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Abstract 

The elastic limit tensile stress of UHPFRC is governed by contributions of the cementitious matrix 

and the fibrous skeleton. This paper finds that fiber orientation has significant influence on the 

matrix tensile strength of UHPFRC, while this is not considered in current estimation of elastic 

limit tensile stress. An original model relating fiber orientation to the elastic limit tensile stress is 

proposed. Uniaxial tensile tests have been conducted on ten dumbbell-shaped specimens, whose 

local fiber volume and orientation are determined using a magnetic probe before testing. Based on 

the results of local fiber distribution, the influence of fiber orientation on the elastic limit tensile 

stress is discussed, showing that the proposed model estimates well the elastic limit tensile stress 

of UHPFRC. 

Keywords: UHPFRC, Elastic limit tensile stress, Uniaxial tensile test, Fiber orientation, Model 

1. Introduction 

Ultra-high Performance Fiber Reinforced Cementitious Composites (UHPFRC) present 

remarkable mechanical properties and a dense matrix. A commonly accepted definition of 

UHPFRC in terms of material properties is: (1) average elastic limit tensile stress 𝑓𝑈𝑡𝑒, hereafter 

called elastic limit, larger than 7 MPa, (2) average tensile strength 𝑓𝑈𝑡𝑢 from 8 to 14 MPa, (3) 

strain hardening deformation from 1 to 5‰, (4) 5%-fractile characteristic value of compressive 

strength larger than 120 MPa. 

As shown in Figure 1, the elastic limit 𝑓𝑈𝑡𝑒 is higher than the matrix tensile strength 𝜎𝑚𝑢 and 

lies at the transition region from the elastic behavior to strain-hardening behavior. Beyond the 

elastic limit, material properties of UHPFRC progressively degrade, impairing properties relevant 

for serviceability of structures. However, knowledge on the mechanisms governing the elastic limit 

of UHPFRC is scarce. 

This paper proposes an original model relating fiber orientation to the elastic limit of UHPFRC. 

Uniaxial tensile tests are conducted on ten dumbbell-shaped specimens, whose local fiber 

distribution (volume and orientation) is measured before testing. The elastic limit is determined by 
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means of the secant-modulus drop method (Hafiz and Denarié; Denarié et al.). Based on the 

experimental results from the present study and a reference, the influence of fiber orientation and 

volume on the elastic limit is discussed. 

 

Figure 1 Typical stress-strain curve of strain-hardening UHPFRC 

2. Influence of Fiber Orientation on Elastic Limit 

2.1 Background 

The tensile strength of UHPFRC 𝑓𝑈𝑡𝑢 can be estimated with equation (1) (Naaman; Bastien-Masse 

et al.). 

𝑓𝑈𝑡𝑢 = 𝜇0𝜇1𝑉𝑓𝜏𝑓
𝑙𝑓

𝑑𝑓
  (1a) 

𝜇0 = 𝑛𝑓
𝐴𝑓

𝑉𝑓
  (1b) 

Where 𝜇0 is the fiber orientation coefficient; 𝜇1 is the fiber efficiency coefficient; 𝑉𝑓 is the 

fiber volume fraction; 𝜏𝑓 is the maximum fiber pull-out strength; 𝑙𝑓/𝑑𝑓 and 𝐴𝑓 respectively denote 

the aspect ratio and sectional area of a fiber; 𝑛𝑓 is the number of fibers crossing a unit area. 

Naaman proposed the following model (Naaman) to estimate the elastic limit. 

𝑓𝑈𝑡𝑒 = 𝜎𝑚𝑢(1 − 𝑉𝑓) + 𝛼𝜏𝑉𝑓
𝑙𝑓

𝑑𝑓
  (2a) 

𝛼 = 𝛼1𝛼2𝛼3  (2b) 
Where 𝜎𝑚𝑢 is the matrix tensile strength; 𝛼1 is the average contribution of bond at onset of 

matrix cracking; 𝛼2  is the efficiency factor of fiber orientation in the uncracked state of the 

composite; 𝛼3 is the reduction coefficient of bond strength at the fiber-matrix interface; 𝜏 is the 

equivalent bond strength at the fiber-matrix interface; 𝑉𝑓 and 
𝑙𝑓

𝑑𝑓
 are the same as in equation (1). 

