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The anchorage of carbon fiber-reinforced polymer (CFRP) strips 
using CFRP anchors is gaining acceptance in strengthening appli-
cations of concrete members. CFRP anchors can fully develop 
the strength of CFRP strips when adequately detailed. However, 
parameters that influence the behavior and strength of CFRP 
strips and anchors are not well understood. In this study, 26 tests 
on concrete beams were conducted to study the influence of five 
key parameters on CFRP anchor effectiveness: 1) the width of the 
anchored CFRP strip; 2) the material ratio of CFRP anchor to 
CFRP strip; 3) the concrete strength; 4) the length/angle of anchor 
fan; and 5) the bond condition between a CFRP strip and concrete. 
Results indicate that narrow anchored CFRP strips developed 
higher stresses at fracture than wide strips and required smaller 
anchor material ratios to be fully developed. Test results provide 
valuable data for designing anchored CFRP strengthening systems.

Keywords: anchor(s); bonded; carbon fiber-reinforced polymer; concrete 
members; strengthening; strip(s); unbonded.

INTRODUCTION
Carbon fiber-reinforced polymer (CFRP) materials are 

widely used to strengthen reinforced concrete structures 
because they are lightweight, have high strength, and are 
relatively easy to install. In strengthening applications, CFRP 
strips are typically attached to the concrete surface using 
epoxy resin with fibers oriented in the direction in which 
additional tensile strength is needed. However, if CFRP 
strips rely exclusively on bond strength with concrete, only 
about 40 to 50% of the CFRP tensile strength is likely to be 
developed before debonding occurs.1,2 The tensile strength 
of CFRP strips in that case are determined by the bond 
behavior between CFRP and concrete, which are presented 
using bond stress-slip models of varying complexity in the 
literature.3-10 The simplest relation used for bond strength 
and slip is linear,3 while more complex bond-slip models 
assume bilinear4-6 or even nonlinear7-10 relationships.

To prevent CFRP from prematurely debonding from the 
concrete substrate, anchorage systems have been developed. 
Mechanically fastened joints involving steel plates and bolts 
were used to anchor CFRP strips.11 The application of mechan-
ically fastened joints, however, unavoidably introduced prac-
tical issues such as stress concentration and corrosion.

Recent research has shown that the introduction of CFRP 
anchors provides an alternate force transfer mechanism so 
that the strength of the CFRP material can be fully developed  
after debonding occurs. In a recent study,12 unanchored CFRP 
U-wraps did not significantly increase the shear strength of 
reinforced concrete T-beams due to the CFRP strips prema-
turely debonding from the concrete surface. In the same 
study, however, shear strength gains exceeding 40% were 
achieved by anchoring the same CFRP U-wraps using CFRP 

anchors just below the flange. CFRP anchors have also been 
proven to develop the tensile strength of CFRP strips in flex-
ural strengthening applications,13 as well as to provide conti-
nuity in load transfer at locations where CFRP strips cannot 
run continuously (for example, for columns at the end of a 
wall14).

Many design parameters, the effects of which are not well 
understood, can affect the behavior and strength of CFRP 
anchors.15 Inadequately designed CFRP anchors can rupture 
before the CFRP strips fracture. Many researchers have noted 
the importance of several anchor details on their efficiency 
in developing strip strength, mainly: 1) anchor size16,17; 
2) details of anchor hole18,19; 3) embedment length, which 
is the length of the CFRP anchor inserted into concrete20; 
4) details of the anchor fan21,22; 5) reinforcing CFRP patch 
applications23; and 6) anchor layout.17,20

To better assess the effects of anchor details on the perfor-
mance of CFRP anchors and the strips they develop, 26 
tests were conducted on 6 x 6 x 24 in. (152 x 152 x 610 mm) 
concrete beams strengthened in flexure using anchored CRFP 
strips. The parameters studied in this research include: 1) the 
width of CFRP strip; 2) the material ratio of CFRP anchor 
to CFRP strip; 3) the concrete strength; 4) the length/angle 
of the anchor fan; and 5) the bond condition between the 
CFRP strip and concrete. Bond stress/slip relationships 
between anchored CFRP strips and the concrete substrate 
were extracted from test results.

