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ABSTRACT 
   This paper investigates experimentally the complete uniaxial tensile stress-strain 
relationships of Ultra high performance concrete (UHPC) and equations for expressing 
such relationships are obtained. The effects of two variable parameters on the uniaxial 
tensile behavior were carefully studied which are the silica fume content SF (0%, 10%, 
15%, 20%, 25%, and 30%) as a partial replacement by weight of cement, steel fibers 
volume fraction Vf (0%, 1%, 2% and 3%). The experimental results showed that the two 
variables of the present investigation had no significant effect on the shape of the 
ascending part of the stress-strain curve, while the descending part of the curve was 
found to be considerably affected by the volume fraction Vf of the steel fibers used. 
Increasing fibers volume fraction Vf from 0% to 3% not only increase the area under the 
uniaxial tensile stress–strain curve, but also increase both the maximum uniaxial tensile 
strength by 238.5% and its corresponding strain by about 4044%. Two nonlinear 
equations are suggested in this research to model the ascending and descending part of 
the uniaxial tensile stress-strain relationship which are found suitable to represent the 
uniaxial tensile behavior of the UHPC mixes. 
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 الخلاصة
متفوقة خرسانة ل المحوري لشدا لةفي حا الإنفعالو لإجھادبین االمتكاملة  للعلاقةالبحث تحري عملي   ھذایقدم      

محتوى ابخرة السلیكا  ,نتم بعنایة دراسة ومناقشة تأثیر متغیرا. , كما تم ایجاد معادلات للتعبیر عن ھذه العلاقاتالأداء
. %)3%, 2%, 1%, 0( لالیاف الفولاذیةالحجمیة لنسبة ال%) و30%, 25%, 20%, 15%, 10%, 0المكثفة (

من منحنى الصاعد  الجزء شكل كبیر على ا تأثیرمللبحث الحالي لم یكن لھ نالمتغیرا أناظھرت النتائج العملیة 
 الفولاذیة لألیافل بتغیر النسبة الحجمیة بشكل كبیر تأثری من المنحنى النازل في حین وجد أن الجزء، الانفعال-الإجھاد

 تحت الى زیادة المساحة ٪  لاتؤدي3إلى  ٪0الفولاذیة من  الألیاف نسبة أن زیادة كما أظھرت النتائج  .المستخدمة
 %238.5 بحدود القصوى المحوري مقاومة الشد كل منتزید أیضا  فحسب وانما المحوري انفعال الشد-إجھاد منحنى

الصاعد الجزء  المقترحة لنمذجة خطیةاللا لقد وجد ان المعادلتین . و%4044بحوالي  والانفعال المصاحب لھا 
 .وقة الأداءفمتخرسانة ال لخلطات المحوري لتمثیل سلوك الشد مناسبة المحوري الشد انفعال-إجھاد والنازل من منحني

 
INTRODUCTION 

esearch over the past decades has yielded Ultra High Performance Concrete 
(UHPC).      It is a new generation of cement-based materials first developed in 
France in the 1990s. UHPC provides superior mechanical and durability 

properties compared to conventional and high performance concrete [1, 2]. This is because 
UHPC has several unique characteristics that set it apart from more conventional forms 
of concrete, including finer quartz aggregate, a lower water-to-cement ratio, and the 
presence of superplasticizers and fine ductile metal or polymer fibers [3]. The achievement 
of strain hardening behavior with strain capacities of more than 0.2% has been a 
challenge, particularly with UHPC matrices reinforced with short, smooth steel fibers. A 
large amount (Vf = 4-6%) of short, smooth steel fibers has been generally required to 
produce strain hardening behavior in UHPC matrices due to the relatively low bond 
strength of such fibers. The large amount of fiber significantly increases the cost of 
UHPFRC [4]. 
Due to its superior qualities, UHPFRC could be a suitable solution for structures, where 
high strength and durability properties are required. Since its first appearance, this 
material has been used in numerous structural applications in the field of bridges, 
pavements, and architectural structures. With the growing use of UHPFRC in modern 
construction, determining its tensile and compressive properties is essential in the study 
of its structural behavior, numerical modeling and fracture mechanics [5]. 
Many previous researches [6, 7, 8, 9, 10, 11] has been done to study the mechanical properties 
and the structural behavior of UHPC, but very little work has been done to investigate the 
behavior of UHPC under uniaxial direct tension, no detailed study has been found to 
propose a model for the uniaxial tensile behavior of UHPC. 
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EXPERIMENTAL PROGRAM 
Materials: 
Cement 
     Sulfate resisting Portland cement Type V was used throughout this research. Its 
chemical and physical properties conform to the provision of Iraqi specifications No.5 
1984. 
Fine Aggregate 
     AL-Ukhaider natural sand of maximum size 600µm was used. Its gradation lies in 
zone (4), as shown in Table (1). The gradation and sulfate content results of fine 
aggregate were within the requirements of the Iraqi specification No. 45/1980. 
Admixtures 
      Two types of concrete admixtures were used in this work. 
 
