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Abstract. This study simulates the flexural behavior of ultra-high-performance fiber-reinforced
concrete (UHPFRC) beams reinforced with steel and glass fiber-reinforced polymer (GFRP)
rebars. For this, micromechanics-based modeling was first carried out on the basis of single fiber
pullout models considering inclination angle. Two different tension-softening curves (TSCs) with
the assumptions of 2-dimensional (2-D) and 3-dimensional (3-D) random fiber orientations were
obtained from the micromechanics-based modeling, and linear elastic compressive and tensile
models before the occurrence of cracks were obtained from the mechanical tests and rule of
mixture. Finite element analysis incorporating smeared crack model was used due to the multiple
cracking behaviors of structural UHPFRC beams, and the characteristic length of two times the
element width (or two times the average crack spacing at the peak load) was suggested as a result
of parametric study. Analytical results showed that the assumption of 2-D random fiber orientation
is appropriate to a non-reinforced UHPFRC beam, whereas the assumption of 3-D random fiber
orientation is suitable for UHPFRC beams reinforced with steel and GFRP rebars due to disorder
of fiber alignment from the internal reinforcements. The micromechanics-based finite element
analysis also well predicted the serviceability deflections of UHPFRC beams with GFRP rebars
and hybrid reinforcements.

Keywords: ultra-high-performance fiber-reinforced concrete; flexure; micromechanics; fiber orientation;
reinforcement; finite element analysis

1. Introduction

Recently developed ultra-high-performance fiber-reinforced concrete (UHPFRC) exhibits
excellent mechanical strength, toughness, and durability (Richard and Cheyrezy 1995). In
particular, due to its unique strain-hardening characteristics with multiple micro-cracks, UHPFRC
is mechanically more performant than the conventional strain-softening concretes and useful in
structures dominated by bending (Naaman and Reinhardt 2003). However, the real application of
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UHPFRC to civil infrastructures has been limited until today due to several demerits such as high
cost, high deviation of tensile performance in terms of fiber orientation, and insufficient structural
design and analysis technique. In order to overcome these drawbacks, many researchers (Wille et
al. 2011, Kang et al. 2011, Yang et al. 2011, Ferrara 2012, Yoo 2014, Yoo et al. 2014a) have been
performed material and structural tests of UHPFRC. Wille et al. (2011) and Yoo et al. (2014a)
reported that the tensile and flexural performances of common UHPFRC including short smooth
steel fibers can be improved by using twisted steel fibers and long smooth steel fibers, and thus,
the fiber contents required for a certain level of tensile or flexural performance can be reduced. In
general, 2% by volume of steel fibers occupies approximately 33% of total cost of UHPFRC (Yoo
and Yoon 2015). Kang et al. (2011) and Ferrara (2012) noted that the flexural performance of
UHPFRC is strongly influenced by the fiber orientation, and proper casting process leads to
adequate fiber enhancement, better flexural performance, and high precision of test results. In
addition, Yang et al. (2011) and Yoo (2014) performed structural tests of UHPFRC beams with
non-prestressed and prestressed reinforcing steel and predicted their flexural behaviors according
to two international recommendations (AFGC/SETRA 2002, JSCE 2004). Since the unique tensile
properties of UHPFRC were considered in the analysis using tension-softening curve (TSC)
obtained from fracture mechanics-based inverse analysis, the predicted values showed good
agreement with the test data. However, to obtain adequate TSC of UHPFRC, three-point bending
tests for small beams and complicated inverse analysis have been imperatively required.

Accordingly, to provide more simplified analytical technology, a micromechanics-based
modeling for post-cracking TSC of UHPFRC was introduced in this study. Based on single fiber
pullout models considering inclination angle, fiber bridging curves were first calculated with the
assumptions of 2-dimensional (2-D) and 3-dimensional (3-D) random fiber orientations. Since the
TSC consists of matrix softening and fiber bridging curves, a bilinear matrix softening curve,
previously suggested by Yoo (2014), was adopted, and linear elastic compressive and pre-cracking
tensile models obtained from experiments and rule of mixture were applied. Subsequently, finite
element analyses incorporating the suggested material models were performed to simulate flexural
behaviors of structural UHPFRC beams with steel and glass fiber-reinforced polymer (GFRP)
rebars and verified through comparison with the previous test results by Yoo (2014).

