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a Department of Civil Engineering, School of Human Settlements and Civil Engineering, Xi’an Jiaotong University, Xi’an, China 
b Civil Engineering and Geosciences, Delft University and Technology, Netherlands 
c INEGI & CONSTRUCT, Faculty of Engineering, University of Porto, Portugal   

A R T I C L E  I N F O   

Keywords: 
Ultra-high-performance concrete (UHPC) 
Ultra-high-performance fiber-reinforced con-
cretes (UHPFRC) 
Engineering tensile and compressive stress- 
strain relationships 
Mixed mode crack propagation 

A B S T R A C T   

The development of numerical simulation for Ultra-high-performance concrete (UHPC) and Ultra- 
high-performance fiber-reinforced concretes (UHPFRC) is fundamental for the design and con-
struction of related structures. The simplified engineering stress-strain relationship and the input 
values are necessary in the finite element modeling. Four-linear curves and modified Kent–Park 
model were proposed to describe the engineering tensile and compressive stress-strain relation-
ship, respectively. An attempt was made to simulate the fracture of UHPC and UHPFRC using 
concrete damaged plasticity model and element deletion strategies. The predicted tensile and 
compressive behaviors of UHPC and UHPFRC were successfully validated by the test results in the 
literature. For a better understanding of the mechanical behavior of UHPC and UHPFRC exposed 
to biaxial loadings, mixed-mode crack propagation simulation on the double-notched specimens 
exposed to combined shear-tensile and shear-compressive forces was discussed.   

1. Introduction 

The ultra-high-performance concrete (UHPC) and ultra-high performance fiber reinforced concrete (UHPFRC) are cementitious 
material with favorable material properties, including high strength (compressive strength > 150 MPa and tensile strength > 8 MPa 
[1]) and strain-hardening under uniaxial loading[2]. The above outstanding performance is credit to the dense microstructures of 
UHPC/UHPFRC[3]. With improved high strength and durability properties[4–8], UHPC/UHPFRC is suitable for new structures 
exposed to heavy loads, such as I-shaped beams[9], bridges deck[8], piers[10], in the field of highway transportation infrastructure 
[11] and in the replacement of aging concrete structures or components[12–16]. The UHPC/UHPFRC is also promising to be an 
alternative of normal concrete in steel/FRP-concrete composite structures to improve its mechanical performance, such as beams 
[17,18], composite column[19], composite joints[20–22], shear connectors[23–25], and GFRP-concrete bridge deck[26–28]. 

Recently, several studies have been reported related to the mechanical properties and numerical simulation of UHPC/UHPFRC. 
Shafieifar et al. [3] experimentally determined the compressive ultimate capacity of UHPC through the cylinder and cube compressive 
test, and tensile ultimate capacity using flexural, briquette, and splitting tension tests, respectively. The results showed that the 
compressive strength of commercial UHPC was three to four times greater than normal strength concrete, the tensile strength and 
ductility of UHPC was two to four times greater than normal strength concrete. Graybeal et al. [9] investigated the flexural behavior of 
a prestressed I-shaped UHPC girder. The cracking, flexural stiffness, and moment capacity are discussed and compared to predictions 
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from the AASHTO standard. Soetens & Matthys [29], and López et al. [30] investigated the cracking strength and the post-cracking 
strength of UHPFRC using empirical formulations and cohesive models, respectively. Yoo et al.[30] investigated the effects of steel 
fibers types (short, medium-length, and long) on the flexural behaviors of UHPFRC. Rios et al. [31] experimentally investigated the 
tensile properties of UHPFRC manufactured with short and long fibers. The results showed that the type of fibers will affect the porosity 
distribution, and the tensile properties. Wang et al. [10] employed the modified Kent–Park model to describe the compressive stress- 
strain relationship of UHPFRC and evaluated the seismic performance of bridge pier made of UHPFRC. Mao et al. [31] simulated the 
performance of UHPFRC subjected to blast loading, the performance of the numerical models were verified by comparing modeling 
results to the data from corresponding full-scale blast tests. Li et al. [32] conducted a series of tests to investigate the performance of the 
UHPC slab exposed to explosive loading. Numerical simulation was conducted, and the feasibility and validity of the numerical 
predictions of UHPC slab responses were validated by test results. 

