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Abstract 
In this paper, the mechanisms of formation and propagation of fracture 
process zone (FPZ) of concrete are elaborated. According to the tension 
softening character, a banding microcrack model (BMM) has been 
developed to describe the innate characteristic and pattern of FPZ. By 
using BMM, the size of FPZ can be quantitatively calculated. The 
calculated results are compared with the experimental measurements of 
other researchers. 
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1 Introduction 

Since concrete is a heterogeneous material consisting of different phases, 
it is presented a nonlinear behavior characteristic in the region of 
inelastic zone around a propagating crack tip. Fracture process zone 
(FPZ) is such a result that led by the nonlinear phenomena. For the 
smaller concrete specimen, the size of FPZ is relatively larger, which 
even cover whole ligament. The failure of specimen will occur in the 
case that failure stress approach the ultimate strength of material. In this 
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case, the principles of LEFM are deterred to use for concrete and the 
related fracture criterion is invalid. In order to deal with this problem, 
mechanisms that responsible for FPZ in concrete have been studied. But 
the existing partial models give unsatisfactory results in evaluating the 
size of FPZ, due to these models following convention of the calculated 
model for the plastic zone of metallic materials, and not considering the 
innate characteristic of concrete. Therefore, to apply fracture mechanics 
to concrete, it is necessary to deeply understand and determine the FPZ, 
especially its size and establish a proper model. 

2 Formation and propagation of FPZ 

Series of tests to study the formation and propagation of FPZ have been 
carried out by acoustic emission (AE) technique. By using an 8 
transducers to monitor AE events, and determining the time differences 
between the detection of each event at different transducer positions, the 
location of the AE event can be determined. It is found that in the initial 
stages of loading (Fig. 1 a), AE signals originated at the region around of 
the crack tip. Due to the stress concentration, the stress in this region 
approaches tensile strength and causes microcracks. In Fig. I b we can 
find that microcracks have random orientation with respect to the main 
crack plane, i.e. the possibility of microcracking is equal for surface and 
interior of the specimen. Mihashi ( 1991) obtained the similar results by 
using 3-D acoustic emission technique. 

With the increasing of applied load, the amounts of microcracks also 
increase, and occur overlapping among the microcracks. A narrow band 
of internal cracks was detected within the measurement range by AE 
system (Fig. I c, d). The damage zone, also termed as fracture process 
zone, which consists of microcracks, is formed. The length and width of 
band of internal microcracks continuously increased. 

Near the peak load, With the continued accumulating of microcracks, 
it causes subcritical propagation of main crack, which also known as 
slow crack growth. Therefore, the presence of the FPZ results in stable 
crack growth before the peak load. 

However, at the stage of peak load and thereafter, the microcracks in 
the FPZ have developed sufficiently, which make the shape and size of 
FPZ relative stable (Fig. le, f). FPZ extends further rapidly, and leads to 
new crack surfaces. Effective intersection continuously decreases, but 
some AE events occurred ahead of the crack tip indicating ligament 
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Fig. 1. Locations of internal microcracks for different loading stages 
detected by acoustic emission. 

connections. Since some parts of crack surfaces may still be in contact 
after cracking, catastrophic failure of concrete structures immediately 
after the peak load is prevented. As a result, stress gradually decrease 
after the peak load, and a softening type of concrete stress-strain 
relationship is obtained. During the propagation of FPZ, in additional to 
microcracking, there are other mechanisms such as crack deflection, 
aggregate bridging, crack- face friction, crack tip blunting by voids, 
crack branching, etc. 

3 Banding Microcrack Model (BMM) of FPZ 

Based upon the above mentioned AB phenomena, and considering 
innate characteristic of concrete, a banding microcrack model 
of FPZ is proposed. With the BMM, the size of FPZ can 
quantitatively calculated. 

