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EXECUTIVE SUMMARY
Post-installed reinforcement is used to connect a new concrete member to an existing concrete
structure. Typically, uncoated rebar post-installed with a chemical adhesive is used in these applications,
which may lead to corrosion. Departments of transportation and local bridge owners have used and
continue to use epoxy-coated rebar in post-installed applications due to its inherent corrosion
resistance. Unfortunately, chemical adhesive manufacturers provide tensile strengths of their products
for use with uncoated rebar and not epoxy-coated rebar.
The primary objective of this research project was to determine the effect of the epoxy-coating on the
tensile pullout strength of reinforcing bars post-installed with a chemical adhesive. Furthermore, a
secondary objective was to investigate and clarify the Minnesota Department of Transportation
(MnDOT) design procedure for reinforcing bars post-installed with a chemical adhesive in two example
applications. To achieve the project objectives, a laboratory study was conducted, which involved
casting and testing representative sample specimens that included both epoxy-coated reinforcing bars
and traditional uncoated reinforcing bars. Two slabs were constructed. One slab contained epoxycoated rebar post-installed using four different chemical adhesive products and the other slab contained
uncoated rebar post-installed using the same four different chemical adhesive products. A total of 48
tests were conducted to investigate the effect of the specified concrete strength (4,000 psi), reinforcing
bar size (#5), embedment depth (5 in. or 8db), reinforcing bar type (epoxy-coated and uncoated), and
type of chemical adhesive. The procedure for the tensile pullout strength test of the post-installed
reinforcing bars followed guidance from ACI 355.4 (2011) and ASTM E488 (2015).
Results are presented showing the differences between the ultimate tensile pullout strength of epoxycoated and uncoated reinforcing bars; the difference between the ultimate tensile pullout strength of
epoxy-coated reinforcing bars and the manufacturer published bond strength with uncoated reinforcing
bars; and the difference between the ultimate tensile pullout strength of epoxy-coated reinforcing bars
and the MnDOT-specified bond strength with uncoated reinforcing bars. Results indicated that the
epoxy coating slightly reduced the tensile pullout strength of the post-installed rebar. The ratio of the
tensile pullout strength of the epoxy-coated reinforcing bars to the tensile pullout strength of the
uncoated reinforcing bars ranged from 0.94 to 1.05 and varied based on the chemical adhesive
manufacturer. Results from t-test analyses indicated that differences in the tensile pullout strength for
epoxy-coated rebar compared to uncoated rebar were statistically different when using three of the
four chemical adhesives during installation.
To develop recommendations, the standard deviation of each average ultimate tensile pullout strength
was added or subtracted to the average ultimate tensile pullout strength of both the epoxy-coated or
uncoated reinforcing bars to increase the ratio between the two reinforcing bar types. This methodology
created more extreme ratios of the ultimate tensile pullout strength of the epoxy-coated reinforcing
bars to the ultimate tensile pullout strength of the uncoated reinforcing bars. The ratios ranged from
0.88 to 0.99. Furthermore, to encompass 99% of the normal distribution, the average ultimate tensile
pullout strengths of both the epoxy-coated and uncoated reinforcing bars were reduced by three

standard deviations as another means to investigate the ratio of average ultimate tensile pullout
strength between the two types of bars, and the minimum ratio was 0.89.
Two recommendations were made. The first recommendation was to include a modification factor
when calculating bond strength for an epoxy-coated reinforcing bar post-installed using chemical
adhesives (ψe,Na). Application of this modification factor would be similar to the method used in the
development length equation from ACI 318 (2014) for cast-in-place reinforcement. For epoxy-coated
reinforcing bars post-installed using chemical adhesives, it was recommended that ψe,Na = 0.9 and be
applied to ACI 318-14 Equations 17.4.5.1a and 17.4.5.1b. The bar coating modification factor value of
0.9 was chosen because it encapsulates the lowest ratio of the ultimate tensile pullout strength of the
epoxy-coated reinforcing bars to the ultimate tensile pullout strength of the uncoated reinforcing bars
from the laboratory experimental program, while still providing a built-in factor of safety. The value of
0.9 also nearly bounded the 0.88 and 0.89 ratios from the other two methods of analysis using the
standard deviation.
The second recommendation was that MnDOT raise the specified uncracked bond stress (τuncr) of 1,000
psi or use the manufacturer published values for τuncr. The back-calculated τuncr based on the minimum
experimental epoxy-coated ultimate tensile pullout strength was approximately 283% more than the
current τuncr specified by MnDOT. If MnDOT were to use the manufacturer published values for τuncr, its
designs would better follow the requirements of Section 5.13.2.3 from the AASHTO LRFD Bridge Design
Specifications (2017) and Section 17.4.5.2 from ACI 318 (2014).

CHAPTER 1: INTRODUCTION
1.1 BACKGROUND
The widespread use of concrete as a building material has generated the need to attach new members
or items to an existing concrete structure. This is typically done through the use of concrete anchors.
According to ACI 318 (2014), concrete anchors are defined as a steel element either cast into concrete
or post-installed into a hardened concrete member and used to transmit applied loads to the concrete.
Uses of concrete anchors can range from attaching bike racks to concrete walls to attaching existing
structural concrete walls to new structural concrete walls.
Concrete anchors are divided into two groups based on installation timing: cast-in-place anchors and
post-installed anchors. Cast-in-place anchors are installed before the concrete is hardened and postinstalled anchors are installed into existing, hardened concrete. Post-installed concrete anchors are
divided into two groups based on the method of restraining the post-installed anchor: bonded and
mechanical. Bonded post-installed concrete anchors are divided into two groups by bonding agent:
chemical adhesive and grouted (Zamora et al., 2003). The different groups of anchors are shown in
Figure 1.1. Anchorage post-installed with a chemical adhesive can be comprised of different anchor
elements (e.g., threaded rod, internally threaded sleeve, or reinforcing bar). When the anchor element
is comprised of reinforcing bars, the system can be referred to as reinforcing bars post-installed with a
chemical adhesive. The purpose of this research was to specifically investigate reinforcing bars postinstalled with a chemical adhesive, which have become popular because of their flexibility in retrofit
construction applications and in new construction applications. Reinforcing bars post-installed with a
chemical adhesive are installed by drilling holes into hardened concrete, using a specific process to clean
the hole, injecting a chemical adhesive into the cleaned hole, and inserting a reinforcing bar into the
hole (Cook et al., 1998).
Typically, uncoated black reinforcing bar is used when reinforcing bars are post-installed with a chemical
adhesive. However, use of uncoated reinforcing bars in bridge applications may lead to corrosion.
Frequently, bridge owners specify that bridge components require some sort of corrosion protection to
ensure long-term durability (Dickey, 2011). For the past 30 years, epoxy-coated reinforcing bars have
been specified by most state departments of transportation (DOT) for components used in bridge
applications because of their durability and competitive life-cycle cost (Hartt et al., 2007). The epoxycoating forms a barrier between the steel and any corrosive environment associated with service
conditions, such as road salts, acids, or carbonation. Utilization of epoxy-coated reinforcing bars has
improved the corrosion resistance of reinforcing bars. The usage of epoxy-coated reinforcing bars has
increased, and they are now being used for more applications in reinforced concrete construction (Choi
et al., 1990). For example, epoxy-coated reinforcing bars are being post-installed with a chemical
adhesive in traffic barrier and pier crash strut retrofits (Ehrlich, 2017). According to Dickey (2011),
epoxy-coated reinforcing bars post-installed with a chemical adhesive are used by state DOT’s, but they
may have different tensile pullout strengths compared to uncoated reinforcing bars post-installed with a

1

chemical adhesive. Due to this issue, chemical adhesive manufacturers have stopped providing a
warranty on their products when they are used with epoxy-coated reinforcing bars (Ehrlich, 2017).
1.2 RESEARCH OBJECTIVES
The primary objective of this research project was to determine the effect of the epoxy-coating on the
tensile pullout strength of reinforcing bars post-installed with a chemical adhesive. Furthermore, a
secondary objective was to investigate and clarify the Minnesota Department of Transportation
(MnDOT) design procedure for reinforcing bars post-installed with a chemical adhesive in two example
applications. To achieve the project objectives, a laboratory study was conducted, which involved
casting and testing representative sample specimens that included both epoxy-coated reinforcing bars
and traditional uncoated reinforcing bars. The results from the pullout testing of epoxy-coated
reinforcing bars were directly compared to both the results from pullout testing of uncoated reinforcing
bars and the manufacturer published tensile strength values for traditional uncoated reinforcing bars.
To obtain direct comparisons, both types of reinforcing bars were post-installed using the same
chemical adhesives. The final outcome was to determine if epoxy-coated reinforcing bars could be used
in post-installed bridge barriers, post-installed bridge pier crash struts, or other applications where
reinforcing bars need to be post-installed.
1.3 REPORT ORGANIZATION
Chapter two presents a literature review that examines code and specification provisions related to
epoxy-coated reinforcing bars post-installed with a chemical adhesive, test results on epoxy-coated
reinforcing bars post-installed with a chemical adhesive, test results of cast-in-place epoxy-coated
reinforcing bars, and results from a survey of U.S. state DOT’s used to determine where epoxy-coated
reinforcing bars are used in post-installed applications. Chapter three discusses the experimental
program, which includes a description of the test setup and testing procedure. Chapter four presents
the results and discussion of the laboratory experimental program. In chapter five, conclusions are
drawn from the experimental program, the discussion is augmented with discrepancies from the
literature and results, and final recommendations are made. Appendix A presents a design flowchart
and calculations for two applications (post-installed bridge barrier and post-installed bridge pier crash
strut) where uncoated reinforcing bars post-installed with a chemical adhesive are used. Appendix B
presents plots of the applied tensile load vs. displacement from experimental testing.
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Figure 1.1 Groups of anchors
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CHAPTER 2: LITERATURE REVIEW
2.1 CODES AND SPECIFICATIONS
To understand the topic of epoxy-coated reinforcing bars post-installed with a chemical adhesive, it is
important to know how the current codes and specifications address the topic. Because using epoxycoated rebar as post-installed reinforcement in concrete is relatively new, many of the current codes
and specifications do not address it. The codes and specifications may address post-installed uncoated
reinforcing bars, or more commonly, just address post-installed anchors.
2.1.1 Model Code for Concrete Structures (2010)
The European Committee for Concrete (CEB) and The International Federation for Prestressing (FIP)
specify the design of post-installed reinforcement in the Model Code for Concrete Structures (CEB and
FIP, 2010). The Model Code for Concrete Structures notes that post-installed reinforcing bar connections
are permissible if they follow the design provisions for cast-in-place reinforcing bars. The systems used
to post-install reinforcing bars under the Model Code for Concrete Structures (e.g., reinforcing bar,
adhesive, hole cleaning tool, and printed manufacturer instructions) must be approved through an
independent approval process. Post-installed reinforcing bar connections designed using the Model
Code for Concrete Structures must consider the following: inspection of the drilled holes, larger
minimum concrete cover compared to cast-in-place reinforcing bars, larger minimum clear spacing
compared to cast-in-place reinforcing bars, limited compressive strength, and special requirements for
fire safety.
2.1.2 Canadian Highway Bridge Design Code (2014)
Section 8.16.7 of the Canadian Highway Bridge Design Code S6 (2014) entitled “Anchorage of
Attachments” broadly discusses cast-in-place, grouted, and adhesive anchorage. However, the code
does not specifically address tensile load being transferred to post-installed anchorage via a chemical
adhesive, and it does not provide a method to calculate the bond strength of a reinforcing bar postinstalled with a chemical adhesive. The code outlines how anchors transfer tensile loads from the
anchor to the concrete by one of the following methods: an anchor head at the base of the anchor, a
deformed reinforcing bar cast-in-place with a hook, a straight deformed cast-in-place reinforcing bar, or
a method approved by the Canadian Highway Bridge Design Code. The Canadian Highway Bridge Design
Code does not address how an epoxy coating on deformed reinforcing bars affects the bond strength or
anchorage.
2.1.3 AASHTO LRFD Bridge Design Specifications (2017)
The American Association of State Highway and Transportation Officials (AASHTO) addresses anchors in
Section 5.13 of the 8th Edition of the AASHTO Load and Resistance Factor Design (LRFD) Bridge Design
Specifications (2017). AASHTO specifies that anchors shall be designed, detailed, and installed according
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to the provisions of the American Concrete Institute (ACI) Building Code Requirements for Structural
Concrete, ACI 318 (2104). The provisions of ACI 318-14 are discussed in detail in Section 2.1.4. ACI 31814 excludes impact loads from the scope of the post-installed anchor provisions. However, AASHTO
allows use of ACI 318-14 provisions for impact load situations.
AASHTO notes that corrosion control shall be considered for any anchor application exposed to
environmental elements. Typical corrosion control measures include the use of coatings or corrosion
resistant materials (e.g., epoxy-coated reinforcing bars). AASHTO specifies that the manufacturer’s
literature must document that the adhesive used is compatible with the type and extent of any coating
used for adhesive anchors (e.g., epoxy-coated reinforcing bars post-installed with a chemical adhesive).
2.1.4 ACI 318 Building Code Requiremen ts for Structural Concrete (2014)
ACI first added post-installed chemical adhesive anchorage design into the code requirements with ACI
318 Appendix D (2011). When ACI 318 (2014) was published, the post-installed anchorage design
requirements from Appendix D were moved into Chapter 17 of the code and updated. Anderson and
Meinheit (2014) noted that the reasons for minimally updating the Appendix D material were twofold.
The first reason was because the anchor design provisions were only three years old, and the second
reason was a desire to keep the code similar for design professionals.
Section 17.4.5 of ACI 318-14 entitled “Bond Strength of Adhesive Anchor in Tension” specifies how to
calculate the bond strength of a chemical adhesive anchor acting in tension. ACI 318-14 presents two
equations: one for a single chemical adhesive anchor and another for a group of chemical adhesive
anchors. According to ACI, two separate equations were included because chemical adhesive anchors
that exhibit bond failures when loaded individually may exhibit concrete failures when loaded in a
group. The scope of this research was to examine a single anchor in tension, so group effects were not
discussed. Figure 2.1 displays the geometry needed to calculate the nominal bond strength in tension of
a single chemical adhesive anchor. The equation used to calculate the bond strength of a single anchor
in tension is given in ACI 318-14 Section 17.4.5.1 and has the form:

𝑁𝑎 =

𝐴𝑁𝑎
𝜓
𝜓
𝑁
𝐴𝑁𝑎𝑜 𝑒𝑑,𝑁𝑎 𝑐𝑝,𝑁𝑎 𝑏𝑎

2.1

Where:
Na =
The nominal bond strength in tension of a single chemical adhesive anchor (lb)
ANa =
The projected influence area of a single chemical adhesive anchor that shall be approximated
as a rectilinear area that projects outward a distance cNa from the centerline of the chemical
adhesive anchor (in.2)
ANao = The projected influence area of a single chemical adhesive anchor with an edge distance equal
to or greater than cNa (in.2)
cNa =
The projected distance from the center of an anchor shaft on one side of an anchor required to
develop the full bond strength of a single chemical adhesive anchor (in.)
ψed,Na = Modification factor for edge effects
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ψcp,Na = Modification factor for use in uncracked concrete without supplementary reinforcement to
account for splitting
Nba =
The basic bond strength of a single chemical adhesive anchor (lb)
To use Equation 2.1, the values of cNa, ANao, ψed,Na, ψcp,Na, and Nba need to be calculated using the
following equations, which are given in ACI 318-14:
𝜏𝑢𝑛𝑐𝑟
1100

𝑐𝑁𝑎 = 10𝑑𝑎 √

Where:
da =
τuncr =
ca,min =
cac =

hef =
λa =
τcr =

2.2

𝐴𝑁𝑎𝑜 = (2𝑐𝑁𝑎 )2

2.3

If 𝑐𝑎,𝑚𝑖𝑛 ≥ 𝑐𝑁𝑎 then, 𝜓𝑒𝑑,𝑁𝑎 = 1.0
𝑐𝑎,𝑚𝑖𝑛
If 𝑐𝑎,𝑚𝑖𝑛 < 𝑐𝑁𝑎 then, 𝜓𝑒𝑑,𝑁𝑎 = 0.7 +
𝑐𝑁𝑎

2.4

If 𝑐𝑎,𝑚𝑖𝑛 ≥ 𝑐𝑎𝑐 then, 𝜓𝑐𝑝,𝑁𝑎 = 1.0
𝑐𝑎,𝑚𝑖𝑛
If 𝑐𝑎,𝑚𝑖𝑛 < 𝑐𝑎𝑐 then, 𝜓𝑐𝑝,𝑁𝑎 =
𝑐𝑎𝑐
𝑐𝑁𝑎
𝜓𝑐𝑝,𝑁𝑎 ≥
𝑐𝑎𝑐

2.5

𝑁𝑏𝑎 = 𝜆𝑎 𝜏𝑐𝑟 𝜋𝑑𝑎 ℎ𝑒𝑓

2.6

Diameter of anchor (in.)
Characteristic bond stress in uncracked concrete (psi)
Minimum distance from center of anchor to edge of concrete (in.)
Critical edge distance required for post-installed anchors in uncracked concrete without
supplementary reinforcement. For reinforcing bars post-installed with a chemical adhesive, cac
= 2 hef (in.).
Effective embedment length of anchor (in.)
Modification factor for lightweight concrete
Characteristic bond stress in cracked concrete (psi)

The basic bond strength of a single chemical adhesive anchor (Nba) is the bond strength before any
modification factors are applied. The modification factor for use in uncracked concrete without
supplementary reinforcement (ψcp,Na) is required because concrete splitting can occur if supplementary
reinforcement is not provided, which reduces the bond strength. An example of supplementary
reinforcement is provided in Figure 2.2. The modification factor for lightweight concrete (λa) is 0.45 or
1.0 for lightweight or normal weight concrete, respectively. The effective embedment length of an
anchor is how deep the anchor (hef) is installed into the concrete and is specified by the design engineer.

