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1. Introduction 
 

Pervious concrete was developed as an environmentally 

friendly material in recent years (ACI 522R 2010, Volder et 

al. 2009, Novom et al. 2013). It is a special cementitious 

material composed of coarse aggregates and no fine 

aggregate, and cemented by thin layer cement paste. 

Because of the special composition of pervious concrete, it 

incorporates high number of pores which makes the 

mechanical behavior different from that of normal concrete. 

For this reason, it is generally being used in constructions 

that require higher permeability, better noise absorption and 

thermal insulation. As the concept of “sponge city” is 

proposed, the pervious concrete has been widely used in 

pavement construction. Recently, pervious concrete have 

seen renewed interest in this type of pavements due to its 

ability to allow water to flow through itself to recharge 

groundwater and minimize storm water runoff (Monters 

2006, Sumanasooriya and Neithalath 2011). However, as 
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higher porosity is required, little or no fine aggregate is 

added to the mixture. So coarse aggregates in the mixtures 

are bonded together with very thin cement paste layers 

rather than embedded in cement paste as in normal concrete 

(Torres et al. 2015, Zhong and Wille 2016, Kuo et al. 2013, 

Rehder et al. 2013, Joshaghani et al. 2015.).  

Pervious concrete pavement is commonly subjected to 

dynamic loading. Therefore, it is essential to conduct 

investigations on the dynamic behavior of pervious 

concrete. Because of the high intentional air void in the 

structure, the static strength of pervious concrete is smaller 

than that of normal concrete (Lian et al. 2011, Li and 

Aubertin 2003). Its dynamic behavior under impact loading 

is considerably different from that of normal concrete 

(Ozbek et al. 2013). Under dynamic compressive loading, 

fragmentations are formed as the coalescence of 

microcracks in pervious concrete, so the fragments size is 

dependent on the distribution of microcracks. In pervious 

concrete, as the cement paste embedded in the space of 

coarse aggregates is very thin, the fracture pattern is mainly 

affected by the geometry of coarse aggregates (Lian and 

Zhuge 2010). Therefore, the ultimate crack pattern and 

strength of pervious concrete are different from those of 

normal concrete. The stress in statics is commonly 

considered as a constant material property, while the stress 

in dynamics increases with the loading rate, and the 

enhancement is defined as the dynamic increase factor 

(DIF). Many researches have studied the dynamic strength 

of concrete at high strain rates (Zielinski et al. 1981, Rossi 

et al. 1994, Brara and Klepaczko 2006, Yan and Lin 2006, 

Cadoni et al. 2007, Hao et al. 2009, Erzar and Forquin 

2010, De Andrade Silva et al. 2011, Zhu et al. 2011, Chen 
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et al. 2014, Chen et al. 2015, Chen et al. 2016a, Tian et al. 

2016, Chen et al. 2017). Review on the above literatures, it 

can be concluded that the dynamic strength of concrete 

increases with an increase of strain rate. It has also been 

discovered that concrete material is more sensitive to strain 

rate with higher moisture content (Ross et al. 1996), smaller 

maximum aggregate size (Cadoni et al. 2001) and higher 

cement content (Glinicki 1993). Unfortunately, there exists 

a very limited test data about the dynamic behavior of 

pervious concrete (Ozbek et al. 2013, Weerheijm 2016). 

The existing literatures are focused on the dynamic strength 

while do not consider the failure time and the growth of 

dynamic stress and the relation between them. There is at 

least an important reason why the dynamic tests are 

performed on the pervious concrete. Pervious concrete as an 

environmentally friendly material have been used in 

pavement, which is vulnerable to impact loading, the 

dynamic behavior of pervious concrete is necessary.  

Various experimental devices can be used to carry out 

dynamic test on concrete-like material at various strain 

rates. Bending test on concrete beams have been carried 

out, at loading rate of 0.1 mm /s to10 mm/s, by using a 

hydraulic servo-controlled testing system (Xiao et al. 2017). 

Strain rates of 10
−1

 s
−1

 can be reached in concrete performed 

by drop weight (Banthia et al. 1987). Split Hopkinson 

pressure bar (SHPB) equipment has been commonly used to 

investigate the dynamic behavior of quasi-brittle materials 

like rock and concrete (Li et al. 2017, Fu et al. 2017). In 

this paper, dynamic tests are performed on pervious 

concrete specimens by using the SHPB equipment. Besides, 

the energy evolution of pervious concrete specimen under 

dynamic loading is studied. In the dynamic experiments, the 

failure patterns are also monitored by sieving mesh and the 

fragments are analyzed in terms of their sizes based on the 

fractal theory.  

 

 

2. Materials and test methods 
 

2.1 Samples preparation 
 

The mix proportions by mass of pervious concrete are 

listed in Table 1. Ordinary Portland cement and mineral 

powder are used as the binding material. Basalt gravel with 

maximum size of 10 mm is used as the coarse aggregate. 

Tap water in the laboratory is used. Additionally, the 

polycarboxylate superplasticizer is used in the concrete 

mixes to increase the workability.  

