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Symbols 

Latin upper case 
Ac  Area of concrete 

Asc1  Area of the top longitudinal rebars in a reinforced concrete element 

Asc2  Area of the bottom longitudinal rebars in a reinforced concrete element 

AsU  Area of the steel rebars in the UHPFRC layer 

Dmax   Final diameter of the UHPFRC cake during slum-flow test 

EUm,t  Average modulus of elasticity of UHPFRC at age t 
EUtm  Average modulus of elasticity of UHPFRC submitted to tension 

F  Force 

Fmax  Maximum force measured during bending test 

L  Span for bending test 

MORplate Modulus of rupture of a 5×20×50 cm plate 

MORprism Modulus of rupture of a 4×4×16 cm prism 
 

Latin lower case 
b  Width of the bending test plate 

c Constant value for the spline equation used in the fabrication of the tensile 
specimens 

fUcm,t  Average UHPFRC compressive strength, referring to concrete cylinder 
compressive strength, at age t 

fUcm,cube Average UHPFRC compressive strength, measured on a cube 

fUte  Tensile elastic strength of UHPFRC 

fUtu  Tensile strength of UHPFRC 

h  Height of the bending test plate 

hU  Height of UHPFRC layer 

hc  Height of reinforced concrete section 

Δl  Change in distance between two points measured by a sensor 

lmes   Measurement base length 
s  Coefficient which depends on the strength class of cement 

t  Time in days 

t500  Time needed for the material to create a Ø500 mm circle during slump-flow 
test 

wUt  Crack opening in UHPFRC 
x  Longitudinal axis of tensile specimen 



x 

y  Transversal axis of tensile specimen 

 

Greek lower case 
εUel  Strain of UHPFRC at elastic tensile strength of UHPFRC 

εUt  Strain of UHPFRC under tensile stress 

εUtu  Strain of UHPFRC at maximum tensile strength of UHPFRC 

σUt  Tensile stress in UHPFRC 

 
Others 

Δ  Measured deflection during bending test 

Δpeak  Deflection at peak force during bending test 

Ø  Nominal diameter of rebar 

//  Parallel to the casting direction 

┴  Perpendicular to the casting direction 
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1. Introduction 

1.1 Motivation and context 
To increase the load carrying capacity of reinforced concrete (RC) slabs it is proposed to 
reinforce them with an Ultra High Performance Fiber Reinforced Concrete (UHPFRC) layer, 25 
to 75 mm in thickness, with or without small diameter steel reinforcement bars, thus creating a 
composite section (Fig. 1.1). 
 

 
Figure 1.1 Typical composite section [1] 

 

The behavior of composite slabs was investigated with an experimental campaign on large 
composite slabs submitted to punching shear [2]. In order to analyze these structural test results, 
it was necessary to identify the behavior of the materials that were used. Thus, a full 
characterization of the material properties of the UHPFRC used to fabricate the slabs was 
undertaken. This campaign focused on the main characteristics that define the material but, 
overall, on its tensile behavior and its variability in a layer placed on a large area such as a slab. 
For the composite slab, the UHPFRC layer is a two-dimensional tensile reinforcement and it 
works in all the directions of the plan. 

1.2 Objectives 
The main objective of this characterization was thus to identify the important properties of the 
UHPFRC in order to better understand its contribution to the punching resistance of composite 
slabs. The planned tests allowed defining the following parameters of the material: 

− properties of the material at the fresh state, 
− evolution of its compressive strength, 
− modulus of elasticity, 
− hardening and softening behavior in bending, 
− hardening and softening behavior in tension, 

For the bending and tensile tests, the objective was also to identify the range of possible 
behaviors and their relation with the geometry and fabrication method of the specimens. The 
studied UHPFRC was then classified in one of the categories of SIA recommendations for 
UHPFRC [3] and given in Table 1.1. The results were also used to select the correct tensile 
behavior for the case of a layer placed on slab. 
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Table 1.1 UHPFRC types according to the SIA recommendations [3] 

UHPFRC type U0 UA UB 

fUtem [MPa] ≥7.0 ≥7.0 ≥10.0 

fUtum/fUtem ≥1.0 ≥1.1 ≥1.2 

εUtum [‰] fUtem/EUtm ≥1.5 ≥2.0 

 

1.3 Test program 
The chosen UHPFRC is an industrial premix containing 3.0% by volume of 13 mm long by 0.16 
mm diameter, straight smooth steel fibers, called S3-13. Its workability in its fresh state was 
verified using fresh state tests (i.e. the slump-flow test after SN EN 12350-8, [4]). Seven types of 
specimens were fabricated in order to characterize the mechanical behavior of the UHPFRC S3-
13 (Table 1.2). 

