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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS

Symbol | When You Know | Multiply By | To Find | Symbol
LENGTH
in inches 254 millimeters mm
ft ft 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
ft? square ft 0.093 square meters m?
yd? square yards 0.836 square meters m?
ac acres 0.405 hectares ha
mi? sguare miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft cubic ft 0.028 cubic meters m3
yad?3 cubic yards 0.765 cubic meters m3
NOTE: volumes greater than 1000L shall be shown in m?
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or metric ton”) Mg (or “t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5(F-32)/9 Celsius °C

or (F-32)/1.8
FORCE and PRESSURE or STRESS

Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
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 ft ft
m meters 1.09 yards yd
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mm?2 square millimeters 0.0016 square inches in?
m? square meters 10.764 square ft ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
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VOLUME
mL milliliters 0.034 fluid ounces oz
L liters 0.264 gallons gal
m?3 cubic meters 35.314 cubic ft ft
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MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
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°C Celsius 1.8C+32 Fahrenheit °F
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*Sl is the symbol for the International System of Units
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CHAPTER 1. INTRODUCTION
11 BACKGROUND

Concrete median barriers are used to prevent serious cross-median crashes by preventing
penetration of passenger vehicles and trucks into oncoming traffic. These solid concrete barriers
are used on highways with high speeds and high traffic volumes not only to provide positive
containment of vehicles but also to help reduce maintenance and repair needs.

When implemented in flood-prone areas, solid concrete median barriers can act as a dam
for floodwaters, as recently occurred in the Houston and Beaumont areas during Hurricane
Harvey or as occurs in Louisiana following a severe storm. These severe weather events raise the
height of floodwaters and increase the severity of flooding on highways and surrounding roads
and communities. Such flooding requires significant repair before highways can be reopened and
the level of safety restored for motorists.

As a result, there was a need to develop and evaluate an appropriate median barrier in
compliance with the American Association of State Highway and Transportation (AASHTO)
Manual for Assessing Safety Hardware (MASH) Test Level 4 (TL-4) for implementation in
flood-prone areas (1). To meet this objective, the Texas A&M Transportation Institute (TTI), in
cooperation with the Texas Department of Transportation (TXDOT), designed a barrier to
accommodate the passage of floodwater during severe weather events in order to reduce the
severity of flooding, decrease risk to motorists and others in the area, and reduce the level of
damage to the highway and surrounding area.

1.2 OBJECTIVE

The objective of this research was to develop and evaluate an appropriate median barrier
for flood-prone areas that complies with AASHTO MASH TL-4. To satisfy this objective,
researchers designed a barrier that allows floodwater to pass through it during severe weather
events. This type of barrier can reduce the severity of flooding, risk to motorists and others, and
level of damage to highways and surrounding areas.

The researchers designed and evaluated a new MASH TL-4 compliant concrete median
barrier for implementation in flood-prone areas through engineering analyses, computer
simulations, hydraulic large-scale testing, and full-scale vehicular crash testing. The researchers
considered factors including but not limited to hydraulic and impact performance, maintenance,
and cost.

The impact performances of roadside safety systems are judged on the basis of three
factors: structural adequacy, occupant risk, and post-impact vehicle trajectory. The researchers
tested the concrete median barrier based on MASH TL-4 criteria and utilized three types and
specifications of vehicles for testing roadside safety systems: single-unit truck (SUT), quad-cab
pickup, and passenger car.

For testing the structural adequacy of concrete traffic barriers at TL-4, the researchers
used an SUT traveling at 56 mi/h at a 15-degree impact angle to verify the barrier capacity and
ability to contain and redirect the SUT. The researchers also used a quad-cab pickup and
passenger car to test the performance of a concrete barrier at TL-4 (traveling at 62 mi/h impact
speed and a 25-degree impact angle). The researchers used these two tests to investigate the
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ability of concrete traffic barriers to successfully contain and redirect light trucks, sport utility
vehicles, and passenger cars. To achieve the objective, researchers proposed a work plan
consisting of six tasks. Each task is summarized below.

1.3 WORK PLAN
1.3.1 Task 1. Conduct Project Management and Research Coordination

The researchers conducted project management activities and coordinated research
activities including, but not limited to, project meetings between the Performing Agencies and
the Receiving Agency, preparation of meeting notes, and documenting work efforts into monthly
progress reports (MPRS).

The researchers conducted the following activities:

Kick-off meeting.
Progress meetings.
Close-out meeting.
MPRs.

The researchers conducted a Value of Research (VoR) assessment. In developing the
VOR, the researchers identified sources for both qualitative and economic data, such as TxDOT
construction bids (economic), material price lists from vendors (economic), pavement
performance data (economic), and district personnel (qualitative).

The researchers completed the VoR Template, including the economic based
calculations, the description of economic variables used within the calculations, and the
qualitative values of the selected benefit areas.

The researchers evaluated the initial submission of the VoR Template and revised, if
needed. TXDOT continued to identify qualitative and economic VoR data during the course of
the research project. The researchers included this information within the resubmittal of the VoR
Template at the end of the project within the project summary report and research report.

1.3.2 Task 2. Literature Review

The researchers performed a thorough literature search that was international in scope to
assure a comprehensive review of relevant past or current research. Chapter 2 discusses what
types of literature were explored.

Based on the results of the literature review, the researchers identified certain
requirements or constraints, aspects of the testing, and evaluation criteria that needed to be
considered for this project. The researchers analyzed, described, and critiqued relevant work
from the literature review based on applicability and usefulness in developing barrier design
options and a methodology for the hydraulic evaluation of the barrier systems. The researchers
integrated any collected useful results into this project report.
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1.3.3 Task 3. Develop and Evaluate Preliminary Design Concepts

The researchers developed concepts of a concrete median barrier for implementation in
flood-prone areas. The design-preferred characteristics included profile shape and barrier height.

The researchers addressed basic requirements for the concrete median barrier system,
including accommodation of service loads, to meet hydraulic and impact performance
requirements. In addition, the researchers developed concrete median barrier design options with
the primary intent to accommodate desired water flow and meet the AASHTO MASH
requirements. The researchers considered placement of openings to reduce other hazards, such as
hydroplaning, and to optimize driver safety by considering secondary effects of median barriers,
including but not limited to glare shielding and passage of animals.

The researchers met with TXDOT representatives to present and discuss the concrete
median system concepts. The researchers documented advantages and disadvantages for each
design alternative, including any perceived performance benefits and application limitations.
TxDOT then selected preferred design options for further evaluation in Task 3.

1.3.4 Task 4. Conduct Large-Scale Hydraulic Testing

The researchers conducted hydraulic testing of the selected preferred concrete median
barrier designs to evaluate the passage of water through the openings to determine the most
effective design from a hydraulic standpoint. The researchers conducted large-scale experiments
on three preliminary designs that were based on theoretical rating curves from calculated head
and discharge relationships.

Through these experiments, the researchers determined which of the barriers allowed
adequate flows given varying flood conditions while still maintaining structural design elements
necessary for strength and stability requirements.

Researchers performed laboratory tests to determine how the design—orientation,
spacing, and location—of the openings affect:

e Flow of water through the barrier.
e Depth of flooding behind the barrier.
e Extent of backwater effects.

Upon determining the optimal hydraulic design of the concrete median barrier, the
researchers provided guidance to TXDOT on how to use the measured relationships to estimate
backwater effects during flood conditions and impact to upstream stakeholders.

1.3.5 Task 5. Develop Detailed Design and Perform Engineering Analysis

The researchers developed design details of the top three design options selected in
Task 2 as candidates for detailed development and evaluation under vehicular impacts. The
researchers performed detailed engineering analyses to determine (a) appropriate barrier
reinforcement characteristics to resist vehicular impact loads per MASH TL-4 conditions,
(b) proper barrier connections to the ground, and (c) appropriate dimensions and characteristics
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of the openings and/or scuppers for each of the design concepts. The researchers verified
whether each design could accommodate service load requirements.

Next, the researchers evaluated the ability of each design to meet impact performance
requirements and provide desirable functional characteristics during flooding conditions. The
researchers then used the results to assess the probability of each design concept to meet MASH
TL-4 impact performance requirements and provide other desirable functional characteristics
during flooding conditions.

At the end of each analysis, the researchers provided updated detailed drawings of the
concrete median barrier systems to TXDOT. TxDOT reviewed the detailed design concepts and,
based on the outcomes of Task 3 and Task 4, selected the preferred design option for further
evaluation in Task 5.

1.3.6 Task 6. Construct Barrier System and Conduct Full-Scale Crash Testing

The researchers acquired the services of a subcontractor to construct the concrete median
barrier system for testing. After construction of the concrete median barrier system, the
researchers conducted MASH TL-4 full-scale crash tests following the approved test plan.

MASH provides guidance on the impact performance evaluation of roadside safety
hardware. The test matrix recommended for the evaluation of longitudinal barriers under TL-4
consists of three tests:

1. MASH Test 4-10: An 1100C (2420-1b) passenger car impacting the critical impact
point (CIP) along the length of need (LON) of the barrier at a nominal impact speed
and angle of 62 mi/h and 25 degrees, respectively.

2. MASH Test 4-11: A 2270P (5000-Ib) pickup truck impacting the CIP along the LON
of the barrier at a nominal impact speed and angle of 62 mi/h and 25 degrees,
respectively.

3. MASH Test 4-12: A 10000S (22,000-1b) SUT impacting the CIP along the LON of
the barrier at a nominal impact speed and angle of 56 mi/h and 15 degrees,
respectively.

MASH Tests 4-10 and 4-11 evaluate the barrier’s ability to successfully contain and
redirect passenger vehicles and determine occupant risk. MASH Test 4-12 evaluates the
structural adequacy of the barrier system. Each of these tests is discussed in greater detail in
future sections.

The researchers assessed the post-impact vehicle trajectory as part of MASH evaluation
criteria to determine the potential for secondary impact of the impacting vehicle with other
vehicles or fixed objects that can create further risk of injury to occupants of the impacting
vehicle and risk of injury to occupants in other vehicles.

After construction of the concrete median barrier system, the researchers conducted the
MASH TL-4 full-scale crash tests according to the approved test plan. MASH provides guidance
on the impact performance evaluation of roadside safety hardware. The test matrix recommended
for the evaluation of longitudinal concrete barriers under TL-4 consists of three tests, as listed in
Section 1.3.5.
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The researchers selected CIPs for the MASH testing by determining the location that
maximizes pocketing and snagging of the vehicle against the tested system (MASH Tests 4-10
and 4-11) and maximizes the potential for failure of the concrete barrier (MASH Test 4-12).
MASH provides information for the determination of CIPs for rigid and temporary barrier tests.

The researchers evaluated the vehicle crash tests in accordance with the criteria presented
in MASH and judged the impact performance of the barrier based on three factors: structural
adequacy, occupant risk, and post-impact vehicle trajectory. Structural adequacy is based upon
the barriers’ ability to contain and redirect the impacting vehicle. Occupant risk criteria rate the
potential risk of hazard to occupants in the impacting vehicle, and to some extent, other traffic,
pedestrians, or workers in construction zones, if applicable. The MASH occupant risk criteria
include occupant impact velocity and ridedown acceleration, which are computed using the
acceleration-time histories measured at the vehicle’s center of gravity. These criteria are based
on a flail space model that assumes an unrestrained occupant. The researchers also assessed the
post-impact vehicle trajectory as part of the MASH evaluation criteria to determine the potential
for secondary impact.
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CHAPTER 2. LITERATURE REVIEW"
2.1 INTRODUCTION

Concrete median barriers are used to prevent serious cross-median crashes by preventing
penetration of passenger vehicles and trucks into oncoming traffic. These solid concrete barriers
are used on highways with high speeds and high traffic volume to not only provide positive
containment of vehicles but also help reduce maintenance and repair needs. Any required barrier
maintenance or repair increases risk to maintenance personnel and can result in significant
congestion if a lane closure is required.

During Hurricane Harvey, it was observed that solid, rigid concrete median barriers can
act as a dam for floodwaters. This situation raises the height of floodwaters and increases the
severity of flooding on both the highway and the surrounding roads and community. This rise in
floodwaters increases the risk to both motorists and others in the area and can also increase the
level of flood damage to the road network and any nearby structures. Numerous highways in the
Houston and Beaumont areas were severely affected by the damming of water caused by solid,
rigid concrete median barriers, including Interstate Highway (IH) 10 and United States Highway
(US) 59 in Houston, and US 96 in Beaumont. In the Beaumont area, several sections of median
barrier were blown up to help mitigate the increased flooding being caused by the solid concrete
barrier.

A recent severe storm in Louisiana on IH 12 resulted in a similar scenario to the one
experienced in Texas as a result of Hurricane Harvey. A 19-mi length of rigid, solid concrete
median barrier that was constructed to divide the eastbound and westbound lanes of IH 12 to
prevent head-on crashes on the heavily traveled highway acted as a dam, causing greater flood
damage to areas north of the highway. Figure 2.1 illustrates examples of flooding scenarios
where rigid, solid concrete median barriers are implemented.

-m-...,_.~”._ .

ENTFRPRISE e

‘An 1sland’

(a) In Beaumont, Texas, several sections of  (b) The flooded westbound lanes of

median barrier were exploded to help Interstate 12 with a concrete barrier
mitigate the increased flooding being damming up the flow of water
caused by the solid concrete barrier (2). (Louisiana) (3).

Figure 2.1. Examples of Flooding Scenarios Where Rigid, Solid Median Concrete Barriers
Are Implemented.

* The opinions/interpretations identified/expressed in this chapter are outside the scope of TTI Proving Ground’s
A2LA Accreditation.
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In the Houston area, large sections of portable, solid concrete barriers used as permanent
median applications were displaced or broken by the floodwaters. These situations required
significant repair before the highways could be reopened and a level of safety restored for
motorists. Figure 2.2 illustrates examples of flooding scenarios where portable concrete median
barriers were installed as permanent applications.

UL S

broken and thrust aside after Hurricane Harvey in Humble,
Texas (left and above) (4).

(b) Barrier pushed away from the
roadway and finally split apart on Texas
USHwy 59 (5).
Figure 2.2. Examples of Flooding Scenarios Where Portable Concrete Median Barriers Are
Installed as Permanent Applications.

Because median barriers are an important safety feature that provide an increased level of
safety for motorists, concrete median barriers cannot be removed. Consequently, a need exists
for a crashworthy median barrier that is designed to accommodate the passage of floodwater
during severe weather events. When implemented in flood-prone areas, such a barrier would
reduce the severity of flooding, decrease risk to motorists and others in the area, and reduce the
level of damage to the highway and surrounding area.

In some areas where severe flooding occurred, the existing concrete median barrier was
replaced with a newly developed median barrier version of the existing TXDOT T223 bridge rail
to allow for the water to drain through the barrier’s openings (6). The median version of the
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T223 bridge rail is a post-and-beam concrete barrier that consists of a 19-inch x 24-inch concrete
beam supported by 13-inch x 15-inch concrete posts. The 4-ft-long interior concrete posts
alternate with 6-ft-long x 13-inch-tall openings. The concrete barrier is 32 inches tall. Figure 2.3
illustrates the median version of the T223 concrete barrier.
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(b) Perpendicular View

Figure 2.3. Drawing of Median Version of TxDOT T223 Concrete Barrier.
2.2  MASH TESTING STANDARD CRITERIA

The AASHTO MASH roadside safety hardware testing and evaluation criteria, first
published in 2009 and updated in 2016, were intended to be the latest in a series of documents to
provide guidance on testing and evaluation of roadside safety features (1, 7). MASH standards
contain comprehensive updates to crash test and evaluation procedures to reflect changes in the
vehicle fleet, operating conditions, and roadside safety knowledge and technology. MASH
supersedes National Cooperative Highway Research Program (NCHRP) Report 350,
Recommended Procedures for the Safety Performance Evaluation of Highway Features (8).

The project described herein was designed to fit a TL-4 standard, and as such, MASH
dictates use of the following three tests:

1. MASH Test 4-10: An 1100C (2420-1b) passenger car impacting the CIP along the
LON of the barrier at a nominal impact speed and angle of 62 mi/h and 25 degrees,
respectively. An uninstrumented, 50th-percentile male anthropomorphic test dummy

TR No. 0-6976-R2 9 2021-10-14



is required in this test by MASH guidelines to account for mass distribution and for
visualization of occupant kinematics.

2. MASH Test 4-11: A 2270P (5000-1b) pickup truck impacting the CIP along the LON
of the barrier at a nominal impact speed and angle of 62 mi/h and 25 degrees,
respectively. In this test, a dummy is not required for inclusion in the vehicle unless a
potential interaction is anticipated with the tested system and/or if the barrier being
tested is taller than 32 inches.

