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The effects of hole preparation method, grout type, hole diameter, bar size,
embedment length, cover, bar surface condition (epoxy-coated or
uncoated), orientation of the installed bar, and concrete strength on the
bond strength of grouted reinforcing bars are described. Hole preparation
methods, using a high-speed vacuum drill or a hand-held electric hammer
drill, and cleaning methods, using a fiber bottle brush with water, a fiber
bottle brush without water, or compressed air only are compared. Two cap-
sule systems, two two-component grout systems, and two nonshrink grout
systems are evaluated. Hole diameters range from 3/4 to 1-1/2 in. (19 to
38 mm) for No. 5 (16 mm) bars; a hole diameter of 1-1/4 in. (32 mm) is used
for No. 8 (25 mm) bars. Embedment lengths range from 4 to 12 in. (102 to
305 mm) for No. 5 (16 mm) bars and from 6 to 15 in. (150 to 380 mm) for No. 8
(25 mm) bars. 1-1/2 and 3 in. (38 and 75 mm) covers are used. Bar installa-
tions include vertical, sloped, and horizontal bars. Test results are used to
develop rational design and construction requirements.

The bond strength of grouted reinforcing bars is not highly sensitive to
differences in the hole preparation or cleaning methods studied. Grouts
that provide strong bond at the grout-concrete interface provide higher
bond strengths than grouts that undergo failure at the grout-concrete inter-
face. With the exception of bars anchored by capsule systems, the bond
strength provided by grouts is not sensitive to hole diameter. Bond strength
increases with increasing embedment length, cover, and bar size. The bond
strength of grouted reinforcement is insensitive to the presence of epoxy
coating. Vertically and horizontally anchored bars may exhibit different
bond strengths, depending on the grout used.

Keywords: adhesives; bond (concrete to reinforcement); coatings; embed-
ment; grout; reinforcing steels; structural engineering.

Grouting reinforcement into holes drilled in existing
concrete is commonly specified in the repair and retrofit of
reinforced concrete structures. The procedure is widely used
in highway construction to attach barriers and widen existing
bridges, applications that involve relatively low cover on the
grouted bars. In spite of its widespread use, little data exists
on the bond strength of grouted reinforcement to concrete,
and no data exists for bars with low cover. This lack of data
has prevented the development of rational anchorage design
procedures. Designers usually make use of proprietary
design tables provided by grout manufacturers. These tables
provide strengths that are based on highly confined pullout
specimens. The strengths are then typically reduced by a
factor of safety to establish “allowable” anchorage strengths.
The strengths and modes of failure exhibited by highly
confined specimens do not, however, match those obtained
by grouted bars loaded under realistic conditions.1

Prior to the current study, there have been limited efforts
to establish the strength of grouted reinforcement.2,3 This
earlier work has involved reinforcing bars with very high
cover, such as those used for concrete anchors. The use of
high cover is not representative of highway bridge construc-
tion, in which covers as low as 1-1/2 in. (38 mm) are used for
grouted reinforcement. Thus, the previous work is not only
limited, but because of the high cover provides unconservative
values of strength. In addition, the previous work has used
uncoated reinforcement rather than epoxy-coated reinforce-
ment as used in most transportation structures today. The
effect of epoxy coating on the bond strength of grouted
reinforcement is thus largely unknown.

The behavior and design of both cast-in-place and retrofit
concrete anchors have been thoroughly studied by Cook et al.4,5

Although that research does not specifically address grouted
reinforcing bars, it provides a wealth of information on the
subject of anchorage to concrete.

The purpose of this study is to develop a pool of data on the
bond strength of grouted reinforcing bars and to use that data
to develop rational design and construction requirements. The
experimental program addresses the effects of hole prepara-
tion method, grout type, hole diameter, bar size, embedment
length, cover, bar surface condition (epoxy-coated or
uncoated), orientation of the installed bar, and concrete
strength. This paper describes the overall experimental
program, evaluates test results, and presents design and
construction recommendations that will improve both the
safety and the economy of grouted reinforcing bars. Details
not covered in this paper are presented in Reference 1.

EXPERIMENTAL PROGRAM
Test specimens

The experimental program consisted of 492 reinforcing
bars grouted or cast-in-place in beam-end specimens
designed to provide realistic degrees of concrete confine-
ment to match the behavior of grouted bars as used in practice
(Fig. 1). The test specimens were cast in 23 groups of six to
12 concrete specimens each.
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The basic test specimen consisted of a block of concrete
24-in. (610-mm) long by 27-in. (686-mm) wide by 24-in.
(610-mm) high and contained two vertical or two sloped bars
anchored on the upper surface [Fig. 1(a)] or two horizontal
bars anchored on a vertical surface [Fig. 1(b)]. Some specimens
contained as many as six test bars. As constructed and tested,
the failure of individual bars was unaffected by other bars in
the test specimen. No. 5 and No. 8 bars were used in this study.

Most bars had a 3 in. (75 mm) cover; selected bars had a
1-1/2 in. (38 mm) cover. Embedment lengths of 4, 6, 9, and
12 in. (100, 150, 230, and 305 mm) were used for No. 5 (16 mm)
bars, while embedment lengths of 6, 9, 12, and 15 in. (150,
230, 305, and 380 mm) were used for No. 8 (25 mm) bars.

