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The major objective of the study was to evaluate crashworthiness of the existing Florida
Beam-and-Post reinforced concrete bridge barriers. These barriers were first installed thirty
years ago, they are still popular, and represent a significant investment in transportation in-
frastructure of the State. The major emphasis of the paper is focused on utilization of compu-
tational mechanics to improve safety of the existing reinforced concrete bridge rails. It presents
results of analytical efforts to simulate crash impacts between a pickup truck and the Florida
Beam-and-Post barrier. Computer .calculations were performed using LS-DYNA explicit, dy-
namic, 3-D finite element code. Finite element models of a 2000P Chevrolet pickup truck
and the model of the bridge barrier were used to simulate test 3-11 per NCHRP Report 350.
Computer simulations revealed severe snagging problems and provided input for a better un-
derstanding of the barrier response. Specific recommendations for a retrofit of the existing
Florida Beam-and-Post barriers were provided. These recommendations include guidelines for
new, proposed, safe reinforced concrete bridge barriers for consideration by transportation
engineers.

1. INTRODUCTION

Significant improvements in highway and bridge safety have been achieved
through a multitude of actions over the past three decades, but one area where se-
rious problems still exists is the highway roadside. Highway and bridge designers
have developed several generations of barriers to address the safety problems.
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These comprehensive efforts also address safety improvements of older bridge
barriers, since their replacement is not as easy as compared with less expensive
roadside traffic guardrails. Although only 1.3% of the total fatalities result from
impacts with bridge barriers, their upgrading has one of the highest cost — benefit
ratio [19].

The Federal Highway Administration (FHWA) initiated efforts to utilize
modern computing technology in the early 1990’s. Computational mechanics
has been aimed at providing an improved insight and understanding of crash-
worthiness response of roadside safety structures. Finite element technology pro-
vides better and more reliable analytical tools to study all critical components
of both: a vehicle and a barrier during the crash. Stop-action capabilities al-
low millisecond-by-millisecond crash analysis, and once the model is created, it
can be used to conduct unlimited crash simulations. Computer simulations pro-
vides insight into damage mechanism and explanation of full-scale crash results,
if they exist. Crash simulations facilitate parametric studies, which are gener-
ally impossible with traditional crash testing. They also allow for evaluation of
impact scenarios that are otherwise un-testable.

Dynamics and safety of roadside and bridge barriers have been successfully
studied over the past thirty years using BARRIER VII program, [23]. This non-
linear, dynamic code allowed for simple geometric definition of guardrails and
vehicles, and is still used by some roadside designers. However, rapid develop-
ment of new computing software [9, 18] has allowed for higher level of analysis to
include snagging between protruding vehicle parts against barrier beams, posts,
curbs, effects of the post setback distance, component failure, and many others.

LS-DYNA was selected for impact simulation of a 1994 Chevrolet C-1500
pickup truck with the Florida Beam-and-Post bridge barrier. The program is a
version of DYNA3D [37], its predecessor, developed earlier and distributed as a
public domain code by Lawrence Livermore National Laboratory (LLNL). Both
programs are three-dimensional, nonlinear, dynamic explicit codes suitable for
studying impacts and collisions. The development of several finite element models
of motor vehicles was sponsored by the FHWA to be used as realistic models
of impactors with roadside safety structures. The first model of this type, 1991
GM Saturn, was developed by Wekezer et al., [36]. Library of the FE models of
motor vehicles includes: 1981 Honda Civic [6], 1990 Ford Festiva [25, 26, 36], 1991
Ford Taurus [31], 1994 Chevrolet C-1500 pickup truck [38, 39, 40, 41], and many
others. Finite element models of standard class of motor vehicles are constantly
developed to cover a broader spectrum of test levels per NCHRP Report 350
[30].

Existing models of the vehicles are used in ongoing efforts to improve road-
side safety structures. Several interesting crash studies of vehicles impacting
safety structures were conducted. They include: MELT guardrail terminal [25],
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transformer base luminaire support [20], modified thrie-beam guardrail [21, 22],
Nebraska turned-down terminal, dual support breakaway terminal, Buffalo rail,
a United States Postal Service mailbox [27, 28, 29], slip-base luminaire support
[2], G2 guardrail [10, 11, 12], BCT terminals [33], and many others.

