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A B S T R A C T   

To ensure the normal use of concrete slab structures, it is important to understand the impact fracture charac
teristics of concrete slabs. In this paper, the fracture processes of concrete slabs under different hammerhead 
shapes, impact velocities and concrete strengths are simulated based on a continuum-discontinuum element 
method (CDEM), and the fracture mechanisms of concrete slabs are discussed by analyzing the fracture forms, 
fracture degree, hammerhead stress and support reaction. The research results show that concrete slabs with 
lower tensile strength and larger cohesion easily generate bifurcation and unidirectional cracks due to impact 
tensile failure. However, concrete slabs with larger tensile strength and smaller cohesion are prone to generate 
dispersion cracks due to impact shear failure. As the tensile strength increases and the cohesive strength de
creases, the fracture degree of the concrete slab under impact loading increases from 0.00795 to 0.01434; 
however, the impact reaction of the support slab markedly decreases from 53,998 N to 47,636 N, which indicates 
the bearing performance of fracture concrete slab increases. With an increasing of impact velocity (3 ~ 5 m/s), 
the dynamic responses of concrete slab are more obvious, the final fracture degree of the concrete slab linearly 
increases from 0.00658 to 0.01587, the impact stress of the hammerhead obviously increases from 1.04e8 to 
1.86e8 Pa, and the impact reaction linearly increases from 40,801 N to 57,432 N. For different impact velocities 
and concrete strengths, the hammerhead shapes also have a significant influence on concrete fracture. In 
conclusion, compared with the impact modes of square and circular hammers, rectangular hammer impact easily 
directionally fractures the concrete slab structures with different strengths.   

1. Introduction 

Concrete slab structures are widely used in roads, airports and 
various municipal and hydraulic projects because of their convenient 
construction and strong bearing capacity. However, many serious dis
eases have appeared with the increase in service life. To ensure normal 
use, various techniques of rehabilitation, demolition and reconstruction 
have been proposed to solve diseases [1,2]. Currently, determining the 
specific impact mode to effectively crack the concrete slab structure is an 
important factor, and understanding the concrete slab cracking mech
anism is the key to the successful application of various technologies. 
The investigation of concrete slab impact cracking will provide 

important guidance for the renovation of old concrete slab structures. 
Under static loading, the mechanical properties of concrete materials 

and structures mainly focus on the modulus, compressive strength, split 
tensile strength and flexural strength. Previous studies [3–8] have 
investigated the mechanical strengths of concrete with recycled concrete 
aggregates and supplementary cementitious materials. Under impact 
loading, a large number of experimental studies have been conducted on 
the impact resistance of concrete. For the higher loading rate caused by 
impact or blast load, the impact resistance characteristic of concrete is 
commonly explored using the split Hopkinson pressure bar (SHPB) [9]. 
Using the SHPB test, Dong et al. [10] investigated the dynamic impact 
behaviour of superfine stainless wire reinforced reactive powder 
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concrete with a strain rate range from 94/s to 926/s. Wang et al. [11] 
investigated the anti-impact properties of ultrahigh performance con
crete incorporating functionalized carbon nanotubes through an SHPB 
test. For low-speed collisions, impact tests with a drop hammer are 
commonly used to investigate the damage effect of explosion or impact 
on concrete structures [12]. Sallam et al. [13] investigated the effect of 
ground waste tire rubber addition on the impact resistance of normal 
strength concrete by the repeated drop-weight impact test, and small 
crumb rubber increased the crack resistance of concrete. Chen et al. [14] 
investigated the impact behaviour of reinforced concrete beams and 
slabs under drop-weight impact. Dey et al. [15] investigated the impact 
response of fibre-reinforced aerated concrete by a three-point bending 
configuration based on the free-fall of an instrumented impact device. 
Guo et al. [16] investigated the influences of the slab thickness and the 
drop height on the impact response of autoclaved aerated concrete slab 
by drop weight impact test. Yoo et al. [17] estimated the impact resis
tance of concrete slabs strengthened with steel and fibre using a drop- 
weight impact test machine. Zhang et al. [17] investigated the flexural 
impact responses of steel fibre reinforced concrete subjected to freeze
–thaw cycles in NaCl solution. Fu et al. [18] conducted three-point 
bending tests using the drop-wight impact technique to understand 
the dynamic response of reinforced concrete beams under different 
impact velocities. Anil et al. [19] estimated the low-velocity impact 
response of reinforced concrete (RC) slabs, and the effects of support 
condition variation on the slab behaviour were investigated. Radnic 
et al. [20] investigated the impact behaviour of two-way conventional 
reinforced concrete slabs and identical slabs strengthened by carbon 
fibre-reinforced polymer, and the weight of the drop hammer and the 
drop height were varied and analysed. Through a low-velocity repeated 
drop weight impact test, Sakthivel et al. [21] studied the impact per
formance of hybrid steel mesh-and-fibre reinforced cementitious com
posites. Yahaghi et al. [22] studied the impact resistance and crack 
behaviour of fibre-reinforced lightweight concrete by dropping two 
types of steel balls. Via the utilization of a self-fabricated drop-hammer 
impact test device, Elavarasi et al. [23] estimated the low-velocity 
impact response of thin slabs of slurry-infiltrated fibrous concrete with 
and without reinforcement. Zhang et al. [24] investigated the flexural 
impact responses of steel fibre reinforced concrete, and the effects of the 
weight and height of the drop hammer were analysed. Merwad et al. 
[25] clarified and discussed the influences of the axial load level, impact 
energy, steel ratio, constraint, steel tube thickness, diameter-to- 
thickness ratio, material properties, specimen boundary conditions 
and strain rates on the lateral impact behaviours of rubberized-fibrous 
concrete-filled steel tubular columns. Mei et al. [26] found that the 
failure modes of concrete beams and columns under impact load are 
similar, showing shear failure under high impact velocity. Hossam et al. 
[27] discussed the impact mechanical behaviour of fibre-reinforced 
composites. Crack bridging is the controlling mechanism of fibre rein
forcement; the higher bond strength, fibre modulus, and fibre strength 
and longer fibres provide better bridging resistance. Furthermore, the 
reinforcement at the bottom face increases bridging resistance. 

