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Symbol | When You Know | Multiply By | To Find | Symbol
LENGTH
in inches 25.4 millimeters mm
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APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol | When You Know | Multiply By | To Find | Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm?2 square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? Square kilometers 0.386 square miles mi?
VOLUME
mL milliliters 0.034 fluid ounces 0z
L liters 0.264 gallons gal
m?3 cubic meters 35.314 cubic feet fts
m?3 cubic meters 1.307 cubic yards yd?3
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or “t”) megagrams (or “metric ton”) 1.103 short tons (2000Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
FORCE and PRESSURE or STRESS
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*S| is the symbol for the International System of Units



CHAPTER 1:
INTRODUCTION

11 BACKGROUND

The Texas Department of Transportation (TXDOT) requires that on roadways exceeding
certain annual traffic frequency, bridge columns adjacent to roadways should be designed for
impacts from heavy trucks, or should be shielded with a 54-inch tall barrier that has a structurally
independent foundation. This barrier must pass American Association of State Highway and
Transportation Officials (AASHTQO), Manual for Assessing Safety Hardware (MASH), Test
Level 5 (TL-5) testing requirements (1). Currently, there is no available design for a 54-inch tall
barrier with a structurally independent foundation that meets MASH TL-5 criteria.

1.2 RESEARCH OBJECTIVE AND SCOPE

The main objective of this project was to develop structurally independent foundation
designs for 54-inch tall single slope concrete barrier (SSCB) that meet the impact performance
requirements of MASH TL-5.

Researchers developed seven preliminary foundation design concepts for the SSCB. Of
these, TXDOT selected three concepts for further development. The concepts selected were a
shallow moment slab, a vertical beam, and a drilled shaft foundation. TTI researchers developed
simulation models of the selected preliminary designs and performed vehicle impact simulations
to determine the performance of these systems under MASH Test 5-12 impact conditions, which
involves impacting the barrier with a 36000V tractor-van trailer vehicle at an impact speed and
angle of 50 mi/h and 15°, respectively.

Simulations were used to optimize the foundation sizes and select one of the three
designs for full-scale crash testing. The drilled shaft foundation design was selected for crash
testing. While the full-scale testing was performed with the drilled shaft foundation, researchers
developed reinforcement details for all three barrier and foundation systems.

TTI constructed the 54-inch tall SSCB barrier with the drilled shaft foundation and
performed MASH Test 5-12.

TR No. 0-6948-R1 1 2019-09-27






CHAPTER 2:
SIMULATION AND DESIGN”

Researchers developed seven preliminary barrier foundation design concepts for
TxDOT’s review. Of these seven preliminary concepts, three were selected for further
development. These included a shallow moment slab foundation, a drilled shaft foundation, and a
vertical beam foundation.

Researchers developed full-scale finite element (FE) models of the three selected
preliminary foundation concepts. Using these FE models, TTI researchers performed impact
simulations using MASH test conditions to evaluate the performance of the barrier and
foundation systems. Based on the results of these simulations, researchers optimized and
finalized the foundation designs. Researchers then developed reinforcement details for each of
the three foundation types.

This chapter presents the seven preliminary foundation design concepts, details of FE
modeling and analysis of the three selected foundation systems and their optimized designs, and
the reinforcement details for each foundation system.

2.1 PRELIMINARY DESIGN CONCEPTS

Researchers developed seven preliminary foundation design concepts for the 54-inch tall
single slope barrier. Figure 2.1 shows the single-face barrier profile used. The segment length of
the single slope barrier was selected to be 50 ft on direction of TXDOT. This length is expected
to be the minimum barrier length needed to shield bridge columns.

Y ¥ ;

- =

Figure 2.1. 54-Inch Tall Single Slope Barrier Profile.

* The opinions/interpretations identified/expressed in this section of the report are outside the scope of TTI Proving
Ground’s A2LA Accreditation.
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An initial engineering analysis accounted for the static load resistance provided by the
soil and the weight of the foundation and barrier system. This approach provides conservative
foundation designs because it does not take dynamic inertial effects into account. These designs
were later optimized using FE analyses that explicitly accounted for the dynamic loading and
response of the barrier and soil. The barrier and the preliminary foundation design concepts are
shown in Figures 2.2 through 2.8.

) \ SSCB
"'. Front Elevation View
54" "\’ s Grade Scale: 1-100
e 50'-0" -
Y \ ¥ Y
i
Grade—, o4 SSCB
L
'}
i 10°-0" typ.
10 ~— Concrete Piers (4
48" —t—prt—— 140" typ. ——= ]
- 18" ~— Concrete Piers (4)
Y
Side Elevation View
Scale: 1:50
Figure 2.2. Concept 1 — Drilled Shaft Design.
[ f
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'.f
Grade— I'ﬂl Grade—
A| ' I e SSCB
Y | 4
A a
48" Concrete Beam
Concrete Beam i
48" et 50-0" -
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Y

PPN
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Figure 2.3. Concept 2 — Concrete Beam Design.
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Figure 2.4. Concept 3 — Drilled Shaft with Concrete Beam Design.
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Figure 2.8. Concept 7 — Moment Slab with Concrete Beam and Overlay Design.

2.1.1 Concept 1 - Drilled Shaft

Figure 2.2 shows the drilled shaft foundation design concept. The shaft diameter was
18 inches to match TxDOT’s standard shaft design. Using the preliminary design analysis, TTI
researchers arrived at the shaft spacing of 14 ft and a depth of 10 ft. This foundation allows
installation at locations where a larger foundation footprint is not possible, but deeper drilled
shafts can be installed.

2.1.2 Concept 2 — Concrete Beam

Figure 2.3 shows the concrete beam foundation design. The beam is 24 inches wide and
48 inches deep. This foundation has a greater footprint compared to the drilled shaft foundation,
but it is not as deep as the drilled shaft foundation and not as wide as a moment slab foundation.

2.1.3 Concept 3 — Drilled Shaft and Beam

Figure 2.4 shows this concept, which is a hybrid of the drilled shaft and concrete beam
foundations. The overall depth of this foundation’s shafts was 8.5 ft. TTI researchers initially
thought that this hybrid concept may reduce the depth of the drilled shafts significantly compared
to Concept 1. However, preliminary design analysis resulted in a depth reduction of only 1.5 ft.
Furthermore, this concept requires a continuous beam at the base of the barrier. While this
preliminary design could be further optimized in the simulation phase, it was not expected to
have much advantage due to the additional cost of a continuous beam, and a smaller reduction in
shaft depth than initially anticipated.
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2.1.4 Concept 4 — Moment Slab

Figure 2.5 shows the moment slab foundation preliminary design. A continuous moment
slab that is 18 inches deep and 10 ft wide is cast underneath the barrier. The moment slab has a
shallow depth and is ideal for sites where deep excavation is not possible or is restricted.

2.1.5 Concept 5 - Moment Slab with Overlay

Figure 2.6 shows this concept, which is essentially the moment slab foundation with an
addition of 20 inches of soil and pavement overlay. This design reduces the overall width of the
moment slab.

2.1.6 Concept 6 — Moment Slab with Concrete Beam

Figure 2.7 presents a moment slab foundation with an offset concrete beam on the traffic
side of the barrier. Due to the concrete beam, this design provides additional counter moment to
resist the overturning of the barrier due to the impact load. This design reduces the width of the
moment slab in Concept 4 but increases the depth at the location of the concrete beam.

2.1.7 Concept 7 — Moment Slab with Concrete Beam and Overlay

Figure 2.8 shows this concept, which is the same as a moment slab with offset concrete
beam (Concept 6) with a soil and/or asphalt overlay. The overlay provides a counter moment to
the rotation of the barrier due to impact, thus allowing the reduction in the width of the moment
slab.

Of the seven preliminary foundation design concepts presented above, three were
selected for further design development through FE analysis. These were the drilled shaft
foundation, moment slab foundation, and concrete beam foundation. TTI researchers developed
full-scale FE models of these three preliminary foundation designs and performed vehicle impact
simulations with MASH Test 5-12 impact conditions (79,300-1b tractor-van trailer impacting the
barrier at 50 mi/h and 15 degrees). Subsequent to the simulation of the preliminary foundation
design, researchers performed additional parametric simulations to optimize each of the three
design concepts. In these simulations, TTI researchers reduced some of the design dimensions
with the goal of achieving a more cost-effective design. Details of the simulation models and the
results of the simulation analyses are presented next.

2.2  FINITE ELEMENT SIMULATIONS

All simulations were performed using the finite element method. LS-DYNA, which is a
commercially available general-purpose FE analysis software, was used for the analyses.

