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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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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 1⅛-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 fill 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. 

All 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 “A” and “B” 

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. 

 



November 3, 2015  

MwRSF Report No. TRP-03-325-15 

 

16 

 
 

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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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 “head-on” 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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3.3 Equipment and Instrumentation 

Equipment and instrumentation utilized to collect and record data during the dynamic 

bogie tests included a bogie vehicle, accelerometers, a retroreflective speed trap, high-speed 

digital video, standard-speed digital video, and still cameras. 

 Bogie Vehicle 3.3.1

A rigid-frame bogie was used to impact the posts. A variable-height, detachable impact 

head was used in the testing. The bogie head was constructed of 8-in. (203-mm) diameter, ½-in. 

(13-mm) thick standard steel pipe, with ¾-in. (19-mm) neoprene belting wrapped around the 

pipe to prevent local damage to the post from the impact. The impact head was bolted to the 

bogie vehicle, creating a rigid frame with an impact height of 16 in. (406 mm). The bogie with 

the impact head is shown in Figure 35. The total weight of the bogie with the addition of the 

mountable impact head and accelerometers was 1,808 lb (820 kg). 

 

 
Figure 35. Rigid-Frame Bogie on Guidance Track 

The tests were conducted using a steel corrugated-beam guardrail to guide the tire of the 

bogie vehicle. A pickup truck was used to push the bogie vehicle to the required impact velocity. 

After reaching the target velocity, the push vehicle braked, allowing the bogie to be free-rolling 
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as it came off the track. A remote braking system was installed on the bogie, allowing it to be 

brought safely to rest after the test. 

 Accelerometers 3.3.2

Two environmental shock and vibration sensor/recorder systems were used to measure 

the accelerations in the longitudinal, lateral, and vertical directions. However, only the 

longitudinal acceleration was processed and reported. All of the accelerometers were mounted 

near the centers of gravity of the test vehicles. The electronic accelerometer data obtained in 

dynamic testing was filtered using the SAE Class 60 and the SAE Class 180 Butterworth filters 

conforming to SAE J211/1 specifications [10]. 

The two systems, the SLICE-1 and SLICE-2 units, were modular data acquisition 

systems manufactured by Diversified Technical Systems, Inc. (DTS) of Seal Beach, California. 

The acceleration sensors were mounted inside the bodies of custom-built SLICE 6DX event data 

recorders and recorded data at 10,000 Hz to the onboard microprocessor. Each SLICE 6DX was 

configured with 7 GB of non-volatile flash memory, a range of ±500 g’s, a sample rate of 10,000 

Hz, and a 1,650 Hz (CFC 1000) anti-aliasing filter. The “SLICEWare” computer software 

program and a customized Microsoft Excel worksheet were used to analyze and plot the 

accelerometer data. 

 Retroreflective Optic Speed Trap 3.3.3

Retroreflective optic speed trap was used to determine the speed of the bogie vehicle 

before impact. Three retroreflective targets, spaced at approximately 18-in. (457-mm) intervals, 

were applied to the side of the bogie vehicle. When the emitted beam of light was reflected by 

the targets and returned to the Emitter/Receiver, a signal was sent to the data acquisition 

computer, recording at 10,000 Hz, as well as the external LED box activating the LED flashes. 

The speed was then calculated using the spacing between the retroreflective targets and the time 
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between the signals. LED lights and high-speed digital video analysis are only used as a backup 

in the event that vehicle speeds cannot be determined from the electronic data. 

 Digital Photography 3.3.4

Three AOS high-speed digital video cameras and three GoPro digital video cameras were 

used to document each test. The AOS high-speed camera had a frame rate of 500 frames per 

second, and the GoPro video camera had a frame rate of 120 frames per second. The cameras 

were placed laterally from the post, with a view perpendicular to the bogie’s direction of travel, 

as well as diagonally from the post. A Nikon D50 digital still camera was used to document pre- 

and post-test conditions for all tests. 

3.4 End of Test Determination 

When the impact head initially contacts the test article, the force exerted by the surrogate 

test vehicle is directly perpendicular. However, as the post rotates, the surrogate test vehicle’s 

orientation and path moves farther from perpendicular. This introduces two sources of error: (1) 

the contact force between the impact head and the post has a vertical component, and (2) the 

impact head slides upward along the test article. Therefore, only the initial portion of the 

accelerometer trace should be used, since variations in the data become significant as the system 

rotates and the surrogate test vehicle overrides the system. Additionally, guidelines were 

established to define the end of test time using the high-speed video of the impact. The first 

occurrence of either of the following events was used to determine the end of the test: (1) the test 

article fractures, or (2) the surrogate vehicle overrides/loses contact with the test article. 