With the development of computer technology, simulations com
bined with experiments have become an effective means to further study 
concrete cracking. Based on the testing procedure recommended by ACI 
committee 544, Nia et al. [28] conducted impact tests and simulations 
on the dynamic responses of plain concrete and fibre-reinforced con
crete. Using three-point bending tests using a drop-weight impact de
vice, Pan et al. [29] investigated the propagation speed of dynamic 
Mode-I cracks in self-compacting steel fibre-reinforced concrete, and 
numerical simulations based on cohesive theories of fracture were also 
presented. Merwad et al. [30] investigated the lateral impact behaviours 
of rubberized fibrous concrete-filled steel tubular columns by drop 
weight impact experiments and simulations, and there was agreement 
between the numerical and experimental results. Gopinath et al. [31] 
conducted an impact test on fabric reinforced concrete and ultrahigh 
strength concrete panels, and the experimental and numerical 

investigations under low velocity impact loading were compared. Ber
nardino et al. [32] conducted an experimental analysis and numerical 
modelling of two-way reinforced concrete slabs over different kinds of 
yielding supports under short-term dynamic loading. To better under
stand the dynamic impact response of ultrahigh-performance concrete 
plates reinforced with fibre and steel, Othman et al. [33,34] not only 
conducted an experimental investigation but also established a three- 
dimensional finite element model to verify the test results. Xiao et al. 
[35,36] conducted an impact test and proposed a two-degree-of- 
freedom dynamic model to study the effects of loading rates and other 
parameters on the performance of reinforced concrete slabs. Through 
the drop hammer test and numerical simulation, Zhao et al. [37] 
investigated the impact response of steel–concrete composite panels. 
Elnagar et al. [38] investigated the impact resistance of strain-hardening 
cementitious composite (SHCC) slabs using the drop weight loading test 
and numerical analysis of the ABAQUS software package. Li et al. [2] 
conducted an impact test and simulation to investigate the fracture 
characteristics of a concrete slab under the impact loading of a rectan
gular hammerhead. Zhang et al. [39] conducted a simulation to inves
tigate the effects of hammerhead shape on the fracture characteristics of 
concrete slabs under drop hammer impact. Compared with a numerical 
model and existing testing data, Jin et al. [40] investigated the impact 
behaviour of concrete slabs reinforced with glass fibre under varied 
impact masses and velocities. 

In conclusion, the fracture characteristics of the concrete material 
and structure are mainly investigated experimentally. However, there 
are few studies on how to effectively crack concrete slabs under hammer 
impact loading. The impact cracking mechanism of concrete slabs can be 
better revealed by the combination of simulations and impact tests. 
Currently, concrete failure is mainly simulated and analysed by the 
finite element method (FEM), which can accurately calculate the stress 
of a continuum structure but cannot accurately simulate concrete slab 
fracturing. Based on the continuum discontinuum element method 
(CDEM), the influence of hammer elastic deformation is accurately 
calculated through the continuum element method, and concrete slab 
cracking can be well characterized by the discontinuum element 
method. Therefore, CDEM is a more appropriate method for investi
gating concrete slab cracking. However, few studies have used CDEM to 
simulate and comprehensively analyse concrete slab cracking consid
ering hammerhead shapes, impact velocities and concrete strengths. 

In this paper, the impact cracking of a concrete slab under different 
conditions is investigated based on the continuum-discontinuum 
element method (CDEM). First, simulation models of impact systems 
are developed, and impact tests of concrete slabs are carried out to verify 
the suitability of the simulation method. Then, the coupled calculations 
of the continuum element method and discontinuum element method 
are used to simulate the impact cracking process of the concrete slab. 
Furthermore, the relationships among the crack distribution, fracture 
degree, hammerhead stress and support reaction are comprehensively 
analysed and discussed. 

2. Simulation method and verification 

2.1. Continuum-discontinuum element method 

Generally, computational domains can be divided into the contin
uous state, discontinuous state, and partially continuous state, which 
correspond to the finite element method (FEM), discrete element 
method (DEM) and continuum-discontinuum element method (CDEM), 
respectively, as shown in Fig. 1. The FEM domain is usually used for fully 
continuous problems, and the DEM domain is usually used for fully 
discontinuous problems. CDEM couples finite element calculations with 
discrete element calculations. It conducts finite element calculations 
inside the block elements and discrete element calculations at the block 
element boundaries, which is suitable for the problem of continuous to 
discontinuous transitions [2,39,41–46]. 
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The equilibrium equations of matrix form in element nodes are as 
follows: 

[M]{ü}+ [K]{u}+ [C]{u̇} = {F}ext  

{F}ext = {F}s +{F}t (1)  

where [M] denotes the nodal mass matrix; [C] is the damping matrix; [K]
denotes the stiffness matrix; {u} denotes the displacement vector; and 
{F}ext denotes the vector of external forces, which include the contact 
force {F}s and external loading force {F}t. 

In this method, the global stiffness matrix is not assembled. Instead, 
equation (1) is iterated element by element using the incremental 
method. In the time domain, an explicit iteration technique is applied. In 
this technique, the acceleration is iterated by the central difference 
scheme. 

The schemes can be written as follows: 

{a}i =

(
{u}i+1 − {u}i

)/
Δt −

(
{u}i − {u}i− 1

)/
Δt

Δt  

a = F/m v =
∑Tnow

t=0
aΔt

Δu = vΔt u =
∑Tnow

t=0
Δu

(2)  

where {a}i represents the node acceleration at the i time step;{u}i rep
resents the node displacement at the i time step; {u}i+1represents the 
node displacement at the i + 1 time step；{u}i− 1represents the node 
displacement at the i-1 time step; v is the node initial speed; Δu is the 
node increment displacement; uis the node displacement;m is the node 
quality; and Δtis the time step. 

The elastic stress and deformation of the block element are calcu
lated by the following equations: 

Δξi = Bi⋅Δu  

Δσi = D⋅Δξi  

σn
i = σ0

i +Δσi  

Fb =
∑N

i=1
BT

i ⋅σn
i ⋅ωi⋅Ji (3)  

where i is the element Gaussian point, Δξi is the incremental strain 
vector, Bi is the strain matrix, Δu is the node incremental displacement 
vector, Δσi is the incremental stress vector, D is the element elastic 
matrix, σn

i is the total stress at the current step, σ0
i is the total stress at the 

previous step, Fb is the node force vector, N is the number of Gaussian 
points, ωi is the integral coefficient, and Ji is the Jacobian determinant 
value. 

