10

11

12

13

14

15

16

17

18

19

20

21

22

A comparative study on stress intensity factor-based criteria for

the prediction of mixed mode I-ll crack propagation in concrete
Wei Dong?, Zhimin Wu?*, Xuchao Tang?®, Xiangming Zhou?,

lAssociate Professor, State Key Laboratory of Coastal and Offshore Engineering, Dalian

University of Technology, Dalian 116024, P. R. China. E-mail: dongwei@dlut.edu.cn

’Professor, State Key Laboratory of Coastal and Offshore Engineering, Dalian University of

Technology, Dalian 116024, P. R. China.

(*Corresponding author). E-mail: wuzhimin@dlut.edu.cn

SPostgratuate student, State Key Laboratory of Coastal and Offshore Engineering, Dalian

University of Technology, Dalian 116024, P. R. China. E-mail: txc656@163.com

4Reader in Civil Engineering Design, Department of Civil and Environmental Engineering,

Brunel University London, UB8 3PH, United Kingdom. E-mail:

xiangming.zhou@brunel.ac.uk


mailto:dongwei@dlut.edu.cn

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

ABSTRACT

Combined with the fictitious crack model, the stress intensity factor (SIF)-based criteria are
widely adopted to determine the crack propagation of mixed mode I-1l fracture in normal
strength concrete. However, less research is reported on the applicability of the different
SIF-based criteria when they are used to analyze the crack propagation process of concrete
with different strength grades. With this objective in mind, three-point bending and four-point
shear tests were conducted in this study on C20, C50 and C80 grade concrete to measure
the initial fracture toughness, fracture energy, load-crack mouth opening/sliding
displacement (CMOD/CMSD). Four SIF-based criteria, including two initial fracture
toughness-based (with/without mode 1l component of SIF K;) and two nil SIF-based
(with/without Ki), were introduced to determine crack propagation and predict the
P-CMOD/CMSD curves for the notched concrete beams under four-point shear loading. The
results indicated that the difference between the peak loads from experiment and from the
analysis based on the nil SIF criterion with Ki approximately increases with the increase of
the concrete strength. By contrast, the predicted peak load and P-CMOD/CMSD curves
adopting the initial fracture toughness-based criterion with Ki showed better agreement with
experimental results for the different concrete strength. Meanwhile, in the case of the initial
fracture toughness-based criteria, the predicted initial load was underestimated if the
component of Ki was not considered. However, the fracture mode transformed from mixed
mode I-1l to mode | after the crack initiation, meaning the Ky component in the criterion had a

less significant effect on the crack propagation process.
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1. Introduction

Due to the asymmetries of the structural geometries and the complexities of the loading
conditions, cracks in the concrete structures are typically under the bending-shear combined
stress field, which the initiation and propagation of the cracks are under the mixed mode I-1l
fracture. The fracture process of mixed mode I-Il in concrete is usually characterized as the
formation of micro-cracks that eventually merge and form a propagating macro-crack. The
micro-cracks region in concrete is called the fracture process zone (FPZ), which reflects the
nonlinear characteristic of concrete as a quasi-brittle material. Its formation is also closely
related to the aggregate size because of the high heterogeneity and stress concentration at
the notch tip for the concrete structures with big aggregate sizes. According to the fictitious
crack model [1], the nonlinear characteristic of the micro-cracks region can be described
using the relationship of the crack opening displacement (COD) and cohesive stress acting
on the FPZ. However, it should be noted that the stress field at the tip of the crack caused by
the applied load will change as the crack propagates under mixed mode I-ll fracture. In
addition, the COD variation along the FPZ during the fracture process also determines the
cohesive stress distribution, which is regarded as the contribution of crack propagation
resistance. Both the stress field at the tip of the crack and the cohesive stress distribution
along the FPZ affect the crack propagation trajectory under mixed mode I-ll fracture.

Therefore, for the purpose of the assurance of concrete structures safety and durability, it is
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significant to develop effective numerical methods to simulate the whole crack propagation
process under mixed mode I-1l fracture.

In the simulation of a fracture process, an appropriate criterion is a prerequisite for
determining crack propagation in concrete. In the case of mixed mode I-ll fracture, two main
issues should be figured out in the criterion, namely the crack propagation condition and
crack propagation angle. Based on the fictitious crack model, there are four types of criteria
commonly used in the mixed mode I-Il fracture analyses of concrete, including stress-based,
strain-based, energy-based and stress intensity factor (SIF)-based. By considering the
extremely small size of the plastic zone at the fictitious crack tip, the principle tensile stress
and maximum tangential stress criteria have been employed to determine the mixed mode
I-1l crack propagation in concrete [2-5]. Under the criteria, a crack begins to propagate when
the principle tensile stress or maximum tangential stress at the tip of the crack is greater
than the uniaxial tensile strength of concrete, and the crack propagates in the direction
normal to the tensile stress at the crack tip. According to the maximum tangential stress
criteria, a multi-parameter fracture criterion was proposed for concrete to estimate its crack
propagation direction under the mixed mode I-1l fracture. Meanwhile, some strain-based
criteria [6-8] were proposed to determine the crack propagation of the mixed mode I-I
fracture of concrete based on the maximum tangential strain criterion. Similar to the
maximum tangential stress criterion, the crack propagates in the direction where the
tangential strain reaches its maximum value. In the case of the energy-based criterion, Xie
et al. [9] proposed an energy approach based on the principle of energy conservation, and