RESEARCH SIGNIFICANCE
The external application of anchored CFRP strips offers 

an efficient method for repair and strengthening of concrete 
structures. However, parameters that influence the behavior 
and strength of CFRP strips and anchors are not well under-
stood. The influence of five key parameters on the strength 
of anchored CFRP strips was experimentally investigated. 
Results provide vital information for developing CFRP 
anchor design and detailing guidelines.

EXPERIMENTAL PROGRAM
Test specimens

The test methodology and specimens used to determine 
the modulus of rupture of concrete based on ASTM C29324 
were adapted for studying the behavior of anchored CFRP 
strips. Test specimens consisted of concrete beams with 
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dimension of 6 x 6 x 24 in. (152 x 152 x 610 mm). The 
small-scale specimens were selected because their size and 
weight permitted them to be maneuvered easily in the labo-
ratory. As shown in Fig. 1(a), a 1 in. (25.4 mm) deep notch 
was cut at midspan to ensure flexural cracking occurred at 
midspan. Holes were drilled 4 in. (102 mm) into the beams 
for the anchors, and the hole edges were rounded to a radius 
of 0.5 in. (12.7 mm).25 As shown in Fig. 1(b), a CFRP strip 
saturated with epoxy resin was then applied to the prepared 
tension surface of each beam. One square (5 x 5 in. [127 x 
127 mm] for 5 in. [127 mm] strips; 3 x 3 in. [76 x 76 mm] for 
3 in. [76 mm] strips) CFRP patch was applied at the loca-
tion of each anchor with fibers oriented perpendicular to the 
CFRP strip fiber direction. Saturated CFRP anchors were 
introduced into the holes and fanned over the CFRP patch 
and strip. An additional square patch was then applied over 
each anchor with fibers oriented in the direction of the CFRP 
strip fibers. The patches were added to improve the transfer of 
force from the strip to the anchor so that strength of the strip 
was developed before anchor failure.13,23 As shown in Fig. 2, 
the beam specimens were vulnerable to concrete failure, 
as they contained no steel reinforcement.19 A shear/flexure 
crack formed at the location of the drilled hole. Considering 
the ease of installation of the CFRP material, CFRP strips 
were used to U-wrap the side faces of the beams to provide 
additional tensile strength at the section where the anchors 
were located. U-wraps were discontinuous at midspan and 
had no influence on the flexural cracking at midspan or on 
the forces introduced to the anchored CFRP strip.

Material properties
The same CFRP material was used for CFRP strips and 

CFRP anchors. Beam specimens, detailed as described 

previously, were used to measure CFRP material properties, 
except that the strips extended over the ends of the beams 
and no anchors were used. The properties of this CFRP 
material are listed in Table 1, in which the average measured 
CFRP material properties are compared with manufacturer- 
specified values. The manufacturer-specified values obtained 
from direct tensile tests in accordance with ASTM D3039 
were nearly identical to measured values and will be used 
to determine stresses from measured strains in this study.25

Variables
The width of CFRP strips, anchor fan length, and anchor 

fan angle are illustrated in Fig. 3. As shown in Fig. 1, CFRP 
anchors were introduced into the holes and fanned over the 
CFRP strip. The anchor fan length refers to the radius of 
the fan, and anchor fan angle refers to the angle of fan, as 
shown in Fig. 3. The anchor material ratio (AMR), which is 
the material ratio of CFRP anchor to CFRP strip at any given 
section, is illustrated in Fig. 3. Because anchor and strip 
were made by the same CFRP material, the value of AMR in 
this study is equal to wanchor tf anchor /wstriptf strip, in which wanchor 
and tf anchor are the width and thickness of anchor, respec-
tively; similarly, wstrip and tf strip are the width and thickness 
of strip at any given section, respectively. To investigate 
the load transfer mechanism from strip to anchors with and 
without strip bonding to the concrete substrate, a plastic 
film was placed between the concrete surface and the CFRP 
strip to prevent bond in some tests. The range of geometric 
and material properties of the beam specimens tested are 
as follows:
• Concrete strength at time of failure fc′: 5.4 or 11.5 ksi 

(37 or 79 MPa)
• Strip width (SW): 3 or 5 in. (76 or 127 mm)
• Anchor material ratio (AMR) is ratio of anchor to strip 

material = 1.06 to 2.0

Fig. 1—Beam specimens. (Note: 1 in. = 25.4 mm.)