2. Material models for UHPFRC and reinforcements
2.1 Pullout modeling of single fiber according to inclination angle

In order to obtain TSC, fiber pullout load and slip relation was first derived. Naaman et al.
(1991) suggested basic mathematical equations for simulating the pullout response of smooth steel
fiber. However, since these equations have been derived from the test results of smooth steel fiber
embedded in normal- or high-strength cementitious matrix, the prediction of descending branch in
full debonding region was inappropriate to the smooth steel fiber embedded in ultra-high-strength
cementitious matrix. For this reason, Lee et al. (2010) proposed a modified model for predicting
the pullout response of the smooth steel fiber embedded in ultra-high-strength cementitious matrix.

The pullout load and slip models considering snubbing and matrix spalling effects are as
follows. The detailed procedure obtaining the following equations can be found elsewhere (Yoo et
al. 2015c).
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where P is the pullout load, ¢ is the slip displacement, € is the inclination angle of fiber with
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where g is the apparent frictional shear strength, zyayapp) is the apparent bond strength, and u is
the length of debonding zone.

Table 1 Physical and geometrical properties of matrix and steel fiber

Matrix Steel fiber
An Em ds I Ay fi =
(mmd)  (MPa) Vm (mm) (mm) (mm?) (MPa) (MPa) vi
3.14 45000 0.2 0.2 13.0 0.0314 2500 200000 03

Where, A, = area of matrix (100 x Ay), E,, = elastic modulus of matrix, v, = Poisson’s ratio of matrix,
ds = diameter of fiber, I; = length of fiber (2 x embedment length of fiber), A; = area of fiber,
f, = tensile strength of fiber, E; = elastic modulus of fiber, and v; = Poisson’s ratio of fiber.
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where dy is the end slip of fiber at the onset of full debonding, = is the decaying frictional shear
stress, # is the factor reflecting steepness of descending branch in fiber pullout curve, « is the
coefficient determining initial slope of frictional slip behavior, v is the Poisson’s ratio of fiber, u is
the frictional coefficient at the fiber-matrix interface, and v,, is the Poisson’s ratio of matrix. The
parameters » and o were assumed to be 0.05 and 1, respectively, according to a previous study
(Lee et al. 2010). In addition, the properties of matrix and steel fiber are summarized in Table 1.

Based on the pullout test results performed by Yoo et al. (2013), the bond strength was found to
be 7.55 MPa for the smooth steel fiber (I/d; = 13/0.2 mm/mm, where I; is the fiber length)
embedded in ultra-high-strength matrix. The material properties and mix proportion for the
structural UHPFRC beams simulated in this study were exactly same with those in a previous
study (Yoo et al. 2013). Therefore, the bond strength of 7.55 MPa was adopted.

Pullout load (N)

Slip (mm)

Fig. 1 Analytical pullout load and slip curves of smooth steel fiber embedded in ultra-high-
strength matrix according to inclination angle (bond strength of 7.55 MPa)
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Table 2 Material properties of UHPFRC

Tmax fcI E. & fti*
(MPa) (MPa) (MPa) (mm/mm) (MPa)
7.55 196.7 47800 4.4x10° 10.95

Where, 7max = bond strength, f;' = compressive strength, E. = elastic modulus, ¢;' = compressive strain at the
peak, and f; = first cracking tensile strength
fy is calculated by rule of mixture.

The calculated pullout load versus slip responses of single smooth steel fiber with various
inclination angles are shown in Fig. 1. The variations of the maximum pullout load and the
corresponding slip were well simulated using Eqgs. (1)-(9); the pullout load increased up to the
inclination angle of 45°, while the slip continuously increased with the inclination angle.