Both static and dynamic tests are performed on the 

pervious concrete specimens in this paper. The cylindrical 

specimens with diameter of 74 mm and height of 148 mm 

are used for the static uniaxial compression test. The disc 

samples with diameter of 74 mm and thickness of 37 mm 

are used to perform the dynamic compression and 

 

 

Table 1 The dosage of each material in unit volume 

pervious concrete (kg/m
3
) 

Water Cement Mineral powder Aggregate Water reducer 

93 334.75 33.47 1425 1.485 
 

  
(a) Static compression test (b) Split tensile test 

Fig. 1 The failure modes of pervious concrete specimens 

under static loading 

 

 

static/dynamic split tensile tests. 

 

2.2 Static test 
 

Static compression and split tensile tests are carried out 

by using the electric hydraulic material testing machine. 

Three samples are used for each case to reduce the discrete 

error. According to the advised method from ISRM, the 

static test is controlled by the loading rate of 0.1 kN/s. The 

static compressive strength is the loading capacity divided 

by the sectional area. The split tensile strength is calculated 

according to the following formula 

t

2P

DL



                    (1) 

in which, σt 
is the split tensile strength (MPa), P is the 

maximum load (kN), D is the diameter of specimen (mm), 

and L is the thickness of disc sample (mm). 

According to the experimental results, the average static 

uniaxial compression strength and split tensile strength of 

pervious concrete are 12.03 MPa and 1.66 MPa, 

respectively. The failure modes of pervious concrete 

samples subjected to loading are shown in Fig. 1. The crush 

with vertical fractures is observed in cylindrical specimens 

under static compressive loading. In the static split tensile 

test, the Brazilian disc specimens are split into two halves. 

 

2.3 Dynamic test 
 

The dynamic compression and split tensile tests are 

carried out on the pervious concrete by using the SHPB 

equipment with the diameter of 74 mm. The dynamic 

compression test is carried out using the classical Kolsky 

method. The dynamic split tensile test is performed on the 

Brazilian disc specimens. The loading modes of dynamic 

tests are shown in Fig. 2.  

The SHPB equipment is composed of the power system, 

striker, an input and output bar with lengths of 3200 mm 

and 1800 mm, respectively. The striker is fired using 

compressed nitrogen gas with set pressure. The striker has 

an initial velocity when it is fired. The compression wave is 

induced in the incident bar and transmitted into the 

specimen. At the same time, part of the compression wave 

is reflected to the incident bar and the rest is transmitted to 

the transmitted bar. The incident, reflected and transmitted  
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(a) Compressive loading 

 
(b) Split tensile test 

Fig. 2 The dynamic tests 

 

 

strain waves are recorded by the strain gauges pasted to the 

Hopkinson pressure bars. Assuming that the energy lost in 

the testing system is neglected, the strain waves in the 

incident and transmitted bars satisfy the following formula 

I R T( ) ( ) ( )t t t                  (2) 

in which, ε
I
(t) is the incident strain, ε

R
(t) is the reflected 

strain and ε
T
(t) is the transmitted strain.  

In the dynamic compression test, the dynamic 

compressive strength σ
compr

, strain σ
compr

 and strain rate 
compr of concrete can be calculated based on the three-wave 

method expressed as the following formulas 

compr T
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           (3) 

in which, σ
compr

 is the dynamic compressive strength (MPa), 

σ
compr 

is the dynamic compressive strain, compr

dynamic compressive strain rate (s
-1

), E is the dynamic 

elastic modulus (GPa), Q is the diameter of the SHPB 

(mm), and Qs is the diameter of the Brazilian disc sample 

(mm). In this test, both the diameters of the SHPB and 

Brazilian disc sample are 74 mm. The axial velocity c of 

strain wave along with the SHPB is 5100 m/s. The length of 

specimen Ls is 37 mm. 

In the dynamic split tensile test, the time-history tensile 

stress of pervious concrete can be calculated by using the 

Eq. (4) 

T
ts

s s

2 ( )
( )

EQ t
t

L D





               (4) 

in which, the diameter Ds of Brazilian disc specimen is 74 

mm. 

 

Fig. 3 Diagrammatic of the measurement of permeability of 

pervious concrete 

 

 

In this paper, the dynamic compression test on pervious 

concrete is performed by using four various air pressures of 

0.15 MPa, 0.2 MPa, 0.25 MPa and 0.3 MPa. And three air 

pressures of 0.15 MPa, 0.25 MPa and 0.35 MPa are used in 

the dynamic split tensile test. To reduce experimental error, 

three specimens are tested at one air pressure. 

 

2.4 Porosity and permeability tests 
 

The majority of pores in pervious concrete are formed 

by the spaces between coarse aggregates. In the complex 

microstructure of pervious concrete, the size of pores is 

commonly from the nano-scale to the macro-scale. 

According to the measurement method of total porosity 

proposed by Shen et al. (2013), the total porosity of 

pervious concrete can be expressed by the following 

formula 

s

t

1 100%p




 
   
 

              (5) 

in which, p
 

is the total porosity, ρs 
and ρt 

are the bulk 

density and theoretical density of the pervious concrete 

sample, respectively.  

