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ABSTRACT

Fibre reinforced polymer (FRP) composites have been increasingly studied for their
application in the flexural or shear strengthening of reinforced concrete members.
Although substantial increases in strength have been achieved, reductions in ductility have
also been reported, as a result of debonding failures near the concrete-FRP interface. The
debonding phenomenon has been the subject of numerous investigations. including the
experimental program described herein. which involved the strengthening of shear-critical
beams using carbon FRP strips. [t has been determined that the bond-slip behaviour at the
bond interface must be considered in the numerical modelling of externally-reinforced
members. Essential to analyses utilizing a finite element program are the formulation of
bond elements and their constitutive relations. The implementation of link and contact
elements, along with linear elastic and elastic-plastic bond laws. has produced accurate

predictions of member response.
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CHAPTER 1 INTRODUCTION

1.1 BACKGROUND

In recent years, there has been an increased need for the strengthening or rehabilitation
of reinforced concrete (RC) structures, due to the aging of infrastructure, the demand for
higher vehicle loads, updates in design codes or inadequate original designs. An effective
method for increasing the capacity of reinforced concrete beams is through the use of
externally-bonded reinforcement. Traditionally, steel plates have been bonded to the soffits of
beams to raise their flexural strengths. However, within the past 10 years, the application of
fibre reinforced polymers (FRP) as external reinforcement has received much attention from
the structural engineering community. FRP plates or fabrics are preferred over steel plates
mainly due to their high tensile strength, high strength-to-weight ratio and corrosion
resistance. Increase in structural weight is negligible, while the durability of covered members
is enhanced. Due to their light weight, field use of FRP plates or fabrics requires less labour
and equipment, resulting in shorter periods of disruption to services. As FRP material is
flexible, it can be utilized in any configuration to match the strength requirement of the RC
member. Although the material costs may be high, they are offset by the low installation and

maintenance costs.
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1.1.1 FIELD APPLICATIONS OF FRP COMPOSITES

Field applications of FRP for flexural or shear strengthening of RC members can be
found around the world today. FRP sheets are applied with the fibre direction oriented parallel
to the longitudinal axis of the members to increase flexural strength, and are bonded to the
webs of members to raise shear capacity. In Sherbrooke, Quebec, Canada, the rehabilitation of
Webster Parkade, built in 1959, involved strengthening of the main beams with FRP sheets.
An increase of 15% in flexural capacity and 20% in shear capacity was achieved [1]. Single-
ply carbon fibre reinforced polymer (CFRP) strips were bonded to the deck soffit of Bridge J-
857 in Phelps County, Missouri, USA to enhance its moment capacity. Although a 30%
increase was desired, it was found after testing to failure (this bridge was scheduled for
demolition) that the moment capacity increased by only 17%, with a combined failure mode of
rupture and peeling of the CFRP sheets [2]. In Japan, not only has FRP composites been used
for flexural and shear strengthening, but many structures have undergone seismic retrofitting
using FRP since the 1995 Hansin Earthquake [3]. Many projects have been completed in
Europe, with more than 1000 applications of CFRP plate bonding in Switzerland alone [4].

1.1.2 RESEARCH WORK INVOLVING FRP COMPOSITES

Rapidly advancing research in the area of FRP technology for the repair or
strengthening of RC members have enabled practical applications to be undertaken. Numerous
experimental studies have proved that externally-bonded FRP can significantly increase a
member’s strength and stiffness. However, there have also been reports of reductions in
ductility associated with brittle behaviour due to bond failure [5-7]. Such premature failure
leads to an inefficient use of the FRP material and prevents the strengthened members from

reaching their full capacities.



CHAPTER 1 INTRODUCTION

To complement experimental tests, analytical methods must be established so that
preliminary designs for specifying externally-bonded FRP can be verified. Detailed analyses of
these designs can be performed with a nonlinear finite element program. Results from such a
program have shown good agreement with experimental data, in terms of the increased
stiffness of FRP-reinforced members. However, it was noted that the numerical program
tended to overestimate the failure load of the member since debonding failure was not taken

into account [8].

Debonding failures are governed by the local bond stress-slip relationship between the
concrete and FRP. Thus, it is imperative to consider the relative displacement between them.
The bond-slip at the interface between the two adherents must be modelled to accurately
predict the ultimate capacity and failure mode of FRP-strengthened RC members. Since finite
element programs are based on displacement compatibility at the element nodes, accounting
for bond-slip can be accomplished through the use of interface bond elements.

1.2 OBJECTIVE OF CURRENT RESEARCH

The current research has been conducted to further the modelling capabilities of the
nonlinear finite element program VecTor2 to include FRP-strengthened RC members while
accounting for bond-slip. An experimental program was undertaken to study the debonding
phenomenon in RC beams strengthened in shear with CFRP composites. Finally, the program
VecTor2 was verified by corroborating with specimens studied by other researchers and with
those tested in the current program. Trends noted in the experimental and analytical work will

be summarized, along with suggestions for future research.
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1.3 LAYOUT OF CHAPTERS

This report is divided into seven chapters, the remaining six of which are organized as

follows:

Chapter 2 — a review of published literature regarding experimental and analytical work on
RC members with externally-bonded FRP composites (for flexural or shear
strengthening), and studies to characterize the bond behaviour between concrete

and FRP

Chapter 3 - a description of the Modified Compression Field Theory and the nonlinear finite
element program VecTor2, and formulations for bond elements (link and contact

elements) used to model the concrete-FRP interface

Chapter 4 - details of an experimental program involving three shear-critical beams externally
reinforced with FRP fabric, along with test observations, analysis and discussion

of results

Chapter 5 — corroboration of program VecTor2 with test specimens strengthened in flexure or
shear with FRP composites: experimental details, modelling considerations and

results

Chapter 6 - discussion of trends in experimental and analytical work, and the need for future
experimental and analytical work

Chapter 7 — conclusions drawn from the current research
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2.1 INTRODUCTION

Due to the many advantages of using FRP as external reinforcement for RC members,
extensive research has been carried out regarding their performance. Much of the research
has concentrated on flexural strengthening, where FRP laminates are bonded to the top or
bottom surfaces of beams in the maximum moment regions. However, the number of
experiments in which FRP is bonded on beam webs as shear reinforcement has also increased
within the past few years. Besides studying the global response of beams strengthened with
FRP, some researchers have focused their attention on the local behaviour at the bond
interface. Attempts have been made to characterize the bond behaviour at the interface where
premature failures initiate. To expedite the usage of FRP in field applications, design
procedures must be developed. Numerous experiments were required to build up a database
of results, leading to the large volumes of published literature regarding such tests. The
amount of analytical work is also on the rise, pointing the way to comprehensive guidelines
that can be used for the design of such members. As for numerical modelling employing the
finite element method (FEM), successful attempts have been reported in the area of flexural
strengthening, while simulations of shear-strengthened RC beams are limited in number.
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2.2 FLEXURAL STRENGTHENING WITH FRP COMPOSITES

The main reason for the introduction of FRP laminates into structural engineering
applications was to replace the heavy and corrosive-prone steel plates traditionally used for
the flexural strengthening of RC beams. Thus, a large amount of research has ensued, in an
effort to get a better understanding of the overall behaviour of strengthened beams and the

local behaviour at the plate ends.

2.2.1 GLOBAL BEHAVIOUR

While earlier work was predominantly experimental, more recent tests have usually
been followed by analytical or numerical modelling. The papers reviewed in this section will
focus on analytical work that has been undertaken, both excluding and including the
characteristics of the adhesive interface layer.

2.2.1.1 ANALYSES NOT INCLUDING CHARACTERISTICS OF ADHESIVE LAYER

RC beams strengthened with CFRP plates and sheets were tested by Arduini et al.[9],
in which failure mechanisms included FRP rupture, concrete shear at the end of the FRP
reinforcement, and FRP debonding. The beams were modelled with FE analysis, using a
commercial package based on a smeared crack approach. Beams strengthened with CFRP
plates were analyzed with a 2-D mesh, while those bonded with CFRP sheets were modelled
in 3-D. FRP reinforcement was applied directly over the concrete elements, and perfect bond
was assumed. Load-deflection curves for the beams bonded with FRP plates are given in
Figure 2.1, with results obtained from experiments and numerical simulations. Although
good accord was found between these curves, the numerical results were stiffer than the plots

from the tests. This can be attributed to the perfect bond assumption, and the limited number
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of nodes that could be used. The FE analysis showed that high shear stresses at the end of the
FRP plate had caused the delamination failure of the beam.

Beam A6
Beam A4
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Figure 2.1: Experimental and FEA results for beams bonded with CFRP plates[adapted from 9]

Ross et al.[5] also tested large-scale RC beams strengthened in flexure with three-ply
uniaxial CFRP laminates. For beams that were lightly to moderately reinforced with
longitudinal steel (reinforcement ratio less than 1.5%), the failure was dominated by
delamination between the CFRP plate and the adhesive. Despite the brittle failure, the peak
load enhancement ratios (strengthened to control beams) for these beams ranged from 1.75 to
3.00. An elastic-plastic section analysis was used to produce the load-deflection curves for
the beams tested. Each curve is divided into four regions, as shown in Figure 2.2, with a
linear load-displacement relationship in each region. A trilinear curve is used to approximate
the stress-strain behaviour of concrete, an elastic-plastic response is assumed for steel, and
CFRP is linear elastic until failure. The points defining the load-displacement curve were
determined using appropriate assumptions for the beam’s behaviour within each region. In
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region 4, concrete may crush before the FRP fails, but the FRP may debond at the FRP-
adhesive interface (due to inadequate bond strength) or at the concrete-adhesive interface
(due to low shear strength), so the calculated load P4 is expected to be higher than the actual

failure load.

Figure 2.2: Load-deflection response assumptions in beam section analysis [5]

Nonlinear FEM analyses were performed for some of the beams tested using program
ADINA. Two-dimensional, eight-noded plane stress elements were used to represent the
concrete, while the reinforcing steel and FRP pilates were modelled by three-noded truss
elements. The constitutive relation for concrete was a hypo-elastic model based on a uniaxial
stress-strain relationship that can account for biaxial and triaxial conditions. Material models
for the steel and FRP were the same as those employed in the sectional analysis. The load-
displacement curves from the sectional and FEM analyses are compared to the experimental
results for two groups of beams in Figure 2.3. Although both predicted curves are close to the
actual response, the expected behaviour in region 4 is not achieved due to the delamination of
the FRP plate. Thus, it was concluded that the single most important factor affecting the
beams’ response is the bond strength between concrete and FRP. The use of an anchorage
system is suggested to prevent debonding and to utilize the full capacity of the plate.
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Figure 2.3: Comparison between analytical, FEM and experimental results by Ross et al.[5]

A nonlinear FE layered model was used by Nitereka and Neale [6] to simulate the
behaviour of RC beams strengthened in flexure with FRP laminates. The beam is divided
into several layers, in which the properties are assumed to be constant in each layer. Concrete
is assumed to be nonlinear in compression, with post-cracking tension stiffening effects, and
steel reinforcement is modelled as elastic-plastic. Individual FRP laminae are linear elastic,
while an equivalent elastic modulus for the whole composite is obtained by the classical
lamination theory for composite structures. Both types of reinforcement are smeared into the
beam and are transformed into layers of equivalent area. Full bond between concrete and
steel reinforcement is assumed, and bond-slip at the interface between concrete and FRP is
neglected. Shear deformations are disregarded, and equal displacements are imposed at the

interfaces of adjacent layers to ensure interlayer compatibility.

The iterative displacement-controlled numerical analysis program was validated using
published test results for RC beams bonded with FRP plates. In Figure 2.4, the experimental
load-deflection curve for the beam tested by M’Bazaa (1995) [6], which experienced a
delamination failure, is shown. The failure load of this beam was 60% of the predicted
ultimate load. In a subsequent test by Chicoine (1997) [6], in which U-shaped composite
anchors were added at the ends of the beam, the load capacity was raised to 95% of the
theoretical value. From the numerical analysis, it was concluded that tension stiffening
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effects gave a more continuous load-deflection response, and that the concrete cover should
be divided into several layers such that the load transfer from the concrete to the FRP can be
represented realistically. Also, it was noted that the FRP strains predicted by the analysis did
not match those measured in the experiment. This implies that slippage at the concrete-FRP
interface had led to the delamination of the composites. Hence, the perfect bond assumption

used in the numerical analysis was not justified.
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Figure 2.4: Comparison between analytical and experimental results for beams tested by
M’Bazaa and Chicoine [6]

2.2.1.2 ANALYSES INCLUDING CHARACTERISTICS OF ADHESIVE LAYER

Arduini and Nanni {7] conducted experiments in which CFRP sheets were bonded to
the soffits of precracked RC beams. They concluded that the CFRP significantly enhanced
the ultimate load capacity of the beams, while the flexural stiffness was increased to a lesser
extent. However, the ductile response of the control specimens was often changed to a brittle
failure mode in the members bonded with FRP. The authors recommended further studies in

10
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the area of concrete-FRP adhesion in order to limit the extent of FRP peeling so that the
strengthening technique can be more effective. Two tests were performed to determine the
bond interface characteristics: a tension + shear test (Figure 2.5(a)) and a compression +
shear test (Figure 2.5(b)), where two saw-cut pieces of concrete were joined by a layer of
adhesive and subjected to tension or compression. A Mohr-Coulomb failure envelope was
constructed from the results, from which it was found that the shear strength at the concrete-
adhesive interface was approximately 5 MPa for the adhesives tested. A similar test in which
two FRP plates were first bonded to the concrete surfaces, and then glued together, was later
conducted. It was concluded that the shear strength of the FRP-adhesive interface was about
three times higher than that of the concrete-adhesive interface.

Figure 2.5: Concrete-adhesive specimens: (a) tension and shear, (b) compression and shear(7]

An analytical model (described by Arduini et al.[9]) was also used to predict the
response of the beams, using nonlinear constitutive relations for concrete, bilinear elasto-
hardening response for steel, and linear elastic behaviour for FRP and adhesive. The beam
was discretized into a certain number of segments, and cracks were uniformly distributed
along each segment. The equilibrium equations for flexural moments and normal forces must
be satisfied for each segment. At the concrete-FRP interface, shear stresses arise from the
difference in normal forces acting on the two ends of the FRP segment, and a triangular shear
stress distribution was assumed. The distribution of the normal stresses caused by secondary

effects at the interface was assumed to be linear with maximum values at the ends of the
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segments. Four failure modes could be predicted by this model: shear failure and tensile
fracture of concrete, FRP rupture, and local failure of the adhesive (when its ultimate tensile
strain was reached). Once the maximum value of shear stress or normal stress was reached at
the bond interface of one segment of the beam, the FRP reinforcement would be

disconnected from the concrete in that segment.

Analytical and experimental load-deflection curves for a set of specimens are given in
Figure 2.6. Near the ultimate load, the analytical curves were stiffer than the experimental
results, and tended to overestimate the failure loads. This may be attributed to the “plane
sections remain plane” assumption and the fact that the effects of local debonding were not
included. In the tests, it was noted that the FRP sheet delaminated at a crack in the constant
moment region, leading to the progressive debonding of the sheet. However, for the results
presented, ihe analytical-to-experimental ratios of ultimate load and ultimate deflection were

1.06 and 0.96, respectively, and the predicted failure modes agreed with those observed.
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Figure 2.6: Comparison between analytical and experimental results by Arduini and Nanni[7]
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Small-scale beams with CFRP plates bonded to the soffits were studied by Bokan-
Bosiljkov et al.[10]. Numerous drops in flexural load were observed during the test. These
were attributed to the progressive separation of the CFRP plate from the concrete just above
the adhesive layer at local shear-peeling cracks, a process that had initiated from the plate
end. The CFRP plates delayed crack development, and changed the failure mode from
flexural-shear to a shear dominated failure. The authors also used analytical formulae derived
by Tiljsten (1997) [10] to estimate the shear and peeling stresses at the plate ends when plate
separation started. The calculated peak shear stress of 4.2 MPa was much lower than the
bond shear strength between epoxy and concrete of 15 MPa. However, the maximum peeling
(normal) stress of 3.3 MPa was close to the bond tensile strength between concrete and
adhesive of 4 MPa. Thus, it was deduced that the high peeling stresses at the plate end had
caused the separation of the plate from the beam soffit. A nonlinear 3-D FEM program
(described by Zarni¢ et al.[1 1]) was used to model the short-span beams. Each component of
the beam (concrete, steel reinforcement, epoxy and CFRP plate) was represented separately.
CFRP was assumed to be elastic, while all other materials were modelled with strain
softening. Results of the numerical modelling are plotted in Figure 2.7. Although the initial
stiffness matched the experimental results, the post-cracking stiffness was higher than the test

data. Nonetheless, the predicted ultimate loads were close to the actual values.
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Figure 2.7: Comparison between analytical and experimental results by Bokan-Bosiljkov er
al.[10]
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Rahimi and Hutchinson [12] tested concrete beams with CFRP or glass FRP (GFRP)
laminates bonded to the soffit in four-point bending. Similar to the experiments performed by
other researchers, it was found that the CFRP plates enhanced both the stiffness and strength
of the beams, with a maximum increase in ultimate load-carrying capacity of 230%. The
authors also conciuded that the amount of tensile steel and internal shear reinforcement
affected the magnitude of the performance enhancement. It has been noted that the tensile
force in FRP increases at a greater rate after the flexural steel yields. For highly reinforced
beams, the compressive strain of concrete is close to the ultimate value when the flexural
steel yields. Thus, the enhancement of the beam’s load capacity by the FRP reinforcement is
limited. As the quantity and modulus of the CFRP laminates increased, the strength and post-
cracking stiffness of the beams rose accordingly. The characteristics of the concrete cover
play a large role in determining the ultimate load of plated beams. In beams with thinner
laminates, the failure was in the concrete cover close to the loading point within the shear
span. A layer of adhesive and cement paste was found on the FRP surface where plate
detachment occurred. For beams with thicker plates, the failure location shifted towards the
plate ends where the shear and normal peeling stresses increased. At ultimate load levels, the
interface shear stress averaged along the beam was higher for beams with thicker FRP plates.
However, peeling at the plate ends was not a primary failure mechanism for the FRP-bonded
beams, as is usually the case for steel-plated beams. For all of the FRP-strengthened beams
tested, plate delamination was involved, preceded either by failure within the cover or by

concrete shear failure resulting in cover separation.

The LUSAS FE program was then utilized to predict the response of the externally-
reinforced beams. This program is based on a smeared crack concept, and incorporates an
isotropic damage model to simulate the nonlinear behaviour of concrete. Four-noded or
eight-noded quadrilateral isoparametric elements were used to model concrete, while steel
rebars were smeared onto concrete as two- or three-noded bar elements. For strengthened
beams, triangular elements were placed in the transition zone to reduce the element size
toward the bond zone, as illustrated in Figure 2.8. The adhesive layer and FRP laminates

14
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were each modelled with a row of four- or eight-noded elements and the adhesive was

assumed to be elastic.

ua
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Figure 2.8: Typical FE mesh for RC beam with externally-bonded FRP reinforcement [12]

The FE predictions were sensitive to the concrete tensile strength, and a value of 1.5
MPa (for compressive strengths ranging from 54 to 69 MPa) was found to give the best
agreement with the experimental load-deflection curves. The stiffness was slightly
overestimated, but all predicted solutions for beam strengths were within 20% of the test
results. Interface shear stress values were estimated; peak stresses occurred at the plate ends
at low load levels, but the location of the peak stress shifted as loading increased, depending
on the type and amount of external reinforcement (Figure 2.9). However, the magnitudes of
the predicted peak stresses were up to three times lower than the maximum values measured
from the experiments. In the FE analyses, principal stress was chosen as the failure criterion
parameter since it combines the effects of normal and shear stresses. The limiting principal
stress at the concrete-FRP interface was determined to be 1.7 MPa, and its exact location
depended on the thickness of the FRP laminates. A higher principal stress would lead to
failure just within the concrete, since the tensile strength of concrete is much lower than that
of the adhesive.

15
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Figure 2.9: (a) Predicted and (b) actual shear stress distribution at concrete-FRP interface(12]

In a study by Limam and Hamelin [13], 2-D nonlinear FE simulation was used to
predict the response of RC beams with CFRP sheets bonded to the tension face. In the FE
model, eight-noded membrane elements were used to represent concrete, two-noded truss
elements were adopted for steel and CFRP reinforcement (Figure 2.10). Whereas perfect
bond was assumed between steel reinforcement and concrete, bond-slip was considered in

the concrete-FRP interface through the use of two-noded continuous contact elements.

Experiments were performed to examine the behaviour of the bond interface, and it
was found that the nonlinear behaviour varied according to different combinations of
materials, as depicted in Figure 2.11. Factors affecting the stiffness of the interface behaviour
included the mechanical properties of concrete, the characteristics of the adhesive, and the

surface treatment.
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Figure 2.10: Finite element mesh employed by Limam and Hamelin {13]
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Figure 2.11: Characterization of bond interface behaviour {13]

The concrete model was based on different yield surfaces in the tensile and
compressive regions, and a smeared crack approach was applied. Steel reinforcement was
idealized by an elasto-plastic model with strain hardening. Results from experimental tests
were used to define a constitutive law for the interface layer of Mohr-Coulomb junction
elements. Figure 2.12 compares the numerical results with the experimental data. Accurate
modelling of the interface (P (num)) predicted an uitimate load and deflection that were
within 10% of the actual values. On the other hand, a non-realistic model for the interface led

to large discrepancies between the analytical curve (Pa) and the test results (P (exp)).
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Figure 2.12: Comparison between analytical and experimental resuits by Limam and
Hamelin [13]

2.2.2 LOCAL BEHAVIOUR

After extensive studies on the global behaviour of RC beams retrofitted with FRP in
flexure, researchers have grouped the failure modes into the following categories: (i) steel
yield and FRP rupture, (ii) crushing of concrete in compression, (iii) shear failure, (iv)
debonding of concrete cover along the flexural steel, (v) delamination of the FRP plate, and
(vi) peeling of FRP due to shear cracks. These failure modes, along with sample load-
deflection curves, are illustrated in Figure 2.13 (a) and (b).

NEDEPTITETTCU R i )

\\l' a
N PEEE S SR
mr//uHL\\J -

!
(i) s ﬂl ) I

(a)

Figure 2.13: (a) Failure modes in FRP-bonded beams [14]
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Figure 2.13 (continued): (b) Sample load-deflection curves [14]

While the conventional failure modes are affected by the ratios of the steel and FRP
reinforcement, shear and debonding failures depend on factors such as the amount of shear
reinforcement, existing cracks prior to retrofitting, the length of the FRP laminate, and the
relative stiffnesses of the laminate, adhesive, and concrete. In the experimental program
undertaken by Buyukozturk and Hearing [14], it was found that debonding failures occurred
in beams with higher shear resistance. Debonding of the concrete cover along the flexural
rebars took place in beams with shorter FRP laminates, in which interfacial stresses
concentrated in the anchorage zone. On the other hand, peeling at shear cracks tended to
occur in beams with longer FRP laminates, where significant shear cracks could be found.
Some of the potential crack paths in debonding failures are illustrated in Figure 2.14.

It is widely recognized that debonding often leads to the premature failure of these
beams. Numerous researchers have described these debonding mechanisms using various
approaches. Local failure mechanisms can be generally categorized into two main groups:
failure of the concrete cover (near the plate ends or along the beam) and peeling of the FRP
(at the anchorage zone or at cracks along the beam).
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1: Peel failure into concrete

2: Interfacial failure between concrete and adhesive

3: Cohesive failure in the adhesive

4: Interfacial crack between the adhesive and the composite
S: Alternating crack path between the two interfaces

Figure 2.14: Potential crack paths in FRP debonding failures [15]

2.2.2.1 FAILURE OF CONCRETE COVER

Shear failure of the concrete cover between the steel reinforcement and FRP
laminates can lead to the separation of the FRP plate. In this case, debonding usually starts
from the end of the plate where high interface shear stresses arise. Delamination from the

anchorage zone occurs when the interface shear stress reaches the limiting value (defined as a

function of the concrete strength ). This value has been found to be approximately 8 MPa
for normal strength concrete [16].

An analytical formulation to predict the uitimate load of CFRP-plated beams due to
concrete cover ripping was presented by Nguyen er al.[17]. This model is based on the
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composite action of the RC beam and the FRP plate. Whereas plate debonding results from
high local bond stresses and peeling forces near the FRP plate ends in the adhesive interface,
the critical stresses for ripping of concrete are at the flexural steel level after shear cracks
have developed at the plate ends. The shear crack causes an eccentricity between the tensile
forces in the FRP plate and in the steel bars, leading to the ripping out of the concrete cover.
From the experimental results, Nguyen et al. divided the composite behaviour of the FRP-
plated beam (at ultimate) into three zones: (1) a “destressed” zone at the end of the plate
where strains were approximately zero, (2) a “bond-development” zone in which the strains
increased linearly, and (3) a “composite” zone where the plate acted compositely with the
beam. The composite model, along with these three zones, is illustrated in Figure 2.15.
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Figure 2.15: Composite model of concrete beam bonded with FRP plate [17]
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It was concluded that if the plate strain at the transition point between the “bond-
development” and “composite” zones was limited to a critical value (0.0017 in this case),
ripping failures could be prevented. The axial strain in the plate at the transition point (gpe) is
given as

1 M,
e = E, 1, @

[4 c

) @-1)

where M, is the applied bending moment at the transition point, E. is the elastic modulus of
concrete, I is the cracked equivalent moment of inertia of the composite beam section, d is

the distance between the top of the beam to the center of the plate, and x is the distance from
the top of the beam to the neutral axis. The location of the transition point from the plate end

is determined by the bond development length (l4ev), Which is determined by:

G,G
Ly =Cpt+—o+—— , Al= ! a_¢ (2-2)

where cp, is the thickness of the concrete cover, E is the elastic modulus, G is the shear
modulus, t is the thickness, and the subscripts p, a and ¢ represent FRP plate, adhesive layer
and concrete, respectively. The total bond development length was found to be independent
of the applied load, the length of the plate and the shear span. Using a plate strain limit
determined from simple bond tests and the two equations given above, the failure load of the

beam due to concrete ripping can be predicted.

2.2.2.2 PEELING-OFF OF FRP

The propagation of a crack along the concrete-FRP interface can cause the bond to
fracture in a brittle manner. Such a crack can form due to: non-uniform application of the
adhesive, flexural cracks in the concrete, FRP peeling-off from an uneven concrete surface,
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or fatigue loading. When the FRP composite on the beam soffit is subjected to tensile forces,
the adhesive layer is loaded in shear to provide shear connection between concrete and FRP.
Therefore, the crack propagation will be similar to fracture mode II. The critical strain energy

release rate for the interface (Gyc) is given by Triantafillou and Plevris [16] as

kP? &
Gpe =—% 2-3
e ==—p=— (2-3)

where k is a constant, P is the applied load, b is the member’s width, C is the inverse of the
gradient of the load-deflection curve, and a is the crack length. Fracture occurs when the

value Gy is reached, and the load causing debonding can then be found.

Peeling-off of FRP laminates is associated with the formation of shear cracks in the
concrete beam, which give a combination of horizontal (w) and vertical (v) openings, shown
schematically in Figure 2.16. A relative vertical displacement between the two sides of a

shear crack can initiate the peel-off.

Figure 2.16: Crack openings leading to FRP peeling-off [16]

Assuming that the deformations in the longitudinal steel and FRP at the crack
location are mainly due to shear, the load (P) at which FRP peels off can be written as:
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Poc(i) GA (2-4)
w cr

where (v/W) is the critical ratio of vertical to horizontal crack opening (a property of the
concrete-FRP bond) and £GA is the total shear stiffness of the steel rebar and FRP laminates.
This type of failure is mostly found in beams with thicker laminates. Therefore, the thickness
of the FRP laminate should be limited so that brittle peeling failure can be prevented.

Additionally, Blaschko et al. [18] listed four cases of FRP peel-off situations (besides
peeling-off at shear cracks), as illustrated in Figure 2.17:
® FRP peeling-off beyond the outermost flexural crack in the uncracked anchorage zone
® FRP peeling-off at flexural cracks between the outermost crack and the maximum
moment area
® FRP peeling-offat flexural cracks in the maximum moment region

® FRP peel-off due to uneven concrete surfaces
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Figure 2.17: Locations of bond failure due to FRP peeling-off {adapted from 18]
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For the case of FRP peeling-off beyond the outermost flexural crack in the uncracked
anchorage zone, the authors suggested using an equation based on fracture mechanics to
determine the maximum tensile force which can be sustained. It is recommended that the
elongation of the FRP laminates be limited so that slippage and the occurrence of debonding
can be reduced at flexural cracks. Within the maximum moment region, the bond behaviour
is influenced by the amount of intermal and external flexural reinforcement. FRP sheets
bonded to an uneven beam soffit will be subjected to perpendicular diverting forces that can
destroy the bond. Values for the permissible unevenness of the concrete surface were
proposed (up to S mm over a length of 2 m for FRP thickness greater than | mm); thicker and
stiffer laminates can tolerate higher deviations in surface roughness.

Malek et al. [18] presented closed-form solutions for calculating the maximum shear
and normal stress concentrations in the interface at the plate cut-off point. Linear elastic
behaviour was assumed for the materials, and a discrete crack model was applied. The
proposed method was verified by comparing its results with those from a finite element
analysis using program ABAQUS. An example of the finite element mesh around the plate
cut-off point, with five layers of elements in the adhesive, is depicted in Figure 2.18. Good
agreement was found between the results, both for the interfacial shear and normal stresses

near the cut-off point, as shown in Figure 2.19.

=

| £

Figure 2.18: Mesh definition at the FRP plate cut-off point [19]
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Figure 2.19: Comparison of shear and normal stresses near FRP plate end [19]

An approach for predicting the premature debonding phenomenon in RC beams
bonded with FRP plates was presented by Mukhopadhyaya and Swamy [20]. Whereas the
analytical models proposed by other researchers predicted shear and normal stress
concentrations near the FRP plate ends, the model presented uses the interface shear stress to
predict plate debonding failure. The concept of the interface shear stress is based on a
limiting value of shear stress between the concrete and FRP plate which becomes critical
near the plate cut-off end. From experiments in which FRP plates debonded at the cut-off
point, it was found that the critical interface shear stress varied between 0.33 to 1.35 MPa for
CFRP plates, and from 0.26 to 0.90 MPa for GFRP plates. As the stiffness and relative
moment contribution of the FRP plate increased, the interface shear stress also increased.
Plate debonding is more likely to take place in beams with a depth to width ratio of 2.0 or
more, or in beams with a shear span to depth ratio greater than or equal to 6.0. A minimal

increase in interface shear stress with an increase in concrete strength was noted.
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2.2.2.3 CONSIDERATION OF BOTH FAILURE MODES

Varastehpour and Hamelin {21] developed an analytical model to predict the strength
and stiffness of RC beams bonded with FRP plates, including failure modes such as concrete
crushing, FRP fracture or FRP plate separation from the beam soffit. The model was based
on the compatibility of deformations and equilibrium of forces, accounted for material
nonlinearity, and simulated the bond-slip at the concrete-FRP interface. The general

algorithm of calculation for this iterative analysis technique is depicted in Figure 2.20.

Since bond-slip lowers the stiffness and failure load of RC beams bonded with FRP,
the mechanical properties of the interface must be determined. From the results of a direct
shear test, it was conciuded that the interface exhibits a bilinear stress-strain relationship, and
is highly influenced by the surface treatment, as shown in Figure 2.11. Once the shear stress
at the interface has been estimated, the corresponding slip can be determined from the stress-
strain curve for the interface. This slip value is then subtracted from the FRP piate strain
before calculating the FRP tensile stress for the equilibrium of forces in the section.

Based on the equilibrium of the internal forces, strain compatibility and the nonlinear
behaviour of materials, the average shear stress at the interface (t) is given by:

r=0.58%@wv)!s (2-5)
5 t E
where ﬂ=1(.)23h><l(;a . ,1=yp p’7 . ’7=_p
Tht ,E, I, E,

in which V is the shear force, A is the sectional rigidity, a is the shear span, h is the height of
the beam section, and t, and E; are the thickness and elastic modulus of the FRP plate,
respectively, yp is the distance from the neutral axis to the FRP plate, I; is the transformed

second moment of area in terms of concrete, and 7 is the modular ratio.
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Figure 2.20: Flow-chart of calculations for theoretical model [22]

Equations defining the failure criteria for two types of premature beam failure were
also presented. For failure of the concrete cover along the longitudinal steel reinforcement,
the concrete between consecutive flexural cracks is assumed to behave as individual teeth,
acting as cantilever beams under the influence of the lateral shear stresses at the FRP bond
interface (Figure 2.21). Debonding occurs when the tensile stress near the longitudinal steel
reaches the concrete tensile strength (£;). The admissible shear stress (tagm) at the interface is

obtained as:

28



CHAPTER 2 LITERATURE REVIEW

(/64" )

adm = (2-6)
Fadn = b, )

where L is the flexural crack spacing (about equal to the stirrup spacing), d’ is the concrete
cover thickness (between steel and FRP), b is the beam width, and by, is the width of the FRP

Figure 2.21: Cracked beam and concrete tooth acting as cantilever beam [21]

plate.

For the case of plate debonding, where the failure is governed by the Mohr-Coulomb

law, the admissible shear stress (ta4m) that can be sustained at the interface is determined to

be:

54
Todm =————— (2-7)
adm |+ K an33°
1-4
t, E
where K =131]-2-2
t.E,

T and E denote thickness and elastic modulus, while the subscripts p and a represent the FRP
plate and adhesive, respectively. This model does not account for the concrete strength nor
the effective bond length (the distance over which bond stress can be effectively transferred).

For a beam subjected to four-point bending, the plate separation load can be
calculated as
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2 2/3
Pyey = 3_Ladlx73_ (2-8)
AB

where T adm is the minimum of the values given by equations (2-6) and (2-7). For beams
bonded with thick FRP plates, the separation load corresponds to the ultimate capacity of the
beam. This theoretical model was validated against experimental results for four FRP-
strengthened beams which had failed by plate separation due to failure of the concrete cover.
The predicted moment-curvature relationships matched the test results almost perfectly.

Estimation models for three debonding failure mechanisms for RC beams bonded
with FRP sheets on the tension face were also presented by Wang and Ling [22]. The tooth
peeling failure model is similar to that proposed by Varastehpour and Hamelin [21], as
described previously. When the interface shear stress reaches the allowable value, defined by
Eqn. 2-6, debonding can occur at the steel-concrete interface or concrete-FRP interface. The
anchorage shear failure model is based on comparing the uniform shear stress (t;) at the
concrete-FRP interface against three shear strength values. The shear stress can be estimated
by Eqn. 2-9, in which oy is the tensile stress in the FRP of thickness tg and Lg is the shear

span.

Tt
r,=—-L (2-9)

s
The values to be checked include the shear strength of the adhesive, the interfacial friction
resistance between the concrete and adhesive, and the shear strength of the concrete. In
general, the concrete’s shear strength is the weakest, and will govern the anchorage shear
debonding failure. The response of RC beams bonded with two plies of FRP sheet was
predicted with an analysis neglecting debonding failure, and with the two models mentioned
above. Results from the two debonding models were in close agreement with the test data,
while the analysis disregarding debonding overestimated the ultimate load, as shown in
Figure 2.22.
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Figure 2.22: Comparison of predicted beam responses and test data [adapted from 22]

Wang and Ling also proposed a discontinuous interfacial shear stress model in which
a jump in the interfacial shear stress occurs when the yield moment is reached. This is based

on the observation that after the steel reinforcement yields, the internal force of the FRP

greatly increases. The interfacial shear stress (ts) may be calculated by

s SV (for M<M,) (2-10a)
by
r, = SZb: v (for M >M,) (2-10b)

where S1 and S2 are the slopes as defined in Figure 2.23 and are determined by the
properties of the beam cross-section, V is the shear force, and by is the width of the FRP

layer.
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? internal Force

Figure 2.23: Variations of internal forces before and after yielding moment [22]

The uniformly distributed interfacial shear stress changes into a discontinuous
distribution once the yield moment is exceeded in any section, and the location of the
discontinuity shifts from the loading point towards the support as the load increases. This
also justifies the commonly observed debonding propagation from the mid-span to the
supports. Besides comparing the interfacial shear stress with the shear strength of the
concrete, the development length of the FRP laminate (L), determined by Eqn. (2-11),

should also be checked.

Fpt
L,:-af—f— @-11)
!

where Fy¢ is the tensile strength of the FRP material, tr is the FRP thickness, and Uy is the
bond strength of the adhesive or the FRP-concrete interface. Once the debonding front passes
the boundary for the required development length, unstable crack growth can occur in the
interface, leading to debonding failure of the FRP laminate.
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An analysis of debonding failure modes, including shear-tension failure and peeling
of FRP, was conducted by Buyukozturk and Hearing [14]. At the end of the FRP laminate, a
change in stiffness and discontinuity of beam curvature leads to a stress concentration in the
concrete. Thus, cracks are initiated at the anchorage zone, and can result in shear-tension
failure leading to debonding at the rebar level, or peeling at the shear crack mouth leading to
delamination along the concrete-FRP interface. The following two equations can be used
iteratively to determine the shear stress transferred across the concrete-FRP interface.

5211f ___Ga("b —uf)

E (2-12)
4 ox? Lrlg

X
M
up =JE:; dx (2-13)

where E and G are the elastic and shear moduli, uy, and ug are displacements of the beam and
FRP laminate (Figure 2.24), t is the layer thickness, I is the equivalent moment of inertia, and
the subscripts f, a, and c represent FRP, adhesive, and concrete, respectively. Peeling of the
FRP may initiate from the ends of the laminate or from existing cracks in regions subjected
to pure moment or to mixed moment and shear. The authors also proposed using advanced
interfacial fracture mechanics with finite element analysis to relate local FRP peeling
processes to the global behaviour of the beam.

Colotti and Spadea [23] proposed a truss model to describe the uitimate behaviour of
RC beams with externally-bonded plates. The truss model is based on the theory of plasticity,
and includes load transfer by bond to account for failure due to plate separation. The global
force flow of plane stress field at the interface is represented by the bond stress resultant U. A
constant bond strength model with zero tension cutoff is used as a yield condition for the
interface. Estimates of bond strength were suggested for the two modes of debonding. For the
case of concrete cover failure, the bond strength is determined as
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Figure 2.24: Displacements in FRP-bonded beam due to shear [14]

U, = Silcb (2-14)

where f°, is the tensile strength of concrete, L. is the crack spacing, and d" is the concrete
cover thickness. For debonding of the FRP plate from the concrete, the bond strength (Uy) is
given by:

Uy = bp (2.17+0.02 (¢ - 20)) for 20 < £ < 50 MPa (2-15a)
Uy =bp (2.77+0.06 (fc - 50)) for . > 50 MPa (2-15b)

where by, is the width of the FRP plate and f is the cylinder compressive strength of the

concrete. The effective bond strength is the minimum value calculated from the above two
equations. The bond failure mechanism is characterized by the slipping of the plate within
the shear span, coupled with a shear crack along path ON (refer to Figure 2.25) and the
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yielding of stirrups crossing the crack. The load-carrying capacity for several failure modes
were presented, including bond failure, and various combinations of concrete crushing,
yielding of flexural and transverse reinforcement, and FRP rupture. The model was validated
against the test results of more than 20 beam specimens tested by various researchers. The
predicted shear strengths and failure modes were found to be reasonably accurate, with an

average analytical-to-experimental strength ratio of 1.04.

The analytical models proposed by various researchers provide a simple tool for the
preliminary design of RC members strengthened in flexure by FRP laminates, while
accounting for both the global behaviour and the local failure modes.

vd

Figure 2.25: Free-body diagram for truss model [23]
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2.3 SHEAR STRENGTHENING WITH FRP COMPOSITES

Although FRP research has focused predominantly on flexural applications, more
attention has been given to the usage of FRP for shear strengthening since 1991 [24].
Bonding configurations can be in the form of bonding on the sides only, as a U-wrap around
the underside of the beam, or completely wrapped around the beam. However, the latter
option is not likely to be adopted in the field since most beams are cast monolithically with a
slab. FRP laminates can be bonded to RC beams, either as strips or as a continuous sheet, to
act as shear reinforcement. Advantages of strips include the ability to select their number
based on the shear strength requirement, and the ease of achieving a uniform epoxy
thickness. The FRP strips or sheets can be oriented vertically or at an angle (usually +45°) to
the beam axis to counteract the tensile forces generated by shear. Some common bonding

configurations are depicted in Figure 2.26.
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Figure 2.26: FRP shear reinforcement configurations [25]
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Experimental work is slowly increasing to build up a database of results for RC
members strengthened in shear with FRP, but the analytical models proposed in the literature
are numerous and in most cases contradictory [26]. Very few accounts of FEM work relating

to shear strengthening of RC members with FRP have been published.

2.3.1 EXPERIMENTAL WORK

Taerwe et al. [27] tested five full-scale RC beams strengthened in shear with CFRP
sheets, both in the form of jackets (continuous sheet) and as vertical strips with various
spacing. Gains in shear strength ranged from 20% to 85%, with the mode of failure switching
from diagonal tension (in the control beams) to flexural failure or peeling-off of CFRP. In the
beam bonded with a continuous CFRP jacket over its shear spans, flexural failure was
obtained, although strains measured on the sheets indicated that a shear crack had formed
underneath. The remaining beams that were bonded with various configurations of CFRP
strips failed in shear with concrete crushing near the loading point. At the major diagonal
shear crack, fracture and peeling-off of the CFRP strips were noted. The CFRP peeling-off,
accompanied by a layer of concrete, was due to tension in the sheet arising from the shear
crack near the edge of the strips. Typical failure modes and locations of shear cracks are

illustrated in Figure 2.27, along with comparisons against unstrengthened control beams.

