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RELATIONSHIP BETWEEN SPLITTING TENSILE STRENGTH
AND COMPRESSIVE STRENGTH OF CONCRETE AT
EARLY AGE WITH DIFFERENT TYPES OF CEMENTS

AND CURING TEMPERATUREHISTORIES

Soty ROS*and Hiroshi SHIMA™

ABSTRACT

This study investigates the interrelations among splitting tensile strength fg,, compressive strength f.’,
and Young’s modulus E. of early age concrete cured under different temperature histories. The
concrete of cylindrical specimens were mixed with the same water to cement ratio and with different
types of cements, OPC, BB, and LH cements. It was found that fy,-f;> relationship and Efgy
relationship of early age concrete were unique regardless of types of cements and curing temperature
histories. Accordingly, new equations of the two relationships were developed and proposed.
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1. INTRODUCTION

Predictions of splitting tensile strength fy,; and
Young’s modulus E. of concrete at early age are
significant among other parameters for thermal stress
analysis of massive concrete. The analysis is known to
be complicated because the mechanical properties and
the thermal properties of the concrete are developing
during hydrations [1]. In terms of concrete compressive
strength f.> at early age, it could be predicted by means
of a strength model based on hydration of cement
constituent mineral proposed by Kato and Kishi [2].
Therefore, the developments fy,; and E; of early age
concrete could be indirectly predicted from the heat of
hydration if the interrelations among f, E, and f;” were
established. Meanwhile, based on the Guidelines for
Control of Cracking of Mass Concrete 2008 [3], the
equation to predict f;> which can take into account the
age, the temperature history dependence, type of cement
and so on was also given. Then, the corresponding fg,-
fe” and E.-f; relationships were also provided [3].

Moreover, many equations have been proposed
for fo-fc” relationships [3-13] and E.-f’ relationships [3-
8] whose equations are generally accepted in a form of
Egs.1 and 2, respectively.

fspt = kx(fc,)n (1)
Ec = ax(f) (2)
where,

foor o split tensile strength (N/mm?);

E. :Young’s modulus (kN/mm?);

f.  :compressive strength (N/mm?); and

k, n, a, and S: are non-dimensional coefficients.
Different values of k, n, «, and S were previously given
by different researchers and institutions as summarized

in Table 1.

The value of n of 0.5 and 2/3 given by [4] and
[8], and by [5], [7], and [9-10], respectively have been
proposed for fy,-f.” relationships of concrete at all ages.
However, it has been reported that 0.5 and 2/3 of n gave
less accuracy in the prediction of fy; at early age, and
Oluokun et al. [11] subsequentially proposed the value
of n of 0.79 for the early age concrete. On the other
hand, it has been observed that the proposed equation of
[11] was developed based on only the test results of
150%300 mm cylindrical concrete specimens with Type
I cement cured in a moist room of constant temperature
of 22°C. Based on the research results of Gardner [10],
type of cement and curing temperature effect on the
developments of both strengths and E., but not fg-f.’
relationships. Still, only a method of constant curing
temperatures of 0, 10, 20, and 30°C until the testing age
were examined by Gardner [10].

In the real concrete structures, the temperature in
concrete after casting increase and decrease with time
respectively before and after removing the form works.
It means that the equations to predict fy, and E¢ of early

Table 1 Values of k, n, a, and g given by [3-12]

Source k n o p
JCI [3] 0.13 0.85 63 045
JSCE [4] 0.44 0.5 4.7 172
JSCE [5] 0.23 2/3 9 1/3
AlJ [6] 0.18 0.75 856 173
CEB-FIB [7] 0.3 2/3 9.5 1/3
ACI318-11 [8] 0.56 0.5 473 12
Raphael [9] 0.313 2/3 - -
Gardner [10] 0.33 2/3 324 0.63
Oluokunetal. [11]  0.216 0.79 - -
Oluokun [12] 0.2 0.7 - -
Arioglu et al. [13] 0.387 0.63 - -

*1 Phd, Dept. of Infrastructure System Engineering, Kochi University of Technology, JCI Member
*2 Professor, Dept. of Infrastructure System Engineering, Kochi University of Technology, JCI Member
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Table 2 Concrete mixes proportions

Mixes feog’ Slump wi/c sla Cement Water  Sand Gravel(kg/m®) WA AE
(N/mm?)  (cm) (%) (%)  (kg/m’) (kg/m®) (kg/m®) 05-15mm 15-20mm  (kg/m3)  (kg/m?)
OPC1,2,3 30 12 67 43.5 244 163 824 536 536 2.44 1.72
BB2,3,4 28.9 12 67 43.5 244 163 821 539 539 2.44 1.72
LH4 27.5 12 67 43.5 244 163 820 532 532 2.44 1.72

Note: OPC: Ordinary Portland Cement (3.15g/cm°); BB: Blast Furnace Cement type B (3.04g/cm®); LH: Low Heat Cement (3.24g/cm®). The
difference among the mixes 1, 2, 3 and 4 is the curing temperature histories given in Fig.1.

age concrete which could adapt to the wide ranges of
temperature histories and curing conditions, and to
different types of cements are required for rational
thermal stress analysis of massive concrete at early age.

