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APPLICATION OF THE EXTENDED
DISTINCT ELEMENT METHOD FOR
COLLAPSE SIMULATION OF A DOUBLE-

DECK BRIDGE

Kimiro MEGURO* and Motohiko HAKUNO**

The Distinct Element Method (DEM), in which soil is represented as an assembly of
numerous discrete particles, does not account for the continuity of the medium. The
extended method has another physical structure which represents the effect of the internal
material between the particles as mortar of concrete. We simulated the two-dimensional
dynamic fracture process of the Cypress Double-Deck Bridge on Interstate 880-Line
suffered by the 1989 Loma Prieta earthquake using this method. Results agree well with
the real damage qualitatively and confirmed that this method can simulate the collapse of

structures involving discontinuous behavior.
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1. INTRODUCTION

A number of earthquakes in the past entailed
heavy casualties. To prevent such mishaps, and
assure the general public safety in the event of
future earthquakes, it is vital to analyze how
structures would collapse. An attempt of analyzing
the process which structures behaviorally follow in
their collapses, namely, “Where and how they
undergo collapse?”, “How long is the time of
collapse, short or long?”, “How far would the
fragments of structural members fly in the process
of collapse?”, and “How wide would be the scope
of collapse which structures might possibly experi-
ence, partial or overall collapse?”, is expected to
cut our technological inquisitive way through the
domain of structure collapse behavioral uncertain-
ties. If the intensive light of engineering concerned
with structural collapse is projected upon these
uncertainties, there will be brought forth some
approaches to clarify them. For example, we may
undertake such architectural designs which allow
partial structural collapse but prevent complete
collapse. The means for such an analysis at the
present stage is the method which Iwashita and
Hakuno” have extended from the distinct element
method due to Cundall®.

First, we applied the extended distinct element
method, abbreviated as EDEM, for the bending
test of a concrete beam without reinforcement.
Next, we simulated the collapse process of the
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Cypress Double-Deck Bridge on Interstate
880-Line which incurred damage on the occasion
of 1989 Loma Prieta earthquake. The consequ-
ences of the analysis which we recently undertook
give a good qualitative account for the phenomena
which structures exhibit in their actual collapses.

2. EXTENDED DISTINCT ELEMENT
METHOD

To date, the extended distinct element method
used to be applied as a means to analyze the
behaviors (including the liquefaction phenomenon)
of soil and bedrocks. In the field where such
analyses have so far been carried out, this method
is of late getting highly appreciated for its
applicability for such behavioral analyses’™.

With reference to the subject method, Iwashita
and Hakuno attempted their theoretical develop-
ment with the pore material’s (clay between sand
particles, for example) behavioral effect substi-
tuted by the function of a spring, wherein they
called this spring as a pore-spring. The concept of
this pore-spring is understood to account for two
mechanisms; (a) mechanism of the pore material’s
behavioral effect, and (b) the soil grain deforma-
tion restricting effect. The latter effect is due to the
shape (polygon) of the grains which, in general, are
not round. The sharp corners restrict the deforma-
tion of the grains in contrast to the behavior of
circular grains.

With pore materials taken as cement mortar in
the case with concrete”, and coarse aggregates
likewise regarded as round elements (Fig.1), we
implemented the simulation of a bending test of
small reinforcement-free concrete beams. Via the
simulation, it was found that the mode of EDEM
modeling with coarse aggregates regarded as round
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Fig.1 EDEM modeling of concrete

elements requires handling of an enormous number
of elements to analyze the mechanism of entire
structural collapse. Taking this into account, we
came to a conclusion that apart from the discussion
of methodological feasibility in the future, such a
modal approach would be impractical with current
computers undergoing operational capability
limits. It was further clarified that both the
fundamental vibration modal and collapse modal
analyses which carry significance in respect of
engineering, need no necessity of the EDEM
modeling at a material level involving too many
elements. Our main purpose is to simulate the
collapse behavior of the whole structure rather
than knowing the local behavior at micro level.
Therefore, in an attempt to simulate the collapse
mechanism of a double-deck bridge when exposed
to an earthquake, the elements involved were
decreased as much as possible, with at least two
elements arranged widthwise of each bridge pier
and girder (these structural members are essential
for the transmission of bending moments).