The authors also used Eqn. 2-16 to predict the contribution of the CFRP strips (Vsirips)

to the beams’ shear capacity:

Vstrips = Z (fuiAi) = Z (EeuiA) (2-16)

where f,; and g,; are the stress and strain at failure in the it strip at its intersection with the
shear crack, A; is the cross-sectional area of ith strip, and E is the elastic modulus of the
CFRP sheet. It was concluded that using CFRP strips as external shear reinforcement is
similar to internal steel stirrups, where the spacing and width of the strips have a large
influence on the magnitude of shear contribution. In contrast to steel stirrups that are usually
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assumed to have yielded at the shear crack, the shear contribution of CFRP strips is based on
their tensile strains, which are usually less than the ultimate strain of the material. The strains
of the strips depend on the distribution and location of each strip, as these parameters
influence the location and inclination of the shear cracks. Once the ultimate strain of a strip

crossing the midpoint of a shear crack has been attained, the contribution of the stirrups and

strips near the ends of the crack may be reduced.
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Figure 2.27: Failure modes of shear-strengthened beams tested by Taerwe et al. [27]

Li et al. [24] studied five beams in four-point bending: ome of which was
strengthened only in flexure, while the remaining four were strengthened in flexure and
shear. Strengthening in shear was accomplished by bonding continuous CFRP sheets up to
various heights on the sides of the beams. It was found that initial cracking in the concrete
was delayed in the shear strengthened beams and that the location of the shear strengthening
sheets affected the cracking mode of the beams, as shown in Figure 2.28(a). As the CFRP
sheet area increased, the stiffness of the beam increased due to the sheets’ restraining effect
on crack development, although ductility was slightly reduced (Figure 2.28(b)).
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Figure 2.28: (a) Cracking patterns and (b) load-deflection curves from Li et al. [24]
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As opposed to the epoxy resin commonly used for bonding of FRP, Funakawa er al.
[28] tested FRP-strengthened beams bonded with methyl methacrylate (MMA) resin, which
can cure quickly at low temperatures. The specimens differed in the number and type of FRP
sheets used. As the number of FRP sheets was increased, a larger deflection was reached
before the fibres fractured, and shear strength increases of 54 to 110% were measured. The
FRP reinforcement used for the specimens and the corresponding load-deflection curves are
given in Table 2.1 and Figure 2.29. It was noted that the addition of the aramid FRP (AFRP)
sheet enhanced the deformation capacity more than the load capacity of the beam.

Table 2.1: Type and Quantity of FRP Reinforcement Used by Funakawa e al. [28]

Specimen Number of Number of
Number CFRP Sheet(s) AFRP Sheet
S-1 0 0
S-2 1 0
S-3 2 0
S-4 3 0
S-5 | 1
—~—S§-1
2000 52
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Figure 2.29: Load-deflection curves for beams tested by Funakawa et al. [28]
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Sato et al. [29] studied the effect of CFRP bonded vertically onto the sides of
concrete beams, both with and without steel stirrups. The parameters tested were the location
and quantity of CFRP (strips versus continuous sheets, application on sides only or in a U-
shape configuration), and the amount of stirrups. In terms of shear strength, the beams with
CFRP bonded in a U-wrap were superior. Even after the CFRP on the sides had peeled off,
the laminate on the soffit could still sustain tensile force. As for the failure mode (depicted in
Figure 2.30), delamination took place below the shear crack in the region between the centre
of the shear span and the support in the bearn with CFRP bonded to the sides (specimen S2).
On the other hand, the beam with CFRP bonded in a U-wrap (specimen S3) experienced
complete laminate peeling in the same region of the beam. For both types of configuration,
delamination of CFRP above the main shear crack occurred in the region between the loading
point and the centre of the shear span.

Figure 2.30: Delamination of CFRP based on bonding configuration [29]

The researchers noticed the similarity in the strain distribution of CFRP and steel
stirrups along a major shear crack. Hence, they proposed a method of predicting the shear
force carried by the CFRP based on the reduction factor for stirrups proposed by Ueda and
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Okamura (1984) [29]. A shear crack pattern is assumed, and the shear capacity of a CFRP
strip is determined from its strain in the shear cracking zone when the CFRP stress reaches
the bond strength. The lowest value calculated along the shear span is taken as the actual
shear capacity of the CFRP. Discrepancies between the predicted values and the test data
were attributed to the estimations of bond strengths from uniaxial bond tests by Tanaka
(1996) [29]. It was concluded that the shear force carried by CFRP was larger when the
stirrup ratio was lower. Also, despite its lower stiffness (area times Young’s modulus), CFRP

carried more shear force than stirrups due to localized elongation at a shear crack and better

bond characteristics.

Three series of 1.3 m long RC beams shear strengthened with CFRP strips were
tested by Chaallal et al. [30]. The beams in one series were fully reinforced in shear (FS)
with steel stirrups, while beams in the second series were under-reinforced in shear (US). In
the third series, the beams were fabricated in the same manner as in the second series, and
then bonded in the shear span with 50 mm wide CFRP side strips either perpendicularly
(RS90) or diagonally (RS135) to the beam’s axis (where the number following RS represents
the angle of orientation of the strips). The RS series was designed to achieve the same shear
capacity as the FS series. Whereas the beams in the US series failed in shear, the beams in
the RS and FS series achieved the yielding load of the tension reinforcement. For the two RS
series, the CFRP strips reduced the extent and severity of the shear cracks, thereby increasing
the shear strength and stiffness of the beams, as can be seen in their load-deflection curves
shown in Figure 2.31. The vertical strips in series RS90 forced the diagonal cracks to bend
less than in conventional RC beams, while the diagonal strips in series RS135 limited the
propagation of shear cracks. Most of the beams in the RS series failed due to concrete
peeling from excessive longitudinal and transverse cracking at the bottom of the beams along
the longitudinal steel reinforcement. These cracks were ascribed to the high peeling (normal
tensile) stresses developed at the ends of the CFRP strips near the bottom of the beams,
especially at high load levels. The authors concluded that aithough strips oriented at 135° to
the beam axis outperformed the perpendicular strips, U-strips or U-jackets should be utilized
to minimize the peeling stresses at the ends of the strips leading to premature beam failure.
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Figure 2.31: Load-deflection curves for beams tested by Chaallal er al. [30]

The effect of using CFRP sheets for the shear strengthening of RC beams with
corroded stirrups was the subject of a study by Kage er al. [31]. It was found that as the
quantity of sheets increased, the shear capacity increased but deformation at maximum load
decreased. In Figure 2.32(a), specimen SB1110 had one sheet bonded horizontally, while
specimen SB1130 was bonded with three sheets. CFRP sheets that were bonded horizontally
experienced diagonal splitting in the direction of the fibre due to shear stress, lowering the
shear capacity of the beam. The beam response was tougher when the sheets were bonded
perpendicularly to the beam axis (specimen SB1210), and deflections were larger than when
the sheets were bonded horizontally (specimen SB1110), as shown in Figure 2.32(b). The
most effective configuration was obtained when two sheets were bonded at right angles to
each other (specimen SB1310). Anchoring the CFRP sheet around the comer of the beam
substantially increased its deformability.

Norris et al. [32] also concluded that the orientation of CFRP sheets influenced beam
response and failure modes. When the CFRP fibres were bonded perpendicularly to cracks in
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Figure 2.32: Load-deflection curves: effects of CFRP (a) quantity and (b) orientation [31]

the beam, large increases in stiffness and strength were obtained, accompanied by brittle
failures in which concrete ruptured due to stress concentrations near the ends of the CFRP.
Where CFRP fibres were placed obliquely to the cracks, a smaller increase in strength and
stiffness was noted. However, the resulting failure mode was more ductile and was preceded

by warnings such as snapping sounds or peeling of the CFRP.

Arduini et al. [33] tested two-span continuous RC beams bonded with CFRP sheets
for flexural and shear strengthening. Two plies (at 0° and 90°) of CFRP were bonded onto
the sides of one beam (beam L4), while the second beam was also strengthened for flexure in
the maximum moment regions (beam L5). Beam L4 failed in a brittle manner, whereas the
response of beam L5 was more ductile. The addition of CFRP sheets on the top and soffit of
beam LS5 raised the maximum load and controlled the propagation of cracks.

Analytical and numerical models were also used to predict the behaviour of these
beams. In the analytical model based on the plane section assumption, each span of the beam
was discretized into a finite number of segments, for which equilibrium equations of normal
forces and flexural moments had to be satisfied. The CFRP sheets were considered to be
linear elastic until rupture. Perfect bond was adopted until failure occurred in the adhesive,
and the adhesive thickness was neglected. At the concrete-adhesive interface of each
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segment, shear stresses were generated from the difference between the normal forces acting
at the two ends of the FRP reinforcement, and the shear stress distribution was assumed to be
constant throughout the segment. The mechanisms of failure which could be detected
include: local adhesive failure when its ultimate tensile strain was reached, shear failure in
concrete when the shear strength at the concrete-adhesive interface (taken to be 5 MPa) was
attained, and FRP rupture when its ultimate strain was reached. Numerical analyses were also
conducted using finite element analysis in which the smeared crack approach was adopted. A
3-D mesh of 8-noded brick elements was used to model the concrete beam, over which

elements representing FRP reinforcement were directly applied to simulate the perfect bond

assumption.

Figure 2.33 compares the analytical and numerical results against the experimental
data. The analytical response was stiffer and less ductile than the test curves, but the
numerical predictions were in good accord with the measured values. However, the peak
loads and mid-span deflections were slightly overestimated by the FE analyses, which may
be attributed to the assumption of perfect bond. As well, the assumption of plane sections
was invalidated by premature debonding and shear failure of the corcrete cover observed in
the experiment. The analytical methods also did not account for the spreading of large cracks
in a punching manner near the central support at high load levels.

The shear capacity of RC members retrofitted with continuous fibre sheets was
studied by Araki et al. [34]. Thirteen beams, strengthened by various types and amounts of
FRP sheets, were subjected to anti-symmetrical loading conditions. It was determined that
the shear strength of the members increased in proportion to the amount of sheets used. The
researchers found that the shear capacity of such beams can be evaluated by using the
effective shear reinforcement ratio (Zpw). However, it was necessary to multiply the tensile
strength of the FRP sheets by a reduction factor o, which was proposed to be 0.60 and 0.45
for carbon and aramid sheets, respectively. These values were based on the ratio of average
stress in the sheets at peak load to the FRP’s tensile strength. The effective shear

reinforcement ratio is defined as:
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o

Sfu
pr = Pus + Pus a a 2-17)

where pys and pyrare the shear reinforcement ratios of stirrups and FRP sheets, respectively,
a is the reduction factor as described above, oy, is the tensile strength of the sheets and o, is
the yield strength of the stirrups. The effective shear reinforcement ratio can then be applied
in equations for conventional RC members to calculate the capacity of the strengthened

beams.
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Figure 2.33: Experimental, analytical (A) and numerical (FE) results for beams studied by
Arduini et al. [33]
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Grace er al. [35] tested 14 RC beams strengthened with FRP laminates, both in
flexure and in shear. From their experiments, it was found that the cracks in the shear-
strengthened beams were smaller and more evenly distributed. The bonding of vertical fibres
over the whole span of the beam reduced the number of diagonal cracks, thus allowing the
longitudinal fibres to be fully utilized. All of the strengthened beams exhibited poor ductility,
measured in terms of an energy ratio (ratio of absorbed energy at failure to total energy).
Failures were sudden and were accompanied by the release of large amounts of energy. This
brittle behaviour implies that a high factor of safety is required in the design of such
members.

The common occurrence of FRP sheets peeling from RC beams strengthened in shear
has prompted research into the effectiveness of anchorage systems. One such study has been
carried out by Sato et al. [36]. They studied T-beams with CFRP sheets bonded to the sides
of the web and wrapped around the bottom, one without end anchorage (specimen No.2) and
one with mechanical anchorage in the form of anchor plates and bolts (specimen No.3). The
resulting increases in shear strengths were 12% and 33% for the unanchored and anchored
beams, respectively. The CFRP sheet changed the failure mode of the beam from shear
compression to shear failure after the delamination of the sheet. In the specimens bonded
with CFRP, the areas of debonding were similar, although the loads at which delamination
occurred were higher for the beam with mechanical anchorage (Figure 2.34). Delamination
of the CFRP sheet lowered the stiffness and ultimate shear strength of the beams.

In the beam with mechanical anchorage, the shear force at yielding of the stirrups and
the ultimate shear strength were higher than the unanchored beam because the delamination
of the CFRP sheet was delayed. As well, even after initial delamination, the tensile force
carried by the CFRP in the anchored beam increased since the anchor bolt could sustain
shear. Due to the presence of epoxy between concrete and CFRP and between CFRP and the
anchor plate, the bond area was greater than that for the unanchored sheet. Therefore, for the
same applied force, the bond stress was lower. Thus, the load at delamination of the anchored

sheet was higher than that of the unanchored case.

47



CHAPTER 2 LITERATURE REVIEW

L Y3 L Jid] )
® ‘
(a) NO.2 (] Peeling of CFS ®) NO.3 peeling of CFS
g\ 3m L4 LS
B
e 200 ~
g
@ y
3 100
=
;t 3 I
0 5 10 15
(e deflection (mm)

Figure 2.34: Delamination of CFRP in beam (a) without and (b) with anchorage,
(c) corresponding load-deflection curves [36]

A more in-depth look at anchoring systems was conducted by Sato er al.[37], in
which four anchorage schemes were tested (refer to Figure 2.35).
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Figure 2.35: Systems of CFRP anchorage [37]
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The effectiveness of the various anchorage methods is depicted in Figure 2.36(a) and
(b), where the S series were T-beams and the M series were rectangular beams, with the
anchorage system represented by the number following the series letter. The combination of
lateral steel plates and bolts was found to be adequate, even under cyclic loading conditions.

Therefore, anchorage system Type 3 was recommended, both in terms of performance and in

terms of practicality in field applications.
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Figure 2.36: Behaviour of beams with various CFRP anchorage systems:
(a) S and (b) M series [37)

The researchers reported that the shear strength of CFRP-strengthened RC beams can
be estimated using a model based on truss and arch actions, the stress fields of which are

shown in Figure 2.37(a) and (b).

L L = shearspan |

(a) {®)

Figure 2.37: Stress field for Type 3 anchorage system: (a) truss and (b) arch actions [37]
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Khalifa and Nanni [38] investigated the performance of T-beams strengthened in
shear with CFRP composites. They found that by using various configurations of CFRP
sheets, the shear capacity of the beams could be increased by 35 to 145%, as substantiated by
Figure 2.38.
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Figure 2.38: (a) Strengthening schemes and (b) test results for T-beams studied by
Khalifa and Nanni [38]
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[t was also noted that an optimum quantity of FRP exists, beyond which the
strengthening effectiveness is uncertain. Strips of FRP applied only to the beam sides (BT5)
provided less strength enhancement than those bonded in a U-shaped configuration (BT4),
and their failure modes are compared in Figure 2.39. Although strips proved to be as
effective as continuous sheets, it was advised that sheets be utilized in field applications since
damage to an individual strip is more detrimental to its behaviour.

Figure 2.39: Failure modes of beams (a) BT4 and (b) BTS5 [38]

The shear behaviour of RC T-beams bonded with FRP sheets or strips was also
studied by Deniaud and Cheng [39]. Eight full-scale beams were tested to examine the
interaction of concrete, steel stirrups and FRP sheets in carrying shear loads, and several
important conclusions were drawn. The shear contribution of the FRP sheets was dependent
on the amount of internal shear reinforcement. For beams that were more heavily reinforced
with steel stirrups, the FRP sheets were less effective. The FRP sheets could eventually
reduce the shear capacity of the beam by changing the critical shear path, resulting in an even
more sudden shear failure. It was noted that the FRP strains were uniformly distributed
among the FRP strips crossing the shear crack (Figure 2.40), contrary to the assumption of
linear distribution previously proposed. The failure modes of the beams were characterized
by the debonding and peeling of the sheets above the web shear crack. The FRP sheets were
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found to have delayed the loss of plane section behaviour and the change from full beam

2

action to partial arching action.
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Figure 2.40: Vertical strains in FRP strips bonded onto T-beam [39]

The authors proposed a mechanical design model based on the combination of the
strip method and the shear friction approach. In the strip method, the FRP sheets crossing the
web crack are divided into a series of strips. Using geometrical parameters such as the
anchorage conditions and the bonded length of strips above and below the crack, the
maximum allowable strain for each strip is determined. A uniform strain distribution
assumption is adopted, and the applied load is sequentially redistributed to strips with higher
critical allowable strains until the load reaches a maximum value. Then, the maximum FRP
strain value and the ratio Ry (remaining bond length over initial total length) are recorded.
According to the shear friction approach, the governing shear strength is given by the lowest
shear strength among all the potential failure planes along which slippage can occur. The
contribution of the FRP strips (Tgrp) can be calculated as

2
w sin .
Terp =d gt fEpemac Ry (—é] [tanﬂw +(ng + l)cosaJsma (2-18)
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where dy is the height of FRP sheets bonded to the beam web, tris the thickness of the FRP
sheets, Eris the elastic modulus of FRP in the principal fibre direction, €max is the maximum
FRP strain over the remaining bonded length, w¢and s are the width and spacing of the FRP
strips, ng is the total number of stirrups crossing the shear crack, a is the direction of the
principal fibres measured from the longitudinal axis of the beam, and 0, is the shear plane

angle in the web. The proposed methods gave reasonably accurate strength predictions for
the beams tested by the authors. The ratios of experimental to predicted shear strengths were
close to 1.00, with unconservative estimates (within 10%) for the two beams which had
failed by buckling of the FRP sheets.

2.3.2 DESIGN EQUATIONS

In preparation for the inclusion of design procedures for FRP-shear-strengthened RC
beams in the various codes, numerous researchers have presented several design equations.
Triantafillou [40] described some of the earlier proposed criteria for determining the FRP
contribution to a RC beam’s shear capacity. In Uji’s (1992) [40] model, the FRP-concrete
interface carries average shear (bond) stresses approximately equal to 1.3 MPa at the time of
debonding, and the upper bound to the FRP contribution is given by its tensile strength. For
GFRP, the average shear stresses at the time of peel-off were determined by Al-Sulaimani et
al. (1994) [40] to be 0.8 MPa and 1.2 MPa for plates and strips, respectively. In the work of
Ohuchi et al. (1994) [40], the limiting strain for CFRP wraps was equal to its ultimate tensile
strain or 2/3 of this value, depending on the fabric thickness.

Another preliminary proposal was put forward by Chajes et al. [41], in which the FRP
contribution to shear capacity was based on the expected strain at failure. For continuous
FRP reinforcement with fibres oriented at 90°, the theoretical shear capacity (V) is given by
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where Ar is the cross-sectional area per unit length of the beam, of, is the FRP stress at
failure, and d is the effective depth. The equation was further rewritten by utilizing the linear
stress-strain relationship of FRP in tension, by recognizing that failure of the beam is
initiated by failure of the concrete, and by assuming that perfect bond exists between

concrete and FRP prior to failure. E¢is the modulus of elasticity of the impregnated fabric,

and ey is the ultimate vertical tensile strain of concrete (average value measured to be
0.005). Using the average value of strain at failure precludes the ability to account for
different ultimate strains that may result from various FRP orientations. The proposed
method led to theoretical values of shear contribution which were up to 13% higher than the

measured data.

Gendron et al. [42] presented a theoretical model to determine the shear strength of a
RC beam bonded with FRP plates. Among the assumptions used was that of no slipping
between the plates and concrete so that the full strength of the plates can be developed. The
analysis consists of three phases: evaluation of the member’s nominal shear strength using
the compression field theory or the modified compression field theory, selection of FRP
plates such that the shear strength is increased up to a pre-determined value, and the
verification of the shear-bending interaction. In the second phase, the shear strength

attributed to the FRP plates (V) is calculated as

Ap fm dm( ! 1 ) :
Vf = s, #nd, + ana sina (2-20)

where Ay, is the area of a pair of FRP plates, fr, is the stress in the plates, dy, is the shear

depth of the section, s is the horizontal spacing of the FRP plates, 6y is the shear crack
inclination corresponding to the shear force in the beam (at any load higher than the level at
which strengthening was carried out), and a is the inclination of the FRP plates with respect

to the member axis. The iterative procedure for evaluating the values of f;, and 6, as well as

the steps for predicting the response of the beam in order to estimate the quantity of Ap
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needed, are given in detail by Gendron et al. [42]. In the third and final phase, the member
response must be recalculated using the plane section assumption to verify the yielding of the
longitudinal rebars and the crushing of concrete in compression.

Closed-form solutions were developed by Malek and Saadatmanesh [43] to estimate
the shear force carried by FRP fabric or plates bonded onto the web of RC beams. The
analytical model presented was based on the compatibility of strains in the plate and the
beam, and the assumptions of composite action (no slip between concrete and FRP) and
linear elastic FRP material behaviour were applied. The force carried by the FRP fabric was
thought to be made up of two components: the first of which is caused by the orthotropic
behaviour of the plate (even in pure bending), while the second component is caused by the
moment gradient in the beam. The proposed method was verified using the finite element
program ABAQUS, in which 4-noded elements and one-dimensional bar elements were used
to represent concrete and rebars, respectively. FRP plates were modeilled with 4-noded
composite membrane elements that were imposed directly onto the concrete elements.
Although the predicted FRP axial strains were reasonably close to the measured values, the

slight overestimations were ascribed to the negligence of slip.

The work described above was further extended by the researchers {44] to determine
the effect of web-bonded FRP plates on the inclination of shear cracks and the beam’s shear
capacity at ultimate. The necessary equilibrium and compatibility equations were derived
using truss analogy and the compression field theory, while the assumptions were the same
as those previously applied. The theoretical procedure was utilized in a parametric study to
investigate various parameters that may affect the inclination angle of shear cracks. It was
found that the crack inclination angle stays constant prior to yielding of the steel stirrups but
drops thereafter. Prior to yielding, the inclination angle increases as the FRP plate thickness
increases, up to 50° for a 4 mm thick plate. The crack inclination angle and shear force in the
composite plate oscillate as a function of the FRP fibre direction, with the maximum shear
force in the plate occurring when the fibres are perpendicular to the shear crack. As the

stirrup spacing increased, the crack inclination angle decreased and the shear force in the
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FRP laminate increased. Once the angle of shear crack inclination (6;) has been determined,

the contribution of the FRP plate to the shear capacity of the beam (Vy) can be estimated as

h
Vf =tan_9c.Fﬁ‘ t, (2-21)

where h is the height of the FRP plate, Fg, is the ultimate capacity of the FRP (and should be
reduced accordingly to the usable strength at failure), and t, is the plate thickness.

Triantafillou [26] has proposed an analytical model for the design of RC members
shear strengthened with FRP laminates, following the Eurocode format which is based on
ultimate limit states. The model is established using an analogy with steel stirrups, with an
effective FRP strain that decreases with an increasing FRP axial rigidity. The load carried by
the FRP laminates at ultimate depends on their failure mechanism. Typically observed failure
modes include peeling-off (debonding) through the concrete near the bond interface, and/or
tensile fracture at a stress lower than the ultimate strength of the FRP due tc stress
concentrations (at debonded areas or at beam corners). Whether debonding or fracture will
occur first depends on numerous factors such as the bond conditions, the anchorage length or
type of anchorage used, the laminate thickness and stiffness, and the concrete strength.

In developing the shear contribution of FRP, the load bearing mechanisms in the FRP
laminate at the ultimate state must be considered, a qualitative representation of which is
given in Figure 2.41(a). Regions of full debonding, limited shear transfer through the
concrete, and full shear transfer are depicted. The associated tensile stresses in the FRP are
shown in Figure 2.41(b), where only a section of the FRP reaches its design tensile strength

firp.d-
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Figure 2.41: (a) Schematic of FRP stress bearing mechanism, (b) simplified FRP tensile
stress along shear crack [40]

The FRP contribution to shear capacity (Vy) is expressed (in the Eurocode format) as

09 .
Ve =}7pf Erer,b,d(1+cotf)sing (2-22)

where yr is a partial safety factor for FRP in tension (approximately equal to 1.15, 1.20 and
1.25 for CFRP, AFRP, and GFRP, respectively), pr is the FRP shear reinforcement ratio
(defined as 2tg#b,, for continuous sheets, where tr is the thickness of the FRP on each side of
the beam and by, is the width of the beam web, or as (2 tyby,)/(wy'sg) for FRP strips of width
wrat a spacing sg), Er is the FRP’s modulus of elasticity, d is the effective depth and B is the
orientation angle of the FRP fibres to the longitudinal axis of the beam. The effective FRP
strain is represented by € e, and depends on the FRP “development” length, defined as the
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length needed to reach FRP tensile fracture before debonding. The development length is
proportional to the FRP axial rigidity (area times elastic modulus, or pr x Eg). Hence, as the
FRP laminates becomes stiffer or thicker, debonding dominates over tensile fracture and the

effective strain decreases.

After a study of experimental results published in the literature, it was found that FRP
fabrics wrapped completely around the cross-section tended to fail in tensile fracture, while
those bonded to the sides only or in a U-shaped configuration failed by shear debonding.
Based on best-fit trend lines, the relationship between € ¢, and pg Ef was suggested to be in
the form of:

£, =00119-00205(p E )+ 0.0104(p +E ;) for0< p ;£ ; <1GPa

/s

£ .o =—0.00065(p E ;) +0.00245 for p E ;>1GPa (2-23)

It was noted that a value of pr Ef = 0.4 GPa presented a limit to the effectiveness of shear

strengthening with FRP. Also, the actual value of € ¢, may be higher in reality since many of
the experimental data used for the calibration of Eqn. 2-23 were obtained from small-scaled

specimens.

Triantafillou’s equation for describing shear fatlure combined with FRP fracture was
slightly modified and calibrated with a few more test results by Khalifa et a/. [25]. This
method is termed the effective stress approach, in which the effective stress (f ¢) is related to

the level of strain at the time of FRP rupture. The equation presented by Triantafillou is
written in the American Concrete Institute (ACI) code format as follows:

_ Asfr . (sinp+cospd,
= 57

(2-24)

f
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where Ay is the total thickness of the sheet (2t¢ for both sides of the beam) times the width of
the CFRP strip wy, dr is the effective depth of the FRP shear reinforcement, and all other
terms are defined as before. For continuous sheets, wr and s¢ should be equal. A strength
reduction factor of 0.70 is suggested for the design value of V. To ensure that shear cracks
will be intercepted by at least one FRP strip, the spacing of the strips (s¢) should be limited to

The effective stress is related to the ultimate FRP strength through the ratio of
effective strain to ultimate strain (ff. = Rxf, and €¢. = Rxeg,). For all the test data available

at the time, pgErnever exceeded 1.1 GPa, and R was calibrated to be
R=0.5622(psE;)* -1.2188 (p E;) +0.778 < 0.50 (2-25)

in which the upper limit of 0.50 has the effect of limiting the FRP strain to maintain the
concrete’s shear integrity, and applies only to low-modulus CFRP sheets with ultimate strain
approximately equal to 1.5%. It was later suggested by Khalifa and Nanni [45] that the upper
limit for R should be equal to 0.006/eg,. The effective stress approach is limited to CFRP

reinforcement and to cases where debonding does not govern.

To describe shear failure combined with FRP debonding, Khalifa et al. [25] referred
to the bond model proposed by Maeda er al. [46]). For FRP sheets that are bonded to the sides
of the beam or in a U-shaped configuration, anchorage is only provided by the interfacial
bond between the concrete and FRP. Delamination occurs when the interfacial bond fails as a
result of the high tensile stresses developed in the FRP. These stresses are significantly
increased when tension must be transferred by the FRP to the vertically-separated concrete
on either side of the shear cracks. The concepts of effective bond length and average bond
stress are applied to derive empirical equations for the ultimate capacity of CFRP sheets at
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delamination. For debonding failure, the ratio R is calculated from Eqn. 2-26, taking into

account the concrete strength and the bonding configuration.

(2-26)

. 0.0042(/" ) wp
(Est, )0-58 £ruds

with wg. representing the effective width of the FRP (evaluated as shown in Figure 2.42), g¢,
is the uitimate FRP strain, and dy is the effective depth of the FRP shear reinforcement. The
effective width concept is based on the reasoning that after a shear crack forms, only the
portion of FRP extending past the crack by the effective bond length (L., found by Eqn.2-27)
is capable of carrying shear.

L, =e [6134-0581n (1, E,)] (227

= T

(.) wh‘dl‘l-o b-
e T
®  We=di-2L, “Bu

Figure 2.42: Effective width of FRP: (a) in U-wrap, (b) bonded to beam sides only [25]
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Eqn.2-26 was later revised into the following form by Khalifa and Nanni [45]:

R=

(f'c )2/3 er [

738.93 - 4.06(E 11 ;)]x 107 (2-28)
Erudy

The design equations previously presented by Triantafillou [26, 40] have been
recently modified by Triantafillou and Antonopoulos [47]). The shortcomings of the former
approach include: (1) FRP rupture was assumed to occur at the same time as shear failure
(concrete diagonal tension), whereas it may occur after the peak shear capacity is reached, (2)
one equation was proposed regardless of the mode of failure (FRP debonding or fracture) and
the type of FRP material, and (3) the effect of the concrete strength on debonding failures
was not considered. In the updated approach, the effective FRP strain is further multiplied by
a reduction factor a. of 0.8 to become the characteristic value of the effective strain (eg ). To
obtain an estimate of the effective strain, the status of the FRP at shear failure of the beam
must be identified. Although governed by the diagonal tension failure of concrete, this may
occur prematurely due to FRP debonding, or the FRP may rupture exactly at or slightly past
the peak load, as illustrated in Figure 2.43.

LOAD Shear fracture
A & FRP fraciure  Shear fracture
Shear fracture \ / FRP fracture
& debonding /

N\

¥ MEMBER FAILURE

[
>

DISPLACEMENT

Figure 2.43: Schematic illustration of shear and FRP failures [47]
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At the ultimate state, it can be expected that some debonding of the FRP will iake
place, as a result of the excessive straining in the FRP that leads to strain incompatibilities
with the concrete and subsequent cracking. Such cracking will give rise to local debonding of
the [aminates. Therefore, the value of the eifective strain is dependent on the bonded length
of the FRP, its relation to the effective bond length through which interface shear stresses
develop, and the relation of this length to the bond development length. Besides the FRP
axial rigidity, the shear strength of the concrete also affects the development length, so the

effective strain becomes a function of the quantity (pf EQ/(fc2° ), where f'. is the concrete

compressive strength.

The newly proposed equation for the shear contribution of FRP is essentially the
same as Eqn. 2-22, but the effective strain (g¢.) is replaced by the characteristic value (g . =
0.8xefe) and new values for yy and €f. are proposed. If shear failure is combined with or
followed by FRP fracture, yris equal to 1.20 for CFRP, 1.25 for AFRP, and 1.30 for GFRP.
If failure is dominated by FRP debonding, then yr is equal to 1.30. These values may be

adjusted as more experimental data become available. The expressions for the effective FRP
strain are grouped according to the bonding configuration and the type of material used, as
given in Eqn. 2-29.

FAKED
Fully wrapped CFRP: Efe =o.17( . ] £re (2-29)

Side-bonded or U-shaped CFRP:

£ 056 28 030
&/, =min o.ss{pffEf x1073, o.17[prEf] Ef (2-29b)
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f' 2/3) 047
. _ [4
Fully wrapped AFRP: Efe= 0.048[pf E, ] Ef u (2-29c¢)

Below a limiting value of pr Eg, none of the FRP failure mechanisms were noted, giving a
direct relationship between FRP shear contribution and pr Ef. However, once this limiting

value (prEp)im was exceeded, failure was governed either by debonding combined with shear

failure if the FRP was not properly anchored, or by shear fracture combined with or followed
by FRP rupture if anchored or fully wrapped. For both cases, the concrete strength affects the

increase in shear strength, but in the second situation, the dependence on pr Ef is more

prominent, as evidenced in Figure 2.44.

Therefore, the value of pr Er should be limited unless debonding can be prevented
with the use of anchorages. The limiting value is suggested to be

1/0.56
0.65x1073
X a] fu 2/3 0'018f'c2/3 (2_30)

(PrEf)iim =( P ¢

max

where enax = 0.005, a limit imposed to ensure that the shear integrity of the concrete is
maintained so that mechanisms such as aggregate interlock will remain effective. It was also
recommended that if vertical FRP strips are employed, their spacing s should not exceed
0.8d.

The FRP shear contribution equation was also expressed in the ACI and Japan

Concrete Institute (JCI) code formats. The ACI format is given as:

qprf =gvf£f’e‘jprf (sin B + cos ) bd (2-31)
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where @ is the strength reduction factor, equal to 0.75 for debonding failure and 0.80 for
shear failure with FRP fracture, and € fe o = 0.9 £ ¢ < 0.006. In the JCI code format, the
only modification from the Eurocode format is that the value of e given by Eqn. 2-29 must
be multiplied by 1.035. A comparison of experimental and theoretical values for the effective

FRP strain showed that the proposed model gave better agreement than the models of Khalifa
et al. [25] and the JCI approach, but the data analyzed had already been used in the

calibration of the proposed equations.
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Figure 2.44: FRP contribution to shear capacity in terms of prE¢ [47]

A more recent empirical model for determining the effective FRP strain (g ¢) has
been proposed by Schnerch [48]. The equation was based on experimental data published in
the literature and concentrated on beam failures dominated by FRP debonding. FRP fracture
was disregarded by the researcher as this mode of failure was noted to occur only in cases of
complete wrapping with FRP (which is not practical in field applications) or when pseudo-
isotropic laminates (with fibres oriented in more than one direction) are used. The model is in

the form of:
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e ——
£ ,=0.0012 — L (L SmBES 0 (2-32)
' ps +0.0065 pE[ ke d

where k. accounts for the laminate directions (1.0 for unidirectional and 1.4 for two or more

orientations), ps is the steel shear reinforcement ratio (Ay/(bys)), f'c is the concrete strength,
pr is the FRP reinforcement ratio defined as (2tgby)/(wesf) as before, Er is the elastic
modulus of FRP, B is the angle of the FRP fibres from the beam axis, kg is the number of free
edges on one side of the beam (1.0 for U-jackets and 2.0 for laminates bonded to the beam
sides only), dr is the height over which the FRP composites coincide with steel stirrups, and d
is the effective depth. It was suggested that the effective strain does not have to be limited
(except by the ultimate strain of the FRP material) to maintain the shear integrity of the
concrete since the shear cracks formed are fine and closely spaced. Once the effective strain
has been determined, it can be applied in Eqn. 2-24 to determine the shear contribution of
FRP laminates. Of the 56 test results analyzed, the average value of experimental to predicted
shear capacity for the proposed model was 1.34 (with a standard deviation of 0.22), while for
the Khalifa model, the average was 2.13 (with a standard deviation of 0.93). However, since
the test data were used to calibrate the equation, more independent experimental results are

required to validate the model.

A system for evaluating the shear capacity of RC members bonded with CFRP sheets
was presented by Kamiharako et al. [49], in which a constitutive model for the bond interface
between concrete and FRP was included. The shear capacity of the beam is determined based
on the ultimate deformation of the member and the bond behaviour of the CFRP sheet. To
characterize the bond stress-strain relationship, uniaxial tests were performed on concrete
prisms bonded with CFRP or AFRP composites. The shear stress-shear displacement curves
obtained from the experiments are shown in Figure 2.45(a), and the general relationship is
transformed from a bilinear curve to an equivalent linear elastic model as depicted in Figure
2.45(b). The values obtained for the parameters of 1, and §, at which the bond fails are

summarized in Table 2.2.
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Figure 2.45: Shear stress-displacement relationships: (a) from experiments, (b) equivalent[50]

Table 2.2: Values of Parameters in Equivalent Bond Constitutive Model [50]

Type of Elastic Modulus MPa) 5, (mm)
FRP Sheet  of Epoxy (GPa)

0.7 447 031

Carbon 15 7.07 0.19
. 0.7 5.92 0.28
Aramid LS 9.12 0.29

The proposed computational system is based on the fact that the tensile strain in the
FRP depends on the shear crack width and the length of the peeling-off zone. The shear crack
width is calculated from the rigid body rotation model, while the length of the peeling-off

zone is determined by solving Eqn. 2-33 for &:

d’s
t,E,———k&=0 (2-33)
f fdyz

where tf and Ef are the thickness and elastic modulus of the FRP sheet, § is the shear
displacement at the border of the bonding and peeling-off zones (refer to Figure 2.46(a)), and
k = 1/8,. Once & exceeds d,, the FRP sheet will peel off from the concrete over the shear
crack, schematically shown in Figure 2.46(b). The FRP strain is determined once equilibrium
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equations for tensile force and compatibility of displacement are satisfied. Then, the shear
force carried by the FRP element is found by multiplying the strain value by the FRP’s
elastic modulus and cross-sectional area. Although the values predicted by the proposed
method agreed reasonably well with 32 sets of experimental data, the peeling-off zone was
overestimated for large beams.
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Figure 2.46: Models used for calculating peeling-off length: (a) global, (b) local [49]

2.4 BOND CHARACTERIZATION

Whether FRP composites are used for the flexural or shear strengthening of RC
members, premature failure by debonding of the FRP laminates is prevalent. For beams
strengthened in flexure, debonding may occur at the plate end due to high shear and normal
stresses or near mid-span where high shear stresses exist around flexural cracks. For FRP
sheets bonded to beam webs (refer to Figure 2.47), peeling may start from the intersection of
a major shear crack and the boundary edge of the FRP sheet (case a), or debonding can take
place near internal cracks once bond-slip exceeds the ultimate bond-slip value (case b).
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Figure 2.47: Common locations for FRP strips on beam webs to debond

Bond is of utmost importance in the strengthening system as it provides the shear
transfer between concrete and FRP necessary for composite action. To attain a better
understanding of the debonding phenomenon, researchers have performed bond tests in an
attermnpt to characterize the bond behaviour. The major areas of study include the maximum
shear stress and bond-slip that can be sustained by the bond interface, the relationship
between bond stress and slip, the factors which influence this relationship, and the modes of
failure. Experimental, analytical, and fracture mechanics approaches have been undertaken.

24.1 MEASURES OF BOND STRENGTH

Numerous experimental studies have been carried out to examine the bond behaviour
between FRP composites and concrete. Several common specimen types employed in these
tests are shown in Figure 2.48: specimen (a) is used to obtain the bond strength directly,
types (b) and (c) are used to estimate the effects of shearing and bending, while specimen
types (d) and (e) are designed to eliminate the load eccentricity that results when laminates
are bonded on two faces.
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Figure 2.48: Typical bond test specimens [50]

One of the earlier studies was performed by Chajes et al. [51], in which single-lap
shear test specimens and 25 mm wide CFRP plates were used. It was concluded that the
concrete surface should be mechanically abraded or sandblasted and a primer should be
applied, and the surface of the composite plate should be roughened. An “off-the-shelf”
epoxy is sufficient but ductile adhesives (those with a low elastic modulus or a large strain to
failure) are less effective. If the failure mode of the bond is governed by shearing of the

concrete beneath the bond, the ultimate bond strength will be proportional to £°°.

Tests with varying bond lengths were conducted to study the force transfer from the
FRP plate to the concrete. The load transfer, indicated by the strain distribution measured on
the FRP plate, is a shear flow that depends on the relative stiffnesses of the adherents and the
adhesive. The strain distribution along the bonded length decreased at a linear rate, meaning
that the force transfer was nearly uniform, giving a constant value of bond resistance R
(equal to the shear stress multiplied by the width of the FRP plate). For a joint with a bond

length Ly, the ultimate capacity (T,) can be estimated by
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u

T, =RL, for L, > Ly, (2-34)

where Ljq is the bond development length beyond which no further increase in load can be

achieved.

A series of shear bond tests was performed by Ueda et al. [52] to determine the
maximum bond stress and factors that have an influence on its value. Conclusions reached
include: bond strength does not increase with bond length once this length exceeds 100 mm;
as the CFRP stiffness increased (up to 50 GPa-mm), the maximum local and average bond
stresses at delamination increased and the CFRP strain gradient decreased; narrow strips of
CFRP exhibited higher bond strength than wider strips; and steel plates anchored with
tension bolts provided an enhancement to the bond strength. From the experimental data,

Eqn.2-35 was proposed to calculate the value of the maximum bond stress (tmax) using

variables defined previously:

Tmax = 0.191,E; <73 (2-35)

Two other empirical models relating the bond length (L) and the average bond shear
stress at failure (t,) are those of Hiroyuki and Wu (1997) (Eqn.2-36) and Tanaka (1996)

(Eqn.2-37) [S3]:

r, =588 L 06¢ (2-36)

r,=613-InL (2-37)

The maximum bond strength of the joint is obtained by multiplying t, by the width b, and
length L of the bonded area.
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Horiguchi and Saeki [54] conducted three types of bond tests using concrete of three
different strengths to determine the effect of test methods and quality of concrete on the bond
strength of CFRP sheets. The tests involved subjecting CFRP sheets to shear, flexure and
direct tension. The relationship between the bond strength, the test type and the concrete
strength is depicted in Figure 2.49, while the observed failure modes are summarized in

Table 2.3.
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Figure 2.49: Relationship between bond strength, test type and concrete strength [54]

Table 2.3: Failure Modes Observed in Bond Tests [54]

Type of Concrete Compressive Strength (MPa)
Bond Test 11 31 46
Shear test delamination delamination delamination
Bending test concrete ' delamination CFRP fracture
Tensile test concrete ' delamination  concrete ’

" mortar matrix fracture, ? matrix/aggregate interfacial fracture

From the experimental results, the following estimations for bond strength (f pong) Were

proposed:
f bond (shear) = 0.09 (£ %>

f bond (bending) = 0.22 (£ >
f bond (temsile) = 0.36 (£) 2° (2-38)
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In a study by Brosens and Van Gemert [55], double-shear prisms were used to
examine the shear stress distribution and fracture behaviour of CFRP. The fracture loads
were predicted with the models proposed by Tiljsten and Van Gemert. A nonlinear fracture
mechanics concept is adopted in Taljsten’s (1994) [55] theory, in which the ultimate load is

found from Eqn. 2-39 as
’2: E.G
Frnax = bf j]'+{¢ . (2-39)

trEy
( E

cTc

where a=

br is the width of the CFRP laminate, t is thickness, E is the modulus of elasticity, G is the
fracture energy, and the subscripts f and ¢ represent FRP and concrete, respectively.
Difficulty arises in calculating the fracture energy from the measured values of load,
deformation and shear stresses. A relationship between fracture energy and the concrete
properties should be determined. The method proposed by Van Gemert (Eqn. 2-40), based on
a triangular shear stress distribution over the full bond length, is simpler to apply, but the
fracture load estimated is the one at first cracking while the remaining strength reserve is
neglected:

_bf Ifct

max 2

(2-40)

where 1 is the bond length and f is the pull-off strength of the concrete surface.

