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Abstract: Ultra-high-performance fiber-reinforced concrete (UHPFRC) is a new generation material
with outstanding mechanical properties and excellent durability. The uses of UHPFRC have, however,
been mostly limited to demonstration applications and research projects, due to its perceived high cost and
the lack of proven analysis procedures. In the past decade, new design provisions have been proposed in
France, Switzerland, Japan, and Australia while a proven numerical modeling approach is still missing. As
an effort to contribute to bridging this gap, a numerical modeling approach is established in this research
for UHPFRC members. The approach is based on the Diverse Embedment Model within the global
framework of the Disturbed Stress Field Model, a smeared rotating-crack formulation for 2D modeling of
concrete structures. This study aims to capture the behavior of UHPFRC by using only a few input
parameters. The established model is validated with large-scale tests of UHPFRC beams from the
literature. The beams considered incorporate various cross-section and reinforcement details, and exhibit a
range of failure modes including flexure and shear. The validation studies, based on comparisons with the
experimental results, demonstrate that the proposed modeling approach provides accurate response
simulations through simple models with short analysis times.
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i. Introduction

The ultra-high-performance fiber-reinforced concrete (UHPFRC) has emerged in the past few decades as a
new type of concrete. Based on a very fine granulometry and high ratio of cement, UHPFRC can exhibit
an outstanding performance in terms of strength and durability. As compared to regular concrete, it is
about five times stronger in compression with maximum strengths up to 250 MPa. The improvement is
even more significant in the tensile behaviour. UHPFRC can reach 8§ to 12 MPa in tension with a ductile
behaviour. The durability is a consequence of the fine components used in the mixture, which creates a
strong and dense matrix that is almost impermeable to water and aggressive agents from the environment.
UHPFRC also permits using smaller section sizes, resulting in lighter structures and potentially more
economical foundations. These properties make UHPFRC a strong candidate for the next generation
infrastructure. However, despite recent code provisions from France, Switzerland, Japan, and Australia,
the use of UHPFRC is still very limited. One reason for this is the lack of accurate analysis models. Most
existing models are difficult to use and require many input parameters, which creates challenges for
practitioners.

This study aims to establish a nonlinear finite element modeling approach to obtain accurate response
simulations while using only a few input parameters. For this purpose, the Diverse Embedment Model
(DEM) (Lee, Cho & Vecchio 2011), which predicts the average tensile response of FRC subjected to
tension forces, is employed within the global framework of the Disturbed Stress Field Model (DSFM)
(Vecchio 2000). The DSFM represents the behavior of cracked concrete based on equilibrium,
compatibility of deformations and constitutive models. The established model takes account of the shear
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participation of fibers and the stress-strain behavior of UHPFRC. The model is validated with fifteen
rectangular and I beams from four research groups (Hussein & Amleh 2015, Randl, Mészoli & Harsanyi
2018, Telleen & al. 2010, Yoo & Yoon 2015). The predicted and observed behaviors are compared in
terms of stiffness, strength, post-peak response, crack pattern, and the failure mode.

ii. Proposed Modeling Approach

The finite element simulations are based on the Disturbed Stress Field Model (DSFM) for reinforced
concrete proposed by Vecchio (2000). This model falls into the category of smeared rotating-crack
approaches, where the crack directions coincide with the principal stress directions in the concrete, while
the principal strain directions deviate due to slip displacements in the cracks. The DSFM is already
implemented in the nonlinear finite element software VecTor2 (Wong, Trommels & Vecchio 2013) in a
plane-stress formulation. The additional contribution of fibers in fiber-reinforced concrete is modeled with
the Diverse Embedment Model (DEM) (Lee 2011) integrated in the DSFM. In this study, practical
recommendations are provided on how to apply these formulation when modeling UHPFRC.

Nonlinear analysis program VecTor2 accounts for various important concrete behaviors, such as
tension stiffening and compression softening. The analysis of UHPFRC requires a specific combination
of material models. Table 1 summarize the suitable material models for UHPFRC as compared to the
default ones for modeling RC. The results presented in this paper are all obtained with these material
models.

