INVESTIGATION OF LOCAL FAILURE MECHANISMS OF INVERTED-T BENT

CAPS AND STRENGTHENING USING CFRP SHEETS

A Dissertation

by
JILONG CUI

Submitted to the Graduate and Professional School of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Chair of Committee, Stefan Hurlebaus
Co-Chair of Committee, Anna C. Birely
Committee Members, John B. Mander
Jeffrey Falzarano
Head of Department, Zachary Grasley

December 2021
Major Subject: Civil Engineering

Copyright 2021 Jilong Cui



ABSTRACT

Prevalence cracks on in-service inverted-T bent caps were reported over the past decades.
These un-desirable cracks formed at the re-entrant corner of inverted-T bent caps are an
indication of the local structural deficiencies. To address such a concern, this study
presents an experimental and analytical investigation on local failure mechanisms of
inverted-T bent caps with emphasis on punching shear, strengthening ledge- and hanger-
deficiencies with CFRP, and an analytical study on the impact of various reinforcement
layouts on the local behavior of inverted-T bent caps.

Punching shear failure is critical to the ledge of inverted-T bent caps as the ledge
is sustaining a concentrated load from the girders with a shallow section. The punching
failure mechanisms of the inverted-T bent cap ledges were experimentally investigated
with bearing pad size as the primary variable. A nonlinear finite element model was also
developed to perform correlative studies between analytical and experimental
investigation. The analysis results revealed that enlarging the size of the bearing pad can
improve the serviceability and the ultimate punching shear resistance of the inverted-T
bent cap ledges. The capacity was also found to be affected by the eccentricity of the
bearing pad from the face of the web. The code given estimation on the punching shear
capacity was examined by the experimental results and revealed to be conservative. A
practical modification to improve the accuracy of capacity estimation was proposed.

Prevalence of cracks in many of in-service inverted-T bent caps was observed and

raised a concern to the structural sufficiency of the inverted-T bent caps that were built in



early days. These bent caps may be considered structurally deficient when evaluated using
the current design criteria and/or have insufficient strength to accommodate an increase in
traffic. To this end, FRP strengthening techniques for in-service inverted-T bent caps with
local weakness were developed and experimentally validated. The experimental results
showed that the FRP retrofits were able to eliminate the local deficiencies of inverted-T
bent caps. The retrofit schemes also benefited the bent caps by improving the
serviceability, displacement ductility, and ultimate strength. The design approach of the
developed FRP retrofit was provided as a guidance.

Nonlinear finite element model developed for the punching failure mechanism
simulation was further calibrated to capture the remaining local failure mechanisms —
ledge and hanger failures. A parametric study was carried out to investigate the impact of
four different reinforcement layouts on the local behavior of inverted-T bent caps. The
variations were given to the configuration of the ledge reinforcement and the spacing of
the ledge and hanger reinforcement around the loading region. The analysis results
demonstrated that the reinforcement layouts have a slight impact on the strength response
of the bent cap while the impact on the crack control of the section was significant. Use
of diagonal ledge bar instead of the horizontal ledge bar or combined use of the two layouts

around the loading region was recommended by means of crack control.
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1. INTRODUCTION

1.1. Motivation

Inverted-T bent caps are often used to economically satisfy geometric constraints and to
provide an aesthetically pleasing appearance. Figure 1-1 shows an overview of inverted-T
bent caps that are part of the substructure. Unlike a conventional top-loaded beam, the
loads on inverted-T bent caps are introduced into the bottom flange, thereby creating a
loading condition not generally encountered in concrete construction. The stem then
requires stirrups acting as hangers to transfer the load to the top tension chord. The bottom
flanges extend from the web working as a ledge beam to seat the girders, resulting in
combined moment and shear at the face of web. The ledges under such complex stress
state may encounter some of the localized mechanisms at the regional area around the
loading points. Design of inverted-T bent caps should prevent the local failures of the

ledge to ensure the bent cap section develop a full strength.

Figure 1-1. In-Service Inverted-T Bent Caps.

The design approach of inverted-T bent caps was changed in the past years with a

deeper understanding of the structural behavior. Many of the inverted-T bent caps built in



early days are structurally deficient when evaluated against the current design
specifications and/or lack of adequate strength to support planned increases to live load
demands. Cracks observed in in-service inverted-T bent caps, as shown in Figure 1-2,
describe such a weakness. These cracks typical form at the re-entrant corners at web-ledge
interface and their presence is a possible indication of the structural deficiency of the bent
caps.

For the design of new structure, the local weakness of inverted-T bent caps should
be fully addressed not only in term of ultimate strength but also the service criteria for
crack controlling. If the weakness is a part of an existing structure, a retrofit is required as

full replacement of the structurally deficient bent caps is not practical.

Figure 1-2. Observed Cracks on In-Service Inverted-T Bent Caps (US 290 in
Austin).

The study presented here is a part of a larger study by Hurlebaus et al. (2018a,b,c)
to conduct an experimental investigation on the local behavior of inverted-T bent caps and
corresponding strengthening techniques. A prototype in-service inverted-T bent cap was
evaluated against the current specification and a possible local weakness was identified.
Eight half-scale test specimens were then designed based on the prototype bent caps and

2



altered to highlight the different local failure mechanisms of inverted-T bent caps.
Eighteen potential retrofit solutions were designed, rated, and ranked. The top six ranked
retrofit solutions were experimentally investigated. Thirty-three individual tests were
conducted to investigate the local failure mechanisms and six strengthening solutions. In
this dissertation, the following test results are summarized:

e Punching shear strength of inverted-T bent cap ledge,

e CFRP strengthening of inverted-T bent caps with local weakness,

In addition to the analysis of experimental data, this dissertation expands on the
study by Hurlebaus et al. (2018a,b,c) to include finite element modeling to capture local
failure mechanisms and to investigate alternative designs to improve the service level

performance of new designs.