The development of numerical simulation is fundamental for the design and construction of structures made of UHPC/UHPFRC. 
The simplified engineering stress-strain relationship and the input values in the finite element models are necessary for UHPC/ 
UHPFRC applications in the civil engineering structures. However, the literature related to simplified engineering stress-strain rela-
tionship and the simulation of UHPC/UHPFRC was not sufficient as far as the authors’ knowledge. It is also noted that the UHPC 
fracture is modelled based on the average value of the test results, and the combination of UHPC fracture simulaton with probabilistic 
analysis [33–35] is an very interesting topic, which will be further investigated in the future. 

In this paper, an attempt was made to simulate the fracture of UHPC/UHPFRC using concrete damaged plasticity model and 
element deletion strategies. The simplified model was proposed to describe the engineering stress-strain relationship. The input values 
to simulate the fracture of UHPC and UHPFRC based on the commercial finite element software [36] were discussed. The simulation 
results were validated by the test results in the literature. The crack propagation under combined axial (tensile and compressive)-shear 
forces was investigated based on the validated material model. 

2. Simplified Engineering Stress-Strain Relationship 

The simplified model of engineering stress-strain relationship for UHPC and UHPFRC is discussed in this section based on the test 
results reported in the literature[2]. The mixed constitution of UHPC is listed as below[2]: 657 kg/m3 cement, 418 kg/m3 Ground 
Granulated Blast Furnace Slag (GGBS), 119 kg/m3 silica fume, 1051 kg/m3 silica sand with a average size of 0.27 mm, 40 kg/m3 

superplasticizers, and 185 kg/m3 water. Compared with UHPC, steel fibers with the volume ratio of 2% (157 kg/m3) were added for 
the UHPFRC. The length and diameter of steel fibers were 13 mm and 0.2 mm, respectively. The tensile behavior of UHPC and UHPFRC 
was obtained by a direct tensile test using dog-bone specimens with a size of the cross-section of 26 mm by 50 mm, and the compressive 
behavior of UHPC and UHPFRC was obtained by uniaxial compression tests using a cylinder specimens with a diameter of 50 mm and a 
length of 100 mm[2]. 

Fig. 1. Simplified engineering tensile stress-strain relationship of UHPC and UHPFRC.  

Table 1 
Parameters of simplified engineering tensile stress-strain relationship of UHPC and UHPFRC (Unit: με for strain, MPa for stress).   

∊t1  σt1  ∊t2  σt2  ∊t3  σt3  ∊t4  σt4  

UHPC 7d 102.1 3.67 151.0 4.42 208.0 3.13 278.0 0.0 
14d 123.2 3.56 208.8 4.95 269.0 3.70 346.3 0.0 
28d 135.1 4.76 174.3 5.29 189.5 4.09 200.7 0.0 

UHPCFRC 7d 185.0 7.93 3200.0 9.02 19720.9 6.85 33020.6 0.76 
14d 177.0 7.57 2300.0 8.91 33120.0 4.11 43980.7 0.67 
28d 196.0 8.40 4190.0 9.13 31300.9 6.87 50620.9 1.28  
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2.1. Tensile behaviors 

To describe the engineering tensile stress-strain relationship of UHPC/UHPFRC with both accuracy and simplicity, a model with 
four-linear curves was proposed in this paper, as shown in Fig. 1. The point (εt1, σt1) is the corresponding strain and stress at end of the 
linear curve, (εt2, σt2) is the corresponding strain and stress when the tensile stress reaches the peak; (εt3, σt3) is the corresponding 
strain and stress at the stiffness turning point in the softening stage; and (εt4, σt4) is the corresponding strain and stress at the rupture. 
The parameters of simplified engineering tensile stress-strain of UHPC and UHPFRC at 7, 14, and 28 days after casting are calibrated in 
Table 1. The comparisons between the simplified model and experimental results in [2] are shown in Fig. 2. A good agreement is 
observed, indicating that the simple four-linear curves could successfully describe the engineering tensile stress-strain relationship of 
UHPC/UHPFRC. 

The ductility of UHPFRC is higher than UHPC based on Fig. 2. The ratio σt1/σt2 is 0.83, 0.72 and 0.90 for UHPC at 7, 14 and 28 days, 
and is 0.88, 0.85 and 0.92 for UHPFRC at 7, 14 and 28 days, respectively. The ratio σt3/σt2 is 0.71, 0.75 and 0.77 for UHPC at 7, 14 and 
28 days, and is 0.75, 0.46 and 0.75 for UHPFRC at 7, 14 and 28 days, respectively. The ratio σt4/σt2 is zero for UHPC and is 0.08, 0.08, 
and 0.14 for UHPFRC at 7, 14, and 28 days respectively. The difference in stress ratio between UHPFRC and UHPC is relatively smaller 
than the strain ratio. 