3. MASH Test 4-12: A 10000S (22,000-Ib) SUT impacting the CIP along the LON of
the barrier at a nominal impact speed and angle of 56 mi/h and 15 degrees,
respectively. In this test, a dummy is not required to be included in the vehicle.

In a previously conducted TXDOT research project, TTI researchers used impact
simulations to calculate lateral impact loads for MASH TL-4 impact conditions for a rigid single-
slope barrier with various heights (9). Results indicated that the lateral loads for MASH TL-4
were significantly greater than those loads specified for NCHRP Report 350 TL-4 impact
conditions. Further, the lateral impact force varied with rail height. For a 36-inch-tall barrier, the
design impact load was determined to be approximately 68 kip. As the height of the barrier
increases, more of the cargo box of the SUT is engaged, and the lateral load on the barrier
increases. For a barrier height of 42 inches, the lateral design impact load increases to
approximately 80 kip.

Although the minimum rail height to achieve MASH TL-4 impact performance is
36 inches, some TL-4 rails are designed with a height greater than 36 inches to provide improved
stability for heavy truck impacts and to accommodate future pavement overlays. Although not a
specific MASH evaluation criterion, consideration should be given to the potential for occupant
head excursion and contact with components of the rail system for these taller height barriers.

2.3 LITERATURE REVIEW

A thorough literature search was performed to assure a comprehensive review of relevant
past or current research. Specific consideration was given to any identified research studies that
addressed the following:

e Cross-highway water flow requirements during severe weather events required to
prevent a significant rise in floodwater by a highway barrier, including concrete
bridge barriers.

e Non-proprietary concrete barrier systems, either existing or under development, for
implementation in flood-prone areas, including concrete bridge barriers.

e ldentification and review of testing performance of existing compliant rigid and
portable concrete barriers with openings or scuppers.
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2.3.1 Cross-Highway Water Flow Requirements during Severe Weather Events Required
to Prevent Significant Rise in Floodwater by Highway Barrier, Including Concrete
Bridge Barriers

2.3.1.1 Floodway Encroachment

An encroachment is defined by the Federal Highway Administration (FHWA) as any
action or development within the limits of the base floodplain that could impede flood flows
(23 CFR § 650.105 [10]). The TXDOT Hydraulic Design Manual (11) states that for any TxDOT
project with participation by FHWA that involves an encroachment on the 1 percent annual
exceedance probability (AEP) (100-year event) floodplain, the location and design of the project
must comply with FHWA Policy 23 CFR 650, Subpart A. Furthermore, this policy specifically
designates the term regulatory floodway as a floodplain area that is reserved in an open manner
by federal, state, or local requirements (i.e., unconfined or unobstructed either horizontally or
vertically) to provide for the discharge of the base flood so the cumulative increase in water
surface elevation is no more than a designated amount (not to exceed 1 ft, as established by the
Federal Emergency Management Agency [FEMA]) (10). Any encroachment resulting in this
increase of the water surface elevation by more than 1 ft requires that the FEMA floodplain maps
be redrawn.

2.3.1.2 Energy in Open-Channel Flow

The general energy equation describes the energy head at two locations within an open
channel (12). This form of the energy equation is normalized to the unit weight of the fluid;
therefore, the terms shown in Equation 2.1 all have dimensions of length and represent the
energy head due to various forces. This form of the energy equation, accounting for non-uniform
flow distribution (as, 02) and energy lost from friction (hv), is also known as Bernoulli’s
equation, which neglects head losses. The remaining terms z, h, and v represent the depth relative
to a datum, total fluid depth, and velocity at Locations 1 and 2. The final term, g, represents the
gravitational constant at all locations.

2 2
Zl+h1+a1%222+h2+a2%+hL (21)

The following simplifications of Equation 2.1 were presented by Klenzendorf (13). The
first simplification comes from the assumption of a small channel slope resulting in
approximately equal z values, in which case they can be dropped from both sides of the equation.
If the velocity is uniform, a1 and a2 are equal to a value of 1, allowing their omission from the
equation. Finally, assuming that friction losses are negligible, the specific energy can be
expressed according to Equation 2.2, where Q is the channel discharge (volumetric flow rate)
and A is the flow cross-section area. The specific energy in a channel section is defined as the
energy per unit weight of water at any section of a channel measured with respect to the channel
bottom (12).

vZ

E=h+Z=h+ ik 2.2)

2gA?
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If the channel section is rectangular, the unit flow rate, g, may be defined as the
volumetric flow rate per unit width of the channel (b).

q:%:%:%:vh (2.3)

Equation 2.3 uses the flow rate equation Q = vA. The area is expanded into its height and
width components, and the expression can be simplified to place the unit flow rate in terms of the
fluid velocity and height. Plugging these expressions into Equation 2.2 yields the following:

E=h+-2 24
= h+ 5 (2.4)

This equation has three roots; however, one is a negative number with no physical
meaning. The remaining two roots exist at every point greater than the value at the critical point.

Figure 2.4 shows the relationship between specific energy and water depth, where the
horizontal peak represents the critical value.
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Figure 2.4. Specific Energy Curve.
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Also plotted in Figure 2.4 is an E = h line that represents the potential energy given a
completely static fluid. The abscissa for this line is therefore equal to the water depth, and the
difference between this value and the abscissa for the curve is equal to the kinetic energy. It
follows that adding these two values together results in the total specific energy as plotted on the
curve.

Taking the derivative of Equation 2.4 (dE/dh) yields the following:
1/3

he = (%) 2.5)

9

Setting this equation equal to zero provides the critical energy—that is, the minimum
specific energy. Flows at water depths above this point are known as subcritical flows and
correspond to a lesser flow velocity, while water depths below this point are known as
supercritical flows and correspond to a greater flow velocity.

TR No. 0-6976-R2 12 2021-10-14



By assuming that a highway median barrier causes a critical flow state at or near the
obstruction location, Equation 2.5 generates the water depth at that location. As demonstrated by
Bin-Shafique et al. (14), the energy equation can be rewritten to describe the critical depth as a
function of the upstream water depth, assuming critical depth occurs further upstream:

v v, 2
hc+a55=hu+auz+hL (26)

where the subscript u represents the upstream location and c represents the critical location.

Equation 2.6 can be simplified further by assuming a subcritical state in the upstream
flow due to the median barrier obstruction. As illustrated by Figure 2.4, an assumption of
subcritical upstream flow will result in a negligible kinetic energy when compared to the

potential energy (% K hu) at that point. Additionally, plugging in Equation 2.2 and assuming
uniform flow and negligible friction losses, the specific energy can be expressed as follows:

qz
hc + m = hu (27)

Rearranging Equation 2.5 to solve for the unit flow rate gives the result ¢ = gh.>. This
result can then be inserted into Equation 2.7, and the resulting equation can be rearranged to
solve for he.

2

he = ghu (2.8)

This equation describes the critical depth as a function of the upstream depth. Since the
critical depth is not a parameter that can be directly measured, Equation 2.8 provides an
estimation that can be used in mathematical models.

2.3.2 Weir Equation

A weir is defined as a device or overflow structure that is placed normal to the direction
of flow. It serves the purpose of backing up water so that in flowing over the weir, the water goes
through a critical depth (15). Sharp-crested weirs specifically have a sharp edge at the top that
allows the nappe to separate from the weir and flow according to the principle of projectile
motion (12). A sharp-crested weir diagram is included in Figure 2.5, where B, is the weir height
and H is the head above the weir crest, as shown in the next section.

sharp-crested weir

Figure 2.5. Sharp-Crested Weir Diagram.
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This research utilized a sharp-crested weir for the purposes of average flow rate
measurement across a rectangular channel. For a sharp-crested weir in a rectangular channel, the
following equation is used, where Q = average channel volumetric flow rate, C,; = weir discharge
coefficient, B = channel width, and H = head above the weir crest:

Q = Cq>\[2gBH3/? (2.9)

The coefficient C,; accounts for the nonparallel streamlines seen in Equation 2.5 that are
induced by the drawdown effect and crest contractions. This constant is approximately equal to
0.62 (15). The crest contraction forces the streamline immediately upstream to flow over the weir
crest, creating the nappe on the downstream side (16). Equation 2.9 assumes a fully aerated
nappe in which both the upper and lower nappe surfaces are subject to atmospheric pressure.
Incomplete aeration reduces pressure beneath the nappe and has the consequences of (a) a
change in shape of the nappe, (b) an increase in discharge that sometimes results in a pulsating
nappe, and (c) unstable performance of the weir model (12). All three consequences introduce
uncertainty into flow measurements.

Equation 2.9 simplifies the experimental flow rate measurement because only a single
water depth measurement is required to quantify volumetric discharge. This measurement should
be taken at a location where the flow is approximately even, and drawdown effects are
negligible. In practice, this location is usually taken to be five times the depth of the drawdown
away from the weir.

2.3.2.1 Physical Modeling and Scaling

Often in hydraulic engineering, physical models are used to study fluid flow phenomena
under controlled laboratory conditions. Proper modeling takes into account modeling
relationships designed to create hydraulic similitude between the physical model and its
prototype. The prototype is the full-sized object being modeled. Similitude is accomplished
through the use of dimensional analysis to ensure certain dimensionless parameters are the same
for both the model and prototype. The Froude number is the most significant dimensionless
number for open-channel models (17). It is defined in Equation 2.10:

v
Fr = N (2.10)
where Fr is the Froude number, L is a characteristic length, and all other variables are as
previously defined.

Froude number modeling is used when the inertial forces and gravitational forces are
more important than surface tension or viscous forces because the Froude number represents the
ratio of inertial forces to gravitational forces. Froude number modeling requires that Frm = Fryp,
where the subscripts m and p represent the model and prototype, respectively. In addition to
hydraulic similitude between the model and prototype, constant geometric and kinematic
similitude must be maintained (17). This process is accomplished through the geometric length
ratio and velocity ratio, respectively. The length ratio is defined as follows:

L =m (2.11)

Ly

where L is the length ratio, L is the model length scale, and L is the prototype length scale.
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For this research, all length dimensions for individual bridge rails were scaled to half-size
so that L = %. Since this ratio is maintained for all dimensions, geometric similarity is
maintained. To accomplish kinematic similarity, a velocity scale ratio is defined:

V, =m (2.12)
Up

where V is the velocity scale ratio.

As previously mentioned, in Froude number modeling, the Froude numbers of the model
and prototype are the same, as shown in Equation (2.13):

vm _ Vp
Joln ~ JaT (2.13)

Rearranging Equation 2.13 and solving for the velocity scale ratio gives the following:
V. = \/L—r (2.14)

Since the volumetric flow rate Q is defined as a velocity times an area, the following flow rate
ratio, Qr, can be determined as follows:

Qr = VrLrZ (2.15)
Substituting Equation 2.14 into Equation 2.15 gives the following:
Q- =L, (2.16)

Through this type of Froude number modeling, various characteristics and parameters
between the model and prototype can be related. In addition to modeling scales, the Froude
number can be used to determine when critical depth occurs. As previously mentioned, critical
depth occurs at the minimum specific energy (shown in Figure 2.4). When the Froude number is
equal to unity, critical depth occurs. When the Froude number is greater than unity, supercritical
depth occurs, and when the Froude number is less than unity, subcritical depth occurs.

2.3.2.2 Charbeneau Model

The hydraulic performance of various bridge rail types was studied by Charbeneau et al.
(18) in order to determine the hydraulic performance and the impact of different rails on the
surrounding floodplains during different flood events. The result of this research is a three-
parameter model that can be used to predict the free-flow rail rating curve. Using the energy
equations detailed in the previous sections, this model can be used to estimate the flow through a
bridge rail inlet given the upstream water depth.

The Charbeneau (18) model was expanded from the two-parameter model originally
presented by Charbeneau et al. (19). In the earlier model, rating curves were created in order to
define the hydraulic performance in inlet-controlled highway culverts. A third parameter was
added to this model to define all potential flow scenarios through a bridge rail, as Figure 2.6
shows. The rail presented in this figure is TXDOT T203. This rail consists of a continuous
concrete beam supported underneath by concrete posts.

Three different flow types, designated Type 1, Type 2, and Type 3, are explored in the
Charbeneau (18) model. These flow conditions are shown in Figure 2.6. Type 1 flow describes
the condition in which the water depth at the rail is less than the height of the bridge rail opening
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(hy < hy). This unsubmerged flow condition is defined by the continuity equation Q = VA.
Type 2 flow describes the submerged condition of the bridge rail opening in which the water
depth at the rail is greater than the height of the opening but less than the total rail height (hr. <
hu < hy). This condition is governed by orifice flow equations. Type 3 flow describes the
condition in which the water depth is greater than the total bridge rail depth (hy > hy). This
condition is governed by both weir and orifice equations. Based on the input parameters, this
model predicts which flow type governs as well as defines the transition points between each
different condition.

Type 3

h, H, Type 2

h,; ’ Type |

Iy Support Base

A

b,

- -
- »

b
Figure 2.6. Three Different Flows in Charbeneau Model.

2.3.2.2.1 Type 1 Flow

For unsubmerged flow through the bridge rail opening, the model assumes the critical
depth occurs at the obstruction due to choking from the rail (20). The base of the rail is selected
as the model datum in order to separate the rail hydraulics from the overall bridge hydraulics.
Choosing this datum removes the bridge height (Hy) from the model, leaving only the bridge rail
height to calculate the specific energy. This flow is governed by the continuity equation, in
which the area and velocity (vc) are expanded to include the bridge rail parameters.

Q = Av, = Cp(b — bp)he/ gh, (2.17)

In Equation 2.17, the critical velocity (v,) is set equal to / gh, based on the assumption
of an equal Froude number, as described in Equation 2.10 (21). In the critical flow through a

rectangular opening, hc = EEC, where the critical energy, Ec, is assumed to be approximately

equal to the upstream specific energy, Eu (22). The width of the bridge rail opening is described
as the difference between the total rail width in the section and the rail support (b — bp). The
coefficient Cy represents energy losses between the upstream flow and the rail (19). The model
applies this factor by creating a new effective width of the bridge rail opening that is reduced
from the physical width.

Equation 2.17 can be rearranged to solve for the dimensionless flow rate, ¢
Ar\/ghf
Substituting the critical depth into this new equation yields the following:
' np (2B 1.5
AT,/ghf - CbFO (hTL) (3hr) (218)
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In Equation 2.18, Fo equals the fractional open space in the bridge rail, and Ar equals the
total rail area. The fractional open space represents the ratio of the rail opening area to the total
rail area (Ao/Ar). This ratio can be expanded to include the model parameters:

A (b=byp)hy

2.3.2.2.2 Type 2 Flow

The water depth for Type 2 flow is greater than the opening height but less than the
overall rail height, resulting in flow through the fully submerged opening. This flow can be
modeled as flow through an orifice or sluice gate (19).

2 2
E,~ h, + ”Zlg = C.hyy + ”zlg (2.20)

In Equation 2.20, vn is the velocity at the rail, and hy, is the water depth at the point of
least diameter of the stream. As shown, this value is equal to C.h,, where C. is the vertical
contraction coefficient that is combined with h,; to create a new effective height for the opening.
Like C,, the coefficient C, represents energy losses between the upstream flow and the rail (20).

Plugging the continuity equation into Equation 2.20 and solving for the dimensionless

flow rate, AL yields the following:

v ghr1

o _ B fo
== G, Jz (hf C. hr) 2.21)

In order to determine the transition point between Type 1 flow and Type 2 flow,
Equation 2.5 and Equation 2.7 can be set equal to each other and solved for E.. The result is a
cubic function in which one root is negative with no physical meaning, while the remaining two
roots are accounted for in the double root 3/2. Using this root value, the specific energy at this
point can be found by the following equation:
Bu _ 3, MrL
=3 C. ™ (2.22)
In Equation 2.22, the specific energy is normalized to the rail height. At this transition
point, both the rating curve and its slope are continuous, resulting in a smooth transition.

2.3.2.2.3 Type 3 Flow

The water depth for Type 3 flow is greater than the overall rail height, resulting in flow
through the fully submerged opening as well as flow over the top of the rail. This flow can be
modeled as a combination of orifice and weir flows. Flow over the rail was modeled as flow over
a broad-crested weir based on the ratio of the difference between the upstream specific energy of
the rail height to the thickness of the rail (23).

