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ABSTRACT:

In this work, we looked at the possibilities of
frequency-domain-based  correlation approaches
(damage correlation indices) in the area of impact
damage detection in reinforced concrete columns.
For this work, researchers used a novel ultra-high
drop hammer experiment technique to model the
effects of medium-sized vehicles striking bridge piers
by hitting four scaled-down reinforced concrete pier
components. Using an acceleration acquisition
device, the frequency response functions of the
members were measured both before and after the
damage occurred. As shown in the experiments, the
damage correlation indexes (DCI) that accounted for
the multi-order modal frequencies correctly identified
the piers' damage levels. In addition, using the
commercial software LS-DYNA, an impact finite
element model and a modal analysis technique were
constructed, both of which were matched with the
trials. Finally, the impact processes between
medium-sized vehicles and reinforced concrete piers
were simulated using a setup of the finite element
parameters that matched the experimental data.
Based on damage indices, a peak impact force (PIF)
formula for vehicle impact situations was presented
to ensure that structural design specifications are
met.

Keywords Lateral impacts, damage detection, modal
frequencies, numerical models, and reinforced
concrete piers.

I.Introduction

The gradual acceleration of the urbanization
process had led to rapid growth in the
number of vehicles and traffic facilities in
the region. Consequently, collisions between
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vehicles and bridge piers have become the
main threat to the safety of urban
overpasses. In recent years, researchers have
conducted many statistical studies regarding
major accidents caused by bridge collapses
since the 21st century, among which the
accidents involving ships or vehicles
impacting bridges were determined to
account for approximately 20%.1 In such
cases, applications of structural health
detection technology are of particular
importance. Damage assessments and repair
processes require huge economic
investment, which may cause difficulties to
the implementation of the necessary actions.
In fact, the progress which has been made
sensor and computer technology has
provided improved solution choices for
damage assessments. Among the newly
introduced technologies, vibration based
monitoring methods enable engineers to
collect data in real time, allowing structures
to be evaluated in real time by comparing
the parameters of the original structure with
those of the damage state.2 The most
commonly wused data include natural
frequencies3, modal shapes4, mass values5,
stiff- ness values6, damping matrixes7, and
frequency response functions (FRFs).8
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In order to solve the impact problems,
various coun- tries have actively put forward
corresponding design codes. The most
representative code is the proposed
AASHTO LRFD,9 which takes the
equivalent static force of 2670 KN as the
design value of bridge piers at a distance of
1500 mm from the road edge. The initial
rough finite element model established by
Chen et al.10 was used to evaluate its
reasonability, and the results showed that the
values taken in the aforementioned code
were too conservative in some cases.
Consequently, the finite element model
proposed by Abdelkarim and ElGawadyll
was used to verify the above-mentioned
values and compare them with those
obtained using a 25 ms average peak force
method and the equivalent static force
calculation method (equation

(1)) proposed by Euro-code.12 The results
indicated that it was more reasonable to use
the average force of the 25 ms peak force
proposed by Buth et al.13 as the equivalent
static force for structural designs:

2
mv;

ESF = ———F——
2(8¢ + 6p)

(1)

where m is the mass of the vehicle; Vr
denotes the velo-city of the wvehicle; dc
represents the distance variable between the
vehicle head and the center of mass; and dD
is the transverse deformation of the column
at the impact point. Buth et al.14 used a 36t
tractor-semitrailer to carry out transverse
impact experiments on a full- scale rigid pier
model. The model visually showed the
vehicle head crushing, cargo-pier impact,
and other mechanical behaviors of the
bridge pier. Chen et al.15 constructed an
anti-collision guardrail composed of five