The 54-inch tall single slope barrier segment and the foundations were modeled as one
block using rigid material representation. The foundations were modeled inside a soil continuum
that was modeled with deformable soil material properties. The boundaries of the soil continuum
were constrained to maintain the shape; however, the soil was free to flow as a result of
interaction with the foundation inside the external boundary constraints. The barrier and the
foundation could move in the soil due to the impact from the tractor-van trailer. For all
foundation designs, the barrier and the foundation had a segment length of 50 ft, as selected at
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the start of the project. Each barrier and foundation model was comprised of three independent
50-ft segments for a total barrier length of 150 ft.

The deflection of barrier and foundation system can be influenced by the strength of the
surrounding soil. Typical roadside devices are installed in well compacted soil for testing.
However, it was considered more suitable and conservative to model and test the foundation
systems in native soil conditions at the TTI Proving Ground testing facility. Native soil at TTI
Proving Ground is medium strength clay with typical modulus of elasticity of 900 psi. This was
the strength of the soil used in the FE models. The soil was modeled using the jointed rock
constitutive material model in LS-DYNA (Material 198) (2). LS-DYNA being a dynamic
analysis code that makes use of explicit time-integration methodology, loads from the vehicle
impact were transferred to the foundation and applied to the soil continuum in a dynamic manner

@)

All impact simulations were performed under MASH Test 5-12 impact conditions, which
involves a 79,300-1b tractor-van trailer vehicle impacting the barrier at an impact speed and
angle of 50 mi/h and 15 degrees, respectively. The vehicle model used in the simulations was
originally developed by the National Crash Analysis Center and Battelle. This model was further
improved by TTI over the course of use under various projects.

The impact performance of a rigid single slope barrier is known to be acceptable for
MASH Test 3-10 and 3-11 impact conditions. A barrier system designed for a TL-5 impact will
behave essentially rigidly for the smaller, lighter passenger car (Test 3-10) and pickup truck
(Test 3-11). Therefore, simulations were only performed with the tractor trailer vehicle.

Primary objectives in the design of the barrier foundations was to have minimal offset
between the barrier and a bridge column shielded by the barrier, and to have minimal movement
of the barrier during impact to minimize maintenance and repair.

Images of the models for the various foundation designs and results of the impact
analyses are presented next.

2.2.1 Drilled Shaft Foundation Design

This foundation design was comprised of 18-inch diameter standard TxDOT drill-shafts
that were 10-ft deep (Figure 2.2). Each 50-ft segment of the barrier had four drilled shafts. The
centers of the shafts were spaced at 14 ft from each other. The centers of the two end shafts were
offset 4-ft from the ends of the segments.

Figure 2.9 shows the FE model of this barrier and foundation. Figure 2.10 shows the
results of MASH Test 5-12 impact simulation with the tractor trailer vehicle model. The vehicle
was successfully contained and redirected by the barrier and the foundation system. There was
very little movement of the barrier and the foundation. The maximum dynamic deflection of the
barrier was 1.5 inches, and the maximum permanent deflection was 0.75 inch. The working
width of the barrier and the foundation system was 29.5 inches at the height of 149.6 inches.

After observing the low deflection of the foundation design, TT1 researchers reduced the
depth of drilled shafts to 6 ft and performed another impact simulation. Figure 2.11 shows the
results of the simulation. The maximum dynamic deflection of the barrier was 6.3 inches, and the
permanent deflection was 4.3 inches.
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System Model (Top View)
Soil shown with transparency to show the drilled shafts

Figure 2.9. Drilled Shaft Foundation Simulation Model Details (10-Ft Deep Shafts).
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Figure 2.10. Impact Simulation for Drilled Shaft Foundation with 10-Ft Deep Shafts.
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Figure 2.11. Impact Simulation for Drilled Shaft Foundation Design with Four 6-Ft Deep
Drilled Shafts.
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The permanent deflection observed with the 6-ft long drilled shaft was higher than
desired, because it would likely require resetting the barrier and the foundation after a design
vehicle impact in the field. To reduce the dynamic and permanent deflection of the barrier
without increasing the depth of the foundation, another foundation design was modeled with five
6-ft long drilled shafts instead of four (Figure 2.12). In this design, the adjacent drilled shaft
centers were spaced 11 ft apart. The end shafts were spaced 3 ft from the respective ends of the
barrier segments. Figure 2.13 shows the results of the simulation with this foundation. The
maximum dynamic deflection of the barrier was 3.75 inches, and the maximum permanent
deflection was 1.22 inches. The working width of the barrier and foundation system was
31.8 inches at the height of 148.6 inches.

For the drilled shaft foundation design concept, the five 6-ft drilled shaft design was
selected for final detailing of reinforcement.

Front Elevation View
,—Grade Scale: 1:100

Grade—, 54 SsScB

LY

P Concrete Piers (4) f U U U U "-‘-“:t- .
p18" . ! |

“~—Concrete Piers (4)

36" — L—H-C :-,.p—»l
Figure 2.12. Drilled Shaft Foundation with Five 6-Ft Long Drilled Shafts.
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Figure 2.13. Impact Simulation of Drilled Shaft Foundation with Five 6-Ft Deep Drilled
Shafts.
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2.2.2 Concrete Beam Foundation Design

As shown in Figure 2.3, this foundation design was comprised of a 48-inch deep, 24-inch
wide concrete beam that was attached to the base of the single slope barrier along the entire
length of the 50-ft segment.

Figure 2.14 shows the finite element model of this barrier and foundation. Figure 2.15
shows the results of the MASH Test 5-12 impact simulation with the tractor trailer vehicle model.
There was very little movement of the barrier and the foundation, as shown in the sequential
images of the impact in Figure 2.15. The vehicle was successfully contained and redirected by
the barrier and the foundation system. The maximum dynamic deflection of the barrier was
1.8 inches, and the maximum permanent deflection was 0.4 inch. The working width of the
barrier was 33.0 inches at the height of 148.4 inches.

(soil shown with transparency to show the foundation)
Figure 2.14. Concrete Beam Foundation Simulation Model (48-Inch x 24-Inch Foundation).
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Figure 2.15. Impact Simulation for Preliminary Concrete Beam Foundation Design.
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Due to the low deflection of the foundation design, researchers reduced the depth and
width of the concrete beam to 36 inches and 18 inches, respectively, and performed another
impact simulation under MASH Test 5-12 conditions. For this case, the maximum dynamic
deflection of the barrier was 2.5 inches, and the maximum permanent deflection was 1.2 inches.
The working width of the barrier and foundation system was 33.6 inches at the height of
148.0 inches.

While the results of the 18-inch by 36-inch beam foundation were considered acceptable,
TxDOT wished to evaluate its standard Traffic Rail Foundation (TRF) that is very similar in
dimensions with a width and depth of 19 inches and 33 inches, respectively. TTI researchers
developed a model of the Traffic Rail Foundation and performed another impact simulation with
MASH Test 5-12 impact conditions. Figure 2.16 shows the results of this simulation. The
maximum dynamic deflection of the barrier was 3.6 inches, and the maximum permanent
deflection was 0.35 inches. The working width of the barrier and foundation system was
34.2 inches at the height of 149.2 inches.

For the concrete beam foundation concept, the TXDOT TRF results were considered
acceptable and it was selected for final detailing of reinforcement.

2.2.3 Moment Slab Foundation Design

As shown in Figure 2.5, this foundation design was comprised of an 18-inch deep and
10-ft wide moment slab that was attached to the base of the single slope barrier and ran along the
entire length of the 50-ft segment.

Figure 2.17 shows the finite element model of this barrier and foundation. Figure 2.18
shows the results of MASH Test 5-12 impact simulation with the tractor trailer vehicle model. As
can be seen from the sequential images of the impact, there was very little movement of the
barrier and the foundation. The vehicle was successfully contained and redirected by the barrier
and the foundation system. The maximum dynamic deflection of the barrier was 0.6 inch, and the
maximum permanent deflection was 0.0 inch. The working width of the barrier and the
foundation system was 36.3 inches at the height of 148.0 inches.

Due to the low deflection of the foundation design observed in the simulation, TTI
researchers reduced the width of the moment slab to 6 ft, while keeping the same 18-inch depth.
A finite element model of this modified foundation was developed, and the results of the impact
simulation are shown in Figure 2.19. The maximum dynamic deflection of the barrier was
3.1 inches, and the maximum permanent deflection was 0.1 inch. The working width of the
barrier and foundation system was 38.0 inches at the height of 149.2 inches.