Q= cdéb@(Eu — )t (2.23)

In Equation 2.23, Cq is the weir discharge coefficient. This parameter differentiates the
values calculated from different weir types since Cq is larger for a short-crested weir than for
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broad-crested weirs (23). Rearranging Equation 2.23 to solve for the dimensionless flow rate and
adding it to the Type 2 rating curve in Equation 2.21 yields the Type 3 rating curve:

0 _ Ey Ry 2 1.5 Ey 1.5
= = GGy Jz (E —C, h—r) +Ca (3) (h—r - 1) (2.24)
The transition point between Type 2 and Type 3 flows occurs when the upstream specific energy
is greater than the height of the rail.

s (2.25)
hy

The free-flow rating curve for a bridge rail can be determined based on the three flow
types defined in Equations 2.18, 2.21, and 2.24, with transition points defined in Equations 2.22
and 2.25.

2.3.2.3 Experimental Methods for Charbeneau Model

The parameters for the Charbeneau model must be obtained experimentally (24).
Experimental testing was conducted independently for multiple model bridge rails in a 150-cm
(5-ft) rectangular channel with zero slope (Figure 2.7). The nine rails tested were the single-slope
traffic rail (SSTR), T221, T501, T411, T203, T101, T101D, weir rail, and Wyoming rail. The
data collected for this experiment were upstream and downstream water depths through the use
of pitot tubes connected to an inclined manometer board. The model rails were scaled to half the
size of standard TxDOT dimensions in most cases; however, certain adjustments had to be made
to accommodate the space limitations within the channel. In these cases, the fractional open
space was conserved. The primary construction material was wood, while specific rails such as
the T101 and Wyoming rail were constructed out of metal. To mitigate any swelling in the wood,
all surfaces were coated with waterproof primer. Since this experiment was not analyzing the
hydraulic stability of the rails, the bases were anchored down to the channel.

Figure 2.7. Experimental Setup for Bridge Rail in Rectangular Channel.

To test the free-flow rating curve, the flow rate was set and allowed to reach steady state
before any measurements were taken. Once steady state was achieved, the flow rate and
upstream water depth were measured. Each time the flow rate was changed, it was allowed to
reach steady state before further measurements were taken. For submergence testing, a tailwater
gate was used to vary the downstream depth by means of a hydraulic jump while the flow rate

TR No. 0-6976-R2 18 2021-10-14



remained constant. Both the downstream and upstream water depths were measured each time
the tailwater gate was adjusted.

The unknown parameter values in the mathematical models (Cb, Cc, Cd, m, and B) are
used in the model equations and compared to the observed data in non-dimensional form. The
standard error between the observed data and the predicted model results is minimized using the
following equation in order to determine the appropriate values for each parameter:

S.Em j; nl®,-@) ] 2.2

In Equation 2.26, S.E. is the standard error for N observed data points. The subscript d
corresponds to the measured data for the dimensionless flow rate, and the subscript m represents
the mathematical model results. Minimizing the standard error is accomplished by changing the
model parameter values so that the model results closely match the observed data.

2.3.2.4 Charbeneau Results

In Charbeneau (18), the dimensionless upstream specific energy (Euv/hr) was plotted
Q
Ar[ghr
rating curve for each of the tested bridge rails. The two most hydraulically efficient (least impact

on upstream water depth) rails were the T101 and Wyoming rail, with the Wyoming rail
performing better at higher flow rates. The second most hydraulically efficient rails were the
T411 and T203, with the remaining rails all performing with appreciably less efficiency.

(Figure 2.8) as a function of the dimensionless flow rate ) to determine the free-flow
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Figure 2.8. Bridge Rail Rating Curves. (Charbeneau, 2008)

The primary factor for hydraulic efficiency is the fractional open space, as can be seen by
comparing the data in Figure 2.8 with the physical barriers in Figure 2.9. The rails not presented
in Figure 2.8 are all solid rails with minimal openings, resulting in a much lower hydraulic
efficiency. Although the fractional open space between the rails T203 and T411 is similar, the
location of the opening at the base combined with the greater opening width results in a greater
hydraulic efficiency for T203. This factor is especially true at low flow rates.
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(a) T101 (b) Wyoming Rail

-

(c) T203 (d) T411

Figure 2.9. Tested Bridge Rails.
2.3.2.5 Streamlined Barrier Openings

2.3.2.5.1 Flow Separation

In a viscous fluid, the velocity at the surface of a solid boundary is zero, while the free-
stream velocity away from the interface is non-zero. In between these two flow conditions lies
the boundary layer, where velocity changes from zero to the free-stream velocity. Flow around
obstructions can result in flow separation—the separation of a fluid from the boundary layer
followed by the subsequent recirculatory flows known as turbulent eddies (16). Over time, these
eddies can wear down the concrete corners, potentially diminishing the structural integrity of the
median barrier and decreasing its life span.

Flow separation is primarily a function of obstruction shape, roughness, and a non-
dimensional parameter known as the Reynolds number:

_ VD _ VRy

Re = (2.27)

v v

where V is the fluid velocity, D is the diameter or width of the barrier opening, v is the kinematic
viscosity, and Ry is the hydraulic radius of the channel. The Reynolds number is an important
parameter in open-channel flow characterization, with values less than 500 indicating laminar
flow and values greater than 750 indicating turbulent flow. In terms of flow separation, there are
negligible effects at Re less than 50 and increasing effects as Re increases from that point.
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2.3.2.5.2 Drag Coefficients

A second important parameter affecting the wear of concrete median barriers is the drag
coefficient. Streamlining a square corner can greatly reduce the drag coefficient for flow through
an orifice, thereby reducing wear along the barrier opening. Akiba et al. (25) explored the effect
of different orifice shapes (Figure 2.10) on the overall drag coefficient. It was determined that as
the orifice edge curvature of the corners increased, their respective drag coefficients decreased.

f T ; r r
! ) 20mm ’

14mm
30mm

6mm

6mm

emm

Orifice A Orifice B Orifice C
Figure 2.10. Different Curvatures Studied by Akiba et al.
2.3.2.6 Stability of Concrete Barrier

Two of the primary failure modes for concrete barriers during flooding events are
overtopping and sliding (26). Bin-Shafique et al. (14) detailed the process for examining the
forces behind these two failure modes.

Based on the principle of mechanics (27), the factor of safety (FS) against overturning
about Point C in Figure 2.11 may be expressed by the equation shown immediately following the
figure.

Figure 2.11. Free Body Diagram for Typical Median Barrier (Bin-Shafique, 2011)

FS = MR (2.28)

overturning — Y M,
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where,

Y. M, = sum of the moments of forces tending to resist overturning.
Y. M, = sum of the moments of forces tending to overturn about Point C.

In Figure 2.11:

XMy = W X 0.5B + [Pcos(a)] X [B- H cot(B)] (2.29)
where,
W = weight of the temporary concrete traffic barrier (TCTB).
B = width of the TCTB at base.
P = hydrodynamic force per unit length of the TCTB, which acts perpendicular to the
surface and can be calculated from the specific energy.
H = vertical distance of the resultant force, which can be determined from the pressure
diagram.
Also:
Y>My, = Psin(a) X H (2.30)
Additionally, buoyant forces from the displacement fluid add to the overturning moment (16).
Fy =vVp (2.31)
where,

Fb = buoyant force acting upward on the bottom of the median barrier.
y = specific weight of water.
Vp = volume of displaced fluid.

Similarly, the FS against sliding may be expressed with this equation:

YF
FSoverturning = Z_FZ (2.32)
where,
Y. Fr = sum of horizontal resisting forces.
Y. F; = sum of horizontal driving forces.
In Figure 2.11:
YFr = Nu = u[W + P cos (a)] (2.33)
where,
u = coefficient of static friction, which is a function of two friction surfaces.
In addition:

Y. F; = Psin(a) (2.34)

Bin-Shafique et al. (14) explored the effects of buoyancy and friction loss on the stability
of TCTBs. For various upstream and downstream water depths, including fully submerged
conditions, the buoyant force acting on the median barrier varied from 45 percent to 48 percent
of the opposing gravitational force. The coefficient of friction was highly affected by the
roadway surface type and presence of sand or silt particles underneath the barrier. It is expected
that permanent concrete median barriers will be appreciably more resilient against these two
hydraulic phenomena.
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2.3.3 Non-proprietary Concrete Barrier Systems, Either Existing or Under Development,
for Implementation in Flood-Prone Areas, Including Concrete Bridge Barriers

In 2010, Williams et al. completed a research study that tested and evaluated the
Washington State Department of Transportation (WSDOT) pin-and-loop concrete barrier with
drainage slots per MASH Test 3-11 (28). The barrier had a height of 34 inches and consisted of
12-ft 6-inch long segments. The barrier was a uniform single-slope barrier with a 21-inch base
width and an 8-inch top width. Each barrier segment presented a rectangular drainage scupper
opening at the center of the barrier length. This opening had a height of 9 inches and a length of
28 inches. Barrier segments’ pin-and-loop connections consisted of ¥-inch A36 steel loops and
1-inch-diameter AISI 4142 pins. A finite element model (FEM) analysis revealed a maximum
lateral barrier deflection of 53 inches and displayed noticeable deformation of the pin-and-loop
connection as well. Additional FEM analysis showed no risk of wheel snagging against the
drainage scupper.

A 2004 Dodge RAM 1500 quad-cab truck was used for the completion of MASH
Test 3-11. The truck, traveling at 60.2 mi/h, impacted the barrier at an angle of 26.2 degrees at
the critical point of impact—>51.2 inches upstream of the segment joint. During the impact event,
the test vehicle lost its stability and rolled on its side. The truck began rotating after being
successfully redirected and contained by the barrier, causing the test to fail by MASH standards.
Although the barrier did not pass the MASH testing evaluation criteria, it was concluded that the
“drainage slots and scupper opening did not appear in any way to adversely affect the crash
performance of the barrier system” (28). Figure 2.12 illustrates representative photos of this 2010
WSDOT Test 3-11.

In 2011, a variation of the Washington pin-and-loop barrier was retested. In this second
crash test scenario, the 1-inch-diameter AISI 4142 pins were replaced with 1%-inch diameter
F1554-grade 105 steel rods. The steel rods and the pins were the same length. The vehicle
appeared to perform better than in the previous test; however, vehicle overturning still occurred
after barrier contact. After being contained and redirected, the truck landed on its left side and
remained that way as it eventually slid to a stop. Therefore, the barrier still did not pass MASH
TL-3 standards. Figure 2.13 illustrates representative photos of the 2011 WSDOT Test 3-11 (29).

In 2010, an evaluation was performed on the Louisiana Department of Transportation and
Development (LaDOTD) concrete F-shape barrier, which was designed with drainage slots to
accommodate drainage through the bridge rail into scuppers or off the sides of the bridge
(Figure 2.14) (30). The purpose of this evaluation was to investigate and compare the LaDOTD
barrier strength to other existing barriers with similar openings. The barrier was 32 inches high,
with a base width of 13.25 inches. The openings for the LaDOTD F-shape barrier were 6 inches
high and 24 inches long. The potential for vehicles snagging the barrier during interaction with
the openings was determined to be low. When compared to the TXDOT wildlife crossing barrier
and the Washington pin-and-loop barrier, the openings of the LaDOTD barrier had a lower
height (Figure 2.15). The LaDOTD F-shape barrier with drainage slots was considered
acceptable per NCHRP Report 350 TL-4 standards.
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Figure 2.12. WSDOT Barrier Test 3-11.
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Figure 2.13. Revised WSDOT Barrier Test 3-11.
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Figure 2.15. Side-View Comparison of LaDOTD F-Shape Barrier, TXDOT Wildlife
Crossing Single-Slope Concrete Barrier (SSCB), and WSDOT Pin-and-Loop Barrier.

TTI researchers recently completed a project with TXDOT in which a new low-
maintenance median barrier was developed (31). The barrier was thoroughly analyzed using
extensive computer simulation and full-scale crash testing efforts. The final design includes
anchoring a 42-inch-tall SSCB with a set of rubber anchor blocks that are bolted to the ground.
Typically, the rigid SSCBs are anchored with the use of steel rebar connecting the concrete
pavement to the barrier. This process prevents any significant deflection of the barrier from
occurring, but the new design with rubber blocks allows the barrier to rotate upon impact.
Figure 2.16 shows an opening in the barrier with the installed rubber block.

Figure 2.16. Opening in Concrete Barrier to Allow for Rubber Block Installation.

These large openings create stress concentrations in the barrier and limit the available
section in terms of strength calculations. When the system was tested with a MASH 3-11 pickup
truck, large cracks originated from the corners of these openings. Therefore, TTI researchers
reinforced these areas with additional steel rebar to ensure that cracking would be prevented in
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the future. This project provided TTI researchers with much knowledge on the effects of large
openings in concrete barriers during impact that proved applicable when designing openings for
water drainage during flooding.

While drainage slots will provide relief from flooding in stricken areas, these openings
may also provide another safety benefit. Vehicular impacts with animals are becoming more
common today as development further encroaches into wilderness. Thus, vehicle and animal
interactions will also increase. When animals enter the roadway, they are often trapped by the
concrete median barrier. As vehicles approach, they will often sprint back to the roadside. If the
animals have another exit path through the barrier, they may not choose to retreat in the path of
oncoming traffic. This alternative route might also protect occupants of the vehicle. If an animal
sprints across the road, a driver may swerve his or her vehicle to avoid impact, which could
cause vehicle instability and loss of control at high speeds. Therefore, providing animals an
alternative escape path might prevent vehicle accidents and collisions. The TXDOT wildlife
crossing barrier was designed with this specific intent (30).

The TXDOT wildlife crossing barrier is 42 inches in height and has openings for wildlife
access through the barrier (Figure 2.17) (30). Each unit is 30 ft in length and contains two
openings that are 12 inches high and 5 ft in length. Based on a review of the geometric features
of this barrier, it was determined that the TXDOT wildlife crossing barrier was crashworthy with
respect to NCHRP Report 350 TL-3 criteria.

Figure 2.17. TxDOT SSCB (Wildlife Crossing).

The researchers investigated TxDOT standards to identify concrete barriers for bridge rail
and rigid applications currently in use within the state (Table 2.1 through Table 2.3) (32, 33).
Specifically, the researchers investigated whether concrete barriers currently meeting TxDOT
standards might potentially be modified to integrate large openings in their design, with the dual
objective of allowing relief to flooding areas and maintaining barrier structural adequacy and
crashworthiness when impacted by errant vehicles at high speed.
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Table 2.1. TXDOT Bridge Rail Standards Summary Table.
Barrier Test \;E\;/?gtlr?r Width | Drainage P Drainage TXDOT
Name | Evaluation H(ei'r?)ht (Top) | (Base) | Length Céiunr)b Height Sti?gird Corresponding Images
(in) (in) (ft) (in)
MASH rlstd010- T
Tss2 | OL 305 | 55 | 1225 | 2 [ NA| 2 | TR =
| eer— |
LT TR St A
— —
NCHRP Pl ol
T66 | REPORT | 32 175 19 525 | N/A 11 % : :
350 TL-3 ~o.000 : g
MASH rlstd005-
T223 TL-3 32 15.5 9.5 6 N/A 13 18.odf
MASH rlstd042-
T224 TL.5 42 16.5 16.5 10 9 12 18 0df
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Table 2.1. TxDOT Bridge Rail Standards Summary Table (Continued).
Barrier Test VI?/?;:V Width | Drainage Pt Drainage TXDOT
Name | Evaluation Hglng)ht (Top) (Base) | Length Céiunr)b Height Sti?gird Corresponding Images
(in) (in) (ft) (in)
NCHRP
T411 |Report350| 32 14 14 05 7 1g | Mstd008-
18.pdf
TL-2
MASH rlstd021-
C411 TL-2 44 12 12 0.5 9 24 18 ndf
Note: Optional S
MASH rlstd033- | Drainage 3" x ﬂ
C412 TL-5 42 17.5 17.5 0.479 26 13 18 pdf 2" Slots i B
NCHRP rlstd036- . '
C66 |Report350| 42 17.5 12 5.25 9 11 “18.0df =
TL-3 16.pat — | =y —
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Table 2.2. TXDOT Rigid-Barrier Summary Table (F-Shape).