1.2. Objectives and Tasks
The primary objective of this dissertation is to demonstrate the satisfactory performance
of retrofit solutions for existing inverted-T bent caps, and to identify design aspects that
can improve structural performance. The objectives are achieved through experimental
and numerical analysis. The detailed research tasks include:
1) Compile a review on the structural behavior, design approach, and strengthening
of inverted-T bent caps.
2) Evaluate in-service inverted-T bent caps against current design specifications
incorporate with field inspection to identify any deficiencies that an in-service bent

cap may have.



3) Investigate detailed failure mechanisms of test specimens with local weakness
through ultimate load testing.

4) Develop nonlinear finite element models to simulate local behavior of inverted-T
bent caps and perform analytical investigation on parameters that may impact local
failure mechanisms of inverted-T bent caps.

5) Design and validate satisfactory performance of strengthening techniques
applicable to existing inverted-T bent caps through experimental testing.

a. Investigate punching shear performance of inverted-T bent cap ledges with
different size bearing pads.

b. Evaluate effectiveness of CFRP strengthening techniques applied to
inverted-T bent caps.

6) Develop design recommendations for inverted-T bent caps with the proposed

retrofit solutions.

1.3. Significance

Cracks observed on in-service inverted-T bent caps indicate a possible structural
deficiency. The focus of the prior studies on inverted-T bent caps were primarily given to
the beam shear behavior while limited research attention was put on the local failure
mechanisms. This research is carried out to address the gap by providing valuable
information through an experimental and analytical investigation on the local behaviors

of inverted-T bent caps and strengthening using CFRP sheets.



The local failure mechanisms of inverted-T bent caps — hanger, ledge, and
punching shear — were highlighted in the specimens that identical in dimension but altered
in reinforcement and loading distribution. Ultimate testing of these specimens providing
both the elastic and post-elastic behaviors including stiffness, deformation and cracking
patterns which are essential for understanding the complete structural behavior of the
inverted-T bent caps with local weakness at different loading conditions. The
distinguished local failures of the specimens provide guidance to identify the failure
mechanisms associated with the cracks observed on in-service structures. The
recommendations developed for evaluating the capacity of in-service inverted-T bent caps
are enabling a more realistic estimation.

The experimental program validates the effectiveness of the retrofit solutions
developed to address the local weakness of inverted-T bent caps expands the limited data
on strengthening of inverted-T bent caps. The design recommendation developed for the
proposed retrofit solution provide guidance for the future implementation. Once
implemented, the solutions are expected to provide increased serviceability and capacity
to existing structures which enables the structure to accommodate higher traffic demand
and have an extended service life.

The nonlinear finite element model (FEM) coupled with the experimental results
provides a powerful and cost-effective tool for investigating the structural behavior of
inverted-T bent caps. The result of the analytical investigation provides valuable insight

to the potential parameters that may impact the performance of inverted-T bent caps.



1.4. Outline of Dissertation
Chapter 2 provides a general review on the structural characteristics of inverted-T bent
caps and FRP strengthening on inverted-T and T-shaped beams.

Chapter 3 presents an evaluation of inverted-T bent caps in Austin, Texas. The
load carrying capacities of in-service bent caps were evaluated against the current
specification.

The remaining chapters, with the exception of the conclusions in Chapter 7, are
structured as drafts for manuscript submission to peer-reviewed journals.

Chapter 4 provides an analytical study on the local behavior of inverted-T bent
caps. Detailed correlative study between the FEM and experimental results are presented.
A parametric study is performed to explore the impact of various reinforcement layouts
on the local behavior of inverted-T bent caps.

Chapter 5 presents an experimental investigation of the punching shear
mechanisms of inverted-T bent caps with different size of bearing pads. A nonlinear finite
element model (FEM) is used to expand the experimental findings to investigate additional
parameters not tested in the laboratory.

Chapter 6 presents an experimental investigation of CFRP strengthening of
inverted-T bent caps. Two different retrofit schemes are developed and validated by
experimental testing. A design approach for the retrofit solution is also provided.

The last chapter, Chapter 7 summarizes the overall research, provides conclusions

drawn from the study, and makes recommendations for design and future research.



2. LITERATURE REVIEW
To develop the strengthening methods for the inverted-T bent caps, better understanding
of the concept of the inverted-T bent caps is required. In this chapter, previous studies are
reviewed to identify relevant technical information on the performance and failure
mechanisms of inverted-T bent caps and FRP strengthening of RC structures. The
experimental investigation on the structural behavior and strengthening solution of
inverted-T bent caps performed by Hurlebaus et al. (2018a,b,c), which formed the base of
this study, was also reviewed in detail. More correlated reviews on the previous studies

related to the current research are provided in each chapter.

