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1 INTRODUCTION  

1.1 Background 

Combination bridge rails are commonly used by many state departments of transportation 

and often consist of a concrete parapet with an upper steel railing system. In the past, these types 

of bridge rails have typically been designed with the steel posts attached to the concrete parapet 

using a cast-in-place anchorage system. While cast-in-place anchors have performed well, they 

have several disadvantages, including added complexity and construction costs, as well as issues 

with dimensional tolerances regarding their placement in the parapet. 

The Iowa Department of Transportation (IaDOT) was interested in investigating the use 

of epoxy adhesive anchorages for the attachment of posts used in combination bridge rails. 

IaDOT desired an alternative anchorage method for the attachment of the steel beam-and-post 

system to a concrete parapet on the BR27C combination bridge rail system. An alternative epoxy 

adhesive connection detail was proposed, as shown in Figure 1. The Midwest Roadside Safety 

Facility (MwRSF) performed initial calculations to evaluate the capacity of the epoxy anchorage 

based on a previous MwRSF research study involving the dynamic component testing of anchors 

[1] and applying the methodologies found in ACI 318-11 [2]. From this preliminary analysis, it 

was found that the capacity of the proposed anchorage was potentially insufficient. However, the 

methodology provides conservative results and may underestimate anchorage capacity. As such, 

it was noted that the best evaluation of this proposed alternative anchorage system may be to 

perform dynamic component testing of the epoxy adhesive system. 

IaDOT indicated that they desired an alternative epoxy adhesive anchorage system for the 

BR27C combination bridge railing, as well as evaluation of an epoxy adhesive anchorage system 

for the BR27C previously used on an existing bridge on US-20 in Iowa. 
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Figure 1. Proposed BR27C Combination Rail Attachment 
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1.2 Objective 

The research objective was to design and evaluate alternative epoxy adhesive anchorages 

for use in the IaDOT BR27C combination bridge rail system. The alternative epoxy adhesive 

anchorages were to have equal or greater capacity than the current cast-in-place anchorage, so 

that they can be used in new construction or as a retrofit to modify existing bridge railings. The 

proposed epoxy attachment designs were to be evaluated through dynamic component testing to 

verify their capacity. 

1.3 Scope 

The research effort consisted of design, testing, and evaluation of alternative epoxy 

adhesive anchorages for attaching the beam and post system of the BR27C combination bridge 

railing to a concrete parapet. MwRSF researchers reviewed the current cast-in-place anchorage 

design and developed alternative epoxy adhesive anchorage configurations, including inline 

anchor systems and a four-anchor system similar to the cast in place configuration but with 

spacing more compatible with the epoxy adhesive. The alternative epoxy adhesive anchorage 

systems were submitted to IaDOT for review and selection of preferred systems to be tested and 

evaluated. 

Dynamic component testing was used to evaluate the selected epoxy adhesive anchorages 

and to demonstrate that the capacities of the proposed epoxy anchorages were equal to or greater 

than the existing cast-in-place anchorage system. The capacity of the current cast-in-place 

anchorage had not been fully quantified with testing. Thus, one dynamic component test was 

performed on a bridge rail post using the current cast-in-place anchorage configuration. 

Additional dynamic component tests were performed on the proposed alternative epoxy adhesive 

anchorage systems. The target impact conditions for all tests would be identical, and the tests 

were configured so that the applied impact load occurred at a height on the post that produced a 
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bending moment and combined loading on the anchorage system similar to that provided during 

vehicle crash events. The force versus deflection, energy dissipated versus deflection, and failure 

modes were documented for each test and compared to one another. These comparisons were 

used to verify that the proposed anchorages provided equal or greater capacities than the current 

anchorage, and that the alternative anchorages did not display undesirable failure modes.  

