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A B S T R A C T   

This paper discusses the influence of fiber orientation on elastic limit tensile stress of ultra-high performance 
fiber reinforced cementitious composites (UHPFRC). An original model relating elastic limit tensile stress to fiber 
orientation is proposed, and three determination methods of the elastic limit are compared. Five specimens are 
tested under uniaxial tension and characterized with digital image correlation, acoustic emission and displace-
ment transducers. Before testing, the fiber distribution (local dosage and orientation) of each specimen is 
determined using a magnetic probe. After testing, three methods (offset with 2 different threshold values, and 
deformation modulus drop) are applied to determine the elastic limit tensile stress. The test results show that the 
proposed model estimates well the elastic limit tensile stress on the basis of fiber orientation. The modulus-drop 
method yields the most representative value for the elastic limit considering the underlying physical phenomena. 
It may be taken as definition of elastic limit tensile stress of UHPFRC.   

1. Introduction 

Ultra-high Performance Fiber Reinforced Cementitious Composites 
(UHPFRC) present remarkable mechanical properties and a dense ma-
trix. A commonly accepted definition of UHPFRC in terms of material 
properties is: (1) average elastic limit tensile stress larger than 7 MPa, 
(2) average tensile strength 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. Design of UHPFRC members 
with strain hardening mixes enables a waterproof and crack-free mate-
rial at serviceability, thus providing protection against water and chlo-
ride ion ingress [1–3]. 

The uniaxial tensile response of strain-hardening UHPFRC can be 
divided into three main domains, i.e., elastic domain, strain-hardening 
domain and softening domain [4,5]. As shown in Fig. 1 for a strain 
hardening response, the elastic limit tensile stress fUte, hereafter called 
elastic limit, is higher than the matrix tensile strength σmu and lies at the 
transition region from elastic behavior to the strain-hardening or soft-
ening behavior. It is also called first cracking strength [5,6] or limit of 
elasticity under tension [7]. 

Starting from the matrix tensile strength, matrix discontinuities 
(micro-cracks invisible to naked eye) progressively develop inside the 
material followed by a single localized macro-crack beyond the tensile 

strength [4]. Consequently, material properties of UHPFRC degrade 
beyond the elastic domain, e.g., deformation modulus decreases and 
permeability increases, progressively impairing properties relevant for 
serviceability of structures. Besides, the elastic limit is a relevant 
parameter to characterize the fatigue stress level and is directly involved 
in the fatigue design of UHPFRC structures [8,9]. 

In order to improve knowledge of UHPFRC material behavior, it is 
important to have an objective and practical method for the determi-
nation of the elastic limit. However, knowledge on the mechanisms 
governing the elastic limit of UHPFRC is scarce and the objective 
determination of the elastic limit remains challenging. 

Literature shows that the elastic limit not only is a function of matrix 
properties, but also is strongly affected by the orientation, volume, type 
and geometry of fibers. Tjipobroto [10,11] first highlighted the potential 
of high fiber dosage to increase the elastic limit of fiber-reinforced 
concrete (FRC) containing different volume fractions (0–12%) of 
discontinuous fibers. Wille et al. [5] and Delsol et al. [12] confirmed a 
similar trend for UHPFRC. However, high fiber dosage does not neces-
sarily lead to high elastic limit, as bond, orientation and other param-
eters of fibers also matter [13]. With very detrimental fiber orientation, 
fibers even may act as defects and can lead to elastic limits much lower 
than the plain matrix tensile strength [14,15]. 

Two major intertwined questions are currently open regarding the 
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elastic limit of UHPFRC. The first one is how to determine it in a 
representative and reliable way. The second one is how to model the 
influence of the fibrous skeleton on the apparent elastic limit consid-
ering available literature data. 

A reliable determination method should provide coherent results, 
which match the definition of elastic limit. As shown in Table 1, two 
types of test methods are usual for the determination of the elastic limit 
of UHPFRC, i.e., 4-point bending tests (4PBT) and uniaxial tensile tests 
(UTT). Related with different definitions and understandings, there are 
several determination methods for the elastic limit of UHPFRC under 
uniaxial tension. 

Naaman [6] describes the first cracking of strain hardening fiber 
reinforced cement composites as a percolated crack, which completely 
separates the structural tensile member. The opening of the percolated 
crack may be very small and possibly invisible to the naked eye. 

Adopting methods to determine modulus of elasticity of concrete and 
yield strength of steels, Makita and Brühwiler [8] first proposed an 
objective determination method, which provides coherent results. The 
elastic limit is determined as the intersection of the stress-strain curve 
and a line with slope equal to the modulus of elasticity and a strain offset 
of 0.1‰. El-Helou et al. [16] use the same approach while the strain 
offset of 0.2‰ is selected. In Refs. [5,17], the intersection of lines from 
linear fits of elastic and hardening domains is taken as the elastic limit. 
Graybeal and Baby [18,19] take the average load level at which cracking 
repeatedly occurs during the multi-cracking phase of UHPFRC as elastic 
limit. 

Deformation modulus refers to the ratio of stress to corresponding 
strain during loading including elastic and inelastic behavior [20], 
which is commonly used to characterize the progressive degradation of 
materials as it is easy to determine. Relating the material properties to 
the deformation modulus provides an objective mean to determine the 
elastic limit. Based on the concept of decrease of deformation modulus, 
Denarié [21–23] first proposed an original method for the determination 
of the elastic limit of UHPFRC. This paper elaborates on that method 
with supplementary information, hereafter called modulus-drop 
method. Related with the determination procedure (Table 1), fUte,10% 
is used to denote the determined elastic limit. 

This paper discusses the influence of fiber orientation on the elastic 
limit and compares three determination methods. It is found that fiber 
orientation has a significant influence on the matrix tensile strength, 
while this is not considered in current estimation equations of elastic 
limit [24,25]. An original relation model between fiber orientation and 
the elastic limit is thus proposed. 

Further, five uniaxial tensile tests are conducted. First, the local fiber 
distribution in the specimens is determined using a magnetic probe. 
Afterward, the tests are conducted and monitored using three mea-
surement techniques, i.e., linear variable displacement transducers 

Fig. 1. Typical stress-strain curve of strain-hardening UHPFRC, prior to the 
softening domain not shown here. 

Table 1 
Determination methods of the elastic limit of UHPFRC.  

References Specimen Testing 
method 

Methodology of 
determination 

[5,17] Dumbbell UTT, hinged/ 
hinged 
supports 

The elastic limit 
corresponds to the 
intersection of lines from 
linear fits of elastic and 
hardening domains. 

[18,19] Prisms of square cross 
section with tapered 
aluminum plates glued 
on opposite faces at 
each end of specimen 

UTT, 
clamped, 
fixed/fixed 
supports 

The average load level at 
which cracking 
repeatedly occurs during 
the multi-cracking phase 
is taken as the elastic 
limit. 

[8] Dumbbell UTT, 
clamped, 
fixed/fixed 
supports 

Line 1 is determined by 
stresses of 0.3 and 0.6 
fUte,expected on stress-strain 
curve. Line 2 is obtained 
with 0.1‰ strain offset of 
Line 1. Intersection of line 
2 and stress-strain curve 
is the elastic limit. 

[7] Thick members – 
Prisms, size upon fiber 
lengtha 

4PBT The elastic limit 
corresponds to the loss of 
linearity of the behavior 
in the force-deflection 
curve. 

Thin platesb: Annex E The amplitude of the 
linear domain ΔM on the 
moment-deflection curve 
is estimated visually. A 
straight line is drawn 
through ΔM/3 and 
2ΔM/3. The point where 
the experimental curve 
departs from the straight 
line is the elastic limit. 

[22] Dumbbell UTT, 
clamped, 
fixed/fixed 
supports 

The elastic limit 
corresponds to the stress 
where 10% decrease of 
the deformation modulus 
occurs, with respect to 
the value of deformation 
modulus for a stress level 
of 2 MPa at the elastic 
domain. 