Barrier Barrier Drainage Slots _
Description | Height (in) | Width (Top) (in) | Width (Base) (in) Le(?f)’th Height (in) | 00" Standard Link
CZ_BS?la)F-)io 33 9.5 24 3 3 csb110.pdf
CFS'BS?SF_’% 33 9.5 24 3 3 csb213.pdf
Cg_Bs?gafiE; 32 9.5 24 3 3 csh316.pdf
CZ-I??PASF-)EO 33 6 21 csb410.pdf
CZ-I??PG?)F-)iO 30.25 9.5-14 24-33.25 ¢sb610.pdf

Table 2.3. TXxDOT Rigid-Barrier Summary Table (Single Slope).
; Barrier Drainage Slots
Decrption Height (i) | Width (Top) (in) | Width (Base) (in) | Length (ft) : Height (in) | DO Standard Link
%'gg'é(f)'ofg 4254 8 24285 3 3 ssch116.pdf
§g’g?§(f;;’ b 4254 8 24285 3 3 ssch1f10,pdf
Ssgglé(g)lofg 42 8 24 3 3 ssch210.pdf
z'sng';(g)'ofg 42-54 8-14 24/30-28.5/34.5 ssch310.pdf
Sé'sng';(i)'ofg 42-54 6 20.5-25.0625 ssch410.pdf
Sélsnglé(g)lofg 42 24 ssch510.pdf



ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/csb110.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/csb213.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/csb316.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/csb410.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/csb610.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/sscb116.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/sscb1f10.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/sscb210.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/sscb310.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/sscb410.pdf
ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/cserve/standard/roadway/sscb510.pdf

Some TxDOT concrete bridge rails do present large openings. In fact, some of these
barrier designs were already previously evaluated from a hydraulic perspective to determine their
capability to allow considerable passage of water. Examples of such barriers with large openings
are the T66/C66 or the T223 (Table 2.1). Other examples are the T224, C411/T411, and C412
(Table 2.1). These last barriers, however, also include a curb in their current design, which is not
an ideal design detail since it will block initial passage of water. In addition, consideration was
given to the test-level criteria for which these barriers were designed and tested. Some of them
are designed for low-speed vehicular impact. Consideration of such barriers for application to
this project would have required appropriate barrier design modification to adapt their current
roadside design to median applications.

As for those rigid barriers currently on TxDOT standard drawings, not all of them
presented considerable-sized openings of interest for a large quantity of water drainage
(Table 2.2 and Table 2.3). The reviewed rigid barriers for roadside application either did not
account for openings in their designs or, at most, only included limited-sized scuppers. Although
scuppers might serve other purposes, it was anticipated that a 3-inch-tall scupper would not
provide adequate opening to allow relief to flooding areas.

2.3.4 ldentification and Review of Testing Performance of Existing Compliance Rigid and
Portable Concrete Barriers with Openings or Scuppers

The primary concern with concrete barriers containing scuppers is that they can become a
location for high stress concentration during an impact event. It is not infrequent for under-
reinforced barriers or for high load impacts to have cracks propagating from scupper locations
through the barrier during an impact event. The Massachusetts Department of Transportation
(MassDOT) Highway Division developed a 32-inch-tall, precast F-shape portable concrete
barrier (PCB) system for use as a temporary installation for construction projects requiring
positive protection (Figure 2.18) (34). The 10-ft-long barrier segment had a single drainage
relief/forklift slot (3 ft 4 inches long x 3 inches high) precast and symmetrically centered in the
bottom of each barrier segment. The barrier was crash tested and performed acceptably for
MASH TL-2 impact conditions. However, it was noted that the impact segment cracked
completely through near the center of the segment after MASH Test 2-11 (Figure 2.19).

Figure 2.18. MassDOT F-Shape PCB.
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Figure 2.19. Concrete Crack after MASH Test 2-11.

This barrier was then retrofitted and tested in accordance with MASH TL-3. Because of
the crack on the barrier segment, TTI researchers developed a 9-ft-long 6-inch x 4-inch x %.-inch
steel angle that was secured to the back (field) side of each barrier segment with six screw
anchors. Although the MassDOT PCB with this newly applied angle rail stiffener performed
acceptably for MASH TL-3 impact conditions, the barrier segment fractured vertically near the
center of the segment on the impact side. Concrete spalling also occurred at the base of the
segment on the traffic side (Figure 2.20).

Figure 2.20. Concrete Crack after MASH Test 3-11 (Retrofit System).

The researchers also scrutinized available concrete barriers available through the MASH
database, which contains known roadside safety hardware devices tested per MASH standards
throughout the country. The objective was to verify whether other barriers of interest were
recently tested and evaluated per MASH standards requirements. Unfortunately, all known
MASH-tested concrete barriers (besides the already discussed TXDOT ones) did not present
considerable-sized openings that would accommodate a large quantity of water drainage. In fact,
barriers are usually limited to include drainage scuppers only 3 inches in height and a maximum
3 ftin length.

24  CONCLUSIONS

Based on the collected information, a few concluding observations are reported below.
The hydraulic literature review portion of this research revealed the following:

e Fractional open space is the primary parameter affecting hydraulic efficiency.
e Hydraulic efficiency increases as barrier opening width increases and the opening
gets closer to the road surface.
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The Charbeneau model using experimentally determined parameters accurately
predicts flow characteristics. Adjusting the fractional open space parameter can
simulate flow obstructions in barrier openings.

Streamlining barrier openings can effectively reduce drag coefficient and the degree
of low separation, thereby reducing wear on concrete. This element has the potential
to extend the concrete barrier’s lifespan.

The barrier design and crashworthiness literature review portion of this research pointed
to the following conclusions:

The researchers found no evidence of the existence of a roadside safety, rigid
concrete median barrier that passed MASH TL-4 evaluation criteria and can be
implemented in flood-prone zones to allow relief from flooding.

Very limited research and testing studies have investigated the structural adequacy
and crashworthiness of concrete barriers with large openings. The investigated
concrete barriers were for bridge or roadside applications. However, no studies with
similar objectives were conducted on concrete barriers for median application.

A few concrete barrier designs were identified for consideration in this project.
Barrier design modifications, however, would be required to adapt those barriers to a
roadside median application.

From a structural and crashworthiness perspective, when designing a new barrier or
applying design modification to an existing concrete barrier to account for properly
sized openings, two specific considerations need to be taken into account:

o The structural capacity of the barrier needs to be carefully evaluated because
openings in the barriers have been proven to become high concentrations of
stresses during impact events, thereby allowing for crack formation and
propagation.

o The opening size and design characteristics can create snagging potential for
vehicles during an impact event, creating a chance for high occupant risk and
vehicle instability.
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CHAPTER 3. PRELIMINARY DESIGN CONCEPTS”
3.1 INTRODUCTION

The purpose of this chapter is to provide preliminary design options of a median barrier
for implementation in flood-prone areas. Included are five design options, as well as anticipated
advantages and disadvantages for each design alternative, including any perceived performance
benefits and application limitations. The designs have been tailored to account for MASH TL-4
median barrier design requirements, as requested by TxDOT.

Each option is centered on having a large scupper present across the span length to allow
for water passage while still maintaining adequate barrier strength for potential vehicle impact
events. Each option is presented with a description of the barrier design concept, preliminary
drawing, and perceived barrier advantages, disadvantages, performance benefits, and application
limitations.

3.2 OPTION A: 42-INCH-TALL SINGLE-SLOPE MEDIAN BARRIER

Figure 3.1 shows the single-slope (SS) median barrier as a 42-inch-tall barrier. The base
is 24 inches wide, and the barrier is 8 inches wide at the top. Openings are 13 inches tall. The
length of the proposed openings is to be defined (TBD). Results from large-scale hydraulic
testing and finite element computer simulations to be developed in future tasks will guide the
determination of appropriate opening size. The opening would be sloped laterally to limit risk of
vehicle snagging during a potential impact event. Table 3.1 lists the advantages and
disadvantages of Option A.

3.3 OPTIONS B1 AND B2: MEDIAN VERSIONS OF THE T223 TXDOT POST-AND-
BEAM BRIDGE RAIL

Options B1 and B2 represent two possible variations of a proposed median version of the
existing T223 TxDOT post-and-beam bridge rail. In both cases, the concrete beam is 23 inches
high and 24 inches wide, with concrete posts that are 13 inches tall. For both options, the posts
would be sloped laterally to limit risk of vehicle snagging during a potential impact event.

In Option B1, the post configuration extrudes to the full width of the barrier (Figure 3.2,
Detail E). In Option B2, the post reaches a maximum width of 19 inches (Figure 3.3, Detail ).
Minimum post width would need to be determined through computer simulations to verify that
the narrower width does not constitute risk for potential vehicle snagging while still maintaining
required post strength. System height needs to be at least 36 inches for MASH TL-4
requirements; however, an alternative system height of 42 inches is also proposed.

Results from large-scale hydraulic testing and finite element computer simulations to be
developed in future tasks will guide the determination of appropriate opening size. The openings
would be sloped laterally to limit risk of vehicle snagging during a potential impact event. Table
3.2 lists the advantages and disadvantages of Options B1 and B2.

* The opinions/interpretations identified/expressed in this chapter are outside the scope of TTI Proving Ground’s
A2LA Accreditation.
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Figure 3.1. Option A Preliminary Drawing.
Table 3.1. Option A Perceived Advantages and Disadvantages.
Advantages Disadvantages
e Openings sloped laterally to limit e Shy distance concern
risk of vehicle snagging e Potential for more vehicle climbing
e Minimal transition to standard SS e Sloping post combined with SS
median barrier profile creates constructability
e Simple implementation within difficulties
existing median SS barrier e Cast in place (on-site construction)
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Figure 3.3. Option B2 Preliminary Drawing.

Table 3.2. Options B1 and B2 Perceived Advantages and Disadvantages.

Advantages Disadvantages
e Tapered geometry might allow e Large concrete beam near driver eye
greater water passage level

e Potential for less vehicle climb e Shy distance concern

e Difficulties transitioning profile to new
and existing safety shapes
e Castin place (on-site construction)
TR No. 0-6976-R2 38 2021-10-14



3.4  OPTION C: 42-INCH-TALL MEDIAN CONCRETE POST AND BEAM
(RECTANGULAR POSTS)

Option C represents a possible variation of the proposed median version of the existing
TxDOT T223 concrete post-and-beam bridge rail (Figure 3.4). The concrete beam is 29 inches
high and 24 inches wide, with concrete posts that are 13 inches tall. Concrete posts are 48 inches
long and 15 inches wide. Detailed engineering analysis, results from large-scale hydraulic
testing, and finite element computer simulations to be developed in future tasks can guide the
optimization of post dimensions, which also translates into determination of appropriate opening
size. Table 3.3 shows the advantages and disadvantages of Option C.

Option C
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Figure 3.4. Option C Preliminary Drawing.
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Table 3.3. Option C Perceived Advantages and Disadvantages.

Advantages Disadvantages
e Wall post sections could allow for | e Large concrete beam near driver eye level
variability in length/spacing ¢ Risk of vehicle snagging

e Design is based off TL-5 design e Cast in place (on-site construction)
(could likely pass TL-4)

3.5 OPTION D: 36-INCH OR 42-INCH-TALL MEDIAN CONCRETE POST AND
BEAM (ROUND POSTS)

Figure 3.5 shows Option D, which represents a possible variation of the proposed median
version of the existing TXxDOT T223 concrete post-and-beam bridge rail. The concrete beam is
23 or 29 inches high and 24 inches wide. Concrete round posts are 13 inches tall. Detailed
engineering analysis, results from large-scale hydraulic testing, and finite element computer
simulations to be developed in future tasks can guide the optimization of post dimensions,
specifically post diameter, which also translates into determination of appropriate opening size.
Table 3.4 provides the advantages and disadvantages of Option D.

3.6 OPTION E: 36-INCH-TALL MEDIAN VERSION OF THE C1W TXDOT
BRIDGE RAIL

Option E represents a proposed median version of the existing TXDOT C1W bridge rail
(Figure 3.6). Option E is a 36-inch-tall full metal rail. This option consists of four passing hollow
structural sections (HSSs) on each side of the barrier with a center-center spacing of 7.5 inches.
The HSS plates would pass through metal posts with a center-center spacing of 9 inches. The rail
is bolted directly to the deck/concrete piers.

Table 3.5 lists advantages and disadvantages of Option E. The primary advantage of this
design is that it has the highest possible water pass-through of all options presented, and the
design has the potential for alterations to make it more easily manufactured. In order to maintain
a system construction cost comparable to that of the concrete barrier options proposed above,
this system represents the rail option with potentially the highest deflections due to vehicular
impacts. This system represents the option with most likely the highest maintenance needs and
costs after severe vehicular impacts. In addition, a specific transition design would need to be
constructed from and to existing median barriers upstream and downstream of Option E.

TR No. 0-6976-R2 40 2021-10-14



Option D

(v\/‘"/\/\J\fL/\/V\/“V\/\/\/L/\/V\/“J\I\/\/\_/\/V\/‘“/\\/\/\/ NN VMANAANAS VAN ANV AN \/\/\/\“\/\/\/\/\_/\/\/\/"‘/\/\_/J‘\3

) = — o
< :‘x__/‘ \\__// ‘\__/‘
Wm/\/\/\/\/‘wm\/\/\/\w»\/v\/\,/_\/"\\/m/v\/\/_\/"\/\/\.\/\/\/\/_\/\/\/\/b\/\/\/\,/_\/"\/\/\-\/\/\/\ AN AN NN
: P
Plan View

Q-

|
)
‘ J Elevation View ‘J U
= e Typical - TBD >
’ N I !
R %
L Detail P
Scale 1:20
;
e
4 = Texas A&M_ Roadside Safety and
Section Q-Q /“ Taneportation | Y a Gmd
WANVARANA Scale 1:20 Project #469769 Large Scupper Median Barriers 2018-11-19
Drawn by GES | Scale 1:50 Sheet 5 of 6 Option D
Figure 3.5. Option D Preliminary Drawing.
Table 3.4. Option D Perceived Advantages and Disadvantages.
Advantages Disadvantages
e Potential lower risk for vehicle e Large concrete beam near driver eye level
snagging e Piersize is limited by the post width
e Round posts might allow greater e Cast in place (on-site construction)
water passage
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Figure 3.6. Option E Preliminary Drawing.

Table 3.5. Option E Perceived Advantages and Disadvantages.

Advantages Disadvantages
e Anticipated greatest amount of e Highest deflections during severe
water passage vehicular impact
e Variation of an existing system e Highest maintenance and repair cost after
that passed MASH TL-4 testing severe vehicular impact
e Off-site rail and post fabrication e More complex transition to existing
e Anticipated minimal amount of median barriers upstream and
wind turbulence downstream
e Risk for vehicle snagging

3.7  CONCLUSIONS

The objective of the task described in this chapter was to provide preliminary design
options of a median barrier for implementation in flood-prone areas. The designs were tailored to
account for MASH TL-4 median barrier design requirements. The researchers identified five
design options, as well as anticipated advantages and disadvantages for each design alternative,
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including any perceived performance benefits and application limitations. Table 3.6 summarizes
the proposed design options.

Three median barrier options were approved for further investigation through computer
simulations and hydraulic testing:

e Option A: 42-inch-tall single-slope median barrier.
e Option B: 38-inch median version of the T223 TxDOT post-and-beam bridge rail.
e Option C: 38-inch open steel barrier.
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Table 3.6. Summary of Proposed Design Options for Median Barriers for Implementation in Flood-Prone Areas.

. Barrier Barrier . .
I(E»)aprtlgz)er: Height Width thrBr;:)\/(\i/:]c;th Images
(in) (Top) (in)
Option A 42 8 24
Option B1 36 24 TBD-24 | 7] H
Option B2 36-42 24 TBD-19
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Table 3.6. Summary of Proposed Design Options for Median Barriers for Implementation in Flood-Prone Areas (Continued).

: Barrier Barrier . .
%aprtriloenr Height | Width Ba(rBr;ig)v(\i/Sth Images
(in) (Top) (in)
Option C 42 24 15
|| || [ ||
Option D 36-42 24 1(21_—18 (post \ [ ]
iameter)
J Elevation View ‘J
E -
I 1 i C | FJ )
Option E 36 18.5 TBD ] — S I
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CHAPTER 4. FINITE ELEMENT ANALYSIS”
4.1 INTRODUCTION

The purpose of this chapter is to inform the developed design details of the top three
design options selected in Chapter 3 as candidates for detailed development and evaluation under
vehicular impacts. The researchers performed detailed engineering analyses to determine
appropriate barrier characteristics to resist vehicular impact loads per MASH TL-4 conditions, as
well as appropriate dimensions and characteristics of the openings and/or scuppers for each of
the design concepts. The ability of each design to meet impact performance requirements was
evaluated. The evaluation involved the use of finite element analysis (FEA) model development
and impact simulations. A detailed FEA model was developed for each of the selected design
concepts.

The explicit FEA code LS-DYNA was used to perform critical impact simulations using
the developed barrier model and available vehicles models, as shown in Figure 4.1. These
models include (a) Toyota Yaris model representing a 2420-1b (1100C) MASH small car test
vehicle; (b) Chevrolet Silverado model representing a 5000-1b (2270P) MASH pickup truck test
vehicle; and (c) SUT model representing a 22,000-1b (10000S) heavy truck test vehicle.

The researchers used the results to assess the probability of each design concept to meet
MASH TL-4 impact performance requirements while providing other desirable functional
characteristics during flooding conditions.

