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A Proposal of Tensile Strength Prediction Models Considering Unit Weight of Concrete
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Abstract

The present study evaluates the validity of different equations specified in code provisions and proposed by the
existing researchers to predict the concrete tensile capacities (direct tensile strength, splitting tensile strength and
modulus of rupture) using a comprehensible database including 361 lightweight concrete (LWC), 1,335 normal—weight
concrete (NWC) and 221 heavy—weight concrete (HWC) specimens. Most of the equations express the concrete tensile
strengths as a function of its compressive strength based on the limited NWC concrete test data. However, the present
database shows that the concrete tensile capacities are significantly affected by its unit weight as well. As a result, the
inconsistency between experiments and predictions by the different models increases when the concrete unit weight is
below 2,100 kg/m3 and concrete compressive strength is above 50 MPa. On the other hand, new models proposed by the
present study considering the concrete unit weight predict the tensile strengths of concrete with more accuracy.
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e e FAES] 713 deidPe] 45 AtH(H
Ad &5, 201D, PR ZIE QT Y
3 Ao FAES 71 el F dF=
wh=t}, ole] AA7IEE(ACT 318, 2011; CEB-FIP,
1990; EC2, 2004) ollX= 4AE AXete] 3= &
AEM= FARES] 71 W (p,) ol wE Q1
PEES sl ARt s st AR AT
Pl tigt Sito] Wk HEd 7|E A7) Aljb
E 25 (Carniero and Barcellos, 1953; Li and Ansari,
2000; Zheng et al., 2001; Slate et al., 1986; Zhang
and Gjgrv, 1991) ZA2ES] 7] ddEd-S 1
aFA] a1 Qlrk. ol FAHES] 7| WedRe 1Y
ok Bk A QIR o5EHe] & .

AT HAL VA WelERE sl A8 E
QIS H7R Ak o1 S8 F 1917 =
aeE ARATHA 3617, BEFS 1,3357), 15
22170 & gk delellol (28, 201005 o143
Stk dloJeim|o] A (database, DB)E o]g3lo] A E
] QU7 el thst AAI71=(ACI 318, 2011; CEB-FIP,
1999; EC2, 2004; NZS 3101, 2006) % 7]& A5

£9] AR (Carniero and Barcellos, 1953; Li and

Table 1 Distribution of main parameters in the database.

Ansari, 2000; Zheng et al., 2001, Slate et al., 1986;
Zhang and Gjgrv, 1991)&°] ¥4 eldAds 7
SFlt. B9k DBE HIAE 371RAM S Sl 2AE
711 SeldFge e I Bk 9 AR QI
B, 270 AT 9 s AlE Ale]e] s ¢
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o (2010) o g8l =¥ DBAIA 5= 4 <l
(A AR, 270 I Wl gl A1) o] F
= Table 19 YERfIth DBOIA AR7} A2 #) &
A2 7171 SFAAF (p) = AAE TS 7]
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p. = 1.2B+ S+ G+50 (1)

o714, BE BTN (kg/m’), S FEFAY A
Fkgm'), G FEAL A (kg/m”) S HERIE DB
o ZATES FRe 717 Gzl ukE) v} 3k
o] 472 FEste] YeRYSIT (ACT 213R—-03, 2003).

(1) p.<1700 kg/m’ : AR Zaz4E=

Range 10.7~30 30~50 50~80 80~100 100~130 130~166.8 Total
ALWC 37 58 15 4 0 0 114

For

(MPa) SLWC 106 98 29 4 10 0 247
NWC 203 411 410 171 132 8 1335
HWC 28 88 57 16 27 5 221
Range 0.34~1 1~1.5 1.5~2 2~2.5 2.5~3 3~3.57 Total
ALWC 32 4 0 0 0 0 36