2.2. Compressive behaviors 

The modified Kent-Park model [37,38] was proposed to describe the engineering compressive stress-strain relationship of UHPC 
and UHPFRC as shown in Eq. (1). 

(a) UHPC 

(b) UHPFRC 

Fig. 2. Engineering tensile stress-strain comparison.  
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σc =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

σpk

[
2εc/ε0 − (εc/ε0)

2
]

εc⩽ε0

σpk

[

1 −
(1 − λrs)(εc − ε0)

(ε20 − ε0)

]

ε0 < εc⩽ε20

λrsσpk εc > ε20

(1)  

Where: εc and σc are the compressive strain and stress of the concrete, respectively; σpk and ε0 are the peak compressive stress and the 
corresponding strain of the concrete, respectively; λrs is the ratio of the residual strength to the peak stress; ε20 is the beginning strain 
point of the residual strength λrsσpk. The ε20 could be determined based on the following equation: 

ε20 =
(0.65 − λrs)σpk

0.0103
+

0.65σpk

Ec
(2) 

(a)UHPC

(b) UHPCFRC 

Fig. 3. Engineering compressive stress-strain comparison.  

Table 2 
Parameters to determine engineering compressive stress-strain relationship of UHPC and UHPFRC (Unit: με for strain, MPa for stress and modulus).  

Items UHPC UHPFRC 

7 days 14 days 28 days 7 days 14 days 28 days 

σpk  146.0 149.1 150.6 124.3 124.1 121.3 
ε0  3651 4168 3730 3260 3284 3238 
λrs  0.38 0.35 0.38 0 0 0 
ε20  3826 4341 3947 4000 5000 4000 
Ec  45,370 44,830 45,550 41,140 42,090 42,080  
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For UHPC/UHPFRC, the engineering compressive stress and strain relationship could be determined by Eq. (1) when four pa-
rameters σpk, ε0, λrs and ε20 are known. Those parameters are calibrated as shown in Table 2. The comparisons between the modified 
Kent-Park model and experimental results in [2] are shown in Fig. 3. A good agreement was observed, indicating that the modified 
Kent-Park model could successfully describe the engineering compressive stress-strain relationship of UHPC and UHPFRC. 

3. Fracture Evaluation of UHPC/UHPFRC 

3.1. Concrete damaged plasticity (CDP) model 

The concrete damage plasticity model (CDP) model was employed to simulate the mechanical behavior of UHPC/UHPFRC. The 
yield function of the CDP model[36] is expressed in Eq.(3). The evolution of the yield surface is controlled by the equivalent plastic 
strain. The yield surface in-plane stress of the CDP model is shown in Fig. 4. 

F =
1

1 − α

(
q − 3αp + β

〈
σmax

〉
− γ

〈
− σmax

〉)
− σc = 0 (3) 

With: 

α =
(σb0/σc0) − 1
2(σb0/σc0) − 1

; 0⩽α⩽0.5 (4)  

β =
σc

σt
(1 − α) − (1 + α) (5)  

γ =
3(1 − Kc)

2Kc − 1
(6)  

Where: q is the Mises equivalent effective stress; p is the hydrostatic pressure stress; σmaxis the maximum principal effective stress; σb0/

σc0 is the ratio of initial equi-biaxial compressive yield stress to initial uniaxial compressive yield stress; Kc is the ratio of the second 
stress invariant on the tensile meridian to that on the compressive meridian at initial yield; σt is the effective tensile cohesion stress; σcis 
the effective compressive cohesion stress. 

No associated potential plastic flow is used in the concrete damaged plasticity model. The Drucker-Prager hyperbolic function is 
used as flow potential G: 

G =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(εσt0tanψ)2
+ q2

√

− ptanψ (7)  

Where: ψ is the dilation angle measured in the p-q plane at high confining pressure; σt0 is the uniaxial tensile stress at failure; ε is 
eccentricity parameter. 

Due to lack of sufficient experimental data of UHPC/UHPFRC, the default values of dilation angle ψ (300), eccentricity parameter 
ε(0.1), the ratio of equi-biaxial compressive yield stress to initial uniaxial compressive yield stress σb0/σc0(1.16), the second stress 
invariant on the tensile meridian to that on the compressive meridian at initial yield Kc(0.667) are used. 