Superplasticizer 
     Superplasticizer of polycarboxylate ether polymer manufactured by PAC 
Technologies Company under the commercial name PC 200 was used to produce the 
UHPC mixes. This admixture complies with the requirements of ASTM C494. 
 
Silica Fume 
     Silica fume has been used as a mineral admixture added to the UHPC mixes of this 
study. The percentages used were 10%, 15%, 20%, 25%, and 30% as partial replacement 
of cement weight. Its accelerated pozzolanic strength activity index with Portland cement 
at 7 days is 125.6%. The chemical composition and physical requirements show that the 
silica fume conforms to the chemical and physical requirements of ASTM C1240 
specifications. 
 
Steel Fibers 
     Hooked steel fibers used throughout the experimental program. The steel fiber used 
has diameter 0.5mm, length 30mm (aspect ratio lf/ df =60), density 7800 kg/m3 and 
ultimate tensile strength of 1180 MPa. 
 
Concrete Mixes 
    According to the features of UHPC mix design reported in previous researchesP

[12-17]
P, 

many mix proportions were tried in this investigation to have maximum compressive 
strength and flow of (110+5%) according to ASTM C109 and ASTM C1437  
respectively. UHPC mixes are listed in Table (2). The variable parameters were, the silica 
fume content as partial replacement by weight of cement (0%, 10%, 15%, 20%, 25% and 
30%) and steel fibers volume fraction as ratio of the mix volume (0%, 1%, 2% and 3%). 
All mixes shown in Table (2) had a flow ranging between 105% and 115%. 
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Mixing of Concrete 
      All UHPC mixes were performed in a rotary mixer of 0.1m3. For UHPC concrete, the 
silica fume and cement were mixed in dry state for about three minutes to disperse the 
silica fume particles throughout the cement particles, then the sand was added and the 
mixture was mixed for five minutes. The superplasticizer is dissolved in water and the 
solution of water and superplasticizer is gradually added during the mixing process then 
the whole mixture was mixed for 3 minutes. The mixer was stopped and mixing was 
continued manually especially for the portions not reached by the blades of the mixer. 
The mixer then operated for five minutes to attain reasonable fluidity. Fibers were 
uniformly distributed into the mix in 3 minutes, and then the mixing process continued 
for additional 2 minutes. In total, the mixing of one batch requires approximately 15 
minutes from adding water to the mix. 
 
Preparation and Testing of Specimens 
       All specimens were prepared, cured for 28 days then tested to study the uniaxial 
tensile behavior of UHPC. The uniaxial tensile test was performed on dogbone-shaped 
briquette (76 mm long, 25 mm thick, and 645-mm2 cross section at mid-length) to 
determine the complete tensile stress-strain curve using a digital testing machine of 200 
kN capacity with special self-aligning grips to allow for passive gripping of the specimen 
in the test machine and to ensure uniform loading.   
   The alignment of tensile set-up was carefully checked before testing and the specimens 
were installed with care to avoid any influence of eccentricity. At each value of the 
applied axial tensile load (P) from the load cell the corresponding tensile strain was 
measured using one electrical resistance strain gage attached at the mid-length of the 
specimen over a gauge length of 30 mm, as shown in Fig. (1). 
 
Curing 
     All specimens were demolded after 24 hours, and then they were steam cured at about 
90oC for 48 hours in a water bath. After that they were left to be cooled at room 
temperature, and then they placed in water and left until the end of water curing at 28 
days. 
 