While the deflection of the 6-ft wide moment slab was considered acceptable, there was
lifting of the slab observed during the vehicle impact, which was considered undesirable (see
Figure 2.20). For this reason, the 10-ft wide moment slab foundation was selected for final
detailing of reinforcement.
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Figure 2.16. Impact Simulation with Standard TXxDOT Traffic Rail Foundation.
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Soil shown with transparency to show foundation.
Figure 2.17. 10-Ft Wide Moment Slab Foundation Simulation Model.
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Figure 2.18. Impact Simulation for 10-Ft Wide Moment Slab Foundation.
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Figure 2.19. Impact Simulation for 6-Ft Wide Moment Slab Foundation.
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Figure 2.20. Lifting of 6 Ft Wide Moment Slab.

2.2.4 Simulation Analyses Summary

The final foundation designs selected for further development of reinforcement details
are summarized in Table 2.1. Of these designs, the drilled shaft foundation was selected for full-
scale crash testing due to having the largest deflection, and because its discrete connection to the
barrier segment was considered more critical than the continuous barrier-to-foundation
connection of the moment slab and the beam foundations.

Table 2.1. Summary of Simulation Analyses.

Maximum

Permanent Dvnamic Working Working

Foundation Type Deflection ynar Width Width Height
(inches) D(_eflectlon (inches) (inches)
(inches)

Drilled Shaft
Five 6-ft long shafts 1.22 3.75 31.8 148.6
Concrete Beam
TRE 19 inch x 33 inch 0.35 3.6 34.2 149.2
Moment Slab
18 inch x 10 ft 0.0 0.6 36.3 148.0

2.3 REINFORCEMENT DESIGN

Once the basic geometric designs of the foundations were finalized using the FE
analyses, TTI researchers developed reinforcement details of the 54-inch tall single slope barrier
and the three selected foundations. The designs were reviewed and revised by TxDOT, and the
final details are presented in this report.

Details of the drilled shaft foundation, which was selected for full-scale crash testing, are
presented in Chapter 3. Details of the concrete beam foundation and moment slab foundation
designs are presented in Figure 2.21 and Figure 2.22, respectively. Figure 2.23 presents details of
the various stirrups used in these foundations. The reinforcement of the barrier and the
foundations were designed such that the foundation and the barrier can be constructed in two
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separate concrete pours. The barrier and the foundations have a segment length of 50 ft, which
was the desired minimum length for a single segment that is expected to shield bridge columns.
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CHAPTER 3:
SYSTEM DETAILS

3.1 TEST ARTICLE AND INSTALLATION DETAILS

The test installation consisted of three 54-inch tall segments of steel reinforced single
slope concrete barrier with drilled shaft foundation. Each segment was 50 ft long and had five
drilled shafts spaced 11 ft from each other. The two end shafts of each segment were spaced 3 ft
from the ends. The shafts were 18 inches in diameter and 6 ft deep. The single slope barrier
segments were 19% inches wide at bottom, sloping on the traffic side to 10% inches wide at top,
with a 1%2-inch wide by 21-inch tall offset at the top of the otherwise vertical field side face. The
three segments were unconnected and independent with a gap of approximately ¥2-inch between
them. The total installation length was approximately 150 ft-1 inch. The test installation was
installed in native soil at the test site.

Figure 3.1 presents overall information on the SSCB with the drilled shaft foundation,
and Figures 3.2 and 3.3 provide photographs of the installation. Appendix A provides further
details of the installation.

3.2 DESIGN MODIFICATIONS DURING TESTS

No modifications were made to the installation during the testing phase.

3.3 MATERIAL SPECIFICATIONS

Appendix B provides material certification documents for the materials used to
install/construct the SSCB with the drilled shaft foundation.
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Figure 3.2. SSCB with the Drilled Shaft Foundation Construction.
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Figure 3.3. SSCB with the Drilled Shaft Foundation prior to Testing.
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CHAPTER 4:
TEST REQUIREMENTS AND EVALUATION CRITERIA

4.1 CRASH TEST MATRIX

Table 4.1 shows the test conditions and evaluation criteria for MASH TL-5 longitudinal
barriers. MASH Test 5-12 involves a 36000V vehicle weighing 79,300 Ib £1100 Ib impacting the
critical impact point (CIP) of the barrier at an impact speed of 50 mi/h £2.5 mi/h and an impact
angle of 15° £1.5°. The target CIP was determined through simulation and was chosen to
maximize the barrier’s lateral deflection. Figure 4.1 shows the target CIP for the 54-inch SSCB
on the drilled shaft foundation.

MASH Tests 5-10 and 5-11 were not performed. The single slope concrete barrier with
drilled shaft foundations is expected to behave nearly rigidly when impacted by the lighter small
car and pickup truck vehicles. Since the impact performance of a rigid single slope concrete
barrier is considered acceptable for Test 5-10 and 5-11 based on past testing, these tests were not
considered critical for evaluation of the SSCB with the drilled shaft foundation under this project
(4,5).

Table 4.1. Test Conditions and Evaluation Criteria Specified for MASH TL-5
Longitudinal Barriers.

- - Impact Evaluati
. est est Conditions valuation
Test Article Designation Vehicle Criteria
Speed Angle
5-10 1100C 62 mi/h 25 A /D, F HI
Longitudinal 5-11 2270P | 62mih | 25 A D,F H, I
Barrier
5-12 36000V 50 mi/h 15 A D, G
- 50'-0 -
-—24'-0‘——| ‘

. “‘"“ -
Plan View _/‘ ~—
Impact Path - Test 5-12 15.0°

HIJLILIUltllJHHUUHLIIJU

Elevation View

Figure 4.1. Target CIP for MASH Test 5-12 on SSCB with the Drilled Shaft Foundation.
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The crash test and data analysis procedures were in accordance with guidelines presented
in MASH. Chapter 5 presents brief descriptions of these procedures.

4.2 EVALUATION CRITERIA

The appropriate safety evaluation criteria from Tables 2-2 and 5-1 of MASH were used to
evaluate the crash test reported herein. The test conditions and evaluation criteria required for
MASH Test 5-12 are listed in Table 4.1, and the substance of the evaluation criteria in Table 4.2.
Chapter 7 presents an evaluation of the crash test results.

Table 4.2. Evaluation Criteria Required for MASH Test 5-12.

Evaluation Evaluation Criteria
Factors
A.  Testarticle should contain and redirect the vehicle or bring the vehicle to a
Structural ) . . .
Adequacy gontrollgd stop; the vehicle should not penetra_te, underride, or _over_rlde the
installation although controlled lateral deflection of the test article is acceptable.
D. Detached elements, fragments, or other debris from the test article should not
penetrate or show potential for penetrating the occupant compartment, or present
undue hazard to other traffic, pedestrians, or personnel in a work zone.
Oclg?ff nt Deformations of, or intrusions into, the occupant compartment should not exceed
limits set forth in Section 5.2.2 and Appendix E of MASH.
G. ltis preferable, although not essential, that the vehicle remain upright during and
after the collision.
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CHAPTER 5:
TEST CONDITIONS

5.1  TEST FACILITY

The full-scale crash test reported herein was performed at Texas A&M Transportation
Institute (TTI) Proving Ground, an International Standards Organization (ISO)/International
Electrotechnical Commission (IEC) 17025-accredited laboratory with American Association for
Laboratory Accreditation (A2LA) Mechanical Testing Certificate 2821.01. The full-scale crash
test was performed according to TTI Proving Ground quality procedures, and according to the
MASH guidelines and standards.

The test facilities of the TTI Proving Ground are located on the Texas A&M University
System RELLIS Campus, which consists of a 2000-acre complex of research and training
facilities situated 10 miles northwest of the flagship campus of Texas A&M University. The site,
formerly a United States Army Air Corps base, has large expanses of concrete runways and
parking aprons well suited for experimental research and testing in the areas of vehicle
performance and handling, vehicle-roadway interaction, durability and efficacy of highway
pavements, and evaluation of roadside safety hardware and perimeter protective devices. The site
selected for construction and testing of the barrier was at the end of an out-of-service apron. The
apron consists of an unreinforced jointed-concrete pavement in 12.5-ft x 15-ft blocks nominally
6 inches deep. The aprons were built in 1942, and the joints have some displacement, but are
otherwise flat and level.

5.2 VEHICLE TOW AND GUIDANCE SYSTEM

The 36000V tractor-trailer was self-powered and was guided into the test installation via
a cable guidance system. Just prior to impact with the installation, the test vehicle was released
and ran unrestrained. The vehicle remained freewheeling (i.e., no steering or braking inputs)
throughout the impact event.