The tested total porosity of pervious concrete used in 

this test is 13%. 

With the recommendation of ACI 522R (2010), the 

water permeability coefficient of pervious concrete was 

measured using the constant head method with equipment 

shown in Fig. 3. To prevent flow between sample and 

surface of measuring cylinder, the cylindrical sample was 

wrapped by plexiglass tube and tightened by circular 

clamps. The water permeability coefficient can be 

calculated according to the Darcy’s law expressed by the 

following formula 

QL
k

HAt
                   (6) 

in which, k is the water permeability coefficient (cm/s), Q
 
is 

the water flow quantity (cm
3
) over the duration time t (s), L 

is the length of sample (cm), H is the water head (cm), and 

A is the cross area of sample (cm
2
). 

3

2

1

4

1.Sealed circular 

2.Sample

3.Plexiglass tube

4.Valve
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The water permeability of pervious concrete sample 

used in this paper is 0.5 cm/s. 

 

 

3. Failure criterion 
 

The failure criterion used in this paper is the incubation 

time concept proposed by Petrov and his coauthors (Petrov 

and Utkin 1989, Petrov et al. 2010) and expressed by the 

formula 

1 ( )
d 1

t

t
c

F t
t

F



 

 
  

 
              (7) 

in which, τ is the incubation time (μs), t' is the time (μs), Fc 

is the local static ultimate strength (kN), and α is the 

material sensitivity factor related to the local stress 

intensity. The incubation time is usually associated with the 

dynamic stress relaxation before the failure of specimen, 

and features the strain rate sensitivity. The time to failure t
*
 

can be defined as the time at which equilibrium of Eq. (7) is 

reached. On the basis of the failure criterion, the incubation 

time equals the duration of the failure process after the force 

reaches to the static ultimate load on the given scale level. 

Therefore, this duration can be measured experimentally by 

static failure of the samples, and by using different valid 

methods, the rupturing process can be controlled. 

 

 

4. Dynamic compression test results 
 

The main objective of the dynamic compression tests is 

to study the effect of strain rate on the compressive 

behavior of pervious concrete.  

To guarantee the reliability of dynamic results of quasi-

brittle materials obtained from SHPB tests, the stress 

equilibrium should be satisfied, and the inertial effect and 

friction between specimen and SHPB can be neglected. In 

this paper, the duration of stress wave in concrete specimen 

is far less than the duration of impact loading. As a 

consequence, the force in incident bar can be assumed to be 

equal to that in transmitted bar, and the specimen is in a 

state of stress equilibrium. 

The specimen can be in a stress equilibrium state when 

the duration time of stress wave in specimen is larger in 

comparison with the characteristic time of specimen ts 

(ts=Ls/cs). In this test, the characteristic time of pervious 

concrete specimen is 7.4 μs, far less than the minimum time 

to failure (137 μs) of specimen. 

Fig. 4 shows the dynamic stress on both ends of the 

pervious concrete specimen in a typical dynamic split 

tensile test. The dynamic stress is balanced, which is the 

same as the traditional SHPB test on normal concrete. The 

dynamic stress on one side of the specimen is the sum of the 

incident and reflected stress waves (P1), and the dynamic 

stress on the other side of the specimen is the transmitted 

stress wave (P2). As shown in Fig. 1, the stress on both ends 

of the specimen P1 (=Incident+Reflected) and P2 

(=Transmitted) are in good agreement before 100 μs (i.e., 

P1 is equal to P2). This eliminates the global force 

difference and thus the inertial effects are negligible. 

 

Fig. 4 Dynamic stress balance in a typical split tensile test 

with pulse shaping 

 

  
(a) 0.15 MPa (b) 0.20 MPa 

  
(c) 0.25 MPa (d) 0.30 MPa 

Fig. 5 Failure modes of specimens under various impact 

loading rates 

 

 

Therefore, the specimen is in dynamic stress equilibrium 

before fracture, and the dynamic test method is reasonable 

for data analysis. 

Furthermore, the ratio of height to diameter of concrete 

specimens used in this dynamic test is 0.5, so the inertial 

effect can be neglected (Zhang and Zhao 2014). To obtain 

the actual dynamic compressive stress-strain responses of 

pervious concrete specimens, the friction between the 

Hopkinson pressure bar and specimen can be reduced by 

grease. 

Based on the above discussion, the test and data 

processing methods used in this paper can obtain the 

relationship between actual dynamic compressive strength 

and strain rate.  

The dynamic compressive fracture modes of pervious 

concrete under various impacting air pressures are shown in 

Fig. 5. It can be seen that the dimension and numbers of 

fragments vary with the impacting velocity. As the impact 

loading rate increases, the dimension of fragments 

decreases while number of fragments increases.  