IaDOT also proposed an additional test to evaluate a currently installed epoxy adhesive 

anchorage for the BR27C bridge rail used on the US-20 bridge near Hardin, IA. This setup was 

tested and analyzed using the procedures described above for the cast-in-place design and the 

newly designed epoxy anchorages. 
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2 DESIGN OF ALTERNATIVE EPOXY ADHESIVE ANCHORAGE  

2.1 Design Methodology 

Limited prior research has been conducted related to the use of epoxy adhesive anchors 

for attachment of a beam-and-post railing system to the top of concrete parapets. In 2010, Texas 

A&M  Transportation Institute (TTI) researchers conducted a study to develop two new retrofit 

combination steel and concrete bridge rail designs [3]. This effort included the design of a 

retrofit epoxy anchorage design and pendulum testing of the anchorage system on a short section 

of concrete parapet in order to verify the capacity of the connection. Thus, the methodology of 

evaluating the alternative epoxy anchorage systems through dynamic component testing has been 

previously accepted. 

MwRSF researchers also conducted a related study for the Wisconsin Department of 

Transportation involving epoxy adhesive anchors for attachment of concrete barriers to bridge 

decks [1]. The objective of this research was to determine if epoxy adhesive anchors could be 

utilized to attach concrete barriers to bridge decks and to develop design procedures for 

implementing epoxy adhesive anchorages into concrete bridge railings. A series of 16 dynamic 

bogie tests and one static test were conducted to investigate the behavior of epoxy adhesive 

anchors under dynamic load. Additional dynamic tests were conducted on 1ȧ-in. (29-mm) 

diameter ASTM A307 threaded rods. 

Comparisons were made between the results from the component tests and analytical 

models for epoxy adhesive anchors. The cone or full uniform bond model [4-5] and ACI 318-11 

[2] procedures were both compared with the component tests in order to verify their 

effectiveness. Review of the comparisons between the analytical models and the tensile 

component tests found that both the cone and full uniform bond model and ACI 318-11 provided 

reasonable predictions for the failure mode of the epoxy adhesive anchors, but both methods 
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were conservative for the prediction of capacities (i.e., underestimated strength). The shear 

testing results and predicted capacities were compared, but findings were limited due to the 

observed failure modes in the component tests. However, it was found that ACI 318-11 provided 

reasonable yet conservative estimates for shear capacity of the epoxy adhesive anchors. It was 

also found that the proposed dynamic increase factors for concrete breakout, steel fracture, and 

bond strength improved the prediction of the anchor failure modes and capacities. It was 

recommended that the ACI 318-11 procedures be combined with the proposed dynamic increase 

factors for designing epoxy adhesive anchors. Recommendations for future research were made 

to fil l gaps in the existing research effort and to evaluate the conservative nature of the proposed 

design methodology. 

Based on the previous research on epoxy adhesive anchorages, it was proposed to design 

several potential alternatives for the BR27C combination rail anchorage using the analytical 

procedures developed during the Wisconsin study. Then IaDOT could select the alternative 

anchorage designs they found most desirable, and dynamic component testing would be 

performed to verify their capacity.  

2.2 IaDOT BR27C Combination Bridge Rail 

The BR27C combination bridge rail design was originally developed and tested at the 

Texas A&M Transportation Institute in 1993 [6]. The bridge rail design consisted of a 24-in. 

(610-mm) tall by 10-in. (254-mm) thick vertical concrete parapet, with the combination rail 

mounted on top of the parapet, as shown in Figure 2. Both the sidewalk- and bridge deck-

mounted versions of the combination bridge rail were subjected to three full-scale crash tests 

according to Performance Level 2 (PL-2) of the AASHTO Guide Specifications for Bridge 

Railings [7]. The three full-scale crash tests included: 
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Figure 2. BR27C Design on Concrete Bridge Deck and Sidewalk 
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1. Impact of an 1,800-lb (817-kg) small car at 60 mph (96.6 km/h) and an angle of 20 

degrees. 

2. Impact of a 5,400-lb (2,452-kg) pickup truck at 60 mph (96.6 km/h) and an angle of 

20 degrees. 

3. Impact of an 18,000-lb (8,172-kg) single unit truck at 50 mph (80.5 km/h) and an 

angle of 15 degrees. 

Al l six crash tests of the BR27C combination rail were successful and met the AASHTO 

PL-2 criteria. Damage to the combination rail and parapet was limited in the majority of the tests. 

