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We propose a quality assurance process for an automated high fidelity model (or solid element model)
by using a set of consistent low fidelity models. The consistency of low fidelity models is guaranteed ac-
cording to the meta-modeling theory which allocates structural mechanics as mathematical approximation
of continuum mechanics. The developed automated model construction modules are capable of using two
sets of digital data (Auto CAD and GIS) of a target bridge structure and of constructing a solid element
model, a frame model, a consistent mass spring model or a consistent lumped mass model. We use a set of
automated high fidelity multi-span bridge structures for the quality assurance process as a numerical exper-
iment in this study. It is shown that properly chosen consistent low fidelity models can be successfully used

for quality assurance of automated high fidelity model.
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continuum mechanics, structural mechanics

1. INTRODUCTION

A methodology of a more reliable estimation of
possible damage of a bridge structure induced by an
earthquake is to improve the accuracy of seismic re-
sponse analysis using a higher fidelity bridge struc-
ture model; with the progress of computers, large
scale computation that is needed for the analysis of a
high fidelity bridge structure model can be con-
ducted” . In civil engineering, it is rare that solid
element analysis is made even for a bridge structure
of complicated configuration® ¥. While there are
several reasons for such a rare use of a solid element
analysis for bridge structure, major reasons are; 1)
difficulty of validation of a solid element model
which includes a huge number of degrees of freedom

as compared to a structure element mode, and 2) la-
boriousness of construction of solid CAD model.
The modeling of solid CAD model is laborious,
when the number of structures and structure compo-
nents analyzed is huge. The development of auto-
mated model construction, i.e., conversion of digital
data available for a target structure to an analysis
model which is directly input to a suitable seismic re-
sponse analysis method, is thus required®. In this
study, a prototype of an automated model construc-
tion modules is used to construct a set of different fi-
delity models for a target bridge structure.
According to a typical validation approach, we
need to observe input ground motion and seismic re-
sponses of a target bridge structure, but installing a
monitoring system of ground motion and seismic re-
sponse is expensive, specially, when the target bridge
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structure occupies several kilometers. As an alterna-
tive of the typical validation approach that uses ob-
served data, we are proposing a sequence of models,
from a low fidelity to a high fidelity. The quality of a
low fidelity model is more easily examined than a
high fidelity model, since a low fidelity model such
as a mass spring model, a frame element model, ect.,
uses a fewer parameters which have to be examined.
Using a low fidelity model as a reference, we exam-
ine the quality of a high fidelity model or solid ele-
ment model which has more parameters. We empha-
size the necessity for all the models in the sequence
to share the same fundamental dynamic characteris-
tics such as natural frequencies or mode shapes.

The authors are proposing meta-modeling®- ®: 7 ®
9:19) theory, which allocates structural mechanics as
mathematical approximation of solving a Lagrangian
problem of continuum mechanics. In other words,
structure mechanics solves the same physical prob-
lem of continuum mechanics applying distinct math-
ematical approximations. Therefore, it is well ex-
pected to construct a set of different low fidelity mod-
els of the same fundamental dynamic characteristics
as a continuum mechanics model, according to the
meta-modeling theory.

This paper proposes a method of quality assurance
of automated high fidelity model (solid element
model) by employing a set of consistent low fidelity
models those shares the same fundamental dynamic
characteristics as a continuum mechanics model. The
target structure is bridge structure. The contents of
this paper are as follows. First, the modules of auto-
mated construction are briefly explained in Section 2.
In Section 3, meta-modeling theory, which constructs
a set of models for one structure, is explained; this
theory is the basis of constructing a model of assured
quality, and its key point is consistency of model. We
carry out numerical experiment to examine behavior
of response of a set of different fidelity consistent
models for six different multi-span bridge structures
in Section 5. Some concluding remarks are made at
the end.

2. AUTOMATED CONSTRUCTION
BRIDGE MODEL

OF

There are different formats of digital data sources
which can be employed to construct a target bridge
structure. Each data source has unique data structure
which is suitable for their own special purposes. Con-
struction of a bridge structure needs global and local
information of the target bridge structure. The global
data include an overall 3D configuration of the target

bridge structure and the local data contain a detailed
information about each component of the target
bridge structure. Both the local and global data of the
target bridge structure need to be extracted from each
of the data sources and reorganized, so that an analy-
sis model is constructed from the reorganized data.
The reorganized data is called ameliorated data; see
Fig. 1.