2.1. Structural Behavior of Inverted-T Bent Caps

The first study that provided a comprehensive understanding of the structural behavior of
inverted-T bent caps was carried out by Furlong et al. (1971). Twenty-four tests were
conducted on six inverted-T bent cap specimens (two full-scale and four one-third scale)
to investigate the load carrying mechanisms and reinforcement details of inverted-T bent
caps. In addition to testing reinforcement details specified by the Texas Highway
Department at the time, the researchers investigated the alternative reinforcement designs
shown in Figure 2-1. Based on the test results, the authors noted that (a) loads must be
supported by stirrups acting as hangers to transmit vertical forces into the body of the web,
(b) flange reinforcement perpendicular to the web is necessary to deliver the flange forces
to the hangers, and (c) the application of forces to flanges creates greater torsional forces

on the web. The use of diagonal ledge bars was expected to perform behavior than the



horizontal bar, however, was not recommended because of the construction efficiency as

the two layouts demonstrated a similar ultimate capacity.
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Figure 2-1. Reinforcement Details of Inverted-T Bent Caps (Reprinted from
Furlong et al., 1971).

Furlong and Mirza (1974) studied the strength and serviceability of inverted-T bent
caps that were subjected to a combination of flexure, shear, and torsional loads. Load tests
were conducted on one-third scale prestressed and non-prestressed inverted-T bent
specimens. The tests revealed that the prestressed concrete members exhibited fewer
cracks under service load and had lower stresses in the transverse reinforcement. Based
on the experimental observations, the authors presented an analysis methodology for the
reinforcement details and design of inverted-T beams under the consideration of the
observed failure mechanisms. The authors categorized the failures of inverted-T beams
as: flexure, web-shear, torsion, hanger, ledge and punching failure. The first three failures
were the common failure modes encountered in the conventional RC beams whereas the
hanger, ledge and punching failure was the localized failures that may take place in the

regional area of the ledge around the loading points. Figure 2-2 sketches these local failure
8



mechanisms. Hanger failure is the vertical separation of the bottom flange from the web.
The separation begins at the web-ledge interface around the loading point. More hanger
cracks (horizontal cracks on the web) will occur as the failure intensified. Excessive
vertical deformation will be caused by the failure at the web-ledge interface. Ledge failure
is the separation of the bottom flange deform outward and downward from the web due to
the combined bending and shear. Punching shear failure is the diagonal tension failure in
the concrete underneath the bearing pad due to the excessive concentrated load applied on
top of the ledge. The failure is evident from the diagonal cracks emanating from the edges
of the bearing pad. As inverted-T bent caps may be susceptible to local failures, the authors
recommended that design of the bent cap should provide sufficient web stirrups to act as
hangers to transmit loads from the ledge to the web, the transverse reinforcement strength
of the ledge must be sufficient to maintain flexural tension and shear friction resistance at
the face of web, and the ledge must by sufficiently deep to avoid punching shear failure.
Zhu et al. (2001), Zhu and Hsu (2003), and Zhu et al. (2003), as part of TxDOT
Project 0-1854, investigated the causes of diagonal cracking at reentrant corners between
the ledges and the webs of an inverted-T bent cap under service load. The authors
attributed the cracks to the ultimate strength design methodology that was adopted in the
design of inverted-T bents, which did not address cracks at service loads. The study was
carried out in three phases. In Phase 1 (Zhu et al., 2001), a two-dimensional (2D)
compatibility-aided strut-and-tie model (CASTM) was utilized to predict diagonal crack
widths in the interior portion of the inverted-T bent caps. The model was compared to the

results from seven experimentally tested 2D specimens that represented the dapped ends
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of a bridge girder. In Phase 2 (Zhu and Hsu, 2003), a three-dimensional (3D) CASTM was
utilized to predict diagonal crack widths at the end faces of the exterior portion of the
inverted-T bent caps. Experimental results from large-scale 3D tests that represented the
end portion of an inverted-T bent cap were used to calibrate the 3D CASTM model. In the
final phase (Zhu et al., 2003), two full-scale bent cap specimens were tested to investigate
impact of hanger spacing and bearing pad size on the service behavior. The following
observations were made: (a) the CASTM predictions are well supported by test results;
and (b) instead of checking a crack width at service limit state and comparing it to a
specified value, the force producing a critical crack width can be calculated and compared

to the load designed for service limit state.
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Figure 2-2. Local Failure Mechanisms of Inverted-T Bent Caps (Reprinted from
Furlong and Mirza, 1974).
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Larson et al. (2013) investigated the behavior of reinforced concrete inverted-T
straddle bent cap specimens to investigate the causes of diagonal cracking in the ledges.
Thirty-three 27 ft 8 in. long specimens were tested to evaluate the impact of ledge depth
and length, spacing of web reinforcement, number of point loads, depth of the member,
and span and depth ratio. The experimental results showed that increasing the ledge length
along the length of the straddle bent increased the shear strength of the inverted-T beams
and delayed the appearance of the first diagonal crack, whereas increasing the ledge depth
did not have any significant effect on the strength. It was noted that for the diagonal
cracking load of inverted-T beams, the primary variables were the shear area and the span-
to-depth ratio. For the maximum width of diagonal cracks in inverted-T beams, the
primary variable was the quantity of web reinforcement crossing the principal diagonal
crack plane. Based on findings from the experimental study, and field inspections of
selected field structures, the authors concluded that several existing structures had already
been subjected to approximately 70-85 percent of their ultimate capacity. It should be
noted that the specimens were designed to emphasize the web-shear failure. During the
tests, it was observed that most of the specimens displayed a web shear failure. However,
five local failures including two ledge failures and three punching shear failures were also
observed.

Garber et al. (2017) summarized these local failures observed during the testing as
a subsequent study. A 3-D strut-and-tie (STM) model was proposed to estimate the

sectional capacities of inverted-T beam. Based on the analysis, the use of STM vyielded a
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reasonable prediction on the punching failures but was unable to predict ledge failure
modes.

