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Research and experience has shown that given specific loading 
scenarios and reinforcement configurations, reinforced concrete 
members may experience nonductile shear failures that can occur 
in sudden and brittle modes, often leading to structural collapse. It 
is desirable, therefore, to avoid shear failures and strengthen rein-
forced concrete elements with potential deficiencies. Candidates 
for strengthening include concrete elements that ACI 318 permits to 
be constructed without shear reinforcement (for example, shallow 
beams, joists, slabs, footings, and others) and concrete in rehabili-
tated or repurposed structures.

This research investigated the effectiveness of two post-installed 
reinforcement types (undercut anchors and grout-in-place threaded 
rods) for strengthening reinforced concrete beams in shear. The 
results from six full-scale shear tests, compared to design provi-
sions in ACI 318-14 and AASHTO LRFD 2014, indicate that high-
strength post-installed reinforcement may be used to strengthen 
beams in shear and achieve deformation and load capacities 
similar to traditionally reinforced elements.

Keywords: grout; post-installed reinforcement; retrofit; shear stiffening; 
undercut.

INTRODUCTION
Strengthening reinforced concrete in existing structures 

provides flexibility in reusing or repurposing buildings, 
addressing design deficiencies, and adding ductility to 
potentially brittle concrete members. Shear strengthening 
may be desirable for vulnerable members—most notably, 
large, lightly reinforced elements without shear reinforce-
ment. For instance, the present ACI 318-14 building code 
expression for concrete shear resistance (Eq. (22.5.5.1)) is 
based on a lower-bound allowable shear stress in concrete 
developed in a 1962 ACI Report.1 Past research, some 
prompted by building failures, shows the ACI shear design 
expression is unconservative for some member geometries. 
Other structures may see increased design demands due to a 
change in use and may require strengthening to maintain an 
acceptable level of safety. Also, many older concrete struc-
tures are inadequate to resist seismic forces and should be 
strengthened to reduce the potential for earthquake-induced 
failures.

The brittle nature of shear failure makes the shear strength 
of existing structures a major concern.

ACI Committee 3642 identified five common methods for 
shear strengthening reinforced concrete members. Methods 
proposed by ACI Committee 364 (Fig. 1) include: 1) enlarge-
ment of the concrete section; 2) addition of internal steel or 
FRP reinforcement; 3) externally adhered FRP plates or 
strips; 4) near-surface-mounted reinforcement (NSM); and 
5) addition of external reinforcement.

Recently, Kunz and Randl3 and other researchers,4-9 have 
evaluated the effectiveness of post-installed, epoxy-bonded 
steel bars as shear reinforcement and have shown them to be 
effective for improving shear strength and overall behavior. 
While post-installed bars chemically bonded by epoxy have 
received increasing amounts of research attention, less effort 
has been devoted to studying options that rely on discrete 
mechanical anchorage or reinforcement bonded by grout.

The objective of this study was to investigate the effective-
ness of undercut anchors and grout-in-place threaded rods as 
post-installed shear reinforcement, expanding the structural 
retrofit knowledgebase beyond epoxy-bonded solutions.

The investigated techniques involve drilling holes in loca-
tions where shear reinforcement is desired and then either 
grouting steel threaded rods in place (Fig. 2(c)) or setting 
and tensioning undercut anchors (Fig. 2(b)). Both tech-
niques require access to only one side of a concrete member, 
making them practical when access is restricted by backfill 
material, exterior cladding, interior finishes, or other obsta-
cles. The effectiveness of each technique was confirmed 
through an experimental program conducted at The Univer-
sity of Texas at Austin, and retrofits were proven to produce 
behavior similar to elements with a comparable amount of 
cast-in-place transverse reinforcement.

Results of the experimental study were compared to calcu-
lations performed according to current code formulations in 
the United States, specifically ACI 318-1410 (ACI 318) and 
the AASHTO LRFD 2014 (AASHTO) shear design provi-
sions.11 Despite inherent behavioral differences between 
traditional cast-in-place reinforcement and post-installed 
reinforcing bars, application of the current shear design 
provisions resulted in excellent estimations of the exper-
imental capacities. On average, the ratios of tested shear 
strength to predicted strength for reinforced specimens 
were 1.05 and 0.99, respectively, based on ACI 318-14 and 
AASHTO LRFD, respectively. These biases are in the same 
range as those used in the original formulation of the LRFD 
methods and suggest that the predictive equations can be 
used directly with the code-specified resistance factors.

RESEARCH SIGNIFICANCE
Many existing reinforced concrete elements may require 

shear strengthening to meet demands due to deterioration, 
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changes in use, or other deficiencies. Other researchers3-5 
have demonstrated that post-installed chemical anchors can 
significantly improve the shear resistance and behavior of 
flat slabs and shallow beams, but research on non-epoxy 
anchors is limited.

This paper examines two types of post-installed steel 
reinforcing bars to enhance the shear strength of larger rein-
forced concrete members. The effectiveness of the retrofits 
was established through comparisons to: 1) shear tests of 
unreinforced and traditionally reinforced specimens; and 2) 
capacity estimates from the application of ACI 318-14 and 
AASHTO LRFD 2014.