Table 1.2 Summary of test program 

Test Dimensions 
[mm] 

Thickness 
[mm] 

Number of 
specimens Fabrication 

Age at 
testing 
[days] 

Compression 
on cylinders 140×70 

-- 

 Cast 7 to 476 

Bending on 
prism 160×40×40  Cast 28 

Compression 
on cubes 40×40×40  Cut from the prism 28 

Bending 
on 

plates  

I 
500×200 

50 9 Cast rectangular plate 28 and 82 

II 30 5 Cast rectangular plate 28 

III 500×100 50 10 5 plates cut out from a 580×580×50 
mm square plate 28 

Tension 
on dog-
bones 

IV 850×100 50 16 4 dog-bones cut out from a 
1000×1000×50 mm square plate 93-107 

V 490×50 25 14 2 dog-bones cut out from a 
500×200×30 mm rectangular plate >475 

 

Cylinders were fabricated to obtain the modulus of elasticity and the compressive strength of the 
material and its evolution with time. Small prisms were also cast to obtain the modulus of rupture 
(MOR) from a bending test and the compressive strength on cubes cut out from the prisms. These 
are all standardized tests (SN EN 12390, [5]). 

A large campaign was then carried out to study the behavior of this UHPFRC under bending and 
direct tension. The bending tests were carried out on rectangular specimens while the tensile test 
specimens were dog-bones. Two different thicknesses of specimens were used: 30 and 50 mm. 
The specimens were either cast individually in molds or cut out from square or rectangular plates.  

Square plates were used to fabricate the bending test specimens of series III and the tensile test 
specimens of series IV. These square plates were cast in pairs using a similar procedure to that 
used for the fabrication of the overlay on the composite slab, placing the material from one side 
to the other using an overhead bucket. For a pair of plates, 4 or 5 specimens are cut out in parallel 
to the casting direction in one case and perpendicularly in the other case. This way, it is possible 
to study the effect of the casting procedure on the tensile properties and the variability of the 
behavior.  
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For test series I, II and V, rectangular plates were used. In this case, the material is placed along 
the long side of the plate. These specimens were then either used directly for the bending tests 
(series I and II) or 2 tensile dog-bone specimens were cut out of them for tensile tests (series V). 
In both cases, only the properties in the longitudinal direction, is the casting direction, were 
tested. 
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2. Fabrication and fresh state 

The UHPFRC layers of the composite slabs were cast on two days, January 16 and 18, 2013 in a 
prefabrication plant. On both days, a series of specimens was also fabricated. The UHPFRC S3-
13 was mixed in batches of 250 and 190 liters. To complete the full characterizations of the 
material, more specimens were fabricated in October 2013 in smaller batches of 30 and 35 liters.  

To verify the workability and the qualities of the material in fresh state, the following tests were 
carried out on each day of casting: 

− Slump-flow (SN EN 12350-8, [4]), 
− Air content (SN EN 12350-7, [4]), 
− Specific weight (SN EN 12350-6, [4]). 

All results are given in Table 2.1. The slump-flow was realised with a standard cone for slump 
tests. For this self-compacting material, two parameters were measured:  

− the time needed for the material to create a Ø500 mm circle (t500), 
− the final diameter of the flown UHPFRC material (Dmax). 

 

Table 2.1 Properties of fresh UHPFRC S3-13 

Date 16.01.2013 18.01.2013 

Slump-flow t500 [s] 30 11 
Dmax  [mm] 750 725 

Air content [%] - 4.2 
Spec. weight [kg/m3] - 2409 

 

To place the UHPFRC in the molds (Fig. 2.1), conventional tools were used. In the case of the 
40×40×160 mm prisms and the 500×200 mm plates, the material was placed in a way that would 
give a preferential orientation to the fibers in the longitudinal direction. In the case of the 
1000×1000 mm and 580×580 square plates, the method used to place the layer of UHPFRC on 
the slabs was repeated, meaning that the UHPFRC was placed at one side of the mold using an 
overhead bucket and then pulled in place to fill the mold. The main direction of casting was 
always noted on the mold and then on the specimen before demolding. 

Once demolded, the specimens were covered in plastic sheets and kept inside. They were 
demolded one week or later after casting and then kept inside the EPFL laboratory, wrapped in 
plastic, until testing.  
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(a) 

 
 
(b) 

 
Figure 2.1 Specimen fabrication: (a) molds; (b) placing fresh UHPFRC 
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3. Modulus of elasticity, compressive strength and modulus of rupture 

The compressive strength on cylinders and cubes, the modulus of elasticity and the modulus of 
rupture on prism (MORprism) were determined at Laboratory of Construction Materials (LMC) in 
EPFL with standardized procedures (SN EN 12390, [5]). All those tests were carried out at 28 
days and the results are given in Table 3.1. For every measured property, three specimens were 
tested. Table 3.1 gives the average value of the three results. 
 

Table 3.1 Properties at 28 days 

 EUm,,28 
[GPa] 

fUcm,28 
[MPa] 

fUcm,cube 
[MPa] 

MORprism 
[MPa] 

Avg. 44.5 151 198 52.2 
Std. dev. 0.9 3 9 3.9 

 

The evolution of the compressive properties was also studied with tests on 70×140 mm cylinders 
at various ages. The results were compared to the relations proposed for the evolution of the 
compressive strength in the SIA recommendations [3] for UHPFRC and in the fib-Model Code 
2010 for concrete [6]. The fib equation is as follow: 

𝑓𝑈𝑈𝑈,𝑡 = 𝑓𝑈𝑈𝑈,28 ∙ exp �𝑠 ∙ �1 −�28
𝑡
�� (3.1) 

According to the fib-ModelCode2010, s is a coefficient which depends on the strength class of 
cement. In this case, cement of type CEM III/B was used and the proposed value for s is 0.25. As 
it can be seen in Figure 3.1, both models describe correctly the strength evolution of UHPFRC 
S3-13.  