Deifalla and Ghobarah (2014) investigated the behavior of inverted-T reinforced
concrete beams under combined shear and torsion loads. Three inverted-T beams were
tested under different ratios of applied torque to applied shear. The test setup was designed
to fail the specimens in combined shear and torsion. The behavior was affected by the
value of the torque-to-shear ratio. Decreasing the applied torque to the applied shear force
ratio resulted in the following: (a) a significant reduction in the spacing between diagonal
cracks, strut angle of inclination, cracking and ultimate torque, and flange and web stirrup
strain; (b) a significant increase in the failure and cracking load, post-cracking torsional
rigidity, and cracking and ultimate shear; and (c) a reduction in the efficiency of the stirrup,
causing beam failure due to concrete diagonal failure rather than stirrup yield. The authors
also developed an analytical model in which the inverted-T beam was divided into several
rectangular subdivisions and each subdivision was analyzed independently for combined
applied shear and torsion loads. The proposed analytical model showed good agreement
with the experimental results for the behavior of flanged beams under combined actions.

Zhou et al. (2020) analytically studied the structural behavior of skewed inverted-T
bent caps. A nonlinear finite element model validated using the experimental from Zhu et
al. (2003). The impact of shear reinforcement arrangement in the transition region, spacing
of shear reinforcement, skew angle of bent cap, and the loading position on the structural
behavior of skewed inverted-T bent cap was studied. Based on the analysis, the

reinforcement arrangement and spacing was found to have limited effect on the ultimate
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load-carrying capacity and ductility of the bent cap while the skew angle significantly
affected the structural performance. The loading position, defined as the distance from the
center of bearing pad to the free end of the bent cap at the exterior region, was also affected
the structural behavior. Increasing the end distance of the bearing pad improved the
structural performance of bent cap. The authors noted that the current criteria for the end
distance may not be sufficient for skewed bent caps and proposed a practical modification

based on the analysis results.

2.2. FRP Retrofit of Reinforced Concrete Structures
ACI 364.2T (ACI Committee 364.2T, 2008) presents methods to increase the shear
capacity of existing reinforced concrete structures. Several alternatives are discussed: (a)
external reinforcement provided by steel rods, reinforcement bars, post-tensioning, or steel
plates; (b) section enlargement using concrete, shotcrete, reinforced concrete, or mortar
bonded to the concrete element; (c) internal reinforcement provided by steel or fiber
reinforced polymer (FRP) reinforcement installed by drilling holes, and the dowels being
effectively grouted; (d) near surface-mounted reinforcement provided by steel or FRP rods
into grooves; (e) supplemental members; and (f) externally bonded FRP plates and strips.
Among the various strengthening techniques, the use of externally bonded FRP
strips is an attractive strengthening means for inverted-T bent caps which have an irregular
sectional shape. The tailorable characteristics of the FRP strips enables flexural ways to
strengthen an inverted-T bent cap section. FRP strengthening on the shear capacity of

conventional top-loaded reinforced concrete beams has been investigated and validated
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by many previous studies. However, the application of FRP strengthening on an inverted-
T section is limited in the literature.

Galal and Sekar (2008) carried out an experimental study on CFRP strengthening
of inverted-T bent caps. Four one-third scale specimens were designed to highlight
different failure modes. Two specimens were designed to emphasize the combined web-
shear and hanger weakness while the other two specimens were designed to emphasize
the web-shear and punching shear weakness, respectively. The specimen simulated an
interior loading region with two girder lines. The specimens were loaded until damage
was initiated, then retrofitted with the CFRP sheets and tested to ultimate failure.
Figure 2-3 shows the CFRP retrofit schemes used for the specimen with combined web-
shear and hanger weakness. An inverted U-wrap was typically used to cover the upper
portion of web. Two U-wraps were used in the transverse direction to the cover the bottom
flange from each end. Mechanical and FRP anchors were used at mid-height of the web,
corner at the web-ledge interface, and mid-width of the ledge to provide anchorage to the
CFRP sheets. The anchors at the web-ledge interface were inserted diagonally to avoid
de-bonding of CFRP at re-entrant corners. The experimental results demonstrated that the
CFRP retrofits were effective in improving the displacement ductility and load-carrying
capacity. The CFRP also eliminated the highlighted failure modes of the specimens. The
anchored CFRP retrofits demonstrated a better performance compared to the CFRP sheets
without anchors.

While the study provided valuable information, the proposed CFRP strengthening

schemes may have limited application when considering a practical application to in-
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service inverted-T bent caps. CFRP sheets that wrap over the top may not be practical to
install if the deck is continuous at bent cap. The diagonal anchor bolts at the web-ledge
interface may worsen the inverted-T section as it is the critical region subject to cracking.
The cantilever part (exterior) of the bent cap which were having cracking issues were not
addressed. Besides the magnitude of strength increase, an application of FRP retrofit on
in-service inverted-T bent caps should be designed under the consideration of factors such

as in-service conditions, dimensional and clearance constrains, and equipment

availability.
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Figure 2-3. CFRP Rehabilitation for Inverted-T Specimen (Reprinted from Galal
and Sekar, 2008).
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Since the application of FRP retrofit on inverted-T bent caps is scarce, use of FRP
retrofits on T-shaped RC beams were also reviewed as a review of the FRP retrofit on the
T-beams is expected to provide relevant technical information on the FRP application on
RC beams with irregular sectional shapes.