3.5 Data Processing 

The electronic accelerometer data obtained in dynamic testing was filtered using the SAE 

Class 60 Butterworth filter conforming to SAE J211/1 specifications [10]. The pertinent 

acceleration signal was extracted from the bulk data signals. The processed acceleration data was 
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then multiplied by the mass of the bogie to get the impact force using Newton’s Second Law. 

Next, the acceleration trace was integrated to find the change in velocity versus time. Initial 

velocity of the bogie, calculated from the pressure tape switch data, was then used to determine 

the bogie velocity, and the calculated velocity trace was integrated to find the bogie’s deflection. 

This deflection is also the deflection of the post. Combining the previous results, a force versus 

deflection curve was plotted for each test. Finally, integration of the force versus deflection curve 

provided the energy versus deflection curve for each test. 
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4 COMPONENT TESTING RESULTS AND DISCUSSION 

4.1 Results 

Results from the dynamic component testing of the four anchorage systems for the 

BR27C combination bridge rail are detailed in the subsequent section. In each test, acceleration 

data, high-speed video, and post-test documentation of the system damage were used to evaluate 

the anchorages. The accelerometer data for each test was processed in order to obtain 

acceleration, velocity, and deflection curves, as well as force versus deflection and energy versus 

deflection curves. Although the individual transducers produced similar results, the values 

described herein were calculated from the SLICE-2 data curves in order to provide common 

basis for comparing results from multiple tests. Test results for all transducers are provided in 

Appendix C. A summary of the four dynamic component tests is shown in Table 1. 

Table 1. Dynamic Testing Summary 

 

Test 

No. 

Design 

Configuration 

Target Impact 

Velocity (mph) 

[km/h] 

Impact Height  

(in.) 

[mm] 

Impact Angle 

(degrees) 

IBP-1 
Original BR27C 

Cast-In-Place 

15.0 

[24.1] 

16 

[406] 
90 

IBP-2 
Four-Bolt 

Spread 

15.0 

[24.1] 

16 

[406] 
90 

IBP-3 
Two-Bolt 

Offset 

15.0 

[24.1] 

16 

[406] 
90 

IBP-4 US-20 Bridge 
15.0 

[24.1] 

16 

[406] 
90 
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 Test No. IBP-1 4.1.1

During test no. IBP-1, the bogie impacted the HSS 4-in. x 4-in. x 
3
/16-in. (102-mm x 102-

mm x 5-mm) steel post at a speed of 16.1 mph (25.9 km/h), causing the post to deflect backward. 

During the test, shear cracks formed starting at the front anchors that propagated to the backside 

of the parapet. This concrete failure caused significant damage to the parapet but did not cause 

the yielding of the post. The post continued to rotate backwards, causing additional fracture and 

disengagement of the concrete parapet behind the post. The two front anchor rods on the post 

fractured in tension approximately 66 msec after impact, causing the loading of the bogie vehicle 

to drop to zero at a deflection of 13 in. (330 mm). The bogie overrode the top of the post at 

approximately 224 msec, as determined from the high-speed film data. Sequential photographs 

of the test are shown in Figure 36. 

Damage to the system consisted of major damage to the concrete parapet and the cast-in-

place anchorage, as shown in Figure 37. The concrete parapet displayed shear cracking along the 

top of the parapet and disengagement of a large section of concrete on the backside of the 

parapet. Lesser amounts of concrete were disengaged on the top and front sides of the parapet. 

The post and baseplate assembly were largely undamaged. The post and baseplate displayed 

minimal local deformations due to the impact, and the post did not form a plastic hinge. The 

threaded rod anchors on the front of the parapet fractured during the test, and the rear anchors 

were bent backward due to the rotation of the post.  