6

Section R17.4.5.2 of ACI 318-14 notes that the bond strength of chemical adhesive anchors follows a
uniform bond stress model, which is based on results from Cook et al. (1998). Cook et al. examined
various design models for adhesive anchors and ultimately recommended a uniform bond stress model
because it provided an accurate fit to test reports documenting the behavior of adhesive anchors in
European, United States, and Japanese literature. Section R17.4.5.2 of ACI notes that the bond strength
is valid for bond failures that occur between the concrete and the adhesive, as well as between the
anchor and the adhesive. The values for τuncr and τcr are published by the chemical adhesive
manufacturer in accordance with ACI 355.4 (2011). ACI 318-14 permits use of τuncr instead of τcr in
Equation 2.6 when analysis indicates that there will be no cracking at service loads. The bond strength
values published by the adhesive manufacturer (τuncr and τcr) are applicable for use with threaded rod or
uncoated reinforcing bars, but not with epoxy-coated reinforcing bars. ACI 318-14 does not address how
the epoxy-coating affects the bond between the post-installed reinforcing bar and the chemical
adhesive.
When adhesive manufacturer published values for τuncr and τcr are unknown, ACI 318-14 provides lowerbound values, which are given in Table 2.1. There are assumptions inherent in the use of the lowerbound values, including: duration that the load is applied to the anchor, whether the concrete is
cracked, size of the anchor, drilling method used to install the anchor, degree of concrete saturation due
to water at the time of installation, concrete temperature at the time of anchor installation, concrete
age at the time of anchor installation, peak concrete temperature during service life of the anchor, and
chemical exposure of the anchor during its service life. The lower-bound values for τuncr and τcr do not
make any assumptions about anchor coating, so it is unclear if they can be used with epoxy-coated
reinforcing bars.
Instead of using the lower-bound values from Table 2.1 or the manufacturer published values, MnDOT
policy specifies values for τuncr and τcr (MnDOT, 2016). The MnDOT-specified values for τuncr and τcr are
1,000 psi and 500 psi, respectively. These values are incorporated into two sample calculations of
reinforcing bars post-installed with a chemical adhesive in Appendix A. The first sample calculation is a
post-installed bridge barrier and the second is a post-installed bridge pier crash. The example
calculations followed the methods outlined in the AASHTO LRFD Bridge Design Specifications (2017), ACI
318 (2014), and MnDOT LRFD Bridge Design Manual (2017). The sample calculations are preceded by a
flowchart to provide an engineer with guidance about the design of reinforcing bars post-installed using
chemical adhesives.
2.1.5 A23.3 Design of Concrete Structures (2014)
The Canadian Standards Association (CSA) addresses post-installed chemical adhesive anchorage design
in A23.3 (2014). A23.3 presents the same equations as ACI 318 (2014) to calculate bond strength of a
post-installed chemical adhesive anchor in tension. Similar to ACI 318-14, A23.3 requires chemical
adhesive anchors to be qualified for use by ACI 355.4 (2011) and the values for τuncr and τcr to be
reported in accordance with ACI 355.4. The only difference between A23.3-14 and ACI 318-14 is the fact
that A23.3 uses an additional resistance modification factor (R) and a material resistance factor for
concrete (ϕc) in Equation 2.6, whereas ACI 318-14 only applies a strength reduction factor (ϕ) to
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Equation 2.6. For example, the factored resistance must be greater than demand in ACI 318-14 (ϕNn ≥
Nu), whereas the equation takes the form of (ϕcRNn ≥ Nu) in A23.3-14. The magnitude of bond strength
reduction is the same in both methods despite the different processes used by ACI 318-14 and A23.3-14
to apply resistance factors.
2.1.6 ACI 355.4 Qualification of Post -Installed Adhesive Anchors in Concrete (2011)
When ACI 318 (2011) introduced the design methodology for uncoated reinforcing bars post-installed
with a chemical adhesive into the building code requirements, the Institute also published the
Qualification of Post-Installed Adhesive Anchors in Concrete (ACI 355.4-11), which is the standard that
qualifies post-installed chemical adhesive anchor systems for use in practice. ACI 355.4-11 defines
chemical adhesive anchor systems as consisting of the following components:
•
•
•
•

Anchor (e.g., threaded rod, internally threaded sleeve, or reinforcing bar)
Proprietary chemical adhesive compounds in combination with a mixing and delivery system
Accessories for cleaning the drilled hole
Manufacturer printed instructions for adhesive anchor installation

ACI 355.4-11 prescribes testing requirements for post-installed chemical adhesive anchors intended for
use in concrete under the design provisions of ACI 318 (2014). The assessment and testing criteria in ACI
355.4-11 are for various uses, which include sustained loading, seismic loading, aggressive
environments, reduced or elevated temperatures, usage in only uncracked concrete, or usage in cracked
and uncracked concrete. Along with the assessment and testing criteria for various uses, ACI 355.4-11
provides testing criteria for establishing the characteristic bond strength (τuncr and τcr), reductions in
capacity for adverse conditions, and jobsite quality control requirements. Anchor system evaluation is
based on four types of tests:
1. Identification tests to evaluate anchor compliance with manufacturer specifications
2. Reference tests to obtain baseline values for the evaluation of reliability and service-condition
test results
3. Reliability tests to assess anchor sensitivity to adverse installation conditions and long-term
loading
4. Service-condition tests to establish anchor performance under expected service conditions
Different anchor types (e.g., threaded rod, internally threaded sleeve, or reinforcing bar) and chemical
adhesive types (e.g., vinylester, epoxy, and hybrid systems) may exhibit a range of performance
characteristics. The strength capacity of adhesive anchors is sensitive to variations in installation and
service-condition parameters (e.g., hole cleaning, installation orientation, and cracked concrete
characteristics). Adhesive manufacturers report values for the strength reduction factor (ϕ) in
accordance with ACI 355.4-11 Section 17.3.3 and ACI 318-14, which are given in Table 2.2. Strength
reduction factors are separated by category and condition. Categories one through three describe
differences in the installation sensitivity and reliability of an anchor. The difference between Condition A
and Condition B is whether supplementary reinforcement is provided. ACI notes that when
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supplementary reinforcement is provided, failure will occur in a ductile instead of a brittle manor, thus
allowing a higher strength reduction factor.
The strength reduction factors do not address how different chemical adhesive anchor systems may
exhibit a range of performance. Variation in the performance of different chemical adhesive anchor
systems is addressed in Tables 3.1 through 3.3 of ACI 355.4-11. These tables provide a test program for
evaluation of adhesive anchor systems considering the following:
•
•
•
•
•
•

•
•
•
•
•

Presence of water during anchor installation
Drilling method (e.g., hammer drill or core drill)
Installation direction
Installation temperature
Embedment depth and anchor diameter
Anchor element type (includes different steel material types such as carbon and stainless steel,
different tensile strengths of steel, and different anchor elements such as threaded rod,
internally threaded sleeve, and reinforcing bar)
Environmental use conditions (e.g., dry, wet, and elevated temperatures)
Chemical exposure (e.g., high alkalinity or sulfur dioxide)
Concrete condition (e.g., cracked or uncracked)
Loading (e.g., static, seismic, or sustained)
Concrete member thickness

A tension test of a single anchor, unconfined, away from any concrete edges, and in uncracked concrete
is test 7a in ACI 355.4-11 and is summarized in Table 2.3. Test program 7a is a service-condition test
used to determine the characteristic bond stress of a chemical adhesive in uncracked concrete (τuncr),
which is used in ACI 318-14 to calculate the nominal bond strength of a single chemical adhesive anchor
in tension. Table 2.3 is a summary of Tables 3.1 through 3.3 from ACI 355.4-11, which describes the
testing performed in this research project.
2.1.7 AC 308 Acceptance Criteria for Post -Installed Adhesive Anchors in Concrete
Elements (2013)
The Acceptance Criteria for Post-Installed Adhesive Anchors in Concrete Elements (ICC, 2013), which is
generally referred as AC 308, was initially adopted in 2006 by the International Code Council (ICC). The
purpose of AC 308 is to address the strength design criteria of chemical adhesive anchors compatible
with the provisions of ACI 318. The first version of AC 308 (2006) provided design provisions that could
be used with ACI 318 and included requirements that accounted for cracked concrete, adverse
installation conditions, and sustained tension loads (Hörmann-gast and Silva, 2012). AC 308 now
conforms to ACI 355.4 (2011) requirements to avoid having two different standards for acceptance in
the anchoring industry (Anderson and Meinheit, 2014). Typically, the revised AC 308 (2013) conforms to
ACI 355.4 (2011).
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AC 308 is comprised of two parts. The first part is the main body of the criteria, which defines the
applications for the criteria, applicable reference standards, and any additional design provisions to be
included in the evaluation of chemical adhesive anchors. This part of the criteria conforms to ACI 355.411. The second part of AC 308 summarizes amendments, which supersede the applicable portions of ACI
355.4-11. The differences between AC 308 and the content from ACI 355.4-11 include:
•
•
•
•
•
•
•

Assessment of chemical adhesive anchor systems for post-installed reinforcing bars
Assessment of torque-controlled chemical adhesive anchors
Evaluation tests on anchors to be conducted by an Independent Testing and Evaluation Agency
Assessment of chemical adhesive anchors for applications that experience wide temperature
variations over a short period
Creating a method to establish the bond stresses as a function of anchor diameter
Chemical adhesive injection-verification tests
Clarification on how to conduct confined tests to establish bond stresses

AC 308 discusses the use of reinforcing bars as post-installed chemical adhesive anchor elements in
Section 9.3 because ACI 355.4-11 never explicitly gives guidance for the use of reinforcing bars instead
of other chemical adhesive anchors. AC 308 notes that the test program from ACI 355.4-11 can be used
for evaluation of reinforcing bars as post-installed chemical adhesive anchor elements. AC 308 does not
place any requirements on the reinforcing bar to be used, such as steel material types (e.g., carbon or
stainless), tensile strength of steel, or different reinforcing bar coatings (e.g., epoxy-coated).
2.1.8 ASTM E488 Standard T est Methods for Strength of Anchors in Concrete Elements
(2015)
The American Society for Testing and Materials (ASTM) published the Standard Test Methods for
Strength of Anchors in Concrete Elements (ASTM, 2015), which is referred to as E488. ASTM presents
test methods to determine the tensile and shear strengths of post-installed and cast-in-place anchors in
E488. Both ACI 355.4-11 and AC 308 specify that test members must conform to the requirements of
E488, unless noted otherwise. The test methods presented in E488 can be used in cracked or uncracked
concrete. The test specimens can be subject to static, seismic, fatigue, or shock loadings. The test
specimens can also be subjected to environmental exposure, which include freeze thaw, moisture,
decreased temperatures, elevated temperatures, and corrosion.
E488 provides requirements for the testing equipment used to perform tension test 7a from ACI 355.411. Figure 2.3 shows an example test setup. These requirements include precision tolerances for the
devices used to measure load (1% tolerance of anticipated ultimate load) and displacement (0.001 in.)
and requirements on how often the load and displacement should be recorded (once per second). E488
requires that the testing equipment have sufficient capacity to prevent yielding of its components under
the anticipated ultimate load, have sufficient stiffness to ensure that the applied tension loads remain
parallel to the axis of the anchors, and the tension load plate thickness be at least equal to the diameter
of the anchor being tested.
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ASTM E488 provides requirements for the concrete test specimen used to evaluate anchors, which
include:
•
•
•
•

Thickness of at least 1.5hef
Cement type (use Portland cement, if any supplementary cementitious materials or admixtures
are used, report them)
Aggregate type (conform to ASTM C33 Standard Specification for Concrete Aggregates)
Casting position (horizontally or vertically, if the member is cast vertically, the maximum height
shall be 5 ft)

ASTM E488 notes general testing procedures, which include:
•
•
•

Anchor installation (install the anchors according to the manufacturer’s instructions)
Anchor placement (install anchors in a formed face of the concrete or in concrete with a steeltroweled finish)
Drill requirements (drill holes with a rotary-percussive hammer drill using carbide-tipped
hammer-drill bits)

The testing procedure for load application includes an initial load of up to 5% of the estimated ultimate
load to bring the elements into bearing, followed by increasing the load or displacement so failure
occurs within three minutes.
2.2 BOND STRENGTH OF ANCHOR SYSTEMS POST-INSTALLED WITH A CHEMICAL
ADHESIVE
Over the years, there has been research conducted on post-installed anchor systems consisting of
reinforcing bars, but these systems did not specifically address the use of epoxy-coated reinforcing bars.
Research related to the bond strength of reinforcing bars post-installed with a chemical adhesive does
not necessarily apply to the bond strength of epoxy-coated reinforcing bars post-installed with a
chemical adhesive, but is important to understand the bond between the rebar, concrete, and chemical
adhesive.
2.2.1 Cook, Kunz, Fuchs, and Konz (1998)
In this study, various proposed design models for single adhesive anchor systems were compared and
evaluated for accuracy. These anchor systems included reinforcing bars, threaded rods, and internally
threaded sleeves. The study examined test reports documenting the behavior of adhesive anchors in
European, United States, and Japanese literature; these test reports contained the results from 2,929
tests. The reports consisted of tensile and shear load test data in uncracked and cracked concrete with
single anchors and groups of anchors. The test reports distinguished between confined and unconfined
tests, tests away from the concrete edges, tests near the concrete edges, and tests on anchor groups.
Cook et al. (1998) proposed the following design models:
•

Concrete cone model
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•
•
•
•
•

Uniform bond stress model
Bond model neglecting the shallow concrete cone
Cone models with bond model
Combined cone/bond model
Two-interface bond model

