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Abstract: In this study, an irregular lattice model is developed to simulate the failure behavior of 

fiber-reinforced cementitious composites (FRCCs) subjected to extreme loadings with various strain 

rates. The numerical method is based on the Rigid-Body-Spring-Network(RBSN), which is an 

irregular lattice model. The matrix of material domain is discretized by the Delaunay/Voronoi dual 

tessellation, and the lattice nodes are connected by spring sets. Generally, cementitious materials are 

rate dependent, meaning that their mechanical properties change according to the rates of loading [1-

3]. In dynamic failure analysis, considering the rate dependency, the response of a material is obtained 

in every time step by using, for example, explicit time integration schemes. During the numerical 

analysis, in order to achieve this material characteristic, a rheological unit, which contains springs 

and dashpots, is adopted into the rigid-body-spring elements of the lattice model [4, 5]. The 

rheological unit represents sources of rate dependency, including inertia of mass and Stepan’s effects. 

In the previous researches, the strain rate dependency was shown for plain concrete and expanded to 

the case of reinforced concrete.  In this research, the method to handle the interface property, which 

is rate sensitive, are demonstrated for the case of fiber pull-out from a cementitious matrix. A semi-

discrete method is chosen since fiber addition does not add degrees of freedom(DOF) into the lattice 

model [6, 7]. This method is computationally efficient since no additional DOF are introduced when 

adding fibers to the matrix. In this paper, we are focusing on the interface for a single fiber with 

several RBSN cells to check the developed algorithm. To identify the correlation between the 

interfacial properties and the overall failure behavior of FRCCs under different loading rates, related 

parameter studies are fully conducted. 
 

1 INTRODUCTION 

Recently, the number of researches on 

increasing the durability and ductility of civil 

infrastructures against extreme loads such as 

earthquakes and explosions is increasing. 

Because the tensile strength of concrete is 

generally one-tenth of its compressive strength, 

cracks are regularly generated against tensile 

loads, and post-cracking response is quasi-

brittle. Therefore, reinforcing steels are 

embedded in concrete to increase its tensile 

strength. However, brittle failures such as 

spalling and fragment are still often visible on 

reinforced concrete (RC) structures concrete 

when an impact or a blast loading is applied [8]. 

In order to increase the safety of RC structures, 
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concrete’s ductility has to be increased. 

Accordingly, FRCCs, in which fibers provide 

tensile ductility, have been developed. With the 

development of different kinds of FRCCs, 

analysis methods to describe the behavior of 

FRCCs have been developed; however, most of 

the method are for analyzing static loading 

behaivor. In this study, an established analysis 

method is extended to describe rate dependency 

of the fiber, matrix and the interface between 

them. 

2 METHODOLOGY 

2.1 Rigid-Body-Spring-Network(RBSN) 

RBSN is a type of irregular lattice model that 

is based on a set of rigid particles 

interconnected by springs. It was first proposed 

by Kawai, and its mesh is generated in the 

following order: (1) random point generation in 

the domain; (2) Delaunay tessellation of the 

point set; and (3) Voronoi tessellation (Figure 

1). Random mesh is a sufficient way to express 

the heterogeneity of concrete. The Voronoi 

cells are considered as a rigid body, and two 

adjacent random nodes, i and j, are connected to 

a centroid point, c, which is on a Voronoi facet, 

by a zero-size spring set that has 6 degrees of 

freedom (Figure 2). The stiffness of the spring 

set to the translational motion at the three 

individual local axis can be expressed as 

follows: 

𝑘𝑛 =
𝐸(1 − 𝜐)

(1 + 𝜐)(1 − 𝜐)

𝐴𝑖𝑗

ℎ𝑖𝑗
 

 

𝑘𝑠 = 𝑘𝑡 =
𝐸

(1 + 𝜐)

𝐴𝑖𝑗

ℎ𝑖𝑗
 

(1) 

and rotational stiffness according to each local 

axis is as follows: 

