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The present study represents a numerical study on the punching shear behavior of ultra-
high performance steel fiber reinforced concrete (UHPFRC) slabs without shear reinforcement, 
particularly considering the effect of fiber orientation, validated by experimental results.  

In recent decades, ultra-high performance steel fiber reinforced concrete (UHPFRC) has 
been a new achievement in concrete technology. Due to its superior mechanical properties, civil 
engineers can address the problem of punching shear of thin slabs that are currently widely used 
in buildings. By processing some studies, researchers have found that the strength capacity of the 
material before cracking and the post-cracking resistance strongly depend on the orientation of the 
fibers, which heavily rely on the casting direction and casting method. While most of previous 
studies focused on the effect on the behavior of beams, the present research particularly considers 
how the casting procedures as well as the volume content of the fiber affect the punching shear 
behavior of flat slabs. 

Based on models from the previous research and this research’s experimental results, 
constitutive model of material was proposed to capture the effects of fiber orientation. Different 
parts of the slab according to different distances from casting positions produce different fiber 
orientations, and lead to different material models, particularly tensile constitutive models. The 
material models were applied to finite element analysis in ABAQUS/Explicit, using Concrete Damage 
Plasticity model to simulate the punching shear behavior of the flat slabs.  

The appropriation of proposed material models and finite element modeling procedure 
were validated by comparing to experimental results. Consequently, these models can be used 
further to consider the effect of fiber orientation in future researches and utilizations of UHPFRC 
structures.  
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INTRODUCTION 

1.1.  Background  

Reinforced concrete slabs have been used in a variety of structural engineering 
applications; many types of slabs have been designed to be suitable for each type of 
structure. Flat slab is a type of slabs, used by engineers in many buildings due to its 
advantages over other reinforced concrete floor systems. The most important 
advantages of flat slabs are: reduction in building height, increase the used space, ease 
of formwork installation and reinforcement placement. The capacity of a reinforced 
concrete flat slab is demonstrated by its punching shear strength. It is brittle failure 
and can lead to collapses of the entire structure. Several ways can be used to increase 
the punching shear capacity of flat slabs such as increasing slab thickness, constructing 
drop panels and/or column heads or both, using a high strength concrete, placing 
shear reinforcement in the punching shear zone and adding discrete fibers. Some of 
them can be combined with design to reach the expected slabs. 

Ultra-high performance steel fiber reinforced concrete (UHPFRC) have 
developed to design structural elements in combination properties of self-compacting, 
fiber reinforcing and ultra-high strength. The mechanical characteristics of UHPFRC are 
improved not only in strength and ductility under compression, but also in tensile 
strength and ductility under tensile loading. Although many researches have been 
performed to investigate the properties of UHPFRC members, the shear behavior, 
especially in punching shear for slabs remain largely unknown. 

In actual construction, concrete can be cast in any positions of structures, as 
shown on Figure 1.1. For conventional concrete, this kind of issue does not effect to 
the behavior of structures. But for FRC composites, particularly for UHPFRC, with adding 
fiber and self-compacting properties, fiber become a main factor effect to properties 
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of structures as fiber volume content or fiber orientation which affected by casting 
positions and direction. So with each kind of structure, each casting method lead to 
different behavior and capacity. Hence, researchers and engineers need to find out 
and capture these effects in design and construction application. And many 
experiments were conducted to show that fiber orientation, casting position and flow 
of fresh concrete were significant impact on creating behaviors of the composites 
structures. But the punching shear behavior has not been figured out. 

 
Figure 1.1: Casting method applied in real constructions 

In actual construction, concrete can be cast in any positions of structures, as 
shown on Figure 1.1. For conventional concrete, this kind of issue does not effect to 
the behavior of structures. But for FRC composites, particularly for UHPFRC, with adding 
fiber and self-compacting properties, fiber become a main factor effect to properties 
of structures as fiber volume content or fiber orientation which affected by casting 
positions and direction. So with each kind of structure, each casting method lead to 
different behavior and capacity. Hence, researchers and engineers need to find out 
and capture these effects in design and construction application. And many 
experiments were conducted to show that fiber orientation, casting position and flow 
of fresh concrete were significant impact on creating behaviors of the composites 
structures. But the punching shear behavior has not been figured out. 

To add more experimental knowledge to this matter, in this study, the punching 
shear of the slabs was investigated with various casting directions and volumes of fiber 
to consider the effect of fiber distribution and orientation. The fiber orientation 
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significantly effects to tensile behavior of UHPFRC. By controlling the casting position 
and direction, the fiber orientation and distribution in slabs was different, it led to the 
different in characteristic, especially in the punching shear strength of each slab. 

By applying to the concrete damage plasticity (CDP) model in ABAQUS, the 
finite element method was used to simulate the UHPFRC slabs, the punching shear 
resistance of slabs from the model were compared with the experimental result. 
ABAQUS package is based on finite element method, can be used to solve both static 
and dynamic problems by linear or nonlinear analysis. CDP is one of the concrete 
models, uses the concepts of isotropic damaged elasticity in combination with 
isotropic tensile and compressive plasticity to represent the inelastic behavior of 
concrete. 

The UHPFRC slab is composed of three main materials: concrete, steel 
reinforcement and steel fiber, with different material properties. Depending on the 
application, all materials, especially concrete, behave nonlinear. Cracking of concrete 
is the key foundation of material nonlinearity, and usually happens at lower levels of 
applied load because of low resistance in tensile stresses of concrete. Therefore, to 
capture the actual behavior of UHPFRC slabs, nonlinear models should be used. 
Another problem is how to simulate the properties of this material in differences of 
fiber distribution by changing the casting position and direction as mentioned above. 

1.2.  Research objective and scope 

The objectives of this study are as follows: 

- To provide the procedure and input required parameters to utilize 

commercially available software to simulate UHPFRC, especially in UHPFRC flat 

slabs. The material models will be introduced to capture the nonlinear 

properties this material and the effect of fiber orientation. 

- To validate the finite element model in the commercial software of Concrete 

Damage Plasticity model in ABAQUS/Explicit.  
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- Using the CDP model to investigate the punching shear behavior of UHPFRC 

slab with low volume of fiber if changing fiber orientation and casting 

position. 

To get the above objective, this research will perform: 

- From experimental results and previous researches, determining properties 

parameters of each material: tensile strength, compressive strength, Young’s 

modulus, Poisson’s ratio of concrete, and the stress-strain curve of steel bar in 

tensile. 

- Determining the appropriate nonlinear material models for UHPFRC from 

previous researches, controlled by experimental results, to present the 

compression, tension hardening and softening model which can capture the 

effect of fiber volume, fiber distribution and orientation. 

- Using concrete damage plasticity (CDP) model in ABAQUS/Explicit to simulate 

UHPFRC slabs under concentrated loading and punching shear failure. 

- The results from the model will be compared to experimental results, including 

ultimate load, load-displacement behavior, cracks pattern, and strain in 

reinforcing steel.  

- Changing fiber orientation corresponding to distance from casting position to 

figure out the effect of fiber orientation. 

1.3.  Thesis organization 

This Master-thesis consists of five chapters; its structure is shown in Figure 1.2. 
Start of each chapter is an introduction part to introduce and literature the whole 
information of the chapter, and following by sub-chapters which concentrate in main 
detail of chapter. Chapter 1 provides background, objective and scope, and summary 
outline of the research. 
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In Chapter 2, previous researches relate to research purpose of this study are 
presented and summarized, including mechanical properties of UHPFRC and its 
constitutive model using for analysis, how is effect of fiber orientation to these models, 
and finally is the finite element models for punching shear behavior of slabs. 

 
Figure 1.2: Structure of Master-Thesis 
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In Chapter 3, finite element method applied in ABAQUS/Explicit and material 
model of UHPFRC are detailed. This part describes how ABAQUS/Explicit solve the 
problem, including concrete damage plasticity model (CDP) and its applied finite 
element method. Furthermore, material model that applied to model in next part are 
introduced and proposed, such as tensile model of different fiber orientation, 
compressive behavior of UHPFRC, and constitutive model of tensile steel 
reinforcement. 

Chapter 4 shows applying finite element analysis in ABAQUS/Explicit to 
simulate behavior of the beams and slabs.  Firstly, material model which proposed 
before were used for modelling of beam to validate the accuracy of that model. Then, 
that model would be applied to simulate the punching shear behavior of slabs to 
consider the effect of casting positions and fiber orientations. Finally, the slab models 
will be developed for parametric studies. 

In Chapter 5, the conclusions on the effect of casting position or fiber orientation 
on punching shear behavior of slabs will be made. Based on the results of this research, 
the recommendation in modelling and utilization of that effect on UHPFRC will be 
provided as well.  
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LITERATURE REVIEW 

2.1.   Introduction 

 UHPFRC is Advance Cementitious Materials (ACM) with specifically tailored 

properties. UHPFRC has its place in the group of High Performance Fiber Reinforced 

Cement Composites (HPFRCC). HPFRCC is a kind of Fiber Reinforced Concrete (FRC) 

that present strain-hardening properties in tensile behavior of material. Furthermore, 

UHPFRC with a dense matrix consequently show a very low permeability that 

compared to ordinary concretes and HPFRCC [1].  

 
Figure 2.1: Definition of UHPFRC [1] 

By the time, many studies have been carried out to investigate the properties 
and utilizable abilities of UHPFRC in construction. The mechanical characteristic of this 
material shown a good behavior, especially in tensile behavior. 
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2.2.   Mechanical properties of UHPFRC 

The mechanical properties of UHPFRC are presented in this subchapter, such 
as compressive and tensile behavior, modulus of elasticity, shear strength and bond 
strength through the previous researches. 

2.2.1. Compression properties 

Improved from HSRC and SFRC, UHPFRC reach a very high compressive 
strength- typical values in excess of 150 MPa at 28 days without heat treatment. 
Because of that, Young’s modulus is also high: E= 45 to 65 GPa at 28 days. In another 
study, it has been reported that the Young’s modulus of RPC paste can rise to 75 GPa 
for very high paste densities, in comparison to approximately 30 GPa achieved in 
ordinary cement pastes [2].  

Normally, the compressive properties are tested by uniaxial compressive test 
of cylinders or cubes. From this test, compressive strength, ultimate strain, stress-strain 
relationship in compression or modulus of elastic is determined directly. Many previous 
studies also derived the relation of modulus of elasticity and compressive strength 
based on the experimental result, this expression is useful to get modulus of elastic in 
design. Some of this relationship expressions presented after in this section. 

UHPFRC is combined HSC with FRC, so it has a high strength from HSC and increase 
the ductility under compression because of adding fiber from FRC. By creating the new 
mixture from them, it makes UHPFRC improve mechanical strengths, fracture, 
toughness, and durability. 

From stress-strain curve shown in Figure 2.2 shown that UHPFRC not only 
significantly increase in strength when comparing to OC and HSC, but also improve the 
post peak behavior, as mentioned, it is because of the improvement in the ductility 
property of UHPFRC. 

The compressive strength is slightly improved by fiber addition. An increase of 
5-10 % in average compressive strength for fiber quantities of up to 4% Vf is reported 
in previous researches [3]. Following [Spasojevic 2008], the compressive strength is 
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reached at a strain in the range of 3-5 ‰. The post-peak behavior is mainly influenced 
by fiber content, fiber type and interaction of fibers and matrix. 

 
Figure 2.2: Typical response of UHPFRC in compression in comparison to normal 

strength and high-strength concrete [3] 

Stress-strain relationship 

Carreira (1985)  proposed the comprehensive stress-strain relationship for 
unconfined normal strength concrete, this equation satisfies all the conditions 
previously stated [4]. 
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After Carreira (1985), many researchers modified that expression to more 

accurately predict their experimental results for SFRC or HSFRC. The difference in type 

of fibers, volume fracture of fibers and the aspect ratio of fibers were considered in 

each research, therefore, they got a slight difference in their proposal. And most of 

them were expressed in term of the measured compressive strength of their UHPFRC 

mixture. The following table shows the modified stress–strain relationship equations 

in the literature. 
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Table 2.1: The literature overview of the compressive stress-strain model 

Researcher Models  Parameters 

Ezeldin et 
al. (1992)  
[5]  
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Researcher Models  Parameters 

Nataraja et 
al. (1999) [8]  

' .