As seen in the time history strain curve (Fig. 6), it can  
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Fig. 6 The typical stress and strain time history curves of 

pervious concrete under dynamic compressive loading 

(strain rate=60/s) 

 

 

Fig. 7 The stress-time curves of pervious concrete under 

impact loading with various strain rates 

 

 

be found that strain increases linearly with time, so the 

variation of strain rate can be neglected. 

The time history stress curves of pervious concrete 

specimens under various impact loading rates are shown in 

Fig. 7. It indicates that the stress in specimen increases with 

the loading process before it reaches the critical stress σ
*
at 

which the specimen fractures abruptly (Fig. 8). Further 

propagation of micro and macro cracks results in the stress 

relaxation and deformation extension in concrete specimen, 

as shown in Fig. 9. As seen in Fig. 7 and Fig. 9, it can be 

found that the pervious concrete is of strain rate sensitive 

material, namely, as strain rate increases, the time to failure 

decreases while the peak stress increases. Plot both the time 

to failure and peak stress versus time in Fig. 10, it can be 

seen that the stress increases linearly while the time to 

failure decreases linearly as increasing of strain rate. 

Therefore, the dynamic compressive strength of 

pervious concrete related to time can be predicted on the 

basis of the incubation time concept. The failure criterion 

used in this paper can be expressed by the following 

formula 

compr
'

c

1
(t )d

t

t
t


 

 
               (8) 

 

Fig. 8 The typical dynamic compressive strength and time 

to failure 

 

 

To make the concept clear to readers, the calculation 

procedure is described in detail as following. 

Based on the strength criterion, the strength of material 

can be calculated so the relationship between the strength 

versus strain rate can be obtained. The dynamic strength of 

concrete with fixed specimen dimension subjected to the 

specified loading condition can be calculated by using the 

above regression function, which avoids the tedious 

calculation. In this paper, the strain sensitive dynamic 

strength of concrete can be calculated by using the failure 

criterion on the basis of the incubation time concept. 

It can be seen from Fig. 6 that the stress increases 

linearly with the loading process, which can be expressed 

by the following formula 

)()()( ttHEttHt                 (9) 

in which,  is the stress rate (GPa/s) and  is the strain 

rate (s
-1

), H(t) is the Heaviside function. 

Substitute Eq. (9) to Eq. (8) and integrate it in terms of 

time, the ultimate dynamic compressive stress to failure can 

be obtained as following 
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c
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compr
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(10) 

It can be found from the above dynamic stress 

calculation model that the peak stress is linearly related to 

the strain rate when the time to failure is larger than the 

incubation time, which complies with the experimental 

results (Fig. 10). The incubation time represents the 

duration of the failure process after the material’s stress has 

reached the static strength. Obviously, the dynamic strength 

is larger than the static strength, so the time to dynamic 

failure is larger than the incubation time, which meets the 

former half of Eq. (10). It should be noted that the above 

model is suitable for the stress-strain response before the 

peak stress. 

The static compressive strength of pervious concrete can 

be obtained by static compression test, and it is 
compr

c 12.03   MPa. The elastic modulus is obtained from 

the tangent modulus at the point of 40% peak stress on  
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static stress-strain curve, and it is 20 GPa. Strain rate varies 

with time when the concrete specimen fractures. The 

incubation time of the pervious concrete used in this paper 

can be obtained by numerical regression using the 

experimental results and it is 30.3 μs, which is smaller than 

the time to dynamic failure. 

The dynamic peak stress versus strain rate is shown in 

Fig. 11, in which the solid symbols represent experimental 

data and the solid line is the fitting curve obtained by using 

Eq. (10) for the following set parameters: compr

c 12.03 

MPa, E=20 GPa, τ=30.3 μs. The fitting determination 

coefficient R
2
 is 0.98. It can be found from Fig. 11 that the 

strain rate in a range of 20 s
-1

 to 100 s
-1

,
 
among which the 

relationship between the dynamic strength and strain rate 

can be obtained by using the failure criterion. 

 

 

 

Fig. 11 The relationship between dynamic compressive 

strength and strain rate 
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(a) Air pressure=0.15 MPa (b) Air pressure=0.20 MPa 

  
(c) Air pressure=0.25 MPa (d) Air pressure=0.30 MPa 

Fig. 9 Compressive stress-strain curves of pervious concrete under various air pressures 

  

(a) The dynamic strength versus strain rate (b) The time to failure versus strain rate 

Fig. 10 The dynamic compressive test results 
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Fig. 13 The stress-time curves of pervious concrete under 

various loading rate 

 

 

Fig. 14 The variation of strain rate with time of specimen 

 

 

5. Dynamic split tensile test results 
 

To study the effect of impact loading rate on the 

dynamic split tensile behavior of pervious concrete, the 

dynamic split tensile tests are carried out on Brazilian disc 

specimens by using SHPB. The dynamic split tensile test 

results are shown in Figs. 12-17. 

