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the Federal Highway Administration. This publication does not constitute a standard, specification or 
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herein.  
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organization’s A2LA Accreditation. The results contained in this report are only for the tested article(s) 
and not any other article(s) based on the same design.  Where a sample of the test article(s) is provided 
by the customer or other source, the results will apply to the sample as received.  

 

For individuals with sensory disabilities, this document is available in alternate formats. For information, 
call (916) 654-8899, TTY 711, or write to California Department of Transportation, Division of Research, 
Innovation and System Information, MS-83, P.O. Box 942873, Sacramento, CA 94273-0001 

UNCERTAINTY OF MEASUREMENT STATEMENT 

The Caltrans Roadside Safety Research Group (RSRG) has determined the uncertainty of measurements 
in the testing of roadside safety hardware as well as in standard full-scale crash testing of roadside 
safety features. The results contained in this report are only for the tested article(s) and not any other 
articles based on the same design. Information regarding the uncertainty of measurements for critical 
parameters is available upon request by the California Department of Transportation Roadside Safety 
Research Group. 
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1. Introduction 

1.1. Problem 

In 2016, the California Department of Transportation (Caltrans) established a timeline for the 
implementation of the Manual for Assessing Safety Hardware (MASH) (AASHTO, 2016). MASH is a 
testing standard for evaluating the safety of roadside hardware, and replaces the previous testing 
guidelines, the National Cooperative Highway Research Program, Report 350. The Caltrans timeline was 
consistent with the 2015 American Association of State Highway Transportation Officials (AASHTO) and 
Federal Highway Administration (FHWA) Joint Implementation Agreement. The agreement specifies that 
new installations of roadside safety hardware comply with MASH 2016 for Federal Aid Eligibility. 
Caltrans adopted a plan that all bridge rail projects advertised on or after October 31, 2019, that include 
permanent and full bridge rail replacements, meet MASH criteria.  

1.2. Objective 

The objective of this research project is to construct a test section of a historic-looking and aesthetically 
pleasing concrete post and beam bridge rail, the California Concrete Barrier Type 86H (Type 86H), and 
then conduct the required crash tests under the MASH 2016 Test Level 4 (TL-4) criteria for longitudinal 
barriers. 

1.3. Background 

There are many bridges in California built with the aesthetically pleasing concrete baluster rail that are 
on the National Historic Register. One well known example is the Bixby Creek Bridge. Built in 1932, the 
Bixby Creek Bridge is located along the California Coast near Big Sur in Monterey County. The Bixby 
Creek Bridge is an open-spandrel arch bridge along the California coast that locals call “the gateway to 
Big Sur”. A picture of the Bixby Creek Bridge is shown in Figure 1-1.  

 
Figure 1-1 Bixby Creek Spandrel Arch Bridge 
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Unfortunately, existing historic baluster rails do not meet the current crashworthiness requirements of 
the MASH 2016 standards. With the intent to build new bridges with aesthetically pleasing historic-
looking barrier rails and, when necessary, to replace existing non-MASH compliant baluster rails in the 
California Highway system, the Division of Engineering Services has completed the design of the 
Concrete Barrier Type 86H shown in Figure 1-2 and Figure 1-3. The Type 86H rail is a historic-looking and 
aesthetically pleasing “see through” concrete barrier rail.  

 

 
Figure 1-2 Concrete Barrier Type 86H (Non-Traffic Face) 

 
Figure 1-3 Type 86H Side View 
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The Concrete Barrier Type 86H, shown in Figure 1-4, is the first barrier intended to meet MASH 
standards designed by the State of California that resembles the old, historic baluster rail. It is very 
similar in shape to the California Concrete Barrier Type 85 shown in Figure 1-5. The Type 85 Barrier is a 
post and beam concrete barrier that has recently been tested and approved for MASH compliance. Both 
the Type 85 and the Type 86H have a sloping curb to facilitate removal of snow in colder climate 
environments and slightly increased view through the baluster opening. The Type 86H is 152 mm (6 in.) 
taller than the Type 85 and it has a 254 mm (10 in.) deep beam versus the 305 mm (12 in.) deep beam 
on the Type 85. The curb on the Type 86H is 152 mm (6 in.) taller than the curb on the Type 85. For the 
Type 86H, the space in between the main structural posts and below the top rail has been designed to 
have arched windows which provides a similar appearance to the traditional historical baluster rail. The 
cross sections shown in Figure 1-4 and Figure 1-5 are taken at the structural posts of both rails. 

 
Figure 1-4 Type 86H Concrete Post and Beam Barrier Rail (MASH TL-4) 

 
Figure 1-5 Type 85 Concrete Post and Beam Barrier Rail (MASH TL-4) 
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1.4. Literature Search 

Prior to project initiation, a literature and product search were conducted related to MASH TL-4 concrete 
post and beam bridge rails. The results of the search concluded that MASH testing had not been 
conducted on a bridge rail similar in design to the Type 86H that would eliminate the need for crash 
testing. Over the course of this research project, additional concrete post and beam bridge rails have been 
tested for MASH compliance. It should be noted that for tests conducted and sponsored by others, 
complete test documentation including test reports and videos, can be difficult to obtain. Complete 
documentation is required as part of the Caltrans, Highway Safety Features New Products Committee 
hardware review and approval process. The following concrete baluster bridge rails are of interest and 
Caltrans has requested full testing documentation: 

Texas C411 

The Texas C411 Concrete Baluster Bridge Rail, shown in Figure 1-6, was tested by Texas A&M 
Transportation Institute (TTI) for the Texas Department of Transportation (TXDOT). The small car and 
pickup (1100C and 2270P) TL-2 tests were conducted in May of 2018. The test documentation report, Test 
Report 0-6946-R2 published in March 2019, indicated the bridge rail met the MASH 2016 TL-2 criteria. 

 
Figure 1-6 Texas C411 Concrete Baluster Bridge Rail (MASH TL-2) 

 

Texas C412 

The Texas C412 Concrete Baluster Bridge Rail shown in Figure 1-7 was tested by TTI for TXDOT. The 
tractor trailer (36000V), which is a Test Level 5 test, was conducted in June of 2018. The test 
documentation report, Test Report 0-6946-R2 dated March 2019, indicated the bridge rail met MASH 
2016 TL-5 criteria. The report notes that test designations 5-10 and 5-11 were unnecessary due to 
testing conducted on a similar bridge rail, the New Jersey Department of Transportation (NJDOT) 
Balustrade Pulaski Skyway Bridge Parapet.  

According to the Federal Highway Administration (FHWA) Federal Aid Eligibility Letter B-285 (B-285) 
tests on the Pulaski Skyway Bridge Parapet were performed by TTI, through the Rutgers Infrastructure 
Monitoring and Evaluation (RIME) Group Laboratory, for the New Jersey Department of Transportation. 
B-285 includes basic information and test summary sheets. The summary sheets in B-285 are excerpts 
from TTI Report No. 607451-1-3, which does not appear to have been published to this day. However, 
test excerpts are included in a RIME report “Route 139 Rehabilitation: Pulaski Skyway Contract 2” dated 
June 2017. The final report and crash test videos for tests 4-10 and 4-11 from NJDOT and RIME were 
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received in January of 2021. FHWA Letter B-285 mentions that the bridge rail design itself is non-
proprietary and that it was developed as part of funding in 2013 from NJDOT Research Bureau to RIME.  
B-285 includes the required MASH Test Level 4 (TL-4) tests, all conducted in December of 2016, the 
small car, pickup, and van body (1100C, 2270P and 10000S respectively). All the tests met the respective 
MASH TL-4 requirements.  

 

Figure 1-7 Texas C412 Concrete Baluster Bridge Rail (MASH TL-5) 
1.5. Scope 

The MASH 2016 TL-4 test matrix for longitudinal barriers requires three full-scale dynamic crash tests: a 
small car (1100C) impacting the barrier at 100 kph (62 mph) and at a 25° angle, a pickup truck (2270P) 
impacting at 100 kph (62 mph) and 25°, and a single-unit truck (SUT or 10000S) impacting at 90 kph (56 
mph) and a 15° angle. Prior to testing, a Minor B contract was executed for construction of the Concrete 
Barrier Type 86H at the Caltrans Dynamic Test Facility. The Type 86H bridge rail was constructed by an 
experienced bridge contractor following the Caltrans construction standards.  The construction activities 
were overseen by Caltrans personnel. 

2. Test Article Details 

2.1. Barrier Design 

The Type 86H bridge rail was designed to be a MASH compliant, historic-looking and aesthetically pleasing 
concrete baluster rail. The 1067 mm (42 in.) tall vehicular barrier height was selected to exceed the 
minimum height of 914 mm (36 in.) recommended for the MASH TL-4 tests. When compared to the Type 
85 (see Figure 1-5) the overall shape of the Type 86H (see Figure 2-1) provides improved visibility by 
increasing the vertical gap below the beam by 51 mm (2 in.) and, similar to the Type 85, by sloping the 
top of the curb downward toward the backside of the barrier. The sloped curb reduces the visual 
obstruction of the back of the curb and helps water and other debris to flow off, away from the roadway. 
The curb face height was raised to 457 mm (18 in.) to improve the redirection of the test vehicles and to 
reduce the opportunity for the front wheel to enter the gap below the beam. In addition, the concrete 
rail post was offset from the beam 178 mm (7 in.) to reduce the opportunity for wheel snagging. To 
enhance the versatility of where the barrier can be used, a bicycle rail was added to the top of the beam. 
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The bicycle rail was offset from the face of the barrier to reduce the possibility of vehicle snag. It is worth 
noting that LS-Dyna finite element models were created in-house to check the interaction (wheel snag) 
between the small car and pickup with the Type 86H concrete barrier during impact. Although a 
comparison of the actual crash tests and the simulations was not performed for this project, they were 
critical in determining the optimum cross section required to insure the crashworthiness of this rail and 
they reinforced the importance of setting back the structural post away from the face of rail beam.  

The design and load evaluation were completed by Structure Policy and Innovation in the Caltrans Division 
of Engineering Services. For this evaluation the design of the Type 86H focused on the structural integrity 
of the barriers subject to MASH TL-4 loading in compliance with 2012, Sixth Edition, AASHTO LRFD Bridge 
Design Specification with California Amendments. The three barrier components (Rail, Post, & Curb) and 
the deck overhang were separately evaluated against flexural, shear, and torsional demands under 
different limit states. In addition to structural calculations, a finite element analysis study was conducted 
by Caltrans Division of Engineering Services using the software CSibridge to determine the demands on 
each component. Strengths and demands of the rail, post, and curb were then assessed under Extreme II 
Limit State, and the overhang under Extreme II and Strength I Limit State.   

The Type 86H bridge rail barrier design consists of a steel reinforced concrete railing/beam and posts 
mounted on a concrete curb that is 1067 mm (42 in.) tall to the top of the traffic railing and 1219 mm (48 
in.) tall to the top of the bicycle rail. The Type 86H posts are spaced 3.1 m (10 ft) apart. See the cross-
section below for the general configuration. The detail sheets, which were used to construct the test 
article, are shown in Appendix B (Figure 11-1 through Figure 11-8). The material design strengths are as 
follows: Concrete (C) of 24.8 MPa (3.6 ksi) and reinforcing steel (T) of 413.7 MPa (60 ksi), where C = 
Compressive Strength and T = Tensile Strength. 

 
Figure 2-1 Type 86H Cross-Section 
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2.2. Construction 

A construction contract was executed and awarded on August 13, 2020 to build the Concrete Barrier 
Type 86H at the Caltrans Dynamic Test Facility (test site) in the same location where the California Steel 
ST-75 bridge rail was constructed in 2018. A cross section of the existing ST-75 depicting the overhang 
removal for construction of the new Type 86H is shown in Figure 2-2. The total length of the new test 
article was 30.5 m (100 ft). The first 23.2 m (76 ft) was constructed to simulate a concrete bridge deck 
and overhang supporting the barrier rail. A 25 mm (1 in.) gap was included between Posts 4 and 5 to 
simulate an expansion joint, both on the deck and the bridge rail. The remaining 7.3 m (24 ft) of the 
barrier rail consisted of an existing concrete reaction slab supporting a drilled and bonded segment of 
Type 86H rail. This latter portion of rail provided a sufficient length of barrier to successfully conduct the 
test.  Refer to the plan in Figure 2-4 and the cross section of the rail construction for this region in Figure 
2-5 for more information. For simplicity of construction and to reduce construction costs, the existing 
23.1 m (76 ft) long concrete anchor block used for the previous crash testing of both the ST-70 Side 
Mounted bridge rail and the ST-75 bridge rail was utilized. The existing anchor block consisting of steel 
reinforced Portland Cement Concrete (PCC) measuring 1.4 m (4.5 ft) deep by 3.0 m (10 ft) in width was 
originally built in late 2014. As mentioned above, the existing rigidly connected overhang portion of the 
Type 75 bridge test article was removed without damaging the transverse #5 overhang bars. The existing 
preserved #5 bars were re-used in the construction of the overhang. The hatched region shown in Figure 
2-2 shows the limits of removal. Figure 2-3 shows a part of the cross section with the new overhang. It is 
worth noting that a very small percentage of additional reinforcement was added in the region near the 
centerline of three structural posts to meet the required placement of bundled bars as shown in the 
plans. For more detail on these bundled bars, refer to Figure 11-3 and Figure 11-4 in Appendix B. 

 
Figure 2-2 Cross Section of Existing Concrete Block and Overhang Removal 
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Figure 2-3 Partial Cross Section of New Overhang with the Type 86H Barrier Rail 

Figure 2-4 Plan View of Type 86H Test Article   

Figure 2-5 Partial Cross Section of Drilled and Bonded Type 86H (MOD) on Existing Reaction Slab 
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During construction of the Type 86H overhang, strain gages were installed on reinforcement at locations 
of interest in the deck, post and beam so that loading during impact could be measured. For a report on 
this supplemental strain gauge work performed at the request of the Division of Engineering Services, 
please refer to the report titled “Dynamic Stress and Deflection Measurements of The Concrete Post-
and-Beam Bridge Railing, CALIFORNIA TYPE 86H FHWA/CA25-3170 Supplement A”. 

Construction of the Type 86H was completed in four stages. The first stage consisted of removal of the 
steel components of the ST-75 bridge rail and the demolition of the existing curb, end block and 
overhang. After removal of the steel rail and posts, the contractor saw-cut 25 mm (1 in.) into to the 
concrete deck where the overhang attached to the anchor block (see dashed orange line in Figure 2-6). 
The concrete was removed using an excavator with a hammer attachment and by using hand-held 
jackhammers. Extreme care was exercised to ensure minimal damage to the existing transverse 
reinforcement during the removal of the concrete. These sequential steps are depicted by Figure 2-6 
thru Figure 2-9. 