1
c cf 

 


 


 
 

' ' 6.9133c cpf f RI   
0.74060.5811 0.8155RI    

0 0 0.00192p RI    

'

cf  is the measured 
compressive strength; 

'

cpf ,
0 p  are the compressive 

strength and corresponding 
strain of plain concrete, 
respectively. 

*Note: /f f fRI V l d ; 
fV  is volume fraction of fibers; /f fl d  is aspect ratio of fibers. 

In the Table 2.1, Nataraja et al. [8] proposed the stress-strain curve in 
compression for SFRC with compressive strength ranging from 30 to 50 MPa, fibers were 
used with three dosages of 0.5%, 0.75% and 1.0%. Testing with the same volume 
fraction of fibers, the empirical equation of Hsu and Hsu [6] represented the complete 
stress-strain relationships of HSFRC with compressive strength exceeding 10,000 psi (70 
MPa). Mansur et al. [7] also provided the equation for HSFRC, the compressive strength 
ranges from 70 to 120 MPa, different  percentages of steel fibers is considered in this 
study. While equation of Eldin et al. [5] were proposed for both SFRC and HSFRC, 
tested with difference in volume fraction of fibers. The aspect ratio was considered to 
empirical equations in most of the study, shown the effect of this factor to compressive 
stress- strain relationship. 

In 1989, based on the experimental results, Soroushian and Lee proposed 
compression stress-strain relationship for SFRC, it included a curvilinear ascending 
branch and then a bilinear descending part: 

2' '2c cf f    , for 1        (2.3) 
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0 0.0007 0.0021RI   ;      (2.8) 
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This empirical relationship is also expressed in term of the measured 
compressive strength, the strain corresponding to the maximum stress, the volume 
fraction of fibers and the aspect ratio. 

In 1999, Barros and Figueiras [9] proposed other formula for SFRC with hook-
end fibers. The relationship is represented by the following equation: 
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Where, p is calculated based on results from their experiment, and in this study, it 
depends on the type of fiber and fiber dosage. 

Modulus of elastic 

As mentioned above, the modulus of elasticity can be calculated by the 
empirical equations in relationship with compressive strength. Eq. 2.11, 2.12, 2.13 were 
proposed by ACI Committee 318 [10], ACI Committee 363 [11] and Ma et al. [12]  
respectively. 

' 4730 cE f          (2.11) 

' 3320 cE f          (2.12) 

'

319,000
10

cfE          (2.13) 

Eq. 2.11 presents the simplest and most widely relationship that used for plain 
concrete. While for concretes up to 83 MPa, modulus of elastic can be determined Eq. 
2.12, and Eq. 2.13 was proposed by Ma et al. which can be used for UHPFRC containing 
no coarse aggregates. 

In another study, to represent behavior of UHPFRC at strength above 25 MPa, 
Graybeal [13] adjust the scalar factor in Eq. 13 to a value shown in Eq. 16 as follows 
[13]. 
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  ' 3840 cE f         (2.14) 

Poisson’s ratio 

For other parameters, the Poisson’s ratio of UHPFRC was reported in some 
researches. In the report of Celik Ozyildirim [14], the values of Poisson’ ratio of UHPC 
were from 1.7 to 2.0, the average value is 1.8. In another study of Eldin [15], this value 
is around 2.0 and not change much for concrete with compressive strength ranging 
from 124 to 151 MPa. 

2.2.2. Tensile properties  

The tensile behavior shows a big improvement of UHPFRC when comparing to 
HSC and FRC. Adding fiber to concrete help concrete increase resistance after cracks 
occur, so the softening branch represent that property in FRC. Up to UHPFRC, after first 
crack, the stress keeps increasing in strain- hardening branch. The Figure 2.3 shown the 
difference between FRC, HSFRC, ECC and UHPFRC. 

 
Figure 2.3: Typical behavior of UHPFRC in tension in comparison to the other types 

of concrete and composites [3]. 

HSFRC and FRC are undergoing strain softening suddenly after the first cracks 
while ECC and UHPFRC present strain hardening behavior. In addition, UHPFRC distinct 
from ECC by the advance of very high tensile strength. 
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Figure 2.4: Stress- strain tensile idealized model [16] 

For the design model, the tensile behavior of UHPFRC can be represented in 
three main parts [17]: 

- Part I: strain based elastic part, determined by the initial tensile behavior up 
to cracking strength σcc, which is defined as an assumed point of transition from 
ideal linear elastic to best fitted linear strain-hardening behavior, and 
determined by the associated strain εcc and the elastic modulus Ecc; 

- Part II: strain based strain hardening part, determined by increasing stress 
after first crack until post-cracking strength σpc, associated with strain εpc. 
Therefore, the post-cracking strain of UHPFRC is higher than the cracking 
strength. During this stage, multiple cracks occur, however, the macroscopic 
deformation is still uniform, and can be expressed by the strain ε [1]; 

- Part III: crack opening based softening part, crack localization occur and 
softening behavior is observed [1]. Normally, the stress-crack opening is used 
to represent this stage. 
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The tensile behavior of UHPFRC is affected by the quantity and properties of 
the fibers, their interaction between the fiber and matrix, and the fiber distribution and 
orientation. A further increase of the fiber quantity leads to a further increase of tensile 
behavior [18], presented in figure 2.5. 

 
Figure 2.5: Uniaxial tensile strengths of the applied concretes with one or two 

different types of fibers [18] 

Consider the effect of types of fibers, in research of Wille et al. [19] and Park 
et al [20], twisted fibers showed the better tensile behavior comparing to hooked fibers 
and smooth fibers with same volume fraction of fibers. 

 
Figure 2.6: The tensile response of UHPFRC mixes with different types of fibers [19] 
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Stress-strain relationship in tension 

Taking into account the effect of fiber content, based on RILEM TC 162-TDF 
(2002) [21], Barros (2005) and Tlemat (2006) performed the inverse finite element 
analysis to fit with their experimental results. 

     
           (a)        (b) 

Figure 2.7: Stress-strain diagram (a) from RILEM TC 162-TDF and (b) Tlemat (2006) 

Besides the design curves in recommendation, many other researchers study 
in this problem. Naaman et al. 2006 [22] suggested the generalized typical stress- 
elongation of FRC composites for modeling purposes. The curve is modeled by 
multiple linear curves, including seven main points. 

In this study, analytical expressions were developed to predict the stress at first 
cracking (point 1) and at ultimate post-cracking (point 3). At point 1, the coordinates 
can be estimated by one of the following equations: 
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In which: σmu is the tensile strength of plain concrete, εmu is the tensile strain of 

unreinforced matrix at peak stress, Ec is the elastic modulus,   is the average bond 
strength at the fiber-matrix interface and α is the product of several coefficients. 
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The researcher also suggested the minimum strain capacity at peak stress, εpc, 
should be equal or exceeding 0.5%, to ensure that the strain-hardening FRC composite 
contribute sufficiently to the nominal resistance and to ductility, while inducing 
significant multiple cracking along the ascending part of the load-elongation response 
of the member [22]. 

 
Figure 2.8: Generalized typical stress-elongation response of FRC composites 

suggested for modeling purposes [22] 

After Naaman (2006), Wille et al. (2011) [19] and Wille et al. (2014) [17], 
continued to perform many experiments and proposed the accurate expressions for 
stress-elongation relationship of their UHPFRC mixture with different types of fibers 
and volumes fraction of fibers. The idealized relationship was shown in Figure 2.4, 
which simplified from their previous research, defined by only three points. Elastic 
state is up to cracking strength σcc which represent the development of micro cracks 
and activation of fibers. After cracks occurred, strain hardening behavior start with 
inelastic strain and multiple cracking until the material reaches the peak at σpc. Finally, 
softening part shown reduction of tensile stress from σpc to 0. Cracking strength σcc is 
affected by the tensile strength of the matrix, type and dosage of fiber.  

f

cc ct f

f

l
V

d
           (2.16) 

Where: σct is the tensile strength of the matrix only, and ατ is a combination of fiber 
group effect and bond behavior before cracking. 
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Same as cracking strength, elastic modulus was calculated from elastic 
modulus of matrix and steel fiber: 

(1 )cc f c f sE V E V E         (2.17) 

The post-cracking tensile strength can be predicted by following equation: 
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d
            (2.18) 

Where: λ is the group effect, averaged embedded length, fiber orientation and spalling 
effect during the pull out of largely inclined fibers. In this research, it mainly represents 
the effect of averaged embedded length and group effect. 

The strain corresponding to post- cracking strength, εpc, is observed from 
experimental results. 

For the softening curve, Spasojevic (2008) [3] proposed the expression for 
stress- crack opening curve which come up from the empirical model of Stang (1992) 
[23]: 
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Where both parameters, wn and p, were determined from data fitting. 

2.3.  Orientation of fiber and its effect on structural behavior 

Mechanical properties of UHPFRC are greatly linked to the fiber content, types 

of fibers, fiber distribution and orientation, etc. ; adding fiber to the matrix improve the 

tensile behavior and enhancement of toughness [24], and fiber distribution and 

orientation significantly affect the tensile behavior of material [25]. Many researches 

performed the experiments relate to fiber distribution and orientation, to better 

understand about the methods to determine and what effect to fiber distribution and 
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orientation, also clearly what it effect to mechanical properties of FRC composites [25-

30]. 

Ferrara (2010) [31] exploited the correlation among fresh state performance, 

fiber distribution and strain hardening properties of FRCC for the intended application 

at an industrial level. Slab-specimens, with dimensions 1 x 0.5 x 0.03 m, were cast, 

with fresh concrete flowing parallel either to their long and short side. From those 

slabs, beams were then sawn with their axis either parallel or vertical to the flow 

direction.  

The beams were bended in 4-point bending to inspect the effect of fiber 

distribution, if any. The schematic of the slabs in casting and beam sawing are shown 

in Figure 2.9 as follows. 

               

   SLAB A    SLAB B 

Figure 2.9: Schema of the slabs include casting direction and beam sawing [31] 

Figure 2.10 shows results from 4-point bending test of sawn beams. The results 

had clearly shown the positive of orienting the fibers along the casting flow direction 

which effected to mechanical properties. For slab A, where the slab was filled to 

formwork in a direction parallel to the long side of the slab, fibers likely align to casting 

direction.  

As the results, the beams, which cut with their axis parallel to casting direction 

were demonstrated significant improvement in flexural behavior with strain-hardening 
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and higher bending load capacity, compared to the beam cut with their axis 

perpendicular to flowing direction. For slab B, there were not much different among 

the beam because of the radial spread of fresh concrete when they filled to formwork 

at the middle of the long side of slab. 

 

Figure 2.10: Load-COD curves from beams tests [31] 

In other research, Barnett (2010) [32] investigated the distribution and 

orientation of fibers in UHPFRC panels with 2% of fiber, which cast in three different 

manners: poured at a single point at the center of the  panel, poured into the mold 

at several points around the perimeter of the panel, and, poured randomly (as shown 

in Figure 2.11). 

 

Figure 2.11: Schematics of flow of concrete according to casting methods. A Centre. 

B Perimeter. C Random 
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Round-panel specimens 550 mm in diameter and 25 or 50 mm thick were 

manufactured for these tests. This study used nondestructive electrical resistivity 

technique to qualitatively investigate the distribution of fibers in the panels, and 

controlled by direct observation of fibers with X-ray CT imaging. The results were 

shown in Figure 2.12, drew fiber orientation of each slab equivalent to each casting 

method.  It clearly demonstrated that fiber tended to align parallel to flowing direction.  

 

           A             B           C 

Figure 2.12: Fiber orientation induced in each type of slabs 

To check mechanical properties of the material and effect of induced fiber 

orientation, the round slabs were bended under concentrated loading at the middle 

of slabs, following the procedure of ASTM C1550. The load-deflection responses 

observed from the test are shown in Figure 2.13. It clearly demonstrated that the slabs 

cast at middle shown the best performance with the highest load capacity and ductility 

of the panels. It was explained by that the better distribution and orientation of fiber 

led to increase the total number of fibers bridging the radial cracks formed during 

loading. 
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Figure 2.13: Load-deflection curves from flexural test 

In Tanikella’s study, a slab of length 5.3 m, width 4m and a thickness of 10 cm 

was cast by pouring fresh SCC from one corner of the slab. Specimens were sawn from 

the slab (as schema in Figure 2.15) and counted fibers in each to fiber the distribution 

of fiber. The result showed that fiber distribution cannot be assumed as uniform, and 

it was affected by many factor such as flow of concrete and disturbance of the casting 

process for large scale specimen. The research also observed flow of SCC in the full 

scale slab as shown in Figure 2.14. 