Fortunately, the values of k, n, a, and g given by
JCI codes 2008 [3] were confirmed to be suitable for
this purpose. This is because the equation of f;” given by
JCI [3] in Egs. 1 and 2 could take into account the
aforementioned conditions. However, some parameters
required to calculated f,” were available only in case of
specimens curing under water [3]. This may lead to a
limitation of fg-f;’ and E-f’ relationships predictions in
case of other curing conditions. Meanwhile, effects of
size of cylindrical specimens on these relationships
were not discussed.

Accordingly, this paper presents and proposes
the interrelations among fy, Ec, and f’ of early age
concrete not only with different types of cements and
with wide ranges of curing temperature histories, but
also with different curing conditions and size of
cylindrical specimens. The proposed equations were
found to fit well with other researchers’ test results of
early age concrete regardless of type of cement,
temperature history, curing condition and cylinder size.

2. EXPERIMENT

2.1 Specimens

A total of 180 of 100x200 mm cylindrical
specimens were constructed. Three different types of
cements namely OPC (Ordinary Portland Cement), BB
(Blast Furnace Slag Cement type B), and LH (Low Heat
Cement) were used in this study. The details of concrete
mix proportions of each type of cement are given in
Table 2. All mixes were designed to have the same wic,
the same s/a, and the same maximum size of 20mm of
coarse aggregate. Crushed-limestone aggregate with
2.70g/cm® of specific gravity was used as coarse
aggregate while crushed-limestone sand with 2.57g/cm®
of specific gravity and 2.75cm?/g of fineness was used
as fine aggregate. Meanwhile, 1% and 0.5% of cement
content was respectively used for water reducing agent
(WA) and Air Entraining Agent (EA) in all mixes.

2.2 Casting and Curing

Fresh mixed concrete was casted into the
cylindrical molds of 100x200 mm following the method
of JIS A 1132. Moreover, three specimens were
sampled per age of strength. In terms of curing method,
the specimens OPC1, OPC2, and BB2 were cured by
storing in a temperature-controlled room with a relative
humidity of 67%. The temperature history in the room
was controlled to be the same as that developed in a
600mm thick wall. Meanwhile, an air-cured condition
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Fig.1 Curing Temperatures

(a) Splitting test
Photo.1 Details of test set up

(b) Compressive strength test

was applied on the specimens OPC3 and BB3 by storing
the specimens in a common room with an air
temperature from 20°C to 25°C. Differently, an isolate-
cured condition was made on the specimens BB4 and
LH4. These specimens were kept in a semi-adiabatic
temperature  controlled chamber in which the
temperature was controlled to be the same as the
temperature in the concrete. Unfortunately, an isolate-
cured was successfully done only for LH4 specimens. It
was due to the failure of manual temperature controlling
for BB4 specimens. The histories of curing temperatures
of all specimens are illustrated in Fig.1. The surfaces of
all specimens were completely sealt and all specimens
were cured until the age of testing.

2.3 Testing of Hardened Concrete

Compressive strength and splitting tensile
strength tests were performed on three cylindrical
specimens of 100x200 mm according to a method of
test for compressive strength of concrete of JIS A 1108
and for splitting tensile strength of concrete of JIS A
1113, respectively. Meanwhile, the Young’s modulus of
concrete was measured by means of a test method for
static modulus of elasticity of concrete of JIS A 1149.
The illustrations of the test setup are given in Photo.1.

3. RESULTS AND DISCUSSIONS

3.1 Effect of Temperature and Type of Cement
Figs.2, 3, and 4 gives the development of f;’, fsy,
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Table 3 Test results of fg, (N/mm?), £ (N/mm?), and E. (kN/mm?)