 

Age of 
testing 
[days] 

fUcm,t 
[MPa] 

7 101.1 
14 140.8 
28 150.6 
53 161.7 
77 171.9 

206 177.1 
476 189.1 

 

Figure 3.1 Evolution of compressive strength 
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4. Bending behavior 

4.1 Objectives 
The main goal of the bending test is to study the hardening and softening behavior of the material 
in bending depending on the geometry and fabrication method of the specimen. The tests were 
performed on a four point test setup and the result is the full force-deflection curve. With this 
result, an inverse analysis using a finite element model was performed in order to obtain the 
behavior in tension.  

4.2 Specimens 
Three types of specimen were tested in bending (series I, II and III), with varying thickness (50 or 
30 mm) and fabrication method (cast or cut, see Table 1.2). In all cases, before the testing, the 
unsheathed face of the specimen had to be surfaced to obtain a plane surface without defects. The 
specimens were also weighed and the dimensions were measured. 

In the case of series III, the specimens were cut out from 580×580 mm square plates as illustrated 
in Figure 4.2. Two plates were cast. The specimens were cut-out in parallel to the casting 
direction in one case (plate A, Figure 4.2a, //) and perpendicularly in the other case (plates B, 
Figure 4.2b, ┴). The numbering of the specimens for each plate (1 to 5) was made according to 
its position in the plate and it is also shown in Figure 4.2.  
 

 
Figure 4.1 Arrangement of the specimens in the plate for series III 

 

4.3 Test setup and instrumentation 
The bending tests for all specimens were performed on a universal servo-hydraulic testing 
machine with a capacity of 200 kN. The total span of the four-point bending test set up was 420 
mm (Fig. 4.2) and the supports allowed free displacement of the specimen along its longitudinal 
axis. The specimens were placed with their unsheathed side facing down where it was under 
tensile stress. The test was displacement controlled at a rate of 0.3 mm/minute. Two transducers 
placed on a measuring frame on each side of the specimen measured the deflection in the center 
of the span. The measurements were taken at a frequency of 5 Hz during the test. 
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Figure 4.2 Four-point bending test setup 

 

4.4 Results 
The main results are given in Table 4.1, Figure 4.4 and 4.5. As expected for UHPFRC, the 
various curves show that S3-13 has a pronounced hardening and softening behavior in bending. 
 

Table 4.1 Bending test results 

Test 
series 

Age of 
testing 
[days] 

Number of 
specimens 

Dimensions 
[mm] 

Fmax 
[kN]] 

Δpeak 
[mm] 

MORplate 
[MPa] 

fUtu,bend 
[MPa] 

Avg. Std. 
dev. Avg. Std. 

dev. Avg. Std. 
dev. Avg. Std. 

dev. 

I 28 5 500×200×50 33.6 2.1 3.9 0.8 30.5 2.9 11.3 1.1 
82 4 40.1 6.4 4.3 0.5 36.7 5.1 13.6 1.9 

II 28 5 500×200×30 13.7 1.4 6.5 1.5 32.0 3.3 11.9 1.2 
IIIA 28 5 500×100×50 13.9 5.5 2.2 1.3 23.3 9.2 8.6 3.4 
IIIB 28 5 12.2 5.7 2.3 0.6 20.4 9.5 7.5 3.5 

 

The modulus of rupture (MOR) given in Table 4.1 is calculated assuming an elastic triangular 
distribution of the stresses at peak force, as illustrated in Figure 4.3a.  

𝑀𝑀𝑀𝑝𝑝𝑝𝑡𝑝 =
𝐹 ∙ 𝐿
𝑏 ∙ ℎ2

 (4.1) 

The MOR value has been widely used for the description of bending tests on fiber reinforced 
concretes. However, it does not give an objective characterization of the tensile strength of the 
material. To predict in a more realistic way the tensile strength of the material, it is proposed to 
use a rectangular distribution of stresses with the neutral axis located at 0.9h from the bottom 
fiber of the specimen (as shown in Fig. 4.3b) leading to:  

𝑓𝑈𝑡𝑈,𝑏𝑝𝑏𝑏 =
𝐹 ∙ 𝐿

2.7 ∙ 𝑏 ∙ ℎ2
 (4.2) 

This value is also given in Table 4.1. 
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Figure 4.3 Assumed stress distributions along the specimen height 

 

In the case of series I, 5 specimens were tested at 28 days and 4 at 84 days (Figure 4.4). The 
maximum force was higher for the specimens tested at an older age. This corresponds to the 
evolution in strength with age also measured for the compressive strength. However, it should be 
noted that the standard deviation is also larger for the older specimens. 
 