(@) Small car FEA model (b) Pickup FEA model (c) SUT FEA model
Figure 4.1. Available Finite Element Computer Models.

4.2 MODEL CALIBRATION FOR CONCRETE OPTIONS
4.2.1 Full-Scale Crash Test

The researchers used a MASH-compliant TXDOT single-slope bridge rail (Type SSTR)
on a pan-formed bridge deck tested by TxDOT for calibrating the LS-DYNA FEA model. The
researchers conducted MASH Test 3-11 on this single-slope bridge rail and used the results to
calibrate the developed concrete barrier computer model system by comparing vehicle impact
behavior and stability, as well as occupant risk and barrier system performance upon vehicle
impact.

* The opinions/interpretations identified/expressed in this chapter are outside the scope of TTI Proving Ground’s
A2LA Accreditation.
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The 2013 RAM 1500 pickup truck used in the test weighed 5036 Ib. Actual impact speed
and angle were 63.8 mi/h and 24.8 degrees, respectively. Figure 4.2 illustrates the vehicle and
barrier system FEA model from the side and top views.

(a) Perspective View (b) Top View
Figure 4.2. Vehicle and Barrier System for FEA Calibration.

Figure 4.3 shows the barrier and vehicle before testing, and Figure 4.4 illustrates the
barrier system after testing. Figure 4.5 summarizes the full-scale crash test results.

~— 2

Figure 4.4. Single-Slope Barrier System after Testing.
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General Information Impact Conditions Post-Impact Trajectory
Test AQENCY..coeeeee e Texas Transportation Institute (TTI) Speed .o 63.8 mi/h Stopping Distance ... 170 ft dwnstrm
Test Standard TestNo. ... MASH Test 3-11 Angle 24 8 degrees 6.0 i twd traffic
TTITestNo. ... 420020-3 Location/Orientation ... 5.2 ftupstream of  Vehicle Stability
Date . ... 2010-08-03 Exit Conditions joint Maximum Yaw Angle..........c...... -34 degrees
Test Article Speed ..o 495 midh Maximum Pitch Angle. .. 8degrees
Type. Bridge Rail Angle o 7.2 degrees Maximum Roll Angle .. .. 26 degrees
Name ... TxDOT Pan-Formed Bridge Rail Occupant Risk Values Wehicle Snagging .... ..No
Installation Length .......... . 7ot Impact Velocity Vehicle Pocketing........oooeeeeeeene. No
Material or Key Elements .......... TxDOT Single Slope Traffic Rail (Type Longitudinal ................... 220fs Test Article Deflections
SSTR) anchored to top of 6-inch thick Lateral ........coocooveeeees 299 ft/s DYNAMIC .o Nil
reinforced concrete deck cantilever Ridedown Accelerations Permanent................__...__.. Nil
Soil Type and Condition ... Concrete Bridge Deck, Dry Longitudinal ................... 536G Working Width ... 10 inches
Test Vehicle Lateral Vehicle Damage
Type/Designation................. 2270P THIV .. WDS 01RFQ5
Make and Model ... 2005 Dodge Ram 1500 PHD oo . CDC e 01RDEW4
Curb 4723 1b ASh 202 Max. Exterior Deformation ... 18.0 inches
Test Inertial 5036 Ib Max. 0.050-s Average OCDH - RF0020000
Dummy ... No dummy Longitudinal ... -109G Max. Occupant Compartment
Gross Static............. 5036 Ib Lateral Deformation ... 2 75 inches
Vertical Impact Severity 3881 kip-Tt (+5%)

Figure 4.5. Summary of Results for TXDOT Single-Slope Bridge Rail (Type SSTR) on Pan-Formed Bridge Deck System.



4.2.2 Computer Model Simulation

The researchers used LS Pre-Post to develop an SSCB with rigid concrete material
properties. Figure 4.6 shows the LS-DYNA model of the single-slope barrier used for
calibration.

Side View Perspective Front View

Perspective Rear View
Figure 4.6. LS-DYNA Calibration Barrier System Model.

The researchers used a validated Silverado pickup truck model with similar weight
as the actual crash test RAM model as the test vehicle. The test vehicle’s actual impact
speed and angle orientation were implemented in the computer simulation. Table 4.1 shows
sequential illustrations of the simulated computer model impact event. Table 4.2 compares
frames from the actual full-scale crash test and the calibrated computer model impact
simulation.
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Table 4.1. Sequential Images of the Simulated Computer Model Impact Event.

&

0.0s 0.25s

0.08s 0.4s

0.13s 0.42s

(N

0.17 s 0.65s
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Table 4.2. Comparison of Actual Crash Test and LS-DYNA Simulation.

0.0s 0.0s

0.089 s 0.089 s

0.175s 0.175s

0.263 s 0.263 s

TR No. 0-6976-R2 52 2021-10-14



Table 4.2. Comparison of Actual Crash Test and LS-DYNA Simulation (Continued).

0.352's 0.352's

i

0.440s
0.526's 0.526 s
0.615s 0.615s
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Table 4.3 summarizes occupant risk, vehicle stability information, and system deflection
values from the comparison between the actual crash test values and the simulated impact event.

Table 4.3. Comparison between Full-Scale Crash Test
and Impact Event Computer Simulation.

Impact Severity Index Actual Crash | FEA Simulation
Test Values Values
Longitudinal OIV 22 ft/s 15.09 ft/s
Lateral OIV 29.9 ft/s 26.57 ft/s
Longitudinal Ridedown 53¢ 55¢
Lateral Ridedown 11.7¢g 185¢
THIV | 37.003 ft/s 30.83 ft/s
PHD 11.7¢g 18.8 ¢
ASI 2.02 2.04
Max 0.050-s Average
Longitudinal -109¢ -8.6 ¢
Lateral -155¢g -15.7 ¢
Vertical —6.1 ¢ —4.7 ¢
Maximum Roll 26° 38.8°
Maximum Pitch 8° 14.3°
Maximum Yaw 34° 32.9°

Note: OIV = occupant impact velocity; THIV = theoretical head impact
velocity; PHD = post-impact head deceleration; ASI = acceleration severity

index.

4.2.3 Conclusion

Comparison of LS-DYNA simulation results and actual crash test values revealed that the
computer models (system and vehicle) could be considered calibrated with respect to the actual
crash test. The simulated impact event closely matched the actual crash test events. The
ridedown acceleration value was slightly overpredicted in the computer model with respect to the
actual result obtained through the full-scale crash test. Generally, however, the FEA model
closely replicated the testing outcomes in terms of vehicle stability and general behavior during
impact event.

4.3 MODEL CALIBRATION FOR STEEL OPTION

4.3.1 Model Calibration

LS-DYNA was used to simulate the behavior of vehicular impacts with a steel median
barrier system. LS-DYNA is an all-purpose, explicit FEA code. It is extensively used to simulate
the nonlinear, dynamic response of three-dimensional problems and for capturing intricate
interactions of the vehicle with a Triborough Bridge and Tunnel Authority (TBTA) steel bridge
rail system. LS-DYNA is also capable of producing dynamic load-time history responses for any
impact. Before modeling the actual system, the researchers used earlier studies by TTI for
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calibrating the LS-DYNA FEA model. LS-DYNA was used to perform critical impact
simulations using the developed sign support system and available vehicle model.

4.3.2 Available FE Computer Models

Figure 4.7 illustrates the available FE models of the vehicles. These models include
(a) Toyota Yaris model representing a 2420-Ib (1100C) MASH small car test vehicle, and
(b) Chevrolet Silverado model representing a 5000-1b (2270P) MASH pickup truck test vehicle.

Toyota Yaris FE Model Chevrolet Silverado FE Model

Figure 4.7. Available Finite Element Models of Vehicles.
4.3.3 Full-Scale Crash Test

The researchers used a TBTA steel bridge rail tested for HNTB New York Engineering
and Architecture, P.C. under the TTI project for calibrating the LS-DYNA FEA model. The
researchers at TTI conducted MASH Test 5-10 and 5-11 on this TBTA steel bridge rail system to
calibrate the results of the developed system in LS-DYNA by comparing vehicle impact
behavior and stability, as well as occupant risk and sign support performance upon vehicle
impact.

Vehicle stability, occupant risk, and structural adequacy were evaluated using the Test
Risk Assessment Program (TRAP). Vehicle angular velocities, also known as roll, pitch, and
yaw angles, were used to evaluate vehicle stability. MASH specifies that the maximum roll and
pitch angles should not exceed 75 degrees. Occupant risk describes the risk of hazard to
occupants. It was evaluated from the data collected by the accelerometer located at the center of
gravity in the vehicle. Two factors were mainly analyzed in preliminary simulations through the
acceleration data: occupant impact velocity (OIV) and occupant ridedown acceleration (ORA).
OIV and ORA are the change in velocity that the hypothetical occupant feels at impact and the
acceleration from the collision just after impact. MASH requires the OIV to be lower than 40 ft/s
and ORA to be smaller than 20.49 g in the longitudinal and lateral directions.

A 2010 Kia Rio passenger car and 2010 Dodge RAM 1500 pickup truck were used in the
full-scale crash test. The nominal impact speed and angle for both tests were 62 mi/h and
25 degrees, respectively.

Figure 4.8 illustrates the actual constructed TBTA bridge rail.
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Figure 4.8. TBTA Bridge Rail.

4.3.4 Test Article and Installation Details

The test installation was a 132-ft-long (post to post) steel bridge rail with four rail tubes
mounted on 17 posts. The bridge rail measured 3 ft 6 inches in height above the bridge deck, and
the posts were equally spaced at 8 ft 3 inches along the length of the installation. The centerlines
of the rails were located 40% inches, 30 inches, 18 inches, and 7% inches above the paved
surface of the bridge deck.

TR No. 0-6976-R2 56 2021-10-14



The top rail element was comprised of 5x3%x%2-inch HSSs. Two horizontal 7-inch x
7-inch button head bolts with a spring lock washer, flat washer, and hex nut secured the rail to
each post through holes located 1% inches from the centerline of each post. The upper middle
rail element was comprised of 6x6x%s-inch HSSs. Two horizontal 7-inch x 8%-inch button head
bolts with a spring lock washer, flat washer, and hex nut secured the rail to each post through
staggered holes located 1% inches from the centerline of each post. The lower middle rail
element was comprised of 6x6x3-inch HSSs. Two vertical %-inch x 8-inch hex head bolts with
a spring lock washer, flat washer, and hex nut secured the rail to a 6%-inch-long 5x5x3%-inch
railing shelf angle.

The shelf angle was secured to the face of the post with two horizontal ¥-inch x 2%-inch
hex head bolts with a spring lock washer, flat washer, and hex nut. All bolts and holes were
located 1% inches from the centerline of each post. The bottom rail element was comprised of
5x3xY2-inch HSSs. Two horizontal 7%-inch x 7-inch button head bolts with a spring lock washer,
flat washer, and hex nut secured the rail to each post through holes located 1% inches from the
centerline of each post.

The test installation had three splices. The center of the first rail splice joint was located
30 ft from the right end of the installation. The second joint was 40 ft 7% inches from the first
joint. The third joint was 40 ft 7 inches from the second joint.

The rail sections were connected with a bolted splice connection. Each HSS rail
contained four 1-inch-wide x 2-inch-long slots, two in the top and two in the bottom. These slots
were centered 57/16 inches and 117/1 inches from the end of the rail. The top and bottom rails
utilized a 1%-inch-thick x 3%-inch-wide x 30%-inch-long internal steel bar. The middle two rails
utilized a 5x5x3%s-inch HSS x 30%4-inch-long internal tube. Each splice was connected with four
%-inch x 4-inch-long (or 7-inch-long) button head bolts with two flat washers and heavy hex nut,
which was finger tightened. Rail splice end gaps measured 7 inches.

Seventeen fabricated steel posts, every 3 ft 7% inches in overall height (including the
base plate), supported the four rails at equal post spacing of 8 ft 3 inches along the test
installation. Each railing post was a built-up welded structure that was comprised of a
W8x28 beam, 3 ft 6 inches tall that was beveled at the top 1% inches downward to the field side.
The pseudo-trapezoidal base plate was 14 inches x 7% inches wide x 12% inches long x
1% inches thick and was welded to the W8x28 beam with continuous fillet welds. The base plate
contained eight */;6-inch diameter holes to accommodate either 7:-inch diameter HS bolts to the
supporting bridge span steel (Posts 3-9) or %-inch diameter expansion anchors into the concrete
foundation (Posts 1-2 and 10-17), as required. The traffic-side flange of each post contained
1-inch diameter holes as necessary to attach the railings or shelf angles. The traffic-side face of
each post was located 6 inches behind the vertical traffic face of the %s-inch-thick x 5-inch-tall
curb plate on the bridge deck. The posts were supported by and bolted to the bridge deck lateral
sub-floor beams, longitudinal stringer extensions, and railing connection extensions.

435 MASH Test5-10 (TTI Test 603911-1)

Figure 4.9 shows the bridge rail and test vehicle geometrics. Figure 4.10 and Figure 4.11
show the test vehicle before and after the test. Figure 4.12 shows the interior of the test vehicle
before and after the test. Figure 4.13 summarizes the full-scale crash test results.
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Figure 4.12. Interior of Test Vehicle.
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General Information Impact Conditions Post-Impact Trajectory
TestAgency........ccooeeeeeee... Texas A&M Transportation Institute (TTI) Speed: i s 62.5 mi/h Stopping Distance..................... 185 ft dwnstrm
Test Standard Test No. ...... MASH Test 5-10 : 6.5 ft twd traffic
TTITestNo. ..o 603911-1 Location/Orientation............ 3.1 ft upstrm of Vehicle Stability
TestDate........................ 2016-06-07 splice biw4 & 5 Maximum Yaw Angle ............... 74 degrees

Test Article Impact Severity........._....___. 55 kip-ft Maximum Pitch Angle .............. 8 degrees
YR s e e i Bridge Rail Maximum RollAngle ................ 9 degrees
o —— ... TBTA Bridge Rail Exit Conditions Vehicle Snagging...................... No
Installation Length.............. 132 ft long (post to post) Speed ... 48 3 mi/h Vehicle Pocketing ..................... No
Material or Key Elements ... Quadruple rail steel bridge rail 3 ft-6 Angle:. s 9.6 degrees

inches in height mounted on 17 posts Occupant Risk Values Test Article Deflections

attached either to a 49 ft-6 inch bridge Longitudinal OIV ..._............ 220fis Dynamic..........ooooomeeeieeenn. 1.5 inches
span (posts 3-9), or to a concrete Lateral OIV..........cccooee.. 348fts Permanent.......... 0.5 inch
foundation up to the bridge span and Longitudinal Ridedown......4.1g Working Width 155 inches
beyond the bridge span Lateral Ridedown ............... 109¢

Soil Type and Condition ..... Concrete Bridge Deck IV S e s 44 8 km/h Vehicle Damage

Test Vehicle PHD oo 109¢ NS O, s 01RFQ4
Type/Designation............... 1100C ASY o e e S e 282 & B | O O P Py e e 01FREW3
Make and Model ...... ... 2010 Kia Rio Max. 0.050-s Average Max. Exterior Deformation......... 10.5 inches
O o0 cminsaziinn ... 2478 b Longitudinal ................... -131g OCBE:-.......o oo ponmmssmmia RF0013000
Test Inertial .. 24251b Lateral.............. =2124q Max. Occupant Compartment
Dummy .......... .. 1651b Vertical oz i mitsg -3.2¢q Deformation ........................... 2.25 inches

Gross Static ..................... 2590 Ib
Figure 4.13. Summary of MASH Test 5-10 on TBTA Bridge Rail.




4.3.6 MASH Test5-11 (TTI Test 603911-2)

Figure 4.14 shows the bridge rail and test vehicle geometrics. Figure 4.15 and Figure 4.16
show the test vehicle before and after the test. Figure 4.17 shows the interior of the test vehicle
before and after the test. Figure 4.18 summarizes the full-scale crash test results.

5
Figure 4.14. TBTA Bridge Rail/Test Vehicle Geometrics.

i

M B 18 Y

Figure 4.15. Test Vehicle before Test.