RESULTS AND DISCUSSION 
Uniaxial Tensile Stress-Strain Relationship 
Experimental Results 
     Figure (2) shows a typical uniaxial tensile stress-strain curve of UHPC specimens 
MFR0 and MFR1 (0% and 1% respectively). This typical curve starts with a steep initial 
ascending portion up to first cracking and it terminates at point (fRteR, εRteR) showing no 
possible occurrence of strain hardening or multiple cracking and therefore a point with 
coordinates (fRtpR, εRtpR) cannot be attained. The descending part of the tensile stress-strain 
curve was seen to vanish in specimen MFR0 while it showed a small tail in specimen 
MFR1. 
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    The experimental results show that the uniaxial tensile stress-strain curves of the 
UHPC specimens MFR2 and MFR3 (containing fiber volume fraction Vf = 2% and 3% 
respectively) have a typical shape shown in Fig. (3). This typical curve starts with a steep 
initial ascending portion up to first cracking, followed by a strain-hardening branch 
where multiple cracking develops. The point where first cracking occurs is characterized 
by its stress and strain coordinates (fte, ε te); while the peak point at the end of the strain 
hardening branch is defined by the stress and strain (ftp, ε tp). At this peak point, one of the 
cracks widens up and becomes critical defining the onset of crack localization. Following 
the peak point, there is generally a descending branch describing the stage of fibers pull-
out. The cement matrix may also contribute some tensile resistance along this part of the 
curve up to a certain crack opening. 
    The uniaxial tensile stress-strain curves of UHPC specimens with 0%, 1%, 2%, and 3% 
steel fibers are plotted in Fig. (4). Results indicated that the nonfibrous UHPC specimen 
(MFR0) and the specimen with steel fibers ratio 1% (MFR1) failed immediately after 
crack initiation, which occurred at a certain strain value and that once this strain value 
was exceeded, the load was found to decrease rapidly (strain softening behavior). Fibrous 
UHPC specimens with 2% and 3% steel fibers showed different tensile behavior. In these 
specimens the tensile failure was more ductile and gradual accompanied by the 
development of a main crack and many multiple secondary cracks.  
   The load was found to increase even after crack initiation (strain hardening behavior) 
and thereafter showed gradual declination. This behavior can be attributed to the ability 
of steel fibers to arrest and slow down the process of microcracks propagation. Figure (4) 
also shows that increasing the steel fibers volume fraction (Vf) from 0% to 3%, results 
not only in increasing the area under the uniaxial tensile stress–strain curves, but also 
increasing both the maximum uniaxial tensile strength by about 238.5% and its 
corresponding strain by about 4044%. This behavior can be attributed to the ability of 
steel fibers to bridge matrix crack and apply a closing pressure at the crack front. This 
reduces the stress-intensity at the crack tip, and a higher energy input is needed to further 
extend the crack. The amount of additional energy needed for crack extension depends 
mainly upon the physical and material properties of the fibers, and the properties of the 
matrix [18].  
   The uniaxial tensile stress-strain curves of UHPC specimens with silica fume content of 
0%, 10%, 15%, 20%, 25%, and 30% are plotted in Fig. (5). This Figure shows that when 
silica fume content increased from 0% to 10%, 15%, 20%, 25%, and 30% the uniaxial 
tensile strength (ftp) slightly increased  by 2.63%, 3.96%, 9.5%, 14.04% and 16.89% 
respectively, but it shows no clear effect on the value of its corresponding strain (ε tp) as 
shown in Table (3). This behavior can be attributed to the fact that the influence of silica 
fume addition has a reverse effect on toughness of UHPC.  
   The addition of silica fume makes the concrete denser and more brittle, accordingly, 
silica fume concrete will have lower toughness and less ability to gain more strain under 
excessive stresses. On the other hand, incorporation of silica fume will effectively 
enhance the fiber–matrix interfacial properties due to densification of the mix by the 
effect of microfilling and pozzolanic reaction of silica fume which increases the bond 
between the matrix and the fibers, therefore, the pullout energy is remarkably enhanced 
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[18,19]. Tension failure of UHPC briquettes with and without steel fibers is shown in Fig. 
(6). The experimental tensile stress-strain curves for all UHPC mixes of the present 
research are plotted in Fig. (7) to (15) and the coordinates of their maximum points are 
listed in Table (3). 
 