 
Figure 4.4 Bending test results for series I (a) 28 days; (b) 82 days 

 

All results obtain at 28 days are given in Figure 4.5. Series I and II were both cast in molds and 
differ only by the thickness of the specimens (50 or 30 mm). In both cases, the results are 
consistent with a small standard deviation. The calculated values of fUtu for these series are of 
11.3 MPa and 11.9 MPa respectively. These values are very close showing that for cast in form 
specimen, it is possible to get results with a low scatter.  

For series III, the average maximum force is slightly higher for plate A (//) than for plate B (┴). 
This was expected since it was assumed that the specimens cut in plate A had a better fiber 
orientation, more likely to be parallel to the direction of principal stresses during the bending 
tests. However, for both plates, the variability of the results is very high and, as seen in 
Figure 4.5, the range of values (between max and min) obtained for both plates is similar. Thus, 
the variability of fiber orientation in a plate is much higher than in an individually cast specimen. 
It can be assumed, that with the chosen procedure used to cast these plates there is no preferential 
orientation in them. 
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Figure 4.5 Bending results at 28 days with varying specimen geometry and preparation 

 

4.5 Inverse analysis 
An inverse analysis was realised using a Non Linear Finite Element model [7] of the test on 
specimens of series I at 28 days. The FEM software used was MLS. The model was based on the 
smeared crack model with bulk energy dissipation.  

The bending results were very well reproduced by the model as shown by the dashed lines in 
Figure 4.5a. This inverse analysis gave the constitutive tensile law for a specimen that allowed a 
favourable fiber orientation when cast. Figure 4.6 gives the full tensile behavior obtained from 
this analysis while Table 4.2 gives the most important values. 
 

Table 4.2 Tensile properties of UHPFRC S3-13 from inverse analysis of bending tests 

 fUte 
[MPa] 

fUtu 
[MPa] 

εUtu 
[‰] 

Min. 7.5 10.0 5.8 
Max 9.0 13.2 6.5 
Avg. 8.3 11.6 6.2 
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Figure 4.6 Inverse analysis results for bending tests of series I at 28 days 

 

The average value obtained with this inverse analysis for fUtu (11.6 MPa) is close to what was 
estimated for series I and II using a rectangular stress distribution and a neutral axis at 0.9h. The 
tensile constitutive laws were then used to predict the bending behaviors of specimens in series II 
and III with rather good correspondence of the predicted with the experimental curve, as shown 
by the dashed lines in Figure 4.5b, c and d. However, clearly, the constitutive laws used in the 
model do not allow to capture the lower results obtained for series III. The tensile behaviors 
obtained by this inverse analysis are representative of specimens with a good placement of fibers. 
It does not capture the variability of behaviors obtained from tests on specimens cut from a 
square plate. 
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5. Tensile behavior 

5.1 Objectives 
Two series of direct tensile tests were carried out to characterize the tensile behavior of the 
material. The first series was made on specimens that were cut out from square plates to study the 
behavior of the material when placed in a large layer as for the composite slabs. The second 
series was carried out on specimens cut out from rectangular plates with a better fiber orientation 
in the longitudinal (and casting) direction. These two test series should allow identifying the 
range of tensile behavior of the chosen UHPFRC. 

5.2 Specimens 
The tensile test specimens for both series (IV and V) were shaped like dog-bones, as illustrated in 
Figure 5.1. The specimen of series IV were cut out from 1000×1000×50 mm square plates while 
the specimens of series V were cut out from 500×200×25 mm rectangular plates. The wide parts 
at the extremities of the specimen are where the clamping jaws of the testing machine were 
placed for the tensile test. The spline used to connect the wide part to the narrow part was chosen 
to ensure that the central area is submitted to a uniform tensile stress when the tensile force is 
applied. As suggested in [8], Neuber’s solution was adopted. The equation of Neuber’s spline is:  

𝑦 = 𝑐 �
𝜋
2

+ 𝑒𝑥 𝑈⁄ � (5.1) 

 

 
Figure 5.1 Dimensions of the dog-bone specimen: (a) series IV; (b) series V. 

 

Four square plates were fabricated for series IV. Out of every 1000×1000 mm square plates, four 
dog-bone shaped specimens were cut out by waterjet cutting (Fig. 5.2a-b) for a total of 16 
specimens. The specimens were either cut-out in parallel to the casting direction (plates A and C, 
Figure 5.2a, //) or perpendicularly (plates B and D, Figure 5.2b, ┴). The numbering of the 
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specimens for each plate (1 to 4) was made according to its position in the plate and is also shown 
in Figure 5.2.  

For series V, seven rectangular plates were fabricated. In each plate, two dog-bone shaped 
specimens were cut out, also by waterjet cutting (Fig. 5.2c). It is assumed that these specimens 
have a preferential fiber orientation in the direction of testing. 
 

 
Figure 5.2 Arrangement of the specimens in the plates 

 

5.3 Test setup and instrumentation 
5.3.1 Series IV 

For series IV, the tensile tests were performed on a universal closed-loop servo-hydraulic testing 
machine with a capacity of 1000 kN (Fig. 5.3).  

