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ABSTRACT

Concrete barriers are one of the most widely used safety features for preventing errant vehicles from
entering opposing travel lanes on highways. As a safety device, a concrete barrier is also required to safely
redirect a striking vehicle such that it is not bounced into travel lanes and collide with other vehicles.
Given its rigidity compared to most vehicular structures, the performance of a concrete barrier is mainly
influenced by its shape or the cross-sectional geometry. Over the years, concrete barriers have been con-
tinuously improved using roadway crash data and crash tests. Although the current in-service concrete
barriers satisfy the requirements of safety standards, the empirical approach is not cost-effective for
designing new barrier systems. In this study, a simulation-based optimization approach was adopted
to obtain the optimum design of a concrete barrier by combining nonlinear finite element (FE) simula-
tions, metamodeling with radial basis functions (RBFs), and a genetic algorithm (GA). The performance
of the concrete barrier was determined by evaluating vehicular responses specified in the current safety
standard, Manual for Assessing Safety Hardware (MASH). Nonlinear FE simulations were first carried out on
sample designs to obtain the vehicular responses for creating the RBF metamodels, which were then used
in the optimization process to replace the expensive FE simulations. An optimal design of the concrete
barrier was obtained by the GA and was shown to have improved safety performance over the original

design.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Vehicular crashes on highways usually lead to loss of human
lives accompanied by significant social and economic loss. Road-
side or median barriers are designed to reduce the risk and injury
levels of roadside accidents as they can prevent errant vehicles
from colliding with roadside objects such as trees and poles, or
running into dangerous areas such as steep slopes or cliffs. A road-
side barrier should be designed to be able to safely redirect the
vehicles back to the travel lane without getting involved in a sec-
ond crash with other vehicles.

For decades, full-scale crash testing has been the primary
means for evaluating the performance of roadside safety devices
such as concrete barriers, W-beam guardrails and cable barriers
which are shown in Fig. 1 [1-4]. The first published procedure on
how to perform crash tests for assessing safety hardware appeared
in 1962 and was entitled “the highway research correlation ser-
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vices circular 482" [5]. In 1993, the report of a project sponsored
by the National Cooperative Highway Research Program (NCHRP),
known as the NCHRP Report 350, was adopted as the first formal
safety standard for roadside safety [6]. Since then, a large number
of studies have been conducted using full scale crash testing to
evaluate the design of concrete barriers, W-beam guardrails, cable
barriers, and other highway safety features [7-19]. A detailed
review and analysis of other crash testing works can be found in
Ref. [20].

In 2009, the American Association of State Highway & Trans-
portation Officials (AASHTO) adopted a new roadside safety stan-
dard to replace the NCHRP Report 350. The new standard,
Manual for Assessing Safety Hardware (MASH) [21], presents
updated guidelines and evaluation criteria for testing highway
safety features before installed on U.S. highways. Among the six
test levels (TLs) specified by MASH, the TL-3 conditions are the
most commonly used for barriers used on freeways. From the
NCHRP 350 TL-3 to MASH TL-3, the mass of the small car changes
from 820 kg to 1100 kg and the mass of the pickup truck changes
from 2000 kg to 2270 kg. In addition, the impact angle changes
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Fig. 1. Three typical roadside safety devices [1-4]: (a) concrete barrier; (b) W-beam guardrail; and (c) cable barrier.

from 20 deg to 25 deg for the small car. During the past several
years, researchers at Midwest Roadside Safety Facility conducted
a number of full-scale crash tests on concrete barriers, W-beam
guardrails, and cable barriers under MASH TL-3 conditions [22-
28]. Researchers at the Texas Transportation Institute (TTI) also
tested concrete barriers, W-beam guardrails, and other highway
safety devices under MASH TL-3 conditions [29-34]. In addition,
Sheikh et al. at TTI design and tested a concrete bridge rail under
MASH TL-4 conditions. The test data were also used to validate
the finite element (FE) model of a single unit truck that was used
as the test vehicle. Other full-scale testing on roadside hardware
devices was also seen in the work by Sennah et al. [35] and Sennah
and Khederzadeh [36] in which they tested a PL-3 concrete bridge
barrier under MASH TL-5 conditions. Other roadside safety issues
such as missing post of longitudinal barriers [37] and evaluation
of new containment level guardrail [38] were also investigated
using crash testing.