One of the single-unit truck tests did show detachment of the rail from the support posts, but 

most of the bridge rail damage was minor, and the combination rail posts remained attached to 

the parapet in all of the tests. 

Subsequent to the design and testing of the original BR27C combination bridge rail, the 

Federal Highway Administration (FHWA) released a memo regarding listings of bridge railing 

designs that were considered acceptable for use on federal aid projects by virtue of their previous 

crash test performance [8]. FHWA officials reviewed these listings and assigned each a rating 

that was relative to one of the six test levels suggested in NCHRP Report No. 350 [9]. In this 

memo, the BR27C design was listed as equivalent to NCHRP Report No. 350 Test Level 4 (TL-

4).  

Based on the previous testing and the FHWA memo, IaDOT has previously used the 

BR27C railing on their facilities. As part of recent updates to their bridge rail designs, IaDOT 

has switched to a slightly wider concrete parapet design that is 24 in. (610 mm) tall by 12 in. 

(305 mm) thick, as shown in Figure 3. As such, the revised parapet design was used for the 

alternative epoxy adhesive anchor designs developed as part of this research. 
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Figure 3. IaDOT Revised BR27C Parapet Design 
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2.3 Alternative Anchorage Design Calculations 

The design of the epoxy adhesive anchorages began with determination of a design load 

for the post and baseplate of the BR27C combination rail. Because the exact impact loading of 

the BR27C rail during the original crash testing was unknown, it was assumed that the anchorage 

designs would need to develop the full-moment capacity of the bridge rail post. Designing the 

alternative anchorages to meet this load would ensure that the designs were as strong as the 

original cast-in-place anchorage that was tested and could develop the upper bound of the 

potential load imparted to the anchorage. 

The BR27C railing uses a HSS 4-in. x 4-in. x 
3
/16-in. (102-mm x 102-mm x 5-mm) A500 

Grade B steel tube for the vertical support post attached to a ¾-in. (19-mm) thick A36 steel 

baseplate. The tube section has an area, section modulus, and plastic section modulus of 2.77 in
2 

(1,787 mm
2
), 3.30 in

3 
(54,077 mm

3
), and 3.91 in

3
 (64,073 mm

3
), respectively. A500 Grade B 

steel has a minimum yield strength of 42 ksi (289.6 MPa). However, steel tube sections designed 

as A500 Grade B are regularly fabricated from higher-strength steel, occasionally up to the A500 

Grade C minimum yield strength of 46 ksi (317.2 MPa). Assuming the potential for the higher-

strength Grade C material, and using the plastic section modulus of the tube, gives a moment 

capacity of the post of 179.9 kip-in. (20.33 kN-m). This moment capacity was rounded to an 

even 180 kip-in. (20.34 kN-m) and used for the design calculations of the alternative epoxy 

adhesive anchorages.  

As noted previously, the design of alternative epoxy adhesive anchorages for the BR27C 

combination bridge rail was developed using ACI 318-11 procedures for design of epoxy 

anchorages with modifications of dynamic increase factors for concrete breakout, steel fracture, 

and bond strength. Details of the design calculations for the final designs are provided in 

Appendix A, but some comments on the basic design procedures should be noted. First, for 
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concepts incorporating two rows of anchors, it was assumed the tensile loads to develop moment 

capacity would be supplied by the front anchors while the rear anchors would develop the shear 

loads. Anchorage concepts that used only a single row of bolts had to account for both tensile 

and shear loads in all anchors. The design calculations evaluated steel fracture, concrete 

breakout, and adhesive bond failure in tension. Shear calculations evaluated steel fracture, 

concrete breakout, and concrete pryout. 