In the discontinuous element method, the normal and tangential 
forces of the contact element are calculated as follows: 

F1(t1) = F1(t0) − k1 • Ac • Δdu1  

F2(t1) = F2(t0) − k2 • Ac • Δdu2  

F3(t1) = F3(t0) − k3 • Ac • Δdu3 (4)  

where F1 denotes the normal force of the contact element; F2and F3 
denote the tangential forces; t0 and t1 denote the current time step and 
the next time step, respectively; k1 denotes the normal stiffness; k2and k3 
denote the tangential stiffness; Acis the contact element area; Δdu1 
represents the relative displacements in the normal direction; and Δdu2 
and Δdu3 represent the relative displacements in the tangential 
directions. 

To characterize and simulate the concrete fracture process, the 
damage fracture criterion of maximum tensile stress and Mohr-Coulomb 
with consideration of concrete fracture energy are applied to the 
element interface of the concrete fracture area. The linear cohesive 
constitutive curves of the contact element in normal and tangential di
rections are adopted, as shown in Fig. 2 [45]. 

Based on the continuum-discontinuum element method, the iterative 
process diagram of the simulation procedure is indicated in Fig. 3. 

2.2. Simulation verification 

In reference [45], a large-scale road 3D model considering concrete 
pavement, subgrade and soil foundation is established. The cracking and 
crushing processes of concrete pavement under impact loading are 
simulated based on the continuum-discontinuum element method 
(CDEM), and an impact test in the engineering field was carried out to 
verify the simulation results, as shown in Fig. 4. This research indicates 
that the simulation results by CDEM correspond to the results of on-site 
tests, which confirms the applicability of the simulation method on the 
impact fracture of concrete structures on an engineering scale. 

In this paper, an indoor impact test is conducted to certify the CDEM 
method on the impact cracking of laboratory-scale concrete slabs. 
Concretely, an impact test device of rectangular hammerhead is 
designed and manufactured (1. Guide bar, 2. Drop hammer, 3. Bearing 
plate, 4. Rigid foundation, 5. Specimen, 6. Impact head, 7. Release 
mechanism), and then the impact test of concrete slab cracking is carried 
out, as shown in Fig. 5. In the impact test, the 3060 V dynamic data 
acquisition instrument is used to collect the dynamic impact data of the 
concrete slab by the metal foil strain gauge, and the impact force is 

Fig. 1. Model schematic of the simulation method [45].  

Fig. 2. Constitutive curves of the contact element in CDEM.  
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obtained by the product of the vertical strain, elastic modulus and 
impact area. 

In the impact test, ordinary Portland cement (P. O 42.5) is used for 
concrete mixtures. The fine aggregate is high-quality river sand with a 
fine modulus of 2.5, and the coarse aggregate is gravel with a particle 
size of 5–20 mm. Polycarboxylate superplasticizer is used in the concrete 
mixture, the concrete slabs are demoulded after 24 h, and the standard 
curing room is maintained for 28 days. The technical parameters of fine 
aggregate and coarse aggregate are listed in Table 1, and the mixture 
proportion used for the specimens is listed in Table 2 [2,47]. 

Based on the impact test, the models of the drop hammer, bearing 
plate, concrete slab and rigid support slab are established separately, as 
shown in Fig. 6. The drop hammer is meshed by hexahedral elements, 
and the element number is 3311. Due to the geometry asymmetry, the 
bearing plate with a rectangular hammerhead is meshed by tetrahedral 
elements, and the element number is 21250. To achieve randomness of 

Fig. 3. Flow chart of iteration calculation of CDEM.  

Fig. 4. Comparison of the impact test and CDEM simulation at the engineering scale.  

Fig. 5. Schematic diagram of the impact test of the concrete slab.  

Table 1 
Detailed physical properties of fine aggregate and coarse aggregate.  

Aggregate 
type 

Apparent 
density(kg/m3) 

Loose packing 
density(kg/m3) 

Water 
absorption (%) 

Crush 
index (%) 

Fine agg. 2550 1600  0.6  – 
Coarse agg. 2814 1568  1.4  8.8  
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the fracture path, the concrete slab is also meshed by tetrahedral ele
ments, and the element number of the concrete slab is 71538. In the 
impact cracking simulation of the concrete slab, the drop hammer has a 
certain initial impact kinetic energy by giving a certain initial impact 
velocity, which equivalently replaces the free drop process of the 
hammer from the initial height in the experiment. Based on the contact 
element and dynamic explicit algorithm of CDEM, the impact cracking 
process of the whole system can be achieved by the drop hammer with 
initial impact velocity. During the impact cracking of the concrete slab, 
the time-history curve of the impact reaction force is obtained by 
accumulating the contact force between the support slab and concrete 
slab. The geometry size of the concrete slab is 400 mm × 400 mm × 60 
mm, and the impact section size of the rectangular hammerhead is 20 
mm × 54 mm. 

In the simulation, the drop hammer and load bearing plate are 
analysed accurately by using the continuous element method, and the 
elastic constitutive law is adopted. The discontinuous element method is 
used to analyse the impact cracking of the concrete slab. The normal 
contact element is used to address the contact between the impact 
hammer, concrete slab and rigid support slab under low-velocity impact. 
The block element parameters of the concrete slab, drop hammer and 
bearing plate are shown in Table 3. The interface element parameters of 
the entire impact system are shown in Table 4. 

To compare the experimental and simulation results, the impact 
crack mode is analysed by the crack distribution in the top and bottom of 
the concrete slabs. The time-history curve of the impact reaction force is 
obtained by accumulating the contact force between the support slab 
and concrete slab. Moreover, the fracture degree of the concrete slab is 
obtained by counting the cracking number of the contact elements. As 
shown in Fig. 7a and Fig. 7b, the cracking forms of the concrete slab in 
the impact tests are close to the simulation results. The main crack along 
the longitudinal direction of the impact head is formed; additionally, the 
branch crack begins to develop along the impact head transverse di
rection, which propagates from the slab middle to the concrete slab 
edge. Therefore, the calculation theory is applicable to the simulation of 
concrete impact cracking. Furthermore, the impact force curves of the 
concrete slab are shown in Fig. 6c. The impact durations of the test and 
simulation are also close, and the impact duration is approximately 4 
ms, which verifies that the calculation parameters of the simulation are 
reasonable. 