Despite its irreplaceability in determining the compliance of a
roadside safety device to the safety standard, full-scale crash test-
ing is practically too expensive to be used in evaluating large
matrices of designs. With the development of computer simulation
and parallel computational algorithms, it is now popular to per-
form full-scale FE simulations of vehicular crashes using commer-
cial codes such as LS-DYNA [39]. For roadside safety research, the
wide adoption of FE modeling and simulations started in the mid
1990s, as seen in the works by Ray and his colleagues [40-43]
and Reid [44-46]. Since then, full-scale FE models of vehicles and
roadside safety devices were developed, including small passenger
car [47,48], pick-up truck [49-52], single unit truck [53], cable and
concrete barriers [54,55]. With the availability of FE models,
numerous studies were conducted using numerical simulations
to evaluate the performance of various roadside safety devices as
well as improving existing numerical models [56-84].

Using numerical simulations, new designs of safety devices can
be evaluated timely and efficiently. More importantly, optimum
designs can be sought by combining numerical simulations with
a mathematical procedure, a method commonly called
simulation-based design optimization. Over the years, there have
been numerous studies conducted on crashworthiness optimiza-
tion, at both component and structural levels [85-94]. In
simulation-based design optimization (SBDO), the optimization
process generally requires a large number of simulations to evalu-
ate the system responses of various designs. Given the high com-
putational cost of crash simulations, a common practice is to use
a surrogate model (or metamodel) [95] to replace the expensive
simulations in an optimization process. Despite its proofed useful-
ness, the SBDO has not been widely used in highway safety
research for barrier designs. In the recent work by Hou et al.
[96], they optimized a concrete barrier’s cross-sectional geometry

(c)

so as to reduce the peak acceleration of the striking vehicle, a small
passenger car. Hou et al. [97] also optimized the design of a corru-
gated guardrail system by changing the rail thickness and post
spacing so as to minimize the rail deflection and vehicle accelera-
tion. These two studies clearly demonstrated the applicability of
SBDO to roadside barrier designs. However, in the above two stud-
ies [96,97], the performance criteria were not those specified in
MASH. Additionally, the standard impacting vehicles specified by
MASH were not used in these two studies.

In this study, the New Jersey concrete barrier was used to
demonstrate a general SBDO methodology for barriers designs in
compliance with the MASH safety criteria. The nonlinear FE crash
simulations involved both a pickup truck and a small passenger
car specified by MASH TL-3 conditions. In the remaining portion
of the paper, the barrier design problem is first formulated in
mathematical forms for optimization. The FE models of two vehi-
cles are then introduced and model validation using crash test data
is presented. The metamodeling technique that is used to create
the explicit form of nonlinear vehicular responses is subsequently
presented, along with the optimization algorithm and SBDO proce-
dure. Finally, the optimum design of the concrete barrier is sought
using the proposed SBDO methodology and compared to the orig-
inal design, followed by some concluding remarks.

2. Design optimization of roadside barriers
2.1. Safety criteria of roadside barrier design

In the United States, roadside barriers should meet the safety
requirements of NCHRP Report 350 [6] (if tested before the issu-
ance of MASH) and MASH [7]. In MASH specifies six test levels
for evaluating roadside barriers, with lower test levels targeting
lower traffic volume roadways whereas higher test levels for
higher traffic volume freeways. The MASH TL-3 conditions, which
are the most commonly adopted by state DOTSs, are given in Table 1
and employed in this study. It should be noted that 1100C refers to
a small passenger car with a mass of 1100 kg and 2270P is for a
2270-kg pickup truck. Fig. 2 illustrates the TL-3 impact conditions
and the definition of exit angle (EA) of the vehicle, which is an
important criterion for evaluating the safety of roadside barriers.

Table 1
Test matrix for TL-3 in MASH.