Figure 4.16. Test Vehicle after Test.
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Figure 4.17. Interior of Test Vehicle.
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General Information Impact Conditions Post-Impact Trajectory
Test AQency: ..o ez Texas A&M Transportation Institute (TTI) Speed..........ccoccnenn......64.3 mih Stopping Distance.................... 205 ft dwnstrm
Test Standard Test No....... MASH Test 5-11 Angle 24 8 degrees 50 ft twd traffic
TIIAestNG.. .. .....cooeeoeerre 603911-2 Location/Orientation ........... 4 0 ft upstream of Vehicle Stability
TestDate: .o 2016-06-09 splice biw 4 and 5 Maximum Yaw Angle ............__. 43 degrees
Test Article Impact Severity................... 123 kip-it Maximum Pitch Angle ._............. 4 degrees
TP oo e inns s s Bridge Rail Maximum Roll Angle ... ... 10 degrees
Name. ... TBTA Bridge Rail Exit Conditions Vehicle Snagging...... ... No
Installation Length 132 ft long (post to post) Speed’: i v ae 51.9 mi/h Vehicle Pocketing ..................... No
Material or Key Elements ... Quadruple rail steel bridge rail 3 fi-6 Angle ................................ 8.5 degrees
inches in height mounted on 17 posts Occupant Risk Values Test Article Deflections
attached either to a 49 fi-6 inch bridge Longitudinal OIV ._._........... 174 fUs DUMamiC............ooeooouconeemanncnenas 2.0 inches
span (posts 3-9), or to a concrete Lateral Ol oot 285 fi/s Permanent......... ..0.75inch
foundation up to the bridge span and Longitudinal Ridedown ....... 60g Working Width 15.8 inches
beyond the bridge span Lateral Ridedown ............... 107¢
Soil Type and Condition ... Concrete Bridge Deck 37.1 km/h Vehicle Damage
Test Vehicle 1084g VDS e 01RFQ4
Type/Designation............... 2270P 1.92 COC iR i i 01FREW4
Make and Model ... 2010 Dodge RAM 1500 Pickup Truck Max. Exterior Deformation......... 16.0 inches
(o 1 T 5009 Ib Longitudinal .................... -85¢ "2 o 2 ] S T T RF0030000
Test Inertial 5052 Ib Lateral............ccoeeeeeeen.. -15.2¢ Max. Occupant Compartment
Dummy 1651b vertical:.. s i 28¢g Deformation........................... 5.0 inches
Gross Static 5217 Ib

Figure 4.18. Summary of MASH Test 5-11 on TBTA Bridge Rail.




4.3.7 Computer Model Simulation

LS Pre-Post was used to develop a TBTA steel bridge rail. A steel bridge rail was
developed with multiple different material and section properties. W-sections were modeled with
MATO024—Piecewise Linear Plasticity to define steel post material properties. MAT024 was also
used to define the material properties of base plates and both HSSs. Nodal rigid body constrained
connections were used to connect base plates to W-sections and HSSs to W-sections. Figure 4.19
shows the LS-DYNA model of the TBTA steel bridge rail system used for calibration.

| S

Side View Perspective Front View

Perspective Rear View
Figure 4.19. LS-DYNA Calibration Barrier System Model.

4.3.8 MASH Test 5-10 Calibration (Test 603911-1)

The researchers used a validated Toyota Yaris model with a similar weight as the actual
crash test Kia Rio model as the test vehicle. The test vehicle’s actual impact speed and angle
orientation were implemented in the computer simulation. Table 4.4 shows the sequential
illustration of the simulated computer model impact event. Table 4.4 compares frames from the
actual full-scale crash test and the calibrated computer model impact simulation.

TR No. 0-6976-R2 64 2021-10-14



Table 4.4. Comparison of Actual Crash Test and LS-DYNA Simulation.
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Table 4.5 summarizes occupant risk, vehicle stability information, and system deflection
values from the comparison between the actual crash test values and the simulated impact event.

Table 4.5. Comparison between Full-Scale Crash Test and Computer Simulation.

Actual Crash Test | FEA Simulation
Longitudinal O1V 22.0 ft/s 20.59 ft/s
Lateral OlIV 34.8 ft/s —30.43 ft/s
Longitudinal Ridedown 419 43¢
Lateral Ridedown 1099 2199
THIV 44.8 km/h 42.7 km/h
PHD 10.9 21.9
ASI 2.82 2.6
Max 0.050-s Average
Longitudinal -13.19 -13.3¢
Lateral 21.2¢ 20.2¢
Vertical 3.2¢ 4.8 ¢
Maximum Roll 9° 11.5°
Maximum Pitch 8° 2.2°
Maximum Yaw 74° 35.7°

4.3.9 MASH Test 5-11 Calibration (Test 603911-2)

The researchers used a validated Silverado model with a similar weight as the actual
crash test Dodge RAM model as the test vehicle. The test vehicle’s actual impact speed and
angle orientation were implemented in the computer simulation. Table 4.6 compares frames from
the actual full-scale crash test and the calibrated computer model impact simulation. Table 4.7
summarizes occupant risk, vehicle stability information, and system deflection values from the
comparison between the actual crash test values and the simulated impact event.

4.3.10 MASH Test 5-11 (Driver-Side Impact) Calibration (Test 603911-2)

For more accurate calibration, researchers also validated the driver side of the pickup
truck for MASH Test 5-11. The test vehicle’s actual impact speed and angle orientation were
implemented in the computer simulation. Table 4.6 compares frames from the actual full-scale
crash test and the calibrated computer model impact simulation. Table 4.7 summarizes occupant
risk, vehicle stability information, and system deflection values from the comparison between the
actual crash test values and the simulated impact event.
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Table 4.6. Comparison of Actual Crash Test and LS-DYNA Simulation.

0.2s

0.3s
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Table 4.7. Comparison between Full-Scale Crash Test and Computer Simulation.

Actual Crash Test | FEA Simulation
Longitudinal OIV 17.4 ft/s 28.2 ft/s
Lateral OlIV 28.5 ft/s —28.2 ft/s
Longitudinal Ridedown 6.09 -159¢
Lateral Ridedown 10.7 g 14.7 ¢
THIV 37.1 km/h 43.1 km/h
PHD 10.8 19.7
ASI 1.92 2.08
Max 0.050-s Average
Longitudinal -850 -13.3¢
Lateral -15.2¢g 14.2¢
Vertical 2.8¢ 3.8¢0
Maximum Roll 10° 11.3°
Maximum Pitch 4° 6.9°
Maximum Yaw 43° 30.3°

Table 4.8. Comparison between Full-Scale Crash Test and Impact Event Computer

Simulation.
Actual Crash Test | FEA Simulation
Longitudinal OIV 17.4 ft/s 21.648 ft/s
Lateral OlV 28.5 ft/s 29.192 ft/s
Longitudinal Ridedown 6.09 -5.7¢
Lateral Ridedown 10.7 g -16.9¢
THIV 37.1 km/h 39.8 km/h
PHD 10.8 16.9
ASI 1.92 1.94
Max 0.050-s Average
Longitudinal -850 -11.69
Lateral -15.2¢g -15¢g
Vertical 2.8¢ 2990
Maximum Roll 10° -12.8°
Maximum Pitch 4° 9°
Maximum Yaw 43° —31.5°

4.3.11 Conclusion

A comparison of LS-DYNA simulation results and actual crash test values revealed that
the computer models (system and vehicle) could be considered calibrated concerning the actual
crash test. The simulated impact event closely matched the actual crash test events. The
ridedown acceleration value was slightly overpredicted in the computer model versus the actual
result obtained through the full-scale crash test. Generally, however, the FEA model closely
replicated the testing outcomes in terms of vehicle stability and general behavior during the
impact event.
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44  SIMULATIONS

Multiple options were developed for possible barrier systems to prevent cross-median
crashes of passenger vehicles and trucks. The options were also developed with the specific need
to accommodate the passage of floodwater during severe weather events in mind. Therefore, the
proposed options would serve the multiple objectives of reducing flooding severity, decreasing
risk to motorists and others in the area, and reducing the level of damage to the highway and
surrounding area.

The following options were approved for further consideration:

e Option A: 42-inch-tall single-slope median barrier.
e Option B: 38-inch median version of the T223 TxDOT post-and-beam bridge rail.
e Option C: 38-inch open steel barrier.

For Options A and B, an FE parametric study was conducted to investigate potential CIP
for vehicular impacts.

4.4.1 Option A: 42-Inch-Tall Single-Slope Median Barrier

Figure 3.1 shows preliminary drawings of the proposed 42-inch single-slope median
barrier. The barrier base is 24 inches wide, and the barrier is 8 inches wide at the top. Openings
are 13 inches tall. The length of the proposed openings is 18 ft. The openings are sloped laterally
to limit risk of vehicle snagging during a potential vehicle impact event.

Figure 4.20 shows the different CIPs considered for the parametric study for Option A.
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Figure 4.20. CIPs Considered for Option A System.

Figure 4.21 shows the different views of the developed FEA model for the Option A
system. Analysis was performed with all three vehicles (passenger car, pickup truck, and large
SUT truck). Shell elements were used for developing the 42-inch single-slope barrier system.
RIGID-020 material properties were used to define concrete properties. In other words, FEAS
were conducted to specifically investigate the vehicle stability and the potential for vehicle
underriding at opening locations during an impact event. Steel reinforcement details and related
barrier strength were investigated through engineering analysis, as detailed at the end of this
section.
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A ey

Perspective View
Side View

Figure 4.21. Developed FEA Model for Option A System.
The developed computer model was used to perform simulations with vehicle models.

Figure 4.22 shows the view of the developed barrier model with inclusion of the three vehicles
needed for MASH TL-4 evaluation.

A S,

(a) Barrier system with small car (b) Barrier system with pickup

(c) Barrier system with SUT

Figure 4.22. Computer Simulation Models for Option A with Different Vehicles.
4.4.1.1 42-Inch-Tall Single-Slope Median Barrier with Passenger Car

AUTOMATIC_SURFACE_TO_SURFACE and
AUTOMATIC_SURFACE_TO_SURFACE contact keyword cards were used to define contact
between the vehicle and the barrier. The vehicle impact speed and angle were 62 mi/h and
25 degrees, respectively. Figure 4.23 illustrates different views of the Option A barrier system
with the passenger car (MASH 1100C vehicle).
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(a) Top View

(b) Perspective View

Figure 4.23 Computer Model for Option A with Passenger Car.

Figure 4.24 shows occupant risk and vehicle stability results from the performed CIP
parametric analysis with the passenger car. Table 4. illustrates sequential images of the
simulation results from the performed FEA computer simulations for 4-ft CIP respective to the
flare end.
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Figure 4.24. Parametric Analysis Results for Option A with Passenger Car.
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Table 4.9. Sequential Images of the Simulated Computer Model Impact Events for
Option A with Passenger Car.

0.05s 0.30s

0.10 s 0.50's

0.15s 0.7s
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4.4.1.2 42-Inch-Tall Single-Slope Median Barrier with Pickup Truck (without Tire
Disengagement)

For the pickup truck, two different simulations were performed: with and without tire
disengagement. The vehicle impact speed and angle were 62 mi/h and 25 degrees, respectively.
Figure illustrates the different views of the Option A barrier system with the pickup truck
(MASH 2270P vehicle).

(a) Top View

(b) Perspective View

Figure 4.25. Different Views of Computer Simulation Model for Option A with Pickup
Truck.

Figure 4.26 shows occupant risk and vehicle stability results from the performed CIP
parametric analysis with the pickup truck. Table 4.10 illustrates sequential images of the
simulation results from the performed FEA computer simulations for 4-ft CIP upstream of the
flared end of the barrier opening.
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Figure 4.26. Parametric Analysis Results for Option A with Pickup Truck (without Tire
Disengagement.)
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Table 4.10. Sequential Images of the Simulated Computer Model Impact Events for
Option A with Pickup Truck (without Tire Disengagement).
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4.4.1.3 42-Inch-Tall Single-Slope Median Barrier with Pickup Truck (with Tire Disengagement)

Figure 4.27 shows occupant risk and vehicle stability results from the performed CIP
parametric analysis with the pickup truck.
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Figure 4.27. Parametric Analysis Results for Option A with Pickup Truck (with Tire
Disengagement).
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Table 4.11 illustrates sequential images of the simulation results from the performed FEA
computer simulations for 4-ft CIP upstream of the flared end of the barrier opening.

Table 4.11. Sequential Images of the Simulated Computer Model Impact Events for
Option A with Pickup Truck (with Tire Disengagement).
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4.4.1.4 42-Inch-Tall Single-Slope Median Barrier with Single-Unit Truck

For the SUT vehicle impact, a simulation was performed with the CIP being 5 ft
upstream of the flared end of the barrier opening. The vehicle impact speed and angle were
56 mi/h and 15 degrees, respectively. Figure 4.28 illustrates different views of the Option A
barrier system with the SUT (MASH 10000S vehicle).

(@) Top View

(b) Perspective View
Figure 4.28. Computer Simulation Model for Option A with SUT.

Table 4.12. illustrates sequential images of the simulation results from the performed
FEA computer simulations.
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Table 4.12. Sequential Images of the Simulated Computer Model Impact Events for

Option A with SUT.
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4.4.2 Option B: Median Version of the T223 TxDOT Post-and-Beam Bridge Rail

Option B represents a proposed median version of the existing T223 TxDOT concrete
post-and-beam bridge rail. The concrete beam is 25 inches high and 24 inches wide, with
concrete posts that are 13 inches tall. Two configurations were considered for computer
simulations: (a) with concrete posts sloped laterally, as depicted in Figure 4.29; and (b) with
constant-width concrete posts, as depicted in Figure 4.30. For simplicity, only frames from
simulations considering constant-width concrete posts are reported in this chapter. No significant
differences were noted while comparing the performances of these two barrier designs during
vehicular impacts.
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Figure 4.29. Option B: Median Version of the T223 TxDOT Post-and-Beam Bridge Rail with
Posts Sloped Laterally.
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Figure 4.30. Median Version of the T223 TxDOT Post-and-Beam Bridge Rail with Constant-
Width Concrete Posts.

Figure 4.31 shows the different views of the developed FEA model for the Option B
system. Analysis was performed with all three vehicles (passenger car, pickup truck, and large
SUT truck). Shell elements were used for developing the 38-inch-high post-and-beam system.
The concrete beam is 25 inches high and 24 inches wide. Concrete posts are 48 inches long and
15 inches wide. Rigid material properties were used to define concrete properties since the
purpose of these simulations was mainly to investigate vehicle stability and vehicle interaction
with the rigid system during the impact event.

4.4.2.1 T223 TXxDOT Post-and-Beam Bridge Rail with Passenger Car

The vehicle impact speed and angle were 62 mi/h and 25 degrees, respectively. Figure
4.32 illustrates different views of the Option B barrier system with the passenger car. Figure 4.33
shows occupant risk and vehicle stability results from the performed CIP parametric analysis
with the passenger car. Table 4.13 illustrates sequential images of a representative simulation
with the passenger car.
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(a) Side view (b) Perspective view

(d) Barrier system with pickup

(c) Barrier system with small car

'v- b . 7*&
A A

(e) Barrier system with SUT

Figure 4.31 Computer Simulation Models for Option B with Different Vehicles.

_\

(@) Top View (b) Perspective View
Figure 4.32. Different Views of Computer Simulation Model for Option B with Passenger
Car.
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Figure 4.33. Parametric Analysis Results for Option B with Passenger Car.
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Table 4.13. Sequential Images of the Simulated Computer Model Impact Events for
Option B with Passenger Car.
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4.4.2.2 T223 TXDOT Post-and-Beam Bridge Rail with Pickup Truck (without Tire
Disengagement)

For the pickup truck, two different categories of simulations were performed: one with
vehicle tire disengagement and one without tire disengagement. The vehicle impact speed and
angle were 62 mi/h and 25 degrees, respectively. Figure 4.34 illustrates different views of the
Option B barrier system with the pickup truck.

(@) Top View

\

(b) Perspective View
Figure 4.34. Different Views of Computer Simulation Model for Option B with Pickup
Truck (without Tire Disengagement).

Figure 4.35 shows occupant risk and vehicle stability results from the performed CIP
parametric analysis with the pickup truck. Table 4.13 illustrates sequential images of a
representative simulation with the pickup truck.
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Figure 4.35. Parametric Analysis Results for Option B with Pickup Truck (without Tire
Disengagement).
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Table 4.14. Sequential Images of the Simulated Computer Model Impact Events for
Option B with Pickup Truck (without Tire Disengagement).
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4.4.2.3 T223 TxDOT Post-and-Beam Bridge Rail with Pickup Truck (with Tire Disengagement)

The vehicle impact speed and angle were 62 mi/h and 25 degrees, respectively. Figure
4.36 illustrates different views of the Option B barrier system with the pickup truck.

\

(a) Top View

(b) Perspective View
Figure 4.36. Different Views of Computer Simulation Model for Option B with Pickup
Truck (with Tire Disengagement).