DESCRIPTION OF RETROFIT TECHNIQUES
Figure 2 depicts the retrofit reinforcement types evaluated 

in this study. Throughout the paper, mechanical undercut 
anchors are referred to as “undercut anchors” (abbreviated as 
UA) and grout-in-place threaded rods as “grouted anchors” 
(abbreviated as GA). The undercut and grouted anchor retro-
fits consisted of 0.50 in. diameter (12.7 mm) high-strength 
threaded rods (nominal yield stress of 105 ksi [723 MPa]) 
installed in 0.75 in. diameter (19.0 mm) and 3.0 in.-diam-
eter (76.2 mm) holes, respectively. All holes were diamond 
cored perpendicular to the longitudinal axis of the specimen 
and were sufficiently deep to ensure anchor embedment in 
the flexural compression zone of the member. Each anchor 
was externally anchored with a plate washer and nut on the 
tension face of the test specimen. After drilling, the holes 
were cleaned according to established best practices12 and 
in agreement with recommendations by undercut anchor and 
grout manufacturers.

Undercut anchors were installed in accordance with 
the manufacturer’s recommended procedures, including 
drilling, cleaning, and torqueing. During the torqueing 
process, the undercut anchor sleeve is forced over a conical 
nut and deforms into the undercut hole. The deformed sleeve 
bears against the undercut hole, allowing the anchor to resist 
load by mechanical interlock with the concrete.

Grouted anchors were installed in the center of a 3.0 in. 
diameter hole using a polycarbonate face plate centering 
device fitted with a valve. Grout was injected through the 
face plate and allowed to cure for a minimum of 5 days prior 
to shear testing of the specimen. Grouted anchors resist load 
primarily through bond at the grout-to-concrete interface.

In typical applications, post-installed anchors are 
subjected to a combination of axial and shear forces. The 
tensile and shear strengths of several kinds of post-installed 
anchors have been extensively studied and summarized by 
other researchers.13,14 In this study, anchors installed as shear 
reinforcement are assumed to act in tension.

Undercut anchors in tension may fail in one or more of the 
following modes (depicted in Fig. 3(a), (b), and (c)): 1) yield 
and fracture of the undercut anchor; 2) concrete splitting 
between anchor locations; and 3) formation of a concrete 
breakout cone.13 Headed grouted anchors in tension may fail 
in one or more of the following modes (depicted in Fig. 3(a), 
(d), and (e)): 1) yield and fracture of the rod; 2) bond failure 
at the grout/concrete interface; and 3) formation of a concrete 
breakout cone. Expressions in ACI 318-14, Chapter  17, are 
used to evaluate anchors’ tension capacity based on the limit 
states previously mentioned (with the addition of grout/
concrete bond failure14). Calculated anchor capacities were 

Fig. 1—Shear strengthening methods for existing RC elements: (a) unreinforced section; (b) section enlargement by additional 
concrete and reinforcement; (c) post-installed, bonded, or unbonded reinforcement-steel or FRP; (d) external jacketing with 
CFRP or steel; (e) near-surface-mounted steel or CFRP rods or bars; and (f) addition of external reinforcement.
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used to predict post-installed reinforcement contribution to 
sectional shear strength and to develop the shear reinforce-
ment configuration used for the experimental program.

The researchers note that undercut and grouted anchors 
transfer load through the concrete by different mechanisms, 
which may affect shear resistance (Fig. 4). For example, 
undercut anchors are mechanically anchored at only two 
points—the tension face of the member and the undercut 
location—and are not bonded along their length. In contrast, 
grouted anchors are capable of developing stress along their 
entire length due to bond stresses.

POST-INSTALLED ANCHOR SELECTION
Many types of bonded and mechanical post-installed 

anchors have proven track records in the construction 
industry, and this paper focuses only on two anchor types. 
This section briefly outlines common types of post-installed 
anchors and why grouted anchors and undercut anchors 
were selected for this study.

Common mechanical anchors include expansion- and 
undercut-type anchors. Expansion anchors transmit tensile 
loads primarily through friction between the anchor head/

sleeve and the surrounding concrete. Undercut anchors 
transmit tensile loads through bearing between the anchor 
head/sleeve and the undercut concrete. Bonded anchors 
rely on a chemical bond between the bonding agent and the 
concrete substrate to resist tensile loads. Common bonding 

Fig. 2—Retrofit techniques under investigation: (a) sche-
matic layout of post-installed reinforcement in a specimen 
without transverse reinforcement; (b) grouted anchor 
components; and (c) undercut anchor components.

