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ABSTRACT -Joint stiffness can affect the vibration characteristics of car body structures. Therefore, it should be included

in vehicle system model. In this paper, a numerical approximation of joint stiffness is presented considering joint
flexibility of thin walled beam-jointed structures. Using the proposed method, it is possible to optimize joint structures
considering the change of section shapes in vehicle structures. The numerical approximation of joint stiffness is derived
using the response surface method in terms of beam section properties. The study shows that joint stiffnesses can be
effectively determined in designing vehicle structures.
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1. INTRODUCTION reliable vibration analysis and optimal design for the
vehicle structure cannot be performed.
In the early design stage of a vehicle structure, the In this paper a numerical approximation method of
vibration modes less than 50 Hz are consideredjoint stiffness by using response surface model is pre-
Therefore, it is common practice to use simplified finite sented considering the joint flexibility of thin walled
element models rather than detailed models since thbeam-jointed structures. Using the proposed method, the
simplified models substantially reduce computationaloptimal design of the vehicle joint stiffness considering
cost and facilitate any design change (Kbtrael, 1995).  the change of the section shapes is performed.
In general, the thin walled beam type structures such as
pillars and rockers are modeled using beam elements, tHe. PROCESS OF APPROXIMATE
roof and floor panels are modeled using shell element-FORMULATION
and, to consider the local compliance, the joint structures
are modeled using spring elements, of which springFigure 1 shows the process of approximate formulation
constants represent the flexibilities of the joint structuregproposed in this study.
(Chang, 1974). As shown in this figure, first, the joint stiffnesses are
In general, the static and dynamic behaviors of thecalculated using detailed shell finite element model. Also
vehicle system are mainly influenced by the stiffnesses othe section properties of each section consist of the
the joint structures (Chang, 1974; Kanedlal, 1982;  detailed shell joint model are calculated using the section
Lee, 1996). Therefore, we have properly to design theanalysis program (Lee, 1995). The joint stiffnesses of the
joint structures to obtain the improved vibration simplified beam model are calculated by applying the
characteristics of the vehicle. In general the stiffness obbtained section properties to the equation of simplified
the joint structure can be obtained using an experiment doeam joint stiffness. And the joint stiffness percent
a finite element analysis. changes are calculated using the joint stiffness of detailed
During the optimal design for the vehicle structure, theshell model and simplified beam model. The joint
section properties of the beam elements adjacent to th&tiffness percent change is defined as the correction
joint are changed. But the stiffnesses of the springfactor, and the equation of simplified beam joint stiffness
element consist of the joint are unchanged. Thereforemodified using the correction factors. Finally, the
equations of approximate joint stiffness are formulated
using the least square method, response surface method,

*Corresponding authoe-mail: sblee@kmu.kookmin.ac.kr and the optimal design method (Haftigal, 1991).
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thex-axis; M, is a unit moment with respect to fraxis;

M, is a unit moment with respect to thaxis. And,Q,,

0O, and, ©, denote, respectively, the rotation angles
calculated at the load point.

Joint Structure
(Detailed Shell FE Model)

Computation of Joint Stiffness
(Detailad Shell FE Model)

4. JOINT STIFFNESS OF SIMPLIFIED BEAM

r MODEL
Fo”?.”lati.a." af Joint Stiffness ‘Gol_ﬂl.lulmian 91 4.1. nght Angle T-type JOint MOdel
[Simplitied Beam Model) Saction Properties " i . L. .
Figure 3(a) shows the simplified beam joint model with a
Vv right angle T-type. The joint can be regarded as a coupled

system of two beam structures: the cantilever and the
fixed-end beam. Therefore, when unit moments are
applied at tip of the center pillar with both ends of the

roof rail fixed, the total rotation angles of the tip can be

obtained with adding the rotation angles of each member.
The equations of simplified beam joint stiffness can be

expressed as follows.