The calculations also accounted for reduction in anchor capacity due to the distance to the 

edge of the parapet and anchor spacing based on the area of influence for the concrete and bond 

failures. Anchorage area of influence defines a region of the concrete where the anchorage forces 

are distributed in order to develop load for both concrete breakout and bond strength. If these 

areas exceed the edge of the parapet or overlap the area of influence of other anchors, then the 

capacity of the anchor is reduced by the ratio of the unavailable area divided by the original 

assumed influence area. A simple example of area of influence for two anchors that exceed the 

concrete edge and interfere with adjacent anchors is shown in Figure 4. Note that for the simple 

two-anchor example, the purple area denotes where the area of influence exceeds beyond the 

parapet edges. The orange area indicates where the area of influence for anchors ñAò and ñBò 

overlap. In this area, only half of the overlapping area can be utilized by each anchor, so the 

anchor capacity must be reduced accordingly. 

A final note should be made regarding an additional modification that was made to the 

ACI 318-11 calculations for this project. Initial calculations for tensile concrete breakout 

capacity indicated that extremely large embedment depths would be required to provide the 

desired anchorage, due to the edge distance of the anchors to the side of the parapet. These 

calculations assume a concrete cone failure of the parapet that extends diagonally from the base 

of the anchor to the edges of the area of influence.  
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Figure 4. Concrete Area of Influence for Two Adjacent Anchors on Concrete Parapet 
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While this assumption may be true of large-area, unreinforced slabs, it was not believed 

to be accurate for the reinforced concrete parapet in this research. A more reasonable form of the 

failure mode was believed to be a hybrid concrete cone and adhesive bond failure, as shown in 

Figure 5. In this type of failure mode, the concrete cone failure is prevented from extending to 

the base of the anchor by the longitudinal rebar. The hybrid failure assumption was extended to 

the ACI 318-11 calculations by assuming that the upper half of the anchor embedment 

contributed to the concrete breakout and the lower half of the embedment contributed to a bond 

failure. Thus, the calculations for the concrete breakout and bond strength were performed with 

one-half of the actual anchor embedment and then summed to determine the tensile anchor 

capacity.  

All calculations for the alternative adhesive anchorages were performed assuming the use 

of Hilti RE-500 epoxy adhesive, which has a bond strength of 1,800 psi (12.4MPa). It was 

assumed that other epoxy adhesives could also be used with the alternative anchorages, as long 

as the bond strength of the adhesive was equal to or greater than 1,800 psi (12.4MPa). The 

concrete compressive strength for the design calculations was assumed to be 4,000 psi (27.6 

MPa). 
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Figure 5. Comparison of ACI 318-11 Concrete Breakout and Hybrid Failure Assumptions 
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2.4 Alternative Anchorage Concepts 

Multiple concepts were developed and evaluated as part of the design effort, but only 

four concepts were submitted to IaDOT for review. The four concepts varied the number, 

placement, and size of the anchors. It was believed that all of the designs would meet the design 

tensile and shear loads determined from the moment capacity of the post. Each of the concepts is 

reviewed in the subsequent sections. Details of the design calculations for the final designs are 

provided in Appendix A. 

 Four-Bolt Square Anchorage 2.4.1

The four-bolt square anchorage concept used a rectangular bolt pattern of four bolts on a 

square plate, as shown in Figure 6. The four bolts allowed for a design where the front bolts 

develop the tensile loads and the back anchors accounted for the shear loads. 

This concept was also similar in layout to the current cast-in-place design. The anchor 

bolts were 
5
/8 in. (16 mm) in diameter and embedded 10 in. (254 mm) into the parapet. All of the 

anchorage concepts were designed to have between ¾ in. (19 mm) and 1 in. (25 mm) of 

clearance from the longitudinal parapet reinforcement to ensure that they were not impacted 

during installation of the epoxy anchors. This constrained the design somewhat, but the concept 

did meet the tension and shear load requirements as determined from the moment capacity of the 

vertical post. The main drawback of this concept was that the anchors were only 2.75 in. (70 

mm) apart across the width of the parapet, which could make it difficult to install. 
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Figure 6. Four-Bolt Square Alternative Anchorage Concept 
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 Four-Bolt Spread Anchorage 2.4.2

The four-bolt spread anchorage concept used the same anchor size and embedment depth, 

but it spread out the backside anchors to improve the anchor spacing for a four-bolt pattern, as 

shown in Figure 7. Design calculations indicated that the increased spacing of the anchors not 

only satisfied the design loads, but led to this configuration having a higher capacity than the 

four-bolt square anchorage concept. 

