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Ductile Fiber Reinforced Cementitious Composite (DFRCC) features a superior strain capacity of 5-6%
under tensile loading. However, the strengthening effect of DFRCC on the flexural performance of RC
beams is not clearly understood at present. In this study, we numerically investigate the DFRCC strength-
ening effect as applied to the tension region of RC beams. More specifically, numerical simulations are
carried out for four-point bending RC beams strengthened with a cover thickness of DFRCC and with
twice the cover thickness at the bottom tension section of the composite beam. To determine the effects
of strain capacity and the strain-hardening slope of DFRCC, numerical simulations are carried out with
DFRCC strain capacities ranging from 1% to 5%. From these studies, it is shown that the load carrying
capacity and displacement at failure are influenced by the strain capacity and strain-hardening slope
of DFRCC, but not to a significant degree. DFRCC strengthening on a tension zone can reduce both stress
levels and stress concentrations in the reinforcement and can reduce crack width. It also can delay flex-
ural failure of the structure due to the damage-tolerant behavior of DFRCC.
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1. Introduction

The stiffness of RC beams is decreased due to various causes
such as concrete cracking and reinforcement corrosion [1-3]. In or-
der to prevent the durability of structures from degrading, older
structures require periodic maintenance. From an economic point
of view, efforts to repair or strengthen structures are preferable
to reconstructing them [4]. It has been shown that one successful
reinforcement method is to bond a steel plate, FRP sheet, or other
material to the tension faces of structural members. In these cases,
compatibility between the concrete and the repair material is the
most important factor in selecting a repair material [5,6].
Cement-based materials are suitable for repairing RC structures
due to the match between their mechanical and physical proper-
ties (e.g., coefficient of thermal expansion, fracture energy, and
permeability), as well as other important considerations, such as
cost, availability, and constructability [7-9].

Recently, Ductile Fiber Reinforced Cementitious Composite
(DFRCC) or Strain Hardening Cementitious Composite (SHCC) has
been developed as a repair material for RC structures [10-16].
DFRCC/SHCC is a cement-based material with strain-hardening
behavior and a high tensile strain capacity. It also has a superior
fracture resistance capacity [15]. The ultimate tensile strength
and strain capacities can be as high as 5.0 MPa and 5-6%, respec-
tively. When loading is applied to an RC member repaired with
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DFRCC/SHCC, more numerous but thinner cracks are expected to
form on the beam tension face, in contrast to the fewer but wider
cracks of an ordinary RC beam. More numerous finer cracks are
expected to reduce stress concentrations and result in a more
efficient stress distribution across the tension face.

In the authors’ previous paper [6], the strengthening effect of
DFRCC/SHCC applied to the tension region of plain concrete beams
was both numerically and experimentally examined. In the present
work, investigations focus on the flexural behavior of an RC beam
repaired with DFRCC/SHCC on the tension face. RC beams with dif-
ferent repair thicknesses and strain capacities of DFRCC/SHCC are
simulated in order to assess the strengthening effects and failure
modes. For the numerical simulations, a lattice-type model is em-
ployed [6,17]. This lattice-type model can simulate failure behavior
as well as overall load-deformation behavior. In the RC beams,
overall failure is regarded as when the compressive zone cannot
be further strained and crushes or the steel reinforcement ruptures
in tension.

2. Numerical modeling
2.1. Lattice model

Lattice models have been widely used to simulate the brittle
failure of materials [18-20]. In the most basic case, crack growth
is modeled by removing (from the mesh) the element with the
highest stress-to-strength ratio. The fracture is based on the max-
imum tensile stress that occurs in the outermost fiber of a frame
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element due to moment and normal force at nodes i and j as shown
in Eq. (1):

P o (Ee MR )

1-2)\A

o= A W

(1)

where F is the axial force in the frame element, and M; and M; are
the bending moments at nodes i and j of the frame element, respec-
tively. Parameter A is the section area of a frame element with
width b and depth h, and W is the element’s section modulus
(bh?/6). Parameter € is a damage indicator initially set to zero for
all elements; Q =1 corresponds to removal of an element from
the lattice (i.e., complete damage). The constant « is a parameter
to control the influence of flexure on the fracture, and g is a param-
eter for scaling the element’s effective stress to global stress levels.
The significance of parameters « and f is discussed in Refs. [18-20].

The lattice model is based on iterations of linear elastic lattice
behavior with introduced nonlinearities. Once an element is re-
moved from the system, the solution is repeated linearly to reach
another point on the load-deformation curve. As will be shown la-
ter, the model is able to realistically describe observed cracking
patterns.

Cement-based materials such as concrete and DFRCC generally
fail due to tensile cracking. In this study, therefore, the Axial Defor-
mation Link Element (ADLE) model [6,17] was introduced to inves-
tigate the fracture behavior of the materials. This model considers
only axial deformation between two neighboring points. At each
load stage, the effective stress ¢ acting in each element is com-
puted according to Eq. (1) when o = 0. The ADL element with the
highest ratio R = /o experiences a fracture event when R > 1.0,
where ¢ is the axial stress in the element and oy is the tensile
strength of the material. Internal element forces associated with
this change are released, and both the element and system stiffness
matrices reform. To model the macroscopic nature of the material
and fracture process better, the stiffness of fracturing elements was
gradually reduced via the damage parameter 2 depending on the
component type. The ADLE model adopts post-peak softening to
represent localization and account for energy consumption by
the fracture process. This model reveals a realistic stress-strain re-
sponse similar to that observed experimentally for concrete mate-
rials. For the reinforcement, it is modeled as elastic-perfectly
plastic.