The two-interface bond model was based on distinguishing between the adhesive/concrete and
adhesive/anchor bond failure modes. This concept was established for uncoated reinforcing bar
applications. The test reports that Cook et al. examined from European, United States, and Japanese
literature did not adequately distinguish between the adhesive/concrete and adhesive/anchor bond
failure modes. According to Cook et al., it was difficult to distinguish between the different failure
modes.
Due to the flaws in the two-interface bond model, Cook et al. (1998) eventually concluded that the
uniform bond stress model was preferred. Cook et al. stated that the uniform bond stress model is a
simplified design model that most accurately indicated the failure load of a given anchor. This is because
it provided the best fit to the results in test reports documenting the behavior of adhesive anchors in
European, United States, and Japanese literature and agreed with non-linear analytical studies of
adhesive anchor systems done by McVay et al. (1993). Cook et al. noted that the uniform bond model is
user-friendly and easy to implement. According to Cook et al., implementation of this model would
require development of a product acceptance standard that would need to include a series of tension
tests to determine the appropriate bond strength of a product and its susceptibility to commonly
occurring installation and in-service conditions. The uniform bond stress model was implemented in
concrete codes when ACI took the equation presented in Cook et al. (1998) and included it in ACI 318
(2011) to calculate the basic bond strength of an adhesive anchor (Equation 2.6 in this document). ACI
355.4 is the acceptance standard used to qualify post-installed adhesive anchors in concrete that Cook
et al. recommended.
2.3 BOND STRENGTH OF EPOXY-COATED REINFORCING BARS POST-INSTALLED WITH A
CHEMICAL ADHESIVE
The design of reinforcing bars post-installed with a chemical adhesive as an anchor per ACI-318 is
permitted if the post-installed reinforcing bar system has been qualified by AC 308. The chemical
adhesive manufacturer published values for the bond strength of post-installed reinforcing bar systems
do not include values for the bond strength of epoxy-coated reinforcing bars. This section discusses the
bond strength of epoxy-coated reinforcing bars post-installed with a chemical adhesive.
2.3.1 Meline, Gallaher, and Duane (2006)
Meline et al. (2006) evaluated the performance of epoxy-coated reinforcing bars post-installed with a
chemical epoxy adhesive. The study did not directly compare the bond of post-installed epoxy-coated
reinforcing bars to the bond of post-installed uncoated reinforcing bars, but the authors compared the
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bond of post-installed epoxy-coated reinforcing bars to the manufacturers’ published design values for
uncoated reinforcing bars.
This study performed 90 tests on #6 reinforcing bars in accordance with AC 58 (2010), which was the
allowable stress design acceptance criteria for adhesive anchors before the AC 308 (2013). Of the 90
tests performed, 30 of the tests were tensile pullout tests and the rest were seismic tests or creep tests.
Of the 30 tensile pullout tests, 10 each were for the three different chemical epoxy adhesives tested:
Simpson Strong-Tie SET22, Red Head Epcon Ceramic 6, and Covert Operations CIA-Gel 7000. Of the 10
tensile pullout tests for each of the three different epoxy adhesives, five of the tests were for an
embedment depth of 9 in. and five were for an embedment depth of 6.75 in. The tension tests were
conducted on an unconfined single reinforcing bar away from concrete edges, rather than on a confined
single reinforcing bar away from concrete edges. Because the tension tests were unconfined, concrete
breakout failure mode could occur. The test setup was designed in compliance with ASTM E488 (1996).
While performing the tensile pullout tests, the researchers observed that the failures for the epoxycoated reinforcing bar generally happened when the adhesive debonded from the epoxy coating of the
reinforcing bar. During tests with the uncoated reinforcing bars, the adhesive rarely debonded from the
reinforcing bar but rather debonded from the concrete. Meline et al. stated that, when compared to the
manufacturer published design values, the post-installed epoxy-coated reinforcing bar outperformed
the uncoated reinforcing bar for allowable tensile loads for Red Head Epcon Ceramic 6 and Covert
Operations CIA-Gel 7000 adhesives. Meline et al. stated that the Simpson Strong-Tie SET22 adhesive
underperformed compared to the manufacturer design values, but the results were close enough such
that Meline et al. concluded that post-installed epoxy-coated reinforcing bars performed similarly to
post-installed uncoated reinforcing bars. The results of this study are listed in Table 2.4, which compares
the average ultimate tensile strength of the post-installed epoxy-coated reinforcing bar to the
manufacturer published tensile strength of post-installed uncoated reinforcing bars. Table 2.4 also
presents the failure modes that were observed during testing, which included: bond failure at the
adhesive/reinforcing bar interface, bond failure at the adhesive/concrete interface, concrete breakout,
reinforcing bar yielding, and reinforcing bar chuck slip.
There were limitations to this study. It did not evaluate the anchor system in accordance with the
current AC 308 (2013) but rather the allowable stress design acceptance criteria AC 58 (2010). This study
only looked at epoxy-based chemical adhesives and no other types of adhesives (e.g., vinylester and
hybrid systems). Furthermore, the study only compared the results to the manufacturer published test
data and did not directly compare experimental data for the bond of post-installed epoxy-coated
reinforcing bars to experimental data for the bond of post-installed uncoated reinforcing bars. Despite
the limitations, this study provided insight related to how the bond strength may be affected when an
epoxy coating was applied to the post-installed reinforcing bar.
2.3.2 Dickey (2011)
A guide for the design of epoxy-coated reinforcing bars post-installed with a chemical adhesive for use in
concrete traffic barriers was developed by Dickey (2011) for the Wisconsin Department of

13

Transportation. A series of impact tests and a static test were conducted on single post-installed
reinforcing bars. Tests were conducted on the post-installed reinforcing bars to determine their capacity
under an impact load, which caused tension in the post-installed reinforcing bars. Both epoxy-coated
and uncoated reinforcing bars were tested to provide a direct comparison of how the coating affected
the impact tensile pullout strength. The purpose of the static tension test conducted by Dickey was to
determine the relationship of the static tensile pullout strength to the impact tensile pullout strength.
This relationship was described by an impact increase factor, which was calculated by dividing the
impact tensile pullout strength by the static tensile pullout strength. The impact increase factor in this
study was 1.06. Because the impact increase factor was close to 1.0, Dickey concluded that the impact
test results from this study were similar to tensile pullout strength results of the post-installed
reinforcing bar under static loads.
Dickey performed a series of seven impact tests on single epoxy-coated and uncoated reinforcing bars to
determine their tensile pullout strength. The load was applied by a test vehicle that mimicked a car
crashing into a replicated traffic barrier at 10 mph. Dickey used jigs that replicated the load transfer
mechanisms of traffic barriers to transfer the momentum of the vehicle into impact tensile forces on the
post-installed reinforcing bars. All of the tests were conducted on one unreinforced concrete slab with a
compressive strength of 6,454 psi. Anchor holes were drilled using a carbide-tipped concrete bit with a
rotary hammer drill, and the holes were cleaned by repeated brushing and blowing of compressed air
into the hole per the manufacturer’s specifications. All of the post-installed epoxy-coated reinforcing
bars had an embedment depth of 5.25 in., and the reinforcing bars were ASTM A615 (2016) Grade 60 #5
or #6. The chemical adhesive used was Hilti HIT-RE 500 for the #5 reinforcing bars and Hilti HIT-RE 500SD for the #6 reinforcing bars; both chemical adhesives were epoxy-based.
After testing, Dickey concluded that epoxy-coatings on the post-installed reinforcing bars decreased the
tensile pullout strength by approximately 9%. The average tested impact load ratio for epoxy-coated #5
reinforcing bars to uncoated #5 reinforcing bars was 0.91. The average tested impact load ratio for
epoxy-coated #6 reinforcing bars to uncoated #6 reinforcing bars was 0.90. For the #5 reinforcing bars,
both the epoxy-coated and uncoated reinforcing bars exhibited a failure mode of steel fracture. For the
#6 reinforcing bars, both the epoxy-coated and uncoated reinforcing bars exhibited a failure mode of
bond failure between the reinforcing bar and the chemical adhesive. The results of the impact tensile
tests on single epoxy-coated and uncoated reinforcing bars are shown in Table 2.5.
2.4 SIMILARITIES BETWEEN REINFORCING BARS POST-INSTALLED WITH A C HEMI CAL
ADHESIVE AND CAST-IN-PLACE REINFORCING BARS
Research has determined that there are similarities between reinforcing bars post-installed with a
chemical adhesive and cast-in-place reinforcing bars. The similarities include the bond between the
reinforcement and concrete for cast-in-place reinforcing bars and the bond between the reinforcement,
chemical adhesive, and concrete for reinforcing bars post-installed with a chemical adhesive.
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2.4.1 Eligehausen, Mahrenholtz, Akguzel, and Pampanin (2012)
Eligehausen et al. (2012) tested post-installed and cast-in-place column-foundation connections. The
post-installed column-foundation connection specimens were designed using reinforcing bars postinstalled with a chemical adhesive as an anchor system per ACI 318 (2011), and the cast-in-place
column-foundation connection was designed using the development length provisions of ACI 318-11.
The ratio for the average moment capacity of the column-foundation connection with post-installed
reinforcement to the average moment capacity of the column-foundation connection with cast-in-place
reinforcement was calculated to be 1.2. Eligehausen et al. concluded that a ratio of 1.2 indicated that
the behavior of the cast-in-place specimens and the post-installed specimens were not significantly
different. The results of Eligehausen et al. are summarized in Table 2.6.
2.5 EFFECTS OF EPOXY COA TINGS ON BOND BETWEEN CAST-IN-PLACE REINFORCING BARS
AND CONCRETE
It is worthwhile to examine the effect an epoxy coating has on the bond between the reinforcement and
concrete for cast-in-place reinforcing bars because there is a gap in the literature related to how an
epoxy coating affects the bond between reinforcement and adhesives for post-installed reinforcing bars.
Furthermore, Eligehausen et al. (2012) concluded that the behavior of the cast-in-place reinforcement
and the post-installed reinforcement were similar. ACI 318 (2014) notes that the development length
concept is based on the average bond stress over the embedment length of the reinforcement, and this
concept has similarities to the uniform bond stress model in ACI 318-14 for post-installed adhesive
anchorage. The equation from ACI for development length is given in Equation 2.7. In ACI 318-14, there
is a modification factor (ψe) that increases the required development length of cast-in-place reinforcing
bars with an epoxy coating, as shown in Table 2.7. The epoxy modification factor is based on results
from studies by Mathey and Clifton (1976), Johnston and Zia (1982), and Treece and Jirsa (1989). These
studies showed that the bond strength was reduced because the epoxy coating on the reinforcing bars
prevented adhesion between the reinforcement and the concrete and lowered the coefficient of friction
between the reinforcing bar and the concrete.

3 𝑓𝑦 𝜓𝑡 𝜓𝑒 𝜓𝑠
𝑙𝑑 = (
)𝑑
40 𝜆√𝑓𝑐′ (𝑐𝑏 + 𝐾𝑡𝑟 ) 𝑏
𝑑𝑏
Where:
ld =
fy =
ψt =
ψe =
ψs =
db =
λ=

Development length (in.)
Yield strength of reinforcing bars (psi)
Modification factor for casting position
Modification factor for reinforcing bar coating (e.g., epoxy coating)
Modification factor for reinforcing bar size
Diameter of reinforcing bar (in.)
Modification factor for lightweight concrete
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2.7

f'c =
cb =
Ktr =

Compressive strength of concrete (psi)
Lesser of the distance from the center of the reinforcing bar to the nearest concrete surface or
one-half the center-to-center spacing of the reinforcing bars being developed (in.)
Transverse reinforcement index (in.)

