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Abstract: Representative and accurate characterization of the tensile behavior of strain hardening Ultra High 

Performance Fiber Reinforced Cementitious Composite (UHPFRC) remain a challenge. Currently, the uniaxial 

methods, like direct tensile test (DTT) and 4-point bending test (4PBT), are commonly applied, although the 

biaxial tensile condition has been widely recognized in the UHPFRC applications, e.g. thin UHPFRC layers 

as external reinforcement for RC slabs. In this paper, results from ring-on-ring testing of circular slab-like 

specimens are presented to determine the equi-biaxial tensile response by means of inverse analysis using 3D 

finite element method (FEM). In addition, DTT, using structural specimens cut from large square plates, and 

4PBT, using standard specimens cast in mould individually, were carried out. The tensile response from 4PBT 

was derived through inverse analysis using 2D FEM. Finally, the corresponding results from the three different 

testing methods under either uniaxial or biaxial stress condition were analyzed and compared in terms of tensile 

characteristic parameters, tensile material law, fracture process, and energy absorption capacity. While the 

three testing methods did not show significant difference in tensile strength, significantly higher strain hard-

ening deformation was identified in the case of biaxial stress conditions. 

 

Keywords: biaxial stress condition, FEM, inverse analysis, ring-on-ring test, UHPFRC, uniaxial stress con-

dition, tensile behavior. 

 

1. Introduction 
 

The tensile response is a fundamental constitu-

tive property of strain hardening Ultra High Perfor-

mance Fiber Reinforced Cementitious Composite 

(UHPFRC), so the accurate and representative char-

acterization of this response is necessary for the de-

sign of a given UHPFRC application. In general, this 

characterization is achieved by means of uniaxial test 

methods, especially direct tensile test (DTT) and 4-

point bending test (4PBT) using small-scale labora-

tory specimens casting in moulds individually. Un-

fortunately, these tests exhibit considerable scatter 

and the results are often considered as an upper 

bound in case of small-scale laboratory specimens, 

hardly reproducing real design situations. Most in-

frastructures, in particular bridge decks and floors, 

are principally under biaxial stress condition, far 

from uniaxial stress state [1]. In this context, the ac-

tual tensile performance of UHPFRC under biaxial 

stress condition should be investigated and com-

pared with that from uniaxial stress condition care-

fully. 

The DTT using dumbbell-shaped specimen is 

commonly applied to determine directly the uniaxial 

tensile properties of UHPFRC for given preparation 

conditions (moulds, casting, and curing). For reliable 

results, wise design and preparation are required 

when conducting DTT. In order to avoid largely the 

initial eccentricity with bending effects, the speci-

men was built-in the testing machine by applying the 

principle “gluing without adherence”, developed by 

Helbling & Brühwiler [2]. This method was also ap-

plied in ref. [3,4]. Proposed by Graybeal et al. [5,6], 

the tapered aluminum plates were fixed to both sides 

of each specimen end to ensure final fracture occurs 

out of the central constant part. Otherwise, one or 

two layers of steel wire mesh were used to strengthen 

each end of specimen, as applied in ref. [7,8]. Addi-

tionally, boundary conditions also have important in-

fluence on test results, and the fixed conditions is 
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recommend for reliable estimation of tensile re-

sponse of UHPFRC after elastic limit, as confirmed 

by Kanakubo [9]. The 4PBT, alternatively, was used 

successfully to identify the tensile property of UHP-

FRC indirectly by means of inverse analysis, includ-

ing analytical method and FEM [10–12]. 

Regarding direct biaxial tests, four actuators 

and a big frame are generally necessary, and inher-

ently, many challenges pertaining to uniform load 

distribution, frictional effect, accurate boundary con-

dition and load control need to be addressed care-

fully. Therefore, only few studies have been con-

ducted on the biaxial behavior of concrete [13,14], 

especially no experimental study on biaxial behavior 

of UHPFRC has been recorded through direct biaxial 

test. Recently, the ring-on-ring test, as a 3D version 

of 4PBT, has been developed to investigate the biax-

ial flexural strength of concrete [15–17]. This 

method was extended to UHPFRC by several re-

searchers [1]. The limited test results show that the 

ring-on-ring test allowed the actual development of 

fiber bridging effects between cracks, thus accu-

rately representing the behavior of UHPFRC mem-

bers subjected to biaxial flexural loading. 