 

  Figure 2.14: Observed flow of SCC        Figure 2.15: Sawn specimens from the slab 
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2.4.   Tensile model in consideration of fiber distribution 

Mechanical properties of UHPFRC are greatly linked to the fiber content, types 

of fibers, fiber distribution and orientation, etc. ; adding fiber to the matrix improve the 

tensile behavior and enhancement of toughness [24], and fiber distribution and 

orientation significantly affect the tensile behavior of material [25]. Many researches 

performed the experiments relate to fiber distribution and orientation, to better 

understand about the methods to determine and what effect to fiber distribution and 

orientation, also clearly what it effect to mechanical properties of FRC composites [25-

30]. And theoretical studies regarding the effect of fiber orientation also investigated 

to find the correlation between fiber distribution and tensile properties in post- crack 

stage [33-35], or both pre- crack and post crack stage [24, 36].  

Relating to the theoretical studies, the ideal of consideration fiber bridging 

action based on the study of Li (1993) [34]. In this research, the composite bridging 

stress is estimated by combining aggregate bridging, fiber bridging and the pre-stress 

already present in fibers before cracking. The formula is shown as follows, Figure 2.16 

show the contribution of each part of the model. 
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In which, σa(w) is the aggregate bridging stress, σf(w) is fiber bridging stress; θ is the 

orientation angle and z is the centroid distance from the matrix crack. The value of 
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fiber bridging stress depends on the orientation of fibers, therefore, fiber orientation 

affects the tensile behavior of FRC composites. 

 

Figure 2.16: Contribution of three parts of model 

Based on the research of Li (1993), and combined with experimental results, 

Wuest (2007) [37, 38] developed a model to predict tensile hardening response of 

UHPFRC. After reached agreement with experimental results, fiber orientation 

parameter was considered as a parametric study (Figure 2.17). 

 

Figure 2.17: Simulation results compared to experimental results 

In 2013, from experiment results and previous research, Delso et al. [36] 

proposed the empirical tensile model based on fiber orientation for UHPFRC with 4% 

content of fibers. 
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(a)       (b) 

Figure 2.18: Empirical tensile model: (a) Pre- peak behavior, b) Post- peak behavior 

The values of σcc, σc, σpc, εcc, εc, εpc and the descending curve are shown in 

Table 2.2.  Delso used this model to predict the bending behavior of UHPFRC beam 

by finite element calculations with good agreement with testing results. But this model 

just limits for UHPFRC with particular values of fiber content, so the application of this 

model to other mixtures still unknown. 

Table 2.2: Equation of the empirical tensile model based on the average fiber 
orientation angle 
 Stress Strain 
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Another research, Frettlöhr [39, 40] proposed constitutive law in tension of 

UHPFRC, the model based on the correlation between the uniaxial tensile strength 

( )ctf   and one dimensional tensile strength , which specified in term of the fiber 

orientation. 

(5.97 0.22)
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f
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Where: ( )   is a ratio of fiber orientation related tensile strength ( )ctf    to one-

dimensional tensile strength
,1ct Df . Frettlöhr  (2011) calculated value of the one 

dimensional tensile strength, 
,1ct Df , which fits very well to the value of previous 

research [39]. 

Ascending and descending branch of the stress-crack opening law are 

represented by following equations, respectively. 
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In which, w  is crack opening, 
fl  is fiber length, 

,ct elf  is tensile stress at the elastic 

limit, and ( )ctw f  is crack opening corresponding to ( )ctf  , which calculated by 

following equation: 

  ,( ) ( ). 1.65 0.66ct ct ct ct elw f w f for f f        (2.27) 

 
Figure 2.19: Tension behavior of UHPFRC for different fiber orientation factors   
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2.5.   Punching shear model 

Punching shear failure is a type of brittle failure, caused by high shear stress in 

slab- column connection area of flat slabs. This brittle failure occurs without warning 

and may lead to progressive collapse of slab and structure. Because of that reasons, 

many researches were performed the test to get the best understanding in this type 

of failure, and proposed empirical expressions to predict the punching shear capacity 

of flat slabs.  

Punching shear model for flat slabs without shear reinforcement, is firstly 

proposed by Kinnunen & Nylander in 1960 [41], and based on it, after that, Muttoni & 

Schwartz had further developed the model by considering the appearance of the 

critical shear crack theory [42, 43]. In design purposes, ACI 318-11 and EC2 2004 offered 

equations to calculate the punching shear strength, which form can be easy to apply 

in design. For FRC composites, the empirical formula proposed by many researches 

[44-46], which considered the addition of fibers. 

In another technique, finite element method (FEM) is a strong method which 

used for analysis and predict the punching shear behavior of flat slabs [47-54]. 

Nonlinear analysis commercial software have become more and more popular in 

recent years as engineers effort to more realistically simulate the behavior of structures 

subjected to all types of loading [54]. 

Relating to reinforced concrete (RC) slabs, many researchers used the FEM to 

model the punching behavior with different constitutive models [47, 49, 54]. In 

research of Polak (1998) [49], a global analysis finite element model was developed to 

predict flexural and punching shear behavior and failure of RC slabs with and without 

shear reinforcement, which based on layered, degenerate shell elements, allows the 

analysis of slabs for shear without a complex and time-consuming analysis using three-
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dimensional elements [49]. The model got load-displacement curves and took into 

account the effect of shear reinforcement, showed the good agreement with their 

experimental results. 

Based on the support of computer, Alam (2012) [54] used the finite element 

software DIANA to develop the finite element model, based on total strain crack 

models. The input for these models includes two portions: (1) the basic properties 

such as modulus of elasticity, Poisson’s ratio, strength in compression and tension, and 

(2) the description of the tensile, shear and compressive behavior of concrete and 

reinforced bar. The Mohr Coulomb yield criterion is used in this analysis [54]. By 

supporting of another finite element software, Genikomsou (2015) [47] and Wosatko 

(2015) [51] modeled the RC slabs under punching shear by damage plasticity model in 

ABAQUS. And punching shear failure was also simulated for concrete column footings 

by using another software package ANSYS by Vacev (2015) [50]. 

Most of the model which presented above, the bond between bars and 

concrete were assumed by perfect bond. The nonlinear material model is used for 

conventional concrete and reinforced bars. The different thing is the constitutive 

model which applied to concrete model. For ANSYS package, they use the constitutive 

model for tri-axial behavior of concrete from Willam and Warnke (1975) [55]; or for 

ABAQUS, they use the damage-plasticity model which proposed by Lubliner et al. 

(1989) [56] and developed by Lee et al. (1998) [57].  

The problem is how to perform the numerical analysis, by applying the finite 

element method. That is the procedure how commercial software solve our problem. 

And we should notice herein that results from these models and experiments showed 

good agreement. But the most important aspect in numerical modeling of RC 

structures is the accuracy of material modeling [47]. 



 

 

36 

Developing for punching shear behavior of FRC composites, Ragab (2013) [53] 

studied punching shear of SFRCC slabs by using nonlinear analysis in ANSYS package. 

The thing different from the previous model for RC slabs is that fibrous concrete was 

represented as new material with new elastic modulus, tensile strength and 

compressive strength.  

In 2015, Teixeira [52] performed the numerical simulation according to the 

Reissner-Mindlin theory under the FEM to simulate the punching shear behavior of 

SFRC slabs. In this model, the post-cracking behavior of SFRC attained by inverse 

analysis by fitting the numerical to experimental curves observed from the punching 

shear tests [58], based on RILEM TC 162-TDF [21].  This material model took into 

account the effect of fiber content, represented in post-cracking stage. The slab was 

discretized to fifteen layers, and assigned the different post-cracking model to capture 

the segregation problem (Figure 2.20). 

 

Figure 2.20: From Teixeira model: (a) Post-cracking model in tension of SFRC, and (b) 

modeling of slab 
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FINITE ELEMENT MOTHOD AND MATERIAL MODEL 

3.1.   Introduction 

This chapter introduces the finite element procedure in ABAQUS through 

concrete damage plasticity (CDP) model which shows how program solves this 

problem by numerical method, and propose a constitutive model of material. 

Constitutive model includes information such as elastic modulus, compressive 

behavior, and the most important data is tensile stress-strain relationship which 

consider the effect of fiber orientation. This material model was verified by applying 

to model I-beam from previous experiment by CDP. After getting reasonable result 

when compared to experimental results, finite element model of punching shear 

behavior of the slabs was performed. 

3.2.   Finite element method- Concrete damage plasticity (CDP) model [59] 

In this study, finite element model which performed to model the punching 

shear behavior of UHPFRC slabs is the concrete damage plasticity in ABAQUS package. 

This software is used both for linear and nonlinear analysis of static and dynamic 

problems. 

The model is a continuum, damage, plasticity-based, model for concrete. There 

are two main failure mechanism, tensile cracking and compressive crushing of the 

concrete material, are assumed in this model. The uniaxial tensile and compressive 

response of material is characterized by damaged plasticity, as shown in Figure 3.1 and 

Figure 3.2. 
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   (a)       (b) 

Figure 3.1: Response of concrete to uniaxial loading in (a) tension and (b) 
compression 

As shown in Figure 3.1, when the concrete structure is unloaded from any point 

on the strain softening part of the stress-strain responses, the unloading response is 

weakened: the elastic stiffness of the material appears to be damaged (or degraded). 

The degradation of the stiffness of elasticity is governed by two damage 

variables, dt and dc, which are assumed to be functions of the plastic strains, 

temperature, and field variables. 

If E0 is the initial (undamaged) elastic stiffness of the material, the relationship 

between stress and strain under uniaxial tension and compression loading are, 

respectively: 

      (3.1) 

Where, dt and dc, are two damage variables which represent the degradation of the 

elastic stiffness. 

Then the effective tensile and compressive cohesion stresses are defined as 

following equations, which used to determine the size of the yield (or failure) surface: 
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      (3.2) 

If the damage parameters are specified, plastic strains will be automatically 

calculated from cracking strain (in tension) and inelastic strain (in compression) to 

represent the damage outside the elastic range. If this damage parameter absent, 

plastic strains will be set equal to from cracking strain and inelastic strain. 

  

      (3.3) 

The model in CDP adopt the yield function of Lubliner et al. (1989), with the 

modifications proposed by Lee and Fenves (1998) to account for different evolution 

of strength under tension and compression. The evolution of the yield surface is 

controlled by the hardening variables,  and . In terms of effective stresses, the 

yield function takes the form: 

 (3.4) 

Where, 

     (3.5) 

Yield surfaces in the deviatoric plane, corresponding to different values of Kc. 
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    (a)     (b) 

Figure 3.2: Yield surfaces (a) in deviatoric plane, and, (b) in plane stress 

The crucial to the computational efficiency of the explicit procedure is the use 

of diagonal element mass matrices because the inversion of the mass matrix that is 

used in the computation for the accelerations at the beginning of the increment is 

triaxial: 

      (3.6) 

where M is the diagonal lumped mass matrix, F is the applied load vector, and  is the 

internal force-vector. The explicit procedure requires no iterations and no tangent 

stiffness matrix. 

Many kinds of structural elements are provided in ABAQUS to model concrete 
such as shell/plate element, solid 3D element or beam/truss element. While the 
formulation of shell element is based on the two principle stress (i.e. σ1 and σ2) without 
σ3 in yield criteria and, solid element could represent full shear and normal stress in 
3D. For punching failure, it often occurs at locations where large bending moment and 
shear forces are concentrated, the effect of σ3 could be significant. The reinforced 
concrete element is, therefore recommended to use three-dimensional solid element. 
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The three most commonly used solid elements are shown in the Figure 3.3. In 
ABAQUS/Explicit, the 20-node brick element is not provided, therefore, the other two 
kinds of element are used in this study to represent reinforced concrete. 