The present paper outlines the research efforts of using this technology to
evaluate crashworthiness of an existing Florida Beam-and-Post reinforced con-
crete bridge barrier. Crash simulations indicated severe snagging characteristics
of the barrier, which confirmed earlier Florida Department of Transportation
(FDOT) concerns from accident reports and analyses. Over thirty computer
simulations were performed. The simulations conducted for the original bar-
rier helped to quantify sources, amount and nature of snagging by correlating
acceleration peaks with major snagging events. As a result of the research, sev-
eral specific recommendations (including full-scale crash tests) were made to the
FDOT regarding feasible structural retrofits of the bridge barrier.

2. FLORIDA BEAM-AND-POST BARRIER

The Florida Beam-and-Post bridge barrier was used on majority of bridges
in the state of Florida in the early 1970’s. At that time the design specification
called for the application of a 44.4 kN (10-kip) static load at key locations on the

E.railing as well as for some dimensional requirements for the openings between
wrail elements and other cross section geometry [1]. Full-scale crash tests of the
%railings were not required at that time, and they were never performed. The post
cross section is 10" x 12" (254 x 305 mm) reinforced with three # 7 (22.2 mm)
Ebars in the traffic side face and three # 5 (15.9 mm) bars in the other side. All
Sthe bars are spaced at 3 in. (76.2 mm) with 1.5 in. (38.1 mm) concrete cover.
%The posts are spaced at 1.80 m center-to-center with nominal height of 0.90 m.
DThe post could be connected at the bottom to another longitudinal beam or to
C_San end bent wing with the required reinforcement. The top beam connects all
=the posts together to form the railing. A typical top beam cross section is 8" x
S13.5" (203 x 343 mm) reinforced with 3 # 7 (22.2 mm) bars spaced equally on
h side of the beam and confined with # 3 (9.5 mm) stirrups. The open space
;ween the rail elements is about 0.3 m high by 1.5 m wide. A 3/4" (19 mm)
unfer is used at all edges of beams and posts. The number of continuous panels
sams and posts) depends on the length of the structure. For long structures 19
n expansion joints were provided. The 28 days concrete strength was required
be 3,750 psi (25.875 MPa) and the reinforcing steel was specified as grade 60
minimum grade 40 (414 and 276 MPa respectively). A typical example of the
rrida Beam-and-Post bridge barrier is shown in Fig. 1.

Full-scale crash tests for different concrete bridge rails were successfully con-
cted in several states. They included Tennessee [4], Nebraska [7, 15], Iowa [32],
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FiG. 1. An example of the Florida Beam-and-Post reinforced concrete bridge barrier (see
text for description and dimensions).

and Texas [13, 14]. Although they may look somewhat similar, differences be-
tween them necessitated conducting individual and independent full-scale crash
tests. Florida Beam-and-Post bridge rail is an earlier and different design as
compared with those in other states. This bridge rail was never tested. However,
analytical studies were conducted, and they are reported in this paper. Unfortu-
nately, acceleration histories and other generated data cannot be compared with
those from “similar” barriers. These results can only be verified by new, full-scale
crash tests conducted for the Florida Beam-and-Post bridge rail.

3. FINITE ELEMENT MODELS

Two finite element models of a 1994 Chevrolet C-1500 pickup truck were
developed by the National Crash Analysis Center in Washington D.C., [38] — [41].
One of them (called: detailed model) includes almost 50,000 finite elements, while
its smaller counterpart (reduced model) consists of almost 10,000 finite elements.
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The reduced model was used for all impact cases presented in this study. The
model represents the 2000P class of vehicles (see Fig. 2), as referenced in NCHRP
Report 350 [30].

1G. 2. 1994 Chevrolet C-1500 pickup truck. Top: a general view of the truck. Bottom: a
reduced finite element model of the truck [38] — [41].