 
Figure 2-6 Unbolting of the ST-75 Steel Bridge Rail and Painting of Overhang Saw-Cut Line 
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Figure 2-7 Initial saw-cut line for overhang removal  

 

 
Figure 2-8 Removal of ST-75 Test Article Overhang with Excavator Hammer Attachment 
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Figure 2-9 Removal of ST-75 Test Article Overhang at Saw Cut Line with Jackhammers 

 

The second stage involved construction of the new overhang. Prior to placing the concrete, this stage 
required the installation of wood forms for the overhang, installation of new longitudinal overhang steel 
reinforcement, and curb and structural post steel reinforcement. As mentioned at the beginning of this 
section of the report, additional transverse reinforcement was epoxied into the existing concrete anchor 
block in-line with the structural posts, as required by the plans. This stage also involved the correct 
positioning and installation of the reinforcement for the concrete curb and posts and the installation of 
the first set of strain gauges (at the overhang and post reinforcement). See Figure 2-10 thru Figure 2-26. 

 

Figure 2-10 Installation of the Supports for the Formwork for the Overhang Construction 
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Figure 2-11 Installation of the Formwork for the Type 86H Overhang and Concrete Curb  

 

  

 
Figure 2-12 Installation of the Formwork Supports for the Type 86H Overhang and Concrete Curb  
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Figure 2-13 Drilling Operation (305 mm (12 in.) depth) for Epoxied Reinforcement Installation 

 

 
Figure 2-14 Installation of Epoxy and Additional Transverse Reinforcement 
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Figure 2-15 Installation of Epoxy and Vertical Reinforcement on Existing Curb and Reaction Slab 

 

 
Figure 2-16 Installation of Longitudinal Overhang, Curb and Post Reinforcement 
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Figure 2-17 Installation of Reinforcement at Posts 4 and 5 with 25 mm (1 in.) Gap 

 

 

 
Figure 2-18 Installation of Top #6 Curb “Hair Pin” Reinforcement  
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Figure 2-19 Marking the Strain Gauge Locations on Reinforcement at Structural Post 4 

 

 
Figure 2-20 Grinding Surface of Reinforcement in Preparation for Strain Gauges 
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Figure 2-21 Installation of Uniaxial Strain Gauges and Cable Prior to Deck Pour 

 

 
Figure 2-22 Installation of Uniaxial Strain Gauges and Cable at Post 4 Prior to Deck Pour 
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Figure 2-23 Installation of Uniaxial Strain Gauges and Cable at Post 3 Prior to Deck Pour 

 

 
Figure 2-24 Bridge Rail Overhang Concrete Pour 
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Figure 2-25 Concrete Samples Taken During the Curb Pour by Caltrans Staff 

 

 
Figure 2-26 Concrete Finish and Placement of Curing Compound 
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The third stage involved the forming of the concrete curb and the positioning and partial embedment of 
the baluster post reinforcement within the curb. This stage also required the placement of the 
remaining longitudinal curb reinforcement along with the second set of “hair pin” rebar in the upper 
portion of the curb. The contractor requested that the upper set of “hair pins” at each post location be 
omitted because the area was too congested with reinforcement (Figure 2-27). After consulting with the 
designer, the request was granted to improve the constructability of the Type 86H. It is worth noting 
that that it was quite challenging for the contractor to set the location and secure the vertical baluster 
post reinforcement prior to pouring the concrete curb. A plywood template made it possible and more 
practical to inspect the placement of the baluster reinforcement (see Figure 2-28 and Figure 2-33). Once 
all the required reinforcement was installed, the curb forms were installed and secured, then the curb 
concrete was poured. See Figure 2-27 thru Figure 2-36 for additional pictures of the third stage of 
construction. 

 

 

 
Figure 2-27 Section B-B with Concrete Reinforcement 
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Figure 2-28 Plywood Template Used for Verifying the Placement of Baluster Rail Reinforcement 

  

 
Figure 2-29 Placement of Front Form and Baluster Rail Reinforcement near Posts 4 and 5 
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Figure 2-30 Formwork and Rebar in Place for Bridge Rail Curb Concrete Pour 

  

 
Figure 2-31 Formwork and Rebar for the Drilled and Bonded Section over the Reaction Slab  
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Figure 2-32 Bridge Rail Curb Concrete Pour 

  

 
Figure 2-33 Verification of the Placement of the Baluster Rail Reinforcement Using Plywood Template 
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Figure 2-34 Concrete Samples Taken During the Curb Pour by Caltrans Staff   

 
 

 
Figure 2-35 Completion of Pour of the Concrete Curb 
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Figure 2-36 Removal of Concrete Curb Forms 

The fourth and final stage involved the forming and pouring of the structural posts, baluster posts and 
structural beam. This required the placement of the remaining reinforcement for the structural posts 
and structural beam and placement of the second and final set of strain gages. The forms for the space 
between the beam and the curb were also placed (see Figure 2-40). To form the baluster windows the 
contractor secured arch-shaped Styrofoam blocks (see Figure 2-38 and Figure 2-39) vertically between 
the front and the back forms below the rail beam. During the process of forming the structural posts, an 
extra 32 mm (1.25 in.) was added to the non-traffic side increasing its dimension to 432 mm (17 in.) 
instead of 400 mm (15.75 in.). The purpose of the increased dimension was to accommodate the 
installation of the main vertical #7 bars, (see Figure 2-37). This change was approved by the structural 
designer.  Also with the approval of the structural designer, the end of four of the six #7 rail bars at 
Structural Posts 4 and 5, had to be trimmed to allow installation (see Figure 2-42 and Figure 2-43). The 
top #7 bars were placed with a 180-degree hook without a problem. The lower bars had to be installed 
as 90-degree bends (see Figure 2-43 and Construction Details in Figure 11-5 of Appendix B). The last 
concrete pour involving the posts and beams, along with the removal of the forms and installation of the 
bicycle rails, was completed as shown in Figure 2-44 thru Figure 2-51. The final step performed to 
complete the construction of the Type 86H rail was to install and secure the bicycle rail. This was 
accomplished by drilling and bonding the plan-specified 19 mm (.75 in.) diameter threaded rods using 
Simpson SET-3G epoxy. To avoid conflict of installation of the threaded rods in the heavily reinforced 
post regions and after approval from DES and Earthquake Engineering, the embedment of the threaded 
rods was reduced from 203 mm (8 in.) to 152 mm (6 in.). A picture of the completed Type 86H concrete 
barrier rail can be found in Figure 2-51. 
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Figure 2-37 Forming of the Back Side and Side of the Structural Post (Post Form increased to 17 in.) 

  

 
Figure 2-38 Positioning of the Arched Styrofoam Baluster Windows Prior to Installation of Front Form 
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Figure 2-39 Forming of the Baluster Post (placement of the front form) 

  

 
Figure 2-40 Forming of the Underside of the Beam 
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Figure 2-41 Preparation for Splicing of No. 7 Longitudinal Reinforcement 

  

 
Figure 2-42 Installation Conflict at Space between Post 4 and 5 
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Figure 2-43 Resolved Conflict and Completion of Installation of Beam Reinforcement at Post 4 
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Figure 2-44 Installation of Uniaxial Strain Gauges and Cable Prior to Post and Beam Pour 

 

 
Figure 2-45 Formwork and Rebar in Place for Bridge Rail Post and Beam Concrete Pour 
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Figure 2-46 Bridge Rail Post and Beam Concrete Pour 

 

 
Figure 2-47 Concrete Sampling and Slump Test During the Post and Beam Pour by Caltrans Staff 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

32 
 

 
Figure 2-48 Removal of Forms View from the Back 

 

 
Figure 2-49 Drilling and Bonding of the Threaded Rods for Tubular Bicycle Railing 
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Figure 2-50 Installation of Tubular Bicycle Railing and Mortar Pad at Supports 

 

 
Figure 2-51 Completed Bridge Rail Type 86H 
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In summary, the Type 86H bridge rail was constructed in four stages. The first stage involved the 
demolition. The remaining stages involved three concrete pours: the deck overhang, the curb, and the 
posts and beam (poured at the same time). At each stage, rebar extending from one section to the next 
needed to be installed and aligned properly. Concrete curing compound was used to limit moisture loss.  
During this work, time was allocated in the contract for Caltrans staff to install the strain gages and wiring. 
Care was taken to protect strain gages and their wiring during construction, including running wiring 
through conduit in the curb. It is worth noting that the rebar subcontractor had difficulty bending the curb 
rebar into a shape that would fit as specified in the plans, requiring a few attempts. This was possibly due 
to the congestion of rebar in the deck and curb and the angled shape of the rebar used for the sloping 
curb. The post and beam were formed and poured successfully after some adjustments were made at the 
expansion joint region. Finally, the bicycle rail was installed and aligned. The bicycle rail was placed 229 
mm (9 in.) from the face of the beam as specified in the contract plans. 

Each concrete pour was sampled and cast into standard 152 mm x 305 mm (6 in. x 12 in.) cylinders for 
testing. The 28-day concrete strengths were above 35.8 MPa (5200 psi), 38.6 MPa (5600 psi) and 45.5MPa 
(6600 psi) for the overhang, curb and post and beam, respectively. The reinforcement was A615 Grade 60 
/ A706-60 (dual grade) rebar with a minimum yield strength of 448 MPa (65 ksi). The concrete and steel 
strength measurements were provided by other labs and are outside of our Scope of Accreditation. The 
bicycle rail was A500-13 Grade B (C) steel. Construction details can be found in the Appendix B, Figure 
11-1 through Figure 11-8. Concrete strength test results and material certifications can be found in the 
Appendix C: Material Properties and Certifications, Section 12.  
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3. Test Requirements and Evaluation Criteria 

3.1. Crash Test Matrix 

MASH Test Level 4 for longitudinal barriers consists of three crash tests as follows: 

1.  A 1,100 kg (2,420 lb) small car at 100 kph (62 mph) and a 25° impact angle (MASH 2016 
Test No. 4-10). 

2.  A 2,270 kg (5,000 lb) pickup truck at 100 kph (62 mph) and a 25° impact angle (MASH 
2016 Test No. 4-11). 

3. A 10,000 kg (22,000 lb) single-unit truck at 90 kph (56 mph) and a 15° impact angle (MASH 
2016 Test No. 4-12). 

The objective of this project is to verify that the Type 86H Bridge Rail meets the evaluation criteria of 
MASH Test 4-10, 4-11, and 4-12. 

3.2. Evaluation Criteria 

The evaluation criteria for longitudinal barriers are those set forth in MASH 2016 Table 2-2. For Test 4-10 
and 4-11 they are A, D, F, H, and I. For Test 4-12 they are: A, D, and G. Evaluation Criteria are explained 
later in the Assessment Summary for each test. 

4. Test Conditions 

4.1. Test Facilities 

Crash testing was conducted at the Caltrans Dynamic Test Facility in West Sacramento, California. The 
test area is a large, flat, asphalt concrete surface. At the time of testing, there were no obstructions 
nearby. 

4.2.  Test Vehicles 

 

The vehicle for Test 4-10 was a 2015 Nissan Versa Sedan in good condition. The MASH 2016 1100C test 
vehicle for the Type 86H Bridge Rail was assigned test identification number 110MASH4C21-01. The 
vehicle was free of major body damage and not missing any structural parts. The vehicle was not 
modified in any way and had all the standard equipment. The test inertial mass of 1107 kg (2441 lb) was 
within the recommended mass limits of MASH 2016. Test vehicle measurement sheets are shown in 
Table 10-7 through Table 10-10. To achieve the desired impact speed, the vehicle was towed with a 2:1 
mechanical advantage. A speed control device was installed in the tow vehicle, which limited the 
acceleration of the vehicle once the target impact speed was reached. The steering was accomplished by 
means of a guidance rail anchored to the ground and a guide arm attached to the vehicle wheel hub (see 
Figure 10-8). Remote braking was possible at any time during the test via radio control. The vehicle was 
released from the guidance rail approximately 7.6 m (25 ft) before contacting the test article and was 
completely unconstrained before impact. Photos of the test vehicle prior to the impact are shown in 
Figure 4-1 through Figure 4-6.  See Appendix A, Figure 10-1 and Figure 10-2 for more information on 
vehicle equipment and instrumentation. 
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Figure 4-1 MASH 4-10 Test Vehicle Front Right 

 

 
Figure 4-2 MASH 4-10 Test Vehicle Passenger Side 
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Figure 4-3 MASH 4-10 Test Vehicle Front 

 

 
Figure 4-4 MASH 4-10 Test Vehicle Driver Side 
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Figure 4-5 MASH 4-10 Test Vehicle Rear 

 

 
Figure 4-6 MASH 4-10 Test Vehicle at Impact Point 
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The test vehicle for Test 4-11 was a 2018 Dodge RAM 1500 Quad Cab pickup. The MASH 2016 2270P test 
for the Type 86H Bridge Rail was assigned test identification number 110MASH4P21-02. The vehicle was 
free of major body damage and not missing any structural parts. The vehicle was not modified in any 
way and had all the standard equipment. The test inertial mass of 2235 kg (4928 lb) was within the 
recommended mass limits of MASH 2016. The height of the vehicle Center of Gravity was 738 mm (29 
in.) and was above the minimum recommended in MASH of 710 mm (28 in.). Test vehicle measurement 
sheets are shown in Table 10-14 through Table 10-21. To achieve the desired impact speed, the vehicle 
was self-powered. A speed control device was installed in the vehicle to limit the acceleration of the 
vehicle once the target impact speed was reached. The steering was accomplished by means of a 
guidance rail anchored to the ground and a guide arm attached to the vehicle wheel hub. The electric 
power steering system was de-energized prior to testing to reduce steering harmonics and improve 
lateral impact point accuracy. Remote braking was possible at any time during the test via radio control. 
The vehicle was released from the guidance rail and power to the engine was cut approximately 6.1 m 
(20 ft) before contacting the test article and was completely unconstrained before impact. Photos of the 
test vehicle are shown in Figure 4-7 through Figure 4-11. See Figure 10-3 and Figure 10-4 for more 
information on vehicle equipment and instrumentation. 

