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Chapter 1. Introduction

1.1 BACKGROUND

The Texas highway system is handling larger volumes of traffic and heavier loads than
were expected when many bridges were designed. Some truck traffic may need to be rerouted to
avoid overloading bridges of questionable strength. CFRP strengthening to repair damage in critical
locations or to remedy insufficient capacity for permitted overloads provides a valuable addition to
structural preservation and life extension techniques.

The objective of the study is to demonstrate the feasibility of using bi-directional CFRP
layouts for shear strengthening of large bridge beams and girders. This project is an outgrowth of
project 0-6306 in which it was demonstrated that uni-directional CFRP strips and CFRP anchors
could be used to improve the shear strength of reinforced concrete elements. The prime objective
of that study was to evaluate the role of CFRP anchors. The tests showed that without anchors, the
CFRP strips debonded and there was no significant improvement in the shear capacity. With CFRP
anchors, it was possible to achieve a 40-50% increase in shear capacity. Tests of four 54-in. deep
I-beams with both uni-directional and bi-directional CFRP strips indicated that the use of bi-
directional strips led to improved shear behavior. Because data on bi-directional layouts of CFRP
was limited, additional work was needed to understand the behavior of the CFRP in strengthening
members subjected to large shear forces.

The previous study indicated that the quality of CFRP installation is a key element of the
strengthening technique. There is a need for quality control procedures to make sure that the
materials are used properly and the installation meets the design requirements. Currently there are
no well-established quality control procedures available for CFRP anchors.

1.2 OBJECTIVES

The objectives of the research included the following items:
" Identify parameters that influence the shear strength provided by the bi-directional

application of CFRP strips with CFRP anchors.
" Determine the extent that bridge elements benefit from bi-directional CFRP shear

layouts and CFRP anchors.
" Provide design guidelines for shear strengthening using bi-directional application

of CFRP strips with CFRP anchors.
" Provide engineers with design guidelines for CFRP anchors (e.g. embedment

depth, spacing, and configuration pattern).

" Provide installation procedures for CFRP anchors for quality assurance.
" Determine design details that will enable the anchor to fully develop the strength

of the CFRP strip.
" Develop in-situ anchor testing methodology using NDT procedures for quality

control of installation.

1.3 WORK PLAN

To accomplish the objectives outlined above, three main tasks were carried out:

1. Study of bi-directional CFRP applications for shear strengthening of various
bridge elements

2. Development of anchor design and quality control procedures
3. Provide design guidelines for implementation of CFRP materials and detailing

requirements for improving the shear performance of bridge elements.
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Task 1: Bi-Directional CFRP Applications

The following tasks were conducted to address the research objectives related to bi-
directional applications of CFRP.

Task la: Panel Tests

Small-scale panels were tested to study the parameters that influence the shear strength
provided by bi-directional CFRP. Panel tests were easy to conduct and enabled investigation of a
wide range of parameters in a cost-effective manner. Results from these tests will guide the full-
scale bridge-section tests that are necessary to develop the required design guidelines.

Key parameters investigated:
" Amount of CFRP

" CFRP inclination
" Amount of steel reinforcement
" Concrete strength
" Anchorage

Task 1b: T-Beam Tests

Test on T-beams strengthened with bi-directional CFRP were tested to study the effects of
key parameters identified in the panel test program under realistic boundary conditions
representative of rectangular sections. Several T-beams with overall heights of 24-in. and 48-in.
that were tested in project 0-6306 with uni-directional CFRP applications were repeated to
determine if bi-directional CFRP layouts were more efficient.

Key parameters investigated:
" Shear-span-to-depth ratio (a/d ratio)
" Amount of steel shear reinforcement
" Amount of bi-directional CFRP

" Concrete strength
" Beam web width

Task ic: I-Beam Tests

Initially, an extensive program of full-scale prestressed I-beams was proposed. However,
the Project Panel decided that I-beam tests were not a high priority. Although the intent was to
procure beams from producers providing prestressed beams to TxDOT, that avenue did not
materialize ard it was possible to only obtain one beam, which was delivered to the laboratory. The
tests conducted on that beam, a TX46 section, did not provide as much data as desired but
corroborated the earlier findings that indicated a significant improvement in the cracking
performance of the beams and control of crack widths.

Task Id: Pile Cap Girder Tests

The initial intent of this task was the use of CFRP materials to strengthen full-scale
prestressed U-beams. The Project Panel determined that observed cracking in pile cap girders was
a more significant issue and suggested that Task 1 d be focused on such beams. The program was
modified accordingly. Since pile cap girders are usually large sections with wide webs, the test
specimens were designed to use the largest possible cross-sections (32-in. x 32-in.) that could be
tested in the laboratory. The Project Panel also recommended that both completely wrapped
sections, as well as U-wraps with anchors be used since cap girders may have other beams resting
on them and it will be impossible to completely wrap the entire shear span of the cap girder.
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The following test matrix was derived to address the issues raised by the Project Panel:

" Effects of loading conditions
" Efficiency of retrofitting uncracked and cracked sections
" Placing CFRP anchors in known tension regions
" Efficiency of CFRP anchors relative to fully wrapped systems
" Effectiveness of fully wrapped and anchored uni- and bi-directional layouts

Task le: Design guidelines for bi-directional CFRP shear strengthening

Using the test result from the tasks above and data from project 0-6306, design guidelines
for application of uni- and/or bi-directional CFRP strips with CFRP anchors for shear strengthening
of various bridge elements were developed. The guidelines extend the procedures developed in
project 0-6306 for sections with fairly narrow webs to sections with wide webs. The interaction
between the concrete, steel, and CFRP materials carrying shear was shown to be important and that
interaction is expected to be even more critical in narrow web members.

Task 2: Anchor Design and Quality Control Procedures

The focus of Task 2 was to address the following goals:

* Provide engineers with design guidelines for CFRP anchors (e.g., embedment
depth, spacing, and configuration pattern).

* Determine minimum material properties that will enable the anchor to fully
develop the strength of the CFRP material.

" Evaluate in-situ anchor testing methodology for quality control of installation.

The following sub-tasks were carried out to accomplish the stated objectives related to
anchor design and quality control procedures.

Task 2a: Procedures for quality control of CFRP anchor installation

The objective of this task was to develop a simple test that could be used to qualify a
particular CFRP material and/or a CFRP anchor installation. Based on the tests from Project 0-
6306, work continued on the use of a standard 3-point-load beam test (commonly used to determine
modulus of rupture for concrete pavements). Benefits of using the standard beam tests are: 1) they
are widely used in structural engineering laboratories so most laboratories have the necessary
equipment to conduct the tests; 2) the beams are (6"x6"x24") making them easily maneuverable by
two workers without the need for lifting equipment; and 3) given the first two benefits, the cost of
conducting such tests is reasonable.

The intent of this phase of the project was to:
* Optimize the test setup and beam design by varying details to achieve the most

reliable and convenient design. Variables included: amount of CFRP, CFRP
materials, and concrete strength.

* Evaluate the results obtained from the tests to determine the number of tests that
need to be conducted to obtain a representative sample. Workmanship is the
primary reason for variability in the data because there are a number of steps
involved in the installation of CFRP strips and anchors and at each point in the
process, small differences in workmanship may influence the performance.
Information on variability is needed to set values for accepting or rejecting an
installation or material.
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Task 2h: Tests to optimize anchor design

Using the beam setup from Task 2a, the design and detailing of anchors were studied.
Variables investigated:

" Area of CFRP in anchor
" Ratio of strength of CFRP anchor to strength of CFRP strip
" Depth of anchor into concrete substrate

* Size of anchor hole
" Radius of chamfer around the hole

" Anchor fan geometry

" Concrete strength

CFRP anchor design specifications and detailing requirements were developed. The
specifications will allow designers to determine all anchor-hole dimensions, the amount of material
to use in a given CFRP anchor, and anchor fan geometry, given the area of the CFRP sheet to be
developed and concrete strength. This task was closely coordinated with Task 2a.

Task 2c: Evaluation of in situ non-destructive techniques for determining quality of CFRP
sheet and anchor installations

To ensure proper transfer of forces between CFRP sheets and anchors, nondestructive
testing (NDT) was evaluated as an in-situ method for quality control of CFRP installations.
Ultrasonic methods were used to evaluate the quality of bond between CFRP sheets and anchors,
CFRP sheets and concrete, and to detect voids in anchor holes.

The study included two steps as described below.

* Step I - Perform ultrasonic tests on standard beams to determine the best test NDT
procedure and parameters to quantify voids in anchor installation and to detect
delamination between CFRP sheets/anchor and sheets/concrete.

a Step 2 - Perform NDT measurements on T-beam tests.

Task 3: Final Report and Project Summary Report

The final report includes experimental results and analyses of the data that were used to
develop the design recommendations for CFRP shear strengthening including the design of CFRP

anchors. De ailing requirements for both strips and anchors have been developed. Guidelines for
installation of CFRP strips and anchors are presented and accompanied by guidelines for quality
assurance of anchor installations.

1.4 ORGANIZATION OF FINAL REPORT

Table 1-1 provides a guide to the reader for the organization of the final report indicating
the location of various tasks vis-A-vis the chapters in the report.
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Table 1-1: Organization offinal report

Tasks Topic Chapter Topic

Task 1: Bi-Directional CFRP Applications 1 Introduction

Task la Panel Tests 2 Panel Tests
Task lb T-Beam Tests 3 T-Beam Test
Task lc Prestressed I-Beam Tests 4 I-Beam Tests
Task Id Pile Cap Girder Tests 5 Pile Cap Girder Tests

Task 1e Design guidelines for bi- Design and Detailing
directional CFRP shear 9 Recommendations for CFRP
strengthening Shear Reinforcement

Task 2: Anchor Design and Quality Control Procedures

Task 2a Procedures for quality control of 6 S Recommendations for Quality

Assurance Tests

6 Small-Scale Beam Tests
Task 2b Tests to optimize anchor design Design and Detailing

8 Recommendations for CFRP
Anchors

Evaluation of in-situ non-
Task 2c destructive techniques for 7 Evaluation of Non-Destructive

determining quality of CFRP sheet Test Procedures
and anchor installations

Task 3: Final Report and Project Summary Report
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Chapter 2. Panel Tests

2.1 OVERVIEW

Because the data on the bi-directional layout of CFRP was limited in Project 0-6306,
additional work was needed to understand the behavior of the CFRP in strengthening thin webs
subjected to large shear forces. The observed shear strength increases in I-beams tested in project
0-6306 raised the following fundamental questions: 1) how did the thin anchored CFRP sheets that
have no compression strength increase the compression capacity of a strut, and 2) why uni-
directional CFRP layouts did not perform, as well as bi-directional layouts.

2.2 EXPERIMENTAL PROGRAM

2.2.1 Design Considerations

Small-scale panel tests were the starting point to investigate the parameters that influence
the shear strength provided by bi-directional CFRP. Panel tests are relatively cheap and permit
investigation of a number of parameters in a cost-effective manner. Results from these tests helped
guide the large-scale tests that are needed to develop the design guidelines.

The panels were tested under compressive forces applied over a restricted area (Figure
2-1). Such loading generated a bottle-shaped compressive strut between loading and reaction
points. The panels loaded in this fashion are intended to imitate the compression struts that form in
the webs of I-beams as illustrated in Figure 2-1. The panels were 3-ft. by 3-ft. square and 6-in.
thick. The test setup is shown in Figure 2-2.

2.2.2 Design Considerations

Several panels strengthened with CFRP strips are shown in Figure 2-3. Figure 2-3(a) shows
uni-directional strips that are oriented at different angles to the vertical crack that forms through
the panel. Figure 2-3(b) shows bi-directional arrangements so that comparisons can be made
between the two cases. Another variable was the amount of steel reinforcement provided. Different
amounts of CFRP strips and steel bars were used to verify effect of reinforcements. For the tests
with intermediate anchors, the faces were fully wrapped (no strips) and the horizontal CFRP sheets
were overlapped on the vertical sides of the panel. The details of panels with one or two layers of
steel reinforcement are shown in Figure 2-4. The confining plates (shown in Figure 2-5) were
installed before loading to prevent concrete crushing failure at the load and reaction plates. The
side plates were clamped to the panel with three bolts that were tightened to provide confinement
of highly-stressed concrete under the loading plates.

In addition, two concrete strengths were targeted in this study, normal strength of 5 ksi and
high strength of 11 ksi to evaluate the effects of concrete strength on CFRP behavior. Table 2-1
shows a listing of the 23 specimens tested. The specimen notation is summarized below Table 2-1.
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Uni-directional strips Bi-directional strips

Figure 2-5: Formation of first cracking

Table 2-1: Test specimen variables

Concrete strength Steel Reinforcement CFRP layout CFRP strip Notation
inclination

Non-reinforced n/a CO-0-0-5

00 U5-0-0-5

300 U5-30-0-5
Uni-direction

45 U5-45-0-5

600 U5-60-0-5

None 0, 900 B5-0-0-5

Bi-direction 450 B5-45-0-5

300, 600 B5-60-0-5

0C, 900 B36-0-0-5-Oan

Normal strength InFullth directios 0, 900 B36-0-0-5-4an

00, 900 B36-0-0-5-6an

Non-reinforced n/a CO-0-2-5

00 U5-0-1-5

00 U5-0-2-5

Uni-direction 300 U5-30-2-5
Rebar mat

450 U5-45-2-5

600 U5-60-2-5

450 B5-45-2-5
Bi-direction

300, 600 B5-60-2-5

Non-reinforced n/a CO-0-0-11

00, 900 B5-0-0-11
High strength Noneb senb Bi-direction 450 B5-45-0-11

300, 600 B5-60-0-11

Notation: First group of letter: U and B--Uni- and Bi-directional layouts, and CFRP strip width in inch;
Second group: Angle of CFRP layout; Third group: Number of reinforcing bar layers; Fourth group: Nominal
concrete strength in ksi; Fifth group: Number of intermediate anchors

10
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2.3 TEST RESULTS

2.3.1 Overview of the Test Results

A total of 23 panels were tested. Table 2-2 shows a summary of test results of all the panels.
A typical specimen failure was triggered by crushing of the compressive strut between the loading
and reaction bearing plates, which led to large horizontal deformations and vertical cracking along
panel centerline. Test results are evaluated in tens of the load capacity and the deformation of the
panels in the horizontal direction (splitting strains). Panel tests are categorized in six different
groups to evaluate the effects of CFRP strengthening with respect to 1) inclination of CFRP from
principle crack in uni-directional CFRP layouts, 2) inclination of CFRP from principle crack in bi-
directional CFRP layouts 3) effect of CFRP layout, 4) effect of amount of reinforcing materials, 5)
load contribution of CFRP strips and steel reinforcement, 6) effect of concrete strength. Cracking
loads generally occurred in a narrow range close to that of the control panel. The only tests that
showed consistently higher cracking loads were the fully wrapped panels (B36) because the added
CFRP material provided more restraint to lateral deformations and delayed the formation of the
vertical crack. It should be noted that determining first cracking was difficult when much of the
concrete surface was covered with a CFRP strips or sheets and the only indication was a change in
the stiffness of the specimen.

Table 2-2: Test result summary

i Cracking load Maximum load Increment from control specimen
Specimen (kips) (kips) kips %

CO-0-0-5 220 364 0 0
U5-0-0-5 201 486 122 34
U5-30-0-5 198 472 108 30
U5-45-0-5 202 448 84 23
U5-60-0-5 204 474 110 30
B5-0-0-5 232 475 111 31
B5-45-0-5 210 431 67 18
B5-60-0-5 227 462 98 27
B36-0-0-5-Oan 289 540 176 48
B36-0-0-5-4an 290 572 208 57
B36-0-0-5-6an 284 563 199 55

CO-0-2-5 269 590 0 0

U5-0-1-5 274 635 45 8
U5-0-2-5 275 650 60 10
U5-30-2-5 265 588 -2 0
U5-45-2-5 292 626 36 6
U5-60-2-5 263 566 -24 -4

B5-45-2-5 309 656 66 11
B5-60-2-5 310 629 39 7
CO-0-0-11 298 617 0 0
B5-0-0-11 328 595 -22 -4
B5-45-0-11 381 749 132 21
B5-60-0-11 405 733 116 19
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2.3.2 Behavior of Typical Panel Test

Figure 2-6 represents typical behavior of a panel that was reinforced with two layers of
bars and strengthened with a 5-in. wide bi-directional CFRP layout with 45-degree angle. The panel
failed by corcrete crushing between the CFRP strips. All of the strain plots represent horizontal
strains averaged over the height of the panel at the centerline.

Figure 2-6(b) shows the strain contour before cracking (250 kips). Average horizontal
strain was 0.9002 at this load level. In Figure 2-6(c), tension zone can be clearly seen after the
cracking loac. The tensile strain outlines the formation of a compressive strut. Strains were higher
at the unrein-orced concrete surface between CFRP strips (Figure 2-6(d)) and development of a
well-defined compressive strut is evident in the figure. The strain contour in Figure 2-46e) was
taken before the maximum applied load on the panel. At that load level, the average horizontal
strain measured across a gage length of 8" over the height of the panel was 0.003.

CFRP strengthened panels had similar strain distributions and progressions during tests.
However, the locations of the widest cracks varied according to CFRP strip layout.

Load-Strain Response
700

600

500

c.400
(c)

m 300
. (b)

200

100
I

(d)

0
0 0.001 0.002 0.003 0.004 0.005

Average Horizontal Strain

(a) Load-average horizontal strain response of B5-45-2-5
.10

.6

(b) Before cracking

(P=250 kips)
(c) After cracking

(P=350 kips)
(d) Intermediate load level (e) Before maximimn load

(P=550 kips) (P=640 kips)

Figure 2-6: Horizontal strain contours for typical panel (B5-45-2-5)

2.3.3 Effect of CFRP Strip Inclination

As can be seen in Figure 2-7 the cracking loads of the uni-directional CFRP reinforced
panels were similar to each other but post-cracking stiffness was different. The average strains in
the strips with lower inclination from horizontal were smaller at all load levels. The maximum
strength of the uni-directionally reinforced panels tended to decrease as the inclination of the strips
to the crack decreased.
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Load-Strain Response
700

600

- U5-0-2-5
L400 U5-45-2-5

m 300 -- US-60-2-5

200o - - CO-0-2-5

100

0

0 0.001 0.002 0.003 0.004
Average Horizontal Strain

Figure 2-7: Load-strain responses of panels with uni-directional CFRP layouts

The effect of the bi-directional CFRP strip inclination layout is shown in Figure 2-8.
Vertical CFRP strips were ineffective in contributing to the panel strength (Kim, 2014). Therefore,
U-0-2-5 was considered to represent a bi-directional CFRP layout with horizontal and vertical
strips. The cracking loads increased in the case of the two inclined bi-directional layouts. Micro-
cracks did not immediately lead to wider cracks. The bi-directional CFRP strip layout resulted in
all panels reaching similar maximum load capacity regardless of the strip inclination. A relatively
small variation in the average horizontal strain at the same loads can be observed with the bi-
directional CFRP layouts.

Load-Strain Response
700

600 0 m

500 *
400 -U5-0-2-5

Z- B5-45-2-5

300 -B5-60-2-5

200 Control - - CO-0-2-5

100

0
0 0.001 0.002 0.003 0.004

Average Horizontal Strain

Figure 2-8: Load-strain responses of panels with bi-directional CFRP layouts

2.3.4 Effect of CFRP Layout

In Figure 2-9, load versus average horizontal strains are plotted for specimens U5-30-2-5
and B5-60-2-5. As can be seen in the figure, cracking and peak loads were higher with the bi-
directional CFRP layout. Also, the average strain in the panel with the bi-directional layout was
considerably smaller than in the panel with the uni-directional layout at the same load level.
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700

600

500

L 400

300
0

200

100

0

Load-Strain Response

Bi-: 30. 60

Uni-: 30*

- U5-30-2-5

B5-60-2-5

0 0.001 0.002 0.003 0.004 0.005
Average Horizontal Strain

Figure 2-9: Load-strain responses of panels with uni- and bi-directional CFRP layouts (30 , 600)

2.3.5 Effect of Amount of Steel Reinforcement

Figure 2-10 shows the load-strain responses of the three panels with different amounts of
steel reinforcement. All the panels were reinforced with the same CFRP strip layout. The panels
with steel reinforcement were considerably stiffer compared to U5-0-0-5. Large strains were
observed in the panel that was only reinforced with CFRP strips. However, in the case of the rebar
reinforced panels, lower levels of splitting strain were recorded. The CFRP strips allowed the
panels to reach similar peak load level since the CFRP continued to restrain lateral expansion after
the reinforcement yielded.

Load-Strain Response
700 -2 layers

600 yield

500 yd-U5-0-0-5

p=0 .0

0 400
No bars U5-0-1-5

300 p=0.0025
0

200

100

0

T
-U5-0-2-5

p=0.0050

0 0.001 0.002 0.003 0.004
Average Horizontal Strain

Figure 2-10: Load-strain responses of panels with different steel ratios

2.3.6 Load Contribution of CFRP Strips and Steel Reinforcement

In Figure 2-11, load-strain curves are plotted for panels with and without steel
reinforcement. It should be noted that the steel reinforcement increases the capacity of the panel
and that the ?FRP contribution is smaller when steel reinforcement and CFRP are used together.
As can be seen in this figure, the cracking load increased about 23 % when bars were added.
However, different load increases were observed in the panels with different combinations of
materials. TLe specimen with both CFRP strips and bars had the largest load increase and the lowest
average horizontal strain at the same load levels. The force that could be contributed by the CFRP
strips and the bars was the same. However, the load contribution of the steel reinforced panel to the
panel strength was considerably greater than the CFRP contribution to the strengthened panel.
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Load-Strain Response
700 With bars and Uni-CFRP

600

500

a 400
With Uni-CFRP -U5-0-0-5

0 300 - -- - -- CO-0-2-5
0

200 - xcotral -U5-0-2-5

100

0
0 0.001 0.002 0.003 0.004

Average Horizontal Strain

Figure 2-11: Load-strain responses of panels with various reinforcements

2.3.7 Effects of Concrete Strength

Figure 2-12 compares strengthened panels with different concrete strength and bi-
directional CFRP layouts. The increase in concrete strength from 5 to 11 ksi resulted in an increase
in cracking load of 36 % and in maximum load of 146 % of the high strength control panel. The
increases in cracking load using bi-directional CFRP strips were highly correlated with tensile

strength of the concrete. Using the f' as an indicator of the concrete strength, the tensile strength
of the 11 ksi concrete would be about 48% higher than the 5 ksi concrete.

p Cracking Load (kips) 0 Maximum Load (kips)

800 747

700

600

500 - -445- -
.

Y 400 -- - ---- -- --_ 38140

c 298 301

200 - - - - -

100 - --

0 - -- -
CO-0-0-5 B5-0-0-5 CO-0-0-11 B5-45-0-11 B5-60-0-11

Figure 2-12: Load comparisons of specimens with differing concrete strengths and bi-directional CFRP
layouts

2.3.8 Effects of the Amount of CFRP Material

Specimens B5-0-0-5 and B36-0-0-5 were compared to evaluate the effects of the CFRP
material amount on panel performance. Figure 2-13 shows the load-strain responses of these panels.
The cracking load of B36-0-0-5 was 32 % higher than that of the control panel, while the cracking
load of B5-0-0-5 was only 5 % higher than that of the control specimen. A 250 kip increase in
maximum load was obtained with the use of CFRP strips. However, a maximum load increase of
only 315 kips was achieved when the amount of CFRP material was doubled in the fully wrapped
application. The incremental strength gain obtained by doubling the amount of CFRP in the fully
wrapped specimen was therefore only 65 kips from what was achieved in the strip-reinforced
specimen. As observed in the I-girder tests (Kim et al., 2012), the strength increase in the panels
was not proportional to the increase in the amount of CFRP used.
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600

500

400

300

200

100

0

Load-Strain Response

B36

Control

0 0.001 0.002 0.003 0.004
Average Horizontal Strain

-C-0-0-5
B5-0-0-5

-B36-0-0-5

0.005

Figure 2-13: Load versus average horizontal strains of panels reinforced with CFRP strips or sheets

2.3.9 Effects of Anchorage Layouts

Figure 2-14 shows the load-strain responses of the fully wrapped panels with different
intermediate CFRP anchor arrangements. The overall panel behavior was similar regardless of the
number or presence of intermediate anchors. However, the additional anchors allowed the
horizontal fibers to reach higher strains without significant loss of capacity beyond the maximum

load. The anchors reduced the length over which the strains across the cracked regions of the panel
could develop. As a result, the reduced length between the intermediate anchors resulted in higher
strains being developed and higher post-peak loads being maintained.

Load-Strain Response
700

600 -6 anchors
500- _

400 No anchors
:v 1

300

200 1-

100

-B36-0-0-5

B36-0-0-5-4an

-B36-0-0-5-6an

0

0 0.002 0.004 0.006
Average Horizontal Strain

0.008

Figure 2-14 - Load versus average horizontal strains for panels with intermediate CFRP anchors

2.4 CONCLUSIONS

Uni-directional CFRP layouts

" The uni-directional CFRP layouts did not significantly change the panel cracking load from
that of the control test regardless of the angle of inclination.

* Increasing the angle (0 ~90) between the CFRP fibers and the vertical splitting crack in the

compressive strut led to increased maximum loads and decreased critical crack widths in the

uni-directionally reinforced panels.
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Bi-directional CFRP layouts

" Bi-directional CFRP layouts resulted in significant increases in the maximum loads of panels.

" Nearly identical cracking and maximum loads were observed in the orthogonal bi-directional
CFRP layouts regardless of the CFRP angles.

" Bi-directional CFRP applications improved cracking performance of concrete members with
higher strength concrete. Increases in cracking loads of about 36% were achieved in panels
with high-strength concrete but only 5% in panels with regular-strength concrete.

" These findings can explain the significant increase in cracking load observed when
strengthening bridge girders with high-strength concrete using bi-directional CFRP (Kim et al.,
2012).

* The percentage increases in panel strengths were similar regardless of the concrete strength.

* Panel strength increases were not proportional to the amount of CFRP used. Doubling the
amount of CFRP did not double the strength contribution of the CFRP.

Bi-directional vs. uni-directional CFRP layouts

* Higher cracking and maximum strength gains were obtained with bi-directional CFRP layouts
than that of uni-directional CFRP applications.

" The bi-directional CFRP layouts controlled cracking better than uni-directional CFRP layouts.
Strains perpendicular to the vertical splitting cracks of the bi-directionally strengthened CFRP
layouts were lower compared to strains of the uni-directionally strengthened panels at all load
levels.

* Effective shear crack control in concrete members and an increase in cracking load can be
obtained with bi-directional CFRP applications compared with uni-directional CFRP layouts.

Effect of steel reinforcement

* Steel reinforcement was more effective in controlling the average horizontal strains in the
cracked region than CFRP strips. There was better bond between the steel reinforcement and
the concrete. This bond deteriorated less rapidly than did the debonding of the CFRP strips.

" Steel reinforcement in the panel reduced the contribution of the CFRP strips. Even though the
tensile capacity of the steel reinforcement was the same as that of the uni-directional CFRP
strips, the difference in bond properties between steel and CFRP limited the tensile force that
could be developed in the CFRP.

" The addition of CFRP strips resulted in higher stiffness of the panels. The addition of CFRP
strips to members with high transverse steel ratios is not likely to be very effective in improving
the shear strength of the members.

Effect of intermediate CFRP anchors

" The introduction of intermediate CFRP anchors allowed the CFRP sheets to achieve more
uniform strain distributions and better crack control. Such intermediate anchors may be useful
for controlling shear cracks in concrete members and maintaining, or even increasing the
concrete shear strength at cracking.
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Chapter 3. T-Beam Tests

3.1 OVERVIEW

Extensive research has been devoted in the last decade to evaluate the use of externally
bonded CFRP material in strengthening RC members in shear. Laboratory tests have demonstrated
the value of strengthening with CFRP (Triantafillou, 1998; Khalifa et al., 1999; Adhikary et al.,
2004; Zhang and Hsu, 2005; Pellegrino and Modena, 2006). However, the majority of these studies
mainly focused on small scale, rectangular cross-sections with no or little transverse reinforcement,
which are not representative of actual in-service members (Bousselham and Chaallal, 2006). A
significant increase in shear strength was observed when externally bonded CFRP material is fully
wrapped around the RC beams. Yet, when CFRP laminates were U-wrapped or side-bonded,
debonding between CFRP laminates and concrete surface prevented the full utilization of the tensile
capacity of CFRP material (Khalifa and Nanni, 2000; Chen and Teng, 2003; Zhang and Hsu, 2005).

The use of CFRP systems consisting of uni-directional CFRP strips anchored with CFRP
anchors for shear strengthening of RC beams can result in a significant shear strength gain. The
application of bi-directional CFRP laminates with CFRP anchorage provided a shear strength gain
up to 40%. For this reason, the performance of the bi-directional application of CFRP laminates
with CFRP anchors needs to be investigated to understand the shear mechanism that caused this
difference between uni-directional and bi-directional applications of CFRP.

3.2 OBJECTIVES

Design recommendations for shear strengthening with FRP material that currently exist in
design guides have different shortcomings. Most of these design recommendations were developed
based on small-sized test specimens that may not represent the practical size of the members in
Texas bridges. Recommendations were based on experimental test data that include some test
specimens with no shear reinforcement, which may not be representative of practical members.
Furthermore, the current recommendations do not include guidelines for anchored FRP systems
and are limited to applications such as side bonded, U-wrap, and fully-wrapped systems.

The objectives of this task were to 1) evaluate the feasibility of using bi-directional CFRP
laminates with CFRP anchors in shear strengthening of full-scale reinforced concrete beams with
different shear reinforcement ratios, and 2) determine the difference between the uni-directional
and bi-directional applications of CFRP in shear strengthening of reinforced concrete beams.

3.3 EXPERIMENTAL PROGRAM

3.3.1 Test Matrix

The experimental program for this task consisted of a total of 18 tests. Eight tests were
performed on 24-in. deep T-sections while the other ten tests were performed on 48-in. deep T-
sections. The full-scale reinforced concrete T-beams were designed to allow for direct comparison
with previous experimental testing conducted in TxDOT project No. 0-6306.

A T-section was selected to reflect a typical bridge where the beam is part of a monolithic
bridge deck. In this case, complete wrapping of the cross-section is not feasible. Using a U-wrap
around the web of the cross-section is more suitable. However, in such a case, the failure mode of
the U-wrap approach is likely to involve premature debonding. Therefore, CFRP anchors were
provided to prevent this type of failure (Orton et al., 2008; Orton et al., 2009; Kim et al., 2011).

In the 24-in. deep T-beams tests, two tests were performed on a beam with a 14-in. wide
web and a span-to-depth ratio (a/d) of 1.5. Two tests were conducted on a beam with a 14-in. wide
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web and an a/d of 3. No control or uni-directional tests were included in the test matrix because
these tests were previously carried out as part of TxDOT Project 0-6306. After the tests with 14-in.
webs were completed, four tests were carried out on beams with 8-in. webs, to more closely reflect
the range of web thicknesses of I-beams. Ten 48-in. deep T-beams with 14-in. webs constituted the
remainder of the tests.

The 24-in. deep T-beam specimens and four of the 48-in. deep T-beam specimens were
designed so that two different regions were tested on each beam. The final six 48-in. deep T-beam
specimens were designed with three test regions in each beam. Table 3-1 shows the test matrix.

Table 3-1: Test matrix for T-beams

Shear . No. of CFRP Concrete
span -to- Web Sting CFRP Layers strength

Depth depth Width (in.) Application Vertical H tl f'at 28 (See Notation

ratio ')daysFi.31

1.5 14 4 Bi-directional Single Single 24-1.5-14-1
3200

1.5 14 4 Bi-directional Double Double 24-1.5-14-2

3 14 10 Bi-directional Single Single 24-3-14-1
3200

3 14 10 Bi-directional Double Double 24-3-14-2
24

3 8 10 None - - 24-3-8-1

3 8 10 Uni-directional Single - 2500 24-3-8-2

3 8 10 Bi-directional Single Single 24-3-8-3
3400

3 8 10 Bi-directional Double Double 24-3-8-4

3 14 18 None - - 48-3-14-1

3 14 18 Uni-directional Single - 2900 48-3-14-2

3 14 18 Uni-directional Single - 48-3-14-3
5400

3 14 18 Bi-directional Single Single 48-3-14-4

3 14 18 Bi-directional Single Single 48-3-14-5
48

3 14 18 Bi-directional Single Single 4530 48-3-14-6

3 14 10 Uni-directional Single - 48-3-14-7

3 14 18 Uni-directional Double - 48-3-14-8

3 14 18 Bi-directional Single Double 4570 48-3-14-9

3 14 10 Bi-directional Single Single 48-3-14-10

A simple notation system was established to designate each test. Each test label consists

of four identifiers. Figure 3-1 illustrates the notation system used. Key parameters of each test

are shown in Table 3-1.

Section
Depth

24-in

48-in

Span-to- Web Width Test Number
depth ratio

Differ
. 1.5 8-in. CFRP

. 3 14-in.

Figure 3-1: Test notations for T-beams
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CFRP strips were applied on the web of the specimen vertically and horizontally to form
uni- or bi-directional configuration. CFRP anchors were installed to provide anchorage for CFRP
strips.

For 24-in. deep beams with an a/d of 3, the layout of CFRP strips is shown in Figure 3.2.
The 5-in. wide vertical strips were spaced at 10-in. on center. The 5-in. wide horizontal strips were
spaced at 10-in. on center. Both vertical and horizontal CFRP strips were anchored. Vertical strips
were anchored with CFRP anchors at the ends only, whereas horizontal CFRP strips were anchored
with middle-anchors as well as end-anchors.

P7~77K

(a) Control

(b) Uni-directional Single Layer

=113=

(c) Bi-directional Single Layer

(d) Bi-directional Double Layer

Figure 3-2: CFRP layouts used in 24-in. T-beams, a/d = 3

For the 24-in. deep T-beams with a/d of 1.5, the spacing of the vertical and horizontal
CFRP strips was the same as shown for the beams with a/d of 3.

21

=|3313|=_

1



Figu e 3-3 shows the CFRP layouts of the 48-in. deep T-beams series.

I
(Test 1) Control

I

t

(Test 2) Uni-directional 10" strips spaced at 20"

t 
-

(Test 3) Uni-directional 5" strips spaced at 10"

C 13

(Test 4) Bi-directional 5" strips spaced at 20"

E

(Test 5) Bi-directional 10" strips spaced at 20"

Figure 3-3: CFRP layouts used in 48-in. T-beams, a/d = 3
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3.3.2 Steel Reinforcement

The amount of internal transverse shear reinforcement affects the shear resistance of RC
members. Furthermore, numerous in-service RC beams were found to be deficient in shear due to
insufficient shear reinforcement (Khalifa and Nanni, 2000). The maximum allowable spacing for
transverse reinforcement based on current code provisions (AASHTO, 2014 and ACI-318-11) was
used in the test program. Figure 3-4 shows the transverse reinforcement spacing for the 24-in. deep
T-beams.

#3 @4"

58"

#3 @ 4" #3 @ 10"

-- 38"

- -12

(a) a/d = 1.5

End
Confinement
Reonforcement

V

76" 68"

- 16'

(b) a/d = 3

Figure 3-4: Transverse reinforcement for 24-in. T-beams

The cross-sections of 14-in. web specimen and 8-in.
section series are presented in Figure 3-5 and Figure 3-6.

web specimen for the 24-in. deep T-

28"

5-#10Gr60

#3 Gr 60 STIRRUPS

10-#10Gr75

"o 0 O 1
i

20.4"

14" - .

Figure 3-5: Cross-section of 14-in, wveb beam
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22"

2-#10Gr60

#3 Gr 60 STIRRUPS

4 - #11 Gr 75

0O

*1

20.2"

- 8" -
Figure 3-6: Cross-section of 8-in. web beam

For the 48-in. deep T-beams series, all beams were constructed with 14-in. wide webs.
Figure 3-7 shows the reinforcement details for 48-in. deep T-beams. The cross-section of the 48-
in. deep T-beams is shown in Figure 3-8.

Test 1 Test 2

T t

(a) 27'8" long (Test 1 to 4)

Telt 1 Test 3 Test 2

(b) 40' long (Test 5 to 10)

Figure 3-7: Steel cage of 48-in. T-beams, 27'8' beam (top), 40' beam (bottom)
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- 24"

8"

40" 1

n
6-#9 Gr60

#3 @ 18" Gr 60
@ 10" Gr 60

12 - #11 Gr 75

14" -

Figure 3-8: Cross-section of 48-in. deep T-beans

3.3.3 Concrete

Concrete with a relatively low 28-day compressive strength was used. Concrete
compressive strengths of all beams tested are reported in Table 3-1. A low strength concrete was
expected to reduce the concrete contribution to the total shear resistance and contributions from

internal transverse reinforcement and external CFRP reinforcement were expected to be a larger
percentage of the shear capacity.

3.3.4 Carbon Fiber Reinforced Polymer (CFRP) Application

For .he application of bi-directional CFRP in the first test specimen, the vertical strips
consisted of a single strip that was cut and installed. The end of the strip was attached at the top of

the web on one side and then extended under the soffit to the other top side of the web. The
installation cf a single strip around the web of the beam was found to make the application process
more difficult. Consequently, for the remaining specimens, two strips were spliced over the soffit

of the web. Figure 3-9 illustrates the two methods used in applying vertical CFRP strips. The

splicing of vertical strips considerably eased the installation process of bi-directional CFRP
application. There were no problems with strips with splices reaching fracture.

F

14"

(a) Single strip

( "
(b) Spliced strip

CFRP Anchor

Figure 3-9: Different configurations used for vertical CFRP strips
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To develop the full tensile capacity of the horizontal strips, CFRP end-anchors were used.
However, for specimens with a shear span-to-depth ratio of three, these horizontal strips were long
enough so end-anchors alone may not allow them to reach their full tensile capacity or to control
cracking. Therefore, an additional middle-anchor was installed to reduce the anchorage distance of
the horizontal strips, as shown in Figure 3-10.

Figure 3-10: Middle anchors for horizontal strips in bi-directional, top (before), bottom (after)

The middle-anchor consisted of single anchor with a cross-sectional area greater than the
end-anchor. In this study, CFRP anchors with 1/2-in. diameter were used as end-anchors; while
CFRP anchors with 5/8-in. diameter were used as middle-anchors. The fan portion of the middle-
anchor was split in two parts and fanned out in two opposite directions, as shown in Figure 3-11.
A typical CFRP anchor used in this experimental program is also shown in Figure 3-11.

1 

.

t, r

r
R - ..

AM.

IIi1' " pp1 w ' { .I' '

M 1

Figure 3-11: Middle anchor detail (left), CFRP anchor (right)

An anchor with a total cross-sectional area equaling at least twice the area of the CFRP
strip was recommended (Orton et al., 2008) to develop the full tensile capacity of that CFRP strip.
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The force developed in a strip should generate fracture of the strip rather than anchor failure. Design
and detailing provisions for anchors are included in chapter 8 of this report.

For the case where the area of the CFRP strip was doubled, two anchors were installed
instead of a single anchor in order to satisfy the cross-sectional area requirement (Figure 3-12). It
was reported that multiple anchors provide better force transfer than a few large anchors (Orton et
al., 2008). A detailed description of bi-directional
in shear strengthening applications is discussed in

application of CFRP strips with CFRP anchors
Alotaibi, 2014.

Single layer Double layer

Figure 3-12: Amount of CFRP material for single and double layers of strips

3.3.5 Test Setup

A three-point loading system was used to test all specimens in the 24-in. series (Figure
3-13). For the test setup shown, the load was applied between the two reactions resulting in a larger
shear force in the shorter span (test span) and a smaller shear force in the longer span, which was
however still large enough to risk shear failure in the longer span. Therefore, to perform two tests

from each specimen with the given test setup, pre-stressed external clamps were used to increase
the shear capacity of the longer region. When the second span was tested, the first span was clamped
so that it would support the shear force from the second test.

Prestressed
Clamps

Roller Support

24"

t

76"
+

68"

Load Cell

Test Region

T

- 144"

Figure 3-13: Test setup for 24-in. T-beams
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The loading configuration of the 48-in. deep T-beams is shown in Figure 3-14(A). For the
test setup shown, a loading frame with a 2,000 k hydraulic ram was used to apply load to the beams
being tested. All specimens were simply supported by two identical reactions comprised of a 3-in.
thick bearing pad that rested on a 4-in. thick loading plate, which transformed the reaction to two
1,000k load cells as shown in Figure 3-14(B). To perform two tests from each specimen with the
test setup, pre-stressed external clamps were used to increase the shear capacity of that region as
described above for the 24-in. T-beams. Also, due to the possible explosive failure of the test span,
loading had to be stopped before failure occurred to allow testing the second span (Figure 3-14[C]).
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Figure 3-14: Test setup f)r 48-in. deep T-beams

3.3.6 Instrumentation

Strain gages were used to monitor strains in the transverse and longitudinal steel

reinforcement. Most of the strain gages were placed on transverse reinforcement to determine the
force carries by the steel stirrups. To monitor strains in the longitudinal reinforcement, additional

strain gages were placed on the longitudinal bars to monitor maximum strains at peak moment

locations. Strain gage locations in the 24-in. deep -eams are shown in Figure 3-15. Strain gages
were applied primarily to stirrups on one face of the web, with a few additional strain gages placed

on the other face. For the 48-in. deep series, strain gage locations for specimens with stirrups at 18-

in. and 10-ir. spacing are shown in Figure 3-16.
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Figure 3-15: Strain gages locations for 24-in. deep T-beams
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Figure 3-16: Strain gages locations for 48-in. T-beams

An optical measurement system was used to monitor deformations of the targets on the test

specimens. The measured changes in deformation between selected targets were used to determine

average strains in the CFRP strips and the concrete. A detailed description of the optical

measurement system in the current testing program is included in Chapter 6 (6.2.4.1). Figure 3-17

illustrates the optical measurement system used to monitor the T-beam specimens.
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Figure 3-17: Optical measurement system used in the testing program

3.4 TEST RESULTS OF 24-IN. DEEP T-BEAMS

This section presents results obtained from the eight tests conducted on 24-in. deep T-
beams. These results are divided into three groups based on 1) web width of 14-in. or 8-in., 2) shear
span to depth ratio of 1.5, and 3) shear span-to-depth ratio of 3.