Prisms with 
rectangular cross 
section 

4PBT The elastic limit 
corresponds to the stress 
at the first point for which 
a 1% irreversible 
decrease of the 
deformation modulus 
occurs. 

[27,28] Two types of prisms 
upon fiber length 

4PBT (1) The force-deflection 
curve is converted to the 
equivalent stress- 
deflection (σ-δ) curve. (2) 
The line passing by the 
origin of the σ-δ plot and 
corresponding to 75% of 
the initial tangent 
stiffness is drawn. (3) Its 
intersection with the σ-δ 
curve defines the point 
with coordinates 75% σ 
and 75% δ. (4) These two 
parameters are used to 
determine the elastic 
limit, with an empirical 
formula based on a 
statistical analysis of the 
results of numerous 
calculations of the 
bending response with a 
hinge model, for the 
considered geometry. 

(continued on next page) 
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(LVDT), digital image correlation (DIC) and acoustic emission (AE). 
After tests, three objective methods are selected to determine the elastic 
limit of five specimens. 

Based on the local fiber distribution, the proposed relation model is 
used to analyze the test results of matrix tensile strength and elastic 
limit. Based on the measurement results of LVDT, DIC and AE, the elastic 
limits determined with three methods are compared. 

In this paper, matrix discontinuity, fictitious crack and real crack are 
used to describe the post-elastic fracture process following the tensile 
response of UHPFRC. The matrix discontinuities (micro-cracks invisible 
to naked eye) initiate and propagate in the late elastic domain and 
hardening domain. After the maximum tensile stress, a fracture process 
zone forms in the weakest zone of the tensile specimen and is defined as 
fictitious crack following the classical definition by Hillerborg [26]. A 
real crack in UHPFRC is reached when the crack opening reaches about 
half of the fiber length [4]. 

2. Effect of fiber orientation on elastic limit 

2.1. Background 

The tensile strength of UHPFRC fUtu can be estimated with equation 
(1) [4,5,24,29]. 

fUtu = μ0μ1Vf τf
lf

df
(1a)  

μ0 = nf
Af

Vf
(1b)  

where fiber orientation coefficient μ0 is the probability that a fiber 
crosses a considered section, which can be obtained with equation (1b) 
[30–32]; nf is the number of fibers crossing a unit area; Af is the 
sectional area of a fiber; Vf is the fiber volume fraction; fiber efficiency 
coefficient μ1 is the ratio between pull-out stress of an inclined fiber and 
that of a perfectly aligned one, which can be estimated based on the fiber 
orientation [14,33,34]; τf is the maximum fiber pull-out strength; lf and 
df are the length and diameter of fibers, respectively. 

To the authors’ knowledge, there is no equation specifically for the 
estimation of the elastic limit of UHPFRC. Swamy and Mangat [35] use 
equation (2) to estimate the elastic limit of concrete reinforced with 
discontinuous steel fibers, which considers matrix tensile strength, the 
interfacial bond stress between fibers and matrix, fiber slenderness and 
volume fraction. 

fUte = σmu
(
1 − Vf

)
+ 0.82τfirstVf

lf

df
(2)  

where σmu is the matrix tensile strength; τfirst is the interfacial bond stress 
corresponding to the average bond stress when bond-slip commences. 

Similarly, Naaman [24,25] uses equations (3a) and (3b) to estimate 

the elastic limit of a fiber reinforced cement composite tensile specimen, 
while additionally considers the fiber orientation, contribution of bond 
at onset of matrix cracking, reduction of bond strength at fiber-matrix 
interface. 

fUte = σmu
(
1 − Vf

)
+ ατVf

lf

df
(3a)  

α= α1α2α3 (3b)  

where σmu is the matrix tensile strength; α1 is the coefficient describing 
the average contribution of bond at onset of matrix cracking; α2 is the 
efficiency factor of fiber orientation in the uncracked state of the com-
posite; α3 is the coefficient describing the reduction of bond strength at 
fiber-matrix interface; τ is the assumed average (also called equivalent) 
bond strength at the fiber-matrix interface. 

In equation (3a), the elastic limit of a fiber reinforced cementitious 
composite tensile specimen is made up of contributions of the matrix 
and fibers. The fiber contribution is considered by the second term 
ατVf

lf
df

. The matrix contribution is considered by the first term σmu(1 −

Vf ), in which the matrix tensile strength σmu is experimentally deter-
mined and assumed to be independent of reinforcing fiber parameters 
[24]. 

However, for UHPFRC, the experimental results show that the matrix 
tensile strength σmu is significantly affected by the reinforcing fiber pa-
rameters especially the fiber orientation [13–15]. For two specimens 
made with the same UHPFRC material and curing condition, the ratio of 
their matrix tensile strength could be larger than 3 and so does the ratio 
of the elastic limit [13–15]. Therefore, equations (3a) and (3b) [24,25], 
which does not consider the influence of fiber parameters on the matrix 
tensile strength σmu, cannot be directly used to estimate the elastic limit 
of UHPFRC. 

Further, given the contributions of matrix and fibers, i.e., the two 
terms in equation (3a) are both affected by the reinforcing fiber pa-
rameters, it would be possible to merge the two terms and develop a 
linear equation for the estimation of the elastic limit of UHPFRC, similar 
to the estimation equation of tensile strength, i.e., equation (1). 

2.2. Compilation of literature data 

Three different sets of literature data reporting on tensile test results 
using UHPFRC with different fiber orientation and mixes are considered: 
Nunes et al. [15], Maya Duque and Graybeal [13], Shen and Brühwiler 
[4]. 

For UHPFRC, the fiber orientation is mainly affected by the casting 
procedure, material properties at fresh state, fiber length and structure 
geometry [36,37]. Two approaches are usual to define the fiber orien-
tation of UHPFRC. The first approach refers to the probability that a 
fiber crosses a considered section, with orientation coefficient μ0. 

The second approach is related to the angle θ between a single fiber 
and the direction of principle tensile stress. As shown in equation (4), 
cos θy is defined as the average value of cos θ of all fibers in a section, in 
which nf denotes the total number of fibers in the considered section. 

Table 1 (continued ) 

References Specimen Testing 
method 

Methodology of 
determination 

[16] Prisms of square cross 
section with tapered 
aluminum plates glued 
on opposite faces at 
each end of specimen 

UTT, 
clamped, 
fixed/fixed 
supports 

The elastic limit 
corresponds to the 
intersection of the stress- 
strain curve and a line 
with slope equal to the 
modulus of elasticity and 
a strain offset of 0.2‰.  

a The test specimens shall be prisms of square section a2 and length 4a. The 
dimension a, between 7 cm and 20 cm, shall be between 5 and 7 times the length 
of the longest fibers. Elastic limit corrected by scale factor according to equation 
(D.2) is specified in Ref. [7]. 

b Specimens are sawn in large plates. 

Table 2 
Fibrous mix of UHPFRC used in [4,13,15].  