In equation (2), the first and second terms respectively account for the contributions of matrix 

and fibers, in which the matrix tensile strength 𝜎𝑚𝑢 is fixed and assumed not to be influenced by 

the fibers. However, the apparent matrix tensile strength of UHPFRC is strongly influenced by the 

fiber orientation when it significantly deviates from the direction of principal stresses. Using the 

same material, the ratio of 𝜎𝑚𝑢 between two UHPFRC specimens could be greater than 3 (Maya 
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Duque and Graybeal; Nunes et al.; Oesterlee). Thus, equation (2) does not consider all effects   

related to the elastic limit of UHPFRC. 

2.2 Proposed model 

Table 1 summarizes the tensile test results of UHPFRC from three research works (Nunes et al.; 

Shen and Brühwiler; Maya Duque and Graybeal). The average fiber orientation 𝜇0 𝑦, elastic limit 

𝑓𝑈𝑡𝑒 and tensile strength 𝑓𝑈𝑡𝑢 are experimentally determined, in which 𝑓𝑈𝑡𝑒 is determined using 

the modulus-drop method (Denarié et al.; Hafiz and Denarié). The fiber efficiency coefficient 𝜇1 

is determined using the relation between 𝜇0 𝑦 and 𝜇1 (Bastien-Masse et al.), y being the direction 

of principal stresses. The maximum fiber pull-out strength 𝜏𝑓 is calculated using equation (1a). 

The maximum theoretical tensile strength 𝑓𝑈𝑡
∗ =𝜏𝑓 ∗ ∑𝑉𝑓𝑖𝑙𝑓𝑖/𝑑𝑓𝑖 is defined and the elastic limits 

from the three research works using different UHPFRC mixes are normalized to 𝑟𝑈𝑡 = 𝑓𝑈𝑡𝑒/𝑓𝑈𝑡
∗ . 

Values of ∑𝑉𝑓𝑖𝑙𝑓𝑖/𝑑𝑓𝑖 are 1.8 and 0.9 for specimens with fiber content of 3.0% and 1.5% in (Nunes 

et al.), while 1.27 and 2.83 for specimens in (Maya Duque and Graybeal) and (Shen and Brühwiler), 

respectively. 

Figure 2 shows the results of 𝜇0 𝑦 and 𝑓𝑈𝑡𝑒 from three research. When 𝜇0 𝑦 is between around 

0.28 and 0.875, a linear relation can be found between 𝜇0 𝑦 and 𝑓𝑈𝑡𝑒. According to (Martinie and 

Roussel; Oesterlee; Bastien-Masse et al.), when 𝜇0 𝑦 is higher than 0.875, fibers can be regarded 

as fully aligned. Besides, when fibers are mostly perpendicular to principal stresses, the fibers act 

like round or elliptic defects. Consequently, with the decrease of 𝜇0 𝑦 to very low values, fracture 

mechanics mechanisms become more prominent and the linear relation is no longer applicable. 

Furthermore, the results of fiber orientation 𝜇0 𝑦 and the normalized elastic limit 𝑟𝑈𝑡 are shown 

in Figure 3. A linear equation is obtained between 𝜇0 𝑦 and 𝑟𝑈𝑡 with a correlation of 0.83. Finally, 

the relation between 𝜇0 𝑦 and 𝑓𝑈𝑡𝑒 is proposed as follows: 

 0.875 ≤ 𝜇0 y ≤ 1.0: 𝑟𝑈𝑡 = 0.603. Elastic limit is not influenced by 𝜇0 y. 

 0.28 ≤ 𝜇0 y ≤ 0.875: 𝑟𝑈𝑡 = 0.676𝜇0 𝑦 + 0.011. Elastic limit grows with 𝜇0 y-increase. 

 𝜇0 y ≤ 0.28: 𝑟𝑈𝑡 = 0.20. According to linear elastic fracture mechanics, a round or elliptic 

defect in an infinite plate leads to a stress concentration factor of larger than 3 (Oesterlee; 

Inglis). 𝑟𝑈𝑡=0.2, corresponding to 0.603 divided by 3, is thus taken as the lower limit. 

 𝑓𝑈𝑡𝑒 = 𝑟𝑈𝑡 ∗ 𝑓𝑈𝑡
∗ .  