3. Cracking simulation of the concrete slab under different 
impact conditions 

3.1. Numerical models and simulation scheme 

To investigate the effect of hammerhead shape, simulation models of 
circular, square and rectangular hammerheads are generated based on 
Section 2, and the impact section areas of different hammerhead shapes 
are 1080 mm2. Based on the area conversion of the impact section, the 
impact section size of the square hammerhead is 33 mm × 33 mm, and 
the radius of the square impact section is 18.6 mm. To obtain the impact 
stress of hammerheads, the different positions of impact sections are 
monitored, as shown in Fig. 8. 

Cracking simulations under circular, square and rectangular ham
merheads are carried out. To investigate the effect of impact velocity, 
the concrete cracking processes with impact velocities of 3 m/s, 4 m/s 
and 5 m/s are simulated. To investigate the effect of concrete strength, 
cracking simulations of concrete slabs with tensile strengths of 3 MPa, 4 
MPa and 5 MPa are conducted, and cracking simulations of concrete 
slabs with cohesion strengths of 4 MPa, 6 MPa and 8 MPa are also carried 
out. To investigate the impact cracking mechanism of the concrete slab 
under different hammerhead shapes, impact velocities and concrete 
strengths, the failure modes of the concrete slabs are analysed by the 
crack propagation paths on the slab’s top and bottom. The fracture de
gree of the concrete slabs is calculated by the ratio of the broken contact 
element number and the total contact element number. The impact 
stresses of the hammerhead are obtained by monitoring the normal 
stress of the contact element at different positions of the impact section. 
The cracking mechanisms of concrete slabs under different impact 
conditions are discussed by analysing the failure modes, fracture degree, 
impact stress and reaction force. 

3.2. Effect of hammer shape and impact velocity on concrete slab 
cracking 

To investigate the comprehensive effects of the hammerhead shape 
and impact velocity on the impact cracking mechanism of the concrete 
slab, this section conducts the impact cracking simulation of the con
crete slab under circular, square and rectangular hammerheads, and the 
impact velocities of the drop hammer are 3 m/s, 4 m/s and 5 m/s, 
respectively. 

3.2.1. The crack distributions of the concrete slab 
To analyse the failure modes of the concrete slabs, the crack distri

butions in the top and bottom of the concrete slabs under impact loading 
are shown in Fig. 9. The crack models of the concrete slab are distinct 
under different impact velocities and hammerhead shapes. 

As shown in Fig. 9a, the tops of the concrete slab are crushed, and the 
crack forms are similar to the section shapes of hammerheads. Under 
impact velocities of 3 m/s and 4 m/s, the top crack forms of the concrete 
slab are similar. However, under an impact velocity of 5 m/s, the crack 
lengths of the concrete slab top obviously increase. Moreover, there exist 
some cracks outside the impact area of the rectangular hammerhead, 
which propagate along the long axis of the impact section. 

As shown in Fig. 9b, the concrete slab bottom generates the sym
metrical dispersion cracks, which propagate from the slab centre to the 
edge. Under different hammerhead shapes, the symmetry, density and 
length of slab bottom cracks increase with increasing impact velocity. 
Concretely, under the circular and square hammerheads, the symmetry 
of bottom cracks is basically consistent with a variation in impact ve
locity, and the crack distribution zones are approximately circular. For 
the rectangular hammerhead impact, the slab bottom cracks mainly 
propagate along the longitudinal direction of the impact section under 
different impact velocities. Along the transverse direction of the rect
angular section, fewer branch cracks are generated on the slab bottom 
under 3 m/s impact, and the number and length of branch cracks 

Table 2 
Mix proportions of concrete (kg/m3).  

Water Cement Fine agg. Coarse agg. water-reducing agent 

178 411 718 1078  1.233  

Fig. 6. Simulation model of the impact test of the concrete slab.  

Table 3 
Constitutive parameters of the block elements.   

Density(kg/m3) Elastic modulus (GPa) Poisson’s ratio 

Hammer 7850 200  0.25 
Concrete 2400 28  0.2  
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obviously increase under 4 m/s impact; however, the distribution zone 
of branch cracks on the slab bottom remains constant under 5 m/s 
impact, and the main cracks propagate to the slab edge. 

3.2.2. The fracture degree of the concrete slab 
To quantitatively evaluate the effect of impact velocities and 

hammerhead shapes on concrete slab cracking, the fracture degrees of 
concrete slabs are counted, as shown in Fig. 10. 

As shown in Fig. 10a, the development of the fracture degree curves 
of the concrete slabs can be divided into the initial cracking stage, rapid 
cracking stage, slow cracking stage and cracking termination stage. With 
an increasing impact velocity, the duration of each stage decreases; 
however, the fracture degree of the concrete slab obviously increases. 
Additionally, under different hammerhead shapes, the fracture degree 
curves of the concrete slabs are relatively close. 

As shown in Fig. 10b, under an impact velocity of 3 m/s, the final 
fracture degrees of the concrete slab under circular and square ham
merheads (0.00675 and 0.00674) are larger than that of the rectangular 
hammerhead (0.00625). Under the 4 m/s impact, the final fracture de
grees of the concrete slab under different hammerheads are close to 
0.01085. Under the 5 m/s impact, the final fracture degree under the 
rectangular hammerhead (0.01677) is obviously larger than those of the 
circular and square hammerheads (0.01532 and 0.01551). Generally, 
under different hammerhead shapes, the average of the final fracture 
degrees of the concrete slabs approximately linearly increases from 
0.00658 to 0.01587 as the impact velocity increases from 3 m/s to 5 m/ 
s. 

3.2.3. The impact stress of the drop hammer 
To further investigate the effects of the impact velocity and 

Table 4 
Constitutive parameters of the contact element.   

Normal Stiffness (Pa/m) Tangential stiffness (Pa/m) Cohesion(MPa) Internal friction angle(◦) Tensile strength (MPa) 

Concrete interface 2e11 1e11 6  54.9 5 
Impact interface 2e11 0 0  54.9 0 
Support interface 2e10 0 0  54.9 0  

Fig. 7. The result comparison of the impact test and simulation [2].  

Fig. 8. The hammer models and monitor point distributions of different 
impact sections. 

Fig. 9. The crack distributions of the concrete slab top and bottom.  
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hammerhead shape on the fracture mechanism of the concrete slab, the 
impact stresses on different positions of the hammerhead section are 
monitored and plotted in Fig. 11. 