predicted the propagation of a quasi-static cohesive crack. In this criterion, a crack
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propagates when the strain energy release rate exceeds the energy dissipation rate in the
FPZ. It should be noted that the crack propagation angle cannot be derived solely from the
energy-based theory. In fact, in this criterion, the crack propagation direction is determined
by the direction of the principal stress rather than the direction with the maximum energy
release rate. Thereafter, the energy-based criterion has been introduced in the simulation of
mixed mode I-ll crack propagation in concrete [10, 11]. Recently, a new energy-based
criterion was proposed for the mixed mode I-1l fracture in lightweight aggregate concrete,
which can be used to determine the continuous crack propagation along a non-prescribed
path and the crack penetration through a material interface[12].

Regarding the SIF-based criteria, the widely adopted approaches were to establish the
equilibrium condition of the SIF caused by the applied load Kp and the one caused by the
cohesive stress along the FPZ K,. However, it should be noted that there were two different
viewpoints on the assessment of the difference between Ky and K, in the SIF-based criteria.
One of them was the nil SIF criterion, which considered the SIF of mode | K; to vanish at the
tip of the FPZ and formulated as K, - K= K;> 0. This criterion was firstly proposed aiming at
mode | crack propagation [13], and was introduced in the fracture analyses of
fiber-reinforced mortar [14] and concrete [15]. Thereafter, the nil SIF criterion was also
extended to fracture analyses of mixed mode I-Il in concrete [16-18]. In those studies of
mixed mode I-ll fracture, the crack propagation angle was determined based on the
maximum circumferential stress criterion. In fact, the nil SIF criterion can be regarded as a
simplified maximum circumferential stress criterion expressed by the SIFs. The experimental

results have verified that local mode | crack growth can be assumed when the crack



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

propagates in a stable manner under loading of mixed mode I-1l [19]. Therefore, the
simplification of not taking into account Kj in crack propagation is reasonable because Ki is
very small and has less effect in comparison with Ki. However, Ki should be considered
when determining the crack propagation angle, because it has a significant effect on the
crack trajectory even though it is very small. The nil SIF criterion was also used to determine
the crack propagation at the rock-concrete interface, although the crack propagation
direction was assumed to be along the interface [20].

On the other hand, some researchers claimed that the relationship of the SIFs at the tip of
crack represents the competition between the crack driving force attempting to open the
crack and the cohesive force attempting to close it. Therefore, the crack resistance
properties of concrete should be considered when establishing the equilibrium condition of
the SIFs at the tip of crack. Foot et al [21] proposed the critical toughness criterion for
cementitious materials, in which the crack can propagate when the difference between the
SIF's caused by the driving force and the one by cohesive force exceeds the critical
toughness of mortar Km, i.e. Ki2Km. This criterion has been introduced to simulate the mode |
crack propagation [22], and calculate the resistance curve of cementitious materials and
their fibre-reinforced composites [23]. Recently, by considering concrete as a homogeneous
material, an initial fracture toughness criterion [24] was proposed by replacing Km with the
initial fracture toughness of concrete K. This criterion has been employed to calculate the
R-curve[25] and variation of PFZ [26] and predict the peak load [27] of mode | fracture in
concrete. Thereafter, aiming at the crack propagation of mixed mode I-II fracture in concrete,

Wu et al [28] proposed a new crack propagation criterion by combing the maximum
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circumferential stress criterion and initial fracture toughness K. The crack propagation

in which KP = and K¢, are the combined

o ini
—Kony =K (1) )

condition can be written as K/ o =Ky

(.
SIFs of mode | and Il caused by the applied load and cohesive forces, respectively. Crack
propagates in the direction normal to the principle tensile strain at the tip of the crack. In this
criterion, the effect of SIFs of mode Il on crack propagation condition was considered. The
initial fracture toughness of mode | was introduced as the crack resistance characteristic of
concrete, which indicated that the crack propagation condition was still mode | dominated. In
addition, an initial fracture toughness criterion was derived through fitting the experimental
data to simulate the crack propagation of the rock-concrete interface under mixed mode I-I
fracture [29].

For the above-mentioned SIF-based criteria, there are three different viewpoints on the
crack propagation condition: (1) whether the crack resistance characteristic of the material
was considered; (2) whether the effect of the SIFs of mode Il was considered and (3)
whether the different crack propagation angles were adopted. Although reasonable
agreements have been obtained between the numerical and experimental results for the
normal strength concrete using different SIF-based criteria, to the best of the authors’
knowledge, no research has been reported on the performance of those different criteria
being employed for analyzing fracture of concretes with different strength grades. In
particular, the initial fracture toughness K\ increases with concrete strength, which may
lead to significantly different results among the various SIF-based criteria. In addition, it is

necessary to elaborate the effect of the SIF of mode Il in the crack propagation condition