Maeda et al. [46] carried out an experimental study on the bond mechanism of CFRP
sheets using a double-face shear type specimen and attempted to simulate the strain
distribution using FEM. It was found that the strain distribution curve of the FRP shifted
from quadratic to linear as ultimate load was approached. and the active bonding area was
shifted as delamination propagated, as seen in Figure 2.50. The effective bond length was
noted to decrease as the CFRP stiffness increased.
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Figure 2.50: Schematic of strain distribution in CFRP sheet during shear bond test [46]

The CFRP strain distribution was simulated using the FEM program WCOMR, in
which a smeared crack model and average stress-strain relationships were adopted. A typical
mesh used for the analysis is drawn in Figure 2.51, while the elastic modulus, shear modulus
and thickness of the bond elements representing the epoxy resin were 1.50 GPa, 0.58 GPa
and 0.1 mm, respectively. The predicted distributions were found to be fairly accurate as long

as the nonlinear behaviour caused by concrete cracking was considered.
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Figure 2.51: Finite element mesh for analysis of CFRP-bonded concrete prism [46]

The ultimate load that can be taken by the CFRP sheet (Prax) can be calculated from:

Prax =L b7, (2-41)
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d
where 7, =1,E; (—!g)
0

L. is the effective bond length calculated from Eqn. 2-27, ty and E¢ are the thickness and
elastic modulus of the FRP, respectively, and (de/dx), is the strain gradient for the effective
bond length (measured to be 110.2 p/mm in this test).

A flexural specimen was employed in Miller and Nanni’s [56] investigation of the
strain distribution between CFRP sheets and concrete. All of the specimens failed by peeling:
the CFRP sheet assumed all of the load up to the level of localized peeling, then the effective
bond length shifted until complete peeling had occurred. It was found that as the bond length
increased, the bond strength decreased. Concrete strength did not have any effect on the bond
strength as the specimens failed within the bond interface. Increasing the CFRP stiffness
raised the bond strength, but the increase was not proportional to the number of plies used.

The ultimate load (Pmax) sustainable by the CFRP sheet can be determined by:

Prax =L, wr (2-42)

max

d
where L =-0432(r,E.)+943 . r=t.E. /%] «x107®
e rEs r21\&),,

in which L. is the effective bond length, w is the width of the FRP sheet, 1 is the average
bond stress, tr and Er are the thickness and elastic modulus of the FRP, and (de/dx)avg is the
average strain gradient for the effective bond length (found to be 88 wWmm in this
experiment).
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242 FACTORS INFLUENCING BOND STRENGTH

The effect of various bonding conditions on the bond strength between CFRP sheets
and concrete has been examined by Yoshizawa et al. {57]. Using double-face shear
specimens, bonding conditions such as surface preparation (with water jet or sander), types
of CFRP sheets (high tensile strength or high modulus), and debonding area rate (with
varying amounts of film to simulate debonding) were assessed. It was reported that surface
treatment by water jet was superior in enhancing the bond strength, and that the bond
strength for high modulus CFRP was greater than that for low modulus, high tensile strength
CFRP. The bond strength also increased as more layers of CFRP laminates were applied, but
the artificially-induced debonding (from 6 to 13%) did not have any influence on the bond
strength. Flexural tests involving full-scale beams were also conducted, from which it was
found that fracture of the concrete cover occurred, rather than separation of the CFRP

laminate from the concrete.

An experimental investigation performed by Tripi et al. [58] aimed to characterize the
local and global deformations in tensile-loaded concrete prisms bonded with CFRP sheets.
The main variables studied were the thickness of the adhesive layer and the modulus of the
CFRP fibres. Among the observations was the indication that diagonal cracking affected load
transfer near cracks. Thus, the concrete strength must be considered in the bond behaviour of
external FRP reinforcement. It was concluded that the local deformations are dependent on
the thickness of the adhesive layer; thicker layers created a graduat transfer of load between
concrete and CFRP which was manifested in larger relative displacements and greater crack
spacing. The modulus of the CFRP sheet had a large influence on the magnitude of peak
longitudinal strains at cracks, but the relative displacements and crack spacing were only
slightly affected. Hence, it was hypothesized that the FRP sheet extensional stiffness
(modulus x thickness) controls the global behaviour while the epoxy shear stiffness (modulus
+ thickness) controls the local behaviour. Since a stiff adhesive layer was found to promote
cracking, the stiffness of a cracked RC member is best enhanced through the use of a high-
modulus FRP laminate.
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Bizindavyi and Neale [59] conducted an experimental and theoretical investigation
into the shear conditions at the concrete-FRP interface. Single shear-lap specimens were
tested, and three distinct profiles were noted in the FRP strain distribution curves, an example
of which is shown in Figure 2.52. As the load was initially applied, the strain profile
decreased exponentially starting from the loaded end. The distance required for the strain to
reach zero is termed the initial transfer length. Once a crack was initiated in the concrete, the
transfer region shifted towards the free end of the FRP laminate. The strain profile changed
to a bilinear curve, with the transition point located at the limit of the initial transfer length.
Near ultimate loads, the strain distribution became linearly decreasing. As for the shear stress
distributions, the trend was also exponential at loads lower than the initial cracking load.
After cracking occurred, the maximum shear stress location progressively transferred toward

the unloaded end of the specimen until the joint failed completely.

Figure 2.52: Strain distribution along GFRP-concrete joint {59]

The relationship between the transfer length and the relative load level is bilinear,
with a constant value of transfer length for loads less than the cracking load and a linearly

increasing portion up to failure. The transfer length (L;) may be estimated using
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L=L,+ [—5-—]& i-Lo) for o SE<Emax (2-43)
0

'fOFmax

he =
where L, bf T

in which Lg is the initial transfer length, & is the relative load level (F/Frax), § o is the relative
load level at which cracking initiates, L is the joint length, Frsy is the ultimate load, br is the
FRP width and Tmeqn is the average bond strength. Whether concrete shear failure or FRP
rupture occurs depends on the transfer of forces exceeding the cracking load and the bond

length available to carry additional loads.

A theoretical expression, based on the shear lag theory and valid only in the elastic
range, was defined for the shear stress distribution (t(x)) on the FRP-concrete joint:

7(x) = B cosh (Ax) + Csinh (4x) (2-44)
AL; F
B 2 C=—-AL;t,,, Tp=
m tanh (AL ) J brL;

V2
A= (I-Hyp)] , N=——, p=—"—
[Eftft

where F is the applied load, G, and t, are the shear modulus and thickness of the adhesive,
respectively, E is the elastic modulus and A is the cross-sectional area, while the subscripts f

and c stand for FRP and concrete. The axial stress in the laminate (f5(x)) is presented as

T L

fp(x)= ————, Sinh (AL, )[smhl(x L; )] (2-45)
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The proposed equations were applied to the test specimens from the study. Although the
predicted strain distributions agreed well with the actual response at service load levels, the
theoretical response was stiffer when thicker laminates were used since peeling failure was

not considered in the analysis.

2.4.3 DEBONDING MECHANISM

Double-face shear type specimens were also the subject of study of Wu and
Yoshizawa [60]. The test variables included two types of CFRP materials, two concrete
strengths, two thicknesses of concrete cover, varying layers of CFRP sheets and different
rebar ratios. The experimental results are given in detail by the researchers. The propagation
behaviour of the crack front and the process of debonding, as observed from experiments, is
illustrated in Figure 2.53. As the tensile crack propagates and joins with diagonal shear
cracks near the FRP sheet, the shear stiffness of the interfacial layer is reduced. With the
front of the diagonal crack along the bond interface, the possibility of debonding grows.

Since debonding is typically initiated by a tensile crack in the concrete, the
constitutive relationship along the bond interface before the initiation of debonding can be
expressed as in Figure 2.54(a). Bond fracture usually propagates along the bond interface
between concrete and FRP or through the concrete adjacent to the interface. Therefore, the
shear stress-displacement relationship after debonding can be related to the softening
behaviour of concrete in shear (Figure 2.54(b)). The area Gy under the t-$ curve including or
excluding pre-peak shear displacement can be defined as the fracture energy based on a
nonlinear fracture energy concept.

However, the bond between concrete and FRP may fail suddenly due to the
catastrophic propagation of a crack along the bond interface. Thus, the debonding
phenomenon becomes a problem involving fracture mechanics, in which fracture is

considered to occur when the strain energy release rate equals the critical strain energy
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release rate for the interface Guc (can be approximated by Gg). This arises from the

assumption that debonding is 2 Mode II (forward shear) type failure mechanism.
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Figure 2.53: Crack propagation and formation of debonding [60]
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Figure 2.54: Constitutive relationship for bond interface: (a) prior to debonding,
(b) after debonding [60]

The researchers proposed a model for analyzing the tensile properties of FRP-bonded
RC members based on the fracture energy approach. Figure 2.55 shows a RC member
subjected to a tensile stress ¢ resulting in N number of cracks. The symbols in the figure are
defined as follows: L = length of member, b = width of member, E = elastic modulus, V =
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volume ratio, d = debonding length, S = average crack spacing, t = thickness of RC member
and the subscripts ¢, s and cf represent concrete, steel and CFRP, respectively. As the
concrete member cracks, the FRP near the cracks starts to delaminate from the concrete.
Once the FRP stress at the crack reaches the bond strength, the debonding areas connect
together (Figure 2.55). Thus, the sheet becomes delaminated for the length of the concrete
member except at the ends, and final debonding failure occurs when the sheet is completely

separated from the concrete.

Debonding of CFS
Reinforcing bars

Figure 2.55: RC member bonded with CFRP sheet: general representation and connection of
delamination between FRP and concrete (adapted from 61]
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Essential to the development of the theoretical model is the energy equilibrium
required during cracking. Thus, the strain energy release rate should be equal to the sum of
the rate of the debonding energy and sliding energy at the rebar-concrete interface, the

debonding energy along the FRP-concrete interface, and the fracture resistance of concrete,

as stated by:

A\, + +
_i 5¢c - ka + _1_ (¢.\‘ Pds ¢d¢f) (2-46)
bt 6N bt N

where . is the strain energy of concrete containing N cracks, without debonding and sliding
of rebars and the debonding of FRP sheet, ¢ is the total sliding energies on all debonded
interfaces between rebars and concrete, @gs is the total debonding energies on all debonded
interfaces between rebars and concrete, @qcr is the total debonding energies on all debonded
interfaces between FRP and concrete, and Rycris the fracture resistance of plain concrete. The

debonding fracture energy @qcr can be calculated as follows:

where d.r is the initial debonding length (measured to be 15 mm) and y.¢ is the debonding

fracture energy per unit area of FRP-concrete crack surface (y.s = Gyc = Gg). Using a double
shear test, Gic was measured to be 6.0 N/m. The computational flow for the calculation of
the tensile stresses and strains in the FRP-bonded RC member is given in Figure 2.56, while
the equations used are detailed in the original paper. The load-deformation curves, crack
widths and average crack constraining effect were well modelled using this analytical
technique, but further research is needed regarding the FRP stress distribution and crack
spacing, and the assumption of average strains must be modified.
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Figure 2.56: Computational flow for determining tensile properties of FRP-bonded
RC member {61]
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244 BOND STRESS-SLIP RELATIONSHIPS

In Homam’s [62] study of the durability of CFRP and GFRP fabrics, double-face
shear specimens were bonded with materials from the TYFO S® Fibrwrap® System. It was
found that freeze-thaw cycles affected the mechanical behaviour of the FRP-concrete bond,
but further investigations are required before more definite conclusions can be drawn.
However, from the tests of the control specimens, it was concluded that the bond stress-slip
curves resembled the stress-strain curves of ductile steel, with an initial linear elastic range
followed by a plastic range. The shape of the relationship can be found in the next chapter
(Figure 3.8(a)), while the average values defining the constitutive relationship are listed in
Table 2.4.

Table 2.4: Values Defining Bond Stress-Slip Relationship in Homam’s Study [62]

FRP Maximum Bond  Slip at Maximum Ultimate
Material Stress (MPa) Bond Stress (mm)  Slip (mm)
Carbon 3.42 0.01* 0.51
Glass 2.47 0.01® 0.67
* approximated from bond stress-slip curves

The bond stress-slip relationship adopted in Sato’s [63] work is a bilinear eiastic-
plastic curve. The maximum bond stress (t,) is based on the equation given by Ueda et al.
(Eqn. 2-35) for concrete strengths ranging from 24 to 46 MPa. Expressions for the slip when
the maximum bond stress is reached (Sy,) and for the ultimate slip (S,) are given by

b/ 2),

S, =1.96x1073 (2-48a)
456 G./2
SM
Sy =01+ =2 (2-48b)

where b is the width of the member, and G is the shear modulus of concrete (G = 0.43xE,).

83



CHAPTER 2 LITERATURE REVIEW

Nanni er al. [64] and Lee et al. [65] presented a tension stiffening model for FRP
sheets bonded to concrete, focusing on the bond-slip behaviour at the interface. Applying a
linear bond stress-slip relationship, which is suitable for working loads, the slip of the FRP
sheet (bonded to plain concrete) between primary cracks can be written as a second order
differential equation:

ds sk
ax? AgE;

(I+np)s=0 (2-49)

With the appropriate boundary and equilibrium conditions, the above equation can be solved
for expressions to calculate the axial force (F) and displacement (u) of the concrete and FRP,

and the relative displacement, or slip (s), between the two materials. The resulting equations

are given as Eqns. 2-50 to 2-53.

Fc(x)=-T(coshZa~costh) , Ff(x)=T—FC (2-50)
u ~("pc')(2xcosh2a- inh Zx) 2-51)
¢ \l+np : (2
- S coshza-sinhzr 2-52
uf"AfEf_1+r7p( coshZa~-s ) (2-52)
s(x)=u i (x)—u.(x) (2-53)
weE, (1+np) T
rEp
h Z} = , C =
where A/E, ' = (ZcoshZa) (4, E,)

in which wr is the width of the FRP sheet, Ey, is the slip modulus, Ay is the cross-sectional

area of FRP, E¢ is the FRP’s elastic modulus, n is the modular ratio between FRP and
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concrete (E¢E.), p is the FRP reinforcement ratio (A¢Ac), a is half of the distance between
two cracks, T is the total uniform tensile force, and the subscripts ¢ and f represent concrete

and FRP, respectively. The slip modulus (Ep) can be estimated from a simple shear model as

follows:

= % (2-54)

|y

;
s=yt, r=g = E=

where t is the shear stress and v is the shear strain, and G and t are the shear modulus and
thickness of the epoxy, respectively. No shear is assumed to exist in the FRP sheet or
concrete in this model. After conducting an experimental study, it was found that this
estimate of the slip modulus was higher than the test value, and that it was only applicable

prior to secondary cracking.

The above approach was further extended by Lee et al. [66] to RC members bonded
with FRP sheets. Using equilibrium conditions similar to those described above (with the
inclusion of a reinforcing steel component), and assuming linear bond stress-slip behaviour,
ordinary differential equations were developed. By imposing the necessary boundary
conditions, the distribution of the force, displacement and slip were established and presented
in Appendix I of the referenced paper. The researchers subjected several small-scale and
large-scale double-face shear specimens to tension. Using the theoretical calculation, moiré
interferometry and mechanical deformation measurements, trial values of the slip modulus at
the concrete-FRP interface were found to be in the range of 137 to 5290 MPa/mm.
Mechanical deformation data were affected by the shear deformation in the concrete, epoxy,
and FRP sheet. Thus, the apparent slip modulus values were reduced. The slip modulus from
the moiré interferometry (1690 MPa/mm) was considered to be the most reliable. It was
lower than the shear stiffness of the epoxy but higher than the combined shear stiffness of the
epoxy and concrete. The slip modulus was found to be independent of the type of FRP sheet
used. It was also concluded that as the thickness of the epoxy layer decreased, the stiffness of
the specimen increased. While the member with the highest slip modulus exhibited the
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greatest tension-stiffening behaviour, the stiffness of the FRP and adhesive were not as

influential as the number of tension cracks that had developed.

Nakaba et al. [50] examined the bond behaviour between FRP laminates and concrete
to obtain the local bond stress-slip relationship. The parameters studied in the double-shear
bond test were the mechanical properties of FRP fibres and concrete. The main conclusions
drawn from the experiments include: the bond strength and maximum load increased as the
FRP stiffness increased, the type of fibre affected the shape of the stress distribution but did
not influence the local bond stress-slip relationship, the thickness of the adhesive layer did
not affect the maximum load sustained, and the maximum local bond stress increased as the
compressive strength of concrete increased. As for the effective bond length, in which the
bond stress is distributed, previous studies have reported values ranging from 20 to 100 mm.
The tests described here showed that the effective bond length increased as stiffer FRP
laminates (with higher values of t; x Ef) were utilized. Also, the effective bond length was

suggested to be the distance measured at 10% of the maximum bond stress, as shown in

Figure 2.57.
* o —
S CS-SCFH
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Figure 2.57: Example of effective bond length [50]
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A typical plot of local bond stress-slip relationships obtained from the experiment is
presented in Figure 2.58, in which it can be seen that the curves tended to be parabolic in

form. Maximum local bond stress (T pmax) varied from 5.6 to 9.1 MPa, while the slip at

T b.max ranged from 0.052 to 0.087 mm.

The test data were fitted with Popovics’ (1973) [50] equation, with the final bond
stress-slip relation given as:

b S n (2-55)

Toumax  Smax (B~ 1)+ (s/Spa, )"

where Tp max = 3.5 019

T p is the local bond stress, s is slip, T p.max is the maximum local bond stress, smax is the slip

at Tphmax (0.065 mm), n is a constant (3) and f; is the concrete compressive strength

restricted to a range between 24 and 58 MPa.

8 — v T

6

0.2
skp (zm)

Figure 2.58: Measured bond stress-slip curves for specimens tested by Nakaba et al. [50]
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Chen and Teng [53] reviewed the currently available anchorage strength models for
concrete-FRP joints subjected to shear. The failure mode studied is shear anchorage or shear
debonding failure, where cracks propagate parallel to the bonded laminate near or along the
concrete-adhesive interface, starting from the most highly stressed region towards the
anchored end. In single or double shear tests, there are six possible failure modes: concrete
failure just beneath the concrete-adhesive interface, FRP tensile fracture, FRP delamination,
adhesive failure, concrete-adhesive interfacial failure and FRP-adhesive interfacial failure.
The first mode has been the most commonly reported, while the last three are rarely seen due
to the high strength of adhesives used. Concrete surface failure is of primary concern since
this type of failure is also noted in the first 20 to 50% of the bond length prior to FRP

delamination.

In terms of fracture mechanics models, Yuan and Wu (1999) and Yuan et al. (2001)
[53] employed linear elastic fracture mechanics (LEFM) and nonlinear fracture mechanics
(NLFM) in their study of bond strength. The resulting equation from LEFM for bond
strength was the same as that given by Téljsten (Eqn. 2-39), but « is replaced by ay (Eqn. 2-
56), which accounts for the width of the FRP and concrete member.

bet E
LS r (2-56)

Ay =
Y bCrC EC

The NLFM equations were solved for the five different bond stress-slip relationships
depicted in Figure 2.59. The linearly ascending and then descending curve (Figure 2.59 (c))

may be closest to reality.
t t b
% L T, o ]
D E
o & o - - e o -
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Figure 2.59: Bond stress-slip models for FRP bonded to concrete [50]
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For this case, the maximum sustainable load (P,) is given as

teby O
Gaf 5 — L-sin(h, a) (2-57)

where tanh [4, (L, a)]—iq—tan(lz a)

_ 1 A+ an(la) g (=4
Le—ao+u1 lnﬂq—lztan(ﬂqao) , ao—izsm {0.97 5

s
(6p-S1) fEf

3-12 (+ay) , A3= +ay)

"o fEf

in which tris the maximum stress on the bond stress-slip curve, 8, is the corresponding slip

and &y is the maximum slip.

Neubauer and Rostasy (1997) [50] preferred the shape of the bond stress-slip
relationship as shown in Figure 2.59(d), and suggested that the fracture energy be calculated

as Gr = cf «f, where ¢ was found to 0.204 mm from experiments, and fy is the tensile

strength of concrete. The bond strength can be obtained from

064k b, .[1 E T, ifL>L,
P, = L L :
064k b, [t E 1, Z:(z"Z) ifL <L,

(2-58)

2-b,1/b tE
_ f ¢ _ | f=f
where kp -\/;.125 T+5,/400 * ‘e =27,

b~
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Comparing the predictions of the published models with experimental results, it was
found that when the effective bond length was not considered, the bond strength was greatly
underestimated. The models proposed by Khalifa (1998) and Neubauer and Rostasy (1997)
showed reasonable results, but these equations were calibrated using the experimental data.

Chen and Teng proposed a new model based on a linearly decreasing shear-slip
model (Figure 2.59(b)) since typical slip values are 8, = 0.02 mm and &¢= 0.2 mm (i.e., 8; <<

3¢). The ultimate bond strength is given by

P, =0.4278, B, by Le (2-59)
375,78, L L
where Bo=\Tre, 78, © Pr=)sina—  WL<L,
e
;o |2Es
e [
fe

and the variables are the same as those previously defined. For ultimate strength design and
serviceability state design, the coefficient in Eqn. 2-59 should be replaced by 0.315 and 0.2,
respectively. If high stress needs to be attained in the FRP plate, a thin laminate with a high
elastic modulus should be selected. However, to best utilize the full tensile strength of the
FRP plate, a thin plate with a lower Young’s modulus is recommended.

To summarize, most of the published literature are in agreement regarding the global
behaviour and local failure modes observed in RC members flexurally strengthened with
FRP composites. Good accord has been noted between numerically predicted responses and
experimental data when the properties of the bond interface were considered. The breadth of
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research and consequent understanding in the area of flexural strengthening with FRP can be
ascribed to its similarity to bonding with steel plates, which has been studied in detail in the
past. As for shear strengthening with FRP composites, comparable experimental results have
been obtained in terms of the effects of the amount and orientation of the FRP, and the
effectiveness of using U-wraps and anchorage systems. Several researchers have presented
the concept of an effective FRP strain (g¢.) for estimating the shear contribution by FRP
laminates. Whereas previous models focussed on the dependence of €. on pxE¢ and f,
more recent proposals have included the effects of the stirrup ratio and the configuration of
the FRP laminates. More work is required with respect to the bond behaviour, both in
determining the bond strength and the bond stress-slip relationship. Although researchers
have identified numerous factors influencing the bond strength, not all of these parameters
have been considered in the proposed bond strength models. Various relationships have been
formulated between bond stress and slip, ranging from an elastic-plastic law to a triangular
disiribution to a parabolic shape, among others. Therefore, additional research is needed to
pinpoint the form of the bond model, and to determine whether the type of bond law is
dependent on the properties of the materials used.
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3.1 INTRODUCTION

The two-dimensional nonlinear finite element program (VecTor2) used in the
analytical portion of the current research has been developed at the University of Toronto.
Concrete is represented by four-noded rectangular (8-degree-of-freedom (dof)) or three-
noded triangular (6-dof) constant strain elements, while steel and FRP reinforcement are
modelled by one-dimensional two-noded truss elements (4-dof). This program is based on an
iterative, secant stiffness formulation and uses constitutive models from the Modified
Compression Field Theory (MCFT) developed by Vecchio and Collins (1986) [67]. The
details of the constitutive models and their implementation into the finite element program will
be presented below.

3.2 THE MODIFIED COMPRESSION FIELD THEORY (MCFT)

The MCFT is a smeared, rotating crack model for analyzing reinforced concrete
membranes, in which cracked concrete is represented as an orthotropic material with unique
constitutive relations. Average stresses are related to average strains in a concrete element,
while compatibility and equilibrium conditions must be satisfied. For an element subjected to
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uniform axial (f and f,) and shear (vyy) stresses, the average strains and stresses can be
represented by the Mohr’s circle as shown in Figure 3.1.

y
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Figure 3.1: Average strains and stresses in a reinforced concrete element [68]

The principal tensile strain (g;), the principal compressive strain (g;) and the crack

direction (8¢) can be found as follows:
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Ey + &
LA/ 2R TP I L (3-1)
2 2
E,+ &€
£y = x 5 y -%[(gy “5x)2 +73y]l/2 (3,2)
9, =L tant | 12 (3-3)
2 £y — &

where €, and &y are the normal strains and yxy is the shear strain. The stresses in the concrete
and reinforcement are then determined from the strains using the MCFT constitutive relations
described below.

For concrete in compression, the Hognestad parabola is used, with the maximum
compressive strength reduced according to Eqn. 3-4, and as illustrated in Figure 3.2:

2
f2=1, 2[52—]—(5—2} (3-4)
€p €p

where h=Bdaf’c . &= Pd &

B, = <10

P 08
035(- e . 0.28)
P

in which f. is the concrete stress in the principal compressive stress direction, f'. is the

compressive cylinder strength, €, is the strain in the cylinder at £, f;, is the maximum
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compressive stress for cracked concrete in compression, €y, is the strain corresponding to f,

and Pg is the damage factor for cracked concrete.

ot

1

Figure 3.2: Constitutive relation for cracked concrete in compression [67, 69]

For concrete in tension, a linear response is used until cracking, with contribution from

tension stiffening effects after cracking occurs, as represented by Eqn. 3.5 and Figure 3.3.

fer=Ecgy fore; € e (3-5a)

PR
1+ f500¢,

fore; > &g (3-5b)

where f.; is the principal tensile stress, €, is the principal tensile strain, E. is the concrete’s
initial tangent modulus of elasticity (calculated as 2f /g,), € is the cracking strain, and f’; is

the tensile strength of concrete.

Steel reinforcement is assumed to behave in an elastic-plastic manner (Figure 3.4), but
strain hardening effects can be included.

fsszsngfyx (3-6)
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fo=Ese,<fy (3-7)

where fix and f;y are average stresses in the x- and y-reinforcement, respectively, E; is the

elastic modulus of steel, and fyy and fyy are the yield strengths of the x- and y-reinforcement.

]
G.i

Figure 3.4: Constitutive relation for reinforcing steel [69]
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The concrete stresses in the x- and y-directions (f and f.,) and the concrete normal
shear stress (Vey) are then determined from the principal average stresses using the Mohr’s

circle (Figure 3.1):

S =%(f;:l +fc2)_%'(f;:l — fe2) c0s26, (3-8)

S =';‘(.fcl +fc2)+%(.fcl - fe2) c0s26, (3-9)
1 )

Vay =5 fe1 = fea)sin 26, (3-10)

For equilibrium conditions to be met, the stresses in the concrete and in the reinforcement
must be equal to the applied loads:

fa tPxfa=1x (3-11)
fcy +pyfq=fy (3-12)
Vay =V (3-13)

where py and py are the steel reinforcement ratios in the x and y directions, respectively. The

strain values (gx, €y and yxy) assumed in Eqns. 3-1 to 3-3 are revised until Eqns. 3-11 to 3-13
are satisfied.

The stresses given above are average values; local conditions at a crack must also be
considered. The transfer of stresses across the crack may be governed by the stresses in the

reinforcement and the shear and compressive stresses acting at a crack:
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for <2 pi (fyi = fui)cos® 6, (3-14)

where f; and f;; are the yield and average stresses of the reinforcement in the i direction,
respectively, and ; is the angle between the centreline of the rebars and the crack normal. The
shear stress across the crack (vci) is related to the compressive stress on the crack (fg) in

Walraven’s equation:

2
by =0.18v gy +1.64,; —0.82—Lei_ (3-15)
Veimax
S
where Veimax =
0.31+24 2
a+16

in which Vcimax is the maximum transmissible shear stress across the crack, and is a function of

the average crack width (w) and the maximurm aggregate size (a).

3.3  FINITE ELEMENT PROCEDURE

Three input files are required for program VecTor2:

i) .job file — contains information on the files related to the current analysis, load factors,
convergence requirements, and assumed material behaviour models
ii) .s2r file - contains information related to the material properties, finite element mesh
definition, element state of activation, and restraints
iit) .12r file — contains loading information, including imposed loads and displacements,
temperature loads, concrete prestrains and ingress pressure
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Once the input files have been created, the program can be executed. The flowchart for the

nonlinear finite element procedure is depicted in Figure 3.5.

Standard Linear FEM Proceedure

Figure 3.5: Flowchart for finite element procedure [69]
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Definitions for the secant moduli are given as follows:

'Ed:—f”—‘ , _E_CZ‘—'&' (3-16)
6'] 6'2

Ea=l= | Ey Iy (3-17)
Ex £y

where E ¢ and E ¢ represent concrete behaviour in the principal directions, and E s and E gy
represent the behaviour of the reinforcement in the x and y directions, respectively. The secant
stiffness values are then used to calculate the material stiffness matrix [D], composed of a

concrete component [D] and reinforcement components [D];:
[D]=(T1" [D1(T]+ % [T1 [D1ulT] (3-18)

where [T] is an appropriate transformation matrix to account for the directions of the

components. The material stiffness matrix for concrete is evaluated as:

Ecz O 0
[Dl,=| 0 Ea O (3-19)
0 0 G¢
- Ecl Ecz
where o = =——
Ea+Ec2

00
[Dl;=| 0 0 0 (3-20)
00
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The transformation matrix to be used in Eqn. 3-18 is calculated by:

cos? ¢ sin? ¢ cos¢@sin ¢
{T]= sin? @ cos? @ —cos¢sin ¢ (3-21)
—2cosgsing 2cosgsing (cos2¢—sin2¢)

where ¢ = 180° — 6. + B for the concrete component and ¢ = a; + B for the reinforcement
components, in which B is the angle between the global and local x-axes and a; is the

orientation of the rebar with respect to the local x-axis.

After the material stiffness matrix [D] has been evaluated, the element stiffness matrix
[k] can be determined from

[k1=[[BY [DI[BlaV (3-22)

where [B] depends on the assumed element displacement functions. The structure stiffness
matrix [K] is then assembled, inverted and used to calculate the unknown joint displacements.
From the displacements, the strains and stresses in the element can be found. New secant
moduli and material stiffness matrices are evaluated and compared with those from the
previous step. This iterative procedure is continued until the specified convergence limit is

met, at which time the final results can be obtained.

3.4 MODELLING OF REPAIRED STRUCTURES

The fact that most rehabilitation projects are carried out after the RC structures have
been put into service for some time must be taken into account. This has been achieved in
program VecTor2 with the plastic offset approach using a secant stiffness formulation. A
schematic of the analysis procedure is shown in Figure 3.6. To begin the analysis, only the
elements in the original RC member are activated. The repair materials, namely bond and FRP
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elements (and concrete elements if damaged concrete is repaired), are included in the finite
element mesh, but are initially disengaged. The disengaged elements experience strains equal
to those of the activated elements, but these are kept as plastic offset strains (¢7). These
elements do not contribute to the stiffness or strength of the structure since their elastic strains
(¢ ©) are zero. At the load stage corresponding to the time of repair, the bond and FRP
elements are activated. The repair elements start from a state of zero elastic strain, and their
addition to the stiffness of the member is defined by the secant modulus calculated based on
the net elastic strains. The plastic offset strains are updated as loading is incremented for the
duration of the analysis.

4
Elements representi
initial structure i @ c
¢ \
S — /A
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bonded plate " mrmm mmh
A section
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Figure 3.6: Analysis of beam bonded with FRP plate: (a) finite element mesh, (b) load history,
(c) strains in FRP element, (d) determination of secant modulus [70]
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3.5 MODELLING EXTERNALLY-BONDED FRP COMPOSITES

In a previous version of VecTor2 (formerly known as TRIX [69]), FRP composites
were smeared into rectangular ‘concrete’ elements, as exemplified in Bucci’s work [8]. This
essentially means that the concrete mechanical properties were negligible as these elements
were completely filled with FRP composites (i.e., the area ratio of the FRP was 100% in both
directions). The FRP-filled rectangular elements were superimposed on top of the original
concrete elements to simulate the repair, resulting in a double mesh for the FRP-bonded
section of the member. This implied perfect bond conditions between the two adherents,

assuming that no slip occurred between the concrete and FRP composites.

However, bond elements have since been implemented by Gan [71] into program
TRIX. The goal of this undertaking was to model the bond-slip behaviour between rebars and
concrete in members subjected to cyclic loading. The element formulations have been adopted
in program VecTor2 and expanded to include the modelling of bond-slip response between
FRP and concrete. Since the bond elements employed in the program are either dimensionless
or one-dimensional (to be described later in this chapter), the FRP composites must now be

modelled as two-noded truss elements.

3.5.1 CONSTITUTIVE RELATION FOR FRP COMPOSITES

FRP reinforcement is assumed to be linear elastic with brittle fracture in tension, as

demonstrated by Figure 3.7. The ultimate tensile strength of the material is represented by f'¢,,

while the corresponding strain at failure is g¢y,.
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fre N
ftou (CFRP) 7
ftou (GFRP)
E¢
=
€u (CFRP) Efu (GFRP) € FRP

Figure 3.7: Constitutive relation for FRP reinforcement

3.52 CONSTITUTIVE RELATIONS FOR BOND INTERFACE

In the literature published up to now, various bond stress-slip relationships between
concrete and FRP have been proposed, as previously described in section 2.4.4 of this report.
This is mainly due to the many factors which influence the local behaviour, such as the
concrete strength, FRP thickness and stiffness, the relative stiffness of flexural FRP and
tension steel reinforcement, epoxy thickness, and the mechanical properties of the resin. At the
time of implementation of the constitutive relation into the program, numerous researchers
(Homam, Sato, Nanni and Lee) had noted that the relationship for the bond interface is either
linear elastic or elastic-plastic. Therefore, a general shape of the elastic-plastic curve, as seen
in Figure 3.8(a), has been adopted in the current research. The variables include the maximum

shear stress that can be carried by the bond interface (Unyax), the slip at the first occurrence of
maximum bond stress (Spax), and the ultimate slip when the bond fails (Sy;). Therefore, a
linear elastic relationship, shown in Figure 3.8(b), can also be specified by setting Spax equal
to Sy The slope of the linear relationship is termed the “slip modulus” (Ep).

104



CHAPTER 3 FINITE ELEMENT FORMULATIONS
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Figure 3.8: Constitutive relationship for bond interface: (a) elastic-plastic, (b) linear elastic

3.6 MODELLING BOND-SLIP BEHAVIOUR WITH BOND
ELEMENTS

In order to simulate the slippage that occurs at the interface between two materials,
interface or bond elements must be incorporated into the finite element program. Two
appropriate bond element types are the link element and the one-dimensional contact element.
Both of these elements have been used successfully in modelling bond-slip between concrete
and internal steel reinforcement [71]. Similarly, these elements (with a modified constitutive
relation) can represent the interface between concrete and externally-bonded FRP laminates,
and will permit the debonding phenomenon to be modelled accurately.

To represent the bonding of FRP plates or sheets, the relevant concrete elements must
be double-noded. One set of nodes is used for the concrete elements, while the second set is
used for the FRP (represented as truss elements). The nodes of these two adherents are
connected by bond elements, which allow relative displacement, or slip, to take place between
concrete and FRP. The difference in displacement between the concrete node and the FRP
node determines the nodal slip of the bond element. The bond stress is then calculated using
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the specified constitutive relationship. Finally, the force transferred by the bond element is
found by multiplying the bond stress and the bonded surface area represented by the element.
The bond elements permit a certain amount of slippage to occur between concrete and FRP,
while transferring load between the two components, until debonding failure occurs. Once the
ultimate slip value has been attained, the bond fails and the corresponding FRP truss element

is ‘disconnected’ from the concrete member by suppressing its load-carrying capacity.

3.6.1 LINK ELEMENT

3.6.1.1 GENERAL

The link element was developed by Ngo and Scordelis in their analysis of bond-slip
between steel rebars and concrete in RC beams {72). The link element has no physical
dimensions, so the two nodes (i and j) that it connects have the same coordinates. A
representation of the link element, shown in Figure 3.9, consists of two linear springs parallel
to a set of orthogonal axes # and v. The link element can be oriented at any arbitrary angle 0
with the horizontal axis of the RC member. Each spring has one degree of freedom
(transiation in A or v direction), and the displacement in each direction is independent of the

other.

Figure 3.9: Representation of link element [adapted from 72]
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Since only the mechanical properties of the link element are relevant to the
formulation, it can be placed in any interface while using the appropriate spring stiffnesses.
For the present analyses, link elements will be located at nodes where truss bars representing
FRP are connected to the corner nodes of concrete elements. The springs represent the shear

and normal stiffness of the adhesive connection, and transmit shear and normal forces between
the nodes.

3.6.1.2 ELEMENT STIFFNESS MATRIX

Let K4 and K, represent the spring stiffnesses in the 4 and v directions. Displacements
are considered positive in the directions shown in Figure 3.9. The stress-strain relationship is

given by
{ "} = ’: ho 0 J{é‘h} (3-23)
o, 0 K, L&y

where o4 and o, are stresses in the # and v directions, and K; and K, are the respective
stiffnesses. Relative displacements between nodes i and j in the # and v directions are
represented by €5 and ¢, and are positive for tensile strains. The displacement transformation

matrix [B] relates displacements to strains:

al

&y -c -s ¢ 5|6,

{ev}=[s ~c -s5 ":l 5, or {e} =[Bl{6} (3-24)
d,

where ¢ = cos 0 and s =sin 0. The force transformation matrix is equal to the transpose of the
displacement transformation matrix [B], thus the stiffness of the link element can be obtained
from
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Ku KIZ -Kn 'Klz
K 0 K K -K -K
_ T h - 12 22 12 22 _
[k]=[B] [ 0 K, ][B] _K, -K, K, (3-25)

Kuz
'Ktz _Kzz KIZ Kzz

with K =K, cos’® + K, sin’0
Ki2 = (Ky - K,) sinf cosf
Kz = K, sin’8 + K, cos’®

The imperative quantities needed for this formulation are the spring stiffnesses K; and K. The
linear relationship between bond stress and slip assumed in this study is applicable in the A, or
shear, direction, since the epoxy layer is primarily loaded in shear. In the normal, or v,
direction, the spring stiffness may be related to the high tensile strength of the epoxy.
However, most debonding failures with thin FRP plates or sheets are due to shear at the
interface. Therefore, an artificially high value was assigned to Ky in order to focus on shear
failure at the concrete-FRP interface, thus limiting the link element to having two degrees-of-
freedom along the direction of the FRP truss element.

3.6.2 CONTACT ELEMENT
3.6.2.1 GENERAL

The one-dimensional contact element, developed by Hoshino and Schafer, provides a
continuous connection between two adjoining elements [73]. It is an isoparametric element
which, in its undeformed state, has no dimensions in the transverse direction. The simplest
form has two double nodes, and is based on a linear displacement function. The double nodes
of the contact element are independent. In each pair of double nodes, one node is connected

to a concrete element while the other node is connected to the FRP element. In the unloaded
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stage, the coordinates of the nodes at each end of the contact element are identical. However,
once loading begins, the nodes behave independently, resulting in relative displacements
between the two connected points, as illustrated in Figure 3.10.

Figure 3.10: Representation of 1-D contact element [adapted from 73 and 74]

3.6.2.2 Element Stiffness Matrix

The interpolation functions which relate the displacements at each point of the element
to the nodal displacements are given as:

- 1
Ny=—— . Ny=— ., Ny=l-r?

_—27r3—9r2+27r+9

N = T (3-26)

Using appropriate relations between contact stresses and relative displacements [74],
integration is carried out over the contact surface to obtain the element stiffhess matrix.
Assuming independent behaviour in the two coordinate directions, the relation between
element forces and relative displacements is provided by
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R* 26, G, 0 0 Ja*
R™| mL|G, 2G, 0 0 ja™
R*| 60 o 26 G |a* (27
Rm 0 0 G, 2G jam

where i, &, [ and m are the nodes of the contact element, as shown in Figure 3.10, G, and G,
are the bond moduli in the tangential (r) and normal (t) directions, respectively. R,ik and Ar“‘
are the force and relative displacement between nodes i and k in the r direction, d is the
diameter of the truss bar and L is the length of the element. Values for the bond moduli G; and
Gy can be derived from experiments in which local bond-slip and material strains are
measured. Similar to the link element, a large stiffness value is chosen for the normal
direction. Thus, the contact element has four degrees-of-freedom, each along the direction of
the FRP element.

Comparing link and contact elements, the link element has been found to be
inadequate in modelling non-constant slip curves [73]). Contact elements with a linear
displacement function, on the other hand, can model linear slip curves exactly, and give good
approximations to nonlinear slip curves with a few elements. The superiority of the contact
element over the link element has aiso been demonstrated by Gan [71] in modelling the bond-

slip between rebars and concrete.
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4.1 INTRODUCTION

The RWOA beam series was fabricated and tested at the University of Toronto. The
design of these three large-scale beams was based on the series of QA beams tested by
Bresler and Scordelis [75], while using locally available materials. The original OA beams
were shear critical, with no internal shear reinforcement. The RWOA beams were modelled
after the OA beams, but were subsequently shear strengthened by bonding CFRP strips onto
the side surfaces of the beams. Another student at the university tested specimens patterned
after the Bresler-Scordelis beams, including a set of control specimens (TOA series) and
three sets of specimens with internal steel stirrups. Among the series with stirrups, the
dimensions of the TA series were identical to those of the TOA series, while two other series

(TB and TC) were narrower in width.

4.2 PREPARATION OF SPECIMENS

4.2.1 FABRICATION

Each RWOA beam was cast in conjunction with a control beam from the TOA series,
plus one beam from each of the TA, TB, and TC series. Therefore, the formwork was
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Formwork was constructed with plywood and 2” x 4” timber, and the outer sides
were reinforced with soldier piles. The plywood for the side surfaces of the beams was tixed
to the base, while the planks for the ends of the beams were shifted after each cast to match
the desired lengths of the beams. Smooth plywood was used for the sides of the beams to
minimize the unevenness on the concrete surface which would be detrimental to the bond
between concrete and FRP. The flexural steel reinforcement was cut into the required
lengths, and 25 mm thick plates were welded to the ends of the rebars (at locations
corresponding to the length of the beams). This was done to enhance anchorage of the rebars
as flexural failure might ensue due to the presence of the CFRP strips. To prevent sagging of
the rebars along the span, short pieces of 10M rebars were cut and tied to the flexural steel at
300 mm intervals. Small pieces of 2”7 x 4” timber were also used as spacers between the
flexural steel until the time of casting. The formwork for the casting of concrete is depicted

in Figure 4.3, while the newly-constructed beams are shown in Figure 4.4.