𝑘𝜙𝑛 =
𝐸𝐽𝑝

ℎ𝑖𝑗
, 𝑘𝜙𝑠 =

𝐸𝐼22
ℎ𝑖𝑗

, 𝑘𝜙𝑛 =
𝐸𝐼11
ℎ𝑖𝑗

 
(2) 

 

where 𝐸  is concrete elastic modulus, 𝜐  is 

Poisson’s ratio, ℎ𝑖𝑗 is length of element ij,  𝐴𝑖𝑗 

is Voronoi facet area of element ij, 𝐽𝑝 is polar 

moment of inertia, and 𝐼11 and 𝐼22 are principal 

moments of inertia. 

 

 

Figure 1: RBSN mesh generation: (a) Random point 
generation; (b) Delaunay tessellation; (c) Voronoi 

tesselation 

 

Figure 2: RBSN element: (a) Two-cell assembly; (b) 
RBSN element [9] 

2.2 Visco-Plastic-Damage(VPD) model 

Concrete is a rate dependent material that its 

properties such as strength and elastic modulus 

change according to the rate of loading. This 

has been demonstrated in many different 

researches as shown in Figure 3 [10]. Therefore, 

such physical mechanism has to be considered 

to conduct an analysis of dynamic loading on 

the rate dependent materials such as concrete. 

Realistic modeling of the rate dependency in 

concrete is difficult due to the intricacy of the 

physical mechanisms, some of which occur in 

the microscopic level. So microscopic material 

model has employed rheological devices 

(Figure 4) with viscosity term to reproduce the 

rate effects [11, 12]. 

 

Figure 3: Various experimental data regarding 
dynamic increase factor for tensile strength [10] 
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Figure 4: Schematic rheological model of visco-
plasticity 

2.3 Semi-discrete method 

To indicate the stiffness of a fiber passing 

through a Voronoi cell, the semi-discrete 

method was used. The semi-discrete method 

accounts for fiber behavior by inserting a spring 

at the location of fiber intersection with the 

Voronoi facet. Applying this method is 

computationally efficient when generating 

great amount of fibers like in case of FRCCs 

because creating additional degrees of freedom 

is not required [6, 7]. 

2.4 Fiber pullout 

The fiber crack bridging stress when the 

pullout force is being applied on the fiber can 

be expressed in two different states, before and 

after the debonding of the fiber/matrix interface. 

The calculation of the debonding and pullout 

was done using equations from Lin et al (1999) 

[13]. The calculation of the bridging stress, 

𝜎𝑑𝑒𝑏𝑜𝑛𝑑, in the debonding stage is as follows. 

𝜎𝑑𝑒𝑏𝑜𝑛𝑑 = 2√(𝜏0𝑢 + 𝐺𝑑)
2𝐸𝑓(1 + 𝜂)

𝑑𝑓
 

(3) 

where 𝜏0  is constant frictional stress, 𝐺𝑑  is 

debonding fracture energy, η is ratio of fiber 

stiffness to effective matrix stiffness, 𝐸𝑓 is fiber 

elastic modulus, and 𝑑𝑓 is fiber diameter. The 

fiber stress, 𝜎𝑝𝑢𝑙𝑙𝑜𝑢𝑡, at the fiber pullout stage 

after the complete fiber debonding was 

calculated as follows. 

𝜎𝑝𝑢𝑙𝑙𝑜𝑢𝑡 =     

𝜏0
𝑑𝑓

(𝐿𝑒 − 𝑢 − 𝛿𝑐) [1 +
𝛽(𝑢 − 𝛿𝑐)

𝑑𝑓
] 

(4) 

𝛿𝑐 =
𝜏0𝐿𝑒

2(1 + 𝜂)

𝐸𝑓𝑑𝑓
+√

8𝐺𝑑𝐿𝑒2(1 + 𝜂)

𝐸𝑓𝑑𝑓
 

(5) 

 

where 𝐿𝑒  is the fiber embedment length, β is 

slip-hardening coefficient, and 𝛿𝑐  is the 

displacement when the complete debonding of 

the fiber occurs. The fiber pullout behavior 

according to β, calculated using equations 4 and 

5, is shown in Figure 5. 