3.1 Basic assumptions of BMM 
1. An infinite concrete plate with Mode I crack under remote 

tensile stress is considered (Fig. 2). 
2. At the lower stress level cr 0, in the high stress region at the crack 

(between point 0 and A in the Fig. 2a), it will create well-distributed 
banding microcracks. 
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3. As applied load increasing (from cr0 to ai ), new microcracks 
continuously create, and the size of microcracks band increases (Fig. 
2b ). Depending on the transmit stress, FPZ is divided by two part, 
one is called as microcracks creation zone (from point O' to A' ), 
another one is called as microcracks extension zone (from point 0 to 
O' ). In the microcracks creation zone, the transmit stress is equal to 
tensile strength ft ; while in the microcracks extension zone, due to 
tension softening, the transmit stress reduces as strain increasing. At 
this point, the tip of effective crack is moved to point O', while it 
behaves elastically in the materials outside the band of microcracks. 

4. The tension softening responsible in the microcracks extension zone 
is determined by the uniaxial tensile test. 

5. When the applied stress reaches the failure stress crN , the tip of 
effective crack moved to point O" , and microcracks band has fully 
extended (Fig. 2c ). The transmit stress at point 0 decreases to zero, 
and point 0 becomes the actual start point of macro crack, while the 
transmit stress is still equal to tensile strength at the end point A" . 

According to above assumptions, in the state of Fig. 2c, the crack length 
is extended to a+ b,.a from initial length a, where b,.a is the length of 
microcrack extension zone at the critical state K1 = K1c , and the transmit 
stress in the zone is cr (x). The stress state near the macrocrack tip is 
regarded as linear elastic fracture state with effective crack length being 
a+ b,.a under sum of remote stress CTN and cohesive pressure cr (x) 
between the microcracks, as shown in Fig. 3. 
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Fig. 2. Schematic illustration of BMM 
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Fig. 3. Stress state (a) is sum of state (b) and state (c) 

3.2 Length of FPZ ( l1 ) 

Y" 

Fig. 4. Definition of 11 in critical state 

Due to stress concentration, it will cause microcracking at the tip of 
Mode I crack, which led to stress redistribution in the microcracks zone. 
In concrete, the domain is presented as strain softening. According the 
superposition principle in Fig. 3 and the definition of FPZ, the length of 
FPZ can be calculated, as shown in Fig. 4. 

In Fig. 4, l1 = tia + x0• The stress-strain relationship in tia is 
determined by uniaxial tensile test. According to the study results of 
Yao (1995) and Wu (1997), the tension softening law is regarded as 
following: 

F -kw 
()=11·e (1) 

where k is softening degree, w is crack open displacement, ft is tensile 
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strength. After function transformation, the cohesive pressure m the 
range of 11a is presented as follows 

a(x) =fr. eex (2) 

where C is empirical coefficient, x is the length of crack zone, and is in 
mm. When w = we (we is the crack separation corresponding to a-(x) 0 
and is termed the critical crack separation displacement), x = -6.a, so that 
C = -k ·we I 11a is obtained. According to LEFM, we know 

(3) 

and 

x = _1 (K1eJ2 
o 2TC fr (4) 

Based upon the condition of load balance, area A1 is equal to area A2 

(Fig. 4): 

(5) 

(6) 

By combining Eqs. (5) and (6) one obtain 

11a = -ln(l - Cx0 ) IC (7) 

The value of !).a is then obtained by substituting C = -k ·we I 11a into Eq. 
(7) as 

!J.a = kwcX0 I (I - e-kwc) (8) 

The length of FPZ, namely If , can then be determined as 

(9) 

For metallic materials, due to yielding, k ~ o. It can be verified that the 
value of If is equal to 2x0 , which is fit the length of modified yielding 

zone exactly. For concrete materials, Eq. (9) can be approximately 
expressed as follows by substituting the boundary condition e-kwc ~ O 
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I - - I+k·wc (K1c)2 
I - Xo + .D.a - -

21C f, 
(10) 

3.3 The width of FPZ ( w1 ) 

To obtain the value of w1 , it is necessary to firstly determine the 
distribution of ay in perpendicular plane to the orientation of crack 
propagation. From Fig. 5, the value of ay at the crack tip is as 