The reduced model was developed specifically to address vehicle safety issues
roadside hardware design. The vehicle is a regular-cab, fleetside long-box
500 with a total length of 5.4 meters and a wheel base of 3.34 meters with
nass of 2000 kg. The reduced model consists of 10,723 nodes, 8,721 shell
ments, 34 beam elements, 337 hexahedron elements and 37 different material
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models. Three LS-DYNA material models were used in the reduced truck model:
Elastic (No. 1) with 9 data components, Rigid (No. 20) with 4 components, and
Piecewise Linear Isotropic Plastic (No. 24) with 24 components.

The 2000P pickup truck model has been recognized as a reasonably accurate
finite element model of a vehicle, which can be used for simulations on single
processor workstation computers. Fidelity of the model was examined in [24],
while detailed results of validation studies were provided in [38] through [41].

Test levels specified in NCHRP Report 350 require crash tests with both
the 820C and the 2000P vehicles. Although the original model developed by
the NCAC was based on the 1/ ton vehicle (i.e. Chevrolet C-1500), the reduced
model was modified to reflect the characteristics of a 3/3 ton pickup (i.e. Chevrolet
C-2500) to address requirements of the NCHRP Report 350. The mass of the
vehicle was also increased from 1800 kg to 2000 kg by adding 200 kg at the
location of the center of gravity.

The recommended test matrix for longitudinal barriers, contained in NCHRP
Report 350 [30], includes two tests: one with a small passenger car and one with
a pickup truck. The 2000P vehicle is the larger of the two vehicles, with more
severe snagging effects expected, and successful simulations between it and the
barrier would provide an evidence of a good barrier design relative to strength
requirements. The pickup truck model was therefore selected for this study.

Two finite element models of the Florida Beam-and-Post were initially devel-
oped for LS-DYNA analysis. The first model was developed as a continuous rail
comprising 23,170 eight-noded, solid hexahedron elements and 31,419 nodes. The
total length of the section modeled was 18.59 m to allow for adequate simulation
of contact between the vehicle and the barrier. The model included twelve beam
spans with thirteen equally spaced posts. Although shorter than recommended
by the NCHRP Report 350 [30] for full-scale crash testing (23 m or 75 ft), the
model was impacted at one of the central spans and demonstrated negligible
effects at its boundaries. A section of the finite element model of the bridge
rail is shown in Fig. 3. Earlier versions of the model consisted of two materials:
concrete, modeled with the LS-DYNA material No. 16 (pseudo-tensor geologi-
cal model, [9]), and the explicit steel reinforcement modeled as beam elements.
More reliable results were obtained when smeared, hexahedron finite elements
were used due to relative coarseness of the models.

The second barrier model included expansion joints. This model was con-
structed of 23,656 eight-noded hexahedron smeared elements (Note: the concept
of the smeared elements is explained in the section: Material Properties and
Modeling of the paper), and 33,068 nodes for a total length of 18.916 m of the
modeled bridge barrier section. Since this model consisted of two 9.144m bridge
rail sections, with one expansion joint in the middle, modeling of other sections
of the barrier would have been obviously redundant.
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F1G. 3. Florida Beam-and-Post bridge barrier. A typical section of the finite element model
developed for LS-DYNA analysis.

Material properties for concrete and steel as specified in Table 1 were used

for all simulations. As a result of sitbsequent modification efforts, two additional

Smodels of the Florida Beam-and-Post barriers with retrofitted W-beam rubrail
1?were also constructed.