For an element, 7, (with a mass of m;, and an
inertia moment, I;) of the EDEM model, the
equations of motion are

mﬂ;i’l“ Czu—f—F‘:O ............................... (]_ )
L+ DitMy=0 cvveeeereeeniieniienienne (2)
where

F; is the resultant of forces acting on the element,
M; is composite moment acting on the element,
C, and D; are the respective damping coefficients,
» and ¢ are displacement vector and rotation of the

element.

Both displacement vector # and rotational
displacement ¢ are obtained by a step-by-step
time integration of equations (1) and (2).

Details regarding the criteria of the establish-
ment and fracture of pore-springs are given in
ref.7). Pore-springs are set when the distance
between two elements are smaller than a specified
value. A critical tensile strain is used as fracture
criterion in the normal direction, and in the
tangential direction, Mohr-Coulomb’s fracture
criterion is adopted.

3. ESTIMATION OF PARAMETERS
FOR THE EDEM

The spring constants of each element-spring and
pore-spring are decided, depending on the wave
propagation velocity through a medium. More
precisely, each of these spring constants is set in a
manner that the velocity of wave propagation
through a model medium will agree with that of the
medium to be analyzed. The wave propagation
velocities, V, and V4, are first calculated according
to Young’s modulus, Poisson’s ratio, and density of
the medium concerned. Assuming that V, and V;
are related with the normal directional spring
constant, and the tangent directional spring
constant, respectively, a composite spring constant
in each direction (element- and pore-springs,
respectively) is subsequently calculated. Thereaf-
ter, the respective directional spring constants of
each element- and pore-springs are calculated.

The procedure for estimating parameters takes
into account the velocity of wave propagation
through a model which approximates closely to that
through the medium, and thereby enables to
fabricate such a model having the physical
properties matching those of the medium con-
cerned.

Furthermore, the model is given shocks, where-
by elastic waves are propagated through it for the
simulation as shown in Fig.2, and subsequently,
following the simulation results, the velocity of
elastic wave propagation through the model is
calculated. In the event that the difference between
the calculated elastic wave propagation velocity
and the actual propagation velocity is found large,
the respective spring constants are adjusted. Fig.2
is an example of wave propagation analysis of a
very soft ground model. Compressional wave
velocity, V,, obtained from the simulation is about
85 m/s which agrees well with that obtained from
Young’s modulus, Poisson’s ratio, and density of
the ground considered.

The above procedure is for the estimation of
spring constants of the media, such as isotropic
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Fig.2 Wave propagation through a EDEM material
(Normal force distribution)

ground or concrete without reinforcement. When
the medium is anisotropic, (for example, rein-
forced concrete, which is composed of different
materials like concrete and reinforcement), we
should take different parameters for each (ref. 7).
When we use a model with fewer elements like that
in section 4.2 for the analysis of a double-deck
bridge, we have to consider the overall behavior of

the structure as well. In such a case, the behavior of.

the model is compared with that of the real
structure of the same geometry, for example, by
conducting sweeptest of the model with the
EDEM. The damping coefficients used in this
analysis have values commonly used in seismic
response analysis.

4. RESULTS OF NUMERICAL
SIMULATION

Although the main purpose of this study is to
simulate the fracture process of the double-deck
bridge which suffered damage due to the 1989
Loma Prieta earthquake, we first simulated the
bending test of a concrete specimen model in which
each gravel is represented by one element. This is
an example of material level modeling. From the

| 53cm

15cm

(a) Particle distribution

(b) Mortar-Spring distribution

Fig.3 Model of concrete specimen (Bending test model)

result of this test, one can clearly understand the
difference between the material level modeling and
macro modeling that is adopted for the collapse
simulation of the double-deck bridge in this study.

(1) Bending test of concrete specimen

We attempted simulating a bending collapse test
of a concrete specimen according to the EDEM,
using the model presented in Fig.3. The loading
force to the concrete specimen is applied by
downward relocation of two points at the upper
part of the specimen via displacement control, as
shown in Fig.3. Presented in Fig.3(a) is the
particle distribution of 893 round elements, each
with a diameter of 1.0 cm, showing the locations of
respective coarse aggregates. Meanwhile, Fig.3(b)
gives the distribution of pore-springs at the initial
stage. The parameters employed for the bending
collapse test are as specified in Table 1.