Fig. 3—Potential failure modes for post-installed anchors: 
(a) yield or fracture of anchor; (b) concrete splitting between 
anchor locations; (c) concrete breakout cone formation 
(undercut anchors); (d) concrete breakout cone formation 
(grouted anchors); and (e) bond failure at the grout/concrete 
interface.10

Fig. 4—Force development for post-installed reinforcement 
methods: (a) undercut anchors; and (b) grouted anchors. 
Only the test region of specimen is shown.
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agents include structural adhesives (typically epoxy) and 
cementitious or polymer grout.14

Undercut and grouted anchors were selected for this study 
because available research on their use as post-installed 
shear reinforcement is limited compared to epoxy anchors, 
as discussed previously. Engineers must consider many proj-
ect-specific details including, but not limited to, load magni-
tude and direction, load duration, cyclic or static load condi-
tions, anchor reliability, ease of installation, and anchor cost 
to pick the most appropriate anchoring solution.

Bonded anchors are versatile because rods/reinforcement 
can be cut to any length and installed with the bonding 
agent, and they are often faster to install than mechanical 
anchors. Hole cleaning and preparation are critical because 
anchor behavior is entirely dependent on bond at the adhe-
sive-to-concrete interface. Mechanical anchors are often 
considered more reliable because they are less sensitive to 
hole preparation, are anchored by physical means that are 
less variable than bond strength, and are less susceptible 
to creep deformations under sustained tensile loads. The 
load-resisting mechanism for undercut anchors is akin to 
cast-in-place anchors and they are particularly reliable for 
resisting cyclic loads because compression/tension cycles 
do not degrade the anchorage. However, the installation 
of undercut anchors requires two drilling operations and 
specialized tools that increase installation time and cost. Note 
that mechanical anchors are only readily available in certain 
“off-the-shelf” lengths from manufacturers, but custom 
lengths may be requested from manufacturers (usually at a 
cost premium and with minimum quantity requirements).

EXPERIMENTAL STUDY
A set of three beams was fabricated (labeled SR1, SR2, 

and SR3) for the purposes of evaluating the shear strength-
ening techniques described in the previous section. Each 
beam included shear test regions at either end, resulting in 
six independent shear tests. Tests included one unreinforced 
control span, one control span reinforced with ACI 318 
minimum transverse reinforcement, two spans retrofitted 
with undercut anchors, and two spans retrofitted with 
grouted anchors. Figure 5 presents an overview of the exper-
imental program.

Specimens and test setup
The specimen dimensions, shear span-depth ratio, and 

longitudinal reinforcement ratio were kept constant for all 
tests. Each specimen was 36 in. (919 mm) wide (b) by 24 in. 
(610 mm) tall (h) by 332 in. (8.43 m) long. Each shear test 
region had an effective depth (d) of 21.3 in. (541 mm) and 
overall length of 53.3 in. (1353 mm), as measured between 
the centerlines of the applied load and the nearest support, 
with a resultant shear span-depth ratio (a/d) within the test 
region of 2.5. Specimens were reinforced with five No. 11 
deformed longitudinal reinforcing bars with a resultant flex-
ural tension reinforcement ratio of 1%.

Only the type of transverse reinforcement was varied 
among the six test regions. The reinforced control span used 
No. 4, Grade 60 deformed reinforcement in the amount 
required to meet ACI 318 minimum reinforcement and 
maximum spacing requirements (ACI 318-14 Tables 9.6.3.3 
and 9.7.6.2.2). The four retrofit shear spans used Grade B7 
high-strength threaded rod with 0.5 in. (12.7 mm) diameter 

Fig. 5—Overview of test program, specimen variables, and specimen nomenclature.
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and 0.142 in.2 (91.6 mm2) effective cross-sectional area. All 
transverse reinforcement (conventional and post-installed) 
was installed at the ACI 318 maximum allowable spacing of 
d/2 (10.5 in. [267 mm]).

Retrofit design methodology
The minimum transverse reinforcement prescribed by 

ACI 318 Table 9.6.3.3 served as a benchmark for develop-
ment of the post-installed retrofits. ACI 318 evaluates the 
concrete contribution to shear strength with Eq. (22.5.5.1) 
(reproduced as Eq. (2) in the Methodology for evaluation 
section as follows) regardless of the amount of shear rein-
forcement (if any) provided. As previously noted, the Code 
permits some member types (for example, shallow beams, 
joists) to be constructed without shear reinforcement if the 
design shear stress does not exceed 50% of the concrete 
contribution to shear resistance (the limit is increased to 
100% for slabs and footings).

A significant amount of research has shown that the 
code-prescribed value for concrete shear strength can 
be unconservative for large, lightly reinforced members 
without shear reinforcement.15 However, tests have shown 
that ACI 318 conservatively estimates the concrete contribu-
tion to shear resistance for members containing at least the 
minimum specified amount of shear reinforcement. In most 
practical applications, the addition of post-installed rein-
forcement to an existing concrete member will provide added 
shear capacity owing to the steel contribution of reinforce-
ment and potentially allow the concrete to provide sectional 
shear strength commensurate with Code predictions.

Selecting the ACI 318 minimum shear reinforcement for 
all specimens allowed researchers to directly investigate if 
code-prescribed spacing limitations were appropriate for 
post-installed retrofits, assess the repeatability of retrofit 
tests and what factors may impact retrofit effectiveness, and 
compare the load-deflection behavior of retrofit and cast-in-
place options with similar amounts of reinforcement. 