Reference Mix 
type 

Fiber 
type 

Volume fraction 
Vf 

Diameter 
lf 

Length 
df 

[15] Type I Type A 0.75% 0.175 mm 9 mm 
Type B 0.75% 0.175 mm 12 mm 

Type II Type A 1.5% 0.175 mm 9 mm 
Type B 1.5% 0.175 mm 12 mm 

[13] One 
type 

One type 2.0% 0.2 mm 12.7 mm 

[4] One 
type 

One type 3.8% 0.175 mm 13 mm  

J. Zhan et al.                                                                                                                                                                                                                                    



Cement and Concrete Composites 140 (2023) 105122

4

The second approach does provide a better representation of the fiber 
orientation distribution than the first approach, but it is more time 
consuming and more sensitive to image analysis data accuracy as well as 
to the capabilities and limitations of the image analysis methodology 
[13,33]. 

cos θy =
1
nf

∑nf

n=1
cos θn (4) 

Table 2 summarizes the fiber content of UHPFRC mixes used in Refs. 
[4,13,15]. Table 3 summarizes the test results of [4,13,15], which 
include the elastic limit and average fiber orientation coefficient in the 
direction of principle tensile stress (defined as Y direction in this paper) 
μ0,y. Based on Wuest’s model describing the relation between fiber angle 
(with respect to the principle tensile direction) and fiber efficiency 

coefficient μ1 [38,39], Bastien Masse et al. further obtained the relation 
model between μ0,y and μ1 [30] (Fig. 2). In Fig. 2 and D and 3D curves 
refer to two-dimensional and three-dimensional cases of fibers in the 
UHPFRC element, respectively. In Table 3, μ1 is determined using μ0,y 

and the 3D relation model between μ0,y and μ1 [30] (Fig. 2). The 
maximum fiber pull-out strength τf is calculated using equation (1a) [4, 
5,24,29]. 

The maximum theoretical tensile strength f∗Ut is introduced as refer-
ence index among different literature data sets. It is defined by equation 
(5), which refers to the tensile strength of UHPFRC with one dimension 
orientation of fibers. Using f∗Ut , the elastic limits of UHPFRC with 
different recipes in Refs. [4,13,15] are normalized to fUte/f∗Ut and given 
in Table 3. 

f ∗Ut = τf ∗
∑

Vfilfi

/
dfi (5) 

Table 3 
Summary of test results on average fiber orientation and elastic limit.  

References Casting method Specimen Vf μ0,y cos θy fUte,estimated (MPa) fUtu 

(MPa) 
μ1 τf 

(MPa) 
fUte/f∗Ut 

[15] Magnetically oriented to Y direction (principle 
tensile stress) 

1 3.0% 0.81 0.93 9.65 16.47 1.00 11.3 0.47 
2 0.77 0.90 11.63 16.41 1.00 11.8 0.55 

Not oriented 3 0.49 0.77 5.40 7.16 0.91 8.9 0.34 
4 0.51 0.74 4.63 7.19 0.91 8.6 0.30 

Magnetically oriented to X direction 5 0.39 0.62 3.37 3.67 0.86 6.1 0.31 
6 0.28 0.56 2.88 3.18 0.72 8.7 0.18 

Magnetically oriented to Y direction 7 1.5% 0.89 0.93 6.39 10.81 1.00 13.5 0.53 
8 0.83 0.90 5.67 7.7 1.00 10.3 0.61 

Not oriented 9 0.65 0.75 2.31 4.12 0.97 7.3 0.35 
Magnetically oriented to X direction 10 0.27 0.45 1.91 1.91 0.70 11.2 0.19 

11 0.18 0.41 1.43 1.43 0.47 18.9 0.08 

[13] Extracted from 3000 × 1000 × 50 mm slabs cast from one end, 
cutting angles are with respect to flow direction. 

Vf Average of 3 
specimens in 
each set 

Average of each specimen 
set (>40 specimens) 

fUtu 

(MPa) 
μ1 τf 

(MPa) 
fUte/f∗Ut 

μ0,y cos θy fUte,reported (MPa) 
90◦ set 2.0% 0.37 0.65 5.10 6.60 0.84 16.7 0.24 
45◦ set 0.57 0.74 7.00 7.90 0.93 11.8 0.47 
0◦ set 0.72 0.83 9.90 13.00 1.00 14.3 0.55 

[4] Casting method Specimen Vf μ0,y fUte,10% (MPa) fUtu 

(MPa) 
μ1 τf 

(MPa) 
fUte/f∗Ut 

Extracted from a 1100 mm × 1100 mm × 50 mm 
slab, cast in the center of 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  

Fig. 2. Relation between fiber orientation and efficiency [30].  

Fig. 3. Test results of fiber orientation and elastic limit.  
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where τf is the maximum fiber pull-out strength, 
∑

Vfilfi/dfi is calculated 
with the volume fraction and aspect ratio of all fibers used in a UHPFRC 
mix. 

Nunes et al. [15] use two types of UHPFRC and three casting methods 
to produce specimens. For every type of UHPFRC, every casting method 
is applied to produce six specimens, in which two specimens are further 
characterized to determine μ0,y and cos θy. The present paper estimates 
the elastic limits of all the 36 specimens based on the stress-strain curves 
given in Ref. [15]. Without raw data, the elastic limits fUte,estimated are 
visually determined as the point where a 10% deformation -modulus--
drop happens. 

In Maya Duque and Graybeal’ study [13], prismatic specimens are 
cut from the slab at the angle of 0◦, 45◦ and 90◦ with respect to the flow 
direction at casting. The reported average elastic limit of each specimen 
set fUte,reported corresponds to the local maximum stress at the first crack 
[13]. For Shen and Brühwiler’s research [4], five specimens are cut 
along the same direction from a slab, which is produced by pouring the 
fresh UHPFRC on the center of a rectangular formwork to fill the whole 
formwork. The present paper determines the elastic limits fUte,10% with 
the raw test data and the 10% modulus-drop method [21–23]. 

2.3. Model derivation 

Fig. 3 shows the test results of average fiber orientation coefficient 
μ0,y and elastic limit fUte from Table 3. Among each series of data in 
Fig. 3, a linear relation is found between μ0,y and fUte when μ0,y is in the 
range from about 0.25 to 0.88. 

Martinie and Roussel [40] propose that fibers can be considered as 
fully oriented when they have an average angle of less than 20◦ with 
respect to the principle tensile direction. Besides, Fig. 2 describes the 
relation between fiber orientation μ0,y and average efficiency μ1. When 
μ0,y is larger than 0.827, μ1 is equal to 1.0, which means the fiber effi-
ciency has no more influence on the tensile strength [14,38,39]. Thus, 
an upper limit of μ0,y around 0.88 is suggested for the linear relation 
between fiber orientation and the elastic limit. When μ0,y is larger than 
0.88, the fibers are considered as fully oriented and the fiber orientation 
no longer has influence on the elastic limit. 

When μ0,y-value is low, the fibers act like round or elliptic defects, 
perpendicular to the direction of principle tensile stress [14]. Conse-
quently, with the decrease of μ0,y to very low values, fracture mechanics 
mechanisms become more prominent [14,41]. This leads to high 
reduction of the elastic limit tensile stress and tensile strength. For 
specimen 11 with μ0,y lower than 0.25 (Table 3) [15], the maximum 
fiber pull-out strength τf calculated is abnormally high. Thus, this data is 
not used and a lower limit of μ0,y of 0.25 is assumed for the derivation of 
a linear relation between elastic limit and fiber orientation. 

Based on the above, in order to build a better linear relation between 
the elastic limit and fiber orientation for μ0,y between 0.25 and 0.88, the 
value of fUte for the different data sets is normalized with respect to the 
parameter f∗Ut . The results of fiber orientation coefficient μ0,y and 
normalized elastic limit rUt = fUte/f∗Ut are shown in Fig. 4. After 
normalization, a linear relation is clearly found between rUt and μ0,y, 
with a regression coefficient of 0.82. In the symbol rUt , r denotes ratio, U 
denotes UHPFRC, t denotes tension. 

Finally, the model between elastic limit and fiber orientation is 
proposed as follows.  

• 0.88 ≤ μ0 ≤ 1.0 : rUt = 0.597. The fibers are considered as fully 
oriented and the elastic limit is no longer affected by the fiber 
orientation.  

• 0.25 ≤ μ0 ≤ 0.88 : rUt = 0.63μ0,y + 0.043. The elastic limit increases 
with higher fiber orientation coefficient. 

• μ0 ≤ 0.25 : rUt = 0.20. According to linear elastic fracture me-
chanics, a round or elliptic defect in an infinite plate causes a stress 
concentration. The stress is locally increased by a factor of at least 3 
compared to the globally applied stress [14,41,42]. The lower limit 
of 0.20, around 0.597 divided by 3, is thus taken to consider the 
influence of fiber orientation on the elastic limit.  