Test results are shown in Fig.4. Taking a look at
the mortar-spring distribution in Fig.4(a), it is
observed that the model is not subjected to
cracking at stage 1. Referring to Figs.4(b) and (c),
it is found that large compressive force and
shearing force are present on the line which runs
through four loading points inside the specimen,
and also that the specimen has undergone tensile
strain originated cracking at stage 2, with the upper
part remaining free from cracking. It is further
clarified that in the neighborhood of a cracking
inflicted part, both tensile force and shearing force
are approximately zero at stage 2, with the
neighborhood area relieved of stress. It is likewise
witnessed that the supporting points at both ends of
the specimen have experienced slight collapse.

— ]
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Table 1 Parameters of the simulation (Bending test
model, see Fig.4)

Spring constant, 6.0 10° Spring constant, 3.0% 10°
Element-Spring Ken(N/m) Element-Spring Kes(N/m)
(Normal) ; i (Tangential) i ;
Damping coefficient, 15X 10° Da@lng coefficient, LOX 10°
nen(Ns/m) nes(Ns/m)
Spring constant, 30X 16° Spring constant, 15X 10°
Pore-Spring Kpn(N/m) Pore-Spring Kps(N/m)
(Normal) | pamping coefficient, 00 (Tangential) | Damping coefficient, 0.0
npn(Ns/m) : nps(Ns/m) ’
Setting distance ratio of pore-spring, o 1.05 | Critical tensile strain of pore-springs, § 1.01
Density of element, p (Kg/m®) 25%10° Cohesion, Cgppy (N) 1.0% 10*
Friction coefficient, jt 1.00 Time increment, A t () 1.0X10°
Loading rate, Vi, (cm/s) 2.0

stage 1

O

O

stage 2

O stage 3

(a) Mortar-Spring distribution

stage 2

(b) Compressive normal force distribution

1928. 13 N
S

2048. 86 N
[A——)

6964. 58 N
| I—

stage 2
13835.32 N
[—

stage 3

(c) Shear force distribution

Fig.4 Simulation of a bending test under vertical, constant-rate deformation

Notwithstanding the fact that the specimen con-
figuration as well as the loading points and
fulcrums arranged for the test are symmetrical, the
distribution of cracks present within the specimen
is unsymmetrical. The above observation may
possibly be due to the unsymmetrical position of
the origin of coordinates. It must be noted that the
cumulative calculations were carried out with the
origin of coordinates set at a leftward point and not
the center within the specimen. Therefore, the
coordinates of respective elements are unsymmet-
rical, and as a consequence, the incremental
displacement, if any, is as small as an extremely
short time interval during calculations, such that
displacement increments sometimes cannot be
added to the original coordinates of respective

elements due to underflow. In such a case, if there
exists as much error as one digit in the coordinates
of a certain object located at a point corresponding
to the origin of the coordinates, the underflow of
those elements, which are through with some
coordinate extension, goes with as much error as
one digit. It is considered that the displacements
taking place with the stresses of individual elements
are thus deprived of symmetry.

Stage 3 coincides with a tensile strain stemmed
crack transversely running through the specimen,
with some pore-springs in a certain part of the
specimen remaining unbroken. But in this stage, it
may be supposed that the specimen would have
broken into two parts. The distributions of normal
force and shear force in Figs.4(b) and (c) clearly
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reveal this fact. ,

One reason for conducting the bending test of a
concrete specimen without reinforcement, which is
not used as a structural member in Japan, is that
even now, seismic damage of non-reinforced old
structures are sometimes observed in the Middle
East, Central Asia, and Central and Southern
America.