a3
& Table 1. Material model parameters used for Bate’s experiment [3]. (Note:
€ parameters of reinforcement for smeared reinforcement option were taken as for
g steel re-bars, see: “Steel”).
%) Concrete, | Tensile cutoft: or = 3.13 MPa
o) material Cohesion: ag = 7.826 MPa
O model Pressure hardening coeflicient (Fig. 5): | a; = 0.3333
g Neo. 16 Pressure hardening coefficient (Fig. 5): | a2 = 0.01065 mm?/N
8,‘ Cohesion for failed material: aor = 3.13 MPa
Pressure hardening coefficient for failed
material: aif = 1.5
Damage scaling factor: by = 1.25
Damage curve: defined in Fig. 6
Equation of state: defined in Fig. 7
Percent, reinforcement: pr =123 %
= teel Young modulus: E = 206,800 MPa
v Poisson’s ratio: v =203
o) Yield stress: oy = 303.4 MPa
= Hardening modulus: Et = 7584 MPa
S Mass density: p = 7.823107% N-s? /mm?
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Initial simulations were performed with the W-beam connected to the con-
crete post with the 8-mm diameter stéel bolts. These connections were later
found unsatisfactory and they were replaced by 16-mm bolts. The limiting nor-
mal force, Sy, for such a connection was taken as 20,000 N, [11]. Consequently,
the limit shear force, Sj, is estimated according to the relation:

Sn 20,000
Vi VB

The models of constrained connections available in LS-DYNA contain the
“constrained-spotweld” type connection that can be used with a brittle failure
criterion:

CEGE

where f, and fs are the normal and shear interface forces, respectively.

(3.1) Sy =

= 11, 547N.

Shell element

25000 ' !
Tension limit force
20000 S, =20,000N
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F1G. 4. Model of the bolted connection. Top: a grid of four beam elements connecting a
spotweld on the post with four nodes on the W beam. Bottom: shear and tension
force-displacement characteristics assumed for FE models of bolts.
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Bolted connections were earlier examined in [11]. The study confirmed an
intuitive observation, that ductile mode rather than brittle prevails in bolt fail-
ures. A simple bolt model was developed as shown in Fig. 4 (top) in order to
capture an initial elastic behavior and ultimate ductile failure of the bolt. The
model includes four beam elements, which link a spotweld on a shell element
of the post with four adjacent nodes on a W beam. The assumed linear force —
displacement diagrams for tension and shear, and their limiting values at failure
(20.0 kN for tension and 11.547 kN for shear) are shown at the bottom of Fig. 4,
which illustrates the assumed bolt characteristics and failure criteria. Failure of
the 8-mm bolt is clearly visible in Fig. 15, test 6-4, discussed later in the paper.
Final computer runs with 16-mm bolts indicated that the redesigned connections
were satisfactory.

4. MATERIAL PROPERTIES AND MODELING

A validation process is routinely conducted whenever data from other sources
is available. The process allows establishing a level of confidence with which
finite element models of the vehicle and the barrier were built. It requires using
at least one of several available validation procedures to statistically compare
the acceleration histories obtained from full-scale crash tests (if available) and
from computer analysis. The Florida Beam-and-Post barrier is an older bridge
barrier, for which the full-scale test results were not available. Had they been
available, the vehicle characteristics would have been entirely different than those
specified in the more recent NCHRP Report 350. Due to the lack of experimental
data, a comparison study was conducted to determine reliability of the finite
element models. The major objective of this part of the study was to establish
the most appropriate material properties and the best material model from all
the currently available LS-DYNA models.

Very few experimental results for dynamic testing of reinforced concrete com-
ponents were found in the literature. The present study was finally based on an
experimental drop test for a simply supported reinforced concrete beam per-
med by Bate [3]. The reported results consisted of the maximum dynamic
flection obtained for the increased height of the drop of a 90.5-kg hammer.
ie experimental setup is depicted in Fig. 5.

Bate provided an incomplete description of the material properties he used,
srefore most of the parameters required by LS-DYNA could only be esti-
ted. According to basic characteristics of concrete obtained from Bate, the
be strength of concrete was between 31.3 and 31.8 MPa. The two 1.27-mm
umeter reinforcement bars were described as mild steel characterized by yield
ess equal to 299.6 — 310.2 MPa, and tensile strength of 442.6 — 469.9 MPa.
eraged values were assumed for all computer runs.
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Fi1G. 5. Bate’s experiment [3]: a drop test for a simply supported beam (Note: mass of a
hammer = 90.50 kg, span of the beam = 2.972 m.).