The most important point of bridge structure mod-
eling is an identification of relation between the
global and local data of each data source. This rela-
tion can be developed by using pier identification
numbers, pier coordinates, or other information of the
target bridge structure to which the global and local
data are related.

In this study, automated model construction mod-
ules are introduced to overcome laboriousness of
bridge structure modeling, when the number of struc-
tures and structure components analyzed is huge.
Employing ameliorated data of the target bridge
structure, the developed automated model construc-
tion modules which are able to use two sets of digital
data (Auto CAD and GIS) of the target bridge struc-
ture and to construct analysis models for the target
bridge structure automatically. A key issue is that
model could be a solid element model or a frame
model. Then an eigenanalysis of the developed solid
or frame element model is able to generate a con-
sistent fundamental seismic response analysis model
such as a consistent lumped mass model (CLMM) or
a consistent mass spring model (CMSM) for a target
bridge structure.

3. META-MODELING THEORY

(1) Summary of the meta-modeling theory

In general, continuum and structure mechanics
share the same equations for kinematics and dynam-
ics but they have different constitutive relation of
strain and stress which creates inconsistency between
continuum and structure mechanics. For instance, in
bar or beam theory, one dimensional stress-strain re-
lation is used as a constitutive relation'V, i.e., ¢ = Ee
where ¢ and € are normal stress and strain compo-
nent in the same direction and E is Young’s modulus.
The material model of structure mechanics fully ig-
nores the of Poisson’s ration v. The difference in the
material property clearly appears for isotropic mate-
rial state in strain energy densities, (es and e.), as
1 a-wE
2(1+v)(1 - 2v)
Where e is for bar or beam theory and e.. is for con-
tinuum mechanics.

1
e =§E62 ande. =
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Fig. 1 Construction of a set of different fidelity analysis models for a target bridge structure.

This different treatment in material property re-
sults in a different problem of structure mechanics
and continuum mechanics. This is clearly seen in
terms of the following ordinary Lagrangian:

Llv, €] = K[v] — P[e], (M
where v and € are velocity and strain, v = i1 and € =
sym{Vu} with (*) and V(-)being temporal derivative
and gradient, and sym standing for the symmetric
part. While K[v] = [ pv-v dv is common, P[e] is
different for structure mechanics and continuum me-
chanics, since it is the integration of eg or e.. It is
clear that fundamental dynamic characteristics of a
structure mechanics model need to be different from
of a continuum mechanics model.

Meta-modeling theory® introduces another La-
grangian for velocity, strain and stress to overcome
this inconsistency of material model, i.e.,

L*[v,€] = K[v] — P[e], @
where

1
P*[e, o] =JG:E_EG: c Lody, 3)

with ¢~ being the inverse of ¢ and : standing for the
second order contraction. This L*[v, €] is equivalent
with L[v, €], since § [ L* dt = 0 yields 6 = c: € and
pXii(x,t) — V- (c(x): Vu(x,t)) = 0, 4)

for u which makes v = 1 and € = sym{Vu}. Equa-
tion (4) coincides with the wave equation of u which
is derived from ordinary Lagrangian (L[v, €]).

It is clear that § [ £* dt = 0 leads to the identical
governing equation with that of bar or beam theory
by choosing suitable subset of function space of

{u, 0} without making any assumption such as di-
mensional stress-strain relation'V. It is also clear that
the resulting solution of bar or beam is an approxi-
mate solution of continuum mechanics. In this sense,
we regard solution space of bar or beam theories as a
subset of solution space of continuum mechanics.

(2) Construction of consistent mass spring model
based on the meta-modeling theory

As a simplest case of mass spring model, we con-

sider a mass spring system that contains two mass

points. According to the meta-modeling theory, an

approximate displacement function for the mass

spring system can be considered as of following

form:
2

u(x ) = Y U (x), 5)
a=1

where U? is displacement of the o-th mass point and
¢ is the corresponding displacement mode; by def-
inition, ¢%*(x* ) = 1, with x* being the location of
the a-th mass point, and (I)“(XB ) =0 for a # B,
which we can call as requirement 1.