• fUte = rUt ∗ f∗Ut . It is noted that rUt is a global parameter describing the 
influence of fiber orientation on the elastic limit, which considers the 
influence of fiber orientation on the contribution of both matrix and 
fibers. It may not be considered as combination of α1, α2 and α3, only 
affecting the second term of equation (3a) [24,25]. 

3. Experimental campaign 

3.1. Specimen design and preparation 

The UHPFRC mix “Holcim 707” is used in this study. The fibrous mix 
is made of straight steel fibers with a length of 13 mm, diameter of 0.16 
mm and dosage of 3.42 vol%. The water to cement ratio is 0.15. 
Composition of this mix is given in Table 4. The flow of freshly mixed 
UHPFRC [43–45] as well as the compressive strength and modulus of 
elasticity at three months of age are also given in Table 4. 

As shown in Fig. 5, the dumbbell-shaped specimen is 750 mm-long 
with constant sections of 145 mm × 40 mm at central part and 200 mm 
× 40 mm at two heads. To avoid specimen failure at the transition zone, 
the Neuber’s spline [46] is introduced to design the transition from the 
wide to narrow section, which is 50 mm-long. Besides, four tapered 
aluminum plates are glued on the specimen. These plates are 4 mm-thick 
and decrease linearly to 0.5 mm at the tip over a length of 50 mm [14]. 

Five specimens (QS-1 to 5) are cast horizontally in the formwork 
from one end to the other. The lateral internal faces of the molds along 
the shoulders are covered with 1-mm-thick deformable tapes to prevent 
built-in stress in the early age. The specimens are kept in the formworks 
for 2 days at room temperature of 20 ± 5 ◦C and then stored at room 

Fig. 4. Results of fiber orientation coefficient μ0,y and rUt.  

Table 4 
Composition and properties of UHPFRC.  

Components Quantity (1 
m3) 

Properties Average 
value 

Premix 1978 kg Elastic modulus in 
compression 

46.7 GPa 

Steel fibers (lf = 13 mm,df =

0.16 mm,Vf = 3.42%) 
268.0 kg Compressive 

strength (cylinders) 
175.1 MPa 

Superplasticizer (total) 29.2 kg Flow (spread after 
25 blows) 

188 mm 

Water 175.8 kg    
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temperature of 20 ± 5 ◦C under 100% RH for 1 week. Subsequently, 
specimens are stored in the laboratory until testing. Specimen age at 
testing is more than 90 days when over 90% of the UHPFRC final ma-
terial properties are attained [47]. 

3.2. Uniaxial tensile tests 

The tests have been conducted in a servo-hydraulic testing machine 
with a capacity of 1000 kN. Detailed test setup and instrumentation are 
shown in Fig. 6. The stroke-controlled mode is used with a displacement 
rate of 0.05 mm/min in the pre-peak domain and 0.1 mm/min in the 
post-peak domain. 

In order to prevent bending effect and for easy specimen removal 
from the steel fixation, the specimen is installed in the testing machine 
by the approach of “gluing without bonding” proposed by Helbling and 
Brühwiler [48]. As shown in Figs. 6 and 7, a special metallic shoe with 
indented surfaces has been used to attach the specimen to the testing 
machine. The space between the XY plane of the specimen and the steel 
device is filled out with epoxy resin. Through interlocking, the tensile 
loading is introduced to the specimen by the resin. To avoid bonding 
between the specimen and the steel shoe, demolding spray is applied on 
the steel shoe surfaces before applying the resin on the specimen and the 
steel shoe surfaces. 

The attachment system fully fixes the specimen at both ends and 
guarantees a uniform stress transfer without lateral restraint. It has no 
hinge and is built such that the specimen is fully restrained in-plane and 
out-of-plane. Full fixity has been verified by suitability tests that are not 
reported in this paper [48]. Between the two fixed ends of the specimen, 

the investigated central part of the specimen may show local bending 
effects due to varying local fiber distributions in the bulk material of the 
specimen. These effects are considered being inherent to UHPFRC. 

Three measurement techniques are used during testing, i.e., linear 
variable displacement transducers (LVDT), digital image correlation 
(DIC) and acoustic emission (AE). Two LVDTs with a measurement base 
length of 200 mm are attached on both YZ plane of the specimen to 
measure the deformation over the central part of the specimen. The 
LVDT recording frequency is 10 Hz. 

The DIC technique is used to monitor the entire testing process of one 
specimen surface. The targeted area is 145 mm × 200 mm on the central 
part of the specimen surface. The measurement accuracy is 0.003 mm. 
The recording frequency is 2 Hz. The DIC images are analyzed using the 
software Vic-3D after testing. 

As shown in Fig. 6, eight acoustic emission sensors are symmetrically 
mounted on the casting and sheathed surfaces of the specimen respec-
tively. Following the NF EN 1330-9 standard [49], pencil-lead break 
tests are conducted to check the mounting quality and to build the 
attenuation profile. Detection threshold and band filter are set as 42 dB 
and between 110 MHz and 400 MHz respectively. During testing, the 
AE-feature data and transient data are both collected at the sampling 
rate of 10 MHz. 

Fig. 5. Specimen strengthened with aluminum plates (unit: mm).  

Fig. 6. Test setup and instrumentation (unit: mm).  

Fig. 7. Fixture of the tensile specimen in the testing machine.  
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3.3. Fiber distribution measurement 

For UHPFRC using steel fibers, the fiber distribution (local dosage 
and orientation) inside the specimen can be determined with magne-
toscopy [4,50,51]. Before testing, the measurement is conducted on 
specimens QS-1 to 4 using the Agilent E4980A LCR Meter with a mag-
netic probe (Fig. 8) [15,50]. For the LCR Meter, the test frequency is 20 
Hz and the signal level is 2 V. The effective penetration depth of the 
magnetic probe is around 25 mm [51,52]. 

As shown in Fig. 8, the measurement is conducted on the central part 
of the specimen for both casting and sheathed surfaces. For each surface, 
18 measurement points are selected, i.e., points A1 to 9 and points B1 to 
9. The point spacing are 26 mm in X direction and 30 mm in Y direction. 

During measurement, the probe center is placed on each point. The 
magnetic inductance along X and Y directions, i.e., Lx and Ly are ob-
tained by putting the long side of the probe perpendicular to the X and Y 
direction respectively. The inductance in the air is defined as Lair. The 
relative magnetic permeability in X and Y directions is then given by μr,x 

= Lx/Lair and μr,y = Ly/Lair. The fiber distribution of each rectangle on 
the specimen is determined by the relative magnetic permeability of the 
point within the rectangle. Rectangles A 1 to 9 on the casting surface 
have the same X and Y coordinates as the rectangles B 1 to 9 on the 
sheathed surface and vice versa. 

4. Analysis of stress – strain response 

4.1. Methods of determination of elastic limit 

4.1.1. Deformation modulus-drop 
The modulus-drop method is graphically shown in Fig. 9. Point A0 

represents the point where a significant decrease of the deformation 
modulus is noticeable. Points 2, 3, A0 and A10% on the stress-strain curve 
correspond to points 2′, 3’, A′

0 and A′

10% on the deformation modulus 
curve. Based on [22,53], the methodology is elaborated as follows:  

I. The deformation modulus Ei is determined as the slope of the line 
comprising one fixed point, point 1, and the current point i on the 
stress-strain curve. In order to avoid local variations due to noise 
of measurement equipment, the moving average of the defor-
mation modulus Eim over the last 10 points (points i-9 to point i) is 
introduced. To mitigate nonlinear effects at the test beginning 
(which is mainly due to the test setup), point 1 should be as low as 

possible but following the trend line of the initial part of stress- 
strain curve. The default point is set at 0.5 MPa. All the defor-
mation modulus curves plotted in subsequent figures in the pre-
sent paper refer to moving average (10 last points) deformation 
modulus Eim.  