 
Model for the Complete Uniaxial Tensile Stress-Strain Relationship of UHPC 
      Based on the results of the present experimental tests, a regression analysis is carried 
out using Data Fit computer program to obtain a curve fitting model for expressing the 
complete uniaxial tensile stress-strain relationship of UHPC mixes. Two nonlinear 
equations are suggested (Eqs. 1 and 2) to model the complete uniaxial tensile stress-strain 
relationship for all the UHPC mixes of the present study. Eq. (1) models the ascending 
part of the relationship with coefficient of multiple determinations  
R2 = 0.993, while Eq. (2) models the descending part of the ft - ε t relationship with 
 R2 = 0.958. 
 

𝑓𝑡 = 𝑓𝑡𝑑 �𝑎 �
𝜀𝑡
𝜀𝑡𝑑

��
𝑏

                                                                                                                … . (1) 

 
where: 
a   = 0.860,          b   = 6.474×10-2 

 

𝒇𝒕

= 𝒇𝒕𝒅 × �
𝒂 � 𝜺𝒕𝜺𝒕𝒅

�
𝒃

𝒄 + � 𝜺𝒕𝜺𝒕𝒅
�
𝒅�                                                                                                          … . (𝟐) 

 
 
where: 
a   = 169.259,          b   = -0.404 
c   = 164.580 ,          d   = 3.11 
ft  : uniaxial tensile stress of concrete, MPa 
ε t  : uniaxial tensile strain of concrete 
ftd , ε td : direct tensile strength (MPa) and its corresponding strain, which is  fte , ε te for 
UHPC with strain softening behavior and  ftp , ε tp for UHPC with strain hardening 
behavior. 
 
   Figures (7) to (15) show plots of the test results and the proposed model for the 
prediction of the uniaxial tensile stress- strain relationships of UHPC mixes investigated 
in the present study. The comparison between the experimental and proposed curves (as 
can be seen from these figures) show a very close agreement and therefore equations (1) 
and (2) can be considered as good representative equations for predicting the uniaxial 
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tensile behavior of UHPC mixes investigated in this study, and consequently may be 
useful to structural engineers in their design of reinforced UHPC structures. 
 
Relationships between First Cracking Uniaxial Tensile Strength, Post Cracking 
Uniaxial Tensile Strength, and Their Corresponding Strain 
       A Data Fit computer program has been adopted to carry out a regression analysis for 
the sake of establishing an empirical equation to predict the relationship between the first 
cracking uniaxial tensile strength fte and the post cracking uniaxial tensile strength  ftp for 
the ten UHPC mixes investigated in the present study with R2 = 0.967 as given below. 
 
fte = 0.509 ( ftp) + 1.273 (Vf )                                                                                        …. 
(3) 
 
where: 
fte   : first cracking uniaxial tensile strength (MPa). 
ftp   : post cracking uniaxial tensile strength (MPa). 
Vf   : steel fibers volumetric ratio. 
 
   Figure (16 a) shows the first cracking uniaxial tensile strength obtained from the 
experimental work (observed) versus the corresponding calculated strength using Eq. (3) 
(predicted), while Fig. (17 b) shows the ratio fte observed / fte predicted versus the post cracking 
uniaxial tensile strength ftp.   
    In the present study, two more empirical equations have also been suggested. Equation 
(4) is for predicting the first cracking uniaxial tensile strain with R2 = 0.955 (as shown in 
Fig. 17); and Equation (5) is for predicting the post cracking uniaxial tensile strain with 
R2 = 0.97 (as shown in Fig. 18). 
 
εte = 2.17*10-5 ( fte) + 1.75*10-5                                                                                  ….(4) 
 
εtp = 2.47*10-4 ( ftp) + 6.74*10                                                                                  P

-
P…. (5) 

 
where: 
ε te   : first cracking uniaxial tensile strain. 
ε tp   : post cracking uniaxial tensile strain. 
fte   : first cracking uniaxial tensile strength (MPa). 
ftp   : post cracking uniaxial tensile strength (MPa). 
 