Force versus deflection and energy versus deflection curves were created from the 

accelerometer data and are shown in Figure 38. A peak force of 22.9 kips (101.9 kN)  was 

reached at a deflection of 1.5 in. (38 mm), prior to the disengagement of sections of the concrete 

parapet. The post continued to develop load as the post deflected until the fracture of the front 



November 3, 2015  

MwRSF Report No. TRP-03-325-15 

56 

two anchor rods. At a maximum deflection of 13 in. (330 mm), the post assembly absorbed 146 

kip-in. (16.5 kJ) of energy. 
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0.075 sec      0.175 sec 

 

Figure 36. Sequential Photographs, Test No. IBP-1 
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Figure 37. Post-Impact Photographs, Test No. IBP-1 
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Figure 38. SLICE-2 Force vs. Deflection and Energy vs. Deflection, Test No. IBP-1
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 Test No. IBP-2 4.1.2

During test no. IBP-2, the bogie impacted the HSS 4-in. x 4-in. x 
3
/16-in. (102-mm x 102-

mm x 5-mm) steel post at a speed of 16.2 mph (26.1 km/h), causing the post to deflect backward. 

During the test, shear cracks formed starting at the rear anchors that propagated to the backside 

of the parapet, and which disengaged a large section of the rear face of the parapet. At the same 

time, loading of the front two anchors caused cracking and concrete disengagement on the top-

front of the parapet. The impact loads caused concrete failure and significant damage to the 

parapet but did not cause the yielding of the post. As the post continued to rotate, all four anchor 

rods were pried from the fracture parapet. The force on the bogie vehicle dropped to zero at a 

deflection of 11.9 in. (302 mm). The bogie overrode the top of the post at approximately 156 

msec, as determined from the high-speed film data. Sequential photographs of the test are shown 

in Figure 39. 

Damage to the system consisted primarily of damage to the concrete parapet, as shown in 

Figure 40. The concrete parapet displayed shear cracking along the top and disengagement of a 

large section of concrete on the backside. Lesser amounts of concrete were disengaged on the top 

and front sides of the parapet. The post and baseplate assembly were largely undamaged. The 

post and baseplate displayed minimal local deformations due to the impact, and the post did not 

form a plastic hinge. The four threaded rod anchors were all disengaged from the parapet due to 

the impact loads and fracture of the surrounding concrete. 

Force versus deflection and energy versus deflection curves were created from the 

accelerometer data and are shown in Figure 41. A peak force of 24.9 kips (110.8 kN) was 

reached at a deflection of 1.4 in. (36 mm), prior to the disengagement of sections of the concrete 

parapet. The post continued to develop load as the post deflected until the disengagement of the 
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anchor rods from the parapet. At a maximum deflection of 11.9 in. (302 mm), the post assembly 

absorbed 69.6 kip-in. (7.9 kJ) of energy. 
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Figure 39. Sequential Photographs, Test No. IBP-2 
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Figure 40. Four-Anchor Post-Impact Photographs, Test No. IBP-2 
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Figure 41. SLICE-2 Force vs. Deflection and Energy vs. Deflection, Test No. IBP-2
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 Test No. IBP-3 4.1.3

During test no. IBP-3, the bogie impacted the HSS 4-in. x 4-in. x 
3
/16-in. (102-mm x 102-

mm x 5-mm) steel post at a speed of 16.3 mph (26.2 km/h), causing the post to deflect backward. 

During the test, shear cracks formed starting at the anchors and propagated to the backside of the 

parapet. As the bogie continued to load the post, the weld between the post and the baseplate 

fractured on the front-side of the post approximately 10 msec after impact. As the post continued 

to deflect, the weld between the post and the baseplate fractured along both sides of the post, 

allowing the post to rotate backward. The force on the bogie vehicle dropped to zero at a 

deflection of 2.7 in. (69 mm). The post completely disengaged from the baseplate at 

approximately 112 msec, as determined from the high-speed film data. Sequential photographs 

of the test are shown in Figure 42. 

Damage to the system consisted of damage to the concrete parapet and the weld between 

the post and the baseplate, as shown in Figure 43. The concrete parapet displayed shear cracking 

along the top of the parapet as well as some cracking of the top of the rear face of the parapet. No 

significant sections of concrete were disengaged from the parapet in this test. The post and 

baseplate assembly were not deformed, but the weld between them was completely fractured at 

the base of the post. The two threaded rod anchors remained embedded in the concrete. 

Force versus deflection and energy versus deflection curves were created from the 

accelerometer data and are shown in Figure 44. A peak force of 28.3 kips (125.9 kN) was 

reached at a deflection of 1.4 in. (36 mm). The post continued to develop load as the post 

deflected until the fracture of the weld between the post and the baseplate. At a maximum 

deflection of 2.7 in. (69 mm), the post assembly absorbed 48.3 kip-in. (5.5 kJ) of energy. 
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Figure 42. Sequential Photographs, Test No. IBP-3 
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Figure 43. Post-Impact Photographs, Test No. IBP-3 
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Figure 44. SLICE-2 Force vs. Deflection and Energy vs. Deflection, Test No. IBP-3
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 Test No. IBP-4 4.1.4

During test no. IBP-4, the bogie impacted the HSS 4-in. x 4-in. x 
3
/16-in. (102-mm x 102-

mm x 5-mm) steel post at a speed of 15.4 mph (24.8 km/h), causing the post to deflect backward. 

