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Abstract: Dynamic Realistic Failure Process Analysis (DRFPA) is a numerical software based on 
FEM it is firstly validated by comparing with the experimental test. Such validation is carried out 
under two consistent concrete specimens under uniaxial compression. After validation, DRFPA is 
used to study the influence of two parallel pre-existing crack inclination angles on the fracture of 
concrete under dynamic loads. The evolution of wing cracks and secondary cracks is investigated 
by observing the initiation, coalescence, and propagation of them. Meanwhile, the relationship be-
tween failure mode and inclination angles is discussed via analyzing the acoustic emission events. 
Finally, it is concluded the relationship between inclination angles of pre-cracks and perfor-
mance/stability of concrete structure. 
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1. INTRODUCTION 
Pre-cracked structure has studied considerably in both experimental and numerical 

fields in last few decades. Such studies covered rock structure [1], [2], masonry structure 
[3] and concrete structure [4]. In particular, two parallel pre-existing cracks in multiple 
materials have been studied to predict the performance/stability of those structures/ma-
terials by investigating the failure mode (tension failure/shear failure) and the evolution 
of cracks, such as the initiation, coalescence and propagation of wing cracks/secondary 
cracks [5-8].  

In addition, many variables influencing the behavior of the pre-cracked concrete in-
cluding the mechanical parameters [9] as well as rough surface properties [10] of it, incli-
nation angles geometry [4] and loading methods [11], were investigated considerably. 
However, few studies covered three-phase (matrix, bond and aggregate) concrete with 
variable two parallel pre-existing cracks subjected to dynamic impact compressive stress 
wave [8]. 

In terms of model scale, many levels were involved in past studies, such as micro, 
meso and macroscopic level [12]. In general, an experimental model is used to assess con-
crete failures and investigate the evolution of cracks at a meso or macroscopic level. How-
ever, it is difficult to observe the internal crack evolution and failure mode under such 
study methodology [13]. Therefore, many numerical methodologies have been developed 
significantly to do advanced studies on pre-cracked reinforced/unreinforced concrete [14, 
15]. Hsu proposed a theory related to softened truss model to realize numerical study [16]. 
Furthermore, Bazant and Ozbolt proposed another numerical method called nonlocal mi-
cro-plane model [17]. After that, they evolved their model via updating the function of 
adding single pre-crack [18]. However, it is difficult to simulate the heterogeneous and 
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some mechanical parameters of material via many common numerical models, and 
above-mentioned models could not setup multiple pre-cracks, and they were not adopted 
to apply dynamic loadings. Tang developed a new numerical software to make up those 
mentioned disadvantages based on the finite element called RFPA [19], and there was also 
a dynamic version (DRFPA).  

After this introduction, the following Section 2 is related to basic constitutive rela-
tionship of DRFPA. Section 3 detailed describes the numerical model setup. In Section 04, 
the numerically simulated results are analyzed in detail. Section 05 presents the conclu-
sions.  

2. Description of DRFPA 
Realistic Failure Process Analysis (RFPA) was proposed by Tang [18] and had been 

evolved considerably. Based on it, a dynamic version was developed, abbreviated as 
DRFPA. Such software was established on finite element theory and statistic damage the-
ory to numerically simulate progressive fracture and instability of quasi-brittle rock-like 
materials under either dynamic or static loadings at the mesoscopic level [8]. Compared 
with other numerical software or experimental specimens, the advantage of current soft-
ware is that the inhomogeneity of material properties can be digitized to simulate the 
nonlinearity of material itself [8]. Meanwhile, the mechanical problems of discontinuous 
media can be solved based on a continuum mechanics method. The mechanical properties 
(e.g., elastic modulus, strength and Poisson’s ratio) of three-phase (matrix, bond and ag-
gregate) concrete specimens are assumed to follow the Weibull distribution which can be 
defined as probability density function proposed by Weibull [8], [20-21]:  

f(u) =
m
u0
�

u
u0
�
m−1

exp �− �
u
u0
�
m
� (1) 

Where, u is a given mechanical property, u0 is the parameters of scale, m is a parameter 
related to the shape of distribution function. It should be noted that m is related to homo-
geneity index, that is, the material becomes more homogeneous when it is assigned a 
larger value [8]. 

