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Abstract

Paratransit buses constitute a special group ofialeb in the US due to their smaller size, two-sésgembly
process, and their use for complementary servigeahé regular scheduled transit routes. Due torthisiiqueness
these buses lack national crashworthiness standspésifically dedicated to the paratransit fleetv8ral states in
the US adopted the quasi-static symmetric roofileggrocedure according to the standard FMVSS 22Qdsting

the integrity of the paratransit buses. Howeverpzny researchers point out, the dynamic rolloest faiccording
to UN-ECE Regulation 66 (ECE-R66), which was apedolsy more than forty countries in the world, (exiahg

the US), may provide more realistic assessmeifteobtis strength.

This paper provides comparison of the numericallgessed strength of the paratransit bus accordinthé¢ two
standards in explicit FE simulations using LS-DYMM®P. The FE model used in this study was prewousl
validated through comparison of its simulated bébawith response of the bus in the full scale oolir test
conducted at the Florida Department of Transpodattesting facility (Tallahassee, FL, USA, 2010).

The results show that the final assessment of ukednashworthiness from both procedures can bergirg.
Although the tested bus passes the quasi-staticFBIR20 test, the same bus fails the dynamic roljonoeedure
of ECE-R66 test. While the paratransit fleet isnoumibered by the regular transit buses, and experai¢esting of
the buses seems to be prohibitively expensivect foanufacturers, the FE simulations provide v@aisisight into
the bus strength.

Keywords: Rollover, UN-ECE Regulation 66 (ECE-R66), RookbiutFMVSS 220, crashworthiness
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1. Introduction

Paratransit buses form a special group of vehiddbe US. In comparison to the transit buses
they are considerably smaller and are used foerdifft purposes. They complement services
provided to the regular transit routes and are liyseguipped with wheelchair lifts and floor
mounts for wheelchairs tiedown systems. Paratrémsiés are built in a two-step process: first -
the chassis from a bigger automotive company ipi@doand then a passenger compartment is
constructed on it at a smaller, local assembly. linemakes this group of vehicles very unique in
the US in the sense that they are not regulatednlyynational crashworthiness standard. The
number of severe accidents with paratransit buses dhot justify supporting an extensive
research on them. However, problems with theirngfte were identified and should not be
ignored.

Several states in the US try to overcome that lotgphequiring paratransit buses to comply with
the Federal Motor Vehicle Safety Standard FMVSS Z28ndard “School bus rollover

protection”. It requires a quasi-static applicatmima loading equal to 1.5 times of the unloaded
vehicle weight (UVW) to assess the static respooisthe bus roof structure. The resistance
of the roof structure is judged as satisfactory mvhihe downward vertical movement at any
point on the application plate does not exce&diiches (130 mm) and each emergency exit
of the vehicle can be opened during full applicaid the force and after the release of the force.

Many researchers point out that such quasi-staststwith symmetric roof loading poorly
represent the sequential dynamic load (in particitla varying value, direction, and intensity)
observed during actual bus rollovers. Nevertheléissy may provide greater repeatability
of results than foreign dynamic test procedures tike European Union (EU) directives and
the United Nations (UN) regulations - UN ECE Regjola66 (ECE R66]1). ECE-R66 refers to
integrity of a bus structure in a dynamic rollovest.

Research and bus inspections conducted by thedBIBXOT shows that paratransit buses usually
have no problems with passing FMVSS 220 standatihteprocedure. The reason behind it is
a strong roof structures designed to withstandapitesd vertical load during the test. However,
recently conducted experimental testing reveal$ tha same buses may fail the ECE-R66
procedure. Thus, whether or not the bus is appréwetthe use depends on the testing procedure
we choose.

This paper shows results of two sets of LS-DYNAudations for a selected model of paratransit
bus using FMVSS 220 and ECE-R66 testing proceddres.FE model used in this study was
previously validated through comparison of its demed behavior with response of the bus in
the full scale rollover test conducted at FloridapBrtment of Transportation testing facility
(Tallahassee, FL, USA, 201(R). A sensitivity analysis using LS-OPT was performied
identify most crucial elements of the bus strucforghe response of the bus in the two tests.