During the test, the deflection of the post caused uplift of the front of the baseplate, which caused 

the front two threaded anchors to fail in tension approximately 12 msec after impact. The post 

continued to rotate backwards, causing shear cracks to form at the two back anchors and 

propagate towards the backside of the parapet. The shear cracks and the continued rotation of the 

steel baseplate caused disengagement of a section of the back of the concrete parapet. The 

loading of the bogie vehicle dropped to zero at a deflection of 3.4 in. (86 mm). The bogie 

overrode the top of the post at approximately 166 msec, as determined from the high-speed film 

data. Sequential photographs of the test are shown in Figure 45. 

Damage to the system consisted of damage to the concrete parapet and the anchor rods, 

as shown in Figure 46. The concrete parapet displayed cracking on the top and disengagement of 

a section of concrete on the backside. The post and baseplate assembly were largely undamaged. 

The post and baseplate displayed minimal local deformations due to the impact, and the post did 

not form a plastic hinge. The threaded rod anchors on the front of the parapet fractured during 

the test, and the rear anchors were bent backward due to the rotation of the post. 

Force versus deflection and energy versus deflection curves were created from the 

accelerometer data and are shown in Figure 47. A peak force of 23.2 kips (103.2 kN)  was 

reached at a deflection of 1.4 in. (36 mm), prior to the fracture of the two front anchor rods. At a 

maximum deflection of 3.4 in. (86 mm), the post assembly absorbed 60.3 kip-in. (6.8 kJ) of 

energy. 
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Figure 45. Sequential Photographs, Test No. IBP-4 
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Figure 46. US-20 River Bridge Post-Impact Photographs, Test No. IBP-4 
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Figure 47. SLICE-2 Force vs. Deflection and Energy vs. Deflection, Test No. IBP-4
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4.2 Discussion 

The purpose of the dynamic component testing was to determine if two proposed and one 

currently installed alternative epoxy adhesive anchorages for the BR27C combination bridge rail 

had sufficient capacity to be used in lieu of the cast-in-place anchorage that was used in the 

original full-scale crash-tested design. Thus, the dynamic tests were used to evaluate and 

compare the force versus deflection behavior and the failure modes of the proposed designs to 

the baseline cast-in-place anchorage. A summary of all dynamic component testing results is 

shown in Table 2. 

Table 2. Dynamic Testing Results 

 

Test 

No. 

Design 

Configuration 

Impact 

Velocity 

(mph) 

[km/h] 

Peak Force 

(kips) 

[kN] 

Max 

Deflection 

(in.) 

[mm] 

Total Energy 

Absorbed 

(k-in.) 

[kJ] 

IBP-1 

Original 

BR27C Cast-

In-Place 

16.1 

[25.9] 

22.9 

[101.9] 

13.0 

[330] 

146.0 

[16.5] 

IBP-2 
Four-Bolt 

Spread 

16.2 

[26.1] 

24.9 

[110.8] 

11.9 

[302] 

69.6 

[7.9] 

IBP-3 
Two-Bolt 

Offset 

16.3 

[26.2] 

28.3 

[125.9] 

2.7 

[69] 

48.3 

[5.5] 

IBP-4 US-20 Bridge 
15.4 

[24.8] 

23.2 

[103.2] 

3.4 

[86] 

60.3 

[6.8] 

 

The force versus deflection data for the four dynamic component tests as derived from 

SLICE-2 acceleration transducer, is shown in Figures 48 and 49. Comparison of the results from 

the four tests found that all three of the alternative epoxy adhesive anchorage designs exceeded 

the peak force of the original cast-in-place anchorage. The cast-in-place anchorage evaluated in 

test no. IBP-1 developed the lowest peak force of all the anchorages with a value of 22.9 kips 
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(101.9 kN) at a deflection of 1.5 in. (38 mm). The US-20 bridge design evaluated in test no. IBP-

4 had the next highest peak force with a value of 23.2 kips (103.2 kN) at a deflection of 1.4 in. 