2.2 Micromechanics-based material modeling for UHPFRC

Linear elastic compressive and tensile models before the occurrence of cracks were adopted,
and the properties used are summarized in Table 2. Compressive strength and elastic modulus
obtained from experiments were found to be 196.7 MPa and 47.8 GPa, respectively, and the first
cracking tensile strength was calculated based on rule of mixture and found to be 10.95 MPa.

For the modeling of post-cracking tensile behavior, the TSC composed of matrix softening
curve and fiber bridging curve is required. The fiber bridging curve can be calculated by extending
the pullout model of single fiber to multiple fibers with consideration of fiber orientation. Not only
was the evaluation of actual fiber orientation characteristics in large UHPFRC beams with
reinforcements difficult, but also the flexural behavior of small UHPFRC beams was quite well
predicted by assuming the 2-D random fiber orientation in a previous study (Yoo et al. 2015c).
Thus, the fiber orientation was simply assumed to be 2-D and 3-D random in this study. The
probability density functions (PDFs) for 2-D and 3-D random fiber orientations were used by 2/z
and sind, respectively.

The number of fibers per unit area is influenced by the fiber orientation and the embedded
length, as expressed by

N, =Ny [ [ p(1)p(6)cos adide (10)

where Nyp is the number of fibers per unit area for 1-D (Nip = V{/Ay), V; is the volume fraction of
steel fiber, and p(l) and p(6) are the PDFs for embedment length and inclination angle.

The resistance force of a single fiber at the crack plane is given by a function of inclination angle
0, embedded length I, and amount of slip J. Thus, the bridging stress of the composites oy, IS
expressed by

Gb(5)=%:2 [ P(0.1,5)p(1)p(6)cos Gdldo 1)

For the case of matrix softening, the following equations suggested by Yoo (2014) were
adopted.
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where f, is the first cracking tensile strength in composites (= f;) and the parameters in the bilinear
matrix softening curve a, wy, and w, were used by 0.3, 0.15, and 0.7, respectively.

Fig. 2 shows the calculated fiber bridging curves and matrix softening curve. Higher maximum
fiber bridging stress of 8.99 MPa was obtained for the 2-D random fiber orientation than that of 3-
D random fiber orientation. This is because better fiber orientation for the case of 2-D random
fiber orientation led to higher number of fibers at the crack surfaces than its counterpart, as

reported by Yoo et al. (2015b).
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Fig. 2 Matrix softening and fiber bridging curves
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Fig. 4 Stress distribution along the beam height at the peak load; (a) 2-D random orientation (Ppea = 29.3 KN
and ¢ =18.0 mm), (b) 3-D random orientation (Ppeax = 23.2 KN and ¢ = 15.8 mm) (Note: P4 is the peak load
and c is the neutral axis depth)

To verify the modeled TSC, flexural response of small UHPFRC beams (100 x 100 x 400 mm)
with 30 mm notch at the mid-length was predicted through the sectional analysis. Fig. 3 shows the
comparison of load versus crack mouth opening displacement (CMOD) curves obtained from the
experiments and the micromechanics-based sectional analyses. The analytical result using the fiber
bridging curve based on the PDF assuming 2-D random fiber orientation showed fairly good
agreement with the test data. The peak load, CMOD at the peak, and post-peak softening behavior
were well predicted. In contrast, the prediction using the fiber bridging curve based on the PDF
assuming 3-D random fiber orientation exhibited lower load carrying capacity than the test data.
This indicates that the assumption of 2-D random fiber orientation is appropriate to be used for
predicting the flexural response of small UHPFRC beams rather than the assumption of 3-D
random fiber orientation.