Computation of Joint Stiffness
Percent Change
(Shell / Simplified Beam Madel)

sorreciion Facior

Formulation of Modified Jaint Stiffness
(Modified Beam Model]

Formulation of Approximate

Joint Stiffness _ M,y _ 8EGJl,
K 8n+ 0. GLJ.+8ELI, @)
Figure 1. Process of approximate formulation. K = M, _ 2EGI,J, 3)
"0, +0,, ELl,+2GL,J,
— le —_ 8E|21|22
3. COMPUTATION OF THE JOINT STIFFNESS Kz—eZl + 0, L. +8L.. 4)

OF DETAILED SHELL MODEL
In Equation (2)M,, is the unit moment applying with
To compute the joint stiffness of the vehicle system, arespect to th&-axis at the tip of the member @®;, and
joint structure is modeled using detailed shell elements®,, are respectively the rotation angle with respect to the
Figure 2 shows the center pillar-roof rail joint finite x-axis of the member 1 and & is a modulus of
element model used in this study. To calculate the joinelasticity; G is a modulus of elasticity in shedk;is the
stiffness of the model, the tip moment method (¥t  polar moment of inertia with respect to thaxis of the
al., 1995)is utilized. That is, unit moments are applied at member 1}, is the moment of inertia with respect to the
the tip of the center pillar with both ends of the roof rail x-axis of the member 2; is the length of the member 1.
fixed for the center pillar-roof rail joint, and the  In Equation (3)M,, is the unit moment applying with
corresponding rotation angles are calculated. From theespect to thg-axis at the tip of the member ®;, and
determined rotation angles the joint stiffnesses can b&®,, are respectively the rotation angle with respect to the

computed using the Equation (1). y-axis of the member 1 and[2; is the moment of inertia
M M M with respect to thg-axis of the member 1; is the polar
K==, K==, K== 1) moment of inertia with respect to theaxis of the

o e, © member 2
In Equation (1) M, is a unit moment with respect to  In Equation (4)M,, is the unit moment applying with
respect to the-axis at the tip of the member @;,, and
O, are respectively the rotation angle with respect to the
z-axis of the member 1 and B; andl,, are respectively

% the moment of inertia with respect to thaxis of the
Sl g s o member 1 and 2.

T 4.2. Oblique T-type Joint Model

ﬁ % In the previous section, we concentrate on the joint

— A - whose members meet at the right angle. In most actual
" Center pillar section situations, however, joint members do not meet at the

right angle. The purpose of this section is to propose an
Figure 2. Center pillar-roof rail joint model. equation of simplified beam joint stiffness for such
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oblique joints. center pillar. Equations (9) and (10), respectively, express
As shown in Figure 3(b), the member 1 is inclined tothe rotation angle and the joint stiffness with respect to

the member 2 by the angte In order not to complicate the y-axis.

the involved analysis, we choose a simplified oblique T-

type joint with its symmetry plane on z=0. When a Mz, =Myisind, Mz, =M, cos ®)
moment with respect to theaxis is applied at the tip of _My,L; My, Lo s M,,, L,

the member 1, the tip rotates not only in xkaxis, but 0, Ely, * 8El,, stna 2GJ, co ©)
also in they-axis. Due to this coupling, we should modify 1

the equations of right angle T-type joint stiffness. K,=
Equation (5) expresses the moments with respect to the

x andy axes transmitted to the member 2 when the unit

moment with respect to theaxis acts on the tip of the

center pillar. Equations (6) and (7), respectively, expres$. FORMULATION OF APPROXIMATE JOINT

the rotation angle and the joint stiffness with respect toSTIFFNESS

(10)
Loy L g
El,, 8El, 2GJ,

the x-axis.

_ _ . There are many differences between the simplified beam
Mz, =Macostr, My, =Masina ©) model and the detailed shell model for the joint stiffness
o :MX1L1+MX2'XL20031+MV2XLzsina ©) of a vehicle structure, because a local deformation and

“ GJ, 8Ely 2GJ, distortion are not occurred for the simplified beam model
1 when a load acts on the joint structure, but occurred for
K= 3 3 3 ) the detailed shell model. Therefore, the joint stiffness
—~ + —2-coga + —=sirfa percent changes are used to the numerical approximation
GJ, 8El, 2GJ,

process of the vehicle joint stiffness as correction factors.
Equation (8) expresses the moments with respect to the
x andy axes transmitted to the member 2 when the uni.1. Computation of Correction Factor
moment with respect to theaxis acts on the tip of the Figure 4 shows each section consist of the center pillar-
roof rail joint. The joint stiffnesses of the detailed shell
model with the initial sections are calculated using the
| L2 [ NASTRAN finite element analysis. Also the joint

i stiffnesses of the simplified beam model with the initial
MEMBER 2 2,' section properties are calculated using Equations (4), (7),
Y and (10), respectively. And the joint stiffness percent changes
COORD. 2
X
MEMBER | LI 7
5, 6]7i8 17 89 10

v
l COORD, 1 G P
%

{a) Right angle joint

y | COORD, 1
(b) Obligue joint (b) Roof rail section

Figure 3. T-type joint models. Figure 4. Center pillar-roof rail joint sections.
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Table 1. Average percentage change of joint stiffness. [ _ 1
. K..=C, (13)
Unit: % L, L
El,, 8El,