(36 mm). The four-bolt spread anchorage evaluated in test no. IBP-2 had the third highest peak 

force with a value of 24.9 kips (110.8 kN) at a deflection of 1.4 in. (36 mm). The two-bolt offset 

anchorage evaluated in test no. IBP-3 developed the highest peak force with a value of 28.3 kips 

(125.9 kN) at a deflection of 1.4 in. (36 mm). The forces after the peak force was reached differ 

for the four anchorages, depending on the failure mode of the anchorage. 

The energy versus deflection data for the four dynamic component tests is shown in 

Figures 50 and 51. Energy levels for all four of the tested anchorages were similar through the 

first 2 in. (51 mm) of post deflection, but diverged similar to the force levels after that point due 

to variation in the failure modes.  

These results were reviewed to determine the feasibility of the alternative anchorage 

designs. The original cast-in-place anchorage for the BR27C generated the lowest peak load of 

the four anchorages. The failure modes observed for this design were a combination of tensile 

failure of the front anchor rods and breakout of the concrete on the rear of the parapet. This level 

of damage was much higher than the damage observed in full-scale crash testing. In the full-scale 

tests, no failure of anchor rods or the concrete parapet was noted. This would indicate that the 

damage and force levels developed in the component testing were significantly higher than the 

loading of the post and anchorage during full-scale testing. Thus, alternative designs that 

exceeded the peak force of the original cast-in-place anchorage should be considered acceptable.  

The four-bolt spread anchorage design developed higher peak loads than the original 

cast-in-place anchorage. Energy levels for the two designs differed, as the cast-in-place 

anchorage did not completely disengage from the concrete and developed load longer after the 

initial peak load was reached. Higher peak loads were expected for the four-bolt spread 
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anchorage based on the increased anchor spacing providing reduction of the overlapped area of 

influence for the epoxy adhesive anchors, but the peak forces developed in testing found those 

gains to be minimal. Review of the failure of the anchorage showed that orienting the front and 

rear anchors for this design diagonal to one another may have allowed shear stresses and 

cracking to develop along the same plane for both the front and rear anchor simultaneously. This 

may have contributed to the lower-than-expected improvement in force level of the four-bolt 

spread anchorage. However, the four-bolt spread anchorage did possess improved capacity to the 

original cast-in-place anchorage and would be considered an acceptable alternative. 

The two-bolt offset anchorage design developed the highest peak load of all of the tested 

designs. This design also exhibited less damage to the concrete parapet, as the increased offset 

from the rear face of the parapet increased the shear capacity of the anchorage over the other 

alternatives. The failure mode for this design was rupture of the weld between the baseplate and 

the post. Thus, it is the only design tested that did not result in failure of the anchorage itself. The 

two-bolt offset anchorage was also considered to be an acceptable alternative anchorage. The 

two-bolt offset anchorage also posed an advantage, in that it required fewer anchors and would 

be easier to install. 

The US-20 bridge anchorage displayed a peak force and failure modes that were quite 

similar to the original cast-in-place anchorage design. This was not unexpected, as the two 

designs were similar in terms of the layout and anchor size. The US-20 bridge anchorage was 

considered to be an acceptable alternative anchorage. 

Thus, all three of the alternative anchorage designs were considered to be acceptable 

alternatives to the original cast-in-place anchorage design. The peak force levels for the 

alternative anchorages indicated greater capacities than the original anchorage, and the damage 

levels observed in the dynamic component testing far exceeded the levels observed in full-scale 
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crash tests. As such, there was no reason to believe that the alternative anchorages would not 

perform safely. Of the three alternative designs, the two-bolt offset design was deemed the best 

option due to its potential to reduce parapet damage and improved its ease of installation.  

It should be noted that all of the alternative designs were developed and tested on the 12-

in. (305-mm) wide version of the IaDOT concrete parapet. These results would likely change if 

the alternative epoxy anchorages were evaluated on the narrower parapet used with the original 

cast-in-place anchorage. It should also be noted that the four-bolt spread and two-bolt offset 

anchorages were designed to develop the full plastic moment capacity of the support post. Based 

on the test results, the four-bolt spread anchorage was not capable of developing the moment 

capacity of the post due to concrete breakout in shear. The two-bolt offset design may have had 

the potential to develop the moment capacity, but the post-to-baseplate weld failed prior to 

reaching that load. This does not affect the suitability of the alternative anchorages as 

replacements for the cast-in-place design, but it does suggest that the design calculations for 

concrete breakout in shear may need further development when considering anchorage for 

dynamic impact on narrow parapets. 
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5 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

The objective of this research was to develop and evaluate alternative epoxy adhesive 

anchorage systems for the BR27C combination bridge rail system. The BR27C combination 

bridge rail was originally designed and tested with a 24-in. (610-mm) tall by 10-in. (254-mm) 

wide vertical concrete parapet with a steel post-and-rail system mounted on top. The steel posts 

in the combination rail were attached to the concrete parapet with cast-in-place concrete anchors. 