2.5.1 Mathey and Clifton (1976)
In a study by Mathey and Clifton (1976), the bond strength was determined for a total of 34 cast-inplace specimens: 23 epoxy-coated, six polyvinyl chloride coated, and five uncoated reinforcing bars. The
23 epoxy-coated reinforcing bars had varying coating thickness and different epoxy-coating types. The
researchers concluded that when the epoxy-coating thickness was less than 10 mils (0.01 in.), the bond
strength of epoxy-coated bars was similar to that of uncoated reinforcing bars. The researchers
concluded that when the epoxy-coating thickness was greater than 10 mils, the bond strength of the
epoxy-coated reinforcing bars relative to the bond strength uncoated reinforcing bars was reduced
enough that it should not be used as a protective coating for reinforcing bars. Currently, ASTM A775
specifies a coating thickness of 7 to 12 mils (0.007 to 0.012 in.) for #5 and smaller reinforcing bars and a
coating thickness of 7 to 16 mils (0.007 to 0.016 in.) for #6 and larger reinforcing bars in Standard
Specification for Epoxy-Coated Steel Reinforcing Bars (ASTM, 2017). Mathey and Clifton recommended
that no modification factor be applied for epoxy-coated reinforcing bars with a coating thickness less
than 10 mils, and reinforcing bars with a coating thickness greater than 10 mils should not be used as
reinforcement in concrete structures.
2.5.2 Johnston and Zia (1982)
Johnston and Zia (1982) completed a study with the objective of comparing the bond characteristics of
cast-in-place epoxy-coated reinforcing bars and cast-in-place uncoated reinforcing bars. Tests were
conducted on epoxy-coated reinforcing bars with a coating thickness less than 10 mils (0.01 in.) and
uncoated reinforcing bars. These tests were comprised of 40 beam-type flexural bond specimens with
#6 and #11 reinforcing bars. Specimens with each size reinforcing bar had three different embedment
lengths. The #6 bar had 8, 13, and 18 in. embedment lengths, while the #11 bar had 16, 24, and 30 in.
embedment lengths.
After testing, the researchers concluded that the epoxy-coated reinforcing bars had less resistance than
the uncoated reinforcing bar. The researchers found the bond strength of the shortest embedment
length (8 in.) to be 32% less for epoxy-coated reinforcing bars compared to uncoated reinforcing bars
and 15% less for epoxy-coated reinforcing bars compared to uncoated reinforcing bars at the longer
development lengths (13, 16, 18, 24, and 30 in.). However, after completing their testing, Johnston and
Zia recommended a modification factor of 1.15 be used to increase the development length of epoxycoated reinforcing bars regardless of the embedment length, which is less than the 1.2 modification
factor ACI 318 (2014) specifies for reinforcing bars with sufficient clear cover and clear spacing shown in
Table 2.7.
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2.5.3 Treece and Jirsa (1989)
Treece and Jirsa (1989) tested 21 beams to compare the bond strength of epoxy-coated reinforcing bars
to uncoated reinforcing bars. The reinforcing bars in the beams were lap spliced at midspan, and force
was applied to the beams with two point loads at third-points of the span length to achieve a constant
midspan moment. The testing program investigated how bond strength was affected by bar size,
concrete strength, casting position, and epoxy coating thickness. The testing was completed in nine
groups. Within the nine groups, the only variable that changed was whether the reinforcing bar was
epoxy-coated or uncoated, and this was done so the bond strength could be compared between the
epoxy-coated and uncoated reinforcing bars.
Based on the results of the testing program, the researchers concluded that the bond strength for the
epoxy-coated reinforcing bars was 15% less than the bond strength for the uncoated reinforcing bars,
which is the same value reported by Johnston and Zia (1982). Similar to Johnston and Zia, Treece and
Jirsa also found the reduction in bond strength to be independent of reinforcing bar size. Treece and
Jirsa also concluded that the bond strength was independent of the concrete strength. Based on their
experimental results, the authors recommended a development length modification factor of 1.15 be
used, which is less than the 1.2 modification factor ACI 318 (2014) specifies for reinforcing bars with
sufficient clear cover and clear spacing shown in Table 2.7.
Treece and Jirsa hypothesized that the primary reason for the reduction in the bond strength of epoxycoated reinforcing bars might have been the loss of adhesion between the epoxy coating and the
surrounding concrete. The bond strength of uncoated reinforcing bars is higher because they are not
subjected to the loss of adhesion.
2.6 USAGE OF EPOXY-COATED REINFORCING BARS POST-INSTALLED WITH A CHEMICAL
ADHESIVE BY DOTS
A survey was conducted to understand the current usage of epoxy-coated reinforcing bars post-installed
with a chemical adhesive by U.S. state DOTs. An online survey was created that contained six questions:
1. Does your agency use post-installed, epoxy-coated rebar attached with a chemical adhesive for
anchorage?
2. In what applications do you use post-installed, epoxy-coated rebar attached with a chemical
adhesive?
3. What procedure do you use for calculating anchorage bond strength?
a. ACI 318-14 Chapter 17 (Anchoring to Concrete)
b. Manufacturer’s literature
i. (if yes) What manufacturer’s literature does your agency use and do you
account for the epoxy coating?
c. Other process
i. (if yes) Please explain the other process used by your agency for calculating
anchorage bond strength.
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4. What type of verification does your agency employ to ensure post-installed anchorage
performance? Please describe special requirements for inspection, proof testing, etc.
5. If your agency performs load testing on in-situ adhesive anchors, what is the frequency of
testing and magnitude of the test load?
6. Within your agency, who can we contact to gather additional details and information?
The survey was distributed to the AASHTO Committee on Bridges and Structures listserv on November
27, 2017. The responses were gathered over the ensuing two months. After evaluation of the survey
responses, follow-up questions were asked when clarification was required. Of the 30 states that
responded to the survey, 12 did not use epoxy-coated rebar post-installed with a chemical adhesive, as
shown in Table 2.8. The remaining 18 states that used epoxy-coated rebar post-installed with a chemical
adhesive are listed in Table 2.9. Furthermore, Table 2.9 shows the applications where epoxy-coated
rebar post-installed with a chemical adhesive was used and the procedure used to calculate bond
strength. Table 2.10 provides the verification procedures employed to ensure post-installed anchorage
performance by 16 of the states that used epoxy-coated rebar post-installed with a chemical adhesive
(Anonymous 2 and Anonymous 3 did not specify their verification procedures and could not be reached
for follow-up questions).
Five states had a method in place for using epoxy-coated rebar post-installed with a chemical adhesive
(California, Iowa, Michigan, Minnesota, and Ohio). California provided guidance for design of uncoated
rebar post-installed with a chemical adhesive in their Bridge Design Aid 5-81 (2012). The guidance in the
Bridge Design Aid 5-81 included minimum edge distances, minimum embedment depth, drilled hole
diameter, shear design strength, and tension design strength. California specified requirements for both
uncoated and epoxy-coated rebar post-installed with a chemical adhesive in section 51-1.03E(5) of their
Standard Specifications (2015). When the post-installed rebar is epoxy-coated, their Standard
Specifications required a 50% increase in the embedment depth specified in the Bridge Design Aid 5-81,
and the tensile design strength stayed the same despite the increased embedment depth. The increase
in the embedment depth for epoxy-coated rebar post-installed with a chemical adhesive was the result
of research performed by the California DOT (Meline and Duane, 2006). However, it was unclear how
California decided to increase the embedment depth by exactly 50%. Multiple follow-up phone
discussions with the California DOT did not provide additional detail or clarification.
Iowa required that chemical adhesives used to post-install rebar must be approved prior to use with
epoxy-coated rebar in accordance with Appendix D of IM 491.11 (2016), which is an internal
memorandum governing polymer grouts and adhesive anchors issued on October 18, 2016. Appendix-D
of IM 491.11 notes that the approval process shall be based on tension tests from ASTM E488 (2015).
Iowa limited the allowable load for all post-installed adhesive anchors to 25% of the ultimate strength.
This limitation included epoxy-coated rebar post-installed with a chemical adhesive. A follow-up phone
discussion with the Iowa DOT did not yield insight or clarification on why a limit of 25% of the ultimate
strength was chosen.
Michigan evaluated the chemical adhesive products used to post-install epoxy-coated rebar for
acceptance on their Qualified Products List (2018). This acceptance process starts with a review of the
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manufacturer's literature and independent test data. The manufacturer's literature was occasionally
used for design, but guidance from the Michigan Bridge Design Manual (2017) was used more
frequently. Michigan accounted for an epoxy coating by performing quality assurance testing prior to
including epoxy-coated rebar on their Qualified Products List. The guidance from the Michigan Bridge
Design Manual included installing the rebar to an embedment depth of 12 times the rebar diameter
(12db) and reducing the allowable tension load by applying a safety factor of four to 125% of the rebar
yield strength. In other words, the allowable tension load is equal to (1.25·fy·As)/4, where fy is the yield
stress and As is the nominal area of the reinforcing steel. A phone conversation with the Michigan DOT
clarified that their method for using epoxy-coated rebar post-installed with a chemical adhesive mimics
manufacturer’s literature from the 1990’s, which is how long Michigan has had their method in place.
Minnesota used the same method as ACI 318 (2014), but Minnesota deviated from ACI by specifying the
uncracked bond strength (τuncr) to be 1000 psi, the cracked bond strength (τcr) to be 500 psi, and by using
AC 308 (2013) to calculate the critical edge distance, (cac), within the modification factors for splitting
effects (ψcp,N and ψcp,Na). Finally, Ohio’s method did not require calculation of bond strength for epoxycoated rebar post-installed with a chemical adhesive because this type of anchorage was only used in
non-structural applications.
Of the eight states that used the manufacturer's literature for design, three accounted for epoxy-coated
rebar, three did not account for epoxy-coated rebar, one sometimes accounted for epoxy-coated rebar,
and one did not specify if epoxy-coated rebar was accounted for (Anonymous 2 could not be reached for
follow-up questions). The three states that used the manufacturer's literature and accounted for epoxycoated rebar were Anonymous 1, Arkansas, and Michigan. Anonymous 1 said they only used epoxycoated rebar post-installed with a chemical adhesive when it is allowed by the manufacturer. Because
Anonymous 1 did not leave any contact information, they could not be reached for follow-up questions.
Arkansas noted that they used the manufacturer's design tables for epoxy-coated rebar post-installed
with a chemical adhesive, and if no manufacturer design table is available, they used the development
length modification factor for epoxy-coated rebar from ACI 318 (2014) to increase the required
embedment length. The development length modification factor for epoxy-coated rebar from ACI 31814 is ψe and ranges from 1.0 to 1.5 depending on the type of rebar coating and clear cover/spacing as
shown in Table 2.7. Arkansas noted that chemical adhesive products used to post-install epoxy-coated
rebar must be approved for use with epoxy-coated rebar and must be on their Qualified Products List
(2018).
The three states that used the manufacturer's literature and did not account for the epoxy coating were
Kentucky, North Dakota, and Wyoming. The state that used the manufacturer's literature and
sometimes accounted for epoxy-coated rebar was Utah. Utah noted that the chemical adhesive and the
manufacturer’s literature are submitted on a project specific basis. Utah also noted that the epoxy
coating was not always accounted for.
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2.7 SUMMARY OF LITERATURE
To understand the topic of epoxy-coated reinforcing bars post-installed with a chemical adhesive, it was
important to know how the current codes and specifications address the topic. Because using epoxycoated reinforcing bars as post-installed reinforcement in concrete is relatively new, many of the current
codes and specifications do not address it.
The only current code or specification that specifically addressed the use of epoxy-coated reinforcing
bars post-installed with a chemical adhesive was the AASHTO LRFD Bridge Design Specifications (2017).
AASHTO specifies that the manufacturer’s literature must document that the chemical adhesive used is
compatible with the type and extent of coating used on the epoxy-coated reinforcing bars. However, the
manufacturer’s literature often does not provide this type of required documentation.
The provisions of ACI 318 (2014) do not specifically address epoxy-coated reinforcing bars post-installed
with a chemical adhesive, but the code addresses the more general subject of adhesive anchors. ACI
318-14 specifies how adhesive anchors should be designed, detailed, and installed. Other codes and
specifications such as AASHTO and CSA A23.3-14 (2014) make modifications to ACI 318-14. ACI 318-14
excludes impact loads from the scope of the post-installed anchor provisions. However, AASHTO allows
use of ACI 318-14 provisions for impact load situations. The modification that A23.3-14 makes to ACI
318-14 is how the strength reduction factors are applied to the capacity of an anchor. Despite this
change, the magnitude of the anchor capacity reduction is the same for both ACI 318-14 and A23.3-14.
For a post-installed adhesive anchor system to be used in practice it must be qualified under the testing
requirements of ACI 355.4 (2011) or both ACI 355.4-11 and AC 308 (ICC, 2013). ACI 355.4-11 prescribes
testing requirements for post-installed chemical adhesive anchors, and AC 308 modifies the ACI 355.411 requirements for uncoated reinforcing bars post-installed with a chemical adhesive.
Because the use of epoxy-coated reinforcing bars post-installed with a chemical adhesive is relatively
new, there are gaps in the literature about how the epoxy coating affects the bond between the
reinforcing bars and adhesive. Two studies were found that address epoxy-coated reinforcing bars postinstalled with a chemical adhesive (Meline et al., 2006; Dickey, 2011).
Meline et al. (2006) looked at how the epoxy coating affected the bond between post-installed
reinforcing bars and an adhesive. The average ratio of the tested ultimate load to the manufacturer
published ultimate load was 0.99 for an embedment depth of 9 in. and 1.02 for an embedment depth of
6.75 in. Based on the results, Meline et al. concluded that epoxy-coated reinforcing bars post-installed
with a chemical adhesive performed similarly to uncoated reinforcing bars post-installed with a chemical
adhesive. While the study by Meline et al. provided valuable knowledge, there were some limitations.
Dickey (2011) tested how the bond between epoxy-coated reinforcing bars post-installed with a
chemical adhesive and uncoated reinforcing bars post-installed with a chemical adhesive differ. The
loads applied to the reinforcing bars post-installed with a chemical adhesive were impact loads rather
than static loads because Dickey was interested in developing a design procedure for concrete traffic
barriers attached to bridge decks. However, Dickey performed a static tension test to determine the
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ratio of the static pullout capacity to the impact pullout capacity. The relationship of the static pullout
capacity to the impact pullout capacity was determined to be 1.06, so Dickey concluded that the postinstalled reinforcing bars had similar capacity regardless of whether the applied load was impact or
static. After testing, Dickey concluded that protective epoxy-coatings on the post-installed reinforcing
bars with a chemical adhesive decreased the ultimate bond strength by approximately 9% when impact
loads were applied.
The effect an epoxy coating has on the bond strength between cast-in-place reinforcing bars and
concrete was investigated because there is a gap in the literature related to how an epoxy-coating
affects the bond strength between post-installed reinforcing bars and adhesives. Eligehausen et al.
(2012) concluded that the behavior of cast-in-place and post-installed reinforcement were similar
because experimental results from each type of reinforcement were within 20% of each other. Mathey
and Clifton (1976), Johnston and Zia (1982), and Treece and Jirsa (1989) performed studies which
examined the effect an epoxy coating had on the bond strength between cast-in-place reinforcing bars
and concrete. All three of the studies found a reduction in the bond strength between the epoxy-coated
cast-in-place reinforcing bars and concrete. The magnitude of the bond strength reduction varied
between the studies (15 to 32%). ACI 318 (2014) incorporated the results of the three studies in their
development length equation with an epoxy-coating modification factor (ψe) that ranges from 1.2 to 1.5,
based on epoxy-coating, reinforcing bar cover, and reinforcing bar spacing. A value of 1.0 is used for ψe
when uncoated reinforcing bars are used.
An online survey was conducted to understand the usage of epoxy-coated reinforcing bars post-installed
with a chemical adhesive by U.S. state DOTs. The results of the survey indicated that, of the 30 DOTs
that responded to the survey, 12 do not use epoxy-coated rebar post-installed with a chemical adhesive.
The remaining 18 DOTs used epoxy-coated rebar post-installed with a chemical adhesive. The
applications and calculation of bond strength of the DOTs that use epoxy-coated rebar post-installed
with a chemical adhesive varied. Some DOTs followed the manufacturer’s literature, some followed ACI
318 (2014) Chapter 17, and some followed their own procedure for bond strength calculations.
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Table 2.1 Minimum characteristic bond stresses from ACI 318-14

Installation and
service environment
Outdoor
Indoor

Moisture content of
concrete at time of
anchor installation
Dry to fully saturated
Dry

Peak in-service
temperature of
concrete (˚F)
175
110

τcr (psi)

τuncr (psi)

200
300

650
1,000

Table 2.2 ACI 318-14 strength reduction factors (ϕ) for post-installed anchors

Category
Category 1 (low sensitivity to installation and service-conditions)
Category 2 (medium sensitivity to installation and service-conditions)
Category 3 (high sensitivity to installation and service-conditions)
1
Where supplementary reinforcement is provided.
2
Where supplementary reinforcement is not provided.

Condition A1
0.75
0.65
0.55

Condition B2
0.65
0.55
0.45

Table 2.3 Test program 7a from ACI 355.4-11 Tables 3.1

Test

1
2

3
4
5

6

Test

Purpose

Test

Tension
tests in
uncracked
and cracked
concrete

Tension
in lowstrength
concrete

Tension,
unconfined,
single anchor
away from
edges3

Assessment
Load and
displacement
Requirements
on coefficient of
variation4,
requirements on
loaddisplacement
behavior5,
determination of
bond stress

f'c 1

hef 2

Minimum
sample
size, nmin

Low

Min
Max

Five6

Low-strength concrete: 2,500-4,000 psi; high-strength concrete: 6,500-8,500 psi.
Where manufacturer specifies multiple embedment depths, test anchor at minimum or maximum
embedment depth.
Alternatively, tests may be performed as confined.
Limit of 15% of the coefficient of variation for adhesive anchor testing.
Requires the point at which the adhesive anchor losses initial adhesion to concrete to be greater than
50% of the mean tensile strength of the anchor.
Test all diameters of anchors being evaluated.
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Table 2.4 Tension test results for epoxy-coated reinforcing bars from Meline et al. (2006)

Embedment
depth (in.)

6.75

Epoxy
adhesive
type

Manufacturer
published
Ratio of tested
ultimate load
load to
for uncoated manufacturer
reinforcing
load
bars (lb)

Simpson
33,704
33,338
SET22
Red Head
31,950
31,678
Epcon
CIA-GEL
31,436
30,082
7000
Average of ratios for tested load to
manufacturer load
Simpson
SET22

9

Average
ultimate load
from testing
for epoxycoated
reinforcing
bars (lb)

40,098

40,926

Red Head
34,904
33,466
Epcon
CIA-GEL
37,786
40,318
7000
Average of ratios for tested load to
manufacturer load
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1.01
1.01

Failure mode
(# of tests with this
mode)

Adhesive/concrete (3)
Adhesive/rebar (2)
Adhesive/concrete (3)
Adhesive/rebar (2)

1.05

Adhesive/concrete (5)

1.02

-

0.98

1.04
0.94
0.99

Adhesive/rebar bond
(2)
Chuck slip (1)
Rebar yielding (2)
Adhesive/concrete (2)
Adhesive/rebar (3)
Adhesive/concrete (4)
Rebar yield (1)
-

Table 2.5 Results from impact tensile tests on single epoxy-coated and uncoated reinforcing bars from Dickey
(2011)

Test
number

1
2
3
4
5
6

Reinforcing
bar coating

Reinforcing
bar size

Tested
ultimate
load (kips)

Uncoated
#5
Uncoated
#5
Average uncoated
Epoxy-coated
#5
Epoxy-coated
#5
Uncoated
#6
Average uncoated

38.4
39.4
38.9
35.0
35.9
47.2
47.2

Epoxy-coated

41.3

#6

Ratio of
tested load
for epoxycoated to
average
uncoated
-

7
Epoxy-coated
#6
43.7
Average ratio of tested ultimate load for epoxy-coated to
uncoated #5 and #6 bars

Failure mode

Steel fracture
Steel fracture
-

0.90
0.92
-

0.93

Steel fracture
Steel fracture
Steel/adhesive bond
Concrete/adhesive
bond
Steel/adhesive bond

0.90

-

0.87

Table 2.6 Comparison of experimental column-foundation moment capacity for specimens with cast-in-place
(CIP) and post-installed (PI) reinforcing bars from Eligehausen et al. (2012)

Specimen
number

Number and
size of
reinforcing bar

1
2

(4) #5
(2) #10

Embedment
depth (in.)