Based on experience with narrower test specimens,6,7

auxiliary reinforcement was added parallel to the test bars to
provide additional tensile capacity to the concrete (Fig. 1).
Two No. 5 (16 mm) auxiliary bars were used for No. 5 (16 mm)
test bars, and two No. 6 (19 mm) auxiliary bars were used for
No. 8 (25 mm) test bars. Auxiliary bars had 2 in. (51 mm) of

cover and were centered 6 in. (152 mm) on either side of the
test bars. Some test specimens, however, did not contain
auxiliary reinforcement, and an analysis of the data later
demonstrated that auxiliary reinforcement was not required
and played no measurable role in specimen behavior or
strength.1 Both epoxy-coated and uncoated bars were evalu-
ated. Epoxy-coated reinforcement was used in most of the
tests due to its wide application in transportation structures.

Grouted No. 5 (16 mm) bars were anchored in holes with
diameters of 3/4, 13/16, 7/8, and 1-1/2 in. (19, 21, 22, and
38 mm), while grouted No. 8 (25 mm) bars were anchored
exclusively in holes with diameters of 1-1/4 in. (32 mm).
Most tests involved holes with diameters 1/4 in. larger than
the bar diameter [7/8 and 1-1/4 in. (22 and 32 mm) for No. 5
and No. 8 (16 and 25 mm) bars, respectively].

Materials
Reinforcing steel—ASTM A 6158 Grade 60 No. 5, No. 6,

and No. 8 (16, 19, and 25 mm) bars were used for the tests.
Epoxy coating was commercially applied in accordance with
ASTM A 775.9

Concrete—Air-entrained concrete was supplied by a local
ready-mixed plant. Type I portland cement, 3/4 in. nominal
maximum size crushed limestone, and river sand were used to
produce concretes with nominal strengths of 2700 or 5000 psi
(18.6 or 34.5 MPa). The majority of the tests were carried out
at 5000 psi (34.5 MPa).
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Fig. 1(a)—Test specimen with vertical or sloped bars as cast.

Fig. 1(b)—Test specimen with horizontal bars as cast.
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Grout—Six grouts were evaluated in the study: two capsule
systems (designated CPA, CPB); two two-component
systems (TCA, TCB); and two nonshrink grouts (NSA,
NSB). CPA consisted of a vinyl ester resin system, and CPB
consisted of a polyester resin system. The capsule systems
contained microaggregate, and the size of the capsules
depended on the size of the bar being anchored. TCA
consisted of a vinyl ester resin system, while TCB consisted
of an epoxy resin system. NSA and NSB consisted of
nonmetallic cementitious nonshrink grout systems. The
study placed major emphasis on four of the grouting
systems: CPA, TCA, TCB, and NSA.

Bar installation
A high-speed, hydraulic, truck-mounted vacuum drill and

a hand-held electric rotary hammer drill were used to place
holes in the specimens. The self-cleaning vacuum drill has
been used for over 15 years by the Kansas Department of
Transportation to add shear reinforcement to bridges.10,11 It
was evaluated to see if it provided any advantages over the
more traditional hand-held drill, which was used to prepare
most of the test specimens. A shop vacuum cleaner was used
in conjunction with the hand-held drill to remove cutting
debris at the top of the hole.

Four cleaning methods were evaluated in the study: 1)
using the truck-mounted vacuum drill, with no additional
hole preparation (V); 2) vacuuming the bottom of the hole
with a shop vacuum cleaner with a 1/2 in. outside diameter
nozzle, followed by thorough scrubbing with a fiber bottle
brush and water and blowing out the hole with compressed
air (BW); 3) vacuuming with the shop vacuum cleaner,
brushing with the fiber bottle brush (no water), and blowing
out the hole with compressed air (BA); and 4) vacuuming the
hole with the shop vacuum cleaner and blowing out the hole

Fig. 2—Schematic of test setup.

with compressed air (A). An in-line filter removed oil and
water from the compressed air. Methods BW, BA, and A
were used for holes made with the hand-held drill.

Grouts and reinforcing bars were placed according to the
manufacturer's instructions.1 A manual dispenser provided by
the manufacturer was used to place TCA grout, which was
prepackaged for automatic proportioning during installation.
TCB grout was batched by volume (two parts A to one part
B) and mixed for 3 min according to the manufacturer’s
instructions. In the plastic state, TCA had the consistency of
toothpaste and set rapidly, while TCB had the consistency of
honey and set slowly. As a result, TCA could be used in both
vertical and horizontal holes, while TCB, without the addi-
tion of a filler or special provision to prevent leakage in hori-
zontal holes, could be used only in vertical holes.

The capsule systems, CPA and CPB, contained two
components sealed in glass tubes. The individual capsules
were placed in holes, and the reinforcing bar, with a chisel
point (45 deg angle), was attached to the hammer drill with
a special drive socket and drilled to the bottom of the hole.

The nonshrink grouts were mixed until uniform. The NSA
and NSB grouts were combined with 1.5 and 2.55 gal. (5.7 ×
10–3 and 9.7 × 10–3 m3) of water, respectively, per 55 lb (25 kg)
bag of material to produce grout with a fluid consistency.

To avoid air pockets and insure complete filling of a hole,
grouts were poured down one side of the hole and placement
was completed without interruption. Bars were inserted by
hand after placement of the two-component and nonshrink
grouts. Following insertion of the reinforcing bar, exposed
surfaces were sealed with duct tape. Grouts were cured for a
minimum of 3 days.

Test procedure
The test system, illustrated in Fig. 2, was used to apply

load at approximately 3 kips (13 kN) per min for No. 5 (16 mm)
bars and 6 kips (27 kN) per min for No. 8 (25 mm) bars. The
tensile force on the test bar was counteracted by a compressive
force imposed on the concrete specimen through a 4 in.
(102 mm) deep steel bearing plate. The edge of the plate was
located 4-1/2 in. (114 mm) below the center of the test bars,
except for selected specimens for which the spacing was
increased to 12 in. (305 mm) to evaluate the effects of
changes in degree of confinement provided to the test bar
based on the proximity of the bearing plate. Loaded-end slip
was measured using two spring-loaded linear variable differ-
ential transformers (LVDTs) attached to an aluminum block
mounted on the test bar 4 in. (102 mm) from the face of the
concrete. The orientation of specimens with sloped bars
[Fig. 1(a)] was adjusted and shims were used to adjust the
bearing plate so that the test bars could be placed in direct
tension.