Fig. 2—Concrete shear failure of beam without side-face 
U-wraps.11

Table 1—CFRP material properties

Average measured 
values from three 

tests

Manufacturer-specified 
typical test values (using 

ASTM D3039)

Elastic modulus Ef 15,600 ksi (108 GPa) 15,300 ksi (105 GPa)

Rupture strain 0.0096 0.0093

Rupture stress fCFRP 150 ksi (1034 MPa) 143 ksi (986 MPa)
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• Anchor fan angle (FA): 37 to 64 degrees
• Anchor fan length (FL): 2.4 to 7.5 in. (61 to 191 mm)
• Bonded application (BA) and unbonded application (UA)

Additional details about the experimental program can be 
found in Table 2 and Reference 25.

Test setup
To develop tensile force on the anchored CFRP strip, the 

concrete beam was loaded at midspan through a spherical 
head and supported by rockers and threaded rods, as shown 
in Fig. 4. The threaded rods transferred the force from the 
test beam to a reaction beam. The load cell, hydraulic ram, 
and spherical head were placed between the reaction beam 
and the test specimen. Two linear voltage displacement 
transducers (LVDTs) were used to record the displacements 
at midspan and at a support to determine midspan beam 
deflection. The threaded rods were flexible and prevented 
the development of axial forces in the beams as deforma-
tions increased.

Recently, digital image correlation (DIC) systems have 
been introduced in structural engineering to measure surface 
deformations.26-31 A high-resolution DIC system developed  
by Sokoli et al.32 was used in this study to record the three- 
dimensional (3-D) movements of targets affixed to the 
tension surface of the beam specimens. A typical test setup 
of the DIC system is shown in Fig. 5. This setup was placed 
on a table at a height that matched that of the cameras used 

in the DIC system. The beam was loaded horizontally so that 
the cameras faced the tension surface.

Beam deflection was calculated as the relative displace-
ment in the z-direction (perpendicular to beam surface) 
between the targets at midspan and those at the ends and 
compared with LVDT readings (Fig. 6(a)). Good correla-
tion between deformations recorded by LVDTs and the DIC 
system were observed (Fig. 6(a)). Small discrepancies can 
be attributed to the slight difference in the locations where 
measurements were taken.

The x-component strain εx in a given frame number (i) is 
calculated as the change in x-direction (longitudinal direc-
tion of beam surface) distance (Δlx

i) between two targets 
divided by the original x-direction distance (Δl) between 
those two targets

 εx
x
il
l

=
∆
∆

 (1)

Excellent agreement was observed between strain 
measurements recorded using strain gauges placed 1 in. 
(25.4 mm) from strip edge and the DIC measurements from 
nearby targets using Eq. (1) (Fig. 6(b)). (It is important to 
note that strains do not match exactly between DIC and 
strain gauge readings because the locations monitored were 
slightly different. DIC strain measurements were calculated 
from targets around the strain gauges).

Fig. 3—Specimen details. (Note: 1 in. = 25.4 mm.)

Fig. 4—Test setup. (Note: 1 in. = 25.4 mm.)
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Surface targets can be used as nodes of quadrilateral 
planar elements. The in-plane strains of the elements can 
be calculated from the coordinate changes of four targets 

assuming linear strain profiles and used to produce CFRP 
strip surface-strain contours. In Fig. 7, the contours of the 
x-direction (longitudinal) strains are plotted for two tests 
at various loading stages. The strain contours allowed the 
visualization of surface-strain distributions and concentra-
tions. In Fig. 7, the locations of anchor fans and rectangular 
patches are highlighted.