Before placing in the clamping jaws of the testing machine, the ends of the specimen were 
reinforced on both sides using 2-mm-thick aluminum plates glued with epoxy resin. The 
specimens were then instrumented, as illustrated in Figure 5.4, with the following sensors: 

− 7 displacement transducers (U4 Gauges) with a 50 mm measuring base (D1 to 7) to 
measure local deformations and crack opening of the UHPFRC, placed on the sheathed 
side of the specimen; 

− 2 Linear Variable Displacement Transducers (LVDTs) with a measuring base of 350 mm 
to measure the global deformation of the specimen in its narrow part, placed on the 
unsheathed side of the specimen; 
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− 2 LVDTs with a measuring base of 500 mm to measure the average displacement of the 
whole specimen and to control the test, placed on the narrow sides of the specimen. 

The test was deformation controlled using the average of the values given by the 2 LVDTs 
located on the sides of the specimen. The deformation was applied at a speed of 0.05 mm/min in 
the pre-peak domain. Once the specimen entered its post-peak domain, the speed was increased to 
0.1 mm/min. The measurements of all sensors were recorded continuously during the test at a 
frequency of 5 Hz. 
 

 
Figure 5.3 Tensile test setup 

 

 
Figure 5.4 Instrumentation for the tensile test specimens 
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5.3.2 Series V 

The tensile tests on the smaller specimens were performed in a universal electromechanical 
testing machine with a capacity of 250 kN. In this case also, the ends of the specimens were 
reinforced using 1.5-mm thick aluminum plates glued in place. The specimens were instrumented 
with 2 LVDTs with a measuring base of 140 mm to measure the global deformation of the 
specimen in its narrow part. They were placed on the sides of the specimen. The test was actuator 
head displacement controlled. The displacement was applied at a rate of 0.2 mm/min in the pre-
peak domain. Once the specimen entered its post-peak domain, the speed was increased to 0.4 
mm/min. The measurements were made continuously during the test at a frequency of 5 Hz. 
 

5.4 Results 
5.4.1 Elastic limit strength and tensile strength 

The tensile strength fUtu is defined as the maximum tensile stress that the specimen resisted during 
the test. The elastic limit strength fUte is more difficult to identify and therefore a method to define 
it was proposed in [9] based on the methods used to determine the yield strength of steel, as 
illustrated in Figure 5.5. Assuming that the elastic limit strength is around 7 MPa, two points are 
chosen on the recorded stress-strain curve. The first point (P1) is at 2 MPa, corresponding to 
approximately 30% of fUte and the second point (P2) is at 4 MPa, which is approximately 60% of 
fUte. Those two points are connected by a straight line (L1) which is then translated by 0.1‰ to 
create a second parallel line (L2). The intersection of this second line (L2) with the stress-strain 
curve defines the elastic limit of the specimen. 

 
Figure 5.5 Determination of the elastic limit strength 

 

5.4.2 Main results of series IV 

The tensile specimens of series IV were tested at ages varying between 93 and 107 days. For the 
16 specimens that were fabricated, only 11 test results are presented here. The results of the other 
tests were invalidated due to wrong manipulations that damaged the specimen before testing or 
because the failure happened outside the measurement base. 

The stress-displacement curves of the 11 specimens are shown in Figure 5.6 with the tensile 
strength fUtu indicated with a white circle. The stress was calculated by dividing the recorded 
force resisted by the specimen by the narrowest nominal section of the specimen, 100×50 mm. 
Figure 5.7 gives the average curve of the tensile test series as well as the maximum and minimum 
measurements. The average curve was calculated with the 11 results presented here. For a given 
displacement, the average stress was calculated from the measurements made on all specimens. 
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The detailed results for each specimen are given in Table 5.1 and finally, the location of the 
fracture is shown in Figure 5.8. 
 

 
Figure 5.6 Stress-displacement curves for all specimens in series IV 

 

 
Figure 5.7 Maximum, average and minimum curves for the tensile test series IV 
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Table 5.1 Results of direct tensile test series IV 

Plate Specimen fUte 
[MPa] 

εUel 
[‰] 

fUtu 
[MPa] 

εUtu 
[‰] fUtu / fUte 

A (//) 

A2 6.3 0.27 6.8 1.15 1.08 

A4 6.2 0.45 7.6 2.24 1.23 

Average 6.3 0.36 7.2 1.69 1.15 

Std dev. 0.07 0.13 0.57 0.77 0.10 

B (┴) 

B1 8.0 0.30 8.2 0.54 1.03 

B2 8.0 0.25 8.0 0.25 1.00 

B4 7.6 0.27 8.8 0.86 1.16 

Average 7.9 0.27 8.3 0.55 1.06 

Std dev. 0.21 0.03 0.42 0.31 0.08 

C (//) 

C1 7.6 0.36 8.5 2.00 1.12 

C2 5.6 0.21 6.9 0.67 1.21 

C4 7.6 0.40 9.2 2.01 1.22 

Average 6.9 0.32 8.2 1.56 1.19 

Std dev. 1.11 0.10 1.22 0.77 0.06 

D (┴) 