 
Figure 3.3: Linear brick, quadratic brick, and modified tetrahedral elements 

Steel bar reinforcement could be simulated by 2-node and 3-node truss 
elements embedded in the concrete element at the specified location in the structure. 
This truss element can carry axial load only. Those truss elements are embedded in a 
set of solid elements, used to constrain the translational degrees of freedom of the 
embedded nodes. The stiffness of steel reinforced concrete element is simply 
obtained by combining stiffness matrices of concrete and steel together. The other 
method to model steel reinforcement is that model the bar as 3D bar and introduce 
the interface between the bar and concrete, then it will behave as the 3D elements 
as same as concrete. 
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3.3.   Tensile model of UHPFRC considering effect of fiber orientation 

3.3.1. Background  

In the CDP model in ABAQUS, stress-strain behavior in tension of material is 

important data, is a decisive factor to model behavior of beam or slab under shear 

failure. In this study, the curves input in each model were varied, depending on 

distance from casting positions, or fiber orientation in different expressions. Analytical 

model from previous studies were used, and based on the experimental data to obtain 

own model and input data for this research. 

From the previous chapter, the understanding about tensile behavior of 

UHPFRC was provided, such as an improvement from conventional concrete or FRC, 

the effect of adding fiber, type or volume fraction of fiber, and especially the fiber 

orientation. Comparing to FRC or ordinary concrete, UHPFRC reaches a high tensile 

strength, presence of hardening part and upgrade post-cracking behavior. Each kind of 

fiber, hook end, twist or straight fiber presents the difference not only in tensile 

strength but also in the length of hardening part. Or increasing volume content of fiber 

with suitable value help concrete increase significantly tensile strength of material. 

Each factor has their own impact on the behavior of UHPFRC in tension. This study 

focused on considering effect of casting position through fiber orientation coefficient, 

and a part of the fiber volume content effect. 

The research of Li (1993) [34] presented an expression for the tensile behavior 

of UHPFRC, combined from 3 parts:  aggregate bridging, fiber bridging and the pre-stress 

already present in fibers before cracking. From this model, Wuest (2007) [37, 38] 

investigated data from experiments, and applied to Li’s model. Comparing to the 

experimental result, analytical results were accurate for the mixtures with more than 

3 % fiber content.   
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In Delso’s research [36], the tensile model (presented in the previous part) was 

applied to model bending behavior of beams by finite element analysis. The model 

showed agreement results when comparing to experimental data. However, this model 

will be shortly validated with the results of other experiment, and also adapted to 

consider fiber density when using UHPFRC with different fiber dosages [36].  

Wille and Namaan (2011, 2014) [17, 19] proposed idealized simplified response 

of strain-hardening of UHPFRC, as mentioned before in previous part. Formula for 

calculating cracking strength and tensile strength also presented based on many 

experimental results with different types and volume fraction of fiber.   

Frettlöhr (2011) proposed a tensile model of UHPFRC considering effect of 

fiber orientation based on the correlation between the uniaxial and one dimensional 

tensile properties of mixtures, includings strength and crack-opening, as presented in 

literature review part.  

In experiment of Pansuk [60], stress-strain curves in tension were observed in 

the case with different volume content of fiber, as present in the experimental program 

chapter. Because researcher created the homogeneous distribution of fiber throughout 

the whole tensile specimen, so the data from this experiment was considered to be 

random distribution of fiber. The analytical model which proposed as previous part 

should reach agreement with these experimental result. 

In both models of Frettlöhr and Namaan, tensile model was composed of 

three parts: elastic, strain hardening and softening. The first two parts were represented 

by linear behavior, the third part, post-peak behavior was shown as non-linear curve. 

In this study, the combination of Frettlöhr’s and Namaan’s model was proposed, and 

found to be appropriate for the description tensile behavior of UHPFRC with different 

fiber orientation coefficient. The detail of proposed model presented as follows.  
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3.3.2. Tensile stress-strain curve for random distribution of fiber 

The first part of tensile model was defined by the cracking point, including 

modulus of elastic Ec and cracking stress fcr. The formula from Graybeal’s research [13] 

was used to calculate the modulus of elasticity of UHPFRC material. The cracking stress 

of UHPFRC was assumed to be same as the value of ordinary concrete [61, 62], shown 

as following expression. 

 ' 3840 cE f   

' 0.31cr cf f        (3.7) 

Strain hardening is typical behavior of the length of strain hardening part that 

depend on the value of strain at peak stress, 
pc , normally exceeds 0.25% and ranges 

from 0.3 to 0.5 % as conclusion from Wille’s and Namaan’s researches based on a 

large amount number of experiments. Furthermore, the tensile strength would be 

adopted from experiment for each UHPFRC mix. 

 

Figure 3.4: Proposed constitutive law in tension 

Softening part of constitutive model starts at peak stress, then its stress reduces 

significantly to zero at the point that all fibers completely pull out from concrete.  In 

the design applications, many analytical models were proposed for this part to 

complete tensile stress-strain or stress-crack opening curve by researchers such as Li 
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(1993) [34], Stang (1995) [63], SpaSojević (2008) [3], or Frettlöhr (2011) [39]. Most of 

the models is an exponential function of crack opening with different exponent values.  

Analytical expressions of the descending branch of Frettlöhr’s study as shown 

in literature review part, which capture these effects, were chosen to evaluate the 

effect of fiber orientation as the purpose of the study. In this constitutive law, after 

reaching the peak point, tensile stress start reducing part and come to zero at the 

point crack opening δ equal ηlf/2. However, in most of the previous study [17, 19, 22, 

36, 37], the tensile stress was proposed to end at the cracking opening of lf/2, therefore, 

this value is used in this study by modifying the formula of descending part of 

Frettlöhr’s study. This modified expression gave a good agreement with experimental 

curves from beam test of Pansuk [60]. 

2
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The tensile stress-strain curves were created based on those selected models, 

combined with using experimental result. The strain 
pc could be change within the 

range that mentioned before as a material parameter to find out the suitable value 

for material. 

3.3.3. Considering effect of fiber orientation 

Fiber orientation was introduced to the model through tensile strength fct(η) 

and crack opening corresponding to fct(η), w(fct). 
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Each value of fiber orientation coefficient draws the point of maximum tensile stress, 

including tensile strength and corresponding crack opening (see Figure 2.21). For the 

random distribution of fiber, the fiber orientation coefficient was obtained, then one 

dimensional tensile strength was calculated from expression of χ(η) when tensile 

strength was from the experimental result. 

Descending branch of the stress-crack opening law are represented by following 

Equation 3.9 as mentioned in the previous part. 

Subsequently, with material properties for random distribution of fiber, tensile 

constitutive model could be created for each value of fiber orientation factor. As 

mentioned in literature, the fiber orientation coefficients are different at different 

distances from casting position. As a result, the constitutive model is possible to define 

at each position if there is a relation between fiber orientation and distance; and this 

relation could be found in Grunewald’s study [64] as presented in the previous 

chapter. 

Distance from casting point (mm)
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Figure 3.5: Fiber orientation in the beam at different distances from casting position 
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Figure 3.5 shows the fiber orientation of two different groups (including the 

section parallel and perpendicular to casting direction) at different distance from 

casting point. The result showed that while the cross-sections perpendicular to casting 

direction increase effective fibers as far as casting points, those values reduce for cross-

sections parallel to casting direction. To see exactly trend of those increase or 

decrease, and, to predict fiber orientation coefficient at other points with different 

distances, regression was performed for each group of sections. Consider the data in 

detail, it showed that linear regression can be used to represent the relation among 

three points. Therefore, linear regression will be performed and applied afterward. The 

fiber orientation at each point and regression line formula of each group section are 

shown in following table. 

Table 3.1: Different fiber orientation coefficients at different cutting sections 

Parallel sections Perpendicular sections 
Distance d (mm) η Distance d (mm) η 

450 0.722 200 0.735 
1750 0.680 1500 0.785 
3050 0.633 2800 0.825 

53.41 10 0.730d      53.46 10 0.739d     

The regression line equations of the two groups show the opposite slope values 

but almost same magnitudes, and alike value of the second constant. These slopes 

could be used to represent distance-fiber orientation relationship. To be applicable 

later, following formula is proposed to calculate fiber orientation factor from different 

distances: 
53.46 10 randomd          (3.11) 

53.41 10 randomd           (3.12) 

Where: random =0.707, is fiber orientation factor for random distribution of fiber. 
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First formula is for calculating fiber orientation coefficient of the sections 

perpendicular to casting direction, the second is for of the sections parallel to casting 

direction. These two formulas will be applied to calculate tensile stress-strain curve as 

a main part of the modeling process. However, those slopes can be changed as a 

material parameter to investigate the effect on punching shear behavior. 

The tensile constitutive law now can be created for each point by the function 

of distance. Following figure shows tensile curves of different distances from casting 

position of the I-beams. 
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Figure 3.6: An example of tensile stress-strain curves of a UHPFRC material with 

different fiber orientation factors 

3.4.   Material models of UHPFRC: other parameters 

3.4.1. Compressive behavior 

There were many analytical models to demonstrate compressive behavior 

presented in literature chapter.  Three models from research of Soroushian and Lee 

(1989), Barros and Figueiras (1999), and Mansur (1999) were plotted in Figure 3.7.  
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Figure 3.7: An example of different compressive constitutive models 

It is clearly seen that three curves are closed to each other in ascending portion, 

but then be different in descending branch. All of this model could be applied for fiber 

reinforced concrete. However, the model from Mansur (1999) gave a higher range of 

compressive strength that can be exceeded 70 MPa accordance with the strength of 

the presented study. Therefore, the analytical models of Mansure study were used for 

the finite element analysis. The formulas of model were shown as follows: 
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Where, '

cf  is the measured compressive strength; 1k , 2k  are constant, difference in 
cylindrical specimens and horizontally cast prisms; /f f fRI V l d ; 

fV  is the volume 
fraction of fibers; /f fl d  is the aspect ratio of fibers. The compressive strength, the 
proportion of fiber 

fV  and fiber aspect ratio were provided from experiment and 
presented in the next part of the thesis. 

3.4.2. Steel reinforcement 

The constitutive model of steel was simply presented by bilinear elastic-
perfectly plastic model (Figure 3.8), defined by modulus of elasticity, Poisson’s ratio 
and plastic behavior of steel. Those data could follow the result from tensile test of 
steel bar. The properties of steel used in each experiment are given in the part of each 
model. 

 

Figure 3.8: Constitutive model of steel reinforcement  
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FINITE ELEMENT ANALYSIS 

4.1.   Introduction  

The material model that presented before are applied to the finite element 

analysis to discover the effect of fiber orientation on punching shear behavior of slabs. 

Beforehand, the material model was validated by an experiment of Pansuk [63] which 

used same fiber volume content and provided the fiber orientation effect on shear 

behavior of I-beam. 

The experiment was performed by previous study of Tung [65], the 

experimental results can help to define material properties and actual punching shear 

behavior of UHPFRC slabs. The results of compressive and splitting tensile test were 

used to determine the material input parameters. The results from punching shear 

test, including load-displacement responses, failure cones shape and sizes, stress in 

steel reinforcements, would be used to compare with FEA results. 

4.2.   Validation of material constitutive laws and FEA on I-Beam  

This subchapter focused on applying the proposed material model to CDP 
model in ABAQUS /Explicit to simulate shear behavior of UHPFRC I-Beam, which its 
experiments were performed by Pansuk (2007) [60]. The results from analysis were 
validated by experimental results. 

4.2.1. Experimental procedure and results 

In this experiment, three beams of I-shape sections were designed to fail by 
shear failure under three-point bending test, and cast with different fiber contents (0%, 
0.8% and 1.6%). 
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Figure 4.1: Filling method “Flow” according to RILEM [21] 

Referring to RILEM [21], the “flow-method” (Figure 4.1) consisted of filling the 

concrete from one side into the mold and allowed the concrete to level itself was 

applied in the casting of beam specimens in this study. By applying that method, 

concrete flowed along the beam from casting position, then led fibers align to the flow 

direction. 