2.2. Constitutive relationships for DFRCC

A constitutive relationship for an ordinary DFRCC is shown in
Fig. 1. The tensile stress increases linearly up to first cracking
strength, f;, after which DFRCC undergoes strain-hardening up to
the ultimate tensile strength, ;. The ultimate tensile strength
parameter f; can change according to the characteristics of DFRCC.

g
= 5

Tensile stress

Strain

During strain-hardening, multiple micro-cracks form successively
and become nearly equally spaced in parallel [6]. In the strain-soft-
ening region, transmitted tensile stress decreases after strain-hard-
ening. During strain-softening, the “strain” is not uniquely defined,
but depends on gauge length. Deformation at this stage is more
appropriately described by crack opening displacement, and it be-
gins to localize in the transition from a uniform deformation field
(multiple cracking deformation) to the crack opening displacement
of a single crack [6].

3. Behavior of a RC beam strengthened with DFRCC

To demonstrate the feasibility of the developed numerical pro-
gram to RC structure, numerical simulation is carried out for four-
point bending RC beam as shown in Fig. 2a. The material properties
used in this simulation are same as those of an experiment [20].
The material properties of concrete used in this simulation are as
follows: elastic modulus E.=26.4 GPa, first cracking strength
fr=2.8 MPa, and fracture energy Gr=96.8 N/m. The material prop-
erties for reinforcement used in this simulation are: elastic modu-
lus E;=200.0 GPa and yield strength f, = 414.0 MPa. Fig. 3 shows
the experimental and numerical load-displacement responses for
four-bending test. The numerical results are in good agreement
with those of experiment in the pre-peak region and ultimate
strength. The maximum displacements at failure stage, however,
are different from experiment (30 mm) and numerical simulation
(40 mm). The perfect bond assumption between concrete and
rebar is one of the reasons and the modeling of compressive
behavior in the lattice-type model might influence the maximum
displacement.

To investigate the strengthening effect of DFRCC, numerical
simulations are carried out for RC beams strengthened with a cover
thickness of DFRCC and twice the cover thickness at the bottom
tension section of the specimen (beams SC, SD) as shown in
Fig. 2b. The material properties for DFRCC used in this simulation
are: elastic modulus E=20.0GPa, first cracking strength
fr=2.5 MPa, and ultimate tensile strength of 5.0 MPa (s = 2.0).

The load-displacement curves of SC and SD beams are pre-
sented in Fig. 4 together with the results for the control beam.
The control beam, in this case, refers to a beam without the
strengthening reinforcement of DFRCC. Whereas the initial stiff-
ness of SC and SD beams is lower than that of the control beam,
the peak load of the SC and SD beams is higher than that of the con-
trol beam, and it increase with the thickness of DFRCC. This is be-
cause the elastic modulus of DFRCC is smaller than that of
concrete, but the ultimate tensile strength is higher. The maximum
loads are 49.6 kN, 50.6 kN, 54.3 kN, and the displacements at fail-
ure are 40.6 mm, 45.6 mm, 54.6 mm for the control beam, SC,
and SD, respectively. These results show increases by as much as
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Fig. 1. Constitutive relationship of DFRCC.
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Fig. 3. Comparison of experimental and predicted load-displacement curve for RC.
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Fig. 2. Four-point bending specimen configuration and DFRCC strengthening.
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9.5% and 34.4% in the maximum load and the displacement at fail-
ure, respectively.

Fig. 5 shows the stress variation in the reinforcement of each
beam. This is at the load level A of Fig. 4. The reinforcement stres-
ses of SC and SD decrease considerably compared to the control
beam. The maximum stress of SC decreases by 24.6% and that of
SD decreases by 48.3% compared to the control beam. The results
show that stress concentrations can be avoided in the reinforce-
ment with DFRCC strengthening. It is important because the stress
concentration may cause the yielding of reinforcement. The crack
opening in the tension face is shown in Fig. 6 in order to investigate
the crack controlling effects of DFRCC. This is at the point B of
Fig. 4. The maximum crack opening of SC decreases by 75.2% and
that of SD by 95.0% when compared with the control beam. This
phenomenon is probably due to the initiation of multiple but finer
cracks in the DFRCC. This damage-tolerant behavior delays flexural
failure of the structure.

Fig. 7 shows the load-displacement curve, failure mechanism,
and crack propagation for the SC beam. The failure mechanism
and average crack width are compared with each loading step A,
B, C, and D. The figure shows the crack propagation with each in-
creased loading step. In the point A, small tension cracks on the
tensile surface begin to form, and minor damage occurs at the
interface. When the loading step is reached to the load level B (near
the maximum load), multiple fine cracks develop into several ma-
jor cracks due to crack localization in the concrete region. The max-
imum crack width is under 340 um until the loading step of point
C. In the loading step of point D, however, the maximum crack
width is 2100 pm. The load-displacement curve and cracking
behavior of the SD beam are shown to be similar to those of the
SC beam.