Shahawy and Beitelman (1999) investigated the effectiveness of externally bonded
CFRP sheets for flexural strengthening of RC T-beams using experimental tests. The
specimens had a flange thickness of 2.32 in., a flange width of 23 in., an overall height of
17.5 in., and a tapered web thickness of 5.91 in. at the flange and 3.58 in. at its bottom.
Sixteen specimens, ten with static loading and six with fatigue loading, were tested in this
study. The webs were partially or fully wrapped with one, two, three, or four layers of
CFRP sheets. Two-point loads were applied at the top of the T-beams. Both the partially
and fully wrapped specimens were loaded incrementally to failure for the static test.
Fatigue testing was performed using fully wrapped specimens. The fatigue loading was
sinusoidal and ranged from 25 percent to 50 percent of the capacity of the control specimen
at a frequency of 1 Hz. Based on the experimental results, it was evident that the externally
bonded CFRP laminates were effective in improving both static and fatigue performance
of RC T-beams. The full wrapping technique was found to be more effective than the
partial wrapping technique for increasing capacity. However, the limited number of tests
failed to support a definitive conclusion.

Basler et al. (2003) investigated the use of bonded CFRP L-shaped plates as a
method of shear strengthening reinforced concrete beams. The L-shaped brackets had a

90-degree bend with an internal radius of 1 in. and were about 0.055 in. thick. For
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improved anchorage, the ends of the plate legs to be anchored were coated with a thin
layer of adhesive. Advantages of L-shaped CFRP plates include ease of installation, light
weight, resistance to corrosion, high strength, predictable mechanical properties, and
ability to be produced consistently in a manufacturing unit. Test results indicated that the
L-shaped plates were effective in improving the shear capacity of tee beams. In addition,
the L-shaped CFRP plates remained undamaged, but local de-bonding was observed on
the sides of the beam.

Nanni et al. (2004) experimentally investigated full-scale prestressed concrete
bridge girders strengthened with externally bonded precured CFRP laminate. Two
damaged prestressed concrete double-T-shaped girders were taken from an overloaded
bridge in Kansas and cut longitudinally to provide four single-T specimens. The
specimens had a flange thickness of 5 in., a flange width of 36 in., an overall height of
23 in., and a web thickness of 4.5 in. The total length of the specimen was 40 ft. One
specimen was not strengthened and tested as the benchmark. Two specimens were
strengthened with FRP laminates in flexure, while the remaining specimen was
strengthened in flexure with FRP laminates and in shear with near-surface mount (NSM)
CFRP rectangular strips, as shown in Figure 2 10 The CFRP strips were installed into 0.25
by 0.75 in. grooves with an incline of 60 degrees. The shear capacity of the specimen
increase for shear and flexure strength could not be obtained since the specimen failed due
to flexure FRP laminate de-bonding. However, it was observed that this specimen had a

substantially larger ultimate capacity than the specimens strengthened only in flexure.
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Higgins et al. (2009) and Howell (2009) experimentally investigated various shear
strengthening techniques on T-shaped RC girders including epoxy injection, external and
internal steel stirrups, surface bonded CFRP stirrups, and near surface mounted (NSM)
FRP. Fifteen full-scale specimens designed to emphasize shear weakness were tested
under four-point bending loads. The T-shaped specimens were placed upside-down and
loaded at the top of the web. The strengthening techniques were applied to the specimens
after the first cracking. From the experimental results, the strengthening techniques
effectively improved the shear capacity of the specimens except the epoxy injection and
NSM FRP. The authors noted that reduce the spacing of NSM FRP strips may improve
the performance of the retrofit solution. The effect of internal steel stirrups on improving
the long-term service life performance of the structure was found to be outstanding among
the various retrofits.

Galal and Mofidi (2010) experimentally investigated the use of mechanically
anchored un-bonded dry carbon fiber (CF) sheets for the shear strengthening of T-beams.
The method essentially eliminated the de-bonding of epoxy bonded CFRP sheets and fully
utilized the capacity of dry CF sheets. In this technique, the dry CF sheets were wrapped
around and bonded to steel rods, which in turn were anchored to the corners of the web-
flange intersection of the T-beam using bolts. The higher tensile strength and modulus of
elasticity of dry CF compared to CFRP helped increase the shear strength of the T-beam.

Deifalla and Ghobarah (2010a) experimentally investigated techniques to
strengthen T-beams using CFRP. Six T-beam specimens, two control and four

strengthened beams, were tested under combined torsion and shear loading. Four different
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CFRP configurations — (a) anchored U-wrap, (b) extended U-wrap, (c) full wrapping, and
(d) combination of full wrapping and extended U-wrap—were used to strengthen the
damaged T-beams. Techniques (a) and (b) were used when the flange was inaccessible,
while techniques (c) and (d) were used where there was unrestricted access to the entire
beam. From the experimental results, it was noted that the retrofit techniques significantly
improved the shear torsion carrying capacities, post-cracking stiffness, and deformability
of the retrofitted T-beam compared to the control specimen. Although the full wrapping
techniques were the most effective, the implementation of these techniques is rare because
of limited access. The U-wrap, which is the most widely used technique that is applicable
to various applications, was the least effective solution. However, the extended CFRP
U-wrap solution proved to be a viable and effective alternative and considerably improved
the ductility when compared to the U-wrap.