Typical test behavior
Two major failure modes were observed for anchored 

specimens: CFRP strip fracture when the tensile strength of 
CFRP strip is realized (Fig. 8); and anchor rupture due to an 
insufficient amount of CFRP material in anchors, leading to 
rupture of anchors before fracture of strips (Fig. 8).

Load-deflection responses for two test specimens are 
presented in Fig. 8. The highlighted test specimens had 
identical parameters except for the AMR. The typical load-
deflection responses of both strengthened beams had an 
almost linear relation prior to flexural cracking (Fig. 8), 
which suggested that CFRP strips remain fully bonded to 
the concrete substrate until cracking. Following cracking, 
the load-deflection curves experienced a gradual softening 
due to strip debonding (Fig. 8) until most of the load was 
transferred to the anchors and a nearly linear load-deflection 
response was again observed (Fig. 8). If the CFRP anchors 
were properly designed and installed, fracture of the CFRP 
strip was observed at ultimate load. Otherwise, anchor 
rupture at the anchor-hole edge was observed at a lower 
ultimate load than required to fully develop the tensile 
strength of the CFRP strip. In all cases, failure was brittle 
and sudden.

In tests with bonded strip, uniformly distributed strains 
were typically observed prior to beam cracking or 25% of 
the ultimate load (Fig. 7). After flexural cracking, debonding 
between the CFRP strip and the concrete substrate initiated 
at midspan and propagated toward the CFRP anchors with 
increasing applied load, as can be deduced from increasing 
CFRP strains spreading away from midspan with increasing 
load (Fig. 7).

Debonding mechanism
Bond stress-versus-slip relationships can be used in 

computational models to numerically study the load-transfer 
mechanism from CFRP strips to the concrete substrate and 

Table 2—Test details

No. Specimen SW, in. AMR
fc′, ksi 
(MPa)

FA, 
degrees FL, in.

1 B5H2Ma

5

2.0 11.5 (79) 45 6

2 B5H2Mb 2.0 11.5 (79) 45 6

3 B5H1.4Ma 1.41 11.5 (79) 45 6

4 B5H1.4Mb 1.41 11.5 (79) 45 6

5 B5H1.4Md 1.41 11.5 (79) 45 6

6 B5H1.4Sb 1.41 11.5 (79) 64 4

7 B5H1.4La 1.41 11.5 (79) 37 7.5

8 B5H1.4Lb 1.41 11.5 (79) 37 7.5

9 B5L1.4Ma 1.41 146.7 45 6

10 B5L1.4Mb 1.41 134.7 45 6

11 B5L1.4Mc 1.41 157.7 45 6

12 B5H1Ma 1.06 137.5 45 6

13 B5H1Mb 1.06 144.8 45 6

14 B5H1Mc 1.06 147.6 45 6

15 B5L1Ma 1.06 142.1 45 6

16 B5L1Mb 1.06 104.5 45 6

17 B5L1Mc 1.06 125.6 45 6

18 B5L1Md 1.06 135.7 45 6

19 B5L1Me 1.06 141.2 45 6

20 B5L1Mg 1.06 102.7 45 6

21 B3H1.4Sa

3

1.41 11.5 (79) 64 2.4

22 B3H1.4Sb 1.41 11.5 (79) 64 2.4

23 B3H1.4Ma 1.41 11.5 (79) 45 3.6

24 B3H1.4Mb 1.41 11.5 (79) 45 3.6

25 B3H1.4La 1.41 11.5 (79) 37 4.5

26 B3H1.4Lb 1.41 11.5 (79) 37 4.5

Notes: Specimen nomenclature: First character B or U refers to bonded (B) or 
unbonded (U) specimens; second number refers to 5 in. (5) or 3 in. (3) wide CFRP 
strip; third character refers to concrete strength as H (higher, 11.5 ksi) and L (lower, 
5.4 ksi); fourth number refers to anchor material ratio as 2 (2.0), 1.4 (1.41), and 1 
(1.06); fifth character refers to anchor fan angle as S (64 degrees), M (45 degrees), and 
L (37 degrees); and last character refers to unique test ID; 1 in. = 25.4 mm.