Age OPC1 OPC2 BB2 BB3 OPC3 BB4 LH4
(days) fspt fC’ EC fSDt fC’ EC fSDl fC’ EC fSDl fC’ EC fSDl fC’ EC fSDl fC’ EC fspt fC’ EC
03 020 064 3 019 08 - 0.08 030 - 002 019 - 0.12 0.82 0.9 0.02 009 - - - -
05 059 308 8 046 225 - 032 131 - 018 0.72 4 0.31 234 6.1 006 055 - 0.21 083 -
0.8 085 561 14 0.74 500 10 055 350 6 045 40 8 066 5.07 105 0.17 1.14 - 0.57 3.92 1043
10 113 811 16 115 792 14 095 6.16 14 057 512 - 0.71 641 - 0.38 3.26 7.55 0.61 4.66 11.62
12 - - - - - - - - - - - - 120 972 239 - - - 064 55 13.06
15 1461173 23 - - - - - - 086 782 - 117 104 16.1 0.78 6.77 14.1 0.75 6.62 13.79
20 1851528 27 174 1418 25 1.44 1152 18 121 101 18 1.54 135 255 1.15 950 20.7 1.12 10.71 -
25 2101882 29 - - - - - - - - - 169 156 21.7 1.6 128 25.7 1.46 15.06 -
30 2161955 31 2151925 28 1.77 1492 25 149 140 25 1.89 17.7 29.3 1.81 141 284172 - -
40 2362141 32 2201955 32 196 1735 28 1.71 151 29 214 199 294 208 174 - 168 - -
50 2402292 34 248 22.08 33 2.09 20.08 29 1.73 182 - - - - 24 230 - - - -
6.0 2.46 23.83 36 2.49 23.46 32 2.16 2046 30 1.74 213 31 - - - - - - - - -
7.0 2572346 34 247 2360 35 2.29 21.10 31 181 234 - 198 22.0 359 262 259 - - - -
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Fig.2 Compressive strength f’

and E. of all specimens within 7 days age, respectively.
The test results suggested that the developments of f.’,
fou and E; of early age concrete are dependence of
curing temperature and type of cement. Similar results
were also found by Gardner [10]. With the same type of
cement, the higher curing temperature was found to
result in a higher strength and Young’s modulus at early
age. It was because the chemical reactions of hydration
were speeded up by a rise of curing temperature [14].

As given in Table 3 and Figs. 2 and 3, it can be
observed in specimens OPC2, BB2, and LH4 whose
temperature histories during the first 2 days were almost
identical that the developments of strengths with ages
were different. It is generally accepted that with the
same mix proportions, strength developed in BB
concrete is respectively slower and faster than in OPC
concrete and LH concrete; and it appeared in the
authors’ test results. It is due to the differences of heats
of hydrations given by the chemical compounds in the
cements [14]. Similar tendency was also observed for E.
regardless of the temperature history.

3.2 Relationship between fg, and f.’

The experimental results of fy and f.> were
plotted against the calculation results by means of the
existing equations listed in Table 1 as shown in
Figs.5a and 5b. It can be seen in Fig.5a that fy; of
early age concrete were not proportional to 0.5 power of
f.’. Similar commentaries were also given by [10], [11],
and [14]. Meanwhile, 2/3 power of f.” seems to fit more
with the test results. However, it was found that the
existing equations did not give a high accuracy in the
prediction of fy,; of early age concrete with different

Fig.3 Splitting tensile strength fgy

Fig.4 Young’s modulus E,

types of cements and curing temperatures.

Additionally, as shown in Fig.5a, the predicted
results of fg, from f;” based on the equations given by
JCI 2008 [3] were found to be lower than the authors’
test results whose specimens were cured under sealt
cured and air-cured conditions. Similar conditions were
also observed in case of the test results of [10-11] and
[15-21] as shown in Fig.6a and 6b.

Moreover, foyfe> relationship of early age
concrete was found to remain unique and independent
of type of cement and curing temperature history.
Meanwhile, the relationships fitted best with the
following equation:

fipr = 0.2%(F)*° 3)
where,
for o splitting tensile strength of concrete at

early age (t < 7days) (N/mm?); and
. compressive strength of concrete at early
age (t < 7days) (N/mm?).

As shown in Figs.5a and 5b, fy; of early age
concrete calculated by means of Eq.3 agreed well with
the test results regardless of type of cement (OPC, BB,
and LH) and temperature history of the concrete.