IaDOT desired an alternative epoxy adhesive anchor design that would be easier to install.  

The research effort began with development of several proposed alternative anchorage 

concepts. The concepts were designed using a modified version of the ACI 318-11 procedures 

for adhesive anchor design with modifications for dynamic increase factors and the expected 

failure modes. All of the concepts were designed to develop the full plastic moment capacity of 

the post. Four design concepts were developed for review by IaDOT, including: (1) a four-bolt, 

square anchorage, (2) a four-bolt, spread anchorage, (3) a two-bolt, centered anchorage, and (4) a 

two-bolt, offset anchorage. IaDOT representatives selected the four-bolt spread anchorage and 

the two-bolt offset anchorage as the preferred designs for evaluation. In addition to these two 

proposed configurations, IaDOT also requested that the researchers evaluate a third option that 

had been previously installed on the US-20 bridge near Hardin, IA. 

In order to evaluate the performance of the proposed alternative anchorages, dynamic 

component testing was conducted on the original cast-in-place anchorage as well as the three 

alternative anchorages using a simulated bridge rail parapet. The test of the original cast-in-place 

anchorage test no. IBP-1 was used as a baseline for comparison with the alternative designs and 

developed a peak load of 22.9 kips (101.9 kN) at a deflection of 1.5 in. (38 mm). All three of the 

tested alternative anchorages provided greater load capacity than the original cast-in-place design 

and were deemed acceptable surrogates. Of the three alternative designs, the two-bolt offset 
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design was deemed the best option due to its developing the highest peak loads, the potential for 

reduced parapet damage, and improved ease of installation. It was also noted that the alternative 

designs were developed and tested on a 12-in. (305-mm) wide version of the IaDOT concrete 

parapet. Thus, the alternative anchorages would not be recommended for use on the narrower 

parapet used with the original cast-in-place anchorage. 
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Appendix A. Alternative Epoxy Adhesive Anchor Design Calculations 

The anchorage calculations used during the development of the four design concepts 

presented in this research are detailed herein. The calculations were based on development of the 

full-plastic moment capacity of the BR27C combination bridge rail post and the corresponding 

shear and tensile loads when used with the 12-in. (305-mm) wide parapet design provided by 

IaDOT. Details of the design of the baseplates for the posts are not included.  
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Figure A-1. Tensile Adhesive Anchorage Calculations, Four-Bolt Square Anchorage Concept 
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Figure A-2. Shear Adhesive Anchorage Calculations, Four-Bolt Square Anchorage Concept 
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Figure A-3. Tensile Adhesive Anchorage Calculations, Four-Bolt Spread Anchorage Concept 
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Figure A-4. Shear Adhesive Anchorage Calculations, Four-Bolt Spread Anchorage Concept 
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Figure A-5. Tensile Adhesive Anchorage Calculations, Two-Bolt Centered Anchorage Concept 
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Figure A-6. Shear Adhesive Anchorage Calculations, Two-Bolt Centered Anchorage Concept 
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Figure A-7. Tensile Adhesive Anchorage Calculations, Two-Bolt Offset Anchorage Concept 
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Figure A-8. Shear Adhesive Anchorage Calculations, Two-Bolt Offset Anchorage Concept 



November 3, 2015  

MwRSF Report No. TRP-03-325-15 

94 

 

Appendix B. Material Specifications 

The bill of materials and material specifications are all included in this appendix. This 

includes concrete cylinder test reports, chemical composition of concrete reports, and chemical 

composition of rebar reports.  
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Figure B-3. Rebar Material Specification, Test Nos. IBP-1 through IBP-4 
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Figure B-9. Concrete Material Specification, Footing Pour  
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Figure B-10. Concrete Material Specification, Parapet Pour  



November 3, 2015  

MwRSF Report No. TRP-03-325-15 

 

105 

 