3.4.1 Results of Beams with a 14-In. Web and A/D of 1.5

Specimens with a/d < 2 are classified as deep beams. The shear failure mechanism of a
deep beam is usually controlled by the crushing of:he concrete strut that forms between the point
load and the support. In both tests, shear cracks :nitiated in the web of he specimen after reaching
an applied shear of approximately 83 kips. As th applied load increased, additional shear cracks
continued to form between the point load and :he reaction. The failure was a combination of
concrete crushing at the face of the node next to th support and the crushing of concrete strut that
formed between the point of applied load and the support as shown in Figure 3-18(b).
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Bi-directional (single layer)
24-1.5-14-1

1 2 3

43"

Bi-directional (double layer)
24-1.5-14-2

,Double anchor 1/2-in. in diameter each

Double layers of CFRP strips

1 2 3

-55

5

43"

(a) CFRP Layout

(b) Concrete Crushi

I'
44 /

% -

ng Failure

(c) Cracking Pattern

Figure 3-18: 24-1.5-14-1 (left), 24-1.5-14-2 (right) [a/d=1.5, b=14-in]

The maximum strain recorded in vertical CFRP strips was 0.007 in vertical strip #2, while
the maximum strain recorded in the horizontal CFRP strip was 0.004 in the upper strip. All the

stirrups within the test region yielded except the one closest to the point load (G4). The control
specimen arnd the uni-directional specimens were tested in TxDOT project 0-6306 and allowed for
a direct comparison with the specimens tested in this experimental program (24-1.5-14-1 and 24-

1.5-14-2). The test results are summarized in Table 3-2.
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Tablc 3-2: Siuiiar of 14-iii. wiC web beams with a/d/ o/f.5 (deep beans)

Shear Maximum
Concrete Normalized Ratio of

CFRP Capacity Displacement
Test Name Layout Vmax strength Shear Vstrengthened (in.)

(kis fc' (psi) Vmax(kips) , Vcontrol

24-1.5-3* Control 233 3300 0.246 - 0.27

24-1.5-4* Uni 264 3300 0.279 1.3 0.48

24-1.5-14-1 Bi-S 259 3200 0.284 1.5 0.31

24-1.5-14-2 Bi-D 255 3200 0.280 1.4 0.36

* Tested in TxDOT Project 0-6306

The forces were directly transferred from the load point to the closest reaction. As a result,
the shear failure mechanism is dominated by crushing of the concrete strut and at the face of the
node. Therefore, test results were normalized with respect to the compressive strength of the
concrete. Normalized shear strength versus displacement curves for the beams with a/d of 1.5 are
shown in Figure 3-19.

Vn
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0.2 -

0.15 -

0.1 -

0.05-

0
0 0.1 0.2 0.3 0.4 0.5 0.6

Displacement (in)

Figure 3-19: Normalized shear vs. displacement for beams with a/d of 1.5

The initial stiffness of all test specimens is almost identical except for specimen 24-1.5-4,
which was initially tested as control specimen 24-1.5-3. The cracked specimen was then
strengthened and retested as 24-1.5-4. The CFRP strengthening system had a negligible effect on
the stiffness of the reinforced concrete members. All strengthened specimens had higher strength
and reached greater displacement than the control specimen.

The control specimen peak strength was 14 fj. b,. d (in psi units), which is above the
upper limit on shear capacities in most codes. Since the mode of failure was controlled by the
concrete, the CFRP strips had a minor influence on the behavior of the beam.

35

I I I I
I 1 1 I I
I I I I

8 -S i
I I ' I 1

(24-1.; -14-1) j
--------------- +_--------------y -------- ----------------- -------------- a--__---_--------.

I I I

I I I 1 1ei-D
I I I 1 I

Control! (24-1.5T14-2)

---- 4- . -3) - ------------- - - ------------ ---------------- 1---------------I 1 1 I
I I I I I

I 1 1 I

I I I I
I 1 I I 1

I I 1 I I
I 1 I
I I I

Un
I I I I

-------------- r ----------- ----------------------------- (2 ) ---------7----------------
1 I I

I I I I

I I I I

I 1 1 I

I I 1 1
I I I I I

I 1 1 I 1
I I 1 1 I
I I 1 1 I

I 1-- - --- ---------- ----------------- ---------------------------------------------------
I I I I 1
I I 1 1 I
I I I 1 I

I I 1 I

I 1 1
I I 1 I 1
I I 1 1 I
I I 1 1 I
I I I I I

1 1

I I 1 I 1
I I I 1 I
I 1 I I 1
I 1 I 1 I
I I 1 I 1
I 1 I I 1
I 1 1 I 1
I I 1 1 I
I I I I I
I I I I
1 I



3.4.2 Results of Beams with a 14-In. Web and A/D of 3

Two tests were conducted with identical details except for the amount of CFRP material
used. The CFRP layouts and the cracking patterns for both tests in this series are presented in Figure
3-20.

Bi-directional (single layer)
24-3-14-1

-End-anchor 1/2-in. in diameter

Middle-anchor 5/8-in. in diameter

1 2 3 4 5 6

5"----
- 72" -1

Bi-directional (double layer)
24-3-14-2

Double end-anchor 1/2-in. in diameter each

Double middle-anchor 5/8-in. in diameter each

1 2 3 4 5 6

725
72"

(a) CFRP Layout

(b) Cracking Pattern

19"

~1

Figure 3-20: 24-in. deep beams with a/d=3, b=14-in., and different amount of CFRP

Shear cracking initiated in the web of the beam after reaching an applied load of
approximately 150 kips. As the applied load increased, additional cracks developed that could be
observed between the CFRP strips. The failure was initiated by large cracks at the web-flange
interface (Figure 3-21).
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, n A

36

Figure 3-21: Cracking behavior of bi-directionally strengthened specimens
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The major crack at the web-flange interface led to a failure in the web directly behind the
CFRP anchor. The maximum strain recorded in vertical CFRP strips was 0.006 in strip 2 and the
maximum strain recorded in the horizontal CFRP strips was 0.0015 in the lower strip

These two tests were designed to be directly compared with two tests performed under
TxDOT Project 0-6306 (control and uni-directional). Results of four tests were normalized by the

square root of the compressive strength of concrete fc' because the shear failure mechanism was
controlled by the tensile strength of concrete. The normalized shear capacities of specimens in the
second category are presented in Table 3-3.

Table 3-3: Sinmarv of 14-in. tide web beams with a/d of 3

Maximum

Shear Normalized Ratio of Beam
Test CFRP Capacity Concrete Shear Displacement

Name Layout Vma strength Vmax strengthened at load point
(kips) fc (psi) '. b. d Vcontroi (in.)

(psi)

24-3-2* Control 105 3600 6.1 0 0.47

24-3-8* Uni 151 3600 8.8 1.44 0.54

24-3-14-1 Bi-S 156 3200 9.7 1.59 0.46

24-3-14-2 Bi-D 167 3200 10.4 1.70 0.59

* Tested in TxDOT Project 0-6306

It is important to mention that specimen 24-3-8 tested in TxDOT Project 0-6306 failed due
to the combination of CFRP strip rupture and CFRP anchor fracture. Strip rupture means that the
full capacity of the strengthening system was utilized. However, neither CFRP strip rupture nor
CFRP anchor fracture was observed in any of the specimens strengthened bi-directionally. Since
the capacity of the strengthening system was not developed, the shear capacity of the beam was
limited by other failure modes. The normalized shear strength versus beam displacement for the
control and the strengthened specimens of this category is presented in Figure 3-22. Reduction in
the initial stiffness of 24-3-2 and 24-3-8 was due to the fact that both of these tests were conducted
as the second test on a beam. For instance, test 24-3-8 was conducted after test 24-3-7, which means
that some minimal cracking was introduced to span 24-3-8 while testing 24-3-7.
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Figure 3-22. Normalized shear versus displacement for 14-in, web with a/d of 3

A substantial shear strength gain was observed in the bi-directionally strengthened
specimens in comparison to the control specimen: a 60% increase in 24--3-14-1 and 70 %o in 24-3-
14-2. Specimen 24-3-2 had a somewhat low shear capacity of 6.1 fe. b..d (psi). Test 24-3-14-2

had a shear capacity of 10.4 f. by d (psi units) that is slightly less than the sum of the concrete

shear contribution limit (3.5 fe. by d) and steel shear contribution limit (8 fi. by d) given in
code provisions. The shear strength was increased slightly when double layers of CFRP strips were
applied bi-directionally. The results also indicate that the CFRP shear strengthening system had a
marginal effect on the peak deformation of the beams.

The contributions of the different materials to the shear capacity of the 24-in, deep T-beams
withl4-in. webs and a/d of three are plotted in Figure 3-23. The steel contributions remained
constant for all the specimens. However, as more CFRP was added the concrete contribution tended
to decrease. Steel and CFRP contributions were determined from measured strains of the elements
crossing the critical crack and the concrete contribution was determined by subtracting the steel
and CFRP contributions from measured shear capacity.
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Figure 3-23: Shear contributions for 14-in. web with a/d of 3

3.4.3 Results of Beams with 8-In. Web and A/D of 3

Four tests were conducted on specimens with an 8-in. web width. All the tests in this series
were performed with an a/d of three. The behavior of specimens strengthened with single and
double layers of bi-directional CFRP was compared to the control specimen and to the specimen
with a uni-directional application of CFRP.

In the control test (No CFRP), shear failure occurred at 76 kips. As the load increased, a
principal crack started to form at an angle of 35 and propagated simultaneously toward the support
and the flange (Figure 3-24).
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Principal crack

Figure 3-24: Cracking of 24-3-8-1

In test 24-3-8-2, uni-directional CFRP strips and CFRP anchors were installed as illustrated
in Figure 3-25. Shear failure occurred at 99 kips.

Cracks more distributed

11 I it.

o f a l t o

Figure 3-25: Cracking of 24-3-8-2

The principal crack formed at an angle of 44-deg. and propagated simultaneously toward
the support and the flange, resulting in the web crushing failure (Figure 3-26).

K
Figure 3-26: Concrete crushing behind anchors (24-3-8-2)

In test 24-3-8-3, one layer of CFRP strips and CFRP anchors were installed in both
directions as can be seen in Figure 3-27.
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Figure 3-27: Cracking of 24-3-8-3

Shear failure occurred at 115 kips (applied load of 218 kips). This resulted in a principal
crack that crossed the web-flange interface. No CFRP strip rupture or anchor rupture was observed.
However, minor cracks around CFRP strips and the crack at the web-flange interface led to a failure
of the web directly behind the CFRP anchor (Figure 3-28).
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Figure 3-28: Flange-web crack interfice (24-3-8-3)

In test 24-3-8-4, two layers of CFRP strips and two CFRP anchors per strip width were
installed in both directions as shown in Figure 3-29.

LLLL -

LL A
I fv~1

Figure 3-29: Cracking of 24-3-8-4

As the load increased, shear cracks propagated toward the web-flange interface. Shear
failure occurred at 118 kips (applied load of 223 kips).

41

M- I

'q.

palk ure o concre e e in anc ors

11



Test results were normalized by the tensile strength of concrete . The normalized shear

capacities of test specimens are summarized in Table 3-4.

Table 3-4: Summary of24-in. deep beams with 8-in. wide web beams and a/d of 3

Maximum

Shear Normalized Ratio of Beam
CFRP Capacity Concrete Shear Displacement

Test Name Layout Vmax strength Vmax strengthened at peak
(kips) fc (psi) .bw. d V control capacity(in.)

(psi)

24-3-8-1 Control 76 2500 9.4 0 0.49

24-3-8-2 Uni 99 2500 12.2 1.3 0.64

24-3-8-3 Bi-S 115 3400 12.3 1.31 0.60

24-3-8-4 Bi-D 118 3400 12.6 1.35 0.60

The control and the uni-directionally strengthened specimens failed in diagonal tension.
The failure of the bi-directionally strengthened specimens was due to the failure of the concrete in
the web behind the CFRP anchor. The normalized shear strength versus the displacement under the
point load fo: the control and the strengthened specimens is presented in Figure 3-30.
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Figure 3-30: Normalized shear versus displacement for 8-in. web beams with a/d of 3

The strengthened specimens had higher strength than the control test. The control and

strengthened specimens showed similar initial stiffness. The bi-directionally strengthened
specimens did not exhibit a higher strength than the uni-directionally strengthened specimen, as in

the tests with 14-in. webs. The maximum shear strength gain in the beams with 8-in. webs was

35%, as observed in 24-3-8-4. The lower strength gain of specimens with 8-in. webs in comparison

with the beams with 14-in. webs may be attributed to the high shear strength (9.4 .by d ) of the

control test (24-3-8-1). This means that the narrow web was carrying a shear of about 80% of the

upper limit (11.5 f,. by d) of ACI-318. All strengthened specimens failed just above the ACI

limit. Figure 3-31 shows the shear contribution of each component for the beams with 8-in. webs.
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Figure 3-31: Shear contributions of 8-in. web with a/d of 3

3.4.4 Strain Variations in Transverse Reinforcement

Strains in the steel stirrups were monitored by strain gages. The measured strains in the
transverse steel may not be the maximum strains developed in the steel depending on the location
of the strain gage relative to the critical crack. However, in most cases, measured strains are
reported from the strain gages that were close to the critical crack. In all strain data, figures are
presented such that the x-axis represents the distance from the applied load to where the strain was
measured. Figure 3-32 shows the strains developed in the stirrups at different load stages of two
specimens with 14-in. webs, one strengthened uni-directionally and the other strengthened bi-
directionally.
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Figure 3-32: Strains in stirrups at different loading stages of 24-3-8 (Uni) and 24-3-14-1 (Bi-S)

A reduction in the transverse steel strains was observed in bi-directionally strengthened

specimens in comparison to uni-directionally specimens under the same applied load. From tests

conducted or bi-directionally strengthened specimens, it was observed that most of the transverse

steel within the test region and all transverse steel crossing the critical crack yielded before the

ultimate load was reached. This is in agreement with assumptions made in most design guidelines

and code provisions.

3.4.5 Steel-CFRP Interaction in Uni-Directional Layout versus Bi-Directional
Layout

Strains in the CFRP strips were monitored using the optical measurement system that is

described in Section 6.2.4.1. The vertical strips in the bi-directionally strengthened specimen
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experienced lower strains than in the uni-directionally strengthened specimens. Strains developed
in steel stirrups and CFRP strips of beams with 8-in. webs are compared in Figure 3-33.
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Figure 3-33: Strain variations in steel and CFRP, 24-3-8-2 (left), 24-3-8-3 (right)

The addition of the horizontal strips in the bi-directional application was found to reduce
the strain level in the transverse steel and the CFRP. This can be attributed to the fact that horizontal
strips contributed to reducing the crack width and delaying its propagation.

3.4.6 Analysis of Contributions of Concrete, Steel, and CFRP to Shear Strength

As mentioned earlier, to eliminate the effect of concrete compressive strength variations,
the concrete contribution to the shear strength was normalized by the concrete strength of the
control specimen. A normalized shear capacity was then achieved by adding the normalized
concrete contribution to the steel and CFRP contributions. The shear contributions of transverse
steel and CFRP strips were estimated based on the measured strains, while the concrete contribution
was assumed as the difference between the shear strength of the beam and the steel and CFRP
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components. For specimens with 14-in. webs and span-to-depth ratio of 3, the normalized shear
contributions are summarized in Table 3-5. A comparison of the contribution of each component
to the shear capacity is presented in Figure 3-34.

Table 3-5: Shear contributions of 14-in. web beams with a/d of 3

Normalized Steel CFRP Normalized
CFRP .. Concrete Vtest

Specimen Shear Contribution Contribution Conrti V trol
Layout Capacity Vs Vf Contribution Vcontrol

V c,normalized

24-3-2* Control 105.3 42.4 - 62.8 0

24-3-8* Uni 152.7 43.5 29.0 80.2 1.45

24-3-14-1 Bi-S 161.3 39.5 27.2 94.6 1.53

24-3-14-2 Bi-D 170.9 39.6 57.3 74.0 1.62

* Tested in TxDOT Project 0-6306

4.6 f '.bW.d

Vc

Vs

Vf

5.9 fj.bW.d

Vc

Vs

Vf

24-3-2
(Control)

Shear contributions of

24-3-8 24-3-14-1
(Uni) (Bi-S)

14-in. web beams with a/d of 3

The increase in the concrete contribution observed in 24-3-8 and 24-3-14-1 is attributed to

the fact that (Vc) of the control specimen was only 3.6 f,'. b. d and Vn= 6.1 f. b,. d, which is

well below code limits. For 24-3-8 and 24-3-14-2, the steel contribution was nearly the same but

with the addition of the CFRP, the concrete contribution increased considerably with V,=

8.9 ft'. b,. d and 10 7'. b,. d; values that approach code limits. These results confirm that the

shear resisted by steel (VS) for strengthened beams can be assumed to be the same as that of the un-

strengthened beams. The shear resisted by vertical CFRP strips (Vf) in 24-3-8 and 24-3-14-iwas

found to be similar.
Similarly, for specimens with 8-in. web, the results of normalized shear capacity and gain

in the shear strength are presented in Table 3-6.
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Table 3-6: Shear contributions of 8-in. it'eb beams witih a/d of 3

Normalized Steel CFRP Normalized
Specimen Shear Contribution Contribution Shear Vtest

Layout Capacity Contribution Vcontrol

c,normalized

24-3-8-1 Control 76.2 26.4 - 49.8 0

24-3-8-2 Uni 99.1 26.4 19.3 53.4 1.30

24-3-8-3 Bi-S 106.1 26.4 24.5 55.1 1.39

24-3-8-4 Bi-D 109.2 26.4 32.4 50.3 1.43

An evaluation of the contribution
specimens is presented in Figure 3-35.
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Figure 3-35: Shear contr

of each component to the shear capacity for the thin web

1 24-3-8-2
I) (Uni)
ibutions of 8-in. web beams

24-3-8-3
(Bi-S)

with a/d of 3

A small increase was observed in the concrete contribution due to the addition of the
horizontal strips for this series. This can be attributed to the fact that the concrete contribution in

24-3-8-1 was 6.1 fc'. b,. d, which is approximately twice the concrete contribution of 24-3-2.
Additional shear contribution from the concrete should not be expected since the maximum
concrete contribution reported in the 14-in. web specimens was 95 kips, which is equivalent to

5.6 fi. b,. d. Therefore, the addition of the horizontal strips increases the concrete contribution

from 53.4 kips (6.5 fc'. bw. d.) for test 24-3-8-2 to 55.1 kip (5.8 Ic. b,. d.) for test 24-3-8-3. The
reduction in fc'. bw. d term is due the variation in fc' between the two tests. It may be important
to mention here that ACI 318-11 code provisions limit the concrete contribution to the shear

strength of conventional reinforced concrete members to 3.5 fj. bW. d.
Test results confirm that the steel contribution to shear capacity was not affected by the

external application of CFRP material (uni-directionally or bi-directionally); as long as steel
stirrups yielded prior to failure. However, the steel contribution to the shear resistance was found
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to be delayed by the external application of CFRP material. As shown in Figure 3-36, in all test
specimens the steel contribution to the shear capacity was the same; however, this contribution was
developed at higher applied shear as the amount of CFRP crossing the critical crack increased.

30
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.25
0
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u 15
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5 -- Bi-S (24-3-8-3)

- Bi-D (24-3-8-4)

0
0 20 40 60 80 100 120 140

Applied Shear (kips)

Figure 3-36: Steel contribution to shear capacity for 8-in. web beams

3.4.7 Observations on Cracking Behavior

The dominant failure mode of all test specimens was shear. The failure was always caused
by a critical shear crack that passed through the web of the beam. In several cases, when a specimen
was strengthened bi-directionally, the principal crack was found to develop along the flange-web
interface before it propagated to the support. To examine the influence of the strengthening system
on the cracking behavior of a reinforced concrete beam, the vertical and horizontal CFRP strips
were removed after each test for visual evaluation.

Specimen 24-3-8-1 failed after developing a typical shear tension failure where the failure
was caused by a principal shear crack with two minor cracks in parallel to the major crack. The

crack angle Df the principal shear crack that caused the failure of 24-3-8-1 was in the range of 300

to 35 . Specimen 24-3-8-2 failed by a major crack that started horizontally at the flange-web

interface, and then was inclined at 45 . It was observed that cracking after the removal of the CFRP
was well-distributed (Figure 3-37). Specimen 24-3-8-3 exhibited narrower cracks and a lower angle
of inclination than 24-3-8-2.
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Figure 3-37: Cracking pattern of 8-in. web beams

Similar cracking was observed in the 14-in. web specimens (Figure 3-38).
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(a) 24-3-2

(b) 24-3-8

(c) 24-3-14-1 (after strips removed)

Figure 3-38: Cracking pattern of 14-in. web beams

Specimen 24-3-2 developed two major shear cracks. Specimen 24-3-8 failed by a principal
shear crack with distributed minor cracks. In the bi-directionally strengthened specimen (24-3-14-
1), the cracking pattern at failure consisted of distributed narrow cracks (visible after the strips were
removed) when compared with 24-3-8.

3.5 TEST RESULTS OF 48-IN. DEEP T-BEAMS

3.5.1 Test 48-3-14-1 (Control)

Ten tests were conducted on 48-in. deep T-beams. The first test 48-3-14-1 was conducted
to determine the base shear capacity of the 48-in. section. Although, data available from TxDOT
project 0-63C6 indicated that the base shear strength of a 48-in. deep section tested was 147 kips it
was decided -hat an additional control test was needed.

Shear failure of 48-3-14-1 occurred at a shear force of122 kips. Diagonal shear cracking
initiated at the middle of the web of the specimen after reaching an applied shear of approximately

74 kips. As the load continued to increase, a principal crack formed at an angle of 420 and
propagated simultaneously toward the support and the flange as shown in Figure 3-39.
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Figure 3-39: Cracking of 48-3-14-1

The internal transverse reinforcement started yielding at 105 kips. All measured strains on
stirrups crossing the critical crack (C, D, E, and F) were above yield. At ultimate, the crack width
was 0.25-in. (7mm) as shown in Figure 3-40.

Figure 3-40: Crack width measurement of 48-3-14-1

The shear response of test 48-3-14-1 (control) is shown in Figure 3-41. The diagonal shear
crack formation, stirrup yielding, and ultimate capacity are marked in Figure 3-41 with a strain
profile of each event (determined by the optical measurement data). A reduction in stiffness can be
clearly seen at shear crack formation and at yielding of the reinforcement.
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Figure 3-41: Shear response of test 48-3-14-1 (control)

3.5.2 Test 48-3-14-2 (Uni-Directional / 10-in. Strips)

In test 48-3-14-2, six 10-in. wide vertical strips at 20-in. on center were installed to form a
uni-directional strengthening scheme. The test was similar to test 48-3-2, which was conducted as
part of TxDOT project 0-6306. The difference between these two tests is the thickness of CFRP
material. Test 48-3-2 was strengthened with 0.011-in. thick CFRP material while test 48-3-14-2
was strengthened with 0.02-in. thick CFRP material.

During the initial loading, small flexural-shear cracks initiated on the lower end of the web
after reaching a shear of 60 kips. As the load increased, these cracks propagated vertically until
they reaches the middle of the web. At a shear of 100 kips, diagonal shear cracks were observed

on the middle of the web. More diagonal cracks were observed at shears of 120 kips and 150 kips.
At this load stage, debonding started to initiate along the length of vertical strips. As the load

continued to increase, a principal crack formed at an angle of 400 and a secondary crack formed at

an angle of 300. Both propagated simultaneously toward the support and the flange, resulting in
failure of the beam at an applied shear of 230 kips. Shear failure was initiated by explosive rupture
of strips 3, 4, and 5. Figure 3-42 shows test 48-3-14-2 at a shear force of 175 kips and after failure.
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Sigure 3-42: Test 48-3-14-2, cracking (top), f/ilre (bottom)

The shear response of test 48-3-14-2 is shown in Figure 3-43. Major events in the applied
shear versus shear strain response are labeled. Diagonal shear cracking occurred at a shear of about
100 kips. At 150 kips, all stirrups across the critical crack yielded. The stiffness of the beam
substantially decreased after complete debonding of strips crossing the critical crack. At that point,
strains were uniformly distributed over the length of the strip. At a shear of 225 kips, strips 4 and
5 were carrying most of the load until the critical crack passed through one of the anchors in strip
4. The anchors pulled out slightly and strains in strip 4 reduced. The forces in strip 4 were then
redistributed to strips 5 and 6. The principal strain contours for test 48-3-14-2 at major events
mentioned above are shown in Figure 3-44 clearly show the effects of debonding and loss of
capacity of strip 4.
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Figure 3-43: Shear response of test 48-3-14-2 (uni-10")
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Figure 3-44: Principal strain profiles of test 48-3-14-2

The reduction in inclined crack widths with the shear strengthening system was significant.
The control zest (48-3-14-1) exhibited a principal shear crack that was 0.25-in. wide at failure (shear
of 122 kips) while test (48-3-14-2) exhibited only flexural-shear cracks at the same applied shear
(122 kips) as shown in Figure 3-45. While the intent of the project was shear strengthening, the
addition of the CFRP strips also improved the cracking serviceability of the beams.
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Figure 3-45: Failure o/-4N-3-1 4-1 (lop), cracking of 4N-3-14-2 (bottoin), under equiv~aleu load

3.5.3 Test 48-3-14-3 (Uni-Directional / 5-in. Strips)

The goal of the third test (48-3-14-3) was to investigate the efficiency of different uni-
directional layouts in shear strengthening applications. The amount of CFRP material used in 48-
3-14-2 and 48-3-14-3 is identical. Test 48-3-14-2 was strengthened with six 10-in. wide strips
spaced at 20-in. on center, while test 48-3-14-3 was strengthened with twelve 5-in. wide strips
spaced at 10-in. on center.

The shear load versus shear deformation response of test 48-3-14-3 is shown in Figure
3-46. At the initial loading, small vertical flexural-shear cracks initiated on the lower portion of the
web after reaching a shear of 67 kips. At around 90 kips, diagonal shear cracks were observed in
the middle portion of the web. More diagonal cracks were observed at a shear of 120 kips. As the
shear increased to 148 kips, debonding of several strips was observed. Additional shear cracks
formed and existing shear cracks continued propagating toward the flange at a shear of 175 kips.
At an applied shear of 242 kips, the test was stopped as the load-deformation curve started to flatten
out.
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Figure 3-46: Shear response of test 48-3-14-3

At a out 220 kips, the strips were fully debonded (Figure 3-47) and the stiffness of the
beam dropped dramatically. After unloading the beam, the measured crack width was 0.1 in. Figure

3-48 illustrates the cracking pattern of 48-3-14-3.

1.

Figure 3-47: Debonding of strips in 48-3-14-3
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Figure 3-48: Cracking pattern of 48-3-14-3

3.5.4 Test 48-3-14-4 (Bi-Directional / Wide Spacing)

Test 48-3-14-4 had a bi-directional layout of CFRP strips. The beam was strengthened with
six 5-in. wide strips at 20-in. on center vertically and two 5-in. wide strips at 12-in. on center
horizontally. The horizontal strips had anchors at each end and at the mid-length of the strips. The
test has the same amount of material as 48-3-14-2 and 48-3-14-3; however, the CFRP material in
this test was distributed in both directions. Material in the vertical strips was reduced and was used
to provide the horizontal strips.

At initial loading, small vertical flexural and shear cracks initiated on the lower portion of
the web after reaching a shear of 67 kips. As the applied shear was increased to 94 kips, both
flexural and shear cracks continued to extend. At 120 kips, new flexural and shear cracks were
observed.

More diagonal cracks were observed at the upper portion of the web (passing through the
anchor of strip 4) at a shear of 145 kips. As the load continued to increase, shear cracks propagated
toward the flange and the beam failed at an applied shear of 195 kips. The principal crack formed
at an angle of 420 at the upper part of the web and propagated to the support at approximately 270.
The crack opening resulted in rupturing strips 5 and 6. The applied shear versus shear deformation
response is shown in Figure 3-49. The member stiffness decreased when diagonal shear cracks
formed, when stirrups crossing the critical crack yielded, and when CFRP strips completely
debonded.
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Figure 3-49: Shear response test 48-3-14-4

The steel transverse reinforcement started yielding at a shear of 119 kips. In Figure 3-50,
the failure of test 48-3-14-4 is shown. With a wide spacing of vertical strips, the critical shear crack

was crossed by only one strip. This test shows that a maximum spacing limit for vertical CFRP

strips must be specified in order to prevent the critical crack from forming at a steep angle and

intersecting only a few (or one) CFRP strips. A maximum spacing between vertical strips of d/4

seems reasonable for an effective layout.

~2IZ2Z~- EL

Figure 3-50: Test 48-3-14-4 before (top) and after bottomm) failure
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3.5.5 Test 48-3-14-5 (Bi-Directional / 10-in. Strips)

The specimen was strengthened bi-directionally with 10-in. wide vertical CFRP strips
spaced at 20-in. on center and 10-in. wide horizontal strips spaced at 14-in. on center. The CFRP
layout of this test is shown in Figure 3-3. The test had the same vertical layout of CFRP as Test 48-
3-14-2.

The applied shear versus shear deformation response of 48-3-14-5 is shown in Figure 3-51.
Major events where a change in shear stiffness was observed are labeled within the figure.

At the initial loading stage, flexural cracks formed at a shear of 66 kips. Flexural cracks
extended as the load increased and turned into inclined cracks. Web shear cracks formed at a sehar
of 120 kips. The measured crack widths at shears of 156 kips and 182 kips were 0.025 in and 0.035
in, respectively. The transverse reinforcement crossing the critical crack yielded at 203 kips. The
test was stopped at a shear of 253 kips after fracture of strip 4, as can be seen in Figure 3-52.
Continued loading could have resulted in a destructive failure that would have prevented testing
the other sections in the beam. At ultimate, the strains were 0.008 and 0.0055 at vertical CFRP
strips 4 and 5, respectively.

260 -
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- Eavg=0.004

Stirrup yielded
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20

0 -

Shear Strain (in/in)

Figure 3-51: Shear response of test 48-3-14-5

Figure 3-53 shows the shear contribution of transverse steel and CFRP. After transverse
reinforcement across the critical crack yieded, the shear contribution of the CFRP strips increased
substantially.
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3.5.6 Test 48-3-14-6 (Bi-Directional / 5-in. Strip)

This test had a bi-directional layout that consisted of 5-in. wide vertical CFRP strips spaced
at 1 1-in. on center and 5-in. wide horizontal strips spaced at 7.5-in. on center. The CFRP layout of
this test is shown in Figure 3-3.

Flexural cracks initiated at a shear of 66 kips. As load was increased, the flexural cracks
exteneded vertically into the web. Web shear cracks formed at a shear of 123 kips. The measured
crack widths at 129, 156, and 182 kips were 0.008-in., 0.016-in., and 0.03-in., respectively. The
transverse reinforcement crossing the critical crack yielded at 190 kips. Shear failure was initiated
by fracture of CFRP strip 6 at a shear of 275 kips. The test was stopped to prevent an explosive
failure that would have prevented testing of the remaining test span. The applied shear versus shear
deformation response is shown in Figure 3-54. Major events during the course of loading are
labeled.
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Figure 3-54: Shear response of test 48-3-14-6

The cracking pattern and failure mode are illustrated in Figure 3-55. At ultimate, the
average strain in the CFRP strips was 0.007. As in the previous test, the data indicates that after
transverse reinforcement across the critical crack yielded, the shear contribution of the CFRP
increased substantially.
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Figure 3-55: Cracking pattern and failure of test 48-3-14-6
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3.5.7 Test 48-3-14-7 (10-in. Stirrups Spacing / Uni-Directional)

While the first six tests had a stirrup spacing of 18-in., this test was conducted on a
specimen with a 10-in. stirrup spacing. The base shear capacity of this section without CFRP
strengthening was 228 kips as measured by (Kim, 2011). The specimen was strengthened uni-
directionally with 10-in. wide vertical CFRP strips spaced at 20-in. The CFRP layout was the same
as test 48-3-14-2 which has a stirrup spacing of 18-in. A similar test was conducted in TxDOT
project 0-6306; however, the specimen failed at 255 kips (with only a 12% strength gain) due to
anchor rupture and no strips fractured. To evaluate the ability of the anchored CFRP system in
strengthening heavily reinforced sections, this test was repeated with an improved CFRP anchor
detail.

Since this test was the third and last test of a 40-ft long specimen (Figure 3-7 (b)), the test
exhibited early cracking due to the tests conducted on both sides of this test span. However,
cracking from the previous loadings did not affect the overall structural behavior of this test.

The shear response of the beam is shown in Figure 3-56. Shear and flexural cracks were
observed at a shear below 66 kips. Flexural cracks extended and turned into inclined cracks as the
load increased. The crack width was 0.02-in. when the transverse steel started yielding at a shear
of 188 kips. At 325 kips, all transverse steel crossing the critical crack yielded, and the average
strain in vertical strips 4 and 5 was 0.0075. Contour plots of principle tensile strains at major events
are presented in Figure 3-57. The beam failed due to fracture of strip 4 at an applied shear of 336
kips (Figure 3-58). At failure, the strain in strip 4 was 0.011.
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Figure 3-56: Shear response of test 48-3-14-7
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Figure 3-57: Principal strain profile of test 48-3-14-7 at major events [east side]
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Figure 3-58: Test 48-3-14-7 before (top) and after (bottom) failure [west side]
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3.5.8 Test 48-3-14-8 (Uni-Directional / Double Layers)

The specimen was strengthened uni-directionally with double layers of 10-in. wide vertical
CFRP strips spaced at 20-in. on center. The CFRP layout of this test is shown in Figure 3-3. The
CFRP layout was the same as that of test 48-3-14-2 but with twice the amount of CFRP material.
The amount of CFRP material in the anchor was adjusted to maintain a ratio of two between the
anchor-to-strip material area. The anchor fan length could have been adjusted following anchor
design recommendations; however, the fan length was kept the same to evaluate the efficiency of
the anchors under extreme conditions.

Flexural cracks were observed at a shear of 66 kips. Flexural cracks extended and turned
into shear cracks as the load was increased. The shear response of test 48-3-14-8 is presented in
Figure 3-59. Diagonal shear cracking was observed at 120 kips. The crack width was 0.025-in.
when transverse steel start yielding at 186 kips. At a shear of 210 kips, strip 4 and 5 started to
debond causing a reduction in stiffness. At 228 kips, all transverse steel crossing the critical crack
yielded, and the average strain in vertical strips 4 and 5 was 0.0035. Loading stopped at 297 kips.
The average strain in strips at ultimate was 0.0045, and the maximum recorded strain was 0.006.
Figure 3-60 shows the condition of the strips when the test was stopped.
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Figure 3-59: Shear response of test 48-3-14-8
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Figure 3-60: Failure of test 4b-3-14-b'

3.5.9 Test 48-3-14-9 (Bi-Directional / Double Horizontal)

The CFRP layout was similar to that of test 48-3-14-6 except that twice the amount of
CFRP material was provided in the horizontal strips. The CFRP layout consisted of 5-in. wide
vertical CFRP strips spaced at 11-in. on center and 5-in. wide horizontal strips spaced at 9.25-in.
on center. The CFRP layout of this test is shown in Figure 3-3.

The shear response with major events is presented in Figure 3-61. Flexural cracks initiated
at an applied shear of 66 kips. As load increased, the flexural cracks extended vertically into the
web. Web shear cracks formed at 122 kips. The maximum measured crack widths at 129, 156, and
182 kips were 0.011-in., 0.016-in., and 0.02-in., respectively. The transverse reinforcement
crossing the critical crack yielded at a shear of 206 kips. Prior to failure, the average strain in
vertical CFRP strips was 0.0075. The pricipal tensile strain profiles of the major events are
illustrated in Figure 3-62. Shear failure was initiated by rupture of CFRP strips at 273 kips (Figure
3-63) followed by explosive diagonal shear tension failure.
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Figure 3-61: Shear response of test 48-3-14-9
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Figure 3-62: Principal tensile profile of test 48-3-14-9 at inajor events
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Figure 3-63: Test 48-3-14-9 before failure (top) and after failure bottomn)

3.5.10 Test 48-3-14-10 (10-in. Stirrup Spacing / Bi-Directional)
This specimen had stirrups spaced at 10-in. and was strengthened bi-directionally with 5-

in. wide vertical strips spaced at 11-in. on center and 5-in. wide horizontal strips spaced at 9.25-in.
on center. The layout of this test is shown in Figure 3-3. The shear capacity was expected to be
equivalent or lower than that of test 48-3-14-7 (336 kips) due to severe damage of an adjacent test
span tested previously. The shear response is shown in Figure 3-64. Flexural cracks were observed
at an applied shear of 66 kips. New flexural cracks formed as load was increased while previous
cracks extended deeper into the web turning to shear cracks at 95 kips. The maximum measured
crack widths at 129, 156, and 182 kips were 0.012-in., 0.014-in., and 0.018-in., respectively. The
transverse reinforcement crossing the critical crack yielded at 238 kips. Shear failure was initiated
by rupture of CFRP strips 7, 8, and 9 simultaneously. At the same time, the anchor of strip 7 on the
east side fractured at 305 kips as shown in Figure 3-65. At ultimate strength, the average strain in
vertical CFRP strips crossing the cirical inclined crack was 0.0086. The reduction in the shear
capacity in this test is attibuted to the severe damage from previous testing of the adjacent test
sections.
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Figure 3-64: Shear response of test 48-3-14-10
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Figure 3-65: Failure of test 48-3-14-10
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3.6 SUMMARY OF TEST RESULTS OF 48-IN. DEEP T-BEAMS

The test results of the 48-in. deep T-beams is summarized in Table 3-7. Test results confirm
the efficiency of CFRP anchor system in shear strengthening of large scale members. Test
specimens with stirrup spacing of 10-in. are highlighted in grey. Shear strength gains were
calculated based on control test of TxDOT 0-6306 (147 kips), which is higher than the control test
conducted in this program (48-3-14-1) that may have been stopped before the peak load was
reached.

Table 3-7: Test results of 48-in. deep T-beam series

Lrn

no Normalized
Cracking Shear Disp. at Cracking Shear Concrete Normalized

Test Name a Q Shear Capacity Ultimate Shear Strength Contribution StrengthQ S (kips) (kips) (in) Increase Gain V g
(kips) Gain

48-3-14-1 - 18 3900 73 122 0.49 - - 59 -

48-3-14-2 U 18 3900 102 231 1.04 41% 57% 51 57%

48-3-14-3 U 18 5400 100 243 0.89 38% 65% 66 57%

48-3-14-4 B 18 5400 112 195 0.80 54% 32% 83 22%

48-3-14-5 B 18 4530 125 253 0.93 72% 72% 108 66%

48-3-14-6 B 18 4530 120 275 0.97 66% 87% 125 81%

48-3-14-7 U 10 4530 NA 337 1.39 NA 48% 129 43%

48-3-14-8 U 18 4570 126 297 1.06 74% 102% 103 96%

48-3-14-9 B 18 4570 119 273 1.01 65% 86% 103 80%

48-3-14-10 B 10 4570 NA 305 1.19 NA 34% 107 30%

In all tests, the CFRP anchor system was able to fully utilize the tensile capacity of the

CFRP strips causing the strips to rupture. Table 3-7 shows a substantial strength gain up to 96%
was achieved when CFRP anchors were used to provide essential anchorage after debonding. The

CFRP anchor system was effective in strengthening of sections that were heavily reinforced with

stirrups (10-in. stirrup spacing).

3.7 ANALYSIS OF TEST RESULTS

3.7.1 Control vs. Uni-Directional

The applied shear versus shear deformations for a control and a strengthened beam is

presented in Figure 3-66 to illustrate the effect of CFRP strengthening on the overall shear response.

The strengthened member exhibited a higher shear cracking load (41% increase) than the control

beam. After --racking, the anchored CFRP strips maintained a higher member stiffness. Localized

debonding of the strip started at the critical crack at a shear of about 150 kips. Debonding continued

to spread as load was increasing until strips that cross the critical crack were fully debonded. After

stirrups yielded at about 220 kips, additional loading was carried by the CFRP strips. The

strengthened beam resisted an additional applied shear of (109 kips or a 57% increase over the

control test. The failure initiated with fracture of one of the strips and produced a brittle failure

since the for::es could not be resisted or redistributed to other elements that were already highly

70



stressed. Overall, the strengthened beam exhibited higher strength and stiffness, and failed at a
slightly higher shear deformation.
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Figure 3-66: Comparison of shear response of test 48-3-14-1 (control) and 48-3-14-2 (uni 10")

The principal tensile strain profiles for the control and uni-directional tests are presented
in Figure 3-67. Strains were localized along the critical crack as expected in an ordinary reinforced
concrete beam. As load increased the crack width increased causing yielding of transverse
reinforcement and then loss of aggregate interlock with shear failure at a shear of about 130 kips.
In contrast, the strengthened beam was stiffer because the CFRP strips provided better crack control
that allowed the aggregate interlock mechanism to be maintained as the load increased. A larger
number of cracks formed as a result and as the strips debonded, large strains (around 0.01)
developed in strip 2, which fractured and resulted in failure of the beam. The primary shear crack
formed at the same location in both tests.
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Figure 3-67: Principal tensile strain of 48-3-14-1 (control-left) and 48-3-14-2 (uni-directional-
right)

Measured strains from strain gages on the transverse reinforcement and from the optical

measuremen: system were used to measure the contribution of transverse reinforcement and CFRP

strips to the shear strength. Figure 3-68 shows the shear contribution of each component for test

48-3-14-1 (control) and test 48-3-14-2 (strengthened). For the control test, transverse steel started

to carry loads after the diagonal cracks formed at a shear of 80 kips. At 103 kips, all transverse steel

crossing the ::ritical crack yielded and shortly after that, the beam reacZed its shear capacity. In the

strengthened beam, diagonal cracking occurred at a higher shear (103 kips). Similarly, yielding of

transverse reinforcement occurred at 153 kips. Shear strengthening resulted in a 22% increase in

cracking shear load due to the restraint to cracking provided by the bonded CFRP strips. A 33%

increase in lead was required to yield the transverse steel. This is attiributed to the fact that the

CFRP anchhors provided enough anchorage to activate the CFRP reinforcement earlier and thus
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delayed yielding of the transverse steel reinforcement. Figure 3-68 shows that CFRP shear
contribution increased significantly after yielding of the transverse steel.
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Figure 3-68: Shear contributions of control test (top) and uni-directional test (bottom)

3.7.2 Uni-Directional vs. Bi-Directional

The applied shear force versus shear strain for control, uni-directional, and bi-directional
tests are shown in Figure 3-69. Bi-directional strengthening layouts resulted in shear strength gains
up to 81%. The beam strengthened with a bi-directional layout exhibited a higher shear cracking
load than the beam strengthened with uni-directional layout because the bi-directional layout
provides an additional direction of restraint to the development of cracks. After cracking, the beam
strengthened bi-directionally was stiffer than the beam with the uni-directional layout. The
difference in stiffness can be attributed to the difference in the progression of debonding. In the
uni-directional layout, vertical strips debonded over their total length so the strains were distributed
over that length. However, the in bi-directional layouts, the horizontal strips provided additional
anchorage to vertical strips delaying the debonding process and resulting in higher CFRP strains
concentrated near the diagonal crack. Therefore, the total shear deformation at failure in the bi-
directional test was approximately half the shear deformation of the uni-directional test.
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Figure 3-69: Shear versus shear deformations of control, uni-directional, and bi-directional tests

Although both tests failed by strip fracture, failure of test 48-3-14-6 was not as explosive

as test 48-3-14-2. In a uni-directional layout, after fracture of a strip, the load dropped dramatically
because the strip completely peeled off the concrete surface. However, in the bi-directional layout,
horizontal s rips provided some anchorage for the vertical strips after they fractured and allowed
the beam to maintain a portion of the load after the strip fractured. In Figure 3-70, the restraint
provided by the horizontal strip in the bi-directional layout prevented loss of anchorage along the
full length cf the vertical strips after they fractured. In Figure 3-71, strips on both faces of the uni-
directional test 48-3-14-2 peeled off entirely at failure.