 Two-Bolt Centered Anchorage 2.4.3

The two-bolt centered anchorage concept used a linear bolt pattern of two bolts centered 

on a square baseplate, as shown in Figure 8. This concept reduced the number of anchors but 

required increased anchor diameter and embedment depth due to combined shear and tension 

loading of the anchors. The concept used ¾-in. (19-mm) diameter bolts with an embedment of 12 

in. (305 mm). Design calculations for this concept showed that the anchorage can develop both 

the shear and the tensile loads when determined individually. However, the ACI code 

recommends a reduction for combined loading, where the sum of the applied design load divided 

by the total capacity in both shear and tension must be less than 1.2. For this concept, that sum 

was calculated to be 1.44. However, neither the general anchor calculations nor the combined 

loading calculation in ACI 318-11 account for the reinforcing steel and its contributions to the 

anchorage capacity. As such, this design would potentially work under combined loads when 

including these other factors. 
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Figure 7. Four-Bolt Spread Alternative Anchorage Concept 
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Figure 8. Two-Bolt Centered Alternative Anchorage Concept 
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 Two-Bolt Offset Anchorage 2.4.4

The two-bolt offset anchorage concept used two bolts offset towards the front of the 

square baseplate, as shown in Figure 9. The design was identical to the centered concept, except 

that the bolts were offset towards the front of the parapet to increase the shear capacity 

sufficiently to meet the combined loading requirement in the ACI code. Thus, it was a more 

conservative design. Drawbacks to this design were the offset of the anchors and the potential for 

reverse bending loads. The researchers believed that the centered concept may be easier to install 

due to the bolts being centered on the rail rather than offset. Additionally, if the potential exists 

for significant reverse bending loads, then this concept would have reduced capacity in that 

regard. However, it was believed that the reverse bending loads on the BR27C combination rail 

were lower than the primary impact loads. Thus, the concern with respect to reverse bending 

overloading the anchorage was limited. In order to alleviate that concern, a smaller anchor could 

be placed on the backside of the post. 

2.5 Selection of Preferred Alternative Anchorage Concepts for Evaluation 

IaDOT representatives reviewed the four proposed alternative anchorage concepts and 

selected the four-bolt spread anchorage and the two-bolt offset anchorage as the preferred 

designs for evaluation through dynamic component testing. In addition to these two proposed 

configurations, IaDOT also requested that the researchers conduct dynamic testing on a third 

option that had been previously installed on the US-20 bridge near Hardin, IA, as shown in 

Figures 10 through 13. IaDOT was interested in evaluating whether this specific configuration 

meets/exceeds the capacity of the FHWA-approved cast-in-place BR27C combination bridge 

rail, and they wished to verify its performance as constructed. 
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Figure 9. Two-Bolt Offset Alternative Anchorage Concept
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Figure 10. BR27C Installation on US-20 Bridge Near Hardin, IA 
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Figure 11. BR27C Installation on US-20 Bridge Near Hardin, IA 
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Figure 12. BR27C Installation on US-20 Bridge Near Hardin, IA 
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Figure 13. BR27C Installation on US-20 Bridge Near Hardin, IA 
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3 POST TESTING CONDITIONS  

3.1 Purpose 

A series of four dynamic bogie tests were conducted on the original BR27C combination 

bridge rail post and three alternative epoxy adhesive anchorage designs. The purposes of these 

tests were to establish the baseline capacity of the original BR27C cast-in-place anchorage and 

compare this capacity with the proposed alternative designs. The target impact conditions for all 

tests were identical. The tests were configured so that the applied impact load would occur at a 

height of 16 in. (406 mm) above the top of the parapet on the post/rail in order to produce a 

bending moment in the post and combined loading on the anchorage system similar to that 

provided during vehicle crash events. The force versus deflection, energy dissipated versus 

deflection, and failure modes were documented for each test and compared to one another. These 

comparisons were then used to verify that the proposed anchorages provided equal or greater 

capacity than the full-scale crash tested anchorage. The tests required construction of a short 

section of simulated bridge rail for attachment of the post, baseplate, and anchor hardware. All 

dynamic tests were conducted at the MwRSF proving grounds in Lincoln, Nebraska. 

