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ABSTRACT: In this research, the effects of temperature and number of heating-cooling cycles on  Review History:

mode I, mode II and the effective value of the mixed-mode I-II fracture toughness of concrete were  Received: May, 05, 2020
investigated through two series of tests. In the first series of tests, the effect of temperature was studied  Revised: Jan. 17, 2021

in a heating-cooling cycle at ambient temperature (25 °C) and 60, 150, 200, 300, 500, and 700 °C. The = Accepted: Jun. 11, 2021
highest and lowest mode I, mode II and the effective value of the mixed-mode I-II fracture toughness Available Online: Jun. 27, 2021
were, respectively, observed at 150 and 700°C. In the second series of tests, the effect of the number of
heating-cooling cycles was investigated on mode I, mode II and the effective value of the mixed-mode  Keywords:
I-1I fracture toughness of concrete specimens at 150°C and a crack inclination angle of 45°. According
to the results, mode I, mode II and the effective value of the mixed-mode I-II fracture toughness
increased in the first cycle and decreased with increasing the number of heating-cooling cycles. As
the crack inclination increased, the effective value of the mixed-mode I-1I fracture toughness of the
concrete specimens increased. The mode II fracture toughness increased up to a crack inclination angle ~ Concrete

Fracture toughness
Heating-cooling cycle

Mixed-mode

of 45° and then decreased. Moreover, with increasing the crack inclination angle, the mode I fracture  Crack inclination angle
at the inclination angle of 0° was changed into the mixed-mode (tension—shear) fracture at inclination

angles smaller than 28.8°. The mixed-mode tension—shear fracture was changed into the mixed-mode

compressive—shear fracture at crack inclination angles larger than 28.8°.

1- Introduction

Fracture mechanics is one of the branches of mechanics p \/;

engineering concerned with the study of the propagation of K,=——N, (1)

cracks in concrete. From a microscopic point of view, crack \/; RB

growth occurs due to the separation of molecular bonds at the

crack tip. When an external force is applied to the concrete,

microcracks are formed and propagated, leading to macro-

fractures and eventually concrete fracture [1]. K. = P \/; N 2)
According to the fracture mechanics definition, unstable lIe \/; RB n

fracture occurs when tension is concentrated near the crack
tip. In this case, one of the stress intensity factors, namely
the mode I factor (KI), the mode II factor (KII) or the mixed-

mode factor, reaches a critical value of KIC or KIIC. This > > 3

critical value is called fracture toughness. Keﬁ' = \/ch + K. 3)
Various methods are available for determining the

fracture toughness of rock specimens. In this research, the

conventional test on the cracked straight through Equations Where K, K, . and K  represent mode I, mode II and the
(1) and (2) proposed by Atkinson et al. [2] and Eq. (3) effective mixed-mode I-II fracture toughness, respectively, R
suggested by Funatsu et al. [3] were used to calculate the the Brazilian disc radius, B disc thickness, P pressure load at
critical stress intensity factors and the mode I, mode II, and the fracture point, and a half-length of the crack. Moreover, N,
mixed-mode I-II fracture toughness. and N, denote the dimensionless intensity factors which are

dependent on a/R and B (loading angle relative to the crack
direction). Equations (4) and (5) were proposed by Atkinson
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et al. [2] to determine N, and N, for a/R<0.3:

N, =1-4(sin )’ +4(sin B)" *(1-4(cos ﬁ)z)(;) )