2.1. Constitutive Relationship of DRFPA 
First of all, the elastic damage mechanics must be considered according to constitu-

tive relationship of the elements for both tensile and shear damage conditions. The elastic 
modulus of damaged material can be expressed as follows [8, 12]: 

E = (1 − D)E0 (2) 

Where, E and E0 denote damaged and undamaged materials related to elastic modulus, 
respectively [8]. D is damage which can be divided into D+ (tensile damage) and D- (shear 
damage). It should be noted that above three terms are all scalars since it is assumed the 
damage of element is isotropic elasticity. In addition, at the beginning of simulation, D=0, 
that is because there is no initial damage being contained, simultaneously, the stress-strain 
curve is linear elastic without damage occurring in such model [8]. 

According to Zhu et al. [12], in terms of uniaxial tension, considering the damage 
evolution of element [22], the constitutive relationship under static loading condition at 
the mesoscopic level can be expressed as below [23]: 

D = �

0                         ε < εt0

1 −
λεt0
ε

 εt0 < ε < εtu
1                          ε ≥ εtu

 (3) 

Where, λ is the coefficient of residual strength which can be defined by𝑓𝑓𝑡𝑡𝑡𝑡 = 𝜆𝜆𝑓𝑓𝑡𝑡0, 𝑓𝑓𝑡𝑡𝑡𝑡 is 
residual tensile strength, 𝑓𝑓𝑡𝑡0 and is uniaxial tensile strength. 𝜀𝜀𝑡𝑡0 Is threshold strain which 
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represents the elastic limit of strain [8, 24]? 𝜀𝜀𝑡𝑡𝑡𝑡 Is ultimate tensile strain which is defined 
by𝜀𝜀𝑡𝑡𝑡𝑡 = 𝜂𝜂𝜀𝜀𝑡𝑡0, η is ultimate strain coefficient. Therefore, according to above relationship, 
the element will be damaged when tensile strain of it reaches the ultimate value [8]. 

However, the above-mentioned constitutive relationship of uniaxial tension is con-
sidered as one dimensional. Therefore, an equivalent three-dimensional method proposed 
by Mazars, and Pijaudier-Cabot was applied to expand the dimension from one to three 
[25]. Such function can be expressed as below [8, 26]: 

ε� = �〈ε1〉2 + 〈ε2〉2 + 〈ε3〉 2 (4) 

Where, ε1, ε2 and ε3 are the main strains, respectively. 𝜀𝜀 ̅ is equivalent stain which is re-
placed by main strains. Equation (4) can be applied if and only if when the element satis-
fies the maximum tensile strain criterion to produce tensile damage. In addition, ˂ ˃ func-
tion can be defined as follows [8, 27]: 

〈x〉 = �x  x ≥ 0
0  x < 0 (5) 

Thus, now (3) can be rewritten as [28]: 

D = �

0                         ε̅ < εt0

1 −
λεt0
ε

 εt0 < ε̅ < εtu
1                          ε̅ ≥ εtu

 (6) 

Nevertheless, above constitutive relationship only covers elastic damage aspect at 
the mesoscopic level. In fact, damage of element also exists when it is under uniaxial com-
pression or shear stress [29]. In current paper, it is assumed the shear damage is also at 
the mesoscopic level under such stress [30]. Thus, Mohr-Coulomb criterion can be used to 
be the second damage threshold [31-32]: 

F =
1 + sinϕ
1 − sinϕ

σ1 − σ3 ≥ fc0 (7) 

Where, ϕ is internal friction angle of element, fc0 is uniaxial compressive strength of that 
as a positive number. σ1 and σ3 are maximum and minimum principal stress, respectively. 
Above parameters are all at the mesoscopic level [8]. 

In this way, the constitutive relationship of uniaxial compressive stress is easy to de-
rive [12]: 

D = �
0              ε > εc0

1 −
λεc0
ε

 ε ≤ εc0 
 (8) 

Here, λ is the residual strength coefficient of elements and it is satisfied the following 
relationship: = 𝑓𝑓𝑐𝑐𝑐𝑐

𝑓𝑓𝑐𝑐0
= 𝑓𝑓𝑡𝑡𝑡𝑡/𝑓𝑓𝑡𝑡0 . 𝜀𝜀𝑐𝑐0 Is maximum compressive principal strain. 𝜀𝜀𝑐𝑐0 Is maxi-

mum compressive principal strain and it can be described as below [33]: 

𝛆𝛆𝐜𝐜𝐜𝐜 =
−𝐟𝐟𝐜𝐜
𝐄𝐄𝟎𝟎

. (9) 

Meanwhile, when element is under multi-axial stress state, it satisfies the Mohr-Cou-
lomb criterion as well. The maximum compressive principal strain εc0 can be expressed as 
follows [34]: 

εc0 =
1

E0
�−fc0 +

1 + sinϕ
1 − sinϕ

σ1 − μ(σ1 + σ2)� (10) 