Fig. 4. Yield surface of CDP model in-plane stress [36].  
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The UHPC/UHPFRC fails and all stress components are set to zero when either of the following failure criterion is met: (1) the 

tensile cracking strain ̃εck
t or tensile cracking displacement uck

t reaches the critical value; ̃εck
t ⩾

(
ε̃ck

t

)

f 
or uck

t ⩾
(
uck

t
)

f ; (2) the compressive 

inelastic strain ̃εin
c reaches the critical value ̃εin

c ⩾
(

ε̃in
c

)

f
. The element is deleted from the model when either of the above failure criterion 

is met. 

3.2. Simulation of uniaxial tensile behaviors 

The dog-bone tensile specimens were built in the software to simulate the behavior of UHPC and UHPFRC exposed to tensile load. 
The geometry, FE models and boundary conditions are presented in Fig. 5. Elements C3D8 are used for the tensile model. The bottom 
surfaces and top surface of tensile specimens are connected to reference point RB and RT using multi-point constraints “MPC”, 
respectively. All degree freedoms of RB are fixed, and all rotation degree freedom and the horizontal displacement UY, UZ, of RT are 
fixed. The tensile load is applied through a displacement along the vertical direction. ABAQUS/EXPLICIT is used for the calculation 
with a total step time 1 s and time increment 1 × 10-5 s. 

Ux=Uy=Uz=0
Rotx=Roty=Rotz=0

Load: Uz
Ux=Uy=0

Rotx=Roty=Rotz=0

    (a) Geometry              (b) FE model and Boundary 

Fig. 5. Geometry and FE model of tensile specimens.  

Fig. 6. Schematic of crack displacement calibration.  
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The true tensile stress-strain curve is obtained through Eqs. (8) and (9). To alleviate the mesh size effects, the stress-crack 
displacement curves were used to describe the uniaxial tensile behaviors. The crack displacement could be simply obtained by the 
product of plastic strain ̃εp

t and the characteristic element length leq. However, as shown in Fig. 6, the FE simulation results FEA
(
η1leq =

4 η2leq = 4
)

are smaller than the experimental results. This is because microdamage happened after the peak point and Eqs. (8) and (9) 
could not effectively convert the engineering stress-strain curve to the true stress-strain curve. 

ε = ln(1+ εen) (8)  

σ = σen(1 + εen) (9) 

In order to successfully predict the tensile behaviors after the peak stress, we proposed a simplified tensile yield stress-crack 
displacement relationship (see Fig. 7) based on the four-linear engineering stress-strain curves proposed in Fig. 1. The true stress, 
σtr

ti (i = 1…4), could be easily obtained through engineering stress using Eq. (9). The crack displacement could be obtained by 
equivalent plastic strain, the characteristic element length leq, and the empirical revision parameter ηi(i = 1, 2). The empirical revision 
parameters ηi(i = 1, 2) could be obtained through the calibration. The calibration process of UHPFRC at 7 days is presented in Fig. 6. 
The FE prediction agreed best with the experimental results when the η1leq = 40 and η2leq = 48. The parameters of the simplified 
tensile yield stress-crack displacement relationship of UHPC and UHPFRC are calibrated as shown in Table 3. The tensile behavior 
comparisons between FE prediction and test results are shown in Fig. 8. The good agreement indicates that the proposed simplified 
tensile yield stress-crack displacement relationship is validated. The fracture displacement w4 of UHPFRC at 7, 14, and 28 days is 
159.4, 168.0, and 333.0 times larger than that of UHPC at 7, 14, and 28 days, respectively. 

3.3. Simulation of uniaxial compressive behaviors 

The FE analysis was conducted to predict the uniaxial compressive behavior of UHPC and UHPFRC. The FE model and boundary 
conditions used in the simulation are shown in Fig. 9. The dimension of the load and support plates is 100 mm × 100 mm × 40 mm. The 
diameter of the cylinder specimen is 26 mm, and the length of the cylinder specimen is 50 mm. All degree freedoms of the bottom 
surfaces of the support plate are fixed. The top surface of the load plate is connected to a reference point RP through multi-point 
constraints “MPC”. The tensile load is applied through the reference point RP with a displacement along the vertical direction. 
ABAQUS/EXPLICIT is used for the calculation with a total step time 1 s and time increment 1 × 10-5s. Element type C3D8 was used for 
the compressive model. Surface to surface contact is built between cylinder specimen and support/load specimen, with a “hard” 
property for normal direction and 0.1 friction coefficient for tangential direction. 