 
Figure 4.2: Cross sections (unit: mm) 

Two parameters investigated in the testing program were the volume fraction 

of fiber and the presence of stirrup in the beams. The beams of 2400 mm in total 

length have a span of 2000 mm, 400 mm in total depth and 350 mm in effective 

depth. Cross sections of all specimens are shown in Figure 4.2. The stirrup was installed 

with the spacing of 150 mm. The full detail of the dimensions, arrangement of 

reinforcing steel and loading condition are shown in Figure 4.3. 
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Figure 4.3: Test setup and stirrup placement (unit: mm) [60] 

Material properties 

In testing properties of material, compressive and splitting tensile tests were 
conducted by load-controlled in the hydraulic machine to collect these properties; 
and the direct tensile test was conducted as the control test obtain the uniaxial tensile 
properties.  

 
Figure 4.4: Specimens for the direct tensile tests 

In uniaxial tensile test, in order to get the homogeneous distribution of fiber 
throughout the whole tensile specimen, the concrete was cast in the molds that were 
longer and higher than the final specimens (Figure. 4.4). The initial height of the 
specimens was 380 mm as shown in Figure. 4.4A. The final specimens for testing were 
obtained by cutting off the 100-mm-high pieces from both top and bottom of the 
initial specimen. The results from the direct tensile test are shown in Figure. 4.5. 
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   (a) Hardening part of stress-strain curve          (b) Whole stress-strain curve 

Figure 4.5: Stress-strain response from direct tensile tests of different mixes 

Experimental results 

From the test results, all the tested beams without stirrup failed by shear, the 
beam with stirrup failed by flexural mode. Figure 4.6 shows experimental applied load-
displacement responses for all beams. The graph illustrates clearly the effect of 
presence of fiber and volume content itself in shear capacity and load-deformation 
relationship of beams. 

 

Figure 4.6: Test set up for I-beam failed by shear 
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Figure 4.7: Load- mid-span deflection curves 

The cracks pattern of testing beam can be observed in Figure 4.8. Many cracks 
including flexural cracks and diagonal shear cracks formed across the span and 
propagated toward the top flange. And finally, compressive failure of compressive 
zone near loading point could be observed and the test was concluded. 

 
Figure 4.8: Cracks pattern of testing beam 

Strain gages were attached to observe strain in the stirrup, positions of strain 
gages and reference number of stirrups are presented in Figure 4.9. The plotted strains 
were averaged from 2 locations of the stirrups in the tested part of the beam. Figure 
4.10 shows applied load-strain curve observed from stirrup No.4. 
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Figure 4.9: Locations and reference number of stirrups whose strains were measured 
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Figure 4.10: Measured strains in stirrups 

4.2.2. Model procedure 

In this study, three beams of I-shape sections were modelled, including one 
beam with 0.8% and with stirrup (named as W08), one beam with 0.8% and without 
stirrup (N08), one beam with 1.8% and without stirrup (N16). The result from the first 
beam includes load-deflection behavior, cracks pattern and especially is strain in 
stirrup could be used to compare with experimental results. 

Creating input material properties and model procedure were presented in the 

flowchart in Figure 4.11. The analysis was divided into three main steps with the 

purpose of validating the proposed material model in considering effect of fiber 
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orientation. The first step is creating material model for UHPFRC, including for tension 

and compression behavior of concrete and steel bar. The second step is applying the 

material constitutive law to finite element model. Tensile behavior in the case of 

random distribution of concrete obtained from the experiment were used to simulate 

tested beam as the original model.  

 

Figure 4.11: Model procedure 
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The mesh size was studied in this model as a parameter. Analysis and 

experimental results were compared to verify the accuracy of CDP model in 

ABAQUS/Explicit and fix a set of parameters used for other models. In the other hand, 

the proposed material model that based on distance from casting position was applied 

to beam model as a new approach model.  

The beam was divided into a specified number of parts to assign different 

tensile properties. These properties were assumed to be the properties at the middle 

section of each part based on the distance from the casting position. Two modes of 

division and assigning properties were performed with different numbers of divided 

parts, including 12 and 18 parts (Figure 4.12). Then the reasonable number with 

accepted result would be used for the others. Comparison of the original and new 

model results was conducted to figure out the effect of fiber orientation on the beams. 

 
(a) 

 
(b) 

Figure 4.12: Different manners for division and assignment of different tensile 
constitutive models: (a) 12 divided parts and (b) 18 divided parts 
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4.2.3. Finite element analysis 

a) Geometry model and boundary conditions 

The 3D models were carried out in ABAQUS/Explicit using concrete damage 

plasticity model. The tested beams were simply supported on two sides by resisting 

displacement in vertical direction. Owing to symmetry, only one-fourth of the beam 

could be modelled, but the material properties were changed along the beam, so a 

half were simulated (Figure 4.13).  

Afterward, symmetric conditions were applied to symmetric surface. The 

applied load was simulated by uniform distributed load over a steel plate. The 

interaction of this plate and the beam was represented as frictionless in tangential 

direction, and hard contact in normal direction. At the supports, vertical movement 

was resisted, displacements in the other directions were free. 

 

Figure 4.13: Beam model  in ABAQUS/Explicit 

b) Element selection and element size 

8-node brick element (C3D8) which available in ABAQUS/Explicit was used to 

represent concrete element, and 2-node truss element used for steel bar 

reinforcement. Steel bars were simulated as embedded in concrete element at the 

specified location in the beam without bond-slip between two elements. The stresses 

of embedded steel bar are obtained from the displacement field of host elements. 

The other consideration is that there is no bending stiffness in embedded truss 
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elements, therefore, dowel action mechanism of the longitudinal steel reinforcement 

does not contribute to shear behavior. 

 

Figure 4.14: Representation of steel bar in the model of beam W08 

Many previous studies showed that the ABAQUS concrete model is highly mesh 

dependence [47, 66], therefore, study of mesh optimization was performed to find 

optimal mesh size. The mesh sizes of 3D elements were varied with an approximate 

aspect ratio of 1.  The beam N08 was used to study mesh parameter. Mesh size was 

varied with 10 mm, 15 mm, and 25 mm. The suitable mesh size that shown clearly 

shear behavior of beam and best fit with experimental results was used to model the 

other beams. Steel bars were meshed as same size with concrete element. 

c) Numerical parameters 

All of numerical parameters were set as the default value such as damage parameters 

in tension and compression. 

d) Input material model 

As mentioned before in previous subchapter, random distribution of fiber was 

created in direct tensile test, therefore, the tensile stress-strain responses for this case 

were taken from the experimental results and idealized by following three-part curve 
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as proposed before. The data of the tensile model of three beams are described in 

Table 4.1, and Figure 4.15. 

The analysis was performed in two cases, including model without considering 
fiber orientation (original model), and with considering fiber orientation (new approach 
model). 

Table 4.1: Parameters for creating tensile model 

  N08 W08 N16 Unit 

fc’ 147.7 144.1 146.7 MPa 

fcr 3.77 3.72 3.75 MPa 

fct random 6.11 6.0 9.2 MPa 

wft random 0.228 0.355 mm 
ηrandom 0.707 - 
f1D 17.70 17.38 26.08 MPa 

w1D 0.45 0.7 mm 
L (*)  110 mm 

    (*) Length of measurement of the direct tensile test specimens 
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   (a)        (b) 
Figure 4.15: Tensile stress-strain curve from experiment and model of beam (a) N08 

and (b) N16 
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Figure 4.16: Tensile stress-strain curves of a UHPFRC material with different fiber 

orientation factors 
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Figure 4.17: Tensile hardening part of different tensile stress-strain curves 

When the mixture flowed, fiber tried to align along the casting direction. In this 
case, for the beam, inclination of fiber changed along the length of the beam from 
casting point. The formulas shown the tensile behavior corresponding to distance from 
casting position (named as “d” from now on) were presented in the previous chapter. 
The finite element model presents this characteristic by dividing into many part along 
the beam and assigning different properties which represented by different tensile 
behaviors. Number of parts of beam was considered as a parameter to decide sufficient 
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divided parts. In the beam model, numbers of divided part were varied with 12 and 
18 parts, which shown in Figure 4.12. This idea was applied to find out the effect of 
casting position or fiber orientation in this study. 

The “d” (the distance from casting position) value of each part was determined 

by the distance between middle of that part and the casting point that at 100mm far 

from a side surface. For each case of a number of parts, the distance would be 

calculated and then applied to the proposed model to figure out tensile constitutive 

curves. Figure 4.16 and Figure 4.17 show different curves according to different fiber 

orientations at specified distances. 

The other material parameters for UHPFRC material that were used in this study 
are: the modulus of elasticity Ec, the Poisson’s ratio ν, and the compressive behavior 
of each slab. The model from Mansur’s study [7]was adopted to present compressive 
behavior of UHPFRC in this study. The strain at maximum compressive stress is a 
function of strength, fiber volume, and the aspect ratio of fiber. The Poisson’s ratio 
was considered as 0.2 for all beams. Table 4.2 shows the parameters to create 
compressive stress-strain curve for each beam.  

Table 4.2: Parameters for compressive model 

  N08 W08 N16 Unit 

f’c 147.7 144.1 146.7 MPa 

ε0 2.87e-3 2.85e-3 2.87e-3 - 

Ec 46.7 46.1 46.5 GPa 
ν 0.2 0.2 0.2 - 

Steel bars were modelled by bilinear curve, including elastic and plastic part. 
Properties steel were observed from tensile test. The data for steel model are shown 
in Table 4.3 for both stirrup (D8) and main bar (D25). In CDP model, the dilation angle 
ψ was considered as 40o, the shape factor, Kc = 0:667, the stress ratio σb0/σc0 = 1.16 
and the eccentricity ε = 0.1. 
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Table 4.3: Steel parameters 

Diameter Es (GPa) ν fy (MPa) fu (MPa) εu (-) 
D25 (main bar) 200 0.3 535 650 0.13 

D8 (stirrup) 200 0.3 650 700 0.17 

4.2.4. Analysis results 

a) Optimization of mesh sizes 

The Figure 4.18 shows load-deflection response for different mesh sizes: 10 

mm, 15 mm, and 25mm from the model of beam N08. The load-deflection curves 

from analysis shown in the figure were cut off the last part when the load drop down 

to the value of less than 50% of maximum applied load.  

The outcome from analysis demonstrates the higher stiffness as small 

deflection, but then reduce to become smaller than experimental stiffness when 

deflection increased. 

Deflection (mm)

0 2 4 6 8 10 12 14 16 18 20

A
p

p
li

e
d

 l
o

a
d

 (
k

N
)

0

100

200

300

400

10 mm

15 mm

25 mm

Test

 
Figure 4.18: Load-deflection response of beam N08 for different mesh sizes 
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Table 4.4: Comparison of failure load and deflection from test and numerical 
analysis 

Test/ 
Model 

Load 
capacity (kN) 

Difference from 
test results (%) 

Failure 
deflection (mm) 

Difference from 
test results (%) 

Test 340.1 - 9.01 - 
10 mm 315.7 -7.2 7.31 -18.9 
15 mm 330.1 -2.9 9.80 8.8 
25 mm 333.7 -1.9 15.83 75.7 

Table 4.4 compares the load and deflection at the failure point from test and 

those three models. It is clearly that three mesh sizes show similar results in term of 

failure load and stiffness, the curves are closed to each other before failure. But the 

analysis results are mesh size dependent if considered in term of failure displacements.  

The mesh size of 15 mm gave the most accuracy load-deflection behavior 

among three, compared to experimental result. While the mesh size of 10 mm shows 

the earlier failure because of local failure in some elements, the mesh size of 25 seems 

like too coarse and could not converge to create shear failure instead of ductility. 