Figure 4.3: Formwork for casting of RWOA beam (along with other test beams)
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Figure 4.4: Beams cast in formwork

4.2.2 APPLICATION OF CFRP STRIPS

Instead of using the common U-wrap configuration, the CFRP fabric was bonded
only onto the sides of the beams. This method was preferred since exposing two free edges of
the fabric would increase the probability of debonding. The roll of CFRP fabric was cut into
strips of appropriate length (560 mm) and width (200 mm). The webs of the beams (spanning
between the supports) were covered with the strips at 300 mm spacing (center-to-center),
oriented perpendicularly to the axis of the beam, as shown in Figure 4.2. The exact locations
of the FRP strips were chosen to avoid the rough edges that resulted from uneven joints in
the formwork. Although it is common to use a continuous sheet in field applications to
minimize the amount of manual labour, the use of strips would permit the observation of
cracks in the laboratory. The strengthening with CFRP was performed without preloading the
beams since it was desired to track the occurrences of debonding with the formation of
cracks in the concrete. Also, the possibility of sudden shear failure prior to the bonding of

CFRP was to be avoided.
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After curing at room temperature for at least 28 days, the side surfaces of the beams
were sprayed with a water jet to remove all loose particles. Bonding of the CFRP strips took
place once the beams were air-dried. One coat of epoxy was applied. using paint-rollers, to
the concrete surface to allow for some penetration into the concrete cover. Both sides of the
CFRP strips were covered with epoxy to ensure saturation of the tibres. The beam and CFRP
strips were left exposed to air for two hours until the epoxy thickened and became sticky.
Epoxy was reapplied to parts of the concrete where the first coat had been absorbed from the
surface. Then the strips of CFRP fabric were attached onto the beam. taking care to
straighten the fibres as the fabric tended to fold under the weight of the epoxy. The thickness
of the epoxy was not measured, but any excess was squeezed out when the CFRP strips were
smoothed with a wallpaper smoother. This was done to remove air bubbles and to ensure
complete epoxy coverage. It was recommended to apply a final coat of epoxy over the CFRP
strips, but the weight of the added epoxy caused the strips to slide down the sides of the
beam; therefore, the final coat was omitted. The photographs in Figure 4.5 show the steps

involved in the bonding process.

Figure 4.5: Application of CFRP strips to the sides of RWOA beams
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Figure 4.5 (continued): Application of CFRP strips to the sides of RWOA beams

4.3 MATERIAL PROPERTIES

Concrete was ordered from a local ready-mix plant. with f°¢ of 20 MPa. 25 MPa and
30 MPa for RWOA-1, RWOA-2, and RWOA-3, respectively. Type 10 Portland cement, 10
mm maximum coarse aggregate size and 100 mm slump were specified. Prior to casting, the
formwork was sprayed with form-oil to enable easy removal of the beams. The beam
specimens were covered with wet burlap and polyethylene sheeting for at least 7 days after

casting. For each batch of concrete, 20 concrete cylinders were cast to test for mechanical
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properties. Cylinder compression tests and tensile splitting tests were performed, and
compressive stress-strain curves were obtained (see Appendix A). Table 4.1 lists the

measured material properties for the specimens.

Table 4.1: Measured Material Properties for RWOA Beam Specimens

Material . (MPa) €0 fop (MPa) E (GPa)
Concrete (RWOA-1) 22.6 0.0016 237 26
Concrete (RWOA-2) 25.9 0.0021 3.37 28
Concrete (RWOA-3) 43.5 0.0019 3.13 36

Material fy (MPa) fo (MPa) E (GPa) € alt
Steel (25M) (RWOA-2) 440 615 210 0.226
Steel (25M) (RWOA-1, 3) 445 680 220 0.224
Steel (30M) 436 700 200 0.183

Material fe(MPa) E (GPa) £ alt v
CFRP* 1090 100 0.011 -

* determined from tensile coupon tests (for fabric thickness of 0.84 mm)

Standard steel- and CFRP-tensile tests were conducted to determine their material
properties. Steel rebar coupons were tested in tension to obtain their stress-strain curves,
which have been included in Appendix A. CFRP coupons were fabricated according to
ASTM D 3039/D 3039M [76], with adjustments made to suit the requirements of the testing
machine. The geometry of the CFRP coupons is depicted in Figure 4.6. The length of the
steel plate tabs was chosen to be longer than the grip length of the machine (146 mm) to
disburse the pressure from the end of the grip. CFRP tabs were added between the steel
plates and the main coupon to provide a cushioning effect in order to prevent gripping

failure.
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—— = 75mm 3 layers of 0.84 mm thick
.- CFRP fabric
i i :
180mm
Ly 2 mm steel plate
460mm  100mm
— " 1 layer of 0.84 mm thick
\ CFRP fabric
strain
' gauge |
Front Side

Figure 4.6: Geometry of CFRP coupons tested for RWOA beams

The type of CFRP used was SCH41, as part of the TYFO S® High Strength Graphite
Fibrwrap® system, with graphite fibres oriented in the longitudinal direction and Kevlar 49
weft in the perpendicular direction (Figure 4.7). The thickness of this fabric was specified by
the manufacturer as 1.04 mm (0.041 in) [77]. Measurements taken with a micrometer gave an
average thickness value of 0.84 mm. This fabric was chosen over thinner sheets for the
strengthening scheme in order to promote debonding failure. The epoxy resin used for the
bonding of CFRP was a two-part epoxy adhesive (TYFO S®), which consisted of
components A (Shell epoxy) and B (Texaco Hardener). The mixing ratio was 100 parts of A
to 42 parts of B (by volume), and 1 L of epoxy was mixed for each square metre of area to be
covered. A mechanical mixer was used to mix the two components together for 5 minutes at
a speed of 400-600 RPM until uniform. The mechanical properties of the CFRP and epoxy,
as given by the manufacturer, are presented in Table 4.2.
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Figure 4.7: TYFO S® High Strength Graphite Fibrwrap® SCH41 CFRP fabric

Table 4.2: Mechanical Properties of CFRP and Epoxy for RWOA Beams

Material f, (MPa) E (GPa) € ult
CFRP (SCH 41)* 1034 69 0.01
Material f.(MPa) E (GPa) Elongation at Break
Epoxy (TYFO A/B) 72.4 3.16 4.8%

*values given by manufacturer FYFE Company (for fabric thickness of 1.04 mm) [77]
*values obtained from material specifications supplied by Composite Retrofit International [78]

The CFRP fabric was delivered as a roll of approximately 600 mm width. In
fabricating the coupons, one piece of 460 mm x 600 mm CFRP fabric was cut for the
coupons, and four strips of 180 mm x 600 mm fabric were cut for the tabs. Both sides of the
CFRP fabric were coated with epoxy, and the strips of tabs were bonded along both edges on
each side, as shown in Figure 4.8. After curing for five days, the hardened panel was cut into
75 mm wide coupons. Steel plate tabs measuring 180 mm x 75 mm x 2 mm were glued onto
the ends of the coupons using contact cement. Two strain gauges of type YL-60 (supplied by
Tokyo Sokki Kenkyujo Co., Ltd.), oriented in the longitudinal direction. were glued onto
each side of the coupon to measure the average strain experienced by the CFRP fibres.
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Measurements were not recorded in the transverse direction since all carbon fibres were

aligned in the longitudinal direction only. The completed coupons can be seen in Figure 4.9.

180 mm 600 mm

180 mm
460 mm

V-

Figure 4.8: Fabrication of panel for CFRP coupons

Figure 4.9: Completed CFRP coupons
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SV ISP, c L 2 o 2

The coupons were subjected to tensile tests approximately 30 days after the initial
bonding. Although eight coupons were made, three were not suitable to be tested due to an
uneven curing surface. Thus, the test results of five coupons were used to determine average
values. It was observed that the response measured by one strain gauge was consistently 50%
higher than the readings from the gauge on the opposite side of the coupon. This was
attributed to the fact that one side of the coupon did not have a smooth epoxy layer, but
contained numerous voids caused by the plastic sheeting placed beneath the CFRP panel at
the time of curing. The reduced amount of epoxy is thought to have lowered the stiffness on
one side of the coupon. However, consistent data were obtained by averaging the readings
from both gauges on all five coupons (Figure 4.10). The failure modes of the five coupons
are summarized in Table 4.3. using the standard three-part code specified in ASTM
D3039/D3039M [76]. While two coupons failed with the coupon separating neatly into two
pieces, the failure of the remaining three coupons involved splitting of the CFRP. with
several small pieces breaking off from the coupon. Photos depicting their failures and

individual stress-strain curves are included in Appendix A.

1200
0.84 mm thick CFRP fabric
1000
T
S
~ 800
(7))
7]
w
€ 600
)]
r
ﬁ — RW-2
- 200 RW-3
- RW+4
- RW-5
0 - -
0 0.002 0.004 0.006 0.008 0.01 0.012

STRAIN (mm/mm)

Figure 4.10: Stress-strain curves from CFRP coupon tests
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Table 4.3: Failure Mode of CFRP Coupons

Coupon Number Failure Mode Code
RW-1 AGM
RW-2 LAB
RW-3 SGR
RW-4 SGL
RW-5 XAB
First Letter: Second Letter: Third letter:
(failure type) (failure area) (failure location)
A = Angled A = At grip/tab M = Middle
L = Lateral G = Gage B = Bottom
S = longitudinal L =Left
Splitting R =Right
X = eXplosive

44 TESTING PROCEDURE

The beams were tested under monotonic three-point loading after the epoxy had cured
at room temperature for at least 10 days. All specimens were tested using a hydraulic jack
connected to a servo-hydraulic MTS testing machine frame. A load-cell connected to the data
acquisition system measured the applied load. Mid-span deflection was measured using two
linear variable differential transformers (LVDTs), one at the north face and the other at the
south face. Two LVDTs were also set up at opposite faces of the two supports to detect any
support settlements. Loading proceeded in increments of 20 kN until yielding of the
longitudinal reinforcement, at which time loading was specified in terms of mid-span
displacement. Surface strains at the level of the longitudinal reinforcement were recorded
through the horizontal displacements of 12 Zurich targets bonded on each side of the beam.
The set-up of the LVDTSs and Zurich targets are depicted in Figure 4.11, and the measured
displacements were directly recorded by the data acquisition system. Cracks noted on the
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side concrete surfaces were marked and their widths were measured at every load stage.

Figure 4.12 shows beam RWOA-3 ready to be tested.

Support Support
LVDT (NW) P LVDT (SE)
v

- _ = 150mm

! - = {00mm
. « ¢ ¢ ¢ 2@65mm

i Zurich tar ets; b -, 130mm
4 u g 5 @ 200 .
P/2 & Shmm P/2
Mid-span LVDT
N L2 L' (North & South)
- L d

Figure 4.11: Typical test set-up for RWOA beams

Figure 4.12: Beam RWOA-3 set up in the MTS testing machine frame
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45 EXPERIMENTAL OBSERVATIONS

4.5.1 BEAM RWOA-1

Due to the presence of the CFRP strips on the sides of the beam, the bottom surface
had to be checked for the appearance of initial flexural cracks. They were first noted at 80
kN. The number and average width of flexural cracks increased as loading proceeded, and
shear cracks first appeared at a load of 300 kN. Some cracks formed at the vertical edge of
certain CFRP strips, and as these cracks widened, the CFRP strip appeared to be on the verge
of peeling off from the beam. At 460 kN, yielding of the flexural reinforcement began, and
the load increased as the steel entered the strain-hardening stage. Signs of concrete crushing
under the loading plate were noted at 488 kN. Maximum load was reached at 493 kN,
accompanied by a mid-span deflection of 35 mm. Prior to the peak load, the widest crack

widths measured were 3.5 mm for flexural cracks and 0.20 mm for shear cracks.

After the peak load was reached, concrete crushing proceeded until ultimate failure.
As concrete crushed under the loading platen, portions of four CFRP strips (two on the north
and two on the south side of the beam) peeled off from the beam with a loud noise. These
strips were closest to mid-span on the east half of the beam, where a large shear crack had
formed, starting from the loading point. Figure 4.13(a) shows the debonding condition at
failure. The section of the CFRP/concrete that peeled off from the beam was dependent on its
position relative to the shear crack; the shorter length above or below the crack was critical.
Under the strips that peeled above the crack, a thin layer of concrete and some aggregates
were still attached. Once the CFRP strips had peeled away from the beam, the crushed
concrete was exposed, the confinement effect was lost, and pieces of concrete spalled off.
The strips that failed below the shear crack tore off with the concrete cover, causing the
cover to split out from the beam. This behaviour was similarly observed on both sides (north
and south) of the beam. At ultimate, after the stiff side surfaces were pulled outwards, the
central section of the beam, now unreinforced in shear, punched out in shear. This failure

mode is captured in Figure 4.13(b) (underside). The outward push of the concrete cover also
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led to the partial splitting of a few CFRP strips. The overall crack pattern is depicted in

Figure 4.13(c). N and S represent the north and south sides of the beam, respectively.

(S)

(b)
Figure 4.13: Beam RWOA-1 at failure: (a) debonding of CFRP strips, (b) concrete failure

viewed from below
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©

Figure 4.13 (continued): Beam RWOA-1 at failure: (c) overall crack pattern

4.5.2 BEAM RWOA-2

Similar to beam RWOA-1. the first flexural crack was observed at 80 kN on the
underside of the beam. Shear cracks appeared at a load of 340 kN. Flexural crack widths
increased to 0.55 mm until a load of 448 kN, when the flexural reinforcement started to yield.
The maximum load attained was 457 kN, with a maximum mid-span deflection of 32 mm.
Just before crushing, flexural crack widths were up to 2.0 mm and the widest shear cracks
were 0.2 mm. Again, crushing of concrete at mid-span and a major shear crack on the west
half of the beam led to ultimate failure. Similar to beam RWOA-1, the top half of a strip
crossing the upper portion of the shear crack peeled off with a thin layer of concrete. The
adjacent strip intersecting the lower end of the shear crack ripped off with the concrete,
causing a triangular section of concrete cover below the shear crack (the base of which
crossed three CFRP strips) to pop out from the beamn. The debonding failure is evident in
Figure 4.14(a). Again, the central section of the beam dropped down in shear after the side
covers split out. The condition on the underside of the beam and the overall crack pattern are

illustrated in Figures 4.14(b) and (c). respectively.
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(©)

Figure 4.14: Beam RWOA-2 at failure: (a) debonding of CFRP strips, (b) concrete failure

viewed from below, (c) overall crack pattern
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4.5.3 BEAM RWOA-3

Similar to the two previous beams, the first flexural crack was noted at 80 kN on the
bottom surface of the beam. As the spans of the beams increased for RWOA-1 to RWOA-3,
the load at first cracking should have decreased. Although flexural cracks were first noted at
approximately the same load level for all three beams, the CFRP strips and the darkened,
epoxy-coated concrete surface made the cracks obscure. Therefore, cracks may have formed
prior to 80 kN but remained undetected. At 180 kN, shear cracks started to form. At the onset
of yielding of flexural reinforcement at 420 kN, flexural crack widths increased to 0.6 mm.
Just before the peak load was reached, the maximum shear crack width was 0.15 mm, while
the widest flexural crack was 1.6 mm. The maximum load sustained was 436 kN, with a mid-
span deflection of 50 mm. The maximum displacement prior to failure was 73 mm. Although
failure was initiated by flexural steel yielding and crushing of concrete under the load, final
failure was caused by a shear crack starting from mid-span extending to the east side of the
beam. As concrete was crushed, it spalled and forced the top sections of two CFRP strips
(closest to mid-span on the east side) to bulge out. Once the force exceeded the bond (shear)
strength of the concrete, the CFRP strips, along with a layer of concrete, debonded with a
loud cracking sound. The top half of one of the strips split vertically into five pieces. The
bottom sections of two CFRP strips crossing the lower end of the shear crack also debonded
with a layer of concrete attached. Figure 4.15 shows the failure condition of this beam.
Again, the peeling off of the CFRP strips allowed pieces of concrete to spall off from the
beam. The punching out of the central portion of the beam, which was observed in beams
RWOA-1 and RWOA-2, was not as evident for beam RWOA-3.

Photos depicting the progressive cracking of all three beams can be found in
Appendix B. The debonding of the CFRP strips, along with the rupture of the side concrete
cover that was noticed in this experiment, is similar to the test observations made by Khalifa
and Nanni [38] regarding specimen BTS (as reported in section 2.3.1). Also, the longitudinal
cracking along the flexural steel on the bottom of the beam matched the results of Chaallal et
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al. [30]. The high normal (peeling) forces at the ends of the strips led to the longitudinal

cracking and subsequent separation of the concrete cover.

il T Bfﬂ‘! Riv04 3
"~ L04ps gy, '

L Disp .

(b)
Figure 4.15: Beam RWOA-3 at failure: (a) debonding of CFRP strips. (b) overail crack
pattern
4.6 TEST RESULTS
The load-deflection curves for all three RWOA beams are depicted in Figure 4.16.

All three beams failed in shear-flexure while exhibiting ductile behaviour. Although no
premature debonding of the CFRP strips was noted, part of the strips crossing the major shear
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crack did peel off at ultimate. The shear-flexural dominated failures of the beams were
accompanied by the rupture of the side concrete cover and the punching out of the beams’
central sections. The mid-span deflections have been adjusted by subtracting the end

settlement values from the displacements measured at mid-span.

600
— RWOA-1
RWOA-2
500 RWOA-3
- 400
4
x
Q
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(o]
|
200
100
0 -
0 10 20 30 40 50 60 70 80

MID-SPAN DEFLECTION (mm)

Figure 4.16: Experimental load-deflection response for RWOA beams

The mid-span surface strains at the level of the longitudinal reinforcement for all
three RWOA beams are plotted in Figure 4.17. While the surface strains on RWOA-I
reached a maximum value of 0.02, the largest value measured for beams RWOA-2 and
RWOA-3 was 0.01. Since the strains were determined from displacements between Zurich
targets on the side surfaces of the beams, the measurements were affected by cracks along the
beam and the subsequent movement of the CFRP strips. More accurate strain values at the
level of the reinforcement would require strain gauges to be attached directly onto the rebars.

Plots of surface strains measured along the beams have been included in Appendix B.
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Figure 4.17: Mid-span surface strains at the level of longitudinal reinforcement:
beam (a) RWOA-1, (b) RWOA-2, (c) RWOA-3

131



CHAPTER 4 EXPERIMENTAL PROGRAM

4.7 ANALYTICAL RESULTS

The ultimate loads of the RWOA beams were estimated using equations proposed by
various researchers (previously presented in Chapter 2 of this report). These equations were
formulated to calculate the shear contribution of FRP composites (Vy), applied either as strips
or as continuous sheets. Expected failure modes include the debonding or fracture of the FRP
laminates. Since FRP fracture is rarely observed in shear-strengthened beams, except in some
cases of complete wrapping with the laminates, most of the equations focus on premature
debonding failures. The experimental and predicted values for the shear contribution of the
CFRP strips are listed in Table 4.4. The calculations are provided in Appendix C.

Table 4.4: Actual and Predicted Values of FRP Shear Contribution

Vi for V¢for V¢for
Proposed Equation RWOA-1 RWOA-2 RWOA-3
(kN) (kN) (kN)
Experimental Data* 81.5 69.5 25.5
Triantafillou (Eqns. 2-22 and 2-23) 238 238 238
Khalifa (Eqns. 2-24 and 2-26) 114.7 125.6 177.4
Triantafillou and Antonopoulos
(Eqns. 2-22 and 2-29b) 106.1 111.7 135.5
(Eqn. 2-31, @¢ = 0.75 for debonding) 129.4 136.1 165.2
Schnerch (Egns. 2-32 and 2-24) 150.8 167.0 246
*calculated by subtracting the shear capacity of the TOA beams from that of the RWOA
beams

All of the predicted values were higher than the experimental data. However, this is
consistent since all three beams were governed by shear-flexural failure rather than by
debonding of the CFRP strips. Due to the high CFRP reinforcement ratio used in the RWOA
beams, the validity of the proposed equations could not be adequately assessed.
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4.8 DISCUSSION

The experimental results of the RWOA series of beams were compared with the TOA
and TA series, where each series consisted of three beams, numbered 1, 2 and 3, respectively.
The TOA series did not contain any stirrups, while the TA series had 0.1% of steel
reinforcement in shear. Each beam number (1, 2 and 3) corresponded to a certain steel
flexural reinforcement ratio (as given in Table 4.5), and the reinforcement properties of the
beam series are also listed in the table. The purpose of the comparison is to determine the
effect of the CFRP strengthening.

Table 4.5: Reinforcement Properties for the TOA, TA and RWOA Beam Series

Beam Beam Flexural F.'Iexural Steel Sl.lear (Steel) ‘ CFRP
Series Number Reinforcement Yield Strength* Reinforcement Reinforcement
Ratio (MPa) Ratio Ratio
1 1.72% 440, 436 - -
TOA 2 2.23% 445, 436 - -
3 2.73% 440, 436 - -
1 1.72% 440, 465 0.1% -
TA 2 2.23% 445, 465 0.1% -
3 2.73% 440, 465 0.1 % -
1 1.72% 440, 436 - 0.367 %
RWOA 2 2.23% 445, 436 - 0.367 %
3 2.73% 440, 436 - 0.367 %

* yield strengths of 25M and 30M rebars, respectively

The load-deflection response for each series of beams is plotted in Figure 4.18. Some
general trends can be observed from these graphs. The TOA series of beams failed in shear in
a brittle manner, while those shear-reinforced with steel stirrups (TA series) and CFRP strips
(RWOA series) exhibited ductile behaviour and flexural failure. For the 1 and 2 series, after
the shear capacity of concrete was reached, the response of the beams with CFRP strips was
stiffer than those reinforced with stirrups. This can be attributed to the higher rigidity
provided by the CFRP strips, where rigidity is defined as the shear reinforcement ratio
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multiplied by the Young’s modulus of the material. [The values of Young’s modulus for
CFRP and steel were 100 GPa and 200 GPa, respectively.] For the RWOA series, the rigidity
is calculated as 0.367 GPa, while for the TA series, this value is 0.200 GPa. Also, the
ultimate loads sustained by the RWOA series were higher than those of the TA series beams.
However, since the reinforcement ratio provided by the CFRP strips was 3.7 times higher
than that of the stirrups, no direct comparison can be made between their performance. In
addition, the clamping force for the CFRP is 4.0 MPa while for the steel stirrups it is 0.4
MPa. The clamping force is determined as the shear reinforcement ratio muitiplied by the
yield strength of the material. [The yield strengths of CFRP and steel were 1090 MPa and
400 MPa, respectively.] The maximum load and displacement values, and the ratios of
strength enhancement are summarized in Table 4.6.

Table 4.6: Maximum Load and Deflection for Beam Series TOA, TA and RWOA

Beam Ratio of Ratio of
Series TOA TA RWOA RWOA to RWOA to
TOA TA
A at A at A at Aat Aat

Beam Pmax Ppax Pmax

Number (kN) O (N) owx(RN) o Pmax  poy PR P

1 331 9.0 459 20.8 493 318 1.49 3.53 1.07 1.53
2 320 132 41 285 459 313 143 237 1.04 1.10
3 385 318 420  50.3 436 486 1.13 153 1.04 0.97

As can be seen from the above graphs and table, the vertically-oriented CFRP strips
prevented the brittle shear failure of the beams by acting in the same manner as stirrups. The
strong fibres in the direction perpendicular to the beam axis provided resistance to tensile
forces in the vertical direction arising due to shear. The CFRP strips exerted a closing effect
on the shear cracks, limited their propagation, and increased the concrete’s shear resistance
by permitting more aggregate interlock to occur. This allowed the beam to sustain higher
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loads until the flexural steel bars yielded in tension, achieving loads up to 50% higher than
the beams without shear reinforcement. It also resulted in a more ductile behaviour, with
mid-span deflections up to 350% greater than the TOA beams. The strength enhancement of
the RWOA series to the TA series beams was less than 10%, even though the shear
reinforcement ratio was 3.7 times higher, and the clamping force was ten times greater. The
degree of strength increase provided by the CFRP was limited by the yield strength of the
flexural steel and the compressive capacity of the concrete.

Aside from the material properties, the main difference between the effect of the
CFRP strips and steel stirrups lie in their configuration. Whereas the stirrups were closed
loops enclosing all four surfaces of the beam, the CFRP strips were only bonded to the side
surfaces. Thus, after concrete crushing occurred with shear failure at ultimate, the central
section of the beam was unconfined, causing it to punch out in a downward direction as a
result of shear forces. Some confinement could be provided if the CFRP strips were
completely wrapped around the beam. However, since most beams are cast monolithically
with a slab, forming a T-beam, it would be more practical to bond the CFRP strips or sheets
in a U-shaped configuration. The top edges of the CFRP sheet should then be anchored into
the concrete on both sides of the beam with steel plates and bolts, as has been investigated by

Sato [63].

Overall, the presence of the CFRP strips was able to prevent brittle shear failure of
the beams. Not only was the capacity of the beams increased, but the response was also more
ductile. The excessive deformations at mid-span gave more warning as failure became
imminent, making these beams safer to use in the field. No premature debonding of the
CFRP strips was noted, which implies that the surface preparation of the beams was
adequate, and that the bond strength of the epoxy used was sufficiently high. Debonding of
the CFRP strips occurred only when concrete crushing had advanced and with the formation
of a major shear crack near ultimate. It was observed that a thin layer of concrete was
attached to the CFRP strips at the time of separation. This indicates that the lower shear
strength of concrete had led to the debonding, rather than shear slippage within the epoxy
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layer or at the FRP-adhesive interface. This is in correlation with the fact that the shear
strength of epoxy is much higher than that of concrete.

For aging beams in which the stirrups have corroded or where the shear
reinforcement ratio does not satisfy updated standards or is insufficient to meet current
loading requirements, CFRP laminates present a viable and convenient method for upgrading

their shear capacities. Sudden shear failures can also be converted to ductile flexural failures

with more noticeable mid-span deflections.
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5.1 INTRODUCTION

In order to verify the performance of the bond elements in the nonlinear finite
element program VecTor2, the response of five sets of experimental specimens has been
simulated, utilizing link or contact elements to model the concrete-FRP interface. These
specimens are slabs or beams that have been strengthened in flexure or shear with FRP
laminates. The external FRP reinforcement was successful in increasing the uitimate capacity
of the specimens, while changing brittle shear failures to ductile flexural failures. In the
current research, all of the specimens analyzed were subjected to monotonic loading
conditions, hence, the bond-slip between rebars and concrete was not accounted for in the
numerical modelling. The input files for all the specimens studied in this chapter are located
in Appendix D, while the deflected shapes and crack patterns for the specimens can be found
in Appendix E.

5.2 SPECIMENS STRENGTHENED IN FLEXURE WITH FRP
COMPOSITES

Three sets of specimens strengthened in flexure with FRP laminates were analyzed.
These flexural members had FRP plates or sheets bonded to their soffit for positive moment
capacity or to the top surface to resist negative moments.
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5.2.1 ZARNIC SPECIMENS

The first set of flexural specimens modelled were the slab strips and beams tested at
the University of Ljubljana, Slovenia, by Zarni¢ ef al. [11]. Only the specimens repaired with
CFRP plates have been analyzed in this study.

5.2.1.1 EXPERIMENTAL DETAILS

The cross sections and load application points for the slab strip and beam are shown
in Figure 5.1. The slab strip specimens were 800 mm in width, 120 mm in depth, and 3250
mm in length. The beams were of the same length, but with cross sections 200 mm wide by
300 mm deep. For each type of flexural member, one specimen was kept as the control, while
three were strengthened with CFRP plates. The CFRP plates were 50 mm wide and 1.2 mm
thick, while the epoxy layer was 2 mm thick. External bonding was undertaken prior to the
application of displacement-controlled, four-point loading on the beams. Table 5.1 lists the

material properties for the specimens.

Table 5.1: Material Properties for Zarni¢ Slab Strips and Beams [11]

Material f.(MPa) f,(MPa) E (GPa) v
Concrete 25 1.65 25 0.15
Epoxy 100 4 12.8 0.35
CFRP 100 2400 150 -

Material fy (MPa) f, (MPa) E (GPa) v
Steel (slab strip) 500 560 210 0.30
Steel (beam) 450 550 210 0.30
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Figure 5.1: Geometry of Zarni¢ specimens: (a) slab strip and (b) beam [11]

In the experiment, the slab strip control specimen failed at a total load of 36.5 kN,
while the CFRP plates increased its strength by 72.5% to 63 kN. For the control beam, the
ultimate load was 86.5 kN, and the bonding of the CFRP plate raised this failure load by 35%
to 116.8 kN. The presence of the CFRP plates delayed the development of cracks, resulting
in higher post-cracking stiffnesses for the plated beams as compared to the control
specimens. The linear elastic response of the CFRP plates dominated the behaviour of the
specimens, culminating in the sudden failure due to delamination of the plates. In both the
strengthened slab strip and beam specimens, the failures were caused by debonding or
delamination of the plates below the concentrated load, in the region of extensive flexural
deformation and cracking. The debonding initiated in the middle third of the beams and
propagated to the free ends by peeling off a thin layer of concrete. Unlike most steel-plated
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and some FRP-plated beams, these specimens were not sensitive to high normal and shear
stresses at the plate ends. Similar to debonding failures observed by other researchers, the

CFRP plates were under-utilized, as they were far from their ultimate tensile strength at

failure.

5.2.1.2 NUMERICAL MODELLING
5.2.1.2.1 Finite Element Mesh and Special Considerations in Analysis

Due to the symmetrical nature of the Zami¢ specimens, only one half of the beams
was modelled. The finite element meshes used for both types of specimens are illustrated in
Figure 5.2. For the Zarni¢ slab strip specimen, 847 rectangular elements were utilized for
concrete, 154 truss elements were used for flexural steel, and the CFRP plates were modelled
by 65 truss elements. For the bond interface, either 66 link elements or 65 contact elements
were used. As for the Zarni¢ beam specimen, 588 rectangular concrete elements were
defined, with the shear reinforcement smeared throughout them. 98 truss elements were
employed for flexural steel, while 42 truss elements represented the CFRP plate. Either 43

link elements or 42 contact elements were used to model bond behaviour.

The truss elements representing flexural steel reinforcement were connected directly
to the concrete elements since monotonic loading conditions were applied. Truss elements
modelling the CFRP plates were joined to bond elements (either link or contact elements),
which were in turn connected to the concrete elements. The diameter specified for truss
elements is used in calculating tension stiffening effects. Thus, this value must be reduced to
1 mm for compression steel in thin slabs or to 0.1 mm for FRP laminates such that extra

capacity will not be erroneously generated in the tensile zone.
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Figure 5.2: Finite element mesh for (a) Zamni¢ slab strip and (b) Zarni¢ beam

The most important parameter in capturing the debonding phenomenon observed in
the tests is the characterization of the bond interface. The bond stress-slip law chosen for this
analysis was linear elastic to failure. Since the experimental load-deflection curves exhibited
sudden failures represented by sudden drops in load, and debonding failures were observed in
the tests, a corresponding relationship with an abrupt drop in bond stress was selected for the

initial trial. The stiffness Ep was based on the shear stiffness of the epoxy used, and was
calculated according to (based on Eqn. 2-54):

E,=—2 where G, =—Lta (5-1)

‘s T 2Al+v,)
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G is the shear modulus, E is the Young’s modulus, v is the Poisson’s ratio, t is the thickness

of the layer, and the subscript a refers to the adhesive (epoxy resin).

Various values ranging from 1 to 5 MPa were used for the maximum shear stress
(Umax), and the corresponding maximum slip values (Spax) were calculated using E, = 2370
MPa/mm (refer to Figure 3.8(b)). Numerous trials were conducted since it was found that the
values used for the constitutive relation of the bond elements greatly influenced the response
of the members. Both the failure load and deflection at failure were sensitive to the bond
stress-slip law. If E, was varied by modifying the maximum bond stress or maximum slip,
the analysis resuits would be inaccurate. For comparison purposes, trials with perfect bond
conditions and an elastic-plastic bond stress-slip relationship were also performed.

Since the CFRP plates were present from the onset of the tests, the elements
representing the repair materials were activated from the first load stage of the analysis. Due
to the low initial stiffness of both types of specimens, it was assumed that some time had
elapsed from the time of casting to the time of testing. Thus, constant shrinkage strains of
-0.4x10" and —0.2x10" were applied to the slab strip and beam, respectively, throughout the
duration of the analyses. With the inclusion of shrinkage strains, it was found that the bond
elements and horizontal FRP elements did not shrink with the concrete. This resulted in
initial slips, but the concrete and FRP nodes were later reattached as the beam deflection
increased. To resolve this problem, it was necessary to apply a prestressing strain (Aep) to the
FRP truss elements. This strain value was slightly less than the absolute value of the
shrinkage strain used. To match the experimental conditions, displacement-controlled
loading was applied.
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5.2.1.2.2 Analysis Results and Discussion

The load-deflection curves from the numerical analyses for the slab strip is shown in
Figure 5.3. The perfect bond condition predicted a failure load 33% higher than the actual
force sustained, at a mid-span deflection that was twice as large as the experimental value.
For the cases including slip at the bond interface using the linear elastic bond law. it was
found that a maximum shear stress of 3 MPa for the bond elements yielded the best results.
The failure load of 58 kN and the corresponding mid-span deflection were within 5% of the
average experimental values. With the elastic-plastic bond law. the peak load and deflection
were overestimated by 22% and 73%, respectively. The effects of varying the maximum
bond stress and of lowering the slip modulus are plotted in Figure 5.4. while the analytical

results are summarized in Table 5.2.
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Figure 5.3: Load-deflection curves for Zarnic slab strip bonded with CFRP plate
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Figure 5.4: Effects of varying maximum bond stresses for Zarnic slab strip
Table 5.2: Predicted Results for Zarnic Slab Strip Bonded with CFRP Plate
Bond . Deviation Mid-s.pan Deviation
Element Constitutive  Up,, Maximum from Exp Deflection at from Exp.
Relationship (MPa) Load (kN) o/ Maximum Deflection
Type Load (%) Load (mm) (%)
2.0 55.0 -10.3 38.3 -17.4
25 57.8 -5.72 44.3 -4.58
Linear elastic 3.0 58.2 -5.07 45.5 -1.99
Contact 3.5 64.4 5.04 56.7 22.1
4.0 65.2 6.35 57.6 24.1
4.5 65.0 6.02 57.2 233
Elastic-plastic 3.0 75.8 23.6 81.6 75.8
. Linear elastic =~ 2.5 56.4 -8.01 44.3 -4.56
Link 3.0 59.2 -3.44 49.0 5.57
Elastic-plastic 3.0 73.2 19.4 78.6 69.3
Perfect bond © 81.6 33.1 92.4 99.0
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The mode of failure was by debonding of the CFRP plates, initiated under the loading
point, as reported by Zarni¢ et al. Figure 5.5 shows the distribution of bond stress in the bond
elements along the beam soffit at peak load and in the load stage immediately thereafter (for

the case of Upax = 3 MPa). For the contact elements, the values are the average of the

stresses calculated at the two ends of the element, while for the link elements, the average of
two adjacent elements are plotted. At maximum load, peaks in the bond stress distribution
were noted at approximately 100 mm from the free plate end, and also near the loading point
and towards the mid-span of the beam. This is in agreement with the observations made by
Aprile et al. [79] in their analysis of this member, using a displacement-based fibre beam
model. The high shear stresses near the plate end are due to the change in the cross-section
geometry and the lack of proper anchorage for the CFRP plate, and is similar to the plate-end
shear stresses commonly noted in RC beams bonded with steel plates. Shear stresses near the
end of the FRP plate were not as evident in the experiment, since the debonding failure
initiated under the loading point. In the middle third of the beam span (to the right of the
loading point in the analysis), the sign fluctuations of the bond stress can be attributed to the
flexural cracks in this region. Immediately after the peak load, the bond stress in the link
elements dropped to zero along the whole specimen. However, with the contact elements, the
FRP plate was debonded over a length of 600 mm, with approximately 300 mm on each side
of the loading point. In the following load stage, the plate became completely debonded. The

prediction by the contact elements is closer to the actual failure mode of the specimens.

For the Zami¢ beam, the perfect bond condition overestimated the failure load by
19% and the corresponding mid-span deflection was 66% larger than the experimental value.
The mechanical properties of the bond elements in the beam were the same as those used for
the slab strip analyses, since the same type of FRP and epoxy was used for both sets of
specimens. However, having gained a better estimate of the maximum shear stress
sustainable by the bond interface, fewer trials were performed for this specimen. As can be
observed from Figure 5.6 and Table 5.3, a maximum bond stress of 3 MPa in the linear
elastic relationship provided a reasonably accurate response. Applying the elastic-plastic
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bond law gave values of ultimate load and deflection that were 17% and 59% higher than the

test data. respectively.
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Figure 5.5: Bond stress distribution for Zarnic slab strip with bonded CFRP plate
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Figure 5.6: Load-deflection curves for Zarnic beam bonded with CFRP plate
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Table 5.3: Predicted Results for Zarni¢ Beam Bonded with CFRP Plate

Mid-span  Deviation
Deflection at from Exp.
Maximum Deflection

Bond o o . Deviation
Constitutive Up,, Maximum from Exp.

Element Relationship (MPa) Load (kN) Load (%)

Type Load (mm) (%)
3.0 110.6 -4.38 19.9 -13.9
Contact Linear elastic  3.25 112.4 -2.82 21.0 -8.70
3.5 118.8 2.71 25.1 8.99

Elastic-plastic 3.0 136.4 17.9 37.2 61.4

3.0 116.8 0.98 24.0 4.14

Link Linear elastic  3.25 120.6 4.27 26.3 14.1
3.5 123.4 6.69 28.0 21.5

Elastic-plastic 3.0 134.2 16.0 36.0 56.2

Perfect bond o 138.0 19.3 38.3 66.1

In the Zarni¢ beam, the bond stress is higher in the region near the loading point and
towards mid-span, as shown in Figure 5.7. The average bond stress progressively increased
from the free end of the plate, and fluctuations in sign were noted within the middle-third of
the beam due to flexural cracks. The general trend observed is similar to that for the slab strip
specimens, and the magnitude of the bond stresses are also comparable. However,
immediately after the peak load, both types of bond elements predicted complete
delamination of the CFPR plate. This is in agreement with the behaviour observed in the
experimental and numerical load-deflection curves, where the load-carrying capacity of the
repaired specimens dropped to that of the control specimen immediately after debonding of
the CFRP plate.

After the analyses had been performed using various values for the maximum bond
stress, it was realized that the most appropriate value (3.0 MPa) corresponded to the modulus
of rupture for the concrete used in the test. Modulus of rupture is defined as f; = 0.6 (£.)*°,
and f'¢ of the concrete was 25 MPa. This rationale is supported by a thin layer of concrete
that was found on the CFRP plate, indicating that failure had occurred within the concrete
adjacent to the bond interface, rather than in the epoxy layer. The tensile properties of
concrete must be considered since the stress transfer mechanism between concrete and FRP
depends on the shear and tensile characteristics of the concrete.
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Figure 5.7: Bond stress distribution for Zarnic beam with bonded CFRP plate

5.2.2 EL-REFAIE SPECIMENS

The second set of specimens analyzed with program VecTor2 was a series of five
continuous RC beams tested at the University of Bradford, UK [80]. Of the five two-span
beams. one was tested as a control specimen, while the remaining four were strengthened

with CFRP plates or sheets on the top and/or bottom surfaces of the beams.

5.2.2.1 EXPERIMENTAL DETAILS

The geometry of the beams were identical, each being 8500 mm long x 150 mm wide
x 250 mm deep. Flexural steel was provided by four 16 mm diameter bars (two on the top

and two on the bottom). Closed stirrups of 6 mm diameter were spaced at 100 mm along the
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beam for shear reinforcement. The geometry, loading and support conditions are shown in

Figure 5.8.
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Figure 5.8: Details of El-Refaie specimens [80]

The main variables studied in the experiment were the position and type of CFRP
reinforcement. Beam CBI was kept as the control specimen, with no externally bonded
CFRP. The strengthening scheme for beams CB2 to CBS5, along with the material properties
of the CFRP, are outlined in Table 5.4. The CFRP plates or sheets that were applied to the
top surface of the beams were 2500 mm in length and were bonded symmetrically about the
central support. For each of the plates (100 mm wide x 1.2 mm thick) that was attached to the
beam soffit, the length was 3500 mm and its location was centered on each span of the beam.
The strengthening scheme for beam CB2 was identical to that of beam CBS5, the only
difference being CFRP sheets were used for CBS. The total thickness of these sheets of 0.7
mm (110 mm in width) was designed to give the same strength and axial rigidity (ps x E¢) as
the CFRP plate which was used for CB2.

Table 5.5 lists the properties of the concrete and the steel reinforcement used for the
beams. Concrete cubes and prisms were tested to determine the concrete’s cube strength and

modulus of rupture.
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Table 5.4: Strengthening Scheme and Properties of CFRP for El-Refaie Specimens [80]

B Type of Position of fe* E¢* Bonding fa* E, *
M  CFRP CFRP  (MPa) (GPa) Adhesive Used (MPa) (GPa)
CB1 none none - - none - -
CB2 top face epoxy and
CB3  hates Dottomface 555, 59 structural 19 98
CB4 top and adhesive
bottom faces

epoxy and

CBS sheets top face 3900 240 bonding adhesive 17 5

* subscripts f and a represent CFRP and adhesive, respectively

Table 5.5: Properties of Concrete and Steel Reinforcement for El-Refaie Specimens {80]

Concrete Flexural Steel Stirrups
Beam f_ £ * f, fy E, fy E,
(MPa) (MPa) (MPa) (MPa) (GPa) (MPa) (GPa)
CB1 24.0 20.4 3.0
CB2 436 37.1 4.6
CB3 478 40.6 4.4 520 201 308 200
CB4 46.1 39.2 4.4

CBS 447 38.0 4.8
® f. was calculated as 0.85xf,,

Sand blasting was used to roughen the concrete substrate, and the tensile strength was
checked with puli-off bond tests prior to bonding of the CFRP laminates. Each span of 3830
mm was loaded at its midpoint (refer to Figure 5.8).

The load-deflection curves for all five beams are plotted in Figure 5.9. Prior to
cracking, the stiffnesses for beams CB2 to CB4 were similar. Thereafter, beam CB4, which
was reinforced with CFRP on both top and bottom surfaces, exhibited the highest stiffness
and ultimate load, and beam CB3, whose soffit was strengthened, had the next highest
stiffness and failure load. Although the CFRP sheets used for beam CB5 had a higher
Young’s modulus than the plates for beam CB2, the response of CBS was less stiff than that
of CB2. The researchers suggested that this was due to the lower stiffness of the epoxy
adhesive used in CBS.
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Failure loads, ultimate load and ultimate moment enhancement ratios for the CB
beams are summarized in Table 5.6. Ultimate load enhancement ratios are the ratios of the
strengthened beams’ failure loads to that of the control beam. The ultimate moment
enhancement ratios were calculated as the ultimate moment of the strengthened sections
(sagging or hogging sections) divided by that of unstrengthened sections. Strengthening both
top and bottom surfaces with CFRP laminates gave the best performance. while bonding
CFRP to the soffit (beam CB3) was more effective than bonding over the top of the central
support (beams CB2 and CBS5). All of the strengthened beams saw an increase of about 50%

in their moment capacities.

z
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-~CB4
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K - . . : : : —
0 10 20 30 40 50 60
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Figure 5.9: Experimental load-deflection curves for El-Refaie specimens [adapted from 80]

Table 5.6: Load and Moment Enhancement Ratios for El-Refaie Specimens [80]

Beam Ultimate Load Ultimate Load Ultimate Moment Enhancement Ratio
(kN) Enhancement Ratio Sagging Hogging

CBl1 149.7 1.00 1.00 1.00

CB2 178.6 1.19 1.00 1.52

CB3 207.1 1.38 1.57 1.05

CB4 2314 1.55 1.57 1.51

CB5 174.6 1.17 0.99 1.48
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The control beam CB1 experienced a ductile failure, in which the tension steel
yielded, accompanied by concrete crushing over the central support and at mid-span
locations. The strengthened beams all failed by peeling of the concrete cover adjacent to the
CFRP laminates. Failure was brittle and occurred suddenly with an explosively loud noise.