Deifalla et al. (2013) investigated the effectiveness of FRP as a method to
externally strengthen the flanges of beams subjected to torsion. Unanchored U-wrap strips,
anchored U-wrap strips, and extended U-wrap strips were investigated. VVarious wrapping
configurations, like continuous wrapping, vertical strips, and inclined strips were
considered. As expected, the anchored solution resulted in greater ultimate strength and
ductility compared to the unanchored solutions. The anchored inclined U-wrap strip
showed results comparable to the inclined fully wrapped strips. In addition, the extended
vertical U-wrap was found to be more effective compared to the vertical U-wrap strip

technique.
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DeLorenzis and Nanni (2001) investigated shear strengthening of reinforced
concrete T-beams by near surface mounted (NSM) CFRP. Eight RC beam specimens with
a T-shaped cross-section were tested. Specimens were tested under four-point bending.
For the strengthened specimens, vertical or 45-degree grooves were saw-cut on the surface
of both web sides over the full depth. Deformed CFRP rods were then embedded in the
epoxy-filled grooves. The examined variables included spacing of the rods, strengthening
pattern, end anchorage of the rods, and presence of internal steel shear reinforcement. It
was found that the NSM CFRP rods were effective in increasing the shear strength
capacity of the reinforced concrete T-beams with and without shear reinforcement. The
specimen with CFRP rods at 45-degrees exhibited the largest strength increase. One of the
failure modes observed in the strengthened specimen was the de-bonding of one or more
CFRP rods due to splitting of the epoxy cover. This mechanism could be prevented by
increasing the bond length by embedding the bars in the flange or using 45-degree rods at
a sufficiently close spacing. Splitting of concrete cover of the longitudinal reinforcement
was observed as the controlling factor in beams where de-bonding was prevented.

Dias et al. (2007) carried out an experimental study on low-strength concrete
T-beams reinforced in shear with near surface mounted (NSM) CFRP strips. Three control
specimens without CFRP reinforcement and 10 NSM shear-strengthened specimens that
had different amounts of CFRP strips at 45 degrees, 60 degrees, and 90 degrees were
tested. Specimens had internal steel stirrup spacing of 11.81 in. or 7.09 in. CFRP strips
applied at 45-degrees and 60-degrees showed better performance than the one at

90-degrees. The authors noted that increasing the amount of internal steel stirrups
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proportionally reduces the contribution of the CFRP strips and reducing the concrete
strength can increase the likeliness of detachment of the cover containing the glued
laminates.

Dias and Barros (2008) tested additional T-beams reinforced with near surface
mounted (NSM) CFRP to evaluate the influence of the percentage and inclination of the
CFRP laminates on the effectiveness of the NSM shear strengthening. The dimensions,
CFRP, and groove size of the test specimens were the same as the specimens reported in
Dias et al. (2007). Specimens with no internal shear reinforcement and internal steel
stirrups spaced at 5.12 in. and 11.81 in. on the center were tested in this study. Inclination
angles of 45-degrees, 60-degrees, and 90-degrees were investigated. Three quantities of
NSM CFRP were applied to each inclination angle. Specimens were subjected to service
loads based on a deflection of L/400 and maximum loads. Based on the test results, it was
determined that the CFRP strips with an inclination angle of 60 degrees were the most
effective among the adopted shear strengthening arrangements, and the strips at
45-degrees were more effective than those at 90-degrees. Retrofitted specimens, with and
without internal steel stirrups spaced at 5.12 in. were able to achieve nearly the same
maximum load. The authors also noted that the NSM-CFRP reinforcing contributed
significantly to the stiffness of the specimen after the formation of the shear crack. Similar
to previous studies by Dias et al. (2007) and Dias and Barros (2008), Dias and Barros
(2010) tested T-shaped RC beams reinforced in shear with NSM CFRP. In addition to
NSM reinforcing, the tests also included specimens strengthened in shear with an

externally bonded reinforcement (EBR) technique. It was found that the NSM
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strengthening technique more effectively increased the shear capacity of the specimens
than did the EBR strengthening technique.

Goebel et al. (2012) experimentally investigate shear strengthening of T-shape
girders with near surface mounted (NSM) CFRP. Ten full-sized specimens were tested.
Two of them were tested as T-shape and loaded on top of the flange whereas the other
eight were inverted and loaded on top of the web. The specimens were tested under four
point bending load. Each specimen was designed to have strong and weak side. The strong
side of the specimen was over-reinforced while only one-third amount of shear
reinforcements were provided to the weak side to force the failure took place at the weak
side. The specimens were tested to have first cracking and retrofitted with vertical oriented
NSM CFRP at the weak side and tested up to failure. Experimental results demonstrated
that NSM CFRP significantly improved the shear capacity of the specimens. The
performance of the retrofits barely affected by the fatigue loading and environmental
exposure. The authors also noted that ACI 440.2R-08 gives a conservative estimation for
the strength of NSM CFRP retrofitted specimens and provided recommendation for
modifications.

Chaallal et al. (2011) compared three different FRP retrofit techniques on shear
strengthening of RC T-beams. Three types of full-scale specimens were designed to have
no transverse reinforcement, 6.9 in. and 10.2 in. spaced transverse reinforcement. The
specimens were loaded on top of the flange under three point bending load. The FRP
strengthening techniques adopted in the study were: embedded through section (ETS) FRP

rod, externally bonded (EB) FRP sheet, and near surface mounted (NSM) FRP rod. The
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ETS FRP rod method was use of FRP rod embedded in the middle of the cross-section. A
vertical hole was drilled through the section at the center. The hole was then filled with
epoxy adhesive and FRP rod was installed into the hole. The EB FRP sheet was a
conventional method where U-wrap FRP sheet was used to wrap the lower portion of the
web. The FRP sheets were applied without any anchorage provided. The NSM FRP rod
was use of FRP rod filled into the vertical grooves made on the outside surface of the web.
The specimens with EB FRP sheets and NSM FRP rods were subject to de-bonding and
concrete cover delamination whereas the ETS FRP rods demonstrated a better
performance without such issues. The effectiveness of ETS FRP rods were outstanding
when the beam has fewer transverse reinforcements.