II. Eim at the stress level of 2 MPa, i.e., at point 2′ is taken as the 
reference modulus. To obtain representative values of the elastic 
limit, for curves of Eim with large variation around point 2′, the 
average value of all Eim between points 2′ and 3′ could be taken as 
the reference modulus. Point 3′ corresponds to a stress level 
where the value of Eim does not decrease notably and is before 
point A′

0, e.g. the point at the deformation modulus curve cor-
responding to the stress level of 3 MPa.  

III. On the deformation modulus (moving average) - strain curve, the 
point with a deformation modulus Eim of 90% of the reference 
modulus (10% decrease) is marked as point A′

10%. Accordingly, 
point A10% on the stress-strain curve is defined as the elastic limit, 
which yields fUte,10%. 

Prerequisites for a proper determination of the elastic limit are: 
appropriate test setup and calibration of measurement devices; spec-
imen eccentricity which needs to be checked with displacement trans-
ducer measurements; experimental data appropriately collected for 
applying this method (sampling frequency larger than 5 Hz). 

Fig. 8. Magnetic measurement: a) measurement on the Ly of rectangle Ai; b) measurement points (unit: mm).  

Fig. 9. Graphical representation of modulus-drop method.  
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4.1.2. Strain-offset 
Two strain-offset methods [8,16] are graphically shown in Fig. 10. 

The reference line, i.e. line 1, is the linear-elastic part of the stress-strain 
curve. Lines 2 and 3 are parallel to line 1 with a strain-offset of 0.1‰ and 
0.2‰, respectively. The two intersections of the stress-strain curve and 

lines 2 and 3, i.e. points A0.1‰ and A0.2‰ are defined as the elastic limits 
fUte,0.1‰ and fUte,0.2‰ respectively. According to Ref. [8], line 1 is deter-
mined by points P1 and P2, which correspond to stress levels of 30% and 
60% of the expected elastic limit fUte,expected on the stress-strain curve. 
According to Ref. [16], line 1 starts from the origin of the stress-strain 
curve and has a slope equal to the elastic modulus. 

4.2. Application to the tensile test data and discussion 

Fig. 11 shows the deformation modulus- and stress-strain curves of 
five uniaxial tensile specimens from test beginning to early hardening 
domain, while Fig. 12 shows the stress – strain curves from test begin-
ning to early softening domain. Table 5 summarizes the values of stress 
and strain at tensile strength and elastic limit determined by three 
methods. 

The strain is calculated based on the average reading of the two 
LVDTs and measurement base length, while the stress is calculated as 
measured force divided by the sectional area. The elastic limits fUte,10%, 
fUte,0.1‰ and fUte,0.2‰ are respectively determined using the modulus-drop 
method [22,53] and the two strain-offset methods [8,16] explained 
above. The tensile strength fUtu is defined as the maximum stress reached 
during the test [9]. 

In Fig. 11, point A0 represents the point where a significant decrease 

Fig. 10. Graphical representation of two strain-offset methods.  

Fig. 11. Deformation modulus- and stress-strain curves of specimens QS-1 to 5, a) to e).  
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of the deformation modulus is noticeable. Points A10%, A0.1‰ and A0.2‰ 
correspond to fUte,10%, fUte,0.1‰ and fUte,0.2‰ respectively. Point C corre-
sponds to the tensile strength fUtu. Point B is avoided throughout this 
paper. 

For specimens QS-1 to 5, the stress levels at point A0 are 6.48 MPa, 
7.31 MPa, 8.75 MPa, 4.78 MPa and 6.47 MPa, respectively. At point A0, 
each stress-strain curve shows a small oscillation and then the defor-
mation modulus starts to decrease quickly. This could indicate that 
matrix discontinuities start to form from point A0 and the according 
stress level can be taken as the matrix tensile strength σmu. This analysis 
is validated by the measurement results of DIC and AE later in this paper. 

For specimens QS-1 to 5, points A0.1‰ all lie after points A10% and 
have deformation modulus decreases of 35%, 37%, 32%, 36% and 40% 
respectively. For specimen QS-4, point A0.1‰ even lies after the tensile 
strength, i.e., point C. Lying after points A0.1‰, points A0.2‰ of specimens 
QS-1 to 5 are in the early hardening domain, and the deformation 
modulus decreases are 48%, 51%, 48%, 61% and 54% respectively. 

As shown in Table 5 and Figs. 11 and 12, specimens QS-1 to 3 and 5 
exhibit strain hardening behavior. The tensile strengths fUtu range from 
10.68 MPa to 13.74 MPa. The elastic limits fUte,10% range from 8.30 MPa 
to 10.95 MPa with εUte,10% ranging from 0.17‰ to 0.22‰. While fUte,0.1‰ 

are all higher, ranging from 9.70 MPa to 13.02 MPa, close to the tensile 
strengths. fUte,0.2‰ are higher than fUte,0.1‰, ranging from 10.20 MPa to 
13.43 MPa. The average ratio of fUte,10%, fUte,0.1‰ and fUte,0.2‰ to fUtu are 
0.84, 0.94 and 0.96 respectively. The differences between fUte,0.1‰ and 
fUtu are all less than 0.75 MPa. The differences between fUte,0.2‰ and fUtu 

are all less than 0.51 MPa. 
As shown in Table 5 and Figs. 11 d) and 12, specimen QS-4 exhibits 

no strain hardening behavior. The tensile strength is only 7.44 MPa with 
a strain of 0.19‰. Beyond tensile strength, the stress quickly drops to 
6.75 MPa. The elastic limit fUte,10% is 7.28 MPa with a strain of 0.17‰. 
Points A0.1‰ and A0.2‰ lie after point C and their stress levels are 7.05 
MPa and 6.92 MPa respectively. These could be because the fiber dis-
tribution at the weakest region of the specimen is too unfavorable, 
probably due to a defect during material mixing or specimen fabrication, 

to develop resistance and obtain strain hardening behavior after matrix 
discontinuities occurred [54]. 

Based on the discussion above, it may be concluded that the two 
strain-offset methods significantly overestimate the elastic limit of 
UHPFRC. It is noted that specimen QS-1 has premature failure slightly 
outside the LVDT measurement base length in the strain hardening 
domain, leading to unreliable LVDT measurement results after the strain 
of 0.4‰ and specimen fracture near the bottom right of the DIC mea-
surement surface. While before the maximum stress, no matrix discon-
tinuity is observed at that failure region according to DIC results later in 
this paper, and the deformation modulus- and stress-strain curves also 
develop normally. Thus, the elastic limit of specimen QS-1 is not 
considered to be affected by an abnormal failure. 

5. Discussion on local fiber distribution and elastic limit 

5.1. Determination of local fiber distribution 

Before testing, the relative magnetic permeability (μr,x and μr,y) of 36 
rectangular zones (72.5 mm × 30 mm) in the central specimen part 
(Fig. 8) are measured for specimens QS-1 to 4. Based on the measure-
ment results, the fiber volume and orientation in each zone, hereafter 
called local fiber distribution, are determined using equation (6). In the 
present research, the same set of equations from Shen and Brühwiler’s 
work [4] are adopted because a similar UHPFRC mix and the same 
magnetic probe are used [15]. 

μr,mean =
(
μr,x + μr,y

) /
2 (6a)  

Vf =
(
μr,mean − 1

) /
4.55 (6b)  

(
ρx − ρy

)
= 0.5

μr,x − μr,y

μr,mean − 1
(6c)  

μ0,y = 0.57 + 1.85
(
ρx − ρy

)
(6d)  

where μr,mean is the mean relative magnetic permeability; μr,x and μr,y are 
the relative magnetic permeability in X and Y directions; (ρx − ρy) is the 
fiber orientation indicator; μ0,y is the fiber orientation coefficient in the 
direction of principle tensile stress. 