Test designation Vehicle Impact speed (km/h) Impact angle (deg)
3-10 1100C 100 25
3-11 2270P 100 25
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Fig. 2. Illustration of impact conditions and exit angle.

According to MASH, the performance of a barrier system is
evaluated on the “structural adequacy of the safety feature”,
“post-impact behavior of the test vehicle”, and “risk of injury to
the occupants of the impacting vehicle.” For concrete barrier, the
“structural adequacy of the safety feature” is usually not a concern
at TL-3 conditions. Two important post-impact responses of the
vehicle are the vehicle’s EA and maximum absolute roll angle
(MARA), which relate to the vehicle’s safe redirection and rollover,
respectively. For occupant injuries, MASH does not have an evalu-
ation criterion that is directly based on occupant responses,
because crash test dummy has not been adopted in barrier crash
tests. Currently, the evaluation criteria of occupant injury risk are
developed based on vehicular responses, e.g., the occupant impact
velocity (OIV) and occupant ridedown acceleration (ORA) as spec-
ified in MASH.

The OIV is the relative velocity between the hypothetical occu-
pant and the instrument panel. The OIV in the longitudinal or lat-
eral direction can be calculated by

£
mwy:A°@ﬂr (1)

where ay, is vehicular acceleration in the longitudinal or lateral
direction. In Eq. (1), to = min{t,, t,} in which t, and t, are the time
of free motions of the hypothetical occupant in the longitudinal
and lateral directions, respectively, and are determined by solving
the following equations.

oty by
/ m/ a,dt — 0.6 2)
0 Jo
oty oty
/ m/ a,dt =03 3)
0 0

The ORA is the largest 10-ms average accelerations of the hypo-
thetical occupant during the subsequent ridedown after time
instant to. The acceptable maximum OIV and ORA specified in
MASH are 12.2 m/s and of 20.49 g, respectively, and the preferred
maximum OIV and ORA are 9.1 m/s and 15.0 g, respectively. In this
study, the limits for OIV and ORA were set to 12.2 m/s and 20.49 g,
respectively.

2.2. Optimization formulation of barrier design problem

In general, a standard optimization problem can be written as
follows

min f(x)
stt. g(x)<0, i=1,--- Ng (4)
X<x<x!, x=[xp, -, x]
where x is an n-dimensional vector of design variables, X" and xV are
the lower and upper bounds, respectively, of X, f(x) is the objective,
and gi(x) (i=1,2,...,Ng) are the inequality constraints. For a barrier

design, one of the safety criteria (i.e. OIV, ORA, MARA, EA) could be
selected as the objective function and the rest of them as the con-
straints with MASH specified limit values.

3. Numerical simulation of roadside crash
3.1. The FE models of vehicles and concrete barrier

In this study, a 1996 Dodge Neon passenger car and a 2007
Chevy Silverado pickup truck were selected as the MASH TL-3 test
vehicles. The FE models of these two vehicles, as shown in Fig. 3,
were originally developed at the National Crash Analysis Center
(NCAC) and their vehicular masses met the TL-3 requirement of
1100 kg and 2270 kg, respectively. The FE models of the two vehi-
cles were initially validated by full frontal impact tests and other
NCAC-developed validation exercises [98-102]. These validations
provided a good basis for using these vehicle models for the road-
side barrier impact simulations in this study.

The New Jersey concrete barrier, which is commonly referred to
as Jersey barrier as shown in Fig. 4a, is the most widely used con-
crete barrier in the U.S. The FE model of the Jersey barrier used in
this study was also developed at NCAC and is shown in Fig. 4b.
Fig. 5 shows the original cross-sectional geometries of the Jersey
barrier for this study in which x; =51 mm and x, = 178 mm. In this
study, we mainly investigate the design variables which control
the geometry shape of the vehicle-barrier impact face of the con-
crete barrier. Thus, the height and the bottom width of the con-
crete barrier were not treated as variables. The two design
parameters, x; and x», largely control the shape of the concrete bar-
rier and thus were chosen as the design variables in the optimiza-
tion work of this study. To ensure the vehicle did not reach the end
of the barrier during the course of impact, the length of the barrier
was set to 20 m. Since concrete barriers generally do not deform
even under severe crash conditions, the rigid material (MAT20 in
LS-DYNA) was used for the concrete barrier in the FE model. Some
previous studies [55,82,96] demonstrate that modeling the barrier
as completely rigid is a commonly accepted approach. The bottom
of the barrier was fixed to prevent displacements during the
impact, as is the case of an in-service concrete barrier. The FE mod-
els of the barrier systems which were constructed using LS-DYNA
software were given in Fig. 6.