Breveglieri et al. (2015) experimentally investigate the embedded through section
(ETS) methods with steel and CFRP rods on shear strengthening of RC T-beams. The steel
or CFRP rods were embedded into the drilled holes located at the center of the
cross-section that was filled with epoxy adhesive. The spacing and inclination of the ETS
rods were varied. The retrofit solutions were tested on nineteen specimens with three
different web reinforcement ratios (0%, 0.1%, and 0.17%) under three point bending load.
Half side of the specimen was over-reinforced to induce the failure occur at the weak side.
Based on the experimental results, it was evident that the ETS rods significantly improved
the load-carrying capacity of the specimen. The inclined ETS rods (45-degree)
demonstrated a superior performance over the vertical (90-degree) oriented rods. The

effectiveness of ETS rods were increased as the shear reinforcement ratio of the section
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decrease. The CFRP rods were found to be more effective in enhancing the strength of the

section while the steel rods may more cost competitive.

2.3. TXDOT 0-6893: Strengthening of Existing Inverted-T Bent Cap

The research in this dissertation was conducted as part of a larger study for Texas
Department of Transportation (TXDOT) funded Project 0-6893 (Hurlebaus et al.,
2018a,b,c). The objective was to develop designs for effective strengthening techniques
for in-service inverted-T bent caps validate using experimental testing, and develop of
design standards for the proposed retrofit solutions.

Two in-service inverted-T bent caps built in 1960s were selected as the prototypes
and evaluated against the current specification. Figure 2-4 shows the configurations of the
prototype bent caps. Though the bent caps were built in early days, the strength of the
beam section was found to be sufficient to accommodate the current load demand.
However, both bent caps were subject to the local deficiencies on the ledges with an
average overstrength factor of 0.82.

To capture the local weakness of the inverted-T bent caps, eighteen potential
retrofit solutions were developed to provide enhanced or alternative load paths based on
the in-service conditions of the bent caps. The proposed solutions were evaluated using a
weighted sum model in terms of six criteria: strength increase, total cost, constructability,
clearance constraints, durability, and ease of monitoring. The top six ranked retrofit

solutions were tested in the lab on eight half-scale specimens, with tests designed to target
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the hanger, ledge, or punching shear capacities. Figure 2-5 presents the schematics of the
tested retrofit solutions.

Thirty-three individual tests including six reference tests were conducted to
investigate the selected strengthening solutions. The reference tests consist of three
different failure mechanisms on exterior and interior loading regions were tested to
ultimate failure to provide benchmarks. A successful isolation of the different local failure
modes was achieved. The effectiveness of the strengthening solutions was then
experimentally validated.

Experimental results were used to develop recommendations to evaluate capacities
of in-service inverted-T bent caps. These recommendations include proposed rational
modifications for capacity calculations that are less conservative than the current
provisions. Design recommendations were provided for the six tested solutions, with fully

worked examples provided to guide future implementation (Hurlebaus et al., 2018c).
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(a) Double-column bent (b) Single-column bent
Figure 2-4. Configuration of Prototype In-Service Inverted-T Bent Caps.

25



~Waling

Concrete Pumping Hole

e
/" ~Infill Concrete
-

SRR
b SRR

FRP Wrap

A A A A A A
A A A A A A A A

]

58]

nfill Cong

(a) Full-depth FRP (b) Partial-depth FRP
[—[ - Saddle I]—]
T Tisiies: S e e N P s Tl
/ Larger Bearing Pad - ‘ Z Kj ‘ S\ '-j;::: ) \/‘"\/‘{i
‘& e Greased and Sheathed Strand e ﬁ
wliluh wILLUV %\. \ End Plate s o
¥y, S Wy, | ——

(c) Large bearing pad

(d) Load balancing post-tensioning

i

_~Internal Anchorage ‘ 1
7 “ \/ F 7 - -
o %k /z i . ~—Epoxy

Anchor
| EFEm

|~ Threadbar 7 Z 7 .

| Il = % :
—Steel Channel —End Stiffener
(e) Clamped threadbar (f) End-region stiffener

Figure 2-5. Schematic of Six Tested Retrofit Solutions.

2.4. Summary and Research Needs

Many of the existing inverted-T bent caps exhibit undesirable cracks at the web-ledge
interface. These bent caps would have been designed during the working stress ear during
the 1960s when there was a general lack of understanding on the structural behavior of
inverted-T bent caps. Prevalence cracks observed on these bent caps prompted several

research on the structural behavior of inverted-T bent caps. While the previous studies
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carried out on the design approaches of inverted-T bent caps, the focus was given to the
web-shear weakness of inverted-T bent caps. However, the inverted-T bent caps are
susceptible to local mechanisms around the loading region. The observed cracks at
web-ledge interface on in-service inverted-T bent caps were describing such weaknesses.
The local mechanisms once took place will preclude the load distribution around the
loading region hence may be critical to an inverted-T section. These mechanisms, either
brittle or inducing excessive deformations, are adversely affecting the structural
performances. As limited research efforts were paid on the local failure mechanisms of
inverted-T bent caps, there is a need on the better understanding of the local behaviors of
such bent caps.