with respect to concrete with different strength grades.
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In line with this, the main objective of this paper was to present a comparative study on the
simulation of crack propagation under mixed mode I-1l fracture using four SIF-based criteria,
including nil-SIF and initial fracture toughness criteria with/without Ku, respectively.
Three-point bending and four-point shear tests were conducted on concrete beams with
strength grades C20, C50 and C80 to measure the fracture parameters, and obtain the
crack propagation trajectories and load versus crack opening/sliding (P-CMSD/CMSD)
curves. The four SIF-based criteria were employed to simulate the crack propagation
process of mixed mode I-lIl. By comparing the numerical and experimental results, the
applicability of the four propagation criteria on mixed mode I-1l fracture for different strength
concrete was evaluated. In addition, the effect of Ky in the criteria on crack propagation was
discussed. It is expected that this study can provide a valuable assessment on the selection
of criteria in analyzing failure behaviors of structures in practical engineering design.

2. Review of four SIF-based criteria

2.1 Criterion I: Initial fracture toughness-based criterion with Ky

Combining with the maximum circumferential stress criterion, Wu et al. [28] proposed the
crack propagation criterion based on the initial fracture toughness K\ . The crack
propagation condition can be determined by Eq. (1)

] o g, 3 o\ i ini
COSEO{(K,P -K )COSZEO_E(K:ID -K, )Slneo} =K (1)

Where, K and K° are the SIFs of mode | caused by the applied load and cohesive
forces, respectively. K/ and K° are the SIFs of mode Il caused by the applied load and

cohesive forces, respectively. 6, can be defined by Eq. (2).
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g, = 2arct
, = 2arctan 4(K.T—K.T)

(@)

Substituting Eq. (2) into Eq. (1), the crack propagation condition can be determined. In
Criterion I, the crack propagated in the direction normal to the principle strain at the crack tip,
of which the propagation angle a can be calculated using Eq. (3).

}/xy

£~ &

3)

1
a = —arctan
2

Where, y, is the shear strain at the crack tip. ¢, and ¢, are the normal strains along the
X- and Y- axis, respectively.
2.2 Criterion II: Initial fracture toughness-based criterion without Ky
Since experimental results [19] have verified that the fracture is mode | dominated in the
case of mixed mode I-I, the effect of Ki can be neglected in the crack propagation condition.
Therefore, Eq. (1) can be written as Eq. (4) by ignoring K{ and K¢ in Egs. (1) and (2),
yielding

KF—K° =KZ (4)
In Criterion Il, the crack propagation angle is determined by Eq. (3).
2.3 Criterion IlI: nil SIF-based criterion with Kj
Compared with Criterion I, Ki is considered to have vanished at the tip of the FPZ in criterion
lll. Therefore, the crack resistance characteristic of concrete, i.e. Kini, is replaced by zero.
Meanwhile, the effects of K and K¢ are considered in this criterion. Then, the crack

propagation condition can be written as Eg. (5).

9 .6 3 N
cosE"[(K,P—KI )COSZEO—E(KIT—K” )sm@o}:o (5)
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Accordingly, the crack propagation angle is determined by Eq. (3).
2.4 Criterion IV: nil SIF-based criterion without Ky
Compared with Criterion IlI, the effect of K and K¢ on the crack propagation condition is
not considered in this criterion. Therefore, the crack propagation condition can be written as
Eqg. (6).

KP-K’=0 (6)
Accordingly, the crack propagation angle is determined by Eq. (3).
In summary, the expressions of the four SIF-based criteria are listed in Table 1. It should be
noted that to clarify the effect of the propagation condition on the fracture process, the same
equation of the crack propagation angle is adopted for the different criteria.

Table 1. Expressions of various SIF-based criteria

Criterion Propagation condition Propagation angle

I % o % 3 [ H ini
cos?"{(Kf’ -K, )COSZEO—E(KF —Ky )sin 90} =K

” K|P _ KIO — Kligi

1 Vxy

a = =arctan—2—
cos® (kP —K,")coszﬁ—g(Kl’f —Ky)sing, [=0 2 £ — &,
2 2 2

\Y KP—K? =0

3. Numerical simulation

In this study, ANSYS finite element code was used to conduct the simulation of crack
propagation under mixed mode I-ll fracture. Singular element was adopted to calculate SIF
at the crack tip by means of the displacement extrapolation method. Due to the quasi-brittle
characteristics of concrete, there exist cohesive forces along the FPZ, which contribute to
the crack resistance during the crack propagation. In this study, a bilinear softening

relationship between the cohesive stress (o) versus the crack opening displacement (w) was
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employed in the numerical analysis which can be formulated as follows:

o=f-(f-0)—
W

S

forO<w < ws

for ws < w < wo

for w > wo

W, —W
o =0,
Wy =Wy
oc=0
oA
fi
Gt
o -
(0] Ws

>
Wo W

Fig. 1. Bilinear o-w concrete softening curve

According to Petersson [30], os, ws and wo can be determined as follows:

ws = 0.8Gt/ft

wo = 3.6Gq/f

(7)

(8)
(9)

(10)
(11)