F r37F ea/r eo Sr-etin Figur 3-69SheaFveursea 3-7f:rFaion ofcotluidrtonad bi-directional tests431-
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Figure 3-71: Failure of uni-directional test 48-3-14-2, west side (top) and east side (bottom)

The transverse reinforcement contribution to the shear resistance is determined by the
number of stirrups that cross the critical crack. Previous studies on CFRP shear strengthening
systems showed that tranverse reinforcement did not reach yield before shear failure occurred due
to strip debonding (Chen and Teng, 2003; Pellegrino and Modena, 2006). This is not completely
accurate for two reasons: 1) these studies were conducted on unanchored strengthening systems
while in CFRP anchored systems, the anchors prevent failures due to debonding and the transverse
steel can develop its yield strength where it crosses the critical crack, 2) measured strains may not
be as precise due to the fact that the critical crack may not cross the strain gages. In this
experimental program, the optical measurement system was used, in addition to strain gages, to
provide a more accurate measure of strains in transverse reinforcement.
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In Figure 3-72, the transverse steel contribution to the shear resistance for control, uni-
directional, and bi-dirctional test is shown. All transverse reinfocement crossing the critical crack
fully yielded before failure. The slight difference in the maxiumum steel shear contribution is due
to the difference in the yield strength of tranverse reinforcement used in fabrication. The bi-
directional layout delayed the development of the steel shear contribution more than in the uni-
directional layout, even though the ultimate steel shear contribution is similar for both cases. For
instance, at an applied shear of 140 kips, transverse steel contributed 48 kips to the shear resistance
in the uni-directional layout while it contributed 22 kips in the bi-directional layout. This shows
that the horizontal strips inhibited the opening of the crack and increased the concrete shear
contribution provided by aggregate interlock.
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Figure 3-72: Transverse steel contribution to the shear strength of control, uni-directional, and
bi-directional tests

The optical measurement system also was used to determine the crack widths. Figure 3-73

shows applied load versus crack widths of control, uni-directional, and bi-directional tests. As can

be seen, the bi-directional layout provided better crack control than the uni-directional layout. The
maximum crack width in the web of the beam that was bi-directionally strengthened is less than

half the maximum crack width in the uni-directionally strengthened beam. By controlling the crack

better, the concrete shear contribution of the beam strengthened with a bi-directional layout was
higher than that of the beam strengthened with a uni-directional layout.
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Figure 3-73: Crack width at mid-depth of control, uni-directional and bi-directional tests

The principle tensile strain contours for uni-directional and bi-directional tests at different
load stages are shown in Figure 3-74. The contour plots show that the primary shear crack formed
in the uni-directional test at an applied shear of 122 kips, while in the bi-directional test, only the
initiation of the shear crack can be noticed at the same load. As the load increased, secondary shear
cracks formed in both tests with wider cracks in the uni-directional test. With further loading,
debonding began earlier in uni-directional tests since horizontal strips in bi-directional layout
helped provide anchorage for the vertical strips.
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Figure 3-74: Principal tensile strain profile for uni-directional test (left) and bi-directional test
(right)

The shear contributions of concrete, steel reinforcement, and CFRP for control, uni-

directional, and bi-directional tests are shown in Figure 3-75. As can be seen in Figure 3-75, in the

bi-directional layout, the shear cracking load increased, and yielding of transverse steel was further

delayed. It also illustrates the effect of the bi-directional layout on the concrete shear contribution.

The concrete shear contribution is roughly the same in the control and uni-directional tests;

however, the concrete shear contribution is about doubled in the bi-directional layout. The steel

shear contribution is the same for all tests and indicates that all transverse steel crossing the critical

crack yielde: in CFRP anchored systems.
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Figure 3-75: Shear contributions of control, uni-directional, and bi-directional tests
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3.8 CONCLUSIONS

A total of eighteen tests were conducted on large-scale T-beams to investigate the effect of
bi-directional applications of CFRP strips and CFRP anchors for strengthening reinforced concrete
(RC) members in shear. Eight tests were performed on 24-in. deep T-beams and ten tests were
performed or 48-in. deep T-beams. The effects of various parameters were investigated, including:

1) shear span-to-depth ratio (1.5 and 3),
2) amount of CFRP material (single layer and double layers),
3) web width (14-in. and 8-in),
4) CFRP layout (5-in. and 10-in. strips),
5) transverse reinforcement ratio.

The findings from the 24-in. deep T-beam tests can be summarized as follows:

* The bi-directional application of CFRP had a negligible effect on the shear capacity
of beams with a/d of 1.5. The use of uni- or bi-directional CFRP layouts for
strengthening of beams with a/d S 1.5 is not recommended because the tests indicated
that load was transferred to the support through compression struts in the concrete and
the CFRP did not have any measurable influence on the strength of the struts.

* The bi-directional application of CFRP had a substantial effect on the shear capacity
of beams with a/d of 3. For the beams with 14-in. webs, a shear strength gain up to
62% was achieved with a bi-directional layout. With a uni-directional layout that had
the same amount of vertical CFRP reinforcement, a 45% shear strength gain was
achieved.

* The shear capacity of beams with 8-in. webs was governed by concrete web crushing

due to high shear stresses (up to 12 f',bod in psi units) that exceeded the
maximum shear stresses permitted in most codes.

* In all tests, the steel stirrups crossing the critical inclined crack yielded. The steel
contribution to the shear capacity was not affected by the type of external application
of CFRP (uni-directional or bi-directional). However, the steel contribution was
reached at higher loads in bi-directional than in uni-directional applications.

* There was a considerable reduction in strains in the steel stirrups and the CFRP strips
in beams strengthened with bi-directional layouts in comparison with beams
strengthened with uni-directional layouts at the same load.

* The cracking pattern of the bi-directionally strengthened beams was different than
uni-directionally strengthened beams. The use of bi-directional layouts resulted in a
more distributed cracking pattern with smaller crack widths compared with uni-
directional application.

* The performance of lap splicing vertical CFRP strips under the web was comparable
to the performance of wrapping a single vertical CFRP strip around the web.
Therefore, the difficulty of wrapping vertical CFRP strips around the web of
reinforced concrete girders in the field can be eliminated by lap splicing the vertical
strips under the web of the beam.

The finding from the 48-in. deep T-beams can be summarized as follows:

* The use of anchored CFRP layouts on full-scale RC beams was found to be very
effective and resulted in substantial shear strength increases up to 96% for lightly
reinforced beams (d/2 stirrup spacing) and up to 43% for heavily reinforced beams
(d/4 stirrup spacing).

80



" Specimens strengthened with bi-directional layouts exhibited up to an 81% increase
in shear capacity while specimens strengthened with uni-directional layouts that had
the same amount of vertical CFRP reinforcement exhibited up to a 57% increase.

" Specimens strengthened with bi-directional layouts exhibited shear strengths gains
that were 10% to 24% larger than specimens strengthened with uni-directional layouts
that had the same amount of CFRP reinforcement in the vertical direction.

* Strengthening with narrow CFRP strips resulted in: 1) simplified CFRP handling and
installation, 2) enhanced concrete shear contributions, and 3) fewer stress
concentrations in the CFRP strips compared to strengthening with wider strips.

" Specimens strengthened with bi-directional layouts were found to have 1) stiffer post
cracking responses, 2) narrower shear crack widths, 3) lower shear defonrations at
failure, and 4) a higher concrete shear contribution compared to specimens
strengthened with uni-directional layouts that had the same amount of CFRP
reinforcement in the vertical directions.

" The shear contribution of the CFRP reinforcement was not proportional to the amount
of CFRP material used for strengthening.

* As in the 24-in. deep T-beam series, the bi-directional layouts delayed the shear
contribution of the steel reinforcement. Although horizontal CFRP reinforcement is
not accounted for in current shear strengthening design guidelines, it does increase
the shear capacity if proper anchorage is provided. However, a bi-directional layout
is less effective than a uni-directional layout at increasing the shear capacity of a
member when the same amount of CFRP material is used.

" The addition of anchored horizontal strips in bi-directional layouts prevented the
sudden loss of load carrying capacity by providing anchorage for the vertical CFRP
strips. This allowed the beams to maintain higher post-peak load after the vertical
CFRP strips fracture.

* The application of uni-directional layouts required less labor compared to the bi-
directional layouts.
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Chapter 4. I-Beam Tests

4.1 OVERVIEW AND OBJECTIVE

Previously, in project 0-6306, four 54-in. deep I-beams were tested. The tests indicated that
bi-directional CFRP layouts were able to significantly increase the I-beam's shear capacity
compared to the uni-directional layouts. Unfortunately, a reason for the bi-directional layout's
superior performance could not be drawn due to the lack of available test data. Therefore, additional
tests were proposed to investigate the shear behavior of full-scale I-beams strengthened with
various bi-directional CFRP layouts.

A large number of I-beam tests were initially envisioned. However, it soon became
apparent that the I-beam tests were not a priority to the Project Panel since the in-field I-beams
were not experiencing shear deficiencies. Consequently, the I-beam tests were scaled back when
only one suitable I-beam could be procured from the fabrication plants in Texas. As a result, the I-
beam tests were delayed about six months.

4.2 EXPERIMENTAL PROGRAM

4.2.1 Test Specimen

The Project Panel provided assistance in procuring a 100-ft. long Tx46 I-beam located at
Bexar Concrete in San Antonio, TX. A drawing of the beam is shown in Figure 4-6. The beam was
originally rejected from service because of consolidation problems in the bottom flange. However,
the voids in the bottom flange were deemed insignificant for the planned shear tests.

The 100-ft. long beam was cut in two equal sections prior to being shipped to Ferguson
Structural Engineering Laboratory. Once received, the honeycombed area was repaired using a
patching material. The damaged and repaired flange can be seen in Figure 4-1 and the location of
the damage can be seen in Figure 4-6.

(a) Betore repair (b) After repair

Figure 4-1: Honeycomb repair

Figure 4-2 shows the cross-section of the longitudinal tendon locations at the end and
middle sections of the original 100-ft. I-beam. Note that some of the tendons had a draped
longitudinal profile. A total of 64 1/2-in. low-relaxation strands were used in the I-beam. The
ultimate tensile stress of the strands was 270-ksi.
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Figure 4-2: Tendon profiPe

Table 4-1 shows the design and measured concrete strength at various key stages of the
beam's life. The strength at testing was evaluated by taking cores from undamaged portions of the
beam.

Table 4-1: Concrete strength

Concrete Strength
(psi)

Release 5,900

28-day Design 6,500

Measured Test Day 11.400

36.00in.

7.50in.
2.00in.

- CFRP strip

22.00in. - CFRP anchor

46.00in.

3.00in. . I
.7.75in.

8.75in.

32.00in.

Figure 4-3: CFRP strengthening

Figure 4-3 shows the CFRP placement on the web of the Tx46 I-beam. CFRP strips and

anchors were placed in the web region of the I-beam. Since the I-beam had a narrow web-width,
the 4-in. deep anchor holes were angled upward to avoid having opposing holes intersect. The first

50-ft. section of the I-beam was reinforced with only uni-directional CFRP layouts while the other

section was reinforced with bi-directional layouts.
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4.2.2 Test Variables

Table 4-2 shows the variables that were investigated in each of the tests. The nomenclature
used to identify each test is comprised of the type of CFRP layout (control, uni-, or bi-directional)
and the steel stirrup center-to-center spacing. In the uni-directional layout, I 0-in. wide strips at an
18-in. center-to-center spacing were used. As can be seen in Figure 4-4(a), each strip was anchored
with two 5/8-in. diameter CFRP anchors at each end of the strip. In the bi-directional layout, 5-in.
wide CFRP strips were spaced at 12-in. on center. One CFRP anchor was installed at each end of
the vertical strip (Figure 4-4(b)). The horizontal strips were also 5-in. wide but spaced at 10-in. on
center. Each horizontal strip was anchored at its ends and intermediately by two equally spaced
"two-way" anchors.

Table 4-2: I-beam test matrix

CFRP Spacing (in.) CFRP Strip Width (in.) Stirrup Spacing
Nomenclature CFRP Layout

Vertical Horizontal Vertical Horizontal (in.)

Control-18 None None None None None 18

Uni-18R 18

Uni-12 Uni-direction 18 None 10 None 12

Uni-8 8

Bi-18 18
Bi-direction 12 10 5 5

Bi-12 12

Note: "R" indicates a repaired specimen (i.e., pre-cracked)

CFRP PatcL

2 CFRP Anchors
C-t kit Anchor'

Intermediate "two "'
way" anchor

J'lA.U

(a) (ni-directional CFRP layout (b) Bi-directional CFRP layout

Figure 4-4: CFRP anchor installation for uni- and bi-directional CFRP layout

In Figure 4-5, the area of CFRP material used to strengthen each specimen is shown. The
areas shown include the CFRP strips, patches, and anchors. The various layout details, such as strip
width and spacing, were specified so that each test would have nearly equal area of CFRP.
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Figure 4-5: CFRP area comparison

4.2.3 Test Setup

Figure 4-6 shows a schematic of the test setup for the I-beams. Two 1,000-kip load cells
were used to monitor each reaction point and a 1,000-kip load cell was placed at the loading point.
Details of the test setup are shown in Figure 4-7. All the tests had a 120-in. shear span (a,) measured
from the center of the load to the center of the reaction. The back span of the beam, between the
north reaction and the loading point, was increased to 140-in. to reduce the applied shear and
prevent failure outside of the test span.
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Figure 4-6: Test setup
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Loading point

Figure 4-7: View 9f test setup showing load cells and hydraulic ram

In the case of Control-18, Uni-18R, Uni-8, and Bi-18, an additional ram was used to
eliminate the negative moment that was produced by the self-weight of the cantilevered portion of
the beam. The self-weight of the overhang was calculated and an appropriately scaled load was
applied through an additional ram to produce zero moment at the north reaction.

4.3 TEST RESULTS

4.3.1 Overview of the Test Results

Four tests, including a control test, were conducted on the first I-beam section while two
tests were conducted on the other section. A summary of the test results are displayed in Table 4-
3. Unfortunately, the ultimate shear capacity could not be obtained for at least half of the tests due
to tendon anchorage failures at the cut-end of the sections where transverse confinement was not
provided. The anchorage failures occurred before the CFRP strips fractured. Figure 4-8 shows the
premature anchorage failure of Uni-12. The failure propagated outside of the test span causing a
reduction in flexural capacity of the beam and failure before the shear capacity was reached (Figure
4-8(b)).

The cut end of the second 50-ft. I-beam section was strengthened with three anchored
CFRP strips and two steel beams to help confine the end region and prevent the bond cracks from
propagating (Figure 4-9). Unfortunately, the failure could not be prevented with the CFRP strips
and the external clamp. Figure 4-10 and Figure 4-11 show the condition of each test span after the
failure load was reached. Considering the shear crack that extended into the anchorage zone of Bi-
18, it is likely bond problems related to the tendons reduced the failure load.

The beams' inability to fracture the CFRP strips did not render the test data unusable.
Insight into the behavior of different layouts may be obtained by comparing the strain distributions
in the webs prior to failure.
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Table 4-3: Sunimmar oftthe test results

Nomenclature Applied Load (kips) Shear Force (kips) Ratio of Shear/Control Failure Mode

Control-18 700 377 - Shear

Uni-18R 774 417 1.11 Shear

Uni-12 648 349 - Bond

Uni-8 610 328 - Bond

Bi-18 781 420 1.12 Shear

Bi-12 553 298 Bond

(a) Reaclion clici o/ beamn
(Cut at nid-section of 100-ft. beam)

I

C

K

y 

S

(b) Pr opagation of bond cracks"fi"orn cut end

Figure 4-8: Anchorage failure of the tendons

SSe gt

Figure 4-9: Strengthening of the cut end
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(a) Control-18 (shear)

(h) Uni-18R (shear)

W 41

(c) Br-Ic (sharp)

Figure 4-10: Appearance of test span after shear ifilure
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(a) Uni-12 (bond)

(b) Uni-8 (bond)

t +t4

(c) Bi-12 (bond)

Figure 4-11: Appearance of test span after bond failure
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4.3.2 Effect of CFRP Layout

The size, shape, and location of a shear crack tend to change depending on the amount of
transverse reinforcement (steel and/or CFRP). Therefore, a consistent method for comparing the
test results had to be established. Since an optical measurement system was used to monitor the I-
beam surface displacements, an average shear strain across the web could easily be calculated using
Equation 4-1. However, the gage length of the horizontal (s) and vertical (E,) strains had to be the
same between all of the tests to be able to compare the results appropriately. Figure 4-12 shows the
relative gage length of the strains used for the shear strain measurements, as well as the assumed
strain rosette's orientation.

E, - (Ecos 20 + Eysin20) Equation 4-1
cosO sinO

Figure 4-12: Shear strain calculation

The shear strain responses for the I-beams that failed in shear are displayed in Figure 4-13.
Control-18 had a cracking shear load of 176-kips and an ultimate shear capacity of 377-kips, which
is noted in Figure 4-13 by a dashed blue line. Since Control-18 was rehabilitated with a uni-
directional layout there was no cracking load for Uni-18R. The application of the uni-directional
layout to the pre-cracked beam resulted in approximately an 1 1% increase in the shear capacity.
Uni-8I R reached a higher peak shear load compared to Control-18 as expected but at a lower initial
stiffness due to the pre-existing shear cracks.

As previously mentioned, Bi- 18 was strengthened using approximately the same area of
CFRP material as Uni-18R. The bi-directional layout was able to increase the cracking load 16%
to 204-kips compared to Control-18. The ultimate shear capacity of Bi-18 was nearly the same as
Uni-18R. A higher load was expected but it is likely that the concrete bond failure adversely limited
the shear load that could be applied to Bi-18.

However, it should be noted that the bi-directional layout exhibited significantly lower
shear strains compared to the uni-directional layout. Shear deformations of the bi-directional layout
were better controlled than with the uni-directional layout.
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Figure 4-13: Shear strain response of I-beams with different CFRP layouts

Figure 4-14 shows the tensile principal strain contours for three tests that failed in shear
plotted at the failure load of Control-18. The reduction in the principal strains between the three
tests indicates that the CFRP layouts were efficient in distributing the shear cracks and controlling
the crack widths.

In Control-18, nearly all of the shear deformation was concentrated at a single shear crack,
which eventually caused the shear failure. Uni-18R had the same crack distribution as Control-18.
The principal tensile strains were reduced, as well as the crack widths. While the uni-directional
CFRP strips did not fracture, the measured maximum strain in the strips was close to the CFRP
fracture strain [0.01-in./in.]. Bi-18 had smaller but more distributed shear cracks compare to
Control-18 and Uni-18R. All of the critical shear cracks were found to have angles ranging between
40 and 45-degrees.

Principal tensile strain contours were also plotted at 416-kips to amplify the differences
between the uni- and bi-directional layouts (Figure 4-15). Again, the strains measured for Bi-18
were significantly lower than Uni-18R when the ultimate shear capacity was reached.
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Figure 4-14: Principal tensile strain contours obr an applied shear of 377-kips
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(a) Uni-18R
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Figure 4-15: Principal tensile strain contours for an applied shear of 416-kips

Figure 4-16 represents the concrete, steel, and CFRP shear contributions for the
strengthened beams. The red curve is the shear contribution of the CFRP. Since Uni-18R was
previously cracked, the transverse reinforcement and the CFRP began to contribute to the shear
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resistance immediately. However, for Bi-18, there was a delay in the steel and CFRP contributions
until the shear crack forced. Even though the CFRP layouts were different, Uni-18R and Bi-18
had similar CFRP strip contributions at a shear equal to 416-kips.

500 500

400 400

300 VC= 1 =300 Shear crack fonned C 179 1

Z 200 200
V= 146 4- VS=1371

100 - 100

V= 100 U Vr=1011

i 0 - v 0 -
0 100 200 300 400 0 100 200 300 400

Applied shear, kip V=416 Applied shear, kips V=416 1

(a) Uni-18R (b) Bi-18

Figure 4-16: Shear contribution of CFRP, steel, and concrete (Uni-18R and Bi-18)

4.4 CONCLUSIONS

" A higher cracking load was obtained using the bi-directional CFRP layout compared to the
control test.

" The bi-directional CFRP layout provided better crack control, indicated by the lower and more
uniformly distributed tensile principal strains, relative to the comparable uni-directional CFRP
layout.

" It was not possible to compare peak shear capacities for the uni- and bi-directional layouts
because .he tendon anchorage failures controlled the capacity of the specimens.

4.5 SUMMARY COMMENTS

Unfcrtunately, the behavior of strengthening I-beams with CFRP could not be clearly
established due to unexpected anchorage failures. However, it was found that the Tx46 shape is not
an ideal section for CFRP shear strengthening. The two reentrant corners between the web and the
flanges make anchoring the CFRP strips difficult (see Figure 4-2 and Figure 4-3). Each reentrant
corner, or abrupt change in the beam's geometry, requires the use of CFRP anchor(s) to prevent the
CFRP strip from pulling away from the beam's surface. Therefore, if a U-wrap CFRP layout is
used additional CFRP anchors would be required; thus complicating the installation process.
Moreover, the beam's constant thickness web height is relatively short, which poses detailing and
efficiency problems for bi-directional layouts.

Only considering the three tests that exhibited shear failures, the uni-directional layout
resulted in an 1 I% increase in strength, which is similar to the bi-directional layout (12%). The
increase in strength of the uni-directional layout was similar to the increases observed in Project 0-
6306. A larger increase in the bi-directional layout's shear strength was expected but the Tx46 short
web depth and the influence of anchorage problems at the cut end resulted in a reduction of the
capacity and modes of failure not related to shear.
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Chapter 5. Pile Cap Girder Tests

5.1 OVERVIEW AND OBJECTIVE

Task 1d was originally intended to demonstrate the viability of strengthening full-scale
prestressed U-beams using bi-directional CFRP strips and CFRP anchors. However, the Project
Panel decided that shear distress in U-beams had not been observed in the field. Conversely, shear
distress (in the form of shear cracks) were observed in a number of pile cap girders (Figure 5-1).
As a result, the Project Panel suggested that the U-beam test program be redirected to investigate
the shear strengthening of large-scale pile cap girders.

The main objective of the pile cap girder test program was to determine the feasibility of
strengthening wide-webbed reinforced concrete members for shear. Pile cap girders are bridge
elements that support the superstructure of a reinforced or prestressed concrete bridge. In certain
locations, pile cap girders can be fully wrapped with CFRP strips; whereas in other locations, where
the pile cap girders support the bridge beams, a U-wrap CFRP scheme that utilizes CFRP anchors
would be required.

Figure 5-1: Shear crack in pile cap girder

5.2 EXPERIMENTAL PROGRAM

5.2.1 Test Specimens

After reviewing TxDOT plans for typical pile cap girders, it was observed that pile cap
girders are nearly as wide as they are deep, have minimal transverse reinforcement, have short shear
spans, and produce both positive and negative moments, which results in double curvature loading.
However, since pile cap girder web widths were significantly larger than any members previously
tested, it was decided to conduct a simple span (single curvature) test on one of the girders. The
intent of testing one girder in single curvature was to provide a means of relating the pile cap girder
results with the T-beam and I-beam tests. The remaining pile cap tests were subjected to anti-
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symmetrical double curvature loading to determine if the direction of the moment would adversely
affect the member's behavior- especially the performance of CFRP anchors.

The pile cap girder geometry was designed to test as large a specimen as possible within
the constraints of the facilities at Ferguson Structural Engineering Laboratory. As a result, a cross-
sectional dimension of 32-in. by 32-in. and a total length of 27'-8" was selected.

Standard ASTM A615 reinforcing steel was used for both the transverse and longitudinal
reinforcement. The transverse reinforcement consisted of Grade 60 No.5 reinforcing bars spaced at
18-in. on center. The measured yield strength of the transverse reinforcement was 60.6-ksi. The
size of the transverse reinforcement was selected based on TxDOT drawings, which followed
A.A.S.H.O 1957 specifications, while the spacing was selected to meet current minimum transverse
reinforcement requirements (AASHTO, 2014). The flexural reinforcement consisted of Grade 75
No.11 longitudinal reinforcing bars. The strength and layout of the No.11 reinforcing bars was
selected so that the flexural strength would exceed the shear capacity of the strengthened girders
and would not yield at peak shear capacity. The layout of the flexural reinforcement resulted in
similar longitudinal strains between the single and double curvature specimens when the peak shear
capacities were reached. Furthennore, the anti-symmetrical double curvature loading required that
the amount of longitudinal tension and compression reinforcement be equal for the double
curvature specimens, whereas the amount of compression reinforcement placed in the single
curvature specimen was selected so that the compression zone would not prematurely crush. A 2-
in. concrete clear cover was provided for all specimens.

Figure 5-2 illustrates the longitudinal reinforcement layout, while Figure 5-3 illustrates the

transverse reinforcement and loading points for the single and double curvature girders. Mid-way
through the test matrix, the double curvature's bundled longitudinal reinforcement was shifted
inward to the red reinforcing bar locations, shown in Figure 5-2 (b), due to unexpected bond

demand issues.

Gr. 60 No.5a18" O.C 0 0 0 800 0 0 0 0 0 Gr. 60 No.5@18" O.C
Trans. Reinf. 8 8Trans. Reinf.

Gr. 75 20-No.1 1 Gr. 75 Il 1-No.1I
Long. Reinf. Long. Reinf.

000000
00000000 00 0a 00 ,

(a) Single curvature (b) Double curvature

Figure 5-2: Longitudinal reinforcement
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(a) Single curvature

i a,

(b) Double curvature

Figure 5-3: Transverse reinforcement

The shear span in the test region, a\, was determined by ensuring that the span-to-depth
(a,/d) ratio equaled three. A span-to-depth ratio of three indicates that the girder should exhibit
sectional shear behavior (AASHTO, 2014). The shear span for these girders was defined as the
clear distance between the loading and reaction plates where a constant shear acts. Had the shear
span been defined as the distance between the center of the applied load to the face of the reaction,
as AASHTO (2014) specifies, the span-to-depth ratio of the single curvature specimen would
change to 3.2 whereas the span-to-depth ratio of the double curvature specimen would change to
3.7 due to the large reaction plate. Moreover, the span-to-depth ratio for a concrete member loaded
in double curvature is implied to be halved due to the existence of a point of inflection between the
negative and positive moments (ACI, 2014). However, this definition would indicate that the girder
should have behaved like a deep beam rather than a sectional beam. However, such behavior was
not observed.

The constant shear span in the test region was 80.75-in. for the single curvature specimen
and 83.5-in. for the double curvature specimens. The slight differences in the constant shear span
between the two reinforcement layouts stemmed from minor differences in the member's effective
depth (d). Specifically, the single curvature specimen had an effective depth equal to 27-in.,
whereas, the double curvature specimen had an effective depth equal to 28-in.

A typical 28-day concrete compressive strength for a pile cap girder of 4,500 psi was
specified. A ready mix concrete supplier provided a concrete mixture with the following
characteristics:

* 4-3/4 Sacks of Portland Cement
* 25% Fly Ash Class F
* 1-in. Maximum Aggregate Size, Crushed Limestone
* 8-in. Slump

The congestion within the pile cap girder reinforcement cages required the use of a superplasticizer,
as well as, a retarder to increase the concrete mixture's slump, workability, and to delay the concrete
initial set time. The test day concrete strength of the pile cap girders ranged from 4,400 to 5,100
psi.
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5.2.2 Test Variables

The pile cap girder tests were proposed to evaluate the effectiveness of strengthening wide-
web reinforced concrete members in shear using CFRP strips and anchors. Moreover, the loading
conditions were chosen to reflect in-situ conditions, which could result in anchors being placed in
flexural tension zones. Therefore, a test matrix was derived that addressed the following topics:

" Effects of loading conditions

" Efficiency of retrofitting uncracked and cracked sections
* Placing CFRP anchors in known flexural tension regions
* Efficiency of CFRP anchors relative to fully wrapped systems
" Effectiveness of fully wrapped and anchored uni- and bi-directional layouts

Figure 5-4 illustrates the resulting test matrix. As previously mentioned, two test
configurations were used: single and double curvature. The target test day concrete strength and
transverse reinforcement layouts were identical for all of the girders. Six girders were constructed
resulting in nine shear tests (including the control shear capacity tests). The girders that provided
the control shear capacities were rehabilitated using anchored and fully wrapped uni-directional
CFRP layouts.

Test Configuration Conc. Strength Trans. Reinf. CFRP Layout

. . . . Control

Uni-Anchor

BiAnchor~a

Figure 5-4: Experimental test matrix

A nomenclature system was developed to help quickly identify each test based on various
defining parameters. A graphical representation of the nomenclature can be seen in Figure 5-5. The
first designa:or indicates how the girder was tested. The second designator indicates if the girder
was previously tested and thus pre-cracked. The third and fourth group of designators indicates
whether vertical or horizontal strips existed and if so, how the CFRP strips were configured so that

their fracture strength could be utilized. Table 5-1 provides the nomenclature and a short description
for each test.
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Vertical CFRP Strip Horizontal CFRP Strip
Test Configuration Section Properties and Development and Development

Configuration Configuration

H Single-Curvature (5)

Double-Curvature (D) K Uncracked (U) No Vertical Strips (VN)Cracked (C) Vertically Anchored (VA)

Vertically Fully-wrapped (VF)

Figure 5-5: Test nomenclature

H No Horizontal Strips (HN)Horizontally Anchored (HA)

Table 5-4: Nomenclature description

Nomenclature Description

S-U-VN-HN Control

S-C-VA-HN Anchored Uni-directional, Cracked

D-U-VN-HN Control
D-C-VF-HN Fully Wrapped Uni-directional, Cracked
D-U-VF-HN Fully Wrapped Uni-directional, Uncracked
D-U-VF-HA Fully Wrapped Vertically and Anchored Horizontally, Uncracked

D-U-VN-HN* Redundant Control

D-C-VA-HN Anchored Uni-directional, Cracked

D-U-VA-HA Anchored Bi-directional, Uncracked
* indicates redundant tests
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Figure 5-6: Various C'FRP strip layouts

Prior to the installation of the CFRP strips, the concrete surface was lightly cleaned with a
grinding wheel, thus exposing the aggregate. All corners were rounded to a minimum bend radius
of 1/2-in, to avoid stress concentrations in the CFRP strips. All of the CFRP strips had a nominal
3-in, width and 0.02-in, laminate thickness. The various CFRP layouts that were used are illustrated
in Figure 5-6.

The vertical strips ranged in length from 45 to 73-in. The strip lengths were sized so that
each CFRP strip location would be comprised of two individual CFRP strips spliced together.
Anchored U-wrap layouts were spliced only on the bottom of the girder, whereas, fully wrapped
layouts were spliced on the bottom and top of the girder. All splices had at least an 8-in, overlap
length. Splicing the CFRP strips simplified the installation process. The vertical strips were spaced
at 6-in, on center (measured from center to center of the strips) and positioned so some of the CFRP

strips would overlie the transverse reinforcement in the test span.
For the hi-directional layouts only, half of the vertical CFRP area used in the uni-directional

layout was installed and half was placed in the horizontal direction so that an assumed 45-degree
shear crack would cross nearly the same area of CFRP material as the uni-directional layout. Since
half of the vertical strips were removed, the CFRP strips overlie only half of the transverse
reinforcement within the test span. The vertical CFRP was installed one day prior to the installation
of the horizontal CFRP to simplify the placement of each direction.

The horizontal CFRP strips were 20-in, long, spaced 8-in. on center, and were equidistant
from the top and bottom of the girder (>d/4). Thus, the strips were concentrated around the center
of the girder within a d/2 distance where the shear crack widths tend to be greatest. The horizontal
strips were extended and anchored within the peak moment regions for the double curvature tests.
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(a) Typical anchor installation at end of strip

(b) Vertical
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CFRP strip and boundary anchor detail

21" 33"- 33"-22 1 "14 4 4 4
(c) Continuous horizontal CFRP strip and intermediate anchor detail

Figure 5-7: CFRP anchor details
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Figure 5-7 depicts the CFRP anchor details. The CFRP anchors that were used on the pile
cap girders were purchased from the CFRP supplier. The 1/2-in. diameters anchors that were used
at the ends of the CFRP strips provided an anchor-to-strip ratio of 2.9. Three equidistant
intermediate anchors (spaced approximately d away from each other) were installed on each
horizontal strip as a means of minimizing the strip elongation and reducing shear crack widths. The
intermediate horizontal strip anchors had a 5/8-in. diameter and provided an anchor-to-strip ratio
equal to 2.4 after the anchors had been divided into two fans that were splayed in opposing
directions over the strip. The intermediate anchors were placed through a continuous horizontal
CFRP strip (Figure 5-7(c)). However, the modified detail in Figure 5-7(b) could have used. All
anchors were 10-in. long with an embedment of 4-in. into the concrete.

The vertical strip anchors were positioned slightly below the upper longitudinal steel. The
4-in. deep anchor holes were 9/16-in. and 3/4-in. diameter for the 1/2-in. and 5/8-in. diameter
anchors, respectively. The depth of the hole was selected so that 2-in. of the anchor penetrated into
the concrete core. In all of the pre-cracked girders, at least a few anchor holes, and thus anchors,
were drilled through shear or bond cracks. All of the anchor holes were rounded to a minimum
radius of a 1/2-in. so that the anchor bend would not fracture the anchor before the strip strength
was developed.

A modified anchor detail was utilized for the anchors on the boundary of the CFRP layouts.
In the modified detail, the CFRP strips were stopped short of the anchor holes rather than extending
beyond, which causes holes to be covered. This detail greatly accelerated the installation process
since the anchor holes were easily found and the anchors did not need to pass through the CFRP
strips. Not only can the modified detail speed up the installation process, but it can also affect the
way CFRP layouts are installed. For instance, in specimen D-U-VA-HA, the anchors for the vertical
CFRP strips were installed at the same time as the horizontal strips and anchors, one day after the
vertical CFRP strips were installed. Hence, the modified detail allows for the installation of the
CFRP anchors after the CFRP strips have partially cured.

All of the anchors were designed to overlap the CFRP strips a minimum of 6-in. After the
anchors were installed, two patches were laid over the anchors in a perpendicular and parallel fiber
direction. The patches on the boundary anchors were 3-in. wide and extended 4-in. over the anchor
and 2-in. beyond the center of the anchor hole. The intermediate patches were 7.5-in. long by 3-in.
wide and were centered over the anchor.

105



45 40 40

2 40

35 31

y 30 26 24 23

25 19

S 20 15i 17 17 14 18

15

10

C4 5

U 0

Total Surface Area Surface Area on Web

Figure 5-8: CFRP surface area comparison

Unlike the I-beam tests, the total area of CFRP material used in each test could not be held
constant. Girders that utilized fully wrapped CFRP strips will naturally require more CFRP material
compared to anchored systems. However, Figure 5-8 indicates that the area of CFRP material on
the girder webs was nearly the same for all of the tests.

5.2.3 Test Setup

As previously mentioned, the pile cap girders were tested under two different types of
loading conditions: single and double curvature. While the two test setups produced different shear
and moment conditions, the components that comprised both setups were similar. For instance,
both setups utilized load cells with various capacities to directly measure the applied shear force,
loading frame(s), ram(s), spherical head(s), linear potentiometers, strain gages, and a high
resolution optical measurement system to measure full-field displacements and strains.

5.2.3.1 Single Curvature
Shear tests are typically conducted using single curvature, or simple span, test setups. The

single curvature test setup that was utilized is shown in Figure 5-9 (a). The corresponding shear
and moment diagrams can be seen in Figure 5-9 (b). The hatched lines indicate the test span.

Two reaction points supported the pile cap girder. Each reaction point was comprised of

two 1000-kip capacity load cells, a loading plate, and a typical 9-in. long by 21-in. wide by 3-in.

thick elastomeric bearing pad (Figure 5-10). A ram with a 2000-kip capacity applied the load to a
spherical head by reacting against the loading frame and consequently the anchored 3.5-in. diameter
rods. The intent of the spherical head was to accommodate any differential rotation between the
ram and the girder. A 12-in. long by 28-in. wide loading plate was placed between the spherical
head and the girder to help distribute the applied forces so that local concrete crushing would not
occur (Figu-e 5-11). The shear demand on the girder was directly measured by the reaction at the
end of the test span.
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Figure 5-9: Single curvature
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Figure 5-10: Reaction in the test region (2-1000 kip load cells)

Spherical head
Loading plate

Ii

Figure 5-11: Applied load

The displacements at the reactions and under the point load were monitored by linear
potentiometers. Conversely, strains within the transverse and longitudinal reinforcement were
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monitored using strain gages. The concrete's surface displacements and strains were monitored at
discrete locations using the aforementioned optical measurement system.

5.2.3.2 Double Curvature
The double curvature test setup load application was similar to the single curvature test

setup. However, the double curvature setup has one additional loading point as seen in Figure 5-12
(a). The fundamental difference between the two test setups is that the double curvature setup
produced equal positive and negative moments. To achieve this type of moment distribution, one
of the rams had to apply twice as much load as the other, causing one of the reactions to carry twice
as much load as the other. The resulting reaction and moment diagrams will be anti-symmetrical
while the shear force diagram is symmetrical. The aforementioned diagrams are depicted in Figure
5-12 (b). Again, the hatched lines indicate the test span.

[Reaction]

V 2V

2V V

[Shear]

-V -V

[Moment]

0.58M

-0.58M

(a) (b)

Figure 5-12: Double curvature test setup and statics

The load ratio between the rams was attained by using a load maintainer. Unfortunately,
the load maintainer did not consistently produce a load ratio exactly equal to two throughout the
test. Therefore, the shear in the test span needed to be calculated as the larger reaction minus the
load applied by the smaller ram. A flat load cell was placed under the ram that applied the smaller
load to facilitate this calculation (Figure 5-13).

Spherical head
Flat load cell

Loading plates

Figure 5-13: Small applied load
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Between each ram and reaction point (outside of the test span) are two short spans that had
span-to-depth ratios less than 1.5 and had higher shear capacities than the test span. It was
imperative that the shorter spans did not fail or exhibit significant inelastic deformations before the
test span reached its capacity. Therefore, large loading and reaction plates were used to prevent
concrete crushing at the critical locations. At the high load point, a 38-in. long by 32-in. wide steel
loading plate was used and at the other load point a 28-in. long by 30-in. wide loading plate was
used. The girder was then supported on a 38-in. by 31-in. by 2.1-in. elastomeric bearing pad at the
larger reaction and 28-in. by 30-in. by 2.1-in. bearing pad at the smaller reaction. While these plates
and bearing sizes were large, they represented dimensions comparable to a prestressed I-beam that
rests on top of a cap girder and a reaction column that frames into a cap girder.

The large reaction was originally designed using four 1000-kip load cells. Any differential
rotation between the girder and the underlying reaction plate was assumed to be accommodated by
the elastomeric bearing pad. However, the bearing pad could not overcome girder rotations;
resulting in the centroid of the reaction force to shift. The reaction was modified by removing one
set of load cells. The remaining load cells had rounded ends that allowed rotation of the plates and
accommodated the girder rotation. Changing the support configuration did not affect the shear
capacity of the girders. Figure 5-14 shows the original and modified support conditions.
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Figure 5-14: Large reaction

The smaller reaction utilized a 3-in. diameter steel roller that was welded to a 6-in. thick
loading plate. A second loading plate was placed above the welded roller and was free to rotate. A
bearing pad was placed between the second loading plate and the girder. The reaction was supported
by three 500-kip load cells placed in a triangular formation. The bearing pad accommodated for
any lateral displacement induced by flexural deformation. The resulting behavior of the reaction is
similar to a roller support. Various views of the smaller roller support are shown in Figure 5-15.
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Figure 5-15: Small reaction

Displacements and strains of the double curvature girders were monitored in a similar

fashion as th- single curvature girder tests.

5.3 TEST RESULTS

5.3.1 Overview of the Test Results

Shear failures were observed in all of the tested pile cap girders. In the single and double

curvature control tests, the shear failures initiated once the transverse reinforcement that crossed

the critical shear crack began to yield, resulting in shear tension tie failures. The control capacity

for the single curvature test was 295-kips while the control capacities for the double curvature tests

were 293-kips and 313-kips. In comparison, the single and double curvature control capacities are

relatively close. Based on the similar control capacities and the fact that the double curvature tests

did not forr direct compression struts from the applied load to the reaction, it can be concluded

that the double curvature tests exhibited sectional shear behavior.

The shear failures for the CFRP retrofitted single and double curvature girders initiated

when one or more CFRP strip reached its ultimate tensile capacity, causing the strips to fracture.

The strips were able to develop their tensile strength from the provided lap splices and/or CFRP

anchors. The various CFRP layouts increased the single curvature shear capacity by 24% and the

double curvature shear capacity by 56%.
From the test data, a more in-depth comparison and understanding could be obtained.

Figure 5-16 shows the concrete (V), transverse steel (VS), and CFRP's (Vf) shear contributions at

the cracking and ultimate shear capacity normalized relative to the square root of the concrete's

strength ( ), web width (b,), and effective depth (d).
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Figure 5-16: Normalized shear contributions at cracking and ultimate shear capacity

Based on Figure 5-16, several observations can be made regarding the single and double
curvature tests. One observation is that the single curvature test formed a shear crack at a higher
shear load compared to the double curvature tests. On the other hand, the double curvature girders
exhibited higher concrete contributions at the ultimate shear capacity. Another observation is that
the single curvature tests experienced higher steel contributions compared to the double curvature
tests. This difference is because -he shear crack in the single curvature tests were shallower and
thus crossed more transverse reinforcement than the double curvature tests. Since the single and
double curvature tests performed inherently different, their test results are separated and discussed
independently.

5.3.2 Single Curvature Results

The shear load-displacement plot for the single curvature control and anchored uni-
directional tests can be seen in Figure 5-17. The small drops in shear load, not highlighted by
markers, are caused by pausing the tests to measure crack widths. However, the drop in load (red
marker) is due to the formation of the critical shear crack in S-U-VN-HN. Similarly, the small load
reduction in S-C-VA-HN (highlighted by the black marker) is associated with the internal shear
forces trying to redistribute as small strands within the CFRP strips began to fracture. Once the
forces were able to redistribute, the shear applied to the rehabilitated girder was able to increase
slightly prior to failure.

111

6

4.6

12.7

1.3
3

4.6

3.9

1.3
1.2 .2

1t1001

1r9
1)

3.0

1.6
1.

0

N

y

4.2

.2

0.6

1

P

J'



400

350 ------------ +--------

. 250 -

200 -

< 150-

100

50 -

0-
0.0

Shear crack foned

0.1 0.2 0.3

S-C-VA-HN

0.4

Initial fractur

S-U-VN-HN

0.5

e of CFRP

0.6 0.7

Displacement, in.