3.2 Scope 

Four dynamic bogie tests were conducted on HSS 4-in. x 4-in. x 
3
/16-in. (102-mm x 102-

mm x 5-mm) steel tubes with baseplates mounted on top of a reinforced concrete parapet. The 

reinforced concrete parapet was installed below grade, such that the top of the parapet was 

essentially level with the concrete apron at the test site. Installation of the parapet below grade 

allowed the researchers to impact the post assembly at the desired height to produce similar post 

loading to the horizontal bridge rail tube during an impact event. The concrete parapet layout 

was based on the parapet design used in the original full-scale crash testing of the BR27C 

combination bridge rail and the revised parapet design provided by IaDOT. As such, the parapet 
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was 10 in. (254 mm) wide on one end and was then widened to 12 in. (305 mm) for the 

remainder of the parapet. All parapet reinforcement was made consistent with the original and 

revised parapet designs that were provided. The concrete used for the parapet was selected to be 

a 3,600-psi (24.8-MPa) mix meeting IaDOT Class C-4 concrete specification. This mix design 

was consistent with the concrete strength of the parapet used in the original BR27C combination 

bridge rail crash testing. IaDOT typically uses a 4,000-psi (27.6-MPa) concrete mix for their 

concrete parapets, but the lower-strength concrete was selected for all the component tests in 

order to provide accurate data for the baseline test of the original cast-in-place anchorage and to 

provide a consistent comparison of anchorage capacity using the same concrete strength. It was 

believed that if the alternative anchorages provided equal or greater capacity to the original 

anchorage in the 3,600-psi (24.8-MPa) concrete, it would be acceptable in higher-strength 

concrete as well.  

The posts and baseplates used in the dynamic component tests were developed based on 

details of the original BR27C combination bridge rail, the alternative anchorages developed in 

the previous chapter, and details provided by IaDOT for the US-20 bridge installation. All of the 

test setups used the same HSS 4-in. x 4-in. x 
3
/16-in. (102-mm x 102-mm x 5-mm) steel tube 

welded to baseplates that were anchored to the concrete parapet. Baseplates for the four-bolt 

spread and two-bolt offset anchorages were designed based on the anchorage system and 

moment capacity of the post. The two remaining designs used baseplates based on the provided 

details. The two alternative anchor concepts developed in the previous chapter were installed 

using Hilti RE-500 SD epoxy adhesive. The anchorage for the US-20 bridge was installed with 

Fastenal Pro-Poxy 300, per the IaDOT details.  

The target impact conditions were a speed of 15 mph (24.1 km/h) and an angle of 90 

degrees, creating a ñhead-onò or full-frontal impact and strong-axis bending. Target impact 
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height for the testing was 16 in. (406 mm) above the ground line. The posts were impacted 17 in. 

(432 mm) above the top of the parapet due to the concrete parapet being 1 in. (25 mm) lower 

than grade. 

The test matrix is shown in Figure 14, and the test setup is shown in Figures 15 through 

29. Test installation photographs are shown in Figures 30 through 34. Material specifications, 

mill certifications, and certificates of conformity for the combination rails attached to concrete 

parapets are shown in Appendix B. 
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Figure 14. Bogie Testing Matrix and Setup 
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Figure 15. Cast-in-Place Test Setup, Test No. IBP-1 
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Figure 16. Four-Anchor Test Setup, Test No. IBP-2
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Figure 17. Two-Anchor Offset Test Setup, Test No. IBP-3
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Figure 18. US-20 River Bridge Test Setup, Test No. IBP-4
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Figure 19. System Layout
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Figure 20. Post Layout Details
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Figure 21. Cast-in-Place Component Details, Test No. IBP-1
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Figure 22. Four-Anchor Spread Component Details, Test No. IBP-2
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Figure 23. Two-Anchor Offset Component Details, Test No. IBP-3


































































































































