D1 5.6 0.38 6.3 1.14 1.13 

D3 5.3 0.32 6.8 1.68 1.29 

D4 5.3 0.20 5.5 0.28 1.04 

Average 5.4 0.30 6.2 1.03 1.16 

Std dev. 0.16 0.09 0.69 0.71 0.13 

All 
Average 6.6 0.31 7.5 1.17 1.14 

Std. dev. 1.12 0.08 1.15 0.72 0.09 

 

The full detailed results for each specimen of series IV are given in the Appendix. The main 
observations for specimens in each plate are as follow:  

− Plate A (//): For the case of plate A, wall effect was observed on the failure surface of the 
specimens. The fibers tend to lie in parallel to the bottom of the formwork and have a 
better orientation with regards to the direction of loading. The specimens showed a 
hardening behavior close to what is specified for a UA type (Table 1.1, [3]). The average 
ultimate strength fUtu for plate A is 7.2 MPa which is close to the overall average of 7.5 
MPa. 

− Plate B (┴): The tensile strengths of the specimens from plate B were in the higher range 
of this test series (average of 8.3 MPa for this plate) but they exhibited very low to no 
hardening behavior compared to the rest of the test series. The specimens from this plate 
could be classified as a U0 type (Table 1.1, [3])  

− Plate C (//): Most of the specimens cut in plate C had a tensile strength over 8.5 MPa and 
the failure surface showed well distributed fibers with a favourable orientation with 
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regards to the direction of loading. Specimen C2 brings the average tensile strength of this 
plate lower because of a weaker zone with detrimental fiber placing. This is probably due 
to the method used to cast the plates using an overhead bucket (see Figure 2.1b). The 
average properties for plate C correspond to the UA category (Table 1.1, [3]). 

− Plate D (┴): Plate D had the lowest average tensile strength. On all of the failure surfaces, 
a flow of fibers perpendicular to the loading direction was observed which weakened the 
specimens. This was expected for this plate as the direction of casting was perpendicular 
to the direction for the specimens. The results of this plate fall in the U0 category (Table 
1.1, [3]).  

Overall, it seems that the specimens cut perpendicularly to the casting direction (plates B and D) 
had a smaller hardening domain than the plates cut in parallel (plates A and B). 

 

 
Figure 5.8 Location of fracture of all tensile specimens in series IV 
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5.4.3 Main results of series V 

The tensile specimens of series V were tested at ages over 475 days. For the 14 specimens that 
were fabricated, only 6 test results are presented here. The results of the other tests were 
invalidated because the failure happened outside the measurement base. 

The stress-displacement curve of each specimen is shown in Figure 5.9a with the tensile strength 
fUtu indicated with a white circle. The stress was calculated by dividing the recorded applied force 
on the specimen by the nominal narrowest section of the specimen, 50×25 mm. Figure 5.10b 
gives the average curve of the whole tensile test series as well as the maximum and minimum 
measurements. The average curve was calculated with the 6 results presented here. For a given 
displacement, the average stress was calculated from the measurements made on all specimens. 
The properties and the averages for each plate are given in Table 5.2. 

The average properties obtained for this test series correspond to the UA category of the Swiss 
recommendations (Table 1.1, [3]). 

 

 
Figure 5.9 Stress-displacement curves for series V: (a) all specimens; (b) maximum, average and minimum 

curves 

 
Table 5.2 Results of direct tensile tests series V 

Specimen fUte 
[MPa] 

εUel 
[‰] 

fUtu 
[MPa] 

εUtu 
[‰] fUtu /fUte 

4a 7.4 0.26 8.9 2.58 1.20 
4b 9.1 0.28 9.9 0.61 1.09 
5a 8.1 0.18 8.1 0.75 1.00 
6a 8.5 0.27 10.9 1.51 1.3 
6b 10.4 0.31 12.0 4.72 1.15 
7b 10.8 0.31 13.4 2.8 1.24 

Average 9.1 0.27 10.5 2.16 1.16 
Std. dev. 1.33 0.05 1.97 1.55 0.11 
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5.4.4 Summary 

Figure 5.10 compares the maximum, minimum and average stress-strain curves up to fUtu for both 
tensile test series. For the specimens of series IV cut out from square plates, the average tensile 
strength fUtu and corresponding strain εUtu, 7.5 MPa and 1.17‰ respectively, are smaller than 
what was measured for the specimens of series V cut from the rectangular plates, 10.5 MPa and 
2.16‰. The fabrication of the square plate results in a more random fiber orientation with weaker 
average properties. The method of fabrication of the rectangular plates tends to give a preferential 
fiber orientation to the specimens and thus higher average properties. These results reflect what 
had also been observed for the bending tests where the specimens cut out from square plates 
demonstrated weaker behaviors. 