Fig. 4 exhibits the stress distribution along the beam height at the peak load. Regardless of the
fiber orientation, the compressive stress at the top fiber was much lower than the compressive
strength (f.'= 196.7 MPa). On the other hand, the flexural crack was quite deeply propagated into
the compressive zone at the peak load. This means that the beam was dominantly failed by the
flexural crack rather than the concrete crushing, as shown in Fig. 3 (for typical failure mode of
notched UHPFRC beam). The stress distribution was influenced by the fiber orientation; 2-D
random fiber orientation provided higher maximum compressive and tensile stresses and neutral
axis depth than those of the 3-D random fiber orientation. This is because a higher fiber bridging
stress at the peak load obtained in the 2-D random fiber orientation leads to higher compressive
and tensile stresses and neutral axis depth (by force equilibrium condition at the cross-section),
compared to that in the 3-D random fiber orientation.
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3. Numerical analysis and verifications
3.1 Steel bar-reinforced UHPFRC beams under four-point bending load

3.1.1 Analytical procedure

There are two analytical models, i.e., (1) smeared crack model and (2) discrete crack model,
mainly used for predicting the flexural response of fiber-reinforced concrete (FRC). These models
can take into account the unique tensile behaviors by incorporating TSCs. However, since the steel
bar-reinforced UHPFRC beams produced numerous micro-cracks and showed various failure
modes, the smeared crack model is more appropriate than the discrete crack model. This is because
the discrete crack approach needs pre-defined crack path, whereas the smeared crack approach
dose not require the pre-defined cracks and the crack opening is assumed to be smeared out over a
characteristic length. Thus, the smeared crack model was adopted in this study.

The smeared crack approach provides different predictions according to the characteristic
length (= crack band width). In the case of normal-strength concrete, the characteristic length is
appropriate to be defined by the width of element or square root of element area. However,
Denarié et al. (2003) reported that in contrast to normal-strength concrete, different characteristic
lengths are required in some special cases (i.e., FRC, high-performance fiber-reinforced
cementitious composites (HPFRCC), UHPFRC, etc.). In addition, if inappropriate characteristic
length is assumed, the predicted crack pattern will be unrealistic and the ductility and load carrying
capacity will be overestimated or underestimated. For this, the preliminary studies for determining
an adequate characteristic length are imperative.

Fig. 5 shows the geometry and finite element meshes for steel bar-reinforced UHPFRC beam.
The commercial program DIANA (TNO 2002) was used. Because of its symmetry, a half model of

P/2
4

270

T 200 1050 " 200 |
Fig. 5 Finite element meshes for steel bar-reinforced UHPFRC beam under four-point bending load (unit:
mm)

2 2 2-D random a
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& . &y > . " . >
Strain Crack opening Slip
(@) (b) (c)

Fig. 6 Models for FE analysis; (a) stress-strain model of steel rebar, (b) TSCs for UHPFRC, (c) bond stress-
slip model
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the beam was adopted to save computing time. To model the concrete, a four-node quadrilateral
isoparametric plane stress element (QBMEM) based on linear interpolation and Gauss integration
was used. In addition, a bilinear material model for the steel rebar with a nominal diameter of 12.7
mm, yield strength of 522.7 MPa, elastic modulus of 200.0 GPa, and ultimate strain of 0.164
mm/mm was adopted, as shown in Fig. 6(a). The total number of elements and number of nodes
used were 2916 and 3052, respectively. The modeled element width in clear span length was
adopted by 12.5 mm, similar to the experimentally obtained average crack spacing at the peak load
(Yoo 2014). The smeared crack approach in DIANA requires only up to 5 points in the TSC.
Therefore, the TSCs obtained from micromechanics-based analysis were simplified as shown in
Fig. 6(b).

In order to consider bond stress-slip response between steel rebar and concrete, multi-linear
bond-slip model was adopted based on the pullout test results performed by Yoo et al. (2014b), as
shown in Fig. 6(c). Due to the extremely high bond strength of UHPFRC, steel yielding is
generally obtained when an embedment length is higher than two times the rebar diameter. For this
reason, only ascending part in the bond-slip response was modeled in this study. The bond stress-
slip model is composed of normal and shear tractions versus slip relationships. The normal
traction-slip response was assumed to be linear elastic, while the shear traction-slip response was
adopted from the multi-linear model in Fig. 6(c).