 
Figure 4-7 MASH 4-11 Test Vehicle Front Right 
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Figure 4-8 MASH 4-11 Test Vehicle Passenger Side 

 

 
Figure 4-9 MASH 4-11 Test Vehicle Front 
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Figure 4-10 MASH 4-11 Test Vehicle Driver Side 

 
Figure 4-11 MASH 4-11 Test Vehicle Rear 
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Figure 4-12 MASH 4-11 Test Vehicle Ballast 

 

 
Figure 4-13 MASH 4-11 Test Vehicle at Impact Point 
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The test vehicle for Test 4-12 was a 2009 Freightliner M2 106 18-foot Box Truck. The test vehicle 
complied with all MASH 2016 requirements for 10000S vehicles. The MASH 2016 10000S test for the 
Type 86H bridge rail was assigned test identification number 110MASH4S21-03. The vehicle was in good 
condition and not missing any standard equipment. The cargo box was strengthened according to Ford’s 
2005 Body Builder Layout Book to reduce the chance of it separating from the frame thus reducing 
loading on the barrier during the test, see Figure 4-23 and Figure 4-24. The curb weight of the vehicle 
was 5831 kg (12855 lb). With instrumentation, other equipment, and ballast installed, the test inertial 
mass was 10144 kg (22364 lb), which was within the recommended mass limits of MASH 2016.  See 
Figure 4-20 and Figure 4-21 for ballast in the cargo box. The ballast consisted of three 1.5 m by 1.5 m by 
51 mm (5 ft by 5 ft by 2 in.) steel plates, 5 smaller steel plates measuring approximately 1.5 m by 300 
mm x 51 mm (5 ft x 12 in. x 2 in.) and one thinner steel plate measuring 1.5 m x 600 mm x 25 mm (5 ft x 
24 in. x 1 in.)  bolted on top of wood beams fastened to the cargo bed. Each of the large plates weighed 
approximately 907 kg (2000 lb). The smaller plates weighed approximately 177.8 kg (392 lb) each. They 
were mounted and secured uniformly across the length and width of the cargo bed using 8 threaded 
rods 25 mm (1 in.) in diameter through the bed to c-channel brackets under the bed. The wood posts 
were connected to each other with steel plates using wood screws and secured to the cargo bed with 
wood screws and angle brackets. The center of mass of the ballast was 1625 mm (63.9 in.) from the 
ground, which was within MASH recommended limits of 1600 mm +/- 50 mm (63 in. +/- 2 in.). Test 
vehicle measurement sheets are shown in Appendix A, Table 10-27 through Table 10-30. To achieve the 
desired impact speed, it was necessary to push the test vehicle with a Ford F-350 Dually in addition to its 
own self-power to get up to the target impact speed. The Ford F-350 Dually backed off the test vehicle 
about 213 m (700 ft) prior to impact. A speed control device was installed in the push vehicle, which 
limited the acceleration of the push vehicle once the target impact speed was reached. The speed 
governor of the test vehicle was reprogrammed to limit speed the maximum speed to 90.1 kph (56 
mph). The steering was accomplished by means of a guidance rail anchored to the ground and a guide 
arm attached to the vehicle wheel hub. Remote braking was possible at any time during the test via 
radio control. The vehicle was released from the guidance rail and power to the engine was cut 
approximately 7.62 m (25 ft) before contacting the test article and was completely unconstrained before 
impact. Photos of the test vehicle are shown in Figure 4-14 through Figure 4-24. See Figure 4-22 and 
Appendix A for more information on vehicle equipment and instrumentation. 
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Figure 4-14 MASH 4-12 Test Vehicle Front Right 

 

 
Figure 4-15 MASH 4-12 Test Vehicle Passenger Side 

 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

45 
 

 
Figure 4-16 MASH 4-12 Test Vehicle Front 

 

 
Figure 4-17 MASH 4-12 Test Vehicle Driver Side 
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Figure 4-18 MASH 4-12 Test Vehicle Rear 

 

 
Figure 4-19 MASH 4-12 Test Vehicle at Impact Point 
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Figure 4-20 MASH 4-12 Test Vehicle Ballast in Cargo Box 

 

 
Figure 4-21 MASH 4-12 Side View Diagram of Test Vehicle Ballast in Cargo Box 
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Figure 4-22 MASH 4-12 Test Vehicle Instrumentation Equipment in Cargo Box 

 

 
Figure 4-23 MASH 4-12 Test Vehicle Front Shear Plate and Ballast Mounting Plate 
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Figure 4-24 MASH 4-12 Test Vehicle Rear Shear Plate and Ballast Mounting Plate 

 

4.3. Test Documentation 

The tests were documented using still cameras, video cameras, high-definition high-speed digital video 
cameras, and DTS SLICE data acquisition systems to record accelerations and rotational rate changes. 
The impact phase of each crash test was recorded with five high-definition, high-speed digital video 
cameras, a normal-speed DVC format video camera, digital SLR cameras and action cameras mounted 
inside and outside the test vehicle set to record video. The test vehicle and barrier were photographed 
before and after impact with the DVC format camera and a digital SLR camera. 

In accordance with the MASH 2016 guidelines for Tests 4-10 and 4-11, two sets of orthogonal 
accelerometers and angular rate sensors were mounted in test vehicles to measure lateral, longitudinal, 
and vertical accelerations, along with the roll, pitch, and yaw rates. The data was analyzed in Test Risk 
Assessment Program version 2.3.11 (TRAP) to determine the occupant impact velocities, ridedown 
accelerations, maximum vehicle rotation, and other occupant risk quantities. For test 4-12, two sets of 
accelerometers and angular rate sensors were in the cab and another two sets were located at the 
vehicle’s center of gravity in the cargo box area. Unfortunately, one of the sets in the cargo box 
malfunctioned due to a wire splice disconnecting during impact and did not record data. TRAP was also 
used to analyze Test 4-12 to determine the occupant impact velocities, ridedown accelerations, and 
maximum vehicle rotation at the locations where the instruments were mounted. Even though MASH 
does not set a limit for OIV, ORA, or angular data, they were reported in this report for comparison 
purposes. See Appendix A, Figure 10-5 through Figure 10-7 for more information on vehicle 
instrumentation and test documentation. 
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5. Test 110MASH4C21-01 (4-10) 

5.1. Impact Description and Results 

The Critical Impact Point selected was 1.1 m (3.6 ft) upstream from the upstream edge of post 4, as 
recommended in Table 2-7 of MASH 2016 (AASHTO, 2016).  The front edge of the post was selected 
instead of the middle of the post (as shown in MASH 2016 Figure 2-1) to increase the chance of wheel 
snag on the post. The impact angle of 25° was set with a Total Station when laying out the guide rail.  
The intended impact speed was 100 kph (62 mph).  As seen in Figure 5-1, checkered tape was added 
upstream and downstream of the target CIP to aid in determining that the impact point was within 
MASH 2016 (Figure 2-1 Note 2) tolerance of ±30 cm (~12 in.).  

 
Figure 5-1 Test Article Impact Area Pre-Test 4-10 

 
Figure 5-2 Test Article Downstream of Impact Area Pre-Test 4-10 
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5.2. Test Description 

The crash was performed in the afternoon of May 26, 2021. According to the Sacramento Executive 
Airport Weather Station, weather conditions were reported as clear skies and an ambient temperature 
of 82 deg F, with wind speeds of approximately 9 mph from the northwest (NW). The vehicle was 
traveling approximately north-northeast (NNE). 

The 1100C vehicle impacted the barrier at 99.6 kph (61.9 mph) and 25.2°. The vehicle impact point on 
the Type 86H bridge rail was approximately 1.1 m (3.6 ft) upstream of the upstream face of post 4, 
which was about 15 mm (0.6 in.) upstream of the Critical Impact Point (CIP). The vehicle was contained 
and smoothly redirected at an exit speed and angle of 77.5 kph (48.1 mph) and 8.2°, respectively. After 
exiting the bridge rail, the remote brakes were applied, and the car came to a stop about 63.6 m (208.7 
ft) downstream of and 33 m (108.2 ft) on the traffic side of the barrier. Still photos of the vehicle during 
the test are shown in Figure 5-3 through Figure 5-6. A detailed description of the sequential events is 
shown in the table below. 
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Table 5-1 Test 110MASH4C21-01 Test Sequence of Events 

Time (s) EVENT 

0.000 Initial contact of the vehicle front bumper with the barrier curb 

0.006  Initial flash of impact bulb 

0.008 Initial contact of front tire with barrier curb 

0.016  Vehicle hood begins to contact the bottom corner of the barrier beam 

0.026  
Vehicle passenger side headlight impacts barrier at the front face of the baluster post 
upstream of post 4. 

0.036 
 

Top of front passenger window begins to deform outward. 

~0.046 
 

Bottom right corner of windshield begins to crack. Bumper and grill begin to separate 
from vehicle. Vehicle begins to redirect (yaw left) 

~0.058 
Passenger side window begins to shatter prior 
the side window’s vertical plane. 

to surrogate occupant’s head crossing 

0.078 
Left rear tire lift off the ground (approximate) and surrogate head protrudes 
vertical window plane. 

through 

0.126 
Surrogate 
beam. 

occupant’s head is at greatest protrusion and does not impact the top 

0.166 Vehicle is roughly parallel to rail face 

0.186 
Rear right tire contacts barrier curb at expansion joint and rear taillight begins to 
impacted before shattering. 

be 

0.322  Approximate time vehicle loses contact with barrier (obscured by dust and debris) 

0.380 Left rear tire returns to ground (approximate) 

1.074 

 

Brakes are applied (obtained from SLICE Unit Event Channel Data) 
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Figure 5-3 Test 4-10 Downstream Camera Impact View  

 

 
Figure 5-4 Test 4-10 Overhead Camera Impact View  
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Figure 5-5 Test 4-10 Pan Camera Impact View  

 

 
Figure 5-6 Test 4-10 Upstream Camera Impact View  
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5.3. Barrier Damage 

There was no significant damage to the barrier. There were minor surface scrapes on the top edge of 
the curb face approximately 2.0 m (6.6 ft) in length. The traffic side face of the concrete curb had marks 
from the painted tires and superficial marks from the bumper and side of the test vehicle. The vertical 
face of the concrete beam had horizontal marks from the side-view mirror rubbing up against it. Barrier 
damage is shown in Figure 5-7 through Figure 5-9. The orange contact marks are from the front right 
tire. The green contact marks are from the rear right tire. Dynamic deflection of the bridge rail was very 
small and unmeasurable from the overhead video. There was no permanent deflection of the Type 86H.  
Strain gage and string potentiometer data were collected during the test and are available upon request 
but are not within the Lab’s Scope of Accreditation.  

 
Figure 5-7 Test 4-10 Vehicle Marks and Minor Scrapes on Type 86H at Critical Impact Point  

 

 
Figure 5-8 Test 4-10 Overview of Barrier Post-Test 
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Figure 5-9 Test 4-10 Tire Marks Post-Test (view from downstream) 

 

5.4. Vehicle Damage 

The 1100C front right corner and the passenger’s side of the vehicle sustained damage during the 
impact. For the passenger side of the vehicle, mainly the right front and rear quarter panels were 
damaged, with a large indentation caused by the beam of the bridge rail. The front passenger wheel was 
pushed back and tilted away from the vehicle, remaining attached to the strut and steering arm. The 
front bumper cover, grill, and both headlights were completely detached from the vehicle. The 
windshield was spider-cracked across its surface, and it buckled more than 76 mm (3 in.) outward on the 
passenger side, lower section. This occurrence, in itself, is not considered a failure considering that the 
deformation was outward and away from the occupant compartment. The passenger side window 
shattered due to the deformation and buckling of the A-Pillar and passenger door which occurred when 
the vehicle struck the barrier. All the other windows remained undamaged. The front passenger wheel 
was damaged and tire was deflated, all remaining tires remained inflated. The airbags did not deploy 
because the vehicle was towed and there was no power to the airbag system. The maximum amount of 
passenger compartment deformation measured by known points was 168 mm (6.6 in.), which occurred 
on the passenger-side in the toe pan/wheel well area of the floorboard. All interior deformation 
measurements were below the maximum MASH 2016 limits and are shown in Appendix A: Table 10-11 
through Table 10-13. As previously mentioned, the windshield deformation exceeded the MASH limit of 
76 mm (3 in.) however it is not considered a failure since it bowed away from the occupant 
compartment. See Figure 5-10 to Figure 5-23 for pictures of the vehicle damage described above. See 
Appendix D for undercarriage photos showing no damage. 

 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

57 
 

 
Figure 5-10 Test 4-10 Test Vehicle Damage (front/hood and windshield) 

 

 
Figure 5-11 Test Vehicle Damage (front right) 
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Figure 5-12 Test 4-10 Test Vehicle Damage (right) 

 

 
Figure 5-13 Test 4-10 Test Vehicle Damage (front right) 
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Figure 5-14 Test 4-10 Test Vehicle Damage (front left) 

 

 
Figure 5-15 Test 4-10 Test Vehicle Damage (right rear) 
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Figure 5-16 Test 4-10 Test Vehicle Damage (right rear) 

 

 
Figure 5-17 Test 4-10 Test Vehicle Damage Windshield / Exterior 
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Figure 5-18 Test 4-10 Test Vehicle Damage Windshield / Exterior Deformation Away from Occupant 

 

 
Figure 5-19 Test 4-10 Test Vehicle Damage Windshield / Interior View 
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Figure 5-20 Test 4-10 Floorboard Deformation 

 

 
Figure 5-21 Test 4-10 Floorboard Deformation 
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Figure 5-22 Test 4-10 Floorboard Deformation 

 

 
Figure 5-23 Test 4-10 Floorboard Deformation 
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Table 5-2 Test 110MASH4C21-01 Test Data Summary Sheet 

                          
       0.000 sec. [Frame 212]                 0.042 sec. [Frame 233]                0.084 sec. [Frame 254]             0.126 sec. [Frame 275] 

                            
       0.168 sec. [Frame 296]                 0.210 sec. [Frame 317]                0.252 sec. [Frame 338]              0.294 sec. [Frame 421]     

 

Test Agency California, Department of Transportation 
Test Number   110MASH4C21-01 
Test Designation   MASH 2016 Test 4-10 
Date    5/26/2021 
Test Article   CA Type 86H Bridge Rail 
Total Length   100 ft (30.5 m) 
Key Elements – Barrier 

• Description                                 CA Type 86H Bridge Rail 
• Base Width  24 in. (610 mm) 
• Height   42 in. (1067 mm) 

Test Vehicle 
• Type/Designation  1100C 
• Make and Model  2015 Nissan Versa 
• Curb   2445 lb (1109 kg) 
• Test Inertial  2441 lb (1107 kg) 
• Gross Static  2617 lb (1187 kg) 

Impact Conditions 
• Speed   61.9 mph (99.6 kph) 
• Angle   25.2° 
• Location/Orientation 3.6 ft (1.1 m) upstream 

of upstream face of post 
• Impact Severity  56.6 kip-ft (76.8 kJ) 

Exit Conditions 
• Speed   48.1 mph (77.5 kph) 
• Angle   8.2 ° 

Exit Box Criterion   Pass 
Post-impact Trajectory 
• Vehicle Stability  Satisfactory 
• Stopping Distance (from point of impact) Approx. 209 ft 

downstream and 108 ft laterally in front 
*Measured from String Potentiometers and is not within the 
Lab’s scope of accreditation. 