 

 
Figure 5.10 Stress - strain curves of series IV and V 

 

Standard deviations on the results of both test series are similar, with the exception of the strain at 
the end of the hardening domain, εUtu, in test series V. For this measurement, the standard 
deviation is significantly high. In this series, the hardening domain increased greatly with the 
increase of the tensile strength fUtu (see Table 5.2) and the variation between the largest value of 
εUtu and the lowest value is quite large. 
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6. Discussion 

Table 6.1 gives an overview of the main results obtained for this experimental campaign. The 
bending tests considered for the inverse analysis were carried out at 28 days while all the tensile 
tests were done after 90 days and up to over 475 days. Habel [10] showed that the degree of 
reaction of UHPFRC is 0.96 after 28 days and 0.99 after 90 days. This means that the mechanical 
properties should only slightly increase after 28 days and not significantly change after 90 days. 
Kamen [11] confirmed this with measurements of the tensile behavior of UHPFRC at 90 and 365 
days. The increase in tensile strength between 90 and 365 days was 5% and the strain at 
maximum strength (εUtu) stayed constant or reduced slightly with time. Based on these results, no 
correction was made on the results presented here to account for the effect of time. It was 
considered that the influence should be negligible. 

 
Table 6.1 Tensile behavior: summary of main results 

Series fUte 
[MPa] 

εUel 
[‰] 

fUtu 
[MPa] 

εUtu 
[‰] fUtu / fUte 

I 
Inverse 

analysis form 
bending tests 

min 7.5 0.19 10.0 5.8 1.33 
max 9.0 0.23 13.2 6.5 1.47 

Average 8.2 0.21 11.6 6.2 1.41 

IV Large tensile 
tests 

min 5.3 0.20 5.5 0.28 1.04 
max 7.6 0.40 9.2 2.01 1.22 

Average 6.6 0.31 7.5 1.17 1.14 
Std. dev. 1.12 0.08 1.15 0.72 0.09 

V Small tensile 
tests 

min 8.1 0.18 8.1 0.75 1.00 
max 10.8 0.31 13.4 2.8 1.24 

Average 9.1 0.27 10.5 2.16 1.16 
Std. dev. 1.33 0.05 1.97 1.55 0.11 

 

The bending and tensile tests results show the range of possible tensile behavior of UHPFRC. 
The behavior of UHPFRC strongly depends on the fiber orientation which is due both to the 
geometry of the mold and to the casting method as was also showed by other authors [12, 13].  

For the bending tests and the small tensile test (series I and V), small rectangular molds were 
used. The material was placed along the long side and the tensile behavior was verified in the 
longitudinal direction only. From Table 6.1, the tensile strength fUtu for these series has an 
average value of 11 MPa and the corresponding strain εUtu is higher than 2‰.  

In the case of the large tensile test of series IV as well as the bending tests of series III, square 
molds were cast in pairs from which the specimens were cut out, either in parallel or 
perpendicularly to the casting direction. The behavior was thus verified in both direction and the 
average results from these series are lower than for the specimens cast in the rectangular molds, 
with an average value for fUtu of 7.9 MPa (including the calculated values given in table 4.1). It is 
supposed that the orientation of fibers is thus more random when placed on a larger area such as 
these square plates. 

According to these results, it may be concluded that S3-13 is in most cases a UHPFRC of type 
UA (Table 1.1, [3]) meaning that it has a hardening behavior in tension. However, in the case of a 
plate with random fiber orientation, such as the square plates, the material is at the lower limit of 
the UA category and could also fall in the U0 category. 
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The scatter in the tensile test should be interpreted keeping in mind that in the case of a slab, the 
UHPFRC layer is submitted to biaxial stresses and that local redistribution may occur. 
Redundancy in the element can mitigate the local defects [13]. As illustrated by Figure 6.1, the 
average should be governing the global behavior of a large element. 

 
Figure 6.1 Conceptual behavior of a large plate in tension (Wuest 2007) 

Also, as the test results showed, it is important to take into account the casting method and 
geometry of the element when choosing the appropriate tensile behavior for design. The fiber 
orientation in the element depends on this and has an important influence on the average 
response. 
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7. Conclusion 

This report presents the main results of the characterization campaign carried out on UHPFRC 
S3-13. Further analysis of these results can be found in the author’s thesis but general 
observations can be made: 

− UHPFRC S3-13 is a type UA at the best (Table 1.1, [3]). 
− UHPFRC can exhibit a range of possible tensile behaviors which depend on specimen 

geometry and fabrication process. It is strongly linked to the fiber orientation. 
− The measured values cannot directly be used for structural design unless the chosen test 

method is representative of the element to design. 

In further work, a procedure must be established to obtain objective values of material properties 
for the design of a specific structural application. 
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Appendix: Detailed results of test series IV 

In the following subsection, detailed results are given for the 11 specimen presented in this 
report:  

− general comments on the test; 
− local strain measurements or crack opening; 
− position of the macrocrack;  
− comments and picture of the failure surface in the cases where the specimens was 

completely broken in two parts after the test; 
− other pictures when necessary. 
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Specimen A2 (//) 
Final failure happened outside the measurement base of measurements of the strain gages and 
LVDTs placed on the south face. However, the global behavior may be studied with the 
measurements from the side LVDTs.  

Gage D1 measured decreasing displacement when the failure crack started to open right outside 
its base length. 
 

 
Figure A.1 Cracking behavior of specimen A2 

 

As seen in Figure A.2, the density of fibers is higher at the bottom of the formwork (towards the 
sheathed side, bellow the white line). This is the wall effect. In this zone, the fibers seem to have 
better orientation to take the tensile force applied to the specimen.  
 