short columns, and utilized a Dongfeng-
EQ140 medium-sized truck to carry out
transverse impact experiments. The impact
force, deflection, and other parameters were
recorded during the experimental pro-
cesses. Then, based on the acquired
experimental data, a simplified finite
element guardrail model was pro- posed. Cai
et al.16 carried out impact experiments on
15 square scale columns using a transverse
impact experi- mental device. The
influencing effects of the slenderness ratios
on the impact energy, peak impact force,
and member deformations were the main
focus in the aforementioned study. In
another related study, Zhou et al.17 explored
the dynamic responses of concrete pier
members  under  cumulative  impact
conditions using an ultra-high drop-hammer
experimental system. The results showed
that with the increases in the damage
degrees, the internal energy dissipation
capacities of the structures had gradually
decreased, and a damage judg- ment method
based on the changes in modal frequency
was proposed. There is no doubt that
previously con- ducted impact experiments
have greatly promoted the development of
numerical simulations in this field. Adhikary
et al.18 carried out weight reduction experi-
ments on reinforced concrete beams and
established a detailed finite element model
to analyze the impact mass ratios,
longitudinal reinforcement ratios, concrete
compressive strength, and other parameters
in detail. In addition, since the dynamic
behaviors of beams are more easily observed
during impact processes, Pham and Haol9
established a simplified mechanical model
and a numerical model of reinforced
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concrete beams; proposed a method to
deduce shear and bending moment
diagrams; and confirmed the assumption of
the linear inertial force distributions along
beams. Also, Chen et al.20 developed an
equivalent impact frame for the purpose of
simulating the impact effects of large trucks
and reinforced concrete columns. Then, by
com- paring the deformations and internal
energy relation- ships between frames and
actual trucks, the equivalence values
between the frames and actual trucks were
rea- lized. Finally, an appropriate finite
element simulation was established in order
to verify the overall similarities between
them. Sharma et al.21 developed finite
element pier models under different vehicle
impact conditions and proposed the concept
of performance-based design for impact
problems. In addition, the damages under
different states were successfully classified,
and a set of program frameworks was
established in order to estimate the
capacities and demands of dynamic shear
force in RC columns. However, the
classification of bridge pier safety grades
based on performance design criteria is too
vague, and there is no reasonable and
reliable quantitative index. In the study, a
high-applicability calculation method for
damage evaluation indexes and impact
forces was proposed. In this study’s
experiments, simplified impact tests using
trucks were carried out on circular section
piers with a reduced scale. The dynamic
responses of the RC columns during impact
and the modal frequency changes after
damages to the members were measured.
Then, in accordance with the experimental
results, a detailed finite element model was

established, and LS-DYNA software22 was
used to verify the experimental results. A
finite element model of a fullscale pier
under impact conditions was also developed.
The results of this study’s numerical
simulations revealed the relationships
between the peak impact

DCI damage assessment indicators proposed and
verification

Coordinate Modal Assurance
Criterion (CoMAC)

Verify the accuracy of DCI

Mode shape

Impact test —— Vibration tests

Damage correlation index

(DC)

Used in FEM

Finite element (FE) model —w

Experimental benchmark finite Velick-pie impact mode
clement model

Calculation method of dynamic

DCI development and application of FEM X ;
response of damaged pier

Figure 1. Technical route diagram of the
experiments.

force (PIF) and the damage degrees. Then,
an equiva- lent static force -calculation
formula of vehicle impacts in a short period
of time was established with the dam- age of
the bridge pier considered, which could
poten- tially provide valuable references for
future structural designs. The research
methods involved in this article are shown in
Figure 1.

Damage assessment methods based on
frequency domains

The basis of the vibration-based impact
damage assessment method relies on the
change of dynamic response caused by the
existence of damage. This phenomenon
makes it possible to identify the existence of
damage from the change of dynamic
response. In this section, two types of
damage indicators are introduced. The one is
the Modal Assurance Criterion (MAC)23
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and the Coordinate Modal Assurance
Criterion (CoMAC).24 This indicator is
used to express the deviation of the mode
shape before and after the damage of the
reinforced concrete structure. The difference
is because MAC only considers the
deviation of the first-order mode shape,
COMAC considers the deviation of the
multi-order mode shape. The second is the
damage correlation coefficient (DCI), which
can reflect the difference of multi-mode
frequencies before and after structural
damage. In this research, CoMAC is
considered as a traditional damage
assessment index, and the damage index
DCI proposed for impact damage is the
object to be verified.