Fig. 7. Simplified tensile yield stress-crack displacement relationship.  

Table 3 
Parameters of simplified tensile yield stress-crack displacement relationship. (Unit: mm for crack displacement, Mpa for stress).   

w1  σtr
t1  w2  σtr

t2  w3  σtr
t3  w4  σtr

t4  η1leq η2 leq 

UHPC 7d 0 3.67 8.7× 10− 5  4.42 5.3× 10− 3  3.13 0.0133 0.01 40 48 

14d 0 3.56 1.8× 10− 4  4.95 7.2× 10− 3  3.70 0.0166 0.01 40 48 

28d 0 4.76 9.7× 10− 5  4.76 3.7× 10− 3  4.09 0.0096 0.01 40 48 

UHPCFRC 7d 0 7.93 0.006 9.05 1.046 6.99 2.120 0.79 40 48 
14d 0 7.57 0.004 8.93 1.730 4.22 2.788 0.70 40 48 
28d 0 8.40 0.008 9.17 5.300 7.09 3.197 1.89 40 48  
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(a)UHPC

(b) UHPCFRC

Fig. 8. Comparison tensile behavior between experimental and numerical results.  

Ux=Uy=Uz=0
Rotx=Roty=Rotz=0

Load: Uz
Ux=Uy=0

Rotx=Roty=Rotz=0
Load Plate

Support Plate

Fig. 9. FE of Compressive specimens.  
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The uniaxial compressive true stress-strain relationship was directly used in the FE simulation based on the engineering 
compressive stress-strain relationship presented in Section 2.2. The comparisons between FE prediction and experimental results are 
shown in Fig. 10. A good agreement was observed, except that the fracture engineering strain of UHPC is relatively smaller than the 
experimental results. 

3.4. Fracture parameters 

The elements will be deleted from the model when uck
t ⩾

(
uck

t
)

f or ε̃in
c ⩾

(
ε̃in

c

)

f
. The critical tensile cracking displacement 

(
uck

t
)

f is 

proposed to be identical w4 in Fig. 7, and 
(

ε̃in
c

)

f 
is proposed to be identical to the plastic strain corresponding to the engineering strain 

(a) UHPC

(b) UHPCFRC

Fig. 10. Comparison between experimental and numerical results.  

Table 4 
Fracture parameters of UHPC and UHPFRC.   

Tensile crack displacement (mm) Compressive equivalent inelastic strain 

UHPC 7d 0.0133 0.004 
14d 0.0166 0.005 
28d 0.0096 0.004 

UHPCFRC 7d 2.120 0.020 
14d 2.788 0.020 
28d 3.197 0.020  
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ε20 in Eq.(2). The fracture parameters of UHPC and UHPFRC at 7, 14, and 28 days are summarized in Table 4. 
The crack pattern comparisons between FE prediction and test results are shown in Figs. 11 and 12 for UHPC, and Figs. 13 and 14 

for UHPFRC. The predicted failure mode of UHPC and UHPFRC specimens generally agreed well with the test results. As shown in 
Figs. 11 and 13, the failure mode of UHPC exposed to uniaxial compressive from both tests and FE simulation presented an explosive 
pattern; in contrast, the failure mode of UHPFRC exposed to uniaxial compressive from both tests and FE simulation presented a major 
incline crack. As shown in Figs. 12 and 14, the tensile failure modes of UHPC and UHPFRC are quite similar, which present a horizontal 
crack pattern. Noted that the failure position in FE simulation is different from that in the experiment, which is suggested to be 
improved in the future. 