3.1.2 Preliminary analysis for determination of characteristic length

The numerical analysis results, based on smeared crack model, are influenced by the
characteristic length. In order to determine an adequate characteristic length I, the flexural
response of UHPFRC beam without reinforcement was predicted with the assumption of 2-D
random fiber orientation and with three different characteristic lengths (I, = 1 x b, 2 X b, and 3 x
be, Where b, is the element width). The reason why 2-D random fiber orientation was assumed is
because; (1) to obtain real fiber orientation for structural UHPFRC beam was difficult and (2)
based on the previous analytical results by Yoo et al. (2015c), UHPFRC beam without
reinforcement was fairly well predicted by assuming 2-D random fiber orientation.

Fig. 7 shows the comparison of experimental and analytical results for the peak load and the
corresponding deflection. The peak load and the corresponding deflection were strongly affected

15
B Peak load

B Deflection at peak

Ratio (exp./pred.)

1xb, 2xb, 3xb,

Element width (mm)
Fig. 7 Effect of characteristic length on the ratios of peak loads and deflections at the peak obtained from
experiments and predictions
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by the characteristic length; these values decreased with an increase in the characteristic length.
For the case of I, = 2 x b, (I. = 25 mm), the analytical prediction exhibited good agreement with
the test data. Therefore, the characteristic length of two times the element width (2 x be) (or two
times the average crack spacing at the peak load) was adopted.

3.1.3 Comparison of experimental and numerical results

In Fig. 8, the comparison is made between the experimental and the analytical results. To
evaluate the suitability of the suggested micromechanics-based material models and smeared crack
approach, sectional analysis, which incorporates TSC obtained from inverse analysis, was also
performed on the basis of AFGC/SETRA recommendations (AFGC/SETRA 2002, Yoo 2014).
The moment-curvature relations obtained from the sectional analyses were converted to the load-
deflection relations in terms of the linear elastic theory, as expressed by

Fo 4M (14)
iL—LJ
3L —4L°

A=p——2L 15
¢ 24 (15)

where F is the applied load, M is the moment, L is the span length, L, is the length of pure moment
region, 4 is the deflection, ¢ is the curvature, and L, = (L — L,)/2.

In the case of UHPFRC beam without reinforcement, the micromechanics-based finite element
(FE) analysis with the assumption of 2-D random fiber orientation provided the best prediction to
the present test data, whereas the micromechanics-based FE analysis with the assumption of 3-D
random fiber orientation showed a lower load carrying capacity than the test data. Therefore, it
was noted that the FE analysis with the assumption of 2-D random fiber orientation is appropriate
to predict the flexural responses of UHPFRC beams without reinforcement. On the other hand, the
sectional analysis showed slightly lower peak load and larger deflection at the peak than the
experimental results.

For the UHPFRC beams with steel rebars, the FE analyses and sectional analyses exhibited
slightly stiffer pre-peak load-deflection curves than the experiments. The predictions based on the
FE analysis with the assumption of 2-D random fiber orientation showed higher load carrying
capacities than the test data. On the contrary, the FE analysis with the assumption of 3-D random
fiber orientation exhibited fairly good agreement with the test data, especially for the beams
including four and six steel rebars (p = 1.06% and p = 1.71%). This is attributed to the fact that the
fiber alignment along the flow direction was disturbed by the internal steel rebars. Therefore, it
was concluded that the assumption of 3-D random fiber orientation is more appropriate to predict
the flexural response of UHPFRC beams with steel rebars than that of 2-D random fiber
orientation. The sectional analyses showed median values between the 2-D and 3-D random fiber
orientations and quite well predicted the peak loads and the corresponding deflections. As shown
in Fig. 8(b), which is the typical principle strain and stress contour and the deformed shape of the
beam at the ultimate, the compressive and tensile strains and stresses were well distributed along
the height of beam. The highest tensile and compressive stresses and strains for both the concrete
and steel rebar were obtained in the pure maximum moment region.