SPECIMEN BEHAVIOR
AND ANALYSIS OF TEST RESULTS

To account for differences in concrete strength, experi-
mental bond strengths are multiplied by (5000/fc′)

1/2 [ fc′ in
psi] to obtain “modified bond strengths” that are used for
comparison and analysis. The term “bond strength” repre-
sents the maximum tensile force Te attained during a test.
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Failure modes
The test specimens exhibited five failure modes. In many

cases, failure involved a combination of these modes. Most of
the test specimens exhibited a splitting failure (tensile cracks
in the concrete parallel to the reinforcing bar), shown in Fig.
3(a), or a failure at the interface between the grout and the
concrete (IGC failure), shown in Fig. 3(b). These failure
modes often occurred in conjunction with the formation of a
shallow angle concrete cone surrounding the reinforcing bar
on the face of the specimen, also shown in Fig. 3(b). Some
specimens exhibited a tensile failure mode in which the
concrete test specimen failed due to tensile/flexural cracks
perpendicular to the direction of loading, while some speci-
mens exhibited no sign of failure other than bar pullout.

Splitting failure is the type of bond failure exhibited by
most cast-in-place reinforcing bars in structural
applications12-15 and was the primary mode of failure for
bars anchored with Capsule B (CPB), Two-Component
Grout B (TCB), Nonshrink Grout A (NSA), Nonshrink
Grout B (NSB), and No. 8 bars anchored with Capsule A
(CPA). For cast-in-place bars, splitting failures are governed
primarily by the strength of the concrete and any confining
reinforcement, such as stirrups or ties16,17 (confining reinforce-
ment was not used in this study). For grouted bars, a splitting
failure indicates close interaction between the grout and the
surrounding concrete and is usually accompanied by failure
at the reinforcing bar-grout interface, not the grout-
concrete interface.

Failure at the interface between grout and concrete (IGC)
indicates a low bond strength between the two materials. This
type of failure generally results in a lower anchorage strength
than a splitting failure. IGC was the primary mode of failure
for bars anchored with Two-Component Grout A (TCA).

Pullout was the primary mode of failure for No. 5 bars
anchored with CPA.

The failure modes obtained for bars for which the steel
bearing plate was moved from 4-1/2 to 12 in. (114 to 305 mm)
below the center of the test bars showed no significant
differences from those obtained in the balance of the tests,
indicating little difference in the degree of confinement
provided to the bars based on the two bearing plate positions.

The following sections cover the effects of bar surface
condition, hole diameter, hole preparation method, bonding
system, embedment length, bar diameter, cover, bar orientation,
and concrete strength. The full test results1 are summarized
in Appendix A.*

Bar surface condition, hole diameter, hole 
preparation method, and bonding method system

Six test groups (three each for vertically anchored No. 5
and No. 8 [16 and 25 mm] bars) were selected to evaluate the
effects of bar surface condition, hole diameter, hole preparation
method, and bonding system on bond strength. The bars had
a nominal cover of 3 in. (75 mm) and embedded lengths of 6
and 9 in. (150 and 330 mm) for No. 5 and No. 8 bars, respec-
tively. No. 5 bars were used to evaluate the effects of hole

*The Appendix is available in xerographic or similar form from ACI headquarters, 
where it will be kept permanently on file, at a charge equal to the cost of reproduction 
plus handling at time of request.

Fig. 3—Test specimens at failure: (a) splitting failure; (b)
combined cone failure and failure at interface between
grout and concrete (IGC).

(a)

(b)

diameter. The results are summarized in Tables 1 and 2. The
mean bond strengths listed in the tables are averages for three
specimens, each of the three taken from a different test group.

Surface condition—Results indicate no significant effect
of epoxy coating on the bond strength of grouted reinforce-
ment. Comparisons of coated and uncoated bars are made in
Table 1 for No. 5 bars with Nonshrink Grout A (NSA) and
Two-Component Grout A (TCA). Of the four comparisons
shown in the table, the uncoated bars (marked M for mill
scale surface) provide a higher bond strength in one case, the
epoxy-coated bars (marked E) provide a higher bond
strength in two cases, and the two surface conditions provide
nearly identical strengths in the fourth case.

Hole diameter—Increased hole diameter is often considered
to result in a decreased bond strength.18 To determine the
effect of hole diameter on bond strength, No. 5 (16 mm) bars
were grouted in 7/8 in. (22 mm) diameter and 1-1/2 in. (38 mm)
diameter holes using the two nonshrink grouts (NSA and
NSB) and the two two-component grouts (TCA and TCB).
The capsule systems were not used in the comparison due
to their dependence on a small hole diameter for proper
performance.

For the six comparisons shown in Table 1, the small
diameter hole produced a higher strength in two cases, and the
large diameter hole produced a higher strength in three cases.
The results were nearly identical in the sixth case. The overall
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conclusion is that for the four grouting systems evaluated, hole
diameter does not play a role in bond strength. It is, of course,
important to remember that an increased hole diameter
requires a greater amount of grout, reducing the economy of
the system, and that the bond strength of capsule systems can
be very sensitive to hole diameter, as will be demonstrated
later in the paper.