5.3 DATA ACQUISITION SYSTEMS

5.3.1 Vehicle Instrumentation and Data Processing

The test vehicle was instrumented with a self-contained, on-board data acquisition system.
The signal conditioning and acquisition system is a 16-channel, Tiny Data Acquisition System
(TDAS) Pro produced by Diversified Technical Systems, Inc. The accelerometers, which measure
the X, y, and z axis of vehicle acceleration, are strain gauge type with linear millivolt output
proportional to acceleration. Angular rate sensors, measuring vehicle roll, pitch, and yaw rates,
are ultra-small, solid state units designed for crash test service. The TDAS Pro hardware and
software conform to the latest SAE J211, Instrumentation for Impact Test. Each of the 16
channels is capable of providing precision amplification, scaling, and filtering based on
transducer specifications and calibrations. During the test, data are recorded from each channel at
a rate of 10,000 values per second with a resolution of one part in 65,536. Once data are recorded,
internal batteries back these up inside the unit should the primary battery cable be severed. Initial
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contact of the pressure switch on the vehicle bumper provides a time zero mark and initiates the
recording process. After each test, the data are downloaded from the TDAS Pro unit into a laptop
computer at the test site. The Test Risk Assessment Program (TRAP) software then processes the
raw data to produce detailed reports of the test results.

Each of the TDAS Pro units is returned to the factory annually for complete recalibration
and all instrumentation used in the vehicle conforms to all specifications outlined by SAE J211.
All accelerometers are calibrated annually by means of an ENDEVCO® 2901, precision primary
vibration standard. This standard and its support instruments are checked annually and receive a
National Institute of Standards Technology (NIST) traceable calibration. The rate transducers
used in the data acquisition system receive a calibration via a Genisco Rate-of-Turn table. The
subsystems of each data channel are also evaluated annually, using instruments with current
NIST traceability, and the results are factored into the accuracy of the total data channel, per
SAE J211. Calibrations and evaluations are also made any time data are suspect. Acceleration
data are measured with an expanded uncertainty of £1.7 percent at a confidence factor of
95 percent (k=2).

TRAP uses the data from the TDAS Pro to compute occupant/compartment impact
velocities, time of occupant/compartment impact after vehicle impact, and the highest
10-millisecond (ms) average ridedown acceleration. TRAP calculates change in vehicle velocity
at the end of a given impulse period. In addition, maximum average accelerations over 50-ms
intervals in each of the three directions are computed. For reporting purposes, the data from the
vehicle-mounted accelerometers are filtered with a SAE Class 180-Hz low-pass digital filter, and
acceleration versus time curves for the longitudinal, lateral, and vertical directions are plotted
using TRAP.

TRAP uses the data from the yaw, pitch, and roll rate transducers to compute angular
displacement in degrees at 0.0001-s intervals, then plots yaw, pitch, and roll versus time. These
displacements are in reference to the vehicle-fixed coordinate system with the initial position and
orientation of the vehicle-fixed coordinate systems being initial impact. Rate of rotation data is
measured with an expanded uncertainty of £0.7 percent at a confidence factor of 95 percent
(k=2).

Placement of the electronic instrumentation is shown in Figure 5.1:

(A)  The front accelerometers were placed on the truck frame rail 17 inches forward of
the front axle, in the longitudinal centerline, at height of 32 inches above ground
surface.

(B)  The accelerometers and rate transducers at the rear of the tractor were placed
125 inches rearward of the front axle, at the longitudinal centerline, at a height of
36 inches above ground surface.

(C)  The rear accelerometers were placed on the trailer frame 720 inches rearward of
the front axle, at longitudinal centerline, at a height of 50 inches above ground
surface.
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Figure 5.1. Location of Instrumentation.

5.3.2 Anthropomorphic Dummy Instrumentation

MASH does not recommend or require use of a dummy in the 36000V vehicle and none
was used in the test.
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5.3.3 Photographic Instrumentation and Data Processing

Photographic coverage of the test included three digital high-speed cameras:

e One overhead with a field of view perpendicular to the ground and directly over the
impact point;

e One placed behind the installation at an angle; and

e A third placed to have a field of view parallel to and aligned with the installation at
the downstream end.

A flashbulb on the impacting vehicle was activated by a pressure-sensitive tape switch to
indicate the instant of contact with the barrier. The flashbulb was visible from each camera. The
video files from these digital high-speed cameras were analyzed to observe phenomena occurring
during the collision and to obtain time-event, displacement, and angular data. A digital camera
recorded and documented conditions of each test vehicle and the installation before and after the
test.
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CHAPTER 6:
MASH TEST 5-12 (CRASH TEST NO. 469489-01-3)

6.1 TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS

MASH Test 5-12 involves a 36000V vehicle weighing 79,300 Ib £1100 Ib impacting the
CIP of the test article at an impact speed of 50 mi/h £2.5 mi/h and an impact angle of 15° +1.5°.
The CIP for MASH Test 5-12 on the SSCB with the drilled shaft foundation was 24 ft £1 ft
upstream of the centerline of the joint between barrier segments 1 and 2. This impact point was
selected to maximize the deflection of the 50-ft barrier segment.

The 2006 Freightliner TR tractor with 1999 TRL VN 53 trailer used in the test weighed
80,170 Ib, and the actual impact speed and angle were 48.9 mi/h and 15.0°, respectively. The
actual impact point was 24.9 ft upstream of the centerline of the joint between barrier segments 1
and 2. Minimum target impact severity (I1S) was 404 kip-ft, and actual 1S was 429 Kkip-ft.

6.2 WEATHER CONDITIONS

The test was performed on the afternoon of July 12, 2019. Weather conditions at the time
of testing were as follows: wind speed: 7 mi/h; wind direction: 26° (vehicle was traveling at
magnetic heading of 180°); temperature: 93°F; relative humidity: 60 percent.

6.3 TEST VEHICLE

Figures 6.1 and 6.2 show the 2006 Freightliner TR tractor with 1999 TRL VN 53 trailer
used for the crash test. The vehicle’s test inertia weight was 80,170 Ib, and its gross static weight
was 80,170 Ib. The height to the lower edge of the vehicle bumper was 17.5 inches, and the
height to the upper edge of the bumper was 34.0 inches. The height to the ballast’s center of
gravity was 71.75 inches. Table C.1 in Appendix C.1 gives additional dimensions and
information on the vehicle. The 36000V vehicle was directed into the test installation via a cable
guidance system while traveling under its own power, and was released to be freewheeling and
unrestrained just prior to impact.
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Figure 6.2. Test Vehicle before Test No. 469489-01-3.

6.4 TEST DESCRIPTION

The test vehicle was traveling at an impact speed of 48.9 mi/h when it contacted the
SSCB with the drilled shaft foundation 24.9 ft upstream of the centerline of the joint between
barrier segments 1 and 2 at an impact angle of 15.0°. Table 6.1 lists events that occurred during
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Test No. 469489-01-3. Figures C.1 and C.2 in Appendix C.2 present sequential photographs
during the test.

Table 6.1. Events during Test No. 469489-01-3.

TIME (s) | EVENTS
0.0000 Vehicle tractor contacts the barrier.
0.0460 Vehicle tractor begins to redirect.
0.2210 Front right lower corner of trailer impacts the barrier.
0.2640 Tractor traveling parallel with the barrier.
0.7530 Trailer traveling parallel with the barrier.
0.7820 Right rear lower corner of trailer impacts the barrier

For longitudinal barriers, it is desirable that the vehicle redirects and exits the barrier
within the exit box criteria (not less than 65.6 ft downstream from loss of contact for heavy
vehicles). The test vehicle exited within the exit box criteria defined in MASH. Brakes on the
vehicle were applied 4.1 s after impact, and the vehicle came to rest 351 ft downstream of the
impact and 82 ft toward the field side.

6.5 DAMAGE TO TEST INSTALLATION

Figure 6.3 shows the damage to the SSCB. There were several gouges in the face of the
concrete up to 0.75-inch deep, and the soil was disturbed on the field side indicating up to
0.75 inch of dynamic deflection at ground level. There were several hairline cracks roughly
perpendicular to the barrier approximately 30 inches up and downstream of impact. Working
width was 40.2 inches, and height of working width was 147.1 inches. Both were attributed to
the trailer. Maximum dynamic deflection during the test was 2.9 inches, and maximum
permanent deformation was 0.6 inch.

6.6 DAMAGE TO TEST VEHICLE

Figure 6.4 shows the damage sustained by the vehicle. The front bumper, right frame rail,
hood, right front springs and U-bolts, right front tire and rim, right fuel tank and side steps, right
rear tractor tandem outer tire and rims, right side of the trailer, and the right trailer tandem outer
tires and rims were damaged. Maximum exterior crush to the vehicle was 16.0 inches in the side
plane at the right front corner at bumper height. No occupant compartment deformation or
intrusion was observed. Figure 6.5 shows the interior of the vehicle.

T Working width is defined as the distance between the traffic face of the barrier before impact and the maximum
lateral position of any major part of the barrier or the vehicle after impact.
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Figure 6.3. SSCB after Test No. 469489-01-3.
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Figure 6.5. Interior of Test Vehicle after Test No. 469489-01-3.