Figure 5-17: Single curvature shear load-displacement curves

Note that S-C-VA-HN had a lower initial shear stiffness when compared to S-U-VH-HN.
The lower initial stiffness was caused by the pre-existing shear cracks from the control test (Figure
5-18). However, notice that the nearly constant shear stiffness of S-C-VA-HN is larger than the
post-cracking stiffness of S-U-VH-HN, which indicates that an anchored uni-directional layout
provided significant increases to the shear stiffness of wide-webbed pre-cracked members.
Moreover, S-C-VA-HN exhibited 24% more capacity and a larger ultimate deformation when
compared to the control test. However, not all of the transverse steel that crossed the critical crack
of S-C-VA-HN reached yield prior to failure that was triggered by a CFRP strip fracture. A
summary of the single curvature test data is presented in Table 5-2.
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Figure 5-18: S-C-VA-HN crack pattern prior to CFRP installation

Table 5-5: Single curvature test summary

Test Name Concrete Cracking Peak Shear Cracking Shear Peak Shear
f'c (psi) Shear (kip) (kip) Increase (%) Increase (%)

S-U-VN-HN 4710 165 295 N/A N/A
S-C-VA-HN 4710 N/A 365 N/A 24%

5.3.3 Double Curvature Results

The complex behavior of girders tested in double curvature resulted in the unexpected
formation of bond-shear cracks at the levels of the longitudinal, or flexural, reinforcement (Figure
5-19). These cracks formed because of a high moment gradient within the test span that created
high bond stresses along the flexural reinforcement and the concrete. The bond failure caused the
flexural stiffness to reduce slightly due to the loss of the concrete cover. However, the flexural steel
was anchored sufficiently at the end regions to continue providing the required flexural resistance.
Moreover, the reductions in the concrete cross-sectional area did not result in any concrete
inelasticity. Hence, the girders remained elastic but with slightly reduced flexural stiffness (Figure
5-20).
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Figure 5-19: Bond and shear cracks
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Figure 5-20: D- U-VA-HA flexural stiffness reduction

The effects of high bond stresses were observed after more than half of the double curvature
girders were constructed. The flexural reinforcement was altered by moving the bundled flexural

reinforcing bars inward, as shown in Figure 5-2 (b), for the remaining double curvature tests: D-U-

VN-HN*, D-C-VA-HN, and D-U-VA-HA. The intent of changing the flexural reinforcement
layout was to anchor more reinforcing bars away from the concrete corners. Unfortunately, the

design change did not resolve the problem.
Since the cross-sectional design of the pile cap girders changed, an additional control test

was conducted. The control test for the modified cross-section, D-U-VN-HN*, resulted in a slightly

higher shear stiffness and shear capacity compared to D-U-VN-HN. Therefore, strength gains will

be compared between tests with similar cross-sectional designs.
Unlike the single curvature tests, the double curvature tests formed two shear cracks. A

flexural-shea_ crack formed in the left portion of the test span (negative moment). The negative

moment created a flexural crack that eventually turned into a shear crack. Hence, the crack in the
left span was the first shear crack to form. Based on an analysis of the girders, it was found that the
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flexural-shear crack exhibited strains predominantly in the horizontal direction (Ex). The flexural-
shear crack eventually turned into a bond-shear crack. A web-shear crack formed in the right
portion of the test span (positive moment). The web-shear crack formed because of high principal
tensile stresses within the girder's web. Even though the web-shear crack was the last shear crack
to initiate, it was always the crack that initiated the shear failure (i.e., critical shear crack).

Since two different types of shear cracks formed at different shear loads, a definition for
the cracking shear load had to be established. Therefore, the cracking shear load was defined as the
shear load that caused the shear carrying mechanism to change. This definition implies that the
cracking shear load is the load at which the transverse reinforcement, across the critical crack,
began to carry some of the applied shear.
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Figure 5-21: Double curvature shear load-displacement curves

The shear load-displacement curves for the double curvature tests can be found in Figure
5-21. Based on these curves, several key observations about shear stiffness can be made. As
previously mentioned, changing the location of the flexural reinforcement did affect the control
specimens' post-cracking shear stiffness. Hence, the original design experienced a significantly
higher ultimate displacement. Moreover, the various CFRP layouts were able to increase the
girder's cracked shear stiffness similar to the single curvature tests. The drastic changes in shear
stiffness for the rehabilitated girders, shown in Figure 5-21, is the result of the CFRP strips
debonding from the concrete surface. Even though the CFRP strips had debonded, additional shear
load could be applied because of the lap splices and/or the CFRP anchors. The debonding of
untracked girders typically began at a load near the ultimate shear capacity of the control specimen.
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The shear load-displacement curves also allude to an unexpected drop in the applied shear
load for D-C-VF-HN (black marker) caused by an inadvertent change to the load ratio. The
unbalanced loads yielded the longitudinal steel in the negative moment region before the load ratio
was adjusted. The tests ultimate shear capacity was not affected.

On the other hand, the drop in the applied shear load for D-U-VA-HA (red marker) was
the result of a poor CFRP layout and anchor detail. Since the pile cap girder web depth is relatively
short, the ver-ical strip anchors had to be placed over the upper horizontal strip. In some cases, the
intermediate horizontal strip anchors were placed on top of the vertical strip anchors. Moreover,
the horizontal strips were extended and anchored into the peak moment regions. As a result, the
horizontal strips not only bridged the flexural-shear crack, but they also bridged the flexural cracks.
Thus inducing additional horizontal tensile strains. The upper horizontal strips fractured between
the vertical and horizontal strip anchors, shown in Figure 5-22, due to a strain concentration
between the anchors. The fracturing of the upper horizontal strips caused the applied shear load to
drop temporarily. The applied shear load was able to redistribute and increase before eventually
causing the vertical CFRP strips in the right span to fracture. The poor CFRP detailing likely
influenced the failure of D-U-VA-HA. A summary of the double curvature test data is presented in
Table 5-3.

Figure 5-22: D-U-VA-HA premature horizontal strip fracture

Table 5-6: Double curvature test sunnnarv

Concrete Cracking Peak Shear Cracking Shear Peak Shear
f'c (psi) Shear (kip) (kip) Increase (%) Increase (%)

D-U-VN-HN 4400 148 293 N/A N/A

D-C-VF-HN 4400 N/A 424 N/A 45%

D-U-VF-HN 4410 161 456 9% 56%

D-U-VF-HA 5110 180 446 22% 52%

D-U-VN-HN* 4560 149 313 N/A N/A

D-C-VA-HN 4560 N/A 427 N/A 37%

D-U-VA-HA 4580 177 367 19% 17%

5.3.4 Effects of CFRP

The increase in shear strength was found to be directly related to the influence of the layouts
on crack widths, which are directly related to principal tensile strains. Using the optical
measurement system, the principal tensile strains on the concrete's surface were measured and
converted into crack widths. The width of a typical shear crack varies along its depth. The relative
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magnitude of a shear crack can be represented by the crack width at mid-height of the web.
Therefore, the mid-height shear crack width was used as a means of comparing crack widths.
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Figure 5-23: Double curvature mid-height crack width comparison

The mid-height crack widths for the various uncracked double curvature tests are plotted
in Figure 5-23. The shear loads at the onset of cracking, shown in Figure 5-23, do not represent the
cracking shear load. Instead, they represent the applied shear load that caused the mid-height shear
crack to form. Both of the double curvature control tests had similar crack widths. However, D-U-
VN-HN* exhibited smaller crack widths consistent with the higher shear stiffness compared to D-
U-VN-HN. Furthermore, when crack widths are compared with corresponding ultimate shear
capacity, it becomes evident that the CFRP layouts that produced the lowest crack widths, for a
given applied shear load, also resulted in the highest ultimate shear capacities. However, the bi-
directional layout of D-U-VF-HA reached a similar ultimate shear capacity as that of a uni-
directional layout, D-U-VF-HN, but had smaller crack widths at failure.

The effects of the CFRP on the pile cap girders' response can be studied further by
subdividing the various single and double curvature tests into groups to help determine the
efficiency of retrofitting uncracked and cracked sections, the efficiency of CFRP anchors relative
to fully wrapped systems, and the effectiveness of fully wrapped and anchored uni- and bi-
directional layouts. The efficiency and effectiveness of CFRP can be explained by investigating thie
concrete, steel, and CFRP shear contributions for each group of tests. Since the single and double
curvature tests produced significantly different responses, they are discussed independently.
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5.3.4.1 Single Curvature
Figure 5-24 and Table 5-3 show the shear contributions for the two single curvature tests.

Since the CFRP was applied to a previously tested girder, the concrete response was nearly linear.
Moreover, th- pre-existing shear cracks caused the CFRP strips to contribute to the shear capacity
immediately. Near the ultimate capacity of S-C-VA-HN, the steel and CFRP contributions rose
steeply resulting in the concrete contribution to reduce by an equivalent amount. Unlike S-U-VN-
HN, the transverse steel in the test span of S-C-VA-HN did not yield prior to the CFRP strips
fracturing. Some of the transverse reinforcement did not yield in S-C-VA-HN because the
transverse reinforcement was near the end of the shear crack, which was well controlled by a CFRP
strip at that location that also limited the steel strains. It is likely that the transverse reinforcement
at this location should not have been included in the steel crossing the critical crack.
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Table 5-7: Single curvature shear contributions

Concrete Contribution Steel Contribution CFRP Contribution
Test Name (kip) (kip) (kip)
S-U-VN-HN 184 112 0

S-C-VA-HN 177 95 93

5.3.4.2 Double Curvature
Figure 5-25 shows that D-U-VF-HN and D-C-VF-HN had similar ultimate shear

contributions indicating that uncracked and cracked members can be rehabilitated with the same
efficiency. The slight reduction to the concrete contribution for D-C-VF-HN may have been caused
by loading :he control test (D-C-VN-HN) slightly past failure. As expected, D-U-VF-HN did
experience a delay in the steel and CFRP contributions.
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One observed advantage to the modified anchor detail was that the edge of the patches
would indicate that the CFRP strip had debonded and the anchor was carrying the CFRP s:rip's
load by lifting away from the concrete surface (Figure 5-27). The anchor's integrity remained intact
despite the condition of the patches.

119

500 500 500

400 --------------- 400 --------------- --- 400 -----------
0 0

300 ------------------- 300 ------------------- 300

200 ----- ----- 200----------------- --- -- -- --
U U

100 ---------------------- ---- --------- 100-------- -----

0 -- -0 0

0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Applied Shear. kip Applied Shear, kip Applied Shear, kip

(a) D- U- VN-HN (b) D- U- VF-HN (c) D-C- VF-HN

Figumre 5-25: Double curvature uni-directional layouts, uincracked and cracked comparison

The similar shear contributions between D-C-VF-HN and D-C-VA-HN, in Figure 5-26,
indicates that CFRP anchors are as effective as fully wrapped sections even if the anchors are placed
through pre-existing cracks as was done for D-C-VA-HN (Figure 5-19). Thus, the cracks that ran
through the anchor holes did not adversely affect any of the anchors' performance.
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Figure 5-27: CFRP anchor post -filure

D-U-VF-HA had half of the vertical CFRP strips compared to D-U-VF-HN. The reduction

of CFRP area in the vertical direction is evident in the CFRP shear contribution shown in Figure 5-

28. However, since the other half of the CFRP area was placed in the horizontal direction, the

concrete contribution for D-U-VF-HA was expected to have been larger than the concrete

contribution for D-U-VF-HN, which was not the case. As a result, the bi-directional layout had a

marginally lower ultimate shear capacity compared to the uni-directional layout.
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Figure 5-28: Double curvature fully wrapped uni- and bi-directional layouts, uncracked sections

Figure 5-29 shows that D-C-VA-HN outperformed D-U-VA-HA in terms of ultimate shear

capacity and shear contribution response. In fact, the concrete contribution for D-U-VA-HA was

only slightly larger than D-U-VN-HN* (Table 5-5). However, D-U-VA-HA was able to maintain

the applied shear force when one of the CFRP strips fractured by redistributing the internal forces

from the CFRP to the concrete as indicated by the nearly vertical drop in the CFRP contribution

near the end of the test.
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Figure 5-29: Double curvature anchored uni- and bi-directional layouts

Table 5-8: Double curvature shear co itributions

Concrete Contribution Steel Contribution CFRP Contribution
(kip) (kip) (kip)

D-U-VN-HN 218 74 0

D-C-VF-HN 271 74 79
D-U-VF-HN 293 74 89
D-U-VF-HA 318 74 53

D-U-VN-HN* 238 74 0
D-C-VA-HN 277 74 76

D-U-VA-HA 256 74 36

5.4 CONCLUSIONS

The pile cap girder tests provided valuable insight into the shear strengthening of wide-
webbed girders using CFRP strips and anchors. The test results showed that wide-webbed members
could be strengthened effectively with CFRP. However, bi-directional layouts that had an
equivalent area of CFR? material on the web as uni-directional layouts were unable to provide
strength gains larger thai the uni-directional layouts. Even so, the bi-directional layouts were able
to increase the shear cracking loads and reduce shear crack widths compared to the uni-directional
layouts.

The use of narrow CFRP strips provided more redundancy and tended to result in a more
uniform strain distribution across each strip width. Occasionally, some fibers within a strip may
fracture due to stress concentrations. With nar-ow strips, the girders were able to redistribute the
internal shear loads to other undamaged strips for additional shear capacity and increase girder
deformation.

Finally, the modified anchor detail was proven capable of developing the tensile strength
of the CFRP strips. The patches on top of the anchor provided an indication that the CFRP strip
had debonded and that the anchor was working properly. The test results also verified that anchors
could be placed in regions of tension without adversely affecting the anchor's perfonnance.
However, an anchor may pull a cone of concrete from the girder's surface if the anchor is placed
between two cracks. Furthermore, the performance of CFRP systems may be degraded if anchors
are overlapped or near each other, which may cause unintended stress concentrations.
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5.5 SUMMARY COMMENTS

Fully wrapped or anchored uni- and bi-directional CFRP layouts have not been used for
strengthening the shear capacity of large pile cap girders. A number of tests on various uni-
directional layouts had to be performed for comparison with the bi-directional layouts. Therefore,
only a few bi-directional layouts could be tested in the compressed time frame that resulted from a
change in Task Id. Therefore, additional bi-directional tests need to be completed to fully
understand hiw the various bi-directional layouts affect the shear contribution components (i.e.,
Vc, Vs, and Vf).

Moreover, the tests that were conducted using the double curvature test setup performed
less than ideally due to the unintended loss of the longitudinal reinforcement's bond to the concrete.
Fortunately, the bond failure did not adversely affect the girder's ability to remain flexurally elastic,
albeit at a slightly lower flexural stiffness. The bond failure may have been prevented by reducing
the amount of longitudinal reinforcement or lowering the moment gradient in the test span by
increasing the tested span-to-depth ratio. However, a typical pile cap girder is designed to have the
flexural capacity govern. As a result, the longitudinal reinforcement ratio is generally much lower
than the ratio that was used for these pile cap girder tests.
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Chapter 6. Small-Scale Beam Tests

6.1 OVERVIEW AND OBJECTIVE

Small-scale beams tests were conducted to achieve the objectives of Tasks 2a and b.
The objective of Task 2a was to develop a simple reliable test that can be used to qualify a

particular CFRP material and anchored CFRP design, as well as provide means by which the quality
of an installation and installer can be verified. The standard three-point load beam specimen and
testing procedure of ASTM C293 (ASTM, 2007) were selected, but with the beam strengthened
using an anchored CFRP system. Benefits of adopting the standard beam test are: 1) it is widely
used in structural engineering laboratories so most laboratories have the necessary equipment to
conduct the tests; 2) the beam is (6-in. tall by 6-in. wide by 24-in. long) making it easily
maneuverable by two people without the need for lifting equipment; 3) the proposed test can easily
be used for on-site evaluation by requiring contractors to install anchored CFRP on several beam
specimens for each batch of epoxy; and 4) given the other benefits, the cost of conducting such
tests would be relatively low.

The objective of Task 2b was to optimize anchor design by identifying critical parameters
that affect anchor strength and setting optimal design limits for those parameters. The same small-
scale beam tests that were used to develop the quality control test specimen and procedures for
Task 2a, were also used to optimize anchor design. Beam tests were conducted with varying
anchored CFRP-system parameters, which produced the data necessary for developing design
guidelines for CFRP anchors. Due to the overlap in the experimental portion of the two sub-tasks,
the experimental results for both sub-tasks are presented and discussed in this chapter.

6.2 EXPERIMENTAL PROGRAM

6.2.1 Overview of Experimental Program

Four series of small-scale beam tests were conducted to complete Tasks 2a and b.
" Series 1: Modified ASTM C293 beam specimens with through-strip CFRP anchors
" Series 2: Modified ASTM C293 beam specimens with through-strip GFRP anchors
" Series 3: Modified ASTM C293 beam specimens with CFRP anchors adjacent to

strip

" Series 4: Larger beam specimens with CFRP anchors adjacent to strip

Series 1 and 2 had anchors installed through the CFRP strip (Figure 6-la). For ease of
construction, Series 3 and 4 had anchors installed adjacent to the CFRP strip (Figure 6-1b). The
latter anchor layout proved to perform as well as the through-strip layout, but avoided the difficulty
of pushing the anchor through the strip during installation. Series 1, 3, and 4 had CFRP anchors
while Series 2 explored GFRP anchors.

(a) A nchor through stril) (b) A1nchor adjacent to strip
Figure 6-1: Anchor layouts

The beam geometry for Series I to 3 was based on the standard concrete beam used for
modulus of rupture tests and described in ASTM C293 (ASTM, 2007). For the first three series,
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beam specimens had dimensions of 6-in.x6-in.x24-in. A notch was cut at mid-span of the tension
face to control the location of flexural cracking. Holes were drilled on the tension face of the beam
for installing CFRP anchors (Figure 6-2). A CFRP strip anchored at the holes was applied to the
tension face of beam specimens. Beams did not have any steel reinforcement but had side CFRP
strips added to reduce the likelihood of shear failures.

Figure 6-2: Beam specimen before CFRP installation (Series I to 3)

For Series 4, larger beams were tested under three-point loading to evaluate the behavior
and strength of larger anchored CFRP systems. This series was undertaken based on findings from
the first three series, in which significant size effects were observed in CFRP strips and CFRP
anchors. The larger beams were 12-in. tall by 12-in. wide by 68-in. long. The new dimensions were
selected to test CFRP strips up to 10-in. wide, which is considered to be the largest practical field
installation width. Similarly to the smaller beams, a notch was cut at mid-span and holes were
drilled on the tension face for the placement of anchors (Figure 6-3).

Hole

d ~ Notchi

Figure 6-3: Large beam specunens before CFRP installation

Three-point loading was applied to the test specimens as is done in modulus of rupture
tests. The loading induced tension forces in the CFRP strip and anchors as seen in Figure 6-4. When
CFRP is used for strengthening and rehabilitation, the primary tension force in the strip is caused
by widening of cracks in a concrete member (Figure 6-4). Similar loading was generated on the
CFRP system in the small-scale beam specimens (Figure 6-5).

124



" 1 e

Force resisted
by anchor Tension caused

by crack

4 

4

4 "" 44 44

IfaFigure 6-4 CFRP system loading in a three poin load beam test

I. A

Forced resisted
by anchor

4

e

4

/

d
V

vJ

A

A

Tension caused by
a crack

4

Side view

K-.- 4 .4

*A e

*1

d

A

4

End view
Figure 6-5: CFRP system loading in a concrete beam with inclined cracking

6.2.2 Typical Specimen Preparation and Strengthening

The same specimen preparation and CFRP installation procedures were used for the
smaller and larger beams. These procedures are discussed briefly in the following sections.
Additional details can be found in the final reports of TxDOT projects 0-6306 and 5-6306 (Kim et
al., 2012 and Garcia et al., 2014).

6.2.2.1 Specimen Preparation
The concrete surfaces, anchor holes, specimen corners and mid-span notch were prepared

before installation of CFRP U-wraps, CFRP strip, and CFRP anchors. To improve bond between
concrete and CFRP, the concrete surfaces that contacted CFRP were prepared by grinding off
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laitance and removing all dust and residue (Figure 6-6 (a)). Two holes were drilled to a depth of

four inches on both ends of the beam tension face for anchor installation (Figure 6-6 (b)). The
anchor holes were rounded to avoid premature CFRP anchor failure (Figure 6-6 (c)). Compressed
air or a vacuum cleaner were used to remove the dust from the anchor holes (Figure 6-6 (d)).

((i) Grinding a concrete sun ace

(b) Drilling holes

I

(c) Rounding hole edge

126



ON4

(d) Cleaning holes with compressed air or vacuum cleaner

Figure 6-6: Specimen preparation before CFRP installation

As shown in Figure 6-7, the corners of the beams were rounded to a radius of 0.5-in. so
that U-wrapped CFRP strips would not fail at sharp corners. Beam corners were rounded by
grinding or through form inserts. Finally, a notch was cut at mid-span to control the location of
concrete flexural cracking. The notch was 1-in. deep in the smaller beams and 2.5-in. deep in the
larger beams.

-U-t 3
4.' I

Figure 6-7: Typical prepared specimen

6.2.2.2 Installation of CFRP Strips and Anchors
Anchors and CFRP strips were prepared as shown in Figure 6-8. Epoxy was prepared and

mixed following the supplier's instructions (Figure 6-9). Anchor holes and beam surfaces where
CFRP strips were to be installed were saturated with epoxy (Figure 6-10). CFRP strips were then
saturated with epoxy and applied to beam side and tension surfaces as shown in Figure 6-11. Putty
knives and rollers were used to remove air bubbles and excess epoxy.
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Figure 6-8: CFRP anchors and CFRP strips ('Huaco, 2009)

Figure 6-9: Mixing the epoxy components (Huaco, 2009)

mmmm--

Figure 6-10: Saturating holes and surfaces (Hauco, 2010)
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Figure 6-11: Applying CFRP strips

Two anchor layouts were used in the small beam tests as illustrated in Figure 6-1. For
Series 1 and 2, the anchors were inserted through the CFRP strip, while in Series 3 and 4 the anchors
were installed adjacent to the CFRP strip for ease of construction. In both cases, a saturated CFRP
anchor was inserted into the hole and the anchor material sticking out of the hole was fanned out
(Figure 6-12) to provide force transfer from the entire width of the strip to the anchor. Two patches
of CFRP were then applied over the center of each anchor to reduce stress concentrations in the
anchors and achieve better load -ransfer between the strip and the anchors. The fiber direction of
the first patch was perpendicular with the CFRP strip, while the fibers of the second patch were
parallel to the strip fibers. A completed installation is shown Figure 6-13.

*rvr

4

Figure 6-12: Fanning the anchor
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Figure 6-13: Specinejns with CFRP installed

6.2.3 Test Matrix Details

6.2.3.1 Series I
This series of tests was undertaken to achieve a reliable test specimen and test methodology

for controlling the strength and the quality of installation of anchored CFRP systems (Task 2a).

Specimen details were modified throughout this test series to preclude undesirable failures modes

in the concrete specimen that were observed in previous work by Huaco (2009). This test series

was also used to optimize anchor design by identifying critical parameters that affect anchor

strength (Task 2b). Beam tests were conducted with varying anchored CFRP-system parameters,
which produced the data necessary for developing design guidelines for CFRP anchors. In all, 39

standard-size beams were tested in Series 1, with varying CFRP strip and anchor details, as well as

varying side-wrap details.

6.2.3.1.1 Specimen Details
Specimens consisted of a strengthened standard concrete beam described in ASTM C293

(2007), and typically used for the evaluation of the modulus of rupture of concrete. Specimen

dimensions were 6-in. by 6-in. by 24-in. (Figure 6-14). A 1-in. deep notch was cut at mid-span to

initiate the cracking, the beam side corners were rounded, and two holes were drilled for installing

CFRP anchors (Figure 6-14).
An insufficient anchor embedment depth (or anchor hole depth) provides less contact area

between CFRP anchor and its surrounding concrete element. It will reduce the capacity of

anchorage systems, and the anchor may pull out before the CFRP strip fractures. A 4-in.

embedment depth was suggested by Huaco (2009) and was used in all small-scale beam specimens

(Figure 6-14).
The edge of the anchor hole in the direction of the anchor fan was rounded to prevent stress

concentrations in the anchor at the edge and premature anchor fracture. A 1%z-in. chamfer radius was

used as recommended by Pham (2009) and was used in this test series (Figure 6-14).

Too large or too small a hole diameter is prone to making the installation more difficult

and lower the installation quality as well as the capacity of anchors. The area of hole was suggested

to be at least 1.4 times larger than the area of the CFRP anchor based on the equivalent area of a

laminate having the same CFRP fiber area as the anchor (Kim et al., 2012). In order to determine

the equivalent laminate area of an anchor, CFRP strips and anchors are converted to unit weights

130



of dry fiber per unit length of fiber. Because both strips and anchors are of the same material, the
weight per unit fiber length can be converted to an equivalent laminate area. Manufacturers
typically provide the dry fiber weight per square surface area of a laminate (7s,Exp). While for pre-
manufactured anchors, typically the dry fiber weight per unit length is provided (X4). The
equivalent laminate anchor area can therefore be evaluated using the following equation:

A
AEq, = Eqv. laminate area of anchor = (wf tf)E

wp y~gyEquation 6-1W f Ys,Exp

With w = strip width and tf= strip laminate thickness
All anchor fans covered the full width of the CFRP strip as seen in Figure 6-15

24.0"

R 0.5"
6.0'

A A
--1 4.0" F9

Plan View

1.0"

6.0"

Elevation View

4.0.
5 "

I--0H ole Diameter

Section A-A
Figure 6-14: Detailed drawings of concrete specimen
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CFRP side
wraps

Elevation View
Figure 6-15: Detailed drawings of specimen with CFRP

Of particular concern in Series 1 was achieving a beam design that would fail the CFRP
strip or the anchors but not the concrete. Specimen details were adjusted throughout Series 1 to
achieve a reliable test specimen for quality control of FRP materials and installation. More
specifically, :he undesirable concrete shear/tension failure mode observed in previous work by
Huaco (20094, was targeted (Figure 6-16 and Figure 6-17). Steel reinforcement was found to be of
limited benefit in the smaller beams (Series 1 to 3) due to the limited development length available
for the bars. Side-face CFRP U-wraps were, however, found to provide a sufficient margin of safety
against concrete failure and develop the strength of the anchored CFRP strengthening system
(Figure 6-13).

CFRP Strip T

- Cracking Pattern
9 A "

Anchor Hole

Figure 6-16: Shear/tension failure mode in small beams
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Figure 5-17: Concrete bean shear failure (Huaco, 2009)

6.2.3.1.2 CFRP Anchor and Strip Variables
In this series, the following parameters were held constant across all specimens:

* The anchor _mbedment depth was 4-in.
" The chamfer at the anchor hole edge had a radius of 1/2-in.

* The area of -he anchor holes was 1.4 times larger than the area of the anchor.
" The anchor fan length was 6-in.
* The anchor patch dimensions were 5 by 5-in.

Based on work conrpleted in TxDOT project 0-6306 (Kim et al., 2012), the following
specimen and CFRP parameters were varied in this test series:

1. Material ratio of CFRP anchors to CFRP strip = equivalent anchor laminate area /
strip laminate area

2. CFRP strip width
3. Anchor fan length/angle
4. Concrete strength
5. Contribution of epoxy bonding on load transfer mechanism (Bonded vs.

Unbonded).

The sectional area of CFRP anchors is an important parameter in determining the force
being transferred at the anchor from the CFRP strip into the concrete substrate (Kim et al., 2012).
An insufficient amount of CFRF material in the anchors leads to rupture of the anchors before
fracture of CFRP strips. This premature failure due to anchor rupture reduces the effective tensile
capacity of the CFRP strips.

The anchor material ratio (AMR) is defined as the equivalent laminate cross-sectional area
of the anchor (Eq. 6-1) divided by the laminate cross-sectional area of the strip it is developing
(Figure 6-18). The nominal Enchor diameter provided by the manufacturer should not be used to
determine the anchor area as it is not an exact measurement. Figure 6-18 illustrates an anchor
material ratio of 2.4. Two examples are provided for how anchor material ratios are calculated, 1)
if anchors are made from the sheet material used in the strips, anc 2) if using premanufactured
anchors.
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Strip area Anchor area Anchor area
(actual) (actual) (equivalent laminate)

R=?

5.0"
12.0"

0.02" 0.02" -

A= 0.1 in2  A= 0.24 in2

A= ?

(must use weight)

Figure 6-18: Equivalent anchor area and anchor material ratio

6.2.3.1.2.1 Example 1: Making anchors from CFRP sheets used for the strip
This process is simple because the anchor is being made from the strip sheet material.

Therefore simply multiplying the strip width by 2 the anchor material ratio provides the equivalent
width of strip that needs to be cut and turned into an anchor. The ratio is multiplied by '2 because
the strip should be cut twice as long as needed and folded in half, therefore doubling the area.
Assume the CFRP layout has a 5-in. wide strip with a desired material ratio of 2.4. The anchor
would be made from a strip that was 5*(2.4/2)= 6-in. wide and folded in half, making its area 2.4
times that of the strip.

6.2.3.1.2.2 Example 2: Using premanufactured anchors
This process is more involved because dry fiber weights per unit fiber length need to be

evaluated. The anchor equivalent laminate area can be evaluated using Equation 6-1. The Anchor
material ratio is then given by:

Anchor material ratio (AMR) = Asg
Astrip

For example, given the following manufacturer data:
Weight of strip laminate per surface area (y,,F p)= 0.005 oz/in2

Weight of anchor per length (A)= 0.06 oz/in.
Strip width (w.)= 5-in.
Strip thickness (t,)= 0.02-in.

_ AA 0.06
AEql -- wf tf) = * 0.02 = 0.24

wf Ys,Exp 0.005

Astrip = w* tf = 5 * 0.02 = 0.1

AEqV 0.24
Anchor material ratio 0 2.4

Astrip 0.1

The area of CFRP material in anchors was suggested by Kim (2008) and Orton (2007) to
be 1.5 to 2 times the area of CFRP material in the strips. To install CFRP anchors, the area of holes
was suggested to be 1.4 times larger than the area of FRP material in the anchor (Garcia et al., 2014
and Kim et al., 2012). On the other hand, a CFRP anchor with a large material area may be hard to
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install and may reduce the quality of the installation. The anchor to strip material ratio was varied
from 1.06 to 2.0 in Series 1.

CFRP strip widths of 3-in. and 5-in. were selected to investigate the influence of width on
the load transfer mechanism between the CFRP strip and anchors.

The length of the anchor fan is directly related to the angle of the fan for full coverage of
the CFRP strip width. Considering that the tensile capacity of CFRP composite is mostly
determined by the fiber, load transfer in the outer fibers of a fan with a large angle is less effective
than the center fibers in the same direction. A reduction of anchor capacity therefore may occur
when a large fan angle is used. A fan anchor angle less than 600 was suggested by Kim (2011). The
anchor fan length and associated anchor fan angle were selected in this study to investigate their
influence on the load transfer mechanism. Anchor fan lengths of 4-in. to 7.5-in. with associated
angles from 64 to 37 were used on 5-in. CFRP strips. Fan lengths from 2.4-in. to 4.5-in. with
associated angles from 64 to 37 were used with 3-in. CFRP strips.

Two concrete compressive strengths were used for the beam specimens, a lower strength
of 5.4 ksi and a higher strength of 11.5 ksi. The concrete strength was varied to investigate its
influence on the bonding mechanism between CFRP strips and concrete substrate, and the load
transfer mechanism between CFRP strip and anchors.

In order to investigate the capacity of CFRP anchor to fully develop the strength of the
CFRP strip without the assistance of bond stress between the strip and concrete, a plastic film was
attached on the concrete surface of some specimens to prevent any bond between the concrete
surface and the CFRP strip as shown in Figure 6-19. Unbonded tests were compared with bonded
tests to determine the contribution of epoxy resin on the load transfer mechanism of anchorage
system.

Specimen

Strip)

Figure 6-19: Layout of unbonded specimens

6.2.3.1.3 Nomenclature
Specimen nomenclature is shown in Figure 6-20.
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Unique Test ID
Anchor Fan Length
(Snall/Medium/Large/Extra Large )

B 5 H 1 M a

Material Ratio of FRP Anchor to FRP Strips
(1, 1.4, 2)

Concrete Strength (Higher/Lower strength concrete)

Width of CFRP Strip (3 in. or 5 in.)

Surface Condition (Bonded/Unbonded)

Figure 6-20: Specimen nomenclature

The first character B or U refers to the bonded or unbonded specimens. The second number
refers to the width of the CFRP strip. Considering the width of specimens is 6-in., two widths of
CFRP strip, 3-in. and 5-in., were investigated in this series. The third character refers to the concrete
compressive strength. Two concrete strengths were used and will be referred to using the letters H,
for the higher strength of 11.5 ksi, and L for the lower strength of 5.4 ksi). The fourth number refers
to the ratio of the CFRP anchor material to the CFRP strip material. This series investigated anchor
material ratios ranging from 1.06 which is represented by 1 in the nomenclature to 2.0. The fifth
character refers to the anchor fan length described and illustrated in Table 6-1. The last character
is a unique identifier required to distinguish between redundant tests having identical parameters.
Several redundant tests were conducted in this series to evaluate the inherent variability in results
generated by the test methodology. The details of the 39 tests conducted in Series 1 are presented
in Table 6-2.
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Table 6-1: Details for anchor fans

Anchor fan length 3-in. strip 5-in. strip

s

64 64

2.4" 4"

M

45 45

3.6" 6"

L

37 37

4.5" 7.5"

28

6"
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Table 6-2: Test details

Test Concrete Anchor hole
number Specimen compressive i.) Aer diameter

strength (f') (ksi) (in.) material ratio (in.)

I B5H2Ma 11.5 5 2.0 3/4
2 B5H2Mb 11.5 5 2.0 3/4
3 B5H1.4Ma 11.5 5 1.41 5/8
4 35H1.4Mb 11.5 5 1.41 5/8
5 B5H1.4Mc 11.5 5 1.41 5/8
6 35H1.4Md 11.5 5 1.41 5/8
7 B5H1.4Sa 11.5 5 1.41 5/8
8 B5H1.4Sb 11.5 5 1.41 5/8
9 B5H1.4La 11.5 5 1.41 5/8
10 B5H1.4Lb 11.5 5 1.41 5/8
11 B5L1.4Ma 5.4 5 1.41 5/8
12 35L1.4Mb 5.4 5 1.41 5/8
13 B5L1.4Mc 5.4 5 1.41 5/8
14 35L1.4Md 5.4 5 1.41 5/8
15 B5H1Ma 11.5 5 1.06 5/8
16 B5H1Mb 11.5 5 1.06 5/8
17 B5H1Mc 11.5 5 1.06 5/8
18 B5H1Md 11.5 5 1.06 5/8
19 B5L1Ma 5.4 5 1.06 7/16
20 B5L1Mb 5.4 5 1.06 7/16
21 B5L1Mc 5.4 5 1.06 7/16
22 B5L1Md 5.4 5 1.06 7/16
23 B5L1Me 5.4 5 1.06 5/8
24 B5LJMf 5.4 5 1.06 5/8
25 B5L1Mg 5.4 5 1.06 5/8
26 B5L1Mh 5.4 5 1.06 5/8
27 U5H2Ma 11.5 5 2.0 3/4
28 U5H1.4Ma 11.5 5 1.41 5/8
29 U5H1.4Mb 11.5 5 1.41 5/8
30 B3H1.45a 11.5 3 1.41 5/8
31 B3H1.4Sb 11.5 3 1.41 5/8
32 B3H1.4Ma 11.5 3 1.41 5/8
33 B3H1.4Mb 11.5 3 1.41 5/8
34 33H1.4La 11.5 3 1.41 5/8
35 33H1.4Lb 11.5 3 1.41 5/8
36 B3L1.4XLa 5.4 3 1.41 5/8
37 B3L1.4XLb 5.4 3 1.41 5/8
38 B3L1XLa 5.4 3 1.06 5/8
39 B3L1XLb 5.4 3 1.06 5/8

6.2.3.2 Series 2
Series 2 investigated the use of glass fiber anchors with carbon fiber strips. Glass fiber

materials are substantially cheaper than carbon fiber materials and considered by some to be easier
to work with. However, the strength and stiffness of glass fibers are lower than those of carbon
fibers, which is why carbon fiber strips were used in this series but anchored with the cheaper glass
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fiber anchors. Several anchor parameters were varied in this series of tests. In all, nine small-scale
beam tests were conducted in Series 2.

Concrete beam specimens having the same dimensions and details as those used in Series
1 were used in Series 2.

In this series, the following parameters were held constant across all specimens:
* The anchor embedment depth was 4-in.
" The chamfer at the anchor hole edge had a radius of -in.
" The area of the anchor holes was 1.4 times larger than the area of the anchor.

" The anchor fan length was 6-in.
" The anchor patch dimensions were 5 by 5-in.

The parameters varied in this test series were:
1. Width of the CFRP flexural sheet
2. Size of the anchor (ratio of anchor to strip capacity)
3. Bonded and unbonded CFRP sheets

These three parameters were also varied in Series 1.
Similarly to Series 1, 3-in. and 5-in. wide CFRP strips were applied on the beam tension

face in this series.
Varying the anchor size was aimed at finding the minimum size necessary for reliably

developing the full capacity of the anchored CFRP strip. To do this, the manufacturer specified
expected tensile strength of GFRP anchors were normalized by the expected tensile strength of the
CFRP strips they anchored to obtain the anchor strength ratio. The GFRP anchor strength ratios
used in Series 2 were 1.95, 2.38, and 3.25.

Some beam specimens were installed with a plastic film between the CFRP and the
concrete to simulate a fully debonded CFRP strip, while other beams were installed with the CFRP
strip fully bonded to the concrete. Exploring the difference between bonding and debonding of the
flexural strip provided indication direct measure of the strength of the anchors by removing the
beneficial contribution of bond forces.

6.2.3.2.1 Anchor Design for GFRP
Since the size of the GFRP anchors were based on commercial availability, there was little

flexibility in manipulating anchor to sheet ratios to achieve the same strength ratios that were used
in the research on CFRP anchors. The CFRP anchors used in the previous tests were made in-house,
allowing control of the size and amount of material in each anchor. As a result, the CFRP anchor
sizes were varied to achieve material ratios of 1.06, 1.41, and 2.0. The material ratio relates the
amount of anchor material to the amount of material in the flexural sheet, which is indicative of the
strength of the anchor compared to the force the anchor needs to resist in the sheet. In other words,
the ratio provides the capacity of the anchor normalized by the capacity of the sheet and will be
referred to as the design ratio of the anchor.

In past research, the design ratio was obtained by calculating the cross-sectional area of a
CFRP anchor to the cross-sectional area of a CFRP sheet. This was possible because the same
CFRP materials were used in the anchor and sheet. To determine a similar ratio for a GFRP anchor,
which has different properties than CFRP, the strength of the GFRP needs to be taken into account.
As a result, cross-sectional areas are no longer sufficient. Instead, GFRP anchor strength ratios are
determined by computing the tensile strength that can develop in the GFRP anchor divided by the
tensile capacity the anchor needs to resist in the CFRP sheet. For instance, a design ratio of 2.0
signifies an anchor that has twice the strength of the flexural strip. Equation 6-2 describes how the
ratio of anchor strength to flexural sheet strength is calculated.
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Design Ratio = Strength of Anchor fCFRP * AGFRP
Strength of CFRP strip fCFRP * ACFRP Equation 6-2

Where fGFRP and fCFRP represent the manufacture specified expected tensile strength of
GFRP and CFRP materials, respectively, in ksi, and AGFRP, represent the equivalent cross-sectional
areas of GFRP and CFRP laminates, respectively, in in.2

Example calcuation of anchor strength ratio for specimen 9-5-5/8-B 1:
GFRP CFRP
Anchor size: 5/8-in. flexural sheet: 5-in.
fGFRP 470 ksi fcFr= 550 ksi

AGFRP 0.0935 in 2  ACFRP 0.041 in2

Anchor strength ratio: 470x00935 - 1.95
550x0.041

6.2.3.2.2 Nomenclature
Specmen nomenclature is shown in Figure 6-21 while a summary of the details of all 9

tests in this series is provided in Table 6-3.

9-5-5/8-BI

Bonded Specimen, No. 1

GFRP Anchor Size: 5/8"

CFRP Bottom Sheet: 5"

Concrete Strength: 9 ksi

Figure 6-21: Description of specimen nomenclature for Series 2

The parameters in Table 6-3 are explained as follows:
-f'c: Concrete compressive strength
- Width of bottom strip: Width of CFRP strip reinforcement on the tension face of the beam
- Width of horizontal strip: Width of CFRP U-wraps reinforcing the sides of the beam
- Anchor size: Nominal diameter of the GFRP anchor provided by the manufacturer
- Anchor hole diameter: Inner diameter of the anchor hole
- Plastic film: Adhesive sheet introduced to unbond the anchored CFRP strip; "Yes"

indicates a plastic film was present, "No" indicates no plastic film was present
- Anchor strength ratio: Ratio of the tensile capacity of the anchor to the tensile capacity

of the CFRP tensile reinforcement.
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Table 6-3: Test details

Width of Manufacturer Anchor hole Plastic Anchor
f'c (ksi) CFRP strip provided anchor diameter strength

Name (in) size (in) (in) film ratio

9-3-1/2-B1 9 3 1/2 5/8 No 2.38

9-3-1/2-B2 9 3 1/2 5/8 No 2.38

9-3-5/8-B1 9 3 5/8 3/4 No 3.25

9-3-5/8-B2 9 3 5/8 3/4 No 3.25

9-3-5/8-D1 9 3 5/8 3/4 Yes 3.25

9-3-5/8-D2 9 3 5/8 3/4 Yes 3.25

9-5-5/8-B1 9 5 5/8 3/4 No 1.95

9-5-5/8-B2 9 5 5/8 3/4 No 1.95

9-5-5/8-D1 9 5 5/8 3/4 Yes 1.95

6.2.3.2.3 Installation
Both preparation of specimens and installation of GFRP/CFRP materials were conducted

using the same methodology as in Series 1.

6.2.3.3 Series 3
The main objective of this series of test was to explore a new anchor detail. When an

anchored CFRP system was installed in a field implementation project as part of the 5-6306 project,
it was stated in report FHWA/TX-13/5-6306-01-1 that installation proved to be difficult due to
trying to find the anchor hole once the CFRP sheet was placed. There were many suggestions but
none were agreed upon at that time. Because of this difficulty in installation, a new detail was
explored in which the CFRP sheet stopped just before the anchor hole (Figure 6-22), allowing for
easier installation which would save both material and time. Investigation into how well this new
detail would work was needed to provide a comprehensive anchor design guideline, which would
also be easy to implement in the field. Series 3 consisted of 14 tests that investigated the new anchor
detail.
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CFRP strip length

Fan overlap length

Patch length Anchor fan length

: Location of CFRP patches

(a) Illustration of parameters

(b) 18-in. long CFRP strip installation with through strip anchor

(c) 15-in. long CFRP strip installation with anchor adjacent to strip

Figure 6-22: Test parameters for Series 3 beams

The same concrete beam design and detailing used in Series 1 and 2 were used in this series
of tests. Fixed parameters in this series were as follows:

" The anchor embedment depth was 4-in.