Hole preparation—Hole preparation involved the use of
either a vacuum drill or a hand-held rotary hammer drill.
When the vacuum drill (V) was used, no additional hole prep-
aration was used. With the hand-held drill, the holes were first
cleaned with a shop vacuum. The openings were then cleaned
with 1) a fiber brush and water, allowed to dry, and then
cleaned with compressed air (BW); 2) a fiber brush without
water, followed by compressed air (BA); or 3) with
compressed air only (A). Bond strengths, as affected by prep-
aration method, are compared in Table 1 for uncoated No. 5
(16 mm) bars with Nonshrink Grout A (M-NSA), cast in
1-1/2 in. (38 mm) diameter holes, and in Table 2 for epoxy-
coated No. 8 (25 mm) bars cast with Capsule System A
(E-CPA), Nonshrink Grout System A (E-NSA), and Two-
Component Grout Systems A and B (E-TCA and E-TCB). The
vacuum drilling system (V) was used only for the No. 8 bars.

As shown in Table 1, the brush with water (BW) cleaning
system provides a slightly lower bond strength for the NSA
grout than does either the brush with air (BA) or compressed
air (A) alone, which provide nearly identical strengths.
However, the differences are not significant.

The comparisons in Table 2 for No. 8 (25 mm) bars show
no statistically significant differences based on hole prepara-
tion method, with the exception of the bars anchored with
Two-Component System A (TCA). The TCA grout is a stiff,
rapid-setting polymer system that does not readily wet
(penetrate) concrete surfaces. It provides a bond strength
comparable to that provided by the other grouts when used
in holes prepared with the vacuum drill. However, its bond

Table 1—Mean bond strength* (kips) as affected by 
bar surface condition, hole diameter, and hole 
preparation method for grouted No. 5 (16 mm) bars

Bar surface grout†
Hole preparation method: 

rotary hammer drill

Hole diameter‡

Small Large

E-CPA BW§ 11.0 —

E-CPB BW 9.7 —

M-NSA BW 15.1 14.2

BA — 15.3

A — 15.5

E-NSA BW 13.1 14.9

E-NSB BW 14.2 14.1

M-TCA BW 10.3 12.4

E-TCA BW 11.7 12.5

E-TCB BW 15.8 15.0
*Average of three tests; nominal concrete strength = 5000 psi (34.4 MPa); embedded
length = 6 in. (150 mm); vertical placement.
†E = epoxy-coated; CPA = capsule grout system; NSA = nonshrink grout; NSB = non-
shrink grout; TCA = stiff two-component grout; TCB = fluid two-component grout.
‡Small = 7/8 in. (22 mm), except = 13/16 in. (21 mm) for CPA and 3/4 in. (19 mm)
for CPB; large = 1-1/2 in. (38 mm).
§BW = brush with water followed by compressed air; BA = brush and compressed
air; A = compressed air only.
Note: 1 kip = 4.45 kN.

Table 2—Mean bond strength* (kips) as affected by 
hole preparation for grouted No. 8 (25 mm) bars

Bar surface grout† E-CPA E-NSA E-TCA E-TCB

Hole preparation method‡

Vacuum drill V 25.7 24.8 23.4 24.9

Rotary hammer drill

BW 26.7 25.2 16.6 24.7

BA 28.2 23.2 14.6 24.9

A 27.5 23.9 16.8 24.8
*Average of three tests; nominal concrete strength = 5000 psi (34.4 MPa); embedded
length = 9 in. (230 mm); vertical placement.
†E = epoxy-coated; CPA = capsule grout system; NSA = nonshrink grout; NSB = non-
shrink grout; TCA = stiff two-component grout; TCB = fluid two-component grout.
‡V = truck-mounted vacuum drill; BW = brush with water followed by compressed
air; BA = brush and compressed air; A = compressed air only.
Note: 1 kip = 4.45 kN.

strength drops about one-third when anchored in holes
prepared with the hand-held drill and cleaned with one of the
other three methods. The lower strength may be due to the
presence of residual drilling debris on the concrete surface,
not removed by the BW, BA, or A cleaning methods. This
observation is reinforced by the failure modes of the test
specimens. The TCA bars anchored in holes prepared using
the hand-held drill and the BW, BA, or A cleaning method
exhibited a failure at the interface between the grout and the
concrete (IGC). The bars anchored with the TCA system in
the holes prepared with the vacuum drill and all three of the
other anchoring systems for all hole preparation methods
exhibited a splitting failure, indicating a better bond between
grout and concrete.

These results show that for most systems a reasonable
effort to clean the hole will provide adequate bond between
the grout and the concrete. However, some grout systems are
sensitive to the hole preparation method and should be eval-
uated based on the preparation specified for use in the field.

Bonding system—A review of Tables 1 and 2 indicates
that, for the systems evaluated, there can be measurable
differences in bond strength. In the case of the No. 5 (16 mm)
bars, the two capsule systems provided generally lower
strengths than the other systems. In contrast, for the No. 8
(25 mm) bars, the capsule system (CPA) provided the
highest strengths, although in the latter case the differences
in strength between CPA and the NSA or TCB grouts are not
statistically significant. As will be demonstrated next,
however, the accurate evaluation of a grout system requires
an understanding of the bond strength produced by the
system as a function of embedment length, bar diameter, and
concrete cover.

Embedment length, bar diameter, and cover
A prime goal of this study is to determine the effects of the

key structural parameters, embedment length, bar diameter,
and cover, on the bond strength of grouted reinforcing bars. It
is generally acknowledged that the bond strength of cast-in-
place reinforcing bars decreases as cover decreases.16,17 The
majority of the tests in the current study were carried out with
3 in. (75 mm) cover, the minimum recommended for grouted
reinforcing bars in most bridge installations.19 A small
number of tests were carried out with 1-1/2 in. (38 mm)
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cover. The comparisons that follow are based on bars grouted
in vertical holes prepared using the BA cleaning method.