2. Finite Element Model of the Bus

The original FE model of the bus was developedhétivo separate stagy. First, a model of
a cutaway chassis was extracted from a public dofaid Econoline Van FE model, developed
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by the National Crash Analysis Center (NCAC) at geoWashington Universit4). The FE
model was modified to match specifications of thassis used for the given paratransit bus —
from the van E-150 to the heavy duty E-450. Majuainges have been made to the main chassis
beams and suspension elements. During the secagd ef FE model development, the 3D
geometry and FE models of separate bus body wsdle (valls, back wall, roof and floor) were
created from CAD drawings supplied by the bus mactufer. Finally the bus body cage was
assembled with the chassis using LS-PrePost.

Florida Department of Transportation is acquiringca@mmissioned paratransit buses for
experimental testing and FE models validation. Téeently acquired buses were similar to
the FE model described in the paper. The paratranoses are custom made and for each case
the structure may be slightly different althougle thuses have the same make and model.
Modifications had to be done to the FE model ineorid be able to compare experimental and
computational results. Also the mesh density waslpeoubled in the new model. The original
bus model, containing ~538,000 finite elements, b@sn expanded to almost 925,000 finite
elements. The major structural components had numrfour shell elements across their width.
Fully integrated shells (ELFOR 16) were used inwhmle model. The statistics of the final FE
model are shown in Table 1. The full scale paraitdous and its model are shown in Figure 1.

Table 1: Statistics of developed paratransit busnir@del

Chassis model Bus body Whole model
# of elements 189,079 735,407 924,486
# of nodes 204,998 658,028 773,026
# of parts 295 64 359
# of 1-D elements 2 0 2
# of 2-D elements 173,401 735,407 908,808
# of 3-D elements 15,676 0 15,676

Figure 1: The bus selected for a rollover testtjlahd its FE model (right)

A full rollover test was performed at Florida Dejpaent of Transportation testing facility in
2010. The results were used to validate the FE moidthe bus(2). Only the results of the
simulations with the validated model are presehte.
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3. Rollover Test Simulation According to ECE-R66 and=DOT Standard

In the rollover test procedure, a vehicle restimgadilting platform (as shown in Figure 1) is
guasi-statically rotated onto its weaker side. Delreg on the attachments of the staircase and
the door frame to the bus frame, it is usuallyrthead side of the bus. When the center of gravity
reaches the highest (critical) point, the rotatbthe table is stopped. Further the gravity causes
the bus to free-fall into a concrete ditch. Theofing in the ditch is located 800 mm beneath
the tilt table horizontal position. LS-DYNA simuians involved simplified case where the bus
was positioned in the configuration just beforeithpact with the ground. Initial velocities were
applied to the structure of the bus to simulater@yppate conditions of the real test. Such
approach saved computational time needed for each r

The bus passes the rollover test if the residuatesps not compromised during the tgdis (5).

The shape of the residual space is defined in EiguiThe FDOT standard is based on the ECE-
R66 but it contains several extensions. An additiguantity called Deformation Inde®Bl) was
proposed in the FDOT standard for quantitative canspn of the resulté). Consistently with
the concept of the residual space - Bileis only providing information about the passenger
compartment and not the driver's cabin. TBbé is based on the assumption that during
the rollover-induced impact, the angular defornraidevelop only in hypothetical plastic hinges
located at vulnerable connections in the bus ceesgion. The rotations in these hinges are
marked on the bus cross section aghrough o, in Figure 2a. The elastic deformations

of the walls are neglected in this definition. Bhsm the geometry of the failure mode (Figure
2b), Dl is defined as:

DI :IEEﬂar(Aal)+ (hd_l)Eﬂan(Aaz) 1)

For acceptable designf)l is in the ranged< DI <1. Once the deforming walls start to touch
the residual space - tHel is equal to 1. WhebDI =1, the structure of the wall intrudes into
the residual space, and the bus fails the test.

cantrail

waistrail

150,

VLCP

Figure 2: (a) Definition of the residual space (lometry of the failure mode (6)
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The verified and validated FE model was used taukita rollover test according to the ECE-
R66. The deformations of the bus due to the impexipresented in Figure 3. The residual space
is visibly penetrated by the wall pillars. Figureshows history of the DI calculated using
Equation 1. The bus significantly fails the testhaDI reaching value of 2.1 at about 0.4 sec of
simulation.
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Figure 4: History of the Deformation Index measunedhe rollover test simulation per FDOT standard

The bus is deformed in the torsional mode with gt being considerably less deformed. As
an outcome of the impact, the plastic deformatiwase developed at the front cap structure and
at the waistrail beam. The cantrail beam was adforched locally at the connections of the roof
bows to the walls. Taking a closer look at the giesif the front cap structure, one can find some
obvious reasons of its weakness. The actual coilnsdbetween the body and the driver’s cabin
are shown in Figures 5 and 6. The bus body is oahnected by two flat pieces of steel on
the road side of the bus. On the curb side, theeds cabin is welded to the staircase in two
spots (see Figure 6). The cap rests on the remaofdeabin roof and is connected with only
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a few additional welds.