The mass density for the concrete was assumed to be p = 2.405-10° N-s? /mm?*.
The Young modulus was estimated based on the compressive strength of con-
crete, f.’, taken as 31.3 MPa:

(4.1) E =4,733-/fo = 4,733 - V/31.3 MPa ~ 28,480 MPa.

The value of Poisson’s ratio v was taken as 0.18. The following LS-DYNA
material models were considered for modeling concrete (Hallquist, 1994):

No. 3 - elastic-plastic with von Mises yield criterion and kinematic-isotropic
strain hardening,

No. 13 - simplified non-iterative elastic-plastic material model, von Mises
yield criterion, isotropic strain hardening with failure option,

No. 16 — Concrete/geological material model with two yield stress-pressure
functions and smeared reinforcement, and

No. 78 — Soil/concrete material model with deviatoric, perfectly plastic,
pressure-dependent yield function in tabulated form.

The material parameters finally adopted in the numerical analysis for con-
crete (material model No. 16) and steel are summarized in Table 1. Input data
for material model No. 16 were prepared according to guidelines provided in
Whirley and Engelmann, 1993.

A finite element model of Bate’s simply supported reinforced concrete beam
was built as shown in Fig. 8. Double symmetry of the beam was taken into
account and one quarter of the beam was modeled with the proper boundary
conditions at the planes of symmetry. Re-bars were modeled explicitly with 78
truss elements for the quarter of the beam. The location of the re-bar is indicated
by a dot in the first cross-section in Fig. 9 which is described as Mat. 16 at the
top.
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Fi1G. 6. Assumed pressure-hardening curves for material no. 16, Whirley et al, 1993.

600

500

400

300

200

pressure [MPa]

/

e
100
/

0 -0,02 0,04 -0,06 -0,08 0,1 -0,12
volumetric strain

Fic. 7. Assumed equation of state for material no. 16, Whirley et al., 1993.
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FEM model:

beam (one quarter): 2340 solid elements
rebar: 78 fruss elements

hammer: 32 solid elements

plane of symmetry
203.2mm +

50.8 mm

3
E £
€
5 o
)
?g:) {r' 3 e z 8
a [
73 x20.32 mm 101.6 mm
b "
1 T 9

plane of symmetry

F1G. 8. Finite element model of a symmetric quarter of a simply supported reinforced
concrete beam (Bate, 1961).

Smeared elements are commonly used in finite element analyses and they were
also considered in this study. A smeared element can be thought of as a solid
element with combination of steel and concrete material properties (Table 1), and
they often yield reliable solution (Hallquist, 1994). The smeared properties could
be assigned either to all elements in the cross section or to the area immediately
surrounding the location of the re-bar. In the second model depicted in Fig. 9
as Mat. 16s, the steel properties were equally distributed over the whole cross
section with reinforcement ratio of p, = 1.23% . A more adequate representation
of the reinforcement has been adopted in the third model shown in Fig. 9 (Mat.
16ns), where smeared properties were only assumed in the two bottom layers of
the final elements with p, = 6.15% and with no smeared reinforcement included
in the rest of the beam.

Further improvements in the accuracy of the numerical model used in the
analyzed impact example can be achieved when strain-rate effects are considered.
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Mat.16 Mat.16s Mat.16ns
y Y s Yy
relnforcement smeared smeared
modeled with reinforcement reinforcement
truss elements p =123% p = 6.15%

X

X

Fi1G. 9. Three options considered for modeling re-bars in the reinforced concrete beam.

Experiments show that strength of materials subjected to high loading rates may
be higher than in a case of a static load. The increase of yield strength of steel
at high straining rates is described by the empirical Cowper-Symonds equation
(4.2), Jones, 1989:

D L L
a. £ P
4.2 A =
42 oy +<D)

where o, is material yield strength, 05 stands for dynamic yield strength, &
—represents the strain rate, and D and p are two material parameters, which vary
>with specific steel type. Jones (1989) recommends to use the values of D = 40.4
Dand p = 5 for structural steel. The Cowper-Symonds equation (4.2) is widely
Eaceepted by steel researchers and its influence on beam deflection is depicted in
SFig. 10.