The relative size and spacing of the retrofit anchors 
(undercut and grouted) were selected to be consistent with 
the details developed for the control span reinforced with 
code-prescribed minimum transverse reinforcement. The 
0.5 in. diameter undercut and grouted anchors were longi-
tudinally spaced at d/2 (10.5 in. [267 mm]). An exact match 
between the retrofit and standard reinforcement details 
could not be achieved due to differences in the threaded rod 
cross-sectional area (29% less than the No. 4 reinforcement) 

and nominal yield stress (75% greater than the No. 4 rein-
forcement). The researchers note that ACI 318 assumes a 
steel contribution to shear strength proportional to its yield 
stress (that is, the transverse reinforcement will yield) and 
that the differences noted previously may have important 
implications. For example: 1) at the force level required to 
yield the No. 4 reinforcing bars, comparable retrofit anchors 
will elongate approximately 40% more than the stan-
dard reinforcement; and 2) the nominal yield force of the 
threaded rod anchors was approximately 24% greater than 
the nominal yield force of the deformed reinforcement.

Materials
Normalweight concrete containing 1 in. (25.4 mm) nominal 

crushed limestone aggregate was used for all six beams. The 
concrete compressive strength at the time of testing ranged 
from 3.1 to 4.5 ksi (21.4 to 31.0 MPa). Concrete compressive 
strength was determined in accordance with ASTM C39.

The measured yield strengths of the No. 11 flexural rein-
forcement and No. 4 transverse reinforcement were 69.3 and 
61.3 ksi (478 and 423 MPa), respectively. The measured 
yield strengths of the undercut and grouted anchors were 
118.3 and 130.3 ksi (816 and 898 MPa), respectively. Rein-
forcement and post-installed anchors were tested by an inde-
pendent laboratory and the tensile yield strength was deter-
mined by the 0.2% offset method described in ASTM A370.

The cementitious grout used in the grouted anchor retrofits 
had an average compressive stress of 9.27 ksi (63.91 MPa) 
at the time of testing. Grout compressive strength was deter-
mined in accordance with ASTM C1019. Material properties 
are summarized in Table 1.

Measurements and Instrumentation
The load-deflection response of each shear test region 

was measured with several sensors connected to a data 
acquisition system. A pair of linear potentiometers at each 
support and the point of applied load continuously recorded 
displacements. A “tripod” configuration of load cells was 
used to continuously record load, with two of the three load 
cells at the support nearest the applied load and the third at 
the far support. Strain gauges were used to a limited extent 
to monitor the deformations of the cast-in-place transverse 
reinforcement, post-installed anchors, and longitudinal rein-
forcement (data not presented with this paper). Finally, crack 
patterns were marked between load steps, and the largest 
diagonal crack width was measured whenever safe.

Table 1—Summary of material properties

Span ID Transverse reinforcement fc′, psi (MPa) fy,l, ksi (MPa) fv,v, ksi (MPa) fg′, ksi (MPa) La, in. (mm)

SR2S-C None 4360 (30.1) 69.33 (478.0) N/A N/A 38 (965.2)

LD1N-C None 3658 (25.2) 69.33 (478.0) N/A N/A 38 (965.2)

LD1S-C None 3658 (25.2) 69.33 (478.0) N/A N/A 38 (965.2)

SR3N-RC ACI minimum 3311 (22.8) 69.33 (478.0) 61.33 (422.9) N/A 38 (965.2)

SR1S-UA Undercut anchors 3165 (21.8) 69.33 (478.0) 118.39 (816.3) N/A 34.75 (882.7)

SR2N-UA Undercut anchors 4498 (31.0) 69.33 (478.0) 118.39 (816.3) N/A 35.25 (895.4)

SR1N-GA Grouted anchors 3304 (22.8) 69.33 (478.0) 130.37 (898.9) 8576 (59.1) 34.625 (879.5)

SR3S-GA Grouted anchors 3190 (22.0) 69.33 (478.0) 130.37 (898.9) 9960 (68.7) 34.75 (882.7)
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Shear testing
Each test region was loaded monotonically in steps equiv-

alent to approximately 10% of the nominal shear capacity 
estimated using the ACI 318 equations. The condition of 
the specimen was photographed at the end of every load 
step. Once load equal to roughly 80% of the nominal shear 
capacity had been applied, the test region was loaded contin-
uously to failure. Testing was stopped once the load-carrying 
capacity fell below 70% of the peak load achieved over the 
course of the test. All test regions failed in shear.