For simplicity, we substitute u of Eq. (5) into
L[v, €] of Eq. (1) rather than L*[v, €]of Eq. (2) which
requires setting of ¢ and obtain

2
1 .1
L= Z SmABYU ~ZkPYU, ()
a,f=1
where
me? =f pd® - §F dv, )
74



kP = fV(I)“:C:V(I)ﬁ dv.
v

If we can find ¢ and ¢? which can vanish m!2
and k?? (requirement 2), then the above £ becomes
L= %mn((]l)z + %mzz((']z)z _ %kIZ(UZ — U2
1 11 2y2
- Ek (U*)>.
As is noticed, this £ corresponds to a Lagrangian of
a conventional mass spring system. However it is im-
possible to find ¢! and ¢? that vanish both m*2 and
k?? simultaneously. For instance, we now assume
that ¢! and ¢? satisfy only requirement 1.

We need to utilize dynamic modes of continuum
mechanics in constructing a mass spring model, so
that it shares the same dynamic fundamental charac-
teristics with a continuum model. We suppose that
two dynamic modes {{* w*} (a =1 or 2), are

given; Y% is a mode shape and w?® is a natural fre-
quency. Recall that the dynamic mode satisfies

p(@)*P* + V- (c: V) =0, (®)
and
j pPP’f dv =0, f Vg% VPPdv=0, (9)
14 14
fora # .

It is clear that P! and Y? cannot satisfy require-
ment 1. Hence, we try to find suitable linear combi-
nations of {{*} that satisfy the requirement 1. To
this end, we consider the following combination:

N (10)
where t%F is a component of two-by-two matrix. It is
readily seen that this matrix can be determined when

P! and P? is in the same direction and are parallel to
each other.

4. QUALITY ASSURANCE OF
AUTOMATED HIGH FIDELITY BRIDGE
STRUCTURE MODEL BY EMPLOYING
CONSISTENT LOW FIDELITY MODELS

(1) Problem setting

Three straight (SC) and three curved (CC) multi-
span bridge structures with different types of pier ar-
rangement along the longitudinal direction of each
bridge structure are studied in this numerical experi-
ment for the quality assurance of an automated high
fidelity bridge structure model; see Fig. 2 and Appen-
dix A for the geometric arrangement of these bridge
structures. The continuous deck structures of target
bridges are only allowed to move in the longitudinal
direction of the bridge, the piers are fixed to the
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Fig. 2 Geometric and mass points’ information about multi-
span bridge structures: (a) straight continuous (SC); and (b)
curved continuous (CC).

ground at the pier base, and tie connection is used for
the connection between the pier and the deck. Tie
connection is the simplest, and more sophisticated
connection could be used if more detailed infor-
mation is available for the connection.

Four consistent models are developed for each
bridge structure. They are (1) a CLMM, (2) a CMSM,
(3) a frame model, and (4) a solid element model.
First, the automated construction module is used to
develop a solid element model and a frame model
separately; see Sec. 2 for the automated construction
process. Then, a CLMM is constructed from the
frame model; see reference® for the construction of
the CLMM. Next, a CMSM is constructed from the
solid element model; see Sec. 3.2 and reference®” '
for construction of CMSM. The CMSM for the lon-
gitudinal direction uses only first mode in this numer-
ical experiment. This is because in the longitudinal
direction, the first mode has much lower natural fre-
quency than other modes. The location of mass point
of each bridge structure for the CMSM is shown in
Fig. 2.

Table 1 shows the material properties of the pier
and the deck structures. Linearly isotropic elasticity
is assumed. The configuration of the pier is displayed



(b)

Fig. 3 Multi-span bridge models (SC & CC): (a) pier geom-
etry; and (b) deck cross-section geometry.

Table 1 Material data of multi-span bridge models.

Item E/GPa | p/Kgm? v
Pier 24 2400 0.2
Deck 200 2000 0.3
0.25
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Fig. 4 Input ground motion for bridge structure

in Fig. 3(a), and the cross-section of the deck is
shown in Fig. 3(b). Frequency and time domain anal-
yses are conducted for the target bridge structures, in
order to check the consistency of the developed mod-
els and the applicability of the consistent low fidelity
model for quality assurance process of the automated
solid element model. The ground motion displayed in
Fig. 4 is employed.