5.2. Analysis of local fiber distribution 

As shown in Figs. 13 and 14, the local fiber distribution, i.e., fiber 
volume fraction Vf and orientation coefficient μ0,y of each zone are 
presented for specimens QS-1 to 4. As proposed in section 2, the elastic 
limit can be theoretically calculated by fUte = rUtτf Vf

lf
df

, in which the 
relation between rUt and μ0 is linear when μ0 is between 0.25 and 0.88. 
Here, parameter λ = rUtVf

lf
df 

is introduced to analyze the combining in-
fluence of local fiber distribution on the elastic limit (Fig. 15). The 
overall results are summarized in Table 6, in which ĉv is the coefficient 
of variation. 

Fig. 12. Stress-strain curves of specimens QS-1 to 5.  

Table 5 
Tensile properties of specimens QS-1 to 5.  

Test fUte,10% (MPa) fUte,0.1‰ (MPa) fUte,0.2‰ (MPa) fUtu (MPa) fUtu

fUte,10%  

εUte,10% εUte,0.1‰ εUte,0.2‰ εUtu 

QS-1 9.31 10.95 11.70 11.72 1.26 0.19‰ 0.30‰ 0.41‰ 0.40‰a 

QS-2 9.18 10.24 10.46 10.97 1.19 0.20‰ 0.31‰ 0.41‰ 0.75‰ 
QS-3 10.95 13.02 13.43 13.74 1.25 0.22‰ 0.34‰ 0.45‰ 0.65‰ 
QS-4 7.28 7.05 6.92 7.44 1.02 0.17‰ 0.23‰ 0.34‰ 0.19‰ 
QS-5 8.30 9.70 10.20 10.68 1.29 0.17‰ 0.28‰ 0.39‰ 0.87‰  

a Specimen QS-1 has premature failure beyond LVDT measurement base length, leading to inaccurate value of εUtu.  
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Specimens QS-1 to 4 are cast horizontally in the formwork from one 
end to the other. Shen and Brühwiler [4] also determined the local fiber 
distribution of five dumbbell-shaped specimens. The specimens consist 
of a same UHPFRC matrix with fiber content of 3.8 vol%, fibers length of 
13 mm and fiber diameter of 0.175 mm. The specimens are fabricated in 
a different way. The fresh UHPFRC is poured on the center of a square 
formwork (1100 mm × 1100 mm × 50 mm) to fill the whole formwork. 
After demolding, specimens are cut from the large slab element. The 
local fiber distribution and test results of specimens from the two 
research are compared below. 

As shown in Table 6, the average Vf of QS-1 to 3 are from 3.43% to 
3.53%, close to the assumed mix-design value 3.42%. However, the 
average Vf of QS-4 is 3.97%, much higher than 3.42%. The average Vf of 
the casting surface is smaller than that of the sheathed surface for QS-1 
and 2, while larger for QS-3 and 4. This could be a strong indication that 
the fresh UHPFRC has no segregation, otherwise the average Vf would 
be all larger at the sheathed surface. The ĉv of Vf of four specimens is 
8.0%, close to 10.7% of Shen and Brühwiler’s slab [4]. 

The average μ0,y of specimens QS-1 to 4 is 0.67, larger than 0.58, the 

average μ0,y of Shen and Brühwiler’s five specimens cut from a slab [4]. 
This is because the casting method used in this study contributes to a 
more favorable fiber orientation [15,55]. 

For specimens QS-1 to 4, the average μ0,y are 0.64, 0.64, 0.76 and 
0.63 and their ĉv are 17.7%, 15.1%, 10.9% and 22.1% respectively. For 
each specimen, ĉv of the casting surface is always higher than that of the 
sheathed surface, which is also found in Shen and Brühwiler’s results 
[4]. This can be explained by the wall effect [15]. Consequently, the 
lowest values of μ0,y, i. e, the weakest local fiber orientation are all found 
at the casting side, which are respectively 0.35, 0.44, 0.59 and 0.19 for 
QS-1 to 4. For μ0,y of specimen QS-4, the second lowest value is 0.44 and 
the minimum value of 0.19 is an outlier, probably due to a defect during 
material mixing or specimen fabrication. 

λ = rUtVf
lf
df 

shows similar distribution to μ0,y. The average λ of four 
specimens is 1.36. For specimens QS-1 to 4, the average λ are 1.28, 1.28, 
1.46 and 1.42 and their ĉv are 15.8%, 13.9%, 8.8% and 21.6% respec-
tively. For each specimen, ĉv of the casting surface is always higher than 
that of the sheathed surface. As a result, the lowest values of λ are all 

Fig. 13. Local fiber volume fraction Vf : a) casting surface; b) sheathed surface (unit: %).  

Fig. 14. Local fiber orientation coefficient μ0,y: a) casting surface; b) sheathed surface.  

Fig. 15. Local fiber distribution parameter rUtVf
lf
df

: a) casting surface; b) sheathed surface.  

Table 6 
Summary of the fiber distribution (average and coefficient of variation).  

Items QS-1 QS-2 QS-3 QS-4 Total 

casting sheathed average casting sheathed average casting sheathed average casting sheathed average 

Vf (%) 3.50 3.55 3.52 3.51 3.56 3.53 3.50 3.36 3.43 4.14 3.81 3.97 3.62 
ĉv 4.6% 5.9% 5.3% 5.1% 3.9% 4.5% 3.2% 3.7% 4.0% 6.9% 5.0% 7.3% 8.0% 
μ0,y 0.60 0.68 0.64 0.61 0.67 0.64 0.71 0.82 0.76 0.64 0.62 0.63 0.67 
ĉv 18.1% 16.0% 17.7% 18.2% 10.2% 15.1% 9.9% 7.4% 10.9% 27.3% 15.5% 22.1% 18.3% 
λ 1.21 1.35 1.28 1.22 1.35 1.28 1.40 1.51 1.46 1.50 1.34 1.42 1.36 
ĉv 17.0% 13.1% 15.8% 16.2% 9.7% 13.9% 10.9% 4.3% 8.8% 25.4% 13.6% 21.6% 16.7%  
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found at the casting side, which are respectively 0.68, 0.91, 1.18 and 
0.64 for specimens QS-1 to 4. 

In the proposed linear relation model in section 2.2.2, rUt is taken as 
0.20 when μ0,y is less than 0.25. When μ0,y is lower than 0.25, the stress 
concentration at local defects becomes prominent [14,41] and the linear 
relation is no longer applicable. Among the four specimens, only QS-4 
has one zone with μ0,y lower than 0.25, which is 0.19 and leads to the 
lowest λ of 0.64. Thus, the elastic limit of specimen QS-4 could be much 
lower than QS-1, although the lowest λ of specimens QS-1 is 0.68. 

5.3. Influence of local fiber distribution on elastic limit 

As determined before, the stress levels of point A0 are taken as matrix 
tensile strength σmu and are equal to 6.48 MPa, 7.31 MPa, 8.75 MPa and 
4.78 MPa respectively for specimens QS-1 to 4. While the elastic limit 
stresses fUte,10% are 9.31 MPa, 9.18 MPa, 10.95 MPa and 7.29 MPa 
respectively. 

For specimen QS-3, σmu and fUte,10% are 8.75 MPa and 10.95 MPa, 
highest among the four specimens. Accordingly, it has highest average 
values of μ0,y and λ, i.e., 0.76 and 1.46. Besides, QS-3 also has lowest ĉv 

of μ0,y and λ, i.e., 10.9% and 8.8%. 
σmu and fUte,10% of specimens QS-1 and 2 are lower than those of QS-3, 

while close to each other. Their σmu are 6.48 MPa and 7.31 MPa, while 
the fUte,10% are 9.31 MPa and 9.18 MPa. Accordingly, the two specimens 
have the same average μ0,y of 0.64 and same average λ of 1.28 respec-
tively, all lower than those of QS-3. For QS-1 and 2, the ĉv of μ0,y are 
17.7% and 15.1%, while the ĉv of λ are 15.8% and 13.9%. Rectangle A8 
on the casting surface of QS-1 has the lowest values of μ0,y and λ in this 
specimen, i.e., 0.35 and 0.68, which explains the reason that specimen 
QS-1 fails near this rectangle, slightly outside the LVDT measurement 
base length. 