The maximum applied shear (Vue) and an estimate of 
the concrete contribution to the shear strength (Vce) were 
recorded during each test. As defined by ACI Committee 
326,1 the experimental Vce was recorded as the shear applied 
at the occurrence of first diagonal cracking, which was based 
on visual observations and was typically accompanied by a 
temporary reduction in applied load. The experimental steel 
contribution to shear capacity was further calculated as the 
difference between the maximum applied shear (Vue) and the 
shear at first diagonal cracking (Vce). Results will hereon be 
presented in terms of the normalized shear stress (v), which 
is defined in Eq. (1).

 v V
b dfc w

=
′

�  (1)

Test observations
Figure 6 summarizes the load-deflection response for each 

shear test region. The inclusion of some form of transverse 
reinforcement (conventional or post-installed) had a signifi-
cant effect on the shear-carrying capacity of the test regions, 
as anticipated. Moreover, the undercut and grouted anchor 
retrofits performed as well as, and in some cases better 
than, the conventionally reinforced specimen (SR3N-RC). 
The normalized shear stresses resisted by the retrofitted test 
regions were 0.97 to 1.17 times the measured capacity of the 
conventionally reinforced specimen. The superior perfor-
mance of the retrofitted test regions may be attributable to 
development of the threaded rod yield strength that was 
larger than the deformed reinforcement. As further noted 
below, the development of a single post-installed anchor was 
influenced by the nature of the anchorage (that is, discrete or 
continuous) and the location of the critical diagonal crack.

Figure 7 shows the location and orientation of diagonal 
cracking in each specimen. Each of the test regions with 
undercut anchors developed some flexure-shear cracks 
followed by a single, large, diagonal crack (Fig. 7(d) and 
(e)) like the failure crack witnessed within the unreinforced 
test regions (Fig. 8(a), (b) and (c)). The crack widened until 
force transfer was no longer possible and the test span failed. 
In contrast, appearance of the primary diagonal crack in test 
regions with grouted anchors (Fig. 7(g) and (h)) was followed 
by the development and growth of several smaller diagonal 
and flexure-shear cracks before failure of the span (indica-
tive of force redistribution16). This behavior was consistent 
with that of the conventionally reinforced test region, and it 
should further be noted that the test-to-test performance was 
more consistent among test regions with grouted anchors.

In the case of the undercut anchor retrofit, the potential 
for force redistribution is limited because the threaded rods 
are mechanically anchored to the concrete at two discrete 
points (the anchor head and the undercut location) and as 
evidenced by the observed lack of secondary cracking prior 
to shear failure. Post-test examination of undercut anchor 
retrofits revealed evidence that high stresses beneath some 
of the washer plates caused breakout from the surrounding 
concrete, but it was not clear if the observed localized 
conditions initiated the shear failure of the specimen. This 
may be particularly relevant for anchors near the “tail” of 
the primary shear crack, where the potential breakout cone 
depth is limited by the proximity of the primary diagonal 
crack to the bottom or top face of the specimen (Fig. 8).

The continuity of bond between the threaded rod, grout, 
and concrete in the grouted retrofit allows internal forces to 
redistribute within the test region. No evidence suggesting 
local failures was observed and this load transfer mecha-
nism permitted substantial, if not full, development of the 
threaded rod capacity. Post-test examination of grouted 
anchor retrofits did reveal apparent yielding of some washer 
plates (Fig. 8), but it was unclear whether slip of the anchor 
initiated the failure of the test region.

The effectiveness of post-installed reinforcement (as 
compared to conventional reinforcement) may be strongly 
influenced by the proximity of the primary shear crack to 
the anchorage locations of the post-installed reinforcement. 
In conventionally reinforced members, the yield strength 
of a stirrup is reliably developed due to positive anchorage 
around the longitudinal reinforcement (regardless of the 
primary shear crack position). It is not possible to anchor 
post-installed reinforcement in a comparable manner without 
additional concrete removal from the existing member. For 
both undercut and grouted anchors, the diagonal crack loca-
tion determines the size and capacity of a potential concrete 
breakout cone and limits the length over which the bond 
between the threaded rod, grout, and concrete develops in a 
grouted retrofit. In members retrofitted with these techniques, 
the engineer is advised to consider the impact of anchor 
breakout/pullout in the design strength of the retrofit (Fig. 9).

Fig. 6—Load-deflection plot for all specimens included in 
experimental program: (a) unreinforced control tests; and 
(b) transversely reinforced specimens.
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METHODOLOGY FOR EVALUATION
Sectional shear strength

The experimental results of this study were compared to 
capacities calculated with the ACI 318-14 Building Code 
and the AASHTO LRFD sectional shear design provisions 
using measured values for material properties. The provi-
sions were chosen as the most likely formulations to be 
used by engineers in the United States designing retrofits or 
repairs. Commonly used design specifications elsewhere— 
specifically CSA A23.3 and Eurocode 2—should produce 
estimates comparable to AASHTO LRFD, as all three speci-
fications are based on similar simplifications to the Modified 
Compression Field Theory (MCFT).

ACI 318, Eq. (22.5.5.1) and (22.5.10.5.3), are reproduced 
as follows as Eq. (2) and (3).

