 0.46(-0.13| -0.42| 0.40|-0.36} -0.291-0.22{-0.13| -0.31 |-0.01| 0.02] -0.38| 0.46
0.71] 0.88] 0.07] 046{ 062{ 0.00] 0.35| 0.00| 0.00] 0.10| 0.18] 0.32] 0.35] 0.03{ 0.95{ 091{ 0.01] 0.00
G 040] 0.061-006; 0.28] -0.04/-0.05] 0.58) 0.04:-0.211 068, 0.41] 0.391 0.37; -0.07|-0.18| 0.25] 0.03|-0.17
0.01] 0.74] 0.74] 0.08| 083| 0.75] 0.00] 0.77| 0.13| 0.00] 0.05] 0.07| 0.01] 061] 0.20] 0.07| 0.85| 0.24
Do 0411-001] 026] 0.03] -0.71} 0.12} 052| 0.13]-0.19| 0.30{ 0.68] 050} 057 -0.14|-0.17| 0.01] -0.30/-0.02
! 0.01] 097) 0.12] 0.87] 0.00] 0.46] 0.00] 0.37] 0.18] 0.17| 0.00] 0.02| 0.00] 0.34] 0.22] 0.95] 0.03] 0.90
Ve 040 0.06|-0.06] 0.28] -0.04/-0.05| 0.58]| 0.04]-0211 068 0.41] 039} 0.33] 0.01/-0.18| 0.23| -0.05|-0.18
! 0.01] 0.74] 0.74] 0.08] 0.83| 0.76] 0.00] 0.79; 0.13} 0.00] 0.05]| 0.07| 0.02] 096] 0.19] 0.10| 0.75| 0.22
1| 030] 047 11 0051 0.77 11 0.04]-0.00 1] 0331 067 1| 024] 0.5 11 0.141 0.11
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Table 11 Factor loadings for all data

Age 28 days I 5% days
Variable Factor pattern
PC-1 PC-2 PC-3 PC-1 PC-2 PC-3
A 0.131 0.097 -0.664 0.084 0.107 -0.641
W/(C+F) -0.914 0.315 0.058 -0.906 0.357 0.027
C 0.929 -0.286 -0.202 0.921 -0.313 -0.184
S/a -(.867 -0.437 0.130 -0.843 -0.489 0.163
S -0.959 -0.156 0.223 -0.958 -0.178 0.204
G 0.348 0.924 0.106 0.340 0911 0.073
D¢ 0.090 0.019 0.406 0.068 0.081 0.405
Ve 0.344 0.927 0.100 0.348 0912 0.073
Ye 0572 0.141 0.644 0.484 0.221 0672
fo 0.892 -0.311 0.109 0.809 -0.350 0.142
Ec 0.433 -0.375 0.625 (0.400 -0.378 0.561
Table 12 Factor loadings for each target strength data
Age 28 days
F500 F600 F700
Variable Factor loading
PC-1 PC-2 PC-3 PC-1 PC-2 PC-3 PC-1 PC-2 PC-3
W 0.356 0.094 -0.498 ~-0.612 -0.093 -0.145 0.358 -0.191 -(.749
W/(C+F) -0.826 -0.044 -0.219 0.704 0.420 -0.383 -0.770 0.504 -0.325
C 0.984 0.09 -0.023 -0.883 -(.389 0.252 0.826 -0.548 0.019
F.A 0.974 0.101 -0.045 -(0.889 -(.398 0.263 0.830 -0.543 0.028
S/a -0.210 -0.872 -0.154 0.774 -0.622 -0.041 -0.913 -(.344 0.110
S -0.623 -0.712 0.169 0.910 -0.364 -0.085 -0.982 -0.074 0.117
G -0.035 0.985 -0.016 -0.297 0.933 -0.045 0540 0.79% -0.001
Do -0.228 0.000 0.158 0.398 -0.155 0.399 0.506 0.296 0.218
Ve -0.035 0.985 -0.016 -0.295 0.934 -0.046 0.538 0.798 -0.002
Te -0.600 0.456 0.403 0.386 0.521 0.606 0.150 0.767 0.340
/e 0.186 0.052 0.870 -0.183 -0.037 -0.186 0.538 -0.344 0.546
E. -0.503 -0.050 0.609 0.660 0.253 0.444 ~(.408 -0.078 0.625
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Table 13 Factor loadings for each target strength data

Age 56 days
F600 700 F800
Variable Factor loading
PC-1 PC-2 PC-3 PC-1 PC-2 PC-3 PC-1 PC-2 PC-3
w 0.292 -0.362 -0.601 -0.102 -0.440 0.508 0523 -0.579 0.394
W/(C+F) -0.334 0.751 0.347 0.469 -0.062 -0.051 -0.631 -0413 0.147
C 0.461 -0.879 0.029 -0.452 -0.047 0.149 0.843 0.056 0.061
F.A 0.462 -0.873 0.064 -0.463 -0.036 0.139 0.843 0.048 0.086
S/a -0.834 -0.268 0.049 -0.3%4 0.150 0072 -0.805 0.010 -0.039
S 0.860 0.376 -0.299 -0.157 0.159 -0.001 -0.939 0.036 -0.073
G 0.860 0.376 -0.297 0.720 -0.119 -0.239 0.333 0.031 -0.040
Dc 0.424 -0.014 0.236 0.449 0.559 0.637 -0.016 0.395 0.853
Vo 0.860 0.376 -0.297 0.719 -0.118 -0.239 0.334 0.030 -0.039
Ye 0.496 0.736 0.100 0.367 0.775 0.052 0.124 0.641 0.147
fe 0.626 -0.221 0.299 -0.540 0.215 -0.101 0.600 0.239 -0.559
E 0.401 0.614 0.426 -0.476 0.468 -0.455 -0.536 0.456 -0.030
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