* The bend radius of the anchor hole edge was '2-in.

* The area of the hole was 1.4 times larger than the equivalent laminate area of the anchor.

* The anchor fan length was 6-in.

The parameters varied in this series were:
1. CFRP strip and anchor fan lengths
2. Bonded and unbonded CFRP sheets

The CFRP strip length was varied and governed the anchor layout as well as the length of
the anchor patches. Strip lengths of 32-in., 18-in., 15-in. and 12-in. were selected for this series.
The 32-in. strips are longer than the tension face of the concrete beams and wrapped around beam
sides. This allowed for the strip strength to be fully developed without anchors and with boundary
conditions fiat minimized uneven stress distributions across the strip width. The performance of
this unanchored fully developed layout was compared with those of various anchored layouts to
determine whether the anchors were able to fully develop the strength of the CFRP strip without
causing premature fracture due to stress concentrations. The 18-in. strip length is show in Figure
6-22 (b) and corresponds to the anchor layout used in Series 1 and 2. The 15-in. strip length is the
new anchor detail where the strip stops just short of the anchor (Figure 6-22 (c)). For the 15-in.
strip length. anchor fan length was maintained at 6-in. while the anchor patch dimensions were
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maintained at 5-in. square. The 15-in. strip stopped a 1/-in. short of the center of the anchor hole.
Lastly, the 12-in. strip length provided a layout where the strip was stopped 2-in. away from the
center of the anchor hole. The same anchor fan length of 6-in. was used with the 12-in. strip length
giving a reduce fan/strip overlap length of 4-in. The anchor patch length, however, was extended
in some of the 12-in. strip specimens by 2-in. to maintain a 5-in. overlap length between the patches
and the strip.

As in the previous two series, bonded and unbounded conditions were investigated to
observe the effect of bonding on anchor and strip strengths

Specimen nomenclature is shown in Figure 6-23. The details of all 14 tests are shown in
Table 6-4.

7-18(B)-6(6)-5-1

Unique number: No. 1

Patch length: 5-in.

Anchor fan length & (fan overlap length): 6-in. & 6-in.

> Length of CFRP strip & (bond condition): 18" length & bonded

- Concrete strength: 7 ksi

Figure 6-23: Description of specimen nomenclature for Series 3

Table 6-4: Test details

ConcreteCFRP strip Anchor Fan Anchor
compressive lengt(ip Bond condition fan length overlap patch length Nomenclature
strength (ksi) (in.) (in.) length (in.)

Bonded (B) 7-32(B)-N-1

32 N.A. (N) N.A. (N) N.A. (N) 7-32(B)-N-2

Unbonded (U) 7-32(U)-N-1
7-32(U)-N-2

18 Bonded (B) 6 (6) 5 7-18(B)-6(6)-5-1
7-18(B)-6(6)-5-2

7 Bonded (B) 7-15(B)-6(6)-5-1

15 6 (6) 5 7-15(B)-6(6)-5-2

Unbonded (U) 7-15(U)-6(6)-5-1
7-15(U)-6(6)-5-2

5 7-12(B)-6(4)-5-1

12 Bonded (B) 6 (4) 7-12(B)-6(4)-5-2

7 7-12(B)-6(4)-7-1
7-12(B)-6(4)-7-2
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6.2.3.4 Series 4
In series 4, larger beam specimens were used to 1) develop a test for qualifying larger

anchorage systems than possible with the smaller beams, and 2) assess the strengths of wider CFRP
strips and larger anchors given the size effects uncovered in Series 1.

6.2.3.4.1 Specimen Details
The larger beam specimens followed the same basic design as the smaller beams. The

drawings in Figure 6-24 and Figure 6-25 provide the dimensions and details of the beam specimens
of this series. The larger beams had dimensions of 12-in.x12-in.x68-in. (Figure 6-24). The new
dimensions were selected such that CFRP strips up to 10-in. wide could be tested. The specimen
preparation and CFRP installation followed the same procedure followed in the other test series.

68.0"

R 0.5"
12.0"

LA A

Plan View

2.5"

-- 0.125"
12.0"

Elevation View

6.0" R c

-4- Hole Diameter

Section A-A
Figure 6-24: Detailed drawings of concrete specimen
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6.0" CFRP side wraps

Plan View

Patch
Length

Strip Patch
width Width

T ' Overlapume
length \umber

of Anchors

Elevation View
Figure 6-25: Detailed drawings of concrete specimen

At first, steel reinforcement was not used in the beams. However, after one specimen
sustained an undesirable concrete failure (Figure 6-26), steel reinforcing cages were added to the
specimens (Figure 6-27). The steel cages did not cross the mid-span of the beams and
therefore did not affect their flexural strength. Without steel reinforcing, the specimen
sustained a concrete failure at 1.38 fJ * bwd (in psi units), which is much lower than the design

value of 2 f for concrete in shear. This indicated that the concrete failure was not a pure shear
failure but rather a tension failure in the concrete at the anchor edge (Figure 6-28). Therefore, the
primary reinforcement was designed to resist the maximum force in the strip. This force was
expected to be at most 60 kips for a test specimen with two layers of 10-in. wide strips having a
laminate thickness of 0.02-in. and an expected fracture stress of 143 ksi. 6 - #4 bars with a specified
yield stress of 60 ksi were introduced as U bars (Figure 6-28) to provide sufficient strength to
prevent the tension failure at the anchor edge. Side CFRP U-wraps were also added in the larger
beam specimens. Figure 6-28 shows the layout of reinforcing bars used in most of the test
specimens in Series 4.

I nI

Figrcr 6-26: Beam specimen fad/ue
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Figure 6-27: Typical steel rein/orcing cage used in the larger specimens of Series 4
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Figure 6-28: Diagramn of forces and reinforcing bar layout
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6.2.3.4.2 Test Parameters
The following primary parameters were varied in this series:

1. Width of CFRP strip
2. Number of layers of CFRP strips
3. Number of anchors per strip width
4. Ratio of anchor to strip materials
5. Anchor fan overlap length
6. Chamfer radius of anchor hole

These parameters are illustrated in Figure 6-24.
In Series 1, it was observed that increasing the strip width from 3-in. to 5-in. resulted in a

lower ultimate tensile stress at strip fracture. In Series 4, this trend was further investigated using
strip widths of 5-in., 8-in., and 10-in.

Multiple layers of CFRP strips can be used in applications where a large CFRP tensile
strength is required. Single, double, and triple CFRP strip layers were used in this series to evaluate
the strength of multi-layer layouts.

The number of anchors per strip width or the effective width of CFRP strip developed by
an anchor can affect anchor strip strength in this series, one or two anchors were used over the
width of 10-in. wide strips.

The effects of the ratio of anchor to CFRP strip cross-sectional material were investigated
further in this series to determine whether size affect anchor performance and the required ratio to
fully develop wide strips. Three ratios were used in this series, 1.7, 2, and 2.8.

A 6-in. anchor fan overlap length over the CFRP strip was used in Series 1 through 3.
While this length worked well for a single layer of CFRP, it did not for multiple layers. The anchor
fan length was increased when developing multiple CFRP layers to maintain the interface bond
stress between anchors and strips to below the manufacturer recommended bond strength of 500
psi.

Chamfers of one-half inch radius were recommended in the last project for all holes. This
was acceptable for the size of anchors being used in the prior series and project. However, for the
fourth series of tests, chamfers were based on a formula of 1.4x radius of hole. This was compared
to one test which keeps the 0.5-in. radius recommendation which was about half of what would be
recommended based on 1.4x radius of hole.

The following test parameters were either held constant or varied as a function of the
primary varied parameters:

" All CFRP strips were fully bonded to the concrete beam tension face
" Anchor patch length and anchor hole size were each varied according to the sectional area

of anchor material. Patch length was the same as the anchor overlap length, while hole size
was selected as 1.4 times the equivalent anchor laminate area.

" A hole depth of 4-in. was used in some tests, but when larger anchor sizes and chamfer
radii were used, a longer hole depth of 6-in. was selected.

" Lastly, the concrete compressive strength varied due to the use of different mixes for the
test specimens. Concrete strength ranged from 3.6 to 9.9 ksi.

Specimen nomenclature is shown in Figure 6-29. The details of all 12 tests conducted in
this series are shown in Table 6-5.
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D-10-1-M-12-c

Modified anchor hole edge chamfer radius (in.)

Anchor fan overlap length (in.)

Anchor material ratio

Number of anchors per strip width

Width of CFRP strips (in.)

> Number of strip layers

Figure 6-29: Specimen nomenclature

Explanation of nomenclature:
-Number of strip layers: S: Single = 1 layer, D: Double = 2 layers, T: Triple = 3 layers
-Width of CFRP strips: Width of CFRP strips on the tension face of the beam
-Number of anchors per strip width: Configurations with 1 and 2 anchors per strip width are shown

in Figure 6-24.
-Anchor material ratio: S: Small = 1.72, M: Medium = 2, L: Large = 2.8
-Anchor fan overlap length: Length of overlap between anchor fan and strip (in.)
-Anchor hole edge chamfer radius: All chamfer radii were 1.4* Hole radius, except for test 11 in

which a smaller 0.5-in. chamfer radius was used.

Table 6-5: Test variables for Series 4

Test Variables

Number Number Anchor Anchor
of CFRP Width of anchors Anchor fan hole edge Concrete

strip of strip per strip material overlap chamfer Strength
Test # layers (in.) width ratio length radius (in.) (ksi) Nomenclature

1 1 5 1 1.72 6 0.5 8.8 S-5-1-S-6

2 1 8 1 2 7 0.625 9.0 S-8-1-M-7

3 1 10 2 1.72 6 0.5 9.0 S-10-2-S-6

4 2 5 1 2.8 6 0.75 9.9 D-5-1-L-6

5 1 10 1 2 9 0.625 9.9 S-10-1-M-9

6 2 10 2 2.8 6 0.75 9.9 D-10-2-L-6

7 2 5 1 2.8 12 0.75 5.1 D-5-1-L-12

8 2 10 1 2.8 12 1.125 5.1 D-10-1-L-12

9 2 10 2 2.8 12 0.75 5.1 D-10-2-L-12

10 2 10 1 2 12 0.875 3.6 D-10-1-M-12

11 2 10 1 2 12 0.5 3.6 D-10-1-M-12-c

12 3 5 1 2 18 0.875 3.6 T-5-1-M-18
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6.2.4 Data Collection and Processing

6.2.4.1 Instrumentation
For all four series, the same three-point loading configuration was used. The applied load

was monitored using a load cell placed adjacent to the loading ram at mid-span of each beam
(Figure 6-30). Series I to 3 utilized a 25 kip capacity load cell, while series 4 used a 100 kip capacity
load cell.

A variety of Linear Voltage Displacement Transducers (LVDT) setups were used to
monitor specimen deflection in the four test series. Typically, one LVDT was placed at mid-span
to measure beam deflection at the load point, and two others were placed at the reaction points to
account for the test frame deformations. Figure 6-30 shows a typical test setup. Series 4 had two
LVDT at mid-span on each side of the load point.

Figure 6-30: Test setup

Strain gauges were applied to measure longitudinal fiber strains at various locations on the
surface of the CFRP strips applied to the tension face of beam specimen.

A high-resolution optical measurement system, reported by Sokoli et al. (2014), was used
in both Series 1 and 4 to study the 3-dimensional movement and surface strain profiles of the
tension face of beam specimens. This system works by using digital image correlation (DIC) to
track the three-dimensional movement of targets that are placed on the surface of the beams or
CFRP elements. These targets can be either paper squares with high contrast patterns that are glued
to the specimen, or a speckle pattern that is painted on (Figure 6-31). Both have been proven to
produce reliable measurements, with paper targets providing higher deformation resolution at the
expense of longer installation time.
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(b) Speckle paint targets

(c) Paper target grid on specimen

(d) Speckle paint target grid on specimnen

Figure 6-31: Types of targets

The optical measurement system consisted of two high-resolution cameras (Figure 6-32).
The optical measurement system was able to resolve surface strains on the order of 104 over a
gauge lengt-i of less than 1-in.
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6.2.4.2 Data Processing

6.2.4.2.1 Forces
The CFRP strips at the tension face of the beams acted in a similar fashion to flexural steel

reinforcement in a concrete beam. The loading setup caused a moment in the beam specimen, which
was resisted by a tension force in the strip and a compression-block force in the concrete. Based on
the moment applied at mid-span, the force carried by the CFRP in tension was calculated. The
average strain in the CFRP was known based on strain gauges or the optical measurement system.
Peak strain in the concrete was assumed to be 2.0x10 3 . Equation 6-3 through Equation 6-7 were
used to find the stress in the strip at failure. These equations can be rearranged into Equation 6-8
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where the stress in the strip is the only unknown. For this process, a is assumed to be 0.85, which
causes a small error in the stress block depth. However, this assumption greatly simplifies
calculations and only causes a minimal error. Because the applied force is known, and the applied
moment must equal the internal moment, the equations can be arranged to solve for the tension
stress in the strip. Figure 6-33 and Figure 6-34 shows an illustration of forces and strains in the
beam specimen.

Ma=P* 1/4 Equation 6-3

Mint = id * T Equation 6-4

ja = h_ a
2  Equation 6-5

a-0.85 * f' * b Equation 6-6

f = 6CFRP * ACFRP Equation 6-7

P * JCFRP * ACFRP

4 = h 2*0.85 *Jfc' * b] * (JCFRP * ACFRP) Equation 6-8

Where:
Ma. Applied moment calculated based on statics of test setup, kip-in

P : Applied force, kips
1 : Span length, in.
Min : Internal moment caused by concrete compression block and CFRP strip tension,

kip-in

ia : Lever arm between concrete and strip forces, in.
Tf7: Tension in CFRP strip, kips
a : Depth of compression block, in.
a : Stress block factor, assumed 0.85

fc' : Concrete strength, ksi
b : Width of specimen, in

cCFRP : Stress in CFRP at failure, ksi

ACFRP : Cross-sectional area of CFRP, in 2.
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Figure 6-33: Statics of beam specimen

Bic/2

h
F

Reaction Reaction
Figure 6-34: Beam equilibrium (Sun, 2014)

6.2.4.2.2 Deformation
LVDTs and the optical measurement system were used to determine the deflection of

specimens. In both cases, the deflections of a beam at the reaction points (occurring due to the
flexibility of the support rods) was subtracted from the total recorded deflection of the beam at mid-
span to obtain the net deflection of the beam between loading and reaction points (Figure 6-35).

Additional details on deflection calculations can be found in Sun (2014).
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Figure 6-35: Load deflection plots for total and net deflection at nidspan

6.2.4.2.3 Strains
Strains were recorded from strain gauges and used to find both average and peak strains.

Average strains were calculated by taking the numerical averages of all strain gauges used, and
peak was taken as the max strain gauge reading.

Strains at the surface of the CFRP strips were also evaluated using the three-dimensional
target location data provided by the optical measurement system. For example, the X-component
(or longitudinal) strain r, in a given frame number (i) is calculated as the change in X-direction
distance (Al,') between two targets divided by the original X-direction distance (Al) between those
two targets (Equation 6-9):

E A= Equation 6-9EXAl

In acdition, the targets organized in a grid on the surface were used as nodes to mesh a grid
of quad planar elements. The X and Y direction in-plane strains of the elements were calculated
through the coordinate changes of four targets assuming linear strain profiles.

Strains were used to evaluate the performance of the CFRP strips and anchors. CFRP
surface-strain measurements from the optical measurement system were plotted as contours to
locate regions of strain concentrations (Figure 6-36). Surface-strain profiles were also plotted
across various sections to better assess strain distributions and associated load paths.

The strain contour plots were analyzed continuously up to failure. At 98% of the maximum
recorded load, the maximum CFPR strip strain in the longitudinal fiber direction was extracted
(max En ,,,d % ~/,). At that same load level, the average longitudinal strain recorded between the
edges of anchor fans (Figure 6-37) was also extracted (mean mid 9Ns O). Calculating the average
strain over the strip area of interest and comparing it to the maximum strain in that same area was
useful in examining stress concentrations in CFRP strips. A ratio of maximum strain to average
strain was used to quantify the severity of stress concentrations in CFRP strips.

154

----- ---
---

------



Principal Strain 25% of ultimate load _3
x10

++++mio+++++ + ++++++^ ,,.12

+++ >fffsf++f+ +++++ .+++4

0 5 9 13 17
Strain: 50% of ultimate load 13

- fff** 1 - ++++++++4++w12

c 2 ffffffffffff* fff

c 0 5 9 13 17
Strain c 75% of ultimate load -3

++ff+++++fff+ f++++ "120W 4 +a +++ + +++

W 0 5 9 13 17
o Strain 98% of ultimate loadx13

++++ + ++++, t~f.12
0 4 . ri +f f +++ "f 8

2 ++f + + 
ff+++ f + l

0 5 9 13 17
Locations of Strain Elements in X-Direction (in.)

Figure 6-36: Contour plot of strain in the x direction
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Figure 6-37: Targets used to find average strain and max strain

6.2.5 Material Properties of CFRP and GFRP

All test series used CFRP laminate material to make strips in this study. For series 1, 3, and

4, when CFRP anchors were made, they were made out of this same material, however when

premade CFRP anchors were used, they were Composite Anchors. Series 2 used premade GFRP

Composite Anchors. Epoxy was used as the adhesive to install FRP material on all specimens.
Properties for fiber materials and epoxy are listed in Table 6-6 and Table 6-7 respectivly.
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Table 6-6: Fiber material properties

CFRP CFRP Composite
Laminate Laminate Anchors Composite

Property .Anchors
(Typical test (Design (CFRP) (GFRP)

values) values)
Dry fiber

Tensile Strength 550,000 psi - 550,000 psi 470,000 psi

Tensile Modulus 33.4 x 106 psi - 33.4 x 106 psi 10.5 x 106 psi

Ultimate 1.7% - 1.7% 4.5%
Elongation

Mimimum weight 9 -
per sq. yd.

Laminate

Expected Tensile 143,000 psi 121,000 psi 143,000 psi 83,400 psi
Strength

Expected Tensile 13.9 x 106 psi 11.9 x 106 psi 13.9 x 106 psi 379 x 106 psi
Modulus _______

Expected Ultimate
Elongation at 1% 0.85% 1.2% 2.2%

Fracture

Thickness 0.02-in. 0.02-in. - -

Table 6-7: Epoxy material properties

Property Epoxy

Tensile Strength 10,500 psi

Tensile Modulus 461,000 psi

Elongation 5%

6.3 TEST RESULTS

In thiis section, key test results and conclusions from each small-scale beam series are

discussed.

6.3.1 Series 1

6.3.1.1 Typical Test
Beam specimens were placed into the testing setup and loaded at mid-span. The beams

were placed horizontally on a table for ease of testing as well as allowed for the use of the optical
measurement system. Loading was continuous from start to failure. Figure 6-38 shows the typical
loading and test setup used for all beams in this series.
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Figure 6-38: Loading and test setup for series 1-3

Typical load deflection plots are shown in Figure 6-39 for specimens with a bonded and
anchored CFRP strip. As can be seen in the figure, specimens typically have a linear response up
to concrete cracking in flexure. Following cracking, the load-deflection curves experienced a
gradual softening due to strip debonding, until most of the load was transferred to the anchors and
a nearly linear load-deflection response was again observed. The response was then mostly linearly
up to failure. All specimen failures were brittle. Failure modes are discussed in more detail in the
next section.

In tests with a bonded tension strip, uniformly distributed longitudinal fiber strains were
typically observed prior to beam cracking or 25% of the ultimate load (Figure 6-40). After flexural
cracking, debonding between the CFRP strip and the concrete substrate initiated at mid-span and
propagated towards the CFRP anchors with increasing applied load, as can be deduced from the
increasing CFRP strains spreading away from mid-span with increasing load (Figure 6-40).

0.02 0.04 0.06 0.08
Deflection (in.)

CFRP Strip Fracture

Anchor Rupture

Figure 6-39: Typical load deflection plots for strip and anchor failure modes (Sun 2014)

157

15

10

0

-J

6in. fan length - - - - -=1.06
f'c=11.5 ksi AR=10

5 in. wide strips

AMR =1.41

---------- ..---------- -.---------..... -----------

-- Strip Fracture
-Anchor Rupture

5

0
0

CH

.. , t, lid

a 

}

a.



Principal Strain 25% of ultimate load

0
-

a,

c.
U)

a,
E
a)

4-
C,)

0

U-)

0
-J

Figure 6-40:

x

f*", 0+++ +
5

x10
+++++,A 4+++++ x.12

9 1 3 17
Strain E 50%o of ultimate load -3x x10

ff+ff. + ++++++-.+ 12

2 5.9 13 ******f 17 4

0 5 9 13 17
Strain E 75% of ultimate load

x x10
++++ + +++ A12

0 5 9 13 17
Strain E 98% of ultimate load

-3

-3
x x10

212
4 4V + 8

0 5 9 13 17
Locations of Strain Elements in X-Direction (in.)

Counter plot of strain E, in the x-direction (longitudinal direction) at various
loading stages (Sun 2014)

6.3.1.2 Failure Modes and Implications
Four failure modes were observed for specimens with anchored strips: CFRP strip fracture

(Figure 6-39), CFRP anchor rupture (Figure 6-39), concrete failure (Figure 6-41), and delamination

between the CFRP strip and the CFRP anchor fans (Figure 6-42).

9

Figure 6-41: Concrete beam shear failure (Huaco, 2010)
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Figure 6-42: Delainination between CFRP strip and anchor

CFRP strip fracture is the most desired failure mode because it results in the highest
capacity for a given CFRP strip. This failure mode can only occur if the anchor design and details
were adequate to develop the full strength of the strip. CFRP anchor rupture implies the anchor
design was not adequate to develop the full force in the strip. These tests are important for
quantifying anchor strength. Concrete failures provided valuable information on the capacity of the
specimen for quality control tests. The details of the CFRP side U-wraps were gradually improved
through this test series to arrive at a design that can reliably develop the strength of a CFRP strip
having a tensile strength of up to 14 kips.

Lastly, delamination between the CFRP strip and the CFRP anchor fans indicated that the
bond strength between the anchor and strip was not sufficient to fracture the strip. This can happen
for two main reasons: 1) the epoxy was of poor quality (e.g., old, contaminated, or poorly mixed
epoxy), or 2) an insufficient overlap area was provided between the anchor and strip. This failure
mode allows this test procedure to uncover any issues with epoxy quality in field installations.

6.3.1.3 Test Results

6.3.1.3.1 Overview
Test results were evaluated through the following performance measures: the failure mode,

the ultimate applied load from which anchor and strip strengths were derived, and distributed strain
measures from which the level of strain concentrations was assessed. A primary objective of this
research was to determine characteristics of CFRP anchors that allow them to fully develop the
tensile strength of CFRP strips. A qualified CFRP anchorage system is expected to result in the
fracture of the CFRP strip. Therefore, the failure mode was used to evaluate the performance of
anchorage systems. The ultimate load applied on a beam specimen at failure was also used to
evaluate the performance of CFRP anchorage systems. A qualified anchorage system is expected
to provide capacities equal to or greater than the expected load at failure derived from the expected
CFRP strip strength at failure. Additional details about the Series 1 can be found in Sun (2014).

Table 6-8 summarizes the experimental results and main performance measures of the 39
tests conducted, using these notations:

Poor The ultimate applied load at failure.

The design beam load at failure, which is calculated by equilibrium using
the manufacturer specified design stress for the CFRP strip (,&s= 121 ksi).
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Pexp The expected beam load at failure, which is calculated by equilibrium
using the expected rupture stress for the CFRP strip provided by
manufacturer (Uexp= 143 ksi).

Ff mia The strip force at mid-span, which is calculated by equilibrium at ultimate
load (P7 r1 ) (see 6-2.5.2. Data Processing for derivation).

a> ;iid ilt The strip stress at mid-span, which is evaluated at ultimate load = Ff 7 d
/ACFRP in which A CFRP is the cross-sectional laminate area of the CFRP strip.

sx , 98%ult= The mid-span strains in the strip fiber direction (X-direction) obtained at
98% of PF711 ; measured between the center two targets along the width of
the strip at mid-span (Figure 6-43(a)). Its mean value reported in Table 6-
8 corresponds to the average strain between targets across the width of the
strip.

EsY 98'% ut= The strains in the strip fiber direction (X-direction) obtained at 98% of P~ m;
measured between adjacent targets over the length between the two
anchors along the width of the strip (Figure 6-43(b)). Its mean value
reported in Table 6-8 corresponds to the average strain over all target pairs
in the measurement area, while the Max values corresponds to the highest
individual strain measured between two targets over the same area.
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Figure 6-43: Area and targets selected for strain measurements
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Table 6-8: Summary of experimental results for Series1

A B C D E F G H I G K L

.ePdes .k Put Fj mid 0fx mid ult Mean Mean Max

kips /Pexp kips ksi Esx mid 98% uit Esx 98% ult Esx 98% ult

B5H2Ma Strip Fracture 18.2 13.6 1.34 16 1.14 16.3 163 0.0112 0.0099 U.U158

B5H2Mb Strip Fracture 18.6 13.6 1.37 16 1.16 16.6 166 0.0109 0.0106 0.0135

B5H1.4Ma Strip Fracture 15.8 13.6 1.16 16 0.99 14.1 141 0.0101 0.0089 0.0163
B5H1.4Mb Strip Fracture 16 13.6 1.18 16 1.00 14.3 143 0.0099 0.0106 0.0160
B5H1.4Mc Delamination 16.1 13.6 1.18 16 1.01 14.4 144 0.0097 0.0092 0.0119

B5H1.4Md Strip Fracture 16 13.6 1.18 16 1.00 14.3 143 0.0117 0.0101 0.0147

B5H1.4Sa Concrete Shear 13.4 13.6 0.99 16 0.84 12.0 120 0.0081 0.0079 0.0108

B5H1.4Sb Anchor Rupture 15.6 13.6 1.15 16 0.98 13.9 139 0.0101 0.0095 0.0151

B5H1.4La Strip Fracture 18.9 13.6 1.39 16 1.18 16.9 169 0.0113 0.0113 0.0132
B5H1.4Lb Anchor Rupture 15.6 13.6 1.15 16 0.98 13.9 139 0.0117 0.0117 0.0138

B5L1.4Ma Strip Fracture 15.8 13.4 1.18 15.6 1.01 14.5 145 0.0097 0.0092 0.0164
B5L1.4Mb Strip Fracture 14.7 13.4 1.10 15.6 0.94 13.4 134 0.0112 0.0093 0.0134

B5L1.4Mc Anchor Rupture 17.2 13.4 1.28 15.6 1.10 15.7 157 0.0093 0.0089 0.0111

B5L1.4Md Delamination 10 13.4 0.75 15.6 0.64 9.1 91 0.0105 0.0089 0.0119

B5H1Ma Anchor Rupture 15 13.6 1.10 16 0.94 13.4 134 0.0087 0.0087 0.0136

B5H1Mb Anchor Rupture 15.8 13.6 1.16 16 0.99 14.1 141 0.0102 0.0083 0.0130
B5H1Mc Anchor Rupture 16.1 13.6 1.18 16 1.01 14.4 144 0.0095 0.0087 0.0126

B5H1Md Delamination 17 13.6 1.25 16 1.06 15.2 152 0.0118 0.0100 0.0146

B5L1Ma Anchor Rupture 15.5 13.4 1.16 15.6 0.99 14.2 142 ** ** **

B5L1Mb Anchor Rupture 11.4 13.4 0.85 15.6 0.73 10.4 104 ** ** **

B5L1Mc Anchor Rupture 13.7 13.4 1.02 15.6 0.88 12.5 125 0.0089 0.0090 0.0114

B5L1Md Anchor Rupture 14.8 13.4 1.11 15.6 0.95 13.5 135 0.0087 0.0085 0.0119
B5L1Me Anchor Rupture 15.4 13.4 1.15 15.6 0.99 14.1 141 0.0105 0.0088 0.0134
B5L1Mf Concrete Shear 16.9 13.4 1.26 15.6 1.08 15.4 154 0.0103 0.0089 0.0130

B5L1Mg Concrete Shear 11.1 13.4 0.83 15.6 0.71 10.2 102 0.0088 0.0090 0.0126
B5L1Mh Anchor Rupture 11.2 13.4 0.84 15.6 0.72 10.2 102 0.0084 0.0085 0.0115

U5H2Ma Concrete Shear 14.9 13.6 1.10 16 0.93 13.3 133 0.0088 0.0076 0.0126

U5H1.4Ma Anchor Rupture 14.0 13.6 1.03 16 0.87 12.2 122 0.0082 0.0081 0.0134

U5H1.4Mb Anchor Rupture 14.8 13.6 1.09 16 0.93 13.2 132 0.0091 0.0087 0.0135
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Test Name Failure Mode Puwt kips Pdes PuIt/Pdes Pexp kips Put Fmid fx mid ult Mean Mean Max

kips p /Pexp kips ksi Esx mid 98% ult Esx 98% ut Esx 98% ult

B3H1.4Sa Strip Fracture 10.4 8.2 1.27 9.7 1.07 9.2 154 0.0090 0.0083 0.0107
B3H1.4Sb Strip Fracture 11.8 8.2 1.44 9.7 1.22 10.5 174 0.0114 0.0099 0.0128
B3H1.4Ma Strip Fracture 12.4 8.2 1.51 9.7 1.28 11.0 183 0.0100 0.0106 0.0140
B3H1.4Mb Strip Fracture 10.4 8.2 1.27 9.7 1.07 9.2 154 0.0099 0.0096 0.0141
B3H1.4La Strip Fracture 12.6 8.2 1.54 9.7 1.30 11.2 186 0.0096 0.0097 0.0139
B3H1.4Lb Strip Fracture 10 8.2 1.22 9.7 1.03 8.9 148 0.0103 0.0097 0.0125
B3L1.4XLa Strip Fracture 10.2 8.1 1.26 9.6 1.06 9.0 151 0.0070 0.0092 0.0148
B3L1.4XLb Strip Fracture 11 8.1 1.36 9.6 1.15 9.7 162 0.0085 0.0098 0.0123

B3L1XLa Strip Fracture 10.3 8.1 1.27 9.6 1.07 9.1 152 0.0073 0.0095 0.0145
B3L1XLb Strip Fracture 11.6 8.1 1.43 9.6 1.21 10.3 171 0.0105 0.0102 0.0155

** Strain data was not available.
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6.3.1.3.2 Failure Mode
As shown in Figure 6-44, strip fracture was observed in 18 tests, with only two of those

beams failing at a load lower than the expected load, one at 99% and the other at 94% of P,,,.
Anchor rupture was observed in 14 tests from which only two tests reached the expected load at
failure Pe,. Delamination between anchors and strips only occurred in three tests and were
attributed to a contaminated batch of epoxy. The remaining four tests failed in the concrete. The
delamination failures and the two tests with strip fractures that failed to reach the expected load
highlight the importance and necessity of developing a standard test methodology for quality
control.

1.4

1.3

1.2 918 tests

X1.1

1 *
0.9 34 tests
0.8 14 tests

0.7

Strip Fracture Anchor Rupture Delamination Concrete Shear

Figure 6-44: Pi, / Pe, vs. failure modes

6.3.1.3.3 Effects of Width of CFRP Strip

6.3.1.3.3.1 Strip Strength: Directly Comparable Tests
Five directly comparable tests were conducted to investigate the impact of strip width. All

parameters except the width of the CFRP strip were kept constant in this comparison. An anchor
material ratio of 1.41, high strength concrete and medium anchor-fan lengths were used in all five
tests. All tests failed due to strip fracture.

Table 6-9 provides the results of the five directly comparable tests and shows that the wider
5-in. strips developed a mean stress at fracture that is 27 ksi (or 16%) lower than the narrower 3-
in. strips. Test results therefore indicate a significant size effect in the strength of anchored CFRP
strips.

Table 6-9: Experimental results for effect of strip width on strip fi-acture

Specimens Strip Width cf il, (ksi) Mean O'xiidul, (ksi)

B5H1.4Ma 141

B5H1.4Mb 5-in. 143 142

B5H1.4Md 143

B3H1.4Ma 3-in. 183 169
B3H1.4Mb 154
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In Figure 6-45, the mean and maximum values of cs, x for the five directly comparable
tests are compared. The maximum longitudinal strip strains just prior to strip fracture ranged from
0.0147 to 0.0163 for 5-in. strips. Differences between the maximum and mean strip strains at 98%
of the ultimate load ranged from 0.0046 to 0.0074 for 5-in. strips. For 3-in. strips, the maximum
strip strains were lower than those for 5-in. strips, and ranged from 0.0140 and 0.0141. Differences
between the maximum and mean strip strains in 3-in. strips were significantly lower than those for
5-in. strips, and ranged from 0.0036 to 0.0045. Thus, the wider strips were observed to experience
both higher localized maximum strip strains and higher differences between maximum and mean
strip strains. These findings indicate that as CFRP strips get wider, strain distributions across their
area become less uniform and exhibit higher localized strain concentrations. It should also be noted
that one anchor was used at the end of each strip. It is likely that the transfer of stress from the strip
to the anchor was less uniform in the wider strips. Since CFRP is a brittle material, higher localized
strain concentrations in wider strips may be the cause of their observed weaker strength compared
with narrower strips.

0.0163 0.0160
0.016

0.0140 0.0141
0.014

0.012 . 1 G106
0 .. 1 0 1 . . 6 -

W 0.008 -

0.006 -

0.004

0.000
B5H1.4Ma B5H1.4Mb B5H1.4Md B3H1.4Ma B3H1.4Mb

Mean E sx 98% uIt 0.0089 0.0106 0.0101 0.0106 0.0096

U Max E sx 98% ult 0.0163 0.0160 0.0147 0.0140 0.0141

Figure 6-45: Comparison of mean and maximum values of Esx 98% ult for different strip widths

In this series, all CFRP strips were developed by a single anchor at each end. Thus, in this
series, the effective width of CFRP strip developed by each anchor increased from 3-in. to 5-in. for
the 3- and 5-in. wide strips. Possibly, adding anchors to wider strips to reduce the effective width
of CFRP strip developed by each anchor may counter the weaker strength observed in wider strips.
Additional tests with wide CFRP strips developed by multiple anchors were conducted in Series 4
to confirm this postulation and will be further discussed in the Series 4 test results.

6.3.1.3.3.2 Strip Strength: Other Tests
Table 6-10 reports strength results for all tests that failed by strip fracture with an anchor

material ratio of 1.41. The table contains results for tests with varying concrete strength and fan
size, as these parameters were found to have limited influence on strip strength, which will be
discussed in later sections. As indicated in Table 6-10, the mean strip stress at strip fracture for six
tests with 5-in. strips is 145 ksi; which is 14% lower than that obtained for eight tests with 3-in.
CFRP strips (164 ksi).
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Table 6-10: Results fwr tests sustained strip fracture and with an anchor material ratio of 1.41 for
difJerent strip widths

Specimens Strip Width afx mid ult (ksi) Mean Ufxmidutr (ksi)

B5H1.4Ma 141

B5H1.4Mb 143

B5H1.4Md 5-in. 143 145

B5H1.4La 169

B5L1.4Ma 145

B5L1.4Mb 134

B3H1.4Sa 154

B3H1.4Sb 174

B3H1.4Ma 183

B3H1.4Mb 3-in. 154 164

B3H1.4La 186

B3H1.4Lb 148

B3L1.4XLa 151

B3L1.4XLb 162

In Figure 6-46 the average for the six tests with 5-in. strips and eight tests with 3-in. strips
of the mean and maximum strip strains measured using the optical measurement system are shown.
Figure 6-46 corroborates findings observed in Figure 6-45. In Figure 6-46, the wider strips are
observed to experience both higher localized maximum strip strains and higher differences between
maximum and mean strip strains. The higher localized strip strains may be the cause of the observed
lower strip strength in beams with wider CFRP strips.

0.0160 0.0150

n ni q1

0.0099

5" strips (average 6 tes

0.0096

Average ESX 98% ult

U Max ESX 98% ult

3" strips (average 8 tests)

Figure 6-46: Strain comparison between mean and maximum esx 98% uit for different strip

widths tests sustaining strip facture and with an anchor material ratio of 1.41
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6.3.1.3.3.3 Conclusions
For specimens failing by strip fracture, the ultimate strip stress of all tests using 5-in. strips

(145 ksi) was very close to the expected tensile strength provided by the manufacturer of 143 ksi.
For tests using 3-in. strips, the ultimate strip stresses at fracture were on average about 15% larger
than the expected tensile strength provided by the manufacturer. Strain distributions across the area
of a 5-in. CFRP strip were found to be less uniform and exhibited higher localized strain
concentrations. The higher localized strain concentrations in wider strips may have caused their
observed weaker strength compared with narrower strips. Similar trends were observed when
additional tests with 3-in. and 5-in. strip were investigated.

Test results therefore indicate that strength increase of test specimens was less than
proportional to the increase in the amount of CFRP material used in the wider strips. Increasing the
width of CFRP strips tended to decrease the efficiency of CFRP anchors at developing strip forces.
Anchors developing wider strips do not appear to distribute forces as evenly across strips as
narrower strips.

6.3.1.3.4 Effects of Material Ratio of CFRP Anchor to CFRP Strip
Tests having anchors with anchor-to-strip material ratios of 1.06, 1.41 and 2.0 were studied

to determine the effects of anchor-material ratio on strip and anchor strengths. Twenty-four tests
were conducted on 5-in. strips with anchor material ratios of 1.06, 1.41 and 2.0. Another ten tests
were conducted on beams with 3-in. strips using anchors with material ratios of 1.06 or 1.41.

6.3.1.3.4.1 Strip Strength: Tests with 5-in. Strips
Five directly comparable tests were conducted on specimens with 5-in. strips and using

anchor material ratios of 1.41 or 2.0. All tests had high-strength concrete, medium anchor fan length,
and failed by strip fracture. Table 6-11 lists the ultimate strip stress at fracture for the directly
comparable tests with 5-in. strips. Results presented in the Table 6-11 indicate that strips with
anchors having a material ratio of 1.41 fractured around their manufacturer-provided expected
tensile strength of 143 ksi. When anchors having a material ratio of 2.0 are used however, higher
strips stresses were observed at fracture by about 14% from those obtained for strips anchored with
anchors having a material ratio of 1.41.

Table 6-11: Experimental results for effect of anchor-material ratio on strip fracture

.mAnchor pUpt afx mid ut Average

material ratio (kips) (ksi) O-fxmidult (ksi )

B5H1.4Ma 15.8 141
B5H1.4Mb 1.41 16 143 142
B5H1.4Md 16 143

B5H2Ma 2.0 18.2 163 165
B5H2Mb 18.6 166

As can be seen in the Figure 6-47, at the same applied load, anchors with a material ratio
of 2.0 had significantly reduced maximum strip strains and differences between maximum and
mean strip strains, compared with anchors having a material ratio of 1.41. Therefore, anchors with
a larger cross-section are observed to achieve, at a given load, more even strain distributions and
lower maximum strains than smaller anchors. Such favorable strain distributions resulted in an
increase in the ultimate strip stress at fracture when larger anchors were used.
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Figure 6-47: Strain comparison between mean and maximum Esx 95% exp for directly

comparable tests with 5-in. strips and different anchor-material ratio

Specimens with different concrete strengths and anchor-fan lengths are added to the five

directly comparable tests to expand the dataset. As discussed previously, concrete strength and

anchor-fan length did not affect strip strength significantly. In Table 6-12, the stress and strain

results for two tests with an anchor material ratio of 2.0 and all six tests with anchor material ratio

of 1.41 that sustained strip fracture were listed. Results presented in Table 6-12 corroborate findings

from the limited set of five tests described above. Overall, increasing the anchor material ratio from

1.41 to 2.0 -ncreased the ultimate strip stress and reduced both the maximum and mean strip strain

at a given load.

Table 6-12: Results for strip fracture tests with 5-in. strips

Anchor Ufx mid Average Average Max Average
MeanMx

Specimens material ult Ufxmidult of Mean of Max
Esx95%exp Esx95%exp

ratio (ksi) (ksi) Esx 95% exp Esx95%exp

B5H1.4Ma 141 0.0089 0.0163

B5H1.4Mb 143 0.0101 0.0159

B5H1.4Md 143 0.0100 0.0146
1.41 145 0.0097 0.015

B5H1.4La 169 0.0110 0.0128

B5L1.4Ma 145 0.0090 0.0159

B5L1.4Mb 134 0.0091 0.0130

B5H2Ma 163 0.0081 0.0102

B5H2Mb 2 166 165 0.0087 0.0084 0.0104 0.0103

6.3.1.3.4.2 Strip Strength: Tests with 3-in. Strips
For tests with 3-in. strips, four directly comparable tests were conducted using anchor

material ratios of 1.06 or 1.41. The four tests had normal strength concrete, extra-large anchor fans
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lengths and failed by strip fracture. The trend with 5-in. strips was not seen for 3-in. strips.
Increasing anchor material ratio from 1.06 to 1.41 for 3-in. strips did not significantly increase the
ultimate strip stress. The average ultimate strip stress for tests with anchor material ratio of 1.41
was 157 ksi, which was only 5 ksi less than the average value of tests with anchor material ratio of
1.06. This lack of difference might be attributed to a narrower strip.

6.3.1.3.4.3 Anchor Strength
Anchor rupture occurred only in the tests with 5-in. strips. In Table 6-13, the strip ultimate

stress and anchor ultimate stress are listed for six selected tests in which three tests had an anchor
material ratio of 1.41 and the remaining three had a ratio of 1.06. Assuming that all the tensile force
in CFRP strips at failure was carried by CFRP anchors, the ultimate anchor stress (u a , u (,i) was
calculated by (a Af idi itx AcFRp)/ Auncir.

Table 6-13: Results for anchor rupture tests with 5-in. strips and different anchor-material ratios

Anchor fx mid Average
Average Qax mid ut

Specimens material ut 0axmidult

ratio (ksi) fxmidult (ksi) (ksi) (ksi )
B5H1.4Sb 139 99
B5L1.4Mc 1.41 157 145 111 103
B5H1.4Lb 139 99

B5H1Ma 134 126
B5H1Mb 1.06 141 140 133 132
B5H1Mc 144 136

Overall, increasing the anchor material ratio from 1.06 to 1.41 slightly increased the
average ultimate strip stress at anchor failure from 140 ksi to 145 ksi. The ultimate anchor stress,
however, significantly reduced after using anchor material ratio of 1.41. Therefore, increasing the
anchor material ratio did not result in a proportional increase in anchor strength.

6.3.1.3.4.4 Conclusions
For beams with 5-in. strips, all with an anchor material ratio of 2.0 failed by strip fracture.

Beams with an anchor material ratio of 1.41 sustained strip fractures in six cases, anchor ruptures
in three cases, concrete failure in one case, and delamination in the remaining two cases. As for
beams with an anchor material ratio of 1.06, none failed due to strip fracture and 75% of the beams
were unable to reach the expected load at failure. Test results therefore indicate that an anchor
material ratio of 2.0 is needed to reliably fracture 5-in. wide CFRP strips.