3.2. Validation of the FE models

Before used in barrier optimization of this study, the FE models
were validated by comparing simulation results with full-scale
crash tests from the work by Marzougui et al. [82]. It should be
noted that the 1100C vehicle used in the crash tests was a 2010
Toyota Yaris and had a very similar profile and mass to the Dodge
Neon. Figs. 7 and 8 show the front views of simulated vehicular
responses compared to test data for the 1100C and 2270P vehicles,
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Fig. 3. The FE models of a small passenger car (1100C) and a pickup truck (2270P): (a) 1996 Dodge Neon without mesh; (b) 2007 Chevy Silverado without mesh; (c) 1996
Dodge Neon with mesh; and (d) 2007 Chevy Silverado with mesh.

Fig. 4. The New Jersey concrete barrier: (a) an in-service system; and (b) the FE model.
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Fig. 5. The cross-sectional sizes of New Jersey safety-shape barrier.

respectively, while impacting into a Jersey barrier. It was observed
from the comparisons in Figs. 7 and 8 that both models produced
similar vehicular responses to those of their respective test vehicle.
The comparisons of yaw and roll angles between numerical simu-
lations and test data for both vehicles were given in Figs. 9 and 10.
It can be seen that the FE simulation results are in good agreement
with test data. Based on these comparisons, the FE models were
deemed suitable for simulating the roadside impacts to evaluate
the performance of the Jersey barrier.

4. Metamodeling-based optimization framework

For many engineering problems, the system responses are often
implicit functions of the design variables, e.g., vehicle’s exit angle
in relation to the cross-sectional geometry in the case of concrete
barrier design. Although the responses corresponding to each
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Jdaded swraadedasyy



126 H. Yin et al./ Engineering Structures 114 (2016) 122-134

Fig. 6. The FE models of the whole barrier system: (a) Neon; and (b) Silverado.

t=260 ms

t=50ms t=105ms t=180 ms t=265ms t=475ms

Fig. 8. Visual comparison of crash test and simulation results for 2270P.

design can be evaluated using numerical tools such as FE simula-
tions, the large number of simulation required by the optimization
process makes it very inefficient and impractical to directly use FE
simulations. To this end, a metamodeling-based optimization
method, specifically based on radial basis functions (RBFs) [103]

was proposed so that an approximate function in explicit form
could be created for implicit each response function. An RBF
meta-model was created using the responses (calculated by FE
simulations) on some preselected points (called design points or
samples) and then used in the subsequent optimization procedure.
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Fig. 9. Comparison of yaw and roll angles between test and FE analysis for 1100C.
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Fig. 10. Comparison of yaw and roll angles between test and FE analysis for 2270P.

4.1. Design of experiment (DOE)

A DOE method provides a systematic, and often efficient, means
of selecting the samples that can give a reasonably good represen-
tation of the design space. Commonly used DOE methods include
full factorial design (FFD), central composite design, Latin hyper-
cube design, and Taguchi orthogonal array [104-106]. Each DOE
method has its own advantages and disadvantages. Among the
many different DOE methods, the FFD is often the preferred
method for its advantage of uniformity when the number of design
variables is small (i.e., three or less). In this study, we employed
FFD to generate the initial samples, which were used to create
the RBF models for design optimization.