Where, μ is Poisson’s ratio [8]. 
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Meanwhile, the maximum compressive principal strain ε3 can be substituted into (8) 
when element is under multi-axial stress state and satisfies the Mohr-Coulomb criterion 
at the same time [35]. Now, one dimensional relationship can be extended to three-dimen-
sional. The damage variable D is expressed as below [8]: 

D = �
0               ε3 > εc0

1 −
λεc0
ε3

 ε3 ≤ εc0
 (11) 

In addition, the constitutive relationship of element is expressed based on the elastic 
mechanics. There is no damage occurring when element is unloaded or reloaded. Thus, 
elastic modulus of materials will be constant, and element will keep residual deformation 
when all elements are unloaded, or in other word, all stresses are released. In current pa-
per, the element is constantly damaged, and material properties of element are continu-
ously weakened although there is only one constitutive relationship considering. Mean-
while, a repeated calculation will be processed under a constant external loading condi-
tion when an element fails in a loading step until there is no element damaging. It can be 
seen as an iterative process, called step-in-step function [8].  

2.2. Strain-Rate Damage 
Mohr-Coulomb criterion can be applied under dynamic loading condition when in-

crement of cohesion of with strain rate is counted [8, 36]. A semi-log function is expressed 
as follows to describe the relationship between dynamic uniaxial compressive strength 
and loading rate [37]: 

fcd = A log�ḟcd ḟc0⁄ � + fc0 (12) 

Where, fcd is dynamic uniaxial compressive strength in MPa, ḟcd is dynamic loading rate 
in MPa/s. ḟc0 Is quasi-brittle loading rate and it is approximately equal to 5×10-2 MPa/s, fc0 
is uniaxial compressive strength at quasi-static loading rate. A is strain rate parameter 
which effects dynamic strength. The value of it in terms of different materials are detailed 
discussed in previous paper [8, 38]. 

2.3. Finite Element Implementation 
Zhu and Tang indicated that the equilibrium equation governed the linear dynamic 

response of the finite element system which can be expressed as below [8, 39]: 

MÜ + CU̇ + KU = R(t) (13) 

Where, M, C and K are mass, damping and stiffness, respectively. R(t) is vector of exter-
nally applied loadings or unbalanced force. U, U̇ and Ü are nodal displacement, velocity 
and acceleration, respectively. In terms of some other assumptions, such as Rayleigh 
damping and Wilson θ method of implicit time integration, detailed discussion and de-
scription are covered in previous paper [8, 38]. 

In addition, for dynamic response problem, the maximum time step is related to the 
wave speed in material and size of the finite element. In this way, the maximum time step 
can be selected, and then the stress wave cannot propagate beyond the distance between 
integration points of elements in time increments [8]. 

2.4.(. AE) Principal 
The principal of acoustic emission (AE) is necessary to clarify [8]. Such function is 

used to monitor the crack/fracture processes forming in some portions of concrete speci-
mens [40]. In current software, it is assumed that the (AE) events will occur when element 
fails because the elastic energy stored in element must be released during the deformation 
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happening [8]. Therefore, DRFPA is able to simulate (AE) activities, such as rate, magni-
tude and location of (AE) events, by recording the released energy and damaged count of 
elements. The accumulative damage D can be calculated as follows [8, 41]: 

D =
1
N
� ni

s

i=1

 (14) 

Where "s" is the number of calculated steps, "ni" is the damaged elements in the nth step, 
"N" is the total elements of simulated model [8].  

Additionally, the release of energy can be calculated as follows when element fails 
[8, 42]: 

Wi =
1

2E
(σ12 + σ32 − 2νσ1σ3)V (15) 

Where, "i" is number of elements, "Wi" is released elastic strain energy, "E" is elastic mod-
ulus, σ1 and σ3 are maximum and minimum principal stress, respectively. "𝜈𝜈" Is Poisson 
ratio; "V" is the element volume [8, 42]. 

2.5. Static Verification of Numerical Model 
The DRFPA is verified by comparing the numerically simulated results with the cor-

responding experimental results under static loadings [8]. The dimension of concrete 
specimen is 100mm long and 100mm high. The mechanical parameters related to elastic 
modulus, uniaxial compressive strength and homogeneity index of experimental three-
phase concrete are shown in Table I. Failure patterns of both experimental and numerical 
results are illustrated in Fig 1. It should be noted that the specimen is simulated under 
uniaxial compression [43]. 

TABLE I. Mechanical Parameters of Experimental Three-Phase Concrete [8, 44]. 