For tests with 3-in. strips, the CFRP strip fractured in all ten tests. Eight of these tests had
an anchor material ratio of 1.41 and two tests had a ratio of 1.06. All ten tests exceeded the expected
load at failure based on a CFRP strip fracture mode of failure. Considering that only two tests had
a 1.06 anchor material ratio, it is not possible to estimate the variations that might occur if a larger
number of tests had been conducted. Therefore, it is reasonable to suggest that an anchor ratio of
1.41 should be used to reach fracture of 3-in. strips.

For beams with 5-in. strips, those with an anchor material ratio of 2.0 failed at around 1 15%
of the expected load at strip fracture. Increasing the anchor material ratio from 1.41 to 2.0 reduced
the strain concentration in a 5-in. strip, which could be observed by the reduction in maximum strip
strain as well as the variation between the maximum and mean strip strain. This could be postulated
as the reason for a 5-in. strip with anchor material ratio of 2.0 fracturing at a higher ultimate strip
stress compared to a ratio of 1.41.

169



Increasing the anchor material ratio from 1.06 to 1.41 did not result in an increase in 3-in.
strip strength

For the tests with 5-in. strips, increasing the anchor material ratio did not lead to a
proportional _ncrease in anchor strength when comparing ultimate load at fracture of anchors.

It is interesting to note that no tests in which a 5-in. strip fractured exceeded 120% of the
expected load at failure; even when using an anchor material ratio of 2.0. Four tests that fractured
a 3-in. strip failed at a greater load than 120% of the expected load at failure. One of them had a
1.06 anchor material ratio, while the remaining three had a ratio of 1.41. It appears that the
efficiency of a CFRP anchor at developing the strength of a CFRP strip decreases as the width of
the strip increases.

6.3.1.3.5 Effects of Bond
Four directly comparable tests were conducted with the bonding of the CFRP strip to the

concrete using epoxy or using a plastic film. In all tests, the anchor-material ratio was 1.41, strips
were 5-in. (127 mm) wide, anchor fans were 6-in. (152 mm) long, high-strength concrete was used,
and anchor rupture occurred. As shown in Figure 6-48, unbonded specimens failed at ultimate loads
lower than the expected applied load at failure (which was 16 kips, 71 kN). In bonded applications,
the bond between the CFRP strips and concrete seems to have increased the apparent strength at
anchor fracture. The CFRP-concrete bond may distribute anchor stresses more evenly at the anchor
area.

15 --8odddB5W-.4Mb- ~

4sonded BH1.4Ma
oO

Unbonded U-H A a
Onbonded U5H. 4''b

5 - - -

0 0.02 0.04 0.06 0.08 0.1
Deflection (in.)

Figure 6-48: Typical load versus deflection responses for tests with different bond condition and
AMR=1.41 (1 in. = 25.4 inin, 1 kips = 4.45kN)

6.3.1.3.6 Effects of Concrete Strength

6.3.1.3.6.1 Bond Strength
Bond versus slip relations were extracted for tests with 5-in. and 3-in. strips separately. In

Figure 6-49, simplified bond versus slip relations between CFRP strips and concrete in test beams

are presented. The methodology behind the calculations can be found in Sun (2014) and Sun and

Ghannoum (2015). As can be seen in Figure 6-49, the higher strength concrete generates a higher
peak bond stress but lower slip at peak stress than the lower strength concrete. The higher peak

bond stress and lower slip at peak stress make the ascending slope of the bond vs. slip relation

stiffer for higher strength concrete. For the degrading branch, a steeper slope was also observed for

specimens with high-strength concrete compared with that of specimens with normal-strength

concrete.
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The peak bond stresses of tests with high-strength concrete were 0.87 ksi and 0.91 ksi, for
5-in. and 3-in. strips respectively. Those values are close to the tensile strength of the high-strength
concrete (11.5ksi) which can be estimated as 0.80 ksi. Similarly, the peak bond stress of tests with
normal strength concrete (5.4 ksi) were 0.45 ksi and 0.63 ksi, for 5-in. and 3-in. strips respectively,
which were close to the tensile strength of the normal concrete (0.55 ksi).

6.3.1.3.6.2 Strip Strength
Five comparable tests were evaluated to study the impact of concrete strength on CFRP

strip strength. Every parameter except the concrete strength was kept constant in this comparison.
An anchor material ratio of 1.41 was used. CFRP strips were 5-in. wide, and anchor fan lengths
were 6-in. in all the tests. All specimens failed by fracture of the CFRP strip. A summary of
experimental results for those five tests is presented in Table 6-14.

As shown in Table 6-14, the average ultimate strip stress at mid-span evaluated from beam
equilibrium (Average 07-, idIat,) was 142 ksi for specimens with high strength concrete and 140 ksi
for specimens with normal strength concrete. The concrete strength did not have a significant effect
on the CFRP strip fracture stress at failure (o6 , ,,a,,~).

Table 6-14: Experimental results for effect of concrete strength on strip fracture

Specimens Ie Qn.i iiir (ksi) Average a- fi , (ksi)

B5H1.4Ma 141
B5H1.4Mb 11.5 ksi 143 142
B5H1.4Md 143
B5L1.4Ma 5.4 ksi 145 140
B5L1.4Mb 134

6.3.1.3.6.3 Anchor Strength
Seven comparable specimens were evaluated to study the impact of concrete strength on

anchor strength. All parameters except the concrete strength were constant. An anchor material
ratio of 1.06 was used, CFRP strips were 5-in. wide, and anchor fan lengths were 6-in. in all tests.
All specimens failed by anchor rupture. As shown in Table 6-15, the average ultimate strip stress
at mid-span evaluated from beam equilibrium (Average u-,n,;id ,) was 140 ksi for specimens with
high strength concrete and 127 ksi for specimens with normal strength concrete. The high strength
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concrete resulted in an increase of about 10% in the ultimate strip stress at anchor failure. However,
the narrow rage of stresses for a small sample of tests is not sufficient to define the role of concrete
strength.

Table 6-15: Experimental results for effect of concrete strength on anchor rupture

Average
U fx mid ult Average Qfx mid uit U ax mid ult

Specimens fa ax mid ult

(ksi) (ksi) (ksi) (ksi)

B5H1Ma 134 126

B5H1Mb 11.5 ksi 141 140 133 132

B5H1Mc 144 136

B5L1Ma 142 134

B5L1Mb 104 98

B5L1Mc 5.4 ksi 125 127 118 120

B5L1Md 135 127

However, as illustrated in Figure 6-50, the tensile force in the CFRP strips can be carried
by CFRP anchors and interfacial bond between the CFRP strips and the concrete beams. Possibly,
in areas where CFRP strips remain bonded prior to anchor failure, the higher bond strength between
the CFRP strips and concrete in high-strength specimens may have increased the apparent strength
at anchor fracture. Considering the average peak bond stress were 0.87 ksi for high strength
concrete and 0.45 ksi for normal strength concrete, a 13 ksi difference in the average value of
ultimate strip stress listed in Table 6-15 may suggest that CFRP strip area around the anchor of
about a 3-in. 2 (=13 ksi*0.02-in.* 5-in.)/(0.87 ksi-0.45 ksi)) remains bonded until anchor rupture.
Due to the speed at which anchor fracture occurs, it is difficult to ascertain experimentally how
large a bonded CFRP area is contributing to anchor strength. Another possibility could be that the
stiffer higher-strength concrete may help distribute anchor stresses more evenly at the anchor bend.
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Figure 6-50: Load transfer forn CFRP strip to CFRP anchor and concrete

6.3.1.3.6.4 Conclusions
Ccncrete strength was not found to have a major impact on ultimate CFRP-strip or beam

strength. Increasing concrete strength increased the bond strength between CFRP strips and the
concrete substrate. Thus, debonding of the CFRP strip occurred at a higher load for higher strength
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concrete. A higher concrete strength was found to increase by about 10% the apparent strength of
CFRP anchors embedded in it.

6.3.1.3.7 Effects of Anchor Fan length/Anchor Fan Angle
Six comparable tests failing by strip fracture were evaluated to study the impact of anchor

fan length/ angle on strip strength. Every parameter except the anchor fan length/angle was kept
constant in each group. To effectively develop the strength of CFRP strips, CFRP anchors should
be fanned out across the width of CFRP strips. Since strip width was kept the same in each group,
the length of the anchor fan determined the anchor-fan angle. All tests had 3-in. wide CFRP strips
and high-strength concrete. An anchor material ratio of 1.41 and high-strength concrete were used.
A summary of experimental results is presented in Table 6-16.

Table 6-16: Experimental results for effect offan geometrv on strip fracture

Fan length/ Ofxmidult Average
Angle (ksi) fxmid ult (ksi )

B3H1.4Sa 2.4-in. 154
164

B3H1.4Sb 640 174
B3H1.4Ma 3.6-in. 183
B3H1.4Mb 450 154169

B3H1.4La 4.5-in. 186
B3H1.4Lb 370 148 167

As shown in Table 6-16, all strips fractured at an ultimate strip stress larger than the
expected tensile strength provided by the manufacturer (143 ksi). Both the lowest (148 ksi) and
highest (186 ksi) ultimate strip stresses were from tests with the large anchor fan length (4.5-in.
and 37 ). Overall, increasing the fan angle from 370 to 640 did not produce a significant change in
the ultimate strip stress at strip fracture.

6.3.1.3.8 Note on Variability in Test Results
Since CFRP is a brittle material and attached on beams made of brittle concrete material,

small variations in geometry, material properties, and installation quality can lead to significant
variations in overall response. In many cases, several tests were conducted on nominally identical
specimens to evaluate such variability.

To illustrate this point, the load versus deflection response of a pair of nominally identical
specimens is plotted in Figure 6-51. As can be seen in the figure, responses are typically similar for
nominally identical specimens up to concrete cracking. After cracking, variations in installation
quality and bond quality and uniformity between the CFRP strips and the concrete surface can
result in large differences in beam overall response. Additional information on test variability can
be found in Sun (2014).
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Figure 6-51: Load vs. deflection of nominally identical test specimens

6.3.1.4 Conclusions for Series 1
Failure modes, ultimate load, and strain measurements were used to evaluate the effect of

five parameters, 1) width of CFRP strip; 2) anchor-material ratio of CFRP anchor to CFRP strip;
3) bonded and unbonded application 4) concrete strength; and, 5) length/angle of anchor fan, on
anchor design.

" Test results have shown that increasing the width of CFRP strips increased strain
concentrations, produced a lower ultimate strip stress, and decreased the efficiency of CFRP
strips at carrying tensile forces.

" To fracture a 5-in. strip, the anchor material ratio should be no less than 2.0. Increasing the
anchor material ratio from 1.41 to 2.0 reduced strain concentrations resulting in higher average
ultimate strip stress. An anchor material ratio of 1.41 is recommended for reaching fracture of
3-in. strips.

" Adequately bonding the CFRP strips to the concrete substrate helped to transfer tensile forces
from CFRP strips to CFRP anchors, and prevented premature anchor rupture due to strain
concentrations.

" Higher concrete strength tended to delay the debonding of CFRP strips from the concrete
substrate. Debonding was generally found to occur in the concrete substrate resulting in a layer
of concrete adhering to the epoxy as the strip peeled away. A higher concrete strength was
found to slightly increase the strength of CFRP anchors embedded in it; however, concrete
strength did not affect the ultimate strength of CFRP strips.

" To fully develop tensile strength of a CFRP strip, an anchor-fan angle less than 640 is
recommended for anchor design. The application of a smaller anchor-fan angle than 640 (down
to 370), however, had no significant effect on the strength and behavior of the CFRP
strengthening system.
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6.3.2 Series 2

Series 2 was developed to examine the effectiveness of glass fiber (GFRP) anchors in
developing the strength of carbon fiber (CFRP) strips. GFRP strips were not considered due to the
relatively low modulus of GFRP compared with CFRP. GFRP anchors were considered as GFRP
materials are substantially cheaper than CFRP materials. The specimens were designed to reflect
the same parameters as the beams containing CFRP anchors in Series 1. However, the pre-
fabricated GFRP anchors used in this project could not be altered to match the exact capacity of
previously tested CFRP anchors. CFRP patches were applied over the GFRP anchors in this test
Series that consisted of nine beam tests.

6.3.2.1 Typical Test
A typical test in Series 2 was conducted in much the same way as a test in Series 1. The

test setup and loading was identical, with major behavioral milestones in Series 2 being similar to
those in Series 1. The main difference from Series 1 was that a new failure mode was observed for
the GFRP anchors. This failure mode was gradual anchor pullout (Figure 6-52) and was the only
mode of failure that was not brittle.

Figure 6-52: Anchor pullout

6.3.2.2 Failure Modes and Implications
The two failure modes observed in this series were CFRP strip fracture (Figure 6-53) and

GFRP pullout (Figure 6-54). CFRP strip fracture was observed in four tests-an indication that the
GFRP anchor capacity was sufficient to develop the full strength of the CFRP flexural sheet. This
is the most desired failure for quality control tests because it acts as the system is designed, with
the strip being the weakest link. The other five tests failed by GFRP anchor pullout, a failure mode
that was not seen in CFRP anchor systems. In past tests of CFRP anchors, anchor failures occurred
by a sudden rupture of the anchor leaving fractured fibers of a CFRP anchor exposed and
completely separating the CFRP sheet from the concrete. The GFRP anchors in this specimen failed
in a less abrupt manner, pulling out of the concrete instead of rupturing. This difference in failure
mode between GFRP and CFRP anchors may result from the differences in their material
properties.

GFRP, in its dry fiber form, has significantly more deformation capacity than the dry fibers
of CFRP, having a fracture strain of 4.5% compared to the fracture strain of 1.7% of CFRP. Even
though saturating the fibers with epoxy reduces the deformation capacity of the materials, the
fracture strain of the laminate GFRP is 2.2% and still higher than the laminate CFRP fracture strain
of 0.93%. It is possible that the strains occurring in the anchors are large enough to cause rupture
of CFRP anchors but are not large enough to cause rupture of GFRP anchors, therefore leading to
an elongating behavior.
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In an effort to investigate the anchor pull-out failure further, the beams that exhibited pull-
out were cut open, and the anchors and hole conditions were examined more closely. The conditions
found inside the anchor hole indicated that the GFRP anchors were well bonded to the concrete,
stripping off pieces of concrete as the anchor was pulled out of the specimen.

It was noted that epoxy did not seem to fully cover the insides of the anchor, leaving voids
in the opening between the anchor fold and possibly throughout the anchor fibers. The presence of
voids can contribute to a reduction in anchor strength, causing the anchor to pull out of the
specimen. The figures below show the exposed GFRP anchor and the anchor hole condition of
several specimens (Figure 6-54 and Figure 6-55). This unexpected failure mode could be due to
insufficient use of epoxy during installation, contamination or poor handling of materials, or an
indication that a larger anchor is necessary.

Figure 6-53: CFRP strip fracture
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Figure 6-55: Specimens with GFRP anchors exposed

6.3.2.3 Test Results

6.3.2.3.1 Overview
Table 6-17 summarizes the ultimate load and failure mode for all beams tested. The tests

can be categorized into four groups: specimens with a bonded 3-in. CFRP strip, specimens with an
unbonded 3-in. strip, specimens with a bonded 5-in. strip, and specimens with an unbonded 5-in.
strip. Additional details about Series 2 can be found in Wang (2013).

Table 6-17: Sunmary of experimental results for Series 2

Width of Anchor Expected Ultimate
Specimen f'c FapirM/oNumber (oCFRP Sheet Strength load (Pexp) Load (P)

ksi) (in) ratio (kips) (kips) Pexp

9-3-1/2-B1 9 3 2.38 9.5 12.7 1.34 Strip Fracture

9-3-1/2-B2 9 3 2.38 9.5 12.2 1.28 Strip Fracture

9-3-5/8-B1 9 3 3.25 9.5 11.4 1.20 Strip Fracture

9-3-5/8-B2 9 3 3.25 9.5 10.1 1.06 Strip Fracture

9-3-5/8-D1 9 3 3.25 9.5 10.3 1.08 Anchor Pullout

9-3-5/8-D2 9 3 3.25 9.5 9.87 1.04 Anchor Pullout
9-5-5/8-B1 9 5 1.95 17 18.1 1.06 Anchor Pullout
9-5-5/8-B2 9 5 1.95 17 17.8 1.05 Anchor Pullout
9-5-5/8-D1 9 5 1.95 17 14.0 0.823 Anchor Pullout
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6.3.2.3.2 Anchor Performance
The load-strain data from beam tests using GFRP anchors and beam tests using CFRP

anchors are compared for two categories of beams: beams constructed with bonded 5-in. CFRP
strengthening strips and bonded 3-in. CFRP strengthening strips.

6.3.2.3.2.1 Bonded CFRP Strip - 5 in.
Two tests with CFRP anchors using a 5-in. bonded CFRP flexural sheet for an anchor

material ra:io of 2.0 are compared with two tests having the same parameters but GFRP anchors (9
- 5 - 5/8 - B1 and 9 - 5 - 5/8 - B2). The GFRP specimens had an anchor design ratio of 1.95.

Load vs. Strain
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Figure 6-56. Load versus strain for 5-in. bonded specimens

The applied load versus mid-span strain behaviors are compared for the specimens with

GFRP anchors and the specimens with CFRP anchors in Figure 6-56. The following comparisons

are made using average strain values across the mid-span section, which allows for a better

comparison between the multiple specimens.
The four specimens exhibited identical linear behavior until the concrete first cracked.

Cracking occurred at around 6 kips, after which a plateau in the plot indicates deformations

occurring in the flexural sheet as forces are transferred from the cracked concrete. The force transfer

to the CFRP sheets in the specimens occur over approximately the same strain differential. Failure

loads are around 18 kips for all specimens. From the comparison of data shown in Figure 6-56, the

specimens constructed with CFRP anchors reached larger strains in the flexural sheet for the same

loads compared to the specimens constructed with GFRP anchors.

6.3.2.3.2.2 Bonded CFRP Strip - 3-in.
Two tests with CFRP anchors using a 3-in. bonded CFRP flexural strip are compared with

GFRP specimens 9 - 3 - 1/2 - B1 and 9 - 3 - 1/2 - B2. The anchor material ratio for the CFRP

anchors was 1.41, and the anchor design ratio for the GFRP anchors was 2.38. Specimens having

a closer n-atch were not available. The specimens with CFRP anchors in this comparison had

varying anchor fan lengths of 2.4 inches and 3.6 inches. Varying the anchor fan length was not a

parameter considered in the test of GFRP anchors. However, the effects on anchor performance

due to fan length were found to be minimal in Series 1 and thus these tests were determined to be

appropriate for comparison. Figure 6-57 shows the load-strain comparison of the four specimens.
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Figure 6-57: Load versus strain for 3-i,. bonded specimens

All comparable specimens failed around 12 kips by strip fracture. Again, it is shown that
the beams constructed with CFRP anchors reached larger strains in the flexural sheet compared to
the specimens constructed with GFRP anchors for the same loads.

While cracking and strength gain behavior appear to differ significantly between 3-in.
bonded specimens containing GFRP anchors and those containing CFRP anchors, all of the
specimens in this comparison reached a capacity of 12 kips. This suggests that the GFRP anchors

are just as capable of developing the full capacity of the flexural strip as CFRP anchors. Failure
modes were also consistent among the four specimens, occurring by rupture of the flexural strip,
however, GFRP specimens had a much larger anchor material ratio compared to the CFRP
specimens. It is also important to note that GFRP anchors resulted in fracturing the CFRP flexural
strip at lower recorded strains.

6.3.2.4 Conclusions
From the results in this study, GFRP anchors were able to develop the capacity of externally

bonded CFRP reinforcement with common trends in behavior and similar modes of failure as CFRP
anchors. However. there are both advantages and disadvantages of using GFRP materials in place
of CFRP despite the similarities in performance.

An advantage fusing GFRP materials may be attributed to its larger deformation capacity
compared to CFRP materials. At more than twice the tensile strain capacity of CFRP, GFRP can
be more useful for applications that require bending of the fibers, resulting in lower stress
concentrations at the bends and possibly reducing bend radius requirements. During installation, it
was also found that GFRP anchors were easier to insert into the anchor hole because the anchors
were able to slip through the fibers of the CFRP sheets more easily. In addition to easy handling, it
was also observed that anchor failures of GFRP anchors occurred much less abruptly than CFRP
anchor failures. Since the GFRP anchors pulled out of the beams instead of rupturing, the CFRP
strengthening sheet remained mostly in contact with the concrete.

Despite the positive aspects of using GFRP materials in anchor systems, disadvantages
were also apparent. The most obvious disadvantage of GFRP materials is its low tensile strength
compared to CFRP. As a result, a greater amount of fibers is needed to design a GFRP anchor of
equal capacity to a CFRP anchor. The result is a bulkier anchor that may lead to difficulties during
installation, cancelling out the advantages of the smoother installation mentioned above.
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It is also important to note that GFRP anchors resulted in fracturing the CFRP flexural strip
at lower recorded strains. With CFRP anchors, all CFRP strips that ruptured did so after passing
the manufacturer's rupture strain. On the other hand, when GFRP anchors ruptured CFRP strips,
the strips fractured below the manufacturer's stated rupture strain. This cannot be explained and
would need further investigation to understand the behavior.

Overall, most benefits of GFRP anchors were outweighed by negative consequences,
therefore these results suggest CFRP anchors be used until further testing of GFRP anchor prove
their usefulness.

6.3.3 Series 3

This series was developed to investigate the effectiveness of anchors placed adjacent, rather
than through, a CFRP strip, in developing strip strength. Tests in this series were conducted and
unfolded in a very similar manner to tests of Series 1. The test setup and loading protocol was
identical, however only strain-gauge and load data were recorded.

In all, 14 tests were conducted in Series 3. The failure modes for this series of tests were
strip fracture, anchor rupture, delamination, and concrete failure. All of these failure modes have
been previously discussed for Series 1. Two strain gauges were placed at mid-span and symmetric
about the centerline of the beam (Figure 6-58). These two gauges were averaged to determine the

strain at mid-span across the width of the strip at ultimate load (Edit).

FRP patc-

C FP

CFRP

Notch

anchor a

Figure 6-58: Location ofstrain gauges

6.3.3.1 Test Results
Results for Series 3 are summarized in Table 6-18.
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Table 6-18: Summurv ofexperumentUl resulHs for series 3

Pujt (kips) Eult Eult/Eexp cjfult (ksi) Failure mode

7-18(B)-6(6)-5-1 16.8 0.012 1.2 152 Concrete

7-18(B)-6(6)-5-2 15.8 0.011 1.1 143 Concrete

7-15(B)-6(6)-5-1 17.2 0.012 1.2 156 Concrete

7-15(B)-6(6)-5-2 16.7 0.015 1.5 151 Strip fracture

7-15(U)-6(6)-5-1 12.8 0.007 0.7 115 Concrete

7-15(U)-6(6)-5-2 8.7 0.007 0.7 77 Anchor rupture

7-12(B)-6(4)-5-1 14.5 0.012 1.2 130 Anchor rupture

7-12(B)-6(4)-5-2 15.6 0.008 0.8 141 Concrete

7-12(B)-6(4)-7-1 17.4 0.011 1.1 158 Concrete

7-12(B)-6(4)-7-2 16.6 0.011 1.1 150 Delamination

7-32(B)-N-1 20.6 0.016 1.6 188 Strip fracture

7-32(B)-N-2 18.5 0.012 1.2 169 Strip fracture

7-32(U)-N-1 21.3 0.012 1.2 195 Strip fracture

7-32(U)-N-2 19.2 0.011 1.1 175 Strip fracture

6.3.3.1.1 Effects of Anchorage Type
The tests in which the CFRP strip

strain distribution across the strip width and
was wrapped around the sides provided a more even
minimized stress concentrations. Table 6-19 compares

strip strength results for anchored and wrapped strips for tests having different anchorage details
and having failed by strip fracture. Because the specimens with the through-anchor details (or 18-
in. strip length) failed in the concrete in this series, Table 6-19 reports the average strip stress and
strain values at failure from tests in Series 1 having a 5-in. wide strip, 11.5 ksi concrete, and an
anchor material ratio of 1.4 or 2.0 and failing by strip fracture.

All tests reported in Table 6-19 reached a stress in the CFRP tension strip that exceeded
tie manufacturer expected stress at fracture of 143 ksi. Tests with anchored strips failed at similar
stress levels regardless of the anchor type. As expected, however, the unanchored wrapped strips
reached a higher stress at fracture than anchored ones, confirming the hypothesis that wrapping the
strip along the edges provided a more even strain distribution in the strip.

Table 6-19: Effects of anchoruge ti-pe

Average values

Tests Put

(kips)
Of ult

(ksi) Eult

Through-Strip Anchor Average Series 1
Detail Tests* 17.3 154.2 0.0149

Adjacent to Strip Anchor
Detail 17.0 153.5 0.0135

Unanchored Wrapped Average for all tests
Strips with wrapped strips 19.6 178.5 0.014

* \ eraUe \ ale 1 11rOm tests in

material ratio of 1.4 or 2.0.
Series 1 having a 5-in. wide strip, 11.5 ksi concrete, and an anchor
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6.3.3.1.2 Effects of Strip Length in the Adjacent to Strip Anchor Detail
The strip and patch overlap was found to play an important role in the modified adjacent

to strip anchor detail. A 15-in. strip stopped just short of each anchor hole on the beam specimen,
while a 12-in. strip stopped about 1.5-in. short of each anchor hole. Table 6-18 indicates that the
shorter 12-in. strips with short 5-in. patches were vulnerable to anchor failures at a significantly
lower strip stress level than the manufacturer expect fracture stress. In tests where the patch length
was extended 2-in. to make up for the strip stopping 1.5-in. short, however, Table 6-18 also
indicates the modified anchor detail will develop stresses in the strips that are larger than their
expected fracture stress.

6.3.3.2 Conclusions
The modified anchor detail (adjacent to strip) performed similarly to the through-strip

anchor detail and is capable of developing the expected strength of CFRP strips. It is however
advised to extend the CFRP strip all the way to the edge of the anchor hole for optimal performance
of the modified anchor detail. Given the similar performance observed between the two anchor
details and the fact that the new detail is easier to install, it was implemented in Series 4 and large-
scale bearn tests in this study.

6.3.4 Series 4

Series 4 consisted of 12 tests on larger beam specimen than those used in Series 1 through
3. This series was undertaken to further investigate the size effects observed in Series 1 and develop
a quality control test for wider and high-capacity anchored CFRP strips.

6.3.4.1 Typical Test
A =ypical test for the fourth series of beams was conducted and unfolded in a similar fashion

to tests in Series 1, but with larger beam specimens and loading setup. As shown in Figure 6-59
and Figure 6-60, the specimens were loaded with the tension face up and a ram reacting against a
strong floor. Loading was continuous from start to end. The most typical failure mode in this series
was strip fracture, although anchor rupture, delamination, and concrete failure were also reported.

Reaction Reaction
Notch

CFRP CFRP

Load

Figure 6-59: Loading diagramn
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Figure 6-60: Test setup

A typical load deflection response is shown in Figure 6-61 with three characteristic parts.
Each load deflection response star s with a very stiff initial linear segment up to cracking of the
concrete in flexure, followed by plateau, which comes from deboning of the CFRP strip from the
concrete substrate. Lastly, after the entire strip has debonded and the anchors become fully engaged,
the response becomes mostly linear again up to failure. This response is similar to what was
observed in the other test series.

Typical Load-Deflection Response
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Figure 6-61: Tvpiccl load-deflection response ior a test in Series 4
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6.3.4.2 Failure Modes and Implications
Failure modes for this series are strip fracture, anchor rupture, delamination, and failure of

the concrete specimen. These failure modes have been described in previous sections for the first
three series. In this series, two distinct concrete failure modes were observed. One concrete failure
mode was similar to those observed in the other test series with the concrete beam failing in a
shear/tension manner (Figure 6-16). The other failure mode involved localized crushing at the
anchor/concrete interface combined with a concrete cone detaching from the rest of the beam ahead
of the anchor (Figure 6-62). In this failure mode, integrity of the beam was maintained by the steel
reinforcement and CFRP side strips but generated sufficient movement at the anchor hole to cause
anchor pull out (Figure 6-62).
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(a)
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(c)A

Figure 6-62: Concrete specimen jailure leading to anchor pullout

6.3.4.3 Test Results
In Table 6-20, the experimental results of the 12 tests conducted are summarized. The

experimental results were used to evaluate the influence of parameters on strip strength and anchor
strength. In Table 6-20:
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The ultimate applied load at failure.
The expected beam load at failure which is calculated by equilibrium using
the expected rupture stress for the CFRP strip provided by manufacturer
(c-exj= 143 ksi).
The strip force at mid-span, which is calculated by equilibrium at ultimate
load (Pz).
The strip stress at mid-span which is evaluated at ultimate load= F,l/ACcrP
in which ACFRP is the cross-sectional area of the CFRP strip.
The mid-span strip strain in the fiber direction measured at Pt taken from
strain gauges. Both for mean and maximum

Table 6-20: Summary of experimental results for Series 4

Test Putt / Mean Max
# Test ID Putt Pexp Pexp Furs 0auIt r1ut Er, Failure Mode
1 S-5-1-S-6 14.1 12.1 1.17 16.7 165 0.0124 0.0129 Anchor Rupture

2 S-8-1-M-7 20.8 19.2 1.08 24.8 154 0.0095 0.0101 Strip Fracture

3 S-10-2-S-6 25.8 23.9 1.08 31.0 153 0.0089 0.0107 Strip Fracture

4 D-5-1-L-6 17.7 24.0 0.741 21.2 104 0.0075 0.0093 Delamination

5 S-10-1-M-9 24.4 24.0 1.02 29.1 144 0.0130 0.0141 Strip Fracture

6 D-10-2---6 39.6 47.4 0.836 47.8 118 0.0082 0.0112 Concrete

7 D-5-1-L-12 26.5 23.7 1.12 32.0 159 0.0103 0.0107 Strip Fracture

8 D-10-1-L-12 48.5 46.6 1.04 59.5 149 0.0105 0.0127 Strip Fracture

9 D-10-2-L-12 52.8 46.6 1.13 65.0 162 0.0101 0.0111 Strip Fracture

10 D-10-1-M-12 46.9 46.0 1.02 58.3 146 0.0106 0.0128 Concrete

11 D-10-1-M-12-c 39.0 46.0 0.849 48.3 120 0.0089 0.0107 Anchor Rupture

12 T-5-1-M-18 36.7 34.9 1.05 45.2 151 0.0105 0.0105 Strip Fracture

6.3.4.3.1 Size Effects

6.3.4.3.1.1 Effects of Strip Width
When comparing a 5-in. wide strip to a 10-in. wide strip, Table 6-21 clearly shows the 10-

in. strips fractured at a much lower ultimate stress compared to the 5-in. strips. This trend also holds

for multiple layers. However, when comparing a 10-in. strip with two anchors across the width,

and a 5-in. strip with one anchor, the fracture stresses are much closer; this is because they have
the same strip width per anchor. This trend is seen for two layers as well.

Table 6-21: Effect of strip width

Layout

Number of Width of Number of
Test # Test I D Stress (ksi)

layers strip anchors

1 S-5-1-S-6 5 1 165

3 S-10-2-S-6 1 10 2 153

5 S-10-1-M-9 10 1 144

7 D-5-1-L-12 5 1 159

9 D-10-2-L-12 2 10 2 162

8 D-10-1-L-12 10 1 149
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6.3.4.3.1.2 Effects of Number of Layers
Up to three layers of CFRP were tested and it was found that regardless of the number of

layers, the strips could be developed to fracture. No significant trends could be observed with
respect to the number of layers and strip stress at fracture when only the number of layers was
considered.

6.3.4.3.1.3 Effects of Strip Width per Anchor
Both one and two anchors per strip width were investigated in this series. It was found that

one anchor was able to fracture a strip having a width of 10-in. and a tensile force up to 60 kips (2
layers). These results therefore demonstrate the effectiveness of CFRP anchors for strips up to a
tributary width of 10-in. While using one anchor was shown to be possible with wide strips, it also
resulted in higher strains along the centerline of the strip compared to its edges. This implies that a
single anchor does not distribute stresses as evenly for wide strips as for narrower ones. Figure 6-
63 shows the placement of strain gauges at mid-span across the width of the strip.

When using one anchor to develop a 10-in. strip, the largest longitudinal stains were
observed to occur consistently along the centerline of the strip after the strip began to debond
(Figure 6-64). Both edge strain gauges (north and south) recorded significantly smaller strains than
the centerline strain because the stress at the edge of strip is not as easily transferred to the anchor
as the stresses in the middle of the strip with a nearly direct transfer to the anchor. In addition,
debonding of the strip is usually initiated at the edge of the strip. By using two anchors over a 10-
in. strip width instead of one, a much different strain profile was produced. Figure 6-65 shows how
the centerline strain is no longer the largest, post debonding, when two anchors are used and that
the strain variation at any given load is smaller for two anchors than for one anchor.

Notch N tSu

Figure 6-63 P/acemnct 9/ strIn gauges in Si e s 4
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Figure 6-64: Strains for a 10-in. wide strip with one anchor
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Figure 6-65: Strains for a 10-in. wide strip with two anchors

6.3.4.3.1.4 Effects of the Anchor Material Ratio
Ar chor material ratios of 1.72, 2, and 2.8 were tested in this series. Because of the limited

size of the test matrix, the effects of the anchor material ratio on strip strength could not be
evaluated. Only one specimen in this series failed below its expected value by anchor rupture,
indicating -hat a material ratio of 2.0 can adequately develop the strength of CFRP strips up to 10-
in. wide and having two layers of material. The specimen that suffered anchor failure has a
relatively small anchor-hole chamfer radius given the size of the anchor used. This failure and the
chamfer radius are discussed in a subsequent section.
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6.3.4.3.1.5 Size Effect Relations
To investigate the effect of using wider and thicker CFRP strips, or multiple layers, on the

ultimate strip stress at fracture, a normalized strip area parameter was used. The parameter was
calculated by dividing the CFRP strip laminate sectional area by the number of anchors used across
the strip width and the anchor material ratio (Equation 6-10). The strip laminate area was obtained
by multiplying the strip width by the number of layers and thickness of the CFRP strips.

Normalized strip area parameter = ACFRP Equation 6-10
nA * AMR

Where:
ACFRP: Sectional area of CFRP laminate, in2 .

nA: Number of anchors across the strip width
AMR: Anchor material ratio

This parameter is plotted in Figure 6-66 versus the strip stress at ultimate load. A linear-
regression trend line is superposed on the data points in Figure 6-66 and highlights a clear size
effect for strip strength. The size effect observed in Series 1 are again found in Series 4. As a general
trend, the smaller the normalized strip area parameter, the higher the fracture stress at ultimate load.
The data points plotted in Figure 6-66 correspond to tests in Series 4 that failed by strip fracture
except for one point that corresponds to an anchor rupture failure. The anchor rupture point is
included in the figure because it falls above the trend line at a low strip area parameter, signifying
that the trend would have only been accentuated if the anchor did not fail and the specimen
experienced a higher failure a load.

The observed trend in Figure 6-66 indicates that the larger the CFRP strip area developed
per anchor, the lower the stress at fracture of that strip. Similarly, the smaller the anchor material
area per strip area developed, the lower the stress at fracture of that strip. This size effect is
attributed to the increased effectiveness of larger anchors in distributing strains more evenly across
CFRP strips and reducing strain concentrations. This was demonstrated in Series 1 with optical
measurement distributed strain measurements over the strip surface.

Stress vs Normalized Strip Area Parameter
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Figure 6-66: Comparison of failure stress versus normaliced strip area parameter
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Series 1 data corresponding to tests having a strip fracture mode are added to the data from
Series 4 in Figure 6-67. With all the data points from Series 1 and 4, the overall trend remains of
lower strip fracture stress with a larger strip area per anchor size.

A key observation in this plot is that no strip fracture stress was lower than the
manufacturer's provided expected fracture stress of 143 ksi. However, the observed trend line in
Figure 6-67 indicates a limit of about 0.2 in2 on the normalized strip area parameter beyond which
the stress at fracture of CFRP strips may become lower than the expected stress at fracture. This
limit corresponds to a CFRP strip that is 0.04-in. thick, 10-in. wide, which is developed by a single
anchor with an anchor material ratio of 2.0.

Stress vs Area normalized with respect to
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Figure 6-67: Comparison offailure stress for tests from Series 1 and 4

6.3.4.3.2 Anchor to Strip Overlap Length
The overlap length between the anchor and strip should be sufficient to ensure the bond

stress generated by the load transfer between the strip and anchor does not exceed the manufacturer
limit, which was 500 psi for the materials used in this study. In Series 1 to 3, only one layer of

CFRP was used in the strips, which required an overlap length of 6-in. to avoid a delamination
failure. For this series, this overlap length was changed in order to maintain an equivalent bond
stress when varying the number of layers. The design bond stress of 500 psi was provided by the
manufacturer and proven to work based on this series. Figure 6-68 plots the anchor/strip interface
bond stress values at ultimate load for the tests of this series. Of the two specimens that had a higher

designed bond stress, one failed in delamination, and the other in the concrete. A stress just over

700 psi was achieved before the specimen suffered a delamination failure between the anchors and
the CFRP strip. It is important to note that no specimen failed by delamination below a bond stress
of 700 psi. However, given the limited number of tests conducted in this series, the manufacturer
provided 500 psi limit is deemed appropriate for designing the overlap length between anchors and

strips for -he material used. It is important to note that the design stress may be different for other

manufactures; therefore 500 should not be assumed for all CFRP and epoxy materials, instead the
design bond stress must be used according to manufacturer specifications.
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Figure 6-68: Bond stress between CFRP anchor and strip at ultimate load

6.3.4.3.3 Chamfer Radius of Anchor Hole
There are two directly comparable tests in Series 4 that compare chamfer radius. Both tests

used one anchor to develop a 10-in. wide strip with two layers of materials. One specimen had a
chamfer radius of 0.5-in. while the other specimen chamfer radius was taken as 1.4 times the anchor
hole radius. The specimen with the smaller chamfer radius failed prematurely by anchor rupture at
the chamfer. The specimen with the larger radius test failed in the concrete. However, the stress in
the CFRP strip at failure was much larger than that of the specimen failing by anchor rupture and
larger than the expected fracture stress.

6.3.4.4 Conclusions
This series confirmed the size effects seen in Series 1. The observed trend indicates that

the larger the CFRP strip area developed per anchor, the lower the stress at fracture of that strip.
Similarly, the smaller the anchor material area per strip area developed, the lower the stress at
fracture of that strip. This size effect is attributed to the increased effectiveness of larger anchors in
distributing strains more evenly across CFRP strips and reducing strain concentrations. This was
demonstrated in Series 1 with optical measurement distributed strain measurements over the strip
surface.

An individual CFRP anchor was shown to develop the expected strength of CFRP strips
up to 10-in. wide, even when using two layers of material in the strip. However, using two anchors
for a 10-in. strip width (or a 5-in. anchor tributary width) resulted in an improved strip stress
distribution and a higher stresses at strip fracture.

CFRP anchors were shown to develop the expected strength of up to three layers of CFRP.
However, the anchor to strip overlap length needed to be increased proportionally with number of
layers to maintain an interface bond stress between anchors and strips below the manufacturer
specified bond strength. The manufacturer provided bond stress was 500 psi for the material used.
The design bond stress is likely different for other materials.

An anchor material ratio of 2 was shown to be sufficient in all cases where it was used, as
long as the anchor hole chamfer radius was taken as 1.4 times the hole radius.
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Chapter 7. Evaluation of Non-Destructive Test Procedures

7.1 OBJECTIVE

The objective of this task was to identify in-situ non-destructive evaluation methods

suitable for assessing the quality of CFRP strip and anchor installation. Two non-destructive testing
(NDT) methods, sounding and ultrasonic, were investigated in the laboratory.

7.2 DETECTION OF ARTIFICIALLY INSTALLED DEFECTS

7.2.1 CFRP Strip Installation and Defect Detection

In order to assess the applicability of the proposed NDT methods, three types of artificial
defects were created on a 6-in. tall by 6-in. wide by 24-in. long concrete specimen (Figure 7-1).
The three circular defects had the same 1.5-in. diameter. Each defect was created by applying a thin
layer of lubricant oil, sand, or an air pocket formed by a plastic sheet. One layer of CFRP was then
installed on the beam surface with the defects (Figure 7-2). These defects were intended to simulate
possible defects seen during construction when concrete surfaces are contaminated by grease or
debris. Air pockets are commonly seen in CFRP strip installations, and result in complete
debonding between the CFRP strip and concrete.

Figure 7-1: Artificial defect fabrication
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Figure 7-3: Sounding method test setup

The sounding method was used to detect the defects. A hammer (Figure 7-3) was used to

impact the CFRP of the well-bonded, oily, sandy, and completely debonded areas. A microphone
with a preamplifier attached to a signal conditioner was used to detect in-air signals. The
microphone was 5mm above each measuring point. The microphone has a 6.3mm diameter and a
flat sensitivity response of 3.16 mV/Pa over a broad frequency range (4Hz to 80kHz at 2dB). The
broad range frequency response and high sensitivity ensure detection of all frequency components
of interest, which is the focus of this test. The output from the signal conditioner is digitized and
captured by a digital oscilloscope and analyzed in the time and frequency domains. The sampling

frequency was 1 MHz and 8000 data points (8mns) were recorded at each measuring point.
Time domain signals obtained from different testing areas using the sounding method are

shown in Figure 7-4. As seen in the figure, signals from the well-bonded, oily, and completely
debonded surface area can be easily distinguished in the time domain. The signal from the well-
bonded area has a large amplitude direct acoustic wave followed by a train of resonance waves,
which lasts for over 6cs. The signal from the completely debonded area has a much higher
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amplitude and longer ringing time compared to the signal from the well-bonded area because a
flexural resonance vibration mode is formed in the debonded region. Thus, an air pocket is the
easiest type of defect to identify. In the oily surface case, because of poor bonding between CFRP
and concrete, energy could not penetrate into the concrete; therefore the sound energy was mainly
caused by the direct impact force on the CFRP surface. This type of debonding does not cause the
flexural resonance mode as in the air pocket case, because the oil between the CFRP and concrete
dampens the vibration. The sandy surface produced signals similar to that of a well-bonded area,
since the epoxy may have penetrated into the sand and formed a hardened mixture that could
transmit mechanical waves as efficiently as the well-bonded area. Therefore, this type of defect
could not be easily distinguished using the sounding method.