Table 1 : Material models

Material behavior Default models for RC Employed models for UHPFRC
Compression pre-peak Hognestad (parabola) Lee et al 2011 (FRC)
Compression post-peak Modified Park-Kent Lee et al 2011 (FRC)

Tension softening Bilinear Exponential

FRC tension SDEM - Monotonic DEM (Lee et al 2011)

Crack width check Agg/2.5 max crack width 5 mm max crack width

The selected models are all previously developed for the modeling of fiber reinforced concrete (FRC).
The crack width check reduces the compressive strength of elements if the specified crack width is
exceeded. As such, it is often used to better represent the behavior of shear-critical members with low
stirrups ratios. Since aggregates sizes are very small in UHPFRC, a 5-mm max crack width option has
been chosen.

The DEM is used for modeling the tension behavior of fiber-reinforced concrete. The fundamental
assumption of the model is that the tensile stresses in the cracks of FRC can be expressed as the sum of the
concrete and fiber contributions, adapted from Voo and Foster (2003) who developed a variable
engagement model (VEM) for FRC.

While the modelling of the concrete in tension has been established in various codes and
recommendations, the DEM defines the participation of the fibers as follows:

ff = afoaf,cr,avg (1)

where f; is the tensile stress acting on the concrete area and attributed to the fibers, oy is a factor that
accounts for fiber orientation, Vr is the fiber volumetric ratio, and oreravg 1S the average fiber stress at the
crack. This last quantity is obtained by double integration across all fiber angles 0 and embedment lengths
la:
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The modeling for UHPFRC is similar to that of RC, with some exceptions. The material models for
FRC are created based on the cylinder compressive strength; all other parameters are calculated using
simple equations. For high-performance fiber-reinforced materials, the modulus of elasticity is specified,
which was determined from tests or was assumed to be equal to 50 GPa when test data was not available.
The DSFM accounts explicitly for slip displacements in cracks. In FRC, this slip is associated with
aggregate interlock shear stresses across the cracks, and the tangential stressed associated with the fibers.
In the modeling of UHPFRC, the aggregate interlock is limited due to the small aggregate size (0.5-6
mm). If unknown, a conservative value of 1 mm is used in the models. Details about the modeling of the
fiber stresses are provided in Lee, Cho & Vecchio (2016).
The tensile resistance due to the fibers is a function of the fiber diameter, fiber length, steel tensile
strength, and the maximum bond strength between the concrete and the fibers. In both the DEM and VEM

for straight fibers and regular concrete, the bond strength is defined as 7 4, = 0,396 \/ﬁ [MPa], where
/' 1s the compressive strength of the concrete. For the UHPFRC, this study proposes to increase the bond
resistance in recognition of the high density and high cement content of the UHPFRC matrix. Based on
comparisons with tests, the value of Tf ;45 1s modified to

Tfmax = 0,751 (3)

In the DSFM formulation, the predictions of the DEM are used to evaluate the stresses in the fiber-
reinforced concrete in the principal tension direction. However, as the DSFM is a smeared-crack approach
while the DEM focusses on a discrete crack, it is necessary to establish an accurate crack spacing
measurement to link discrete values to smeared properties. Based on the studies of UHPFRC, Jungwirth
and Muttoni (2008) and Sigrist and Rauch (2004) have proposed simple expression which is adopted in
this study:

Ser = 0.75 [ 4)

Where I; is the length of the fibers. The models used in VecTor2 requires a relatively limited number of
input properties. Given the uniaxial compressive strength fc, an UHPFRC material can be fully described
and analyzed. The geometrical properties of the fibers are also needed. Table 2 summarizes the input
properties required for a sample UHPFRC material with the following properties: concrete compressive
strength = 150 MPa, volume of fibers = 3%, length of the fibers = 13mm, diameter of the fibers = 0.15 mm
and tensile strength of the fibers is 2500 MPa.