Phase 
Elastic modulus 

(GPa) 
Uniaxial compressive strength 

(MPa) 
Homogeneity index 

m 
Matrix  28.6 175 3 
Bond  15 150 1.5 

Aggregat
e  

80 500 6 

  
A B 

Fig 1 Failure patterns of concrete specimen under uniaxial compression: (a) experimental result; 
(b) numerical result [8, 44]. 

According to Fig 1, the failure mode of numerical simulation is in agreement with 
that of experimental result. However, it should be noted that the evolution of cracks is not 
idealized consistent. This is because the heterogeneity of concrete three-phase is difficult 
to determine in terms of experimental model. 

3. Numerical Model Setup 
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The pre-cracked concrete specimens with 200mm high, 100mm wide and 1mm thick 
are numerically formed two parallel pre-existing cracks before simulation. Such cracks are 
30mm long and 1mm thick which are located at the center of the specimen and the internal 
tips of them are 40mm apart in the vertical direction as show in Fig 2(a) [45]. Where, α is 
the inclination angle measured from horizontal plane to pre-cracks while β is that of the 
concrete bridge. Table II shows α and β variables related to specimens. It should be noted 
that ligament length (i.e., the distance between two internal flaw tips) will vary according 
to the change of β [46]. Concrete specimens are three-phase, including matrix, bond and 
aggregate. Related mechanical parameters of them are referred to Table III [12].  

  
A B 

Fig 2 (a) Specimen model; (b) Applied dynamic impact compressive stress wave [8, 38]. 

In addition, some basic assumptions and numerical simulation parameters are nec-
essary to be clarified. First of all, all involved mechanical parameters of three-phase are 
followed Weibull distribution. Meanwhile, the element constitutive parameters are cov-
ered such as softening scheme of the constitutive curve, residual strength coefficient and 
friction angle. Secondly, as mentioned in Section 02, the relationship of element related to 
both compressive strength and tensile stress are considered to be close. Therefore, they all 
follow the same distribution in current paper, and the value of the tensile strength can be 
calculated automatically by software from multiplying the compressive strength value by 
the coefficient of tensile strength. Thirdly, in order to avoid the adverse effect of some 
important parameters on the results, it is set the same homogeneity of material related to 
elastic modulus and uniaxial compressive strength, following Weibull distribution as well 
[8].  

Table II. α and β variables. 

Specimen  α (°) β (°) 
I (reference term)  45 90 

II  0 90 
III 30 90 
IV 60 90 
V 90 90 
VI 45 45 
VII 45 60 
VIII  45 120 
IX  45 135 

Furthermore, tensile strength ratio is 10, internal friction angle is constant at 30°. It 
should be noted that the dispersion of Poisson’s ratio is relatively small, thus, its homoge-
neity and average value are 100 and 0.2, respectively. Finally, according to previous paper 
of Wang et al. [38], a dynamic impact compressive stress wave is applied to the specimens 
to implement dynamic simulation. The frequency of wave and magnitude of pressure re-
lated to such wave are illustrated in Fig 2(b). All specimens will be numerically simulated 
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1500 steps (150 microseconds) and step-in-step function will be used to identify the dif-
ference between tension failure and shear failure [8]. 

Table I. Mechanical Parameters Of Three-Phase Concrete Specimens [8, 12] 

Phase Elastic modulus (GPa) Uniaxial compressive strength (MPa) Homogeneity index m 

Matrix  27.30 165 3.0 

Bond  11.44 70 3.0 

Aggregate  80.00 500 6.0 

4. Numerical Results And Analysis 
To understand the influence of inclination angles related to pre-cracks on fracture of 

concrete, nine series of specimens are numerically simulated through DRFPA to investi-
gate the initiation, coalescence and propagation of wing cracks as well as secondary 
cracks, meanwhile, AE energy and counts captured by DRFPA are also discussed [8].  

4.1. Reference Term (α=45°, β=90°) 
When α=45°, β=90°, through the AE distribution patterns as shown in Fig 3 [32] (AE), 

it is easy to find that AE events firstly occur near the bond phase when dynamic impact 
compressive stress wave passes through the specimen. In particular, massive energy re-
lease (AE events) is captured concentrating the tips of pre-cracks, especially for upper pre-
crack. Correspondingly, shear stress is also concentrated near those areas, thus, crack 
forms as shown in Fig 3 (Stress, Cracks) [8]. 

AE 

     

Cracks 

     

Stress  

     

Step  300 600 900 1200 1500 

Fig 3 The distribution patterns of AE, cracks and shear stress when α=45°, β=90°. 