In this paper, the ring-on-ring test on circular 

slab-like specimens has been developed to determine 

the equi-biaxial tensile response. In addition, direct 

tensile tests using dumbbell specimens cut from 

large square plates and 4PBT using small plates cast 

in molds were carried out. The corresponding tensile 

response from five DTT, six 4PBT and four ring-on-

ring tests were analyzed and compared (See Fig. 1). 

The main objective was to examine the differences 

and relationships of the tensile response of UHPFRC 

under uniaxial and biaxial stress conditions, and to 

propose the most appropriate test method to deter-

mine the tensile property for a given UHPFRC appli-

cation. 

 

2. Experimental Program 

 
2.1  Ring-on-ring test 

The ring-on-ring test method was applied for in-

direct characterization of the tensile behavior under 

biaxial stress condition, using circular slab-like spec-

imens with a diameter R = 600 mm and a thickness 

h = 50 mm. This method has been extensively 

adopted and even standardized by ASTM [18] in the 

ceramics and glass domain. Recently, this method 

was modified and validated to measure the biaxial 

flexural strength of concrete and UHPFRC [15–

17,19,20]. The updated ring-on-ring test yielded sta-

ble test results with small scatter, and it is promising 

to be a reliable and rational means to investigate bi-

axial flexural behavior of UHPFRC. 

Figure 2 shows the full test set-up and devices 

applied in this experimental campaign. The slab was 

simply supported on a steel support ring with R = 

500 mm. Loading was imposed by a hydraulic jack 

acting on the center of slab through a steel force 

transmitting ring with r = 150 mm. All the slabs were 

subjected to three loading–unloading cycles to 20 kN 

with an actuator displacement rate of 1.0 mm/min. 

Afterwards, monotonic loading with the same dis-

placement rate was applied up to the peak force, fol-

lowed by a rate of 4.0 mm/min until the actuator dis-

placement reached 80 mm. Under loading, the uni-

form stress is introduced on the bottom surface 

within the force transmitting ring area, where biaxial 

stress condition is assumed. 

 

 
Fig. 1 – Approach for the comparison of the tensile response of UHPFRC under uniaxial and biaxial stress 

conditions 
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Fig. 2 – Schematic description of test setup (unit: mm) 

 

The slabs were tested with the casting surface 

facing upwards, allowing the observation of tensile 

crack propagation on the smooth sheathed surface. 

Before testing, the casting surface was polished and 

a mortar layer was placed between support ring and 

bottom surface to level out both surfaces. Two rub-

ber pads (thickness of 10 mm, E = 500 MPa) were 

positioned between the slab surfaces and the two 

rings to distribute the force evenly. 

As illustrated in Fig. 2, Digital Image Correla-

tion (DIC) technique was applied to observe the de-

flection development, strain field, and micro-crack-

ing during the whole testing process. Two digital 

cameras were placed underneath the slab at a dis-

tance of 0.5 m and an angle of 23 degrees to the ver-

tical. The tensile surface of the slab was painted with 

matte white paint, and then spayed black speckle pat-

tern with size less than 1 mm. The targeted area, 

which was visible to the DIC, was about Ø 500 mm 

on the center of the slab. In such case, the DIC meas-

urement accuracy can reach around 5 με. In addition, 

several LVDTs were installed on the top surface to 

measure the deflection. All deflection measurements 

were performed with respect to the strong floor. The 

measurement frequency was 5 Hz. Further details 

about the ring-on-ring test applied in this study can 

be found in [21]. 

 

2.2  Direct tensile test (DTT) 

The dumbbell shaped specimens, with a con-

stant cross section of 80 mm × 50 mm at the central 

part, were adopted for uniaxial DTT. The geometry 

of specimen was designed based on the equation of 

Neuber’s spline [22,23]. In total five specimens were 

extracted from a large square plate (1,100 mm × 

1,100 mm × 50 mm) with the same thickness and 

casting procedure as that for the circular slab-like 

specimen (See Fig. 3). This allowed to assess the var-

iability of tensile behavior in the plate. 