 V f b dc c w= ′2  (2)

 V
A f
s
d

s
yv v= ,

 (3)

AASHTO LRFD 2014 Eq. 5.8.3.3-3, 5.8.3.3-4, 
5.8.3.4.2-2, 5.8.3.4.2-3, 5.8.3.4.2-4 (with simplifications), 
and 5.8.3.4.2-5 are reproduced as follows as Eq. (4) through 
(9).
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Post-installed reinforcement strength
As noted previously, anchorage and bond conditions may 

impact the effectiveness of post-installed reinforcement in 
shear retrofit applications, especially when the geometry of 
the primary shear crack reduces the effective embedment of 

Fig. 7—Diagonal cracking pattern at failure for all specimens. Primary shear crack shown as a solid line.
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a post-installed anchor. ACI 318, Chapter 17, “Anchoring to 
Concrete,” is used as the basis for evaluating the impact of 
concrete breakout and grout-concrete bond failure on devel-
opment of the full strength of post-installed reinforcement. 
The Chapter 17 provisions consider the following failure 
mechanisms (relevant to this study) for anchors subjected 
to tension: steel fracture; concrete breakout; anchor pullout; 
and anchor bond strength. ACI 318, Eq. (17.4.1.2) (steel frac-
ture), (17.4.2.1b) (concrete breakout, mechanical anchor), 
(17.4.3.4) (headed bolt pullout), and (17.4.5.1b) (concrete 
breakout, adhesive anchor) are reproduced below as Eq. (10) 
through (13). Reference ACI 318-14, Chapter 17, for more 
detailed information and notation.

 Nsa = Ase,N futa (10)

 N
A
A

Ncbg
Nc

Nco
ec N ed N c N cp N b= ψ ψ ψ ψ, , , ,  (11)

 Np = 8Abrg fc′ (12)

 N
A
A

Nag
Na

Nao
ec Na ed Na cp Na ba= ψ ψ ψ, , ,  (13)

For the purposes of this study, each pair of post-installed 
anchors acting as a stirrup was treated as a two-anchor group 
whose strength was evaluated in accordance with the provi-
sions of ACI 318, Chapter 17. Two pairs of anchors were 
considered to contribute to the sectional shear strength of 
the test region, and the capacity of each anchor pair was 

calculated using an “average” effective depth equal to the 
distance between the point of anchorage and the primary 
shear crack, assuming the primary shear crack formed near 
midheight of the anchors. The controlling limit state among 
concrete breakout, anchor pullout, bond failure, and steel 
yield was used as the calculated Vsn. This approach is similar 
to the modified truss analogy that forms the basis of Eq. (3) 
(ACI 318, Eq. (22.5.10.5.3)) and does not explicitly account 
for the variable effective embedment depth of different anchors 
based on the orientation of the primary shear crack. Chapter 17 
does not include grout-in-place anchors within its scope but the 
researchers feel that Eq. (12) is nonetheless an appropriate esti-
mation of the bond strength at the grout-concrete interface.13,14

Fig. 8—Localized distress near anchor reinforcement: (a) undercut anchor plate “punching through” tension face of beam; 
(b) splitting between undercut anchor locations; (c) washer plate yielding; and (d) structural core concrete failing between 
regions confined by post-installed anchors.

Fig. 9—Impact of diagonal crack location on effective 
embedment depths of post-installed reinforcement. Only the 
test region of specimen is shown.
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Calculation of nominal capacity for comparison to 
experimental results

Using the information presented previously, four inde-
pendent nominal capacities were calculated for comparison 
to the experimental results. In subsequent sections of this 
paper, the calculation methods are referred to as “ACI 318”, 
“ACI 318-Mod”, “AASHTO”, and “AASHTO-Mod”. The 
combinations of equations used to calculate nominal capaci-
ties for each method are summarized as follows:

1. “ACI 318”—Vcn and Vsn calculated by Eq. (1) and (2), 
respectively;

2. “ACI 318-Mod”—Vcn calculated by Eq. (1) and Vsn 
calculated as the minimum of Eq. (10) through (13);

3. “AASHTO”—Vcn and Vsn calculated by application of 
Eq. (4) through (9); and

4. “AASHTO-Mod”—Vcn and Vsn calculated by applica-
tion of Eq. (4) through (9), except that fy is modified such 
that the total tension force provided by one post-installed 
anchor is equal to the value calculated by ACI 318, Chapter 
17, as determined previously.

ANALYSIS OF RESULTS
Figure 10 and Table 2 present a concise comparison 

between experimental results and calculated capacities as 

Fig. 10—Comparison of experimental results and code 
predictions using actual material properties.