According to the crack distribution patterns, it is found that, under current inclina-
tion angles geometric condition, micro cracks obviously initiate from nearby tips of pre-
cracks, then, along with subjecting to the continuous dynamic wave and its reflected wave 
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[8], such cracks coalesce into larger scale cracks called wing cracks. After that, wing cracks 
propagate along the direction parallel to the applied dynamic loadings [47].  

In addition, in terms of secondary cracks, it is found some oblique second cracks are 
forming below the upper pre-crack at the same time as the wing cracks forming. However, 
in contrast, there is no obvious quasi-coplanar secondary crack initiating nearby neither 
upper pre-crack nor lower pre-crack. This may be related to the angle between α/β and 
the direction of dynamic loadings, which needs to be proved in Section 4.2 and 4.3 [48].   

4.2. α. Variables 
In order to clarify the influence of α on initiation, coalescence and propagation of 

wing cracks and secondary cracks, four series specimens are numerically simulated by 
investigating α variables.  

4.2.1.α=0° 
When α=0°, compared with reference term, Fig 4 shows that wing cracks are not ob-

viously initiate. There are only few cracks initiating and propagating along the bond phase 
on the outside of two pre-cracks, that is above the upper pre-crack and below the lower 
pre-crack. Meanwhile, for concrete bridge area, there are some micro cracks initiating near 
the internal tips of pre-cracks, while such cracks tardily and steadily coalesce and propa-
gate along the bond phase, forming small scale wing cracks. After 1500 steps simulation, 
those wing cracks initiated from upper and lower internal tips do not intersect [8, 47]. 

AE 

     

Cracks 

     

Stress  

     

Step  300 600 900 1200 1500 

Fig 4 The distribution patterns of AE, cracks and shear stress when α=0°, β=90°. 

In addition, it is obviously found that oblique second cracks initiate from the external 
tip of lower pre-crack, and such cracks propagate parallel to the direction of dynamic 
loadings [8, 49]. It should be noted that such cracks coalesce tardily at the earlier stage of 
dynamic loadings, while it propagates significantly when reflected wave reaches the 
lower pre-crack. Meanwhile, micro cracks only slightly initiate at the external tip of upper 
pre-crack, forming very slight quasi-coplanar secondary cracks with continuous dynamic 
loadings and its reflected wave. 

4.2.2. α=30° 
When α=30°, as shown in Fig 5, the wing cracks of concrete bridge are significantly 

initiate and propagate over time, causing obvious fracture within such zone. In the mean-
time, some micro cracks initiated from external tips of both upper and lower pre-cracks 
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coalesce tardily and steadily before 60µs (Step: 600). Those micro cracks propagate along 
the bond phase, forming minor wing cracks and quasi-coplanar secondary cracks near the 
external tip of upper pre-crack (90µs, Step: 900). Similarly, there are also minor quasi-
coplanar secondary cracks initiating and propagating from the external tip of lower pre-
crack. However, there is no wing crack initiating from such position [8, 50].  

AE 

     

Cracks 

     

Stress  

     

Step  300 600 900 1200 1500 

Fig 5 The distribution patterns of AE, cracks and shear stress when α=30°, β=90°. 

In terms of oblique second cracks, such cracks initiated from the internal tips of both 
upper and lower pre-cracks dramatically coalesce and propagate along the direction par-
allel to the applied dynamic loadings [8]. Their propagation spread to the top face and 
bottom face of concrete specimen, showing a radial crack distribution pattern, when spec-
imen is subjected to dynamic wave and its multiple reflected waves, respectively [51].  

4.2.3. α=60° 
When α=60°, Fig 6 illustrates the AE events, crack distribution patterns and shear 

stress distribution, respectively. 

AE 

     

Cracks 

     

Stress  

     

Step  300 600 900 1200 1500 

Fig 6 The distribution patterns of AE, cracks and shear stress when α=60°, β=90°. 
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From the Fig 6 (AE), it is obvious that the AE events are concentrated in upper part 
of the specimen. There are only minor AE events being captured near the bottom face of 
concrete specimen caused by the reflected wave. Therefore, it is found some micro cracks 
initiate near the tips of upper pre-cracks when t=90µs (Step: 900). Such micro cracks coa-
lesce and transform into wing cracks and oblique second cracks over time. They all prop-
agate along the bond phase whose direction is perpendicular to the applied dynamic load-
ings. In addition, the wing cracks of concrete bridge are mildly initiate and propagate over 
time, causing minor fracture within such zone. In the meantime, in terms of the evolution 
of cracks near lower pre-crack, there are only some minor micro cracks initiating from tips 
of it, not coalescing into large-scale cracks, regardless of wing cracks or secondary cracks 
[8].  