As for the dynamic split tensile test, using the SHPB 

equipment should comply with the following two 

conditions. The stress distribution state in the specimen 

under dynamic loading should be in accordance with that 

under static loading. The forces acting on the incident and 

transmitted bars are in equilibrium. To study the stress state 

in the Brazilian disc specimen under dynamic loading, Chen 

et al. (2016b) demonstrated that the specimen can reach 

 

 
(a) Air pressure=0.15 MPa 

 
(b) Air pressure=0.25 MPa 

 
(c) Air pressure=0.35 MPa 

Fig. 15 The split tensile stress-strain curves of pervious 

concrete under various air pressures 

 

 

equilibrium state and be split along the diametric plane. 

Therefore, it can be argued that the results of the dynamic 

split tensile test are valid and the obtained dynamic strength 

enhancement can be regarded as a real material response to 

the stress rate. 

0 50 100 150 200 250 300 350 400
0

1

2

3

4

5

6

7

S
tr

e
s
s
 (

M
P

a
)

Time (s)

 Stress rate=47GPa/s

 Stress rate=66GPa/s

 Stress rate=116GPa/s

0 50 100 150 200 250 300 350 400
-40

-20

0

20

40

60

80

S
tr

e
s
s
 r

a
te

 (
G

P
a

/s
)

Time (s)

66GPa/s

0.000 0.002 0.004 0.006 0.008

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

(a) Air pressure=0.15 MPa

S
tr

e
s
s
 (

M
P

a
)

Strain

 Stress rate=47 GP/s

 Stress rate=36 GPa/s

 Stress rate=29 GPa/s

 

 

0.000 0.002 0.004 0.006 0.008

0

1

2

3

4

5

6

(b) Air pressure=0.25 MPa

S
tr

e
s
s
 (

M
P

a
)

Strain

 Stress rate=66 GPa/s

 Stress rate=64 GPa/s

 Stress rate=65 GPa/s

 

 

0.000 0.002 0.004 0.006 0.008 0.010

0

1

2

3

4

5

6

7

(c) Air pressure=0.35 MPa

S
tr

e
s
s
 (

M
P

a
)

Strain

 Stress rate=116 GP/s

 Stress rate=110 GP/s

 Stress rate=102 GP/s

 

   

 

 (a) 0.15 MPa (b) 0.25 MPa (c) 0.35 MPa  

Fig. 12 The failure mode of pervious concrete under dynamic loading 
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The fracture pattern of pervious concrete specimens 

under dynamic loading is shown in Fig. 12. Crack in the 

disc specimen initiates along the diametric plane and 

propagates to the platforms. It can be demonstrated that the 

dynamic split tensile test results are reliable. The failure 

mode under dynamic loading is distinct from that under 

static loading. Both the dynamic damaged region and the 

number of fragments increase with the increasing of loading 

rate.  

The experimental stress time history curves of pervious 

concrete are shown in Fig. 13. It can be found that the 

dynamic split tensile strength increases linearly prior to 

peak stress in the loading process. So the stress rate during 

the pre-peak branch can be assumed to remain constant, and 

the stress rate time history curve is shown in Fig. 14. 

Additionally, the dynamic split tensile strength increases 

with the increasing of the stress rate.  

Fig. 15 represents the dynamic split tensile stress-strain 

curves of pervious concrete under various stress rates. It can 

be found that the shape of stress-strain curve remains 

unchanged under various loading rates. And as the strain 

rate increases, the peak stress increases while peak strain 

decreases. 

Figs. 16 (a) and (b) represent the variation of dynamic 

split tensile strength and time to failure with the stress rate, 

respectively. Similar to the dynamic compressive test 

results, as the loading rate increases, the dynamic tensile 

strength increases while the time to failure decreases.  

According to the failure criterion, the dynamic split 

tensile strength can be predicted by Eq. (11). 

' tensile

c

1
(t )

t

t
dt


 

 
              (11) 

Integrate Eq. (11) in terms of time and then substitute 

time to failure t
*

 into it, the prediction model of dynamic 

split tensile strength can be obtained on the basis of the 

above failure criterion as the following formula 
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      (12) 

The static split tensile strength of pervious concrete 

specimen is 
tensile

c 1.66   MPa. In Fig. 13, it can be found 

that the stress increases linearly with the loading process 

before its failure, so the strain rate can be regarded as the 

loading rate. The incubation time of pervious concrete 

under dynamic split tensile loading can be obtained by 

numerical regression analysis using the test data. The 

obtained incubation time (τ=75.5 μs) is larger than that 

under dynamic compressive loading. 

Fig. 17 shows the relationship between the dynamic 

split tensile strength and strain rate. The solid symbols 

represent the test data and solid line represents the fitting 

curve in accordance with the set parameters: tensile

c 1.66 

MPa, τ=75.5 μs).The regression determination coefficient is 

0.85. It can be found that the loading rate ranges from 30 

GPa/s to 120 GPa/s. The dynamic split tensile strength can 

be predicted on the basis of the incubation time concept. 