The average μ0,y of specimen QS-4 is 0.63, close to 0.64 of specimens 
QS-1 and 2. The average λ of specimen QS-4 is 1.42, higher than 1.28 of 
specimens QS-1 and 2, and lower than 1.46 of specimen QS-3. While σmu 
and fUte,10% of specimen QS-4 are only 4.78 MPa and 7.29 MPa, much 
smaller than those of the other three specimens. This is because of the 
outlier, rectangle B5 on the casting surface of specimen QS-4, whose μ0,y 

and λ are only 0.19 and 0.64. For the three other specimens, the lowest 
μ0,y and λ are 0.35 and 0.68. Besides, specimen QS-4 also has the highest 
ĉv of μ0,y and λ among four specimens, i.e., 22.1% and 21.6%. 

5.4. Elastic limits from tests results and model 

Table 7 provides the test results from the present study and [4], 
which use the same matrix and similar fibers. fUtu, fUte,10% and μ0 are 
directly determined from test results. Vf

lf
df

, μ1 and τf are determined 
following the same procedures introduced in section 2.2. The coefficient 
rUt is determined based on the proposed relation model between μ0 and 
rUt . Then, the theoretical elastic limit fUte,cal = rUtτf Vf

lf
df 

is obtained. 

Furthermore, Fig. 16 shows the results of fiber orientation and elastic 
limit obtained from calculation and tests. 

As shown in Table 7 and Fig. 16, all the estimated elastic limits fUte,cal 
are close to while lower than the test results fUte,10%. The difference 
between fUte,cal and fUte,10% is 1.88 MPa for specimen QS-4, which has a 
rectangle with extremely low μ0 of 0.19. For the other 8 specimens, the 
differences are between 0.70 MPa and 1.52 MPa. And their elastic limits 
from calculation and tests both clearly show linear relation with the 
average μ0. 

The specimen QS-4 is an exception. Although the average μ0,y of 
specimen QS-4 is 0.63, close to 0.64 of specimens QS-1 and 2, its elastic 
limit is much lower than those of other two specimens. This shows that 
the extremely poor fiber orientation at a local zone leads to a sharp 
decrease for the elastic limit since in a uniaxial tensile test, the prop-
erties of the weakest zone always determines the specimen response. 
Nevertheless, the conclusion is still obtained that the elastic limit can be 
appropriately estimated using the proposed relation model and the 
average fiber orientation results. The test results of specimens QS-6 to 14 
in appendix A further validate this conclusion. 

6. Discussion on DIC and AE results 

6.1. Measurement results 

Fig. 17 a) to 20 a) and Fig. 21 present the tensile response of speci-
mens QS-1 to 5 as characterized by LVDT and DIC, showing close results 
of stress-deformation curves. The polished surface of specimen QS-2 and 
the sheathed surface of the other 4 specimens are used for the DIC sur-
face. DIC images showing the strain contour are presented for key points 
on the stress-strain curve obtained from LVDT measurement. Points A0, 
A10%, A0.1‰, A0.2‰ and C are the same as defined in section 4.2. Point D is 
a point in the softening domain where the fictitious crack is well 

Table 7 
Elastic limit obtained from tests and calculation.  

Reference Specimen 
Vf

lf
df  

μ0,y μ1 τf (MPa) rUt =
fUte,10%

f∗Ut  

fUtu (MPa) fUte,10% (MPa) fUte,cal (MPa) 

Shen and Brühwiler [4] T1-1 2.82 0.68 0.98 6.83 0.47 12.85 9.96 9.09 
T1-2 2.82 0.62 0.95 6.94 0.43 11.55 9.87 8.50 
T1-3 2.82 0.53 0.92 7.01 0.38 9.62 8.20 7.46 
T1-4 2.82 0.53 0.92 7.14 0.38 9.80 8.62 7.60 
T1-5 2.82 0.52 0.91 7.07 0.37 9.49 8.10 7.40 

Present study QS-1 2.76 0.64 0.96 6.91 0.45 11.72 9.31 8.51 
QS-2 2.76 0.64 0.96 6.46 0.45 10.97 9.18 7.97 
QS-3 2.76 0.76 1.00 6.54 0.52 13.74 10.95 9.43 
QS-4 2.76 0.63 0.96 4.45 0.44 7.44 7.29 5.41  

Fig. 16. Fiber orientation and elastic limit from model and test results.  
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developed. And it corresponds to a local discontinuity on the DIC strain 
contour, i.e., a zone where the strain contour is no more available. 

When materials are subjected to stress and fail on a microscopic 
scale, energy is released to generate transient elastic stress waves. The 
AE technique collects and processes these stress waves [56,57]. By 
means of numbers of instant and cumulative AE events, the formation 
and propagation of matrix discontinuities and the fictitious crack, fiber 
pull-out and fracture inside the UHPFRC tensile specimen can be 
quantified in real time [17,53,58,59]. 

In Fig. 17 b) to 20 b), instant and cumulative AE event numbers are 
plotted in real time for specimens QS-1 to 4. Besides, AE event numbers 
at the elastic limits determined by the three methods, i.e., points A10%, 
A0.1‰ and A0.2‰, are given in Table 8. 

6.2. Matrix tensile strength 

As analyzed in section 4.2, point A0 is the turning point where a 

significant decrease of the deformation modulus is noticeable because 
matrix discontinuities start to form. The stress at point A0 is thus taken 
as the matrix tensile strength. As discussed in section 5.3, the lowest 
values of fiber orientation μ0,y and parameter λ = rUtVf

lf
df 

are all on the 
casting surface for each specimen. Thus, the matrix discontinuity would 
appear first on the casting surface at point A0. 

For specimens QS-1 to 4, only the casting surface of specimen QS-2 is 
monitored and analyzed by the DIC technique. Accordingly, at point A0 
few short matrix discontinuities are found only on the DIC strain contour 
of specimen QS-2 (Fig. 18 a)). Nevertheless, as shown in Fig. 17 b) to 20 
b), a small peak of instant AE events around point A0 has been detected 
for all specimens, which indicates that matrix discontinuities develop 
from point A0 for all specimens, although some are not found on the DIC 
strain contour. Thus, it is appropriate to define the stress level of point 
A0 as the matrix tensile strength of UHPFRC. 

6.3. Elastic limit 

As shown in Figs. 17 b)–20 b), for specimens QS-1 to 4, the instant AE 
events slightly increase until point A10% and then start to increase 
quickly with more than 500 events until the stress levels of about 9.73 
MPa, 8.07 MPa, 7.66 MPa and 5.89 MPa in the softening domain 
respectively. 

For specimens QS-1 to 3 with hardening behavior, the cumulative AE 
events are 18781, 21759 and 33396 at points A10%. These AE events 
increase by more than one time to 51328, 47995 and 87662 at points 
A0.1‰, and by about two times to 91699, 63489 and 120439 at points 
A0.2‰. For specimen QS-4 with softening behavior, the cumulative AE 
events also largely increase from points A10% to A0.1‰ and A0.2‰, i.e., 
from 23853 to 28972 and 37947. 

As shown in Figs. 17 a)–19 a), accordingly found in the DIC strain 
contour of specimens QS-1 to 3, there are only several short matrix 
discontinuities at points A10%. At points A0.1‰ and A0.2‰, matrix 

Fig. 17. Experimental characterization of QS-1: a) DIC analysis of sheathed 
surface; b) AE analysis. 

Table 8 
AE event numbers at points A10%, A0.1‰ and A0.2‰.  