Figure 6: Connection of bus body to driver's cabirrb side

4. Roof Crush Resistance Test Simulation According t6MVSS 220
Standard

The same FE model, as used before for the ECE-RB6ver simulation, was utilized to
simulate the testing procedure of FMVSS 220 forf iyash resistance. An equivalent of 1.5 of
Unloaded Vehicle Weight (UVW) is applied quasi-siaily in this test procedure to the roof
structure of the bus through a rigid plate. Durithge test, the resistance force and the
displacement of the plate are recorded. This felmmuld cause a roof deformation smaller than
130.2 mm (5.125 in) in order to pass the testirgc@dure. The bus chassis beams are directly
supported so the deflection of the suspension tidak@n into account in the test. Mass of the
tested bus was equal to 4,636 kg (10,221 Ib). Ttines1.5 of UVW was equivalent to the force
of 68,219 N. The plate dimensions differ dependinghe vehicle weight and in the FE model
they followed the directions for the vehicle witiv@&R of more than 4540 kg (10,000 Ib).
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The load was applied in two phases as specifiethenFMVSS 220 standard. First, the pre-
loading of 2,227 N (500 Ibf) was applied to redwstack in the system. In the computer
simulation the loading was generated through thesgribed vertical displacement applied to
the center of the plate. The plate was free taeahout this point. The coefficient of frictiorrfo
contact between the plate and roof structure wat a&® 0.15 (steel to steel) in
AUTOMATIC_SURFACE_TO_SURFACE type of contact. InethLS-DYNA simulation
the loading phase was shortened to 1 sec, andahke af the application was reduced in order to
eliminate inertial effects. Additional simulationgere performed with lower loading rate. It
turned out that the results were similar and theeloloading rate is not needed for further
simulations.

Figure 7: Residual space compromised by the bugttre. View of complete bus (a), view without gkin
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Figure 8: Time histories of displacements of thediag plate with zero displacement
corresponding to the 2227 N (500 Ibf) load
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Figure 7 shows a view on the deformed structur¢hefbus. Figure 8 shows history plot of
a force vs. loading plate displacement. The 1.5 UMWt (equal to 68,219 N) was reached at
119 mm of penetration. Thus, unlike in the casehef ECE-R66, the bus considered passed
the FMVSS 220 testing procedure.

5. Sensitivity Analysis

Bus manufacturers frequently strengthen up the sbfcture to pass the FMVSS 220 testing
procedures. The symmetric loading applied to tloé o the FMVSS 220, actually examines
primarily the strength of the roof bows, withoutpfpng excessive loading on the rest of
the structure. It is still not uncommon to seedksign of paratransit bus where the open sections
are used in the framing of the walls.

This chapter is aiming to analyze and rank sigaifee of particular members of the structure in
the response to the loading experienced in FMVSS &1 ECE-R66 testing procedures for
the selected bus. The analysis was carried outSFOPT 4.1 using Analysis Of Variance
(ANOVA), and Global Sensitivity Analysis (GSA) witbobol’s approacki).

The ANOVA is performed in LS-OPT based on lineasp@nse surface fit to the obtained
discrete results. The true continuous resporys(a) is approximated by the first order

polynomialf (x), defined as

f(x)=2 bg(x) ®)
where:

L- is the size of basis functions’ vectap, (= [l xl,...,xn]T). The coefficients in the vectdr
are determined through minimization of the sumhefsquare errors computed by:

i=1 i=1

ZP:{[Yi (X)_ fi (X)]Z} = ZP:{M (X)_ j:l b,@, (X)T} ®3)

where:
f.(x)-are responses predicted by metamodel,

y,(x)-are discrete responses calculated in LS-DYNA sitioria,
P- s the total number of sampling points.

The ANOVA plots in LS-OPT represent normalizbegcoefficients (see Equation 2) with their

confidence intervals. Th]aO((l—a)% confidence intervals for the coefficients, j =0,1,...L
are defined throug(8):

(4)
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For the cases, where the interaction parametery glgnificant role in approximating
the response, application of Sobol's Indices maynoee suitable. This approach uses a unique
decomposition of a function into summands with @asing dimensions €9):

(CRSEREDNTOED 30 I T ERL RN CRIEY ®

i=L j=i+l
where:
f(x,.....x,)— represents the analyzed model wittandom variables.