9.4
16.5
Average
3
(4) #5
9.4
PI
4
(2) #10
16.5
reinforcement
Average
Ratio of average moment capacity of post-installed
reinforcement to cast-in-place reinforcement
CIP
reinforcement
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Experimental
moment
capacity (kip-ft)
56.2
131.1
93.7
89.4
137.2
113.3
1.2

Table 2.7 Development length modification factors for coating of reinforcing bars (ψe)

Condition
Epoxy-coated reinforcement with a clear cover less
than 3db or clear spacing less than 6db
Epoxy-coated reinforcement for all other conditions
Uncoated reinforcement

Value of factor
1.5
1.2
1.0

Table 2.8 Departments of transportation that do not use epoxy-coated rebar post-installed with a chemical
adhesive (12 of 30 respondents)

Alabama

Colorado

Florida

Louisiana

Maryland

Mississippi

Missouri

New Hampshire

New Mexico

Tennessee

Texas

Virginia
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Table 2.9 Departments of transportation that use epoxy-coated rebar post-installed with a chemical adhesive
(18 of 30 respondents)

Anonymous 1
Anonymous 2
Anonymous 3
Arkansas
California

Procedure to calculate
bond strength
Manufacturer’s literature
Manufacturer’s literature
ACI 318-14 Chapter 17
Manufacturer’s literature
Other process

Delaware

Manufacturer’s literature

Georgia

Manufacturer’s literature

Iowa

Other process

Agency

Kentucky
Michigan

ACI 318-14 Chapter 17 and
manufacturer’s literature
ACI 318-14 Chapter 17,
manufacturer’s literature,
and other process

Minnesota

ACI 318-14 Chapter 17 and
other process

New York

Manufacturer’s literature

North Dakota

Manufacturer’s literature

Ohio

Other process

Pennsylvania

ACI 318-14 Chapter 17

Utah

Manufacturer’s literature

Wisconsin

ACI 318-14 Chapter 17

Applications
Chain link fence and bridge railing
Bridge widening jobs or replacing damaged rebar
Corrosive environments
Widening or extending an existing concrete element
(applications with no tension)
Dowel reinforcement in sidewalks and other various
applications. Not allowed in applications where
impact loads cause tension and in overhead
applications that cause sustained tension.
Retrofit barrier rails and miscellaneous concrete
repair
Rehab work and phased construction
Substructure widening (footing/column/pier cap),
bridge barrier, temporary works, lane ties, and other
miscellaneous applications
Attaching barriers to decks, retrofits to bridge end
blocks, and other situations in which only shear and
unsustained tension are being transferred
Adding concrete to the face of a bridge abutment or
similar applications. Not allowed in sustained tension
Approach slab lip repair and attaching barriers to
decks
Non-structural applications
Pier column jacketing and other cases where the
dowel bar is subject to shear and no direct tension
Modifications are made to an existing structure
Wing repairs, abutment paving blocks, abutment back
walls, and some parapet anchorage
Curb tie bar into bridge deck

Wyoming
Manufacturer’s literature
Notes:
11 agencies used the manufacturer’s literature to calculate bond strength
6 agencies used ACI 318-14 Chapter 17 to calculate bond strength
5 agencies used an other process to calculate bond strength
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Table 2.10 Verification procedures used by departments of transportation that use rebar post-installed with a
chemical adhesive (11 of 30 respondents)

Agency

Types of verification tests used

Anonymous 1
Arkansas

Field testing as necessary
Inspection at installation. Material
tests on the adhesives
Inspection during installation
Office of Construction and Materials
may sample and test to verify
compliance with specifications

California
Delaware
Georgia
Iowa

Frequency and applied load of verification
tests
Test to 125% of anchor yield strength
-

Kentucky

Proof test on certain jobs

Test to yield on about 10% of all installed
anchors

Michigan

Proof tests to verify that the product
on the qualified product list is still
performing as intended. Field tests to
verify contractor installation

Proof tests are to 125% of anchor yield
strength. Field test are to 90% of anchor
yield strength, and 3 tests are performed

Minnesota

Proof testing

Test 1% of anchorages, no less than 8. The
proof load does not exceed 2.2 kips

North Dakota
Ohio

Have an inspector present during
installation to verify the process.
Inspector and installer must be
certified
-

Pennsylvania

Proof test per ASTM E488 and E1512

New York

Utah

Wisconsin

Wyoming

In-situ static tension test on project
specific basis
Installation by or under the direct
supervision of an ACI/CRSI certified
installer and/or field-verified by nondestructive pullout testing according
to ASTM E488
-
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Test 10% of anchors and test to 85% of
anchor tensile capacity
Anchors tested to 90% of yield strength
Proof test the first 3 anchors of each rebar
size installed, then one or 5% of the
remaining anchors, whichever is greater.
Proof load to 80% of the anchor yield
strength unless the plans show otherwise
-

Single chemical
adhesive anchor

Figure 2.1 Geometry of a single chemical adhesive anchor away from any concrete edges

Anchor

Supplementary reinforcement

Figure 2.2 Example of supplementary reinforcement
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Reinforcing Bar
Chuck
Steel
Plates
Hydraulic
Hollow-Core Jack
Linear Variable
Differential Transducers (2)

Tension Load Plate
(Thickness ≥ Anchor Diameter)

hef
1.5 hef

Figure 2.3 Example test setup for ACI 355.4-11 tension test 7a in accordance with ASTM E488 (2015)
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CHAPTER 3: LABORATORY EXPERIMENTAL PROGRAM, SLAB
DETAILS, AND TESTING PROCEDURE
3.1 INTRODUCTION
To achieve the project objectives, a laboratory study was conducted using two concrete slabs to
compare the tensile pullout strength of epoxy-coated and uncoated reinforcing bars. One slab contained
epoxy-coated reinforcing bars and the other contained uncoated reinforcing bars. The test setup and
specimens were built and tested in accordance with ACI 355.4 (2011), ASTM E488 (2015) and the
chemical adhesive manufacturer’s literature. The amount of applied load, amount of displacement, and
the failure mode were recorded during each test. All of the tests were conducted in uncracked concrete.
Tests were conducted to capture the confined tensile pullout strength of post-installed reinforcing bars
away from concrete edges in accordance with test number 7a in ACI 355.4-11 (2011).
3.2 LABORATORY EXPERIMENTAL PROGRAM
A total of 48 tests were conducted to investigate the effect of the specified concrete strength (4,000
psi), reinforcing bar size (#5), embedment depth (5 in. or 8db), reinforcing bar type (epoxy-coated and
uncoated), and type of chemical adhesive. The reinforcing bar embedment depth was not the
manufacturer’s minimum or maximum as specified in ACI 355.4 (2011). An embedment depth of 5 in.
was chosen because it is common practice for MnDOT to post-install #5 reinforcing bars with a chemical
adhesive at that embedment depth. Four different chemical adhesives were used: Powers AC100+ Gold,
Red Head A7+, Hilti HIT-RE 500 V3, and ATC Ultrabond 365CC. The variables investigated in the
laboratory study can be seen in Table 3.1.
3.3 SLAB DESIGN AND FABRICATION
This section provides details about the design and fabrication of the two slabs where reinforcing bars
were post-installed with chemical adhesives. Furthermore, details about the installation of the postinstalled reinforcing bars and the material properties of the concrete and reinforcing bars are discussed.
3.3.1 Slab Design Details
Two slabs were constructed. One slab contained epoxy-coated reinforcing bars post-installed with
chemical adhesives and the other slab contained uncoated reinforcing bars post-installed with the same
chemical adhesives. Both of the slabs were unreinforced concrete, which means they were cast without
any supplemental reinforcement. The slab dimensions were 6 ft 2 in. wide, 11 ft 6 in. long, and 8 in.
deep. The depth of the slab was chosen based on guidance from ASTM E488 (2015) and the chemical
adhesive manufacturer’s literature. ASTM E488 noted that the concrete member thickness shall be at
least one and a half times the embedment depth of the post-installed reinforcing bar (tslab ≥ 1.5hef). The
chemical adhesive manufacturer’s literature specified the required minimum slab thickness as the
embedment depth plus a clear cover distance that was different for each manufacture. The embedment
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depth used was 5 in. The controlling slab thickness was 7.5 in. based on ASTM E488 rather than the
manufacturer’s literature because the requirements of ASTM E488 were more conservative. A slab
thickness of 8 in. was used to make formwork construction simple. For a confined tensile pullout
strength test away from concrete edges (ACI 355.4-11 test 7a), there was no guidance for the
dimensions of the slab, thickness of the slab, or the spacing between post-installed reinforcing bars in
ACI 355.4 (2011). Additionally, there was no guidance in ASTM E488 for the dimensions of the slab or
the spacing between post-installed reinforcing bars. The slab dimensions and post-installed reinforcing
bar spacing were chosen to provide adequate room to set up the tensile pullout test jig, which was 16 in.
wide. Spacing and dimension requirements from ACI 318 (2014) for concrete breakout and bond
strength group effects were considered but did not control. A 9 in. spacing between the edge of the slab
and the first post-installed reinforcing bar was provided so that the tensile pullout test jig would fully
contact concrete (9 in. > half of the tensile pullout test jig width).
The dimensions and volume (47.27 ft3 each) of the slabs were large and no reinforcement was provided.
Large masses of unreinforced concrete have a tendency to shrink and crack over time (ACI 224R, 2001;
Carlson et al., 1979). Measures were taken to ensure shrinkage cracking did not occur at the postinstalled reinforcing bar locations. Two perpendicular joints were added to help control the location of
potential cracks and the slab was cast on plastic sheeting to allow for concrete movement over time
(i.e., expansion or shrinkage). One joint ran parallel to the 11 ft 6 in. dimension and divided the slab in
two equal halves, and the other joint ran parallel to the 6 ft 2 in. dimension and divided the slab into
approximately two equal halves. The control joint configuration was selected to avoid the location of the
post-installed reinforcing bars. The dimensions for the two slabs were the same and are shown in Figure
3.1.
3.3.2 Slab Fabrication
Slab formwork consisted of a 0.5 in. thick plywood base and side walls built with 1.5 in. by 8 in. lumber.
The side wall height corresponded to the selected 8 in. slab depth. The lumber side walls were attached
to the plywood base with 45˚ kicker supports spaced at 18 in. on center, one 2 in. long screw, and
subfloor adhesive. Additional blocks of wood were placed between each 45˚ kicker support at a spacing
of 18 in. on center to provide extra restraint against formwork blowout due to the selfweight of
concrete. Slab formwork can be seen in Figure 3.2.
The two slabs were cast on April 5, 2018 in the University of Minnesota Duluth (UMD) Structures
Laboratory. Since the slabs were unreinforced concrete, a slump measurement was not checked
because workability was not a concern. Four and a half cubic yards of concrete was ordered from
Arrowhead Concrete Works, Inc. for the two slabs and for 18 concrete compressive strength cylinders (4
by 8 in.).
Concrete was poured from the truck into a 0.75 yd3 concrete bucket, which was attached to the
overhead crane and transported to where the slabs were being cast in the UMD Structures Laboratory.
The concrete was consolidated using a handheld wand vibrator. Care was taken to ensure that the topof-slab surface was level and well finished for seating of the tensile pullout test jig. ASTM 488 (2015)
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noted that the finished concrete surface of a test member shall be a formed or steel-troweled finish
unless otherwise specified by the chemical adhesive manufacturer’s literature. A level top-of-slab
surface was achieved by screeding off excess concrete, using a bull float (Figure 3.2), and hand finishing
the concrete. The hand finishing processes consisted four steps. First an edger was used around the slab
perimeter to provide a clean edge and help keep the formwork from restraining shrinkage (i.e., curing
cracks). Second, a joint tool was used to add the control joints to the slabs. Third, a magnesium concrete
hand float was used to smooth any unevenness caused from the edging and joint tools. Finally, a steel
concrete hand float was used to give the concrete a smooth final finish.
The slabs were subjected to a 7-day continuous moist cure by covering the specimens with water
saturated burlap and plastic. The 4 by 8 in. cylinders were cured under the plastic with the slab to
ensure consistency. The formwork was stripped after 24 hours (April 6, 2018). A timeline of the slab
fabrication and testing is shown in Table 3.2.
3.3.3 Installation of the Post -Installed Reinforcing Bars
Installation of the post-installed reinforcing bars was completed by a MnDOT approved contractor.
There were several reasons for having a contractor do the installation. First, the contractor was a
certified ACI adhesive anchor installer. Second, it was important to collect results that were
representative of field conditions. Third, use of an experienced contractor likely provided consistency in
the drilled hole depth and vertical reinforcing bar alignment. PCiRoads, LLC was the contractor that
completed the installation of post-installed reinforcing bars, which included drilling the holes, cleaning
the drilled holes, filling the drilled holes with the four different chemical adhesives, and inserting the
reinforcing bars into the filled holes.
To drill the holes, a hammer drill was used with a 0.75 in. diameter drill bit and a Bosch HDC200 dust
collection system. A 0.75 in. dimeter drill bit was specified by all four of the chemical adhesive
manufactures for installation of #5 reinforcing bars. To get an embedment depth of 5 in., the drill bit
was marked using duct tape. The hammer drill, drill bit, and drilling process are illustrated in Figure 3.3
and Figure 3.4. A compressed air nozzle, a wire brush attached to a drill, and a dust collection system
were used to clean the holes after drilling. The hole cleaning process used in the laboratory was the
same process PCiRoads follows in the field, which the contractor said was taught during the ACI
adhesive anchor certification training. The hole cleaning process that was used also followed the process
specified in the chemical adhesive manufacturer’s literature for the four different chemical adhesives.
The holes were first blown clean using compressed air, starting at the bottom of the hole and working
up to the top. Then the holes were brushed for three seconds using a wire brush attached to a drill,
starting at the bottom of the hole and working up to the top. Figure 3.5 shows the compressed air
nozzle and the wire brush attached to a drill. The process of blowing out and brushing the holes was
done three times per hole and is shown in Figure 3.6. The difference between a clean hole and a hole
that had not yet been cleaned is shown in Figure 3.7.
After the holes were cleaned, reinforcing bars were installed with the four different chemical adhesives:
Powers AC100+ Gold, Red Head A7+, Hilti HIT-RE 500 V3, and ATC Ultrabond 365CC. All of the adhesives
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were two-part chemical adhesives, which means a mixing nozzle used during installation automatically
mixes the two-part chemical adhesive as it is being dispensed out of the tool into the hole. The four
chemical adhesives and their respective dispensing tools are shown in Figure 3.8. To ensure proper
mixing, the first two pumps from a new tube of chemical adhesive were not used as shown in Figure 3.9.
The holes were filled two thirds full with chemical adhesive starting from the bottom and moving
upwards. This process was followed to ensure there were no air voids surrounding the post-installed
reinforcing bar.
The reinforcing bars were inserted using a twisting motion to ensure that the chemical adhesive coated
the entire surface area of the reinforcing bar. Care was taken to ensure that the reinforcing bars stayed
vertical and a wooded brace was attached to some of the reinforcing bars to provide stability as shown
in Figure 3.10. The location of the epoxy-coated and uncoated reinforcing bars and the type of chemical
adhesive used to install each row of bars is shown in Figure 3.11. One row of each slab was left unused
to provide space if additional tensile pullout strength tests needed to be performed.
3.3.4 Material Properties
The steel reinforcing bars conformed to ASTM A615 (2016). The epoxy-coating conformed to ASTM
A775 (2017). Both the epoxy-coated and uncoated reinforcing bars were donated by ABC Coating Co.
The nominal and manufacture provided steel material properties for the epoxy-coated and uncoated
reinforcing bars are shown in Table 3.3.
The chemical adhesive properties were proprietary and varied for each manufacturer. Powers AC100+
Gold was a vinylester chemical adhesive. Red Head A7+ was a hybrid chemical adhesive. Hilti HIT-RE 500
V3 was an epoxy mortar chemical adhesive. ATC Ultrabond 365CC was a cement and silane hybrid
chemical adhesive. All of the chemical adhesives were donated by their respective manufacturers. The
manufacturers for the Powers AC100+ Gold, Red Head A7+, and Hilti HIT-RE 500 V3 also donated the
dispensing tools for their adhesives. The different chemical adhesive manufacturer’s literature provided
values for the uncracked and cracked bond strength (τuncr and τcr). However, in the Appendix A example
design calculations for a retrofit bridge traffic barrier and a retrofit crash strut for a two-column bridge
pier, an uncracked bond strength of 1,000 psi and a cracked bond strength of 500 psi were used
(MnDOT, 2016).
The concrete mix design was MnDOT 3Y33. The maximum aggregate size for the concrete mix was 0.75
in., the specified minimum 28-day compressive strength (f'c) was 4,000 psi. The concrete mix had a
specified slump of 3 in. The material properties for the concrete mix are provided in Table 3.4. The 28day, start-of-testing, and end-of-testing concrete compressive strength results shown in Table 3.5.
3.4 TEST PROCEDURE, SETUP, AND INSTRUMENTATION
This section provides details about the test procedure, laboratory experimental setup, and
instrumentation used during the confined tensile pullout strength testing of the post-installed
reinforcing bars.
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3.4.1 Test Procedure
The procedure for the tensile pullout strength test of the post-installed reinforcing bars followed
guidance from ACI 355.4 (2011) and ASTM E488 (2015). ACI 355.4 is the standard used to qualify postinstalled chemical adhesive anchor systems for use in practice and ASTM E488 provides test procedures
to determine the tensile strength of post-installed reinforcing bars.
ACI 355.4 Table 2.3 presented test details to obtain the tensile pullout strength of a post-installed
reinforcing bar away from concrete edges in test number 7a. Test 7a can either be performed as an
unconfined or confined test, and tests in this research project were conducted as confined tests.
Requirements for ACI 355.4 test 7a included:
1.
2.
3.
4.
5.