Dynamic increase factor (DIF), which is the ratio of 

dynamic strength to static strength, is commonly used as an 

 
(a) The dynamic split tensile strength vs. stress rate 

 
(b) The time to failure vs. stress rate 

Fig. 16 The dynamic split tensile test results 

 

 

Fig. 17 The relationship between dynamic split tensile 

strength and stress rate 

 

 

indication of the effect of strain rate of the strength of 

concrete materials. A bilinear relationship between DIF and 

the strain rate of normal concrete with a breakpoint at the 

strain rate of 30 s
-1

 is recommended by CEB (1993). A 

comparison in terms of dynamic increase factor (DIF) 

between the results of this test with results by Ozbek et al. 

(2013) have been provided as follows. 

The recommended CEB formulas give the opportunity 

to see how predictable the dynamic strengths of pervious 

concrete are using the widely used equations. Ozbek et al. 

(2013) found that the porous concretes are strain rate 

dependent on materials due to the presence of cementitious 

material. Similar to results in literature (Ozbek et al. 2013),  
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Table 2 Experimental and calculated DIF values for 

pervious concretes 

Mixture 

code 
 (s-1) 

fcs 

(MPa) 

Fcd 

(MPa) 

DIF 

(Experimental) 

DIF (CEB 

model) 

PRC1* 68 34.78 66.52 1.91 1.94 

PRC2* 68 41.89 76.78 1.83 1.83 

PRC3* 68 50.49 85.99 1.70 1.74 

PRC4* 68 29.64 56.22 1.90 2.01 

PRC5* 68 31.6 53.09 1.68 2.00 

PRC6* 68 44.81 79.69 1.78 1.80 

PRC7* 68 48.80 84.37 1.73 1.76 

PRC8* 68 15.94 26.26 1.60 2.73 

PRC9* 68 13.09 21.84 1.73 3.06 

0.15-1 29.0 12.3 21.2 1.72 2.41 

0.15-2 31.2 12.3 20.0 1.62 2.44 

0.15-3 30.0 12.3 22.0 1.79 2.41 

0.20-0 41.5 12.3 25.0 2.03 2.69 

0.20-2 40.8 12.3 23.0 1.87 2.68 

0.20-3 40.0 12.3 24.2 1.96 2.66 

0.25-1 52.1 12.3 27.9 2.27 2.90 

0.25-2 50.9 12.3 27.0 2.20 2.88 

0.25-3 50.0 12.3 26.5 2.15 2.86 

0.30-1 58.9 12.3 30.0 2.44 3.02 

0.30-2 62.2 12.3 31.2 2.54 3.08 

0.30-3 60.0 12.3 31.0 2.52 3.04 

 

 

in this paper, the dynamic strength of pervious concrete is 

observed increases with the increasing of strain rate under 

impact loading. Test results in this paper and literature as 

well as predicted results by CEB (2003) are listed in Table 2 

to reach better conclusions. It should be noted that, in Table 

2, mixture codes with the symbol of “*” represents the test 

results in literature (Ozbek et al. 2013), and the others are 

test data in this paper. Ozbek et al. (2013) found that the 

experimental DIF values of the porous concrete mixtures 

have high static compressive strength highly consistent with 

the calculated DIF by using CEB model. If the concrete 

specimens are not sufficiently compacted, the CEB model is 

not valid for them. Compared to the experimental DIF 

values in literature, DIF in this test is large. The 

experimental DIF in this test is slightly smaller than the 

calculated DIF by using CEB model. It can be explained by 

that the pervious concretes are sufficiently compacted, 

resulting in a relatively smaller porosity. By comparing the 

above experimental DIF results to calculated one, it can be 

concluded that the calculated results using CEB model is 

considerably accurate for well compacted and high strength 

pervious concrete for the strain rate at a range of 30 to 70 s
-1

. 

 

 

6. Energy evolution theory 
 

The specimen deforms when it is subjected to impact 

loading and the deformation transforms into the releasable 

elastic strain energy and irreversible plastic strain energy. 

The irreversible plastic strain leads to the internal damage, 

which is defined as the structural damage energy ψd. 

Defined the input energy as ψ and the elastic strain energy 

as ψe, there is 

e d=                   (13) 

It is obvious that the elastic strain energy has an upper 

limit 0

e . The entire failure process of pervious concrete 

under dynamic loading can be described as the following: 

initial equilibrium is broken when external work is acting 

on the specimen and then a new equilibrium can be reached 

as the elastic strain energy and structure failure damage 

increases. When the elastic strain energy increases up to 
0

e , specimen cannot keep balance by self-adjustment and it 

is in a limit equilibrium state. It fractured when the external 

work continued to act on the specimen. The elastic strain 

energy released and transformed into the kinetic energy, 

thermal energy and the energy in other forms. 

Based on the strain equivalence principle and 

generalized Hook law, it can be found that the strain energy 

is dependent on the duration of impact loading and the 

stress state, and complies with the Illuin postulate (Chen et 

al. 2013). The strain is composed of elastic strain and 

plastic strain. The elastic strain energy can be calculated by 

using the stress-strain relationship in elasticity. 

e
0

( , )d
t

E f t                  (14) 

in which, E is the equivalent elastic modulus.  