4.2. Metamodeling with radial basis functions (RBFs)

RBF is one of the multi-dimensional interpolation methods and
has been widely used for approximating engineering system
responses involving expensive numerical simulations. For an
unknown, true response y(x), the RBF metamodel has the following
mathematical form

Vrer(X Zﬂ

(Ix=xill) ()

where n is the number of samples, x is an n-dimensional vector of
variables, x; is the vector of design variables at the ith sampling
point, ¢ is the basis function, ||x — x;|| is the Euclidean distance,
and r; is the coefficient of the ith basis function. Therefore, an RBF
is actually a linear combination of n basis functions with weighted
coefficients. Some of the most commonly used basis functions are

Table 2

Commonly used basis functions.
Basis function Equation
Thin plate #(d) = d* In(cd?)
Gaussian ¢(d) = exp(—cd®)
Multi-quadric o(d) = Ve +d?
Inverse multi-quadric o) =1/V2 +d?

summarized in Table 2 [21]. In Table 2, d is the Euclidean distance
and c is a user-defined constant.

By replacing x and yrer(X) in Eq. (5) with n vectors of design
variables and their corresponding true function values at the sam-
pling points, we can obtain the following n equations

Zﬂ

Zrl ‘XZ Xi H (6)

(1% = xil[)

Yo=Y _Tidi([IX0 — xil)
i=1

The matrix form of Eq. (6) is
Y=AR (7)

where Y = [y1, V2, ...,.ValLyi(i= ,n) is the corresponding true
function value, A;j= ¢([|x; — x||) (i=1, 2,...,n,j=1, 2,...,n), and
R=[r, Ia ..., 1]". Therefore, the coefﬁcient matrix R can be deter-
mined by

R=A""Y (8)

The accuracy of an RBF model can be evaluated using the rela-
tive error (RE) between the FE analysis results y(x) and the pre-
dicted values by the RBF model y(x) at some off-design points,
given as

X -y
RE = S 9

In addition, the accuracy of the RBF model can be evaluated
using the root mean square error (RMSE) and the maximum abso-
lute error (MAE), respectively, which are written as

RMSE — |/ > (10)

&
MAE = max|y; - yi|, i=1,2,---,n (11)

where k is the number of validation points. The MAE is used to
gauge the local accuracy of the model, while the RSME is used to
gauge the overall accuracy of the model. The smaller the values of
RSME and MAE, the more accurate the RBF models are. In Eq.
(10), the SSE is the sum of squared errors, which can be calculated
as

n
SSE= (¥, —¥
i=1

According to the above theory, an RBF modeling procedure was
written using matlab language and was used in the following RBF-
based optimization.

(12)

4.3. Genetic algorithm (GA)

A GA is a popular global optimization method that was
originated from the mechanisms of natural evolution and genetic
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principles and was inspired by Darwin’s theory about evolution. A
GA is superior to many traditional optimization algorithms
because of its capability of avoiding trapping in local optima for
searching an optimum [22]. A GA is started with a set of solutions
(represented by chromosomes) called a population. Solutions from
one population are taken and used to form a new population. This
is motivated by a hope, that the new population will be better than
the old one. Solutions which are selected to form new solutions
(offspring) are selected according to their fitness — the more suit-
able they are the more chances they have to reproduce. This is
repeated until some criteria (e.g. number of populations or
improvement of the best solution) are satisfied [23]. A GA is easy
to understand and can solve multi-dimensional, non-differential,
non-continuous, and even non-parametrical problems. In this
study, a GA procedure in matlab was used to solve the barrier opti-
mization problem.

4.4. Procedure of RBF-based optimization method

The flowchart of this RBF-based optimization method was pro-
vided in Fig. 11 and more detailed description is given as follows.

STEP 1: Define the initial parameters such as the number of ini-
tial samples, the numbers of objectives and variables, and the
ranges of design variables.

STEP 2: Generate initial samples based on the FFD DOE method.
STEP 3: Evaluate the objective and constraint function values at
the initial sampling points using nonlinear FE code LS-DYNA.
Thus, this is a time-consuming step.

STEP 4: With the simulation results obtained in STEP 3, the RBF
models can be constructed to establish the relationship
between the objective and constraint functions and the design
variables. In this study, RBF models are constructed according

S

i

STEP 1 Define initial parameters
STEP 2|  Generate initial samples based on FFD

I

Calculate objective and constraint function

to Section 4.2. If the RBF models are accurate enough, go to STEP
5; otherwise go to STEP 7.