Each random model respon$g(x,....,x, ) is characterized by its variandé . This variance can
be also decomposed into partial variances as:

DX :Zn:Dik+Zn: Zn:Dijk+...+ DY, . (6)
i=1

i=1 j=i+1

The Sobol’s Indices are defined by:

D* .
Siy,...i, ) = —de )

where:

S = % - is the main effect of the parameter and,

S, — is thetotal effect, which combines parameter'sirmeffect and all the interactions
involving that parameter.

Computation of components in Equation (5) involaenulti-dimensional integration. In practice
only the main and total effects are computed uiegapproximate formulas based on the Monte
Carlo integration$9).

Figure 9 shows the passenger compartment frame teith numbered parts. Thicknesses
of elements in these parts were used in the desigexperiments (DOE) study as the design
variables. The baseline values for them as wellassumed lower and upper bounds for
the region of interest in the DOE are listed in[€gh The metal sheet thickness is described by
manufacturers by discrete gauges. The equivaletriameeasurement of the gauge depends on
the material from which the members are built. §hage conversions to Sl and US units are
listed in APPENDIX A.
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Figure 9: Location of the structural elements ugedefinition of design variables

Table 2: Variables used in the optimization prooeth assumed thickness range from 11 to 18 ga

Variable Symbol D;ﬁ'?gz)
() thickness of cross beams in the floor structure floor_cc 11
(2) thickness of longitudinal beams in the floagusture floor_cl 16
3) thickness of S-shape connections in the walcsiire floor_s 16
4) thickness of square tubes in the wall structure wall_sq 16
(5) thickness of tubes at the cantrail location can_sq 16
(6) thickness of U-shapes at the cantrail location roof _u 16
©) thickness of the roof bows roof sq 16
(8) thickness of the longitudinal beams in the rstoficture roof_mid 16
9) thickness of the elements in the front capcstne cap_sq 16
(10)  thickness of the staircase stairca 16

The sensitivity was analyzed with respect to théobeation Index for the case of ECE-R66 test.
TheDI response in LS-OPT was defined through Equatignbéised on nodal distances in
the most vulnerable cross section of the bus. RerlFMVSS 220 test sensitivity was studied
with respect to the resistance force measured fhentontact between the rigid plate and the bus
roof structure.

The responses were approximated using Radial Basistion Network. The design points were
distributed using space filling algorithm. Fiftyailations per test were performed (total of 100
of simulations). Single precision LS-DYNA/MPP inrg®n r5.0 was adopted for all runs. Six
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compute nodes (48 CPUs) were used for each siranlafine calculation time for rollover test
simulations was ~18 hours and ~25 hours for théengesh test simulation respectively.

Figure 10 shows the sensitivity studies for DefdioraIndex in ECE-R66 test simulations.
The most important element of the structure turoedto be the cantrail square bearar(_sq.

The second most important was front cap structesp (sq. Surprisingly, the thickness of
the side wall main beamsvéll_sg was the third most important one. A visual ingpwec of

the real bus subject to rollover test confirmeddalocalized deformations in the cantrail beams.
It is clear that the bus columns should be desiggedontinuous members at the expense of
piecewise waistrail and cantrail beams.

Sensitivities Plotfor DI_alpha Global Sensitivities Plotfor DI_alpha
(a) with 90% Confidence Interval (b) Mean = 1.8506, Total variance = 0.0158625, Noise variance = 0.00222941

can_sq can_sq (29.0% - 29.0%)

cap_sq cap_sq (20.4% - 49.4%)
wall_sq wall_sq (17.5% - 66.8%)

stairca stairca (16.2% - 83.0%)

roof_sq roof_sq (13.8% - 96.8%)
floor_cc floor_cc (0.9% - 97.7%)
floor_cl floor_s (0.7% - 98.4%)
floor_s floor_cl (0.6% - 99.0%)
roof_mid roof_mid (0.5% - 99.5%)
roof_u roof_u (0.5% - 100.0%)
‘ 0
-0.2 -0.1 -1.49E-09 10 2 3
Terms in expansion of DI_alpha % Influence on Response

Figure 10: Sensitivity study for response Deformatindex based on (a) ANOVA (b) Sobol’s Indices