The tensile tests for all specimens were per-

formed on a universal servo-hydraulic testing ma-

chine with a capacity of 1,000 kN, according to SIA 

2052 [24]. The Digital Image Correlation (DIC) 

technique and three different series of sensors were 

adopted to measure the deformation and crack open-

ing of the UHPFRC, as shown in Fig. 4. Further de-

tails about the developed DTT in this study can be 

found in ref. [3]. 

 

2.3  Four-point bending test (4PBT) 

In total six small plate specimens with dimen-

sion of 500 mm × 100 mm × 3 mm were cast indi-

vidually in molds. The 4PBT for all specimens was 

performed on a universal servo-hydraulic testing ma-

chine with a capacity of 200 kN, according to SIA 

2052 [10,24]. The total span of the four-point bend-

ing test set up was 420 mm (See Fig. 5), and the sup-

ports allowed free displacement of the specimen 

along its longitudinal axis. Two transducers placed 

on a measuring frame on each side of the specimen 

measured the net deflection in the center of the span. 

The measurements were taken at a frequency of 5Hz 

during the test. 
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Fig. 3 – Extracting of dumbbell specimens and dimension of dumbbell specimen (unit: mm) 

 

              

Fig. 4 – Tensile test setup and instrumentation for the dumbbell specimens (unit: mm) 

 

              

Fig. 5 – Four-point bending test setup and instrumentation (unit: mm) [24] 

2.4  Fabrication and curing 

The chosen UHPFRC is an industrial premix 

containing 3.8% by volume of straight steel fibers 

with length of 13 mm and diameter of 0.175 mm, and 

its water/cement ratio is 0.15. The UHPFRC was 

mixed to obtain a batch of 180 liters. The large 

square plate and circular slab-like specimens were 

cast in one step: the fresh UHPFRC mixture was 

(a) two application points of t

he displacements; 

(b) reference wafer fixed on th

e upper specimen surface; 

(c) metallic frame placed at m

id-height of the specimen 
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poured in the center of the formworks, and let flow 

without any pulling or vibration. Regarding the small 

plate specimens for 4PBT, the fresh mixture was 

poured from one side and let flow. Once the casting 

was completed, a plastic sheet was pulled over the 

specimens to allow for auto-curing of the material. 

The specimens were demolded after 24 hours, then 

kept under moist curing conditions (20℃, 100% hu-

mility) for the following seven days; and subse-

quently, stored inside the laboratory until testing. 

The test age was more than 60 days, given that more 

than 90% of the UHPFRC material properties is at-

tained after 60 days [4,25]. 

 

3. Test Results 

 
3.1  Uniaxial tensile response from DTT 

In Figure 6, the DTT results of five specimens 

are presented in terms of stress-strain (σ-ε) curves, in 

which the thick black line represents the average re-

sponse. The stress is defined as the measured force 

divided by the constant cross-sectional area of dumb-

bell specimen, while the strain is based on the aver-

age value measured from two short LVDTs with 

measuring length of 160 mm. The main characteris-

tic tensile parameters for each specimen are summa-

rized in Table 1, including elastic modulus EU, elas-

tic limit point (stress fUte and corresponding strain 

εUte), and ultimate point (fUtu and εUtu). Here, the end 

of the linear relationship in σ-ε curve is regarded as 

elastic limit point, and the beginning of the tensile 

softening response is defined as ultimate point. The 

average curve is obtained through averaging 5 nor-

malized curves, where the stress and strain are di-

vided by the corresponding values at peak point (fUtu 

and εUtu), respectively. As shown in Fig. 6 and Table 

1, a considerable variation of tensile response, strain-

hardening behavior in particular, is observed. This is 

attributed to the variability of fiber distribution in 

different specimens depending on the distance from 

the pouring point [3]. In this case, due to the high 

fluidity and workability of the UHPFRC material, 

the fresh mixture flowed freely from the center to the 

border in radial direction. The flow exerted forces on 

the fibers, pushing fibers to align more perpendicu-

larly to the flow direction, as illustrated in Fig. 7. Ad-

ditionally, based on a previous study [3], random fi-

ber distribution and orientation can be assumed for 

specimen T2~T4 around the pouring point. 