4. Effects of DFRCC strain capacity

In this section, the behavior of the SC and SD beams will be
studied with a variety of constitutive relations for DFRCC. A
four-point bending simulation is carried out for the same speci-
men as shown in Fig. 2. Parametric studies are conducted on
the strengthened RC beam with different strain capacities and
strain-hardening slopes for DFRCC in order to investigate their
effects on the overall load-deformation and cracking behavior.
DFRCC is assigned the same ultimate tensile strength of
5.0 MPa, whereas the strain capacity is variably 1%, 2%, 3%, and
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Fig. 5. Stress variation in the reinforcement of each beam at load level A in Fig. 4.
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Fig. 6. Crack opening in the tension face of each beam.

60

0 T T T T
0.00 0.01 0.02 0.03 0.04

Displacement (m)

0.05

(a) Load-displacement curve

Maximum crack width : 30 pm

(b) Crack patterns and width at point A

(c) Crack patterns and width at point B

(d) Crack patterns and width at point C

(e) Crééi( patterns and width at point D
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Fig. 8. Constitutive relations of DFRCC with different strain capacities.
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Fig. 9. Effect of different strain capacities on the load-deflection response for the
group of SC beams.
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Fig. 10. Effect of different strain capacities on the load-deflection response for the
group of SD beams.

5% with a different strain-hardening slope for each simulation, as
shown in Fig. 8. Numerically simulated beams are classified into
two groups. For the group of SC beams, beams are named SC1,
SC2, SC3, and SC5, and SD beams are named SD1, SD2, SD3, and

SD5, according to the percentage of strain capacity of the
strengthening material.

The load-deflection responses are depicted in Figs. 9 and 10
for SC and SD beams, respectively. For the SC beams, the peak
loads are 49.6 kN, 47.8 kN, 48.2 kN, 49.4 kN, and 50.6 kN, and
the displacements at failure are 40.7 mm, 44.6 mm, 44.6 mm,
446 mm, and 45.6 mm for the control beam, SC1, SC2, SC3,
and SC5, respectively. The peak loads are almost the same
regardless of the strain capacity of DFRCC. On the contrary, the
increase of ultimate displacements changes slightly as the strain
capacity increases, up to 12.3% over the control beam in the case
of SC5.

For the SD beams, the peak loads are 49.6 kN, 51.4 kN,
53.3 kN, 53.7kN, and 54.3 kN for the control beam, SD1, SD2,
SD3, and SD5, respectively. As the strain capacity of DFRCC in-
creases, the peak loads have a tendency to increase as well.
The peak load of SD5 increases by as much as 9.5% over the con-
trol beam. The displacements at failure are 40.7 mm, 51.6 mm,
52.6 mm, 52.6 mm, and 53.6 mm for the control beam, SD1,
SD2, SD3, and SD5, respectively. The displacement at failure for
SD5 increases by as much as 31.7% over the control beam. Com-
paring the SC and SD cases, the SD beams show better results for
peak load and displacement at failure than the SC beams. In
other words, the strengthening effect increases as the thickness
of DFRCC increases.

5. Concluding remarks

In the present paper, a numerical model was developed to eval-
uate the behavior of RC beams under flexural loading. The model re-
sults are in good agreement with those of an experiment in the pre-
peak region and ultimate strength. The numerical model has been
used to estimate the structural performance of RC beams strength-
ened with Ductile Fiber Reinforced Cementitious Composites
(DFRCC). The DFRCC is assumed to have a hardening behavior for
tensile strains up to 5-6%. To investigate the strengthening effect
of DFRCC, numerical simulations were carried out for four-point
bending of RC beams strengthened with a cover thickness (and
twice the cover thickness) of DFRCC within the extreme tensile
zone of the specimen. The following conclusions have been reached
from this modeling effort.

1. The maximum load carrying capacity and displacement at fail-
ure of DFRCC strengthened RC beams increase by as much as
9.5% and 34.4%, respectively, when compared with the control
beam (without DFRCC strengthening).

2. Strengthening with DFRCC can also avoid stress concentrations
in the reinforcement and delay flexural failure of the structure
due to the damage-tolerant behavior of DFRCC. The maximum
stress of reinforcement decreases by 24.6-48.3% with increas-
ing DFRCC strengthening thickness. The maximum crack open-
ing also decreases by 75.2-95.0% when compared with the
control beam. Since the permeability is related to the cube of
crack width, DFRCC strengthening might be also effective to
prevent reinforcement from corrosion.

3. The parametric studies conducted on the strengthened RC beam
with different strain capacities and strain-hardening slopes for
DFRCC show that the SD beams provide better results for peak
load at failure than the SC beams. In other words, the strength-
ening effect increases as the thickness of DFRCC increases. It is
seen that the peak load of reinforced concrete beams increases
significantly according to increased ductility of the DFRCC
strengthening layer.
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