Afterward, the mesh size of 15 mm was chosen in all subsequent simulation of all 

beams. 

b) Verifying material constitutive law 

The comparison of analysis and experimental results of three beams were 
found in Figure 4.18 and Figure 4.19. It is clearly seen that analysis predicted behavior 
of beam well. Beam N08 and N16 without stirrup failed under shear failure, while the 
beam W08 with stirrup failed under flexure mode as same as experiment. Table 4.5 
shows load capacity (load at yield point for beam W08) and failure deflection 
(deflection at yield point) of three beams. There are small differences between analysis 
and experiment in load capacity, but analysis demonstrated good agreement in term 
of failure point, and failure mode. 
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   (a)       (b) 

Figure 4.19: Comparison of load-deflection response from test and model: (a) N16 

and (b) W08 

Table 4.5: Comparison of FEA and test results 

Beam Load capacity from 
FEA/test (kN) 

Difference from test 
results (%) 

Failure deflection 
from FEA/test (mm) 

N08 330.1/340.1 -2.94 9.80/9.01 
N16 489.9/530.9 -7.72 8.36/8.91 

W08 448.4/472.9 -4.97 8.99/9.15 

The following part investigated the new model with changing fiber orientation 

of UHPFRC. At first, suitable number of divided parts were found by comparing results 

from different models. Figure 4.20 and Figure 4.21 compared the load-deflection 

responses and cracks patterns from the original model (the model with only one 

tensile stress-strain curve and without considering fiber orientation effect, which 

presented in the previous part) (case 1), and the models with different applied 

materials in considering effect of fiber orientation (case 2).  
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Figure 4.20: Load-deflection response of beam N08 from the different models 

 
(a) 

 
(b) 

 
(c) 

Figure 4.21: Comparison of cracks patterns from the different models: (a) 1 part, (b) 
12 parts, and (c) 18 parts 
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The load-deflection behaviors show the similar in term of maximum load and 

slightly difference in post-crack stiffness and failure deflection. The model of the finer 

parts with 12 parts and 18, the failure deflection seems to be same as its value of the 

original model. The load-deflection curves from 12 parts and 18 parts model presents 

the same behavior, such as stiffness, load capacity and failure deflection. The cracks 

patterns shown in Figure 4.20 seem to be similar among three models. Therefore, 12 

divided parts could be enough to represent the change of material properties, and it 

could use for the other analysis. 

The same procedure was applied for the beam N16 and W08. The results were 

shown in Figure 4.22, Figure 4.23, and Table 3.7 for all three beams.  

By applying new approach, load-deflection behavior was changed from the 

original model. Both load capacity and post-crack stiffness increased, while failure 

deflection did not change. Table 4.6 illustrates the difference in load capacity and 

failure deflection between two models. By applying different material properties at 

different distances from casting point, the shear load capacity of the beam without 

stirrup, N08 and N16, increase 4.5 % and 3.86 %, respectively, while the deflections at 

failure point are closed to each other. The stiffness from the two models are similar 

before cracking, then tend to differ as increasing deflection. 

Table 4.6: Comparison of shear failure from different models of three beams 

Slab Random distribution Orientation consideration Difference of 

load 

capacity (%) 

Load capacity 

(kN) 

Failure 

deflection 

(mm) 

Load capacity 

(kN) 

Failure 

deflection 

(mm) 

N08 330.1 9.01 345.1 9.12 4.54 

N16 489.9 9.03 508.8 8.36 3.86 

W08 448.4 8.99 455.3 8.99 1.56 
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For the beam W08, because of adding stirrup, the beam was failed in flexure 

mode. Figure 4.19 depicts the load-deflection responses that obtained from 

experiment and analysis. The modelled beam failed under flexure and presented the 

identical load-deflection behavior. It is clearly seen that the applied load at yield point 

of the steel from the analysis is slightly smaller than the test result, but it occurred at 

same deflection. For the new approach model in considering fiber orientation effect, 

the beam was modelled as same procedure with beam N08.  

The load-deflection behaviors are illustrated in Figure 4.23 to compare new 

approach and original model. It looks like there are no different from two models, 

including stiffness, load capacity and load at yield point of steel. The difference of 

applied forces at yield point is less than 1%. Cracks patterns in the beam from 

experiment and models can be found in Figure 4.26. Because of changing fiber 

orientation along the beam and then asymmetry of material properties, cracks were 

not symmetrical in the new approach model. But cracks patterns generally meet 

agreement with the test results. As same as experimental results, many cracks occurred 

in two sides of the beam, and the huge cracks at the middle of beam finally established 

caused flexural failure. 

Furthermore, because there are observed strains in the stirrups of beam W08, 

the accuracy of the model and comparison of two models could be carried out. Figure 

4.24 compares strain in stirrups obtained from experiment and the models. Due to the 

asymmetry in material properties of model 2, strains were obtained by averaging the 

values from two sides of the beam. The comparison showed clearly that the analysis 

results predicted the stress development in stirrup well. Furthermore, there are not 

significant differences in strain observed from the models in two cases. It can be 

concluded that with the presence of an amount of steel as stirrup, the effect of fiber 

orientation is insignificant.  
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Figure 4.22: Comparison of load-deflection response from original and new approach 

models. 
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Figure 4.23: Comparison of load-deflection response from original and new approach 

models. 
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   (c)         (d) 
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   (e)         (f) 

Figure 4.24: Comparison of stirrup strain from the models and experiment 
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(a) 

 
(b) 

 
(c) 

Figure 4.25: Comparison of cracks patterns of beam W08: (a) experiment, (b) original 
model, and (c) new approach model 

4.2.5. Conclusion 

All of the results showed that FEA could predict well the behavior of I-beam 
under three-point bending test, including mode of failure, load deflection behavior, 
ultimate load capacity, strain in stirrups, and cracks patterns. The following conclusion 
can be drawn: 

- Three mesh dimensions were applied to simulate UHPFRC element with aspect 
ratio of 1. The mesh size of 15 mm of C3D8 element presented the best results 
in the prediction behavior of I-beam, while the others (10 mm and 25 mm) are 
too coarse of too fine. Consequence, size of 15 mm is suitable to simulate 
behavior of UHPFRC material. 

- The analytical model that represents strain hardening behavior of the material, 
starts at cracking stress and ends at maximum, showed the good agreement 
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with the curve from direct tensile test. The cracking stress could be calculated 
from compressive strength, however, the direct tensile test is necessary for 
determination of ultimate strength. The proposed model demonstrated the 
distinct curves for each value of fiber orientation according to distance from 
casting position. As far as casting position, tensile model exhibited higher value 
of tensile strength and the length of strain hardening part. 

- Embedded formulation of steel was used to represent steel in concrete 
material. It not only gives the simple way to model, but also predict the 
deformation of steel reinforcement with reasonable results. 

- By applying the new approach of material model and assignment manner, the 
effects of fiber orientation were figured out. For the presented I-beams, 
compared to the original model, the failure modes are similar, and the load-
deflection behavior did not change significantly from the original model. The 
highest change is nearly 5 % for the beam N08, and there is only 1.6 % 
difference in the beam W08. It can be concluded that effect of fiber orientation 
in behavior of the beam is insignificant. However, the change would give a sense 
of range of load capacity in designing UHPFRC beam under considering the 
effect of fiber orientation.  
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4.3.   Slab properties 

4.3.1. Experimental procedure 

  

Figure 4.26: Dimensions and reinforcement details 

The flat slabs were designed with a dimension of 1000 mm in both side, had 

the same thickness of 60 mm, tensile reinforcement ratio of 2.54 % and also the same 

tensile reinforcement configuration. The variable parameters among these specimens 

are: the fibers volume ratio varying from 0 to 1.6 % and the fibers orientation due to 

the difference in casting position [65]. The following figure show the casting positions 

in casting concrete and test setup. 

 

Figure 4.27: The pouring concrete positions [65] 
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The slabs were simply supported along four edges and the corners were free 

to move, and the concentrated load was applied at the center of the slab through the 

80-mm load link, as shown in Figure 4.28. Due to the symmetry of the slab, five linear 

variable differential transducers (LVDTs) were installed to determine the vertical 

deflections of the specimens, one LVDT was attached at the middle point of the 

bottom surface of the tested slab, and another four LVDTs were positioned on the 

loading surface, in which two LVDTs were at the quarter of the span of the slabs and 

the other two were at the corners to determine the movement of the slab corners.  

The LVDTs and strain gages on steel reinforcement were connected to a control 

system and recorded by a data logger model EDX-100A produced by Kyowa, Inc. The 

data were recorded every 0.1 seconds until failure of each slab. All of the equipment 

and machines are shown in Figure 4.28 and 4.29 as follows. 

 

 
Figure 4.28: Details of the test arrangement 
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Figure 4.29: Test setup [65] 

4.3.2. Material properties 

Material properties were determined from cylinder compressive and splitting 

tensile test, the basic properties are shown in Table 4.7. 

Table 4.7: The information of each slab [65] 

Slabs  

No. 
cf  

(MPa) 
sptf  

(MPa) 
E   

(MPa) 

Mearured 

slab 

thickness 

(mm) 

Tensile 

reinforceme

nt ratio   

(%) 

Fibers 

volum

e 

fV (%) 

Casted 

positions 

 

S-02 97.8 8.2 37.98 59.0 2.54 0.8 Position C 

S-03 98.5 8.6 38.11 58.0 2.54 0.8 Position B 

S-04 87.8 7.6 35.98 61.5 2.54 0.8 Position C 

S-05 86.8 11.7 35.78 60.0 2.54 1.6 Position C 

S-06 99.0 12.1 38.21 64.0 2.54 1.6 Position B 

S-07 96.5 11.8 37.72 58.25 2.54 1.6 Position A 
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4.3.3. Test results 

From the punching shear tests, load-displacement curves were observed, the 

results show the difference for each slab, because of difference in properties of 

mixtures. 

 
Figure 4.30: Load-displacement curves from experiment [65] 

            

                   (a)                 (b) 

Figure 4.31: Difference in failure of slabs: (a) slab without steel bar, (b) slabs include 
both steel fibers and steel bar 
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When the slabs failed by punching shear, truncated cone appear around the 

loading area. So the cone shape and size can be observed, which are also different for 

each slab. 

From the test, five strain gauges were tightly bonded to steel bars, which across 

the center of the slabs, including one at the center and four in four opposite side. 

Strains in steels were also observed in a slab shown in following figure. 
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Figure 4.32: Strain in different positions of steel bar according to applied load 
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4.4.   Numerical model of slabs 

4.4.1. Fiber orientation in the slabs 

As mentioned in literature, when the fresh FRC composite was cast at a 

position, led to radial spread and flow around that position [31, 32, 67]. The flow of 

fresh composite then generated the orientation and distribution of fibers, then fibers 

align along that flow. With the same idea and experience from previous studies, the 

presented study assumes that fresh concrete spread and flow similarly around casting 

position. The detail of the fresh concrete flow of each casting position in this study is 

shown in Figure 4.32. 

             

Figure 4.33: Flow of fresh concrete in each casting position case 

4.4.2. Model concept 

In each case, different distances from casting point induced different material 

properties, particularly its tensile model. The material model that presented in the 

previous chapter were applied, and, the same model procedure from the beam 

modelling would be performed to model punching shear behavior of the slabs. 

However, the studied slabs were considered as two-way slab, and the fiber orientation 

at an element represented different values in two directions, so the fiber orientation 

coefficient in two perpendicular directions would be taken into account. The model 

with applying fiber orientation of perpendicular sections was named as case 2, and 

Position A Position B Position C
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the other model with applying fiber orientation of perpendicular sections was named 

as case 3, as shown in following figure. By applying the results from Grunewald’s 

experiment, different fiber orientations in two directions are created as a function of 

distance from casting position. Figure 4.34 as following shows the model procedure of 

the slabs. 

 
Figure 4.34: Flowchart of model procedure for the slabs 
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Number of divided parts of slab to assign material properties was considered 

as a parameter to decide sufficient divided parts. In the beam model, sizes of those 

divided parts were varied within 2 models: 100x100 mm (25 parts), 200x200 mm (100 

parts), which shown in Figure 4.35 as follows.  

                    
   (a)       (b) 

Figure 4.35: Schema of slab divisions with: (a) 100 parts and (b) 25 parts 

In each case of division, the distances from casting position to each part were 

calculated (shown in Figure 4.36) then applied to the material model determine input 

data.  With each value of distance, two tensile curves were created for two different 

directions. Modelling concrete in ABAQUS normally uses concrete homogeneous 

element with unique material property. Therefore, each tensile stress-strain curve was 

applied separately as considering a critical behavior of material in tension. 