As shown in Fig. 11, under different impact velocities and shape 
hammerheads, the impact stresses of the drop hammer approximately 
change in half sine curves. At different positions of the hammerhead 
section, the impact stresses are distinct, and the impact stress curves of 
the middle of the hammerhead section (monitor point 1) are obviously 
lower than those of the section edges. The impact stress curves of cir
cular hammerhead section edges are relatively close; however, the 
impact stress curves of square and rectangular section endpoints 
(monitor points 2, 3, 4 and 5) are higher than those of section edge 
midpoints (monitor points 6, 7, 8 and 9). In general, under different 
hammerhead shapes, as the impact velocity increases, the impact 

durations slightly increase, and the impact stresses of the hammerhead 
section show an obvious increase. Under the impact of different initial 
velocities, the durations of circular and square hammerhead impact are 
close, which are slightly larger than those of rectangular hammerhead 
impact. The impact stresses of rectangular and square hammerheads are 
close and are larger than those of circular hammerhead impact. 

As shown in Fig. 12, the peak statistics of the impact stress curves at 
different positions of the hammerhead section are used to analyse the 
effects of the impact velocity and hammerhead shape on the cracking 
mechanism of the concrete slab. 

As shown in Fig. 12a, for different impact velocities, the maximums 
of the impact stress on the circular hammerhead section are obviously 
smaller than those of the square and rectangular sections. At different 
positions of the impact section, the stress peaks of the circular 

Fig. 10. The fracture degree of the concrete slab under different velocities and hammerhead shapes.  

Fig. 11. The stress curves of the impact section under different velocities and hammerhead shapes.  
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hammerhead section edge are relatively close, the stress peaks of the 
square and rectangular section endpoints are larger than those of the 
section edge midpoints, and the stress peaks of the middle of the 
hammerhead section are obviously smaller than those of the section 
edges. Concretely, under the 3 m/s impact, the maximum impact stress 
peak on the square hammerhead section (1.13e8 Pa) is larger than that 
(1.04e8 Pa) of the rectangular section. Under the 4 m/s impact, the 
maximum impact stress peak on the square section (1.45e8 Pa) is close 
to that (1.47e8 Pa) of the rectangular section. Under the 5 m/s impact, 
the maximum impact stress peak on the square section (1.66e8 Pa) is 
smaller than that (1.86e8 Pa) of the rectangular section. Furthermore, 
with increasing impact velocity, the maximum impact stress peaks of the 
rectangular hammerhead show a more obvious increasing trend than 
those of the circular and square hammerheads. 

As shown in Fig. 12b, the impact stress peaks of the circular section 
middle are smaller than those of the square section middle and are 
smaller than those of the rectangular section middle. The stress peaks of 
the middle of the hammerhead section increase with increasing impact 
velocity. As shown in Fig. 12c, the averages of stress peaks on the cir
cular section edge are smaller than those of rectangular section edges are 
smaller than those of square section edges. However, the standard de
viations of stress peaks on circular hammerhead section edges are 
smaller than those of the square section and are smaller than those of the 
rectangular section. Moreover, the averages and standard deviations of 
the impact stress peaks on the hammerhead section edges increase with 
increasing impact velocity. 

3.2.4. The impact reaction of the support slab 
To further investigate the effects of the impact velocity and 

hammerhead shape on the bearing performance of the fractured con
crete slab, the impact reaction curves of the support slab below the 
concrete slab are monitored and plotted in Fig. 13. 

As shown in Fig. 13, the impact reaction curves approximately vary 
in half sine law, the impact duration slightly increases with an increasing 
impact velocity, and the impact reaction curves of the support slab 
under circular and square hammerheads are close. From 0 to 0.5 ms of 
impact time, the impact reaction curves of the support slab under 
different hammerheads are consistent. From 0.5 to 2.5 ms, the impact 
reaction curves of the support slab under the rectangular hammerhead 
are higher than those of the circular and square hammerhead impacts. 
From 2.5 to 5 ms, the reduction rates of the impact reaction curves under 
the rectangular hammerhead are larger than those of the circular and 
square hammerhead impacts. Furthermore, the impact reaction peaks of 
the support slab under circular and square hammerheads are close, 
which are obviously smaller than those of the rectangular section 
impact. Moreover, under different hammerhead shapes, the average of 
the impact reaction peaks linearly increases from 40,801 N to 57,432 N 
as the impact velocity increases from 3 m/s to 5 m/s. 

3.3. Effect of concrete strength and hammer shape on concrete slab 
cracking 

To investigate the comprehensive effects of hammerhead shape and 
concrete strength on the impact cracking mechanism of concrete slabs, 
this section conducts cracking simulations of concrete slabs with tensile 
strengths of 3 MPa, 4 MPa, and 5 MPa and cohesive strengths of 4 MPa, 
6 MPa, and 8 MPa; hammerhead types are circular, square and rectan
gular, respectively. 

3.3.1. The crack distributions of the concrete slab 
Similar to Section 3.2.1, under different hammerhead shapes and 

concrete strengths, the concrete slab tops are crushed, and the crack 
forms of the slab tops are similar to the hammerhead shapes; however, 
the crack forms of the slab bottom are distinct. To effectively analyse the 

Fig. 12. The impact stress peak statistics of the impact section under different velocities and hammerhead shapes.  

Fig. 13. The impact reaction forces under different velocities and hammerhead shapes.  
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impact failure modes of concrete slabs, the crack distributions of the 
concrete slab bottom are compared and analysed in this section, as 
shown in Fig. 14. 

As shown in Fig. 14a, concrete slabs with a low tensile strength are 
prone to generate bifurcation cracks under different hammerhead 
shapes. With increasing tensile strength, the propagation zone and 
length of concrete cracks decrease under circular and square hammer
heads, and the crack forms under rectangular hammerhead evolve from 
bifurcation cracks to unidirectional main cracks. As the tensile strength 
continuously increases, dispersion cracks are generated on the slab 
bottom. Concretely, under different shape hammerheads, concrete slabs 
with a tensile strength of 3 MPa generate multiple bifurcation cracks, 
and the crack symmetry under rectangular hammerhead is smaller than 
those of circular and square hammerheads. Concrete slabs with a tensile 
strength of 4 MPa also generate bifurcation cracks under circular and 
square hammerheads; however, more microcracks are generated in the 
vertical direction of the main bifurcation cracks. Moreover, the slab 
bottom cracks under the rectangular hammerhead obviously propagate 
along the longitudinal direction of the hammerhead. Concrete slabs with 
a tensile strength of 5 MPa generate dispersion cracks under different 
hammerhead shapes, while the zone and length of dispersion cracks 
obviously decrease compared with concrete slabs with a tensile strength 
of 4 MPa. Moreover, the symmetry of dispersion cracks under a circular 
hammer is larger than that of a square hammer impact, which is larger 
than that of a rectangular hammer impact. 