The accuracy and the applicable ranges of Eq.3
were also examined by comparing the calculations
results with the test results of f, of early age concrete of
the literatures [10-11] and [15-21] whose data were
listed in Tables 4, 5, and 6. The tested values of f.’ in
Tables 4, 5, and 6 were used to calculate fg, by means
of Eq.3 and compare with the tested fy; as plotted in
Figs.6a and 6b. Consequently, it was confirmed that
Eq.3 could precisely predict fy,; of early age concrete

fe’
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Fig.6 Verifications of Eq.3 with previous test results
Table 4 Test results of fgy (N/mmz) and f;’ (N/mmz) from [9] (cylinder size 150 X 300mm)
Mix1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6
) (We=055)  (we=035) (wc=055) (wc=035) (wlc=0.55) (w/c=0.35)
Source Curing  Age Cement type  Cement type  Cement type  Cement type  Cement type  Cement type
Temp.  (days)  pfy ash 1/fly ash I I it it
fc' fspt fcI 1:spt fcI 1:spt fcl 1:spt fcI fspt fcI fspt
1 512 086 451 093 395 063 1183 177 717 121 502 116
0°C 3 1027 148 1773 233 1224 116 2638 295 3224 357 3165 357
7 2165 258 335 343 2014 195 3233 358 4016 411 3633 353
1 653 098 1019 182 771 104 1739 216 2334 300 1878 257
10 °C 3 1758 220 2507 301 1736 164 27.04 306 3311 355 3034 333
10 7 2533 273 3087 307 2492 301 3404 35 3911 381 3414 345
(10] 1 1012 172 1197 192 1022 173 2065 236 27.94 321 2214 277
20 °C 3 2017 267 2819 299 1999 287 2931 329 3565 359 316  3.37
7 249 323 346 347 2772 291 39.06 355 39.09 384 3433 343
1 1429 217 1868 186 1431 207 2021 239 297 306 2463 278
30 °C 3 21.87 276 2859 285 2002 258 2892 295 3365 308 2858 3.09
7 288 304 358 312 2421 282 3487 301 3736 357 3275 3.35

Table 5 Test results of fs, (N/mm?), and f.(N/mm®) from [14-20] (cylinder size 100 X 200mm)

Source  Age (days)  fo s Jopt 1 Jept 1 Jept 1 Remarks
2.67 32.95 3.13 3812 2.67 3295 337 40.75 .. .
[15] 7 301 3756 398 4519 427 4768 N ) Concrete containing silica fume
2.55 19.27 275 34.3 3.26  56.27 14 13.5 Concrete containing high-volume
[16] 7 181 18.6 124 1229 - - - - fly ash roller
[17] 7 30.2 265 342 295 - - - - Concrete containing rice husk ash
[18] 7 48.7 3.91 451 35 - - 45.8 4.28 -
[19] 3 286 2501 ) ) ) ) ) ) Concrete with oil palm shell
as coarse aggregate

20 3 1.7 13.6 - - - - - - Concrete without silica fume
(201 7 22 191 33 409 47 51 - - Concrete with 5 to 10% of silica fume

3 154 11.53 2.88 25.96 2.50 2249 345 33.15 .

7 224 1867 318 3211 276 2998 348 37.44 Concrete with natural sand

3 1.10 9.21 2.88 22.87 1.74 1424 278 26.72 Concrete with bottom ash
1 7 1.76 15.42 3.01 28.09 1.97 19.65 3.33 33.64

. . . . - - . . oncrete with bottom as|

(21] 3 157 1177 224 1867 266 23.98 c ith b h

7 212 16.16 2.82 2452 - - - - and natural sand

3 1.97 16.79 3.39 3262 2.25 2652 370 37.71 )

7 2.28 22.98 279 3138 4,19 41.85 - -
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Table 6 Test results of fg, (N/mm?) and f.’ (N/mm®) from [10] (cylinder size 150 X 300mm)

Mix A Mix B

Curing Age (w/c=0.388) Eq.3  (w/c=0.763)

Mix C Mix D
Eq.3 (w/c=0.534) Eq.3  (w/c=0.329) Eq.3

Source Temp. (days) Cementtype l Cement type | Cement type | Cement type |
_f;:' f;m fvgt.cal f(;' f;m fvgt.ml fc' fsm fvgt.ml ﬁ:’ ,fspt fspt.cal
03 1067 122 133 130 011 025 263 021 043 1007 083 127
06 2028  1.99 222 482 048 070 1222 133 148 2677 249 277
11 2°c 1 2479 252 261 78 107 104 1868 194 208 3593 332 351
[11] 2 2743 279 283 1219 125 148 2390 286 253 4422 402 414
3 2092 290 303 1431 191 168 2648 3.08 275 4621 419 429
7 3569 350 349 1857 210 207 3544 388 347 5011 434 458
40 0o OPC2 40 40
o OPC1 A
¢ BB2
_.30 A OPC3 ~30 =30 &
NE X BB3 e ' =
E X LH4 E A6/7 o opc2 E A 0OPC1
S 20 - + BB4 220 +§A o opc1 =20 +<>A DOPC 2
X — R = o BB2 X £0PC3
¢ X - 7 A OPC3 ¢ ©oBB2
Wig {8/ il e (¢ x BB3 10 4 *BB 3
= H X LH4 + EE 2‘
X
0 & — [|8] 0 T * T BB% 0 T i
0 10 20 30 40 0 05 1 15 2 25 3 0 10 20 30 40
f.' (N/mm2) T (N/mm2) Eq. 4 (N/mm?)
Fig.7 Ec-f.’ relationship Fig.8 E.fsp relationship Fig.9 Verification of Eq.4