(12)

where Gs is the fracture energy and f; is the uniaxial tensile strength of concrete. ws and 0Os

are the crack opening displacement and the corresponding cohesive stress respectively at

the break-point of the bilinear o-w relationship. wo is the stress-free crack opening

displacement (see Fig. 1). It should be noted that, in the case of mixed mode I-1I fracture, the

crack opening displacement w is the vector sum of a normal component, wi, and a tangential

component, wz, i.e. w=w,’+w,’ . In this study, it was assumed that w affects the energy

dissipation and is associated with the cohesive stresses. Consequently, the end of the FPZ
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was determined by a comparison of w with wo.
The four SIF-based crack propagation criteria were then introduced into the numerical
simulation of the crack propagation process of mixed mode I-1l. In this study, singular
element was employed to calculate the SIF at the tip of crack. A circle was set at the tip of
crack, in which the crack tip is the center of the circle and the crack propagation incremental
length Aa=2 mm is the radius of the circle. The first row of elements around the crack tip had
a radius of Aa/6, and the mid-side nodes were placed at the quarter points, i.e. located on
the circle with a radius of Aa/24. The program flow diagram of the iterative numerical
process is illustrated in Fig. 2, and the numerical procedure is shown in the following steps:
1. Input data, P(1) = Pini, a(1) = ao. Calculate a(1) based on Pini from experiment.
2. Establish the numerical model for four-point shear (FPS) beam with crack length aij =
a(-1) + Aa (i=1,2...,) = 2,3...) and crack propagation angle «(j-1). In the case of
]>2, delete the mesh mode and re-mesh the mode according to the information from
the saved j-1 step. Here Aa is a specified increment of crack length chosen in
numerical analysis, where i represents the load increment during the iteration process
with a same crack length and j represents the crack length increment during the
iteration analyses.
3. Apply load Pijto the FPS beam and calculate cohesive stress oij using Egs. (7)-(9).

Calculate SIFs (K", K°

7, K7, K and K7 for Criterion 1 and Ill, and K/ and KS for

Criteria 1l and 1V) by adjusting load Pij until the crack propagation condition in the

relevant criterion is satisfied. Calculate «(j) using Eq. (3) and derive CMOD(j) and

CMSD(j) based on the numerical results.
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4. Save the calculated results of Pij, aij, CMOD(j) and CMSD()).

5. Repeat steps 2-4 for the next crack propagation. The iterative process terminates
when the crack tip is close to the boundary of the specimen or the value of the applied
load becomes negative.

Therefore, upon obtaining Kini, Gt, ft and elastic modulus, E, of concrete from experiment, the
whole fracture process, including P-CMOD and P-CMSD curves, can be obtained by
repeating the above exercise. Details of the iterative numerical process for predicting crack
propagation using Criterion | can be found in Reference[28]. Taking Specimen FPS-50-40 as
an example, Fig. 3 illustrates the deformation of various crack propagation stages, including
crack initiation, unstable propagation and failure. The size and loading condition of
Specimen FPS-50-40 are listed in Table 3.
/ =2, a(l):aV
P(1)=Pini

v

Establish new model, i=1
Pij=P(j-1), aij=a(j-1)+ Aa

Load application P;,
and calculate g
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Fig. 2. Program flow diagram for the numerical simulation
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Fig. 3. Deformation of various crack propagation stages for Specimen FPS-50-40

4. Experimental program

To verify the four SIF-based criteria, three series of three-point bending (TPB) and four-point
shear (FPS) beams, with concrete strength grades C20, C50 and C80, were tested to
investigate the crack propagation process. Four specimens were prepared for the same
geometry and loading condition. Mix proportions of the concrete with different strength
grades are listed in Table 2. Crushed limestone with a maximum size of 20 mm was used as
coarse aggregate and medium-size river sand was used as fine aggregate. The C20 and

C50, and C80 concretes were made with Grade R42.5 and R52.5 Portland cements,
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respectively (Chinese standard of Common Portland Cement, GB175-2007). To improve the

workability of the C80 concrete which had a lower water-to-cement ratio, a water reducing

admixture was added.

Table 2. Mix proportions of concretes targetting different strength grades

Water reducing

Cement Cement Sand Aggregate Water Fly ash )
Concrete admixture
grade
(kg/m®)
C20 R42.5 216 715 1167 210 92 -
C50 R42.5 446 595 1105 214 - -
Cc80 R52.5 390 632 1225 142 61 6.31

The beams in each series had the same dimension, i.e., Length (L)xHeight (H)xBreadth

(B)=580 mmx120 mmx 60 mm and the initial crack length/depth ratio ao/D was equal to 0.3.

To obtain the different combinations of Ki and Ki at the pre-crack tip, the positions of the

pre-crack and loading points were adjusted in each series of FPS beams. The geometry and

loading arrangement of the beams are illustrated in Fig. 4. Here, ao is the pre-crack length; C,

L1 and Ci are the distances from the two loading points and pre-notch to the geometric

center of the specimens, respectively.
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Fig. 4. Specimen geometry and experimental set-up under FPS
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The sizes and loading conditions of all specimens are listed in Table 3, in which K™/K"
varies from 0 to infinity, i.e. pure mode | fracture. Here, K™ and K" are the SIFs of mode
| and Il corresponding to the crack initiation, respectively. Through changing the position of
the pre-crack, i.e. the Civalue, various combinations of tension and shear at the pre-crack
tip can be obtained. With the increase of Ci value, the tensile stress increases and the shear
stress remains the same so that a larger ratio of Ki/Ki can be obtained (see Table 3).
Consequently, the increase of C1 value will also decrease the initial and peak loads due to
the variation of the stress distribution at the tip of crack.