Table 1 Summary of tensile test results 

Item Casting method Test 
𝑉𝑓 

(%) 
𝜇0 𝑦 

𝑓𝑈𝑡𝑒 

(MPa) 

𝑓𝑈𝑡𝑢 

(MPa) 
𝜇1 

𝜏𝑓 

(MPa) 

𝑓𝑈𝑡𝑒
/𝑓𝑈𝑡

∗  

(Nunes et 

al.) 

Magnetically oriented to Y 

direction  

1 

3.0 

0.81 9.65 16.47 1.00 11.3 0.47 

2 0.77 11.63 16.41 1.00 11.8 0.55 

Not oriented 
3 0.49 5.40 7.16 0.91 8.9 0.34 

4 0.51 4.63 7.19 0.91 8.6 0.30 

Magnetically oriented to X 

direction 

5 0.39 3.37 3.67 0.86 6.1 0.31 

6 0.28 2.88 3.18 0.72 8.7 0.18 

Magnetically oriented to Y 

direction 

7 

1.5 

0.89 6.39 10.81 1.00 13.5 0.53 

8 0.83 5.67 7.7 1.00 10.3 0.61 

Not oriented 9 0.65 2.31 4.12 0.97 7.3 0.35 
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Magnetically oriented to X 

direction 

10 0.27 1.91 1.91 0.70 11.2 0.19 

11 0.18 1.43 1.43 0.47 18.9 0.08 

(Maya 

Duque and 

Graybeal) 

Extracted from slabs cast 

from one end, cutting 

angles are with respect to 

flow direction. 

90° set 

2.0 

0.37 5.10 6.60 0.84 16.7 0.24 

45° set 0.57 7.00 7.90 0.93 11.8 0.47 

0° set 0.72 9.90 13.00 1.00 14.3 0.55 

(Shen and 

Brühwiler) 

Extracted from a slab, fresh 

UHPFRC poured in the 

formwork center to fill the 

formwork. 

T1-1 

3.8 

0.68 9.96 12.85 0.98 6.8 0.54 

T1-2 0.62 9.87 11.55 0.95 6.9 0.50 

T1-3 0.53 8.20 9.62 0.92 7.0 0.43 

T1-4 0.53 8.62 9.80 0.92 7.1 0.42 

T1-5 0.52 8.10 9.49 0.91 7.1 0.41 

 

  

Figure 2 Results of fiber orientation and elastic limit Figure 3 Results of fiber orientation and 𝒓   

3. Experimental campaign 

The UHPFRC product “Holcim 707” is employed in this research. The fiber dosage is 3.42% in 

volume. The fiber length and diameter are 13 mm and 0.16 mm, respectively. To prepare 1 m3 

UHPFRC of this product, the quantity of premix, steel fibers, superplasticizer (total) and water are 

1978 kg, 268.0 kg, 29.2 kg and 175.8 kg, respectively. 

The dimensions of the dumbbell-shaped specimen are shown in Figure 4. Ten specimens (QS-

1 to 10) are cast individually in the formwork from one end to the other. Specimens are demolded 

at the age of 2 days and stored under 100% RH for one week. Afterward, specimens are stored in 

the laboratory for more than 3 months until testing when more than 95% final properties of 

UHPFRC are obtained (Habel et al.). The ambiant temperature is always 20 ± 5°C. Before testing, 

the local fiber volume and orientation on the sheathed and casting sides are determined using a 

magnetic probe. Details of this method can be found in (Shen and Brühwiler). 

The tensile tests are carried out in a servo-hydraulic machine (Figure 4). The specimen is 

installed in the machine using the “gluing without bonding” approach (Helbling and Brühwiler). 

The specimen ends are fixed in the machine without any hinge. Using the stroke-controlled mode, 

the displacement rate is 0.05 mm/min. The linear variable displacement transducers (LVDT), 

digital image correlation (DIC) and acoustic emission (AE) are used as measurement methods. 

The recording frequency of LVDT, DIC and AE are 10 Hz, 2 Hz and 10 MHz respectively. 
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Specimens QS-1 to 3 are loaded until failure, while QS-4 to 10 are loaded to the strain of 1.5‰ 

and then unloaded. 