(2) Collapse process simulation of a

double-deck bridge suffered from the
1989 Loma Prieta earthquake

The extended distinct element method (EDEM)
is a conceptual model realized with a unique idea
incorporated, wherein elements are each recog-
nized as a unitary element of motion, a key to solve
the equation of motion, and an interaction among
elements is regarded as a spring action in a broad
sense. In another aspect, the EDEM is otherwise
taken hold of as a lumped mass system, a
subsystem of the composite, multi-degree-of-
freedom (MDOF) system. Reference will now be
made to “What is the most outstanding difference
between the lumped mass system branched off
from the MDOF system which is generally applied
as a means for the dynamic response analysis, and
the EDEM system?” The difference lies between
the respective system configurations, the former
being characterized in that only continuous bodies
can be analyzed while the latter, featuring its
configuration, enables behavioral tracking over
such a scope from a continuous body to a
discontinuous body. Taking note of this system
configuration, the EDEM system may be grasped
as a means for the response analysis (extended
MDOF) following the multi-degree-of-freedom
system characterized by an extended scope of
application.

Depending upon the material characteristics of
the medium concerned and the scales of the
structures to be modeled by the EDEM, it is
impractical and beyond the operational capability
of present computers to have models in which the
elements have one-to-one correspondence with
those in the real medium. In the case where basic
vibration and subsequent collapse modal particu-
lars, for example, are required to be clarified, both
of which hold significance in engineering, there is
no need to model at the material level involving a
large number of elements. In such a case, it is
useful to consider the EDEM as an extended
MDOF system, which can be applied to the
collapse behavior of structure.

The conventional MDOF system dynamic re-
sponse analysis finds it very difficult to analyze the
dynamic behavior in the stage of structural collapse
initiation or in the process wherein structural

about 3.4
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Fig.5 Model of the Cypress Double-Deck Bridge on
Interstate 880-Line (Pore-springs set between
shaded elements are much weaker than others)

Table 2 Particle data of a double-deck bridge model
(see Fig.5)

Height X Width
(Xm X Zm)

18.0X15.0

Total number of
50.0 116
elements

Element radius
(cm)

about 19 m

S /{aboutZAmr.?
WDD@@@@DF

Y Hinges
about4.?m / \
| e

?about 24m

OOOMiOHao
| [

about 1.8 m  about 154 m about 1.8 m
~ 64m|— k i

about 12.8
~ 14.8m

Fig.6 Typical cross section of the Cypress Double-
Deck Bridge on Interstate 880-Line'”

collapse is progressing. However, the dynamic
response analysis following the EDEM system
allows us to simulate the collapse behavior of
structures from a sound state to complete collapse.
Therefore, with the EDEM system dynamic
response analysis, the structural vibration charac-
teristics which are variable with the outbreak of
collapse, and in keeping pace with the progress of
collapse can phenomenalistically be illustrated in a
state of spontaneity.

In this study, accepting the EDEM system as an
extended MDOF system, we attempted the
simulation of collapse which a double-deck bridge
had suffered in the 1989 Loma Prieta earthquake.

a) Model for simulation

Using the model shown in Fig.5 (see Table 2 for
the particulars of element data), we conducted a
simulative analysis not only of the responses which

]
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Fig.7 Fracture mechanism of the Cypress Bridge on Interstate 880-Line'”

Table 3 Parameters of the simulation (Sweeptest of a
double-deck bridge, see Fig.8)

Spring constant, 45X 10° Spring constant, 1.5%10°
Element-Spring Ken(N/m) Element-Spring Kes(N/m)
(Normal) R . (Tangential) i i
Damping coefficient, 138X 10° Damping coefficient, 8.0 10
nen(Ns/m) nes(Ns/m)
Spring constant, 45X 16° Spring constant, 15X 10°
Pore-Spring Kpn(N/m) Pore-Spring Kps(N/m)
(Normal) . . (Tangential) i i
Damping coefficient, 10X 10° Damping coefficient, 7.0%10°
npn(Ns/m) nps(Ns/m)
Setting distance ratio of pore-spring, & 1.45 | Critical tensile strain of pore-springs, B L10
ity of element, p (Kg/m’ 5X10°
Density of element, p (Kg/m’) 25 103 Cohesion, Cgpgy N) 1.0X 10"
[Deck part] [1.0X107
Friction coefficient, p 1.00 Time increment, At (s) 5.0%10°
Yield comprt'assive force of 6.0X10%°
element- spring, Fmax (N)
TIME (sec)
T T T J !
L 5. 00 10. 00 1§. 00 20. 00 25. 00
5. 852E-1' m
99 -+ A A 5. §1E~1
co ] AA 4.31B-1
ol - ! 2. 98E-1
13 ~AAAAMNNNINNAANAAAAANAAA 1L 18E-
1 Horizontal displ t response S
ni X H
a) Horizontal displaceme P Max. Displacement
TIME (sec)
f T [ f y I
0. 00 5. 00 10. 00 15. 00 20. 00 25, 00
~2. 45 m/s