Embedment length—The effect of embedment length le on
the modified bond strength Te of vertically anchored No. 5
and No. 8 (16 and 25 mm) bars is illustrated in Fig. 4.
Embedment lengths of 4, 6, 9, and 12 in. (100, 150, 230, and
305 mm) are used for No. 5 (16 mm) bars. Embedment
lengths of 6, 9, 12, and 15 in. (150, 230, 305, and 380 mm)
are used for No. 8 (25 mm) bars. The figure shows the modi-
fied bond strengths and the best-fit lines for uncoated (M)
and epoxy-coated (E) cast-in-place bars and epoxy-coated
TCA and TCB-grouted bars. The relationships between bond
strength and embedment length are nearly linear.

Overall, uncoated cast-in-place bars provide the highest
strengths, followed by coated cast-in-place bars, bars
anchored with TCB grout, and, finally, bars anchored with
TCA grout, although the epoxy-coated (E) cast-in-place
(CIP) No. 5 bars exhibit higher strengths than the uncoated
(M) CIP No. 5 bars for le = 9 to 12 in. (230 to 305 mm).

For both No. 5 and No. 8 (16 and 25 mm) bars, the bond
strength of the TCB-anchored bars is similar to the strength
of the epoxy-coated cast-in-place (E-CIP) bars. Based on
best-fit lines, the TCB/E-CIP strength ratio ranges from 1.10
to 0.91 with increasing embedment length for No. 5 bars, and
from 0.985 to 0.975 for No. 8 bars.

The bond strength of TCA-anchored bars is significantly
lower than the bond strengths of TCB-anchored bars. Based
on the best-fit lines, the TCA/E-CIP strength ratio is nearly
constant, 0.73 to 0.74, for No. 5 bars and ranges from 0.67 to
0.79 for No. 8 bars.

Bar diameter—The effect of bar diameter on bond strength
is also illustrated in Fig. 4, which shows that the No. 5 (16 mm)
bars have lower bond strengths than the No. 8 (25 mm) bars.
The effect of bar diameter is greater for the cast-in-place and
TCB-grouted bars than for the TCA-grouted bars. For
embedment lengths of 6 and 12 in. (150 and 305 mm), respec-
tively, the No. 5/No. 8 strength ratios are 0.82 and 0.76 for
uncoated (M) cast-in-place bars, 0.88 and 0.94 for epoxy-
coated (E) cast-in-place bars, 0.90 and 0.87 for TCB-grouted
bars, and 0.97 and 0.90 for TCA-grouted bars, based on the
best-fit lines. This effect of bar size on bond strength is
similar to that observed for spliced cast-in-place bars.16,17

Cover—The effect of cover on bond strength is evaluated
for uncoated and epoxy-coated cast-in-place and epoxy-
coated TCA and TCB-anchored No. 5 (16 mm) bars in Fig. 5.
The reduction in concrete cover from 3 to 1-1/2 in. (75 to
38 mm) results in a reduction in bond force in all cases. For
embedment lengths of 6 and 12 in. (150 and 305 mm) (as
represented by the best-fit lines), the 1-1/2 in./3 in. (38 mm/
75 mm) cover strength ratios are, respectively, 0.86 and 0.99
for uncoated (M) cast-in-place bars, 0.81 and 0.85 for epoxy-
coated (E) cast-in-place bars, 0.86 and 0.91 for TCB-grouted
bars, and 0.74 and 0.78 for TCA-grouted bars. In none of
these cases, however, is bond strength as sensitive to cover
as it is for the splice strength of cast-in-place bars.17

Horizontal bars
Top-cast and bottom-cast No. 5 and No. 8 bars with 3 in.

(75 mm) cover were used to evaluate the bond strength of

Fig. 4—Modified bond strength Te versus embedment length
le for vertical No. 5 and 8 (16 and 25 mm) bars with 3 in.
cover (1 kip = 4.45 kN; 1 in. = 25.4 mm).

Fig. 5—Modified bond strength Te versus embedment length
le for vertical No. 5 (16 mm) bars with 1-1/2 and 3 in. cover
(1 kip = 4.45 kN; 1 in. = 25.4 mm).

bars grouted in horizontal holes. The No. 8 bars were cast-in-
place or anchored in 1-1/4 in. (32 mm) diameter holes with
CPA, NSA, and TCA grouts, while the No. 5 bars were cast-
in-place or anchored in 7/8 in. (22 mm) holes with CPA and
TCA grouts. All bars were epoxy-coated. The results are
illustrated in Fig. 6 for the top-cast bars.

Fig. 6 shows that the cast-in-place and CPA-grouted No. 8
(25 mm) bars have similar strengths. In fact, the CPA bars
have higher strengths for embedment lengths of 9 in. (230
mm) or more. The No. 8 (25 mm) NSA and TCA-grouted bars
exhibit significantly lower strengths, with the NSA-grouted
bars exhibiting higher strengths than the TCA-grouted bars.
For le = 6 and 15 in. (150 and 380 mm), the grouted-to-cast-
in-place strength ratios are, respectively, 0.96 and 1.05 for
CPA, 0.70 and 0.92 for NSA, and 0.65 and 0.84 for TCA.