I

(MPa) SLWC 4 13 1 0 0 0 18
NWC 0 2 12 18 36 17 85
HWC 0 0 0 0 0 0 0
Range 1.03~2 2~3 3~4 4~5 5~7 7~9.67 Total
ALWC 29 47 27 10 1 0 114

fo —

(MPa) SLWC 18 155 39 22 2 0 236
NWC 60 237 351 257 284 8 1197
HWC 1 43 74 42 27 2 189
Range 0.77~3 3~6 6~8 8~10 10~12 12~15.3 Total
ALWC 36 14 6 0 0 0 56

/. - -

MPa) SLWC 18 65 16 5 4 0 108
NWC 10 112 95 84 67 9 377
HWC 1 16 4 13 12 10 56

108 s=rzsmciexmz|Zsts =27 AMi16H HM4S(2012. 7)



(all-lightweight concrete, ALWC)

(2) 1700< p,<2000 kg/m’ : BejAd= ZaHE
(sand—lightweight concrete, SLWC)

(3) 2240<p,<2480 kg/m’ : BEFH ZAE
(normal—weight concrete, NWC)

(4) p,=>2480 kg/m® : 1FHF FAYE
(heavy—weight concrete, HWC)

5% DB H574=0] W)= Table 19 vERH vf
9} o] 10.7~166.8 MPaol™ ALWC 14470, SLWC
24770, NWC 1,3357] = HWC 221702 F 1,917719
doleE st olFel fadt A4 AFHE, &
A QAT 9 s AG=9] dlolEl: ZH2} 13970, 1,736
A 2 597710tk DB AF QTS NWCA
1~3.57 MPa |2 y=2A ¥k AT ALWC
9} SLWCellME= 22 0.34~1.5 MPa, 0.34~2 MPa ¥
A= NWCHTE w2 FFol IStk BEgk HWCelIA] €]
A4 Qg7 digt APA= EAIBHA %9tk DB
o] A A EE B E] Fio] BAgle] BE
QoA Az Zkar IStk ALWCSF SLWCE= 22748
QAT 4 MPa ©l3lel HoJEl7} 90% o) dolAut,
NWCS HWC2 217} 54%2} 62%%th DB mkajAl4
+ 0.77~15.3 MPa 2]l Ut stajAlszel| gk

adoe = A% Z32E (lightweight concrete, LWC)
= 27.5%°1, NWCS HWCE 2H2} 63.1%9) 9.4%%)

3. AYZ:0l cheh AV IE H MR

ZAYES I tigt AAVE 9 71E A7
o] Aok elo] Tt QokS Table 20 LFERITE ARt
Aog ACI 318—11(2011), CEB-FIP(1999) % EC2
(2004) o] AAVIFELS NWC el wo] tigt 715
S AABEL 9o, LWCAIA= NWCE| 1A% Ftell
AT\ E o] ARgsleS AlAlekaL Stk o]
Al sl ACI 318—11(2011) elM= 238EQ)
Eiol wEl ALWCE 0.75, SLWCE 0.855 ARgshaL
Atk 2euh 271 QUEHET} Folxl Aol YSAE
o Al oAl 1.76f,,5 AHEstaL Qltk

b8, CEB-FIPS} EC2014 = 232 E9] 7w
ZAYES] 7] e e AAlekaL itk 1
1} 7]& A4AF=(Carniero and Barcellos, 1953; Li
and Ansari, 2000; Zheng et al., 2001; Slate et al,,
1986; Zhang and Gjgrv, 1991)-& ZAE2] 7|4
AHS sk 9l NWC F= SLWCe 714k 4
FA7e nldy ARS8l 2ABES A=

O] APR S AASEL STk

T

Table 2 Summary of prediction equations for the tensile strength of concrete.