Test a single post-installed reinforcing bar
Post-install the reinforcing bars away from concrete edges
The member concrete compressive strength should be between 2,500 and 4,000 psi
Test either the minimum or maximum embedment depth
The minimum number of tensile pullout tests is five

Most of the requirements from ACI 355.4 for confined tensile pullout strength testing of the postinstalled reinforcing bars away from concrete edges were followed in this research. Requirement three
from ACI 355.4 test 7a was not met in this project. It is common practice for MnDOT to post-install
reinforcing bars with a chemical adhesive into 3Y33 bridge deck concrete mixtures, which has a
minimum 28-day compressive strength of 4,000 psi. In reality, the in-situ concrete compressive strength
frequently exceeds the specified strength. That was also the case for the slabs in this project, which had
an average strength of 5,151 psi at the time of testing as shown in Table 3.5. Requirement four was not
met in this project because it is common practice for MnDOT to post-install #5 reinforcing bars with a
chemical adhesive at an embedment depth of 5 in. Pullout tests were conducted at the embedment
depth of 5 in. for each chemical adhesive and each reinforcing bar coating, as outlined in Table 3.1.
While ACI 355.4 (2011) presented the tensile pullout strength test guidelines, ACI 355.4 did not provide
guidance on how to perform the test. ASTM E488 (2015) provided test requirements and procedures to
determine the tensile strength of post-installed reinforcing bars. The requirements included tolerances
for the load cells used to measure load (measure accurately to ±1% of the anticipated ultimate load), the
linear variable differential transducers (LVDTs) used to measure displacement (measure accurately to
±0.001 in.), and how often the load and displacement should be recorded (once per second or 1 Hz). The
testing procedures from ASTM E488 included placing the tensile pullout test jig on a sheet of
polytetrafluoroethylene (PTFE) or other friction-limiting material with a minimum thickness of 0.020 in.,
centering the tensile pullout test jig over the post-installed reinforcing bar, centering the LVDTs on the
post-installed reinforcing bar, applying an initial load up to 5% of the estimated maximum load capacity,
and increasing the load so that peak load occurs after one to three minutes.
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3.4.2 Test Setup
ASTM E488 (2015) provided requirements for the test jig used to evaluate tensile pullout strength of
post-installed reinforcing bars. The requirements for the tensile pullout test jig included having sufficient
capacity to prevent yielding of all steel components used in the jig, a specific load plate thickness, and a
specific confining hole diameter. An analysis of all of the steel components used in the tensile pullout
test jig was done using the American Institute of Steel Construction (AISC) Steel Construction Manual
(2011), and no steel yielding was expected under the anticipated loads. ASTM E488 specified that the
load plate thickness should be greater than or equal to the diameter of the post-installed reinforcing bar
(tplate ≥ dbar) and the load plate confining hole diameter should be between one and a half and two times
the drilled hole diameter (1.5dhole and 2.0dhole). The diameter of the hole drilled for the post-installed #5
reinforcing bars was 0.75 in. and a confining hole diameter of 1.375 in. was used (1.83dhole).
The tensile pullout test jig had a top and bottom load plate that consisted of a 0.625 in. thick A36 steel
rectangular plate that was 10 by 16 in. The dimensions of the bottom plate were chosen to prevent
concrete breakout calculated using ACI 318 (2014) Chapter 17. The concrete breakout cone projects out
one and a half times the embedment depth (1.5hef = 7.5 in.), and the bottom load plate dimensions
were chosen to be larger than the concrete breakout cone to prevent its formation. The top load plate
was selected to match the dimensions of the bottom plate and was adequate to support the hydraulic
cylinder. Two W8x31 A992 steel sections were used to provide space to attach LVDTs to the reinforcing
bar for displacement measurement. The W8x31 sections were 10 in. long. Two LVDTs were attached to
the reinforcing bar using an LVDT jig, which consisted of a 1 by 1 in. steel angle welded to a rebar splice
coupler as shown in Figure 3.12. A SPXflow RH1003 hydraulic cylinder was used to pull on the reinforcing
bar, and a WB RS #5 wedge chuck was used to grip the reinforcing bar. The hydraulic cylinder was
attached to a Simplex P82A hydraulic hand pump. The tensile pullout test jig can be seen in Figure 3.13.
3.4.3 Instrumentation and Data Acquisition
Two different types of instrumentation were used during testing. The first was a pair of TransTek Series
240, Model 0243-0000 LVDTs and the second was an Omega PX603-10KG5V in-line digital pressure
transducer. The LVDTs were attached to the reinforcing bar using the LVDT jig and measured the
deflection during pullout of the post-installed reinforcing bar to an accuracy of 0.5% of the actual
displacement with a stroke of 1 in. The two LVDTs can be seen in Figure 3.14. The digital pressure
transducer could measure pressure up to 10,000 psi and had an accuracy of 0.4% of the actual pressure.
The digital pressure transducer, which was mounted in-line between the hydraulic hand pump and the
hydraulic cylinder, can be seen in Figure 3.15.
Data from each test were collected with data acquisition software installed on the laboratory computer.
Data were collected at a sample rate of five data points per second (5 Hz) for each test. Prior to testing,
all instrumentation was calibrated using the manufacturer’s instructions. The failure mechanism for
each test specimen was documented by taking pictures. The files from the data acquisition software
were converted into spreadsheet files for further analysis following the completion of each test.
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Table 3.1 Variables investigated in the laboratory experimental program

Set

1

2

*

Concrete
strength
(psi)

4,000

4,000

Rebar
size

Embedment Reinforcing
depth (in.)
bar type

5 (8db)

5

5 (8db)

5

Uncoated

Epoxycoated

Tension 7a tests were be conducted as confined.

ACI 355.4-11
test and
reference

Tension – 7a*

Tension – 7a*

Epoxy adhesive
type
Powers AC100+
Gold
Red Head A7+
Hilti HIT-RE 500 V3
ATC Ultrabond
365CC
Powers AC100+
Gold
Red Head A7+
Hilti HIT-RE 500 V3
ATC Ultrabond
365CC
Sum

Number
of tests
6
6
6
6
6
6
6
6
48

Table 3.2 Laboratory slab fabrication and testing timeline

Date

April 5, 2018
April 6, 2018
April 12, 2018
May 3, 2018
May 17, 2018
May 21, 2018
June 6, 2018

Time
9 am – 11 am
11 am – 1 pm
3 pm
5 pm
1 pm
2 pm
10 am – 1 pm
-

Time since
casting
(days)

Event
Slab concrete placed
Slab hand finished
Slab covered with pre-soaked burlap and plastic
Slab formwork removed
Slab burlap and plastic removed
Slab 28-day concrete compressive strength test
Installation of post-installed reinforcing bars
Start of tensile pullout testing
Slab concrete compressive strength test
Tensile pullout testing concluded
Slab concrete compressive strength test

1
7
28
42
46
69
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Table 3.3 Nominal and manufacturer provided steel material properties for the uncoated and epoxy-coated
reinforcing bars supplied by ABC Coating Co. and manufactured by Nucor, Inc.

Diameter of #5 reinforcing bar (in.)
Area of #5 reinforcing bar (in.2)
Yield strength (ksi)
Tensile strength (ksi)
Elongation at ultimate tensile strength (%)
Modulus of elasticity (ksi)

Nominal
Uncoated and
Epoxy-coated
steel reinforcing
bar
0.625
0.31
60.00
90.00
9.0
29,000

Manufacturer Provided
Uncoated steel
reinforcing bar

Epoxy-coated
steel reinforcing
bar

0.625
0.31
74.98
111.18
12.4
29,000

0.625
0.31
70.74
108.31
12.6
29,000

Table 3.4 Slab concrete mix design from Arrowhead Concrete Works, Inc.

Component
Sand
0.75 in. aggregate
Cement (c)
Flyash
Water (w)
Air entrainer
(BASF MasterAir AE90)
W/C ratio

Quantity (per yd3)
1,235 lb
1,830 lb
533 lb
94 lb
32.8 gal
6.0 oz
0.437

Table 3.5 Slab concrete 28-day, start-of-testing, and end-of-testing compressive strength results

28-day

Slab 1
epoxy-coated
reinforcing bars (psi)
5,260

Slab 2
uncoated reinforcing
bars (psi)
5,110

Start-of-testing (48-day)

5,320

5,170

5,240

End-of-testing (69-day)

5,100

5,020

5,060

Average during testing

5,210

5,090

5,150

Time
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Average
(psi)
5,190

Figure 3.1 Slab dimensions, control joint locations, and spacing of post-installed reinforcing bars away from slab
edges

Crane
Concrete truck

Plywood base

Slab 2

Kicker support
Additional supports
Side wall lumber

Slab 1

Figure 3.2 Slab location in laboratory, formwork details, and steel-troweled surface finish of slabs
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Figure 3.3 Hammer drill and 0.75 in. drill bit marked to a drill depth of 5 in. used to drill the holes for postinstalling #5 reinforcing bars

Figure 3.4 Hammer drilling into the slab with duct collecting system in operation
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Figure 3.5 Compressed air nozzle and drill mounted wire brush used for hole cleaning

Figure 3.6 Hole cleaning process
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Figure 3.7 Difference between clean and unclean holes

Figure 3.8 Chemical adhesives and dispensing tools used to post-install #5 reinforcing bars

41

Figure 3.9 Example nozzle used to mix a two-part chemical adhesive and the first two pumps of unused,
discarded chemical adhesive

Figure 3.10 Wooden brace attached to some of the reinforcing bars to provide stability and ensure a vertical
orientation
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Figure 3.11 Location of epoxy-coated or uncoated reinforcing bars and the type of chemical adhesive used to
install each row of bars in the two slabs

Rebar coupler
Steel angle

LVDT

Figure 3.12 LDVT jig that can be attached to a post-installed #5 reinforcing bar to measure vertical displacement
during pullout testing
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Post-installed reinforcing bar
Wedge chuck

Hydraulic cylinder
Top load plate

Two W8x31 supports
Rebar splice coupler
Jig holding two LVDTs
Bottom load plate
PTFE
Concrete slab

Figure 3.13 Tensile pullout test jig constructed in accordance with ASTM E488 (2015) and used to pull out
uncoated and epoxy-coated #5 reinforcing bars embedded 5 in.

Figure 3.14 Linear variable differential transducers (LVDT) with a 1 in. stroke
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Pressure dial gauge