4.2.4. α=90° 
When α=90°, as shown in Fig 7, it is similar with the case when α=60°. According to 

the Fig 7 (AE), more AE events are concentrated in upper part of the concrete specimen 
than that of lower part. Compared the evolution of cracks from upper pre-crack with that 
of lower pre-crack, the micro cracks initiated from external tip of upper pre-crack trans-
form into wing cracks and then propagate along the direction perpendicular to the applied 
dynamic loadings. However, the wing cracks formed from external tip of lower pre-crack 
propagate along the direction parallel to the applied dynamic loadings. In terms of the 
wing cracks within concrete bridge, some micro cracks initiate near the internal tips of 
both upper and lower pre-cracks, whereas such micro cracks do not coalesce into wing 
cracks before 150µs (Step: 1500). Meanwhile, it is found significant oblique second cracks 
initiate and propagate from external tip of upper pre-crack. The direction of it is opposite 
to that of wing cracks. In addition, it is not found significant quasi-coplanar secondary 
cracks forming from neither upper nor lower pre-cracks within 150µs simulation [8, 52-
53]. 

AE 

     

Cracks 

     

Stress  

     

Step  300 600 900 1200 1500 

Fig 7 The distribution patterns of AE, cracks and shear stress when α=90°, β=90°. 

4.3. β. Variables 
Similarly, in order to clarify the influence of β on initiation, coalescence and propa-

gation of wing cracks and secondary cracks, four series specimens are numerically simu-
lated by investigating β variables [54]. 
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4.3.1. β=45° 
When β=45°, as shown in Fig 8, according to Fig 8 (AE), AE events are originally 

concentrated in tips of pre-cracks, forming micro cracks when t=60µs (Step: 600). After 
that, concrete specimen is subjected to reflected wave, and more AE events occur at the 
upper part of it (t=90-150µs, Step: 900-1500). From the Fig 8 (Cracks) (Shear), it is found 
that those micro cracks initiated from tips of pre-cracks coalesce and transform into wing 
cracks over time. In particular, it is also observed that oblique second cracks form from 
the internal tip of upper pre-crack, and they propagate along the direction parallel to the 
applied dynamic loadings. In the meantime, there are significant quasi-coplanar second-
ary cracks initiating and coalescing from both internal tips of pre-cracks within the con-
crete bridge. The propagation of such cracks is along the bond phase [8, 50]. 

AE 

     

Cracks 

     

Stress  

     

Step  300 600 900 1200 1500 

Fig 8 The distribution patterns of AE, cracks and shear stress when α=45°, β=45°. 

In addition, in terms of those cracks propagating in the upper part of specimen, it is 
considered to cause partial damage/fracture of concrete. This is because the ligament 
length is too long to effectively block the propagation of reflected wave/secondary re-
flected wave inside the specimen. 

4.3.2. β=60° 
When β=60°, Fig 9 (AE) shows the AE events distribution patterns. Compared with 

previous case (β=45°), the distribution of AE events is more even. This is because as the β 
increases, the ligament length of concrete bridge gradually decreases, which effectively 
prevents the reflected wave from propagating in concrete specimen.  
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Cracks 
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Stress  

     

Step  300 600 900 1200 1500 

Fig 9 The distribution patterns of AE, cracks and shear stress when α=45°, β=60°. 

The wing cracks initiate from external tips of both upper and lower pre-cracks sig-
nificantly. However, in terms of the wing cracks initiated from internal tips of pre-cracks, 
it is relative minor. In the meantime, for external tips of pre-cracks, there are some micro 
cracks initiating there as shown in Fig 9 (Cracks) when t=120µs (Step: 1200). Such micro 
cracks tardily and steadily coalesce and transform into oblique second cracks, shown in 
Fig 9 (Cracks) when t=150µs (Step: 1500). In addition, there is no quasi-coplanar secondary 
cracks forming near neither internal nor external tips of pre-cracks [8]. 

4.3.3. β=120° 
When β=120°, as shown in Fig 10, according to the AE distribution of Fig 10, it is 

found that the AE events are mainly concentrated on the central axis of the specimen at 
the first 90µs (first 900 steps) [32]. When t=1200µs (Step: 1200), AE events are significantly 
distributed through the entire specimen except for concrete bridge, and there are little 
changes of such events since then (t=1500µs, Step: 1500). It is observed significant wing 
cracks initiating and coalescing from the external tips of pre-cracks. In terms of concrete 
bridge, there are some minor cracks propagating along the bond phase. Such cracks do 
not form any wing cracks or secondary cracks. In addition, it is not found secondary cracks 
during the 150µs (Step: 1500) progress [8, 55]. 