(2) Results and discussion

Natural frequencies of the CLMM s in the longitu-
dinal direction are presented in Table 2; the natural
frequencies of the first mode of the frame models are
presented, too. As is seen, the natural frequencies of
the CLMMs do not have a good agreement with those
of the frame models, except for the cases of SC 1 and
SC 2. This is due to the contribution of stiffness from

the deck structure to the first mode in the longitudinal
direction; in the current CLMM, the deck structure is
assumed to be a rigid body®. Figure 5 shows the ax-
ial strain distribution in the first mode in the longitu-
dinal direction for SC_2 and CC_3. These two mod-
els are, respectively, the best and the worst, in com-
parison of the frequency with that of the frame mod-
els. It is clear that the deck structure of CC_3 gener-
ates more axial strain than that of SC 2, which in-
duces stiffer responses for the first mode in the lon-
gitudinal direction. When the target structure be-
comes complicated such as case CC 3, the current
CLMM cannot perform well; we need to improve it
in the future by considering a deformable deck struc-
ture.

Natural frequencies of the CMSMs in the longitu-
dinal directions is presented in Table 3; the natural
frequencies of the original solid element models are
presented, too. As is seen, the natural frequencies of
the CMSMs coincide with those of the solid element
models, as expected. Next, first three natural frequen-
cies of the frame model and the solid element model
in the longitudinal directions is also presented in Ta-
ble 4. It is seen that there is good agreement of the
natural frequencies between solid element and frame
element model in the longitudinal direction too.

After the frequency analysis, we conduct time his-
tory analyses for the longitudinal direction of each
bridge structure. Responses of the CLMMs, CMSMs
and frame models are compared with those of the
solid element model; see Figs. 6, 7 and 8 for the case
of SC 2 and CC_3, respectively. It is seen that the
responses of the CMSM and frame model matches
well with those of the solid element model, but that
the response of CLMMs does not match well except
the case of SC 2. Figures 9(a) and (b) show input
ground motion in the frequency domain and the nat-
ural frequency of each model of the case of SC_2 and
CC_3 are designated. The natural frequency of the
CLMM of CC 3 shifts to the peak amplitude range
of the input ground motion, which causes a larger dif-
ference in displacement response; see Figs. 8(b) and
9(b). The natural frequencies of all the modes of the
case of SC_2, which is the simplest bridge structure,
coincide with each other; see Fig. 9(a). Relative er-
rors of the maximum displacement in the longitudinal
direction of the each model are presented in Table 5.
As is seen, the maximum error is 16.049% for
CLMMs of the case of CC 3.

We need to choose a suitable consistent model of
low fidelity for the quality assurance of a model of
higher fidelity (solid element model) that is con-
structed in an automated manner. The model of low



Table 2 Natural frequency of multi-span bridge structure (CLMM
and frame element models) along longitudinal direction.

€beam axial direction

I +0.002
Case ID Cf;/fﬁlency / (ggne Diff. / (%)
0.000 SC 1 0.614 0.623 1.444
Y @ SC 2 0.665 0.673 1.189
I SC 3 1.504 1.620 7.160
-0.002 CC 1 0.628 0.690 8.985
X z CC 2 0.656 0.711 7735
CC 3 1.398 1.610 13.167

Table 3 Natural frequency of multi-span bridge structure (CMSM
and solid element models) along longitudinal direction

Frequency / (Hz) . o
Case ID CMSM Solid Diff. / (%)
(®) : SC 1 0.630 0.630 0.000
\/ SC 2 0.680 0.680 0.000
SC 3 1.640 1.640 0.000
Fig. 5 Axial strain contours plot of deck structure cC 1 0713 0712 0.140
(frame element model) for first mode along longi- CC 2 0.730 0.730 0.000
tudinal direction of bridge: (a) SC_2; and (b) CC_3. CC 3 1.624 1.623 0.062

Table 4 Natural frequency of multi-span bridge structure (frame and solid element models) along longitudinal direction.