2
Ny =|2+(8cos” ,B—S)(%) sin2/ 5)

In this paper, the effects of temperature and number of
heating—cooling cycles on the mode I, mode II and mixed-
mode I-II fracture toughness of concrete were investigated
through two series of tests. In the first series of tests for
physical modeling fire, the concrete undergo a heating and
cooling cycle, which means they are exposed to considerable
heat first and then cooled after extinguishing the fire. In the
fire, the temperature gradually rises, so these 7 temperatures
are selected to consider the fracture toughness of concrete
at each temperature after extinguishing the fire. In the first
series, the effect of temperature was studied in a heating—
cooling cycle at the ambient temperature (25°C) and 60, 150,
200, 300, 500, and 700°C. In the second series of tests, the
effect of number of heating—cooling cycles was investigated
on the mode I, mode II and the mixed-mode I-II fracture
toughness of concrete at 150°C and a crack inclination angle
of 45°. A review of the literature indicates that most studies
have focused on the effect of temperature and number of
heating—cooling cycles on the mode I and mode II fracture
toughness. The novelty of this study is to investigate the effect
of temperature and number of heating—cooling cycles on the
mixed-mode I-II fracture toughness, especially the fracture
toughness of concrete.

2- Tests conducted on the specimens and the analysis of
the results

A number of the discs were prepared to investigate the
effect of temperature on the specimens previously subject
to the heating-cooling cycle. To this end, the discs were
first placed in an oven and heated for 12 h. Three or four
sandstone discs were placed in the oven (for modeling the
heating process) to conduct the tests at each temperature and
loading angle. The heating rate in the electrical furnace was
15 °C/min to simulate. In the heating stage, the discs were
heated at 25, 60, 150, 200, 300, 500, and 700 °C, and then
removed and cooled down to the ambient temperature. The
second series of discs was prepared to investigate the effect
of the number of heating-cooling cycles (1, 5, 10, 15, and 20
cycles) on the specimens heated at 150 °C and cooled down
to the ambient temperature for modeling hydraulic fracturing.
The rate of temperature rise was 1-2 °C/min. In the first series,
the tests were performed at each temperature at inclination
angles of 0,15 ,28.8 45,60 ,75 and 90°. In the second series,
all tests were performed at a crack inclination angle of °¥é.

In the first series of tests, the results show that mode I,
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mode Il and the effective value of the mixed-mode I-11 fracture
toughness increase at all angles from the ambient temperature
up to 150°C. Up to 150°C, the effective porosity decreased
due to the closure of pre-existing cracks. As a result of the
closure of the pre-existing cracks, the fracture toughness
increased. The fracture toughness of the concrete decreased
from 200 to 500°C due to the formation of microcracks. The
effective porosity was determined to prove the formation of
new microcracks in the concrete specimens. The increase
of the effective porosity and decrease of the velocity of the
longitudinal wave from 200 to 500°C is due to the formation
of new microcracks. As a result of the formation of new
micro-crack, the fracture toughness decreased. At 700 °C,
evaporation of interstitial water, conversion of CaCO,
(calcite) to CaO, and CO, emissions lead to a change in the
color, the formation of microcracks, and rapid reduction of
the fracture toughness.

In the second series of tests, the results show that mode I,
mode II, and the effective mixed-mode I-II fracture toughness
of specimens in the first cycle increase relative to the Oth cycle
due to the closure of microcracks and evaporation of pore
water. However, the density of microcracks increases from
the 5th cycle onwards due to thermal shocks. As a result, the
mode I, mode II, and the effective mixed-mode I-II fracture
toughness of the specimens after 5, 10, 15, and 20 heating-
cooling cycles decreased relative to the Oth cycle.

The fracture toughness varies by changing the loading
angle relative to the crack direction. The mode I fracture
toughness decreases at 25, 60, 150, 200, 500, and 700 °C
with a negative slope. The fracture toughness approaches *
at all temperatures at a crack inclination angle of °YA,A. The
fracture toughness increases from Y& to °4+ with a negative
angle, and the maximum fracture toughness is observed at a
crack inclination angle of °%+ relative to the crack direction.
The mode of fracture changes from opening mode (mode
I) at the crack inclination angle of zero degree to mixed
mode (tension-shear) at the crack inclination angle of less
than °YA,A. The mode of fracture changes from tension-
shear to compression-shear (The minus sign behind the
fracture toughness values indicates the mode of fracture is
compression-shear) at the crack inclination angle of greater
than 28.8°.