 
Figure A.2 Failure surface of specimen A2 (100×50 mm) 
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Specimen A4 (//) 
The failure happened with a “double-hinge”. A macrocrack opened on both side of the specimen, 
but not at the same height. This forced the section between the two cracks to rotate, as seen on 
Figure A.4. 
 

 
FigureA.3 Cracking behavior of specimen A4 

 

 
Figure A.4 Double hinge cracking of specimen A4 

 

The failure surface in Figure A.5 shows that in a large zone delimited by the white line, the fibers 
seem to be laying perpendicularly to the direction in which the tensile force was applied to the 
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specimen. In this specimen also, as for specimen A2, wall effect is noted and the density of fibers 
seems to be higher towards the bottom of the formwork (sheathed side). 
 

 
Figure A.5 Failure surface of specimen A4 (100×50 mm) 
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Specimen B1 (┴) 
The elastic limit strength is almost equal to the ultimate limit strength for this specimen. There is 
thus no real hardening behavior and the material is purely softening. This could be due to the 
orientation of the fibers which are almost parallel to the failure surface, as can be seen on Figure 
A.7. 

Failure crack happened under gage D7 but outside one of the measuring length of the south 
LVDTs. The global displacement results were thus obtained by the sum of the measurements of 
all the strain gages. 

 

 
Figure A.6 Cracking behavior of specimen B1 

 

As said before, the fibers seem to be lying on the failure plane which is angled at about 23° towards the 
main x axis.  
 

 
Figure A.7 Failure surface of specimen B1 (100×50 mm) 
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Specimen B2 (┴) 
In this case, the elastic limit strength equals the ultimate limit strength for this specimen. There is 
thus no hardening behavior and the material is purely softening. This could be due to the 
orientation of the fibers which are almost parallel to the failure surface, as can be seen on Figure 
A.9. 
 

 
Figure A.8 Cracking behavior of specimen B2 

 

The failure surface of specimen B2 (Figure 5.16) is irregular and the fibers are oriented in a quite 
random way, lying on the surface as said before. At the bottom of the formwork, (towards the 
sheathed side, bellow the white line) the fibers are lying perpendicularly to the loading direction 
during the test. 

 

 
Figure A.9 Failure surface of specimen B2 (100×50 mm) 
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Specimen B4 (┴) 
The form of the macrocrak for specimen B4 has a scalelike shape. The specimen was not 
completely broken in two parts at the end of the test. Therefore no picture of the failure surface is 
available. 
 

 
Figure A.10 Cracking behavior of specimen B4 
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Specimen C1 (//) 
 

 
Figure A.11 Cracking behavior of specimen C1 

 

The failure surface of specimen C1 (Fig. A.12) presents fibers well orientated to take the tensile 
force applied to them.  

 

 
Figure A.12 Failure surface of specimen C1 (100×50 mm) 
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Specimen C2 (//) 
The macro cracked opened very close to the glue point between D1 and D2. This is why, while 
D1 measured the crack opening, gage D2 measured decreasing displacement. 

 

 
Figure A.13 Cracking behavior of specimen C2 

 

On the top of the specimen, over the white line in Figure A.14, the presence of fibers is less dense 
and they are lying on the surface. This could explain the lower tensile strength of this specimen 
when compared to the two other specimens of plate C (see figure 5.7).  

 

 
Figure A.14 Failure surface of specimen C2 (100×50 mm) 
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Specimen C4 (//) 

 
Figure A.15 Cracking behavior of specimen C4 

 

Fibers are well oriented on the failure surface of specimen C4 (Fig. A.16) meaning that they are 
in a good direction to efficiently take the tensile force applied to the specimen.  

 

 
Figure A.16 Failure surface of specimen C4 (100×50 mm) 
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Specimen D1 (┴) 
Failure crack happened under gage D1 but outside the measuring length of the south LVDTs. The 
global displacement results were obtained by the sum of the measurements of all the strain gages. 

 
Figure A.17 Cracking behavior of specimen D1 

 

The failure surface of specimen D1 (Fig. A.18) shows a flow of fibers at the surface of the 
specimen (over the white line). The fibers are clearly mainly oriented in perpendicular to the 
applied tensile force which was expected since the specimens of plate D were cut out 
perpendicularly to the direction of casting.  

 

 
Figure A.18 Surface failure of specimen D1 (100×50 mm) 
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Specimen D3 (┴) 

 
Figure A.19 Cracking behavior of specimen D3 

 

As for specimen D1, the failure surface of specimen D3 (Fig. A.20) shows the flow of fibers in 
perpendicular to the direction of the force.  

 

 
Figure A.20 Failure surface of specimen D3 (100×50 mm) 
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Specimen D4 (┴) 

 
Figure A.21 Cracking behavior of specimen D4 

 

The failure surface of specimen D4 (Fig. A.22) also shows this flow of fibers near the surface of 
the specimen, over the white line. Here as well, the fibers are mainly lying on the surface and are 
perpendicular to the applied tensile force. 

 

 
Figure A.22 Failure surface of specimen D4 (100×50 mm) 
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