6.7 OCCUPANT RISK FACTORS

Placement of the electronic instrumentation is described below and shown in Figure 5.1:

(A)  The front accelerometers were placed on the truck frame rail 17 inches forward of
the front axle, in the longitudinal centerline, at height of 32 inches above ground
surface.

(B)  The accelerometers and rate transducers at the rear of the tractor were placed
125 inches rearward of the front axle, at the longitudinal centerline, at a height of
36 inches above ground surface.

(C)  The rear accelerometers were placed on the trailer frame 720 inches rearward of
the front axle, at longitudinal centerline, at a height of 50 inches above ground
surface.

Data from the accelerometer at location B in Figure 5.1 were digitized for evaluation
of occupant risk for informational purposes only, and the results are shown in Table 6.2.
Figure 6.6 summarizes these data and other pertinent information from the test. Figure C.3 in
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Appendix C.3 shows the vehicle angular displacements, and Figures C.4 through C.9 in
Appendix C.4 show acceleration versus time traces.

Table 6.2. Occupant Risk Factors for Test No. 469489-01-3.

Occupant Risk Factor Value Time

Occupant Impact Velocity (OIV)
Longitudinal | 1.3 ft/s

at 0.2253 s on right side of interior
Lateral |12.1ft/s

Occupant Ridedown Accelerations

Longitudinal |6.0g 0.2347-0.2447 s
Lateral |10.4¢g 0.2341-0.2441 s
: - 16.8 km/h . . .
Theoretical Head Impact Velocity (THIV) 47 mis at 0.2234 s on right side of interior
Post Head Deceleration (PHD) [11.9¢g 0.2347-0.2447 s
Accident Severity Index (ASI) ]0.75 0.1944-0.2444 s
Maximum 50-ms Moving Average
Longitudinal |-1.1g 0.2253-0.2753 s
Lateral |-7.0¢ 0.1624-0.2124 s
Vertical |-1.7g 0.6821-0.7321 s
Maximum Roll, Pitch, and Yaw Angles
Roll |11° 0.9858 s
Pitch |3° 0.2358 s
Yaw [32° 4.0000 s
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CHAPTER 7:
SUMMARY AND CONCLUSIONS

7.1 SUMMARY OF RESULTS

An assessment of the test based on the applicable safety evaluation criteria for MASH
Test 5-12 is provided in Table 7.1.
7.2  CONCLUSIONS

The 54-inch tall SSCB with the drilled shaft foundation performed acceptably for MASH
Test 5-12.
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CHAPTER 8:
IMPLEMENTATION?

Based on the results of the testing and evaluation reported herein, the 54-inch tall single
slope concrete barrier with drilled shaft foundation is considered suitable for implementation as a
MASH TL-5 barrier system.

Comparing results of the crash tested drilled shaft foundation with the simulation of the
same system, it can be observed that the simulation had slightly higher permanent and dynamic
deflection, and was thus more conservative in predicting the movement of the barrier in soil (see
Table 8.1). However, the working width of the barrier was under-predicted by 26.4 percent. The
height of the working width was similar in both test and simulation.

Table 8.1. Simulation and Test Results Comparison for Drilled Shaft Foundation

Design.
Test Simulation
Permanent Deflection 0.6 inch 1.22 inches
Maximum Dynamic Deflection 2.9 inches 3.75 inches
Working Width 40.2 inches 31.8 inches
Working Width Height 147.1 inches 148.6 inches

One of the objectives of this project was to develop guidance on the distance that should
be maintained between the 54-inch tall SSCB and the bridge columns supporting an overpass. To
protect the bridge columns from any impact from the tractor trailer, they should be placed at an
offset equivalent to or greater than the working width of the barrier and foundation system.
While the working width of the drilled shaft foundation is known from crash testing, it can be
reasonably determined for the moment slab and concrete beam foundations by scaling up the
working width results from the simulations (Table 2.1) to compensate for the 26.4 percent under-
prediction. Doing so leads to the adjusted working widths presented in Table 8.2.

Table 8.2. Working Widths for Three Foundation Systems of SSCB.

Working Width Offset Behind Barrier
(inches) (inches)
Moment Slab Foundation 45.9 25.15
Concrete Beam Foundation 43.2 22.45
Drilled Shaft Foundation 40.2 19.45

Working width in MASH is measured from the outermost point of the pre-impact traffic-
side face of the barrier. Thus, in calculating the offset needed for the shielded bridge columns

* The opinions/interpretations identified/expressed in this section of the report are outside the scope of TTI Proving
Ground’s A2LA Accreditation.
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behind the 54-inch tall SSCB, its width (20.75 inches) is subtracted from the working width. The
resulting offset values for the three foundation types are shown in Table 8.2. In the interest of
simplifying implementation, a minimum 2-ft offset behind the barrier may be recommended for
all three foundation systems.

Statewide implementation of the 54-inch tall SSCB and its foundation designs can be
achieved by TxDOT’s Bridge Division through the development and issuance of new standard
detail sheets. The barrier details provided in Appendix A and in Figures 2.21 through 2.23 can be
used for this purpose.
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DETAILS OF SSCB WITH DRILLED SHAFT

APPENDIX A.

FOUNDATION
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SUPPORTING CERTIFICATION DOCUMENTS

APPENDIX B.

1 40 | ebed
¥£:50:91 610Z/82/10

- SMUVINTY
20629 SBUILIBANGO L MMM O}
O UOIIBULIOJUI BIOW J0- “ULIBY SAJINPOINRI JBLJO JO pessed | }sa] pusg
10848 U14q "180UED 9SNED O} BILIOLIED JO SJEIS DU} O UMOUY NID00'S  J9jawe|q s3] puag
a4 Yalym S|Rwayd 0] NoA esodxe ued jonposd sy Buiem, NIg8 1 1s3) yib7 aben uopebuojg
04#'GEGHAD EZ JO SpsWwannbas  eaauly Ang, sy sjoap, %¥L 1 353} uoyebuo|3
renuew Apenb jueyd ayj jo 1$}8°801 1 358} yibuansg ajisua)
UOISIBA S8TB| BYT LM BOUBPIOIE Ul PEINIEINUER, ISHY'89 L 1S9} buans plals
uoeUNUBILI0D AINJISN OU SUIBILDD),
sedas pjom ou surejuod, %100°0 v
JueydwoD [ ¢ o0z POZOLNI. %100 us
WS 8y} Ut payjos pue pejew %01, %2000 492
Paipt Ayny s1 1eLejep, %S00°0 A
ML Syl Aq pajussaidal erajew ays jo aniy s1 Buimoyjo4 ay L %880°0 OW
%ET0 IN
%80°0 4D
%0€0 NI
%ET0 IS
%EY00 S
%ZL00 d
%L’k  URWN
%0 2
anfep onsu3IRIEYD anjep ansuajoeleyn anjep  onsuejoRiey)
(o] (o}
V3 0b¥ (LV3IH / SOd AYATA 006S #2266 | L 006G ¥..6.6 | L L¥0VZ95580 / LS L6528 'ON "Ha)
87 000°96VE£Z -LY3H / SE1 AYATA 0S6.-G¥8.L SN 0562-¥8.LL SN 610Z/S0/10 :31va 113N
‘N/d 1SnD X1 uoneyg abajjo) | d X1 uonejg abajjo9 | 6L0Z/LL/LO :31Va 1108
9£9¥08 ‘#0d 1SND 0€ AMH 238315 05904 | | 0€ AmH 23838 05901 | 1 09/02% 19 1981-519V WISV :3AVHO
£9096.ZL ‘#1089 H O | 09/02¥.0.0Z (8#) NINSZ ¥vE3Y :NOILDIS
21516528 ‘#Manjeq | neis abB3jj0) soAg uononnsuo) aWo | S | neis abajjog soag uononnsuod JWD | S €95580€:'ON 1V3IH

1abeuep asueinssy Ayjenp

BjiAea vV opue|od
B s
% ua @./\H—.
Lt =
uofjeayoads apeib papodal ay) 0} wuojuod pue ajeINdoE AlE
219y pajuasaid s)nsal 3s3} ay) Jeyy Appas Aqasey apy

-

VLL8-CLE-0E8
11e2 saidoo [euonippe 104

1H0d3d LS3L TN 414390

LFhdIh

2 -b8hbM

0162-6618L X1 NIND3S
JAIEA TN 133Ls |
SVX3L 7331S DD

2019-09-27

53

TR No. 0-6948-R1



L 40 | eBeg
€1:0G:LL 6L0Z/LLIED

- SHAVINTY

A06°89 SBUILLIEAGO S MMM 0]