As shown in Fig. 14b, concrete slabs with a low cohesive strength are 
prone to generate dispersion cracks under different hammerhead 
shapes. With increasing concrete cohesion, the density of dispersion 
cracks decreases, and the dispersion cracks finally evolve to the main 
bifurcation cracks. Concretely, under different hammerhead shapes, 
concrete slabs with 4 MPa cohesion generate obviously dispersed cracks, 
the cracks propagate from the slab centre to the edges, and the sym
metries of the concrete cracks are similar. Concrete slabs with 6 MPa 
cohesion also generate dispersion cracks under different hammerhead 
shapes; however, the zone and density of dispersion cracks obviously 
decrease compared with concrete slabs with 4 MPa cohesion. Moreover, 
the slab bottom cracks under the rectangular hammerhead begin to 
show a propagation trend along the longitudinal direction of the 
hammerhead. Concrete slabs with 8 MPa cohesion generate the main 
bifurcation cracks under different hammerhead shapes, and the crack 
density continuously decreases; however, the zone and length of cracks 
obviously increase. Furthermore, the concrete slab under a circular 

hammerhead generates three bifurcation cracks propagating to the slab 
edge middle, the concrete slab under a square hammer generates four 
bifurcation cracks propagating to four slab corners, and the concrete 
slab under a rectangular hammer generates a unidirectional main crack 
that obviously propagates along the long axis of the hammerhead. 

3.3.2. The fracture degree of the concrete slab 
In this section, the fracture degree curves of concrete slabs with 

different strengths are used to quantitatively evaluate the impact 
cracking mechanism of concrete slabs under different hammerhead 
shapes, as shown in Fig. 15. 

As shown in Fig. 15a, under different hammerhead shapes, the 
fracture degree curves of concrete slabs with tensile strengths of 4 MPa 
and 5 MPa are close, which are obviously higher than those of concrete 
slabs with a tensile strength of 3 MPa. Furthermore, the final average 
fracture degree of the concrete slabs increases from 0.00847 to 0.01085 
as the concrete tensile strength increases from 3 MPa to 5 MPa. More
over, the final fracture degree differences (2.5% and 3.1%) of the con
crete slabs with tensile strengths of 3 MPa and 4 MPa are obviously 
larger than that (0.9%) of the concrete slabs with a tensile strength of 5 
MPa. 

However, from Fig. 15b, for concrete slabs with different cohesive 
strengths, the fracture degree curves of concrete slabs with 4 MPa 
cohesion are obviously higher than those of concrete slabs with 6 MPa 
cohesion, which are obviously higher than those of concrete slabs with 8 
MPa cohesion. Furthermore, the final average fracture degree of the 
concrete slabs decreases from 0.01434 to 0.00795 as the concrete 
cohesion increases from 4 MPa to 8 MPa. Under different hammerhead 
shapes, the final fracture degree difference (15.3%) of concrete slabs 
with 8 MPa cohesion is larger than those (1.3% and 0.9%) of concrete 
slabs with 4 MPa and 6 MPa cohesions. 

3.3.3. The impact force of the drop hammer 
Similar to Section 3.2.3, under different hammerhead shapes and 

concrete strengths, the stress curves at different impact positions of the 
hammerhead section also approximately change into half sine curves. In 
this section, the effects of the concrete strength and hammerhead shape 
on the impact stresses of the hammerhead section are investigated by the 
statistical analysis of impact stress peaks, as shown in Fig. 16. 

As shown in Fig. 16a1 and b1, there are no obvious differences in the 
impact stress peaks of the hammerhead section as the concrete strength 
varies. However, the impact stress peaks of the hammerhead section 

3 MPa

4 MPa

5 MPa

6 MPa

8 MPa

4 MPa

（a）Tensile strength variation （b）Cohesive strength variation

Circular 
hammerhead

Square
hammerhead

Rectangular
hammerhead

Circular 
hammerhead

Square 
hammerhead

Rectangular 
hammerhead

Fig. 14. The crack distributions of the concrete slab bottom under different tensile strengths, cohesive strengths and hammerhead shapes.  
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middle (monitor point 1) are obviously smaller than those of the 
hammerhead section edges, and the impact stress peaks of the section 
edge midpoints (monitor points 6, 7, 8 and 9) are smaller than those of 
the section edge endpoints (monitor points 2, 3, 4 and 5). 

As shown in Fig. 16a2, for the concrete slab with a tensile strength of 
3 MPa, the stress peaks in the impact section middle (1.80e7 Pa and 
1.79e7 Pa) of the circular and square hammerheads are smaller than 
those (2.21e7 Pa and 1.79e7 Pa) of the rectangular section middle. For 
concrete slabs with tensile strengths of 4 MPa and 5 MPa, the stress 
peaks (1.57e7 Pa and 1.53e7 Pa) of the circular section middle are 
smaller than those (1.91e7 Pa and 1.85e7 Pa) of the square section 
middle and are smaller than those (2.19e7 Pa and 2.07e7 Pa) of the 
rectangular section middle. As shown in Fig. 16b2, the stress peaks on 
the middle of the hammerhead section increase with increasing concrete 
cohesion. For concrete slabs with different cohesive strengths, the stress 
peaks (average 1.65e7 Pa) of the circular section middle are smaller than 
those (average 1.79e7 Pa) of the square section middle, which are 
smaller than those (average 2.03e7 Pa) of the rectangular section 
middle. 

As shown in Fig. 16a3 and b3, for concrete slabs with different tensile 
and cohesive strengths, the averages of impact stress peaks on circular 
hammerhead section edges are obviously smaller than those of rectan
gular section edges, which are smaller than those of square section 
edges. However, the standard deviations of impact stress peaks on cir
cular section edges are smaller than those of square section edges are 
smaller than those of rectangular section edges. 

3.3.4. The impact reaction of the support slab 
Under the impact loadings of circular, square and rectangular ham

merheads, the impact reaction curves of the support slab are also used to 
further investigate the bearing performance of fractured concrete slabs 
with different tensile and cohesive strengths, as shown in Fig. 17. 