For No. 5 (16 mm) bars, Fig. 6 shows that the cast-in-place
bars are significantly stronger than the TCA-grouted bars,
which are stronger than the CPA-grouted bars. The CPA-
grouted bars actually decrease in strength with increasing le.
As with vertically placed bars, horizontal No. 5 bars provide
lower bond strengths than horizontal No. 8 bars with the
same embedment length and anchoring method.
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The behavior of the CPA-grouted No. 5 (16 mm) bars (Fig. 6)
represents a significant departure from the behavior
observed for any other bars. The CPA No. 5 bars exhibit
nearly equal strengths for le = 4 and 6 in. (100 and 150 mm),
but progressively lower strengths for le = 9 and 12 in. (230
and 305 mm). The strength for le = 6 in. (150 mm) is below
that observed for the vertically placed No. 5 bars anchored
with CPA grout (Table 1). The low strength (at all embed-
ment lengths) may be due to the fact that the 7/8 in. (22 mm)
hole diameter used for the CPA bars is greater than the value
of 13/16 in. (21 mm) recommended by the manufacturer and
used for the vertical bars. Since CPA grout contains micro-
aggregate particles, the size of which may play an important
role in interlock as bond failure occurs, the greater gap
between the reinforcing bar and the wall of the hole may
have resulted in the lower capacity. This was not a factor for
the No. 8 (25 mm) bars, since the hole diameter used for the
No. 8 bars, 1-1/4 in. (32 mm), was that recommended by the
manufacturer. For the No. 5 bars with le = 4 and 12 in. (100

Fig. 6—Modified bond strength Te versus embedment length
le for top-cast horizontal No. 5 and 8 (16 and 25 mm) bars
with 3 in. cover (1 kip = 4.45 kN; 1 in. = 25.4 mm).

Fig. 7—Modified bond strength Te versus embedment length
le for vertical and top-cast horizontal No. 8 (25 mm) bars
with 3 in. cover and expressions defining minimum strength
class requirements for fc′ = 5000 psi (1 kip = 4.45 kN; 1 in.
= 25.4 mm; 1000 psi = 6.89 MPa).

and 305 mm), the grouted-to-cast-in-place strength ratios
are, respectively, 0.94 and 0.69 for TCA and 0.92 and 0.05
for CPA based on the best-fit lines. The trends observed for
top-cast bars were also exhibited by the bottom-cast bars.1

Top-bar effect—The bottom-cast No. 8 bars in this study
exhibited higher bond strengths than the corresponding top-
cast bars for all values of le. The higher capacity is likely due
to the higher quality of the concrete at the bottom of the
placement. Overall, the top-bar effect (ratio of bond
strengths of bottom-cast bars to top-cast bars) based on the
best-fit lines ranges from 1.08 to 1.10 for cast-in-place No. 8
(25-mm) bars, from 1.00 to 1.06 for cast-in-place No. 5 (16 mm)
bars, from 1.06 to 1.15 for CPA-grouted No. 8 bars, from 1.06
to 1.08 for NSA-grouted No. 8 bars, from 1.03 to 1.06 for
TCA-grouted No. 8 bars, and from 0.96 to 1.02 for TCA-
grouted No. 5 bars [the top-bar effect for the CPA-grouted No.
5 bars, which ranges from 0.85 to 3.13, is not of much practical
interest, but is reported for completeness]. These values
compare to top-bar factors of 1.3 and 1.4 used by the ACI
Building Code20 and AASHTO Bridge Specifications,21

respectively.
Comparison with vertically anchored bars—Fig. 7

compares the bond strengths for vertical and top-cast hori-
zontal No. 8 (25 mm) bars and demonstrates that for the cast-
in-place (CIP) and TCA-anchored No. 8 bars the top-cast
horizontal bars, on average, provide slightly higher strengths
than the vertical bars (maximum difference in best-fit lines =
1.7 kips [7.6 kN] in both cases). Comparisons for the CPA
and NSA-grouted bars must be made based on a single
embedded length, since vertically anchored No. 8 bars using
these grouts were tested only with 9 in. (230 mm) embedment
lengths. In these cases, bond strength is more sensitive to bar
orientation. For le = 9 in. (230 mm), the CPA and NSA-
grouted top-cast horizontal bars have lower average strengths
than the corresponding vertical bars, 25.6 versus 28.2 kips (114
versus 125 kN) for the CPA-grouted bars and 20.6 versus
23.2 kips (92 versus 103 kN) for the NSA-grouted bars.

As shown in Fig. 8, the horizontal No. 5 (16 mm) cast-in-
place and TCA-grouted bars have lower strengths than the
corresponding vertical bars for most values of le. The low
strength of the top-cast horizontal CPA-grouted bars was
discussed earlier in the paper.

Sloped bars
Grouted reinforcing bars are often inserted at an angle

rather than perpendicular to the surface. To evaluate the
effect of bar slope on bond strength, 15 No. 5 (16 mm) bars
were inserted at a slope—six with a slope of 1:3 and nine
with a slope of 1:6 [Fig. 1(a)]. The bars were oriented so that
the cover increased with increasing embedment.

The sloped bars exhibited strengths that were equal to or
greater than the strengths of bars that were placed with
uniform cover equal to the minimum cover on the sloped bar
in all but two tests (two NSA-grouted bars with le = 6 in.
[150 mm] and a 1:6 slope). Considering the fact that the
preponderance of that data indicates improved performance,
it appears that it would be safe to consider sloped reinforce-
ment as equivalent to reinforcement placed with a constant
cover equal to the minimum cover on the sloped bar.
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Concrete strength
One test group was used to provide some insight into the

effect of concrete strength on the bond capacity of anchored
bars. The group consisted of nine vertically anchored No. 5
bars, with 6-in. embedment. Three bars each were anchored
with NSA, CPA, and TCA grouts. The concrete had a strength
of 2700 psi (18.6 MPa) at the time of the test, producing bond
strengths significantly below those provided by bars with
nominal concrete strengths of 5000 psi (34.5 MPa). However,
when the bond strengths are multiplied by (5000/fc′)

1/2 [fc′
in psi], the modified bond strengths overlap the test results
provided by the vertically anchored No. 5 bars in 5000 psi
(34.5 MPa) concrete. For NSA grout, the modified bond
strengths range from 13.1 to 15.2 kips (58 to 68 kN), compared
to a range of 10.9 to 17.4 kips (48 to 77 kN) for the earlier
(5000 psi [34.5 MPa] concrete) tests at a 6 in. (150 mm)
embedment; for CPA grout, modified bond strengths range from
7.0 to 13.5 kips (31 to 60 kN), compared to 10.0 to 18.5 kips (44
to 82 MPa) for earlier tests; and for TCA grout, modified bond
strengths range from 8.7 to 12.3 kips (39 to 55 kN),
compared to 6.8 to 15.4 kips (30 to 69 kN) for earlier tests.