Table 2. Material properties

Material properties Value Smeared reinf. Value
properties
Initial tangent elastic mod. 50000 MPa Fiber type Straight
Max. aggregate size 1 mm Fiber volume 3%
fraction
Max. crack spacing (Scr) 0.75*13 =9.75 mm Fiber length 13 mm
All other properties default Fiber diameter 0.15 mm
Fiber tensile strength 2500 MPa
Fiber bond strength 0.75x150%°=9.2 MPa
(7o)

ili.  Validation with experiments

a. Flexure-critical beams




Flexural failure involves yielding of the longitudinal reinforcement accompanied with a local crushing of
concrete in the compression zone of the section. It is a ductile failure that generally takes place with
significant displacement or deflection.

The first series examined was tested by Yoo & Yoon (2015). Three beams have been modeled (NFH,
S13H and S19.5 — numbers denote fiber lengths), which differ only by the length of the steel fibers. NFH
is a reference test which included no fibers in the ultra-high performance concrete material. These
specimens had rectangular cross sections with width of 150 mm and a depth of 220 mm. Fig 1 describes
the geometrical properties of the beams while all properties can be found in Table 3. Steel plates were
used at support and loading locations. The distance between load points and supports led to a shear-span-
to-depth ratio equal to 5.1. The beams were loaded monotonically until failure.
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Fig 1. Test set up used by Yoo and Yoon
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Fig 2. FEM of beams S13H and S19.5H

The finite element model of beams S13H and S19.5H is displayed in Fig 2. Quadrilateral elements are
used to model UHPFRC or UHPC while discrete truss elements are used for the longitudinal
reinforcement. The fibers and the stirrups are defined as smeared reinforcement. The loading is defined as
displacement-controlled until the failure. The steel plates used at support and load locations are modeled
as structural steel quadrilateral elements. Due to the symmetry of the test setup, the finite element model is
created as one half of the specimens, and roller support are placed on the axis symmetry. A perfect bond is
assumed between truss and quadrilateral elements. While Yoo & Yoon (2015) describes the complete
characterization of the UHPFRC with flexural and compressive tests, only a few material properties are
used to model the beams, as represented in Table 2.

Fig 3 shows the experimental and predicted load-deflection curves. All beams failed in flexure. As
clear from the curves, beam NF has the largest ductility. The strength is increased from 100 kN for beam
NF to 125 kN for beams with steel fibers. The flexural capacity was increased because of the strain-
hardening material used. The UHPFRC was able to sustain higher loads after cracking and yielding of
longitudinal bars. The use of longer fibers led to higher ductility as clear from Fig 3. Yet, the influence of
fiber lengths on the stiffness of the element is found to be negligible.

The finite element model predictions are represented with the dashed lines. It can be seen that the
strength predictions are satisfactory. The FEM simulations somewhat overestimated the stiffnesses. The
ductility underestimation is related to the fixed crack spacing used (i.e., 9.75 and 14.63 mm for S13H and
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S19.5H, respectively). These values are higher than the ones observed in the experiments. At the failure
state, the sudden load drop is caused by the localization of strains and thus rapid increases in stresses in
the longitudinal reinforcement.