Frequency / (Hz .
Case ID Mode ID o quency / ( 8)0h < Dff. / (%)
1 0.623 0.630 1111
SC_1 2 3.691 3.750 1573
3 3.810 3.880 1.804
1 0.673 0.680 1.029
SC 2 2 3717 3.785 1.796
3 3.828 3.902 1.896
1 1.620 1.640 1.220
SC 3 2 3.789 3.884 2.446
3 3.985 4.088 2520
1 0.690 0.712 3.090
cC 1 2 3.720 3.699 0.568
3 3.826 3.896 1.797
1 0.711 0.730 2.602
cC 2 2 3.736 3.734 0.054
3 3.837 3.907 1.792
1 1.610 1.623 0.801
CC 3 2 3.783 3.752 0.826
3 3.950 4.056 2613

Diff - Difference

fidelity is used as a reference, in examining the re-  solid element model for all the six bridge structures;
sponse of the target structure of complex configura-  the responses in the longitudinal direction are used.
tion. In this study, a pair of a CMSM and a frame

model are for such quality assurance of the automated
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Fig. 7 Displacement results of deck structure (solid element model and CMSM): (a) SC_1; and (b) CC_3

5 10 15 20 25 30
Time (sec)
(a)

Displacement (m)

0.060

0.040

0.020

0.000

-0.020

-0.040

-0.060 T T T

5 10 15 20 25 30

Time (sec)

(b)

Fig. 8 Displacement results of deck structure (solid element model and CLMM): (a) SC _1; and (b) CC 3
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Fig. 9 Input ground motion in frequency domain with first

natural frequency of each model along longitudinal direction:
(a) SC_2; and (b) CC 3.

Table 5 Relative difference for maximum displacement be-
tween solid and other models along longitudinal direction.

model construction are able to use two sets of digital
data (Auto CAD and GIS) of a target bridge structure
and to generate a solid element model, a frame model,
a CMSM or a CLMM. The quality assurance process
of automated solid element model is tested with a set
of multi-span bridge structures successfully in this
study. The quality of automated solid element model
is assured by comparing the fundamental properties
and the synthesized response of low fidelity models
of a target bridge structure.

The current CLMM needs to be improved by intro-
ducing a deformable deck structure in its formulation,
which will give complete consistency with the first
mode of the frame model of a bridge structure for any
arbitrary configuration. There is a possibility to im-
prove the automated model construction modules by
introducing other structure element models such as
plate and shell. Also, there is a possibility of extend-
ing meta-modeling to non-linear analysis modeling.
At least, it is straightforward to apply the meta-mod-
eling theory to incremental response of a non-linear
elasto-plastic structure.

APPENDIX A PIER HEIGHT INFOR-
MATION OF CONTINUOUS BRIDGE
MODELS IN NUMRICAL EXPRIMENT
REFERENCES

Table a.1 Pier height data of straight bridge models (SC).

. Height / m

Prer ID SC 1 SC 2 SC 3
1 22.0 25.0 8.0
2 26.3 25.0 16.0
3 27.1 25.0 24.0
4 26.3 25.0 32.0
5 26.1 25.0 24.0
6 30.2 25.0 16.0
7 30.1 25.0 8.0

Difference / (%)
CaseID S/ VM | CMSM | Frame
SC 1 5.945 1.027 1.708
SC 2 0.204 1.145 1792
SC 3 14.797 1.403 4234
CC 1 5.059 2.230 4365
CC 2 4.457 1313 2.770
CC 3 16.049 1.953 3875

Table a.2 Pier height data of curved bridge models (CC).

5. CONCLUDING REMARKS

This paper presents a quality assurance of an auto-
mated high fidelity model (or solid element model)
by employing consistent low fidelity models. The
consistency is assured according to the meta-model-
ing theory. The developed modules of the automated

. Height / m

Pier ID CC 1 CC 2 CC 3
1 22 25.0 8.0
2 26.3 25.0 14.0
3 271 25.0 20.0
4 26.3 25.0 26.0
5 26.1 25.0 32.0
6 30.2 25.0 26.0
7 30.1 25.0 20.0
8 26.3 25.0 14.0
9 22.0 25.0 8.0
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