 
Figure 4 Specimen and test setup 

4. Results and Discussion 

Regarding specimens QS-1 to 10, the results of local fiber volume 𝑉𝑓 and orientation 𝜇0 𝑦  are 

shown in Figures 5 and 6, respectively. The results of average local fiber distribution and tensile 

features are summarized in Table 2. Because the same UHPFRC matrix and similar fibers (length 

of 13 mm, diameter of 0.175 mm) are used, the results of (Shen and Brühwiler) are included in 

Table 2 and the average 𝜏𝑓 of 7 MPa obtained from (Shen and Brühwiler) (Table 1) is used to 

calculate the theoretical elastic limit 𝑓𝑈𝑡𝑒 𝑐 𝑙 and tensile strength 𝑓𝑈𝑡𝑢 𝑐 𝑙. The fiber efficiency 𝜇1 

is determined using the relation between 𝜇0 𝑦 and 𝜇1 (Bastien-Masse et al.). 𝑓𝑈𝑡𝑢 𝑐 𝑙 is calculated 

using equation (1). 𝑓𝑈𝑡𝑒 𝑐 𝑙 is calculated using the proposed model explained in section 2.2. 

 

 
Figure 5 Local fiber volume 𝑽 : a) casting surface; b) sheathed surface (unit: %) 
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QS-1

3.41 3.37
3.59 3.49
3.72 3.86
3.82 3.68
3.78 3.63
3.41 3.70
3.74 3.58
3.87 3.49
3.38 3.66

3.56 3.38
3.41 3.22
3.22 3.36
3.20 3.44
3.17 3.20
3.35 3.25
3.28 3.17
3.23 3.27
3.36 3.28

3.64 3.72
3.58 3.73
3.69 4.04
3.73 3.97
3.62 3.95
3.60 3.82
4.08 3.61
3.88 3.85
3.77 3.99

3.99 3.65
3.72 4.03
3.82 3.60
3.78 3.78
3.79 3.60
3.62 3.67
3.57 3.56
3.46 3.76
3.71 3.73

3.74 3.66
3.74 3.62
3.76 3.62
3.50 3.63
3.67 3.65
4.00 4.09
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3.56 3.41
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3.44 3.32
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3.29 3.30
3.33 3.34
3.34 3.36

3.53 3.53
3.57 3.52
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3.65 3.67
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3.65 3.55
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3.82 3.54
3.81 3.69
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3.76 3.68
3.57 3.66
3.54 3.68
3.61 3.58
3.65 3.67
3.71 4.01

4.11 4.06
3.88 3.79
4.01 3.98
3.85 3.85
4.13 4.04
4.38 4.17
4.07 4.15
4.10 3.95
3.65 3.92

4.00 3.96
3.80 3.95
3.81 3.69
3.58 3.49
3.45 3.66
3.71 3.50
3.67 3.67
3.70 3.78
3.69 3.81
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Figure 6 Local fiber orientation     : a) casting surface; b) sheathed surface 

 
Table 2 Local fiber distribution and tensile features 

Reference 
Speci

men 

𝑉𝑓 

(%) 
𝜇0 𝑦 𝜇1 

 𝑈𝑡𝑒 
(‰) 

 𝑈𝑡𝑢 
(‰) 

𝑓𝑈𝑡𝑢 
(MPa) 

𝑓𝑈𝑡𝑒 
(MPa) 

𝑓𝑈𝑡𝑒 𝑐 𝑙 
(MPa) 

𝑓𝑈𝑡𝑢 𝑐 𝑙 
(MPa) 

Present 

study 

QS-1 3.52 0.64 0.95 0.19 >0.40** 11.72 9.31 8.88 12.17 

QS-2 3.53 0.64 0.95 0.20 0.75 10.97 9.18 8.91 12.21 

QS-3 3.43 0.76 0.98 0.22 0.65 13.74 10.95 10.24 14.53 

QS-4 3.56 0.58 0.94 0.20 >1.5 10.88* 9.49 8.16 11.04 

QS-5 3.60 0.66 0.96 0.23 >1.5 11.84* 10.59 9.36 12.97 

QS-6 3.78 0.71 0.97 0.25 >1.5 13.90* 11.66 10.56 14.81 

QS-7 3.68 0.69 0.96 0.20 >0.70** 11.48 10.00 9.99 13.86 

QS-8 3.68 0.62 0.95 0.21 >1.5 11.51* 9.66 9.00 12.33 

QS-9 3.69 0.62 0.95 0.20 >1.5 10.39* 9.05 9.03 12.36 

QS-10 3.57 0.62 0.95 0.21 1.23 11.15 10.33 8.73 11.96 

(Shen and 

Brühwiler) 