As shown in Fig. 17a, for concrete slabs with different tensile 
strengths, there are no obvious differences in the impact reaction curves 
of the support slabs. The reaction curves under circular and square 
hammerheads are basically consistent, which are lower than those of 
rectangular hammerheads. Furthermore, under different hammerhead 

shapes, the average of the impact reaction peaks decreases from 51,021 
N to 49,002 N as the concrete tensile strength increases from 3 MPa to 5 
MPa. 

As shown in Fig. 17b, for concrete slabs with 6 MPa and 8 MPa co
hesions, the impact reaction curves of support slabs under circular and 
square hammerheads are basically consistent, which are lower than 
those of rectangular hammerhead impact. However, for the concrete 
slab with 4 MPa cohesion, there are obvious differences (10.8%) in the 
impact reaction of the support slabs under different hammerhead 
shapes. Furthermore, under different hammerhead shapes, the average 
number of impact reaction peaks increases from 47,636 N to 53,998 N as 
the cohesion strength increases from 4 MPa to 8 MPa. 

4. Discussion on the cracking mechanism of the concrete slab 

As stated in Section 2.2, reference [45] certified that the impact 
fracture characteristics of concrete pavement structures can be well 
simulated based on the continuum-discontinuum element method 
(CDEM). For a concrete slab with a smaller size, the impact fracture 
characteristic can be reasonably characterized by CDEM, which can be 
compared with the test results and reference [2]. Therefore, CDEM is an 
appropriate method to further investigate the cracking mechanism of 
concrete slabs under different hammerhead shapes, impact velocities 
and concrete strengths. 

Analysis of the fracture forms of Fig. 9 in Section 3.2.1 shows that for 
three impact velocities and three impact hammerhead shapes, the con
crete slab top is crushed due to the impact-shear of the hammerhead, 
and the crack forms of the slab top are similar to those of the 
hammerhead shapes. Due to the flexural deformation of the concrete 
slab under impact loading, the slab bottom generates tension cracks. 
This is similar to the failure results of concrete in the reference [14]. Due 
to the geometric characteristics of impact sections, the bottom crack 
forms of concrete slabs under circular and square hammerheads are 
symmetrical; however, the bottom cracks mainly propagate along the 
longitudinal direction of the rectangular section. Therefore, under 
different impact velocities, the hammerhead shape obviously affects the 
fracture modes of the concrete slab. The larger the impact velocity is, the 

Fig. 15. The fracture degree comparison of the concrete slab under different hammerheads and concrete strengths.  
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Fig. 16. The impact peak stress statistics under different hammerhead sections and concrete strengths.  

Fig. 17. The impact reaction forces under different tensile strengths, cohesive strengths and hammerhead shapes.  
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larger the impact energy of the concrete slab is. The length and number 
of concrete cracks increase as the impact velocity increases. Therefore, 
the impact velocity also obviously influences the fracture modes of the 
concrete slab under different hammerhead shapes. This is consistent 
with the research conclusion of the reference [39], however, the 
contribution of current study is to extend the applicable scope of this 
conclusion. 

From Section 3.3.1, analysis on the fracture forms of Fig. 14a, con
crete strengths obviously affect the impact fracture modes of concrete 
slabs under different shape hammerheads. Concrete slabs with a low 
tensile strength are prone to generate bifurcation cracks. With 
increasing concrete tensile strength, the crack forms of the slab bottom 
evolve from bifurcation main cracks to dispersion cracks. This can be 
because as the cohesion strength of the concrete slab is constant, the 
ability to resist impact-shear failure of the concrete slab is certain; 
however, the ability to resist the impact tensile failure of the concrete 
slab is weaker as the tensile strength is smaller. As a result, the impact 
tensile failure of the concrete slab with a smaller tensile strength takes 
priority, so obvious bifurcation cracks are generated on the bottom of 
the concrete slab. As the tensile strength increases, the ability to resist 
concrete tensile failure increases, and the bifurcation crack length of the 
slab bottom decreases. When the tensile strength becomes sufficiently 
high, concrete tensile failure does not occur, and the concrete slab 
bottom generates dispersion cracks due to impact-shear failure. 

However, analysis of the fracture forms of Fig. 14b shows that con
crete slabs with a low cohesive strength are prone to generate dispersion 
cracks under impact loads. With increasing concrete cohesion, the bot
tom cracks of concrete slabs evolve from dispersion cracks to bifurcation 
and unidirectional main cracks. This can be because as the tensile 
strength of the concrete slab is constant, the ability to resist tensile 
failure of the concrete slab is certain; however, the ability to resist 
concrete impact-shear failure is weaker when the cohesive strength is 
lower. As a result, the impact-shear failure of the concrete slab bottom 
takes priority as the cohesion strength decreases, and obvious dispersion 
cracks are generated on the slab bottom. As the cohesive strength of the 
concrete slab increases, the ability to resist impact-shear failure in
creases, so the distribution zone of dispersion cracks on the slab bottom 
decreases. When the cohesive strength of the concrete slab becomes 
sufficiently high, the impact-shear failure of the concrete slab does not 
occur, and the concrete slab bottom only generates bifurcation cracks 
and unidirectional main cracks due to impact tensile failure. 

These conclusions, as indicted in Fig. 14, are basically consistent 
with the experimental results of the reference [14,16,19,22,28,34], 
concrete slabs reinforced by steels have the stronger ability to resist the 
tensile failure under the impact loading, which are prone to generate the 
crushing failure [14,19,34]; for the normal concrete slabs and fiber- 
reinforced concrete slabs, the impact resistance relatively decrease, 
which are prone to generate the bifurcation cracks due to the flexural 
and tensile failure [22,28]; aerated concrete slabs are more prone to 
generate the compression-shear and tensile failure under the impact 
loading [16]. 

Analysis of Fig. 10 of Section 3.2.2 shows that under the same impact 
velocity, the final fracture degrees of the concrete slab under different 
hammerhead shapes are close, which is similar to the results of reference 
[39]. However, with increasing impact velocity, the fracture degrees 
obviously increase; moreover, the increasing trend of the final fracture 
degree of the concrete slab under rectangular hammerhead impact is 
more obvious than those of circular and square hammerhead impacts. 
Therefore, the hammerhead shapes have a certain effect on the fracture 
degree of the concrete slab; however, the effects of the impact velocity 
on the fracture degree are larger than those of the hammerhead shapes. 