STEP 5: Based on the metamodels obtained in STEP 4, the opti-
mization is implemented using GA.

STEP 6: The optimal solution of the optimization problem is
obtained. Stop the optimization process.

STEP 7: Generate K additional samples in the design space. The
objective and constraint function values of the K additional
samples are calculated using numerical simulations.

STEP 8: The K new samples are added to the design samples. Go
back to STEP 4. The RBF models of objective and constraint func-
tions can be reconstructed according to all available design
samples.

5. Design optimization of the concrete barrier
5.1. Sensitivity analysis of crash responses

Using the validated FE models, different designs of the concrete
barrier were evaluated. In this study, there were two design vari-
ables, denoted as x; and x, and illustrated in Fig. 5. The ranges of
x1 and x, were set as 0-76 mm (3 in.) and 0-203 mm (8 in.),
respectively. The 25 sampling points generated by a full factorial
design are illustrated in Fig. 12 and used for each vehicle to inves-
tigate the performance of the concrete barrier.

The vehicular responses of the two test vehicles were obtained
using numerical simulations. The OIV, ORA, MARA, and EA values
of these 25 cases for the 1100C and 2270P vehicles are shown in
Figs. 13-16. The limits of MASH safety criteria on these safety
parameters are also plotted in Figs. 13-16. It can be seen that the
OIV, ORA and EA were all below the limits; only the MARA
exceeded the MASH limit. From Figs. 13-16, it was also observed
that the variations of the OIV and EA of both the 1100C and

[] Time-consuming step

STEP 3 values of initial samples
STEP 4 Construct RBF models " STEP 8 Added the K new samples to the design
samples
No STEP 7 Generate K new samples and calculate their
objective and constraint function values

Yes
STEP 5 Implement optimization using GA
STEP 6 Obtain optimal solution

l

G

Fig. 11. Flowchart of RBF-based optimization method.
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Fig. 12. [llustration of the 25 investigated cases.

2270P vehicles were relatively small, while the variations of the
ORA and MARA were relatively large. In other words, the safety cri-
teria of the OIV and EA were not very sensitive to the design
changes, while the ORA and MARA were sensitive to the change
of design variables.

5.2. Formulation of the optimization problem

The MARA was found to be sensitive to design changes and a
large MARA suggested a high risk of vehicle rollover. Moreover,
the MARA values were large in some cases, most of which were
with the 2270P vehicle. For a barrier design, a small MARA value
is preferred to reduce the rollover risk of vehicles; thus, the MARA

16 BN OIV of vehicle 1100C

14 [ZZZ1 01V of vehicle 1100C
= OIV of vehicle 2270P

]
=

Occupant impact velocity (m/s)
(=]

7] OIV of vehicle 2270P————————~

of the 2270P vehicle was chosen as the objective to be minimized
in the optimization problem. The MARA of the 1100C vehicle was
set as a constraint with a limit of 10 deg angle. Although the other
safety criteria (i.e. OIV, ORA and EA) were all satisfied in the 25
design cases, they should be included in the optimization formula-
tion as design constraints so that the optimum designs (unknown
before optimization) would not violate these criteria. According to
MASH, the limits of OIV and ORA were 12.2 m/s and 20.49 g,
respectively. The limit value of EA was calculated using the defini-
tion of the exit box criteria in MASH. For the 1100C and 2270P
vehicles, the limits of EAs were calculated as 15.77° and 16.92°,
respectively. In this study, the limit of MARA of the 1100C vehicle
was set as 10°. For this concrete design problem, the optimization
problem in Eq. (4) can be formulated as

Min. MARA?
s.t. OIVS,
OIVIP;IBX
ORAS ., < 20.49
P
ORA’ <2049 (13)
EA < 15.77
EA” < 16.92

MARAC 10
0< 76
0 < x, <203

<122
<122

ax

max

1<
<

where the superscripts ‘P’ and ‘C’ denote the 2270P and 1100C
vehicles, respectively. In order to solve the problem of Eq. (13),
the RBF-based optimization method described in Section 4.4 was
used. First, the RBF models of objective and constraint functions

OIV=122m/s

Occupant ridedown acceleration (g)

o I
1 S 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Case number
Fig. 13. OIVs of the 25 investigated cases.