Test Article Damage  Minor scrapes 
Test Article Deflections 

• Permanent Set  0.0 in. (0 mm) * 
• Dynamic   0.1 in. (2 mm) * 
• Working Width  24.0 in. (610 mm) 

Vehicle Damage   Moderate to Heavy 
• VDSref   1-RFQ-5, 1-RD-3 

2-RP-3, 4-RBQ-3  
• CDCref   01FZHW8, 03FDHS5  
• Maximum Deformation Approx. 6.6 in.(168 mm) 

at Wheel/foot well and toe pan areas. 
• Vehicle Snagging  None  
• Vehicle Pocketing  None 

Transducer Data 

Evaluation Criteria 

OIV Longitudinal  
Ft/s (m/s) 

OIV Lateral  
Ft/s (m/s) 

ORA Longitudinal. g’s  
ORA Lateral. g’s 
Max. Roll Angle  

Deg. 
Max. Pitch Angle 

Deg. 
Max. Yaw Angle  

Deg. 

THIV – ft/s (m/s) 

PHD – g’s 
ASI 

Transducer 
SLICE-656 

Transducer 
SLICE-659 

MASH 
Limit 

22.3 
(6.8) 

22.6 
(6.9) 

±40 
(12.2) 

30.8 
(9.4) 

32.8 
(10.0) 

±40 
(12.2) 

-6.0 -6.0 ±20.49 
-12.1 -11.8 ±20.49 
8.5 9.5 ±75 

-6.1 -5.2 ±75 

-47.4 -48.6 N/A 
38.1 

(11.6) 
39.4 

(12.0) N/A 

13.4 13.1 N/A 
2.71 2.83 N/A 
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5.5. Discussion of Test Results 

 

MASH 2016 recommends that crash test performance be assessed according to three evaluation factors: 
(1) structural adequacy, (2) occupant risk, and (3) post-impact vehicular response. 

The structural adequacy and occupant risk associated with the Type 86H Bridge Rail were evaluated 
using evaluation criteria found in Tables 2.2A (Recommended Test Matrices for Longitudinal Barriers), 
5.1A (Safety Evaluation Guidelines for Structural Adequacy), and 5.1B (Safety Evaluation Guidelines for 
Occupant Risk) of MASH 2016. The post-impact vehicular response was evaluated using Section 5.2.3 of 
MASH 2016. 

 

The structural adequacy of the Type 86H Bridge Rail was acceptable during Test 4-10. 

Refer to Table 5-3 for the assessment summary of the safety evaluation criteria for the Type 86H Bridge 
Rail. 

 

The occupant risk was acceptable.  As mentioned previously, all interior deformation measurements 
were below the maximum MASH 2016 limits. All interior deformation measurements are shown in 
Appendix A: Table 10-11 through Table 10-13. 

There was no penetration of the occupant compartment by the Type 86H or potential for it. The 
occupant compartment was not compromised. The dummy’s head protruded slightly beyond the plane 
of the passenger side window, but it did not show potential for striking any portion of the barrier. 
Occupant impact velocities and ridedown accelerations were below MASH 2016 limits. The roll, and 
pitch of the vehicle were within acceptable limits, the yaw value does not have a MASH 2016 criterion 
limit. 

Refer to Table 5-3  for the 1100C test assessment summary of the safety evaluation criteria for the Type 
86H Bridge Rail. 

 

The vehicle trajectory was acceptable.  The exit trajectory was within the exit box. 

 
Figure 5-24 Exit Box for Longitudinal Barriers (AASHTO, 2016) 

 

Refer to Table 5-2 and Table 5-3 for the 1100C vehicle trajectory diagram and assessment summary of 
the safety evaluation criteria for the Type 86H Bridge Rail.  



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

66 
 

Table 5-3 110MASH4C21-01 Assessment Summary for Test 4-10 

  
 
 

     

Evaluation Criteria Test Results Assessment 
Structural Adequacy 
A.  Test article should contain and redirect the vehicle; the The vehicle was contained and PASS vehicle should not penetrate, underride, or override the redirected smoothly. 
installation, although controlled lateral deflection of the test 
article is acceptable. 
Occupant Risk 
D.  Detached elements, fragments, or other debris from the The barrier did not detach any 
test article should not penetrate or show potential for elements, fragments, and/or 
penetrating the occupant compartment, or personnel in a other debris. PASS 
work zone. Deformations of, or intrusions 

into, the occupant compartment Deformations of, or intrusions into, the occupant 
were within MASH 2016 limits. compartment should not exceed limits set forth in Section 

5.2.2 and Appendix E. 
Occupant Risk 

The vehicle remained upright F.  The vehicle should remain upright during and after PASS during and after the collision. collision.  The maximum roll and pitch angles are not to 
exceed 75 degrees. 
Occupant Risk 
H.  Occupant Impact Velocities (OIV) (see Appendix A, DAS  Long. ft/sec  (m/s)     
Section A5.2.2 for calculation procedure) should satisfy the SLICE 656:      22.3  (6.8) 
following limits: SLICE 659:      22.6  (6.9) PASS 

Occupant Impact Velocity Limits, ft/s (m/s) 
Component Preferred Maximum 
Longitudinal 30 ft/s 40 ft/s 
and Lateral 

(9.1 m/s) (12.2 m/s) 

DAS  Lat. ft/sec  (m/s)     
SLICE 656:      30.8  (9.4) 
SLICE 659:      32.8  (10.0) 

 

Occupant Risk 
I.  The occupant ridedown acceleration (see Appendix A, 
Section A5.3 for calculation procedure) should satisfy the DAS           Long. G  Lat. G     
following limits: PASS SLICE 656:      -6.0   -12.1 

Occupant Ridedown Acceleration Limits (G) 
Component Preferred Maximum 
Longitudinal 15.0 G 20.49 G 

SLICE 659:      -6.0   -11.8 

and Lateral 
 

Vehicle Trajectory 
It is preferable that the vehicle be smoothly redirected, and 
this is typically indicated when the vehicle leaves the barrier 
within the "exit box".  The concept of the exit box is defined 
by the initial traffic face of the barrier and a line parallel to A = 15.1 ft (4.57 m) 

PASS the initial traffic face of the barrier, at a distance A plus the 
B = 32.8 ft (10 m) width of the vehicle plus 16 percent of the length of the 

vehicle, starting at the final intersection (break) of the wheel 
track with the initial traffic face of the barrier for a distance 
of B. All wheel tracks of the vehicle should not cross the 
parallel line within the distance B. 
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6. Test 110MASH4P21-02 (4-11) 

6.1. Impact Description and Results 

The Critical Impact Point selected was 1.3 meters (4.3 ft) from the centerline of post 6, as recommended 
in Table 2-7 of MASH 2016 (AASHTO, 2016). The impact angle of 25° was set with a Total Station when 
laying out the guide rail. The intended impact speed was 100 kph (62 mph). 

 
Figure 6-1 Test Article Impact Area Pre-Test 4-11 

 

 
Figure 6-2 Test Article Downstream of Impact Area Pre-Test 4-11 
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6.2. Test Description 

The crash was performed the afternoon of August 25, 2021. According to the Sacramento Executive 
Airport Weather Station, weather conditions were as follows: clear, temperature approximately 81 deg 
F, and wind of approximately 7 mph from the south (S). The vehicle was traveling approximately north-
northeast (NNE). 

The 2270P vehicle impacted the barrier at 99.7 kph (62 mph) and angle of 25.3°. The vehicle impact 
point on the Type 86H bridge rail was approximately 1.3 meters (4.3 ft) upstream from the centerline of 
post 6, which was 0.01 m (0.5 in.) upstream of the Critical Impact Point. The vehicle was contained and 
smoothly redirected with an exit speed and angle of 80.4 kph (50 mph) and 6.7°, respectively. After the 
vehicle exited the bridge rail, the remote brakes were applied, and the vehicle came to a stop about 79.6 
m (261 ft) downstream and 2.38 m (7.82 ft) on the field side of the barrier. Still photos of the vehicle 
during the test are shown in Figure 6-3 through Figure 6-6. A detailed description of the sequential 
events is shown in the table below. 
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Table 6-1 Test 110MASH4P21-02 Test Sequence of Events 

Time (s) EVENT 

0.000 Initial contact of the vehicle front bumper with the curb section of the barrier 

0.002 Initial flash of impact bulb 

0.004 
Right front tire contacts barrier curb 
rail beam 

and right headlight begins to contact the barrier 

0.020 Right front tire loses contact with ground and begins to climb up on the curb 

0.036 Front edge of passenger door comes into contact with barrier beam 

0.042 Top of front passenger door window begins to deform outward 

0.046 
Right front corner of hood begins to deform after contacting bicycle rail at Post 6 
vehicle begins to redirect (yaw left) and passenger airbags begins to deploy 

and 

0.058 Windshield begins form a diagonal crack on the passenger side. 

0.082 Left front tire lift off the ground (approximate) 

0.132 Left rear tire lift off the ground (approximate) 

0.182 Vehicle is roughly parallel to rail face 

0.188 Rear tail light first comes into contact with the concrete barrier beam 

0.212 Rear right tire contacts barrier curb (approximate) 

0.382 Vehicle loses contact with the test article (approximate) 

0.548 Left front tire returns to the ground (approximate) 

0.662 Left rear tire returns to the ground (approximate) 

1.157 Brakes are applied (obtained from SLICE Unit Event Channel Data) 
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Figure 6-3 Test 4-11 Downstream Camera Impact View  

 

 
Figure 6-4 Test 4-11 Overhead Camera Impact View  

 

 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

71 
 

 
Figure 6-5 Test 4-11 Pan Camera Impact View  

 

 
Figure 6-6 Test 4-11 Upstream Camera Impact View  
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6.3. Barrier Damage 

There was no significant damage to the barrier. There were moderate surface concrete spalls on the top 
edge of the curb face approximately 1.52 m (5 ft) in length. These spalls were likely caused by the 
passenger front wheel rim. There was no spalling on the beam. The face of the beam and curb had 
marks from the painted tires and superficial marks from the bumper and side of the test vehicle. Barrier 
damage is shown in Figure 6-7 through Figure 6-9. The red and blue contact marks on the beam are from 
the region around the passenger side headlight. The orange mark is from the front passenger side tire 
and the green contact marks are from the rear right tire. Dynamic deflection of the bridge rail was 
estimated at 7 mm (0.26 in.) using string potentiometers. The simulated bridge deck rocked downward 
slightly during the initial impact of the vehicle and with the tail slap. There was no permanent deflection.  
The bicycle rail was slightly contacted by the front corner of the hood at Post 6, but there was little 
snagging and the rail appeared undamaged. Strain gage and string potentiometer data were collected 
during the test and are available upon request but are not within the Lab’s Scope of Accreditation. 
 

 
Figure 6-7 Test 4-11 Vehicle Marks with Minor Concrete Spalling on Type 86H at Critical Impact Point 
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Figure 6-8 Test 4-11 Vehicle Marks with Minor Concrete Spalling on Type 86H near Post 6 

 

 
Figure 6-9 Test 4-11 Type 86H Overview of Barrier Post-Test with Tire Marks (view looking downstream) 
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6.4. Vehicle Damage 

The 2270P front right corner and right side of the test vehicle sustained most of the damage from the 
impact. The mid-height portion of the front passenger tire and wheel impacted the top corner of the 
concrete curb, causing two of the lug nuts to be sheared off and a tilting of the tire into the space 
between the top beam and the curb. The front bumper was partially damaged, mainly the front right 
portion during initial impact with the barrier. The right headlight was completely shattered and 
detached from the vehicle as a result of the impact with the 254 mm (10 in.)-tall vertical face of the 
barrier beam. Most of the length of the passenger side of the vehicle including the right front fender, 
right doors, and the right side of the bed contacted the barrier beam. The front right corner of the hood 
had a small tear caused by contact with the bicycle rail at Post 6. The tearing was minor and did not 
affect the deformation results or the overall trajectory of the vehicle. The doors on the test vehicle all 
remained closed and latched during impact except for the window frame of the front passenger door 
which deformed outward, creating a gap between the window portion of the door and the body of the 
vehicle. The windshield was spider-cracked across its surface on the passenger side without any inward 
or outward deformation. The other window glass areas of the vehicle remained undamaged. The front 
grill and left headlight were also detached during the impact. The maximum amount of passenger 
compartment deformation measured by known points was 125 mm (4.9 in.), which occurred at the 
floorboard and wheel well of the passenger side. All interior deformations were below the maximum 
MASH 2016 limits and are shown in Appendix A: Table 10-22 through Table 10-26. See Figure 6-10 to 
Figure 6-20 for pictures of the vehicle damage described above. See Appendix D for undercarriage 
photos showing no damage. 
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Figure 6-10 Test 4-11 Test Vehicle Damage (front, hood and windshield) 

 

 
Figure 6-11 Test 4-11 Test Vehicle Damage (front right) 
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Figure 6-12 Test 4-11 Test Vehicle Damage (right) 

 

 
Figure 6-13 Test 4-11 Test Vehicle Damage (front right) 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

77 
 

 
Figure 6-14 Test 4-11 Test Vehicle Hood Minor Tearing Damage (front right) 

 

 
Figure 6-15 Test 4-11 Test Vehicle Damage (right rear) 
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Figure 6-16 Test 4-11 Test Vehicle Damage (left front) 

 

 
Figure 6-17 Test 4-11 Test Vehicle Damage Windshield/Exterior 
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Figure 6-18 Test 4-11 Test Vehicle Damage front right with hood opened 

 

 
Figure 6-19 Test 4-11 Test Vehicle Damage Windshield / Interior View 
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Figure 6-20 Test 4-11 Test Vehicle Floorboard Deformation 
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Table 6-2 Test 110MASH4P21-02 Test Data Summary Sheet 

                                
        0.000 sec. [Frame 203]                 0.060 sec. [Frame 233]                 0.120 sec. [Frame 263]              0.180 sec. [Frame 293] 

                                           
         0.240 sec. [Frame 323]]                 0.300 sec. [Frame 353]                0.360 sec. [Frame 383]             0.420 sec. [Frame 413]      
 

Test Agency  California, Department of 
   Transportation 
Test Number   110MASH4P21-02 
Test Designation   MASH 2016 Test 4-11 
Date    8/25/2021 
Test Article   CA Type 86H Bridge Rail 
Total Length   100 ft (30.5 m) 
Key Elements – Barrier 

• Description  CA Type 86H Bridge Rail 
• Base Width  24 in. (610 mm) 
• Height   42 in.  (1067 mm) 

Test Vehicle 
• Designation/Make/Model 2270P/ 2018 Dodge RAM 
     1500 Quad Cab 
• Curb   4792 lb (2174 kg) 
• Test Inertial  4928 lb (2235 kg) 
• Gross Static  4928 lb (2235 kg) 

Impact Conditions 
• Speed   62 mph (99.7 kph) 
• Angle   25.3° 
• Location/Orientation 4.27 ft (1.3 m) upstream 

of middle of post 
• Impact Severity  115.5 kip-ft (157 kJ) 

Exit Conditions 
• Speed   50 mph (80.4 kph) 
• Angle   6.7 ° 

Exit Box Criterion   Pass 
Post-impact Trajectory 

• Vehicle Stability  Satisfactory 
• Stopping Distance (from point of impact) Approx. 261 ft 

downstream and 7.82 ft laterally behind 
Test Article Damage  Minor scrapes and 
concrete spalling at the top of the curb 
*Measured from String Potentiometers and is not within the 

Lab’s scope of accreditation. 