This limited comparison suggests that using the square
root of the compressive strength is a reasonable way to
account for the effect of concrete strength on the capacity of
grouted reinforcing bars. The limited nature of the data also
suggests that additional tests would be worthwhile.

RECOMMENDATIONS FOR DESIGN
AND CONSTRUCTION

The design procedures that follow recognize that: 1)
different grouts exhibit different strengths; 2) individual
grouts may provide different strengths when used to anchor
bars in horizontal and vertical holes; 3) the bond strength
provided by grouted bars drops with decreasing cover; and
4) the bond strength of a sloped bar can be conservatively
represented by the strength of a bar with a constant concrete
cover equal to the minimum cover on the sloped bar.
Although not evaluated in this study, it is assumed that the
bond strength of grouted bars will drop with decreasing
center-to-center spacing, as occurs for cast-in-place bars.16,17

The approach defines three strength classes of grout:
Strength Class A, Strength Class B, and a Special Strength
Class. Strength Classes A and B are based on minimum
strength requirements, while the Special Strength Class is
provided to allow for the use of the actual test results.

Definitions
Strength class—A category of grout based on the bond

strength it provides for anchoring embedded reinforcement.
The strength class of a grout should be established separately,
and need not be the same, for horizontal and vertical bar
installations, since it is observed that grouts can perform
differently based on bar orientation. The procedures for
establishing the strength class should match those used in
this study and are spelled out in ASTM format in Reference 1
and summarized below.

Strength Class A Grout—A grout that provides a
minimum average bond strength Te = Abfs = 30le  for le
= 9db and le = 15db, in which Te = tensile force in grouted

f
c
′

Fig. 8—Modified bond strength Te versus embedment length
le for vertical and top-cast horizontal No. 5 (16 mm) bars
with 3 in. cover and expressions defining minimum strength
class requirements for fc′ = 5000 psi (1 kip = 4.45 kN; 1 in.
= 25.4 mm; 1000 psi = 6.89 MPa).

reinforcement at bond failure, lb; Ab = area of an individual
bar, in.2; fs = tensile stress in reinforcement, psi; le =
embedded length of grouted reinforcement, in.;  =
square root of concrete compressive strength, psi.

Strength Class B Grout—A grout that provides a
minimum average bond strength = 70 percent of that
required of a Strength Class A grout.

Special Strength Class Grout—A grout that provides a
minimum average bond strength = Te = Ab fs = γle  for le =
9db and le = 15db, in which γ = factor obtained in evaluating
grout strength = Te(avg)/le .

Grout Strength Classes A and B were established using the
test results for top-cast horizontal and vertical bars. The
specific strength requirements defining the classes were
selected primarily based on the strength properties of
grouted No. 5 bars, since these provide lower bond strengths
than larger bars with the same embedment length.

Two primary strength classes, A and B, were selected to
both allow economical use of the highest strength grouts
without preventing the use of lower strength grouts that may
have desirable construction properties, such as rapid curing,
but require longer embedment lengths. The Special Strength
Class allows any grout to be used based on its actual perfor-
mance. The strength of a Special Strength Class grout may
be above or below that of Strength Classes A or B. The
proposed requirements for evaluating the strength of a grout1

require a minimum of three tests each at embedment lengths
equal to 9 and 15 bar diameters, and a cover of 3 in. (75 mm).
General qualification as a Strength Class A, Strength Class
B, or Special Strength Class grout would require the use of
No. 5 bars. However, a Special Strength Class grout could be
qualified using a bar size other than No. 5, but the application
of that Special Strength Class would be limited to the bar size
used in the test.

The requirements for Strength Class A and Strength Class
B are compared with the test results for vertical and top-cast
horizontal No. 5 and No. 8 (16- and 25-mm) bars in Fig. 8
and 7, respectively. As illustrated in Fig. 8, TCB grout in
vertical holes would qualify as a Strength Class A grout,
while TCA in both vertical and top-cast horizontal holes
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would qualify as a Strength Class B grout. CPA grout, as
applied with a single capsule and oversize holes (not in
accordance with the manufacturer’s recommendations), would
not meet the requirements of a standard strength class grout.

The No. 8 bars provide higher strengths than the No. 5
bars, as illustrated in Fig. 7. CPA grout and NSA grout in
top-cast horizontal holes and TCB grout in vertical holes
meet the requirements of a Strength Class A grout, while
TCA grout in both horizontal top-cast and vertical holes
provides strengths that place it in the upper range of Class B
grouts. Under these proposed design procedures, the engi-
neer would have the option of using the lower strengths
obtained with the No. 5 bars to establish the strength class or
treating the grouts used with the No. 8 bars as belonging to a
Special Strength Class to take advantage of the higher
strengths obtained with the larger bars.