Table 2—Summary of experimental test results and comparison to analytical predictions

Span ID Ve, lb (kN) VACI, lb (kN) Ve/VACI VACI-Mod, lb (kN) Ve/VACI-Mod VAASHTO, lb (kN) Vtest/VAASHTO VAASHTO-Mod, lb (kN) Ve/VAASHTO-Mod

C
on

cr
et

e 
co

nt
rib

ut
io

n 
V c

SR2S-C 85,905 
(382.3)

101,240 
(450.5) 0.85 101,240

(450.5) 0.85 110,659
(492.4) 0.78 110,659

(492.4) 0.78

SR3N-RC 85,161
(379.0)

88,225
(392.6) 0.97 88,225

(392.6) 0.97 83,139
(370.0) 1.02 83,139

(370.0) 1.02

SR1S-UA 93,013
(413.9)

86,258
(383.8) 1.08 86,258

(383.8) 1.08 76,853
(342.0) 1.21 80,567

(358.5) 1.15

SR2N-UA 109,048
(485.3)

102,830
(457.6) 1.06 102,830

(457.6) 1.06 88,450
(393.6) 1.23 90,862

(404.3) 1.20

SR1N-GA 94,947
(422.5)

88,131
(392.2) 1.08 88,131

(392.2) 1.08 76,528
(340.5) 1.24 81,681

(363.5) 1.16

SR3S-GA 79,850
(355.3)

86,598
(385.4) 0.92 86,598

(385.4) 0.92 75,440
(335.7) 1.06 80,556

(358.5) 0.99

St
ee

l c
on

tri
bu

tio
n 

V s

SR3N-RC 63,531
(282.7)

49,729
(221.3) 1.28 49,729

(221.3) 1.28 65,246
(290.3) 0.97 65,246

(290.3) 0.97

SR1S-UA 48,060
(213.9)

68,138
(303.2) 0.71 52,835

(235.1) 0.91 87,314
(388.5) 0.55 70,257

(312.6) 0.68

SR2N-UA 93,415
(415.7)

68,138
(303.2) 1.37 58,496

(260.3) 1.60 86,083
(383.1) 1.09 75,713

(336.9) 1.23

SR1N-GA 78,838
(350.8)

75,050
(334.0) 1.05 53,983

(240.2) 1.46 95,182
(423.6) 0.83 71,294

(317.3) 1.11

SR3S-GA 84,803
(377.4)

75,050
(334.0) 1.13 53983

(240.2) 1.57 95,307
(424.1) 0.89 71,395

(317.7) 1.19

To
ta

l s
he

ar
 st

re
ng

th
 V

n

SR2S-C 85,905
(382.3)

101,240
(450.5) 0.85 101,240

(450.5) 0.85 110,659
(492.4) 0.78 110,659

(492.4) 0.78

SR3N-RC 148,692
(661.7)

137,954
(613.9) 1.08 137,954

(613.9) 1.08 148,384
(660.3) 1.00 148,384

(660.3) 1.00

SR1S-UA 141,073
(627.8)

154,396
(687.1) 0.91 139,092

(619.0) 1.01 164,167
(730.5) 0.86 150,824

(671.2) 0.94

SR2N-UA 202,463
(901.0)

170,968
(760.8) 1.18 161,326

(717.9) 1.25 174,534
(776.7) 1.16 166,575

(741.3) 1.22

SR1N-GA 173,785
(773.3)

163,181
(726.2) 1.06 142,114

(632.4) 1.22 171,710
(764.1) 1.01 152,975

(680.7) 1.14

SR3S-GA 164,653
(732.7)

161,648
(719.3) 1.02 140,580

(625.6) 1.17 170,748
(759.8) 0.96 151,951

(676.2) 1.08
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described in the previous section. Recall that the experi-
mental concrete contribution Vce was estimated as the load 
to produce first visible diagonal cracking; the experimental 
steel contribution Vse is a quantity back-calculated by 
subtracting Vce from the peak test load Vue. In addition, the 
critical section for shear was assumed to be the middle of the 
shear span (that is, a/2 = 26.6 in. [676 mm] from the center 
of the applied load). Table 3 compares total nominal calcu-
lated shear capacity to experimental shear capacity for test 
specimens with reinforcement only, including the mean and 
coefficient of variation, and demonstrates good agreement 
between calculated and experimental capacities.

The ACI 318 and AASHTO LRFD provisions, without 
modifications, offered similar levels of accuracy and closely 
approximated the experimental shear strength of test spec-
imens. Analysis of experimental results indicates that ACI 
318 and AASHTO provisions modified by provisions of ACI 
318 Chapter 17 indicates that this approach is conservative 
because the experimental capacity consistently exceeded the 
calculated capacity (except for specimen SR1-S).

While concrete breakout or bond slip may not have initiated 
shear failure of the test specimens, researchers observed signs 
of anchorage distress during post-test examination. Further, 
ACI 318 and AASHTO LRFD provisions modified to account 
for anchor limit states conservatively predict total sectional 
shear strength. Designers should carefully consider concrete 
breakout, bond, and other local limit states when designing 
post-installed shear reinforcement for flexural members.

CONCLUSIONS
Based on the experimental program described herein and 

the comparison of experimental and calculated capacities, 
the researchers conclude that:

1. Strength and deformation capacity of members without 
transverse reinforcement is increased significantly with 
post-installed transverse reinforcement. Behavior under 
static loading conditions is similar to that of specimens 
containing cast-in-place transverse reinforcement; this is 
especially true for grouted anchors, which have a continuous 
bond along the length of the anchors.