(c) UHPC (14 days) (Scale=0.1) (d) UHPC (28 days) (Scale=0.1)

(a) Test results (b) UHPC (7 days) (Scale=0.1)

Fig. 11. Failure model comparison of compressive specimens of UHPC. (Failure photo is from[2]).  
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(a) Test results (b) UHPC (7 days) (Scale=1)

(c) UHPC (14 days) (Scale=1) (d) UHPC (28 days) (Scale=1)

Fig. 12. Failure model comparison of tensile specimens of UHPC. (Failure photo is from[2]).  
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4. Mixed Mode Crack Propagations 

For a better understanding of the behavior of UHPC and UHPFRC exposed to biaxial loading, numerical simulation on the double- 
notched specimens exposed to combined shear-tensile and shear-compressive forces was carried out using validated material model 
presented in Section 3. As shown in Fig. 15-a, the geometry of the double-notched specimen is 200 mm × 200 mm × 50 mm; the length 
and height of pre-notched crack are 20 mm and 10 mm, respectively. As shown in Fig. 15(b), two types of loading were applied, namely 
shear-tensile and shear-compressive loadings. All degree freedoms of the bottom surface of double-notched specimens were fixed, and 
the horizontal displacement UZ at the top surface was also fixed. The proportional displacement UX and UY were applied to the top 

(a) Failure mode of UHPCFRC (b) UHPCFRC at 7 day (Scale=0.1)

(c) UHPCFRC at 14 day (Scale=0.1) (d) UHPCFRC at 28 day (Scale=0.1)

Fig. 13. Compressive failure modes of UHPCFRC specimens (Failure photo is from[2]).  
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(a) Test results (b) UHPCFRC at 7 day (Scale=1.0)

(c) UHPCFRC at 14 day (Scale=1.0) (d) UHPCFRC at 28 day (Scale=1.0)

Fig. 14. Failure mode comparisons of Tensile UHPCFRC specimens (Failure photo is from[2]).  
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surface of double-notched specimens to generate the combined shear-tensile and shear-compressive loading status. ABAQUS/ 
EXPLICIT was used for the calculation with a total step time 1 s and time increment 1 × 10-5 s. Element type C3D8 was used for the 
mixed crack propagation model. 

The load–displacement curves of double notched specimens made of UHPC and UHPFRC exposed to the combined tensile-shear 
loading are shown in Fig. 16. The double notched specimens made of UHPC is relatively brittle, and the specimens fail when the 
displacement reaches approximately 0.5 mm. The force Fx of UHPC specimen reaches the peak when the displacement is 0.19 mm 
while the force Fy of UHPC specimen reaches to the peak when the displacement is 0.02 mm. Both the forces Fx and Fy of UHPC 
specimen drop quickly after reaching the peak point. The double notched specimens made of UHPFRC is more ductile, the failure 
displacement is 1.8 mm. Both the forces Fx and Fy of UHPFRC specimen reach the peak when the displacement is around 0.05 mm and 
gradually decreases after the peak point. 

Fig. 17 and Fig. 18 present the crack propagation process of UHPC and UHPFRC specimens exposed to combined tensile-shear 

(a) Geometry of mixed mode crack propagation 

Ux=Uy=Uz=0
Rotx=Roty=Rotz=0

Load: Ux=Uy
Uz=0 Load: Ux=-Uy

Uz=0

Ux=Uy=Uz=0
Rotx=Roty=Rotz=0

Tensile-Shear Compressive-Shear

 (b) Mesh and Boundary conditions 

Fig. 15. Mixed mode crack propagation specimens.  
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loading. The crack presents a curved path for the UHPC double notched specimens, and an almost straight line pattern for the UHPFRC 
double notched specimens. 

The load–displacement curves of double notched specimens made of UHPC and UHPFRC exposed to the combined compressive- 
shear loading are shown in Fig. 19. Both the forces Fx and Fy of UHPC specimen reach the peak when the displacement increases to 
0.09 mm and drop to almost zero when the displacement increases to around 0.16 mm. The force Fx of UHPFRC specimen reaches the 
peak when the displacement is 0.25 mm while the force Fy of UHPC specimen reaches the peak when the displacement is 0.22 mm. 
Both the forces Fx and Fy of UHPFRC specimen drop to almost zero when the displacement increases to around 0.42 mm. 

The failure displacement of double notched specimens made of UHPC and UHPFRC exposed to the combined compressive-shear 
loading is smaller than that exposed to the combined tensile-shear loading. The maximum forces Fx and Fy of double notched speci-
mens made of UHPC and UHPFRC exposed to the combined compressive-shear loading is larger than that exposed to the combined 
tensile-shear loading. 

Fig. 20 and Fig. 21 show the crack propagation process of UHPC and UHPFRC specimens exposed to combined compressive-shear 
loading. The crack of UHPC and UHPFRC double notched specimens both presented a curved path. The crack of UHPC and UHPFRC 
specimens initiated near the notch and final failure happened when the crack from two notches coalesced together by an incline major 
crack. Several crack branches were observed for the UHPC double notched specimens during crack propagation. The UHPFRC spec-
imens only form one major crack during combined compressive-shear loading. 