To test the rate dependency of fiber/matrix 

interface, Yang and Li (2006) conducted a 

single fiber pullout test with the pullout speed 

ranging from10−3 to 10 mm/s [14]. In the test, 

three interface properties, which are chemical 

bond strength (G𝑑), frictional bond strength (𝜏0), 

and slip hardening coefficient (β), were 

considered. The test results showed that the 

strain rate greatly affects the chemical bond 

strength; however, the friction bond strength 

and the slip hardening coefficient did not show 

any rate dependency within the speed range of 

10−3 to 10 mm/s. Therefore, the chemical bond 

strength is the only factor among the interface 

properties that it changes based on the pullout 

speed. In addition, the change in the general 

properties, such as the elastic modulus and 

strength, of the fiber has to be considered as 

well. 

 

Figure 5: Fiber pullout behavior: β=0 interface friction 

is independent of slip distance; and β<0 softening; β>0 

hardening 

3 SINGLE FIBER PULLOUT TEST 

According to Gokoz and Naaman (1981), the 

pullout behavior of a smooth steel fiber is 

independent to the pullout speed [15]. 

Therefore, in this research, an analysis, only 

considering the rate dependency of a matrix, 

was conducted with the range of pullout speed 

that was used in the actual experiments. Gokoz 

and Naaman (1981) used the test specimen 
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shown in Figure 6. The cylindrical specimen 

had 20 smooth fibers evenly spaced and 

embedded in parallel. In this research, to verify 

the results of the single fiber pullout, the 

analysis was conducted as shown in Figure 7, 

assuming that the pullout stress is proportional 

to the number of fibers. The loading rates of the 

pullout analysis were ranged from 4.2x10−3 

cm/sec to 300cm/sec. 

The material properties of a smooth steel 

fiber used in the pullout test, were arbitrarily 

assumed. And by conducting the analysis, 

accuracy of the developed analysis program in 

terms of rate dependency of a matrix and 

generation of a fiber was confirmed. 

In addition, to consider the rate dependency 

of the fiber/matrix interface, a material, with 

chemical bond strength not equal to zero, was 

used in the analysis. Yang and Li (2014) 

conducted the analysis on the rate dependency 

of the interface properties based on the PVA 

fiber single pullout test, which is the test 

conducted with strain rate of 10−5  to 

10−1𝑠−1on the 10x5x0.5mm matrix (Figure 8). 

The mechanical properties of the PVA fiber are 

listed on Table 1. 

Based on the experiment settings, an 

analysis was conducted. Furthermore, 

according to the results of the fiber pullout 

analysis about different loading rates, methods 

to depict the dynamic behavior of a fiber were 

researched. 

 

Figure 6: Pullout specimen [15] 

 

Figure 7: Single pullout test of smooth steel fiber 

 

Figure 8: Geometry for single fiber pullout test 

Table 1: Mechanical properties of PVA fibers 

Diameter 

(μm) 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

𝜏0  
(MPa) 

β  

40 1600 42 5.9 0.4 

4 CONCLUSION 

The dynamic analysis on reinforced concrete 

using semi-discrete method has been completed 

on Figure 9. Fiber analysis module was 

developed using the equations (3)-(5), however, 

the rate-dependency of fibers was not 

considered in these equations and fiber pull-out 

mechanism according to the dynamic loading is  

still difficult to be expressed in the module. In 

the case of the material which is dependent to 

pull-out speed, parametric studies by changing 

the interfacial property expressed in terms of 

chemical bond energy on the equations (3)-(5) 

are in progress. 
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Also, the implementation of visco-plastic 

term to the fiber interfacial property are in 

consideration. 

 

Figure 9: Four-point bending test of reinforced concrete 

beam against loading velocity of 380mm/s: (a) Test 

specimen configuration; (b) Crack pattern of 

experimental specimen; (c) Crack pattern of simulation 

result; (d) Central deflection-load curve 
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