3- Conclusion

The results of the present paper are as follow:

* The highest and lowest mode I, mode II, and mixed-
mode I-II fracture toughness were observed at 150 and 700
°C, respectively.

e The effective mixed-mode I-II fracture toughness
increased at all temperatures with increasing the crack
inclination angle. The lowest and highest mixed-mode I-II
fracture toughness were, respectively, observed at inclination
angles of 0 and 90°.

* The effective mixed-mode I-II fracture toughness of the
concrete specimens in the first cycle increased relative to the
Oth cycle. As the number of heating-cooling cycles increased
from 5, 10, 15, and 20, the effective mixed-mode I-II fracture
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Section A-A
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Fig. 1. The schematic representation of the SNBD geometry
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Table 1. The mix design of the concrete

(25915 (5 3 G o p2 50 ,ludlo odlo g5
Yo. Oloaw
1o awlo
Voo Iy
CIE Ll Sloss 4 O o) VE- ol
¥ oS 1lgy §9 (S99

O S 9 (K 5ud Claogad Gntd S (i 1 i 1 (Slalgin! (Gladiged .Y JSi

Fig. 2. The cylindrical concerete specimens used for determining their physical and mechanical
propertes
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Fig. 3. The molds filled with concrete for prepartion of CSNBD concrete specimens
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Fig. 4. Mold blades to create a straight central crack
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Fig. 5. Water baths for curing concrete samples

o S awle 5 S5
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Fig. 7. Sieved gravel
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Table 2. The mean physical and mechanical properties
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Table 3. The effective porosity in the concrete at different temperatures
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Fig. 8. The effect of temperature on the effective porosity in a heating—cooling cycle
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Table 4. The longitudinal waves velocity in the concrete at different temperatures
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Fig. 9. The effect of temperature on the longitudinal waves velocity in a heating—cooling cycle
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Fig. 10. The effect of temperature on the mode I fracture toughness

ol s Ko i Ol i

—o—0=0 0.9
0.8
—0—0=15
0.7
——a=288 = 0.6
> 0.5
a=45 &
S 0.4
—e— =60 S 0.3
0.2
—@®— a=75 01
——0=90 0 ‘eo-e o= O O o
0 200 400 600 800
T («C)

T 390 ConsSs (Kol (595 2 &yl 4oy 310 IS5

Fig. 11. The effect of temperature on the mode II fracture toughness
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Fig. 12. The effect of temperature on the effective mixed-mode I-II fracture toughness

Table 5. The ratio of changes in the mode I fracture toughness

Kic700 Kcsoo Kc300 Kicz00 Kcis0 Kceo S 5 Syl agl;
Kiczs Kiczs Kiczs Kiczs Kic2s Kiczs )
+[YY <IVY «|AA AN \/-A VY .
/YA AR < /AA Vb \VA¥4 V¥ \o
. YA/A
+/Y¥ <IFA AN <[AA \/-Y VY {0
A4 <IVY <129 +/AA VY AJER Ay
A4 N Vb \TARS A Ve Vo
YA - /154 <IN+ «IAY V¥ AJER q-

Yoy



Table 6. The ratio of changes in the mode II fracture toughness
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Table 7. The ratio of changes in effective value of the mixed-mode I-II fracture toughness
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Fig. 13. Concrete specimen during testing
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Fig. 14. Crack propagation in the concrete specimens after loading
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Table 8. Effect of number of heating—cooling cycles on the effective porosity of concrete
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Fig. 15. Effect of number of heating—cooling cycles on the effective porosity
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Table 9. Effect of number of heating—cooling cycles on the longitudinal waves velocity
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Fig. 16. The effect of number of heating—cooling cycles on the longitudinal waves velocity
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Fig. 17. The fracture toughness of the concrete specimens as a function of the number of heating—cooling
cycles at a crack inclination angle of 45°
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Table 10. The changes in the fracture toughness of the concrete specimens with the number of heating—cooling
cycles relative to the 0th cycle at a crack inclination angle of 45°
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Fig. 18. The effect of crack inclination angle on the mode I fracture toughness
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Fig. 19. The effect of crack inclination angle on the mode II fracture toughness
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