Sa) >2 (b)

0 
1-*.- 0-t-

E E

0 2 4 6 8-0 2 4 6 8
Time (ms) Time (ms)

(a) Well-bonded surface (b) Oily surface

- 2 -d )
(c) (d)

E E
< -2 -

0 2 4 6 8 0 2 4 6 8
Time (ms) Time (ms)

(c) Sandy surface (d) Completely debonded surface

Figure 7-4: Time domain signals

Signals were further analyzed in the frequency domain using wavelet analysis. Results are
shown in Figure 7-5. The signal from the completely debonded area has a dominant resonance
frequency (3.9 kHz), which is significantly lower than the frequency of the signal from the well-
bonded area (12.5 kHz). A different feature was found in the signal from the oily surface, as seen
in Figure 7-5(b), where the wave energy is mainly focused in a much higher frequency range (from
35kHz to 50kHz) compared to that obtained from the well-bonded area. This is probably because
the oil formed a weak bond between the concrete and CFRP surface and generated a considerably
large nonlinear effect. Both the time and frequency domain features from the sandy surface signals
are very similar to that of a well-bonded area. The sandy surface defect could not be easily
distinguished through the wavelet analysis.
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Figure 7-5: Wavelet of signals

7.2.2 CFRP Anchor Installation and Defect Detection

Different anchor conditions were installed on a concrete slab to check the feasibility of the
sounding method for detecting defects in the CFRP anchor holes (Figure 7-6). Half of the surface
of the slab was ground while the other had no surface preparation. Four anchor holes were drilled
on the slab; each hole had the same diameter (5/16-in.) and depth (4-in.). Anchor groups #1 and #4
were installed to the full 4-in. depth. Foam inserts (2-in. long and 5'16-in. diameter) were inserted
at the bottom of anchor holes #2 and #3 so that only 2 inches of the anchor could be installed into
the hole. This type of defect was used to simulate the condition when the anchors were not installed
to the designed depth. Other than the anchor defects, similar artificial debonding defects as in the
previous section were utilized. The slab with artificial defects before and after the CFRP strip and
anchor installation is shown in Figure 7-7 and Figure 7-8. The pulse velocity of the concrete slab
was tested using the through transmission method and was found .o be approximately 4300 m/s;
this corresponds to an impact-echo frequency of 13.8 kHz.
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Figure 7-6: Schematic of the CFRP and anchor defects
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Figure 7-7: Concrete slab before installation of CFRP strips and anchors

Figure 7-8: Concrete slab after installation of CFRP strips and anchors
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Figure 7-9: An( hor defect detection using the sounding method

In the sounding test, a steel ball with a dimeter of 7.5mm (Figure 7-9) was used to impact
the top surface of the CFRP anchor. The same microphone and data acquisition system as that used
in the CFRP strip tests were used. The sampling frequency was 100 kHz and 1000 data points were
recorded at each measuring point.

Two example time domain signals obtained from anchor #1 and anchor #2 are shown in
Figure 7-13. Although the signal from anchor #2 shows more high frequency components, there is
no clear feature to distinguish :he two time domain signals. A frequency analysis was then
performed to transform the time comain signals to frequency domain (Figure 7-1 1). Different peak
frequencies are shown in the frequency spectra. The signal from anchor #1 has a peak frequency at
13.9 kHz. Calculations show that this frequency corresponds to the impact-echo mode of the
concrete slab in a solid region. This result indicates that the fully installed anchor was well-bonded
with the concrete.

The frequency domain signal from anchor #2 shows a clear peak at 24 kHz, which indicates
that a resonance mode may be formed by the defective anchor installation. It was also found that
the resonance frequency signal of anchor #2 varies from impact to impact, thus multiple tests were
performed at both anchor #1 and anchor #2 to check variations. In Figure 7-12, the variation of
peak frequency measured at anchors #1 and #2 in multiple repeated tests is shown. The signals
from anchor #1 had a very consistent peak frequency at 13.9 kHz in all tests, while the signals from
anchor #2 show variation in the range of 22.5 k-Iz to 35.4 kHz. Despite these variations, the peak
frequency obtained from anchor #2 is consistently higher than that of anchor #1. Therefore, the
peak frequency may be used as a feature to detect anchor installation defects.
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Figure 7-10: Time domain signals for anchor #1 and anchor #2
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Figure 7-12: Frequency variation of signals obtained from anchor #1 and anchor #2

7.3 LOADING INDUCED DEBONDING DETECTION

In previous sections, NDT methods were studied on specimens with artificial defects. In
this section, NDT tests were conducted to characterize load induced CFRP debonding on a standard
beam specimen (6-in. by 6-in. by 24-in.) as described in Chapter 6. The debonding originated as
load on the beam increased. The load was slowly increased during the test, up to failure of the
specimen.
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At failure, the partially debonded CFRP strip fractured. After failure, the specimen was
sent to the NDT laboratory to perform further nondestructive tests to evaluate the debonding length
between the CFRP strip and the concrete substrate.

7.3.1 Sounding Tests

Since the beam was loaded at the center, and the debonding develops approximately
symmetrically, the sounding test was only conducted on the right half of the fractured beam. There
were 15 measuring points equally spaced (3/4-in.) from the center notch towards the end of the
specimen (see Figure 7-13), with measuring point #1 at 1/2-in. from the notch.

A steel ball with the diameter of 7.5mm was used to impact the CFRP surface from points
#1 to #15, and the same microphone and test setup as in the previous tests were used. The sampling
frequency was 1 MHz and 10000 data points were recorded at each measuring point (1 Oms signal
duration).

\Cch Patch

Figure 7-13: Load induced debonding detection using the sounding method

Figure 7-14 shows three example time domain signals, #1 (1/2-in, from the notch), #7 (5-
in.) and #14 (10.25-in.). As seen in the figure, signals from these three measuring points have very
different features. The signal from measuring point #1 has a very low frequency and long duration
compared to the other two signals. The #7 signal shows a typical exponential decay with time, and
the amplitude drops to the noise floor around 3ms. The #14 signal shows a high amplitude initial
pulse followed by a long lasting ring signal, which is similar to the signals obtained from the well-
bonded CFRP regions in previous sections.
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Figure 7-14: Time domain signals fiom measuring points

Signals obtained from these points were further analyzed in the frequency domain. As seen
in Figure 7-15, the signal from point #1 has a very low peak frequency (0.9 kHz) and low frequency
component (below 3 kHz), which indicates the CFRP strip has completely debonded from the
concrete surface. The peak frequency signal from point #14 was 13.5 kHz, which corresponds to
the impact-echo mode of the beam.
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Figure 7-15: Frequency domain signals from measuring points
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Figure 7-16: Changes in resonance frequencies along the length of the beam

In Figure 7-16, the peak frequencies along all measuring points from #1 to #15 are plotted.
The curve shows a clear transition from low frequency to high frequency as the distance increased
away from the center notch. As seen in the figure, the resonance frequencies for measuring points
#1 to #7 ( 1/2-in. to 5-in. from the notch) are all below 5 kHz, while the resonant frequency starting
from measuring point #11 (8-in. from the notch) is constant at 13.5k1Hz. Points #7 through #10
experienced a transition in the resonance frequencies. These points correspond to the boundary of
the anchor patch, as shown in Figure 7-13. Based on the sounding test results, it can be estimated
that the first 5-inches of the CFRP strip had completely debonded from the concrete substrate and
portions of the anchor patch region (5-in. to 8-in.) had also partially debonded.

7.3.2 Ultrasonic Tests

Low cost PZT disks were used to generate and receive ultrasonic waves. A PZT actuator
(source) was installed on the side surface of the beam while a PZT sensor scanned from measuring
points #1 to #15 on the right half of the fractured beam (Figure 7-17). A 100 V, 500 kHz square
wave pulse, drove the PZT source. The receiving sensor was connected to the pulser-receiver with
a gain of 20dB. The amplified receiving signals were then digitized and 10000 data points were
recorded and transferred to a computer. In each measurement, 200 signals were averaged and saved
to improve the signal-to noise ratio.
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Figure 7-17: Load induced debonding detection using the ultrasonic method

Debonding of the CFRP strip significantly decreases the energy transmission between the

sensors. The time domain signals from measuring points #1 to #15 are shown in Figure 7-18. It is

clearly seen that before measuring point #7 (5-in. from the notch), the amplitudes of the signals are

very low, which implies that from measuring points #1 to #7, the CFRP debonded.
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Figure 7-18: Time doinain signals from the ultrasonic method

Figure 7-19 shows the signal amplitudes of different measuring points (normalized to the

signal amplitude at point #15). The signal amplitudes of points #1 to #7 are less than 20% of the

amplitude at measuring point #15. This large difference implies that energy transmission could be

used as an index to evaluate debonding between the CFRP strips and concrete substrate.
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Figure 7-19: Normalized signal amplitude for ultrasonic method

The nondestructive debonding test results were further compared with the strain
measurement results from an optical measurement system. The results agree very well with the
nondestructive test results, which implies that the sounding method and ultrasonic method could
be used to detect debonding between the CFRP strips and concrete substrate.

7.4 IN-SITU DEBONDING MONITORING

In the previous two sections, the effectiveness of NDT methods for debonding detection
was described. The feasibility of using NDT methods for real-time monitoring of CFRP debonding
was also studied.

7.4.1 Standard Beam Debonding Monitoring

The loading test setup is the same as that shown in Chapter 6. The beam was loaded
monotonically at 1-kip intervals. The beam was monitored up to 13-kips. After that, the beam was
loaded continuously to failure. NDT data was acquired using the ultrasonic method during the
loading intervals. A 100 V, 500 kHz square wave pulse generated from a pulser-receiver, drove the
actuating source. The receiving sensor was connected to the pulser-receiver with a gain of 20dB.
The amplified receiving signals were then digitized at a sampling rate of 10 MHz and 10000 data
points were recorded and transferred to a computer. A 200-point average was used to improve the
signal-to-noise ratio. An Agilent 34903 module switch was used to scan all receiving sensors in
sequence.

P Z Sensors

(a) Front-side (b) Back-side

Figure 7-20: Sensor arrangement on beam
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Figure 7-21 shows the signals of sensor #9 obtained at loads of 0 and 13-kips, respectively.
The initial parts of the two signals are almost identical, and they also have about the same peak
amplitudes and first arrival times. This result implies that at 13-kip, the CFRP at sensor #9 is still
well-bonded with the concrete substrate.
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Figure 7-21: Signals of sensor #9

For comparison, signals from sensor #2 obtained at 0 and 13-kips of load are shown in
Figure 7-22. It is clearly seen that the amplitude at 13-kips is considerably lower than when the
beam was intact (i.e., no load). In addition, the first arrival time at 13-kips is also delayed. The plot
implies that at 13-kips, the CFRP strip is completely debonded from the concrete substrate at the
location of sensor #2.
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Figure 7-22: Signals of sensor #2

In Figure 7-23, the difference in the wave propagation path when debonding occurs
between the CFRP and concrete is shown. Before debonding occurs, the wave could propagate
directly through the concrete and CFRP bonding surface with high amplitude. When debonding
occurs, the ultrasonic wave takes a longer wave path and loses more energy.
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7-23: Wave propagation

In Figure 7-24, the signal amplitudes obtained during the loading process are shown. The
amplitude of the signal obtained from sensor #1 first dropped at 8-kips, followed by an amplitude
drop of the signal obtained from sensor #2 at 9-kips. Thus, debonding first occurred at sensor #1 at
around 8-kips, and then propagated to sensor # 2 at 9-kips. The CFRP at sensor #9 and # 10
remained well-bonded during the entire loading process.
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Figure 7-24: Debonding process of the beam

The CFRP debonding length at a load of 13-kips can be estimated in Figure 7-25. As seen
in the figure, the amplitudes of sensors #1 to #4 at 13-kips are around 40% of the amplitude in the
unloaded state. Though an amplitude increase was observed from sensors #4 to #6, the normalized
amplitudes are still below one. Hence, that the length of CFRP strip from sensors #4 to #6 is likely
partially debonded.
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Figure 7-25: Evaluation of debonding length

7.4.2 Monitoring T-Beam Debonding

Nondestructive tests were performed on a T-beam (Figure 7-26) with a 14-in. web width.
The cross-section of the T-beam is shown in Figure 7-27. Thirteen PZT disks were installed on the
web of the T-beam along a straight line. One PZT disk, used as the actuator, was mounted 17-in.
away from the end of the beam, 6 receiving PZT sensors were mounted on the concrete surface to
monitor the crack initiation/development, and 6 receiving PZT sensors were mounted on the CFRP
surface to monitor the initiation of CFRP debonding. The distance between two adjacent receiving
PZT disks was 5-inches.

Actuator ~Sensors -

Figure 7-26: T-beam PZT sensor arrangement
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Figure 7-27: Cross-section of T-beam

The T-beam was loaded monotonically at 50-kip inervals of total load. The beam surface
was observed visually and nondestructive test data was acquired after each loading interval up to
200-kips of total load. The T-beam was then loaded continuously to failure. The actuating sensor
was driven by a 200 V, 100 kHz square wave pulse generated from a pulser-receiver, and the
receiving sensors were connected to the pulser-receiver with a gain of 40dB. The amplified
receiving signals were then digitized at a sampling rate of 10 MHz, and 10000 data points were
recorded and transferred to a computer. An average of 200 signals were averaged and saved to
improve the signal-to noise ratio.

Figure 7-28 shows the time domain signals of all sensors when the T-beam was not loaded.
It was observed that the signal amplitude decreased the farther away the receiving sensor was from
the actuating sensor. It was also noticed that the amplitude of the signals obtained on the CFRP
surface were lower than those obtained on the adjacent concrete surface due to the attenuation
induced by the CFRP.
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Figure 7-28: Tine domain signals for the T-beam prior to loading

However, after normalizing the data with the peak amplitude of each signal, even the
weakest signals could be clearly observed (Figure 7-29) and the surface wave propagation trend
(see the red dotted line) could be easily detected. In this test, the measured surface wave speed of
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the concrete was approximately 2238 m/s. It was noticed that the data from sensor #10 and # 12
were abnormal. Therefore, the data from these sensors could not be used.
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Figure 7-29: Normalized time domain signals for the T-beam prior to loading

Figure 7-30 shows the signal amplitudes from the T-beam in-situ debonding monitoring.
As seen in the figure, the ultrasonic signal amplitudes show a clear drop between sensors #7 and

#8 at 100-kips. At a load of 150-kips, a sharp drop between sensor #6 was observed, which
corresporded to the growth of a shear crack and local CFRP debonding (Figure 7-31). The strain

contour plot at 150-kips from an optical measurement system confirmed the ultrasonic test results.
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Figure 7-30: Changes in the normalized peak amplitude due to the applied load
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Figure 7-31: Shear crack jrmiation at sensors #6 and #7

7.5 FINDINGS AND RECOMMENDATIONS

For artificial debonding defects between the CFRP strip and concrete, the sounding method
detected the completely debonded and oily surfaces, while no distinguishable features were found
from the signals of the sandy surface. Sounding signals obtained at properly installed CFRP anchors
have the same feature as those obtained from well-bonded areas. When anchor holes were not
completely filled, the spectrum of the sounding signal shcwed high frequency components.
However, this feature could not quantitatively determine the anchor depth.

Both the sounding methoc and ultrasonic method located debonding between the CFRP
strip and concrete substrate. The sounding method is easy to apply and more suitable for in-situ
testing.

The ultrasonic method was used for monitoring debonding and cracking of a standard beam
and a T-beam during loading. Thy ultrasonic method effectively detected the CFRP debonding
process during loading. The ultrasonic method could detect crack initialization well before the
cracks were visible.
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Chapter 8. Design and Detailing Recommendations for CFRP Anchors

8.1 DESIGN APPROACH

Anchored CFRP strengthening systems consist of CFRP strips bonded to the surface of a
concrete member where they are needed to resist tensile forces, and CFRP anchors that anchor the
CFRP strips to the concrete section. The overall layout of the CFRP anchored system developed in
this study is shown below in both plan and isometric views in Figure 8-1 and Figure 8-2
respectively.

Patch Distance Behind Anchor

44'4

Strip Fanr
Width Angle

A I.-

Patch
Width

Anchor
Fan

Length

Figure 8-1: Plan view of anchor system;

Patch
Length

left: anchor prior to adding patches, right: patches over
anchor

Parallel CFRP Patch

Perpendicular CFRP Patch

CFRP Anchor

CFRP Strip

Figure 8-2: Isometric view of anchor system

CFRP strips are made of CFRP fibers embedded in an epoxy matrix to create a hardened
laminate. CFRP strips are a brittle material having a modulus of elasticity that is less than half that
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of reinforcing steel and an expected fracture stress in the range of 140 ksi. Due to the brittle nature
of CFRP materials, they are highly sensitive to stress concentrations that can be generated from
changes in direction (e.g., at bends), inadequate installation (e.g., when ripples are introduced in
applications), or uneven distributions of stresses generated by the anchorage systems. For these
reasons, only a fraction of the CFRP ultimate strain should be utilized in design. However, CFRP
anchors should be designed such that the expected tensile strength of the CFRP strips can be
developed to ensure that the strip fractures before the anchor ruptures.

CFRP anchors are designed based on the cross-sectional fiber area, or tensile strength, of
the strip they are developing. Due to stress concentrations that occur at the anchor-hole edge where
the anchor material is bent, a significantly larger cross-sectional area of CFRP fibers is required in
the anchor compared with what is in the CFRP strip. In this study, this ratio of anchor to strip CFRP
fiber area is recommended to be at least 2.0 to reliably achieve a strip fracture mode. This material
ratio was matched to a specific anchor-hole geometry-especially the anchor-hole edge chamfer
radius, to limit stress concentrations in the anchor material.

In the following sections, guidelines for designing CFRP anchors and their embedment
holes are provided. These guidelines assume the strip and anchor materials are the same and have
the same properties. The guidelines are only applicable to carbon fiber anchors since the limited
tests performed in this study on glass fiber anchors did not produce acceptable performance. Further
investigation of glass fiber anchors is needed to fully qualify their use. The anchor details developed
in this study were shown to develop the full strength of CFRP strips even when the strips were fully
debonded from the concrete surface. However, due to the beneficial effects of adequate bonding of
strips to concrete, such as reducing stress concentrations in anchors and reducing crack widths in
concrete members, it is recommended to always use adequately bonded strips in anchored CFRP
systems.

8.2 DESIGN GUIDELINES

8.2.1 Notations and Definitions

AMRD = design anchor material ratio = the ratio of anchor fiber material to that of the strip it is
developing. This ratio is recommended to be at least equal to 2.0.

AMR.4 = actual anchor material ratio = the ratio of anchor fiber material to that of the strip it is
developing. This ratio is calculated after anchors have been chosen and is the true AMR for the
specified anchors.

AEqV = anchor equivalent laminate cross-sectional area, in.2; this area is needed to

determine the required fiber area in anchors as well as determine the diameter of the anchor
hole.

die = diameter of the anchor hole, in.

F,,, = manufacturer specified expected tensile stress at fracture of the CFRP laminate
material, psi

LFanchor = CFRP anchor fan length, in.
LFanchor-min = minimum permitted anchor fan length based on the specified design values for the

inter-laminate bond stress capacity (ab), in.

na = number of manufactured anchor per anchor hole

nA = number of anchors per strip width
n = number of laminate layers in the CFRP strip
RC = anchor edge chamfer radius, in.

Tf = (wf ni tilfu,Exp) = strip tensile capacity based on the manufacturer specified

expected tensile stress at fracture, lbs.
Ii = specified thickness of the laminate material used in the CFRP strip, in.
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tf =

Wf =

Wf,A =

Ys,sp =
oz/in.2

Ys,Exp

As

AA

AA-_Req

a nchor

(n1 t1) = total thickness of the CFRP strip, in.
width of the CFRP strip, in.
the tributary width of strip developed per anchor, in.

manufacturer specified fiber weight per surface area in the laminate material,

= 1.25 Yssp = expected fiber weight per surface area in the laminate material, oz/in. 2

= weight of fibers in the strip per length, oz/in.
= specified weight of fibers in the anchor per length, oz/in.
= required weight of fibers in the anchor per length, oz/in.

= specified design value for the inter-laminate bond stress capacity, psi.
= CFRP anchor fan angle, degrees (recommended not to exceed 600)

8.2.2 Sizing CFRP Anchors

The cross-sectional area (ivy in ti) of a CFRP strip can be determined based on the force it is
required to resist in a particular strengthening project. The width of a CFRP strip (wi) as well as the
number of laminate layers (ni) are determined according to the required strip tensile strength (T).
Equation 8-I can be rearranged to solve for either the width of strip or number of laminate layers
required.

Tf = (wf nit1 fuExp) Equation 8-1

Anchor design is based on the tributary strip width the anchor is engaging (WvrA). For
instance, in a 10 in. wide strip developed by two anchors, the anchors have the same tributary width
as a single anchor developing a 5 in. strip. In both cases, the anchors will be designed to develop
the strength of a 5 in. wide strip. The anchor tributary width is determined based on the desired
number of anchors per strip.

WfA = WfJ/A
Equation 8-2

In this study, CFRP anchors were found to effectively develop the strength of CFRP strips
with tributary widths ranging from 3 to 10 in. Anchors were, however, more effective in developing
narrower tributary widths, resulting in higher strip stresses at fracture. This size effect is attributed
to anchors generating more even stress distributions in narrower strips, or conversely smaller stress
concentrations in narrower strips. Selecting smaller anchor tributary widths is therefore
recommended for improved performance. A balance should however be struck between improved
performance and increasing the number of anchors and the associated increased construction time
and cost. It is not recommended to use an anchor tributary width greater than 10 in.

The minimum required weight of anchor fibers per unit length (AmA-Req) can then be
evaluated. AmA-Req is equal to the weight per unit length of dry fiber in the strip width developed
by the anchor multiplied by the design anchor material ratio (AMRD). As discussed previously, an
anchor material ratio of at least 2.0 is recommended.

iA-Req = AMRD X (wfA Tl Ys,Exp) Equation 8-3

Anchors having a specified fiber weight per unit length (AA) greater than (AReq) should
be selected.

AA AA-Req Equation 8-4
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Once the anchors are selected and provided fiber weight per unit length (A) is known, the
actual anchor material ratio can be calculated.

AMRA = Equation 8-5
Wf,A fl Ys,Exp

It is important to note that the required fiber weight of the anchor is based on the expected
dry fiber weight per surface area of the laminate (ys,Exp). When weighting laminate fiber sheets,

the expected fiber weight was found to be about 25% higher than the minimum fiber weight per
surface area specified by the manufacturer (yssp). Since the CFRP laminate fiber weights tend to

run significantly higher than the minimum weight provided by the manufacturer (YsExp=
1.25 Ys,sp), the expected weight should be used in determining the fiber weight of the anchors so

as not to Lnder design the anchors.
The anchor equivalent laminate cross-sectional area is required for determining the anchor-

hole diameter and can be evaluated as follows:

AEqV = AMRA x (wfA n1 t1 ) Equation 8-6

8.2.2.1 Anchor Fan Details
Anchor fan details are illustrated in Figure 8-3.

1.5" overlap

StripAnchorStrip Fn
Width

Angle

Anchor
Fan

Length

Figure 8-3: Anchor fan details

An effective anchor fan needs to extend 0.5 in. past the edges of the CFRP strip.
In the case of multiple anchors per strip width, the anchor fans should overlap by at least 0.5 in. at
their ends. This ensures that the entire width of the strip is engaged. The length of an anchor fan is
directly related to the width it needs to span and the selected fan angle. The length of an anchor
should also be sufficient to preclude an interlaminate bond failure between the anchor and the strip
it is developing. The minimum anchor fan length should therefore be evaluated first based on the
manufacturer specified interlaminate bond stress capacity (-b).

T5
LFanchor-min = xTEquation 8-7

Wj x fb
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Equation 8-7 assumes that the contact area between anchors and strip is a rectangle with
length equal to fan length and width equal to strip width. This is primarily because the CFRP
patches placed on top of the anchors contribute to transferring stresses.

Once the minimum anchor length is determined, the actual length of the anchor can be
obtained by selecting a fan angle (Oanchor) smaller or equal to 600 using the following relation:

(w f/2) + 0.5
LFanchor = anchor) LFanchor-min

tan ancho

Equation 8-8

In general, a smaller fan angle produces a more gradual transfer of force to the anchor. Kim
(2011) recommended a fan angle less than 600 for effective transfer of tensile loads from CFRP
strips. Results from this study further support that conclusion. Considering that the tensile load
transfer from the outer fibers in a strip is less efficient as the angle between the CFRP strip fiber
and the anchor-fan fibers increases, a maximum anchor-fan angle of 600 is recommended for anchor
design.

8.2.3 Anchor Hole Details

Parameters for anchor hole details are illustrated in Figure 8-4.

Embedment
Depth

Radius of
Chamfer

4.

4LJ/

-Hole Diameter

Figure 8-4: Anchor hole details

8.2.3.1 Diameter of Anchor Hole
An anchor hole area at least 1.4 times larger than the equivalent laminate area of CFRP

anchors ( AEV ) was previously recommended (Pham, 2009). This continues to be the
recommendation and was supported throughout testing. While previous work and some work in
this study tested relatively small anchors (developing a single layered 5 in. strip), tests conducted
in this study on larger anchors developing a double layered 10 in. wide strip further demonstrated
that the factor of 1.4 is applicable to larger anchors. To determine the required diameter of the
anchor hole, Equation 8-9 can be used.

Equation 8-9dole = 4x l. 4 xAEV
rC
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8.2.3.2 Hole Edge Chamfer Radius
To reduce stress concentrations at the edge of an anchor hole, the hole edge can be rounded.

A chamfer radius of 0.5 in. as recommended by Pham (2009) was used effectively in all tests in
this study where anchors having an anchor material ratio (AMR) not less than 2.0 developed strips
with width not exceeding Sin. When larger anchors were tested (for a double layered 10 in. wide
strip), however, the 0.5 in. chamfer radius was found to be inadequate. A relation for increasing the
chamfer radius (Rc) with increasing anchor size or hole diameter was developed and presented
below.

RC= 1'4 d anchor/j2 > 0.5 in. Equation 8-10

8.2.3.3 Embedment Depth
In TxDOT project 0-6306 it was recommended that a 6 in. anchor embedment depth be

used. In this study, anchor embedment depths of 4 and 6 in. were successfully used. While the
embedment depth was not found to be a significant factor affecting the strength of anchored CFPR
systems, anchorage regions sustained higher levels of damage with 4 in. depths as compared to
6 in. depths. A 6 in. anchor embedment depth is therefore recommended. In cases where a 6
in. embedment depth is impractical, a depth as low as 4 in. may be used. In all cases, however,
the anchors need to be embedded at least 2 in. into the concrete core of a reinforced concrete
member.

8.2.4 Anchor Patch Geometry

The patches over the CFRP anchor are vital in the stress transfer from the strip to the anchor.
Anchor patches should have the same width as the CFRP strip and the same length as the CFRP
anchor. The patches should start 2 in. behind the anchor hole (patch distance behind anchor in
Figure 4-1;. This distance helps distribute stresses around the anchor hole and prevent premature
anchor rupture and delamination between anchor and strip.

8.3 DESIGN EXAMPLE

The design of an anchored CFRP system is given next for a given strengthening scenario,
which requires a factored strip strength (T) of 28,000 lbs. The material properties of the CFRP
fibers and laminate are:

Laminate expected fracture stress:f,Ep 143,000 psi
CFRP laminate thickness: ti = 0.02 in.
Weight of dry fibers in the laminate per unit surface area Yssp= 9.3 oz/yd. 2

YsExp = 1. 2 5 Ys,sp = 11.6 = 0.00897

1/2" CFRP anchor fiber weight per unit length, A = 0.08 oz/in.

5/8" CFRP anchor fiber weight per unit length, AA = 0.125 oz/in.

In this design, one layer of CFRP and one anchor are selected. Other designs with a
narrower multi-layered narrower strips or a multi-anchored wide strip can be performed following
the same procedure outlined next.

1. The required width of the CFRP strip (wf) can be determined using Equation 8-1.

28,000 lbs = (wj x 1 x 0.02'
-1, swf = 9.8" 10"

x 143,000 lbs)
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2. Only one anchor will be used to develop the entire strip (nA = 1), Equation 8-2 can be
used to determine the tributary anchor width.

WfA = 10"1 WfA=10"

3. Once the tributary width is established, Equation 8-3 can be used to determine the
required dry fiber weight per anchor (A-eq) assuming a design anchor material ratio

(A MRD) of 2.0.

AA-Req = 2 x (10" x 1 x 0.00897 oz/in2 ) + kA-eq = 0.179 oz/in

Since this weight is larger than either of the available 1/2" and 5/8" anchors, the choice
is made to combine two 5/8" anchors to make a larger anchor having a dry fiber weight

A = 0.25 oz/in2 , which is larger than AA-Req (Equation 8-5). Once the anchor is

chosen, the actual anchor material ratio must be calculated.

0.25 oz/in
AMRA =2

10" x 1 x 0.00897 oz/in2 AMRA = 2.8

4. The anchor equivalent laminate area is then calculated for use later in determining the
requires anchor hole diameter (Equation 8-6).

Ag, = 2.8 x (10" x 1 x 0.02") A , = 0.56 in2

*It is important to note that nominal anchor diameters provided by the manufacturer
(i.e., 1/2-in. and 5/8-in.) should not be used in calculating anchor area for prefabricated
anchors. The nominal dimensions are not exact and will provide incorrect material
ratios if used in design.

5. The anchor fan geometry is determined using Equation 8-7 and Equation 8-8.

28000 lbs
LFanchor-min = psi

10" x 500ps

(10/2) + 0.5"
anchor= n600 > 6"

tan(2)

- LFanchor-min = 5.6" 6"

- LFanchor = 9.5" 10"

Assuming an anchor fan angle of 60 provides a sufficient anchor length to satisfy
interlinear bond requirements. An anchor length of 10 in. is selected.

6. The diameter of the anchor hole is determined based on the equivalent anchor area and
Equation 8-9.

4 x 1.4 x 0.56 in2  
4 dole = 0.999" 1.0"

rc

Hole diameters should be rounded up to the nearest 16t of an inch

7. The chamfer radius at the hole edge is given by Equation 8-10.
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RC = 1.4 x (1"/2) > 0.5"

Round the chamfer radius up to the nearest eighth of an inch.

8. Embedment depth is chosen to be 6". Therefore the total anchor length needs to be
10"+6"= 16" (anchor fan length + embedment depth)

9. With all other parameters determined, the dimensions of the overlapping patches are
determined to be 10 in. x 10 in. (overlap length x strip width). Two patches are needed,
one with a principal fiber direction parallel to the CFRP strip and one with the principal
fiber direction perpendicular to the strip, both having the same dimensions. Both
patches are placed 2 in. behind the center of the anchor hole ("Patch distance behind
anchor" in Figure 8-1).

Figure 8-5 shows the designed CFRP system details.

05"

10.0"

10.0"

Patch Details

Parallel

Hole Details

3/4"

6.0"

I - <>1"
Total

ma

Figure 8-5: Example layout
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Chapter 9. Design and Detailing Recommendations for CFRP Shear
Strengthening

9.1 OBJECTIVE

In this chapter, a rational and unified design methodology for CFRP shear strengthening is
presented. The methodology is supported by test data and is consistent with the 2014 AASHTO
and ACI 440.2R-08 shear design procedures. Additionally, guidelines on CFRP detailing
requirements are provided.

9.2 MATERIAL INTERACTION

Material interactions in shear behavior have often been ignored in search of simple design
methodologies. However, ignoring significant material interactions can often lead to high
variability between experimentally measured and predicted shear capacities. The following
sections highlight the interactions that influenced the shear contributions of the concrete and
transverse reinforcement, which helped reduce the variability between the measured and predicted
shear capacities.

9.2.1 Concrete Contribution

ACI 440.2R-08 specifies a simple lower-bound shear stress capacity for concrete that is
equal to two times the square root of the concrete compressive strength (in psi units). This value
was empirically derived as the lower-bound shear stress at which the first inclined shear crack
forms in plain concrete beams. Using vertical equilibrium, the lower-bound concrete shear stress is
multiplied by the vertical shear area (b\d) to determine the concrete shear contribution.

Implicit in the derivation of the concrete contribution is the assumption that the concrete
shear stress does not increase after the shear crack has formed, which is inconsistent with the test
results that were shown in the previous chapters. One reason for the discrepancy is due to the
definition of the shear area. The concrete contribution is assumed to have a linear correlation with
the vertical shear area. However, a stronger correlation was observed between the concrete
contribution and the inclined shear area, as shown by Figure 9-1 which acts parallel to the shear
crack plane (Figure 9-1(b)). Consequently, the inclined shear area is dependent on the inclined
shear crack angle (0) relative to the longitudinal axis of the member.
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Figure 9-1: Comparison of the shear area definition

Through the investigation of the inclined shear area, the concrete contribution was also
found to be affected by the loading conditions as illustrated by the highlighted double curvature
tests shown in Figure 9-1 (d). Consequently, the single and double curvature pile cap girder control
specimens were investigated to detennine the influence the loading conditions had on the concrete
contribution.

Recall that the only difference between the single and double curvature control specimens
was the existence of a point of inflection in the middle of the double curvature specimens' constant

shear span. Thus, the double curvature specimens had an effective span-to-depth ratio (M/Vd)'
measured between the points of peak and zero moment, that was half of its actual span-to-depth
ratio (a,/d). Consequently, the results show that as the effective span-to-depth ratio decreases, the
concrete contribution increases. Therefore, a relationship between the effective span-to-depth ratio
and the concrete contribution was developed.
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A correlation between the concrete shear stress coefficient and the total vertical transverse
reinforcement shear stress was observed as shown in Figure 9-2. The interaction between the two
materials suggests that the transverse reinforcement provides a clamping force across the shear
crack, which allows the concrete contribution to increase as the amount of transverse reinforcement
increases.
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Vertical Transverse Reinforcement Shear Stress, psi
(Vs,EXP+VfEXP)/bwd

Figure 9-2: Correlation between the concrete shear stress
reinforcement

coefficient and the transverse

[VV+V ] ;
[Vs+Vt]cos 1

Figure 9-3: Clamping force perpendicular to the shear crack

The component of the vertically oriented transverse reinforcement that acts perpendicular
to the shear crack is shown in Figure 9-3. The normal force provided by the vertical transverse
reinforcement helps improve the concrete contribution through enhanced aggregate interlock.
However, the fraction of the transverse reinforcement that helps increase the concrete contribution
is dependent on the effective coefficient of friction of the aggregate interlock along the critical
shear crack. The effective coefficient of friction was determined to be half based on an investigation
of the collected tests results. However, more research will need to be conducted to determine if
there is a range of effective coefficient of frictions. It is noteworthy that the horizontal CFRP
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reinforcement should not be included in the evaluation of the clamping force at present due to a
lack of experimental data.

In addition to providing information about the interaction between the concrete and
transverse reinforcement, Figure 9-2 also indicated that the lower bound concrete shear stress
coefficient should be changed from 2.0 to 1.25. The final form of the concrete shear contribution,
shown in Equation 9-1, includes the effects of the inclined shear crack angle, the loading conditions,
and the amount of vertical transverse reinforcement.

1.25fjbwd ( 1 1
Vc,mod = Sin(O) JM/ 2 + 0.9) +(-(VS + Vi) cos(O) [in lb. units] Equation 9-1

Equation 9-1 represents the concrete contribution at the peak shear capacity as opposed to
the typically assumed concrete contribution at the onset of the first inclined shear crack. The
concrete contribution in Equation 9-1 assumes that the concrete has not crushed and that the
aggregate interlock is maintained at the onset of the transverse reinforcement failure (i.e., steel
reinforcement yielding and CFRP reinforcement fracturing). The aforementioned assumptions can
be reasonably made by providing limits to the concrete contribution.

An upper-bound concrete contribution limit was determined based on the experimental
data to prevent the concrete from crushing before the transverse steel reinforcement yielded and
the CFRP reinforcement fractured. In several tests, the concrete shear stress coefficients reached a
value of 5.0 without crushing the concrete. On the other hand, numerous 24-in. deep T-beams
crushed the web concrete without fracturing the CFRP reinforcement at concrete shear stress
coefficients above 5.5. From these findings, a reasonable upper bound value for the concrete shear
stress coefficient can be taken as 5.0.

In special circumstances (i.e., members without transverse reinforcement, span-to-depth
ratios above 3.0, and 39-deg. or greater shear crack angles), Equation 9-1 will result in concrete
shear stress coefficients that are less than 2.0. However, the ACI 440.2R-08 design code states that
the concrete shear stress coefficient need not be taken less than 2.0 if a minimum amount of
transverse reinforcement is provided, which was supported by the experimental data. Hence, a
lower-bound concrete shear stress coefficient equal to 2.0 is satisfactory.

The permissible range for the concrete contribution is shown in Equation 9-2, which
assumes that a minimum amount of transverse reinforcement, consistent with ACI 318-14 or
AASHTO (2014), is provided.

21Kbd <V <5 fbd [in psi units] Equation 9-2

The loss of aggregate interlock at the peak shear capacity is mitigated by limiting the width
of the shear crack relative to the maximum aggregate size as will be explained in Section 9.2.2.2.

9.2.2 Transverse Reinforcement Contribution

From previous research, it has been reported that there is an interaction between the steel
stirrups and the externally bonded CFRP transverse reinforcement. Specifically, researchers have
suggested that increasing the amount of transverse steel reinforcement adversely effects the shear
contribution of the CFRP and vice-versa. Though, an interaction between the transverse steel and
CFRP reinforcement does not appear to exist at the ultimate shear capacity for anchored CFRP
layouts since the transverse steel reinforcement must yield prior to fracturing the CFRP strips.
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However, the shear contribution of the transverse reinforcement is affected by the angle of
the inclined shear crack. A shallow inclined shear crack angle (0), relative to the longitudinal axis
of the member, will engage more stirrups and anchored CFRP strips than a typically assumed 45-
degree shear crack angle, which results in higher than expected shear capacity.

Typical reinforced concrete members are designed such that the flexural capacity of the
member governs. In doing so, the longitudinal reinforcement is proportioned so that it will yield
prior to crushing the compression zone. Low longitudinal reinforcement ratios tend to allow
flexural cracks to form, which can turn into flexural-shear cracks if the member is experiencing
high shear stresses (Figure 9-4).

Fir 9-4 F" xr.-ha crc

M

horzonalstrin (e) a sowninFigure 9-5. Fleurl-tidcts htteshear crackageises

influenced by the transverse reinforcement ratio compared to the horizontal strain. Therefore, the
shear crack angles can be approximated by a linear equation that is only dependent on the horizontal
strain. Compared to the results from the MCFT, Equation 9-3, developed for the simplified MCFT,
conservatively overestimates the shear crack angles on average.
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Figure 9-5: Evaluation of theta using the full and simplified MCFT (Bentz et al., 2006)

0 = 29 + 7000EX Equation 9-3

For simplicity, the angle of a flexural-shear crack can be assumed to be constant over the
height of a member based on the average horizontal strain that occurs near mid-depth of the
member. The average horizontal strain can be approximated by halving the net longitudinal strain
at the centroid of the longitudinal tension reinforcement as shown in Equation 9-4.

Ex = WS/2  Equation 9-4

However, the constant shear crack angle will change along the length of the member since
external forces cause a strain gradient to develop in the longitudinal tension reinforcement.
Evaluating Equation 9-3 and Equation 9-4 at the location of the peak moment will result in the
largest possible shear crack angle, which in turn reduces the shear capacity since the shear crack
crosses less transverse reinforcement. Therefore, the shear crack angle can be evaluated at the
location of the peak moment. Equation 9-5, an adaptation from AASHTO (2014), can be used in
lieu of computing the flexural strain distribution to determine the strain at the centroid of the tension
reinforcem-ent. Note that the shear term (V), at the location of M, goes to zero when the peak
moment in the span corresponds to the peak moment in the member.

|MI

ES = 0.9d M Equation 9-5
ESAS
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Knowing the average shear crack angle, the shear contribution of the transverse
reinforcement can be multiplied by cot(O) to determine the number of steel stirrups and CFRP
strips that cross the shear crack.

9.2.2.1 Evaluation of the Shear Crack Angle
The average shear crack angles from a number of specimens were measured using sketches

of the experimental crack patterns as shown in Figure 9-6. The shear crack angles were then
computed using Equation 9-3 and Equation 9-4 based on the estimated tensile longitudinal strains
from Equation 9-5 in the peak moment regions. A comparison between the experimental and

predicted shear crack angles is shown in Figure 9-7.
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Figure 9-6: Experimental shear crack angle for S-U- VN-HN
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Based on Figure 9-7, there is good agreement between the experimental and predicted shear
crack angles, thus validating the proposed method for calculating the shear crack angle. Notice that
all of the experimental and predicted angles were less than the assumed 45-degrees indicating that
the transverse reinforcement contributed more to the shear capacity than ACI 440.2R-08 would
have allowed. However, the shallow shear crack angles are a result of the high longitudinal
reinforcement ratios used in these specimens, which resulted in relatively low longitudinal strains
at the onset of the shear failure.

9.2.2.2 Effective CFRP Fracture Strain
The minimum and average CFRP strains in the CFRP strips across the critical shear crack

at the ultimate shear capacity of the member are shown in Figure 9-8. These CFRP strains were
measured using the high-resolution optical measurement system.

ACI Committee 440 (2008) intended for the effective CFRP strain to be a lower bound of
the average CFRP fracture strain. The effective CFRP fracture strain was also intended to prevent
excessive shear crack widths, which could result in the loss of aggregate interlock prior to fracturing
the CFRP strips. As a result, ACI Committee 440 (2008) recommended a maximum effective CFRP
fracture strain of 0.004-in./in.

However, the test data in Figure 9-8 shows that the CFRP anchors enabled the CFRP strips
to reach minimum CFRP strains near or in excess of the 0.004-in./in. limit imposed by ACI
Committee (2008). In fact, the lower bound effective strain of the CFRP at failure can be taken as
60-percent of the CFRP laminate fracture strain (i.e., 0.006-in./in. for the CFRP used in this
project). Note that in this project, the loss of aggregate interlock never preceded fracturing of the
CFRP strips.
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Figure 9-8: Minimun and average CFRP strains across the critical shear crack at failure

Notice that specimen 48-3-14-8 had an average CFRP fracture strain that was less than 60-
percent of the CFRP fracture strain. The reduction in the average CFRP fracture strain was caused
by the combined adverse effects of the double layer uni-directional layout and the 10-in. wide
CFRP strips. Past studies have indicated that strength gains are not linearly proportional to the
number of CFRP layers used. Moreover, wide CFRP strips have lower average CFRP fracture
strains due to a non-uniform strain distribution along the strip's width. To mitigate these problems,
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it is recommended to use single layer CFRP layouts with narrow CFRP strips, which helps provide
adequate load distribution and redundancy.

Being able to reach the recommended effective CFRP fracture strain limit assumes that the
concrete aggregate interlock is not lost prior to failing the transverse steel and CFRP reinforcement.
Through an investigation of vertical displacement compatibility in which critical shear crack widths
and maximum aggregate sizes were compared relative to CFRP strains, it was determined that using
a 3/4-in. or greater maximum aggregate size will likely prevent the premature loss of aggregate
interlock. Thus, the CFRP can satisfactorily achieve an effective CFRP fracture strain of 0.006
in./in.

9.3 SHEAR DESIGN EQUATIONS

The proposed shear design equations are intended to be used for strengthening members
that have span-to-depth (av/d) ratios greater than 2.0 (i.e., sectional shear behavior). In members
with span-to-depth ratios less than 2.0, the use of either uni- or bi-directional CFRP layouts was
found to be ineffective in improving the shear capacity.