Also, the design approach of inverted-T bent caps has changed over the past few
decades in response to adoption of LRFD codes and to research prompted by the cracking
observed on these structures. Moreover, the load demands under HL-93 have increased
specifically if the owner chooses to restripe a bridge for three lanes compared to the two
lanes assumed at the time of design. As such, many of early inverted-T bent caps maybe
classified as deficient when evaluated against the current design specification and/or lack
of adequate strength to support planned increases to live load demand. Replacement of
deficient bent caps is not always practical. Therefore, techniques for strengthening these
bent caps are needed. To develop a strengthening solution for the existing inverted-T bent

caps, the following research questions arose.
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e What is the hierarchy of failure mechanism (weakest-to-strongest links in the chain
of resistance) for existing inverted-T bent caps?

e Given the relevant demands versus capacities, what mechanisms of a typical
inverted-T bent are the most pressing to be addressed by strengthening?

e Given the identified failure hierarchies and critical weakness, what are the most

favorable retrofit means and methods?

The strengthening of existing inverted-T bent caps must adequately address the
design deficiencies and the observed in service damage. In particular, the retrofit solutions
must provide an enhanced or alternative load path and for the case of inverted-T bent caps
with existing cracks, the cracks must be restrained. Furthermore, the proposed retrofit
solutions need to be able to eliminate the critical failure mechanisms of the inverted-T
bent caps.

To validate the proposed retrofit solutions, the test program needs to consider the
existing inverted-T bent cap details to realistically mimic the structural characteristics of
the in-service structures. The accuracy of capacity estimation procedures given by the
current standard (AASHTO LRFD 2020) need to be evaluated first with the specimens
reflecting the actual behavior of in-service structures. Any modifications, where
appropriate, need to be made to enable a more precise capacity evaluation of in-service
inverted-T bent caps. The design approach and recommendation of retrofit solutions need

to be developed to enable the implementation of retrofit solutions in the practical fields.
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3. EVALUATION OF IN-SERVICE INVERTED-T BENT CAPS

3.1. Summary

To facilitate practical and impactful results in developing strengthening solutions for
inverted-T bent caps, in-service bent caps were studied. The specific bent caps selected
were part of the elevated lanes of IH 35 in downtown Austin. In addition to allowing for
the assessment of structures with older designs, these bent caps were selected to provide
an analysis if it was practical to increase the number of lanes on the structure. The
capacities of the bent caps were analyzed according to the current design specification
using demands based on the provisions at the time of design and the most recent one.
Based on the analysis results, the bent caps meet the strength limit demands of the earlier
provisions whereas insufficient to meet the service criteria that incorporated into the
design provisions after the time of construction. The capacities of the bent caps were
insufficient when evaluated against the demands of the current provisions for both service

and strength limit with the most critical part being the hanger capacity.

3.2. Bent Characteristics

A field investigation was performed to identify the characteristics of the in-service bent
caps. Design drawings were obtained for approximately 24 bents on each of the
northbound and southbound elevated lanes of IH35 in Austin, Texas. The structures were
built in late 1960s and designed in accordance with the 1965 edition of the AASHO
standard specifications and interim revision for design of highway bridges (AASHO,

1965). Design concrete strength was 3.6 ksi and design steel strength was 60 ksi.
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3.2.1. Configuration of Bent Caps

The evaluated in-service bent caps have two typical configurations: single-column bents
and two-column bents. Figure 3-1 shows an overview of the bent caps. Typically, the bent
is symmetric about the center of the bent (same overhang length on both ends with same
number and location of girders in the overhang region). For some of the double-column
bents, the overhangs on the two ends are not identical.

Cross-sectional dimensions are to the same for all double-column bents. The
single-column bents have a cross-section at the end similar to the two-column bent caps,
but with a ledge that increased gradually until the face of the column. The full height of
the inverted-T bent caps is approximately 7 ft, with slight variations due to the slope of
the roadway. The minimum ledge depth is 1 ft 8 in. for all bent caps. The full width of the

inverted-T bent caps is 5 ft 3 in., and the width of web is 2 ft 6 in.

(a) Single column bent (b) Double column bent

Figure 3-1. Overview of Typical Bent Caps of Elevated Lanes of IH35 in Austin,
Texas.
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In all bents, the columns are either rectangle or square, and the dimension of the
column perpendicular to the cap width is wider than the web. The columns in
single-column bents are 6 ft by 4 ft 6 in., providing only 4.5 in. clearance from the edge
of the cap on either side (see Figure 3-1(a)). The columns in all two-column bents are
square but vary in size. In most instances, two-column bents have either 3 ft 6 in. or 3 ft
square columns.

The number of girders supported by the inverted-T bent caps ranges from 6 to 11,
depending on the width of the road on the elevated bridge and the length of the span. In
most locations, the girders for the forward and reverse spans are aligned. But in some bent
caps, the girders are offset from one another on either side of the inverted-T bent caps.

The span length supported by the inverted-T bent caps range from 75 ft to 115 ft.
The longest span supported by the single- and double-column bent is 100 ft and 115 ft,
respectively. One of each of the single- and double-column bent caps supporting the
longest span length was selected as the prototypes and evaluated in the following sections.

Figure 3-2 and Figure 3-3 presents the detailed schematics of the prototype bent caps.
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