Specimen Point Stress (MPa) Instant event (− ) Cumulative event (− ) 

QS-1 A10% 9.31 573 18781 
A0.1‰ 10.95 983 51328 
A0.2‰ 11.70 1045 91699 

QS-2 A10% 9.18 480 21759 
A0.1‰ 10.25 996 47995 
A0.2‰ 10.45 1030 63489 

QS-3 A10% 10.95 475 33396 
A0.1‰ 13.02 1249 87662 
A0.2‰ 13.43 1349 120439 

QS-4 A10% 7.28 357 23853 
A0.1‰ 7.05 733 28972 
A0.2‰ 6.92 1182 37947  

Fig. 18. Experimental characterization of QS-2: a) DIC analysis of casting 
surface; b) AE analysis. 
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discontinuities significantly develop in number and length, in which at 
least two matrix discontinuities are longer than half of the specimen 
width, showing that the specimens are no longer elastic. 

As shown in Fig. 20 a), on the stress-deformation curve, points A0.1‰ 
and A0.2‰ of specimens QS-4 both lie beyond the maximum tensile 
strength. For the DIC strain contour, there are two matrix discontinuities 
at point A10%, in which the top one percolates the specimen width and 
the bottom one is short. At point A0.1‰, no new matrix discontinuity 
appears and the existing two discontinuities are not found to propagate. 
At point A0.2‰, the bottom discontinuity develops into the fictitious 
crack and finally leads to specimen failure. 

As discussed in section 4.2, the two strain-offset methods signifi-
cantly overestimate the elastic limit of UHPFRC and the average ratios of 
fUte,0.1‰ and fUte,0.2‰ to fUtu are 0.94 and 0.96 respectively. Here, the DIC 
and AE results further validate this conclusion. 

Besides, as obtained from the LVDT, DIC and AE results, the 
modulus-drop method always provides coherent results, which appro-
priately distinguish the elastic behavior from the hardening or softening 
behavior of UHPFRC. This indicates that the modulus-drop method 
yields the most representative value of the elastic limit among the three 
investigated methods. 

Therefore, the elastic limit of UHPFRC may be defined as follows. 
The elastic limit distinguishes between the elastic behavior and the 
hardening or softening behavior of UHPFRC. Prior to the elastic limit, 
the UHPFRC tensile specimen is elastic including some minor local 
formation of matrix discontinuities. Beyond the elastic limit, matrix 
discontinuities develop quickly in number and length leading to a sig-
nificant loss of specimen stiffness, while the stress is still increasing, i.e., 
characteristic for tensile strain hardening behavior. 

7. Conclusions 

Based on the refined characterization of five uniaxial tensile tests 
using four non-destructive testing methods, this paper discusses the 

influence of fiber orientation on the elastic limit and compares three 
methods to determine the elastic limit tensile stress of UHPFRC. The 
following conclusions are reached.  

(1) The elastic limit of UHPFRC is governed by contributions of the 
matrix and the fibrous skeleton. Analysis of experimental data 
from three different literature sources shows that the fiber 
orientation has a significant influence on the matrix tensile 
strength.  

(2) An original model to determine the elastic limit as a function of 
fiber orientation is proposed and validated based on own exper-
imental data and literature. Based on the measured local fiber 
distribution, this elastic limit model explains well the variation of 
matrix tensile strength and elastic limit of the tested specimens. 

Fig. 19. Experimental characterization of QS-3: a) DIC analysis of sheathed 
surface; b) AE analysis. 

Fig. 20. Experimental characterization of QS-4: a) DIC analysis of sheathed 
surface; b) AE analysis. 

Fig. 21. Experimental characterization of QS-5: DIC analysis of sheathed sur-
face, AE technique not used. 
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(3) This paper suggests the deformation modulus-drop method with 
supplementary information as a means to determine the elastic 
limit of UHPFRC. The detailed characterization shows that strain- 
offset methods overestimate the elastic limit, while the modulus- 
drop method always yields coherent results, allowing to distin-
guish between the elastic behavior and the hardening or soft-
ening behavior of UHPFRC.  

(4) Using the modulus-drop method, the elastic limit is objectively 
and reliably determined based on rational analysis of experi-
mental results in terms of stress and strain. The corresponding 
physical phenomena may be taken to define the elastic limit 
tensile stress of UHPFRC. 
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Appendix A 

Using the same UHPFRC material, fabrication and test methods as specimens QS-1 to 5, nine specimens (QS-6 to 14) are further tested. Specimens 
QS-7 and QS-9 are loaded until the strain of 1.2‰ and 0.7‰, while the rest of specimens are loaded until the strain of 1.5‰. After reaching the target 
strain, every specimen is unloaded for further use. 

Regarding specimens QS-6 to 14, the local fiber volume Vf , local fiber orientation μ0,y and local fiber distribution parameter rUtVf
lf
df 

are shown in 
Figs. 22–24, respectively. The stress-strain curves are shown in Figs. 25 and 26. The fiber orientation and elastic limit from model and test results are 
shown in Fig. 27 and Table 9. These results further validate that the elastic limit of UHPFRC can be appropriately estimated using the proposed relation 
model.

Fig. 22. Local fiber volume Vf for specimens QS-6 to 14: a) casting surface; b) sheathed surface (unit: %).  

Fig. 23. Local fiber orientation μ0,y for specimens QS-6 to 14: a) casting surface; b) sheathed surface. .   
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Fig. 24. Local fiber distribution parameter rUtVf
lf
df 

for specimens QS-6 to 14: a) casting surface; b) sheathed surface. .  

Fig. 25. Stress-strain curves of specimens QS-6 to 10. .  

Fig. 26. Stress-strain curves of specimens QS-11 to 14. .   
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Fig. 27. Fiber orientation and elastic limit from model and test results for specimens QS-6 to 14. .   

Table 9 
Tensile properties of specimens QS-6 to 14  

Specimen 
Vf

lf
df  

μ0,y μ1 τf (MPa) rUt fmax (MPa) fUte,10% (MPa) fUte,cal (MPa) εUte,10% (‰) εmax (‰) 

QS-6 2.89 0.58 0.93 7.0** 0.41 10.88 9.49 8.27 0.20 1.5 
QS-7 2.93 0.66 0.97 0.46 11.84 10.59 9.39 0.23 1.5 
QS-8 3.07 0.71 0.99 0.49 13.90 11.66 10.54 0.25 1.5 
QS-9 2.99 0.69 0.98 0.48 11.48 10.00 10.00 0.20 0.70 
QS-10 2.99 0.62 0.95 0.43 11.51 9.66 9.08 0.21 1.5 
QS-11 3.00 0.62 0.95 0.43 10.39 9.05 9.10 0.20 1.5 
QS-12 2.90 0.62 0.95 0.43 11.15* 10.33 8.80 0.21 1.23* 
QS-13 3.04 0.73 1.00 0.50 12.95 10.83 10.69 0.24 1.5 
QS-14 2.90 0.61 0.95 0.43 11.09 8.92 8.73 0.19 1.5 

fmax and εmax refers to the maximum tensile stress reached during the loading and the corresponding strain. *: The tensile strength is reached during loading. **: 
Specimens T1 to 5 [4] and QS-1 to 5 respectively use the similar and same UHPFRC materials as specimens QS-6 to 14. Because the tensile strength is not obtained to 
calculate τf for specimens QS-6 to 14 (except QS-12), the average τf of 7 MPa is taken based on τf of specimens T1 to 5 [4] and QS-1 to 5 shown in Table 7. 
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Béton Fibré Ultra-Performant – concevoir, dimensionner, construire, Haute école 
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[53] M.A. Hafiz, E. Denarié, Tensile response of UHPFRC under very low strain rates 
and low temperatures, Cement Concr. Res. 133 (2020), 106067, https://doi.org/ 
10.1016/j.cemconres.2020.106067. 
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