b) Input wave for sweeptest

Fig.8 Result of sweeptest using bridge model
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Table4 Parameters of the simulation (Fracture analysis
of a double-deck bridge due to seismic loading,
see Fig.10)

Spring constant, 45X10° Spring constant, 15X 10°

Element-Spring Ken(N/m) Element-Spring Kes(N/m)

(Normal) i i (Tangential) : i

Damping coefficient, 60X 10" Damping coefficient, 345X 10°

nen(Ns/m) nes(Ns/m)
Spring constant, 45X 16° Spring constant, 15X 10°

Pore-Spring Kpn(N/m) Pore-Spring Kps(N/m)

(Normal) : ; (Tangential) : :

Damping coefficient, 20X 10" Damping coefficient, L1X10°

npn(Ns/m) nps(Ns/m)
Setting distance ratio of pore-spring, & 145 Critical tensile strain of pore-springs, § 1.05
{Shaded elements] [1.0004]
Density of element, p (Kg/m’) 2.5X10° Cohesion, Cppey N) 10X 10
[Deck part] [1.0X10%] {Shaded elements] [1.0X10°]
Friction coefficient, p 1.00 Time increment, At(s) 50%10°

el X
Yield compr?sswe force of 6.0X10°
element- spring, Fmax (N)

Photo.1 Collapse of the Cypress Double-Deck Bridge
on Interstate 880-Line

Photo.2 Collapse of the Cypress Double-Deck Bridge
on the opposite side of Photo.1

TIME

{sec)

T T T
0. 00 2. 00 4. 00

6. 35E~2 m

T T 1
6. 00 8. 00 10. 00

Fig.9 Input wave for fracture analysis of a double-deck bridge

a 2-story structure exhibited when applied with the
external force of an earthquake, but also of the
process of collapse thereof. The numbers in the
above figure are respective element numbers
selected for use in plotting the responses witnessed
from the model under the simulative analysis while
exposed to earthquake-initiated vibrations. This

model was patterned after the Cypress Bridge on
the Interstate 880-Line which suffered heavy
damage during the 1989 Loma Prieta earthquake.
Presented in Fig.6 are the typical cross section of
the bridge, and the pier type. Fig.7T shows the
mechanism of collapse estimated for the bridge
based on the report from a Tokyo Metropolitan
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(a) Distribution of elements and pore-springs

(b) Velocity distribution

Fig.10 Fracture process of a double-deck bridge due to seismic loading

Loma Prieta Earthquake Survey Team'.

b) Sweeptest

To examine the vibration characteristics of the
model for the simulative analysis, we implemented
the simulation of a sweeptest with the acceleration
(specified in Fig.8) applied to the model. The
parameters used for this simulative analysis are
given in Table 3.

During the sweeptest, resonance of the model
may take place. In such case, very large loads are
applied to the structural model. Thus the displace-
ment response becomes very large. When such big
loads and displacements applied to the model
destroy it, we cannot obtain linear dynamic
behavior. Thus, we adopted very large Fmax and

which are the yield value of the force acting on
element-springs in the normal direction and the
tensile strain parameter for pore-springs in order
not to have collapse even if there is a resonance
during the sweeptest simulation. Fig.8 shows the
findings from the analysis. Though the investiga-
tion with the EDEM system used for the dynamic
response analysis in the same applicative under-
standing as with the lumped mass system from the
conventional MDOF system has hardly been
undertaken in the past, noting the consequences of
the simulative analysis, it is found that use of the
EDEM system enables the implementation of the
dynamic response analysis of structures, similar to
the case of the conventional MDOF system.