If the pervious concrete is treated as an elasto-plastic 

material, it produces irreversible plastic strain energy under 

impact loading. The structure damage energy is dependent 

on the dissipated energy. So the damage energy can be 

determined by subtracting the strain energy from the total 

input energy. Therefore, the dynamic failure process of 

pervious concrete under impact loading can be described as 

the self-balance process of irreversible plastic energy and 

elastic strain energy. Namely, part of the external input 

work causes the damage in material and it transforms into 

the damage energy. The remaining external input work 

induces the releasable elastic strain energy, which causes 

material failure when it comes up to the upper limit of strain 

energy. The external input energy is not necessary once the 

failure process is triggered. The stored elastic energy and 

partial initial material stress energy will be released and the 

damage energy will accumulate when it fails.  

The above three kinds of energy (incident energy WI, 

reflected energy WR 
and transmitted energy WT) can be 

determined according to the recorded incident wave, 

reflected wave and transmitted wave.  

t
20 0
*

0
0

d
A C

W t
E

   

(*symbolizes the corresponding stress wave)    (15) 

According to the relationship between the three kinds of 

energy, the input energy of pervious concrete specimen can 

be determined by subtracting the reflected and transmitted 

energy from the total incident energy. This input energy can 

be defined as the external input energy ψ acting on the 

pervious concrete specimen 

I R T=W W W                (16) 
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Fig. 18 The input energy of specimens under dynamic 

compressive loading 

 

 

Fig. 19 The elastic strain energy of specimens under 

dynamic compressive loading 

 

 

The actual energy causing damage of specimen is the 

input energy before the stress reaches the maximum. This is 

because after the point of peak stress, the dynamic failure 

has been triggered. 

 

 

7. Energy evolution under dynamic compressive 
loading 

 

The variations of input energy acting on the pervious 

concrete specimens with various loading rates are shown in 

Fig. 18. It can be found that the external input energy varies 

with the loading rate. The variation of accumulated input 

energy before 20 μs is small. After that moment, the 

accumulated input energy increases rapidly with the loading 

process. The accumulation rate of input energy and total 

input energy increases with the increasing of loading rate.  

To further study the energy evolution of pervious 

concrete under dynamic compressive loading, the released 

elastic strain energy is analyzed on the basis of the 

thermodynamics principle. As shown in Fig. 19, it can be 

found that the variation of elastic strain energy is related to 

the impact loading rate. The rapid accumulation of elastic 

strain energy initiates later than that of total input energy. It 

can be explained by that the initial capillary and 

microcracks in pervious concrete specimen are firstly 

densified under dynamic compressive loading, following  

 

Fig. 20 The damage energy of specimens under dynamic 

compressive loading 

 

 

Fig. 21 The input energy of specimen under dynamic split 

loading 

 

 

that the elastic strain energy increases rapidly. On the other 

hand, the total elastic strain energy increases with the 

loading rate, namely, the released energy increases with the 

impact loading rate, which also can be verified by the 

failure pattern of specimens. It can be found that the kinetic 

energy and thermal energy increase with the increasing of 

fragment number. 

At the same time, the structure damage energy of 

pervious concrete specimen can be indirectly determined by 

using the external input energy and released elastic strain 

energy, as shown in Fig. 20. It can be found that the damage 

energy accumulates rapidly after 20 μs, which means that 

the damage of pervious concrete is a continuous 

accumulation process. It demonstrates that the energy 

causing irreversible damage in material increases with the 

loading rate, because the total accumulated damage energy 

increases with the increasing of impact loading.  

 

 

8. Energy evolution under dynamic split tensile 
loading 

 

The variation of external input energy acting on the 

pervious concrete specimens under dynamic split tensile 

loading is shown in Fig. 21. It indicates that the input 

energy increases with the increasing of stress rate. The 

accumulation of input energy is a slow-quick process. As  
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Fig. 22 The elastic strain energy of specimens under 

dynamic split tensile loading 

 

 

Fig. 23 The damage energy of specimens under dynamic 

split tensile loading 

 

 

stress rate increases, the total input energy increases while 

the time to failure decreases. 

The releasable elastic strain energy can be determined 

by using Eq. (14), as shown in Fig. 22. It can be found that 

the elastic strain energy is dependent on the stress rate. The 

total accumulated elastic strain energy increases with the 

increasing of impact loading rate. Namely, the energy 

released from the concrete specimen after it fractures 

increases with the increasing of impact loading rate. The 

failure mode indicates that the number of fragments 

increases with the increasing of loading rate. 

The damage energy of pervious concrete specimen 

under dynamic split tensile loading can also be determined, 

as shown in Fig. 23. It demonstrated that the accumulation 

of damage energy is a continuous process, and the damage 

energy increases rapidly after the duration of 25 μs. The 

total damage energy increases with the increasing of 

loading rate.  

 

 

9. Fractal characteristics of pervious concrete 
fragmentation 

 

Before the dynamic compressive test, labeled and 

weighed the specimens. After the dynamic test, collect the 

fragments and classify them by using the sieve with 

diameter of 0.075, 0.15, 0.3, 0.6, 1.25, 2.5, 5.0, and 10.0 

mm.  