3.2 GFRP bar- and hybrid-reinforced UHPFRC beams under three-point bending load
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3.2.1 Analytical procedure

In order to predict the flexural response of UHPFRC beams reinforced with GFRP rebars and
hybrid reinforcements, micromechanics-based FE analysis was also conducted. Since the
assumption of 3-D random fiber orientation provided better prediction than that of 2-D random
fiber orientation for the UHPFRC beams including steel rebars, 3-D random fiber orientation was
only considered for modeling the UHPFRC beams with GFRP rebars and hybrid reinforcements.
A bilinear model was used for steel rebar in Fig. 6(a), and a linear elastic model for GFRP rebar
with ultimate strength of 1182.0 MPa and elastic modulus of 51.3 GPa was applied, as shown in
Fig. 9(a). The detailed properties of used steel and GFRP rebars are summarized in Table 3.

To take into account the bond stress and slip relationships, multi-linear bond stress-slip models
were used. For steel rebar, the bond stress-slip model in Fig. 6(c) was considered, while for GFRP

300 300
Experiment . .
—Sectional analysis Prlnuple strain P/2
240 ——FE analysis (2-D) 240
e ——FE analysis (3-D) e
é 180 é 180
=] =]
s 120 s 120 t
- - .
60 60
p=0% p=0.53%1 " * Principle stress P/2
0 . . " ! 0 . . :
0 4 8 12 16 0 6 12 18 24
Deflection (mm) Deflection (mm)
300 300
2
240 240
g 180 g 180 | Longitudinal strain in rebar P/2
= =
8 8
S 120 S 120
60 60 000
p=1.06%1°°°° p=171%=1°°° R
o ) ) 4 san ' 0 . ) o
0 6 12 18 24 30 0 7 14 21 28 35
Deflection (mm) Deflection (mm)
(a) (b)

Fig. 8 Analytical results for steel bar-reinforced UHPFRC beams; (a) load-deflection curves, (b) contour of
stresses and strains for UHPFRC beam with six steel rebars

Table 3 Mechanical and geometrical properties of steel and GFRP rebars
d A E, f g f &y

Type r 2 y u
(mm) (mm?) (MPa) (MPa) (mm/mm) (MPa) (mm/mm)
Steel rebar 12.7 126.7 200000 522.7 0.0026 - 0.164
GFRP rebar 12.7 126.7 51300 - - 1182.0 0.023

Where, d, = nominal diameter of rebar, A = area of rebar, E, = elastic modulus of rebar, f, = yield strength of
steel rebar, &, = yield strain of steel rebar, f, = ultimate strength of GFRP rebar, and &, = ultimate strain of
rebar

“f, is assumed to be identical with f, for the case of steel rebar.
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Multi-linear model

Stress
Stress

&, .
Strain Slip
(@) (b)
Fig. 9 Models for FE analysis (GFRP rebar); (a) tensile stress-strain model, (b) bond stress-slip model

270

100’ 1350

Fig. 10 Finite element meshes for UHPFRC beam with GFRP rebar and hybrid reinforcement under three-
point bending load (unit: mm)

rebar, the multi-linear bond stress-slip model based on the following Egs. (16) and (17) was used,
as illustrated in Fig. 9(b). The bond stress-slip model for the GFRP rebar embedded in UHPFRC
was obtained based on the previous pullout test results by Yoo et al. (2015a). The maximum bond
strength of GFRP rebar was found to be 15.1 MPa from the following Eq. (16).

U 4k 9

F 1 T K, r; (16)

where u is the bond strength of GFRP rebar, f.' is the compressive strength, k; and k, are the curve
fitting coefficients, d, is the rebar diameter, and L. is the embedment length of rebar. The
coefficients k; and k, were obtained in terms of the curve fitting using the least-square error
method and found to be 1.05 and 0.85, respectively (Yoo et al. 2015a).

In addition, the CMR model (Cosenza et al. 1995) was adopted for modeling the bond stress-
slip response in the ascending branch, as expressed by

r=ufl-erY (17)

where 7 is the bond stress, s is the slip, and s, and g are the curve fitting coefficients and obtained
by s, = 0.16 and 8 = 0.50, respectively (Yoo et al. 2015a).

In accordance with a previous model for development length of GFRP rebar in UHPFRC
(Lg,putt-out = d f./3.4(f.)>°), the development length was obtained by approximately 310 mm.
Therefore, pullout failure of GFRP rebars in UHPFRC beams was not observed, and only
ascending part in the bondstress-slip curve was considered.