T1-1 

3.8 

0.68 0.98 0.23 3.84 12.85 9.96 9.30 13.17 

T1-2 0.62 0.95 0.22 0.71 11.55 9.87 8.50 11.64 

T1-3 0.53 0.92 0.19 2.67 9.62 8.20 7.30 9.63 

T1-4 0.53 0.92 0.21 0.88 9.80 8.62 7.30 9.63 

T1-5 0.52 0.91 0.18 0.33 9.49 8.10 7.16 9.35 

* 𝑓𝑈𝑡𝑢 is not reached before unloading. The maximum stress at the strain of 1.5 ‰ is used. 

**: Fracture occurs beyond the measurement range of LVDT. 

As shown in Table 2 and Figures 5 and 6, the average 𝑉𝑓 of specimens QS-1 to 10 are from 

3.43% to 3.78%, close to the recipe value 3.42%. The average 𝜇0 𝑦 of QS-1 to 10 are from 0.58 to 

0.76. For each specimen, the sheathed surface has lower average 𝜇0 𝑦  than that of the casting 

surface and the lowest 𝜇0 𝑦 are found on the casting side. 

Figure 7 and Table 2 show the stress-strain curves of QS-1 to 10 from the test beginning up to 

the strain of 1.5‰ and the corresponding tensile features, respectively. All specimens exhibit strain 

hardening behavior. The values of elastic limit 𝑓𝑈𝑡𝑒 ranges from 9.05 MPa to 11.66 MPa with the 
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corresponding strain ranging from 0.19 ‰ to 0.25 ‰. The tensile strength of specimens QS-1 to 

3, 7 and 10 are respectively 11.72 MPa, 10.97 MPa, 13.74 MPa, 11.48 MPa and 11.15 MPa, while 

the strain  𝑈𝑡𝑢 are over 0.4‰,  0.75‰, 0.65‰, over 0.7‰ and 1.23‰. Specimens QS-4 to 10 are 

loaded to the strain of 1.5‰ and unloaded. Because the stress levels of QS-4 to 6 and QS-8 and 9 

have the increasing trend before unloading, their strains at tensile strength  𝑈𝑡𝑢 could be larger 

than 1.5‰ and their tensile strengths 𝑓𝑈𝑡𝑢  could be larger than the maximum stresses reached 

during loading, which are 10.88 MPa, 11.84 MPa, 13.90 MPa, 11.51 MPa and 10.39 MPa, 

respectively. 

Figure 8 and Table 2 show the experimental and calculated results of elastic limit and tensile 

strength obtained from the present study and (Shen and Brühwiler). The calculated tensile 

strengths 𝑓𝑈𝑡𝑢 𝑐 𝑙 are all close to the experimental results 𝑓𝑈𝑡𝑢 with difference ranging from 0.01 

MPa to 2.38 MPa. The calculated elastic limits 𝑓𝑈𝑡𝑒 𝑐 𝑙 are close to, while all slightly higher than 

the experimental results 𝑓𝑈𝑡𝑒 𝑐 𝑙 with difference ranging from 0.01 MPa to 1.6 MPa. This shows 

that the elastic limit of UHPFRC has a linear relation with the average fiber orientation for 

orientation coefficients between 0.5 and 0.8 and can be appropriately estimated using the proposed 

model. 

   

Figure 7 Stress-strain diagram of ten tensile tests 
Figure 8 Fiber orientation and elastic limit from 

calculation and tests 

5. Conclusions 

Based on ten uniaxial tensile tests and literature data, this paper discusses the influence of fiber 

orientation on the elastic limit tensile stress of UHPFRC. The following conclusions are obtained: 

 Analysis of experimental results from three independent research works show that the fiber 

orientation has significant influence on the matrix tensile strength of UHPFRC, while this 

parameter is not explicitly considered by current estimation model of the elastic limit. 

 An original model relating the fiber orientation to the elastic limit is proposed based on 

literature data.  

 The results of local fiber distribution and elastic limit from 15 tensile tests show that the 

proposed model can appropriately estimate the elastic limit of UHPFRC. 
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