22

- ORA_of vehicle 1100C

— ' ORA=2049 g

ORA‘ ofvehicle 1100¢ ~=—=———==—rm=sormm et e e e e e e
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Fig. 14. ORAs of the 25 investigated cases.
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Fig. 15. MARAs of the 25 investigated cases.
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Fig. 16. EAs of the 25 investigated cases.
Table 3
First validation samples.
Vehicle Sample no. X1 (mm) X, (mm) OIV, (m/s) OlV, (m/s) ORA, (g) ORA, (g) MARA (deg) EA (deg)
1100C 1 25 68 6.66 11.07 11.18 8.30 12.18 6.42
2 51 68 11.36 6.74 10.17 6.74 12.41 7.07
3 25 135 7.07 10.90 10.57 7.23 3.89 717
4 51 135 7.07 11.04 9.84 7.70 4.01 8.00
2270P 1 25 68 5.27 7.70 12.14 12.60 19.42 6.12
2 51 68 5.29 7.74 9.17 14.74 18.07 6.05
3 25 135 5.55 7.64 10.05 15.19 14.11 6.78
4 51 135 5.31 7.92 9.79 16.19 17.58 6.78
Table 4
Second validation samples.
Vehicle Sample no. X (mm) Xz (mm) OlV, (m/s) OlVy, (m/s) ORA, (g) ORA, (g) MARA (deg) EA (deg)
1100C 1 38 68 7.08 11.13 9.16 8.73 10.75 6.90
2 38 135 7.06 11.00 10.40 6.65 4.10 7.79
3 25 102 7.44 11.11 7.14 6.38 487 7.64
4 51 102 7.07 11.06 7.85 6.36 5.68 7.19
2270P 1 38 68 538 7.76 9.96 13.68 19.33 5.55
2 38 135 5.34 7.85 9.65 15.56 15.95 6.71
3 25 102 5.28 7.80 9.70 15.20 15.30 6.73
4 51 102 5.32 7.91 11.27 14.94 16.78 6.89

were established. In the process of establishing the RBF models, a design. The responses (i.e. safety criteria) of these design samples
total of 25 initial design samples (i.e. 25 samples for each vehicle (Figs. 13-16) were used to create the metamodels of the MARA,
as shown in Fig. 12) were generated using a 5 x 5 full factorial OIV, ORA, and EA.
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Table 5
Accuracies of RBF metamodels of MARAs.

No. of Vehicle RMSE  MAE RE [min, max]
samples (%)
Initial RBF 25 1100C 24328 4.4254 [-7.69,57.07]
models 2270P 09828 1.8322 [-9.21,3.91]
Updated RBF 29 1100C 04574 0.7615 [-5.64,7.62]
models 2270P  0.7691 1.1040 [-6.17,0.92]

5.3. Numerical results

Before using the RBF models in optimization, the accuracy of
the models, particularly for the MARA” and MARAS, were evaluated
using four additional samples that were randomly generated. In
the metamodel-based optimization method, the accuracy of the
metamodel affects the accuracy of the optimal result because the
objective function values are calculated using the metamodel. Gen-
erally, for the complicated engineering problems, the error of the
metamodel should be less than 5-10%. The values of MARA and
other criteria at the four validation points were obtained using
FE simulation results and given in Table 3. The accuracy the initial
RBF models of MARAs were not satisfactory, as seen from the large
relative errors in Table 5. To improve the accuracy of these RBF
models, the four validation samples were added to the initial
design samples to establish new RBF models using a total of 29
design samples. The updated RBF models were validated using a
second set of four additional samples on which the FE simulation
results of the criteria were obtained and shown in Table 4. The
updated RBF models were shown to have less than 8% of relative
errors based on the results given in Table 5, and thus were consid-
ered acceptable for the engineering design of this study.

The optimization problem in Eq. (13) was solved using RBF-
based optimization method and the optimal design of the concrete
barrier was obtained. The cross section of the optimal concrete bar-
rier is shown in Fig. 17 along with the original design. The safety
criteria corresponding to the original and optimal design are given
in Table 6.