regardless of size of cylinder, type of cement, mix
proportions, curing temperature, and curing conditions.

Based on [22], fs,; of concrete decreases when the
size of cylinder increases within a range of cylinder
diameter of 50, 80, 100, 125 and 150mm. However, this
study confirmed that fy-f;” relationship is independent
of size of cylinder.

3.3 Young’s Modulus of Early Age Concrete

The relationships between E. and f.’ of all
specimens were plotted in Fig.7. It can be observed that
E.-f’ remained unique and independent of type of
cement and curing temperature history. Similar findings
were also presented by Gardner [10] in the ranges of
constant curing temperatures of 0, 10, 20, and 30 °C.

It has been reported that the development of
concrete E. is proportional to (f,)*® and (f,")"® which
was given by [4] and [8], and by [5-7], respectively. As
illustrated in Fig.7, the test results of E. of concrete at
early age were found to be higher than the calculation
results by means of the existing equations given by [3-
8] and [10] especially within the ranges of f.” between
10 N/mm? to 26 N/mm? (1day <t< 7days).

In a view point of thermal cracking analyses of
early age concrete under external restraint, it was
reported that E, f, and tensile Young’s modulus E; of
concrete are the main parameters which directly control
the cracking phenomena; and the interrelations among
them are significance to be discussed [23-24].

According to the experimental results of [24-25],
E. and E of concrete were found to be identical when
f.’>15N/mm?, corresponding to 3<t< 7days. Meanwhile,
E.; was found to be greater than E. at very early age (t <
3days). On the contrary, based on the test results of
[26], E. was found to be greater than E, when t < 3days.
However, the values of E; and E were also found to be
identical by [26] when t>3days. Nevertheless, Kanstad

et al. [27] and Pane and Hansen [28] found that E. and
E. of early age concrete t>18 hours (0.75day) are
almost the same. Therefore, the research results of [24-
28] are the supportive proofs showing that E; is
equivalent to E.

Accordingly, the relationship between E; and fyy
of early age concrete were examined as illustrated in
Fig.8. The test results suggested that Ec-fyy relationship
of early age concrete is linear and unique regardless of
type of cement and curing temperature. Meanwhile, the
relationships fitted best with the following equation:

Ec = 14.5xfgy (4)

where,

E. : Young’s modulus (kN/mm?), which is

equivalent to E; and

for © Splitting tensile strength of concrete

(N/mm?) with (t< 7days).

As shown in Fig.9, good agreement between test
results of E;. and the calculation results by means of
Eg.4 was observed. These agreements implied that
prediction of E; of early age concrete (t< 7days) from
fspt gives more accuracy than from f.> using the existing
equations given by [3-10]. Meanwhile, since Eg is
equivalent to E, it also implied that Ey could be also
predicted from f,, by means of Eq. 4.

Moreover, the unique equation of E-fy;
relationships (Eq.4) and fg-f;> relationships (Eq.3)
regardless of type of cement, temperature history, and
curing conditions of the concrete found in this study
could allow E, fs, and E to be indirectly and precisely
calculated from the total heat of cement hydration of
early age concrete through f;’. It was because f;’ at early
age could be predicted by means of a strength model
based on hydration of constituent mineral proposed by
Kato and Kishi [2].
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5. CONCLUSIONS

The following conclusions can be derived from

this study.

(1)

@)

©)

Splitting tensile strength and compressive
strength relationship of concrete at early age (t<7
days) was found to be unique regardless of type
of cement and temperature history of the
concrete.

The relationship between splitting tensile
strength and compressive strength of concrete at
early age (t< 7 days) is proposed as follows:

for = 0.2x(f,)°®

Young’s modulus of concrete at early age (i< 7
days) was found to have a linear relationship
with the splitting tensile strength regardless of
the type of cement and temperature history of the
concrete. The equation was established and
proposed as followings:

E. = 14.5xfg,

Meanwhile, E could be also predicted by means

of this equation since E and E. are equivalent.
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