Test Article Deflections 
• Permanent Set  ~0.0 in. (~0 mm) * 
• Dynamic   ~0.26 in. (~7 mm) * 
• Working Width  24.0 in. (610 mm) 

Vehicle Damage   Moderate 
• VDS3   01-RFQ-6, 03-RBQ-4,  
• CDC4   01FRHK6, 03RDHK7, 
• Maximum Deformation Approx. 4.9 in. (125 mm) 

at Floorboard/wheel well 
• Vehicle Snagging  None 
• Vehicle Pocketing   None 

Transducer Data 

Evaluation Criteria 
Transducer 
SLICE-659 

Transducer 
SLICE-656 

MASH 
Limit 

OIV Longitudinal Ft/s 
(m/s) 

23.3 
(7.1) 

23.3 
(7.1) 

±40 
(12.2) 

OIV Lateral 
Ft/s (m/s) 

29.5 
(9.0) 

29.5 
(9.0) 

±40 
(12.2) 

ORA Longitudinal. g’s -4.6 -4.6 ±20.49 
ORA Lateral. g’s -8.6 -8.3 ±20.49 
Max. Roll Angle 

Deg. 
15.6 15.1 ±75 

Max. Pitch Angle 
Deg. 

-4.4 -5.1 ±75 

Max. Yaw Angle 
Deg. 

-40.7 -40.3 N/A 

THIV – ft/s (m/s) 
37.1 

(11.3) 
37.4 

(11.4) 
N/A 

PHD – g’s 9.2 8.7 N/A 
ASI 2.20 2.22 N/A 
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6.5. Discussion of Test Results 

 

MASH 2016 recommends that crash test performance be assessed according to three evaluation factors: 
(1) structural adequacy, (2) occupant risk, and (3) post-impact vehicular response. 

The structural adequacy and occupant risk associated with the Type 86H Bridge Rail were evaluated 
using evaluation criteria found in Tables 2.2A (Recommended Test Matrices for Longitudinal Barriers), 
5.1A (Safety Evaluation Guidelines for Structural Adequacy), and 5.1B (Safety Evaluation Guidelines for 
Occupant Risk) of MASH 2016. The post-impact vehicular response was evaluated using Section 5.2.3 of 
MASH 2016. 

 

The structural adequacy of the Type 86H Bridge Rail was acceptable during Test 4-11. 

Refer to Table 6-3 for the assessment summary of the safety evaluation criteria for the Type 86H Bridge 
Rail. 

 

The occupant risk was acceptable. As mentioned previously, all interior deformation measurements 
were below the maximum MASH 2016 limits. Interior deformation measurements are shown in 
Appendix A:  Table 10-11 through Table 10-13. 

There was no penetration of the occupant compartment by the Type 86H or potential for it. The 
occupant compartment was not compromised. Occupant impact velocities and ridedown accelerations 
were below MASH 2016 limits. The roll and pitch of the vehicle were within acceptable limits, the yaw 
value does not have a MASH 2016 criterion limit. 

Refer to Table 6-3 for the 2270P assessment summary of the safety evaluation criteria for the Type 86H 
Bridge Rail. 

 

The vehicle trajectory was acceptable. The exit trajectory was within the exit box. The roll, pitch, and 
yaw of the vehicle were below the maximum limits. 

 
Figure 6-21 Exit Box for Longitudinal Barriers (AASHTO, 2016) 

 

Refer to Table 6-2 and Table 6-3Table 6-3 for the 2270P vehicle trajectory diagram and assessment 
summary of the safety evaluation criteria for the Type 86H bridge rail.  
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Table 6-3  110MASH4P21-02 Assessment Summary for Test 4-11 

Evaluation Criteria Test Results Assessment 
Structural Adequacy 
A.  Test article should contain and redirect the vehicle or 

bring the vehicle to a controlled stop; the vehicle 
should not penetrate, underride, or override the 
installation although controlled lateral deflection of the 
test article is acceptable. 

The vehicle was contained 
and redirected smoothly. PASS 

Occupant Risk 
D.  Detached elements, fragments, or other debris from the 
test article should not penetrate or show potential for 
penetrating the occupant compartment, or personnel in a 
work zone. 

Deformations of, or intrusions into, the occupant 
compartment should not exceed limits set forth in Section 
5.2.2 and Appendix E. 

The barrier did not detach 
any elements, fragments, 
and/or other debris 

PASS 

Occupant Risk 
F.  The vehicle should remain upright during and after 
collision.  The maximum roll and pitch angles are not to 
exceed 75 degrees. 

The vehicle remained upright 
during and after the collision. PASS 

Occupant Risk 
H.  Occupant Impact Velocities (OIV) (see Appendix A, 
Section A5.3 for calculation procedure) should satisfy the 
following limits: 

Occupant Impact Velocity Limits, ft/s (m/s) 
Component Preferred Maximum 

Longitudinal 
and Lateral 

30 ft/s 

(9.1 m/s) 

40 ft/s 

(12.2 m/s) 
 

DAS    Long. ft/sec  (m/s)     
SLICE 656:      23.3   (7.1) 
SLICE 659:      23.3   (7.1) 

DAS       Lat. ft/sec  (m/s)     
SLICE 656:      29.5  (9.0) 
SLICE 659:      29.5  (9.0) 

PASS 

Occupant Risk 
I.  The occupant ridedown acceleration (see Appendix A, 
Section A5.3 for calculation procedure) should satisfy the 
following limits: 

Occupant Ridedown Acceleration Limits (G) 
Component Preferred Maximum 
Longitudinal 
and Lateral 15.0 G 20.49 G 

 

DAS           Long. G  Lat. G     

SLICE 656:      -4.6   -8.3 
SLICE 659:      -4.6   -8.6 

PASS 

Vehicle Trajectory 
It is preferable that the vehicle be smoothly redirected, and 
this is typically indicated when the vehicle leaves the 
barrier within the "exit box". The concept of the exit box is 
defined by the initial traffic face of the barrier and a line 
parallel to the initial traffic face of the barrier, at a distance 
A plus the width of the vehicle plus 16 percent of the length 
of the vehicle, starting at the final intersection (break) of 
the wheel track with the initial traffic face of the barrier for 
a distance of B. All wheel tracks of the vehicle should not 
cross the parallel line within the distance B. 

A = 16.7 ft (5.1 m) 
B = 32.8 ft (10 m) PASS 
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7. Test 110MASH4S21-03 (4-12) 

7.1.  Impact Description and Results 

The Critical Impact Point selected was 1.5 meters (4.9 ft) from the centerline of post 4, as recommended 
in Table 2-7 of MASH 2016 (AASHTO, 2016). The impact angle of 15° was set with a Total Station when 
laying out the guide rail. The intended impact speed was 90 kph (56 mph). 

 
Figure 7-1 Test Article Impact Area Pre-Test 4-12 

 
Figure 7-2 Test Article Downstream of Impact Area Pre-Test 4-12 
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7.2. Test Description 

The crash was performed in the afternoon of December 8, 2021.  According to the Sacramento Executive 
Airport Weather Station, weather conditions were as follows: misty, temperature approximately 52 deg 
F, and wind of approximately 5 mph from the south-south-east (SSE). The vehicle was traveling 
approximately north-northeast (NNE). 

The 10000S vehicle impacted the barrier at a speed of 88.1 kph (54.7 mph) and angle of 15.0°. The 
vehicle impacted the Type 86H at approximately 1.36 meters (4.46 ft) upstream from the centerline of 
post 4, which was approximately 140 mm (5.5 in.) downstream of the Critical Impact Point. The vehicle 
was contained and smoothly redirected at an exit speed and angle of 76 kph (47 mph) and 6.6°, 
respectively. During the impact, the cargo box leaned over the bridge rail for a Working Width of about 
1200 mm (48 in.) at a height of approximately 3.4 m (11 ft). The working width measurement is not 
within the Scope of Accreditation. After the vehicle exited the bridge rail, the remote brakes were 
applied, and the vehicle rolled onto the driver’s side and came to a stop. The final resting position of the 
vehicle was approximately 80.0 m (263 ft) downstream of the impact point and 11.1 m (36.4 ft) toward 
the non-traffic side of the barrier. Still photos of the vehicle during the test are shown in Figure 7-3 
through Figure 7-6. A detailed description of the sequential events is shown in the table below. 
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Table 7-1 Test 110MASH4S21-03 Test Sequence of Events 

Time (s) EVENT 

0.000 Initial contact of the front right panel with the barrier beam and tire with the curb 

0.002 initial flash of impact bulb 

0.016 Right front tire begins to lift just after it contacts the curb 

0.024 Front axle begins to shift to the left as it rotates while climbing the curb 

0.052 Front right wheel well slightly rubs up against bicycle rail 

0.106 Left front tire begins to lift with reference to the ground surface 

0.112 
Cargo Box appears to begin to redirect (yaw left) and front right corner of cargo box 
overrides and contacts the top of the barrier beam 

0.230 Left rear tires begin to lift with reference to the ground surface 

0.270 Rear right tire contacts barrier curb 

0.398 Front right tire returns to the ground surface (approximate) 

0.428 Vehicle is roughly parallel to rail face 

0.700   Front left tire returns to the ground surface 

0.790 Maximum leaning of the cargo box over the barrier rail occurs before it rotates back 

0.828  Vehicle loses contact with the test article (approximate) 

1.046 Rear left tire returns to the ground surface (approximate covered by debris) 

2.237 Brakes are applied (obtained from SLICE Unit Event Channel Data) 
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Figure 7-3 Test 4-12 Downstream Camera Impact View  

 

 
Figure 7-4 Test 4-12 Overhead Camera Impact View  
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Figure 7-5 Test 4-12 Pan Camera Impact View  

 

 
Figure 7-6 Test 4-12 Upstream Camera Impact View  
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7.3. Barrier Damage 

There was minor to moderate damage to the barrier face. The concrete curb was scuffed with moderate 
concrete spalling from the impact point to just downstream of post 6. The traffic side of the beam was 
scuffed with minor concrete spalling from a point just upstream of the critical impact to the expansion 
joint between posts 4 and 5. The spalling primarily occurred on the top corner of the curb and top 
corner of the beam with some minor spalling on the bottom corner of the beam. The deeper spalling of 
the curb was caused by the front right wheel lugs and rim during the initial impact, measured 
approximately 38 mm by 0.4 m (1.5 in. by 1.3 ft) maximum depth by length of spall. Additional marks 
and gouges may have been caused by the steel passenger steps, rear wheel and rear bumper frame. The 
spalling that occurred on top of the beam appears to have been caused by the bottom of the cargo box 
as it scraped across the surface of the beam. There were no spalls on the vertical edges of post 5 
indicating that there was no snag at the post downstream of the expansion joint. No rebar was exposed 
and there was no evidence of concrete structural cracking. The beam-mounted bicycle railing was 
undamaged except for the grout pad mentioned below. Overall, the bicycle rail performed well. The 
bicycle rail was slightly contacted by the top of the wheel well of the test vehicle near post 6 leaving 
minor white and black paint marks. A small portion of the grout underneath the bicycle rail post base 
plates at post 6 was spalled. The minor spalling was most likely due to the impact of the lower side and 
rear corner of the cargo box. See Figure 7-7 through Figure 7-12 for photos of barrier damage. The 
orange contact marks are from the front right tire. The green contact marks are from the rear right tire. 
String potentiometer and strain gage data were collected at 10,000 sample/sec during the test.  Strain 
gage data do not fall under the Scope of Accreditation but are available upon request. The dynamic and 
permanent deflection data were collected from string potentiometers and measured a maximum of 18 
mm (0.7 in.) and less than 3 mm (0.1 in.), respectively. The edge of deck vertical motion was also 
measured with string potentiometers and they were very similar to the lateral bridge rail deflections. 
Measurements made with String Potentiometers are not within the Lab’s Scope of Accreditation.  
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Figure 7-7 Test 4-12 Vehicle Marks and Concrete Spalling on Type 86H at Critical Impact Point 

 

 
Figure 7-8 Test 4-12 Vehicle Marks and Concrete Spalling on Type 86H at expansion joint 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

91 
 

 
Figure 7-9 Test 4-12 Vehicle Marks and Concrete Spalling on Type 86H Looking Downstream 

 

 
Figure 7-10 Test 4-12 Moderate Concrete Curb Spalling on Type 86H 
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Figure 7-11 Test 4-12 Beam and Bicycle Rail Mortar Pad Spalling at the expansion joint on Type 86H 

 

 
Figure 7-12 Test 4-12 Minor Bicycle Rail Mortar Pad Spalling at Post 6 Type 86H 
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7.4. Vehicle Damage 