The specimen number “TPB-20" denotes a series of TPB beams of C20 strength grade. The
specimen number “FPS-20-40" denotes a series of FPS beams of C20 strength grade and
C1=40 mm. Fig. 5 (a) and (b) show the experimental setups for TPB and FPS tests,
respectively. The TPB and FPS tests were performed on a 250 kN closed-loop

servo-controlled testing machine with stroke displacement rate of 0.036 mm/min.

Table 3. Geometries of TPB and FPS specimens

Nos of LXHXB ao C C1 L1 K /i
specimens (mm3) (mm) (mm) (mm) (mm) P
TPB-20 240 0 o0
FPS-20-0 40 0 0
FPS-20-20 580x120x60 36 40 20 240 1.61
FPS-20-40 60 40 3.49
FPS-20-60 80 60 5.32
TPB-50 240 0 o0
FPS-50-0 40 0 0
FPS-50-20 580%120x60 36 40 20 240 1.61
FPS-50-40 60 40 3.49
FPS-50-60 80 60 5.32

TPB-80 580x120x60 36 240 0 240 o0
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FPS-80-0 40 0 0

FPS-80-20 40 20 1.61
FPS-80-40 60 40 3.49
FPS-80-60 80 60 5.32

(a) TPB test (b) FPS test

Fig. 5. Experimental set-up of (a) TPB test and (b) FPS test

Mechanical properties of the concrete, including uniaxial compressive strength fc, uniaxial
tensile strength f;, elastic modulus E were measured from relevant tests. In addition, the
fracture parameters, including initial fracture toughness K,‘gi, fracture energy Gr were
derived from the TPB tests. Gt in Table 4 denotes the fracture energy of mode | and the one
of mode Il was not considered in this study. Although, the crack tip is under the combination
of tension and shear stresses for the mixed mode I-Il fracture, the crack initiation and
propagation are caused by the principle tension stress due to the low tensile strength of
concrete. Therefore, in this paper, only the tension softening constitutive law, i.e. the
relationship of o-w was adopted to characterize the nonlinearity in FPZ.

K2 can be calculated using Eq. (13) as per reference [31].

3PS
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Where, S is the span of the TPB beam and F,(a,/D) can be defined by Eq.(14).

F.(a, /D) = 1.99-(a,/D)(1-a,/D)[2.15-3.93(a, /D) +2.7(a, / D) "
1(& /D) = (1+2a, / D)(1-a, / D)™

According to Eq. (13), K2 can be calculated if the initial cracking load Pini and specimen
geometry are given. Pini can be determined through the strain variation of the strain gauges,
which were attached vertically in front of the pre-crack (see Fig. 5(a)). Once a new crack
begins to initiate, the measured strain will decrease from its maximum value due to the
release of the fracture energy. Thus, Pini can be determined based on the strain variation
around the tip of the pre-crack. The mechanical parameters of the concrete are listed in
Table 4.

Table 4. Mechanical properties of the concrete

Concrete fo(MPa) fe (MPa) E (GPa) Kt (MPa-m¥?)  G¢(N/m)
C20 28.90 2.56 25.26 0.49 104.87
C50 59.68 3.93 35.92 0.68 139.57
C80 83.90 4.25 39.48 0.73 147.97

5. Results and discussion

Effect of KX on crack propagation

The difference between Criteria | and Ill is whether K7 is introduced as the crack
resistance in the determination of crack propagation. Therefore, in this section, the P-CMSD
and P-CMOD curves with different concrete strength grades from FPS tests and numerically
simulated using Criteria | and Ill are compared which is illustrated in Fig. 6.

It can be seen from Fig. 6 that the predicted P-CMOD and P-CMSD curves using Criteria |

and Ill are almost around the envelopes of the experimental results. However, the predicted
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Pmax using Criterion | are obviously higher than the ones using Criterion Ill. The peak loads
from experiment and prediction using Criterion | and Ill, and the corresponding errors are
listed in Table 5. It should be noted that the average errors are adopted in this table.
Accordingly, a comparison is made between the predicted Pmax using Criteria | and Il and the
experimental ones as shown in Fig. 7, in which Pmax,pre and Pmax.exp denote the predicted and
experimental peak loads, respectively. It can be seen that, the predicted Pmax values using
Criterion | are much closer to the experimental results than those using Criterion IlIl.
Compared with the experimental results, the predicted Pmax using Criterion 1l are slightly
underestimated. This can be explained by analyzing the fracture mechanism based on
Criteria | and Ill. For Criterion 1, the crack propagation resistance is considered as a

combination of the cohesive force effect along the FPZ and the anti-crack property from

o

o, and K2, respectively. In contrast, in the

concrete, which are expressed by SIFs as K

case of Criterion lll, the crack propagation resistance is only provided by the cohesive force

o

action on the FPZ, i.e. K/ .