       
Figure 4.36: Schema of distance calculation 
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4.4.3. In ABAQUS/Explicit 

a) Geometry and boundary condition 

The slabs were simply supported along four edges and the corners were free 

to lift up. Though the slabs are symmetrical in geometry, properties of material in each 

position in each slab are different, therefore, the whole slab was modelled (see Figure 

4.37). The concentrated load was applied at the center of the slab through the 80-mm 

load link. It was simulated by uniformly distributed load over the element representing 

the steel plate, and the supports were represented by four cylinders at four sides. The 

interaction of the plate or cylinder and the slab was represented as frictionless in 

tangential direction, and hard contact in normal direction. This interaction allows slab 

could move up and slide on the supports.  

b) Element type and mesh size 

8-node brick element (C3D8) which available in ABAQUS/Explicit was used to 

represent concrete element, and 2-node truss element used for steel bar 

reinforcement. Steel bars were simulated as embedded in concrete element at the 

specified location in the beam without bond-slip between two elements. The other 

consideration is that there is no bending stiffness in embedded truss elements, 

therefore, dowel action mechanism of the longitudinal steel reinforcement does not 

contribute to shear behavior.  

As same as the beam model, study in mesh dependence was performed to 

figure out the optimal mesh size. The mesh sizes of 3D elements were varied with an 

approximate aspect ratio of 1. Three mesh sizes were applied in this part: 10 mm, 15 

mm, and 20 mm. The best mesh size that shown the best fit with experimental results 

was used for the others. Steel bars were meshed with the size of 10 mm. Figure 4.39 

shows an example of the mesh mapping of the slabs. 
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Figure 4.37: Model in ABAQUS 

 
Figure 4.38: Present of tensile steel bar in slab model 

 
Figure 4.39:: An example in mesh mapping 



 

 

84 

4.4.4. Material model 

a) Tensile behavior 

In the experiment of the slabs, the direct tensile test was not performed, led 
to lack of tensile strength that need to create tensile model. However, the compressive 
test and splitting tensile test were carried out. Based on the ratio of tensile strength 
and splitting tensile strength of the beam for each percentage of fiber, the tensile 
strengths of the slabs were calculated from those ratios and splitting tensile strengths 
observed from the test. The following table presents estimated tensile strength of the 
all slabs. 

Table 4.8: Calculated tensile strength of the slabs 

0.8% of fiber 1.6% of fiber 

Beam test S02 S03 S04 Beam test S01 S05 S06 S07 

15 8.2 8.6 7.6 16.4 12.5 11.7 12.1 11.8 

6.06 3.31 3.47 3.07 9.00 6.86 6.42 6.64 6.48 

The other two parameters used to create tensile model were strain at peak 

stress, and cracking strain. In this part of study, stress at peak stress was considered to 

be same as the tensile model of the beam models, and, cracking stress of composite 

was simply determined by cracking stress of concrete. Table 4.9 presents basic data 

for creating tensile model for the case with random distribution of fiber, then 

developing for varying fiber orientation. 

The “d” value (the distance from casting position) of each part are determined 

by the distance between middle of that part and the casting point that at a corner, 

mid-point of a side or at the middle of the slabs. For each case of number of parts, 
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the distance would be calculated and then applied to the proposed model to figure 

out tensile constitutive curves. 

Table 4.9: Parameters for creating tensile model 

  S02-S04 S05 S06 S07 

fcr (MPa) 2.90 2.89 3.08 2.96 

fct random (MPa) 3.14 6.42 6.64 6.48 

wct random (mm) 0.228 0.355 

ηrandom 0.707 

f1D (MPa) 9.1 18.60 19.24 18.76 

w1D (mm) 0.45 0.7 0.7 0.7 

L (mm) (*) 110 

    (*) Length of measurement of the direct tensile test specimens 

b) The other numerical parameters in slab model 

The other material parameters for UHPFRC material that were used in this study 
are: the modulus of elasticity Ec, the Poisson’s ratio ν, and the compressive behavior 
of each slabs. The model from Mansur’s study [7]was adopted to present compressive 
behavior of UHPFRC in this study. The strain at maximum compressive stress is a 
function of strength, fiber volume, and the aspect ratio of fiber. The Poisson’s ratio 
was considered as 0.2 for all beams. Table 3.5 shows the parameters to create 
compressive stress-strain curve for each beam. 

The other material parameters for UHPFRC material that were used in this study 
are: the modulus of elasticity E0, the Poisson’s ratio ν, and the compressive behavior 
of each slabs. Constitutive model in compression was presented in the previous 
chapter, by using Mansur model [7]. Table 4.10 shows the parameters to create 
compressive stress-strain curve for each beam. Steel bars were modelled by bilinear 
curve, including elastic and plastic part. The data for steel model are taken from tensile 
test of used steel bar, and shown in Table 4.11. 
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Table 4.10: Parameters for compressive model 

  S05 S06 S07 

f’c (MPa) 99.0 86.9 96.5 

ε0 (-) 2.50e-3 2.39e-3 2.48e-3 

Ec (MPa) 47.2 31.48 38.47 

ν (-) 0.2 0.2 0.2 

Table 4.11: Material parameters of steel bar 

Diameter Es (GPa) ν fy (MPa) fu (MPa) εu (-) 

D12 (main bar) 200 0.3 535 650 0.13 

In CDP model, the dilation angle ψ was considered as 40o, the shape factor, Kc = 
0:667, the stress ratio σb0/σc0 = 1.16 and the eccentricity ε = 0.1. 

4.5.   Results and discussion 

4.5.1. Case 1: The slabs with 1.6% of fiber: random distribution of fibers 

a) Mesh dimensions 

Slab with random distribution of fiber were modelled with different mesh sizes 

(10 mm, 15 mm, and 20 mm) to figure out the mesh dependence, and choose the 

best for further models. The slab S05 was used to model in this part of the study. The 

results were shown in Figure 4.40, Figure 4.41 and Table 4.12. 
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Figure 4.40: Load-deflection response from model of different mesh sizes 
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Figure 4.41: Load-strain in tensile steel bar response from model of different mesh 

sizes 
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Table 4.12: Comparison of failure point from test and numerical analysis of slab S05 

Test/ 
Model 

Punching 
shear capacity 

(kN) 

Difference from 
test results (%) 

Failure 
deflection 

(mm) 

Difference from 
test results (%) 

Test 147.4 - 17.8 - 
10 mm 155.0 5.16 19.4 8.99 
15 mm 153.2 3.93 19.6 10.11 
25 mm 154.7 4.95 20.5 15.17 

The responses of applied load-deflection at the middle of slab from different 

mesh sizes show the similarity in failure load and deflection. The responses are similar 

from model of 10 mm and 15 mm, while the model of 20 mm shows smaller stiffness 

than the others. However, the responses from deformation of steel are significantly 

different from three mesh sizes. The model of 20 mm presents lower value of applied 

load at yielding of steel, while the model of 10 mm shows the higher value, compared 

to experimental response. The model of 15 mm gives the best fit with experimental 

results. Afterward, the mesh size of 15 mm was used to simulate the further model. 

b) Analysis results 

Figure 4.42 and Table 4.13 compare the results between experiment and 

analysis in term of load-deflection responses plotted at the center and a corner of the 

slab. It is clearly seen that the applied load-deflection behaviors from analysis shown 

higher stiffness, compared to experimental responses. It can be explained that there 

are the gaps between slabs and support in the experiment, therefore, the deflection 

increased quickly at small applied load, and became stable when the applied load 

increased. On the other hand, the measured deflection at the corner of the slab from 

the experiment is larger than that value from FE model. 
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From the experiment, stresses in steel bar were measured at two positions as 

shown in Figure 4.26. Figure 4.43 compares strains in tensile reinforcement observed 

from experiment and model. At both two positions, experimental curve and analysis 

curve are closed to each other. The results showed that the analysis predicted the 

strain in steel bar well with the same trend of deformation and yielding point of steel. 

Cracks patterns of slab observed from the FEA and experiment was illustrated 

in Figure 4.44 as following. Both testing and modelling results shows that the cracks 

started at the middle of the slab and propagate to four sides of the slab, then huge 

cracks formed at the center in directions according to direction of tensile 

reinforcement. Finally, slabs failed under flexural punching shear because of crushing 

of material in compressive zone, and cone failure could be observed. The failure of 

material observed from the bottom surface of the slab was shown in Figure 4.45, and 

the cone size could be observed from this visualization. 

Table 4.13: Comparison of punching shear capacity and failure deflection between 
testing and modelling of three slabs 

Slab Test Finite element analysis Difference of 
load 

capacity (%) 
Load capacity 

(kN) 

Failure 
deflection 

(mm) 

Load capacity 

(kN) 

Failure 
deflection 

(mm) 

S05/C 147.4 17.8 153.2 19.6 3.9 

S06/B 168.4 20.5 159.3 19.5 -5.4 

S07/A 143.9 16.5 153.7 19.6 6.8 

Figure 4.44 demonstrates the principal stressed at different sections of the slab. 

It shows the high compressive stresses at the top surface and the high tensile stresses 

at bottom surface, the highest stresses focus at the center and becomes smaller as far 
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as the center. The principal stress of an element is definitely perpendicular to the 

direction from the center point to that element. Figure 4.45 captures the principal 

strains at the step before failure. The maximum principal stresses are perpendicular to 

direction of inclined critical shear cracks, therefore, the cone failure would form by 

increasing applied load and led to the failure of all of the slab. 

In term of the cracks patterns, Figure 4.46 and Figure 4.47 demonstrate the 

visualization of cracks patterns at bottom surface in FE model at two steps of the slab 

before and after failure, compared to experiment results. The FE results shows the 

similarity to experiment, the principal cracks formed at the center and led to two sides 

of the slab. By increasing applied, cone failure formed and led to sudden failure of the 

slab. 
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      (c) 

Figure 4.42:  Comparison of responses of load-deflection at the center and at a 

corner from experiment and analysis of three slabs: (a) S05, (b) S06, and (c) S07 
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      (c) 

Figure 4.43:  Comparison of steel stresses from experiment and analysis at different 

positions of steel bar of slab (a) S05, (b) S06, and (c) S07 
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(a) 

 
(b) 

Figure 4.44:  Principal stresses at the (a) bottom surface and (b) top surface of the slab 

 
Figure 4.45: Principal cracking strain at the mid-span elements layer before failure 
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Figure 4.46:  Comparison of cracks patterns from FE model and experiment 

       

Figure 4.47: Failure of the elements at bottom surface of slab from FE model and 

experiment 

4.5.2. Case 2: The slabs with 1.6% of fiber: changing fiber orientation 

To apply different properties induced from different fiber orientation factors, 

the slabs were divided to many part to assign their properties. The fine divided part 

would lead to an accuracy result, compared to the coarse divided part.  However, the 

fine divided part takes more time to perform analysis. In this part, two schemas of 

properties assignment were applied for comparison and choose the suitable schematic 

for further models.  
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Figure 4.48: Load-deflection behavior from different schematics of properties 

assignment 
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Figure 4.49: Load-strain in tensile reinforcement behavior from different schematics 

of properties assignment 

Figure 4.46 and Figure 4.47 show load-deflection and load-strain in steel 

response of different schemas of properties assignment. It is clearly seen that there is 

no different between model of 25 parts and 100 parts in both load-deflection response 
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and load-strain in steel response. From this result, model of 25 parts of different tensile 

properties could give reasonable results to represent the purpose of changing fiber 

orientation in the slabs, and it should use for further models. 

As mentioned in previous subchapter, two cases of fiber distribution, such as 

the increase and decrease trend of fiber orientation coefficient corresponding to fiber 

orientation of perpendicular and parallel sections, respectively, were applied to finite 

element analysis of each slab. In addition, the random case represents the case 

without changing fiber orientation in the slab, the properties of random distribution of 

fiber were used for analysis. 

Table 4.14: Comparison of punching shear capacity and failure deflection between 
the models of different distributions of fiber of three slabs 

Slab 

Random 
distribution 

Perpendicular 
section (case 2) 

Parallel section 
(case 3) 

Variation* 
(%) 

Load  

(kN) 

Failure 
deflection 

(mm) 

Load  

(kN) 

Failure 
deflection 

(mm) 

Load  

(kN) 

Failure 
deflection 

(mm) 

S05/C 153.2 19.6 155.1 19.4 146.0 20.1 6.2 

S06/B 159.3 19.5 160.6 19.5 157.8 19.3 1.8 

S07/A 153.7 19.6 154.0 19.3 153.4 19.4 0.4 

*Variation of load capacity of case 2 and case 3 model 

The punching shear capacity and failure deflection of different models of three 

beams were presented in Table 4.14 and Figure 4.48. Among three positions of casting, 

casting at position C at a corner of slab shows the biggest effect of changing fiber 

orientation, while there is no effect in the case casting at the center of the slab. It 

could be because casting at a corner gave the long distance to orient fiber in the slab.  
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In the case concrete casted at a corner of the slab, the change of punching 

shear capacity if fiber orientation coefficient increased and decreased along flow 

direction is 6.2 %. The slab with the decrease trend of fiber orientation factor according 

to fiber orientation of parallel sections induced more effect than the slab with the 

trend of increase. That change in the case of casting at a side or at the center of the 

slab are 1.8 and 0.4, respectively. When concrete casted at the center of slab, the 

load-deflection behaviors in two cases of increase and decrease fiber orientation factor 

seem to be similar to the case of random distribution of fiber. It means that casting at 

the center of slab induce no effect of fiber orientation, neither increase nor decrease 

punching shear capacity.  