Average percentage change (Correction factor)  Also, the response surface equations to correct the
C. 68.58 joint stiffnesses expressed in Eqations (11), (12), and (13)
o 12.21 can be assumed as follows.
C, 40.77 Kxb:po(plAi"'pzAlJl"'szi"'pAAi"'psl>2<2+p6|x2|xz2

+p7|fz+ p8A2J2+p9‘J§) (14)

are calculated using the stiffnesses of the two models; _ 2 2 2 2 2
Also after a little changing the sections many times, theKyb_pO(plA1+p2|y1+p3|yllyﬂ+p“ly21+p5A2+p6|X2
joint stiffnesses for the two models are calculated and the  +p;l ol o+ Pal 22+ PoAsds+Piods) (15)
joint stiffness percent changes are obtained. Using the
calculated each percent change, the average percemt,=po(PiAi+pPoAsli+Psloalyn+Palsi+PsAs+peAsl L,
change is determined. The average percent change is 0ol ot Pel ) (16)
used as a correction factor for the joint stiffness of the Prlzzlz Pal z2
simplified beam model. The average percent changes of In Equations (14)-(16)p, p. p. etc. denote the
the joint stiffness are shown in Table 1. undetermined coefficientd,,, denotes the product of
inertia with respect to theandz axes of the member 2,
5.2. Formulation of Approximate Joint Stiffness andl,, denotes the product of inertia with respect toythe
As shown in Equations (11), (12), and (13), the equationsnd z axes of the member 1. Undetermined coefficients
of modified joint stiffness can be obtained by multiplying are determined using the least square method and the
Equation (7) by the correction fact@;,, Equation (10) optimal design method. By adding the equations of
by the correction factoC,, and Equation (4) by the modified joint stiffness and the response surface
correction factorC,, respectively. equations, respectively, the equations of approximate
joint stiffness can be obtained as follows.

R T PE—" a

—1 + —2 + 2 in2 Kx: Kxa+ K>< 17

X 8E|x2CO§G SGSina b (7)
I‘Eyazcy L L - L (12) Ky=Koat Koo (18)

L1 2 ain2 2 A A ~

£l T eI, O * 565,00%T Ko=KaatKan (19)
Table 2. Joint stiffness of the vehicle joint with respect toctheis. Unit: Nmm/rad, %
Ky RX Error Percent error

Initial shape 2.4647E+10 2.5243E+10 -5.9669E+08 2.42

Center pillar Outer panel 1 2.8274E+10 2.7842E+10 4.3245E+08 1.53
Outer panel 2 1.9040E+10 1.9413E+10 -3.7371E+08 1.96

Reinforce panel 1 2.2940E+10 2.2908E+10 3.2253E+07 0.14

Reinforce panel 2 2.4019E+10 2.4437E+10 -4.1836E+08 1.74

Reinforce panel 3 2.3906E+10 2.4166E+10 -2.5995E+08 1.09

Inner panel 1 2.0194E+10 2.0776E+10 -5.8171E+08 2.88

Inner panel 2 3.2930E+10 3.3112E+10 -1.8211E+08 0.55

Roof rail Outer panel 1 2.4867E+10 2.4685E+10 1.8202E+08 0.73
Outer panel 2 2.4732E+10 2.5894E+10 -1.1624E+09 4.70

Reinforce panel 1 2.4658E+10 2.4971E+10 -3.1325E+08 1.27

Reinforce panel 2 2.4524E+10 2.5527E+10 -1.0028E+09 4.09

Reinforce panel 3 2.4577E+10 2.5654E+10 -1.0763E+09 4.38

Inner panel 1 2.4518E+10 2.4877E+10 -3.5869E+09 1.46




NUMERICAL APPROXIMATION OF VEHICLE JOINT STIFFNESS

Table 3. Joint stiffness of the vehicle joint with respect to/theis.