Design
Strength reduction factors
1. Steel yield strength: φ = 0.90
2. Bond strength: φ = 0.65
A strength reduction factor of 0.90 is commonly used

when strength is governed by tensile yielding of reinforcing
steel.20-22 A strength reduction factor of 0.65 is commonly
used when strength is governed by the tensile strength of
concrete or the anchorage provided by a grout.5,22

Design tensile strength—The design tensile strength of
grouted reinforcement φTn must exceed the factored tensile
force in the reinforcement. φTn is equal to the smaller of the
design tensile force based on the yield strength of the bar,
given by Eq. (1), and the design tensile force based on the
bond strength of the grout, given by Eq. (2), (3), or (4)

φTn = φAb fy = 0.9Ab fy (1)

in which fy = specified yield strength of reinforcement, psi.
Strength Class A Grout

(2)

Strength Class B Grout

(3)

Special Strength Class Grout

(4)

Eq. (2) and (3) produce predicted strengths equal to 78 and
55 percent, respectively, of the strength that would be
calculated for cast-in-place bars using the expression for
basic development length in the 1989 ACI Building Code20

and the 1992 AASHTO Bridge Specifications.21

Modification factors based on cover and bar spacing—
For bars with covers less than 3 in. (75 mm) or clear spacings
less than 6 in. (150 mm), the value of design strength φTn ,
calculated using Eq. (2), (3), or (4), should be modified by a

factor of 0.85 for bars anchored with a grout that meets the
requirements of a Strength Class A grout and 0.75 for bars
anchored with grouts that do not. These requirements are
based on observations made earlier in the paper indicating
that the bond strengths of bars anchored with Strength Class
B grouts are more sensitive to low covers than the bond
strengths of bars anchored with Strength Class A grouts.
Both modification factors are less severe than the corre-
sponding factors in ACI 318-89,20 reflecting the lower cover
sensitivity of bars that are grouted compared to bars that are
spliced or developed. Covers less than 1-1/2 in. (38 mm) and
clear spacings less than 3 in. (75 mm) should not be
permitted unless justified by tests. For bars with cover that
changes along the embedded length, cover should be inter-
preted as minimum cover.

Construction requirements
The principal construction considerations are hole size

and cleanliness. The only case in which hole diameter
appears to affect strength is when capsules are used. To
cover this case, construction requirements should require
the use of “hole diameters that have been demonstrated to
provide adequate strength.”

To insure adequate surface properties, holes should be
vacuumed (as with a shop vacuum) after drilling, brushed
with a fiber brush, and then blown out with compressed air
(filtered for oil and water). If another less stringent cleaning
method is used, the grout bond strength should be qualified
using the alternate cleaning method.

CONCLUSIONS
The following conclusions are based on the tests and eval-

uations presented in this paper.

1. For the techniques evaluated in this study, the bond
strength of grouted reinforcing bars is not highly sensitive to
differences in hole preparation method. Drilling methods
that do not damage the surrounding concrete and most hole-
cleaning methods are satisfactory for most grouts. Grouts
that tend to exhibit a bond failure at the interface between
grout and concrete (IGC) may provide higher strengths with
more thorough cleaning methods. The vacuum drilling
procedure appears to provide the best strength for grouts that
exhibit IGC failures. However, this method is not required,
nor does it give the highest strength for most other grout
installations. Vacuuming, followed by cleaning with a fiber
bottle brush and compressed air, is recommended.

2. There can be significant differences in grout strength.
Grouts that provide a strong bond at the grout-concrete inter-
face provide higher bond strengths than grouts that undergo
failure at the grout-concrete interface.

3. The bond strength provided by most grouts is not sensi-
tive to the hole diameter. However, bond strength may be
severely decreased for bars anchored with capsules if the hole
diameter is larger than recommended by the manufacturer.

4. Bond strength increases with increasing embedment
length, bar size, and cover. The bond strength of both cast-
in-place and grouted reinforcing bars subjected to tension at
the surface of concrete appears to be less sensitive to cover
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than is the strength of cast-in-place spliced reinforcement
within reinforced concrete members.

5. Cast-in-place epoxy-coated reinforcement provides a
lower bond strength than cast-in-place uncoated reinforce-
ment. Grouted epoxy-coated reinforcement and grouted
uncoated reinforcement provide similar bond strengths.

6. Grouted vertically anchored bars and grouted top-cast
horizontally anchored bars provide similar strengths for
some grouts and different strengths for other grouts. Therefore,
it is recommended that grouts be qualified separately for
anchorage at each orientation. Grouted bottom-cast horizontal
reinforcement provides a higher bond strength than grouted
top-cast reinforcement.

7. The bond strength of a sloped bar can be conservatively
represented by the bond strength of a bar with a constant
concrete cover equal to the minimum cover on the sloped bar.

8. For the grouts tested, bond strength increases approxi-
mately with the square root of concrete compressive strength.
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NOTATION
A = air cleaning method
Ab = area of individual bar, in.2

B = bottom-cast horizontal bar
BA = brush with air-cleaning method
BW = brush with water-cleaning method
CIP = cast-in-place
CPA, CPB = Capsule A, Capsule B
E = epoxy-coated
fc′ = compressive strength of concrete, psi
fs = tensile stress in reinforcement, psi
H = horizontal bar
IGC = failure at interface between grout and concrete
le = embedded length of grouted reinforcement, in.
M = mill scale (uncoated)
NSA, NSB = Nonshrink Grout A, Nonshrink Grout B
T = top-cast horizontal bar
TCA, TCB = stiff two-component Grout A, fluid two-component Grout B
Te = bond strength of grouted reinforcement = maximum ten-

sile force attained during a test, lb
Tn = nominal tensile force in grouted reinforcement, lb
V = vacuum-drilled or vertical bar
γ = factor obtained in evaluating grout strength = Te(avg)/le

φ = strength reduction factor
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