Fig. 5—Setup of DIC system cameras to monitor specimen tension face deformations.
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anchors. The relation between bond stress and slip was 
extracted from the test data.

The change in tensile force along a CFRP strip is gener-
ated through bond forces at the interface between the strip 
and the concrete substrate (Fig. 9). The bond stress devel-
oped between a CFRP strip and concrete can be determined 
from strain measurements as follows.

The change in strip tensile force between targets i and  
i + 3 in a given row of targets can be written as

 ∆Fi,i+3 = τi,i+3∆Xi,i+3bt (2)

The change in strip tensile force can also be written as

 ∆Fi,i+3 = (εi+2,i+3 – εi,i+1)Ef tf bt (3)

where ∆Xi,i+3 is the distance between two adjacent pairs of 
targets starting at target i and ending at target I + 3; τi,i+3 is the 
average bond stress over the shaded area bounded by targets 
i and i + 3 and the midspan to the adjacent rows of targets; 
εi,i+1 is the strain measured between the first two targets; 
εi+2,i+3 is the strain measured between the last two targets; 

Ef is the manufacturer-specified modulus of elasticity of the 
CFRP strip (Table 1); tf is the specified thickness of the CFRP 
strip; bt is the center-to-center distance between target rows = 
0.5 in. (12.7 mm); and ΔFi,i+3 is the change in tensile force in 
the CFRP strip over distance ΔXi,i+3 within width bt.

Thus, solving for τi,i+3

 τ
ε ε

i i
i i i i

i i
f fX
E t,

, ,

,
+

+ + +

+

=
−

3
2 3 1

3∆
 (4)

The slip between a CFRP strip and the concrete substrate is 
evaluated as the cumulative x-direction elongation between 
the locations of targets at the edge of the anchorage region 
where no slip occurs, and the target locations where slip 
is evaluated

 slipi i
i i

, +
+=

+
−3

3
02

∆ ∆
∆  (5)

where Δi is the x-direction displacement of i-th target; Δi+3 is 
the x-direction displacement of i+3-th target; and Δ0 is the 
x-direction displacement of the target at location of zero slip 
in a target row.

Fig. 6—Comparisons between: (a) midspan deflections measured by DIC system and LVDTs on Specimen B5H1.4Sb; and 
(b) strains measured by DIC system and strain gauges on Specimen B5L1Mc. (Notes: 1 in. = 25.4 mm; 1 kip = 4.45 kN.)

Fig. 7—Progression of longitudinal strain contours for two typical tests (left: B5H1.4Ma; and right: B5H1Mc).
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Bond stress and slip values evaluated at targets across a 
strip width from the midspan extending four targets toward 
anchor fan edges were averaged. A typical resulting average 
bond stress-versus-slip relation is shown in Fig. 9. In that 
relation, bond stress increased up to 0.51 ksi (3.5 MPa) at a 
slip of 0.003 in. (0.08 mm). After that, bond stress decreased 
to zero when slip reached 0.01 in. (0.25 mm).

Bond-versus-slip relations were extracted for tests with 
5 in. (127 mm) and 3 in. (76 mm) strips separately, and 
simplified bond-versus-slip relations between CFRP strips 
and concrete were produced (Fig. 10). The simplified bond-
versus-slip relations are linear up to peak bond stress. Then, 

a linear degrading behavior represents the response from 
the peak to the slip at which the CFRP strip is completely 
debonded from the concrete substrate and bond stress is 
zero. The peak bond stress and its corresponding slip, as 
well as the slip at zero stress shown in Fig. 10, represent 
average values from pertinent tests. As can be seen in the 
Fig. 10, 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-
versus-slip relation stiffer for higher-strength concrete. For 
the degrading branch, a steeper slope was also observed for 

Fig. 8—Load-deflection plots for typical strip fracture (B5H1.4Ma) and anchor rupture tests (B5L1Mc). (Note: 1 in. = 25.4 mm; 
1 kip = 4.45 kN; 1 ksi = 6.89 MPa.)