Based on DIC analysis using VIC-3D, the 

whole microcracking and fracture process of each 

specimen is captured effectively during the loading 

process. The initiation and propagation of fine mi-

cro-cracks in the strain-hardening domain, in partic-

ular, can be detected visually in DIC full-field strain 

maps. The representative fracture process shown by 

T3 is illustrated in Fig. 8. Generally, point A (elastic 

limit) refers to the start of strain-hardening response 

in UHPFRC, symbolized by the activation of first 

fine micro-cracks; while point B (ultimate limit) 

stands for the end of this response, characterized by 

the formation of one single localized fictitious crack 

by grouping of several fine micro-cracks. Afterwards 

(beyond point B), the fictitious crack shows signifi-

cant stress transfer through the fibers bridging the 

two crack sides and develops with increasing crack 

opening until no more stress is transferred when a 

crack opening of half the fiber length is reached, i.e., 

in present case, 6.5 mm (= Lf/2). It is important to 

note that the microcracks are mostly concentrated in 

two local zones with random distribution of several 

micro-cracks over a large extent (> Lf). 

 

 

Fig. 6 – Tensile response from DTT 
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Table 1 – Tensile parameters from DTT 

N° EU [GPa] fUte [MPa] fUtu [MPa] fUtu/fUte εUte [‰] εUtu [‰] 

T1 45.60 9.70 12.23 1.26 0.22 3.48 

T2 49.09 9.41 11.21 1.19 0.20 2.33 

T3 47.39 7.74 9.62 1.24 0.17 2.68 

T4 49.64 7.25 9.48 1.31 0.17 2.15 

T5 48.38 7.20 9.10 1.26 0.16 0.68 

Average 48.02 8.26 10.33 1.25 0.18 2.26 

Std. dev. 1.59 1.21 1.33 0.04 0.03 1.02 

COV 0.03 0.15 0.13 0.03 0.14 0.45 

 

 

Fig. 7 – Final crack positions of dumbbell specimens and schematic view of fiber distribution in the 

plate 

 

 

Fig. 8 – Representative microcracking and fracture process of UHPFRC specimen under DTT 
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Fig. 9 – Bending response from 4PBT 

 

3.2  Uniaxial tensile response based on inverse 

  analysis from 4PBT 

Figure 9 presents the bending behavior from 

4PBT in terms of force-deflection curves, in which 

the thick black curve is the average response. All 

curves agree well with each other, showing compa-

rable bending behaviour. This results from the simi-

lar fiber distribution and orientation in the small 

plate specimens, given that they were fabricated in-

dividually in moulds following the same casting pro-

cedure. 

The uniaxial tensile response of UHPFRC is 

evaluated indirectly by means of inverse analysis of 

4PBT results using non-linear Finite Element Anal-

ysis (FEA). A 2D FE model was built using the non-

linear FE analysis software DIANA (smeared crack 

model), targeting at simulating the bending behav-

iour in terms of force-deflection response and crack-

ing pattern of small plate specimens under 4PBT. 

The best results of FE model fitting with the average 

experimental curve is shown in Fig. 9, where a close 

fit is achieved, as indicated by the thick red curve. 

The corresponding uniaxial tensile parameters are 

summarized in Fig. 13 and Table 2. 

 

3.3 Biaxial tensile response based on inverse 

  analysis from ring-on-ring test 

The biaxial flexural responses of four UHPFRC 

circular slabs from ring-on-ring tests are presented in 

terms of force-deflection curve (F - δ) of the center 

point, as shown in Fig. 10. The recorded force value 

was adjusted considering a geometry factor that ac-

counts for the precise thickness of each slab. The de-

flection was measured by DIC on the bottom surface, 

excluding the deformation of the rubber pad meas-

ured from three LVDTs on the top surface. It is obvi-

ous that all slabs show a consistent flexural response 

with little scatter. Up to a force value of about 40kN, 

the flexural behavior of the UHPFRC slabs in terms 

of F-δ curve is almost linear, and the end of this lin-

earity is herein defined as elastic limit (point A). Af-

terwards, a quasi-linear response (II, A-B) with a 

slight decrease of stiffness is noticed, in which the 

formation and propagation of multiple microcracks 

are expected. And sequentially, significant deflection 

hardening behaviour is identified until the peak point 

(C) is reached. Afterwards, the slabs exhibit im-

portant ductility with high residual resistance in the 

softening phase (IV C-D). Further details about the 

test results are described in [21]. 