Evaluation of the Proposed Uniaxial Tensile Stress–Strain Response Equations  
    The accuracy of Equations (1) and (2) can be examined through the comparison 
between the uniaxial tensile stress–strain curves predicted by applying these two 
equations and the experimental uniaxial tensile stress–strain curves obtained by other 
investigators like Wille et al. [20] and Park et al. [4].  
   Wille et al. [20] studied the strain hardening of ultra high performance fiber reinforced 
concrete with compressive strength 192 MPa under direct tensile loading. Four types of 
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steel fibers were used including straight smooth, hooked, high twisted and low twisted 
steel fibers. Since the steel fibers used in this investigation is hooked, so the proposed 
model [Eqs.(1) and (2)] compared with the experimental results for concrete mixes 
containing hooked steel fibers only(with fiber content 1%, 1.5% and 2%) as shown in 
Fig.(19). The comparison between the proposed equations and the test results shows a 
good agreement. 
   Park et al. [4] investigated the effect of blending fibers on the tensile behavior of Ultra 
High Performance Hybrid Fiber Reinforced Concrete (UHP-HFRC) with compressive 
strength 200 MPa. Four types of steel macro- fibers (of different length or geometry) and 
one type of micro steel fiber were considered. Figure (20) shows the comparison between 
the proposed equations and the test results for UHP-HFRC containing 1% macro- steel 
fiber with different geometry (twisted, hooked and straight) and 1.5% micro-straight steel 
fiber. It can be observed that there is a slight deviation between the experimental results 
and the proposed results; this may be attributed to the different tensile behavior between 
mono (single) type fiber used in this investigation and hybrid fibers used by Park et al.  
 
CONCLUSIONS 
     From the experimental results presented in this study, the following conclusions can 
be drawn: 
1.The uniaxial tensile stress-strain relationship for different UHPC mixes indicated that 
the nonfibrous UHPC specimen and specimens with 1% steel fibers ratio failed (under 
direct tension) immediately after crack initiation which occurred at a certain strain value 
beyond which the stress decreased with increasing strain (strain softening behavior). 
2.The brittle nature of failure was seen to change into a ductile failure in UHPC 
specimens containing 2% and 3% steel fibers ratio. These specimens failed by gradual 
development of main crack and many multiple cracks and the tensile stress increased 
even after crack initiation (strain hardening behavior) until peak stress value was reached 
and thereafter decreased gradually. 
3.The increase in the steel fibers ratio from 0% to 3% did not only cause an increase in 
the area under the uniaxial tensile stress–strain curve, but also resulted in increase in the 
maximum uniaxial tensile strength and its relevant strain (εo) by about 238.5% and 
4044% respectively. 
4.The increase of silica fume content for UHPC mix with fiber content 2% caused a slight 
increase in the post cracking uniaxial tensile strength (ftp) with no clear effect on its 
relevant strain (ε tp).  
5.Two nonlinear equations were suggested for modeling the complete uniaxial tensile 
stress-strain relationship of UHPC mixes of the present study. The first equation was for 
the ascending part of the relationship, while the second equation was for the descending 
part. The proposed equations showed a good agreement with the experimental results and 
can theoretically be used for predicting the uniaxial tensile behavior of UHPC. 
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Table (1) Fine aggregate properties 

 
Table (2) UHPC mixes used in the present research 

Sieve size 
(mm) 

Cumulative passing 
% 

Limits of Iraqi specification 
No.45/1984, zone 4 

4.75 100 95-100 
2.36 100 95-100 
1.18 100 90-100 
0.60 100 80-100 
0.30 44 15-50 
0.15 7 0-15 
Fineness modulus = 1.5 
Specific gravity =2.69 
Sulfate content =0.13% 
(Iraqi specification requirement ≤ 0.5%) 
Absorption = 0.73% 
Material finer than 75µm=1.24% 
(Iraqi specification requirement ≤ 0.5%) 

Gro
up 

Mix 
symbol 

cement 
kg/m3 

fine 
sand 
kg/m3 

silica 
fume* 
(%) 

silica 
fume 
kg/m3 

steel 
fibers
** (%) 

steel 
fibers 
content 
kg/m3 

w/c
m 
ratio 

HRW
RA*** 

(%) 

HRW
RA 
type 
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MSF15 in group 2 is the same mix designated MSP-P in group 1 
MSF25 in group 2 is the same mix designated MFR2 in group 3 
Percent by weight of cement. 
Percent of mix volume. 
Percent of cementitious materials (cement + silica fume) weight. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (1) Tests set-up 
 

 