Ki e [i . e . 3BJ a =--cos- +sm-sm-
Y .J2;;;. 2 2 2 

(11) 

where r,O is polar coordination. 
Before microcracking, the distribution of ay in the plane of e = 90° 

near the crack tip is as follows: 

I 
3K1 a -

y 8=90' - 4~ 
(12) 

Supposing in the range of r :::;; y 1 , the value of a y is equal to the tensile 
strength, then one can obtain 

(13) 

When K 1 = K 1c, y 1 has maximum value, and the width of FPZ can then 
be determined 

W = 2 = _2_ Kie 
( )

2 

I Y1 K1=K1c 81C f, (14) 

(j 

y 

x 

Fig. 5. Coordinate system in front of crack tip 
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4 Discussion and Conclusion 

In the past, the size of FPZ was regarded as related to the specimen 
depth. For example, Alexander (1986, 1988) has reported that the length 
of FPZ is about 0.368,..,,0.684 of specimen ligament. While the width of 
FPZ was regarded as proportion to the maximum aggregate size. Bazant 
(1983) reported that the width of FPZ is about three times of the 
maximum aggregate size, while Chhuy (1986) thought it is as wide as 
the maximum aggregate size and verified this using ultrasonic detective 
test. But the above views are thought to be lopsided. The reason is that 
the specimens tested is not large enough for the fully development of 
subcritical crack, which led to incorrect experimental results for the size 
of FPZ. In other words, the above reported results are not the terminal 
value of Only when the specimen size is large enough, can the 
exact value of be determined by testing. Shah (1984) has studied the 
influence of specimen depth on the measured value of FPZ. He reported 
that with the increase of specimen ligament, the length of FPZ increases 
and gradually approaches to a constant value. 

In Eqs. (10) and (14), as the coefficients k,wc,and f 1 are determined 
by directly tensile test, being material parameters, and K 1e being a true 
fracture parameter independent of size, the size of FPZ calculated by 
Eqs. (10) and (14) are also material parameters which are size 
independent. The following comparison is carried out with the data 
determined by some researchers . 

Tian (1986) has tested a series of specimens with different depths but 
the same material, in which the maximum depth is about 2000 mm, and 
obtained a stable critical stress intensity factor using LEFM. The data 

are listed as: a0/h = 0.5, dmax = 20 mm, K 1e = 1.241 MPa.J;, fr 2.46 
MPa. From regression analysis of the uniaxial test results of Yao (1995) 
and Gopalaratnam (1985), we suggest that the value of k ·we equal 3. 
By substituting it into Eqs. (10) and (14), the length and width of FPZ 
can be obtained 

l = l+k·wc(K1c)2=1+3(1.241)2=0.162m=162mm (15) 
f 2tr J; 2tr 2.46 

and 

w = _2_(K1c) 2 

= 0.091m=91 mm (16) 
f 8tr fr 
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In Table 1, some research results on FPZ by usmg different 
techniques and different geometry specimens are listed. 

Table 1. Experimental measurements on the FPZ in concrete 

No. 11 (mm) w1 (mm) Testing method Ref. 

1 >114 - Compliance measurements Kabayashi (1985) 
2 100 - Three dimensional strain gauges Chhuy (1986) 
3 105 - Acoustic emission Izumi (1986) 
4 160 120 Acoustic emission Berthelot (1987) 
5 >100 >100 Acoustic emission Rossi (1989) 
6 >100 - Interferometry technique Du (1989) 

From Table 1, the results are similar, regardless of the geometry of 
specimen and the applied techniques. It indicates that the fracture 
process zone may have a substantial size. 

Comparing with the calculated results of Eqs. (15), (16) and the 
measured ones of Table 1, it is found the data show similar to each 
other, which verify that the proposed model ofFPZ in this paper is valid. 

Moreover, the two results are showed size independent, indicating 
that the size of stable FPZ is a fundamental material property. 
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