Therefore, compared with Criterion 111, the larger applied load is
needed for Criterion | to drive the crack propagating from the stable crack stage to the
unstable propagation stage.

Meanwhile, K,‘g‘ is usually regarded as the inherent property of concrete and its value
increases with the increase of concrete strength. In the case of a perfectly plastic material,
the deformation resistance is provided by the cohesion of the plastic material so that K2
can be considered as zero. In this condition, Criteria | and Il have the same expression, i.e.
KP —K? =0. It should be noted that the concept of SIF from the linear elastic fracture

D A (RD)

model is not applicable for the crack propagation analysis in a plastic material. Here, the
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plastic condition is employed as a special example to discuss the transformation between

Criteria | and Ill. On the contrary, in the case of a perfectly brittle material, a FPZ and

o)

an=0. In this condition, Criterion | transforms into the

cohesive force do not exist, i.e. K
maximum circumferential stress criterion expressed by SIFs if K is replaced by K& (K2

and K are the same for a brittle material). However, at that moment, Criterion IIl

transforms into KP

«n =0. Obviously, it is not a reasonable determination for an unstable

crack condition since a structure can fail under even a very small load.

In the case of a quasi-brittle material, e.g. concrete, the nonlinear characteristic is caused by
the micro-crack propagation and the effect of the cohesive force acting on the FPZ. With the
increase of concrete strength, the brittleness of concrete increases and the initial fracture
toughness of concrete K2 is also enhanced. For Criterion |, the driving force caused by
the applied load is balanced with the resistance caused by the cohesive force and K,T:i.
However, for Criterion lll, the resistance is only provided by the cohesive force. Therefore,
compared with Criterion I, a longer FPZ length is needed for Criterion Il to establish the
equilibrium between the driving force and resistance at the peak load. Taking the P-CMOD
curves of FPS-20-60 Series as examples, the critical crack propagation lengths ac derived
from the numerical results using Criteria | and Il are 14 mm and 38 mm, respectively. In
addition, with the increase of the concrete strength grade from C20, C50 to C80 for
FPS-20/50/80-60 Series specimens, the predicted values of ac based on Criterion IIl are 38
mm, 36 mm and 34 mm, respectively, which reflect the effect of the enhanced concrete

brittleness on the FPZ evolution. On the contrary, the predicted values of ac based on

Criterion | remain as 14 mm for the three concrete grades, and K increases from 0.49
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MPa-m2 to 0.68 MPa-m2, and then to 0.73 MPa-m'2, This indicates that, for Criterion I, the
increase of the concrete strength is reflected by the enhancement of the initial fracture
toughness and has less influence on the critical crack propagation length. It should be noted
that, the variation of fracture toughness based on LEFM in the case of ductile metal pipes
were investigated by Li. et al [32].

Due to the short critical crack propagation length in Criterion I, the value of K,‘?;i has an
increasingly significant effect on crack propagation resistance at the peak load point with the
increase of concrete strength. By contrast, since the effect of the initial fracture toughness
on crack propagation is not considered in Criterion Ill, the difference of Pmax between the
predicted and experimental values could increase with the increase of concrete strength.
According to the Pmax obtained from the experiment and from the predicted ones using
Criterion 11l (see Table 5), the average errors for the concrete specimens with C20, C50 and
C80 strength grades are 14.12%, 10.30% and 12.10%, respectively. It should be noted that,
for FPS-20-0 series specimens, the errors for Criteria | and Ill are obviously larger than the
other specimens with C20 strength grade. This may be caused by the scattered
experimental results since only two specimens were tested for the FPS-20-0 series due to
the other specimens breaking during demolding. If the FPS-20-0 series specimens are not
counted, the average errors of Pmax for the concrete specimens with C20, C50 and C80
strength grades will be 8.61%, 10.30% and 12.10%, respectively, when Criterion Il is
adopted. The results show an increase of the errors with the increase of the concrete
strength. Accordingly, in the case of Criterion I, the average errors of Pmax for the specimens

with concrete strength grades of C20, C50 and C80 are 3.65%, 5.61% and 5.67%,
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respectively, which show a much closer agreement compared with the results using
Criterion Ill. Meanwhile, due to the longer critical crack propagation length, the predicted
crack mouth opening/sliding displacements CMOD/CMSDc. using Criterion Il are larger
than the ones using Criterion | (See Fig. 6). In summary, compared with Criterion Ill, the
predicted P-CMOD and P-CMSD curves using Criterion | exhibit a better agreement with the
experimental results.