Tension strength Direct tensile strength, f, (MPa) | Splitting tensile strength, f,, (MPa) Modulus of rupture, f, (MPa)
ACT 318 - - fr=0.62X4/f o
CEB-FIP ft:2.12)\><1n(1+f(;’%8) fo= Of—’g L= % s
® f,, <50 MPa
Code 1= 0.30A % (£,)%° ;
EC2 @ f,. > 50 MPa fo=%% -
fi=2122xx1In(1+ f”‘#)
NZS 3101 fi=067/f T8 - f=06/f T8
Li and Ansari f,=0.506/F . - -
Zheng et al. fi=0.47 \/H - -
Researcher | Carniero and Barcellos - fo=0.272f,07 -
Slate et al.* - fop=041y/F £, =035 Fu
Zhang et al.* - fop=0.23f,7° =073 Fu

Note A, =modification factor reflecting the reduced mechanical properties of lightweight concrete in ACI 318—-11,

A= 0.4+ 0.6(p./2200) modification factor in CEB—FIP and EC2, f,= compressive strength of concrete (MPa), f,,= 10 MPa,
h,= height of specimen, and h,= 100 mm.
* sand—lightweight concrete based prediction model.
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31 2H UYL= (f4)

274 QA digk AAIAQ] EFEHHES nRIEA|
AT, 53 (RILEM, 1975) 3} 772 @ =(NZA 3101,
2006) oM E AHAIAQl A3 AT H7P S &9
skl Qo) w3k V) AFEAE(Li and Ansari, 2000;
Zheng et al., 2001) = ZITEQ] A4 AdFFEe &
s WA Sl @3l Ais Thdeto] ARE-
skt Qick 1Eu E‘rok& *Ef% el o8l H7ke 2w
ES A JIAEE BFEAp 30 A AvEe] B
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e ST SRS FElEith NZA 3101
(2006)2 t}2 AA)715(CEB-FIP, 1999; EC2, 2004)
2 Aok el (Li and Ansari, 2000; Zheng et al., 2001)
Ho} FAs Aol AF AFAEE A IS5k 9l
o, FEAET S7VETE 1 Ak 7} Zith NWCe A
SAAYERE 5% Li and Ansari(2000) ¥} Zheng et
al.(2001) 9] AF QAT =7 CEB-FIP(1999)
2 EC2(2004) B} wkgkom] 7 Agke gh&E7kert =
7¥gkel] whet 7Rassigict

ZABES] 71 weldEg s A4 =S wA
Fig. 2¢] yepfigit. Sa2ES] A3 Q%

ZES 7 ded@d ) A5 VS ks
Pom, 71 P AFATRT} 711 o] ik
olel] 5% DBE o]&ato] v]de] 7Aoot &
AYES 71 w@gdEge] veE A AP EE Ea.
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PAEE 25

o},
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f, = 1.23(—6) F.07 1P =092 @)
Po
A7NA, po= 7 SAEES] 713 TeldEo % CEB-

FIP(1999) ¢ wa} 2,200 kg/m’o2 AAsIIh Ea.
(2) 9 AV 9 7 At d s nwsly] s 714
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Bold and white symbols indicate concrete unit weight
g L with 1600 and 2200 kg/m3, respectively.
£ 6
s
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S ——EC2
2 | ——NZS 3101
—o— Liand Ansari
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Fig. 1 Relationship between (f,)p., and f.,.
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Table 3 Statistical comparisons of experiments and predictions by different models including the present approach.