06 voneWIOUI BI0W J0- ULIBY 8ARINPOICBI JOYI0 KO

S19848p Ypiq 180uLd 8511ed 0] BILIOHED JO BIEIS BY] O) UMOUY
8Je yajym sjesjwieyd o) nof esodxa ues jonpoud syt Buiiem,
0Lp'GEQYHD €7 Jo Sjuaweannbel  eotiawly Ang, ay) sjsap,

NIg8L'Z  J9)8welqisa) pusg
pessed | 1s9) puag
NIg | 1s8) yjb abes uonebuol|g
%91 | 3s@) uogebuolg

1enuew Ayenb juerd oyj jo ISYy°GO0L L 1591 Ybuaans ajisuay
LIOISIBA JSBJE] B} YJIM BOUEPIODIE Ul PAINJIBINUEH, 1S41°89 1 359} Ybuans plaip
uoleuelIoa fIndJey ou SuRIuOD,
Jedas plem ou sureluoD), %0000 v
Jueldwos g $00Z:0Z0LNI. %¥L00 us
VS 8Y) Ul P8jjo. pue pajiawl %001 . %0000 49O
pa Ary si jeusieyy, %1000 A
"ML S1p £q pajuasaidal [euatew ay) jo anuy 1 Buimoljo ay | %0.00 ©OW
%610 IN
%610 1D
%le€0 N9
%LLV0 1S
%v¥00 S
%¥L00 d
%980 UNW
%l¥'0 2D
anjep ansuoRIRY) anjep ansusyoeIRy) anjepA  opsuejoRIEYD
(0] (o]
V3 §8.L) ‘LV3H / SOd AYATQ 006S v.. 6.6 | L 006S 2. 646 | L LLEVE61980 / L66LY¥IZ8 ("ON W8
€7 000°0€Z.€ 1V3H /S91 A¥ATA 0S6.-S¥8LL SN 0S6.-5¥8.. SN 610Z/0€/10 :31va 113N
‘N/d 1Sn2 XL uoneyg absjjo) | d X1 uoneys abaji0n | a 6102/¥0/20 :31va 110d
¥¥.1808 ‘#0d 1LSND 0€ AmH 21835 05901 | | 0€ AmH 31835 05901 | 1 09/02% 19 1981L-519V WISV :3AVHD
6Z8¥98¢. #1049 H (o] 09/02Z% ..0.02 (S#) WW9L ¥VE3Y :NOILD3S
1661¥928 :#AaA119q | neys 8b9)|0) SIAS UonINYSUC) WD | S neig abajjon saAg uononisuo) WD | S 661980€:"ON LV3H

Jabeuep eoueinssy Aenp

e|jAeq V opue|oy

kuvww T YD l...ll
/ > [

/ =

uojjediyioads apesb papodal 8y} 0} WIOJUOD pUB JJEINIJE 3iE
alay pajuasaid s)nsai 3sa} ayy Jeyy Aj1a Agaiay app

LLL8-TLE-0E8
1122 saidoo Jeuoippe Jo4

1d0d3d 1S31 717N a31411432

0162-6518. XL NIN93S
JARRA TN T33LS L
SVYX3L1 133LS DND

2019-09-27

54

TR No. 0-6948-R1



1 40 | °begd
ZV€5:T1L 610Z/60/L0

F SHAVINTY

70622 SBUILIBA GG mmm 0]

0B uoneuLiour a.10t Jo ‘uLey 8njonpoIds. isyjo 1o

SIO8Y3P YLIq “1BoURD 8SNED O] BILIOHIED 4O BIEIS BY) OF UMOUY
818 YoM S1eajweyd o} noA esodxe ueo jonpo.d sy, (1 Butiepn,
Okp'SE9HAD £2 40 sjuswisnnba  eauswy Ang, ay] sjespy,

passeqd | Jsa] puag
NIOSL'E  J3j3welq )sa) puag
NIg8 L33 yibq ebeg uonebuojg
%Ll 1 1s9) uonebuolg

renuew Ayenb jueyd ayp jo ISYL°201L L 3S9) YbBuang apisua)
UOISIB 1SOIE] 84} i 8oUBPIOIIE Ul PaINENUE, 1S0°€9 | 3s8) ybuang plaix
uoneuwIEIUOD AmdiBp Ou SuteOY,
Jedai pjam ou suiejuon), %1000 IV
WeOWoa | '€ p00Z. $0Z0LNI, %ELOD  us
¥S11 8yj U1 pajjo. pue paysu %001t %Z000 9D
Py Aliny 1 feusrepy, %0000 A
UL siup Aq pajuasaidal episiew ays Jo anuy s1 Buimoljoy Byl %0600 OW
%10 IN
%S0 1D
%EED NI
%LL0 1S
%LP00 S
%ZL00 d
%SL0 un
%EY0 2
anjep aysusioeIRyy anjep ansujoRIRYY enjep  onsuejoeIRyy
(o] o
V3 ¥8S1 '1V3H / SOd A¥ATQ 006S ¥2.16.6 | L 0065 ¥2.6.6 | 1 619V8PEER0 / £21085Z8 "ON "Ha)
87 00098547 :1V3H / S91 A¥ATQ 0S6.-5¥81L SN 056.-S¥812 SN 8L02/12/60 :31va 113N
‘N/d 1SnD X1 uoneyg abejo) | 4 X1 uonelg abajion | g 81L02/52/60 :31va 110y
GGGZ08 ‘#0d 1SND 0€ AMH 93838 05901 | | 0€ AmH 33235 05901 | 7 09/02% 19 91-519V WISV :3avyO
€6ELLLZL #1089 H [o] 09/0Z% .0.02 (9%#) WW6L ¥va3y ‘NOILD3S
€2108528 :#f1anlag | neig abojjon SOAS UoRINNISUC) WD | S | heys absjjon saag uondINNSUOY DND | S 8VEEB0E:"ON 1V3IH
Jabeuep asueinssy Apjeny
elinea v opugjoy e
S %l! —
.\\Q ol = ﬁmWI. LLLB-ZLE-0E8 0L52-66187 X1 NIND3S

uoheayoads apesb papodal ay) 0} wioJU0D pue sjeINdE e
813y pajuasaid syinsal 1sa) ay) yeyy Ajnueo Aqaiay apn

11ed saido2 [euonippe 104

1¥0d3Y 1S3 TN a3idILH3D

JAA TN T133LS L
SYX3L1 T331S OWD

2019-09-27

55

TR No. 0-6948-R1



/‘-‘ I'I_'exas Aggﬂ ?oc.-No‘T Issue Date:+|-
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D o L i Samplingo
Bryan, TX 77807 1| Phone §79-845-83757|
= . Prepared by:-Wanda-L. - Menges Revision:-«* | Page c
B Quality-Formo Approved by Darrell-L. Kuhno 6 L-of 1=

Project No: ‘Zéz ‘/J)Z‘-cf/ Casting Date: 2 C (F-/<- 9¢Mix Design (psi): “S5&cps,
f?- // /{ i l%ff//

Name of Technician
Taking Sample

Signature of

Name of Technician
Breaking Sample

Signature of

Technician Technician Breaking %"
Taking Sample V Sample
Load No. Truek No. Ticket No. Locatiod (frorrtoncrete map)
7 7030 SY0E537 | AW Pes
Load No. Break Date Cylinder Age Total Load (lbs) Break (psi) Average
£ 20i5-ob-3Y | 35 deys | 1 G009 Y209
T Detenit] §3ays | N300 | SosP
‘. ‘ o PG oyiq !
| 151000 | 39| $2a33
: t (Y5000 | S270 1
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CUSTOMER'S COPY

A il
Mariettg

Martin Marietta

1503 LBJ Freeway
Suite 400
Dallas, Tx 75234

g

I

- - - 1 ‘L i -
S T
WATER ADDED ON JOB AT CUSTOMI;P‘Z REQUEST | L. &  GaL. [CUSTOMERSIGNATURE
X

ALLOWABLE WATER (withheld from befich) GAL.

TEST CYLINDERTAKEN LJYES OINO BY
CYLINDER TAKEN U BEFORE [ AFTER WATER

ADDITIONAL WATER ADDED TO THIS GCONCRETE WILL REDUCE
ITS STRENGTH. ANY WATER ADDED IN EXCESS OF SPECIFIED

DELIVERY OF THESE MATERIALS IS SUBJECT TO THE TERMS AN
CONDITIONS ON THE REVERSE SIDE HEREOF AS ACCEPTED B
SIGNATURE ABOVE .

SLUMP IS AT CUSTOMER'’S RISK.
CUSTOMER NAME AND DELIVERY ADDRESS PLANT TRUCK ORDER NO. SLUMP P.O. #JOB/LOT GRID
DRIVER NAME o OATE
CUSTOMER NUMBER PROJECT cum. ary ORDERED GTY
LOAD QUANTITY  PRODUCT CODE DESCRIPTION UNIT PRICE AMOUNT
ﬂ ‘0\‘
SPECIAL DELIVERY INSTRUCTIONS . SAlES AL
TOTAL

DANGER! MAY CAUSE ALKALI BURNS.