Figure 4.37 shows occupant risk and vehicle stability results from the performed CIP
parametric analysis with the pickup truck. Table 4.15 illustrates sequential images of a
representative simulation with the pickup truck.
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Figure 4.37. Parametric Analysis Results for Option B with Pickup Truck (with Tire
Disengagement).
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Table 4.15. Sequential Images of the Simulated Computer Model Impact Events for
Option B with Pickup Truck (with Tire Disengagement).
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4.4.2.4 T223 TXxDOT Post-and-Beam Bridge Rail with Single-Unit Truck

The vehicle impact speed and angle were 56 mi/h and 15 degrees, respectively. Figure
4.38 illustrates different views of the Option B barrier system with the SUT.

(@) Top View

(b) Perspective View
Figure 4.38. Computer Simulation Model for Option B with SUT.

Table 4.16 illustrates sequential images of the simulation results from the performed FEA
computer simulations for Option B with the SUT.
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Table 4.16. Sequential Images of the Simulated Computer Model Impact Events for
Option B with SUT.
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4.4.3 Option C: 38-Inch Open Steel Barrier

Figure 4.39 shows the developed computer model for the proposed 38-inch-tall open steel
barrier option. Although some dimensions and connections for the proposed option are yet to be
detailed, the following simulations are included to illustrate vehicle stability and interaction with
the test article during impact. The barrier base plates measure 14'% inches wide and 7-inch thick.
Vertical posts are 11% inches wide and 7&-inch thick. Three separate longitudinal HSSs are
connected to vertical posts with a plate and bolt system. The 5-inch-square HSSs are Y4-inch
thick.

[ ]

Figure 4.39 Open Steel Barrier Model Developed as Option C.

The analysis was performed with all three vehicles (passenger car, pickup truck, and
large SUT truck) (Figure 4.40).
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(a) barrier system with Small Car (b) barrier system with Pick-Up Truck

(c) barrier system with SUT
Figure 4.40. Computer Simulation Models for Option C with Different Vehicles.

4.4.3.1 38-Inch Steel Barrier with Passenger Car

The vehicle impact speed and angle were 62 mi/h and 25 degrees, respectively. Figure
4.41 illustrates different views of the Option C barrier system with a passenger car.

1= 1 L1

(b) Perspective View

(@) Top View

Figure 4.41. Different Views of Computer Simulation Model for Option C with Passenger
Car.
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Table 4.17 illustrates sequential images of the preliminary simulation results from the
performed FEA computer simulations for the passenger car.

Table 4.17. Sequential Images of the Simulated Computer Model Impact Events for

Option C with Passenger Car.
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Table 4.18 summarizes occupant risk, vehicle stability information, and system deflection
values from the performed FEA simulation for the passenger car. Figure 4.42 illustrates the
maximum deformation in the steel barrier from impacting the passenger car.

Table 4.18. Occupant Risk and Vehicle Stability Information for Passenger Car.

FEA Simulation
Longitudinal OlV 25.25 ft/s
Lateral OlIV —31.48 ft/s
Longitudinal Ridedown -5.9¢
Lateral Ridedown 21.2¢g
THIV 43.7 km/h
PHD 21.3
ASI 2.73
Max 0.050-s Average
Longitudinal -15.09
Lateral 20.3¢g
Vertical -3.5¢
Maximum Roll 7.3°
Maximum Pitch 4.3°
Maximum Yaw 30.5°
Maximum Barrier Deformation 12.5 mm

—

Figure 4.42. Maximum Deformation in Steel Barrier from Passenger Car.

Energy values were evaluated in this detailed FE simulation. The energy distribution
history for the passenger car is shown in Figure 4.43.
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Figure 4.43 Energy Distribution History for Passenger Car.
4.4.3.2 38-Inch Steel Barrier with Pickup Truck

The vehicle impact speed and angle were 62 mi/h and 25 degrees, respectively. F
illustrates different views of the Option C barrier system with a pickup truck.

Figure 4.44. Different Views of Computer Simulation Model for Option C with Pickup
Truck.

Table 4.19 illustrates sequential images of the preliminary simulation results from the
performed FEA computer simulations for Option C with the pickup truck.
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Table 4.19. Sequential Images of the Simulated Computer Model Impact Events for
Option C with Pickup Truck.

0.00s 0.1s

0.2s 0.3s

0.5s 1.0s

Table 4.20 summarizes occupant risk, vehicle stability information, and system deflection
values from the performed FEA simulation for the pickup truck. Figure 4.45 illustrates the
maximum deformation in the steel barrier from impacting the pickup truck. The energy
distribution history for the pickup truck is shown in Figure 4.46.
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Table 4.20. Occupant Risk and Vehicle Stability Information for Pickup Truck.

FEA Simulation

Longitudinal OIV 21.64 ft/s
Lateral OIV —26.56 ft/s
Longitudinal Ridedown -5.2¢
Lateral Ridedown 20.3¢g
THIV 37.1 km/h
PHD 20.3
ASI 1.91
Max 0.050-s Average
Longitudinal -10.79
Lateral 139¢g
Vertical -2.79
Maximum Roll 10.2°
Maximum Pitch 3.4°
Maximum Yaw 30.8°
Maximum Barrier Deformation 45 mm

Figure 4.45. Maximum Deformation in Steel Barrier from Pickup Truck.
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Figure 4.46. Energy Distribution History for Pickup Truck.
4.4.3.3 38-Inch Steel Barrier with SUT

The vehicle impact speed and angle were 56 mi/h and 15 degrees, respectively. Figure
4.47 illustrates different views of the Option C barrier system with the SUT.

Figure 4.47. Different Views of Computer Simulation Model for Option C with SUT.

Table 4.21 illustrates sequential images of the preliminary simulation results from the
performed FEA computer simulations for Option C with the SUT.
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Table 4.21. Sequential Images of the Simulated Computer Model Impact Events for

Option C with SUT.
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Table 4.22 summarizes occupant risk, vehicle stability information, and system deflection
values from the performed FEA simulation for the SUT. Figure 4.48 illustrates the maximum
deformation in the steel barrier from impacting the SUT. The energy distribution history for the
SUT is shown in Figure 4.49.

Table 4.22. Occupant Risk and Vehicle Stability Information for SUT.

FEA Simulation
Longitudinal OIV 5.24 ft/s
Lateral OlIV 20.33 ft/s
Longitudinal Ridedown 13.3 ¢
Lateral Ridedown -10.2 ¢
THIV 23.0 km/h
PHD 13.3
ASI 1.05
Max 0.050-s Average
Longitudinal -3.7¢
Lateral -9.0¢
Vertical 5749
Maximum Roll -13.9°
Maximum Pitch 10.1°
Maximum Yaw —14.9°
Maximum Barrier Deformation 65 mm

Figure 4.48. Maximum Deformation in Steel Barrier from SUT.
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Figure 4.49. Energy Distribution History for SUT.
45  CONCLUSIONS

Multiple options were considered for potential development of a rigid median barrier
system to be deployed in flood-prone areas to accommodate the passage of floodwater during
severe weather events.

Three median barrier options were approved for further investigation through computer
simulations:

e Option A: 42-inch-tall single-slope median barrier.
e Option B: 38-inch median version of the T223 TxDOT post-and-beam bridge rail.
e Option C: 38-inch open steel barrier.

It is important to note that the objective of this FE computer simulation study was to
specifically investigate the vehicle stability and interaction with the proposed barrier option
during a potential impact event, as well as anticipated occupant risk values. Therefore, the
strength and structural adequacy of the barrier was not specifically investigated through this
FEA. Barrier details, such as steel reinforcement, were detailed in parallel through engineering
analysis and through direct communication with the project panel to account for their needs and
preferences.

The FEASs conducted on the first two concrete options suggest that both systems’
geometrical details have the potential to be deemed crashworthy under MASH TL-4 conditions.
Parametric analyses conducted with the passenger car, pickup truck, and SUT vehicles seem to
indicate that (a) the proposed barrier geometry would be capable of containing and redirecting
the impacting vehicle, (b) the vehicle interaction with the test article should not result in any
form of severe snagging/pocketing, and (c) the vehicle should maintain its stability throughout
the impact event.
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CHAPTER 5. LARGE-SCALE HYDRAULIC TESTING”
5.1 INTRODUCTION

The primary objectives for the large-scale testing were to determine the hydraulic
performance of each of the proposed median barrier designs by building a rating curve that plots
the upstream water depth with respect to increasing flow rates. Rating curves were compared
against one another to assess the relative effectiveness of each barrier for mitigating flood effects
in flood-prone areas. This investigation leveraged previous research into the hydraulic
performance of bridge rails to build a mathematical model for each of the rating curves (18).

5.2 EXPERIMENTAL SETUP

The purpose of this research was to assess the hydraulic efficiency of median barriers
with different geometries and compare the results against one another to explore key parameters
in hydraulic performance. Model scale barriers were built for each design and installed in a
concrete channel for hydraulic testing at the Center for Water and the Environment (CWE) on
the J.J. Pickle Research Campus, University of Texas at Austin. Figure 5.1 displays an example
of a barrier mid-test.

Figure 5.1. Hydraulic Testing.

* The opinions/interpretations identified/expressed in this chapter are outside the scope of TTI Proving Ground’s
A2LA Accreditation.
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5.2.1 Physical Construction
5.2.1.1 Median Barriers

A total of three barriers were constructed to the dimensions agreed upon by the associated
parties. One additional barrier was constructed as a solid weir to serve as a comparison to the
barriers with openings. The designs were adapted from existing TXDOT standard barriers with
certain adjusted parameters, such as fractional open space, Fu, and edge tapering. In this research,
the fractional open space was the primary parameter investigated. Other parameters such as
streamlined openings were not explored experimentally since hydraulic response is expected to
be limited and constructability constraints outweigh any marginal benefits that streamlined
barriers could provide. Initial dimensions were decided among all parties, while specific
dimensions such as scupper and support spacing were decided by TTI at the conclusion of crash
test numerical simulations. The final vertical dimensions for all barriers were scaled down at a
2:1 ratio. This ratio allowed the barrier to fit within the vertical constraints of the channel while
leaving enough space for flow over the barrier crest. The final horizontal dimensions were set at
a length of 5 ft to match the width of the test channel. In each case, the scupper length to barrier
length ratio was preserved in both the horizontal and vertical directions to conserve Fo. The first
three barrier models were constructed entirely from wood, and the final barrier was constructed
from steel. Since this experiment involved measuring the hydraulic performance with respect to
the barrier geometry, it was not necessary to account for the weight of the barriers, and as such,
concrete was not a necessary construction material. All models were anchored to a support base
in the channel to ensure stability against hydrodynamic pressure from the flowing water. The
edges of the wood models were sealed with silicone caulk, and all exposed faces were coated
with multiple layers of a waterproof paint to prevent water infiltration and wood
warping/swelling. A general model is included in Figure 5.2 to introduce the parameter notation
used throughout the remainder of the report.

A

hsb

-

Support Base

- > Channel
Wy,

Figure 5.2. Generalized Barrier.

TR No. 0-6976-R2 106 2021-10-14



5.2.1.1.1 Weir Barrier

The weir barrier was constructed per the TXDOT SSCB standards. Since there is no
drainage, this barrier serves as the worst-case scenario for hydraulic performance where flow
overtops the barrier at all flow rates. The weir barrier has a height of 21 inches, bottom width of
12 inches, and top width of 4 inches. After all data were collected, this barrier failed during a
redundancy test. Changes were then made in the design of the remaining barriers and the next
iteration of the support base. Figure 5.3 displays the barrier installed on the first support base.

Figure 5.3. Weir Barrier.

5.2.1.1.2 SSCB

The SSCB was built to the same overall specifications as the weir barrier with the
inclusion of a scupper. The scupper height is 6.5 inches, and the width is 3 ft. Starting at the
barrier edge with a width of 1 ft, the barrier support tapers to a width of 4.5 inches at the scupper
edge. While tapering the opening is expected to have marginal effects on the hydraulic
performance, this design allows the opening height to be increased by an additional inch per
structural design standards. This barrier was constructed entirely out of wood and covered in
multiple coats of waterproof paint. Figure 5.4 displays the barrier installed in the channel before
final seals were applied.
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Figure 5.4. SSCB.

5.2.1.1.3 Post-and-Beam Barrier

The post-and-beam barrier has a much greater fractional open space than the SSCB,
controlled by an increase in scupper width between the two. The post-and-beam barrier has the
simplest geometry of all the barriers, consisting of a rectangular beam supported by rectangular
posts. The height of this barrier is 21 inches, the beam width is 1 ft, and the post widths are
4 inches. The scupper height is 6.5 inches, and the scupper length is 4 ft 4 inches. Figure 5.5
displays the barrier installed in the channel with all seals applied.

et

Figure 5.5. Post-and-Beam Barrier.
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5.2.1.1.4 Steel Barrier

The steel barrier has a substantially larger fractional open space than the previous two.
This barrier is comprised of three 2.5-inch x 2.5-inch HSS horizontal beams on each face that
span the length of the channel, with 3 inches of vertical spacing between them. The space
between the support base and the lowest beam is 5.875 inches. The posts on either side of the
channel are each made up of two 19.375-inch x 7-inch x 0.5-inch metal plates spaced 2.5 inches
apart. Both posts sit on a 16-inch x 12.5-inch x 0.5-inch metal base plate with four 0.625-inch
diameter holes for connection to the support base with machine screws. All segments are
connected through welds, and the barrier base is connected to the support base through eight
machine screws. The downstream face of this barrier is displayed in Figure 5.6.

Figure 5.6. Steel Barrier.

The geometries for all four barriers are displayed in Table 5.1. The values for the steel
barrier refer to the different sections divided by the horizontal beams and vertical support plates.

Table 5.1. Barrier Dimensions.

hp (inches) ho (inches) Wo (inches) Fo (%)
Weir 21 0 0 0
SSCB 21 6.5 36 18.6
Post and Beam 21 6.5 52 26.8
5.875 2.5
Steel 19.375 3 53 60.5
3 2.5
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5.2.1.2 Support Base

Before construction of the median barriers began, a support base was built in order to
anchor the median barriers in place while still allowing its removal when necessary. A total of
two bases were constructed. The first base duplicated a successfully tested design by Charbeneau
et al. (18), and the second took a new approach to barrier attachment following complications
with the original. Both barriers had the same outer dimensions: 57 inches x 36 inches x
4.25 inches. Wood planks with attached handles were installed on either side of each base, filling
the 5-ft channel span when in place alongside the base and allowing the water to drain
completely once removed. The frames of both bases were built from nominal 2-inch x 4-inch
wood planks resting on top of and underneath 0.75-inch plywood sections. Each base was
fastened to the channel bed with concrete bolts roughly 90 ft downstream from the pumps.

5.2.1.2.1 Original Design

The support base was built with a combination of wood and concrete. The outer layer of
the base was covered in multiple coats of waterproof primer to protect the wood from any
swelling. The area within the frame was split into two different sections: the front 1-ft section to
house the barrier connection and the rear 2-ft section to counteract the moment created by
hydrodynamic pressure on the barrier base system. The front section housed three 3.5-inch-tall
wood blocks with 1-inch-diameter holes drilled in their centers, each separated along the channel
span by 1 ft 6 inches. The remaining open space in this section was filled with concrete. The
hollowed blocks served as the primary point of connection between the barrier and base. Each
barrier was to have three **/;¢-inch O.D. aluminum pipes extruding from the bottom that fit
securely within the vertical slots. The hydrodynamic pressure of the water would then be
transferred from the face of the barrier, down through the pipe connection, throughout the
support base, and into the channel bed through the bolted connection. The back section was left
empty since no extra weight was needed for friction support—simply bolting the rear end of the
base to the concrete provided sufficient resistance against the hydrodynamic pressure. The
support base design with dimensions included is displayed in Figure 5.7.
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Figure 5.7. Initial Support Base Design.
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Additional hinged connections were added to the front of the barrier and base following
an incident in which the force of the aluminum pipes on the wood blocks and surrounding
concrete opened a crack in the center of the concrete itself. This crack opened space between the
barrier and base, allowing the flowing water to infiltrate and lift the barrier off the base and carry
it downstream. Multiple successful tests were then run with the hinge connection operating
properly before the barrier itself gave way. Close inspection revealed a failure of the barrier at
the hinge connection, but it was unclear if this was the cause of the accident or if the barrier
structure broke first and ripped the connected pieces away from the hinges. In either event, the
source of error lies in both a failure to properly seal the barrier and base as well as a hinge
location that was too close to the barrier and base edges. Figure 5.8 shows the failed barrier and
the failure at the hinged connection. A decision was made at this point to redesign the support
base.

(@) (b)

Figure 5.8. (a) Weir Barrier Failure; (b) Hinged Connection Failure.