Table 3. Tests specimens used in the validation study

Author | Name |b(mm) | h(mm) | dmm) [ wd | £2OMPR) |Vi(%)|l@@m)| Py (%) | £1(%) | Py (N)| Pt (N) | PoralPey | ool | CTOSSeCtion
1 W 20 200 180 28 150 3 13 0.94 3.95 230 231 1.00
| Telleen wo 20 200 180 238 150 3 13 0 3.95 184 202 1.10
3 BI5 58 350 320 35 166.25 2 15 135 3.55 479 483 1.01
! Bl7 58 350 320 35 1704 2 15 0.9 355 446 421 0.94 shear
5 BI9 58 350 320 35 1744 2 15 0 3.55 300 319 1.03
6 Randl B28 58 350 320 35 165.8 1 15 0.9 3.55 398 394 0.99
7 B20 58 350 320 35 1744 1 15 0 355 258 274 1.06
8 BIS 58 350 320 35 174.9 0 0 0.9 3.55 253 2262
9 USI-1-35 | 150 300 255 35 153 1 13 0 6.3 660 636 1.04
10 ~[TUS1235 | 150 300 255 35 159 2 13 0 6.3 724 728 1.01
1| Hussein s T 180 300 255 2.0 155.5 2 13 0 63 750 773 1.03
12 USI2-15 | 150 300 255 2.0 152 2 13 0 6.3 850 932 110
13 NFH 150 200 177 5.1 202 0 0 1.19 15 97.9 97.5 flexure
14 SI3H 150 220 177 51 212 2 13 1.19 15 124.1 115 0.03
15 Yoo SI3L 150 220 179 5.0 212 2 13 .19 0.94 87.3 89 1.02
16 195H 150 220 177 51 210 2 | 195 | 119 15 125.2 134 1.07
17 195L 150 220 179 5.0 210 2 | 195 | L.19 0.94 933 108 116
Average 1.03
COV (%) 573

b = minimum width of section; h= depth of section; d=effective depth of section; a= span/height of the beam subjected to constant shear; f.’= compressive strength of UHPFRC; V¢ fiber
volume ratio of the UHPFRC; I&= fiber length; pv= stirrup ratio calculated with regards to width b, pi= longitudinal ratio calculated with regards to maximum width of section.
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Fig 3. Measured and predicted response of beams with variable fiber length

The NLFEA is able to produce valuable insight into global structural behavior, including crack patterns
and deformed shapes. Fig 4 shows the failure conditions of beams NFH and S13H. A thick red line
represents crack widths larger than 2 mm. Without the presence fibers, multiple flexural thick cracks form
and open. The fibers tend to bridge cracks and produce a large fan of thin cracks as presented on the right.
Once the stress level reaches a certain level, the strains concentrate and one large, main crack is formed.

Fig 4. Crack pattern predictions at failure (post-processor Augustus, Bentz 2000)

The second sets of beams is chosen to show the influence of shear-span-to-depth (a/d) ratios. Tested by
Hussein & Amleh (2014), the beams are denoted as US1-2-3.5, US1-2-2 and US1-2-1.5. They are deep
beams with a/d ratios varying from 1.5 to 3.5. These beams did not contain stirrups in their effective
spans. Therefore, all shear forces are carried by the direct compression strut, steel fibers (i.e., 2% in
volume) and dowel action. Other important properties are listed in Table 3. The only variable between the
specimens is the a/d ratio.

Beams US1-2-3.5, US1-2-2 and US1-2-1.5 failed in flexure with some ductility (see Fig 5). From the
experimental results, it is clear that the longer the span, the smaller the load bearing capacity. The stiffness
of the beams increases when the span decreases. The efficiency of steel fibers to sustain large shear forces
is also clearly demonstrated.
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Fig 5. Measured and predicted response of beams with variable shear-span-to-depth ratio

The modeling of these beams was done similarly to the previous ones. As evident from Fig 5, the
maximum load bearing capacity is well captured. The load-deflection curves are adequately predicted
albeit with the ductility being slightly overestimated. The prediction of the flexural failure mode reveals
that the model is able to represent the shear participation of fibers in the resistance of a structural member.
These specimens would have failed in shear without the presence of fibers (Hussein, 2014).
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One of the many outputs of the model process is the shear strain yy,,. It represents the distortion of the
elements compared to the original shape. Fig 6 displays the total shear strain for a displacement equal to
3.6 mm. The left shear span is the critical one. The right figure, representing the lower shear span ratio,
shows higher shear deformations concentrated along a diagonal as opposed to the shear strains localized
close to the reinforcement trusses in the left figure.
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Fig 6. Predicted shear deformation at displacement equal to 3.6 mm

b.  Shear-critical beams

A shear failure is typically accompanied with limited displacements, and therefore it is brittle. It usually
takes place before yielding of the longitudinal reinforcement. The objective of this section is to evaluate
the accuracy of the proposed modeling approach with respect to the shear resistance prediction.
The first beam set examined was tested by Randl, Mészoli & Harsanyi (2018). The beams B17, B28 and
B18 with I-shaped sections are shown in Fig 7. They are highly-reinforced with 7¢20 at the tensile side of
the section. Table 3 lists the properties of the specimens.