Fig. 9—Tensile force transfer from CFRP strip to concrete substrate and typical extracted bond stress-versus-slip relationship 
of Specimen B5H1.4Sb. (Note: 1 in. = 25.4 mm; 1 ksi = 6.89 MPa.)
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specimens with high-strength concrete compared with that 
of specimens with normal-strength concrete.

It is noteworthy that the peak bond stresses extracted 
from test data match concrete tensile strengths estimated 
using ACI 318-14,33 which range from ft = 6 to 7.5√fc′ (in 
psi units) (ft = 0.5 to 0.62√fc′  [in MPa units]). For instance, 
the peak bond stress between 5 in. (127 mm) strips and 
5.4 ksi (37 MPa) concrete of 0.45 ksi (3.1 MPa) corresponds 
to 6.1√fc′ (in psi units) (0.51√fc′ [in MPa units]). Similarly, 
the peak bond stresses for other cases ranged from 8.3 to 
8.7√fc′ (in psi units) (0.69 to 0.72√fc′  [in MPa units]). Test 
results therefore indicate that the peak bond stress between 
anchored CFRP strips and concrete may reasonably be esti-
mated as the concrete tensile strength for general anchored 
CFRP strip applications.34

EXPERIMENTAL RESULTS
Based on 26 beam tests, the effects of the following param-

eters—concrete strength, anchor fan length/angle, width of 
CFRP strips, ratio of CFRP anchor material to CFRP strip 
material, and bond between CFRP and concrete on strip and 
anchor strengths—are discussed in this section.

Effects of concrete strength
Five tests that failed by strip fracture were evaluated 

to study the impact of concrete strength on CFRP strip 
strength. In Table 3, the strip stress at midspan σufx was used 
to evaluate the effect of concrete strength. The strip stress 
at midspan σufx is evaluated at ultimate load and equal to  
Ff mid /ACFRP. ACFRP is the cross-sectional area of the CFRP 
strip, and Ff mid is the strip force at midspan, which is calcu-

lated by equilibrium at ultimate load Pult using the ACI 
318-1433 stress block approach when the depth of nonlinear 
compression zone on 5.4 and 11.5 ksi (783 and 1668 psi) 
concrete are 0.67 and 0.22 in. (17 and 6 mm), respectively. 
Beam forces are illustrated in Fig. 11. As shown in Table 3, 
the concrete strength did not have a significant effect on σufx.

Seven specimens that failed by anchor rupture were eval-
uated to study the impact of concrete strength on anchor 
strength. As shown in Table 4, σufx averaged over specimens 
with the same concrete strength was higher for specimens 
with high-strength concrete than specimens with lower-
strength concrete. The high-strength concrete resulted in an 
increase of approximately 10% in the ultimate strip stress at 
anchor failure.

Effects of anchor fan length/anchor fan angle
Six tests that failed by strip fracture were evaluated to study 

the impact of anchor fan length/angle on strip strength. Only 
the anchor fan length/angle varied in this group. To effec-
tively develop the strength of CFRP strips, CFRP anchors 
were fanned out across the width of CFRP strips. Because 
strip width was kept the same in each group, the length of 
the anchor fan determines the anchor fan angle. As shown 
in Table 5, all strips fractured at an ultimate strip stress σufx 
larger than the expected tensile strength provided by the 
manufacturer (143 ksi [986 MPa]). Overall, increasing the 
fan angle from 37 to 64 degrees did not produce a signifi-
cant change in the ultimate strip stress at strip fracture. (No 
conclusion could be made concerning the effects of anchor 
fan geometry on anchor strength due to insufficient data 
from tests sustaining anchor failures and having a range of 
fan geometries.)

Fig. 10—Concrete-CFRP bond stress-versus-slip relationships extracted from DIC strain data. (Note: 1 in. = 25.4 mm, 1 ksi =  
6.89 MPa.)