L
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(a) Distribution of elements and pore-springs

(b) Velocity distribution

Fig.11 Fracture process of a double-deck bridge due to seismic loading

Examining the results of the analysis drew the
finding that the primary natural period of this
model was around 0.8s. Although this natural
period seemed longer, compared with Cypress
Bridge, the model was applied to the qualitative
simulation analysis.

¢) Fracture analysis with earthquake-initiated

vibrations

Following a primary natural period finding with
the model via the sweeptest, we carried out an
earthquake response analysis for the case wherein
the model was exposed to earthquake force, with
an earthquake-initiated vibration generator ap-
plied which had been fabricated to produce the
vibrations including the frequency components

corresponding to the natural and a little bit longer

‘than the natural period of the model. The
conventional earthquake response analysis using
the lumped mass system or a finite element method
(FEM) can be useful to the limit where structural
members yield to earthquake-initiated force,
whereby such a model analysis fails to undertake
analyzing the process of earthquake-caused
structural collapse. Meanwhile, the EDEM system
applied earthquake response analysis renders the
capability of demonstrating in a state of spontanei-
ty, the nonlinear structural behaviors involving the
decline of rigidity in keeping pace with the
occurrence of a crack or along the progress of
cracking, and the changes in structural vibration
characteristics.

In undertaking this study, we implemented a pier
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structural collapse simulation analysis, using the
parameters given in Table4 upon preparing a
model of the pier in Fig.5. This bridge structure
can be considered to have hinged ends at the
bottom in the upper deck (Fig.6). Therefore; in
the corresponding model (Fig.5), the fracture
criteria of pore-springs (8 and Cgpem) are very
much lowered for the elements shaded to take into
account the effect of the hinges.

The outcomes of analysis are presented in
Figs.10 and 11. Taking a look at the figures, it is
found that a shear crack first emerged at a part
where each upper deck column is fitted, due to
stress concentration, and a joint where the upper
deck girder and the column are coupled together
went into collapse subsequently. Further, it was
clarified that the external application of
earthquake-initiated force to the model entailed
the collapse of the above-mentioned upper deck
column fitted part, with an upper deck column
getting dislocated from a lower deck column, and
then laterally falling down outward. It was likewise
witnessed that thereafter, the upper deck fell over
the lower deck in a manner that the former might
overlay the latter. Photos 1 and 2 commonly show
not only the damage which Cypress Bridge on
Interstate 880-Line incurred due to the 1989 Loma
Prieta earthquake but also good coincidence with
the model over the mode of collapse.

Comparing the mechanism of collapse (Fig.7)
and the damage in Photos 1 and 2 with the findings
from the structural collapse simulation analysis
draws a supposition that Cypress Bridge might
possibly have undergone earthquake damage with
collapse process and mechanism as confirmed in
the simulation analysis.

5. CONCLUSION

We applied the EDEM to both bending fracture
test of concrete specimen and collapse simulation
of a double-deck bridge (Cypress Bridge on
Interstate 880-Line) damaged due to the 1989
Loma Prieta earthquake. In case of the bending
test, the specimen was modeled at material level
using many small elements, in a manner wherein
aggregates are reckoned as respective elements.
While in the collapse simulation of a double-deck

bridge, the EDEM was used as an extended

MDOF system reflecting that the total number of
elements was reduced to shorten the CPU time.

Results obtained in the study qualitatively agree
well with past real experiment results and seismic
damage. Using two level modeling, we can follow
the fracture process of a medium at material level,

and of the whole structure. The level of modeling
will depend on the purpose of the simulation.
Examining the simulation results drew a conclu-
sion that the macro model of the double-deck
bridge would be capable of demonstrating to some
extent how a structure would undergo local
collapse (shear fracture, for example), whereby the
model would be allowed to account for the process
or the mechanism of actual earthquake-caused
structural collapses with certain accuracy. Though

_ it is considered that the EDEM system is required

to go through improvements over various points,
we believe that the subject system will be
serviceable in the future as an effective means to
analyze the mechanism of structural collapses.
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