121

Unit: Nmm/rad, %

KX Kx Error Percent error
Initial shape 2.9066E+09 3.0443E+09 -1.3771E+08 4,74
Center pillar Outer panel 1 3.7880E+09 3.4506E+09 3.3738E+08 8.91
Outer panel 2 2.4490E+09 2.3238E+09 1.2521E+08 5.11
Reinforce panel 1 2.7480E+09 2.6687E+09 7.9280E+07 2.88
Reinforce panel 2 2.7982E+09 3.1060E+09 -3.0779E+08 11.00
Reinforce panel 3 2.8291E+09 3.1403E+09 -3.1126E+08 11.00
Inner panel 1 2.4713E+09 2.5098E+09 -3.8574E+07 1.56
Inner panel 2 4.0346E+09 3.8327E+09 2.0190E+08 5.00
Roof rall Outer panel 1 3.0734E+09 3.2000E+09 -1.2660E+08 4.12
Outer panel 2 2.9374E+09 3.1767E+09 -2.3936E+08 8.15
Reinforce panel 1 2.9136E+09 3.1333E+09 -2.1966E+08 7.54
Reinforce panel 2 2.9018E+09 3.1273E+09 -2.2546E+08 7.77
Reinforce panel 3 2.9109E+09 3.1240E+09 -2.1313E+08 7.32
Inner panel 1 2.7915E+09 3.0955E+09 -3.0393E+08 10.89
Table 4. Joint stiffness of the vehicle structure with respect tpakes. Unit: Nmm/rad, %
KX kx Error Percent error
Initial shape 1.9357E+11 1.9882E+11 -5.2537E+09 271
Center pillar Outer panel 1 1.9623E+11 1.9862E+11 -2.3904E+09 1.22
Outer panel 2 1.9415E+11 1.8988E+11 4.2655E+09 2.20
Reinforce panel 1 1.9724E+11 1.9357E+11 3.6688E+09 1.86
Reinforce panel 2 1.9179E+11 1.9651E+11 -4.7332E+09 2.47
Reinforce panel 3 1.9401E+11 1.9862E+11 -4.6172E+09 2.38
Inner panel 1 1.9038E+11 1.9854E+11 -8.1674E+09 4.29
Inner panel 2 2.0314E+11 1.9980E+11 3.3350E+09 1.64
Roof rall Outer panel 1 1.9436E+11 1.9859E+11 -4.2402E+09 2.18
Outer panel 2 1.9374E+11 1.9905E+11 -5.3124E+09 2.74
Reinforce panel 1 1.9807E+11 1.9752E+11 5.4340E+08 0.27
Reinforce panel 2 1.9323E+11 1.9838E+11 -5.1531E+09 2.67
Reinforce panel 3 2.0103E+11 1.9718E+11 3.8507E+09 1.92
Inner panel 1 1.8847E+11 1.9898E+11 -1.0513E+10 5.58

Equations (20) and (21) express the objective functiorjoint with respect to the each direction. As shown in these
and the design constraints defined for the optimal desigrtables, the percent errors between the two models are less
ADS is used to perform the optimal design (Vanderplaatsthan 11%.

1985).
Minimize: F(p)=% (K, — K;)’ (0) O CONCLUSIONS

. K — K, In this study, a numerical approximation of joint stiffness
Subject to == <& (21) " is presented for considering joint flexibility of thin walled

beam-jointed structures. The approximate equation of
In Equation (21)¢ is an allowable error and set up to joint stiffnesses is derived by using the response surface
be 0.1. Tables (2)-(4) show the stiffness of the vehiclemethod, the least square method, and the optimal design
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method in terms of beam section properties. Using the motive Structural AnalysisVan Nostrand Reinhold

proposed method, it is possible to optimize joint struc- Company.

tures considering the change of section shapes in vehicl€éim, Y. Y., Kim, J. H., Kang, J. H. and Yim, H. J. (1995).

structures. The methodology presented in this study On the estimation of the box beam T-joint stiffness.

shows that joint stiffnesses can be effectively determined Transactions of KSAB, 4, 68-77.

in designing vehicle structure. Lee, H. Y. (1995)Stiffness Analysis and Optimal Design
of Thin Walled Beam Structuresviaster Thesis.
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