Tension properties Statistical values Code - Resrearcher This study
CEB-FIP EC2 NZS 3101 Li and Ansari Zheng et al.
Ves.m 0.26 0.30 0.17 0.26 0.28 0.85
ALWC Ves.s 0.065 0.074 0.047 0.069 0.074 0.160
Vesw 0.247 0.251 0.268 0.268 0.268 0.189
Ves.m 0.37 0.39 0.26 0.38 0.41 0.91
SLWC Ves.s 0.063 0.077 0.047 0.072 0.077 0.113
Vesw 0.171 0.195 0.182 0.190 0.190 0.125
£ Ves.m 0.74 0.85 0.59 0.89 0.96 1.03
NWC Ves.s 0.099 0.158 0.078 0.123 0.132 0.176
Vesw 0.134 0.185 0.131 0.138 0.138 0.171
Ves.m 0.57 0.65 0.44 0.66 0.71 0.97
Total Ves.s 0.237 0.290 0.204 0.309 0.332 0.184
Vesw 0.416 0.447 0.462 0.469 0.469 0.190
€. 0.792 0.682 1.363 0.720 0.639 0.184
Code Researcher
Tension properties Statistical values CEB—FIP BC2 Carniero and Sjate et al. Zhang et al, This study
Barcellos
Ves.m 1.11 1.34 0.68 1.61 1.58 1.42
ALWC Ves.s 0.288 0.386 0.209 0.441 0.479 0.361
Vesw 0.258 0.287 0.309 0.274 0.303 0.254
Ves.m 1.14 1.27 0.70 1.65 1.63 1.44
SLWC Ves.s 0.252 0.293 0.182 0.386 0.417 0.310
Vesw 0.220 0.230 0.261 0.233 0.256 0.215
Ves.m 0.90 0.83 0.51 1.24 1.19 1.08
NWC Ves.s 0.286 0.332 0.222 0.474 0.508 0.380
T Vesw 0.317 0.398 0.435 0.382 0.425 0.351
Ves.m 0.93 0.74 0.54 1.30 1.25 1.11
HWC Ves.s 0.226 0.208 0.180 0.392 0.414 0.304
Vesw 0.243 0.282 0.336 0.301 0.330 0.274
Ves.m 0.95 0.92 0.55 1.33 1.29 1.16
Total Ves.s 0.291 0.373 0.224 0.479 0.512 0.388
Vesw 0.305 0.407 0.407 0.360 0.399 0.336
€. 0.329 0.564 1.428 0.338 0.366 0.321
Tension properties Statistical values ACL 318 CEOBOEEIP NZS 3101 Slate o aRfseathZe}:ang ot al This study
Ves.m 0.90 0.59 0.62 1.19 0.57 0.62
ALWC Ves.s 0.583 0.361 0.376 0.774 0.371 0.379
Vesw 0.648 0.611 0.611 0.648 0.648 0.609
Ves.m 1.39 0.98 1.02 2.10 1.01 1.01
SLWC Ves.s 0.446 0.320 0.334 0.671 0.322 0.328
Vesw 0.320 0.328 0.328 0.320 0.320 0.326
Ves.m 1.52 1.02 1.06 2.69 1.29 1.02
NWC Ves.s 0.292 0.198 0.206 0.518 0.248 0.198
I Vesw 0.193 0.195 0.195 0.193 0.193 0.194
Ves.m 1.67 0.98 1.02 2.96 1.42 0.98
HWC Ves.s 0.318 0.226 0.236 0.563 0.270 0.231
Vesw 0.190 0.231 0.231 0.190 0.190 0.237
Ves.m 1.45 0.97 1.01 2.47 1.18 0.98
Total Ves.s 0.408 0.273 0.285 0.752 0.360 0.275
Vesw 0.281 0.283 0.283 0.305 0.305 0.281
e 0.443 0.073 0.149 0.245 0.073 0.092

Yesm Ves.sr Veso A€ mean, standard deviation, and coefficient of variation of the ratio(f,(d)gy,/f,(d)p..., respectively.

L[ e — (@) )* ]
f,(d)y n

measured points.

ey (= )= error coefficient, where f,(d),, is the mean of the measured tensile strength and n is the number of
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A 0.184, WEAS 0.190 2 9AAS 0.184%
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S Fig. 4 YeRdSlt) Fst 1719 CEB-FIP(1999)
S}EC2(2004) 8] ZIHE 7171 Bk nEsek &2
T EA gukA o7 AFREE 2200 kg/m’OE 7HY
3k3ith. CEB-FIP(1999) £} EC2(2004) o] 271 1747
T ARKES HSAE 100 MPa olatellr] AF4d3E
oig7ketar ASIth 58] $SA% 50 MPa olatellA
EC2(2004) = Table 201 Ve vk} o] Mo 25
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Fig. 4 Relationship between f,, and f,.
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A &2 QA EE A7kt %ﬁ‘i‘ﬂr. 5_3_ Slate et
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