Table 3—Experimental results for effect of 
concrete strength on strip strength

Common parameters fc′, ksi (MPa) σufx, ksi (MPa)
Average σufx,  

ksi (MPa)

BA
SW = 5 in. (127 mm)
AMR = 1.41
FA = 45 degrees
Failure mode = strip 
fracture

11.5 (79)

141 (972)

142 (979)143 (986)

143 (986)

5.4 (37)
145 (1000)

140 (965)
134 (924)

Fig. 11—Beam equilibrium. (Note: 1 in. = 25.4 mm.)
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Effects of width of CFRP strip
Five tests were compared in Table 6 to investigate the 

impact of strip width on strip strength. All tests failed due 
to strip fracture. In tests with 5 in. (127 mm) wide CFRP 
strips, the ultimate strip stress σufx at fracture was nearly the 
same and significantly lower than the value of σufx measured 
from tests with 3 in. (76 mm) wide strips. The average ulti-
mate strip stress σufx was larger in the narrower strips than 
the wider ones. All tests reached or exceeded the expected 
CFRP strip stress at failure (143 ksi [986 MPa]).

The surface longitudinal strains between two adjacent 
targets at 98% of specimen ultimate load εusx were measured 
over the CFRP strip area bounded by anchor fan ends, as 
illustrated in Fig. 12. Mean and maximum values of εusx over 
the area considered are presented in Fig. 13. As shown in 
Fig. 13, the maximum longitudinal strip strains just prior 
to strip fracture were higher for 5 in. (127 mm) strips, and 
the differences between the maximum and mean strip strains 
at 98% of the ultimate load were also greater. Thus, the 
wider strips were observed to experience both higher local-
ized maximum strip strains and higher differences between 

maximum and mean strip strains. These findings indicate 
that with a wider CFRP strip, strain distributions across the 
strip area were less uniform and exhibited higher peak strains. 
Because CFRP is a brittle material, higher local strains in 
wider strips may be the cause of their observed lower strength 
compared with the 3 in. (76 mm) narrower strips.

Effects of material ratio of CFRP anchor to 
CFRP strip

Anchors with AMRs of 1.06, 1.41, and 2.0 were studied to 
determine the effects of AMR on strip and anchor strengths. 
Fourteen tests were conducted on bonded 5 in. (127 mm) 
strips with AMRs of 1.06, 1.41, and 2.0. Another 10 tests 
were conducted on beams with bonded 3 in. (76 mm) strips 
using anchors with material ratios of 1.06 or 1.41.

Figure 14 highlights specimen failure modes and the ratio 
of ultimate loads applied at specimen failure to the expected 
specimen strength assuming a strip fracture mode and manu-
facturer specified CFRP material properties. As shown in 
Fig. 14, with an AMR of 1.41, some 5 in. (127 mm) wide 
CFRP strips did not reach expected strength. For tests with 
3 in. (76 mm) strips, shown in Fig. 14, all 10 tests exceeded 
the expected strength of the CFRP strips regardless of the 
AMR. Because the desired mode of failure is strip fracture, 
it is reasonable to suggest that an AMR of 1.4 should be used 
to reach fracture of 3 in. (76 mm) strips and an AMR of 2.0 
should be used for 5 in. (127 mm) strips.

In Fig. 15, mean and maximum values of strains between 
targets in the area shown in Fig. 12 are indicated at 95% of 
the expected load at failure εesx. As can be seen in Fig. 15, at 
the same applied load, anchors with a material ratio of 2.0 
had significantly reduced maximum strip strains and smaller 
differences between maximum and mean strip strains, 
compared with anchors having an AMR of 1.41. Therefore, 
anchors with a larger cross section are observed to achieve, 

Table 4—Experimental results for effect of 
concrete strength on anchor strength

Common parameters
fc′, ksi 
(MPa)

σufx, ksi 
(MPa)

Average σufx, ksi 
(MPa)

BA
SW = 5 in. (127 mm)
AMR = 1.06
FA = 45 degrees
Failure mode = anchor 
rupture

11.5 (79)

134 (924)

140 (965)141 (972)

144 (993)

5.4 (37)