The 10000S front right corner and passenger side of the vehicle sustained most of the damage from the 
initial impact with the concrete post and beam system. During the impact the vehicle remained upright 
as it traveled downstream within the length of the bridge rail, exiting the bridge rail within the exit box 
criteria. Upon impact with the concrete curb and beam, the right front tire was pushed up and into the 
engine area, causing the U-bolt connections of the axle to fail, ultimately resulting in a complete 
detachment of the front axle from the truck. The front right corner of the cab initially rolled towards the 
barrier along with the box. However, while exiting the rail, the cab and box rolled away from the rail 
with enough momentum to cause the 10000S to roll onto the driver’s side and slide to a stop. The 
detached axle continued to roll coming to a stop approximately 12 m (39 ft) downstream from the front 
of the van body. The van body truck came to a stop on its side, downstream from the end of the barrier 
rail, approximately 80.0 m (262.6 ft) downstream of the critical impact point and 11.1 m (36.4 ft) behind 
the traffic-face of the rail. The fact that the vehicle rolled onto its side is not a failure in the MASH 2016 
criteria for this test. The passenger side of the front bumper was deformed, the passenger side headlight 
was damaged, and the right front fender was detached. The rear suspension remained attached as did 
the rear wheels and tires. All tires remained inflated. The steps on the passenger side were partially 
deformed and the top step was partially detached and rotated due to contact with the concrete rail. The 
driver’s side door, A-pillar, fender, and cab roof were deformed from the impact with the ground after 
the vehicle left the Type 86H. All the window glass was undamaged during interaction with the test 
article. The cracking of the windshield occurred after the cab impacted the ground. Nearly all the 
damage to the cargo box also occurred when the vehicle rolled onto its side. The shear plates and bolts 
that were installed on the frame remained intact (see Figure 7-21 thru Figure 7-24). The bed shifted a 
minor amount. The threaded rods used to secure the ballast were undamaged and kept the motion of 
the ballast to a minimum. The maximum amount of passenger compartment deformation measured by 
known points was 100 mm (4 in.), which occurred at the roof. This deformation was most likely due to 
the impact of the driver side of test vehicle with the ground after rolling on its side after the vehicle 
separated from the rail. The roof deformation over the passenger side was away from the occupant 
compartment and therefore is acceptable. The largest deformation resulting from the interaction 
between the test vehicle and the barrier rail occurred at the A and B Pillars. The maximum deformation 
in this area was 73 mm (2.9 in.). This value is below the MASH 2016 limit of 127 mm (5 in.). The overall 
exterior vehicle damage is described as Moderate to Heavy. All interior deformation measurements are 
shown in Appendix A: Table 10-31 through Table 10-35. See Figure 7-13 to Figure 7-26 for pictures of the 
vehicle damage described above. 
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Figure 7-13 Test 4-12 Vehicle Damage (front, hood and windshield) 
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Figure 7-14 Test 4-11 Test Vehicle Damage (front right) 

 
Figure 7-15 MASH 4-12 Test Vehicle Front Undercarriage and Damaged Suspension After Impact 
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Figure 7-16 MASH 4-12 Test Vehicle Undamaged Undercarriage After Impact (rear) 

           

 
Figure 7-17 Test 4-12 Test Vehicle After Impact (Rear) 
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Figure 7-18 Test 4-12 Test Vehicle Ballast After Impact 

 

 
Figure 7-19 Test 4-12 Test Vehicle After Impact (Overall View) 
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Figure 7-20 Test 4-12 Test Vehicle After Impact (front right) 

 

 
Figure 7-21 Test 4-12 Front Left Shear Plate After Impact 
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Figure 7-22 Test 4-12 Front Right Shear Plate After Impact 

 
Figure 7-23 Test 4-12 Rear Left Shear Plate After Impact 
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Figure 7-24 Test 4-12 Rear Right Shear Plate After Impact 
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Figure 7-25 Test 4-12 Detached Front Axle (final position) 

 

 
Figure 7-26 Test 4-12 Test Vehicle Passenger-Side Floorboard Deformation 
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Table 7-2 Test 110MASH4S21-03 Test Data Summary Sheet 

                                                  
                     0.000 sec. [Frame 285]              0.160 sec. [Frame 365]            0.320 sec. [Frame 445]              0.480 sec. [Frame 525] 

                                                              
                          0.640 sec. [Frame 605]             0.800 sec. [Frame 685]             0.960 sec. [Frame 765]               1.120 sec. [Frame 845]           

 
Test Agency   California, Department of 
   Transportation 
Test Number   110MASH4S21-03 
Test Designation   MASH 2016 Test 4-12  
Date    12/8/2021 
Test Article   CA Type 86H Bridge Rail 
Total Length   100 ft (30.5 m) 
Key Elements – Barrier 

• Description  CA Type 86H Bridge Rail 
• Base Width  24 in. (610 mm) 
• Height   42 in.  (1067 mm) 

Test Vehicle 
• Type/Designation 10000S 
• Make and Model 2009 Freightliner M2 106 

18-foot Box Truck  
• Curb   12855 lb (5831 kg) 
• Test Inertial  22364 lb (10144 kg) 
• Gross Static  22364 lb (10144 kg) 

Impact Conditions 
• Speed   54.7 mph (88.1 kph) 
• Angle   15.0° 
• Location/Orientation 4.5 ft (1.4 m) upstream 

of middle of post 4 
• Impact Severity  150 kip-ft (203 kJ) 

Exit Conditions 
• Speed   47 mph (76 kph) 
• Angle   6.6 ° 

Exit Box Criterion   Pass 
Post-impact Trajectory 

• Vehicle Stability  Not applicable 
• Stopping Distance (from point of impact) Approx. 263 ft 

downstream and 36 ft laterally behind 
 

Test Article Damage   Minor scrapes and moderate 
concrete spalling at the top of the rail and curb.  
Test Article Deflections 

• Permanent Set*  ~0.1 in. (~3 mm) 
• Dynamic*  ~0.7 in. (~18 mm) 
• Working Width*  ~48 in. (~1.2 m) at a height of 

approximately 11 ft off the ground. 
Vehicle Damage   Moderate 

• VDSref   01-RFQ-2, 03-RD-2,03-RBQ-2  
03-RP-2, R&T-2 

• CDCref                          01RFEK6, 03RDEK9, 09LDGW3 
• Maximum Deformation Approx. 4.0 in. (100 mm) at Roof 

(likely due to driver side impact with ground).  
• Vehicle Snagging   None 
• Vehicle Pocketing   None 

Transducer Data 

Evaluation 
Criteria 

Transducer 
SLICE-656 

(inside cab) 

Transducer 
SLICE-659 

(inside cab) 

Transducer 
SLICE-758 (in 

cargo box) 

MASH 
Limit 

OIV Long. 
Ft/s (m/s) 

4.9 
(1.5) 

4.9  
(1.5) 

7.2  
(2.2) N/A 

OIV Lateral 
Ft/s (m/s) 

13.5  
(4.1) 

13.8 
(4.2) 

11.8  
(3.6) N/A 

ORA Long. g’s -5.9 -5.8 -4.6 N/A 
ORA Lateral g’s -7.4 -7.2 -7.2 N/A 

Max. Roll 
Angle Deg. 20.1 19.3 24.3 N/A 

Max. Pitch 
Angle Deg. -3.7 -4.3 -4.8 N/A 

Max. Yaw 
Angle Deg. -19.0 -18.1 -18.2 N/A 

*Measured from String Potentiometers and is not within the Lab’s scope 
of accreditation. 
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7.5. Discussion of Test Results 

 

MASH 2016 recommends that crash test performance be assessed according to three evaluation factors: 
(1) structural adequacy, (2) occupant risk, and (3) post-impact vehicular response.  

The structural adequacy and occupant risk associated with the Type 86H concrete bridge rail were 
evaluated using evaluation criteria found in Tables 2.2A (Recommended Test Matrices for longitudinal 
barriers), 5.1A (Safety Evaluation Guidelines for Structural Adequacy), and 5.1B (Safety Evaluation 
Guidelines for Occupant Risk) of MASH 2016. The post-impact vehicular response was evaluated using 
Section 5.2.3 of MASH 2016. 

 

The structural adequacy of the Type 86H concrete bridge rail was acceptable in Test 4-12. 

Refer to Table 7-3 for the assessment summary of the safety evaluation criteria for Test 4-12 of the Type 
86H concrete bridge rail. 

 

The occupant risk was acceptable. As previously mentioned, the maximum amount of passenger 
compartment deformation measured by known points was 100 mm (4 in.), which occurred at the roof. 
This deformation was due to the impact of the test vehicle with the ground after the vehicle separated 
from the rail. The roof deformation over the passenger side was away from the occupant compartment 
and therefore is acceptable. The largest deformation resulting from the interaction between the test 
vehicle and the barrier rail occurred at the A and B Pillars. The maximum deformation in this area was 73 
mm (2.9 in.). All interior deformations were below the maximum MASH 2016 limits, except as noted in 
Section 7.4 above. All interior deformation measurements are shown in Appendix A: Table 10-31 
through Figure 10-35. There was no penetration of the occupant compartment by the Type 86H or 
potential for it. The occupant compartment was not compromised. The vehicle rolled onto its side after 
it lost contact with the bridge rail, and although this outcome is not the preferred result for this test, the 
vehicle remaining upright is not a requirement of MASH 2016 Test 4-12. 

Refer to Table 7-3 for the assessment summary of the safety evaluation criteria for Test 4-12 of the Type 
86H Concrete Bridge Rail. 

 

The vehicle trajectory was acceptable.  The exit trajectory was within the exit box.  

 
Figure 7-27 Exit Box for Longitudinal Barriers (AASHTO, 2016) 

Refer to Table 7-2 and Table 7-3 for the 10000S vehicle trajectory diagram and assessment summary of 
the safety evaluation criteria for Test 4-12 of the 86H Concrete Bridge Rail.  



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

104 
 

Table 7-3  110MASH4S19-02 Assessment Summary for Test 4-12 

Evaluation Criteria Test Results Assessment 
Structural Adequacy 
A.  Test article should contain and redirect the vehicle; the 
vehicle should not penetrate, underride, or override the 
installation, although controlled lateral deflection of the test 
article is acceptable. 

The vehicle was 
contained and 
redirected smoothly. 

PASS 

Occupant Risk 
D.  Detached elements, fragments, or other debris from the 
test article should not penetrate or show potential for 
penetrating the occupant compartment, or personnel in a 
work zone. 

Deformations of, or intrusions into, the occupant 
compartment should not exceed limits set forth in Section 
5.2.2 and Appendix E. 

The barrier did not 
detach any elements, 
fragments, and/or other 
debris 

PASS 

Occupant Risk 
G.  It is preferable, although not essential, that the vehicle 
remain upright during and after the collision.  

The vehicle rolled onto 
the driver’s side and 
skidded until it came to 
rest. 

PASS 

Vehicle Trajectory 
It is preferable that the vehicle be smoothly redirected, and 
this is typically indicated when the vehicle leaves the barrier 
within the "exit box". The concept of the exit box is defined 
by the initial traffic face of the barrier and a line parallel to 
the initial traffic face of the barrier, at a distance A plus the 
width of the vehicle plus 16 percent of the length of the 
vehicle, starting at the final intersection (break) of the wheel 
track with the initial traffic face of the barrier for a distance 
of B. All wheel tracks of the vehicle should not cross the 
parallel line within the distance B. 

A = 27.4 ft (8.4 m) 
B = 65.6 ft (20 m) PASS 

 

 

 

 

 

 

 

 

 

 

 

 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

105 
 

8. Conclusions and Recommendations 

Based on the physical crash testing involved in this project, the following conclusions can be drawn: 

1. The Type 86H concrete Bridge Rail can successfully contain and redirect an 1100-kg (2420 lb) 
small car impacting at 100 kph (62 mph) and 25°. 

2. The Type 86H concrete Bridge Rail can successfully contain and redirect a 2270-kg (5000 lb) 
pickup car impacting at 100 kph (62 mph) and 25°. 

3. The Type 86H concrete Bridge Rail can successfully contain and redirect a 10000-kg (22000 lb) 
single-unit truck impacting at 90 kph (56 mph) and 15°. 

As tested, The Type 86H bridge rail meets the American Association of State Highway and 
Transportation Officials (AASHTO) Manual for Assessing Safety Hardware 2016 (MASH 2016) criteria for 
Test 4-10, Test 4-11, and Test 4-12 for longitudinal barriers. Based on the successful completion of these 
tests the Type 86H concrete bridge rail meets the MASH 2016 safety criteria for a Test Level 4 (TL-4) 
longitudinal barrier. 

The Type 86H concrete bridge rail demonstrated it has significant remaining capacity to contain and 
redirect the 10000S test vehicle, which was the last of the three tests to be conducted on the Type 86H.  

Implementation will be carried out by Caltrans’ Division of Structure Policy and Innovation. They will be 
responsible for the preparation of Standard Plans (if required) and specifications for the California 
Concrete Bridge Rail Type 86H, with technical support from the Division of Research, Innovation and 
System Information. 

9. References 

1. Manual for Assessing Safety Hardware, Second Edition 2016 (MASH 2016). American Association 
of State Highway and Transportation Officials. Washington, DC. 2016. 

2. Robert Meline.  Vehicle Crash Tests of the Type 80 Bridge Rail. California Department of 
Transportation. Sacramento. March 1999. 

3. Bridge Rails and Barriers: A Reference Guide for Transportation Projects in the Coastal Zone. 
California Department of Transportation. Sacramento. circa 2012 (ADA update 2019) 

4. Test Report 0-6946-R2: Mash Evaluation of TXDOT Roadside Safety Features-PHASE II.  Texas 
A&M Transportation Institute. March 2019. 

5. MASH Implementation for California Bridge Railings, July 2019. Office of Design and Technical 
Services, Caltrans. July 2019. 

6. Federal Aid Eligibility Letter HSST-1/B-285 to RIME Laboratory, Rutgers, The State University of 
New Jersey. Federal Highway Administration. July 7, 2017. 

7. Vehicle Damage Scale for Traffic Crash Investigators. Texas Department of Public Safety. Austin. 
2006. 

8. Collision Deformation Classification SAE Recommended Practice J224 MAR80. Society of 
Automotive Engineers. New York, NY. 1980 

 
 
 
 

 

10. Appendix A: Vehicle Equipment and Test Data 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

106 
 

10.1. Test Vehicle Equipment 

 

The vehicle used for this test was a 2015 Nissan Versa Sedan. Since the vehicle was towed and not self-
powered, the fuel in the gas tank was pumped out and gaseous CO2 added to purge the gas vapors and 
eliminate oxygen. A pair of Lithium-Ion Battery Packs were mounted in the vehicle to power two DTS 
SLICE MICRO systems. The DTS SLICE MICRO systems were each installed with a set of triaxial 
accelerometers, angular rate sensors and a bridge layer. A 12-volt deep-cycle gel cell battery powered 
the Electronic Control Box. 

 
Figure 10-1 Main Instrumentation Test 4-10 
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Figure 10-2 DTS SLICE Micro Mount Position in the Vehicle Test 4-10 

 

A 4800 kPa (700 psi) CO2 system, actuated by a solenoid valve, controlled remote braking after the 
impact and emergency braking, if necessary. Part of this system was a pneumatic ram which was 
attached to the brake pedal. The operating pressure for the ram was adjusted through a pressure 
regulator during a series of trial runs prior to the actual test. Adjustments were made to ensure the 
shortest stopping distance without locking up the wheels. When activated, the brakes could be applied 
in less than 100 milliseconds. 