2 oA "'\{_'}
FOR OFFICEUsE oNLYy FORM: &0 W2 0

SEE WARNINGS ON REVERSE SIDE.

ogefoat s
R e BE

abergyl esipn (i Requirac P E

ST w Ty
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Project No: 'L{é 7‘/&’ B ,'/—J Casting Date: za/z-c;’s‘. 3@0 Mix Design (psi): }ﬂjﬂ

g

Name of Technician
Taking Sample

Signature of
Technician
Taking Sample

Llalil
—'2_____ -

Name of Technician
Breaking Sample

Signature of
Technician Breaking
Sample

Load No. 'Truck_ﬁf Ticket No. Location ff?cr:; concrete map)
T/ | dloa | SRICH| Motlon Nar Sesmesf Godf Sonlened
Fa VG \PR2ads | Mok Mas G Fin A
Load No. Break Date Cylinder Age Total Load (lbs) Break (psi) Average
T Aota-g)-( Uiy, [|?/g00 | oI l
i[ \ [ oo | cxid | SPay
‘ ' [{(7060 |5907 )
Tl 20150711 | Y4 Ju;/; 121000 o i
l{dgeo | 5isq $906
[Zo0000 |66iD |
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CUSTOMER'S COPY
: Martin Marietta
Mqr in 1503 LBJ Freeway
Marietta Suite 400
Dallas, Tx 75234

I )

I H!

WATER ADDED ON JOB AT CUSTOMER'S REQUEST : QA= #.{ - SIORE SNATUBE

ALLOWABLE WATER (withheld from batch) GAL. X

TEST CYLINDERTAKEN OYES QNO BY DELIVERY OF THESE MATERIALS IS SUBJECT TO THE TERMS AN
CYLINDER TAKEN QO BEFORE O AFTER WATER CONDITIONS ON THE REVERSE SIDE HEREOF AS ACCEPTED B

ADDITIONAL WATER ADDED TO THIS CONCRETE WILL REDUCE  S'GNATURE ABOVE .
ITS STRENGTH. ANY WATER ADDED IN EXCESS OF SPECIFIED

SLUMP IS AT CUSTOMER’S RISK.
CUSTOMER NAME AND DELIVERY ADDRESS PLANT TRUCK ORDER NO. SLUMP P.O. #JOB/LOT GRID

& MNTUVERE f ¢ 3129

DRIVER NAME : DATE

CUSTOMER NUMBER PROJECT - Cum. ary ORDERED QTY
LOAD QUANTITY PRODUCT cODE DESCRIPTION UNIT:PHICE AMOUNT

o¥Yne BDOTC B ;"- :
‘I>
5 o i“3
/a4y
4649
SPECU_\I:_:DELWEHY‘IN‘S‘TEIU(..‘.TIONIS S SALES TAX
TOTAL
DANGER! MAY CAUSE ALKAL| BURNS. 2 8 =2 6
'SEE WARNINGS ON REVERSE SIDE, : . FOR OFFICE USE oNLY FORM: b
T e e ST = = = S
I 1]
g De 3
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CUSTOMER'S COPY
s Martin Marietta
MCll:tlE - 1503 LBJ Freeway
Marietta Suite 400
Dallas, Tx 75234

L LY

R &

Heour T LEAV

WATER ADDED ON JOB AT CUSTOMER'S REQUEST _____ gg.  [customen simarune e
ALLOWABLE WATER (withheld from batch) GAL X —
TESTCYLINDER TAKEN L YES QNO BY DELIVERY OF THESE MATERIALS IS SUBJECT TO THE TERMS AN
CYLINDER TAKEN O BEFORE U AFTER WATER CONDITIONS ON THE REVERSE SIDE HEREOF AS ACCEPTED B
ADDITIONAL WATER ADDED TO THIS CONCRETE WILL REDUCE  S/GNATURE ABOVE .
ITS STRENGTH. ANY WATER ADDED IN EXCESS OF SPECIFIED
SLUMP IS AT CUSTOMER’S RISK. ; :
CUSTOMER NAME AND DELIVERY ADDRESS PLANT TRUCK ORDERNO. ~ SLUMP P.0. #JOBLOT GRID
: ! DHIVER.NAI_HE o DATE
Bl ; mmsm — cum. arv — ‘!onlnsnenm'v
LOAD QUANTITY PRODUCT CODE DESCRIPTiON V “UNITI"HICE AﬁOUNT
B TS i HIF AN AR ST L 2, U e X /; =Y
| : 4 ) i’3
“_,‘! _'(! i '16qu i
SPECIAL DELIVERY INSTRUCTIONS _ e he e . e e e I Bt ; SALES TAX
RO TOTAL
JANGER! MAY CAUSE ALKALI BURNS. 2 EEO2RQE
SEE WARNINGS ON REVERSE SIDE. FOR'OFFICE USE ONLY FORM: < 00 20 O
fa 1
2019-09-27
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Proving-Groundy me University] Samp[lngn
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Bryan, - TX 77807 1| Phone-070-845-83757|
' Y Prepared-by:-Wanda-L. MengesY Revision:-+ | Paged r
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Project No: ‘/J 7"}7’0/"3 Casting Date: 26’&1’{@ -ﬁﬁ Mix Design (psi): 3 {24‘3
DU Lhr

Name of Technician
Taking Sample

Signature of
Technician

Name of Technician
Breaking Sample

Eil A
e R

Signature of
Technician Breaking

Taking Sample Sample
Load No. T:uck No. Ticket No. Location (ftont concrete map)
7/ IS S Y5992 | Sccord Losmar b Foos Moot B ihooesd
2N /O | SHEWY | Sean St Yo Aotk Jop>
Load No. Break Date Cylinder Age Total Load (lbs) Break (psi) Average
-PI ).05?'074! :3"} z[-.;/; IS7200w 255 3 !
\ \ [Stooc |55 )P SN
} J 15 3000 $5Y /2 J
TX  |20-07-U | Moy 19000 | 5161 "
\ | l‘ Moo | 452 2 S16Y
‘ | is/00e | D4 \
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CUSTOMER'S COPY

“Martin Marietta

Martin 1503 LBJ Freeway
Marietta Suite 400
Dallas, Tx 75234

OO0 0 O 0

CUSTOMER SIGNATURE

WATER ADDED ON JOB AT CUSTOMER'S REQUEST

ALLOWABLE WATER (withheld from batch)
TEST CYLINDERTAKEN QYES QNO BY DELIVERY OF THESE MATERIALS IS SUBJECT TO THE TERMS AN

CYLINDER TAKEN U BEFORE O AFTER WATER CONDITIONS ON THE REVERSE SIDE HEREOF AS ACCEPTED B

ADDITIONAL WATER ADDED TO THIS CONCRETE WILL REDUCE  S!GNATURE ABOVE .
ITS STRENGTH. ANY WATER ADDED IN EXCESS OF SPECIFIED
SLUMP IS AT CUSTOMER’S RISK.

X

CUSTOMER NAME AND DELIVERY ADDRESS PLANT TRUCK _ ORDER N'pﬁ . SLUMP_ P.O, #WJOB/LOT GRID
DRIVER NAME ; DATE
CUSTOMER NUMBER PROJECT Cum. ary ORDEREDGTY

LOAD QUANTITY  PRODUCT CODE DESCRIPTION ™ _ 2 UNIT PRICE AMOUNT

L A LA it e i ’3“’
a
S 41|
SPECIAL DELIVERY INSTRUCTIONS | x
o, i 0 I SALES TAX 4 v]
i eI 4
TOTAL

DANGER! MAY CAUSE ALKALI BURNS.
SEE WARNINGS ON REVERSE SIDE.

Form: 2663013

FOR OFFICE USE ONLY
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CUSTOMER'S COPY

Martin
Marietta

Y/

Martin Marietta

1503 LBJ Freeway
Suite 400

Dallas, Tx 75234

a 1~ e &~
M, oy LiE) n._J) S ]

il %

T

ALLOWABLE WATER (withheld from batéh) )
TEST CYLINDERTAKEN O YES {NO BY

WATER ADDED ON JOB AT CUSTO? REQUEST

CYLINDER TAKEN U BEFORE O AFTER WATER

ADDITIONAL WATER ADDED TO THIS CONCRETE WILL REDUCE
ITS STRENGTH. ANY WATER ADDED IN EXCESS OF SPECIFIED
SLUMP IS AT CUSTOMER’S RISK.