In contrast, a simple, commonly used strength enhancement factor for con-
Ocrete under impact loading does not exist. Several different predictions of the
%strajn-rate effect on concrete behavior are provided by various authors. Some of
Tthese predictions are presented in Fig. 10 and are shown together with an aver-
%age formula adopted by the authors in this paper. The Bate’s drop experiment
%has been replicated, where the input parameters for concrete material model
ONn. 16 were modified to include the strain-rate effect. Both versions of material
del No. 16, i.e., the one with smeared reinforcement and that with explicit
bars, were considered in computer calculations. Mechanical properties of steel,
listed in Table 1, were assigned for all re-bars.

Explicit re-bars required careful modeling and the inclusion of the strain rate
:ct in material model No. 3 used for steel.

The inclusion of the strain-rate effect, as one can see from Fig. 11, had a
ong influence on the maximum mid deflection of the Bate’s beam.

The final numerical prediction of the maximum midpoint deflection of the
um exceeded the experimental value for model Mat. 16 by about 35%, as
npared with 14% for material model Mat. 16ns.
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FiG. 10. Yield stress enhancement due to strain-rate effect.
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Fi1G. 11. The strain-rate effect for Bate's beam, h = 609.6 mm, material model No. 16.
Dashed line represents the total, maximum dynamic deflection of the beam = -19.05 mm, as
estimated from Bate’s experiment.
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Results of numerical simulations indicated that of all LS-DYNA material
models examined and available at the time of this study, Mat. 16 model appeared
to be the most appropriate for concrete modeling in impact analysis (Wekezer
et al., 1997 and Gilbert, 1997). This material model was adopted in final crash
simulations of the Florida Beam-and-Post bridge barrier.

5. ANALYSIS

Two finite element models of the Florida Beam and Post barrier were origi-
nally developed. The first model (as shown earlier in Fig. 3) represented a con-
tinuous barrier with posts spaced at 1.524 m, and with no expansion joints. The
second was modified to include expansion joints at 9.144 m with increased post
spacing to 1.828 m. The material models and input parameters were selected as
listed in Table 1. Crash scenarios included a 2000P pickup truck impacting both
barrier models at 100 km/hr and 25 degree angle. All other impact parameters
for computer analyses performed are included in Table 2:

Table 2. Summary of computer simulations matrix with FDOT and Modified
FDOT Beam-and-Post bridge rail.

Simulation Barrier model Post spac- | Point of impact

No. ing

6-1 Without expansion joints 1.524 m Center of post

6-2 Modified, without expansion | 1.524 m Center of post
joints

6-3 With expansion joints 1.828 m 152 mm from post

6-4 Modified, with expansion joints | 1.828 m 152 mm from post

Time duration for all simulations was determined at 225 milliseconds, which
corresponded to initial phases of re-bouncing the vehicle from the barrier. Coef-
ficients of friction were assumed as follows:
between vehicle and barrier: pgatic= 0.35  ftdynamic= 0.3,

'tween vehicle and ground: pstatic= 0.60  Ldynamic= 0.5.

An orthogonal friction model was used between the tires and ground. The
efficient of friction between the vehicle and the ground was applied in trans-
rse direction only. The friction coefficients for the longitudinal direction were
sumed as zero to represent free rolling wheels with no braking action.

Initial computer runs confirmed earlier concerns regarding severe snagging,
indicated by accident reports. However, strength of the barrier, displacements
id all other barrier structural characteristics were found to be satisfactory.

Reducing the existing snagging effect in the original barrier was the main
vjective of a follow-up retrofit design of the Modified FDOT Beam-and-Post
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rail. A W-beam rubrail (as shown in Fig. 12) was recommended over the front
of the posts to promote smooth interaction between the post and the vehicle.
A cross-section of the resulting combination barrier can be seen in Fig. 13. The
standard W-beam is used in several different barriers and can vary slightly in di-
mensions. Two additional finite element models were created (both with W-beam
rubrails, Table 2), with and without expansion joints. The material properties
for concrete were used as specified previously in Table 1.