1 MSP-P 935 1100 15% 165 2% 156 0.16 8.7% PC20
0 

2 

MSF0 1100 1100 0% 0 2% 156 0.16
 

8.7% PC20
 MSF10 990 1100 10% 110 2% 156 0.16

 
8.7% PC20

 MSF15† 935 1100 15% 165 2% 156 0.16
 

8.7% PC20
 MSF20 880 1100 20% 220 2% 156 0.17

 
8.7% PC20

 MSF25†† 825 1100 25% 275 2% 156 0.18
 

8.7% PC20
 MSF30 770 1100 30% 330 2% 156 0.18

 
8.7% PC20

 

3 

MFR0 825 1100 25% 275 0% 0 0.17
 

8.7% PC20
 MFR1 825 1100 25% 275 1% 78 0.17

 
8.7% PC20

 MFR2 825 1100 25% 275 2% 156 0.18
 

8.7% PC20
 MFR3 825 1100 25% 275 3% 234 0.18

7 
8.7% PC20

0 
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       Figure (2): Uniaxial Tensile stress-strain curve of UHPC with strain softening 
behavior 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (3): Uniaxial Tensile stress-strain curve of UHPC with strain hardening 
behavior 
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Figure (4) Effect of steel fibers volume fraction (Vf) on the uniaxial tensile stress-
strain relationship of UHPC 
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Figure (5) Effect of silica fume content on the uniaxial tensile stress-strain 
                                             relationship of UHPC 
 
 

Table (3): Tensile properties of UHPC mixes 
 
 
 
 
  
 
 
                     
 
 
 
 
                 UHPC with steel fibers               UHPC without steel fibers 
      Figure (6) Tension failure of UHPC briquettes with and without steel fibers 
 

1 MSP-P 15% 2% 6.74 8.13 0.000164 0.00259 82.91 

2 

MSF0 0% 2% 6.47 7.82 0.000170 0.00268 82.75 

MSF10 10% 2% 6.59 8.03 0.000169 0.00271 82.12 

MSF15 15% 2% 6.74 8.13 0.000164 0.00259 82.91 

MSF20 20% 2% 6.68 8.56 0.000168 0.00287 78.02 

MSF25 25% 2% 6.78 8.92 0.000162 0.00281 76.01 

MSF30 30% 2% 7.32 9.14 0.000161 0.00292 80.09 

3 

MFR0 25% 0% 3.64 - 0.00009 - - 

MFR1 25% 1% 5.80 - 0.000141 - - 

MFR2 25% 2% 6.78 8.92 0.000162 0.00281 76.01 

MFR3 25% 3% 10.55 12.32 0.000245 0.00373 85.63 
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                                  Figure (7) Tensile stress-strain curves 
                                                    for (MSP-P) mix 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
              Figure (8) Tensile stress-strain                    Figure (9) Tensile stress-strain                           
                  curves for (MSF0) mix                                         curves for (MSF10) mix 
 
 
  
 
 
 
 
 
     
 
 
 
      Figure (10) Tensile stress-strain curve          Figure (11) Tensile stress-strain         
              curves for (MSF20) mix                                          for (MSF30) mix 
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        Figure(12) Tensile stress-strain curves        Figure (13) Tensile stress-strain        
                   curves for (MFR0) mix                                 for (MFR1) mix 
  
  
 
 
 
 
 
 
 
 
 
 
 
        Figure (14) Tensile stress-strain     Figure(15) Tensile stress-strain                         
                         curves  for (MFR2) mix                       curves for (MFR3) mix 
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Figure (16)  (a) Observed versus predicted values of first cracking uniaxial tensile strength, 

(b) The ratio fte observed / fte predicted versus the post cracking uniaxial tensile strength ftp 

 

    
 
 
 
 
 
 
                       
 
 
 
                        (a)                                                                    (b) 
Figure(17) (a) Observed versus predicted values of first cracking uniaxial tensile strain, (b) 

The ratio ε te observed / ε te predicted versus the first cracking uniaxial tensile strength fte 

 
 
 
 
 
 
 
 
                       
 
 
                             (a)                                                                (b) 

Fiure. (18) (a) Observed versus predicted values of post cracking uniaxial tensile     strain, 
(b) The ratio ε tp observed / ε tp predicted versus the post cracking uniaxial tensile strength ftp 
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Figure (19): Comparison between the experimental and proposed uniaxial tensile 
stress-strain curves of UHPC with hooked steel fibers 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (20): Comparison between the experimental and proposed uniaxial tensile     
stress-strain curves of UHPC with 1.5% micro steel fibers and 1.0% macro steel 

fibers according to the types of macro fiber 
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