5.2.2.2 NUMERICAL MODELLING
5.2.2.2.1 Finite Element Mesh and Special Considerations in Analysis

The symmetry and identical geometry of the beams allowed one mesh to be defined
for one span of all five beams. The mesh consisted of 1200 rectangular concrete elements
with smeared shear reinforcement, while 240 truss elements modelled the flexural steel. The
concrete elements adjacent to the loading plates were strengthened to prevent crushing failure
at these locations. To facilitate the numbering of nodes, the extreme top and bottom rows
were double-noded, enabling the connection of CFRP truss elements to the top or bottom
surfaces as needed. When CFRP laminates were present, 35 truss elements represented those
on the top surface and 100 truss elements were used for the CFRP bonded to the soffit. Nodes
that were not joined to CFRP elements were connected by fictitious steel truss elements with
minimal area and strength. All external truss elements were attached to the concrete using
either 240 contact or 242 link elements. The finite element mesh defined for the beams is

shown in Figure 5.10.

CFRP truss elements
(on top surface)
(for CB2, CB4 and CB5)

steel truss elements steel truss elements
(actual) (fictitious)

CFREP truss elements
(on soffit)
(for CB3 and CB4)

Figure 5.10: Finite element mesh for El-Refaie specimens
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In modelling the concrete-CFRP bond interface, it was important to note that the
mode of failure in the experiments was dominated by peeling of the concrete cover. Since
this type of failure arises from shearing along a horizontal plane, the modulus of rupture was
defined as the tensile strength for the concrete cover. This value is higher than f; =
0.33x(fc)** which is usually used as the tensile strength for diagonal tension due to shear.
Also, the modulus of rupture for the concrete was chosen as the maximum bond strength of
the bond elements. This can be justified by fact that the higher tensile strength of the epoxy
kept the CFRP composites intact with the concrete, while the lower modulus of rupture led to

the failure of the concrete cover. To determine Spax for the bond elements, the slip modulus
was calculated for each beam using Eqn. 5-1 (values of vy = 0.35 and t, = 2 mm were
assumed). Table 5.7 lists the defining values of the elastic-plastic bond stress-slip

relationship for the four strengthened beams. The value for the ultimate slip had to be
assumed since no information was provided regarding bond tests for the CFRP composites.

Trials using a linear elastic constitutive bond relationship in which S,;; was equal to Spax

(keeping the lower of the two values) were also conducted.

Table 5.7: Bond Stress-Slip Values for El-Refaie Specimens

Beam Umax (MPa)  Spyy (mm) Suit (mm)

CB2 4.6 0.0025 0.10
CB3 44 0.0024 0.10
CB4 44 0.0024 0.10
CB5 4.8 0.005 0.10

Since the CFRP laminates were applied prior to loading, all elements were activated
from the first load stage. Details of the loading method were not reported in the original
paper; hence, displacement-controlled loading was assumed in the analyses.
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5.2.2.2.2 Analysis Results and Discussion

The load-displacement curves from the analyses of all five beams are shown in Figure
5.11. The stiffness of the response, the ultimate loads and the mid-span deflections at
maximum load were in good agreement with the experimental data. Only the stiffness for
beam CBS5 was slightly overestimated by the analysis. As can be seen from Figure 5.11,
using contact or link elements to represent the bond interface produced almost identical
results. Table 5.8 compares the peak loads and corresponding mid-span deflections recorded
during the experiments and those obtained from the analyses (for elastic-plastic bond law and
contact elements only). Overall, the analyses using the elastic-plastic bond law
conservatively underestimated the maximum loads by up to 7% and the mid-span
displacements by up to 19%. For beam CBI, the mode of failure was by yielding of the
tension reinforcement, along with crushing of the concrete near the central support and the
point of loading application, as was observed in the experiment. For beams CB2 to CBS,
which were strengthened with CFRP laminates, the dominant failure mode in the analyses
was by shearing of the concrete cover adjacent to the CFRP. This led to the delamination of
the composites as the bond interface failed in shear. The predicted failure mode was in good

agreement with the experimental results.

In the case of the elastic-plastic bond law, the slips at peak load were still in the
elastic range, or just into the plastic range, for beams CB2 and CBS. The minimal slips can
be ascribed to the smaller displacements experienced on the top surface of these beams,
where the CFRP laminates were located. On the other hand, for beams CB3 and CB4, whose
soffits were bonded with CFRP, the larger flexural deflections led to slips that were well into
the plastic range. The bond-slip values calculated for these beams at maximum load were at
least 16 times higher than the slip at peak load for beam CB2.
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Figure 5.11: Load-displacement curves from numerical analyses of El-Refaie specimens
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When the linear elastic bond law was applied, the response for beams CB2 and CB5
was almost identical to the elastic-plastic bond law case. At peak load, the highest bond-slip
values were still within the elastic range, so none of the bond elements had reached their
capacities yet. Thus, the failure loads were not affected. However, for beams CB3 and CB4,
setting the ultimate slip value equal to the maximum slip value led to an underestimation of
the failure loads by 20%. Early on in the analyses, the highest bond-slips had already
surpassed the ultimate slip values specified for the bond elements. Since the linear elastic
bond relationship was used, the load-transferring ability of bond elements with such high
values of slip became negligible, hence reducing the load-carrying capacity of the beams.

Table 5.8: Comparison of Results from Experiments and Analyses of El-Refaie specimens

Mid-span Deflection at Peak Load

Beam Peak Load (kN) (mm)
L) 0,
Experimental Analysis* Diffefen ce Experimental Analysis* Diﬂ'efence

CB1 149.7 142 5.14 > 60 47.3 21.2

CB2 178.6 172 -3.72 394 322 -18.5

CB3 207.1 197.4 -4.67 36.0 325 -9.81

CB4 231.4 214.2 -7.44 30.9 31.7 269

CB5 174.6 171 -2.05 36.9 32.3 -12.5
Average -2.6 -3.4

*analyses results using contact elements and elastic-plastic bond law

In the analyses, the maximum FRP strain at peak load was only 30% of the material’s
ultimate strain. Again, this shows that failure of the concrete cover leading to delamination
under-utilizes the CFRP laminates. As for the bond stress distribution, in the beams with
CFRP bonded on the top surface, the bond stress tended to be higher towards the center and
the free end of the plate. For beams CB2 and CBS5, the bond stress distributions predicted by
the contact and link elements were in good agreement. Although the peak stresses in the link
elements were slightly lower than those in the contact elements, the locations of the peaks
were generally in the same region for both types of bond elements. The bond stress
distribution for CB4 at 167 kN (near the peak load of beams CB2 and CBS) was piotted for
comparison. As expected, the bond stress experienced by beam CB4 was lower than that in
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beams CB2 and CBS, since the CFRP laminate on the soffit of CB4 alleviated some of the
stress transferred to the top plate. In the beams with CFRP bonded to the bottom surtace.
bond stress peaked at the plate end near the central support. and also in the region to the left
of the loading point. The estimates from contact and link elements were almost identical.
Even though beam CB3 did not have CFRP laminates bonded on the top surface. the bond
stress distribution along the bottom plate for beams CB3 and CB4 at peak load were very
similar. This corresponds with the similarity in the average strains in the FRP plates on the
soffit of these two beams. The bond stress distributions (in contact elements) for the El-

Refaie specimens at peak load are plotted in Figure 5.12.
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Figure 5.12: Bond-stress distribution for El-Refaie specimens:
(a) FRP on top surface (near 170 kN), (b) FRP on bottom surface (near 200 kN)

5.2.3 DE ROSE SLAB SPECIMENS

The third set of specimens modelled numerically was the De Rose slab series tested at
the University of Toronto [81]. The specimens were constructed to simulate a wall panel in a
reinforced concrete parking structure. The condition survey indicated signs of distress.

mostly exemplified by cracks. rendering the structure to be in need of repair. The objective of
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the experimental study was to evaluate the effectiveness of repairing and strengthening the
wall (hereafter referred to as the slab) with FRP.

5.2.3.1 EXPERIMENTAL DETAILS

Three slab specimens were fabricated and tested: one as a control specimen, one
repaired with CFRP, and another repaired with GFRP. Figure 5.13 shows the slab dimensions
and the details of the reinforcement. Along the span of the specimens, four 10M bars were
used as tensile reinforcement, while three 10M bars were used as compression reinforcement.
In the transverse direction, five 10M bars were employed as top and bottom bars. The
properties of the materials are listed in Table 5.9. Figure 5.14 illustrates the loading and
support conditions. The control specimen was tested as built to failure, while the other two

specimens were preloaded and then repaired with the composite materials before loading to

complete failure.

The carbon fabric used (SCH41) had fibres oriented in the longitudinal direction only.
The glass fabric (SEH51) had glass fibres in the longitudinal direction and aramid fibres in
the transverse direction. Transverse properties were not determined since there were
substantially more glass fibres than aramid fibres. The type of epoxy adhesive used was
TYFO S®, in accordance with the TYFO S® Fibrwrap® system.

The control specimen failed in flexure at a total load of approximately 193 kN. The
specimen that was to be repaired with CFRP was loaded to 135 kN, at which time three strips
of CFRP fabric, each 600 mm in width and about 1 mm in thickness, were applied to the slab
as shown in Figure 5.15. The two outer strips were folded up and bonded to the sides of the
specimen, providing some anchorage to the fabric on the soffit. Epoxy thickness was not

controlled but excess epoxy was squeezed out.
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Figure 5.13: De Rose slab dimensions and reinforcement details {81]

Table 5.9: Material Properties for De Rose Slab Specimens [81]

Material . (MPa) £ (MPa) E (GPa) v
Concrete 53.9 242 40.4 0.15
Material fy (MPa) fy (MPa) E (GPa) € ult
Steel (10M) 458 692 200 0.168
Material = Q (Force/unit width) g (Gpg) € ukt v
(N/mm/layer)
CFRP 850 — 956 (945%*) 80.3 0.01422 -
GFRP 490 — 568 (518*) 27.2 0.01974 -
Kevlar 49 * 2758 MPa 117 0.025 -

® values used in analyses (average values from FRP coupon tests by De Rose)
' values obtained from [78]
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Figure 5.15: Application of FRP fabric to De Rose slab [81]

After curing for three days, loading on the slab continued until the specimen failed in
shear at a total load of 478 kN, accompanied by large inclined cracks and delamination of
CFRP. The third specimen was repaired and tested in a similar manner, except that GFRP
was used. This slab also failed in shear, but at a lower load of 422 kN. Although the ultimate
capacity of the slab was increased by 148% and 119% by the CFRP and GFRP, respectively,
the full potential of the FRP fabric was not realized. The failure of the repaired slabs was
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governed by their shear capacities, even though flexural strength was enhanced. There was
no occurrence of premature FRP bond failure or peeling of FRP from the concrete surface.
The load-deflection curves of all three specimens are shown in Figure 5.16. Immediately
after the application of the FRP fabric, the stiffness of the slabs was restored to a value

similar to the pre-cracking stiffness.
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Figure 5.16: Experimental load-deflection curves for De Rose slab specimens [81)

5.2.3.2 NUMERICAL MODELLING
5.2.3.2.1 Finite Element Mesh and Special Considerations in Analysis

The symmetrical geometric and loading conditions of the De Rose slab permitted
modelling of only one-half of the specimen. The finite element mesh used for the analysis is

illustrated in Figure 5.17. Concrete was modelled with 474 rectangular elements, with 378
elements representing the original slab and 96 elements for the new concrete after repair. 84
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truss elements were used to model steel reinforcement, while 320 horizontal and 297 vertical
truss elements represented the FRP material. Although the FRP fabric is predominately
unidirectional with a warp (0° orientation) of graphite or glass fibres. it is weaved with a weft
(90° orientation) of Kevlar 49 twisted with a minimal amount of thermoplastic yarn or of
aramid fibres. The Kevlar 49 or aramid fibres can provide a small amount of strength and
stiffness for the sides of the slab where they are oriented perpendicularly to the longitudinal
axis. As for the bond interface, 617 contact elements were used. From the two previous sets
of analyses, it was noted that the overall member response predicted by contact and link
elements was almost identical. Thus, contact elements were primarily used in the remaining

analyses to model the concrete-FRP bond interface.

steel truss elements

1
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. T A LR L. I 4 B2 RO RE i il
EERIRRENERE A ARGABRERNIEER 14
FRP truss elements new concrete elements
at time of repair

Figure 5.17: Finite element mesh for the De Rose slab specimen

Due to the current formulation of the link and contact elements, a horizontal and a
vertical truss bar cannot be connected to the same corner node. Therefore, wherever these
truss element connections occur in the finite element mesh, three nodes must be defined at
the same location: one for the concrete element (and steel truss element if present), one for
the horizontal FRP truss element, and the third for the vertical FRP truss element. Horizontal
and vertical FRP truss elements were connected to the concrete elements through separate
bond elements, as shown schematically in Figure 5.18.
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Figure 5.18: Schematic diagram of the connection between concrete and FRP truss elements

One set of analyses was carried out for the CFRP-repaired slab, while another set was
performed for the slab strengthened with GFRP. For the bond stress-slip relationships, the
maximum bond stress values were specified by the modulus of rupture of the concrete, and
the corresponding maximum slips were calculated using the slip modulus E, as defined in
Eqn. 5.1. The properties of the epoxy were not measured in the experiment, but the elastic
modulus of the epoxy was given as 3.16 GPa by the manufacturer. The Poisson’s ratio and
thickness of the epoxy were assumed to be 0.35 and 2 mm, respectively. Hence, the shear
modulus of the epoxy was determined to be 1.17 GPa. The values for the ultimate slip were
based on the experimental results of Homam [62], who used the same type of epoxy and FRP
fabric in double-face shear tests. Table 5.10 lists the values used to define the bond stress-slip
relationships for the two analyses. For comparison purposes, trials using the linear elastic
bond law, in which the ultimate slip was reduced to the maximum slip value, were also
conducted. Another difference between the two sets of analyses was the properties given to
the horizontal FRP truss elements (representing the CFRP or GFRP fibres), as obtained from
the coupon tests conducted by De Rose (refer to Table 5.9). For the vertical FRP truss
elements modelling the Kevlar 49 or aramid fibres, values for the material properties were
the same as those employed in Bucci’s analyses (approximately equal to 5% of the values

given by the manufacturer for homogeneous fibres tested in tension) 8].
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Table 5.10: Elastic-Plastic Bond Law Values for De Rose Slab Analyses

Material Umax (MPa) Smax (mm) Sute (mm)
CFRP 44 0.0075 0.50
GFRP 4.4 0.0075 0.67

Since the slabs were preloaded to a specific load stage prior to the application of the
FRP fabric, a two-stage analysis in which element strain histories are considered was
required. In the first part of the analysis, only the concrete and steel elements in the original
structure (as in the control specimen) were activated. Analysis was carried out to the load
stage corresponding to the load at which the slab was repaired. Then the elements
representing the repair materials (new concrete, bond and FRP elements) were activated, and
the analysis was continued using the last load stage in the first portion of the analysis as the
seed file. In the experiment, none of the concrete was actually repaired. However, at the time
of FRP application, cracks had progressed one-third of the way up in the slab. It is presumed
that the epoxy from the repair procedure would have penetrated and filled the cracks, thus
stiffening the member. Therefore, in the FRP-repaired area of the slab, three bottom rows of
new concrete elements were added. These new uncracked elements (starting in a stress-free
condition) provided full tensile strength as found in the original slab, while their contribution

to compressive strength was negligible.

Due to the thin nature of slabs, they are more prone to drying shrinkage, thus a
shrinkage strain of -0.4x 10" was applied to all the original concrete elements. Displacement-
controlled monotonic loading was applied in order to match the experimental conditions.
Since the slab specimens did not contain any shear reinforcement, the tension softening
option of “linear with residual” was employed. The 10% residual tensile strength simulates
the friction that exists along the fractured concrete surface. This option prevents the concrete
tensile strength from dropping to zero, which usually leads to predictions of premature shear
failures in long, flat beams. The crack width check and slip distortion options were de-

activated to avoid premature shear failures.
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5.2.3.2.2 Analysis Results and Discussion

The load-deflection curves for the CFRP-repaired slab are given in Figure 5.19, along
with the original experimental results. The ultimate load calculated by the analysis (using the
elastic-plastic bond law) was 436 kN, while the actual failure load was 478 kN. The mid-
span deflection at peak load was overestimated by 8%. Although the stiffness of the member
immediately after repair was underestimated by the analysis, the post-cracking stiffness and

maximum load achieved were in close agreement with the experimental results.

As observed in the experiment, the numerical modelling predicted a shear failure for
the CFRP-repaired slab. This was also exemplified by the similarity between the analysis
with the perfect bond condition and the trial including bond-slip (using the elastic-plastic
bond law). Since the failure of the slab was dominated by shear. the effect of the bond-slip
behaviour at the interface did not affect the overall response of the slab. However, when the
linear elastic bond relationship was applied, a premature debonding failure in which both the
maximum load and the corresponding mid-span deflection were underestimated by 18% was

predicted.
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Figure 5.19: Predicted load-deflection curves for CFRP-repaired De Rose slab
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The predicted average FRP strains and bond stresses for the CFRP-repaired slab is
shown in Figure 5.20. [In the plots of FRP strain, bond stress or bond-slip presented in the
remainder of this chapter, each curve represents the relative position of the elements in the
member, as well as the parameter labelled on the axes. To illustrate the location of the
elements, each curve is offset by the amount specified on the axes, while the magnitude of
deviation from a horizontal line (for FRP oriented horizontally) or a vertical line (for FRP
oriented vertically) indicates the value of the parameter.] As expected, the FRP strains are
highest on the soffit of the slab (denoted by the bottommost curve) and near the mid-span. As
for the bond stress distribution, the fluctuations in the central section of the slab are likely

due to flexural cracking.

Figure 5.21 presents the response of the GFRP-repaired slab with the curve obtained
from the test. Similar to the slab with CFRP, the program underestimated the failure load of
the member. The slab was expected to fail at 395 kN (when the elastic-plastic bond law was
utilized), whereas in the experiment, the ultimate load reached was 422 kN. Using the linear
elastic bond relationship, the ultimate load was 15% lower than the test value, but the
corresponding mid-span deflections were almost identical. Soon after repair, the predicted
member stiffness was lower than expected, but the post-cracking stiffness increased to match
that of the experimental response. Again, shear dominated the failure mode of this slab, so
the results for the perfect bond condition were similar to those for the elastic-plastic bond
law. The experimental and predicted global results are summarized in Table 5.11.
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Figure 5.20: Predicted FRP strains and bond stresses for CFRP-repaired De Rose slab
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Figure 5.21: Predicted load-deflection curves for GFRP-repaired De Rose slab
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Table 5.11: Experimental and Predicted Results for De Rose Slab Specimens

Type of Deviation Mid-span Deviation
FRP Constitutive Maximum from Ex Deflection at  from Exp.
Used Relationship Load (kN) Load (%p). Maximum Deflection

Load (mm) (%)
Experiment 478 0 10.9 0
CFRP Elastic-plastic 436 -8.8 11.8 8.3
Linear elastic 391 -18.2 8.92 -18.2
Perfect bond 438 -8.4 11.6 6.4
Experiment 422 0 17.8 0
GFRP Elastic-plastic 395 -6.4 20.0 12.4
Linear elastic 360 -14.7 18.0 1.1
Perfect bond 403 4.5 20.0 12.4

The FRP strains and bond stress distribution predicted for the GFRP-repaired slab are
plotted in Figure 5.22. The general trends observed are similar to those for the CFRP-
repaired slab. However, the magnitude of the FRP strains, especially those on the soffit of the
slab (represented by the bottommost curve), are higher for the GFRP elements. This can be
explained by the lower elastic modulus of GFRP as compared to CFRP (almost three times

lower).

Previously, Bucci had analyzed the De Rose slab specimens with the former version
of the FE program TRIX [8]. In those analyses, perfect bond conditions were implied as bond
elements had not been incorporated into the program. FRP reinforcement was smeared into
rectangular elements with minimal concrete strengths and stiffness. These FRP elements
were connected directly to the actual concrete elements. Since bond-slip was not included in
the numerical model, the failure loads were overestimated by 15 to 30% for these specimens,
as shown in Figure 5.23. As well, compared to the present research, the post-repair
stiffnesses of the beams predicted in Bucci’s analyses were higher. The differences between
Bucci’s results and the perfect bond condition assumed in the current analyses can be
attributed to the different method used in modelling the FRP composites (continuously
distributed throughout rectangular elements as opposed to discrete truss elements) and to the
modifications in the finite element program from its previous version (TRIX) to the current

version (VecTor2).
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Figure 5.23 (continued): Analytical results for De Rose slab specimens
(not accounting for bond-slip): (b) GFRP-repaired [&]

5.3 SPECIMENS STRENGTHENED IN SHEAR WITH FRP
COMPOSITES

Besides the modelling of RC members strengthened in flexure with FRP composites,
the program VecTor2 was also corroborated with the test results of two sets of RC beams
externally bonded with FRP laminates as shear reinforcement.

5.3.1 DE ROSE BEAM SPECIMEN

The first FRP-shear-reinforced specimen analyzed with program VecTor2 was the De
Rose beam. The specimen was designed to simulate a beam in the same reinforced concrete
parking structure as the De Rose slabs and was also tested at the University of Toronto [81].
The objective of the experiment was to evaluate the effectiveness of repairing and shear
strengthening the beam with CFRP.
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53.1.1 EXPERIMENTAL DETAILS

The specimen represented a beam found in the parking structure that was framed into
a wall. Thus, a haunched region was constructed on one half of the specimen to simulate this
condition. Also, in this half of the beam, extra transverse reinforcement was added to
promote the formation of shear cracks in the other half, as observed in the condition survey.
Two beams were built: one was tested as a control specimen, while the second beam was
strengthened with CFRP fabric. The specimen details are shown in Figure 5.24. The flexural
reinforcement consisted of six 30M bars on the bottom and five 25M bars on the top. Shear
reinforcement was provided by deformed U.S. No. 3 bars. The amount of shear
reinforcement in Section B-B was less than that required by A23.3-94 [82]. The properties of
the materials are given in Table 5.12. Figure 5.25 shows the loading and support locations.

Table 5.12: Material Properties for De Rose Beam Specimens [81]

Material . (MPa) ¢ (MPa) E (GPa) v
Concrete (beam) 45.7 2.23 37.2 0.15
Concrete (haunch) 41.2 2.12 35.3 0.15

Material fy (MPa) fa (MPa) E (GPa) £ akt
Steel (25M) 490 688 200 0.147
Steel (30M) 492 650 200 0.150
Steel (No. 3) 507 778 200 0.121

Material Q (Force/unit width) | (Gpg) € alt v

(N/mm/layer)
CFRP 850 — 956 (945%*) 80.3 0.01422 -

* value used in analyses (average of FRP coupon tests by De Rose)
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The control specimen failed suddenly in shear at a load of approximately 1700 kN.
Similar to the slab specimens, the beam to be repaired with CFRP was preloaded prior to
application of the FRP fabric. To ensure that the left side of the beam (with the haunched
region) would not fail in shear after the repair, a beam-and-bar assembly was attached as a
clamp prior to loading. The beam was loaded to 1180 kN, and this load was maintained while
the CFRP was applied. Three strips of CFRP fabric (each approximately 610 mm wide) were
wrapped around the specimen as indicated in Figure 5.26. A 200 mm overlap was provided
on the top of the beam. Epoxy thickness was not controlled but excess epoxy was squeezed

out.

Loading resumed after three days of curing, and continued until 1911 kN. At this
time, a portion directly under the loading point experienced compression failure. The
damaged concrete was removed and replaced with a high-strength mortar surrounded by a
steel enclosure attached to the beam using threaded rods. After repairing this area, loading
recommenced and reached 2528 kN. At this stage, the carbon fabric failed at a top corner
near the load application point, and a substantial amount of concrete suddenly spalled off.
Although the edges of the beam were rounded slightly by grinding prior to repair, the rupture
of the fabric occurred at the top edge of the beam. The failure of the fabric may have been
triggered by the large flexural deformations of the beam.

The load-deflection curves for the control and repaired beam specimens are depicted
in Figure 5.27. The CFRP fabric enhanced the ultimate capacity of the beam by 49%. The
premature shear failure observed in the control beam was changed to a ductile flexural failure
in the repaired beam. This was demonstrated by the mid-span deflections at failure: 14 mm
for the control beam as opposed to 143 mm for the repaired beam.
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Figure 5.27: Experimental load-deflection behaviour of De Rose beam specimens [81]
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5.3.1.2 NUMERICAL MODELLING
5.3.1.2.1 Finite Element Mesh and Special Considerations in Analysis

The asymmetrical geometry and loading conditions of the De Rose beam specimen
made it necessary to model the entire beam in the finite element analysis. The mesh for the
beam analysis is drawn in Figure 5.28. In total, 764 rectangular elements were used, with
675 elements modelling the original beam, 80 elements for new concrete at the time of
repair, and 9 elements representing the plates of the steel enclosure. The internal shear
reinforcement was smeared among the concrete elements. 630 truss elements were employed,
with 100 modelling the flexural reinforcement, 15 for the steel bar used for clamping the
haunched region, and three for the side steel enclosure plate. As for the CFRP, 252 truss
elements represented the fabric in the vertical direction, while the bond interface was
modelled by 252 contact elements. As the CFRP fabric was mainly used for shear

reinforcement, the horizontally-oriented Kevlar 49 fibres were not modelled.

beam and bar assembly
high-strength mortar  CFRP truss
E;'*? =~ and steel enclosure elements
U

—d— .

I‘ P b J =2 . xﬁi'.-': -
steel truss  smeared vertical new concrete elements
elements reinforcement at time of repair

Figure 5.28: Finite element mesh for the De Rose beam specimen
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For the De Rose beam, the type of epoxy and CFRP fabric used were the same as
those employed in the De Rose slabs. The maximum bond stress (modulus of rupture of the
concrete) was 4.1 MPa, while the corresponding slip was 0.007 mm. using the same slip
modulus as in the De Rose slab analyses. The ultimate slip was obtained from Homam's

report to be 0.50 mm. Again, trials utilizing a linear elastic bond law and perfect bond

conditions were also conducted.

As was done for the De Rose slab, the beam analysis was divided into two parts. The
first portion consisted of loading the control specimen, with only the original concrete and
internal steel reinforcement elements activated. At the load stage corresponding to the time of
repair, all remaining elements (representing the new concrete, CFRP. bond and the external

steel reinforcement) were activated, after which analysis was continued.

5.3.1.2.2 Analysis Results and Discussion

The predicted response of the CFRP-repaired beam is compared to the test data in
Figure 5.29.

—experiment
-* glastic-plastic
-2 linear elastic
perfect bond

=

0 20 40 60 80 100 120 140 160
MID-SPAN DEFLECTION (mm)

Figure 5.29: Predicted load-deflection response of CFRP-repaired De Rose beam
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The estimated mode of failure for the De Rose beam was a shear-flexural failure.
Concrete crushing occurred at mid-span near the base of the haunch, with wide cracks
fanning out from this point to the quarter point of the beam on the side wrapped with CFRP.
Similar results were obtained whether perfect bond conditions, the linear elastic bond law, or
the elastic-plastic bond law was applied, although the latter produced the most stable
response. The predicted failure took place at a mid-span deflection of 97 mm under a load of
2465 kN. Although the actual failure load of 2528 kN was reached when the beam deflected
to 143 mm, the estimated response was in good agreement with the test results in terms of the
post-cracking and post-yielding stiffnesses. A previous analysis by Bucci (without the
presence of bond elements and bond law, as described before) predicted a maximum load of

approximately 2400 kN at 35 mm mid-span deflection, as shown in Figure 5.30.

Analytical

Repaired beam

L I 1 L I L1 L I I 1
0 § 10 18 20 25 30 35 40 45 50 S5 &0
Deflection (mm)

Figure 5.30: Analytical results for De Rose beam specimen (not accounting for bond-slip)(8]

The calculated FRP strains and bond stress distribution for the repaired De Rose
beam are depicted in Figure 5.31. The excessive FRP strains are due to the major shear
cracks that dictated the failure of the beam. In the CFRP elements near the top of the beam
close to mid-span (on the top left side of the graph), the average strains in the CFRP reached
values of 0.0085, which is 60% of the ultimate strain of the material. In the experiment, this
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is the location where the CFRP fabric ruptured. The lower end of the shear cracks is also
marked by high estimates of FRP strains. Similarly, the large fluctuations in the bond stress

distribution are also the result of the diagonal shear cracks.
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Figure 5.31: Predicted FRP strains and bond stresses for CFRP-repaired De Rose beam

5.3.2 RWOA BEAM SPECIMENS
The experimental details for the RWOA beam series. in which CFRP strips were used

as shear reinforcement, have been presented in Chapter 4 of this report. In this section, only
the numerical modelling of the three beams will be described.
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5.3.2.1 FINITE ELEMENT MESH AND SPECIAL CONSIDERATIONS IN ANALYSIS

All three beams were symmetrical, thus only half of the beam was modelled. The
CFRP strips were bonded prior to loading of the beams, so only one set of analysis was
required starting from zero load. Longitudinal reinforcement was represented by truss
elements, and each CFRP strip was divided into five columns of truss elements in the finite
element mesh. Similar to the De Rose beam specimen, the Keviar 49 fibres in the CFRP
fabric were not modelled as the strips were loaded primarily in the direction of the carbon
fibres. The steel plate at the end of the beam was included in the mesh to provide anchorage
for the rebars. However, the loading plate was not modelled since it implied a contribution to
the beam stiffness from a fixed plate, while in reality slippage of the plate most likely
occured. The finite element mesh for the three beams are given in Figure 5.32.

For the bond stress-slip relationships, the maximum bond stress values were specified
by the modulus of rupture of the concrete, and the corresponding maximum slips were
calculated using the slip modulus E, as defined in Eqn 5.1. The elastic modulus of the epoxy
was given by the manufacturer as 3.16 GPa, while values of 0.35 and 2 mm were assumed
for the Poisson’s ratio and thickness of the epoxy, respectively. Thus, the shear modulus of
the epoxy was determined to be 1.17 GPa (values measured by Bizindavyi and Neale [59] for
the same type of epoxy were: vo= 0.4 and G = 1.18 GPa). The ultimate slip value was
obtained from Homam’s bond test as the same type of CFRP fabric was used. The bond law
values used for the RWOA beams are summarized in Table 5.13.

Table 5.13: Bond Stress-Slip Values for RWOA Beams

Beam Umax (MPa) Smax (mm) Sae (mm)
RWOA-1 2.85 0.005 0.50
RWOA-2 3.05 0.005 0.50
RWOA-3 3.50 0.006 0.50
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Figure 5.32: Finite element mesh for beams: (a) RWOA-1, (b) RWOA-2, (c) RWOA-3
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Initially, all three beams were predicted to fail abruptly prior to yielding of the
longitudinal reinforcement, contradicting the experimental observations of ductile failures.
The discrepancy was traced to the crushing of several concrete elements near the loading
point. A first attempt to remedy this situation was by strengthening the elements that suffered
premature crushing. The compressive strength of those elements were doubled, while the
strain at peak stress and the parabolic shape of the concrete stress-strain curve were
maintained. However, this only shifted the crushing zone further away from the point load,
and did not enhance the ductility of the beam response. A second attempt, which proved to be
successful, was by adding out-of-plane reinforcement to the concrete elements near the load
(up to three times the width of the loading plate and two layers down). The addition of such
reinforcement is based on the confinement effects that the loading plate imparts onto the
concrete. These effects simulate triaxial compression, where the crushing strength of
concrete is increased and the ductility of the concrete response is augmented. The out-of-
plane reinforcement was able to prevent early crushing failure by confining the lateral
expansion of the concrete elements due to Poisson’s effect. After the addition of the out-of-
plane reinforcement, the analyses predicted more ductile behaviour for the beams.

Although this series of beams did not contain any internal shear reinforcement, the
CFRP strips acted as external shear reinforcement. Therefore, the linear tension softening
model with no residual was used in these analyses. With the predominant crushing failure, it

was found that a lower averaging factor of 0.2 gave a more stable response.
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§5.3.2.2 ANALYSIS RESULTS AND DISCUSSION

The analytical results for the three RWOA beams are summarized in Table 5.14, and
will be discussed in the following sections.

Table 5.14: Experimental and Analytical Results for RWOA Beams

_ ) Deviation Mid-s_pan Deviation
Beam Constitutive = Maximum from Exp Deflection at  from Exp.
Relationship Load (kN) Load (,/)' Maximum Deflection
° Load (mm) (%)
Experiment 493 0 31.8 0
RWOA-1 Elastic-plastic 551 11.9 34.5 8.6
Linear elastic 437 -11.4 11.2 -64.7
- Perfect bond 548 11.2 33.6 5.7
Experiment 459 0 313 0
RWOA-2 Elastic-plastic 526 14.7 36.4 16.2
Linear elastic 452 -1.5 17.8 -43.0
Perfect bond 525 14.4 45.5 45.4
Experiment 436 0 48.6 0
RWOA-3 Elastic-plastic 492 12.8 92.9 91.0
Linear elastic 426 -2.3 326 -33.0
Perfect bond 487 11.7 79.5 63.6

5.3.2.1.1 Beam RWOA-1

The predicted load-deflection curve for beam RWOA-l is plotted against the
experimental results in Figure 5.33. The pre-cracking and initial post-cracking stiffness of the
response were well matched with those recorded in the test, but starting at about 70% of the
maximum load, the predicted behaviour was stiffer than that observed. With the elastic-
plastic bond law, the estimated yielding and ultimate loads were 7% and 12% higher than the
test data, and the mid-span deflection at maximum load was overestimated by 9%. The linear
elastic bond assumption led to a premature shear failure.
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Figure 5.33: Analytical and experimental load-deflection curves for beam RWOA-1

The predicted mode of failure was marked by yielding of both layers of flexural
reinforcement near mid-span, along with concrete crushing in compression near the loading
point. A major shear crack initiated from just below the loading point and extended to a
distance approximately one-tenth of the beam span. This is in accordance with the

experimental observation, as shown in Figure 4.13(c).

The predicted FRP strains and average bond-slip values for beam RWOA-1 are
graphed in Figure 5.34. The formation of the shear crack in the beam at ultimate is reflected
in the progressively increasing FRP strains toward the loading point. The distribution of the
FRP strains matches the shape of the diagonal shear cracks in the beam. Large bond-slip
values are noted in the CFRP strip closest to mid-span, which correlates with the

experimental location of debonding at ultimate.
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Figure 5.34: Predicted FRP strains and bond-slip distribution for beam RWOA-1 at peak load

5.3.2.1.2 Beam RWOA-2

The analytical response for beam RWOA-2 is plotted against the test data in Figure
5.35. The pre-cracking stiffness of the response was in agreement with that measured in the
test. but the post-cracking stiffness was slightly overestimated. Again, the linear elastic bond
relationship produced an early shear failure, while the elastic-plastic assumption gave a more
accurate response. The calculated yielding and ultimate loads were 10% and 15% higher than
the test data, respectively. The mid-span deflection at peak load was overestimated by 16%.
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Figure 5.35: Analytical and experimental load-deflection curves for beam RWOA-2

Similar to beam RWOA-1. the predicted failure of beam RWOA-2 was marked by
vielding of all three layers of flexural reinforcement near mid-span, accompanied by concrete
crushing in compression near the loading point. A major shear crack also initiated from just

below the point of load application. This agrees with the experimental observation. as shown

in Figure 4.14(c).

The FRP strains and slips at the interface calculated by VecTor2 for beam RWOA-2
are plotted in Figure 5.36. Again, the distributions correspond to the location of shear cracks
found in the beam. Similar to beam RWOA-1. the maximum bond-slip is anticipated to be

experienced by the CFRP strip closest to mid-span.
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Figure 5.36: Predicted FRP strains and bond-slip distribution for beam RWOA-2 at peak load

5.3.2.1.3 Beam RWOA-3

The expected behaviour of beam RWOA-3 is plotted against the experimental data in
Figure 5.37. The pre-cracking and post-cracking stiffness of the response compared well with
the test curve, but the strain-hardening effects were overestimated. Although the yield load
was very close to the actual value, the predicted peak load and corresponding mid-span

deflection both exceeded the test results.
Again, the predicted failure of beam RWOA-3 was marked by concrete crushing in

compression near the loading point and by yielding of both layers of flexural reinforcement

near mid-span. A major shear crack initiating from just below the loading point extended
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across the width of two CFRP strips. This corresponds with the experimental observation, as

depicted in Figure 4.15(b).
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Figure 5.37: Analytical and experimental load-deflection curves for beam RWQOA-3

Figure 5.38 shows the predicted FRP strains and bond-slip distribution for beam
RWOA-3. The general trends resemble those for the two previous beams. Average bond-slip

values of up to -0.1 mm were predicted for the top of the CFRP strip near the point of load

application.

Overall, the general responses of all three RWOA beams were reasonably well
predicted by the program VecTor2. The yielding loads were estimated to be higher than those
recorded from the experiment since the program cannot recognize the downwards shearing of
the beam’s central portion containing the flexural steel. Predictions with the elastic-plastic
bond law and the perfect bond conditions were similar since the failure of the beams was
governed by shear-flexural failure rather than by debonding of the CFRP strips. The
overestimation of ductility in the analytical results can be attributed to the fact that the 2-D
program is not able to simulate the splitting out and downwards punching of the central

concrete bearn section. This mode of failure led to the sudden drop in load-carrying capacity
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and a loss of ductility in the experiment. Also, correct modelling of confinement around the

loading plate is a factor contributing to the excess ductility.
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Figure 5.38: Predicted FRP strains and bond-slip distribution for beam RWQA-3 at peak load

The maximum FRP strains in the RWOA beams predicted by program VecTor2 are
compared to those estimated by the various proposed models in Table 5.15 (refer to section
2.3.2 of this report and Appendix C). It can be seen that the strains from the finite element
analyses are similar to those from the earlier models for effective FRP strains. These values
are higher than the results from the more recently proposed equations. which were calibrated
with more experimental data, and thus, should be more accurate. However. since the actual
FRP strains were not measured in the RWOA beam tests, the predicted strain values cannot
be verified. Therefore, it is not possible to ascertain the range of effective strains at which

FRP composites can be expected to debond from the concrete surface. Nonetheless. the
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increase of FRP strain with an increase in concrete strength, as implied in the proposed
models, is reflected in the values obtained from the numerical analyses.

Table 5.15: Predicted and Calculated Effective FRP Strains

Effective FRP Strain (mm/m)
Proposed Equation Beam Beam Beam
RWOA-1 RWOQOA-2 RWOA-3

VecTor2 4.1 5.0 5.1
Chajes [41] 5.0 5.0 5.0
Triantafillou (Eqn. 2-23) 5.8 5.8 5.8
Khalifa (gfe= Rxefy, R from Eqn. 2-26) 2.2 2.4 32
Triantafillou and Anotonopoulos (Eqn. 2-29b) 3.7 3.9 4.5
Triantafillou - ACI (gge o = 0.9xEfe) 3.3 3.5 4.0
Schnerch (Eqn. 2-32) 2.9 3.2 4.3

At peak load, the magnitude of the predicted maximum bond-slip in the three RWOA
beams was on the order of 0.05 mm, 0.06 mm, and 0.20 mm, respectively. These values are
much lower than the ultimate slip value (0.5 mm) specified for the bond interface. Thus,
debonding was not expected to occur in the analyses. Since debonding was observed in the
experiment at failure, this suggests that the uitimate slip in the bond law needs to be re-
evaluated. However, it can be concluded that the elastic-plastic bond law was suitable for the
concrete-FRP interface of these beams, as the linear elastic bond relationship produced

premature shear failures.

After the analyses for the RWOA beams had been completed, a double-shear bond
test was conducted by a post-doctorate researcher at the university. The specimen used is
depicted in Figure 5.39, where the CFRP strips (50 mm wide) and epoxy tested were the
same as those for the RWOA beams. The average concrete strength was 32 MPa, while the
CFRP bond lengths were varied as 100 mm, 200 mm, and 400 mm. The specimen was
subjected to tensile forces applied to the embedded rebars, and relative displacements
between the prisms were measured by a LVDT on each of the four faces. All six specimens
failed by peeling of the CFRP strips. Whereas larger pieces of concrete were attached to the
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underside of the strips near the central section of the specimen, only small amounts of fine
aggregates and cement paste were found under the remainder of the peeled strip.

350 800 350
400 400
200 15 L =100, 200 and 400
l50‘ S

5 strain gauges

Figure 5.39: Bond test specimen utilized by Sato [83]

The fracture energy of the bond interface (Gy), or the area under the bond stress-slip

curve, was estimated to be 0.34 N/mm. The bond length for attaining the maximum bond
capacity was determined to be at least 150 mm. It was found that the bond stress-slip
relationships could be fitted with Popovics’ equation (Figure 5.40(a)), as reported by Nakaba
et al. [50], but a triangular distribution (Figure 5.40(b)) was recommended for the FE
analysis. However, the values from the bond test have not been adopted in the analyses as the
concrete strength did not match those of the RWOA beams.
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Figure 5.40: (a) Bond stress-slip curves [83] and (b) equivalent bilinear relationship
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CHAPTER 6 DISCUSSION

6.1 TRENDS IN EXPERIMENTAL BEHAVIOUR

Numerous behavioural trends have been noted in the tests of RC members
strengthened with FRP composites. These will be grouped according to the purpose of the

strengthening scheme.

6.1.1 FLEXURAL STRENGTHENING WITH FRP COMPOSITES

In members that are strengthened for flexure, their stiffness and load-carrying capacity
can be greatly enhanced, but is usually accompanied by a reduction in ductility. The brittle
behaviour observed in these beams is usually attributed to the delamination of the FRP plate
or to the ripping-off of the concrete cover. The mechanical and geometrical properties of the
FRP plate, epoxy resin and concrete determine which mode of failure dominates, and the
amount of slip that can be sustained at the concrete-FRP interface. FRP plate delamination,
the principal factor in lowering beam ductility, can be triggered by failure within the concrete
cover or by the separation of the concrete cover from the flexural reinforcement. Long and
thin FRP laminates are prone to the first failure mode, which is exemplified by peeling at shear
cracks along the beam. Short and thick FRP plates will likely cause failure of the second type,
where high shear and normal stresses exist at the plate ends. Thus, it is highly recommended
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that FRP laminates bonded onto the soffits of beams be well anchored into the beam in order
to impede debonding failures.