5. Conclusions 

The development of numerical simulation is fundamental for the design and construction of structures made of ultra-high- 
performance concrete (UHPC) and ultra-high-performance fiber-reinforced concrete (UHPFRC). An attempt was made to simulate 
the fracture of UHPC and UHPFRC using the CDP model and element deletion strategies in this paper. For a better understanding of the 
behavior of UHPC and UHPFRC exposed to biaxial loading, numerical simulation on the double-notched specimens exposed to the 
combined shear-tensile and the shear-compressive forces was carried out using a validated material model. Following conclusions are 

(a) UHPC 

(b) UHPCFRC 

Fig. 16. Load-displacement relationship under combined tensile and shear loading.  
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(a) Fx= 12.6 KN, Fy=29.6KN (b) Fx= 10.9 KN, Fy=22.2 KN

(c) Fx= 11.5 KN, Fy=-0.2 KN (d) Fx= 22.5 KN, Fy=-6.6 KN

(e) Fx= 41.4 KN,Fy=-6.7 KN (f) Fx= 4.3 KN, Fy=6.1 KN

FM1 FM2

FM3 FM4

FM5 FM6

Fig. 17. Crack propagation of UHPC (28 days) under tensile and shear loading.  
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(a) Fx= 13.8 KN, Fy=63.1 KN (b) Fx= 14.6 KN, Fy=62.4 KN

(c) Fx= 13.5 KN, Fy=60.3 KN (d) Fx= 2.5 KN, Fy=53.8 KN

(e) Fx= -3.0 KN, Fy=46.7 KN (f) Fx= -2.1 KN, Fy=37.1 KN

FM1 FM2

FM3 FM4

FM5 FM6

Fig. 18. Crack propagation of UHPCFRC (28 days) under tensile and shear loading.  
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drawn:  

(1) Four-linear curves and the modified Kent–Park model were proposed to describe the engineering tensile and compressive stress- 
strain relationships, respectively. A good agreement was observed between the simplified model and test results regarding the 
engineering stress-strain relationship.  

(2) The tensile and compressive behaviors of UHPC and UHPFRC were predicted using the CDP model. The method to obtain the 
input values, including the tensile-crack displacement relationship, compressive stress-strain relationship, and fracture pa-
rameters was suggested. The simulation results were successfully validated by the test results in the literature.  

(3) The failure displacement of double notched specimens made of UHPC and UHPFRC exposed to the combined compressive-shear 
loading is smaller than that exposed to the combined tensile and shear loading. The maximum force of double notched spec-
imens made of UHPC and UHPFRC exposed to the combined compressive-shear loading is larger than that exposed to the 
combined tensile-shear loading.  

(4) The crack presented a curved path for the UHPC double notched specimens but presented an almost straight line pattern for the 
UHPFRC double notched specimens when exposed to tensile-shear loading. The crack of UHPC and UHPFRC double notched 
specimens presented a curved path, and several crack branches were observed for the UHPC specimens but the UHPFRC 
specimens only form one major crack when exposed to combined compressive-shear loading. 
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(a)UHPC 

(b) UHPCFRC 

Fig. 19. Load-displacement relationship under combined compressive and shear loading.  
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(a) Fx= 111.7 KN, Fy=-216.5 KN (b) Fx= 70.5 KN, Fy=-193.6 KN 

(c) Fx= 55.2 KN, Fy=-160.5 KN  (d) Fx= -4.8 KN, Fy=8.0 KN

(e) Fx= -1.2 KN, Fy=-1.0KN (f) Fx= -0.9 KN, Fy=0.7 KN

FM1 FM2 

FM3 FM4 

FM5 FM6 

Fig. 20. Crack propagation of UHPC (28 days) under compressive and shear loading.  
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(a) Fx= 230.1 KN, Fy=-441.5KN (b) Fx= 300.8 KN, Fy=-491.9KN

(c) Fx= 260.6 KN, Fy=-407.6KN (d) Fx= 0.2 KN, Fy=-33.1KN

(e) Fx=4.7 KN, Fy=-9.7KN (f) Fx=10.3 KN, Fy=-2.4KN

FM1 FM2

FM3 FM4

FM5 FM6

Fig. 21. Crack propagation of UHPCFRC (28 days) under compressive and shear loading.  
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