 
Figure B-11. Concrete Material Specification, Footing Pour  
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Figure B-12. Concrete Material Specification, Parapet Pour  
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Figure B-13. Concrete Gradation Specification, Test Nos. IBP-1 through IBP-4  
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Figure B-14. Aggregate Quality Analysis, Test Nos. IBP-1 through IBP-4 
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Appendix C. Bogie Test Results 

The results of the recorded data from each accelerometer for every dynamic bogie test are 

provided in the summary sheets found in this appendix. Summary sheets include acceleration, 

velocity, and deflection versus time plots as well as force versus deflection and energy versus 

deflection plots. 
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Figure C-1. Test No. IBP-1 Results (SLICE-1)

Test Results Summary

Test Description: Event Duration: 0.0688  sec

Test Number: IBP-1 Max. Deflection: 13.0  in.

Test Date: 9/3/2014 Peak Force: 22.5  k

Failure Type: Initial Linear Stiffness: 15.5  k/in.

Total Energy: 145.5  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: 16.10 13.13 NA NA
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Embedment Depth:
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Impact Height:

Bogie Mass: 1808 lb

Accelerometer:

Camera Data: AOS-1, AOS-2, AOS-8

17 in. (16 in. target - grade height added 1 in.)

SLICE 1

Bogie Test Summary

MIDWEST ROADSIDE SAFETY FACILITY

Test Information

BR27C Cast-In-Place Anchorage

Concrete Fracture

BR27C Bridge Rail  Post

4"x4"x3/16"

24"
Cast-in-Place Concrete Anchorage

Perpendiculuar (Lateral)

Bogie Properties

Data Acquired

Average Force (k)

Energy (k-in.)

NA

NA

NA

-5

0

5

10

15

20

25

0 2 4 6 8 10 12 14

Fo
rc

e
 (

k)

Deflection (in.)

Force vs. Deflection At Impact Location

0

20

40

60

80

100

120

140

160

0 2 4 6 8 10 12 14

En
e

rg
y 

(k
-i

n
.)

Deflection (in.)

Energy vs. Deflection At Impact Location

-2

0

2

4

6

8

10

12

14

0 0.02 0.04 0.06 0.08

A
cc

e
le

ra
ti

o
n

 (
g'

s)

Time (s)

Bogie Acceleration vs. Time

-5

0

5

10

15

20

25

30

0 0.02 0.04 0.06 0.08

V
e

lo
ci

ty
 (

ft
/s

)

Time (s)

Bogie Velocity vs. Time

0

2

4

6

8

10

12

14

0 0.02 0.04 0.06 0.08

D
e

fl
e

ct
io

n
 (

in
.)

Time (s)

Deflection at Impact Location vs. Time



November 3, 2015  

MwRSF Report No. TRP-03-325-15 

 

111 

 

 
Figure C-2. Test No. IBP-1 Results (SLICE-2)

Test Results Summary

Test Description: Event Duration: 0.0694  sec

Test Number: IBP-1 Max. Deflection: 13.0  in.

Test Date: 9/3/2014 Peak Force: 22.9  k

Failure Type: Initial Linear Stiffness: 15.4  k/in.

Total Energy: 146.8  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"
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Embedment Depth:
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Impact Velocity: 16.11 mph (23.62 ft/s)

Impact Height:

Bogie Mass: 1808 lb

Accelerometer:

Camera Data:

Data Acquired

Average Force (k)

Energy (k-in.)

NA

NA

NA

AOS-1, AOS-2, AOS-8

17 in. (16 in. target - grade height added 1 in.)

SLICE 2

Bogie Test Summary

MIDWEST ROADSIDE SAFETY FACILITY

Test Information

BR27C Cast-In-Place Anchorage

Concrete Fracture

BR27C Bridge Rail  Post

4"x4"x3/16"

24"
Cast-in-Place Concrete Anchorage

Perpendiculuar (Lateral)

Bogie Properties

-5

0

5

10

15

20

25

0 2 4 6 8 10 12 14

Fo
rc

e
 (

k)

Deflection (in.)

Force vs. Deflection At Impact Location

0

20

40

60

80

100

120

140

160

0 2 4 6 8 10 12 14

En
e

rg
y 

(k
-i

n
.)

Deflection (in.)

Energy vs. Deflection At Impact Location

-2

0

2

4

6

8

10

12

14

0 0.02 0.04 0.06 0.08

A
cc

e
le

ra
ti

o
n

 (
g'

s)

Time (s)

Bogie Acceleration vs. Time

-5

0

5

10

15

20

25

30

0 0.02 0.04 0.06 0.08

V
e

lo
ci

ty
 (

ft
/s

)

Time (s)

Bogie Velocity vs. Time

0

2

4

6

8

10

12

14

0 0.02 0.04 0.06 0.08

D
e

fl
e

ct
io

n
 (

in
.)