6.1.2 SHEAR STRENGTHENING WITH FRP COMPOSITES

For beams strengthened in shear with FRP composites, their stiffnesses are usually the
same or just slightly higher than the control specimens since the load-carrying fibres are
usually oriented perpendicularly to the beam axis. The strength enhancement experienced by
these beams is usually less significant than that commonly seen in members strengthened in
flexure. However, the main improvement noted in these beams is in the change of the failure
mode from brittic shear to ductile flexural failure. By acting as external shear reinforcement,
the FRP composites work to limit the propagation of cracks and to increase the shear capacity
of the concrete. The member will be able to sustain higher shear forces until the flexural steel

reinforcement yields and concrete crushing occurs near the loading point.

Although premature debonding of FRP laminates has been reported by other
researchers, this behaviour was not observed in the two sets of tests carried out at the
University of Toronto (by De Rose and the author). Whereas the De Rose beam was
completely wrapped with CFRP fabric, the series of RWOA beams were bonded with CFRP
strips on the sides only. The absence of premature debonding may be due to the strong epoxy
used in the bonding process. Also, the CFRP reinforcement ratio used was sufficiently high to
restrict the widening of the shear cracks, thus limiting the strains in the CFRP and preventing

premature debonding failure of the strips.

For beams with FRP bonded to the sides only, peeling of the FRP (after shear-flexural
failure) tended to occur below the main shear crack, pulling the stiff side cover outwards,
which enabled the central portion of the beam to punch down in shear. This behaviour can be
avoided through the use of FRP in the shape of U-wraps, where the FRP is likely to peel off
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above the shear crack. The peeling-off can be further mitigated by some form of anchorage
system along the top edge of the FRP laminates.

6.2 NEED FOR FUTURE EXPERIMENTAL WORK

Since an extensive amount of published research has been related to flexural
strengthening with FRP, more attention should be directed to its application for shear

strengthening.

6.2.1 GLOBAL RESPONSE

The RWOA beam series should be viewed as a set of pilot tests. More tests should be
conducted to develop a deeper understanding of the failure mechanisms involved.
Nevertheless, the tests performed in this study showed that CFRP strips are capable of
enhancing a beam’s shear strength by 50% and can change a brittle shear failure to a more
ductile flexural response. In order to study the premature debonding phenomenon prior to
shear-flexural failure, the percentage of CFRP shear reinforcement should be reduced so that
shear cracks can propagate and widen. This can be achieved by bonding narrower CFRP strips
or using a wider spacing between the vertical strips. Achieving premature debonding failures
in experiments will enable the verification of bond constitutive relationships assumed in FE
analyses, and also of equations for predicting the ultimate strengths of beams governed by
debonding failure, as proposed by several researchers. To gain a better understanding of the
maximum slip that can be sustained at the bond interface, strain gauges should be bonded onto
the CFRP strips and on the concrete surface near the edge of the strips. Measuring the strain
distribution in the CFRP fabric will also allow the determination of the strips’ contribution to
the beam’s shear capacity when stirrups are included. To study the behaviour of beams more
likely to be encountered in the field, tests should be performed on beams with internal steel
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stirrups. It has been reported that the shear force carried by FRP laminates is higher when the

stirrup ratio is low, so these two components of shear reinforcement should be considered

simultaneousty.

Different beam geometries, such as various shear span-to-depth ratios, should also be
analyzed. Full-scale specimens such as the RWOA beams should be tested to eliminate
problems associated with size effects and to observe the true failure modes of real-life
members. Although the capacity and ductility of the beams were increased through the
bonding of the CFRP strips onto the side surfaces, further enhancement may be attained by
using a U-wrap configuration. Some confinement can be provided to the concrete in the
central section of the beam, and anchorage of the strips to the concrete will further delay
debonding. The influence of the strip spacing on the inclination and location of the shear
cracks should also be investigated. This can help determine the optimal spacing that should be
used, although continuous sheets would be more convenient in field applications. Various
orientations of the CFRP strips may also be studied to find an optimum angle, but at 90° to
the beam axis seems to be the most practical.

6.2.2 LOCAL BEHAVIOUR

As for the local bond behaviour, bond tests should be conducted in which strips of
FRP fabric bonded to a concrete prism are subjected to a tensile force (double-face shear
test). Strain gauges should be mounted on both the FRP and the concrete surface to measure
the slip that can be endured before debonding failure. The maximum bond stress should also
be determined to confirm its dependence on the relative mechanical properties of the FRP,
concrete and epoxy resin. This type of test has been performed by many researchers, as
described in Chapter 2 of this report. Rather than simply plotting the strain distribution along
the bond length and finding the effective bond length, a parametric study should be used to
determine the effects of various factors on the bond stress-strain relationship. More attempts
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should be made to establish the shape of the bond stress-strain curve, and equations should be
developed to estimate the values needed to define this curve. Although general design
equations mostly rely on the mechanical properties and configuration of the FRP and the RC
member, a constitutive relationship for the concrete-FRP bond interface is required for a
detailed FE analysis. An attempt has been made by Sato to measure the maximum bond stress
and characteristic slip values for the CFRP and epoxy used in the current research [83].
However, the concrete strength of the bond test specimens differed from those of the beam
specimens. Therefore, the values obtained by Sato are specific to the type of concrete, CFRP
and epoxy resin used in the bond test. Nevertheless, the test conducted has produced
preliminary results and has paved the way for future bond tests. The epoxy resin used should
be tested in tension according to ASTM D638 [84] to determine its Poisson’s ratio and shear
modulus. Other variables that should be studied as related to FRP composites include their

durability under aggressive environmental conditions and cyclical loads.

6.3 STRENGTHS/WEAKNESSES IN ANALYTICAL METHODS

The incorporation of bond elements into the FE program enabled better predictions of
the response of members strengthened in flexure or shear with FRP. However, the accuracy of
these estimations depended on the bond stress-slip relationship that was chosen for the
analyses. So far, only two types of bond law have been tested: linear elastic and elastic-plastic,
although several other forms have since been proposed by various researchers. From the
current research, it was found that the linear elastic bond law was appropriate only when the
failure was dominated by sudden delamination of the FRP plate, accompanied by a thin layer
of concrete (as in the Zarni¢ specimens). This situation is expected to occur when the shear
strength of the epoxy is low. Since all of the reported strengths for the epoxy were the tensile
strengths, these values will be used for comparison, as the shear and tensile properties are
related. For the Zarni¢ specimens, the tensile strength of the epoxy was 4 MPa. On the other
hand, the tensile strength for the epoxy used in the EI-Refaie specimens was approximately 18
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MPa, while for the De Rose and RWOA specimens, the epoxy strength was given to be 72
MPa. Therefore, in the specimens utilizing stronger epoxies, the failure was predominantly
through the peeling of the concrete cover, which was critical due to its lower shear strength
(represented by the concrete’s modulus of rupture). For these specimens, the analyses were
more accurate when the elastic-plastic bond relationship was applied. This is due to the fact
that peeling of the concrete cover progresses gradually along the member, whereas the
debonding of FRP laminates (as in the Zami¢ specimens) occurs suddenly, corresponding to
the sudden drop of bond stress in the linear elastic bond law once the ultimate slip is reached.
An in-depth review of published experiments should be conducted to determine the range of
epoxy strengths that distinguishes sudden plate debonding failures from those involving failure
of the concrete cover. The shear strength (and indirectly, the tensile strength) of the epoxy is
thought to have a larger role than its elastic modulus in determining the failure mode. This is
supported by the observation that the elastic moduli of the epoxies used in the Zarni¢
specimens (12.8 GPa) and in some of the El-Refaie specimens (10 GPa) were similar, but the
failure conditions were different, as discussed above.

After performing FE analyses of several sets of specimens, it can be suggested that the
maximum bond stress is a function of the concrete strength (the modulus of rupture of
concrete), the maximum slip is a function of the shear modulus (and the elastic modulus) of
the epoxy, and the existence of the plastic range in the bond law depends on the shear (or
tensile) strength of epoxy. The maximum bond stress is usually limited by the shear strength of
the concrete, as it is typically lower than the strength of the epoxy resin. As for the ultimate
slip that can be sustained, more work is needed to estimate its value. Since many interrelated
factors influence the bond stress-slip relationship, further studies are required. Despite some
minor uncertainties regarding the bond constitutive relationship, the program VecTor2 can
give fairly accurate predictions of the overall behaviour of RC members strengthened with
externally-bonded FRP composites.

197



CHAPTER 6 DISCUSSION

One weakness noted in the analyses is associated with the simulation of precracked
members repaired while loaded. Some discrepancies were noted in the response of such
members immediately after repair (as observed for the De Rose slabs presented in section
5.2.3.2.2). Another weakness in the FE program is related to the premature shear failures
predicted for some slabs and shear-critical beams. Therefore, several trials may be required to
determine the most suitable behaviour models and modelling assumptions in defining the finite
element mesh.

6.4 NEED FOR FUTURE ANALYTICAL WORK

Currently, in the FE program VecTor2, FRP strips or sheets can only be represented
by one-dimensional truss elements if bond-slip is to be considered. Also, two FRP truss
elements that meet at the same coordinates cannot be connected to a single node due to the
formulation of the link and contact elements. Thus, three nodes are required at the same
location in order to account for both longitudinal and transverse properties of the FRP
laminates. The properties of the bond interface can only be simulated with dimensionless link
elements or one-dimensional contact elements. This forces the bond stress distribution to be
discrete at the nodes or along the FRP truss elements. Only uni-directional slip at the FRP-
corncrete interface is permissible, while experimental observations suggest that debonding of
FRP due to shear is a two-directional phenomenon. Therefore, it is recommended that a two-
dimensional isoparametric contact element, as presented by Mehlhorn and Keuser [74], be
incorporated into the FE program. Such an element will permit slippage in the global x- and y-
directions, and allow for a continuous bond stress distribution across the FRP-concrete
interface. Correspondingly, using rectangular elements rather than truss elements for side-
bonded FRP sheets will give a more accurate response for the externally-strengthened
member. In terms of the bond constitutive model, corroboration with more specimens is
needed to confirm the determination of the values used in the bond law, and other
formulations of the bond stress-slip relationship should be examined.
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Aside from the bond elements and associated bond models, more work is required in
the area of sequential analyses where repair or strengthening takes place after initial loading.
The difference between the estimated and actual response reported in the current research may
be related to the inclusion of strain history considerations. Previous loading must be
accounted for in this type of analysis, but the accuracy of such considerations for bond
elements must be confirmed.

As for analytical work related to design equations for shear strengthening, more
independent test results are required to truly validate the equations proposed by various
researchers. If these are found to be inadequate, then more test variables and their effects
should be studied. Before the design of RC members shear strengthened with FRP can be
adopted in the design codes, the equations must be verified for a wider range of specimens

and test conditions.
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Before FRP composites can be widely utilized in field applications, engineers must be
confident about the performance of RC members externally reinforced with this material. As
well, they must be able to predict the behaviour of such members using simple analytical
equations for preliminary design, or with finite element analysis for more detailed studies.
Although the experimental database for RC members strengthened in flexure with FRP
composites is extensive, further investigations are imperative in the domain of shear
strengthening. The failure modes of flexural-strengthened members have been analyzed
thoroughly by numerous researchers, but the complexities involved with shear behaviour

requires more attention.

The experimental program conducted in the current research points the way to
additional work in this area. The set of pilot test beams showed that CFRP strips are capable
of increasing the load-carrying capacity of shear-critical members, while changing the failure
mode from brittle shear to ductile flexural failure. However, it did not meet the aim of
producing premature debonding failures due to the high FRP shear reinforcement ratio used.
Nevertheless, it provided a first-hand observation into the failure mode involving the peeling
of the side concrete cover leading to the punching failure of the beam’s central section. The
experiment also supplied valuable information for the design of the next test series, in which
the FRP reinforcement ratio should be lowered to promote widening of shear cracks, strain
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gauges should be applied to detect slip, and steel stirrups should be included in some
specimens to obtain more comprehensive results. Attainment of premature debonding failures
will also enable the validation of proposed design equations, which have been primarily
verified with data used to calibrate the models. As well, bond tests involving FRP-bonded
prisms subjected to shear should be performed to clarify the local behaviour at the interface.

As for analytical work, it can be concluded from the current research that the
behaviour of the bond interface must be considered for an accurate prediction of the member’s
response. Neglecting the bond-slip at the interface would lead to overestimated stiffness and
ultimate loads. Modelling of the bond interface for the critical force transfer between the
concrete and FRP is dependent on the characterization of the bond zone. While experimental
and analytical work has been undertaken in this regard, verification of the proposed bond
stress-slip relationships is needed. A clearly defined constitutive relationship must be adopted
for the bond elements representing the bond interface. In this first attempt of applying a linear
elastic or elastic-plastic bond law, the analytical response of flexural- or shear-strengthened
members were in good accord with the experimental results. Not only were the failure loads
and corresponding deflections accurate, but the stiffness of the response and the failure modes
were also well matched. In terms of the bond element types, the dimensionless link element
and the one-dimensional contact element have proved sufficient in modelling the bond
interface. Nonetheless, improvements in the numerical predictions could be achieved by
implementing a higher order element, such as a two-dimensional contact element. This type of
element would permit slippage in two directions, while providing a continuous stress
distribution along the interface between the concrete and FRP laminates.

Although FRP composites have shown potential in enhancing the strength and stiffness
of RC members, reductions in ductility must be avoided through the use of proper anchorage
systems. In addition, other properties of this advanced material must be examined, such as
their long-term durability in aggressive environments and their behaviour in cyclical loading
conditions.
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STRESS (MPa)

STRESS (MPa)

CONCRETE

COMPRESSIVE STRESS-STRAIN CURVES

CYLINDERS FOR BEAM RWOA-1
30+

25 -
20 -
15 1

10 -

0 0.001 0.002 0.003 0.004 0.005 0.006
STRAIN

CYLINDERS FOR BEAM RWOA-2
35 - S

30 -

25 '/\
20 - \

15 1
10 1

0 0.001 0.002 0003 0.004 0.005 0006 0.007
STRAIN
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CYLINDERS FOR BEAM RWOA-3

n [A] F3 [4]]
o o o o

STRESS (MPa)

-
o

o

0 0.001 0.002 0.003 0.004 0.005
STRAIN

RAW DATA FROM CONCRETE CYLINDER COMPRESSION TESTS

Beam Days After Peak Load Concrete
Casting (kN) Strength (MPa)

3 192 10.5

195 10.7

263 14.4

RWOA-1 7 250 13.7
28 407 22.3

416 22.8

3 159 8.72

166 9.10

277 15.2

RWOA-2 7 276 15.2
473 25.9

28 472 25.9

3 396 21.7

384 21.1

542 29.7

RWOA-3 7 522 28.6
788 43.2

28 800 43.9

*cross-sectional area of concrete cylinder = 18242mm”



RAW DATA FROM CONCRETE CYLINDER TENSILE SPLITTING TESTS

Peak Load Tensile Splitting

Beam (kN) Strength (MPa)

160.6 2.27

180.4 2.55

RWOA-I 136.1 1.92
192.9 2.73

272.1 3.85

228.4 3.23

RWO0A-2 211.4 2.99
240.4 3.40

249.2 3.53

] 232.] 3.28
RWOA-3 197.1 2.79
207.9 2.94

* length of cylinder (L) = 300 mm, diameter of cylinder (D) = 150 mm
* tensile splitting strength calculated as 2xP/(rxLxD)
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TENSILE STRESS (MPa)

TENSILE STRESS (MPa)

STEEL

TENSILE STRESS-STRAIN CURVES

25M REBAR FOR BEAMS RWOA-1 AND RWOA-3
800 -

700 - o —
600{ -~

500 {

400
300 -
200 1
100 -

0 0.05 0.1 0.15 0.2 0.25
STRAIN

25M REBAR FOR BEAM RWOA-2
800 -
700 |
600 /"" T
5001 -
400
300 1
200 -
100 1

0 0.05 0.1 0.15 0.2 0.25
STRAIN
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30M REBAR FOR ALL RWOA BEAMS

TEIRETIEE

~ © T O N -

(edW) SS3MLS FUSNIL

0.15 0.2

0.1
STRAIN

0.05
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TENSILE STRESS (MPa)

TENSILE STRESS (MPa)

1200

-
[@]
(=]
o
b

800 -

600 -

400 -

200 A

CFRP

TENSILE STRESS-STRAIN CURVES

CFRP COUPON RW-1

— 8G-1 §G-2

1200 1

1000 1

800 1

600

400

200

———

0002 0004 0006 0.008 001 0012 0.014
STRAIN

CFRP COUPON RW-2

— SGA1 SG-2

0.002 0.004 0.006 0008 00t 0.012 0.014
STRAIN
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TENSILE STRESS (MPa)

TENSILE STRESS (MPa)

1200

-
e
o

800 -
600 -
400 1

200 1

CFRP COUPON RW-3

1200

1000

800

600 -

400 +

200

— SG-1 SG-2
0.002 0004 0006 0.008 001 0012 0.014
STRAIN
CFRP COUPON RW-4

—SG-1 SG-2

v

0.002 0.004 0006 0008 0.01 0.012 0.014
STRAIN
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CFRP COUPON RW-5

1200 -
D‘“? 1000 -
3
g 800 1
w
& 600 -
o
W 400
g
w 200 -
a —SG1  SG=2
0 T T ‘ : , \
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
STRAIN
RAW DATA FROM CFRP COUPON TENSILE TESTS
Failure Force/Unit Tensile Ultimate Elastic
Coupon Width Strength® .. Modulus'
Load (kN) (N/mm) (MPa) Strain (GPa)
RW-1 68.2 897 1073 0.010675 98.5
RW-2 67.2 886 1060 0.010963 98.5
RW-3 71.8 948 1134 0.011322 100.4
RW-4 68.7 918 1098 0.011375 99.4
RW-5 68.2 905 1083 0.011119 100.8
Average 68.8 911 1090 0.011091 99.5

°based on average fabric thickness of 0.84 mm
*average of values measured by two strain gauges
*based on best linear fit of average strain values
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PHOTOS FROM CFRP COUPON TENSILE TESTS

Coupon RW-3 Coupon RW-4 Coupon RW-3
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RWOA BEAMS: EXPERIMENTAL RESULTS

PHOTOS OF RWOA BEAMS AS TESTING PROGRESSED

BEAM RWOA-1:

Load = 478 kN (just after yielding of flexural steel), mid-span displacement = 17.9 mm



BEAM RWOA-1 (continued):

Concrete crushing and debonding near loading point, load = 489 kN (just prior to failure)
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BEAM RWOA-2:

1-FEAM Ry

o) LOADs

Load = 448 kN (just after yielding of flexural steel), mid-span displacement = 23.6 mm
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BEAM RWOA-2 (continued):

854’)? ::".fo

A

Load =419 kN (just prior to failure), mid-span deflection = 34.3 mm
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BEAM RWOA-3:

"HEAM RWOA)

} LOAD: 108 &N
B DiSP=32.5 MM

Load = 420 kN (just after yielding of flexural steel), mid-span displacement = 35.5 mm
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BEAM RWOA-3 (continued):

o

BE &M RWOA
LOAD: FAIL

Concrete crushing and debonding of CFRP strips near loading point at failure
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CRACK PATTERNS OF BEAMS

s S
RWOA-3
v
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SURFACE STRAINS AT VARIOUS LOAD STAGES

¢ strains determined from displacernents measured by 12 Zurich targets along the beam
(6 at the top rebar level, 6 at the bottom rebar level)

BEAM RWOA-1

SURFACE STRAIN
o
2

600 400 -200 0 200 400 600
DISTANCE FROM CENTRELINE (mm)
post-crack (top rebar level) -+ post-crack (bottom rebar level)

-a— post-yield (top rebar fevel) - post-yield (bottom rebar level)
-~ peak [oad (top rebar level) —+—peak load (bottom rebar level)
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SURFACE STRAIN

SURFACE STRAIN

0.008 -
0.007 .
0.006

0.005
0.004
0.003
0.002 -
0.001

6

BEAM RWOA-2

00 -400 -200 0 200 400 600
DISTANCE FROM CENTRELINE (mm)

post-crack (top rebar level) - post-crack (bottom rebar level)
-s— post-yield (top rebar level) - post-yield (bottom rebar level)
- peak load (top rebar level) —+— peak load (bottomn rebar level)

BEAM RWOA-3

0.008 -
0.007
0.006
0.005
0.004
0.003
0.002
0.001 .

0 ~

+

-500 400 -300 -200 -100 0 100 200 300 400 500

DISTANCE FROM CENTRELINE (mm)

- post-crack (top rebar level) —— post-crack (bottom rebar level)
-=- post-yield (top rebar level) -=- post-yield (bottom rebar level)
—- peak load (top rebar level) —+—peak load (bottom rebar level)
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PREDICTED VALUES OF SHEAR CONTRIBUTION
BY CFRP STRIPS IN RWOA BEAMS

Beam RWOA-1: fc=22.6 MPa
Beam RWOA-2: fc =259 MPa

Beam RWOA-2: fc=43.5 MPa
Beam width (b) = 305 mm

FRP properties for all three beams:

fr, = 1090 MPa df =470 mm

Ef=99.5 GPa ds =470 mm

€s=0.011 Af=2 x te x wp=2x0.84x200 = 336 mm?>
te= 0.84 mm pr= Ag/ (b x ) = 336/(305x300) = 0.00367
wr= 200 mm pr x Eg=0.365 < 1.1 GPa

s¢= 300 mm

Sample calculations will be given for beam RWOA-1:

Triantafillou:
&7 =0.0119 - 00205 x 0.365 + 0.0104 x 0.365> = 00058 (Eqn. 2-23)
0.9 ano
Vy =15 X 0.365 x 0.0058 x 305 x 470 x sin 90° = 238kN (Eqn. 2-22)
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Khalifa:

Effective stress method:

R=05622 x 03652 — 12188 x 0365+ 0.778 = 0.408

Bond mechanism:

[ =g [6134-0581n(084x995)]]_ 5

” 54 mm

Wye =dy- 2L =470 - 2(35.4) = 399 mm

00042 x(226)2 x399
" (995 x 084)%%8 x 0.011x 470

199

f," =Rff'u =0.199 x 1090 =217MPa

336 x 217 x sin90° x 470
Vi= 300 x 1000 =1147kN

Triantafillo d Antonopoulos:

<050

(governs)

(Eqn. 2-25)

(Eqn. 2-27)

(Fig. 2.42)

(Eqn. 2-26)

(Eqn. 2-24)

22623 )™ 3
&,=06 5 x 107" =0.00366 (governs) (Eqn. 2-29b)

Debonding:
0.00367 x99
FRP fracture:
030
22.6213
Ep,p = 01 0.00367 x 995) x 0.011=0.0047
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& . =08x0.00366=000293 <0.005

0.9
Vy =13 (0365 x 000293 x 305 x 470) = 106.1kN (Eqn. 2-22)

ACI forma
Efed= 0.9 x Efe = 0.9 x 0.00366 =0.00329 <0.006
Debonding:
Vf =0.75x 0.00329 x 0365 x sin 90° x 305 x 470 = 129 4kN (Eqn. 2-31)
FRP fracture:
Vf =0.80 x 0.00329 x 0365 x sin 90° x 305 x 470 =138kN (Eqn. 2-31)
hnerch:

1 (226)\%7 [sin90° x470
&7, = 00012 o.ooss( 0.365) \/ w470 ¥ 107 =000288 (Eqn. 2-32)

ff" =Ef£f’, = 99520 x 0.00288 = 286MPa

v = 336 x 286 x sin90° x 470
f- 300 x 1000

= 150.8kN (Eqn. 2-24)
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INPUT FILES FOR NUMERICAL ANALYSES
WITH PROGRAM VECTOR2

The files provided herein are for analyses employing contact elements for the concrete-FRP
interface. Notes for the .job, .s2r, and .12r files are included with the files for the Zarni¢ slab
strip only.

ZARNIC SLAB STRIP (named as FLAT BEAM in the files):

(A A ERERNE NN N ]

¢ VECTOR °®
® JOB DATA®

LA AR N A RN EEE R ]

Job Title (30 char. max.) : ZARNIC FLAT BEAM
Job File Name (8 char. max) :ZFBCD

Date (30 char. max.) :Feb 7, 2001

STRUCTURE DATA

Structure Type 22

FileName (8 char. max.) :ZFBC

LOADING DATA

No. of Load Stages 141

Starting Load Stage No. |

Load Series ID (Schar.max) :ZFBC

Load File Name Factors

Case (8char. max)  Initial Final LS-Inc Type Reps C-Inc
1 ZFBD 0000 70000 0500 @1 1 0.000
2 SHRINK 1.000 1000 0000 1 1 0.000
3 NULL 0000 40.000 0500 1 1 0.000

ANALYSIS PARAMETERS

Seed File Name (8 char. max.) : NULL

Convergence Limit (factor > 1.0) : 1.000010

Averaging Factor (0.0to 1.0) : 030

Maximum No. of Iterations : 100

Convergence Criteria 11

Results Files 12

Output Format 01

MATERIAL BEHAVIOUR MODELS

Concrete Compression Base Curve (0-3) : 1
Concrete Compression Post-Peak (0-3) : 1
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Concrete Compression Softening (0-8): 1

Concrete Tension Stiffening ©-3):1
Concrete Tension Softening 0-3):1
Concrete Teasion Splitting 0-1):1
Concrete Confined Strength 0-2):1
Concrete Dilatation ©-D:1
Concrete Cracking Criterion ©04):1
Concrete Crack Slip Check ©-2):1
Concrete Crack Width Check 0-2):1
Concrete Bond or Adhesion ©-3):1
Concrete Hysteresis ©-2):1
Reinforcement Hysteresis ©-3):1

Reinforcement Dowel Action ©1):1

Reinforcement Buckling ©n:1
Element Strain Histories ©-1):0
Element Slip Distortions 04):1
Geometric Nonlinearity ©1):1

<<<NOTES>>> [As of Nov 14, 2000}

Structure Type:
1. Beam Section (2-D)
2. Plane Membrane (2-D)
3. Solid (3-D)
4. Shell
5. Plane Frame (2-D)
6. Space Frame (3-D)
7. Axisymmetric Solid
8. Axisymmetric Shell
9. Mixed Type
Concrete Compression Pre-Peak Response:
0. Linear
1. Nonlinear - Hognestad (Parabola)
2. Noalinear - Popovics (High Strength)
3. Nonlinear - Hoshikuma Et Al
Concrete Compression Post-Peak Response:
0. Base Curve

0. No compression softening

1. Vecchio 1992-A (el/e2-Form)

2. Vecchio 1992-B (el/e0-Form)

3. Vecchio-Collins 1982

4, Vecchio-Collins 1986
Concrete Tension Stiffening Model:

0. No tension stiffening

1. Modified Bentz

2. Vecchio 1982

3. Collins-Mitchell 1987

4. Bentz 1999

5. Izumo, Maekawa Et Al
Concrete Tension Softening:

0. Not Considered

1. Linear - No Residual

2, Linear - w/ Residual
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3. Residual Only (10%)
4. Yamamoto 1999
Concrete Tension Splitting:
1. Not Considered
2. DeRoo 1995
Concrete Confinement Strength:
0. Strength enhancement neglected
1. Kupfer / Richart Model
2, Selby Model
Concrete Lateral Expansion:
0. Constant Poisson's ratio
1. Variable Poisson's ratio
Concrete Cracking Criterion:
0. Uniaxial cracking stress
1. Mohr-Coulomb (Stress)
2. Mohr-Coulomb (Strain)
3. CEB-FIP Model
4. Gupta 1998 Model
Concrete Crack Slip Check:
0. Crack shear check omitted
1. Vecchio-Collins 1986
2. Gupta 1998 Model
Concrete Crack Width Check:
0. Stabulity check omitted
1. Check based on S mm max crack width
2. Check based on 2 mm max crack width
Concrete Bond:
0. Perfect bond
1. Eligehausen Model
2. Gan Model
3. Harjli Model
Concrete Hysteretic Response:
0. No plastic offsets
1. Plastic offsets; linear loading/unloading
2. Plastic offsets; nonlinear loading/unloading
3. Plastic offsets; nonlinear w/ cyclic decay
4, Mander Model - Version 1
5. Mander Model - Version 2
Reinforcement Hysteretic Response:
0. Linear
1. Elastic-Plastic
2. Elastic-Plastic w/ Hardening
3. Seckin Model w/ Bauschinger Effect
Element Strain Histories:
0. Previous loading neglected
1. Previous loading considered
Element Slip Distortion:
0. Not considered
1. Stress Model (Walraven)
2. Stress Model (Mackawa)
3. Stress Model (Vecchio/Lai)
4. Hydrid-I Model
5. Hydrid-1I Model
6. Hybrid-III Model
7. Rotation lag of 5 degrees
8. Rotation lag of 7.5 degrees
9. Rotation lag of 10 degrees
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10. Rotation lag of 15 degrees
Convergence Criteria:

1. Secant Moduli - Weighted Average

2. Displacements - Weighted Average

3. Displacements - Maximum Value

4, Reactions - Weighted Average

5. Reactions - Maximum Value
Results File Storage:

1. ASCII and binary files

2. ASCII files only

3. Binary files only

4. Last load stage only

(AR N R R NN NRENNENN

® STRUCTURE °*
o DATA *

I E R AN EREERENERH:]

STRUCTURAL PARAMETERS
SS9 Sttt ssebhssse sl
Structure Title (30 char. max.) : ZARNIC FLAT BEAM
Structure File Name ( 8 char. max.) : ZFBC
No. of R.C. Material Types 01
No. of Steel Material Types 23
No. of Bond Material Types 12
No. of Rectangular Elements : 847
No. of Triangular Elements :0
No. of Truss Bar Elements : 219
No. of Linkage Elements :0
No. of Contact Elements 1 65
No. of Joints : 1002
No. of Restraints : 14
MATERIAL SPECIFICATIONS
(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE

MAT Ns T fc[ft Ec ¢0 Mu Cc Agg][ Sx Sy]

TYP # mm MPa MPa MPa me

1 1 800 250 1.65 25000 2.0 0.15 0

/
REINFORCEMENT COMPONENTS

/C mm mm mm
10 300 120

MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep
TYP TYP deg % mm MPa MPa MPa MPa me /C me
1 1 90 0.05 6 400 550 210000100 100 0 0O

/
(B) STEEL
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<NOTE:>TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep
TYP TYP mm2 mm MPa MPa MPa MPa me /C me
1 1 3350 9.0 500 560 210000 1000 100 0 O
2 1 1570 10 500 560 210000 1000 100 0 O
3 3 1200 0.1 2400 2400 150000 150000 16.0 O 0.385
/

(C) BOND

<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
MAT REF [Ao Umax Sm Su][CPF Cmin No. HOOK]
TYP TYP mm"2 MPa mm mm 0-1 mm LYR 0/1
1 3 2275.0 3.0 0.0012660.001266 0 0 O O/
2 3 1960.0 3.0 0.0012660.001266 0 0 O O/
/
ELEMENT INCIDENCES

SRS NSRS RRE R

(A) RECTANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(INC)] [FELMT d(ELMT) d(INC)}/
111314 2111112111V
122133 146147134 11 1 1/
133146159160 147 65 il 13 11 1 1/
/
(B) TRIANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC! INC2 INC3 [ #ELMT d(ELMT) d(INC) | [ #ELMT d(ELMT) d(INC)] /
/

(C) TRUSS ELEMENTS

<<<<< FORMAT >>>>>
ELMT INCI INC2 [ #ELMT d(ELMT) d(INC)] [¥ELMT d(ELMT) d(INC) J/
848 2 1411112 2 779/
85913414766113 2 779/
1002 145 158 65 1 13/
/
(D) LINKAGE ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 [ #4ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]
/

(E) CONTACT ELEMENTS

<<<<< FORMAT >>>>

ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) dONC) ] [ #ELMT d(ELMT) d(INC) ]
1067 145 146 158 159 65 1 13/

/

<<<<< FORMAT >>>>>

ELMT MAT ACT [ #4ELMT d(ELMT)] [ #ELMT d(ELMT) ]/
11187V

8481 1 77V

9252 1 MMV
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COORDINATES

SeeE e ReR e
<NOTE:> UNITS: in OR mm
<<<<< FORMAT >>>>>
NODE X Y [ #NODES d(NODES) d(X) d(Y)] [ #NODES d(NODES) dX)d(Y) ]/
1 00 0.0 10 12 17.5 0.0/
2 00150 10 12 17.5 0.0 10 1 0.0 10.0/
12 0.0120.0 10 12 17.5 0.0/
121 1750 0.0 2 12 25.0 0.0/
122 1750 150 2 12 250 0.0 10 1 0.0 10.0/
132 175.0120.0 2 12 25.0 0.0/
145 2250 0.0 40 13 22.750.0/
146 225.0 0.0 40 13 22.75 0.0/
147 225.0 150 40 13 22.750.0 10 1 0.0 10.0/
157 225.0120.0 40 13 22.750.0/
665 11350 0.0 26 13 19.6 0.0/
666 11350 0.0 26 13 19.6 0.0/
667 11350 15.0 26 13 196 0.0 10 1 0.0 10.0/
677 1135.0 120.0 26 13 19.6 0.0/
/

SUPPORT RESTRAINTS

SESEEER BB LR E RIS

<NOTE:> CODE: ‘0' FOR NOT RESTRAINED NODES AND 'l' FOR RESTRAINED ONES
<<<<< FORMAT >>>>>

NODE X-RST Y-RST [ #NODE d(NODE) ] /

121 0 V

990 1 013 V

/

<<< STRUCTURE FILE NOTES >>> [As of Nov 14, 2000]

(1) DO NOT INSERT OR DELETE ANY LINE. EXCEPTION: INSERTION OF LINES IN
THE SPACE PROVIDED FOR INPUT OF DATA. IN THIS CASE, LEAVE LINE WITH
SLASH AFTER LAST DATA LINE

(2) TABS, BLANKS OR COMMAS CAN BE USED TO SEPARATE DATA. DO NOT ENCLOSE
ANY DATUM IN QUOTATION MARKS

(3) NUMBER ELEMENTS IN THE STRUCTURE ACCORDING TO TYPE IN THE FOLLOWING
ORDER: RECTANGULAR, TRIANGULAR, TRUSS, LINKAGE, CONTACT

(4) DIMENSIONED FOR: 25 REINFORCED CONCRETE MATERIAL TYPES WITH 4
POSSIBLE REINFORCEMENT COMPONENTS EACH, 25 STEEL MATERIAL TYPES,
2000 ELEMENTS AND 2400 JOINTS

(5) REINFORCEMENT/STEEL REFERENCE TYPES:
‘' FOR DUCTILE STEEL REINFORCEMENT
'2' FOR PRESTRESSING STEEL
*3' FOR TENSION ONLY REINFORCEMENT
'y FOR COMPRESSION ONLY REINFORCEMENT

(6) BOND MATERIAL REFERENCE TYPES:
'l' FOR EMBEDDED DEFORMED REBARS

241



'?* FOR EMBEDDED SMOOTH REBARS
'3 FOR EXTERNALLY BONDED PLATES OR SHEETS
(7) INPUT DATA FOR BOND MATERIAL:
FOR EMBEDDED BARS:
CPF - Confinement Pressure Factor (0.0 < CPF < 1.0)

A confinement pressure of 7.5 MPa produces CPF of 1.0
Cmin - Minumum of clear cover or spacing between bars
LYR - Number of layers of reinforcement through depth
HOOK - '0' for no hook; ‘1’ if bar has hook

FOR SURFACE BONDED PLATES/SHEETS:
Ao - Bonded surface area
Umax - Maximum bond stress
Sm - Slip at maximum bond stress
Su - Slip at uitimate

(8) ELEMENT ACTIVATION
'0' FOR DEACTIVATED ELEMENT
'1' FOR ACTIVATED ELEMENT

(A A R R R ER RN NN N

® LOAD CASE °*
® DATA °

LA R E N N AN NNERN]

LOAD CASE PARAMETERS

VSRS RS ESEEERE R
Structure Title (30 char. max.) : ZARNIC
Load Case Title (30 char. max.) : VERT DISP
Load Case File Name (8 char. max.) : ZFBD
No. of Loaded Joints :0
No. of Prescribed Support Displacements @ 1
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain = : 0
No. of Elements with Ingress Pressure :0

JOINT LOADS
(2 1212128}
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [#NODEdMNODE)d(Fx)d(Fy)]/
/
SUPPORT DISPLACEMENTS
st 2124

<NOTE:> UNITS: MM ORIN
<<<<< FORMAT >>>>>
JNT DOF DISPL [#INTd(INT)]/
677 2 -1.00/
/

TEMPERATURE LOADS

<NOTE:> UNITS: FORC
<<<<<FORMAT >>>>>
IELMI' TEMP [#ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ]/
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<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [#ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /
/
INGRESS PRESSURES
SeSESe e hsi st
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/

<<<LOAD FILE NOTES >>> [As of Nov 14, 2000}

(1) DO NOT INSERT OR DELETE ANY LINE. EXCEPTION: INSERTION OF LINES IN
THE SPACE PROVIDED FOR INPUT OF DATA. IN THIS CASE, LEAVE LINE WITH
SLASH AFTER LAST DATA LINE

(2) TABS, BLANKS OR COMMAS CAN BE USED TO SEPARATE DATA. DO NOT ENCLOSE
ANY DATUM IN QUOTATION MARKS

(A2 R AR EN RN RN ]

® LOAD CASE °*
® DATA d

A AR EREREREER N ]

LOAD CASE PARAMETERS

S2ELBRIERELRLRERES RS

Structure Title (30 char. max.) : ZARNIC
Load Case Title (30 char. max.) : SHRINKAGE
Load Case File Name (8 char. max.) : SHRINK

No. of Loaded Joints 0
No. of Prescribed Support Displacements 0
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain =~ : 84
No. of Elements with Ingress Pressure 0

JOINT LOADS
(222 22312313
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [#NODE d(NODE) d(Fx)d(Fy)]/
/
SUPPORT DISPLACEMENTS

<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>

INT DOF DISPL [#INT d(NT) ]}/
/

<NOTE:> UNITS: FORC
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<<<<< FORMAT >>>>>
IELM'I‘ TEMP [#ELMT d(ELMT) d(TEMP) ] { #ELMT d(ELMT) d(TEMP) ]/

CONCRETE PRESTRAINS

LRSS RN

<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [#ELMT d(ELMT) d(STRAIN) | [ #ELMT d(ELMT) d(STRAIN) ] /
1 04 847 1 ¢/
/
INGRESS PRESSURES
P et R332 i3 i L]
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/

ZARNIC BEAM:

(I EE R R RN R RN NN

® VECTOR *
® JOB DATA ®

L AR R N E R ENERNRES

Job Title (30 char. max.) : ZARNIC BEAM

Job File Name (8 char. max.) :ZBCD

Date (30 char. max.) :Feb 19, 2001

STRUCTURE DATA

Structure Type 12

File Name (8 char. max.) : ZBC

LOADING DATA

No. of Load Stages ;121

Starting Load Stage No. 01

Load Series ID (5 char. max.) :ZBC

Load File Name Factors

Case (8 char. max) Initial Final LS-Inc Type Reps C-Inc
1 ZBD 0000 60000 0500 1 1 0.000
2 SHRINK 1.000 1000 0000 1 1 0.000
3 NULL 0000 0000 0000 1 1 0.000

ANALYSIS PARAMETERS

Seed File Name (8 char. max) :NULL

Convergence Limit (factor > 1.0) : 1.000010

Averaging Factor (0.0to0 1.0) :0.50

Maximum No. of Iterations 175

Convergence Criteria .1

Results Files 12

Output Format 1
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MATERIAL BEHAVIOUR MODELS

Congcrete Compression Base Curve (0-3) : 1
Concrete Compression Post-Peak  (0-3): 1
Concrete Compression Softening (0-8) : 1
Concrete Tension Stiffening ©3):1
Concrete Tension Softening ©-3):1
Concrete Tension Splitting ©1n:1
Concrete Confined Strength 0-2):1
Concrete Dilatation 0-1):1
Concrete Cracking Criterion (0-4):1
Concrete Crack Slip Check 0-2):1
Concrete Crack Width Check 0-2):1
Concrete Bond or Adhesion 0-3):1
Concrete Hysteresis ©02):1
Reinforcement Hysteresis ©0-3):1
Reinforcement Dowel Action ©-1):1
Reinforcement Buckling ©1):1
Element Strain Histories @©1:0
Element Slip Distortions ©04):1
Geometric Nonlinearity ©0-1):1
I A AN N ENNE NS NN]
® STRUCTURE ®
. DATA *
I AR SN ER RN NN R ]
STRUCTURAL PARAMETERS
SO SR ESESREREEREES
Structure Title (30 char. max.) : ZARNIC BEAM
Structure File Name ( 8 char. max.) :ZBC
No. of R.C. Material Types 12
No. of Steel Material Types K
No. of Bond Material Types 13
No. of Rectangular Elements : 588
No. of Triangular Elements :0
No. of Truss Bar Elements : 140
No. of Linkage Elements :0
No. of Contact Elements 142
No. of Joints 1 693
No. of Restraints 115
MATERIAL SPECIFICATIONS
(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE

MAT Ns T fc [ft Ec ¢0 Mu Cc Agg][ Sx Syl
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TYP# mm MPa MPa MPa me /€ mm mm mm
1 1 200 250 1.65 25000 2.0 0.