A speed control device was connected in-line with the engine ignition coil power circuits on the tow 
vehicle. It was used to regulate the speed based on the signal from the tow vehicle transmission speed 
sensor. This device was calibrated prior to the test by conducting a series of trial runs through a speed 
trap comprised of two tape switches (set at a specific distance apart) and a digital timer. 
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The vehicle used for this test was a 2018 Dodge RAM 1500 Quad Cab.  A pair of Lithium-Ion Battery 
Packs were mounted in the vehicle to power two DTS SLICE MICRO systems. The DTS SLICE MICRO 
systems were each installed with a set of triaxial accelerometers, angular rate sensors and a bridge 
layer. A 12-volt deep-cycle gel cell battery powered the Electronic Control Box.   

 
Figure 10-3 Test 4-11 Vehicle Instrumentation   
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Figure 10-4 Test 4-11 DTS SLICE Micro Mount Position in the Vehicle 

A 4800 kPa (700 psi) CO2 system, actuated by a solenoid valve, controlled remote braking after the 
impact and emergency braking if necessary. Part of this system was a pneumatic ram which was 
attached to the brake pedal. The operating pressure for the ram was adjusted through a pressure 
regulator during a series of trial runs prior to the actual test. Adjustments were made to ensure the 
shortest stopping distance without locking up the wheels. When activated, the brakes could be applied 
in less than 100 milliseconds. 

A speed control device was connected in-line with the with the engine ignition coil power circuits on the 
self-powered test vehicle. It was used to regulate the speed based on drive shaft rotation detected by an 
optical sensor. This device was calibrated prior to the test by conducting a series of trial runs through a 
speed trap comprised of two tape switches (set at a specific distance apart) and a digital timer. 

 

 

The vehicle used for this test was a 2009 Freightliner M2 106 18-foot Box Truck. Two DTS SLICE MICRO 
systems were installed in the cargo box area. Also, two DTS SLICE MICRO systems were installed in the 
cab of the vehicle. Each DTS SLICE MICRO system had a set of triaxial accelerometers, angular rate 
sensors and bridge layer and were powered by a lithium-ion battery pack. A 12-volt deep-cycle gel cell 
battery powered the Electronic Control Box.  
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Figure 10-5 Test 4-12 DTS SLICE Micro Mount Position in the Cab 

 

 
Figure 10-6 Test 4-12 DTS SLICE Micro Mount Position in Cargo Box 
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Figure 10-7 Test 4-12 Vehicle Instrumentation Mounted in Cargo Box 

 

 

 

A 4800 kPa (700 psi) CO2 system, actuated by a solenoid valve, controlled remote braking after the 
impact and emergency braking if necessary. Part of this system was a pneumatic ram which was 
attached to the brake pedal. The operating pressure for the ram was adjusted through a pressure 
regulator during a series of trial runs prior to the actual test. Adjustments were made to ensure the 
shortest stopping distance without locking up the wheels. When activated, the brakes could be applied 
in less than 100 milliseconds. 

The test vehicle speed was controlled by an onboard speed limiter that is standard for this self-powered 
test vehicle. The vehicle’s limiter was programed by a local service provider prior to the test. To ensure 
that the limiter was set properly, a series of test runs were conducted using a GHM Engineering HFW80 
Fifth Wheel Sensor. 

The test vehicle was also pushed by another vehicle so that the impact speed could be reached in the 
limited distance of roughly 640 m (2100 ft) available at the testing facility. A set push distance was 
established.  Once the push vehicle had traveled this distance, it slowed down and allowed the test 
vehicle to continue accelerating until it reached the target speed.  
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10.2. Test Vehicle Guidance System 

A rail guidance system directed the test vehicles into the barrier. The guidance rail, anchored at 
approximately 3.8 m (12.5 ft) intervals along its length, was used to guide a mechanical arm, which was 
attached to the hub of the front left wheel of the test vehicle. A plate and lever were used to trigger the 
release pin on the guidance arm, thereby releasing the vehicle from the guidance system before impact. 

 
Figure 10-8 Typical Guidance System Layout 

 
Figure 10-9 Guide Arm Releasing from Test Vehicle 
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Figure 10-10 Guide Arm Released from Vehicle 

 

10.3. Friction Brake 

For all three tests conducted on the Type 86H an in-house designed and modified Guide Arm Brake was 
utilized. Before Test 110MASH4C21-01 was performed, continuous testing was done of a modified 
version of the friction brake system consisting of a metal assembly (Figure 10-11 and Figure 10-12) that 
allows for the rope attached to the guide arm brake to dissipate the kinetic energy of the moving guide 
arm by means of friction between the assembly’s friction assembly and the surface of the rope sliding  
through it.  
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Figure 10-11 Guide Arm Brake System with Friction Brake 

 
Figure 10-12 Friction Brake Close Up View  

 

 

 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

115 
 

 
Figure 10-13 Guide Arm Brake System with Friction Brake (Prior To Pick up Test) 

 
Figure 10-14 Released Guide Arm with Engaged Friction Brake (Pickup Test Prior to Impact) 
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10.4. Photo - Instrumentation 

Several high-speed video cameras recorded the impact during the test. The high-speed video frame 
rates were set to 500 frames per second. The types of cameras and their locations are shown in Table 
10-1 thru Table 10-3. The origin of the coordinates is at the intended point of impact. 

  

 

Figure 10-15 High-Speed Video Camera Locations (Not to Scale) 
 

 

Table 10-1 110MASH4C21-01 Camera Types and Location Coordinates 

Camera 
Location 

Camera 
Make/Model 

Camera 
Serial No. Lens 

Lens 
Serial 
No. 

Coordinates, ft (m) * 

x y z 

V1 
Upstream 

Vision 
Research 

Miro LC111 
22361 35 mm 173792 84.7 

(25.8) 
0.2 

(0.1) 
3.7 

(1.1) 

V2 
Downstream 

Vision 
Research 

Miro R321S 
25386 100-200 

mm 402495 -309.1 
(-94.2) 

-2.4 
(-0.7) 

4.6 
(1.4) 

V3 Across 
Vision 

Research 
Miro M110 

13235 20 mm 182398 -7.1 
(-2.2) 

-56.4  
(-17.2) 

4.8 
(1.5) 

V4 
Upstream 

Tower 

Vision 
Research 
VEO440 

24663 20 mm 447169 1.4 
(0.4) 

-6.8 
(-2.1) 

37.1 
(11.3) 

V5 
Downstream 

Tower 

Vision 
Research 

Miro R321S 
25385 14 mm 217706 -29.2 

(-8.9) 
-10.4 
(-3.2) 

47.5  
(14.5) 
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Table 10-2 110MASH4P21-02 Camera Types and Location Coordinates 

Camera 
Location 

Camera 
Make/Model 

Camera 
Serial No. Lens 

Lens 
Serial 
No. 

Coordinates, ft (m) * 

x y z 

V1 
Upstream 

Vision 
Research 

Miro LC111 
22361 35 mm 173792 

91.7 

(28.0) 

-0.9 

(-0.3) 

4.3 

(1.3) 

V2 
Downstream 

Vision 
Research 

Miro R321S 
25386 100-200 

mm 402495 
-296.0 

(-90.2) 

-2.3 

(-0.7) 

5.0 

(1.5) 

V3 Across 
Vision 

Research 
Miro M110 

13235 20 mm 182398 
2.1 

(0.6) 

-59.0 

(-18.0) 

5.0 

(1.5) 

V4 
Upstream 

Tower 

Vision 
Research 
VEO440 

24663 20 mm 447169 
-0.2 

(-0.1) 

-4.8 

(-1.5) 

32.4 

(9.9) 

V5 
Downstream 

Tower 

Vision 
Research 

Miro R321S 
25385 14 mm 217706 

-20.6 

(-6.3) 

-8.9 

(-2.7) 

39.2 

(12.0) 
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Table 10-3 110MASH4S21-03 Camera Types and Location Coordinates 

Camera 
Location 

Camera 
Make/Model 

Camera 
Serial No. Lens 

Lens 
Serial 
No. 

Coordinates, ft (m) * 

x y z 

V1 
Upstream 

Vision 
Research 

Miro LC111 
22361 35 mm 173792 

92.2 

(28.0) 

-0.3 

(-0.1) 

4.8 

(1.5) 

V2 
Downstream 

Vision 
Research 

Miro R321S 
25386 100-200 

mm 402495 
-308.1 

(-93.9) 

-1.7 

(-0.5) 

4.8 

(1.5) 

V3 Across 
Vision 

Research 
Miro M110 

13235 20 mm 182398 
1.2 

(0.4) 

-64.8  

(-19.8) 

6.1 

(1.9) 

V4 
Upstream 

Tower 

Vision 
Research 
Miro 110 

24663 20 mm 447169 
-1.67 

(-0.5) 

-5.7 

(-1.7) 

39.9 

(12.2) 

V5 
Downstream 

Tower 

Vision 
Research 
Miro 110 

25385 14 mm 217706 
-24.5 

(-7.5) 

-9.6 

(-2.9) 

49.7 

(15.2) 

*Camera coordinates were determined using the total station surveying equipment. 

The following are the pretest procedures that were required to enable video data reduction to be 
performed using the Research’s video analysis software (Phantom Camera Control): 

1. Butterfly targets were attached to the top and sides of the test vehicle. The targets were 
located on the vehicle at intervals of 500 mm (19.7 in.) and 1000 mm (39.4 in.). The targets 
established scale factors. 

2. A flashbulb was mounted on the test vehicle and was electronically triggered by a tape 
switch on the front bumper to establish initial vehicle-to-barrier contact. A separate 
flashbulb is normally installed to capture the time of the application of the vehicle brakes. 
Due to irregularities in the function of the brake flashbulb system, the brake flashbulb was 
not used in any of the tests. The time of the braking was determined using the event 
channel signal recorded by the DTS SLICE Micro data acquisition units. 

3. High-speed digital video cameras were all time-coded using a portable computer and were 
triggered as the test vehicle passed over a tape switch located in the vehicle path 
upstream of the impact point. 

10.5. Electronic Instrumentation and Data 

Transducer data were recorded at 10,000 samples/second on two separate Diversified Technical 
Systems, Inc. (DTS) SLICE Micro data acquisition systems that were mounted in the test vehicle. 
The DTS SLICE units each contain a set of accelerometers, angular rate sensors and a bridge 
layer and were mounted at the center of gravity. TRAP was used to process the data. 
Accelerometer and angular rate sensor specifications are shown in Table 10-4 thru Table 10-6. 
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Table 10-4   4-10 Test 110MASH4C21-01 Accelerometer and Angular Rate Sensor Specifications 

Type Manufacturer Model Serial # Location Range 

Triaxial 
Accelerometer 

Diversified 
Technical 
Systems 

SLICE MICRO 
500 g AC00200 CG ±500 g 

Triaxial 
Angular Rate 

Sensors 

Diversified 
Technical 
Systems 

SLICE MICRO 
1500 

degree/sec 
AR00165 CG ±1500 

deg/s 

Triaxial 
Accelerometer 

Diversified 
Technical 
Systems 

SLICE MICRO 
500 g AC00223 CG ±500 g 

Triaxial 
Angular Rate 

Sensors 

Diversified 
Technical 
Systems 

SLICE MICRO 
1500 

degree/sec 
AR00166 CG ±1500 

deg/s 

 

Table 10-5   4-11 Test 110MASH4P21-02 Accelerometer and Angular Rate Sensor Specifications 

Type Manufacturer Model Serial # Location Range 

Triaxial 
Angular Rate 

Sensors 

Diversified 
Technical 
Systems 

SLICE MICRO 
1500 

degree/sec 
AR00165 CG ±1500 

deg/s 

Triaxial 
Accelerometer 

Diversified 
Technical 
Systems 

SLICE MICRO 
500 g AC00200 CG ±500 g 

Triaxial 
Angular Rate 

Sensors 

Diversified 
Technical 
Systems 

SLICE MICRO 
1500 

degree/sec 
AR00165 CG ±1500 

deg/s 

Triaxial 
Accelerometer 

Diversified 
Technical 
Systems 

SLICE MICRO 
500 g AC00223 CG ±500 g 
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Table 10-6   4-12 Test 110MASH4S21-03 Accelerometer and Angular Rate Sensor Specifications 

Type Manufacturer Model Serial # Location Range 

Triaxial 
Angular Rate 

Sensors 

Diversified 
Technical 
Systems 

SLICE MICRO 
1500 

degree/sec 
AR00181 CG in 

Cargo Box 
±1500 
deg/s 

Triaxial 
Angular Rate 

Sensors 

Diversified 
Technical 
Systems 

SLICE MICRO 
1500 

degree/sec 
AR00180 CG in 

Cargo Box 
±1500 
deg/s 

Triaxial 
Accelerometer 

Diversified 
Technical 
Systems 

SLICE MICRO 
500 g AC00235 CG in 

Cargo Box ±500 g 

Triaxial 
Accelerometer 

Diversified 
Technical 
Systems 

SLICE MICRO 
500 g AC00234 CG in 

Cargo Box ±500 g 

Triaxial 
Accelerometer 

Diversified 
Technical 
Systems 

SLICE MICRO 
500 g AC00200 

Along CL 
of Vehicle 
in the cab 

±500 g 

Triaxial 
Angular Rate 

Sensors 

Diversified 
Technical 
Systems 

SLICE MICRO 
1500 

degree/sec 
AR00165 

Along CL 
of Vehicle 
in the cab 

±1500 
deg/s 

Triaxial 
Accelerometer 

Diversified 
Technical 
Systems 

SLICE MICRO 
500 g AC00223 

Along CL 
of Vehicle 
in the cab 

±500 g 

Triaxial 
Angular Rate 

Sensors 

Diversified 
Technical 
Systems 

SLICE MICRO 
1500 

degree/sec 
AR00166 

Along CL 
of Vehicle 
in the cab 

±1500 
deg/s 
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A rigid stand with three retro-reflective 90° polarizing tape strips spaced 1000 mm (39.4 in.) apart was 
placed on the ground near the test article and alongside the path of the test vehicle. The strips were 
measured immediately before the test to account for any thermal expansion. The test vehicle had an 
onboard optical sensor that produced sequential impulses or “event blips” as the vehicle passed the 
reflective tape strips. The event blips were recorded concurrently with the DTS SLICE sensor signals on 
the SLICE’s bridge layer, serving as "event markers”. The impact velocity of the vehicle could be 
determined from these sensor impulses, the data record time, and the known distance between the 
tape strips. A pressure sensitive tape switch on the front bumper of the vehicle closed at the instant of 
impact and triggered two events: 1) “event marker” was added to the recorded data, and 2) a flashbulb 
mounted on the top of the vehicle was activated. One set of pressure activated tape switches, 
connected to a speed trap, were placed 4 m apart just upstream of the test article to check the impact 
speed of the test vehicle. It is worth noting that the speed trap measurement is not a reported 
measurement value, however it is used to validate the reported impact speed. The layout for all the 
pressure sensitive tape switches and reflective tape is shown in Figure 10-16. 