Acceleration histories for the original and the modified Florida Beam-and-
Post barriers are shown in Fig. 14. It should be noted that all data presented in
Fig. 14 and 16 were averaged over 10 millisecond intervals. While severe snag-
ging effects are indicated in Fig. 14 by the maximum acceleration of -45 g for the
original barrier, the simulation for the modified barrier under the same crash sce-
nario demonstrated reduction of accelerations to about 22 g. The acceleration
data serves as computational evidence, that the proposed bridge rail (retrofitted
with a W-beam rubrail) is characterized by ride down accelerations, which are re-
duced by approximately 50%. It clearly provides much safer environment during
a crash impact. "

The results should be interpreted very carefully. Although extensive efforts
were made to identify proper material models and material properties in this re-
search, the full-scale crash test data were not available to the authors. Therefore,
finite element models of all bridge barriers developed were not considered by the
authors to be fully validated, and quantitative benefits from using the modified
barriers cannot be uniquely estimated. The authors feel however that the pre-
sented analysis can be considered at least as qualitative. The conducted study
clearly shows the improvement of the proposed modified Florida Beam-and-Post
barrier retrofitted with a W-Beam. The results can be validated through recom-
mended, follow up full-scale crash tests.
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Fi1G. 12. Cross-section detail of the W-beam.
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Fi1G. 13. 2-D cross-sectional view of FE model of Modified FDOT Beam-and-Post rail.
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"1G. 14. Acceleration histories for the original and the modified Florida Beam-and-Post
ridge barrier, simulations 6-3 and 6-4. Note: longitudinal accelerations (vertical axis) are
provided in terms of earth acceleration g. Data averaged over 10 milliseconds.
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Visual inspection of crash events for simulation 6-4 is offered in Fig. 15, which
shows four time-frames: 0 ms, 75 ms, 150 ms, and 225 ms. Kinematics of the
vehicle appears to be reasonable. It should be noted however that the sequen-
tial graphics cannot and should not be used as a sole identification of snagging
problems. These problems can only be identified from acceleration data provided
in Figs. 14 and 16. The simulation indicated that the originally assumed 8 mm
bolt connecting the W-beam with the posts was not adequate and was sheared
in the initial phase of the computer run. The bolt failures were correctly cap-
tured by a subsequent computer analysis. These failures and resulting guardrail
separation are illustrated in Fig. 15. The authors finally recommended 16 mm
bolts, which provided four times bigger cross sectional area. Computer run was
repeated indicating that no bolt shear was present during the final simulation.

Figure 16 offers additional insight into the crash simulation of a Chevrolet
pickup truck with the retrofitted Florida Beam-and-Post barrier (simulation 6-4).
Frame-by-frame analysis allowed for correlating acceleration peaks (A through
D, top of Fig. 16) with particular crash events as follows (note that the hood,
the cabin and the box were “removed” from the bottom figures for clarity):

Peak A: initial impact of the bumper against the W-beam,

Peak B: pickup bumper impacting the W-beam backed by the post,

Peak C: the wheel snags on the W-beam at the location of the post,

Peak D: snagging between the pickup wheel and its frame.

As evidenced in all simulations, an extent of the above crash phenomena was
substantially reduced when the Florida Beam-and-Post finite element models
were augmented with the W-beam rubrail.

6. CONCLUSIONS AND RECOMMENDATIONS

The process of developing comprehensive finite element models of reinforced
concrete Florida Beam-and-Post bridge barriers has been described in this paper.
The models of the barriers were used for computer crash simulations using LS-
DYNA nonlinear, dynamic, explicit 3-D finite element code.

The paper outlines research efforts in identifying material properties and
the most suitable material model for reinforced concrete structures. Strain-rate
effects for reinforced concrete structures have been studied and were found sig-
nificant for impact analysis under investigation.