2 1 200 250 1.65 25000 2.0 O.
/

REINFORCEMENT COMPONENTS

15 0
10 10 0 0

MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep

TYP TYP deg % mm MPa MPa MPa MPa me /C me
1 1 50 0.283 6.0 450 500 2100001000 10.0 0 O

2 1 90 0.188 6.0 450 500 2100001000 10.0 0 O

/

(B) STEEL
<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep
TYPTYP mm2 mm MPa MPa MPa MPa me /C
1 1 3390 12.0 450 550 210000 1000 100 0 O
2 1 2260 12.0 450 550 210000 1000 100 0 O
3
/

3 600 0.1 2400 2400 150000 150000 16.0 0 0.193
(C) BOND

<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
MAT REF [A0 Umax Sm Su][CPF Cmin No. HOOK]
TYP TYP mm*2 MPa mm mm O0-1 mm LYR 0/1

1 3 1750.0 3.0 0.0012660.001266 0 0 0/

2 3 2000.0 3.0 0.0012660.001266 0
3 3 1500.0 3.0 0.0012660.001266 0
/

o/
o/

[ = =]

ELEMENT INCIDENCES

SEREBEEB SRR RIE RS

(A) RECTANGULAR ELEMENTS

<<<<< FORMAT >>>>>

ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(INC)] [FELMT d(ELMT) d(INC)}/
111415 2612131211V

737993948012 1V

85 93107108 9442 12 14 12 1 I/

/
(B) TRIANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(INC) ] [ #4ELMT d(ELMT) d(INC)] /
/

{C) TRUSS ELEMENTS

<<<<< FORMAT >>>>>

ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC) )/
589 2 156113 2 4910/

595 80 9443114 2 4910/

687 92106421 14/

/
(D) LINKAGE ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]
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(E) CONTACT ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT dELMT) d(INC) ]
729 92 93 106 107 42 1 14/
/

MATERIAL TYPE ASSIGNMENT

SEBREBEBRBEEE RSP S R0 S
<<<<< FORMAT >>>>>
ELMT MAT ACT [ #ELMT d(ELMT)] [ #ELMT d(ELMT) ]/
111 408 1/
409 2 1 180 V/
58911 491V
63821 49V
68731 42V
72911 26 I/
755 2 1/
%631 15V
/

COORDINATES
S essnbEe

<NOTE:> UNITS: in OR mm
<<<<< FORMAT >>>>>
NODE X Y [ #NODES d(NODES) d(X) d(Y) ] [ #NODES d(NODES) dX)d(Y)]/
1 0 0 61335 0/
2 0306133501110 24/
13 0300 6 13 35 0O/
79 200 o/
80 200 30 11 1 0 24/
91 200 300/
92 225 0271435 0 210 0O
94 225 30271435 0111 0 24/
105 225 300 27 14 35 O/
4701175 0161430 0 210 O/
4721175 30 16 1430 0 11 1 0 24/
483 1175 300 16 14 30 0O/
/

SUPPORT RESTRAINTS

SEESSERER LSRR SRS
<NOTE:> CODE: '0' FOR NOT RESTRAINED NODES AND '1' FOR RESTRAINED ONES
<<<<<FORMAT >>>>>
NODE X-RST Y-RST [ #NODE d(NODE) }/

66 0 1/
630 1 0 14 I/
/
L E R NS EEE RN SN ¥
® LOAD CASE
o DATA 4
I E R N E R RN N EEN J
LOAD CASE PARAMETERS
Structure Title (30 char. max.) : ZARNIC BEAM
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Load Case Title (30 char. max)) : VERTDISP -
Load Case File Name (8 char. max) :ZBD

No. of Loaded Joints :0

No. of Prescribed Support Displacements : 1

No. of Elements with Temperature Loads : 0

No. of Elements with Concrete Prestrain  : 0

No. of Elements with Ingress Pressure : 0

JOINT LOADS
SEEEERESS LS
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [#NODE d(NODE)d(Fx)d(Fy)]/
/
SUPPORT DISPLACEMENTS
SO0 eSS R EEREISES
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
JNT DOF DISPL [#INTd(INT)]/
469 2 -1.00/
/
TEMPERATURE LOADS

<NOTE:> UNITS: FORC
<<<<< FORMAT >>>>>
FLMI' TEMP [#ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) |/

CONCRETE PRESTRAINS
(2 T3 P11 11T 2123 L 17}
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [#ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /
/
INGRESS PRESSURES
[ FXE 11333313 113373
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
/ELMTPRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /

I ERE R XSRS E N J]

® LOAD CASE*
®* DATA b

CE2EEEESLEEESS

LOAD CASE PARAMETERS
Structure Title (30 char. max.) : ZARNIC BEAM
Load Case Title (30 char. max.) : SHRINKAGE

Load Case File Name (8 char. max) : SHRINK
No. of Loaded Joints :0

No. of Prescribed Support Displacements : 0
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain =~ : 5.
No. of Elements with Ingress Pressure 0
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JOINT LOADS
SsesRstdsad
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [#NODE d(NODE)d(Fx)d(Fy)]/

/
SUPPORT DISPLACEMENTS
VRS SRS LR LRSS e
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
JNT DOF DISPL [#INTd(NT)]/
/
TEMPERATURE LOADS

<NOTE:> UNITS: FORC
<<<<< FORMAT >>>>>
ELMT TEMP [#ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

/
CONCRETE PRESTRAINS
TIP3t ]
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT dELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) | /
1 02 588 10/
/
Et:lGRESS PRESSURES

<NOTE:> UNITS: MPa

<<<<< FORMAT >>>>>

ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/

EL-REFAIE SPECIMENS: (The structure file is provided for beam CB3 only.)

(R A REERER NN

. VECTOR *
¢ JOB DATA ¢

I AR EENEEEE N

Job Title (30 char. max) :CB3

Job File Name (8 char. max) :CB3

Date (30 char. max.) : Nov 08, 2000
STRUCTURE DATA

Structure Type 02

File Name (8 char. max.) : CB3
LOADING DATA

No. of Load Stages 151

Starting Load Stage No. 01

Load Series ID ( 5 char. max.) : CB3
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Load File Name Factors
Case (8 char. max) Initial Final LS-Inc Type Reps C-Inc

1 CBD 0000 60.000 1000 1 2 1000
2 NULL 0000 0000 1000 1 1 0.000
3 NULL 0000 0000 0000 1 1 0.000

ANALYSIS PARAMETERS

Seed File Name (8 char. max) :NULL

Convergence Limit (factor > 1.0) : 1.000010

Averaging Factor (0.0to 1.0) :0.25

Maximum No. of Iterations : 100

Convergence Criteria 12

Results Files )

Output Format .1

MATERIAL BEHAVIOUR MODELS

Concrete Compression Base Curve (0-3): 1
Concrete Compression Post-Peak  (0-3) : 1
Concrete Compression Softening (0-8) : 1
Concrete Tension Stiffening 0-3):1
Concrete Tension Softening 0-3):1
Concrete Tension Splitting ©0-1):1
Concrete Confined Strength ©0-2):1
Concrete Dilatation ©-1):1
Concrete Cracking Criterion 0-4):1
Concrete Crack Slip Check ©-2):1
Concrete Crack Width Check ©0-2):1
Concrete Bond or Adhesion 04):1
Concrete Hysteresis 0-2):1
Reinforcement Hysteresis ©0-3):1
Reinforcement Dowel Action ©-1):1
Reinforcement Buckling ©0-1):1
Element Strain Histories ©-1):1
Element Slip Distortions 04):1
Geometric Nonlinearity 0-1):1

I E RN REEREERE R

* STRUCTURE *
° DATA *

I EERERERERERE R

STRUCTURAL PARAMETERS

(12221242 PRt 2l 22 dl )
Structure Title (30 char. max.) :BEAM CB3
Structure File Name ( 8 char. max.) : CB3
No. of R C. Material Types :3
No. of Steel Material Types 14
No. of Bond Material Types 11
No. of Rectangular Elements 1 1200
No. of Triangular Elements :0
No. of Truss Elements : 480
No. of Linkage Elements :0
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No. of Contact Elements : 240
No. of Joints 11573
No. of Restraints 115

MATERIAL SPECIFICATIONS

SESEEES R

(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE
MAT Ns T fc [ft Ec e0 Mu Cc Agg]l Sx Sy]
# mm MPa MPa MPa me /C mm mm mm
1 0 150. 40.6 4.40 35000 2.00 0.15 0 12 0.0 0.
2 1 150. 40.6 2.10 35000 2.00 0.15 0 12 0.0 00
3 2 150. 80.0 80.0 40000 4.00 0.15 0 12 00 0.0
/
REINFORCEMENT COMPONENTS

MAT SRF DIR As Db Fy Fu Es Esh esh Cs Dep
TYPTYP deg % mm MPa MPa MPa MPa me /C me
2 1 90.0.377 6.0 308 600 200000 2000 50 0

3 1 0.100 6.0 400 600 200000 2000 50 0

3 190.100 6.0 400 600 200000 2000 50 0

/

(B) STEEL
<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep

1 1 400. 16. 520 650 201000 5000 2.60 O
2 1 120. 1.2 2500 2501 150000 1500 16.70 0O
31 772 0.7 3900 3901 240000 240016.30 0
41 001 1 10 10 200000 20005 0 O

/

(C) BOND
<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
MAT REF [Ao Umax Sm Su][CPF Cmin No. HOOK]
TYP TYP mm*2 MPa mm mm 0-1 mm LYR 0/1
1 3 3545 440002400024 0 0. 1 O
/
ELEMENT INCIDENCES

(A) RECTANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) dINC) ] [ #ELMT d(ELMT) d(INC) }/
121516 3 120113 101201/
/
(B) TRIANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(INC)] [ #ELMT d(ELMT) d(INC) ]/
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(C) TRUSS ELEMENTS

<<<<< FORMAT >>>>>

ELMT INC1 INC2 { #ELMT d(ELMT) d(INC)] [ #ELMT d(ELMT) d(INC) ] /
1201 4 17 120 1 13/

1321 10 23 120 1 13/

1441 1 14 120 1 13/

1561 13 26 120 1 13/

/

(D) LINKAGE ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]
/

(E) CONTACT ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]
1681 1 2 1415 1201 13/
1801 12 13 25 26 120 1 13/
/
MATERIAL TYPE ASSIGNMENT
CEBEEB SRS RNEEENSEE R LRSS
<<<<< FORMAT >>>>>
ELMT MAT ACT [#ELMT d(ELMT)] [ #ELMT d(ELMT) ]/
4111191/
121 21 1201 8 120/
1081 1 1 521/
113711 641/
131 31/
113331 41/

1201 1 1 1201 2 120/

1441 41 31/
1444 2 1 1001/
1544 4 1 171/
1561 4 1 351/
1596 4 1 851/

1681 1 1 1201 2 120/
/
COORDINATES
SereseRRs
<NOTE:> UNITS: in OR mm
<<<<< FORMAT >>>>>
NODE XY [ #NODES d(NODES) d(X) d(Y) ] [ #NODES d(NODES) d(X) d(Y)]/
1 0. 0. 121 13 35450./
2 0. 0. 121 1335450. 21 0.0 20.00/
4 0. 40. 121 13 3545 0. 6 1 0.0 28.33/
10 0.210. 121 13 3545 0. 3 1 0.0 20.00/
13 0.250. 121 13 3545 0./
/
SUPPORT RESTRAINTS

PP TwY

<NOTE:> CODE: '0' FOR NOT RESTRAINED NODES AND ‘l' FOR RESTRAINED ONES
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<<<<< FORMAT >>>>>

NODE X-RST Y-RST [ #NODE d(NODE) ] /
110/
211/
310111/

140601/

/

I EEE R AR EER RN R

®* LOAD CASE ¢

® DATA d
sessssssennne

LOAD CASE PARAMETERS

LRSS BESEREEEREREEE

Structure Title (30 char. max.)

Load Case Title (30 char. max.)

Load Case File Name (8 char. max.)
No. of Loaded Joints

No. of Prescribed Support Displacements
No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure

=5
°F

555;6”””
g

JOINT LOADS
SassREsRR e
<NOTE:> UNITS: KIPS ORKN
<<<<< FORMAT >>>>>
NODE Fx Fy [#NODE d(NODE)d(Fx)d(Fy)]/
/
SUPPORT DISPLACEMENTS
[ 2 2 (31t 22141
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
INT DOF DISPL [#INTd(NT)]/
714 2 -10/
/

TEMPERATURE LOADS
(T3t 1233 R LS 427
<NOTE:> UNITS: FORC
<<<<<FORMAT >>>>>
,ELM‘I‘ TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

CONCRETE PRESTRAINS

<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
;EIMI‘ STRAIN [#EIMFd(ELMDd(STRAlN)][#EIMFd(ELMl‘)d(STRAH‘I)] /

-k h hdddd

<NOTE:> UNITS: MPa

<<<<< FORMAT >>>>>

ELMT PRESSURE [#ELMI'd(ELMI')d(PRS)] [ #ELMT d(ELMT) d(PRS) ] /
/
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DE ROSE SLAB: (The structure file is provided for the CFRP-repaired slab only; CFRP
properties are replaced with GFRP properties for the GFRP-repaired slab.)

Control slab:

[ EREE R EE RN RN R

® VECTOR *
* JOB DATA °*

I A AR A AR R R RSN

Job Title (30 char. max.) : DEROSE SLAB
Job File Name (8 char. max) :DRS
Date (30 char. max.) :MAR 7, 2001

STRUCTURE DATA

Structure Type 02

File Name (8char. max.) :DRS

LOADING DATA

No. of Load Stages 161

Starting Load Stage No. i1

Load Series ID ( 5 char. max) :DRS

Load File Name Factors

Case (8 char. max) Initial Final LS-Inc TypeReps C-Inc
1 DRS 0.000 6.000 0100 1 1 0.000
2 SHRINK 1.000 1000 0000 1 1 0.000
3 NULL 0000 0000 0500 1 1 0.000

ANALYSIS PARAMETERS

Seed File Name (8 char. max.) :NULL

Convergence Limit (factor > 1.0) : 1.00001

Averaging Factor (0.0t0 1.0) :0.30

Maximum No. of Iterations : 100

Convergence Criteria i |

Results Files 01

Output Format |

MATERIAL BEHAVIOUR MODELS

Concrete Compression Base Curve (0-3): 1

Concrete Compression Post-Peak  (0-3): 1
Concrete Compression Softening (0-8): 1

Concrete Tension Stiffening 0-3):1
Concrete Tension Softening 0-3): 1
Concrete Tension Splitting ©-1):1
Concrete Confined Strength 0-2): 1
Concrete Dilatation 0-1):1
Concrete Cracking Criterion (0-4):1
Concrete Crack Slip Check 0-2):1
Concrete Crack Width Check 0-2):1
Concrete Bond or Adhesion ©0-3):1
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Concrete Hysteresis ©-2):1

Reinforcement Hysteresis 0-3):1
Reinforcement Dowel Action ©-1):1
Reinforcement Buckling ©-1):1
Element Strain Histories ©-1):0
Element Slip Distortions ©0-4):0
Geometric Nonlinearity ©-1):1

[ Z R N E SRR N ER N RN

¢ STRUCTURE ¢

i DATA b
sssessssner e

STRUCTURAL PARAMETERS
S eSS REEREBERRES
Structure Title (30 char, max.) : DEROSE SLAB
Structure File Name ( 8 char. max.) :DRS
No. of R.C. Material Types 12
No. of Steel Material Types : 8
No. of Bond Material Types :6
No. of Rectangular Elements 1474
No. of Triangular Elements 10
No. of Truss Bar Elements : 701
No. of Linkage Elements :0
No. of Contact Elements 1617
No. of Joints : 1090
No. of Restraints 131
MATERIAL SPECIFICATIONS
-8 shee L1 12}
(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE

MAT Ns T fc[ft Ec ¢«0 Mu Cc Agg]l Sx Syl
TYP # mm MPa MPa MPa me /C mm mm mm
1 0 1200 53.9 2.42 40400 267 0.15 0 20 250 250

2 0 1200 0.1 242 2000 0.1 0.15 0 20 250 250

/

REINFORCEMENT COMPONENTS

MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep
TYP TYP deg % mm MPa MPa MPa MPa me /C me
!/

(B) STEEL

<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep
TYP TYP mm2 mm MPa MPa MPa MPa me /C me
1 1 400 11.3 458 692200000 2000 15.0 0 o/

2 1 300 10 458 692200000 2000 1500 0/

3 3 1200 0.1 945 945 80300 80300 11.8 0 0O/
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875 0.1 945 945 80300 80300 118 0 O/
55 0.1 945 945 80300 80300 11.8 0 O/
275 0.1 945 945 80300 80300 11.8 0 0/
25 0.1 90 90 5500 5500 164 0 0O/
50 0.1 %0 90 5500 5500 164 0 O/

- IS K- WV I S
WWWwWww

(C) BOND

<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS

MAT REF [Ao0 Umax Sm Su][CPF Cmin No. HOOK]

TYP TYP mm*2 MPa mm mm O0-1 mm LYR 0/1

30000 4.4 0.0075 050 O

21875 44 00075050 O
1375 4.4 0.0075 0.50 O
6875 4.4 0.0075 0.50 O
750 4.4 0.0075 050 ©
1500 4.4 00075050 0 O

SOAWMEAWN
WWWLWWwWwW

o
OO oo

ELEMENT INCIDENCES

SRESLEER SIS EBEE RS

(A) RECTANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(INC)] {#ELMT d(ELMT) d(INC)}/
1 111122 991091V
82 91 101 104 9%/
83 92 104 107 93/
84 93 107 110 9/
85 94 110 113 9%/
8 95 113 116 96/
87 96 116 119 9%/
88 97 119 122 9%/
89 98 122 125 99/
90 99 125 128 100/
91 101 131 134104 32 9 30 91 3/
379 101 131 134104 32 1 30 332 3/
/
(B) TRIANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(ANC) ] [ #ELMT d(ELMT) d(INC)] /
/

(C) TRUSS ELEMENTS

<<<<< FORMAT >>>>>

ELMT INCI1 INC2 [ #ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC) )/
475 212 9110 2 42 &

484 92 104/
526 98 122/
485104 134 32 1 30 2 42 18/
559 102132 32 1 30 10 32 3/
879103106 91 3 33 9 30/
/
(D) LINKAGE ELEMENTS
<<<<< FORMAT >>>>
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ELMT INC} INC2 { #ELMT d(ELMT) d(INC) } { #ELMT d(ELMT) d(INC) }
/
(E) CONTACT ELEMENTS

<<<<< FORMAT >>>>

ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(ANC) ]
1176 101 102 131132 32 1 30 1032 3/

1496101103 104106 9 1 3 33 930/

/

MATERIAL TYPE ASSIGNMENT
L T T
<<<<< FORMAT >>>>>
ELMT MAT ACT { #ELMT d(ELMT)] [ #ELMT d(ELMT) }/
1119 V
91 11 3132 9
9411 6132 %
379 20 % U/
45 11 42 V
517 21 42 1/
559 30 32V
591 40 32V
623 50 321 8 3%
847 60 32 V/
879 70 91 2 28%
888 80 9131 ¥
1376 1 0 32 V/
1208 2 0 32 V/
12403 0 321 7 3V
1464 4 0 32 I/
1496 5 ¢ 2 288/
14974 0 81 2 288/
1505 6 0 31 9
150630 8131 ¥
/
COORDINATES

(F 213214772 ]

<NOTE:> UNITS: in OR mm

<<<<< FORMAT >>>>>

NODE X Y [ #NODES d(NODES) d(X) d(Y) ] [ #NODES d(NODES) d(X)d(Y)]/

1 00 10 10 25 O/

2 030 1010250910 275

101 250 0 33 30 25 O/

102 250 0 33 30 25

103 250 0 33 30 25

104 250 30 33 30 25 0 27.5/
025 0 27.5/

25 0 27.5/

105 250 30 33 3
106 250 30 33 30
/

cocle

93
93
93

SUPPORT RESTRAINTS
SEEVE RS EERERREED
<NOTE:> CODE: '0' FOR NOT RESTRAINED NODES AND 'l' FOR RESTRAINED ONES
<<<<< FORMAT >>>>>
NODE X-RST Y-RST { #NODE d(NODE) ]/
61 0 V
10611 0 30 V
/
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¢* LOAD CASE *
* DATA he

AR E R E R RN E R R

LOAD CASE PARAMETERS

PR A L3424 T IE 1 i1 2}
Structure Title (30 char. max.) : DeRose Slab
Load Case Title (30 char. max.) : Disp (1.00mm)

Load Case File Name ( 8 char. max.) : DRS
No. of Loaded Joints :0
No. of Prescribed Support Displacements 1
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain =~ : 0
No. of Elements with Ingress Pressure 0

JOINT LOADS
LTI
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
/

SUPPORT DISPLACEMENTS
(211 (11 [T 14
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
INT DOF DISPL [#JNT d(INT)}/
788 2 -1.00/
/

TEMPERATURE LOADS
SN SE G SIS RRE S SR
<NOTE:> UNITS: FORC
<<<<< FORMAT >>>>>
ELMT TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d{TEMP) ]} /

/
CONCRETE PRESTRAINS
RSB BREEREL LSS TS
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) } { #ELMT d(ELMT) d(STRAIN) | /

/
INGRESS PRESSURES
8BRS RREEERER S
<NOTE:> UNITS: mpA
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) } /
/

AR E R R R R RER N

®LOAD CASE =
® DATA *

(R AR R SRR R ENE N

LOAD CASEPARAME.TERS

Structure Title (30 char. max.) : DeRose Slab
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Load Case Titte (30 char. max)
Load Case File Name ( 8 char. max.)
No. of Loaded Joints

No. of Prescribed Support Displacements
No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure

JOINT LOADS

(2111111317 ]
<NOTE:> UNITS: KIPS OR KN
<<<<<FORMAT >>>>>
NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
/

e be we se we ve 4y
oOWwWo o
o0

SUFPORT DISPLACEMENTS

<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
JNT DOF DISPL [#INT d(JNT) ]/
/
TEMPERATURE LOADS
LI P31 T2t il
<NOTE:> UNITS: FORC
<<<<< FORMAT >>>>>
/ELM'I'TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

CONCRETE PRESTRAINS
QRS E SIS RSB RERS RS
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) | /
1 0437810/
/
INGRESS PRESSURES
SRS LSRR R EER
<NOTE:> UNITS: mpA
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT dELMT) d(PRS) ] /
/

CFRP-repaired slab: (The load and shrinkage files are the same as those for the control
slab.)

(LA X AL RER NSNS N ]

® VECTOR °
® JOB DATA ¢

I E A R R ERERERRR]

Job Title (30 char. max.) : DEROSE SLAB
Job File Name ( 8 char. max) :DRSC
Date (30 char. max.) :MAR 7, 2001
STRUCTURE DATA
Structure Type :2
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FileName (8 char. max.) :DRSC

LOADING DATA

No. of Load Stages :90

Starting Load Stage No. 01

Load Series ID (5 char. max.) :DRSC

Load File Name Factors

Case (8 char. max.) Initial Final LS-Inc TypeReps C-Inc
1 DRS 2900 20000 0100 1 1 0.000
2 SHRINK 1000 1000 0000 1 1 0.000
3 NULL 0.000 0000 0500 1 1 0.000

ANALYSIS PARAMETERS

Seed File Name (8 char. max.) : DRS_30

Convergence Limit (factor > 1.0) : 1.00001

Averaging Factor (0.0to0 1.0) :0.30

Maximum No. of Iterations : 100

Convergence Criteria . |

Results Files 12

Output Format o |

MATERIAL BEHAVIOUR MODELS

Concrete Compression Base Curve (0-3): 1

Concrete Compression Post-Peak  (0-3) : 1
Concrete Compression Softening  (0-8) : 1

Concrete Tension Stiffening 0-3):1
Concrete Tension Softening ©0-3):2
Concrete Tension Splitting ©1:1
Concrete Confined Strength (0-2):1
Concrete Dilatation 0-1):1
Concrete Cracking Criterion ©04):1
Concrete Crack Slip Check ©-2):1
Concrete Crack Width Check (0-2):0
Concrete Bond or Adhesion ©-3):1
Concrete Hysteresis ©-2):1
Reinforcement Hysteresis ©-3):1
Reinforcement Dowel Action ©-1:1
Reinforcement Buckling ©-1):1
Element Strain Histories ©1:1
Element Slip Distortions ©04):0
Geometric Nonlinearity ©-1):1

AR EEERENEEER N

® STRUCTURE *
®* DATA bt

I A AR B A R R ESER S

STRUCI'UPiA:I:. PARAMETERS
Structure Title (30 char. max.) : DEROSE SLAB
Structure File Name ( 8 char. max.) :DRSC

No. of R.C. Material Types 12
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No. of Steel Material Types '8

No. of Bond Material Types 16
No. of Rectangular Elements 1474
No. of Triangular Elements :0
No. of Truss Bar Elements : 701
No. of Linkage Elements :0
No. of Contact Elements 1617
No. of Joints : 1090
No. of Restraints 131
MATERIAL SPECIFICATIONS
(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE

MAT Ns T fc[ft Ec 0 Mu Cc Agg][ Sx Sy]
TYP# mm MPa MPa MPa me /C mm mm mm
1 0 1200 53.9 2.42 40400 2.67 0.15 0 20 250 250

2 0 1200 0.1 242 20000.1 0.15 0 20 250 250

/

REINFORCEMENT COMPONENTS

MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep
TYP TYP deg % mm MPa MPa MPa MPa me /C me
/
(B) STEEL

<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep
TYP TYP mm2 mm MPa MPa MPa MPa me /C me
400 11.3 458 692200000 2000 150 0 O/

300 1.0 458 692200000 2000 1500 O/
1200 0.1 945 945 80300 80300 11.8 0 O/
87.5 0.1 945 945 80300 80300 11.8 0 0/

55 0.1 945 945 80300 80300 11.8 0 o/
275 0.1 945 945 80300 80300 11.8 0 O/

25 0.1 90 90 5500 5500 164 0 O/

50 0.1 90 90 5500 5500 164 0 O/

S0 I LN
WL W W W W e e

(C) BOND
<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
MAT REF Ao Umax Sm Su][CPF Cmin No. HOOK]

TYP TYP mm"2 MPa mm mm O0-1 mm LYR 0/1

3 30000 4.4 0.0075 0.50

3 2187.5 4.4 0.0075 0.50
1375 4.4 0.0075 0.50

687.5 4.4 0.0075 0.50
750 4.4 0.0075 0.50
1500 4.4 0.0075 0.50

W Wwww

OCOCOOCCOCO
COoO0O0OC0CO
[ -~ = ]
COO0CO0O0O

ELEMENT INCIDENCES
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(A) RECTANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(ANC)] [¥ELMT d(ELMT) d(INC))/
1 111122 991091V
82 91 101 104 92/
83 92 104 107 93/
84 93 107 110 94/
85 94 110 113 95/
86 95 113 116 96/
87 96 116 119 97/
88 97 119 122 98/
89 98 122 125 99/
9 99 125 128 100/
91 101 131 134104 32 9 30 91 3/
379 101 131 134104 32 1 30 332 3/
/
(B) TRIANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #4ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC)] /
/

(C) TRUSS ELEMENTS

<<<<< FORMAT >>>>>
ELMT INCI INC2 [ #ELMT &ELMT) d(INC)] [#ELMT d(ELMT) d(INC) )/
475 212 9110 242 ¢/
484 92 104/
526 98 12%
485104 134 32 1 30 2 42 18/
559102132 3213010 32 3/
879103106 91 3 33 9 30/
/
(D) LINKAGE ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] { #ELMT dELMT) d(INC) ]
/

(E) CONTACT ELEMENTS

<<<<< FORMAT >>>>

ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) |
1176 101 102 131132 32 1 30 1032 ¥

1496 101 103104106 9 1 3 33 930/

/

TERIAL TYPE ASSIGNMENT
<L LL FORN[AT DO
ELMT MAT ACT [ #ELMT d(ELMT)] [ #ELMT d(ELMT) |/
1119V
91 11 3132 9/
94 11 6132 9
379 21 9% U/
415 11 2V
517 21 2 1/
559 31 32 1/
591 41 32 1/
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623 51 321 & 3
847 61 32 v
879 71 91 2 28%
888 81 9131 9
1176 11 32 1/
1208 21 32 I/
124031 321 7 3%
1464 4 1 32 V/
1496 5 1 2 288/
149741 81 2 288/
1505 6 1 319/
1506 31 8131 9
/

COORDINATES

ssessesase

<NOTE:> UNITS: in OR mm
<<<<< FORMAT >>>>>
NODE XY [ #NODES d(NODES) d(X) d(Y) ] [ #NODES d(NODES) d(X)d(Y) }/

1 00 101025 0O/

2 030 1010250910 275/

101 250 O 33 30 25 O/

102 250 0 33 30 25 O/

103 250 0 33 30 25 o/

104 250 30 3330250930
105 250 30 3330250950
106 250 30 3330250930
/

27.5/
27.5/
27.5/

SUPPORT RESTRAINTS
CHsEEEEEEREREEEEES
<NOTE:> CODE: '0' FOR NOT RESTRAINED NODES AND 'l' FOR RESTRAINED ONES
<<<<< FORMAT >>>>>
NODE X-RST Y-RST [ #NODE d(NODE) ] /
61 0 V
10611 0 30 V
/

DERQSE BEAM:

Control beam;

L E A RN RENE N R

¢ VECTOR °
® JOB DATA *

I E R R R R ENRE NN}

Job Tile (30 char. max) : DEROSE BEAM (CONTROL)
Job File Name ( 8 char. max)) :DRB

Date (30 char. max.) : APR 2, 2001

STRUCTURE DATA
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Structure Type ]
FileName (8 char. max)) :DRB

LOADING DATA

No. of Load Stages 141

Starting Load Stage No. 01

Load Series ID (5 char. max) :DRB

Load File Name Factors

Case (8 char. max.) Initial Final LS-Inc Type Reps C-Inc
1 DRB 0.000 20.000 0500 1 1 0.000

2 SHRINK 1.000 1000 0000 1 1 0.000

3 NULL 0.000 40000 0500 1 1 0.000
ANALYSIS PARAMETERS

Seed File Name (8 char. max) : NULL
Convergence Limit (factor > 1.0) : 1.00001
Averaging Factor (0.0t01.0) :0.40

Maximum No. of Iterations : 90
Convergence Criteria 1
Results Files ) |
Output Format 01
MATERIAL BEHAVIOUR MODELS
Congrete Compression Base Curve (0-3) : 1
Concrete Compression Post-Peak (0-3) : 1
Concrete Compression Softening (0-8) : 1
Concrete Tension Stiffening ©-3):1
Concrete Tension Softening 0-3):1
Concrete Tension Splitting ©-1):1
Concrete Confined Strength ©-2):1
Concrete Dilatation ©-1):1
Concrete Cracking Criterion 04):1
Concrete Crack Slip Check ©0-2):1
Concrete Crack Width Check ©0-2):1
Concrete Bond or Adhesion 0-3):1
Concrete Hysteresis 0-2):1
Reinforcement Hysteresis ©0-3):1
Reinforcement Dowel Action ©-1:1
Reinforcement Buckling ©-1n:1
Element Strain Histories ©O-1:1
Element Slip Distortions 04):1
Geometric Nonlinearity ©-1:1

(B R EZE R R E N ERE N,

® STRUCTURE *
® DATA .

A E R R R SR ER RN

STRUCTURAL PARAMETERS

LIl 22 222 22 222 P L2

Structure Title (30 char. max.) :DEROSE BEAM
Structure File Name ( 8 char. max.) : DRB
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No. of R.C. Material Types :9

No. of Steel Material Types 110

No. of Bond Material Types 19

No. of Rectangular Elements 1764

No. of Triangular Elements :0

No. of Truss Bar Elements :630

No. of Linkage Elements :0

No. of Contact Elements 1512

No. of Joints : 1287

No. of Restraints :3
MATERIAL SPECIFICATIONS
SEREREREE SR EERREERER RS
(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE

MAT Ns T fc [ft Ec ¢0 Mu Cc Agg]l Sx Sy]
TYP # mm MPa MPa MPa me /C mm mm mm

1 1 550 457 2.23 37200 246 015 ¢ 20 0 O
2 1 300 41.2 2.12 35300 233 015 0 20 0 O
3 1 550 45.7 2.23 37200 246 015 0 20 0 O
4 1 300 41.2 2.12 35300 233 015 0 20 0 O
5 1 550 45.7 2.23 37200 246 015 0 20 0 O
6 1 300 41.2 2,12 35300 233 015 0 20 0 O
7 1 550 457 2.23 37200 246 015 0 20 0 O
8 0 550 0.1 223 2000 0.1 015 0 20 0 O
9 2 30 412 2.12 35300 233 015 0 20 0 O
/

REINFORCEMENT COMPONENTS

MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep
TYP TYP deg % mm MPa MPa MPa MPa2 me /C me
1 90 0.18369.5 507 778 2000006000100 0 O

1 90 0.11889.5 507 778 2000006000100 0 O

1 90 0.201 9.5 507 778 2000006000100 0 O

1 90 0.13589.5 507 778 2000006000100 0 O

1 90 0.223 9.5 507 778 2000006000100 0 O

1 90 0.15849.5 507 778 2000006000100 0 O

1 90 0.06489.5 507 778 2000006000100 0 O

1 0 100.03.0 492 650 2000002000150 0 ©

1 90 100.03.0 492 650 2000002000150 0 O

SOV ALE WN -

(B) STEEL
<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep
TYP TYP mm2 mm MPa MPa MPa MPa me /C me
1 1 4200 29.9 492 650 200000 2000 150 0 o/
2 1 2500 25.2 490 688 200000 3500 13.0 0 o
3 1 1400 30.0 492 650 200000 2000 150 0 O/
4 1 4500 3.0 492 650 200000 2000 150 0 0O/
5 3 915 0.1 945 945 80300 80300 11.8 0 o/
6 3 183 0.1 945 945 80300 80300 11.8 0 O/
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7 3 55 01 9% 96 5500 5500 164 O 0O/
8 3 10863 0.1 90 90 5500 5500 164 0 0/
9 3 8725 0.1 90 90 5500 5500 164 0 0O
10 3 106.13 0.1 90 9 5500 5500 164 0 0/
/

(C) BOND

<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
MAT REF [Ao Umax Sm Su][CPF Cmin No. HOOK]
TYP TYP mm*2 MPa mm mm O0-1 mm LYR (/1

1 3 59475 41000705 0 0 0 O
2 3 79834 41000705 0 0 00
3 3 57188 410007050 0 0 0 O
4 3 11895 41000705 o0 0 0 O
S 3159668 41000705 0 0 00
6 3114376 4.10007 05 0 0 0 O
7 3 50325 41000705 0 0 0 O
8 3198784 41000705 0 0 0 O
9 3194209 4.1000705 0 0 0 O
/

ELEMENT INCIDENCES

SR80SR EE S

(A) RECTANGULAR ELEMENTS
<<<<< FORMAT >>>>>

ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC)})/
1 11718 2 1511 2415 16/

361 385 401 404 386/

362 386 404 407 387/

363 387 407 410 388/

364 388 410 413 389/

365 389 413 416 390/

366 390 416 419 391/

367 391 419 422 39%/

368 392 422 425 393/

369 393 425 428 394/

370 394 428 431 395/

371 395 431 434 396/

372 396 434 437 397/

373 397 437 440 398/

374 398 440 441 399 2 1 VU

376 401 443 446 404 12 1 3/

388 443 482 485 446 12 1 3 19 12 39/

616 1184 1223 1224 1187/

617 1187 1224 1225 1190/

618 1190 1225 1226 1193/

619 1193 1226 1227 1196/

620 1196 1227 1228 1199/

621 1199 1228 1229 1202/

622 1202 1229 1230 1205/

623 1205 1230 1231 1208/

624 1208 1231 1232 121V/

625 1211 1232 1233 1214/

626 1214 1233 1234 1217/

627 1217 1234 1235 1220/

628 12231236 12371224 12 1 1 4 12 1¥/
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¢
19 4 39/
2 316/

676 401 443 446 404
680 443 482 485 446
756 365 381 382 366
762 397 437 440 398/
763 398 440 441 399 2 1 V/

/
(B) TRIANGULAR ELEMENTS

4
4
3

e ppa
- W W

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(INC) ] [ ¥#ELMT d(ELMT) d(INC)} /

/
(C) TRUSS ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC) I/
765 2 1824116 250 10/
789 386 404/
839 396 434/
790 404 446 250 30/
791 446 485 250 30/
792 485 524 18 1 39 2 50 30/
810 1187 1224/
860 1217 1234/
81112241237 4 1 13 2 50 10/
865 289 290 151 V/
880 437 440/
881 440 441 21 I/
883 402 405 121 3 2 12 4%
907 483 486 121 3 19 12 3%
1135 403 445 1320 3/
1136445 484 1320 3 19 1 39/
/
(D) LINKAGE ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) }
/

(E) CONTACT ELEMENTS

<<<<< FORMAT >>>>
ELMT INCI INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) | [ #ELMT d(ELMT) d(INC) |
1395 401 402 404 405 12 1 3 2 12 42/
1419 482 483 485 486 121 3 19 12 3%
1647 401 403 443 445 1320 3/
1648 443 445 482 484 19 139 13 20 3/
/
MATERIAL TYPE ASSIGNMENT

<<<<< FORMAT >>>>>

ELMT MAT ACT [ #ELMT d(ELMT)] [ #ELMT d(ELMT) | /
111 1211718/

1321 311715/

256 31 121 415/
26841 31 415/
316 51 121 4 15/
328661 31 415
376 71 12125 1

267



676 80 4120 4
7% 90 31 3 ¥
76511 50 I/
81521 50 v/
86530 15 I/
88040 3V
883 50 121 2240/
89560 12119 1%
1135 7 0 20 1 2240/
1155 8 0 20 I/
117590 201 9 20/
135510 0 20 V/
1395 1 0 2 240/
1396 2 0 10 1 2240/
1406 3 0 2 240/
1407 4 0 19 1%
1408 50 101 19 12/
1418 6 0 19 1%
1647 7 0 20 1 2240/
1667 8 0 20 V/
1687 50 201 9 20/
1867 9 0 20 I/
/

COORDINATES

PR it 21 1d]
<NOTE:> UNITS: in OR mm
<<<<< FORMAT >>>>>
NODE XY [ #NODES d(NODES) d(X)d(Y) ] [ #NODES d(NODES) dX) d(Y) }/
1 0 0 4 16 118.75 o/

2 0 654 16118750 11 1 0 8725/
13 0 1000 4 16 118750 4 1 0 100/
65 475 021 16 91.25 U/
66 475 6521 16 91250 11 1 0 87.25/
77 475 1000 21 16 91250 4 1 0 100/

401 2400
402 2400
403 2400
404 2400
405 2400
406 2400
437 2400
438 2400
439 2400

o/
o/
o/
6511 3
6511 3
6511 3
1000/
1000/
1000 4 1

443 24915 0 20 39
444 24915 0 20 39
445 24915 0 20 39
446 2491.5 65 20 39

0 87.25/
0 8725/
0 8725/

0 100/
915 0o/
915 o/
9.5 o/
915 0

11 3 0 8725/

447 24915 65 20 39 915 0 11 3 O 872S/
448 24915 65 20 39 915 0 11 3 O 8725
479 2491.51000 20 39 91.5 0/
480 2491.51000 20 39 91.5 0/
481 2491.51000 20 39 91.5 0/
12234325 0 5 13 118.75 0/
12244325 65 5 13 118750 11 1 0 87.25

12354325 1000 5 13 118.75 O/
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SUFPORT RESTRAINTS

<NOTE:> CODE.: ‘0' FOR NOT RESTRAINED NODES AND 'l' FOR RESTRAINED ONES
<<<<< FORMAT >>>>>

NODE X-RST Y-RST [ #NODE d(NODE) ]/

68 0 VUV

1223 1 v

/

(I A A AR AR R RR R

® LOAD CASE *
¢ DATA b

( A AR EEEEEE RN N

LOAD CASE PARAMETERS
SESELR S EBE R ke bEs R0 S
Structure Title (30 char. max.) : DeRose Beam
Load Case Title (30 char. max.) : Disp (1.00mm)

Load Case File Name ( 8 char. max.) :DRB
No. of Loaded Joints ]
No. of Prescribed Support Displacements : 1
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain ~ : 0
No. of Elements with Ingress Pressure 0

JOINT LOADS
sEessReRRee
<NOTE:> UNITS: KIPS ORKN
<<<<< FORMAT >>>>>
NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
/
SUPPORT DISPLACEMENTS

. SesessessEes

<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
INT DOF DISPL [#INT d(INT) ]/
400 2 -100/
/
TEMPERATURE LOADS
(222 22 2t 22211 121
<NOTE:> UNITS: FORC
<<<<< FORMAT >>>>>
/EIMI TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ]/
CONCRETE PRESTRAINS

<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

/
INGRESS PRESSURES
L 1 1]
<NOTE:> UNITS: mpA
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(FRS) ] /
/
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sesesseseste

* LOAD CASE *
* DATA b

I R AN E R RENERERNE]

LOAD CASE PARAMETERS
PSSR bE b kb bk ES
Structure Title (30 char. max.) : DeRose Beam
Load Case Title (30 char. max.) : SHRINK
Load Case File Name ( 8 char. max.) : SHRINK
No. of Loaded Joints :0

No. of Prescribed Support Displacements : 0
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain ~ : 675
No. of Elements with Ingress Pressure :0

JOINT LOADS
(12112231713
<NOTE:> UNITS: KIPS ORKN
<<<<< FORMAT >>>>>
NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) }/
/

SUPPORT DISPLACEMENTS
SEEEBERARSMSERRRERRND
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
JNT DOF DISPL [#INT d(JNT)}/

/
TEMPERATURE LOADS
TS LT TPy

<NOTE:> UNITS: FORC

<<<<< FORMAT >>>>>

/ELMTTEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /
CONCRETE PRESTRAIN|

- SERBEESRS

<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /
1 0467510
/
INGRESS PRESSURES

<NOTE:> UNITS: mpA

<<<<< FORMAT >>>>>

ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/
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CFRP-repaired beam: (The load and shrinkage fites are the same as those for the control
beam.)