Note: “Perpendicular section” and “parallel section” is the model applied relation 

between fiber orientation and distance of perpendicular and parallel section, 

respectively.  
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Figure 4.50: Comparison of effect of three trends of fiber orientation in the models 

of different casting positions: (a) Position C, (b) Position B, and (c) Position A 

To highlight the effect of fiber orientation if changing casting position, the load-

deflection response from two models of increase or decrease fiber orientation relation 
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were averaged, and the comparison among the three slabs were shown in Figure 4.51 

as follows. The highest punching shear capacity is of the slab cast at the center, while 

slab cast at a corner shows the lowest capacity. This can be explained because the 

slab cast at a corner varied with the larger range of capacity and load-deflection 

behavior, therefore, the capacity is not stable. 
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Figure 4.51: Comparison of effect of fiber orientation in three casting positions 

4.5.3. The slabs with 0.8% fiber 

By applying the same procedure as the previous models, the slabs with 0.8% 

of fiber were simulated to check the effect of fiber orientation if reducing fiber content. 

The material properties presented in previous part were also adopted. The agreement 

of FEA and experimental results were shown in Figure 4.52 as follows.   
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Figure 4.52: Comparison of load-deflection responses from experiment and analysis 

FEA curve presents the higher stiffness comparing to experimental curve, but 

obtained ultimate load and displacement at moment of failure was similar. In the 

experiment, the slab failed at a load of 126.3 kN at the deflection of 17.9 mm, while 

the analysis slab failed at the load of 120.7 kN at the deflection of 16.9 mm. The 

difference in the ultimate loads is less than 5%. 

In term of consideration fiber orientation effect, the slab was simulated for 

each position of casting, with different relationship between fiber orientation and the 

distance. Figure 4.53 shows the load-the center displacement from three slabs model 

of three casting positions: position A, B, and C. As same point from the models of beam 

with 1.6% of fiber, the highest effect of fiber orientation belongs to the slab cast at a 

corner, and the lowest effect is the slab cast at the center.  

Note: “Perpendicular section” and “parallel section” in following figure is the model 

applied relation between fiber orientation and distance of perpendicular and parallel 

section, respectively.  
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Slab with 0.8% of fiber/Position C
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Figure 4.53: Comparison of effect of three trends of fiber orientation in the models 

of different casting positions: (a) Position C, (b) Position B, and (c) Position A 

Table 4.15: Comparison of punching shear capacity and failure deflection between 
the models of different distributions of fiber of three slabs (0.8% of fiber) 

Slab Random 
distribution 

Perpendicular 
section (case 2) 

Parallel section 
(case 3) 

Variation* 
(%) 

Load  

(kN) 

Failure 
deflection 

(mm) 

Load  

(kN) 

Failure 
deflection 

(mm) 

Load  

(kN) 

Failure 
deflection 

(mm) 

S02/C 120.7 16.9 123.3 17.2 115.3 16.6 6.5 

S03/B 120.7 16.9 121.9 17.5 117.5 16.7 3.6 

S04/A 120.7 16.9 121.3 19.3 118.9 16.9 2.0 

*Variation of load capacity of case 2 and case 3 model 
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4.6.   Parametric study 

4.6.1.  Changing the relation between fiber orientation and the distance 

To consider the effect of fiber orientation, the relationships between fiber 
orientation were adopted from the study of Grunewald [64] that presented in the 
previous chapter. Those relations could change depending on many factors such as 
type of fibers, presence of steel bar, and flowable properties of the mix. With the 
purpose of figure out the whole picture of the fiber orientation effect if the relationship 
is changed, the other relationships would be proposed and applied to the FE model.  

The maximum fiber orientation factor at the distance of 2.85 of section 
perpendicular to casting direction was assumed to be 1, as fibers perfectly orient along 
the casting direction. From previous chapter, the magnitude of slope of relationship 
line of cross-section parallel to casting direction was closed to that value of 
perpendicular section. Therefore, those value would be assumed to be similar in this 
part. The data of fiber orientation and the formula for its relation to distance from 
casting position were shown in Table 4.15 and Figure 4.54 for different cutting sections. 
The other material properties were similar to the previous analysis. The effect of fiber 
orientation of the slab S05 that cast at a corner is the most significant among the three 
slabs, therefore, in this part, the slab S05 was used for simulations. 

Table 4.16: Assumed fiber orientation coefficient at different cutting sections 

Parallel sections Perpendicular sections 

Distance d (mm) η Distance d (mm) η 

0 0.707 0 0.707 

3050 0.397 2800 1 

510.19 10 0.707d      510.19 10 0.707d     
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Figure 4.54: Fiber orientation in the beam at different distances from casting position:  

original trend and assumed trend 

Table 4.15 and Figure 4.55 show the results from FEA, including the model of 
the slab of increase and decrease trend of fiber orientation. With the assumed 
relationship of fiber orientation and distance from casting position, the effect of fiber 
orientation is significant. The load-deflection behaviors of the two models seem to be 
similar in stage before cracks occur. After cracking, the load-displacement paths differ 
from each other, the model with the increasing trend of fiber orientation presents 
higher stiffness in this part. Both two model gave the same value of failure deflection. 
However, the difference of load capacity between the two models is 22 %, particularly 
is nearly 32 kN of applied load. It means that fiber orientation strongly effects to the 
behavior of the slabs in this particular relation with distance, such as load-deflection 
behavior and load capacity.  

Figure 4.52 shows that those two load-displacement response could cover the 
responses plotted from the experiment of the three slabs. Therefore, these two 
models could be used to predict behavior of slabs, and give a good range for the 
change of load-deflection behavior and load capacity if casting position is changed. 
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Note: “Perpendicular section” and “parallel section” in following figure is the model 

applied relation between fiber orientation and distance of perpendicular and parallel 

section, respectively.  

Table 4.17: Comparison of punching shear capacity and failure deflection between 
the models of different assumed distributions of fiber of the slab 

Model 
Perpendicular 

section 
Parallel section 

Variation 
(%) 

Load (kN) 174.0 142.3 22.3 

Failure deflection(mm) 22.6 23.0 1.8 
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Figure 4.55: Load-deflection responses of FE models and experiment 

4.6.2. Changing the size of the slab 

To consider effect of fiber orientation in the case of realistic design of a flab slab, this 
part performed the study with the square slab with a size of 4000 mm and thickness 
of 100 mm to figure out the effect of fiber orientation in realistic structure. The full 
detail of slab dimensions and arrangement of tensile reinforcement are shown in Figure 
4.56 as follows.  
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The relation of fiber orientation and distance from casting point was similar to the 
relation from Grunewald’s research [64]. By applying same procedure as the previous 
part, the slab was simulated in ABAQUS in the case of casting at a corner of slab to 
consider effect of fiber orientation. The result was shown in Figure 4.57 and Table 4.18. 
In this designed slab, because of large width and length and small thickness, the slab 
failed under flexural mode, therefore, the slab induced the yield point and increased 
the failure deflection. 

 
Figure 4.56: Design of the slab 

In term of consideration of fiber orientation, due to larger size of slab induced higher 
distance from casting point corresponding to higher value of fiber orientation 
coefficient, the difference of material properties along casting direction are higher than 
the small slab from the previous part. From analysis results of the models with 
different trends of fiber orientation induced from fiber orientation of perpendicular 
section and parallel section, the difference in term of load capacity between 2 models 
is 44%. It shows that capacity of the slab with properties of perpendicular sections 
equal nearly two times the slab with properties of parallel sections. In conclusion, the 
effect of fiber orientation in this particular designed slab was very high. Casting as far 
from loading zone may induce high or very low load capacity of slab comparing to the 
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slab with random distribution of fiber. Therefore, it is better to cast concrete near by 
the loading zone to reduce effect of fiber orientation.  

Table 4.18: Comparison of load capacity and failure deflection between the models 
of different distributions of fiber of the designed slab 

Slab Random 
distribution 

Perpendicular 
section (case 2) 

Parallel section 
(case 3) 

Variation* 
(%) 

Load  
(kN) 

Failure 
deflection 

(mm) 

Load  
(kN) 

Failure 
deflection 

(mm) 

Load  
(kN) 

Failure 
deflection 

(mm) 

S-/C 145.8 68 197.5 70.3 110.1 50.1 6.5 

*Variation of load capacity of case 2 and case 3 model 

Note: “Perpendicular section” and “parallel section” in following figure is the model 

applied relation between fiber orientation and distance of perpendicular and parallel 

section, respectively.  
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Figure 4.57: Load-deflection responses of three FE models  
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CONCLUSIONS AND RECOMMENDATIONS 

5.1.   Conclusions  

This thesis presents a study of finite element model of punching shear behavior 
of UHPFRC slab, combines with consideration of fiber orientation effect. Through the 
study, finite element analysis gives a good prediction of behavior of slab under 
concentrated loading, and shows the effect of fiber orientation in each position of 
casting, then can be used with confidence in practice. From analysis results, the 
following conclusion can be drawn: 

1) The good agreement of analysis and experimental result of both the beam and 
slab demonstrates that the adopted material models used for analysis, 
including tensile and compressive behavior of concrete, and stress-strain 
response of steel reinforcement, are the reasonable models to represent 
behavior of UHPFRC material. These material model can be used in future for 
further analysis of UHPFRC structures.  

2) In FEA of the slabs, the slab cast at a corner present the highest effect of 
changing fiber orientation, while the slab cast at the center is almost not 
affected. By applying two relationships between fiber orientation and distance 
from casting position, including increase and decrease fiber orientation along 
casting direction according to two models of one slab, the results give range of 
punching shear capacity if changing fiber orientation. The difference in ultimate 
load of two models of the slab cast at a corner is 6.2%, while that difference 
for the slab cast at a side or at the center of slab are just 1.8% and 0.4%, 
respectively. In the other view, if averaging load-deflection response from the 
two models, the slab cast at the center presents the stability of punching shear 
capacity when fiber orientation is changed, comparing to the other positions. 
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3) With the different fiber content, particularly 0.8% of fiber, the effect of fiber 
orientation is similar to the slab of 1.6% of fiber, therefore, with using low 
volume of fiber, the effect of fiber orientation should be similar.  

4) Parametric study gives a sense of effect of fiber orientation in a critical case of 
fiber distribution and with the particular size of slab. By changing the fiber 
orientation along casting point from original case of Grunewald, the variation of 
punching shear strength is up to 22.3%. By increase the size of slab to the width 
of 4000 mm, the difference of load capacity of two critical case is up to 44.3%. 
Therefore, in application of real structure, the UHPFRC material should not cast 
at far from the loading zone. 

5.2.   Recommendations for future works 

Regarding the result of this study, the following points are recommended for future 
research: 

1)  The direct tensile test for UHPFRC material: there is the high dependence of 
mixture on tensile strength of UHPFRC material, therefore, the direct tensile 
test should be performed for each mix of material to apply to finite element 
model. 

2) Study effect of fiber orientation on flexural structures: this study investigated 
the effect of fiber orientation on punching shear behavior of slab, afterward, 
the study on flexural structure should be conducted to figure out general view 
of this effect. 

3) Study effect of fiber orientation with changing size of flat slab, or other slab 
structure: the work can clearly be extended to the analysis of the other 
dimension of slab or the other slab with different boundary condition. 

4) Study in slab with high volume of fiber: this study gave a sense of fiber 
orientation effect of slab with low volume of fiber, then in future research, this 
effect of slab with high volume of fiber should be worked out.  
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