AE 

     

Cracks 

     

Stress  

     

Step  300 600 900 1200 1500 

Fig 10 The distribution patterns of AE, cracks and shear stress when α=45°, β=120°. 

4.3.4. β=135° 
When β=135°, Fig 11 (AE) shows the AE events distribution patterns. Compared with 

previous case (β=120°), the distribution of AE events is concentrated in concrete bridge at 
first 60µs (Step: 0-600). 
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Correspondingly, the wing cracks of concrete bridge initiate and coalesce in such 
zone. After that, the wing cracks form from the external tip of lower pre-crack as signifi-
cant AE events occur (90µs, Step: 900) [56]. When t=1200-1500µs (Step: 1200-1500), wing 
cracks occur simultaneously in AE activities, initiating and coalescing from external tip of 
upper pre-crack. Similarly, with previous cases, the secondary cracks are not very obvi-
ous, only for the external tip of lower pre-crack, there are some oblique second cracks 
propagating along the bond phase.  

AE 

     

Cracks 

     

Stress  

     

Step  300 600 900 1200 1500 

Fig 11 The distribution patterns of AE, cracks and shear stress when α=45°, β=135°. 

4.4. AE Energy and Count 
According to Table IV and Table VI, the events of AE energy and counts are always 

simultaneous, and their varies of magnitude are simultaneous as well. Meanwhile, the 
peaks of them are simultaneous. These phenomena are all consistent with the theory of 
current software. Therefore, it can be an effective way to investigate the process of crack 
initiation, coalescence and propagation, and the damage/fracture of specimens by analyz-
ing the AE energy and counts. 

4.4.1α. Variables 
On the first hand, from Table IV, it is found the first peaks of AE energy and counts 

are postponed with increase of α. According to the shear stress distribution patterns as 
shown in from Fig 3 to Fig 7, the first peak is caused by dynamic impact compressive 
stress wave reaching the lower face of specimens and forming a reflected wave, such re-
flected wave damages the lower face of specimens, then lots of cracks initiate nearby there, 
and they propagate along the bond phase. Thus, it is easy to find that the magnitude of α 
can influence the dynamic impact compressive stress wave propagation speed. That is, 
the larger the α, the slower the speed of dynamic wave propagates. Generally, the second 
peaks of AE energy and counts are much higher than that of first peaks. This is because 
the reflected wave reaches the pre-cracked zone and forms the element failure with plenty 
energy release. During this progress, previous micro cracks caused by dynamic impact 
compressive stress wave transform into wing cracks or secondary cracks by taking sec-
ondary damage from reflected wave. The third peaks of AE energy and counts are caused 
by the secondary reflected wave. Such wave again passes through the pre-cracked zone 
that has been partially damaged. According to the value of the third peak, regardless of 
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the AE energy or the counts, it is found that AE events become more active as the α in-
creases, that is, more energy is released, and the damage/fracture of specimens is more 
serious. On the other hand, according to  

TABLE V, it is illustrated the relationship between α and AE energy, counts as well as 
their accumulative value. It is found that the peak value of AE energy and counts gener-
ally increases as α increases, while the total value of AE energy and counts decreases. That 
is, the damage/fracture of specimens is more serious with smaller α because the AE energy 
release directly represents the failure level of specimen. Furthermore, compared with the 
trend of peak value related to AE energy and counts as shown in Table IV, it is clear that 
the released energy and captured counts of AE increase with the number of reflected 
waves increasing, forming more serious damage/fracture of specimens. Therefore, it is 
predicted that in terms of pre-cracked concrete specimens subjected to dynamic impact 
compressive stress wave in a short time, the damage/fracture of specimens will be more 
severe with smaller α. Conversely, when specimens are under such dynamic loadings for 
a relative long time, the damage/fracture of them is milder as α decreases [8].  

Table IV. AE energy as well as counts and their accumulative value. (α variable) [8]. 

α AE energy and its accumulative value AE count and its accumulative value 
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Table V. Peak AE energy as well as counts and their total value (α variable). 