Time (s)

Deflection at Impact Location vs. Time



November 3, 2015  

MwRSF Report No. TRP-03-325-15 

 

112 

 

 
Figure C-3. Test No. IBP-2 Results (SLICE-1)

Test Results Summary

Test Description: Event Duration: 0.0495  sec

Test Number: IBP-2 Max. Deflection: 11.9  in.

Test Date: 9/5/2014 Peak Force: 24.8  k

Failure Type: Initial Linear Stiffness: 16.9  k/in.

Total Energy: 69.4  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: 11.17 6.81 NA NA

Post Length: 55.8 68.1 NA NA
Embedment Depth:

Orientation:
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Figure C-4. Test No. IBP-2 Results (SLICE-2)

Test Results Summary

Test Description: Event Duration: 0.0497  sec

Test Number: IBP-2 Max. Deflection: 11.9  in.

Test Date: 9/5/2014 Peak Force: 24.9  k

Failure Type: Initial Linear Stiffness: 17.3  k/in.

Total Energy: 69.6  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: 11.22 6.83 NA NA

Post Length: 56.1 68.3 NA NA
Embedment Depth:

Orientation:

Soil Properties

Gradation:

Moisture Content:

Compaction Method:

Impact Velocity: 16.16 mph (23.7 ft/s)

Impact Height:

Bogie Mass: 1808 lb

Accelerometer:

Camera Data: AOS-1, AOS-2, AOS-8

17 in. (16 in. target - grade height added 1 in.)
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Figure C-5. Test No. IBP-3 Results (SLICE-1)

Test Results Summary

Test Description: Event Duration: 0.0103  sec

Test Number: IBP-3 Max. Deflection: 2.7  in.

Test Date: 9/5/2014 Peak Force: 28.2  k

Failure Type: Initial Linear Stiffness: 18.8  k/in.

Total Energy: 48.3  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: NA NA NA NA

Post Length: NA NA NA NA
Embedment Depth:

Orientation:

Soil Properties

Gradation:

Moisture Content:
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Impact Height:

Bogie Mass: 1808 lb
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Figure C-6. Test No. IBP-3 Results (SLICE-2)

Test Results Summary

Test Description: Event Duration: 0.0102  sec

Test Number: IBP-3 Max. Deflection: 2.7  in.

Test Date: 9/5/2014 Peak Force: 28.3  k

Failure Type: Initial Linear Stiffness: 19.5  k/in.

Total Energy: 48.5  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: NA NA NA NA

Post Length: NA NA NA NA
Embedment Depth:

Orientation:

Soil Properties

Gradation:

Moisture Content:

Compaction Method:

Impact Velocity: 16.25 mph (23.83 ft/s)

Impact Height:

Bogie Mass: 1808 lb

Accelerometer:

Camera Data:
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Figure C-7. Test No. IBP-4 Results (SLICE-1)

Test Results Summary

Test Description: Event Duration: 0.0139  sec

Test Number: IBP-4 Max. Deflection: 3.4  in.

Test Date: 9/5/2014 Peak Force: 23.1  k

Failure Type: Initial Linear Stiffness: 16.2  k/in.

Total Energy: 60.3  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: NA NA NA NA

Post Length: NA NA NA NA
Embedment Depth:

Orientation:

Soil Properties

Gradation:

Moisture Content:

Compaction Method:

Impact Velocity: 15.51 mph (22.74 ft/s)

Impact Height:

Bogie Mass: 1808 lb

Accelerometer:

Camera Data: AOS-1, AOS-2, AOS-8

17 in. (16 in. target - grade height added 1 in.)
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Figure C-8. Test No. IBP-4 Results (SLICE-2)

Test Results Summary

Test Description: Event Duration: 0.0138  sec

Test Number: IBP-4 Max. Deflection: 3.4  in.

Test Date: 9/5/2014 Peak Force: 23.2  k

Failure Type: Initial Linear Stiffness: 16.8  k/in.

Total Energy: 60.4  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: NA NA NA NA

Post Length: NA NA NA NA
Embedment Depth:

Orientation:

Soil Properties

Gradation:

Moisture Content:
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Impact Velocity: 15.51 mph (22.74 ft/s)
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