It was observed from the results in Table 6 that the optimal
design resulted in a significant reduction on the MARA of the
2270P vehicle, and the MARA of the 1100C vehicle was also
reduced. The other safety criteria, the OIV, ORA, and EA, were
all within the MASH limits and there were no significant
change from the original to the optimal design. Fig. 18 shows
the positions of the 1100C and 2270P vehicles at instants of
the maximum roll angles for the optimal and original designs.
It can be seen from the vehicle postures that the optimal
design resulted in more stability for the pickup truck than
the original design, an indication of the improved safety by
the optimal design.

Fig. 19 shows the top views of vehicle redirection for both of the
1100C and 2270P vehicles impacting the optimal concrete barrier.
It can be seen that both vehicles were smoothly redirected and
stayed mostly upright during the impact. Considering the vehicular
responses of the two vehicles on the optimal concrete barrier, it
can be concluded that the optimal concrete barrier meets the
safety requirements specified by MASH. It should be noted that
the improvement of the optimal design over the original design
was not significant except for the MARA of the 2270P vehicle. This
was because the original design of the concrete barrier had been
empirically improved by engineers over the years of its usage. Nev-
ertheless, the RBF-based design optimization method employed in
this study was shown to be effective and efficient in roadside
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Fig. 17. Cross sections of the original and optimal designs.
Table 6
Responses of original and optimal designs.
X1 (mm) X, (mm) Vehicle OlV, (m/s) OlV, (m/s) ORA, (g) ORA, (g) MARA (deg) EA (deg)
Original design 51 177 1100C 7.03 10.79 7.76 8.78 5.28 8.07
2270P 5.18 7.70 10.78 15.96 14.74 6.24
Optimal design 19 203 1100C 8.08 10.61 10.50 9.90 4.67 8.67
2270P 5.38 7.74 10.61 15.71 8.80 6.38
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Original design

Optimal design

Fig. 18. The vehicle postures when the maximum roll angle existed.

(b)

Fig. 19. Redirection of the two vehicles by the optimal concrete barrier design: (a) 1100C: Neon sedan; and (b) 2270P: Silverado pickup truck.

designs and could be used to design and/or optimize other barrier
systems for a continuous improvement of roadside safety.

6. Conclusions

In this study, a highway concrete barrier was optimized to
improve its performance in redirecting a striking vehicle based
on the TL-3 safety requirements specified by Manual for Assessing
Safety Hardware (MASH). The finite element (FE) models of two
vehicles, a small passenger car and a pickup truck, were created
and validated using full-scale crash test data. FE simulations of
vehicles impacting the concrete barrier were performed to obtain
the vehicular responses used for safety evaluation. To reduce the

computational cost of optimization that required a large number
of simulations, an RBF-based metamodeling methodology was
employed to create surrogate models that were used to replace
the expensive FE simulations in optimization. Based on a sensitiv-
ity analysis of the vehicular responses, the maximum absolute roll
angle (MARA) of the pickup truck was chosen as the objective func-
tion to be minimized, and other MASH specified responses such as
occupant impact velocity and occupant ridedown acceleration
were used as the constraints.

Using the NSGA-II, an optimal design, i.e., the cross-section
geometry of the concrete barrier, was obtained and validated by
FE simulations. The optimal design was shown to significantly
reduce the MARA of the pickup truck compared to the original
design (from 14.74 to 8.80 deg), while the MARA of the passenger
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car and other safety parameters for both vehicles did not have sig-
nificant changes. The optimization results indicated the validity
and applicability of the metamodeling-based optimization
methodology in this study. It should be noted that the improve-
ment of the optimal design over the original design was not signif-
icant except for the MARA of the pickup truck. This was because
the original design of the concrete barrier had been empirically
improved by engineers over the years of its usage. Nevertheless,
the RBF-based design optimization method employed in this study
was shown to be effective and efficient in roadside designs and
could be used to design and/or optimize other barrier systems
for a continuous improvement of transportation safety.
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