α Peak AE energy (J)  Peak AE counts  Total AE energy (J) Total AE counts 

0° 0.0000813 49 0.0073016 3209 

30° 0.0000820 32 0.0069579 3025 

45° 0.0000751 32 0.0068546 2974 

60° 0.0001402 65 0.0068341 2936 

90° 0.0003268 124 0.0065246 2795 

Table II. AE energy as well as counts and their accumulative value. (β variable) [8] 

β AE energy and its accumulative value AE count and its accumulative value 
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4.4.2. β. Variables 
First of all, according to Table VI, compared with the influence of α on propagation 

speed of dynamic impact compressive stress wave, it is not found the first peaks of AE 
energy and counts are advanced or postponed with increment of β. According to the shear 
stress distribution patterns as shown in Fig 3 and from Fig 8 to Fig 11, it is similar with 
the explanation in Section 0, that is, the first peak is caused by the dynamic wave when it 
reaches the bottom of specimens and forms a reflected wave, then such wave causes en-
ergy release from each element nearby lower face of specimens, initiating lots of cracks 
and propagating along the bond phase. Therefore, it is concluded that the magnitude of β 
will not influence the dynamic impact compressive stress wave propagation speed.  

In addition, in terms of β variables, the second peaks of AE energy and counts much 
differ from that of α variables. When β=45°, the second peaks of AE energy and counts do 
not form around 60 to 70µs when dynamic wave passes through the pre-cracked zone, as 
shown in  

Table VI (45°). In other word, the reflected wave mildly damages the element nearby 
such zone, causing minor AE events. When β=60°, the second peaks of AE energy and 
counts are slightly lower than that of the first peaks. After that, the second peaks of AE 
energy and counts become higher than their own first peaks as β increases. In general, 
when β=90°, its second peaks value is the largest among all β variables. The reason for this 
phenomenon is because of the ligament length of concrete bridge. When ligament length 
increases, the reflected wave only causes mild damage in pre-cracked zone, forming mi-
nor AE events.  

Finally, it is not found that the β variables have influence on AE events caused by 
secondary reflected wave. All AE counts value of the third peaks are approximately be-
tween 30 and 40, compared with the variety of data amplitude caused by the α variables, 
it is considered within the allowable data floating and drifting range. In summary, when 
the pre-cracked concrete specimens are subjected to dynamic impact compressive stress 
wave over time, the influence of β variables on the damage/facture of specimens is re-
duced. In the meantime, the influence on initiation, coalescence and propagation of cracks 
is reduced as well. 

Table VII illustrates the peak value of AE energy and counts, and the total value of 
them. It is clearly indicated that the total AE energy and counts increase as β increases. In 
general, the pre-cracked concrete specimens will be more severely damaged under dy-
namic impact compressive stress wave with increment of β. 

Table III . Peak AE energy as well as counts and their total value (β variable) 

β Peak AE energy (J)  Peak AE counts  Total AE energy (J) Total AE counts 
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45° 0.0000937 36 0.00655708 2883 

60° 0.0001042 36 0.00678730 2907 

90° 0.0000751 32 0.00685464 2974 

120° 0.0001131 41 0.00712456 3054 

135° 0.0000865 38 0.00722477 3213 

5. Conclusion 
Variable α and β related to two parallel pre-existing cracks of concrete are numeri-

cally simulated to investigate the relationship between such inclination angles and per-
formance/stability of concrete structure via DRFPA. The evolution of wing cracks and sec-
ondary cracks, such as initiation, coalescence, and propagation of them are investigated. 
In the meantime, AE events are also analyzed to predict the performance/stability of con-
crete structure. Here are some conclusions as follows: 
• The damage/fracture of concrete will be more minor as α increases. This is because 

the magnitude of α can influence the dynamic impact compressive stress wave prop-
agation speed. That is, the larger α, the slower the speed of dynamic wave propa-
gates. 

• The damage/fracture of concrete will be more significant as β increases. This is be-
cause when the β is smaller, the ligament length of the concrete bridge is longer, thus 
the wing cracks in the bridge zone are difficult to coalesce and propagate. Further-
more, the change of β will not affect the propagation speed of the reflected waves. 

• Compared with the secondary cracks, wing cracks are more significant. It is difficult 
to observe secondary cracks, especially for quasi-coplanar secondary cracks. The rea-
son is the character of current software is that it only records tensile stress via step-
in-step function, while shear stress will be recorded at the end of each single step. 
Theoretically, the secondary cracks can only be observed at such mentioned particu-
lar steps. At such steps, a few concentrated elements are damaged and release energy, 
forming secondary cracks at a macroscopic level. However, elements will be dam-
aged in a large-scale as the concrete specimen is subjected to dynamic impact com-
pressive stress wave and its multiple reflected waves. In the meantime, it is well ac-
cepted that shear strength is much greater than the tensile strength. Due to this, the 
original tension failure will rapidly transform to shear failure. In summary, this 
proves that secondary cracks are caused by tensile failure while wing cracks are 
caused by shear failure. 
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