The modeling procedure adopted for this chapter follows the previous one used for flexure-critical
beams. [-shaped sections are represented by layers of different thickness (t) to simulate the inclined parts
between the web and the flanges (see Fig 7, left).
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Fig 7. Cross-section and modeling approach of I beams from Randl, Mész6li & Harsanyi 2018

t=58 mm

Fig 8 presents the comparison of FE prediction and experimental load deflection curves. For beam B28,
only the experimental strength is known. The experimental results shows that the load bearing capacity
increases with increasing fiber ratio. Peak load ratios are 1.57 and 1.76 for B28/B18 and B17/B18,
respectively. The stiffness of the specimens increases as the ratio of fibers increases. The FEM captured
the influence of fibers on the maximum deflections. The load bearing capacities are also well predicted.

Fig 8.
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The last set of tests examined here was designed to study the influence of stirrups in the shear
resistance of I beams. Tested by Telleen & al. (2010), the material properties of these beams are listed in
Table 3. The comparison between experimental and predicted results is presented in Fig 9. During the
experiments, it was observed that the resilience of beams with stirrups was higher than those without
stirrups. This behavior and the load bearing capacity is reasonably well represented by the FE model. As
expected, the member with stirrups reached a higher capacity.
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Fig 9. Measured and predicted response of beams with variable stirrups ratio

Fig 10 presents the crack patterns at the failure of the beam without stirrups. The measured and
predicted crack patterns are similar with a main diagonal crack in the web causing the failure. This crack
is inclined at about 45° from the point load and propagates horizontally along the web to the supports. A
large set of small cracks develops with the same inclination in both spans. This was captured by the model
where crack spacing is fixed to 13x0.75 = 9.75 mm and one element has a size of 10x10 mm.

Fig 10. Measured and predicted (post-processor Augustus (Bentz 2000)) crack patterns at failure of beam without
stirrups from Telleen (2010)

Fig 11 summarizes the strength predictions of all fiber-reinforced beams modeled in this study. The x-
axis represent the shear-span-to-depth ratio or the volume of fibers while the y-axis represents the ratio
between the finite element model predictions and the experimental results. This figure shows the accuracy
of the proposed modeling approach, with ratios close to unity. Considering all specimens, an average ratio
of 1.03 with a COV of 5.7% is obtained.
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Fig 11. Experimental-to-predicted ratios for 15 UHPFRC beams

iv.

Summary and conclusions

A modeling approach for modeling UHPFRC has been presented. Using currently-available formulations
and software, this new approach is described with the intention that practicing engineers and researchers
can follow the same modeling strategies. The approach is validated with large-scale experimental
specimens available in the literature. The comparisons between the experimental and simulated results are
made in terms of maximum capacity, post-peak behavior, stiffness, ductility, and cracking behavior.
Based on the results obtained, the following conclusions are reached:

1.

The material behavior models employed in this study provided accurate results for the analysis of
UHPFRC members. For the eight flexure-critical beams, the average experimental-to-predicted
beam strength ratio is 1.04 with a coefficient of variation (COV) of 6.97%. For the seven shear-
critical beams the ratio is 1.02 with a COV of 4.93%.

The proposed modeling approach requires a few material properties, derived from a standard
uniaxial compression strength f’.

The proposed modeling approach is shown to exhibit no bias with respect to the UHPFRC
properties (Vy, f°¢), geometry (a/d) or steel reinforcement details (p,, , p;). It is, therefore, found to
be applicable to general modeling cases involving UHPFRC.

The reader can reproduce the results obtained in this study or perform new analysis using the
proposed modeling approach.

This method requires short analysis times. The longest time required in this study was 15 min.
using a laptop computer with Intel Core 15-6440HQ processor, 16 GB RAM, and 256 GB Solid
State hard drive.
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