9.3.1 Strength Reduction Factors

Shear design guidelines are expected to have an adequate margin of reliability such that
the expected shear capacity will be greater than the design, or factored, shear capacity. To achieve
this level of reliability, a strength reduction factor of 0.75 is proposed and is consistent with ACI
440.2R-08.

Moreover, ACI 440.2R-08 utilizes an additional strength reduction factor (wf) applied
directly to the CFRP shear contribution to account for the relative reliability of each type of CFRP
system. For instance, fully wrapped systems have a reduction factor of 0.95 whereas unanchored
U-wrap and two-sided external applications have a reduction factor of 0.85. Based on the test data,
the reliability and efficiency of fully wrapped and anchored CFRP systems were shown to be
similar regardless whether the members were uncracked or pre-cracked. Consequently, the use of
the ACI 440.2R-08 CFRP reduction factor was not considered since all of the tests had anchored
or fully wrapped systems.

9.3.2 Proposed Shear Strengthening Design Guidelines

The proposed shear strengthening design guidelines are shown in Table 9.1 while the
definition of the variables are shown in Table 9.2.
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Table 9-1: Proposed shear strengthening design equations

Factored Shear Strength for Members with Span-to-Depth Ratios (a/d);> 2.0:

0l7 = 0.75(Ve + Vs + Vf1 ) Equation 9-6

Determination of the Critical Shear Crack Angle:

IM I

_ - V@M) Equation 9-7

or use the Equation 9-o = 29 + 3500Es Equation 9-8 observed inclined for 290 < 0 <500 9
crack angle

Concrete Contribution to Shear Capacity:

= 1.2 5f'b d )+ 0.9 +-V
1 ( ) ((M/Vd)2 + 2 [Detailed] Equation 9-10

+ Vf)cos(O)

or

V = 2 f' bwd [Simple] Equation 9-11

Limit of Concrete Contribution:

2 b d Vc 5 f'b,d Equation 9-12

Steel Contribution to Shear Capacity:

Avs fytd(sin as + cos as)
VS = cot( ) Equation 9-13

S

= A"Sfytd cot(e) for as=90 Equation 9-14
s

CFRP Contribution to Shear Capacity:
A, fv(sin a + cos a f)

Vf = cot(O) Equation 9-15
Sf

= cot(O) for a=900  Equation 9-16
S/

where A,/ = 2nt/w/ and f/e = 0.6EuE/ f

0.006Ef for a >%/in.

Upper Limit of Steel and CFRP Contributions:

[V + Vf] 8 b bd Equation 9-17

Note: For the materials used in the test program, the lower bound average CFRP strain at fracture was 0.006-
in./in. For CFRP materials with a significantly different fracture strain (0.01-in./in.) or elastic modulus
(13,900-ksi), the lower bound average strains should be verified.
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Table 9-2: Variable notation

a= maximum aggregate size, in.
As= area of the longitudinal tension reinforcement, in. 2

a= shear span measured from the edge to edge of the loading and reaction plates, in.
Avf= area of vertical CFRP transverse reinforcement within spacing sf, in.?
A1S= area of steel transverse reinforcement within spacing s, in.
ba= web width, in.
d= distance from the extreme compression fiber to the centroid of the longitudinal tension
reinforcement, in.
df = distance from the centroid of the anchor hole of vertical strips to the centroid of
longitudinal tension reinforcement, or equal to d for fully wrapped systems, in.
E= tensile modulus of elasticity of CFRP based on ACI 440.2R-08 guidelines, psi
ES= tensile modulus of elasticity of longitudinal steel reinforcement, psi

ffe= effective stress in CFRP at failure, psi
f'= specified 28-day compressive strength of the concrete, psi
fyt= specified yield strength of the transverse reinforcement, psi
M= peak factored design moment in the shear span being considered, lb.-in
n= number of CFRP plies
s= center-to-center spacing of the steel transverse reinforcement, in.
sf= center-to-center spacing of the CFRP transverse reinforcement, in.
tr single ply laminate thickness of the CFRP reinforcement, in.
V= peak factored design shear force in the shear span being considered, lb.
V,= concrete shear contribution, lb.
Vr- CFRP shear contribution, lb.
V.= nominal shear strength, lb.
VS= steel shear contribution, lb.
V@M= factored design shear force where M is evaluated, lb.
wf= width of the CFRP reinforcing plies, in.
ao= angle of the CFRP transverse reinforcement relative to the longitudinal axis, deg.
as= angle of the steel transverse reinforcement relative to the longitudinal axis, deg.
Es= net longitudinal strain at the centroid of longitudinal tension reinforcement, in./in.
cu= CFRP fracture strain based on ACI 440.2R-08 guidelines, in./in.
0= shear strength reduction factor, 0.75
0= angle between the inclined critical crack and the tension chord of the member, deg.
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The inclined shear crack angle (0) can be calculated from the tensile strain at the centroid
of the longitudinal reinforcement based on Equation 9-7 and Equation 9-8 in the peak moment
region of the shear span or it can be taken as an observed shear crack angle. The inclined shear
crack angle is limited based on AASHTO (2014) recommendations so that excessively small or
large tensile strains will not produce unrealistic shear crack angles (Equation 9-9).

The concrete shear contribution (Vc) can be determined using the simple (Equation 9-11)
or detailed (Equation 9-10) equation. However, the concrete shear contribution should be limited
to prevent the concrete from crushing as indicated by Equation 9-12.

In typical designs, the steel stirrups and CFRP fibers will be oriented perpendicular (a=90-
deg.) relative to the longitudinal axis of the member (Figure 9-9). Hence, the equations for the shear
contributions of the steel stirrups and CFRP
and Equa-ion 9-16).

hd_LJII fv
Lb

can be simplified by using a=90-deg. (Equation 9-14

S~ Wf

Figure 9-9: CFRP variables used for shear strength calculations (ACI Committee 440, 2008)

Figure 9-9 illustrates the variables used to calculate the CFRP shear contribution. Note that
the effective depth of the CFRP strip (d,) is defined as the distance from the centroid of the anchor
hole to the centroid of the longitudinal tension reinforcement for anchored systems, whereas the
effective CFRP depth (do,) is equal to the effective depth of the section (d) for fully wrapped
systems.

The proposed shear design equations shown in Table 9-1 are not currently intended to
account for the shear contribution provided by reinforcement that lies in the horizontal direction,
parallel to the longitudinal reinforcement, due to insufficient experimental data. However,
specimens with bi-directional CFRP layouts consistently reached higher loads at first diagonal
cracking, smaller crack widths, and smaller member deformations at failure. Detailing requirements
for bi-directional layouts are given in section 9.5.2 for cases where shear crack widths or member
deformations need to be reduced.

Finally, the steel stirrup and CFRP reinforcement should be proportioned so that the
combined shear stress is less than eight times the square root of the concrete compressive strength
(in psi units). This requirement was also established to prevent the concrete from crushing before
the steel yields and the CFRP fractures (Equation 9-17). Several tests in the program with large
amounts of CFRP exhibited concrete crushing before any CFRP strips fractured.

9.4 EVALUATION OF THE DESIGN EQUATIONS

In this section, the proposed design equations are evaluated to provide a comparison
between the simple and detailed concrete contribution equations. The detailed concrete contribution
equation is then used to compare the experimental and predicted shear capacities. As a point of
reference, an experimental-to-predicted ratio above 1.0 is desired.
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9.4.1 Concrete Contribution Comparison

The concrete contribution can be predicted using either the simple (Equation 9-11) or
detailed (Equation 9-10) equation. Recall that the total concrete contribution relation, shown in
Equation 9-10, accounts for the concrete and transverse reinforcement interactions. Figure 9-10
shows the magnitude of the concrete contribution components based on the detailed equation, as
well as the magnitude of the concrete contribution based on the simple equation.

300
- Vc, Detailed Transverse Reinforcement Interaction

250 U Vc, Detailed Concrete Interaction
E Vc, Simple

* 200
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Figure 9-10: Comparison of the detailed and simple concrete contributions

While the simple concrete contribution equation can be evaluated more quickly, it can
significantly underestimate the concrete contribution. An underestimation of the concrete
contribution generally results in an underestimation of the nominal shear capacity. Consequently,
for CFRP shear strengthening applications, more CFRP material would be required to bridge the
gap between the shear demand and the shear capacity. Comparatively, the detailed equation
provides predicted concrete contributions that are on average approximately equal to the
experimentally measured concrete contributions.

9.4.2 Shear Capacity

The predicted shear capacity for each specimen was determined using the inclined shear
crack angles from Figure 9-7, the detailed concrete contribution (Equation 9-10), the steel stirrup
contribution (Equation 9-13), and the CFRP contribution (Equation 9-15). The experimentally
measured shear capacities were then normalized relative to the predicted shear capacities as shown
in Figure 9-11.
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Figure 9-11: Comparison of the experimental-'o-predicted shear capacity

The average ratio of the experimental-to-predicted nominal shear capacity was 1 .05 with a
standard deviation of 0.14. The nominal shear capacity ratios in Figure 9-11 indicate that
unconservative shear capacities were predicted for a number of specimens, which is consistent with
targeting the mean of the experimental values. However, once the strength reduction factor of 0.75
was applied, all of the predicted shear capacities were found to be less than the experimental shear
capacities with the exception of specimen 48-3-14-1 (a control specimen), which had an
experimer tal-to-predicted ratio of 0.98.

Using the detailed concrete contribution equation results in predicted shear capacities that
are approximately equal to the experimentally measured shear capacities. Consequently, use of the
detailed concrete contribution equation is recommended to help reduce the required amount of
CFRP material. A comprehensive design example using both concrete contribution equations is
presented in Appendix A. The design example illustrates the large amounts of CFRP material that
are required when the simple concrete contribution equation is used.

9.5 DETAILING REQUIREMENTS FOR CFRP LAYOUTS

Properly detailing a CFRP layout is required to achieve the expected shear strength gains
and shear crack width reductions. Figure 9-12 shows proper vertical CFRP spacing, horizontal-to-
vertical CFRP reinforcement proportions, strip orientations, and anchor requirements.
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Figure 9-12: Detailing for a bi-directional CFRP layout

While the horizontally app ied CFRP strips were not found to influence the CFRP shear
contribution, they did provide higher loads at first diagonal cracking, smaller crack widths, and
smaller member deformations at failure. Therefore, detailing requirements for bi-directional
layouts are provided for cases where shear crack widths or member deformations need to be
reduced.

9.5.1 Spacing Requirements

The center-to-center spacing of the vertical CFRP strips (Sf) should not exceed d/4 in the
critical shear span. Exceeding this requirement caused steep shear cracks to form between the CFRP
strips in some tests, thus reducing the shear capacity of the member. The majority of the members
in the experimental program had a clear distance between the vertical strips equal to the width of
the CFRP strip (wf).

The clear distance between the nearest horizontal CFRP strip and the top or bottom of the
web should not be less than d/4. In doing so, the horizontal strips will be placed in the middle
portion of the web. By placing the strips in the middle portion of the web depth, the strips should
control the shear crack widths without significantly increasing the flexural capacity of the member.

9.5.2 Use of Bi-directional CFRP Layouts

When crack control or reduced member deformations are desired, horizontal CFRP strips
may be added. In those cases, the area of CFRP in the horizontal direction (Ahf) should be greater
than or equal to half the vertical CFRP area (Avf) that crosses the critical shear crack (Equation 9-
18). In a typical design, the vertical CFRP strips would be designed for the required shear
resistance. The horizontal strips would then be designed to reduce shear crack widths. Since the
right hand portion of Equation 9-18 is known, the designer would only need to decide on the
horizontal strip width (typically equal to the vertical width, wf) to be able to calculate the number
of horizontal strips required on eac' face of the web (Nh).
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1A~vf df~NhAhf -2 cot(8) Equation 9-18

9.5.3 Strip Orientation

The proposed design equations imply that the shear contribution of the CFRP can be
optimized if the strips are oriented perpendicular to the shear crack. However, shear crack angles
change along the height of a web making the optimization not as ideal as expected. In some cases,
the CFRP shear contribution can be overestimated. Therefore, it is recommended that the CFRP
strips remain perpendicular and parallel to the longitudinal axis of the member. Such orientations
also simplify installation of the strips. Moreover, note that the panel tests (Chapter 2) showed that
bi-directicnal layouts were effective at controlling the shear crack widths regardless of the shear
crack angle.

9.5.4 Anchor Requirements

CFRP anchors on the vertical strips should be placed as high on the web as possible while
remaining below the longitudinal reinforcement (i.e., maximizing dt\). The anchors should be
drilled through the concrete clear cover and into the core of the member to prevent the possibility
of pullout failures.

Intermediate anchors in the horizontal strips should be spaced not greater than d away from
each other to minimize shear crack widths.

While the performance of the CFRP anchors were not shown to be affected by cracks, it is
prudent tc avoid placing anchors in regions of members being strengthened where significant
cracks indicative of shear distress are already present. In such cases, it may be possible to relocate
the strip to avoid anchor placement in the cracks. Moreover, CFRP anchor fans on the horizontal
and vertical strips should not overlap (Figure 9-12) nor should the horizontal CFRP strips be
anchored in high moment regions in order to avoid the development of detrimental stress
concentrations.
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Chapter 10. Quality Control of FRP Design, Installation, and Materials

10.1 OVERVIEW

Externally applied fiber reinforced polymers (FRP) are highly effective in retrofit and
repair of concrete structures. However, FRP materials are extremely sensitive to the quality of their
installation owing to their brittle nature. Errors or imperfections in installation can lead to stress
concentrations and premature fracture of FRP materials. In addition, inadequate anchorage of FRP
materials to concrete members will certainly curtail their strength. It is therefore essential to achieve
proper anchorage and installation of FRP materials to realize the strength and serviceability benefits
evaluated in their design. In this chapter, a simple test procedure is outlined for qualifying the
installation and effectiveness of FRP strengthening systems anchored using FRP anchors. The
procedure involves strengthening small-scale concrete beams and testing them in a three-point
loading rig as is commonly done in modulus of rupture tests.

Since FRP materials have been introduced relatively recently, their properties are rapidly
evolving. There is also no consensus as to how properties for these materials should be reported.
The quality control test outlined in this chapter provides an efficient and simple means by which to
qualify FRP materials for strengthening or repair applications, or to derive the FRP material
properties needed in design.

10.2 TEST SPECIMEN AND PROCEDURE

The test procedure involves constructing small-scale concrete beam specimens,
strengthening them using an anchored FRP system, and loading them to failure under a three-point
load setup. Details of a strengthened test specimen are provided in Figure 10-1, Figure 10-2, and
Figure 10-3, while Figure 10-4 illustrates the three-point loading scheme. The beam does not
contain any steel reinforcement but is reinforced on the sides using U-wrapped FRP strips having
the same properties as the tension strip being tested.

Parallel CFRP Patch

Perpendicular CFRP Patch

CFRP Anchor
-C CFRP Strip

Figure 10-1: Isometric view of specinen
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The adjacent-to-strip anchor detail is recommended for use in the quantity control tests
(section 6.2.3.3). This anchor detail is easier to install than the through-strip anchor detail where
anchors need to be inserted though the strips they develop (section 6.2.3.3). This anchor hole
diameter should be sized according to the design recommendation in section 8.2.3.1.

10.2.1 Test Boundaries

The beam design can only test FRP strips having a tensile strength not exceeding 15 kips.
Higher strip strengths will increase the likelihood of a beam concrete failure. A 15 kip strip strength
translates to a maximum applied load on the beam of 16.3 kips.

It is recommended to use a tension strip width of 4 in. In cases where other widths are
needed, such as to test thicker stronger materials, strip width should not be taken smaller than 3 in.
nor larger than 5 in.

The strength per unit width of the strip (related to strip thickness) should also be limited to
avoid delamination failures between the anchors and the strip they develop. The anchor fan and
patch dimensions shown in Figure 10-3 correspond to a bond stress capacity between the strip and
anchors of 500 psi. Section 8.2.2.1 of this document provides a detailed explanation on how to
evaluate the bond forces between anchors and strips. If higher bond forces need to be transferred,
the anchor fan and patch lengths should be increased based on guidelines of Section 8.2.2.1.

10.2.2 Concrete Specimen Details

The concrete specimen consists of a modified ASTM C293 beam that is typically used for
modulus of rupture tests. The prismatic beam is (6-in. x 6-in. x 24-in.) and modified from the
standard modulus of rupture beams by introducing a notch at mid-span and rounding the side edges
(Figure 10-2). This beam geometry was chosen for several reasons: 1) the beam is small enough to
be maneuvered by two people without the use of lifting equipment; 2) the beam is large enough to
allow testing of a practical range of FRP systems and materials; and 3) the beam has readily
available forms and test setups as it is widely used for standard modulus of rupture tests. The notch
at mid-span and edge rounding could either be performed on the specimen after casting or by adding
inserts into the standard modulus of rupture beam forms (Figure 10-5). The test beam is not required
to have steel reinforcement.

Concrete compressive strength was not found to have a major impact on the ultimate
strength of the CFRP strengthening system developed in this study. Higher concrete strength did
however reduce the likelihood of the test specimen having a concrete failure mode. It is therefore
recommended that a concrete compressive strength not lower than 5 ksi be used for the test
specimen. The concrete strength should be the same for tests in the same series.
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Figure 10-5: Formwork nodifications

10.2.3 Concrete Specimen Preparation

Once the concrete is cast and cured, the surfaces of the beam that will receive CFRP strips
must be ground to remove laitance and ensure adequate bond between the CFRP and concrete
substrate. The anchor holes should then be drilled and the hole-edge chamfer radius rounded to the
correct dimensions (Figure 10-2). If form inserts were not used, a I in. saw cut should be made at
mid-span of the tension surface (Figure 10-2) and the side edges of the beam should be rounded
through grinding to the dimensions shown in Figure 10-2. After all concrete work is complete, the
entire beam should be cleaned from all dust and dirt, including the inside of the anchor holes.

10.2.4 FRP Installation

A detailed description of the FRP installation procedure can be found in Section 6.2.2 of
this document. The following is a brief summary of that procedure. Epoxy should be mixed
according to the manufacturer's instructions. The FRP strips, the surfaces of the beam where the
strips will be placed, and the anchor holes should be saturated with epoxy. The FRP strips should
then be placed on the concrete surfaces and using putty knives smoothed out to remove excess
epoxy and any air bubbles under the strips. Next, the FRP anchors should be saturated, placed in
the anchor holes, and fanned over the tension strip while making sure the anchors stay fully
embedded in the holes. Once again, putty knives can be used to remove air bubbles and excess
epoxy. The anchor FRP patches can then be saturated and placed one at a time over the anchor in
the location shown in Figure 10-3. The fibers of the first patch should be perpendicular and those
of the second patch parallel to the fibers of the main FRP strip. After the first patch is placed and
air bubbles removed, its top surface should be saturated before applying the second and final patch
over it. It is recommended that patches be placed 1.5-in. behind the center of the anchor hole due
to limited space on the face of the beam and need for reaction plates. This is different from the 2-
in. spacing recommended in section 8.2.4. It is essential to ensure that the strips, patches, and
anchors are taut and in full contact with the concrete surfaces or underlying FRP. This process
should be completed within the epoxy working time, which is provided by the manufacturer as a
function of ambient temperature.
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10.2.5 Testing

The concrete should be allowed to reach the desired strength and the FRP laminates should
be fully cured according to manufacturer specifications before load testing can be performed.

10.2.5.1 Test Setup
The test setup involves applying a point load at mid-span of the strengthened beam

specimen and providing two reaction points at locations shown in Figure 10-4. Several test setups
can be used to achieve the desired loading. A self-reacting system comprised of a steel beam,
threaded rods, a loading ram, a load cell, and a spherical head can be used (Figure 10-6). In this
test setup, rollers and pins are not required at the reaction points since the longitudinal expansion
and rotation of the beam during testing are accommodated by the laterally flexible threaded rods.
Alternatively, a uniaxial testing machine can be used with rollers and pins as shown in Figure 10-
7. If using a fixed reaction base, a roller must be present at least at one reaction to avoid introducing
axial stresses in the beam. Pins should also be present at both reaction points to allow free beam
rotation. Standard modulus of rupture test setups can also be used provided they have sufficient
capacity to fail the strengthened beams (Figure 10-8). In all cases, it is essential to adequately center
the loading point in the longitudinal and transverse directions to avoid skewing beam moments or
introducing torsion in the specimen. Care should also be exercised in placing the reaction points.

ulic cylinder

= -oad cell

-Spher-ca1 he 1
Reaction beamr;

Specimen r

d ng direct e

Figure 10-6: Sel f-reacting test setup
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10.2.5.2 Loading Protocol and Rate

The point load should be applied at a moderate rate of about 1 kip per 10 seconds. The

loading should be increased monotonically up to failure.
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10.2.5.3 Instrumentation
A load cell should be placed under the applied load to monitor the load through the test.

Load cell readings are needed to calculate the stress in the tension FRP strip at failure. A procedure
for calculating strip stresses from load data is provided in Section 6.2.4.2.1 of this document.

Depending on the application and data needed, FRP strain gauges can be applied at mid-
span of the tension strip to monitor strains. A minimum of two gauges should be used. Strain
readings could then be used in conjunction with stress measures to estimate the laminate material
modulus of elasticity. Kim, 2014, describes in more detail how this can be done.

10.3 INTERPRETATION OF RESULTS

Tests can be interpreted through two performance measures: failure modes and stresses in
the tension strip at failure. Four main failure modes can be expected:

1) Concrete failure: while the beam design was developed to preclude failures in the
concrete, such failures may still occur and tests failing in the concrete should be
discarded.

2) Delamination between anchors and strips: if the bond stress at failure between the
anchors and the strips was lower than the manufacturer specified bond capacity, the
epoxy used in the installation can be assumed to be deficient. If at delamination, the
bond stress was higher than the bond capacity and the strip stress was less than the
specified fracture stress, then the anchor and patch overlap length on the strip may have
been miscalculated and should be re-evaluated.

3e Anchor rupture: anchor rupture can occur from: 1) inadequate anchor design with too
little FRP material; 2) inadequate hole preparation, typically due to an improper hole-
edge chamfer; and 3) installation error in which significant voids are introduced around
the anchors and patches.

4) Strip fracture: strip fracture is the target failure mode for a properly designed and
installed FRP system. The stress in the strip at fracture can be compared with the
manufacturer provided design value or used to determine the design value for a new
material based on recommendations in ACI 440.2R-8.

10.4 APPLICATIONS

10.4.1 Material and Design Qualification

10.4.1.1 Evaluating the Performance of New FRP Materials
When quantifying the material properties of FRP materials using the outlined test

procedure, the effective stress in the CFRP strip at fracture can be evaluated using load-cell data
and equilibrium as discussed in Section 6.2.4.2.1. If strain gauges are affixed on the FRP strip at
mid-span, the modulus of elasticity of the FRP laminate can be approximated by dividing the stress
by the gauge strain readings. ACI 440.2-R08 provides recommendations on the number of tests to
conduct and the procedure to derive design stress and strain capacities from material testing.

10.4.1.2 Evaluating the Performance of New Designs
The test procedure can also be used to explore alternate anchor and patch geometries,

different installation sequences, as well as mixing materials within the same system.

10.4.2 Pre-qualifying an Installer for Anchored FRP Systems

The test procedure can be used to pre-qualify installers of anchored FRP systems by
requiring them to complete a series of successful installations for the FRP system or systems under
consideration.
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10.4.3 Evaluating Field Material and Installation Quality

Field conditions are often different from the idealized conditions present in a
laboratory setting. The quality-control test procedure can be used to verify the quality of
field installation and materials. Several small beams could be made available on site and
strengthened using the same epoxy and FRP materials used in the project. These beams
could then be tested to ensure the materials were adequately prepared and installed. It is
advised in this scenario to prepare test specimens for every batch of epoxy used on the site.
This test is akin to concrete cylinder tests conducted for every batch of concrete used in a
project.
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Appendix A: Design Example using the Proposed Design
Guidelines

81

Transvers
#3@12

Longitudina
8-#1

fl.. . ,

.e4

e Reinforcement: 2
" O.C. (Gr. 60)

f'c=5 ksi

l Reinforcement:
1 (Gr. 60)

1'-2"1--I

Figure A-1: Cross-section of the T-beam example

Design Problem:
A simply supported T-beam with a 48-foot span length was originally designed to resist a

distributed load of 3.5-kips/foot. The load demand has subsequently increased to 7-kips/foot. While
the moment capacity is sufficient, the shear capacity is inadequate. Anchored uni- and bi-directional
CFRP layouts will be designed to strengthen the member in shear. Assume that the maximum
aggregate size is greater than or equal to %-in.

The required load demands are shown below:

M=2,016 k-ft. = 24,192 k-in. (i.e., peak moment)
V= 168 kip (i.e., peak shear)

V ia tom suppor-t= 149 kip (i.e., the critical section)

Solution 1: Layouts using the Detailed Concrete Contribution
The following solution illustrates the design and detailing of uni- and bi-directional CFRP

layouts using the proposed design guidelines with the detailed concrete contribution equation
(Equation 9-10).

Uni-directional Layout (Vertical Strips):
1. Determine the strain in the longitudinal reinforcement at the peak moment region (Es).

.9d + V@M)
s ESAS

124,192 0
((0.9)32.25 + 0)

= 0.0023 in./in.
29,000 (8 * 1.56)

2. Determine the shear crack angle (0).

0 = 29 + 3500ES = 29 + 3500(0.0023) = 370
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290 9 = 370 500

3. Determine the steel shear contribution (Vs).
A ,Sfytd 0.22(60)(32.25)

VS =02)cot(.) = 25cot(37) = 47.1 kip
s 12

4. Solve for the required CFRP contribution (Vfreq) using a closed form solution of the
design guidelines.

VU@d 1.25Jif bd 1 + 0.9 - V 1 + cos()j
0 sin(O) VM/vd2V2e]

freq = 1+cos(O)

Vfreq
1.2550(4(3.5

149 1000 15000(14)(32.25) 11 __cos(37)]

0.75 sin(37) 24,192 2 0.9 - 47.1 + 2J
(168)(32.25))

1+ cos(37)

Vfreq = 49.8 kips

5. Calculate the CFRP contribution (Vf)

CFRP properties:
Ep= 13,900 ksi
tf= 0.02 in.
so= 0.01 in./in.
Assume the df=h-h-1.5"=36"-8"-1.5"=26.5 in.
Assume the center-to-center spacing of the strips is 8 in. d/4
Try one layer (ply) of 4 in. wide vertical CFRP strips

A, f= 2ntfwf = 2(1)(0.02)(4) = 0.16 in.2

fje = 0.6EUE = 0.6(0.01)(13900) = 83.4 ksi 0.00 6 E

Aprfredfv 0.16(83.4)(26.5) cot(37) = 58.7 kip> Vreq
V1 = s ot9) 8 o(7 87kp>V~

6. Check the transverse reinforcement contribution limit.

(Vs + V7) = 47.1 + 58.7 = 105.8 kip 8 f'Cbwd = 255.4 kip

7. Determine the concrete contribution (Vc).
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V = 1.25 f'bwd ) M ( /d2 +0.9 +1 (VS +Vf)cos()

5 5000(14)(32.25) 1
V = ,0 + 0.9

c 0 sin(37) K 24,192 2
((168)(32.25) )

1
+ -(47.1 + 58.7)cos(37)

V = 105.3 kip

2 f'cbwd = 63.9 kip V = 105.3 kip 5 f'bwd = 159.6 kip

8. Check that the shear capacity is greater than the shear demand.

OV = 0.75(Vc + Vs + Vf) = 0.75(105.3 + 47.1 + 58.7) = 158.3 kip > Vugd
= 149 kip

Utilize 4 in. wide vertical CFRP strips spaced 8 in. on center starting within d/2 from the
support and extending beyond 10-feet from the support where the existing shear capacity is
sufficient.

4F t 4F 6l 4 4|M 41 F 4FdlM

13 - -8, 4

10'-
Figure A-2: Designed uni-directional layout using the detailed concrete contribution

Bi-directional Layout (Vertical and Horizontal Strips):
A bi-directional layout can be utilized to maximize the cracking shear load and/or minimize

shear crack widths.

. Deterin e required area of CFRP in the horizontal direction (Af).

1 AVfdfV 1 0.16(26.5)
NhAhf > cot(O) = cot(37) = 0.35 in.2

2 sf 2 8

Try using two horizontal CFRP strips within an area that is greater than d/4 away from
the edge of the web region.
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Ah r > 0.175 in.2

Ahf,provided = 2 ntfwf = 2(1)(0.02)(5) = 0.2 in.2

Use two 5 in. wide horizontal CFRP strips spaced at 7 in. on center

2 Determine the spacing of intermediate anchors (db).

dfh = 32 in. d = 32.25 in.

Utilize two 5 in. wide horizontal CFRP strips spaced 7 in. on center with three intermediate
anchors every 32 inches on each side of the web. The horizontal CFRP strips are placed d/4 away
from the edge of the web region.

8" d IiI dI dii aa O i~a i~11'~ ~ ~

8"1

- -___________

'. __ _ _ _ _-

32"--

Figure A-3: Designed bi-directional layout using the detailed concrete contribution

Anchor Design:
The design and detailing recommendations for CFRP anchors can be found in Chapter 8.

As mentioned in Chapter 8, the anchor design guidelines assume the strip and anchor materials are
the same and have the same properties. Moreover, the guidelines are only applicable to carbon fiber
anchors.

. Determine tributary widths of the CFRP anchor in the vertical and horizontal directions

(wfa).

wf,WfA -nW
A

Vertical: Use a single anchor per strip

- w 4 -win.
WfA fna 1

Horizontal: Use a single anchor per strip

Wf,A Wf 5- 5 in.
nA 1
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Specify a single anchor design based on the largest tributary width (i.e., horizontal
strips).

2. Determine the required weight of anchor fibers per unit length (yAreq).

AMRD= 2.0 (or greater is recommended)

Ys,sp = 0.00717 (fiber specific)

znoz

YS,EXP = 1.25(y5,sg) = 0.00897 iZ
in.

YA-req = AMRD(wj A)n)(ys,EXP) = 2.0(5)(1)(0.00897) = 0.0897 -
in.

3. Select a CFRP anchor based on the anchor's fiber weight per unit length (A).

YA fYA-req

Utilize a CFRP anchor that has at least 0.09 OZ of fibers per inch of length.

SayyA = 0.125
t.

Note that the intermediate anchors on the horizontal strips need to be twice as larger as
the anchors on the boundary of the CFRP layout since the anchors need to be splayed
in opposing directions over the strip.

4. Determine the actual anchor material ratio (AMRA).

y(4 0.125
AMRA = 2.8>2.0

(wJA)(n)(ys,ExP) (5)(1)(0.00897)= 2

5. Determined the equivalent cross-sectional area of the CFRP anchor (AEQV).

AEQV = AMRA(wfA)(n)(f) = 2.8(5)(1)(0.02) = 0.28 in.2

6. Determine the overlap length of the CFRP anchor fan (LFanchor).

o-b = 500 psi = 0.5 ksi
a nchor = 60 deg.

T = (w)(n)(t)(fusXp) = 5(1)(0.02)(143) = 14.3 kip

T 14.3
LFanchor-min - -=___=5 143- 5.7 in.

Wfc-b 5(0.5)
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2+ 
0.5

LFanchor = 2 > LFanchor-min
tan( anchor)

+ 0.5 - +0.5
LFanchor - 2 _ 2 0= 5.2 in.

tan(eanchor) tan(-y)

Say LFanchor = 6 in. LFanchor-min

Utilize a 6 in. CFRP anchor embedment depth. Thus, a 12 in. long CFRP anchor is

required.

7. Determine anchor hole diameter (dhole) and hole edge chamfer radius (Re).

d4(1.4)(AEQV)
hole -

1.4dhole
R1 = 4 0.5 in.

C 2 -

Recall that the intermediate anchors require twice the anchor size as the boundary
anchors.

Vertical and Horizontal Boundary Anchors:

dhie = 4 (. 4)(AEQV) 4(14)0 = 0.7 in.say 0.75in.

1. 4 dhole 1.4(0.75)
R=2 =0.53 in. say 0.5 in. 0.5 in.

2 2

Horizontal Intermediate Anchors:

_4(1.4)(A 5 Qv) -/4(1.4)(0.56)
dole = 1.0 in.

Rc = l.4 dhole 1.4(1.0)=0.7 in. say 0.75 in. 0.5 in.
2 2

8. Summary of CFRP anchor detailing.

Vertical Boundary Anchor:
oZ

yA = 0.125-
in.

12 in. long CFRP anchor that has a 6 in. embedment depth

dhole = 0.75 in.
Rc = 0.5 in.
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Patch Size: 4 in. by 5 in.

AII 2"

5"

6"

Figure A-4: Vertical boundary anchor

Horizontal Boundary Anchor:
oZ

yA = 0.125 -
in.

12 in. long CFRP anchor that has a 6 in. embedment depth

dhoie = 0.75 in.
RC = 0.5 in.
Patch Size: 5 in. by 5 in.

6" - 2"1-

5 -

5',
Figure A-5: Horizontal boundary anchor

Horizontal Intermediate Anchors:
oZ

yA = 0.25 -
in.

12 in. long CFRP anchor that has a 6 in. embedment depth

dhoie = 1.0 in.
RC = 0.75 in.
Patch Size: 5 in. by 8 in.
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6" - 6 "

8"
Figure A-6: Horizontal intermediate anchor

Solution 2: Layouts using the Simple Concrete Contribution
The following solution illustrates the design and detailing of uni- and bi-directional CFRP

layouts using the proposed design guidelines with the simple concrete contribution equation
(Equation 9-11).

Uni-directional Layout (Vertical Strips):
1. Determine the strain in the longitudinal reinforcement at the peak moment region (s).

|M I 124,1921 0
0.9d + V@M) ((0.9)32.25 +0)

ESAS 29,000 (8 * 1.56)

2. Determine the shear crack angle (0).

8 = 29 + 3500ES = 29 + 3500(0.0023) = 370
290 < 0 = 370 500

3. Determine the steel shear contribution (Vs).

VS = Afdcot(8) =0.22(60) (32.25) cot(37) = 47.1 kip
s 12

4. Determine the concrete contribution (Vc).

2
V = 2 f'bd = 5000(14)(32.25) = 63.9 kip

1000

5. Solve for the required CFRP contribution (Vf~req)

Vugd 149
Vfreq 0 V -VS 0.75 - 63.9 - 47.1 = 87.7 kip

6. Calculate the CFRP contribution (Vf)

CFRP properties:
Ef= 13,900 ksi
tr= 0.02 in.
sE= 0.01 in./in.
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Assume the d-,=h-hr-1.5"=36"-8"-1.5"=26.5 in.
Assume the center-to-center spacing of the strips is 8 in. < d/4
Try one layers (ply) of 6 in. wide vertical CFRP strips

Af = 2ntfwf = 2(1)(0.02)(6) = 0.24 in.2

ffe = 0.6EuEj = 0.6(0.01)(13900) = 83.4 ksi < 0.006Ef

Av fffedfv 0.24(83.4)(26.5)
Vf = s 0ot(2) = 8 cot(37) = 88 kip > Vfreq

Sf8

7. Check the transverse reinforcement contribution limit.

(VS + Vf) = 47.1 + 88 = 135.1 kip < 8 f'bwd = 255.4 kip

8. Check that the shear capacity is greater than the shear demand.

OV,0 = 0.75(V + V + Vf) = 0.75(63.9 + 47.1 + 88) = 149.3 kip > Vu@d
= 149 kip

Utilize 6 in. wide vertical CFRP
support and extending beyond 10-feet
sufficient.

strips spaced 8 in. on center starting within d/2 from the
from the support where the existing shear capacity is

'411
4 4

44

44

44

a71

in

10'

p 4
A c

c 4

H 1111111 1112111111

~F~hII A
II hIIIIIIIg

~--6"

Figure A-7: Designeduni-directional layout using the simple concrete contribution

Bi-directional Layout (Vertical and Horizontal Strips):
A bi-directional layout can be utilized to maximize the cracking shear load and/or minimize

shear crack widths.

1. Determine the required area of CFRP in the horizontal direction (Ahf).

1 Afd f 1 0.24(26.5)
NhAhf ? > - cot() = cot(37) = 0.53 in.2

2 fg
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Try using two double layer horizontal CFRP strips within an area that is greater than
d/4 away from the edge of the web region.

Ahr > 0.265 in.2

Ahf,provided = 2 ntfWf = 2(2)(0.02)(4) = 0.32 in.2

Use two double layer 4 in. wide horizontal CFRP strips spaced at 7 in. on center

2. Detennine the spacing of intermediate anchors (dth).

dfh = 32 in.; d = 32.25 in.

Utilize two double layer 4 in. wide horizontal CFRP strips spaced 7 in. on center with three
intermediate anchors every 32 inches on each side of the web. The horizontal CFRP strips are
placed d/4 away from the edge of the web region.

7"

811[

_ -4

S -Wa

II_ I I du 1 li i l

! lujm1 luu :T
A

32" -
Figure A-8: Designed bi-directional layout using the simple concrete contribution

Anchor Design:
The design and detailing recommendations for CFRP anchors can be found in Chapter 8.

As mentioned in Chapter 8, the anchor design guidelines assume the strip and anchor materials are
the same and have the same properties. Moreover, the guidelines are only applicable to carbon fiber
anchors.

Determine tributary widths of the CFRP anchor in the vertical and horizontal directions

(wfa).

W, Wf
WfA 

-A

Vertical: Use a single anchor per strip

Wf,A - 6=6in.
nA 1

Horizontal: Use a single anchor per strip
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wf - 4
wfA -- =4 -in.

Th4 1

Two anchor designs are required since the vertical strip use one ply while the horizontal
strips use two plies of CFRP strips.

2. Determine the required weight of anchor fibers per unit length (YA-req)-

AMRD= 2.0 (or greater is recommended)

Ys,sp = 0.00717 2 (Fiber Specific)

Ys,EXP = 1.25(ysp) = 0.00897 0
in.z

Vertical:

oz
YA-req = AMRD(wA) (n)(yssxvP) = 2.0(6)(1)(0.00897) = 0.11 r

in.

Horizontal:

YA-req = AMRD(wf,A) (n)(Ys,EXP) = 2.0(4)(2)(0.00897) = 0.144 --

in.

3. Select a CFRP anchor based on the anchor's fiber weight per unit length (AA).

YA YA-req

Vertical:

Utilize a CFRP anchor that has at least 0.11 OZ of fibers per inch of length.

SayyA = 0.125
in.

Horizontal:

Utilize a CFRP anchor that has at least 0.144 OZ of fibers per inch of length.

SayyA = 0.15

Note that the intermediate anchors on the horizontal strips need to be twice as larger as
the anchors on the boundary of the CFRP layout since the anchors need to be splayed
in opposing directions over the strip.

4. Determine the actual anchor material ratio (AMRA).

AMRA = YA> 2.0
(wfA)(n)(Y,EXP)
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Vertical:

y_ 0.125
AMRAYA=2.3 2.0

AR (wfA)(n)(ys,EXP) (6)(1)(0.00897)

Horizontal:

ya 0.15AMRA =2.1>2.0
(wfA)(n)Qys,EXP) (4)(2)(0.00897)

5. Determined the equivalent cross-sectional area of the CFRP anchor (AEQV).

AEQV = AMRA(wf,A)(n)(tf)

Vertical:

AEQV = AMRA(wf,A)(n)(tf) = 2.3(6)(1)(0.02) = 0.28 in.2

Horizontal:

AEQV = AMRA(wfA)(n)(tf) = 2.1(4)(2)(0.02) = 0.34 in.2

6. Determine the overlap length of the CFRP anchor fan (LFanchor).

b= 500psi = 0.5 ksi
a nchor = 60 deg.

Tf = (wf)(n)(tf)(fu,EXP)

Wf
L Fanchor-min 

=w a

2 + 0.5
LFanchor = aa LFanchor-min

tan( anchor)

Vertical:

Tf = (wf)(n)(t9)(fu,EXp) = 6(1)(0.02)(143) = 17.2 kip

T 17.2
LFanchor-min = T 76(0.5 5.7 in.

wf 6
- +0.5 -+ 0.5

LFanchor =_ = 6.1 in.

tan( anchor) tan(-y)

Say LFanchor = 6 in. LFanchor-min
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Utilize a 6 in. CFRP anchor embedment depth. Thus, a 12 in. long CFRP anchor is
required

Horizontal:

T = (w)(n)(tf)(fu,ExP) = 4(2)(0.02)(143) = 22.9 kip

T 22.9
LFanchor-min = f =_-22.9 = 11.5 in.

Wfob -4(0.5)

Wf
- + 0.5 - + 0.5

LFanchor = 2_ 2 = 4.3 in.
tan( an2o

tanca7or) tan(-y-)

Say LFanchor = 12 in. LFanchor-min

Utilize a 6 in. CFRP anchor embedment depth. Thus, an 18 in. long CFRP anchor is
required.

7. Determine anchor hole diameter (dhole) and hole edge chamfer radius (Re).

d4(1.4) (AEQV)
hole -I

1.4d hoie
R = o 0.5 in.

2

Recall that the intermediate anchors require twice the anchor size as the boundary
anchors.

Vertical Boundary Anchors:

14 (. 4 )(A EQV) _ 1.4)(0.28)
dole - - = 0.7 in. say 0.75 in.

1.4dhoie 1.4(0.75)
R = d =ol 1 7 = 0.53 in. say 0.5 in. 0.5 in.

2 - 2

Horizontal Boundary Anchors:

14 (. 4 )(AEQV) 4(1.4)(0.34)
dole - = = 0.78 in. say 0.875 in.

1. 4 dhole 1.4(0.875)
R- =0.6125 in. say 0.625 in. 0.5 in.

2 2
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Horizontal Intermediate Anchors:

F4(1.4)(A QV) F4(1.4)(.68)dole = = = 1.1 in. say 1.125in.

1.4dhole 1.4(1.125)
Rhe - 1 25 0.79 in.say 0.875 in. > 0.5 in.

2 2

8. Summary of CFRP anchor detailing.

Vertical Boundary Anchor:
oZ

yA = 0.125 -
in.

12 in. long CFRP anchor that has a 6 in. embedment depth

dole = 0.75 in.

RC = 0.5 in.
Patch Size: 6 in. by 5 in.

2"

5"1

6"1

Figure A-9: Vertical boundary anchor

Horizontal Boundary Anchor:
oZ

yA = 0.15 -
in.

18 in. long CFRP anchor that has a 6 in. embedment depth

dole = 0.875 in.
RC = 0.6125 in.
Patch Size: 4 in. by 9.5 in.

1' 2" -

2

Figure A-10: Hor-izontal boundary anchor
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Horizontal Intermediate Anchors:
oZ

YA = 0.3 -
in.

18 in. long CFRP anchor that has a 6 in. embedment depth

dhole = 1.125 in.
RC = 0.875 in.
Patch Size: 4 in. by 18 in.

1'-6"
Figure A-l1: Horizontal intermediate anchor
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