Digital pressure
transducer

Figure 3.15 In-line pressure dial gauge and digital pressure transducer
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CHAPTER 4: RESULTS AND DISCUSSION OF LABORATORY
EXPERIMENTAL PROGRAM
4.1 INTRODUCTION
A series of 48 pullout tests were conducted on post-installed reinforcing bars to determine the confined
pullout tensile strength in accordance with test number 7a from ACI 355.4 (2011). Half of the tensile
pullout strength tests were performed on epoxy-coated reinforcing bars and half were performed on
uncoated reinforcing bars. Four different chemical adhesives (Powers AC100+ Gold, Red Head A7+, Hilti
HIT-RE 500 V3, and ATC Ultrabond 365CC) were used to post-install both the epoxy-coated and
uncoated reinforcing bars. Six tensile pullout strength tests were performed for each combination
reinforcing bar coating chemical adhesive.
Each specimen was labeled. Epoxy-coated or uncoated reinforcing bars were labeled with “EC” or “UC,”
respectively. The type of chemical adhesive was also labeled. When a specimen was installed using
Powers AC100+ Gold, it was denoted as “P”; Red Head A7+ was denoted as “R”; Hilti HIT-RE 500 V3 was
denoted “H”; finally, ATC Ultrabond 365CC was denoted “U.” The six specimens for each group of
reinforcing bar coating and chemical adhesive were also labeled with a “1” through “6.” For example,
the first test of an epoxy-coated reinforcing bar post-installed using Powers AC100+ Gold was labeled
“ECP1.”
4.2 RESULTS
In this section, the results are categorized by the type of chemical adhesive used. Results are presented
showing the differences between the ultimate tensile pullout strength of epoxy-coated and uncoated
reinforcing bars; the difference between the ultimate tensile pullout strength of epoxy-coated
reinforcing bars and the manufacturer published bond strength with uncoated reinforcing bars; and the
difference between the ultimate tensile pullout strength of epoxy-coated reinforcing bars and the
MnDOT-specified bond strength with uncoated reinforcing bars. The measured displacement at the
ultimate tensile pullout strength for each test is presented. The failure modes for each test are also
discussed in this section.
4.2.1 Powers AC100+ Gold
The average ultimate tensile load for epoxy-coated reinforcing bars post-installed using Powers AC100+
Gold was 29.81 kips. The average ultimate tensile load for uncoated reinforcing bars post-installed using
Powers AC100+ Gold was 31.55 kips (6% higher). The ratio of the ultimate tensile capacity of the epoxycoated reinforcing bars to the uncoated reinforcing bars was 0.94. The average displacement at the
ultimate tensile load for epoxy-coated reinforcing bars was 0.11 in. and the average displacement at the
ultimate tensile load for uncoated reinforcing bars was 0.29 in. The experimental data from testing both
the epoxy-coated and uncoated reinforcing bars is shown in Table 4.1. The failure mode for all of the
epoxy-coated reinforcing bars was bond failure between the concrete and the chemical adhesive. The
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failure mode for all of the uncoated reinforcing bars was bond failure between the steel and the
chemical adhesive. All the failure modes for reinforcing bars installed with Powers AC100+ Gold are
shown in Figure 4.1.
4.2.2 RED HEAD A7+
The average ultimate tensile load for epoxy-coated reinforcing bars post-installed using Red Head A7+
was 30.32 kips. The average ultimate tensile load for uncoated reinforcing bars post-installed using Red
Head A7+ was 31.27 kips (3% higher). The ratio of the ultimate tensile capacity of the epoxy-coated
reinforcing bars to the uncoated reinforcing bars was 0.97. The average displacement at the ultimate
tensile load for epoxy-coated reinforcing bars was 0.14 in. and the average displacement at the ultimate
tensile load for uncoated reinforcing bars was 0.36 in. The experimental data from testing both the
epoxy-coated and uncoated reinforcing bars is shown in Table 4.2. The failure mode for all of the epoxycoated reinforcing bars was bond failure between the concrete and the chemical adhesive. The failure
mode for all of the uncoated reinforcing bars was bond failure between the steel and the chemical
adhesive. All the failure modes for reinforcing bars post-installed with Red Head A7+ are shown in Figure
4.2.
4.2.3 HILTI HIT RE-500 V3
The average ultimate tensile load for epoxy-coated reinforcing bars post-installed using Hilti HIT-RE 500
V3 was 33.00 kips. The average ultimate tensile load for uncoated reinforcing bars post-installed using
Hilti HIT-RE 500 V3 was 33.76 kips (2% higher). The ratio of the ultimate tensile capacity of the epoxycoated reinforcing bars to the uncoated reinforcing bars was 0.98. The average displacement at the
ultimate tensile load for epoxy-coated reinforcing bars was 0.30 in. and the average displacement at the
ultimate tensile load for uncoated reinforcing bars was 0.43 in. The experimental data from testing both
the epoxy-coated and uncoated reinforcing bars is shown in Table 4.3. The failure mode for all of the
epoxy-coated and uncoated reinforcing bars was steel rupture. The failure modes for reinforcing bars
post-installed with Hilti HIT-RE 500 V3 are shown in Figure 4.3.
4.2.4 ATC ULTRABOND 365CC
The average ultimate tensile load for epoxy-coated reinforcing bars post-installed using ATC Ultrabond
365CC was 32.42 kips. The average ultimate tensile load for uncoated reinforcing bars post-installed
using ATC Ultrabond 365CC was 31.00 kips (5% lower). The ratio of the ultimate tensile capacity of the
epoxy-coated reinforcing bars to the uncoated reinforcing bars was 1.05. The average displacement at
the ultimate tensile load for epoxy-coated reinforcing bars was 0.32 in. and the average displacement at
the ultimate tensile load for uncoated reinforcing bars was 0.27 in. The experimental data from testing
both the epoxy-coated and uncoated reinforcing bars is shown in Table 4.4. The failure mode for four of
the epoxy-coated reinforcing bars was bond failure between the concrete and the chemical adhesive,
and the failure mode of the remaining two epoxy-coated reinforcing bars was steel rupture. The failure
mode for all of the uncoated reinforcing bars was bond failure between the steel and the chemical
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adhesive. All of the failure modes for reinforcing bars post-installed with ATC Ultrabond 365 CC are
shown in Figure 4.4.
4.3 DISCUSSION
The ratio of the ultimate tensile capacity of the epoxy-coated reinforcing bars to the ultimate tensile
pullout strength of the uncoated reinforcing bars was 0.94 for the Powers AC100+ Gold chemical
adhesive. Similarly, the ratio was 0.97, 0.98, and 1.05 for the Red Head A7+, Hilti HIT-RE 500 V3, ATC
Ultrabond 365CC products, respectively. The ratios of the ultimate tensile pullout strength of the epoxycoated reinforcing bars to the ultimate tensile pullout strength of the uncoated reinforcing bars for all
four of the chemical adhesives are summarized in Table 4.5. The standard deviation of each average
ultimate tensile pullout strength was added or subtracted to the average ultimate tensile pullout
strength of both the epoxy-coated or uncoated reinforcing bars to increase the ratio between the two
reinforcing bar types. This methodology created more extreme ratios of the ultimate tensile pullout
strength of the epoxy-coated reinforcing bars to the ultimate tensile pullout strength of the uncoated
reinforcing bars. The ratios ranged from 0.88 to 0.99, as shown in Table 4.6. Furthermore, to encompass
99% of the normal distribution, the average ultimate tensile pullout strengths of both the epoxy-coated
and uncoated reinforcing bars were reduced by three standard deviations as another means to
investigate the ratio of average ultimate tensile pullout strength between the two types of bars. The
minimum ratio was 0.89 as shown in Table 4.7, which corresponded to the minimum ratio of 0.88 from
Table 4.6.
ATC Ultrabond 365CC was the only chemical adhesive that had a higher ultimate tensile pullout strength
for the epoxy-coated reinforcing bars compared to the uncoated reinforcing bars. For all of the other
chemical adhesives, the ultimate tensile pullout strength of the uncoated reinforcing bars was higher
than that of the epoxy-coated reinforcing bars. Steel rupture was the only failure mode for bars installed
with the Hilti HIT-RE 500 V3 adhesive, which means that the bond between the reinforcing bars,
chemical adhesive, and concrete was stronger than the steel rupture strength. Therefore, the difference
in bond strength between the epoxy-coated reinforcing bars and uncoated reinforcing bars installed
with Hilti HIT-RE 500 V3 could not be compared.
A t-test was used to further analyze the laboratory experimental program results using statistics. The ttest is commonly used to determine whether the average of a data set significantly differs from the
average of another data set (Ugoni and Walker, 1995). The t-test was used to determine if the average
ultimate tensile pullout strength of the epoxy-coated reinforcing bars was significantly different than the
average ultimate tensile pullout strength of the uncoated reinforcing bars. The t-test was performed as
an unpaired t-test with a 5% significance level (α). The critical t-score was 2.228 based on the number of
tensile pullout tests for epoxy-coated and uncoated reinforcing bars. The t-value for each chemical
adhesive was calculated using the average ultimate tensile pullout strength and the standard deviation
of the average ultimate tensile pullout strength. The t-value was compared to the critical t-score. If the
t-value was greater than the critical t-score, then the average ultimate tensile pullout strengths were
statistically different. If the t-value was less than the critical t-score, then the average ultimate tensile
pullout strengths were not statistically different. The t-test analysis results are shown in Table 4.8.
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Results from t-test analyses indicated that the average ultimate tensile pullout strength of the epoxycoated reinforcing bars post-installed using Powers AC100+ Gold, Hilti HIT-RE 500 V3, and ATC Ultrabond
365CC were significantly different than the average ultimate tensile pullout strength of the uncoated
reinforcing bars post-installed using the same respective chemical adhesive. This means that,
statistically, the ultimate tensile pullout strength was not the same for both epoxy-coated and uncoated
reinforcing bars post-installed using those three chemical adhesives. Results from the t-test analysis
indicated that the average ultimate tensile pullout strength of the epoxy-coated reinforcing bars postinstalled using Red Head A7+ were not significantly different than the average ultimate tensile pullout
strength of the uncoated reinforcing bars post-installed using Red Head A7+. This means that,
statistically, the ultimate tensile pullout strength was the same for both epoxy-coated and uncoated
reinforcing bars post-installed using Red Head A7+.
The experimental ultimate tensile pullout strength of the epoxy-coated reinforcing bars post-installed
using chemical adhesives were compared to the manufacturer bond strength values for uncoated
reinforcing bars post-installed using chemical adhesives. The chemical adhesive manufacturers did not
publish a value for just the bond strength, but rather published a value for the tensile capacity, which is
the minimum of the steel strength, the concrete breakout strength, and the bond strength. Because of
this, the bond strength values were calculated in accordance with the method from ACI 318 (2014)
Section 17.4.5.1 (Equation 2.1 through Equation 2.6 in this document) using the τuncr listed in the ICC
Evaluation Report for each chemical adhesive (ICC, 2018a; ICC, 2018b; ICC, 2017; ICC, 2016). The τuncr
used for each chemical adhesive is shown in Table 4.9. It was found that the experimental ultimate
tensile pullout strength of the epoxy-coated reinforcing bars was greater than the manufacturer bond
strength values for all of the chemical adhesives. The lowest ratio of experimental ultimate tensile
pullout strength of the epoxy-coated reinforcing bars divided by the manufacturer bond strength values
for uncoated reinforcing bars was 1.63 (the largest was 3.16). A comparison of the experimental
ultimate tensile pullout strength for epoxy-coated reinforcing bars to the manufacturer bond strength
values for uncoated reinforcing bars, for all four of the chemical adhesives, is shown Table 4.10.
The experimental ultimate tensile pullout strength of the epoxy-coated and uncoated reinforcing bars
post-installed using chemical adhesives were compared to the bond strength based on the MnDOTspecified uncracked bond stress (τuncr). MnDOT does not publish a value for the bond strength, but it was
calculated using the MnDOT specified τuncr and the method from ACI 318 (2014) Section 17.4.5.1
(Equation 2.1 through Equation 2.6 in this document). The MnDOT-specified τuncr is shown in Table 4.9
and is 1,000 psi. The experimental ultimate tensile pullout strength for both epoxy-coated and uncoated
reinforcing bars to the bond strength based on the MnDOT-specified τuncr for all four of the chemical
adhesives is shown Table 4.10.
When examining the failure modes in this research, it was observed that bond failure occurred at the
interface between the concrete and chemical adhesive for most of the epoxy-coated reinforcing bars.
However, specimens ECU3, ECU5, and ECH1 through ECH6 did not follow this trend (approximately 33%
of the epoxy-coated specimens). Bond failure occurred at the interface between the steel and the
chemical adhesive for all of the specimens with uncoated reinforcing bar, except for those installed
using the Hilti product (steel rupture failure). The failure modes in this research did not follow the failure
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mode results from Dickey (2011) and Meline et al. (2006). Two possible reasons for this could be that
the chemical adhesives and embedment depths were different. The failure mode results from this
research mean that the chemical adhesive adhered to the epoxy-coated reinforcing bars better than it
adhered to the uncoated reinforcing bars. One possible explanation for this behavior is that the
compounds in the chemical adhesives cause a chemical reaction with the epoxy-coating, which causes
the two to bond better than the uncoated reinforcing bar. Despite the chemical adhesive adhering to
the epoxy-coated reinforcing bars better than the uncoated reinforcing bars, it does not mean that the
ultimate tensile pullout strength of the epoxy-coated reinforcing bars was greater than that of the
uncoated reinforcing bars.
The average displacement at the ultimate tensile load for the epoxy-coated reinforcing bars postinstalled using Powers AC100+ Gold, Red Head A7+, and Hilti HIT-RE 500 V3 was less than the average
displacement at the ultimate tensile load for the uncoated reinforcing bars post-installed using the same
respective chemical adhesive. The average displacement at the ultimate tensile load for the epoxycoated reinforcing bars post-installed using ATC Ultrabond 365CC was more than the average
displacement at the ultimate tensile load for the uncoated reinforcing bars post-installed using ATC
Ultrabond 365CC. Plots of the applied tensile load vs. displacement for all of the tests are shown in
Appendix B.
A t-test was also used to determine if the average displacement at the ultimate tensile load for the
epoxy-coated reinforcing bars was significantly different than the ultimate tensile load for the uncoated
reinforcing bars. Results from t-test analyses indicated that the average displacement at the ultimate
tensile load for the epoxy-coated reinforcing bars post-installed using Powers AC100+ Gold, Red Head
A7+, and Hilti HIT-RE 500 V3 were significantly different compared to the average displacement at the
ultimate tensile load for the uncoated reinforcing bars post-installed using the same respective
adhesive. This means that, statistically, the average displacement at the ultimate tensile load was not
the same for both epoxy-coated and uncoated reinforcing bars post-installed using Powers AC100+
Gold, Red Head A7+, and Hilti HIT-RE 500 V3. Results from the t-test analysis indicated that the average
displacement at the ultimate tensile load for the epoxy-coated reinforcing bars post-installed using ATC
Ultrabond 365CC were not significantly different compared to the average displacement at the ultimate
tensile load for the uncoated reinforcing bars post-installed using ATC Ultrabond 365CC. This means
that, statistically, the average displacement at the ultimate tensile load was the same for both epoxycoated and uncoated reinforcing bars post-installed using ATC Ultrabond 365CC. The t-test analysis
results are shown in Table 4.11.
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Table 4.1 Experimental results for both epoxy-coated and uncoated reinforcing bars post-installed with Powers
AC100+ Gold adhesive

Specimen

Reinforcing bar
coating

Ultimate load
(kips)

ECP1
ECP2
ECP3
ECP4
ECP5
ECP6

30.41
31.35
30.43
Epoxy-coated
29.40
27.76
29.49
Average epoxy-coated
29.81
UCP1
30.82
UCP2
30.68
UCP3
32.40
Uncoated
UCP4
31.48
UCP5
31.50
UCP6
32.42
Average uncoated
31.55
Average epoxy-coated / Average uncoated =

Displacement
at ultimate
load (in.)
0.12
0.11
0.15
0.10
0.08
0.08
0.11
0.30
0.19
0.29
0.32
0.21
0.40
0.29

Failure mode

Concrete/adhesive bond

-

Steel/adhesive bond

0.94

Table 4.2 Experimental results for both epoxy-coated and uncoated reinforcing bars post-installed with Red
Head A7+ adhesive

Specimen

Reinforcing
bar coating

Ultimate load
(kips)

ECR1
30.37
ECR2
31.96
ECR3
30.43
Epoxy-coated
ECR4
30.32
ECR5
29.07
ECR6
29.80
Average epoxy-coated
30.32
UCR1
29.63
UCR2
30.14
UCR3
33.31
Uncoated
UCR4
32.10
UCR5
29.90
UCR6
31.76
Average uncoated
31.27
Average epoxy-coated / Average uncoated =
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Displacement
at ultimate
load (in.)
0.15
0.22
0.12
0.14
0.13
0.10
0.14
0.18
0.33
0.50
0.32
0.29
0.55
0.36

Failure mode

Concrete/adhesive bond

-

Steel/adhesive bond

0.97

Table 4.3 Experimental results for both epoxy-coated and uncoated reinforcing bars post-installed with Hilti HITRE 500 V3 adhesive

Specimen

Reinforcing
bar coating

Ultimate load
(kips)

ECH1
32.98
ECH2
33.30
ECH3
33.18
Epoxy-coated
ECH4
32.64
ECH5
32.84
ECH6
33.05
Average epoxy-coated
33.00
UCH1
33.94
UCH2
33.73
UCH3
33.62
Uncoated
UCH4
33.96
UCH5
33.96
UCH6
33.37
Average uncoated
33.76
Average epoxy-coated / Average uncoated =

Displacement
at ultimate
load (in.)
0.39
0.33
0.26
0.34
0.29
0.16
0.30
0.51
0.43
0.41
0.48
0.34
0.43
0.43

Failure mode

Steel rupture

-

Steel rupture

0.98

Table 4.4 Experimental results for both epoxy-coated and uncoated reinforcing bars post-installed with ATC
Ultrabond 365CC adhesive

Specimen

Reinforcing
bar coating

Ultimate load
(kips)

ECU1
33.13
ECU2
32.38
ECU3
32.84
Epoxy-coated
ECU4
31.36
ECU5
32.68
ECU6
32.14
Average epoxy-coated
32.42
UCU1
29.09
UCU2
30.62
UCU3
31.90
Uncoated
UCU4
32.40
UCU5
31.21
UCU6
30.74
Average uncoated
31.00
Average epoxy-coated / Average uncoated =
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Displacement
at ultimate
load (in.)
0.40
0.32
0.34
0.16
0.46
0.26
0.32
0.25
0.26
0.34
0.27
0.26
0.25
0.27

Failure mode
Concrete/adhesive bond
Steel rupture
Concrete/adhesive bond
Steel rupture
Concrete/adhesive bond
-

Steel/adhesive bond

1.05

Table 4.5 Summary of the average experimental results for both epoxy-coated and uncoated reinforcing bars

Adhesive type

Powers
AC100+ Gold
Red Head A7+

Reinforcing bar
coating

Average
displacement
at ultimate
load (in.)