142 (979)

127 (876)
104 (717)

125 (862)

135 (931)

Table 5—Experimental results for effect of fan 
geometry on strip strength

Common parameters Fan length/angle
σufx, ksi 
(MPa)

Average σufx, 
ksi (MPa)

BA
SW = 3 in. (76 mm)
fc′ = 11.5 ksi 
(79 MPa)
AMR = 1.41
Failure mode = strip 
fracture

2.4 in. (61 mm)/ 
64 degrees

154 (1062)
164 (1131)

174 (1200)

3.6 in. (91 mm)/ 
45 degrees

183 (1262)
169 (1165)

154 (1062)

4.5 in. (114 mm)/ 
37 degrees

186 (1282)
167 (1151)

148 (1020)

Table 6—Experimental results for effect of strip 
width on strip strength

Common parameters
Strip width,  

in. (mm)
σufx, ksi 
(MPa)

Average σufx, 
ksi (MPa)

BA
fc′ = 11.5 ksi (79 MPa)
AMR = 1.41
FA = 45 degrees
Failure mode = strip 
fracture

5 (127)

141 (972)

142 (979)143 (986)

143 (986)

3 (76)
183 (1262)

169 (1165)
154 (1062)

Fig. 12—Selected area and targets used to measure 
strip strains.

Fig. 13—Comparison of mean and maximum strains at 98% 
ultimate load (εusx) for different strip widths (BA; SW = 5 in. 
[127 mm]; fc′ = 11.5 ksi [79 MPa]; AMR = 1.41.)
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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.

Effects of bonded versus unbonded applications
A bonded test designates that epoxy resin was used as the 

interfacial material to bond the CFRP strip to the concrete 
substrate. Unbonded tests indicate that a plastic film was 
placed between the CFRP strip and the concrete substrate to 
simulate the behavior of a completely debonded strip.

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 AMR was 1.41, strips 
were 5 in. (127 mm) wide, anchor fans were 6 in. (152 mm) 
long, and high-strength concrete was used. As shown 
in Fig. 16, unbonded specimens failed at ultimate loads 
lower than the expected load at failure (which was 16 kip 
[71 kN]) and the anchors ruptured. 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.

SUMMARY AND CONCLUSIONS
In this study, failure modes and ultimate load and strain 

measurements were used to evaluate the effects of five 
parameters on the performance of anchored CFRP strips. 
The main findings from the study with respect to those five 
parameters are listed as follows.

1. Test results indicate that to fracture a 5 in. (127 mm) 
wide CFRP strip (strip fracture), the AMR should be no less 
than 2.0. Increasing the AMR from 1.41 to 2.0 reduced strain 
concentrations, resulting in higher average ultimate strip 
stresses at fracture. An AMR not less than 1.41 is recom-
mended for 3 in. (76 mm) strips.

2. Test results show that increasing the width of CFRP 
strips resulted in higher local peak strains and lowered the 
average stress at fracture of the strip.

3. 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 concrete. A higher concrete strength 
was found to slightly increase the strength of CFRP anchors 

embedded in it. The peak bond stress between anchored 
CFRP strips and the concrete may reasonably be estimated 
as the concrete tensile strength.

4. To fully develop the tensile strength of a CFRP strip, 
an anchor fan angle less than 64 degrees is recommended 
for anchor design. The application of an anchor fan angle 
smaller than 64 degrees (down to 37 degrees), however, 
had no significant effect on the strength and behavior of the 
CFRP strengthening system.

Fig. 14—Failure modes for tests with 5 and 3 in. (127 and 76 mm) wide strips.

Fig. 15—Comparison of mean and maximum strains at 95% 
expected load at failure (εesx) for different anchor-material 
ratio (BA; SW = 5 in. [127 mm]; fc′ = 11.5 ksi [79 MPa]; FA =  
45 degrees).

Fig. 16—Typical load-versus-deflection responses for tests 
with different bond condition and AMR = 1.41. (Notes: 1 in. =  
25.4 mm; 1 kip = 4.45 kN.)
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5. 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.
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