2. Consideration of alternate modes of anchor failure (that 
is, failure prior to yielding), including concrete breakout, 
bond failure, and local anchorage failure, is necessary to 
obtain a reasonable strength estimate. Further research 
should be conducted to better characterize how non-yielding 
reinforcement failure modes affect the shear strength 
provided by post-installed reinforcement.

3. Both the retrofit techniques studied herein only require 
access to one side of a structural member and are therefore 
ideal for situations with limited access or where limited 
disruption is desirable. Of the two studied techniques, 
undercut anchors may be considerably easier to install in 
horizontal or overhead applications.

4. Calculations presented herein use actual material prop-
erties and do not make use of load, resistance, or safety 
factors. Consideration of nominal material properties and 
load and resistance or safety factors will add appropriate 
safety margins to the design. The authors recommend further 
research be conducted to assign statistically appropriate 

Table 3—Comparison of capacity calculation methods

Calculation method Specimen Vn,test, √psi (√MPa) Vn,calc, √psi (√MPa) Vn,test /Vn,calc Average Coefficient of variation

ACI 318

SR3-N 3.37 (0.28) 3.13 (0.26) 1.08

1.05 0.09

SR2-N 3.94 (0.33) 3.33 (0.28) 1.18

SR1-N 3.94 (0.33) 3.70 (0.31) 1.06

SR1-S 3.27 (0.27) 3.58 (0.30) 0.91

SR3-3 3.80 (0.32) 3.73 (0.31) 1.02

ACI 318-MOD

SR3-N 3.37 (0.28) 3.13 (0.26) 1.08

1.15 0.09

SR2-N 3.94 (0.33) 3.14 (0.26) 1.25

SR1-N 3.94 (0.33) 3.23 (0.27) 1.22

SR1-S 3.27 (0.27) 3.23 (0.27) 1.01

SR3-3 3.80 (0.32) 3.25 (0.27) 1.17

AASHTO

SR3-N 3.37 (0.28) 3.36 (0.28) 1.00

1.00 0.11

SR2-N 3.94 (0.33) 3.39 (0.28) 1.16

SR1-N 3.94 (0.33) 3.90 (0.32) 1.01

SR1-S 3.27 (0.27) 3.81 (0.32) 0.86

SR3-3 3.80 (0.32) 3.94 (0.33) 0.96

AASHTO-MOD

SR3-N 3.37 (0.28) 3.36 (0.28) 1.00

1.07 0.10

SR2-N 3.94 (0.33) 3.24 (0.27) 1.22

SR1-N 3.94 (0.33) 3.47 (0.29) 1.14

SR1-S 3.27 (0.27) 3.50 (0.29) 0.94

SR3-3 3.80 (0.32) 3.51 (0.29) 1.08
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shear resistance factors to structural elements with post-in-
stalled reinforcement.
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NOTATION
As = total area of longitudinal tension reinforcement
Av = effective area of transverse reinforcement within spacing, s
a = shear span; distance between centerline of applied load and 

nearest support
ag = maximum diameter of aggregate
bv = AASHTO section width effective in resisting shear
bw = width of web; equivalent to section width for rectangular 

geometries
d = effective depth of tension reinforcement; distance from compres-

sion face to centroid of longitudinal tension reinforcement
dv = AASHTO effective shear depth
fc′ = concrete compressive strength
fy = yield strength of longitudinal tension reinforcement
fy,v = yield strength of transverse reinforcement
hef = effective anchor embedment depth
Mu = moment at critical section for shear—that is, moment at a/2
s = center-to-center spacing of transverse reinforcement
sx = factor used to calculate crack spacing parameter sxe, as defined 

by AASHTO
sxe = crack spacing parameter as defined by AASHTO
V = shear force
VAASHTO  = calculated sectional shear at critical section, using unmodified 

provisions of AASHTO-LRFD
VAASHTO-mod
 = calculated sectional shear at critical section, using modified 

provisions of AASHTO-LRFD
VACI = calculated sectional shear at critical section, using unmodified 

provisions of ACI 318-14
VACI-mod  = calculated sectional shear at critical section, using modified 

provisions of ACI 318-14
Vc = concrete contribution to shear resistance
Vce = experimental concrete contribution to shear resistance
Vcn = calculated concrete contribution to shear resistance
Vs = steel contribution to shear resistance
Vse = experimental steel contribution to shear resistance
Vsn = calculated steel contribution to shear resistance

Vu = sectional shear at critical section—that is, shear at a/2
Vue = experimental sectional shear at critical section—that is, shear at 

a/2
Vun = calculated sectional shear at critical section—that is, shear at a/2
α = relative angle between beam longitudinal axis and axis of trans-

verse reinforcement
β = factor accounting for cracked concrete’s ability to transfer 

tension/shear as defined by AASHTO-LRFD
εs = longitudinal tensile strain at centroid of tension reinforcement
θ = angle of inclination of diagonal compressive stresses
ν = normalized shear stress
ρw = longitudinal reinforcement ratio
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