The geometry and finite element meshes for UHPFRC beams reinforced with GFRP rebars and
hybrid reinforcements are shown in Fig. 10. In similar to the analysis used for steel bar-reinforced
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UHPFRC beams, the Q8MEM was adopted for modeling UHPFRC, and a half model of the beam
was used. Total number of elements and number of nodes were 3024 and 3161, respectively. The
modeled element width in clear span length was 12.5 mm, similar to the measured average crack
spacing at the peak load, and the smeared crack approach was adopted. Based on the previous
parametric study, the characteristic length was also determined to be two times the element width.

3.2.2 Comparison of experimental and numerical results

Fig. 11 shows the comparison of the experimental and FE analytical results. The micromechanics
-based FE analyses showed quite good agreement with the test data. In the case of UHPFRC
beams reinforced with two GFRP rebars only or two inner steel and two outer GFRP rebars, the
FE analysis showed slightly lower post-cracking load carrying capacity than the test data at the
same deflection. This is attributed to the fact that the steel fibers were more aligned parallel to the
flow direction than the 3-D random fiber orientation assumption because of the large spacing
between rebars and form. On the other hand, for the beams including more GFRP rebars and
hybrid reinforcements, the FE analyses generally exhibited similar (or slightly stiffer) post-
cracking load-deflection response with the test data up to near the peak load. Because the elastic
modulus of GFRP rebars is significantly lower than that of steel rebars, a higher deflection of
GFRP bar-reinforced concrete beams is obtained in comparison with steel bar-reinforced beams
having an identical reinforcement ratio (Nanni 1993). Therefore, it is important to accurately
predict the serviceability deflection of GFRP bar-reinforced concrete beams.
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Fig. 11 Comparison of experimental and numerical results for UHPFRC beams with GFRP rebar and hybrid

reinforcement; (a) GFRP bar-reinforced UHPFRC beams, (b) hybrid reinforced UHPFRC beams (black
circle: GFRP rebar and white circle: steel rebar)
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Fig. 12 Comparison of serviceability deflections, D, obtained from experiments and FE analysis

In accordance with a previous study by Yoo (2014), the previous models (ACI 2006, Bischoff
2005), which are most widely used for predicting the serviceability deflection, were inappropriate
to predict serviceability deflection of UHPFRC beams with GFRP rebars and hybrid
reinforcements due to its strain-hardening characteristics (i.e., the average ratios of serviceability
deflections obtained from experiments and the previous models were found to be approximately
0.18). Thus, the micromechanics-based FE analysis was alternatively adopted to predict the
serviceability deflection in this study. Fig. 12 shows the comparison of serviceability deflections,
D, (at 40% of ultimate moment, M,) (Issa et al. 2011) obtained from experiments and FE analyses
with the assumption of 3-D random fiber orientation. Serviceability deflections were quite well
predicted from the FE analysis; the average ratios of serviceability deflections from predictions
and experiments, Dyrea/Dexp, Were found to be 0.91 (standard deviation of 0.07).

4. Conclusions

In this study, the flexural behavior of structural UHPFRC beams reinforced with steel and
GFRP rebars was simulated by using micromechanics-based FE analysis. For the tensile modeling,
two different fiber orientations (2-D and 3-D random) were considered, and smeared crack
approach was adopted for FE analysis. Based on a parametric study, the characteristic length of
two times the element width (or two times the average crack spacing at the peak load) was
suggested for UHPFRC beams. The assumption of 2-D random fiber orientation showed the best
prediction to the test results of UHPFRC beam without reinforcement. However, in the case of
UHPFRC beams with steel and GFRP rebars, the assumption of 3-D random fiber orientation was
more suitable than its counterpart (2-D random), because the fiber alignment was disturbed by the
internal reinforcements. Lastly, the micromechanics-based FE analysis quite well predicted the
serviceability deflections of UHPFRC beams reinforced with GFRP rebars and hybrid
reinforcements.
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