Furthermore, the representative microcracking 

and fracture process from S1-3, as observed by DIC 

on the visualized central portion (400 mm × 400 mm), 

is shown in Fig. 11. The selected DIC images in Fig. 

11 represent the crack patterns in different character-

istic phases following the F-δ curve, and the white 

dash circle marks the position of the force transmit-

ting ring. 

Accordingly, several phenomena characterizing 

microcracking process of UHPFRC slabs are identi-

fied. Once the elastic limit (A) is reached, the first 

microcracks with random distribution initiate within 

the force transmitting ring area, where the tensile 

stress is uniform and maximal in all directions. Af-

terwards, these microcracks start to propagate irreg-

ularly, and more new microcracks are generated until 

point B is reached. In this phase II, the microcrack 

pattern changes continuously with increasing deflec-

tion and has a complex distribution, microcracks in-

itiate randomly with irregular propagation paths; 

some of them produce multiple branches, and some 
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cross each other or combine together during propa-

gation. At point B, several fine fictitious cracks (w ≥ 

0.05 mm) are detected by DIC, and afterwards, more 

microcracking appears with increasing deflection. 

Fine fictitious cracks initiate from some of previous 

microcracks in phase II, and largely concentrate 

within the force transmitting ring area. Some fine fic-

titious cracks are localized at peak force (point C), 

and then propagate radially from the center to the 

edge with increasing crack opening in the softening 

phase (C-D). No additional cracks form beyond 

point C. 

Similarly, in order to determine the biaxial ten-

sile response of UHPFRC, the inverse analysis of the 

ring-on-ring test results was conducted by means of 

a 3D FE analysis using DIANA software. Consider-

ing the random fiber distribution in the slab, the full 

scale of the slab element was modeled, and the 

smeared crack concept was adopted. The boundary 

conditions in simulation of ring-on-ring test have a 

strong influence on the stability of the numerical pro-

cedure and on the fracture pattern. During testing, the 

specimens were not prevented from sliding and lift-

ing from the supporting ring along fracture growth. 

Therefore, the two adjacent ¼  points of the support 

ring were only constrained in tangential directions, 

and the top surface central point was constrained in 

both X and Y directions. Additionally, the interface 

elements were built between the specimen and the 

rubber pads, avoiding tensile reaction force from the 

supporting ring. The base and verification of FE 

model are described in ref. [21]. The modeling re-

sults with best fitting of F-δ curve with respect to the 

average response is illustrated in Fig. 10 (red line), 

where a close fit is achieved. The results from the 

inverse analysis are summarized in Fig. 13 and Table 

2. 

 

4. Discussion 

 
Finally, all the tensile responses under uniaxial 

or biaxial stress condition based on different meth-

ods, are summarized in Fig. 13 and Table 2. Regard-

ing DTT, the average response from specimen 

T2~T4 is used for further comparison, since their lo-

cations in the large plate correspond to the area under 

biaxial stress condition in ring-on-ring test. The uni-

axial tensile response from 4PBT cannot be applied 

directly, due to favorable fiber alignment in the small 

plates along the loading direction. This phenomenon 

is attributed to the small geometry of the mould and 

specific casting process as described in section 2.4. 

Thus, fiber distribution and orientation effect should 

be considered for better comparison. 