It should be noted that the homogeneity assumption was employed for concrete in this
study, i.e. the effect of the maximum aggregate size on the FPZ evolution and crack
propagation was not considered. Conventionally, concrete can be approximately regarded
as a homogeneous material if the size of a concrete specimen is larger than three times of
its maximum aggregate size [33]. However, according to the recent studies [34-37], the
maximum aggregate size has significant influence on the fracture properties, including
fracture energy, fracture toughness and crack propagation length, of concrete. Furthermore,
the influence is also reflected by the values of Pini and Pmax from experiment because the
micro-crack formation and fictitious crack propagation is associated with the ratio of
maximum aggregate size to the ligament length [38]. Therefore, the influence of aggregates
needs to be carefully considered in modeling of quasi-brittle fracture of concrete, so that a
better understanding on concrete fracture and the associated size effect [39] can be
achieved. Recently, through establishing the relationship between the maximum aggregate
size dmax and the critical crack propagation length Aac, the effects of heterogeneous
concrete material structures on quasi-brittle fracture has been validated in terms of the size

ratios, ao/dmax, (H-ao)/dmax and Aac/dmax [38, 40-42]. Regarding the experimental results in
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475 Fig. 6. P-CMSD and -CMOD curves from experiment and numerical simulation using
476 Criteria | and Il
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478  Table 5. Comparison of Pmax from experiment and numerical simulation using Criteria | and

479 I
Predicted by Predicted
) Experimental  using criterion Error using criterion Error
Nos of specimens
(kN) [ (%) I (%)
(kN) (kN)
FPS-20-0 2241 19.05 -14.99 15.54 -30.66
FPS-20-20 13.57 14.36 5.82 12.25 -9.73
FPS-20-40 10.56 10.64 0.76 9.30 -8.72
FPS-20-60 8.68 9.06 4.38 8.04 -7.37
FPS-50-0 24.47 27.31 11.61 23.04 -5.84
FPS-50-20 19.93 20.59 3.31 18.14 -8.98
FPS-50-40 15.39 15.27 0.78 13.68 -11.11
FPS-50-60 13.97 13.03 -6.73 11.84 -15.25
FPS-80-0 28.53 29.21 2.38 24.88 -12.79
FPS-80-20 20.66 22.02 6.58 19.58 -5.23
FPS-80-40 17.23 16.34 -5.17 14.78 -14.22
FPS-80-60 15.26 13.95 -8.58 12.80 -16.12
480

481
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485  Fig. 8 illustrates the comparison of crack propagation trajectories between the tests and the
486  predictions using Criteria | and Ill. Although the different crack propagation conditions are
487  adopted in Criteria | and 1ll, the predicted trajectories are almost identical to each other and
488 have strong agreement with the experimental results. It indicates that with or without the

489  introduction of Kligi, the crack propagation condition of Criteria | and Ill does not influence

490 the predicted crack propagation trajectories.
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Effect of Ky on crack propagation

The difference between Criteria | and Il falls on whether the components of Ku, including
K, and K/, are considered in the determination of crack propagation. Therefore, in this
section, taking the concrete with C50 strength grade as an example, Fig. 9 illustrates the
P-CMSD curves from numerical results using Criteria | and Il. It should be noted that the
specimens of FPS-50-0 series are almost solely mode Il fracture corresponding to the crack
initiation. It is unreasonable to determine the crack initiation for these specimens without

considering the effect of Ki.. Therefore, in the case of FPS-50-0 series, the crack initiation is

determined using K/, —K?

on—Kiy=K¢ when both Criteria | and Il are employed in the

simulation. It can be seen from Fig. 9 that the predicted P-CMSD curves using Criteria | and
Il are almost identical and that the components of Kiin Criteria | and Il have less effect on
the predicted P-CMSD curves. However, the predicted initial fracture loads Pini using the two
criteria are obviously different. Table 6 lists Pini obtained from experiment and predictions
using Criteria | and II. Accordingly, a comparison is made between the predicted and

experimental Pini as shown in Fig. 10, in which Pinipre and Piniexp denote the predicted and
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experimental initial loads, respectively. It can be seen from this figure that, compared with
the experimental results, the errors of predicted Pini using Criterion Il are larger than the ones
using Criterion |, especially in the case of K™/K"=1.61. This is because the tip of the
notched crack is under a mixed mode I-Il stress field so the crack initiation should be
dominated by the components of modes | and Il SIFs. Fig. 11 illustrates the relationship of
SIFs corresponding to crack initiation under three kinds of fracture modes, in which Points A,
B and C denote the mixed mode I-Il, mode | and mode II, respectively. For mode | and mode
|l fracture, the crack initiation is determined by the initial fracture toughness K and K,
respectively. In the case of the mixed mode I-1l fracture, the crack initiation is determined by

the ratio of K" /K"

", where K™ and K" are the SIFs corresponding to crack initiation

under mixed mode I-ll fracture, so that K™ <K and K" <K. If only using K, i.e.
Criterion I, to determine the crack initiation under mixed mode I-1l fracture, Point D, instead
of Point A, denotes the crack initiation through increasing K" to KZ'. Obviously, the
corresponding predicted Pini will increase too, resulting in an overestimation of the initial
cracking load. Particularly, the error will be larger with the decrease of the ratio of K" /K",
Therefore, the criterion including SIFs of modes | and I, i.e. Criterion I, is more appropriate

for predicting the crack initiation of mixed mode I-II fracture.
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Fig. 9. CMSD curves from prediction using Criteria | and Il

Table 6. Comparison of Pini from experiment and prediction using Criteria | and |l