 

 
Figure 10-16 Speed Trap Tape Layout 
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10.6. Vehicle Measurements 

 

Table 10-7  Test 4-10 Exterior Vehicle Measurements 
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Table 10-8 Test 4-10 CG Calculation: Curb Weight 

 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

124 
 

Table 10-9  Test 4-10 CG Calculation: Test Inertial Weight 
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Table 10-10  Test 4-10 CG Calculation: Gross Static Weight 
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Table 10-11 Test 4-10 Pre, Post Interior and Deformation Measurement Page 1 
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Table 10-12 Test 4-10 Pre, Post Interior and Deformation Measurement Page 2  
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Table 10-13 Test 4-10 Pre, Post Interior and Deformation Measurement Page 2  
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Figure 10-17 Schematic of Measured Interior Points for Floorboard, Dashboard, Windshield, 

Toe Pan, Wheel Well and Transmission Tunnel 
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Figure 10-18 Schematic of Measured Points for the A Pillar, B Pillar, Side Front Door Panel, 
Side Door Panel, Front Side Door and Roof 
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Table 10-14 Test 4-11 Exterior Vehicle Measurements 
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Table 10-15 Test 4-11 CG Calculation: Curb Weight 
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Table 10-16 Test 4-11 CG Calculation: Test Inertial Weight 
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Table 10-17 Test 4-11 CG Calculation: Gross Static Weight 
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Table 10-18 Test 4-11 CG Calculation: Vertical CG Weight 
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Table 10-19 Test 4-11 Vertical CG Calculation: Worksheet 
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Table 10-20 Test 4-11 Vertical CG Calculation: Worksheet (continued) 
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Table 10-21 Test 4-11 Vertical CG Calculation: Measurement and Report 
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Table 10-22  Test 4-11 Pre, Post Interior and Deformation Measurement Page 1  
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Table 10-23 Test 4-11 Pre, Post Interior and Deformation Measurement Page 2  
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Table 10-24 Test 4-11 Pre, Post Interior and Deformation Measurement Page 3  
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Table 10-25 Test 4-11 Pre, Post Interior and Deformation Measurement Page 4  
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Table 10-26 Test 4-11 Pre, Post Interior and Deformation Measurement Page 5  
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Figure 10-19 Schematic of Measured Interior Points for Floorboard, Dashboard, Windshield, 
Toe Pan, Wheel Well and Transmission Tunnel 
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Figure 10-20 Schematic of Measured Points for the A Pillar, B Pillar, Side Front Door Panel,  

Side Door Panel, Front Side Door and Roof 
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Table 10-27 Test 4-12 Exterior Vehicle Measurements 

 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

147 
 

Table 10-28 Test 4-12 CG Calculation: Curb Weight 
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Table 10-29 Test 4-12 CG Calculation: Test Inertial Weight 
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Table 10-30 Test 4-12 CG Calculation: Gross Static Weight 
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Table 10-31 Test 4-12 Pre, Post Interior and Deformation Measurement Page 1  
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Table 10-32 Test 4-12 Post Interior and Deformation Measurement Page 2  
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Table 10-33 Test 4-12 Post Interior and Deformation Measurement Page 3  
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Table 10-34 Test 4-12 Post Interior and Deformation Measurement Page 4  
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Table 10-35 Test 4-12 Post Interior and Deformation Measurement Page 5  
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Figure 10-21 Schematic of Measured Interior Points for Floorboard, Dashboard, Windshield,  

Toe Pan, Wheel Well and Transmission Tunnel 
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Figure 10-22 Schematic of Measured Points for the A Pillar, B Pillar, Side Front Door Panel,  

Side Door Panel, Front Side Door and Roof 
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10.7. Data Plots 

The TRAP data plots, and summary sheets are shown in Figure 10-23 through Figure 10-71. The plots 
included are the accelerations, angular rate sensor rates, angular rate sensor degrees, Acceleration 
Severity Index (ASI), and TRAP test summary sheets. All data were analyzed using TRAP. 
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The data from both SLICE systems were analyzed using TRAP. The TRAP results sheets and data plots are 
shown below. 

DTS SLICE BASE 659 Plots 

 
Figure 10-23 Test 4-10 TRAP Summary Sheet (DTS SLICE Micro TRAP BA00659) 
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Figure 10-24 Test 4-10 Longitudinal Acceleration (DTS SLICE Micro TRAP BA00659) 

 
Figure 10-25 Test 4-10 Lateral Acceleration (DTS SLICE Micro TRAP BA00659) 
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Figure 10-26 Test 4-10 Vertical Acceleration (DTS SLICE Micro TRAP BA00659) 

 

 

 

 
Figure 10-27 Test 4-10 Roll, Pitch, and Yaw Rates (DTS SLICE Micro TRAP BA00659) 
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Figure 10-28 Test 4-10 Roll, Pitch, and Yaw Angles (DTS SLICE Micro TRAP BA00659) 

 
Figure 10-29 Test 4-10 Acceleration Severity Index (DTS SLICE Micro TRAP BA00659) 
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DTS SLICE BASE 656 Plots 

 
Figure 10-30 Test 4-10 TRAP Summary Sheet (DTS SLICE Micro TRAP BA00656) 
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Figure 10-31 Test 4-10 Longitudinal Acceleration (DTS SLICE Micro TRAP BA00656) 

 
Figure 10-32 Test 4-10 Lateral Acceleration (DTS SLICE Micro TRAP BA00656) 
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Figure 10-33 Test 4-10 Vertical Acceleration (DTS SLICE Micro TRAP BA00656) 

 

 

 

 
Figure 10-34 Test 4-10 Roll, Pitch, and Yaw Rates (DTS SLICE Micro TRAP BA00656) 
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Figure 10-35 Test 4-10 Roll, Pitch, and Yaw Angles (DTS SLICE Micro TRAP BA00656) 

 
Figure 10-36 Test 4-10 Acceleration Severity Index (DTS SLICE Micro TRAP BA00656) 
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The data from both SLICE systems were analyzed using TRAP. The TRAP results sheets and data plots are 
shown below.  

DTS SLICE BASE 659 Plots 

 
Figure 10-37 Test 4-11 TRAP Summary Sheet (DTS SLICE Micro TRAP BA00659) 
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Figure 10-38 Test 4-11 Longitudinal Acceleration (DTS SLICE Micro TRAP BA00659) 

 
Figure 10-39 Test 4-11 Lateral Acceleration (DTS SLICE Micro TRAP BA00659) 
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Figure 10-40 Test 4-11 Vertical Acceleration (DTS SLICE Micro TRAP BA00659) 

 

 

 
Figure 10-41 Test 4-11 Roll, Pitch, and Yaw Rates (DTS SLICE Micro TRAP BA00659) 
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Figure 10-42 Test 4-11 Roll, Pitch, and Yaw Angles (DTS SLICE Micro TRAP BA00659) 

 
Figure 10-43 Test 4-11 Acceleration Severity Index (DTS SLICE Micro TRAP BA00659) 
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DTS SLICE BASE 656 Plots 

 
Figure 10-44 Test 4-11 TRAP Summary Sheet (DTS SLICE Micro TRAP BA00656) 
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Figure 10-45 Test 4-11 Longitudinal Acceleration (DTS SLICE Micro TRAP BA00656) 

 
Figure 10-46 Test 4-11 Lateral Acceleration (DTS SLICE Micro TRAP BA00656) 
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Figure 10-47 Test 4-11 Vertical Acceleration (DTS SLICE Micro TRAP BA00656) 

 

 

 

 
Figure 10-48 Test 4-11 Roll, Pitch, and Yaw Rates (DTS SLICE Micro TRAP BA00656) 
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Figure 10-49 Test 4-11 Roll, Pitch, and Yaw Angles (DTS SLICE Micro TRAP BA00656) 

 

 

 

 

 

 
Figure 10-50 Test 4-11 Acceleration Severity Index (DTS SLICE Micro TRAP BA00656) 
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Two sets of accelerometers and angular rate sensors were installed in the cab and one in the cargo box 
area. The data plots for these sets of instrumentation are shown below. 

DTS SLICE BASE 656 Plots (Inside Cab) 

 
Figure 10-51 Test 4-12 TRAP Summary Sheet (DTS SLICE Micro TRAP BA00656) 

 



California Department of Transportation 
Report No. FHWA/CA25-3170 

October 2024 

175 
 

 
Figure 10-52 4-12 Longitudinal Acceleration (DTS SLICE Micro TRAP BA00656)  

 
Figure 10-53 Test 4-12 Lateral Acceleration (DTS SLICE Micro TRAP BA00656) 
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Figure 10-54 Test 4-12 Vertical Acceleration (DTS SLICE Micro TRAP BA00656) 

 
 

 

 
Figure 10-55 Test 4-12 Roll, Pitch, and Yaw Rates (DTS SLICE Micro TRAP BA00656) 
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Figure 10-56 Test 4-12 Roll, Pitch, and Yaw Angles (DTS SLICE Micro TRAP BA00656) 

 
Figure 10-57 Test 4-12 Acceleration Severity Index (DTS SLICE Micro TRAP BA00656) 
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DTS SLICE BASE 659 Plots (Inside Cab) 

 
Figure 10-58 Test 4-12 TRAP Summary Sheet (DTS SLICE Micro TRAP BA00659) 
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Figure 10-59 Test 4-12 Longitudinal Acceleration (DTS SLICE Micro TRAP BA00659) 

 
Figure 10-60 Test 4-12 Lateral Acceleration (DTS SLICE Micro TRAP BA00659) 
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Figure 10-61 Test 4-12 Vertical Acceleration (DTS SLICE Micro TRAP BA00659) 

 

 

 
Figure 10-62 Test 4-12 Roll, Pitch, and Yaw Rates (DTS SLICE Micro TRAP BA00659) 
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Figure 10-63 Test 4-12 Roll, Pitch, and Yaw Angles (DTS SLICE Micro TRAP BA00659) 

 

 

 

 
Figure 10-64 Test 4-12 Acceleration Severity Index (DTS SLICE Micro TRAP BA00659) 
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DTS SLICE BASE 758 Plots (Inside Cargo Box) 

 
Figure 10-65 Test 4-12 TRAP Summary Sheet (DTS SLICE Micro TRAP BA00758) 
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Figure 10-66 Test 4-12 Longitudinal Acceleration (DTS SLICE Micro TRAP BA00758) 

 
Figure 10-67 Test 4-12 Lateral Acceleration (DTS SLICE Micro TRAP BA00758) 
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Figure 10-68 Test 4-12 Vertical Acceleration (DTS SLICE Micro TRAP BA00758) 

 

 
Figure 10-69 Test 4-12 Roll, Pitch, and Yaw Rates (DTS SLICE Micro TRAP BA00758) 
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Figure 10-70 Test 4-12 Roll, Pitch, and Yaw Angles (DTS SLICE Micro TRAP BA00758) 

 
Figure 10-71 Test 4-12 Acceleration Severity Index (DTS SLICE Micro TRAP BA00758) 
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11. Appendix B: Detail Drawings 

The following details in Figure 11-1 through Figure 11-8 were used for the construction of the Type 86H 
bridge rail test article. The redlined portion are as-built changes made in the field. 
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Figure 11-1 Type 86H Test Article Project Plan for Concrete Barrier Type 86H 
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Figure 11-2 Type 86H Test Article General Plan 
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Figure 11-3 Type 86H Test Article Overhang and Rail Removal Details 
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Figure 11-4 Type 86H Test Article Structural Details No.1 
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Figure 11-5 Type 86H Test Article Structural Details No.2 
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Figure 11-6 Type 86H Test Article Structural Details No.3 
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Figure 11-7 Type 86H Test Article Structural Details No.4 
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Figure 11-8 Type 86H Test Article Structural Details No.5 
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12. Appendix C: Material Properties and Certifications 

The concrete cylinder breaks and material certifications in Appendix C are not within the Lab’s Scope of 
Accreditation. 

Concrete Barrier Type 86H  Concrete Cylinder Break Results 

(Average of Two Cylinders) 

 
Mix Z5685210 (Deck Pour) 
Date of Pour 11/24/2020 

Mix Z1754120 (Curb Pour) 
Date of Pour 12/03/2020 

Mix Z1754120  
(Post and Beam Pour) 

Date of Pour 12/21/2020 
Age 

(Days) Compressive Strength (psi) Compressive Strength (psi) Compressive Strength (psi) 
7 4020 4500 4800 

14 4810 5030 5980 
21 N/A N/A N/A 
28 5250 5700 6590 (Age was 29 days) 
56 5760 5820 6720 (Age was 57 days) 
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Certified Mill Test Report for Grade 60 #3 Rebar (1 of 5) 
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Certified Mill Test Report for Grade 60 #4 Rebar (2 of 5) 
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Certified Mill Test Report for Grade 60 #5 Rebar (3 of 5) 
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Certified Mill Test Report for Grade 60 #6 Rebar (4 of 5) 
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Certified Mill Test Report for Grade 60 #7 Rebar (5 of 5) 
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Certified Mill Test Report for Grade 60 #7 Rebar For Tension Coupler Samples (1 of 1) 
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Certified Mill Test Report for Grade #7 ZAP Screwlock Type 2 Coupler Samples (1 of 3) 
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Certified Mill Test Report for Grade #7 ZAP Screwlock Type 2 Coupler Samples (2 of 3) 
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Certified Mill Test Report for Grade #7 ZAP Screwlock Type 2 Coupler Samples (3 of 3) 
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Mill Certificate for Bicycle Rail  (1 of 3) 
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Mill Certificate for Bicycle Rail  (2 of 3) 
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Mill Certificate for Bicycle Rail  (3 of 3) 
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3/4 in. Diameter Threaded Rods for Installation of Bicycle Rail (1 of 2) 
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3/4 in. Diameter Threaded Rods for Installation of Bicycle Rail (2 of 2) 
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Certificate of Compliance for Concrete Mix (Overhang) (1of 3) 
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Certificate of Compliance for Concrete Mix (Barrier Curb) (2 of 3) 
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Certificate of Compliance for Concrete Mix (Barrier Post and Beam) (3 of 3) 
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Certificate of Compliance for Concrete Cure Compound (1 of 1) 
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13. Appendix D: Undercarriage Photos 

Photos shown below are for the 1100C and the 2270P Pickup Truck. Undercarriage photos for the Van 
Body can be seen in Figures 7-14 and 7-16.  

 
Figure 13-1 Undamaged Gasoline Tank for the 1100C vehicle 

 
Figure 13-2 Undamaged Oil Pan for the 1100C vehicle 
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Figure 13-3 Undamaged Gasoline Tank for the 2270P Pick Up Truck 

 
Figure 13-4 Undamaged Oil Pan for the 2270P Pick Up Truck 
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