Fractal is an available method to describe the irregular 

phenomena. Fractal dimension is an important character to 

indicate the fractal (Zhou et al. 2006).  

The damage evolution of pervious concrete material is a 

complex process, which depends on the composition of 

material, loading condition and loading rate et al. Some 

researchers have devoted themselves to studying the 

distribution of rock fragmentations under impact loading 

and have proposed some classical size distribution models 

(Nagahama 1993). By comparing the classical size 

distribution models of fragments, a unified expression to 

describe it has been obtained as following 

( ) b

m

m r r

M r
（ ） (17)

 

in which, m (g) is the sieving mass corresponding to the 

characteristic size r (mm), M is the total mass of fragments, 

rm represent the maximum size of the fragmentations, and b 

is the regression coefficient. 

Then, there is 

1bdm r dr                  (18) 

Based on the relationship between the size of 

fragmentations and corresponding passing mass, there is the 

following formula 

3dm r dN                  (19) 

Therefore, the fractal dimension can be determined 

based on Eq. (20) 

D=3-b                   (20) 

In this way, the fractal dimension of pervious concrete 

fragmentations under various impact loading rates can be 

determined. 

The size distributions of pervious concrete 

fragmentations under four various impacting pressures are 

shown in Fig. 24, in which the solid lines represent the 

fitting curves. To distinct the size distribution of 

fragmentations under different loading rates, only one of the 

distribution curves of fragmentations under the same 

pressure is plotted in Fig. 24, and the corresponding 

parameters are listed in Table 3. 

 

 

Table 3 The calculated fractal dimensions of pervious 

concrete fragments 

Air pressure (MPa)   (s-1) b D R2 

0.15 30.0 1.896 1.104 0.96 

0.15 29.2 1.719 1.281 0.94 

0.15 31.2 1.681 1.319 0.93 

0.20 40.0 1.608 1.392 0.93 

0.20 41.5 1.578 1.422 0.93 

0.20 40.8 1.577 1.423 0.93 

0.25 50.0 1.500 1.500 0.92 

0.25 52.1 1.469 1.531 0.98 

0.25 50.9 1.445 1.555 0.95 

0.30 58.9 1.38 1.62 0.95 

0.30 62.2 1.325 1.675 0.93 

0.30 60.0 1.219 1.781 0.96 
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Fig. 24 The relationship between particle size and sieving 

percentage of particles 

 

 

It can be found that, by using the above proposed model, 

the simulated size distribution curves of fragments fit well 

with the test results, and all the determination coefficient 

are larger than 0.92. So the calculated fractal dimension is 

reliable. The fractal dimensions of pervious concrete 

specimens in this paper range from 1.1 to 1.8. It can be 

found that the fractal dimension increases with the loading 

rate as shown in Fig. 25. It demonstrated that, as the strain 

rate increases, the size of fragments decreases while the 

number of the fragments increases. The fractal dimension 

and impact loading rate satisfy the following relationship 

88.0      798.0015.0 2  RD           (21) 

in which, D represents the fractal dimension, and   is the 

strain rate (s
-1

). 

 

 

10. Conclusions 
 

The dynamic properties of pervious concrete under 

dynamic compressive and split tensile loading were studied 

by using split Hopkinson pressure bar equipment. The 

dynamic failure of pervious concrete material was analyzed 

by failure criterion on the basis of incubation time concept, 

which can be used to predict the dynamic strength and time 

to failure. Additionally, the energy evolution of pervious 

concrete under dynamic loading was analyzed. The energy 

evolution characterizes the fracture process of materials like 

concrete. Finally, the effect of strain rate on fragmentation 

of pervious concrete under impact loading was also 

investigated on the basis of the fractal theory. The main 

conclusions can be drawn as follows: 

• It is argued that the pervious concrete is strain rate 

sensitive. In the range of strain rate in this test, the 

dynamic strength increases linearly while the time to 

failure approximately decreases linearly with the 

increasing of strain rate.  

• The dynamic compressive and split tensile strength can 

be accurately predicted on the basis of the failure 

criterion. It indicates that the calculated peak stress is 

linearly related to the strain rate, which is in accordance 

with the experimental result.   

• When it comes to the energy evolution of pervious 

 

Fig. 25 The relationship between fractal dimension and 

strain rate of pervious concrete under dynamic compressive 

loading 

 

 

concrete, it can be found that the accumulated rate of 

input energy and the corresponding total input energy 

increases with the increasing of impact loading. The 

rapid accumulation of elastic strain energy is observed 

to occur lately than that of input energy. The total 

damage energy is found to increase with the increasing 

of impact loading, which presents that the energy 

producing irreversible damage is larger. 

• The fragment pattern of pervious concrete under 

dynamic loading is also investigated on the basis of the 

fractal theory. It demonstrates that the fractal dimension 

increases with the increasing of impact loading rate, 

which means that, as the loading rate increases, the size 

of fragments decreases while the amount of fragments 

increases.  
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