Average
ultimate
load (kips)

Epoxy-coated
Uncoated
Epoxy-coated
Uncoated
Epoxy-coated
Uncoated

0.11
0.29
0.14
0.36
0.30
0.43

29.81
31.55
30.32
31.27
33.00
33.76

Hilti HIT-RE
500 V3*
ATC
Epoxy-coated
0.32
32.42
Ultrabond
Uncoated
0.27
31.00
365CC
*
The failure mode of these bars was steel rupture and not bond.

Ratio of epoxycoated average
ultimate load to
uncoated
average
ultimate load
0.94
0.97
0.98
1.05

Table 4.6 Ratio of the ultimate tensile capacity of the epoxy-coated reinforcing bars and the uncoated
reinforcing bars including one standard deviation

Adhesive

Powers
AC100+ Gold
Red Head A7+

Reinforcing bar
coating

Average
ultimate
tensile
pullout
strength
(kips)

Epoxy-coated
Uncoated
Epoxy-coated
Uncoated
Epoxy-coated
Uncoated

29.81
31.55
30.32
31.27
33.00
33.76

Standard
deviation of
the average
ultimate
tensile
pullout
strengths
(kips)
1.23
0.75
0.95
1.47
0.24
0.24

Hilti HIT-RE
500 V3*
ATC
Epoxy-coated
32.42
0.62
Ultrabond
Uncoated
31.00
1.16
365CC
*
The failure mode of these bars was steel rupture and not bond.
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Average
ultimate
load
including
one
standard
deviation
(kips)
28.58
32.30
29.37
32.74
32.76
34.00
31.80
32.16

Ratio of epoxycoated to
uncoated average
ultimate tensile
pullout strength
including one
standard deviation
0.88
0.90
0.96
0.99

Table 4.7 Ratio of the ultimate tensile capacity of the epoxy-coated reinforcing bars and the uncoated
reinforcing bars reduced by three standard deviations

Adhesive

Reinforcing bar
coating

Average
ultimate
tensile
pullout
strength
(kips)

Standard
deviation of
the average
ultimate
tensile
pullout
strengths
(kips)

Average
ultimate
load
reduced by
three
standard
deviations
(kips)

Ratio of epoxy-coated to
uncoated average
ultimate tensile pullout
strength reduced by
three standard deviations

Powers
Epoxy-coated
29.81
1.23
26.12
AC100+
Uncoated
31.55
0.75
29.30
Gold
Epoxy-coated
30.32
0.95
27.47
Red Head
A7+
Uncoated
31.27
1.47
26.86
Epoxy-coated
33.00
0.24
32.28
Hilti HIT-RE
500 V3*
Uncoated
33.76
0.24
33.04
ATC
Epoxy-coated
32.42
0.62
30.56
Ultrabond
Uncoated
31.00
1.16
27.52
365CC
*
The failure mode of these bars was steel rupture and not bond.

0.89
1.02
0.98
1.11

Table 4.8 Comparison of the ultimate tensile pullout strength of epoxy-coated reinforcing bars to uncoated
reinforcing bars using t-test analyses

Adhesive

Powers
AC100+ Gold
Red Head A7+

Reinforcing bar
coating

Epoxy-coated
Uncoated
Epoxy-coated
Uncoated
Epoxy-coated
Uncoated

Average
ultimate
tensile
pullout
strength
(kips)
29.81
31.55
30.32
31.27
33.00
33.76

Standard
deviation of
the average
ultimate
tensile pullout
strengths (kips)
1.23
0.75
0.95
1.47
0.24
0.24

Hilti HIT-RE
500 V3*
ATC
Epoxy-coated
32.42
0.62
Ultrabond
Uncoated
31.00
1.16
365CC
*
The failure mode of these bars was steel rupture and not bond.
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Critical
t-score

t-value

Statistically
different
(t-value > tscore)

2.228

2.966

Yes

2.228

1.139

No

2.228

5.572

Yes

2.228

2.664

Yes

Table 4.9 Manufacturer published uncracked bond strength value (τuncr) from ICC Evaluation Reports for each
chemical adhesive and MnDOT-specified τuncr (MnDOT, 2016)

Manufacturer or agency
Powers AC100+ Gold
Red Head A7+
Hilti HIT-RE 500 V3
ATC Ultrabond 365CC
MnDOT

Uncracked bond strength (τuncr), psi
1,117
1,900
1,720
1,044
1,000

Table 4.10 Experimental ultimate tensile pullout strength of the epoxy-coated reinforcing bars compared to the
manufacturer bond strength value and MnDOT-specified bond strength value (MnDOT, 2016) for uncoated
reinforcing bars

Adhesive type

Ratio of average
ultimate load for
epoxy-coated and
uncoated to
manufacturer bond
strength value

Ultimate load (kips)

MnDOT bond strength*
Manufacturer bond strength*
Powers AC100+
Gold
Tested epoxy-coated
Tested uncoated
MnDOT bond strength*
Manufacturer bond strength*
Red Head A7+
Tested epoxy-coated
Tested uncoated
MnDOT bond strength*
Manufacturer bond strength*
Hilti HIT-RE 500 V3
Tested epoxy-coated
Tested uncoated
MnDOT bond strength*
Manufacturer bond strength*
ATC Ultrabond
365CC
Tested epoxy-coated
Tested uncoated
*
Calculated using τuncr values from Table 4.9
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9.82
10.97
29.81
31.55
9.82
18.65
30.32
31.27
9.82
16.89
33.00
33.76
9.82
10.25
32.42
31.00

2.72
2.88
1.63
1.68
1.95
2.00
3.16
3.02

Table 4.11 Comparison of the average displacement at the ultimate tensile load of epoxy-coated reinforcing bars
to uncoated reinforcing bars using t-test analyses

Adhesive

Powers
AC100+ Gold
Red Head
A7+
Hilti HIT-RE
500 V3
ATC
Ultrabond
365CC

Reinforcing
bar coating

Average
displacement
at the
ultimate
tensile load
(in.)

Epoxy-coated
Uncoated
Epoxy-coated
Uncoated
Epoxy-coated
Uncoated
Epoxy-coated

0.11
0.29
0.14
0.36
0.30
0.43
0.32

Standard
deviation of
the average
displacement
at the ultimate
tensile load
(in.)
0.03
0.08
0.04
0.14
0.08
0.06
0.11

Uncoated

0.27

0.03
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Critical
t-score

t-value

Statistically
different
(t-value > tscore)

2.228

5.281

Yes

2.228

3.708

Yes

2.228

3.403

Yes

2.228

1.141

No

Figure 4.1 Failure modes for epoxy-coated (concrete/adhesive bond) and uncoated (steel/adhesive bond)
reinforcing bars post-installed with Powers AC100+ Gold adhesive

Figure 4.2 Failure modes for epoxy-coated (concrete/adhesive bond) and uncoated (steel/adhesive bond)
reinforcing bars post-installed with Red Head A7+ adhesive
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Figure 4.3 Steel rupture failure mode for epoxy-coated and uncoated reinforcing bars post-installed with Hilti
HIT-RE 500 V3 adhesive

Figure 4.4 Failure modes for epoxy-coated (concrete/adhesive bond or steel rupture) and uncoated
(steel/adhesive bond) reinforcing bars post-installed with ATC Ultrabond 365CC adhesive
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCLUSIONS
Results from t-test analyses indicated that, statistically, epoxy-coated reinforcing bars post-installed with
Powers AC100+ Gold had a lower ultimate tensile pullout strength compared to uncoated reinforcing
bars post-installed with the same respective chemical adhesive (94% lower). Results from the t-test
analysis indicated that, statistically, epoxy-coated reinforcing bars post-installed with ATC Ultrabond
365CC had a higher ultimate tensile pullout strength compared to uncoated reinforcing bars postinstalled with ATC Ultrabond 365CC (105%). Results from the t-test analysis indicated that, statistically,
the ultimate tensile pullout strength was the same for both epoxy-coated and uncoated reinforcing bars
post-installed using Red Head A7+. Results from the t-test analysis of reinforcing bars post-installed
using Hilti HIT-RE 500 V3 were presented but were not used to analyze the differences in the ultimate
tensile pullout strength between the epoxy-coated and uncoated bars because steel rupture was the
only failure mode that occurred.
Due to the statistical inconsistency from the t-test, a broad conclusion could not be drawn in regard to
how the epoxy coating affected the ultimate tensile pullout strength of the post-installed reinforcing
bars considering all of the different chemical adhesives in one group. The difference in magnitude
between the ultimate tensile pullout strength of the epoxy-coated and uncoated reinforcing bars varied
between each of the four chemical adhesive manufacturers used in this research.
The lowest ratio of the experimental ultimate tensile pullout strength of the epoxy-coated reinforcing
bars divided by the manufacturer published tensile strength values for uncoated reinforcing bars was
1.63 for Red Head A7+, and the highest ratio was 3.16 for ATC Ultrabond 365CC. It was concluded that
the experimental ultimate tensile pullout strength of the epoxy-coated reinforcing bars was greater than
the manufacturer published tensile strength values for all of the chemical adhesives. Possible reasons
for this conclusion include the fact that chemical adhesive manufacturers are conservative when
publishing values for the characteristic bond stress (τuncr and τcr) or the conditions in the laboratory at
UMD were favorable. Having the experimental ultimate tensile pullout strength values of the epoxycoated reinforcing bars be greater than the manufacturer published tensile strength values for uncoated
reinforcing bars was verified in the literature by Meline et al. (2006).
MnDOT (2016) uses a specified uncracked bond stress (τuncr) of 1,000 psi when calculating the bond
strength of a reinforcing bar post-installed using a chemical adhesive in accordance with ACI 318-14
Section 17.4.5.1 (Equation 2.1 through Equation 2.6 in this document). An uncracked bond stress (τuncr)
value was back-calculated using the minimum experimental epoxy-coated ultimate tensile pullout
strength (ECP5 had an ultimate tensile load of 27.76 kips), the reinforcing bar diameter (0.625 in.), and
the effective embedment length (5 in.). The uncracked bond stress (τuncr) was back-calculated to be
2,827 psi, as shown in Equation 5.1. The back-calculated τuncr based on the minimum experimental
epoxy-coated ultimate tensile pullout strength was more than the current τuncr that MnDOT uses by
approximately 283%.
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𝜏𝑢𝑛𝑐𝑟 =

27.76 kips
= 2,827 psi
1.0 ∗ 𝜋 ∗ 0.625 in.∗ 5 in.

5.1

It was concluded that the average displacement at the ultimate tensile load for the epoxy-coated
reinforcing bars was less than the average displacement at the ultimate tensile load for the uncoated
reinforcing bars. Results from t-test analysis shown in Table 4.11 verified this conclusion. A possible
explanation for this is that the compounds in the chemical adhesives cause a chemical reaction with the
epoxy-coating, which causes the two to bond together. When this bond is broken, it may happen
rapidly, causing only a small amount of displacement to occur. This conclusion means that signs of
failure for epoxy-coated reinforcing bars post-installed using a chemical adhesive would be harder to
observe than those of uncoated reinforcing bars. In an extreme event load case, where loading occurs
quickly (i.e., a post-installed bridge barrier or a post-installed bridge pier crash strut), this phenomenon
would not be much of a concern because other warning signs would be evident. In other non-extreme
event applications, having less deflection could be an issue because it would be harder to detect signs of
failure.
5.2 RECOMMENDATIONS
Recommendations are made based on the results from the laboratory experimental program. The first
recommendation is to include a modification factor when calculating bond strength for an epoxy-coated
reinforcing bar post-installed using chemical adhesives (ψe,Na). Application of this modification factor
would be similar to the method used in the development length equation from ACI 318 (2014) for castin-place reinforcement (Equation 2.7 in this document). For epoxy-coated reinforcing bars post-installed
using chemical adhesives, it is recommended that ψe,Na = 0.9 and be applied to Equation 2.1. The bar
coating modification factor name was chosen as ψe,Na because it follows the naming convention used by
ACI 318 (2014) Chapter 17. The subscript “e” denotes an epoxy-coating. The bar coating modification
factor value of 0.9 was chosen because it encapsulates the lowest ratio of the ultimate tensile pullout
strength of the epoxy-coated reinforcing bars to the ultimate tensile pullout strength of the uncoated
reinforcing bars from the laboratory experimental program, while still providing a built-in factor of
safety. Two statistical methods were used to recommend the bar coating modification factor value of
0.9. In the first method, one standard deviation was applied to increase the ratio between the epoxycoated and uncoated reinforcing bars with results shown in Table 4.6. The second method encompassed
99% of the normal distribution for the average ultimate tensile pullout strength of both the epoxycoated and uncoated reinforcing bars by reducing the average for both bars by three standard
deviations with results shown in Table 4.7. The minimum ratio from the first method was 0.88 and the
minimum ratio from the second method was 0.89. Both minimum ratios are nearly bounded by the
recommended value of 0.9. All of the other ratios from the two statistical methods are bounded by the
0.9 value. The proposed bond strength equation with a bar coating modification factor would take the
form below.
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𝑁𝑎 =

𝐴𝑁𝑎
𝜓
𝜓
𝜓
𝑁
𝐴𝑁𝑎𝑜 𝑒𝑑,𝑁𝑎 𝑐𝑝,𝑁𝑎 𝑒,𝑁𝑎 𝑏𝑎

5.2

The second recommendation is that MnDOT raise the specified uncracked bond stress (τuncr) of 1,000 psi
or use the manufacturer published values for τuncr. The back-calculated τuncr based on the minimum
experimental epoxy-coated ultimate tensile pullout strength was approximately 283% more than the
current τuncr specified by MnDOT. If MnDOT were to use the manufacturer published values for τuncr, its
designs would better follow the requirements of Section 5.13.2.3 from the AASHTO LRFD Bridge Design
Specifications (2017) and Section 17.4.5.2 from ACI 318 (2014). Alternatively, raising the current τuncr
would provide more capacity during design calculations but would still not explicitly follow the
requirements of the AASHTO LRFD Bridge Design Specifications (2017) and ACI 318 (2014).
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APPENDIX A: DESIGN FLOWCHART AND CALCULATIONS FOR A
POST-INSTALLED BRIDGE BARRIER AND A POST-INSTALLED
BRIDGE PIER CRASH STRUT
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APPENDIX B: APPLIED TENSILE LOAD VS. DISPLACEMENT PLOTS

Figure B.1 Applied tensile load vs. displacement plots from test specimens containing epoxy-coated reinforcing
bars post-installed with the Powers AC100+ Gold chemical adhesive

B-1

Figure B.2 Applied tensile load vs. displacement plots from test specimens containing uncoated reinforcing bars
post-installed with the Powers AC100+ Gold chemical adhesive

B-2

Figure B.3 Applied tensile load vs. displacement plots from test specimens containing epoxy-coated reinforcing
bars post-installed with the Red Head A7+ chemical adhesive
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Figure B.4 Applied tensile load vs. displacement plots from test specimens containing uncoated reinforcing bars
post-installed with the Red Head A7+ chemical adhesive
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Figure B.5 Applied tensile load vs. displacement plots from test specimens containing epoxy-coated reinforcing
bars post-installed with the Hilti HIT-RE 500 V3 chemical adhesive

B-5

Figure B.6 Applied tensile load vs. displacement plots from test specimens containing uncoated reinforcing bars
post-installed with the Hilti HIT-RE 500 V3 chemical adhesive
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Figure B.7 Applied tensile load vs. displacement plots from test specimens containing epoxy-coated reinforcing
bars post-installed with the ATC Ultrabond 365CC chemical adhesive
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Figure B.8 Applied tensile load vs. displacement plots from test specimens containing uncoated reinforcing bars
post-installed with the ATC Ultrabond 365CC chemical adhesive
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