Based on a previous study on an UHPFRC layer 

with thickness of 50 mm [12], the average fiber ori-

entation factor (μ0) was identified in the range of 

0.53~0.60. In this study, the mean value is applied, 

namely μ0 = 0.57, for the DTT specimens, given that 

random fiber distribution may be assumed in the cen-

tral part of the large plate. For a UHPFRC layer or 

small specimen with thickness of 30 mm, μ0 was de-

termined in the range of 0.61~0.70 in ref. [12]. Thus, 

the upper limit (μ0 = 0.70) is chosen for 4PBT speci-

mens, respecting preferential fiber alignment in 

small plates. The corresponding efficiency factor 

(μ1) is obtained for both cases (0.94 and 0.96, respec-

tively) based on Fig. 10. Accordingly, the uniaxial 

tensile response from 4PBT is modified to be repre-

sentative for the large plate in the case of random fi-

ber distribution, the results are also summarized in 

Fig. 13 and Table 2. 

As observed in Fig. 13 and Table 2, in general, 

the tensile performance in terms of strength from 

both uniaxial and biaxial stress states are quantita-

tively similar. This phenomenon can be attributed to 

the fact that all the test methods provide the speci-

mens with a certain area of uniform stress, allowing 

for initiation of microcracks and localization of fic-

titious cracks at local weaker zones with respect to 

the main stress direction. Thus, the tensile perfor-

mance largely depends on the distribution and size of 

local weaker zones. In the case of random fiber dis-

tribution, the local weaker zones can be assumed to 

distribute randomly without any considerable prefer-

ence in all directions. 

Additionally, it should be noted that a signifi-

cant increase in hardening strain εUtu is found under 

biaxial stress state. This effect can be due to the fact 

that many more fibers in different directions contrib-

uted to the bridging and debonding effects under bi-

axial stress state, offering considerably higher duc-

tility and toughness including larger deformation, 

compared with the results from specimens with uni-

axial stress state, where fibers perpendicular to the 

loading direction have no contribution. This differ-

ence can also be explained by the different cracking 

patterns under different stress states, as illustrated in 

Figs. 8 and 11. The circular slab subjected to biaxial 

stress state shows a large amount of microcracks dis-

tributed densely and randomly on the tensile surface 

in strain-hardening domain (phase II, AB), and most 

microcracks developed along irregular paths are in-

terlocked. Sequentially, several fictitious cracks ap-

peared. In the case of the DTT specimens under uni-

axial stress state, the microcracks concentrated lo-

cally at weaker zones and propagated from one edge 

to the other following a relatively linear path, and 

only one or two fictitious cracks localized finally.
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Fig. 10 – Biaxial flexural response from the ring-on-ring tests 

 

 

Fig. 11 – Representative microcracking and fracture process of UHPFRC slab of a ring-on-ring test 

specimen. 

 

Table 2 – Tensile parameters from the three different test methods 

Test Method EU [GPa] fUte [MPa] fUtu [MPa] fUtu/fUte εUte [‰] εUtu [‰] 

DTT 49 8.13 10.10 1.24 0.18 2.39 

4PBT 51 10.00 14.00 1.40 0.20 3.92 

4PBT (modified) 51 8.00 11.20 1.40 0.16 3.14 

Ring-on-ring test 50 9.60 11.35 1.18 0.19 5.54 
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Fig. 12 – Relationship between orientation factor μ0 and efficiency factor μ1 [12] 

 

 

 

Fig. 13 – Tensile responses from the three different test methods 

 

5. Conclusions 

 
This study investigated the tensile behavior of 

UHPFRC under uniaxial and biaxial stress condi-

tions by means of DTT, inverse analysis based on 

4PBT, and ring-on-ring test results using FEM. The 

results suggest that the tensile response of UHPFRC 

is not an intrinsic property and depends on several 

factors, including the specimen geometry, flow re-

gime of fresh mixture during casting, and the stress 

condition imposed on the specimen. 

In the case of random fiber distribution, there is 

no significant difference of tensile performance in 

terms of strength between uniaxial and biaxial stress 

conditions. Furthermore, since more fibers are acti-

vated, the multiple microcracking behavior is more 
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pronounced and complex under biaxial stress condi-

tion, resulting in a significantly higher strain harden-

ing deformation εUtu,compared with uniaxial stress 

condition. Consequently, when the fibers are distrib-

uted randomly, it is conservative to use uniaxial ten-

sile parameters as obtained from DTT or 4PBT, to 

design UHPFRC structural elements or UHPFRC 

strengthening layers on concrete substrates subjected 

to biaxial stress condition. 
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