LA R R R RN ER N RN

® VECTOR *
® JOB DATA ¢

(AN R R RN NENZE N

Job Tile (30 char. max.) : DEROSE BEAM (CFRP)

Job File Name ( 8 char. max.) :DRBC

Date (30 char. max.) : APR 2, 2001

STRUCTURE DATA

Structure Type 12

File Name  ( 8 char. max)) :DRBC

LOADING DATA

No. of Load Stages 1 269

Starting Load Stage No. 4 |

Load Series ID (5 char. max.) :DRBC

Load File Name Factors

Case (8 char. max) Initial Final LS-Inc Type Reps C-Inc
1 DRB 6.000 140000 0500 1 1 0.000
2 SHRINK 1.000 1000 0000 I 1 0.000
3 NULL 0.000 40000 0500 1 1 0.000

ANALYSIS PARAMETERS

Seed File Name (8 char. max) :DRB_13
Convergence Limit (factor > 1.0) : 1.00001

Averaging Factor (0.0t0 1.0) :0.40
Maximum No. of Iterations 1100
Convergence Criteria 01
Results Files 2
Output Format ) |

MATERIAL BEHAVIOUR MODELS

Concrete Compression Base Curve (0-3): 1
Concrete Compression Post-Peak (0-3):1
Concrete Compression Softening (0-8): 1

Concrete Tension Stiffening ©0-3):1
Concrete Tension Softening ©-3):1
Concrete Tension Splitting ©1):1
Concrete Confined Strength ©0-2):1
Concrete Dilatation ©-1n:1
Concrete Cracking Criterion 04):1
Concrete Crack Slip Check ©-2):1
Concrete Crack Width Check 0-2):0
Concrete Bond or Adhesion ©-3):1
Concrete Hysteresis ©0-2):1
Reinforcement Hysteresis 0-3):1

Reinforcement Dowel Action ©-1):1
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Reinforcement Buckling ©-1):1

Element Strain Histories ©-1):1
Element Slip Distortions ©04):1
Geometric Nonlinearity ©-1:1

(I A A AR R RERNE R N

¢ STRUCTURE *

g DATA .
TIFITTITTRY Y

STRUCTURAL PARAMETERS

'TY T 3

Structure Tite (30 char. max.) : DEROSE BEAM
Structure File Name (8 char. max.) :DRBC

No. of R.C, Material Types 19

No. of Steel Material Types 10

No. of Bond Material Types 19

No. of Rectangular Elements 1764

No. of Triangular Elements :0

No. of Truss Bar Elements 1630

No. of Linkage Elements :0

No. of Contact Elements 1512

No. of Joints 11287

No. of Restraints :3
MATERIAL SPECIFICATIONS
(2T 33 TR PRI f 213 P87 ]
(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE

MATNs T fc[ft Ec ¢0 Mu Cc Agg][ Sx Sy]
TYP # mm MPa MPa MPa me /C mm mm mm

1 1 550 45.7 2.23 37200 246 0.15 0 20 0 O
2 1 300 412 2.12 35300 233 015 0 20 0 O
3 1 550 457 2.23 37200 246 0.15 0 20 0 O
4 1 300 41.2 2.12 35300 233 015 0 20 0 O
5 1 550 45.7 2.23 37200 246 015 0 20 0 O
6 1 300 41.2 2.12 35300 233 015 0 20 0 O
7 1 550 45.7 2.23 37200 246 015 0 20 0 O
8 0 550 0.1 223 2000 0.1 0150 20 0 O
9 2 30 412 21235300233 015 0 20 0 O
/

REINFORCEMENT COMPONENTS

MAT REF DIR As Db Fy Fu Es Esh esh Cs Dep
TYP TYP deg % mm MPa MPa MPa MPa me /C me
1 90 0.18369.5 507 778 2000006000100 0 O

1 90 0.11889.5 507 778 200000 6000 10.0 0
1 90 0.201 9.5 507 778 200000 6000 10.0 0
1 90 0.1358 9.5 507 778 200000 6000 10.0 0
1 90 0.223 9.5 507 778 200000 6000 10.0 0

[V I U S e

0
0
0
0
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-0.1584-9.5 507 778 2000006000100 0 O
0.0648 9.5 507 778 2000006000100 0 0
100.0 3.0 492 650 2000002000150 0 O

100.0 3.0 492 650 2000002000150 0 O

SOVVUR
bt s P
8c88

(B) STEEL

<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep
TYP TYP mm2 mm MPa MPa MPa MPa me /C me
1 4200 29.9 492 650 200000 2000 150 0 O/

1 2500 25.2 490 688 200000 3500 130 0 O/

1 1400 30.0 492 650 200000 2000 150 0 O/

1 4500 3.0 492 650 200000 2000 15.0 O O/

3 915 0.1 945 945 80300 80300 11.8 0 0O/

3 183 0.1 945 945 80300 80300 11.8 0 0O/

3 550 01 9 90 5500 5500164 0 O/

3 10863 0.1 90 90 5500 5500 164 O O

3 8725 0.1 9 90 5500 5500 164 0 0O/

3 106.13 0.1 9 90 5500 5500 164 O O/

WO JAWNEWN e

0

T

(C)BOND
<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BOCNDED ELEMENTS
MAT REF {Ao Umax Sm Su][CPF Cmin No. HOOK ]

TYP TYP mm*2 MPa mm mm 01 mm LYR 01

3 5947.5 4.1 0.0070.50
3 79834 4.1 0.0070.50
3 5718.8 4.1 0.0070.50
3 11895 4.1 0.0070.50
3 15966.8 4.1 0.007 0.50
3 114376 4.1 0.0070.50
3 50325 4.1 0.0070.50
3 198784 4.1 0.0070.50
3 194209 4.1 0.0070.50

co®Poo©o0cCO0O
coPoocoo00
co®ocoSo0o

0
0
0
0
0
0
0
0
0

SOV OIS WA

ELEMENT INCIDENCES

(A) RECTANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [¥ELMT d(ELMT) d(INC)] {#ELMT d(ELMT) d(ANC))/
1 117 18 2 151 1 24 15 16/

361 385 401 404 386/

362 386 404 407 387/

363 387 407 410 38%/

364 388 410 413 389/

365 389 413 416 390/

366 390 416 419 391/

367 391 419 422 39%

368 392 422 425 393/

369 393 425 428 394/

370 394 428 431 395/

371 395 431 434 396/

372 396 434 437 397/

373 397 437 440 39%/
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374 398 440 441 398 2 1 V
376 401 443 446 404 12 1 3/
388 443 482 48544612 1 3 19 12 39
616 1184 1223 1224 1187/
617 1187 1224 1225 1190/
618 1190 1225 1226 1193/
619 1193 1226 1227 1196/
620 1196 1227 1228 1199/
621 1199 1228 1229 1202/
622 1202 1229 1230 1205/
623 1205 1230 1231 1208/
624 1208 1231 1232 1211/
625 1211 1232 1233 1214/
626 1214 1233 1234 1217/
627 1217 1234 1235 1220/
628 1223 123612371224 12 1 | 4 12 13/
676 401 443 446 404 4 1 3/
680 443 482 485 446 4 1 3 19 4 39/
756 365 381 382366 3 1 1 2 3 16/
762 397 437 440 398/
763 398 440 441 399 2 1 V/
/
(B) TRIANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC)} /

/
(C) TRUSS ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC)] (#ELMT d(ELMT) d(INC) V
765 2 1824116 2 50 10U/

789 386 404/

839 396 434/

790 404 446 2 50 30/

791 446 485 250 30/

792 485 524 18 1 39 2 50 30/

810 1187 1224/

860 1217 1234/

81112241237 41 13 2 50 10/

865 289 250 151 I/

880 437 440/

881 440 441 21 V/

883 402 405 121 3 2 12 4%

907 483 486 121 3 19 12 39/

1135403 445 1320 3/

1136 445 484 1320 3 19 1 39/

/
(D) LINKAGE ELEMENTS

<<<<< FORMAT >>>>
ELMT INCI INC2 [ #4ELMT d(ELMT) d(INC) } [ #ELMT d(ELMT) d(INC) ]
/

(E) CONTACT ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) dANC) |
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1395 401 402 404 405 12 1 3 2 12 42/
1419 482 483 485 486 12 1 3 19 12 39/
1647 401 403 443 445 1320 3/

1648 443 445 482 484 19 139 13 20 ¥

/
MATERIAL TYPE ASSIGNMENT

SESPRE SRR SR PR EBES S
<<<<< FORMAT >>>>>
ELMT MAT ACT [ #ELMT d(ELMT)] [ #4ELMT d(ELMT) } /
111 1211718
1321 311718

256 31 121 4 15/
26841 31 415
316 51 121 4 15/
32661 31 415
376 71 12125 1%
676 81 4120 &
7%6 91 313 3/
76511 50 UV
81521 50 U/
86531 15V
88041 3V
883 51 121 2240/
89561 12119 12/
1135 70 201 2240/
11558 0 20 I/
11790 201 9 20/
135510 0 20 V/
1395 1 1 2 240/
1396 2 1 10 1 2240/
1406 3 1 2 240/
1407 4 1 19 1%/
1408 51 101 19 12/
14186 1 19 1%
1647 7 0 20 1 2240/
1667 8 0 20 1/
1687 50 201 9 20/
1867 9 0 20 U/
/

COORDINATES

(LIS DL LD

<NOTE:> UNITS: in OR mm
<<<<< FORMAT >>>>>

NODE X Y [ #NODES d(NODES) d(X) d(Y) ] [ #NODES d(NODES) d(X)d(Y)]/

1 0 0 4 16 11875 o/

2 0 65 416118750 11 1 O 87258/
13 0 1000 4 16 118750 4 1 0 100/

65 475 021 16 91.25 O/

66 475 6521 16 91250 11 1 0 87.25
77 475 1000 21 16 91250 4 1 0 100/
401 2400 0/

402 2400 O/

403 2400 O/

404 2400 6511 3 O 8725/

405 2400 6511 3 0 872§

406 2400 6511 3 O 8725

437 2400 1000/
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438 2400 1000/
439 2400 1000 4 1 O 100/
443 24915 020 39 91.5 O/
444 24915 0 20 39 915 O/
445 24915 0 20 39 915 O/
446 24915 6520 39 915 0 11 3 0 872s5/
447 24915 6520 39 915 0 11 3 O 8725/
448 24915 6520 39 915 0 11 3 0 8725/
479 2491.51000 20 39 915 O/
480 2491.5 1000 20 39 91.5 0O/
481 2491.51000 20 39 915 o/
12234325 0 5 13 11875 0/
1224 4325 65 5 13 118750 11 1 0 8725/
12354325 1000 S5 13 118.75 O/
/
SUPPORT RESTRAINTS

<NOTE:> CODE: ‘0' FOR NOT RESTRAINED NODES AND 'l' FOR RESTRAINED ONES
<<<<< FORMAT >>>>>
NODE X-RST Y-RST [ #NODE d(NODE) }/

65 0 VU
1223 1 V
/
RWOA BEAMS:
Beam RWQOA-1:
I E R A N NN NN REE R/
¢« VECTOR °
® JOB DATA *
[ A E R RS ENNE RN R
Job Title (30 char. max) :RWOAl
Job File Name ( 8 char. max.) :RWOALl
Date (30 char. max.) : Apr 25, 2001
STRUCTURE DATA
Structure Type 12
File Name (8 char. max.) :RWOALl
LOADING DATA
No. of Load Stages 1201
Starting Load Stage No. i |
Load Series ID ( § char. max) :COAl
Load File Name Factors
Case (8 char. max)) Initial Final LS-Inc Type Reps C-Inc
1 RWOAl 0.000 40000 0200 1 1 1.000
2 NULL 0000 0000 1000 2 1 0.000
3 NULL 0.000 40.000 0500 1 1 0.000
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ANALYSIS PARAMETERS

Seed File Name (8 char. max.) :NULL
Convergence Limit (factor > 1.0) : 1.000010
Averaging Factor (0.0t0 1.0) :0.20
Maximum No. of Iterations . 150
Convergence Criteria 01

Results Files 02

Output Format i1
MATERIAL BEHAVIOUR MODELS

Concrete Compression Base Curve (0-3) : 1

Concrete Compression Post-Peak (0-3): 1
Concrete Compression Softening (0-8): 1
Concrete Tension Stiffening ©0-3):1
Concrete Tension Softening 0-3):1
Concrete Tension Splitting ©0-1):1
Concrete Confined Strength 0-2):1
Concrete Dilatation (0-1):1
Concrete Cracking Criterion 0-4):1
Concrete Crack Slip Check 0-2):1
Concrete Crack Width Check ©-2):1
Concrete Bond or Adhesion 04):1
Concrete Hysteresis ©0-2):1
Reinforcement Hysteresis (0-3):1
Reinforcement Dowel Action (0-1):1
Reinforcement Buckling ©-1):1
Element Strain Histories ©-1):1
Element Slip Distortions ©4):1
Geometric Nonlinearity ©-1:1

LR A R RSN NERNYNE ]

® STRUCTURE ®
® DATA °

(AR AR L RENERERNE

STRUCTURAL PARAMETERS
SRS ER LB B AL REEE RS
Structure Title (30 char. max.) : RWOAI beam
Structure File Name ( 8 char. max.) :RWOAI
No. of R.C. Material Types 14
No. of Steel Material Types :5
No. of Bond Material Types 14
No. of Rectangular Elements 1518
No. of Triangular Elements :0
No. of Truss Elements : 506
No. of Linkage Elements :0
No. of Contact Elements 1420
No. of Joints : 1030
No. of Restraints 115
MATERIAL SPECIFICATIONS
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(A) REINFORCED CONCRETE

<NOTE:>TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY
CONCRETE

MAT Ns T fc[ft Ec €0 Mu Cc Agg]l Sx Sy}
TYP # mm MPa MPa MPa me /C mm mm mm
1 0305 226 1.57 26000 2.00 0.15 0 10 00 00

2 1305 226 1.57 26000 2.00 0.15 0 10 0.0 0.0

3 1305 226 1.57 26000 2.00 0.15 0 10 0.0 0.0

4 1305 10 1.0 500 4.00 0.15 0 10 0.0 0.0

/

REINFORCEMENT COMPONENTS
MAT SRF DIR As Db Fy Fu Es Esh esh Cs Dep
TYP TYP deg % mm MPa MPa MPa MPa me /C me

2 1400. 2.5 6.0 400 600 200000 2000 5 0 0
3 1400. 5.0 6.0 400 600 200000 2000 5 0 0
4 1400. 10.0 6.0 400 600 200000 2000 S0 O
/

(B) STEEL

<NOTE:>TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep
TYP TYP mm2 mm MPa MPa MPa MPa me /C me
1400 299 436 700 200000 5000 80 0 0

1000 25.2 440 680 200000 7500 7.0
48.2 0.1 1090 1090 99520 99520 11.0
96.3 0.1 1090 1090 99520 99520 11.0
001 1 10 10 200000 2000 5 00

00
00
00

TS EWN -
W W W e

(C) BOND
<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
MAT REF [Ac Umax Sm Su][CPF Cmin No. HOOK]
TYP TYP mm"2 MPa mm mm O-1 mm LYR 0/1
1517 2850005050 0 0 1 O
2612.7 2850005050 0 0O 1 0
3034 2850005050 0 0O 1 0
$2254285005050 0 0 1 O

~aWN -
WWWW

ELEMENT INCIDENCES

(A) RECTANGULAR ELEMENTS

<<<<<FORMAT >>>>>
ELMT INCI1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) dANC) }/
1 114152 4113 1243V

5 53 66 68 54/

48 54 68 70 55/
91 55 70 72 56/
134 56 72 74 57/
177 57 74 76 58/
220 58 76 78 59/
263 59 78 80 60/
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97
83 952 977 978 954/
126 954 978 979 956/
169 956 979 980 958/
212 958 980 981 960/
255 960 981 982 962/
298 962 982 983 964/
341 964 983 984 966/
384 966 984 985 968/
427 968 985 986 970/
470 970 986 987 972/
513 972 987 988 974/
41 976 989 990 977 3 113 12 43 I/
517 1001 1014 1029 1028/
518 1014 1027 1030 1029/
/

(B) TRIANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(INC)] [ #ELMT d(ELMT) d(INC) } /

/
(C) TRUSS ELEMENTS
<<<<< FORMAT >>>>>

ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC)] [ #ELMT d(ELMT) d(INC) | /
519 316 41132 43 2

523 55 70/

566 57 74/

524 70 96 34 126 2 43 &
558 954 978/

601 958 980/

559978991 3113243 2%
605 67 69 12 1 2 6 60 156/
617 93 95121 2 6 60 156/
629119121 12 1 2 6 60 156/
641145147 12 1 2 6 60 156/
653171173 12 1 2 6 60 156/

965197199 12 1 2 5 12 156/
/
(D) LINKAGE ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]
/

(E) CONTACT ELEMENTS

<<<<< FORMAT >>>>

ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]
1025 66 67 68 69 12 1 2 6 60 156/

279



103762 93 94 9512 1 2 6 60 156/
1049118 119120121 12 1 2 6 60 156/
1061 144 145146 147 12 1 2 6 60 156/
1073170 171172173 12 1 2 6 60 156/
1385196 197198199 12 1 2 5 12 156/
/
MATERIAL TYPE ASSIGNMENT
984504022 0HASSSRBASEERR
<<<<< FORMAT >>>>>

ELMT MAT ACT [#ELMT d(ELMT)] [ #ELMT d(ELMT) ]/
211 421543

121 543/

216 1 1 43 1 543/
431 11 391243
468 2 1 61/

511 21 21/

S13 31 41/

517 4 1 2V
51911 43V

562 21 43V
605 3 1 121 6 60/
653 3 1 1216 6%
617 4 1 1216 60/
629 4 1 121 6 60/
641 4 1 121 6 60/
965 5 1 121512/
1025 1 1 416 60/
1073 1 1 416 60/
1029 2 1 816 60/
1077 2 1 81 6 60/
1037 3 1 41660/
1049 3 1 41660/
1061 3 1 41660/
1041 4 1 81 660/
1053 4 1 81 660/
1065 4 1 81 660/
1385 4 1 1215 1%
/

COORDINATES

SR bRAERR S

<NOTE:> UNITS: in OR mm
<<<<< FORMAT >>>>>
NODE X Y [ #NODES d(NODES) d(X) d(Y) ] [ #NODES d(NODES) d(X) d(Y) ]/
1 00 51347 0410315

S 0126 51347 091 0 54.25

66 235 0 35 26 4816 0 4 2 0 31.5/

67 235 0 35 26 4816 0 4 2 0 31.5/

74 235 126 35 26 48.16 0 9 2 O 54.25/
75 235126 35 26 48.16 0 9 2 0 54.25/
976 19206 0 4 13 4816 0 4 1 O 31.5/
980 1920.6 126 4 13 48.16 0 9 1 0 5425/
1028 1968.76 5853 1 48.16 0/
/
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SUPPORT RESTRAINTS
L

<NOTE:> CODE: ‘0' FOR NOT RESTRAINED NODES AND 'l' FOR RESTRAINED ONES
<<<<< FORMAT >>>>>
NODE X-RST Y-RST [ #NODE d(NODE) } /

6601/
101510 13 V/
103010/
/

[ E R E SN R EERENE N

® LOAD CASE °

° DATA .

[ E A SR RSN NNRERR

LOAD CASE PARAMETERS

SRS E BB RdR S REE kS
Structure Title (30 char. max.) :RWOA1
Load Case Title (30 char. max.) 1 MM
Load Case File Name (8 char. max.) :RWOA1
No. of Loaded Joints 10

No. of Prescribed Support Displacements 1
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain =~ : 0
No. of Elements with Ingress Pressure :0

JOINT LOADS
(i 11324 17773%
<NOTE:> UNITS: KIPS ORKN
<<<<< FORMAT >>>>>
NODE Fx Fy [#NODE d(NODE) d(Fx)d(Fy)]1/
/
SUPPORT DISPLACEMENTS
SESPEPRERRL SRR R e RN
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
JNT DOF DISPL [#INTd(QNT)]/
1014 2 -1.0/
/
TEMPERATURE LOADS
(T2 2 TI 322211222 ]
<NOTE:> UNITS: FORC
<<<<< FORMAT >>>>>
ELMT TEMP |[#ELMT d(ELMT)d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) } /
/

CONCRETE PRESTRAINS
SRR EEEEE R e BB R kRS
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [#ELMTd(ELMDd(STRAIN)][#ELMTd(E[M)d(STRAIN)] /
!

<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
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IELMTPRESSURE { #ELMT d(ELMT) d(PRS} } { ¥ELMT &(ELMT) d(PRS) ] /

Beam RWOQOA-2:

I A AR R AR EEE R R ]

¢ VECTOR °
® JOB DATA ¢

L EEE R EE R LN N N

JobTitle (30 char. max) :RWOA2

Job File Name ( 8 char. max.) :RWOA2

Date (30 char. max.) : Apr 25, 2001

STRUCTURE DATA

Structure Type 12

FileName (8 char. max)) :RWOA2

LOADING DATA

No. of Load Stages 1226

Starting Load Stage No. 01

Load Series ID ( 5 char. max.) : COA2

Load File Name Factors

Case (8char. max)  Initial Final LS-Inc Type Reps C-Inc
1 RWOA2 0.000 45000 0200 1 1 1.000
2 NULL 0000 0000 1000 2 1 0.000
3 NULL 0.000 40000 0500 1 1 0.000

ANALYSIS PARAMETERS

Seed File Name (8 char. max)) : NULL

Convergence Limit (factor > 1.0) : 1.000010

Averaging Factor (0.0to 1.0) :0.20

Maximum No. of Iterations : 150

Convergence Criteria i1

Results Files 12

Output Format 11

MATERIAL BEHAVIOUR MODELS

Concrete Compression Base Curve (0-3) : 1

Concrete Compression Post-Peak (0-3): 1
Concrete Compression Softening (0-8) : 1
Concrete Tension Stiffening ©0-3):1
Concrete Tension Softening (0-3):1
Concrete Tension Splitting ©-1:1
Concrete Confined Strength 0-2):1
Concrete Dilatation ©-1):1
Concrete Cracking Criterion 04):1
Concrete Crack Slip Check ©-2):1
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Concrete Crack Width Check 0-2):1

Concrete Bond or Adhesion ©0-4):1
Concrete Hysteresis 0-2):1
Reinforcement Hysteresis ©0-3):1
Reinforcement Dowel Action ©-1):1
Reinforcement Buckling ©-1:1
Element Strain Histories ©-1n:1
Element Slip Distortions ©04):1
Geometric Nonlinearity ©1):1

( Z A R R R RN RN NN N

® STRUCTURE *®
b DATA b

SR EECEEBE SN

STRUCTURAL PARAMETERS
SRR S Se RS hEE SRS
Structure Title (30 char. max.) :RWOA2 beam
Structure File Name ( 8 char. max.) :RWOA2
No. of R.C. Material Types 14
No. of Steel Material Types 16
No. of Bond Material Types 14
No. of Rectangular Elements 1638
No. of Triangular Elements :0
No. of Truss Elements 1723
No. of Linkage Elements :0
No. of Contact Elements : 564
No. of Joints 1 1316
No. of Restraints 115
MATERIAL SPECIFICATIONS
(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE

MAT Ns T fe[ft Ec e0 Mu Cc Agg][ Sx Sy]

# mm MPa MPa MPa me /C mm mm mm
305 259 1.68 28000 2.00 0.15 0 10 00 0.0

305 259 1.68 28000 2.00 0.15 0 10 00 0.0

305 259 1.68 28000 2.00 0.15 0 10 0.0 0.0

305 1.0 1.0 500400 015 0 10 0.0 0.0

S~

REINFORCEMENT COMPONENTS

MATSRF DIR As Db Fy Fu Es Esh esh Cs Dep
TYP TYP deg % mm MPa MPa MPa MPa me /C
1 400. 2.5 6.0 400 600 200000 2000 5 0 0
1 400. 5.0 6.0 400 600 200000 2000 5 0 0
1 400. 10.0 6.0 400 600 200000 2000 5 0 0

me

~Sa W

(B) STEEL
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<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep

1 1 1400 29.9 436 700 200000 5000 8.0 0 0
21 700 29.9 436 700 200000 5000 8000

3 1 1000 252 445 615 200000 5000 125 0 0
4 3 476 0.1 1090 1090 99520 99520 11.0 0 0
$ 3 952 0.1 1090 1090 99520 99520 1.0 0 0
61 001 1 10 10 200000 2000 S 00

/

(C)BOND
<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
MAT REF [Ao0 Umax Sm Su][CPF Cmin No. HOOK]
TYP TYP mm*2 MPa mm mm O0-1 mm LYR 0/1
1500 3050005050 0 0 1 O
2582.3 3050005050 0 0 1 0
3000 3050005050 0 0 1! ©
5164.6 3.05 0005050 0 o0 1 0

N A WN -
W Wwww

ELEMENT INCIDENCES

LA 2 LD R L 2t 22 L)

(A) RECTANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] { #ELMT d(ELMT) d(INC) ] /
111415 2 2113 12 53 1/

3 27 40 42 28/
56 28 42 44 29/
109 29 44 46 30/
162 30 46 48 31/
215 31 48 50 32/
268 32 50 52 33/
321 33 52 54 34/
374 34 54 56 35/
427 35 56 58 36/
480 36 58 60 37/
533 37 60 62 38/
586 38 62 64 39/

440 66 68 42 46 1 26 12 53 2/
50 1236 1262 1263 1238/

1238 1263 1264 1240/

1240 1264 1265 1242/

1242 1265 1266 1244/

1244 1266 1267 1246/

1246 1267 1268 1248/

1248 1268 1269 1250/

1250 1269 1270 1252/

1252 1270 1271 1254/

1254 1271 1272 1256/

1256 1272 1273 1258/

1258 1273 1274 1260/

51 1262 1275 1276 1263 3 113 12 53 V
637 1287 1300 1315 1314/

638 1300 1313 13i6 1315/

103
156
209
262
315
368
421
474
527
580
633
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(B) TRIANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(INC)] [ #ELMT d(ELMT) d(INC) }/
/

(C) TRUSS ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC)] [ #ELMT d(ELMT) d(INC) ] /
639 316 2113353 I/
641 29 45/

694 30 47/

747 31 49/

642 45 71 46 126 3 53 ¥
688 1241 1264/

741 1243 1265/

794 1245 1266/
689126412773 113 3 53 I/

798 41 43 121 2 8 60 156/
810 67 69 121 2 8 60 156/
822 93 95121 2 8 60 156/
834119121 12 1 2 8 60 156/
846145147 12 1 2 8 60 156/

1278171173 121 2 7 12 156/
/
(D) LINKAGE ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] { #ELMT d(ELMT) d(INC) |
/

(E) CONTACT ELEMENTS

<<<<< FORMAT >>>>
ELMT INC1 INC2 INC3 INCA4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]

1362 40 41 42 43 121 2 8 60 15¢/
1374 66 67 68 69 12 1 2 8 60 156/
1386 92 93 94 95 12 1 2 8 60 156/
I398 118 119120 121 12 1 2 8 60 156/
1410144 145146147 12 1 2 8 60 156/
1842170171172173 12 1 2 7 12 156/
/
MATERIAL TYPE ASSIGNMENT
SEREEEERB LS RARERNRERE
<<<<< FORMAT >>>>>
ELMT MAT ACT [#ELMT &ELMT)] [ #ELMT d(ELMT) ]/
1 21 553
211 521553
266 1 1 5315 5%
531 11 4712 5¥%
57821 61U
631 21 2V
633 31 4V
637 41 2V
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63%9 11 3 V
692 21 3V
745 31 53V
798 41 121 8 60/
846 41 121 8 60/
810 51 121 8 60/
822 51 121 8 60/
834 51 121 8 60/
1278 6 1 1217 1
1362 11 41 860/
1410 11 41 8 60/
1366 2 1 81 8 60/
1414 2 1 81 8 60/
1374 31 41 860/
1386 31 41 8 60/
1398 3 1 41 8 60/
1378 4 1 81 8 60/
1390 4 1 81 8 60/
1402 41 81 8 60/
1842 4 1 1217 12
/
COORDINATES

sSeRRssntss e
<NOTE:> UNITS: in OR mm
<<<<< FORMAT >>>>>
NODE XY [#NODES d(NODES) d(X) d(Y) ] [ ¥NODES d(NODES) d(X) d(Y) 1/
1 003135 0410315

§ 0126 3135 09105425
40 168 0 226 56 0 42 0 315/
41 168 0 226 56 0 42 0 315
48 168126 2 26 56 0 9 2 0 54.25/
49 168126 2 26 56 0 9 2 0 54.25/
92 280 0 45 26 476 0 4 2 0 31.5/
93 280 045 26 476 0 4 2 0 31.5/
100 280 126 45 26 476 0 9 2 0 54.25/
101 280 126 45 26 476 0 9 2 0 54.25/
12622422 04 13 476 04 1 0 31.5/
1266 2422126 4 13 476 0 9 1 0 54.25/
1314 2469.6 5853 1 47.6 0/
/

SUPPORT RESTRAINT

<NOTE:> CODE: '0' FOR NOT RESTRAINED NODES AND 'I' FOR RESTRAINED ONES
<<<<< FORMAT >>>>>
NODE X-RST Y-RST [ #NODE d(NODE)] /
9201
130110 13 I/
1316 1 &/
/
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(Z S R S 2 2 3 X2 XN

® LOAD CASE *
® DATA b

S TEBEESER S

LOAD CASE PARAMETERS
(1232211122 P12l Ll
Structure Title (30 char. max.) : RWOA2
Load Case Title (30 char. max.) : 1 MM
Load Case File Name (8 char. max.) : RWOA2
No. of Loaded Joints :0

No. of Prescribed Support Displacements  : 1
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain ~ : 0
No. of Elements with Ingress Pressure :0

JOINT LOADS
SREEEE eSS
<NOTE:> UNITS: KIPS ORKN
<<<<< FORMAT >>>>>
NODE Fx Fy [#NODE d(NODE)d(Fx)d(Fy)]/
!
SUPPORT DISPLACEMENTS
SESEEELBEEEEREL SRR RES
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
INT DOF DISPL [#INTd(NT) ]/
1300 2 -1.0 /
/
TEMPERATURE LOADS
(12212 221 L2 dELd)
<NOTE:> UNITS: FORC
<<<<< FORMAT >>>>>
IELM'I‘ TEMP [#ELMT d(ELMT) d(TEMP) | { #ELMT d(ELMT) d(TEMP) | /

CONCRETE PRESTRAINS
SREREEEEB LSRR SRS
<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN { #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

/
INGRESS PRESSURES
T Y
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(FRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/
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Beam RWOA-3:

AR R R AR R RE RN

® VECTOR ®
® JOB DATA ®

SEs e ErEesES R

Job Title (30 char. max.) : RWOA3

Job File Name ( 8 char. max) :RWOA3

Date (30 char. max.) : Apr 25, 2001

STRUCTURE DATA

Structure Type )

File Name (8 char. max.) :RWOA3

LOADING DATA

No. of Load Stages (171

Starting Load Stage No. :1

Load Series ID ( 5 char. max) :COA3

Load File Name Factors

Case (8 char. max.) Initial Final LS-Inc Type Reps C-Inc
1 RWOA3 0.000 85000 0500 1 1 1.000
2 NULL 0.000 0000 1000 2 1 0.000
3 NULL 0.000 40000 0500 1 1 0.000

ANALYSIS PARAMETERS

Seed File Name (8 char. max) : NULL

Convergence Limit (factor > 1.0) : 1.000010

Averaging Factor (0.0to0 1.0) :0.20

Maximum No. of Iterations : 150

Convergence Criteria 01

Results Files 12

Output Format 01

MATERIAL BEHAVIOUR MODELS

Concrete Compression Base Curve (0-3) : 1

Congcrete Compression Post-Peak (0-3) : 1

Concrete Compression Softening (0-8) : 1

Congcrete Tension Stiffening 0-3):1

Concrete Tension Softening (0-3):1

Concrete Tension Splitting ©-1):1

Concrete Confined Strength 0-2):1

Concrete Dilatation (0-1):1

Concrete Cracking Criterion 04):1

Concrete Crack Slip Check 0-2):1

Concrete Crack Width Check 0-2):1

Concrete Bond or Adhesion 04):1

Concrete Hysteresis ©0-2):1

Reinforcement Hysteresis ©0-3):1

Reinforcement Dowel Action ©-1):1
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Reinforcement Buckling ©-1):1
Element Strain Histories ©-1:1
Element Slip Distortions ©0-4):1
Geometric Nonlinearity ©-1:1

(I EERE SR R NEERREHN.

® STRUCTURE *
b DATA ¢

(AR RS B R ERENER)

STRUCTURAL PARAMETERS
(JE1 33 P13 13113112313
Structure Title (30 char, max.) : RWOAS3 beam
Structure File Name ( 8 char. max.) :RWOA3
No. of R.C. Material Types 14
No. of Steel Material Types .5
No. of Bond Material Types 14
No. of Rectangular Elements 1683
No. of Triangular Elements 10
No. of Truss Elements 1 747
No. of Linkage Elements ]
No. of Contact Elements 1 540
No. of Joints : 1357
No. of Restraints 012
MATERIAL SPECIFICATIONS
[ I i T 2111232341317}
(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY
CONCRETE

MAT Ns T fc [ft Ec ¢0 Mu Cc Aggl{ Sx Sy]

# mm MPa MPa MPa me /C mm mm mm
1 0305 43.52.18 36000 2.00 0.15 0 10 0.0 0.0
2 1305 43.52.18 36000 200 0.15S 0 10 0.0 0.0
3 1305 43.52.18 36000 2.00 0.15 0 10 0.0 0.0
4 1305 10 1.0 500 400 0.15 0 10 0.0 0.0

/
REINFORCEMENT COMPONENTS

MATSRF DIR As Db Fy Fu Es Esh esh Cs
TYP TYP deg % mm MPa MPa MPa MPa me /C me
0
0
0

2 1 400 2.5 6 400 600 200000 2000 5 0O
1 400 50 6 400 600 200000 2000 5 O
1 400 10. 6 400 600 200000 2000 5 O

N~ bW

(B) STEEL

<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es Esh esh Cs Dep
TYP TYP mm2 mm MPa MPa MPa MPa me /C me
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i 2100 299 436 700 200000 5000 8.0 0 &
1 1000 252 440 680 200000 7500 7.00 0
1 700 299 436 700 200000 5000 80 0 O

3 50 0.1 1090 1090 99520 99520 11.0 0 O
3 100 0.1 1090 1090 99520 99520 11.0 0 O

SR AWN

(C) BOND

<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
MAT REF [Ao Umax Sm Su][CPF Cmin No. HOOK]
TYP TYP mm*2 MPa mm mm O0-1 mm LYR 01

1 3 3250 350006050 0 1 O
2 3 2715 3500060500 0 1 O
3 3 6500 3500060500 0 1 O
4 3 5430 3500060500 0 1 O
/

ELEMENT INCIDENCES

(A) RECTANGULAR ELEMENTS
<<<<< FORMAT >>>>>

ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]/
1156 2311V

4 516 17 6 3 1111068 V
7 38 60 61 39 41221068V
11 126 137 138 127 10 68 1/

12 137 159 160 138 5 1 22 10 68
17 247 258 259 248 10 68 1/

18 258 280 281 259 5 1 22 10 68
23 368 379 380 369 10 68 1/

24 379 401 402 380 5 1 22 10 68
29 489 500 501 490 10 68 1/

30 500 522 523 501 5 1 22 10 68
35 610 621 622 611 10 68 1/

36 621 643 644 622 5 1 22 10 68
41 731 742 743 732 10 68 1/

42 742 764 765 743 5 1 22 10 68
47 852 863 864 853 10 68 1/

48 863 885 886 864 5 1 22 10 68
53 973 984 985 974 10 68 1/

54 984 1006 1007 985 5 1 22 10 68 1/
59 1094 1105 1106 1095 10 68 1/

60 1105 1127 11281106 5 1 22 10 68 V/
65 1215 1226 1227 1216 10 68 1/

66 1226 1248 12491227 5 122 10 68 V/
71 1336 1347 1348 1337 10 68 1/

/

g g 8 g T K

(B) TRIANGULAR ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(INC)] [ #ELMT d(ELMT) d(INC) }/
/

(C) TRUSS ELEMENTS

<<<<< FORMAT >>>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC)] [ #ELMT d(ELMT) d(INC) | /
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684 2 62691/
822 3
685 6 3111269V
823 7 3 11V

688 39614 122269 V/
826 40 62 4 12%

692 127138 2 69 1/

830 128 139/

693 138160 5§ 122 269 V
831 139161 5 122/

698 248259 2 69 1/

836 249 260/

699 259281 5 122 269 V/
837 260282 5 122/

704 369380 2 69 1/

842 370 381/

705 380402 5 122269 UV
843 381403 5 122/

710 490501 2 69 1/

848 491 502/

711 501523 5§ 122269 V
849 502524 5 122

716 611622 2 69 1/

854 612 623/

717 622644 5 122 269 V/
855 623645 5 12

722 732743 2 69 1/

860 733 744/

723 743765 5 122 269 V
861 744766 5 122/

728 853864 2 69 1/

866 854 865/

729 864886 5 122 269 V
867 865887 5 122/

734 974985 2 69 1/

872 975 986/

735 98510075 122 2 69 I/
873 98610085 122/

740 1095 1106 2 69 1/

878 1096 1107/

7411106 11285 122 2 69 V/
879 110711295 122/

746 1216 12272 69 1/

884 1217 1228/
747122712495 1222 69 U/
885122812505 122
752133713482 69 U/

890 1338 1349/

oo Q)

1
1

891 49 50 10 11 4 10 2%

931 148 149 10 1 110 50 121/
941170 171 10 1 110 50 121/
951192 193 10 1 110 50 121/
961214 215 10 1 110 50 121/
971236 237 10 1 110 50 121/

/
(D) LINKAGE ELEMENTS
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<<<<< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] [ #ELMT 4(ELMT) d(INC) ]
/

(E) CONTACT ELEMENTS
<<<<< FORMAT >>>>

ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]
1431 38 493950 101 1 4 10 2%

1471 137148138149 10 1 110 50 121/
1481159170160 171 10 1 110 50 12V/
1491 181192182193 10 1 110 50 12V/
1501 203 214204 215 10 1 110 50 12V
1511 225236226237 10 1 110 50 12V
/

MATERIAL TYPE ASSIGNMENT

[ 113 P33 P33 R332 R £ 8342 31 ¢4
<<<<< FORMAT >>>>>
ELMT MAT ACT [ #ELMT d(ELMT)] [ #ELMT d(ELMT) ]/

121 3V
4 11 681 8 68
548 1 1 621 2 68/
610 2 1 6V
61 21 2V
680 31 4V
684 41 21V
68 1 1 69 U/
753 21 69 U/
822 31 691/
891 41 101 2 30/
931 4 1 10110 50/
971 4 1 10 110 50/
91 51 1012 10/
941 5 1 10 110 50/
951 S 1 10110 50/
9%1 S 1 10110 50/
1431 1 1 21 2 30/
1433 2 1 81 2 30/
1441 31 212 10
1443 4 1 81 2 10/
1471 1 1 2110 50/
1473 2 1 8110 50/
1481 3 1 2110 50/
1483 4 1 8110 50/
1491 3 1 2110 50/
1493 4 1 8 110 50/
1501 3 1 2110 50/
1503 4 1 8110 50/
1511 11 2110 50/
1513 2 1 8110 50/
/
COORDINATES

L2 222 2t Dl 2 g

<NOTE:> UNITS: in OR mm
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<<<<< FORMAT >>>>>

NODE XY [ #NODES d(INODES) d(X) d(Y) ) [ #NODES d(NODES) dX)d(Y) ]/
1 0 031 063/

4 0 180.%

$25 04115725031
8 25 1803411 57250 8
49 19675 0 3 1 0 63/

52 196.75180.38 1 0 54.3/
60254 0 42250 031063/
63 254 180342250 0810 543
71254 0 32250 031063
74 254 180332250 0810 54.3
137454 0 62250 031063

0 63/
1 0 54.3/

140 454 1803622 50 0810 54.3/
148 454 0 52250 031063/
151 454 1803522 50 0810 543/
258 754 0 62250 031063/
261 754 18036 22 50 08 10 543/
269 754 0 52250 031063
272 754 1803522 50 0810 543/

3791054 0 622 50 031 0 63/
3821054 180362250 0810 543/
3901054 0 52250 031063/
3931054 180352250 0810 543/
5001354 0 6225 031063/
5031354 180362250 0810 543/
5111354 0 52250 031063/
5141354 180352250 0810 543/

6211654 0 622 50 0310 63/
624 1654 180.36 22 50 0 8 1 0 54.3/
6321654 0 52250 031063/
6351654 180352250 08 10 543/
7421954 0 6225 031063/

7451954 18036 22 50 08 1 0 54.3/
7531954 0 5225 031063/
756 1954 180.3522 50 08 1 0 54.3/
8632254 0 62250 031063
8662254 18036 22 50 0 8 1 0 543/
8742254 0 52250 031063/
8772254 180352250 0810 543/
9842554 0 62250 031063/
9872554 1803622 50 081 0 543/
9952554 0 52250 031063/
998 2554 1803522 50 081 0 543/
11052854 0 6 22 50 031 063/
11082854 18036 22 50 0 8 1 0 54.3/
11162854 0 52250 0310 63/
11192854 180352250 0810 543/
12263154 0 6 22 50 03 1 0 63/
12293154 18036 22 50 O 81 0 54.3/
12373154 0 5$2250 031063/
12403154 1803522 50 0810 543/
13473454 0 310 63/
1350 3454 180.38 1 0 54.3/
/

SUPPORT RESTRAINTS
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<NOTE:>CODE: ‘0’ FOR NOT RESTRAINED NODES AND 't' FOR RESTRAINED ONES
<<<<< FORMAT >>>>>
NODE X-RST Y-RST [ #NODE d(NODE) } /
600V
134710 11 V/
/

L E A AN R ERENRNEENR] ]

® LOAD CASE =
® DATA d

( AR R N ENERERNNERR]

LOAD CASE PARAMETERS

(222 2333312322112t
Structure Title (30 char. max.) :RWOA3
Load Case Title (30 char. max.) 1 MM

Load Case File Name (8 char. max.) :RWOA3
No. of Loaded Joints :0
No. of Prescribed Support Displacements 1
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain =~ : 0
No. of Elements with Ingress Pressure 0

JOINT LOADS
(T IT 2213 3]

<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [#NODE d(NODE)d(Fx)d(Fy)]/
/

SUPPORT DISPLACEMENTS

SEERES R RS ERSEREBEEES
<NOTE:> UNITS: MM OR IN
<<<<< FORMAT >>>>>
JNT DOF DISPL [#INTJ4(QNT)]/
1346 2 -1.0/
/

TEMPERATURE LOADS
(1133233132333 312 ]

<NOTE:> UNITS: FORC
<<<<< FORMAT >>>>>
;:'.LMI‘ TEMP [#ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ]/

CONCRETE PRESTRAINS

L3 1 L]

<NOTE:> UNITS: me
<<<<< FORMAT >>>>>
ELMT STRAIN [#ELMT Q(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /
/

INGRESS PRESSURES
SIBUBERRRERRER NS
<NOTE:> UNITS: MPa
<<<<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(FRS) ] /
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APPENDIX E
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DEFLECTED SHAPES AND CRACK PATTERNS
FOR SPECIMENS ANALYZED WITH PROGRAM VECTOR2

All plots presented are taken at the stage of peak load. for half of the member except for the
De Rose beam.

ZARNIC SLAB STRIP:

Crack widths: thin < | mm, thick > 2 mm

Magnification: 3x
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VI T

Magnification: 6x Crack widths: thin < | mm. thick > 2 mm
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EL-REFAIE SPECIMENS (CB3):

Magnification: 5x

Crack widths: thin < | mm, thick > 2 mm
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Magnification: 6x
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