CUSTOMER SIGNATURE

X

DELIVERY OF THESE MATERIALS IS SUBJECT TO THE TERMS AN
CONDITIONS ON THE REVERSE SIDE HEREOF AS ACCEPTED B
SIGNATURE ABOVE .

CUSTOMER NAME AND DELIVERY ADDRESS PLANT TRUCK ‘ORDER NO. SLUMP P.O. #/JOB/LOT GRID
DRIVER NAME ¥ DATE
- ¥ a~ B gy o go I
CUSTOMER NUMBER | PROJECT cum. ary ORDERED Q1Y
A { | = 2t = A
. BTt
LOAD QUANTITY PRODUCT CODE DESCRIPTION UNITPRICE " AMOUNT
- : e .
W) A
|}
T f i ' t / '
g1 iy 5 oo/ )
o~ e 4
" ) ! P 7 He /
.“ ‘ o/ “ F
\
1 o i ‘ Syl
t
SPECIAL DELIVERY I-NSTHUCTIDNS SALES TAX . 86‘ i
S\
TOTAL
DANGER! MAY CAUSE ALKALI BURNS. 2 g gl 1 1 &
SEE WARNINGS ON REVERSE SIDE. FOR OFFICE USEoNLY FORM: £ 0w 2 !
:'-'" > '-’ It
[ 4 164
2 o =0
1 -610 ]
mad T g 5
Bp
4
]
N
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/ Texas AGM Doc.No Issue Datez+|
Transportation b +
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e Prepared-by: - Wanda 1. Menges Revision:-+ | Page:q r
Qllﬂ]lty FOI ma Approwd by Dar.rell L. Kuhna 6= Lofi=

[Fhe inform ontalned in

Project No: l_—f é‘z g ﬁ ‘Z ‘0’ }Castmg Date: é = / 2 ”’/f Mix Design (psi): '/)f [42

Name of Technician
Taking Sample

777/: T A /ﬁ;é 27

Signature of

Name of Technician
Breaking Sample

=

Signature of

Technician - ,- Technician Breakin £~’ t
Taking Samplef //,7 / Sz;plg /} //‘/}%fr/
Load No. Truck No. ~ Ticket No. Location (from concrete map)
[ DUSS507| Sourt h
y SYSSES 7] " ih ~Spert Lo
Load No. Break Date Cylinder Age Total Load (lbs) Break (psi) Average
7/ 205 052y| [y | 134000 | YgPQ
I 1200600y | Rere | Dyson | Y400
7_, R0(5-07-| 29 deys oo o Sfcco I
A " i! /S700c | S55 3 FIp22
Le 1« [ /fglcfcf('/ j’)’/cf’ {
72 2i-07-r | 2Tdws | 15Y00¢” | 5y 7 (
60c0C s S5ag
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CUSTOME

R'S COPY

: Martin Marietta -
A Mqrtm 1503 LBJ Freeway
Marietta Suite 400

Dallas, Tx 75234

m
?Eif E!FI% ;
x . 4

1:44

STy

i

g

15 3|,

i
#

]
|

B0

WATER ADDED ON JOB AT CUSTOMER'S REQUEST
ALLOWABLE WATER (withheld from batch)
TEST CYLINDERTAKEN &'YES QONO BY
CYLINDER TAKEN QIBEFORE @ AFTER WATER -
ADDITIONAL WATER ADDED TO THIS CONCRETE WILL REDUCE
ITS STRENGTH. ANY WATER ADDED IN EXCESS OF SPECIFIED
SLUMP IS AT CUSTOMER'S RISK.

GUSTOME'F[ W /,)/’

‘:DELIVEHY OF THESE MATEH/IALS/{S SUBJECT TO THE TERMS AN
CONDITIONS ON THE REVERSE SIDE HEREOF AS ACCEPTED B
SIGNATURE ABOVE .

CUSTOMER NAME AND DELIVERY ADDRESS | PLANT TRUCK, - ORDER NO. SLUMP P.O. #JOB/LOT GRID
DRIVER NAME DATE
CUSTOMER NUMBER PROJECT. cuM. ary . ORDEREDGTY _
LOAD QUANTITY  PRODUCT CODE DESCRIPTION UNIT PRICE AMOUNT
3 = ‘ ,")
SPECIALDELIVERY INSTRUCTIONS SALES TAX
TOTAL

DANGER! MAY CAUSE ALKALI BURNS. 2 AR 3% L
SEE WARNINGS ON REVERSE SIDE. FOR OFFICE USE onry FORM: J oL O
x . - el S ?;m M ." f
%4 st ifra 3 t = 4
y
-09-27
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CUSTOMER'S COPY

Martin Marietta

1503 LBJ Freeway
Suite 400
Dallas, Tx 75234

OO 1000 080 0 o

SINPOUR

Martin
Marietta

8 i v ! it -
s 5 7
WATER ADDED ON JOB AT CUSTOMER'S REQUEST , GAL [CUSTOWER sihATuRE .
ALLOWABLE WATER (withheld from batch) _ oy T
TESTCYLNDERTAKEN OYES OINO By DELIVERY OF THESE MATERIALS 1S SUBJECT TO THE TERMS AN
CYLINDER TAKEN UBEFORE U AFTER WATER CONDITIONS ON THE REVERSE SIDE HEREOF AS ACCEPTED B

ADDITIONAL WATER ADDED TO THIS CONCRETE WILL REDUCE  S!GNATURE ABOVE .
ITS STRENGTH. ANY WATER ADDED IN EXCESS OF SPECIFIED
SLUMP IS AT CUSTOMER'S RISK. ;

CUSTOMER NAME AND DELIVERY ADDRESS _ |PLanT TRUCK ORDER NO. SLUMP PO, #JOB/LOT GRID
DRIVER NAME : 2 DATE
CUSTDMmEﬁ MJMBER PROJECT CUM. aTy ORDERED QTY
' A 4 iy )
/ ‘.'-9 Vi 4
-OAD QUANTITY PRODUCT CODE DESCRIPTION UNITPRICE AMOUNT
SCpd
. %
A
)
L ;
M\
L1
' %) IQ
' .
SPECI{-\L DEL!\[ER.‘{ INSTﬁl_U.CTIl)N‘Ei ) E"'i" SALES TAX
. fal § o A -
S TOTAL
" £ "; . ) ’/‘P
JANGER! MAY CAUSE ALKALI BURNS. 2 RERRTRD
SEE WARNINGS ON REVERSE SIDE. FOROFFICEUSE ONLY FORM: < 0 &+ O 2

- )
T : f
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APPENDIX C. MASH TEST 5-12 (CRASH TEST NO. 469489-01-3)
C.1 VEHICLE PROPERTIES AND INFORMATION
Table C.1. Vehicle Properties for Test No. 469489-01-3.
DATE: 2019-07-12 TEST NO.: 469489-1
TRACTOR
YEAR: 2006 MAKE: Freightliner MODEL: R
VIN No.: IFUJABCK46PV52093 ODOMETER: 776675
TRAILER
YEAR: 1999 MAKE: TRL MODEL: VN 33'
VIN No.: 1JIVE32W2X L 465292
S E;;% Ezz%w Ezz% %zzglw
P N N 0 !}—‘ N N R A
0 C__J E;]J are C__J C;j_J
“O|\CC | CC20 D
el
= L FIFTH WHEEL BALLAST C.M

-

[—
—r =

00

E F K]
v I, J? M5
GEOMETRY ( inches )
A 10200 p 5000 K 62.00 o 1750 r  73.00 u 23.00
B 11800 E 456.00 H 7175 L 5000 p 7950 s 2500 v 38.00
cC 1483.00 50.00 4 68.75 M 34.00 q 73.00 T 40.00 w 160.00
R e Gwerang = &7 Inche . - Bl cantar of Mase HE - 75 3 inches abea ground o0 ores M
MASS ( b ) CURB TEST INERTIAL
M 9130 10190
Mo 4320 13070
M: 7660 21850
M2 4840 17520
Ms 4750 Allowable Range 17540 Allowable Range
Mrotal 30700 29,000 £3100 Ib 80170 79,300 +1100 Ib
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C.2 SEQUENTIAL PHOTOGRAPHS

0.000 s

Y

0.175s

0.350 s

0.525s

Figure C.1. Sequential Photographs for Test No. 469489-01-3 (Overhead and Frontal Views).
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0.700 s

0.875s

1.050s

1.225s

Figure C.1. Sequential Photographs for Test No. 469489-01-3 (Overhead and Frontal Views)
(Continued).
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Figure C.2. Sequential Photographs for Test No. 469489-01-3 (Rear Views).
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Figure C.2. Sequential Photographs for Test No. 469489-01-3 (Overhead and Frontal Views)
(Continued).
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VEHICLE ANGULAR DISPLACEMENT
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VEHICLE ACCELERATIONS
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