Sensitivities Plot for plate_force_resp Global Sensitivities Plot for plate_force_resp

(a) with 90% Confidence Interval (b) Mean = 95024.7, Total variance = 1.24345e+08, Noise variance = 4.62479e+06
roof_sq roof_sq (75.4% - 75.4%)
cap_sq cap_sq (10.0% - 85.4%)
can_sq can_sq (7.0% - 92.5%)
floor_cc floor_cc (3.8% - 96.2%)
floor_cl wall_sq (1.1% - 97.3%)
roof_u floor_cl (0.9% - 98.2%)
wall_sq roof_u (0.6% - 98.8%)
floor_s floor_s (0.5% - 99.3%)
roof_mid stairca (0.4% - 99.7%)
stairca roof_mid (0.3% - 100.0%)

-0 1E+04 2E+04 3E+04 6 20 40 60

Terms in expansion of plate_force_resp % Influence on Response

Figure 11: Sensitivity study for response Resulkorte based on (a) ANOVA (b) Sobol’s Indices

Figure 11 shows the sensitivity studies for theiltesit force in the FMVSS 220 test simulations.
Here, as expected, the most important variable thvashickness of the roof bowso¢f sq. It
was responsible for over 75% of variations in #gponse function. The other variables are not
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as relevant. Figure 12 shows cumulative sensitiptgts for both sets of simulations.
The analysis confirms the fact that results ofRMY/SS 220 and ECE-R66 tests are divergent.
Different elements of the structure influence tbgponse of the bus in each test.

Global Sensitivities Plot for DI_alpha Global Sensitivities Plot for plate_force_resp
Mean = 1.8506, Total variance = 0.0158625, Noise variance = 0.00222941 Mean = 95024.7, Total variance = 1.24345e+08, Noise variance = 4.62479e+06

a M floor_cc b floor_
(a) s | B =

Dl_alpha H stairca plate_force_resp M stairca

W wall_sq M wall_sq
[0 roof_sq
0 P 50 75 1l Brectsa

I
6 2'5 50 ?LS 160 [ cap_sq Gl cap_sq
% Influence on Response —
oor_s

% Influence on Response [ floor_s
M roof_mid M roof_mid
[ can_sq [ can_sq

Figure 12: Cumulative global sensitivity in (a) EEB6 test (b) FMVSS 220 test

6. Conclusions

This paper presents results of two sets of sinmariation dynamic rollover test (according to
ECE-R66) and quasi-static roof crush resistande(éesording to FMVSS 220). Although both
tests are used for the same purpose — assessisggehgth of the bus in the approval process -
their outcomes diverge. The analyzed bus passequdm-static procedure of FMVSS 220
Standard with maximum registered deflection of Ifhéh (where 130.2 mm is the limit).
However, it considerably fails the dynamic rolloveest based per ECE-R66 procedure.
The Deformation Index for the structure was notetd 2.1 (where 1.0 is the limit).

Linear ANOVA and Sobol's Indices were used toidigntand rank the most relevant
components of the structure in the two tests. Aseeted the most relevant design variables for
the quasi-static load resistance of the roof stmectwere the roof bows. Variations in this
variable were responsible for over 75 % of varigion the plate resistance force. Apparently
the same variable was responsible for only ~14 %aoftions in the Deformation Index during
the rollover test. The connections between the amd the roof and the front cap structure were
found to be the most important at this time.

These results lead to a conclusion that testingtparsit buses according to the FMVSS 220
standard may lead in some cases to erroneous ecomtduregarding the bus strength and
integrity of its structure.
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14 0.0747 1.897 0.083 2.108 0.0781 1.984 0.0785 1.994
15 0.0673 1.709 0.072 1.829 0.0703 1.786 0.0710 1.803
16 0.0598 1.519 0.065 1.651 0.0625 1.588 0.0635 1.613
17 0.0538 1.367 0.058 1.473 0.0562 1.427 0.0575 1.461
18 0.0478 1.214 0.049 1.245 0.0500 1.270 0.0516 1.311
19 0.0418 1.062 0.042 1.067 0.0437 1.110 0.0456 1.158
20 0.0359 0.912 0.035 0.889 0.0375 0.953 0.0396 1.006
21 0.0329 0.836 0.032 0.813 0.0344 0.874 0.0366 0.930
22 0.0299 0.759 0.028 0.711 0.0312 0.792 0.0336 0.853
23 0.0269 0.683 0.025 0.635 0.0281 0.714 0.0306 0.777
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