Analysis of Fig. 15 of Section 3.3.2 shows that the final fracture de
gree of the concrete slab increases with increasing concrete tensile 
strength; however, the fracture degree of the concrete slab decreases 
with increasing concrete cohesion. This can be because the concrete slab 
easily generates impact tensile failure when the tensile strength is lower 

and the cohesive strength is larger; however, the concrete slab easily 
generates impact shear failure when the tensile strength is larger and the 
cohesive strength is smaller. The fracture degree of the concrete slab 
with impact tensile failure (bifurcation cracks and unidirectional main 
cracks) is smaller than that of the concrete slab with impact shear failure 
(dispersion cracks). Under different hammerhead shapes, for concrete 
slabs with tensile strengths of 3 MPa and 4 MPa (impact tensile failure), 
the final fracture degree differences are obviously larger than those of 
concrete slabs with a tensile strength of 5 MPa (impact shear failure). 
Moreover, the final fracture degree differences of the concrete slab with 
8 MPa cohesion (impact tensile failure) are larger than those of the 
concrete slabs with 4 MPa and 6 MPa cohesion strengths (impact shear 
failure). This indicates that for the impact tensile failure of the concrete 
slab, the effects of the hammerhead shape on the fracture degree are 
larger than those of impact shear failure. 

According to the analyses in Figs. 11, 12 and 16 in Sections 3.2.3 and 
3.3.3, which illustrate different impact velocities for hammerhead 
shapes and concrete strengths, the stress concentration on the impact 
section edges lead to a markedly weaker impact stress for the middle of 
the hammerhead section than for the hammerhead section edges. 
Moreover, the stress concentrations at the section endpoints of the 
square and rectangular hammerheads are larger than those of the sec
tion edge midpoints. Considering the symmetry and smoothness of the 
impact section, the standard deviation of the stress peaks at the section 
edges of the rectangular hammerhead are larger than those of the square 
hammerhead, so that the stress concentration under the circular 
hammerhead is weaker than that of the square hammerhead, which is 
obviously smaller than that of the rectangular hammerhead. Further
more, as the initial impact velocity is larger, the impact kinetic energy of 
the drop hammer is also larger, so the stress concertation degree of the 
impact section shows an obviously increasing trend. However, there are 
no significant differences in the impact stress peaks of the hammerhead 
section as the concrete strength varies. Therefore, the effects of the 
impact velocity on the hammerhead stress are larger than those of the 
concrete strength. 

According to the reaction analysis shown in Figs. 13 and 17 in Sec
tions 3.2.4 and 3.3.4, the impact reaction ranges from from 40801 N to 
57432 N, which is within the scope of research results of reference 
[12,17,29]. More concretely, different impact velocities for hammer
head shapes and concrete strengths, an increase in the impact velocity 
leads to an increase in the impact force transmitted to the slab bottom. 
Therefore, the impact reaction peaks of the support slab markedly in
crease. Under the circular and square hammerheads, the fracture models 
of the concrete slab bottom are similar, so the impact reactions of the 
support slab are also close. Because the longitudinal fracture forms of 
the slab bottom under the rectangular hammerhead are obviously 
different from the dispersion fracture forms of the slab bottom under the 
circular and square hammerheads, the reaction of the support slab is 
obviously larger than those of the circular and square hammerhead 
impacts. This indicates that for the rectangular hammerhead impact, the 
ability to transfer impact load to the support slab is stronger, and the 
bearing performance of the concrete slab with impact tensile failure is 
relatively weaker. 

Furthermore, from Fig. 17, the impact reaction of the support slab 
increases as the concrete cohesion strength increases; however, the 
impact reaction of the support slab decreases as the tensile strength of 
the concrete slab increases. Combined with Fig. 14 of Section 3.2.1, 
concrete slabs with lower tensile strength and larger cohesion easily 
generate impact tensile failure, which generates bifurcation and unidi
rectional main cracks. However, concrete slabs with larger tensile 
strength and smaller cohesion are prone to generate impact 
compression-shear failure, which is prone to generate dispersion cracks. 
Therefore, as the concrete slab generates bifurcation and unidirectional 
main cracks due to impact tensile failure, the impact force transmitted to 
the slab bottom is larger than that of the concrete slab with dispersion 
cracks due to impact shear failure. 
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5. Conclusions 

In this paper, the comprehensive effects of hammerhead shapes, 
impact velocities and concrete strengths on the impact cracking of 
concrete slabs are investigated by the continuous discontinuous element 
method (CDEM). The following conclusions can be obtained:  

(1) For concrete slabs with different tensile and cohesion strengths, 
the top crushing forms are basically consistent; however, the 
concrete strength significantly affects the impact failure models 
of the slab bottom. Concrete slabs with lower tensile strength (3 
MPa) and larger cohesion (8 MPa) easily generate bifurcation and 
unidirectional cracks due to impact tensile failure. However, 
concrete slabs with larger tensile strength (5 MPa) and smaller 
cohesion (4 MPa) are prone to generate dispersion cracks due to 
impact shear failure.  

(2) The fracture degree (max 0.01449) of the concrete slab with 
dispersion cracks is larger than that (min 0.007178) of the con
crete slab with bifurcation and unidirectional cracks. For the 
concrete slab with bifurcation and unidirectional cracks, the 
hammerhead stresses are slightly larger than those of the con
crete slab with dispersion cracks; however, the support slab re
action (max 57227 N) is obviously larger than that (min 42553 N) 
of the concrete slab with dispersion cracks. 

(3) For different impact velocities and concrete strengths, the stan
dard deviation of impact stress peaks on different positions of 
rectangular hammerhead section edges is larger than that of 
square hammerhead, followed by circular hammerhead, which 
indicates that the stress concentration due to rectangular hammer 
impact is largest. Moreover, the impact reaction of the support 
slab under the rectangular hammerhead is generally larger than 
those of the circular and square hammerheads. Compared with 
the impact velocities and concrete strengths, the effect of the 
hammerhead shape on concrete fracture is relatively smaller. 

Considering the comprehensive effects of hammerhead shapes, 
impact velocities and concrete strengths, this research supports guid
ance for the protection, renovation and demolition of concrete slab 
structures. For concrete slab structures with different strength grades, a 
specific impact mode (proper hammer type and impact velocity) is 
beneficial to realize the ideal impact response in engineering. 
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