Nos of Experimental  Criterion | Error Criterion Il Error
specimens (KN) (kN) (%) (kN) (%)
FPS-20-20 10.83 9.60 -11.35 13.20 21.88
FPS-20-40 7.16 7.10 -0.84 7.80 8.94
FPS-20-60 6.10 6.00 -1.64 6.20 1.64
FPS-50-20 13.77 13.10 -4.87 18.10 31.44
FPS-50-40 10.05 9.70 -3.48 10.70 6.47
FPS-50-60 7.67 8.20 6.91 8.60 12.12
FPS-80-20 12.40 13.90 10.79 19.20 48.92
FPS-80-40 10.89 10.30 -5.42 11.40 4.68
FPS-80-60 9.06 8.70 -3.97 9.10 0.44
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Fig. 11. Relationships of SIFs under different fracture modes

However, the ratio (i.e. Ki/Ki) will change after the crack initiation. Fig. 12 illustrates the
variation of Ku/Ki during the crack propagation for FPS-50 series specimens. It can be seen
that the ratio (i.e. Ki/Ki) decreases rapidly to approximately zero after crack initiation, which
indicates that the fracture mode has transformed to mode | from mixed mode I-II. In this case,

Ki has much less significant effect on the determination of crack propagation. Therefore,



558

559

560

561

562
563

564
565

566

567

568

569

570

571

Criteria |1 and Il are approximately equivalent in the determination of the crack propagation

after crack initiation. It should be noted that the conclusion about the transformation of the

fracture mode is based on the homogeneous assumption of concrete, i.e. the effects of

aggregate bridging and crack deflection are not considered in this study.
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Fig. 12. Variation of Ki/K; during the crack propagation

For Criteria Ill and IV, K is not considered as the crack propagation resistance. Thus,

based on the two criteria, the crack will initiate under even a very small load and the fracture

will transform into that of mode | dominated after that. Although the effect of K on the

determination of crack propagation is introduced in Criterion Il and not in Criterion IV, there
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is less significant effect of Ki on the crack propagation determination. Fig. 13 illustrates the

P-CMSD curves of FPS-50 series of specimens from which it can be seen that the predicted

curves using Criterion Il are almost identical to the ones using Criterion IV.
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6. Conclusions

Four SIF-based criteria were used to determine the crack propagation of concrete under

mixed mode I-Il fracture and the whole fracture process was simulated based on the four

criteria. A series of beams under four-point shear with different concrete strength grades

were tested to measure P-CMOD, P-CMSD curves and crack propagation trajectory.
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Compared with the experimental results, the predicted results by means of the four criteria
showed different degrees of agreement. The effects of different criteria on the predicted
results, including Pini, Pmax, P-CMOD and P-CMSD curves, were discussed. The following

conclusions can be drawn:

(a) Compared with the experimental results, the predicted P-CMOD and P-CMSD curves
using the initial fracture toughness-based criterion with Ky i.e. Criterion I, show a better
agreement than the ones using the nil SIF-based criterion with Ky, i.e. Criterion Ill. With
respect to Criterion lll, the predicted Pmax is smaller, but ac, CMODc and CMSDc are
larger than the ones based on Criterion I. With the increase of the concrete strength, the
errors of Pmax between the experimental results and predictions using Criterion Il
approximately increase.

(b) Kin component in the criterion has a significant effect on the determination of the initial
load of mixed mode I-ll fracture. Compared with the experimental results, the predicted
Pini values are overestimated when the initial fracture toughness-based criterion without
Ku, i.e. Criterion Il, is employed. However, since the fracture transforms from the mixed
mode I-1l to mode | after the crack initiation, Ki component in the criterion has less effect
on the crack propagation process. Therefore, the predicted P-CMSD curves using
Criteria 1l almost coincided with the ones using Criterion I.

Among the four SIF-based criteria investigated in this study, the initial fracture

toughness-based criterion with Ky, i.e. Criterion I, is more appropriate than the other three

criteria in determining the crack propagation process of mixed mode I-11 fracture.
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Nomenclature

a

ao

ac

B
CMOD
CMODc
CMSD
CMSDc

K Iigi

Pini
Pini,exp
Pini,pre
Pmax
Pmax,exp
Pmax,pre
a

Aa

crack length

initial crack length

critical crack length

width of three-point beam

crack mouth opening displacement

critical crack mouth opening displacement

crack mouth sliding displacement

critical crack mouth sliding displacement

height of three-point beam

elastic modulus

uniaxial compressive strength of concrete

splitting tensile strength of concrete

fracture energy

thickness of the knife edge

difference of SIFs of mode | caused by applied load and cohesive force
difference of SIFs of mode Il caused by applied load and cohesive force
SIF caused by applied load

SIF caused by cohesive force

critical fracture toughness of mortar

initial fracture toughness of concrete

SIFs of mode | caused by applied load

SIFs of mode | caused by cohesive force

SIFs of mode Il caused by applied load

SIFs of mode Il caused by cohesive force

length of three-point beam

applied load

initial cracking load

measured initial load

predicted initial load from experiment

peak load

measured peak load from experiment

predicted peak load

crack propagation angle

crack propagation length

cohesive stress

stress corresponding to the break point in bilinear o-w relationship
crack opening displacement

displacement corresponding to the break point in bilinear o-w relationship
stress-free crack width