5.2.1.2.2 Final Design

The first change in the new design was to place the barrier in the center of the support
base because the previous 2 ft of empty space behind the barrier was determined to be
unnecessary for any counter-moment effects. This new barrier location also allowed the addition
of another layer of plywood immediately upstream and downstream of the barrier to simulate a
pavement overlay on each side of a median barrier. In this new layout, each barrier was
connected to a 5 ft x 1-ft 4-inch section of 0.75-inch plywood that rested on top of two lengths of
3.5-inch x 3.5-inch wood beams. Four threaded inserts were screwed into each wood beam, and
small holes were drilled at corresponding locations in the barrier baseboard. This setup allowed
for a total of eight removable machine screws to connect the barrier baseboards to the wood
beams in the support base. The center section of the support base as well as the front and back
sections were filled with concrete blocks for added weight. To prevent water infiltration into the
base, all edges were sealed with silicone caulk, and exposed surfaces were covered in multiple
coats of a waterproof paint. Figure 5.9 displays the final support base design and the physical
base installed in the channel. Neither the removable boards nor the plywood support base cover
are included in Figure 5.9b.

TR No. 0-6976-R2 111 2021-10-14



10" Scrap Concrete Blocks
1 _L
:é// ! [% ® 35"

1/4" 1.D. Threaded Inserts (TYP.)
16"
|—7 1 1 1 —ﬂ

}’/ { | /é 35"
-t

10" Scrap Concrete Blocks

| -6 |
(a) (b)

Figure 5.9. (a) Final Support Base Design; (b) Installation in Channel
Barrier and Support Base Setup in Channel.

The support base was bolted to the concrete channel bed roughly 90 ft from the channel
head with a space of 1.5 inches on either side to leave room for the removable boards. The edges
between the channel bed and the upstream and downstream support base faces were sealed with
silicone caulk. The sides were not sealed because there was not enough space to easily apply a
sealant, but this was assumed to be inconsequential since the removable boards would be sealed
at their upstream edges to prohibit any leaking through those areas. Once in place, the final
support base was not moved for the remainder of testing.

Each median barrier was constructed to be 0.5 inches short of the 5-ft channel width to
increase ease of installation. Once in place, narrow wood boards matching the barrier cross-
sections were attached via an adhesive to either side on a case-by-case basis to create contact
between the barrier and the channel wall. To increase friction support from the barrier-channel
interface, wood shims were wedged between the two. The extruding shim pieces were then
trimmed with a hand saw. Finally, all edges were sealed with silicone caulk and left to dry for at
least a day before testing began.

Hydraulic testing was conducted in an outdoor concrete flume in which water is
recirculated by means of an integrated pipe system fed from an on-site reservoir. The flume
layout can be seen in Figure 5.10.
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Figure 5.10. Flume Layout.

5.2.2 Reservoir and Pipe Network

The reservoir holds roughly half a million gallons of water, a capacity that is maintained
primarily through rainfall. During dry periods when water is lost through evaporation, the
reservoir can be refilled by an on-campus water tower. Two pumps are in place to transfer water
through the pipe network that runs throughout both the outdoor system and indoor labs. For the
purposes of these experiments, the only valves that remained open were those that fed directly
into the test channel. Adjusting these two valves controls the pump flow rate into the channel.
With all other valves shut, the water is continuously recirculated from the reservoir, through the
test channel, and back into the reservoir through a discharge channel. This recirculation allows
the system to reach a steady state given a constant flow rate, a necessary condition for these tests.

5.2.3 Test Channel
5.2.3.1 Pump Outlets and Primary Channel

The test channel is a rectangular concrete flume with a width of 5 ft, height of 2 ft
8 inches, and length of about 125 ft. The spanwise and lengthwise channel bed slope is
approximately zero, and the walls are all at approximately 90-degree angles with the channel
bed. Water enters the channel through the two pipe outlets at the channel’s head, as shown in
Figure 5.11.

TR No. 0-6976-R2 113 2021-10-14



Figure 5.11. Pump Outlets.

5.2.3.2 Return Channel

The water then runs the full length of the channel before spilling into a lower level. There
are two return channels on the lower level that feed into the CWE lab building; however, the
gates at these channel entrances were closed to ensure recirculation only occurred within the
experimental system. Flow continues along the length of the lower channel until it encounters a
discharge weir. At a location just upstream, a point gauge is used to measure the head above the
weir crest to determine the steady-state flow rate. After spilling over the weir, the water passes
through the remainder of the channel and back into the reservoir.

5.2.3.3 Data Collection

The two variables needed to build a rating curve for each barrier are flow rate and
upstream water depth. The flow rate is found by measuring the water depth above the discharge
weir and using the weir equation introduced in the literature review, while the upstream water
depth is measured from ISCO 4230 Bubble Flow Meters that connect to the channel bed through
vinyl tubing.

5.2.4 Upstream Water Depth

Four water depth measurements are recorded at locations of 18 ft and 26 ft upstream of
the barrier face. For each flow rate, three recordings are taken at all locations to account for
small waves in the flow and any small variabilities in instrument measurements. An arithmetic
mean is taken from the 12 values to produce a final upstream water depth for that respective flow
rate. The measurement locations are displayed in Figure 5.12.
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Figure 5.12. Upstream Water Depth Measurement Locations.
5.2.4.1 Bubble Flow Meters

The flow meters reside in a 12V solar-powered housing unit to provide a constant power
source and serve as protection from the elements. The solar panel rests on top of the unit and
connects to a marine battery that powers all four instruments. A voltage regulator is used as an
intermediate in the solar panel-battery circuit. The flow meters record the water depth by
measuring the required pressure to send a small air bubble through the length of the 's-inch 1.D.
vinyl tubing. The required pressure is equal to the water pressure at the depth of the tubing
outlet, and water depth, h,,, is calculated from the measured pressure, P, water density, p,,, and
gravitational constant, g:

p

hy =~ (5.1)

Each flow meter was set at a measurement frequency of 1 Hz and a reporting frequency

of 0.2 Hz. Under the specified frequency settings, the flow meters report the mean value from
five measurements every five seconds. The tubes were positioned along the channel walls and
bed, normal to the direction of flow. This orientation negates interference from the fluid velocity
at the tube outlet. A waterproof adhesive is applied to the entire length of the tubing that contacts
the channel surface, removing any separation of the line from the channel bed where debris could
otherwise get caught.

To ensure accurate measurements, moisture is removed from the air bubbles by passing
the influent air through a desiccant chamber sitting on top of the flow meter. After about a month
of consistent use, the desiccants begin to change color, indicating they are near their saturation
point and must be recharged in an oven. The flow meters and housing unit can be seen in
Figure 5.13.
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Figure 5.13. (a) ISCO 4230 Bubble Flow Meter; (b) Solar-Powered Housing Unit.
5.2.4.2 Discharge Weir

The rectangular sharp-crested weir is located in the return channel about 30 ft upstream
from the entrance into the reservoir. The weir is a 5-ft x 2-ft metal plate that has been sealed on
all sides to prevent any leaking. The weir is treated as being perfectly rectangular, although there
is a small vertical slope across the span of the weir crest. The effects of this slope on the flow
rate measurements are considered negligible. At the location of the weir, the return channel walls
are 3 ft tall. A 1-ft-tall by 8-inch-wide rectangular orifice located at the weir base allows the
channel to drain after testing is complete. During tests, a hinged gate is closed over the orifice
and the edges are sealed. A miniscule amount of leakage through the edges of the gate does
occur when the channel is full, but any effect on the water depth in the return channel is
negligible. A chain is used to pull the gate open for the purposes of draining the channel at the
conclusion of testing. The weir and hinged gate are displayed in Figure 5.14. The gate chain
serves the secondary purpose of providing a small amount of turbulence as a result of its flow
obstruction in the nappe. This turbulence introduces aeration to the nappe, which steadies the
upstream flow and allows the weir equation detailed in the literature review to hold true. This
equation is repeated below:

2
Q= Cd§1/2g3H3/2 (5.2)

The discharge coefficient, C,, for this specific weir was found to be 0.618 from
experiments by Benson (35).
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Figure 5.14. Discharge Weir and Gate.

5.2.4.3 Point Gauge

The water depth in the return channel is measured to one thousandth of a foot with a
point gauge located 16 ft upstream of the discharge weir. At this location, there are negligible
drawdown effects from the weir; however, there are slight variations in the water depth at any
given moment due to turbulent effects from a 90-degree bend in the channel 27 ft upstream. To
suppress these small waves, the point gauge resides in a 2-inch-diameter plastic stilling well.
This setup is displayed in Figure 5.15. A datum is set at the weir crest to measure the water depth
over the weir. This datum was measured through a method that began by allowing the return
channel to fill completely until water was flowing over the discharge weir. The pumps were then
shut off and the weir gate was kept closed, allowing water to only drain to the weir height. Since
the weir has a small slope, the datum was set at the location of the intersection between the water
surface and the center of the weir span. This measurement was not made in a vertically static
condition, as water continued to drain slowly over the lower edge of the slanted weir crest. To
increase accuracy, the measurement process was repeated multiple times and averaged. The
gauge reading for the weir crest was determined to be 0.958 ft.
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Figure 5.15. Point Gauge.

53 EXPERIMENTAL PROCEDURE
5.3.1 Start-Up Procedure

Once the barrier was installed in the channel and the seals had been given proper time to
set, the start-up process began. The removable boards were set in place on both sides of the base,
and the edges on the upstream face were sealed with plumber’s putty. This material is ideal for
temporary placement and provides a waterproof seal the instant it is applied. Likewise, the gate
on the discharge weir was closed and the edges were sealed. As water began to fill the return
channel, any leaks around the gate could be identified and sealed with additional putty.

After the proper seals had been applied, the pumps were then turned on to fill the test
channel. Once the water level overtopped the support base and flowed through the barrier
opening, the pumps were shut off to allow water to drain to the height of the support base. When
drained to the support base height, the bubble flow meters were turned on and calibrated by
setting the top of the support base as zero. The calibration was accepted when all flow meters
read a value of £0.002 ft. This datum served the double purpose of ensuring all the flow meters
began their measurements from the same point as well as increasing the accuracy of
measurements at small flow rates. Note that this calibration method was not possible for the weir
barrier because there was no barrier opening for the water to drain through. In this case, the flow
meters were calibrated before the barrier was in place. This calibration was saved to the
instrument so it would be ready when testing began the following day.

At this point, the pumps were turned back on to begin testing. Once the return channel
was filled and water began to spill over the discharge weir, the system was run uninterrupted for
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an additional 30 minutes in order to definitively reach a steady state before the first
measurements were recorded.

5.3.2 Testing Procedure

For the initial measurements, only one pump was turned on, with the control valve
opened at roughly 6.25 percent or ¥4 the full capacity. A total of three measurements were taken
from each individual flow meter as well as the point gauge. Multiple measurements accounted
for the presence of waves in the flow, both in the testing and return channels. Upstream water
depth measurements were read directly from the flow meter console, and weir depth
measurements were read from the point gauge in the return channel, both with a precision of
0.001 ft. All data were manually entered into an Excel file. The two different measurements were
recorded intermittently, allowing sufficient time in between each recording to achieve random
samples. Additionally, this recording process allowed for steady-state verification; each
discharge measurement was tied to the proceeding upstream water depth measurement, and a
noticeable trend meant the system was not at steady state. In this case, the process continued
until no trend was detected, and the final three rounds of data were then saved. For the upstream
water depth, an arithmetic mean was taken for the 12 points to produce one average value.
Likewise, for the point gauge measurements, an average was taken over the three recordings.
Therefore, from 15 total measurements, a single point representing water depth and flow rate was
recorded for each change in flow rate.

After all initial measurements were taken, the second pump was turned on, with its
control valve opened at Y16 capacity. The recording process then continued, opening one of the
pumps by %6 in between each trial. The final trial was limited by either the pumps reaching their
maximum flow capacity or the upstream water depth overtopping the channel sides.

5.3.3 Shut-Down Procedure

At the conclusion of testing, both pumps were shut off and both channels drained until
they were limited by the support base and discharge weir, respectively. At this point, the
removable boards were taken out from the side of the support base and the discharge weir gate
was opened to allow all water to return to the reservoir. Any leftover putty was removed and
repurposed for a future test.

54 TEST CASES
Each barrier was tested for two cases:

1. Performance after installation on a roadway surface (barrier base elevation = top of
pavement).

2. Performance after a 2-inch asphalt overlay has been applied to the surface (barrier
base elevation = 2 inches below top of pavement).

The 2-inch asphalt overlay was simulated with a 1-inch board on top of the support base
immediately upstream and downstream of the model barrier. An example of the overlay case can
be seen with the SSCB in Figure 5.16. The datum for both cases was set at the support base
height (3.5 inches above the channel bed) when developing the flow rate—water depth rating
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curve. The datum was then adjusted to the top of the 1-inch board in post-processing for the
purposes of developing the non-dimensional model rating curve. This process is explored further
in the following section. All barriers were symmetrical, so there was no need to test their
performance against different flow directions.

Figure 5.16. SSCB with Overlay.
5.5 HYDRAULIC TESTING RESULTS AND ANALYSIS

The purpose of this section is to examine the hydraulic rating curves developed from
experimental methods detailed in the previous section. These rating curves are then converted to
a non-dimensional form and fit to model equations adapted from those presented in Chapter 2 of
this report. In this form, the data can be integrated into the software HEC-RAS, a method that is
detailed in the following section.

5.5.1 Raw Data Rating Curves

Rating curves were constructed from the upstream water depth values corresponding with
each flow rate. Each water depth value was computed from an arithmetic mean of 12 total
measurements collected across four locations upstream of the barrier. Likewise, each flow rate
value was computed from an arithmetic mean of three point gauge measurements that were then
plugged into the weir equation (Equation 5.2). The rating curves for both cases are plotted in
Figure 5.17 through Figure 5.19, and a comparison of all six barrier cases and the weir barrier are
plotted in Figure 5.20. The weir barrier does not have two different cases because an overlay has
no effect on the hydraulic performance of a barrier with no drainage. On each curve, the flow
rate is represented along the abscissa, and the upstream water depth is represented along the
ordinate.
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Figure 5.17. SSCB Rating Curves.
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Figure 5.18. Post-and-Beam Rating Curves.
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Figure 5.20. Combined Rating Curves.

Hydraulic performance is dictated by the upstream water depth. When comparing two
depth values at the same flow rate, the smaller value reflects a greater conveyance through the
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barrier opening and, as such, an overall greater hydraulic performance. In Figure 5.20, the weir
barrier has the worst performance since the flow is forced to overtop the barrier at all flow rates.
This is designated as the worst-case scenario for highway conveyance in an extreme event.

For the three barriers of interest, the steel barrier has the greatest hydraulic performance,
followed by the post-and-beam barrier and the SSCB. This order meets the expectation of Fo as
the dominant factor in hydraulic performance. The information on barrier geometries is located
in Table 5.1.

5.5.2 Data Accuracy and Limitations

The range of flow rate values was determined by the channel height and pump capacity.
For the weir barrier and SSCB, testing was concluded when the upstream water depth was about
to overtop the channel walls. For the post-and-beam and steel barriers, testing was concluded
when the pumps reached their maximum capacity.

For each data point on the rating curves, 12 measurements were recorded from the flow
meters and three were recorded from the point gauge. The standard deviations for flow meter and
point gauge measurements are displayed in Table 5.2. Error bars are not displayed in the related
previous figures since they are too small to visualize.

One potential source of error within the data collection includes aeration of the barrier
nappe. When the upstream water depth is right at the barrier crest, water depth variations
increase due to periodic nappe aeration loss and subsequent reaeration. In Figure 5.17, an
upstream water depth of 1.75 ft is equal to elevation at the SSCB crest. At this elevation, there is
greater variability in the data, an observation reinforced by an increase in standard deviation at
the points clustered around point (9.5, 1.75). For all barriers besides the weir barrier, the standard
deviation values were greatest at this depth, ranging from £0.01 to £0.014. While it might be
expected for this phenomenon to be replicated for the weir barrier, variations in the water depth
are small at low flow rates.

Table 5.2. Data Standard Deviations.

Flow Meter Std. Dev. (ft) Point Gauge Std. Dev. (ft)
SSCB weir +0.003 +0.001
SSCB scupper +0.005 +0.001
SSCB scupper overlay +0.004 +0.001
Post and beam +0.007 +0.002
Post-and-beam +0.007 £0.001

overlay

Steel +0.005 +0.001
Steel overlay +0.005 +0.002
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5.5.3 Model Fitting

This section discusses the process of converting the data to a non-dimensional form and
fitting curves to the new data via three model parameters. Non-dimensionalizing the data serves
two purposes. The first purpose is to focus on the hydraulic effects linked to the scupper
geometry as opposed to the barrier height. For example, a barrier with a larger