The longitudinal accelerations of the center of gravity of the vehicle exceeded
the requirements of NCHRP Report 350 for all impact simulations. However, it
should be noted that although NCHRP Report 350 requirements were closely
followed, the results presented in this paper represent extreme conditions of a
2000 kg vehicle traveling at 100 km/hr and impacting a virtually rigid barrier
at 25 degree angle.
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The location of the initial point of impact is an area of special concern.
NCHRP Report 350 provides specific guidelines for the determination of the
“critical impact point.” The vehicle can impact the barrier at any location yield-
ing different results. Simulations not presented in this paper illustrated that the
selection of the initial point of impact plays a very important role on the overall
results obtained. It was found that the impact at the beam midpoint, between
the posts often did not yield the most severe consequences.

In the late 1970’s and early 1980’s, full-scale crash tests were performed on
several commonly used railings that had been designed under the static loading
procedures. Several railings dramatically failed these tests, which clearly showed
that the static design loading was not sufficient to ensure adequate railing perfor-
mance. As a result of these tests, FHWA issued a policy (in 1986), which required
full-scale crash tests for bridge barriers on federal aid projects. These barriers
had to meet NCHRP Report 230 criteria or equivalent acceptance procedures.
The report was superseded subsequently by NCHRP Report 350 in 1993.

Although the original, older barrier did not meet the requirements of the
NCHRP Report 350, the barrier showed reliable structural response. All simu-
lations with pickup truck indicated that the old barrier is strong and there is no
need to replace it. However, a valuable retrofit design was proposed and evalu-
ated for the existing FDOT Beam-and-Post reinforced concrete bridge railing.
This proposed modification resulted in reduction of acceleration peaks by up
to 50%.

Computer simulations indicated that an addition of the W-beam rubrail to
the front of the posts facilitated a much smoother containment and redirection of
the vehicle. The W steel beam should be installed between the top and bottom
concrete beams, and should be bolted to the posts with two 5/8 in. (16 mm)
diameter bolts. Another alternative to consider is the installation of a rectangular
steel structural tubing ST 8 x 2 x 3/8" (ST 203 x 51 x 10 mm) between the top
and bottom concrete beams and bolted to the posts with four 5/8 in. (16 mm)
diameter bolts. The bolts should be embedded in the concrete post and one side
of the structural tubing should be cut at the bolt locations to accommodate the

olts and to reduce snagging. It is expected that the performance level of the
scond retrofit idea will primarily depend on the section properties of the steel
ad the bolt diameter.

The numerous computer crash studies led to the development of some general
aidelines to consider for the design and development of a modified reinforced
crete bridge barrier. While the Beam-and-Post concept is appealing for aes-
1etic purposes, problems arise in dealing with the contact between the vehicle
ad the post. Figure 17 illustrates the concept of what appears to be the most
ficient use of this type of barrier. Efforts should be made to place the posts
; the back of the barrier to avoid contact with oncoming vehicles. As shown
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in Fig. 17, this concept is not new. It has been successfully implemented in
guardrails, where longitudinal W-beam was the part designed to be in contact
with.an oncoming vehicle, while the post was moved back to reduce the risk of
snagging. Practitioners generally agree that with the current reinforced concrete
technology such a concept is feasible.

-

F1G. 17. A recommended concept of a new reinforced concrete bridge barrier. Left: a general,
isometric view. Right: the concept of moving vertical posts away from oncoming vehicles has
been successfully implemented in longitudinal guardrails.

The nature of the Finite Element Method is based on an approximation
of the continuum with the discrete set of finite elements. The quality of results
obtained generally improves with the increased density of the finite element mesh.
Development of computer hardware in recent years offers hope that more detailed
FEM models of the vehicles and the barriers will soon allow for improved, more
detailed and more sophisticated finite element analyses.

Finite Element Method computer programs offer an attractive tool in the
design and development of roadside safety features as well as in the evaluation
of existing structures. This type of analysis can help to identify and correct the
problems before they appear in practical applications.
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