MAC and CoMAC

The MAC is a dimensionless scalar
constant, which represents the degree of
correlation between the modal vector and
another reference modal vector, as shown in
equation (2). In the equation, CAI represents
the i-order modal vector from State A. The
co-ordinate  modal assurance criterion
(COMAC)24 is an extension of the modal
assurance criterion (MAC), and its
correlation is modal related. As shown in
equation (3), CAIj is the j- order mode shape
at point i in State A:

(o Hig) ]
({ﬂl’_f\i}r{%\i})({wa'}r{'!’Bf})
(2)

MAC({ai}, (Vg }) =

i i Hm) \2

j=1

COMAC{g} ) =
_Z] {1} _Z] {Ugy}”

(3)

Damage correlation index (DCI)

In this study, the damage degrees were
evaluated by the differences or similarities
between the original modal frequency and
the damage modal frequency. The
quantitative value was used to evaluate the
differences between the two samples. The
sample Pearson Correlation Coefficient
(PCC)25 in the form of a covar- iance was
applicable to the problem. As shown in
equation (4), A and B, respectively,
represent the two states of health and
damaged, Ai represents the i-th order modal
frequency in the structural health state. A is
the mean value of the frequency sample in
the healthy state, and Sa is the standard
deviation within the sample of this state:

S (A, — A)(B, - B)

PCCy 5 = (4)

(n — Doaos

For real numbers with PCC value of [21,1],
1 repre- sents the linear correlation; 0
represents the complete correlation; and 21
represents the reverse or indirect correlation
between the data sets compared. However,
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such cases do not appear in this study since
they repre- sent the reverse correlation of the
frequency. Therefore, assuming that PCC is
bounded in the range of [0, 1], the damage
correlation coefficient DCI could be
calculated. It was not difficult to determine
that the value of DCI was O when the
column was undamaged and 1 when the
correlation was completely lost:

DCI=1- |PCC;\_B| ER (?)

Experimental
results

This object is to study the impact of the
effective loss characteristic index, were
divided into two steps, first by a lateral
member percussive impact system, and then
the member after injury vibration test,
measured modal parameters. For this study,
four circular cross-section 1:3 scaled bridge
pier components are designed. The specific
dimensions of the bridge pier model are
given in Section ‘‘Vehicle-bridge impact
model,”’ and the test model is scaled based
on the p theory proposed by Buckingham. In
the process of pouring, ensure that the
materials used for the scaled components
and the full- scale bridge piers are the same.
At this time, the scale effect of the material
properties is 1:1:

Experimental processes

Preparation of the damaged components.
The detailed spe- cimens are shown in
Figure 2. Each specimen consisted of a 900
3300 3400 mm3 RC base and a circular RC
column with a section radius of 170 mm and
a height of 2200 mm. All of the specimens
were cast using concrete with a cube
compressive strength of 42 MPa.

processes and analysis

The impact testing instrument was a super-
high heavy- duty drop-hammer experimental
testing machine system, which was
composed of a vertical drop-hammer driving
system and a horizontal impact system
(Figure 3). As shown in Figure 3(a), the
kinetic energy of the horizontal impact test
vehicle was provided by the vertical drop-
hammer driving system. The conversion
relationship is shown in equation (8), where
m1l and m2 represent the steel impactor
mass and the drop weight mass, g is the

340
T 1

e i

10C20 Rebar

CB@50/100

2200

C8@50,/100 Hoop

400

‘ 1| -
11—
| | —-—

L

900 1

Figure 2. Specimen dimensions and detailed.

acceleration of gravity, h represents the
release height of the drop weight, and m is
the track dynamic friction coefficient. Table
1 details the basic information of the
experimental components and the impacting
scheme. The impact of the damage degree
on the dynamic response of the column is
reflected by the cumulative impact:

0.5 X (m + mg)vﬁ + wmig = magh

Vibration tests. This study’s modal tests
were carried out on the damaged
components after impact. Uninstall axial
load in order to ensure the axial force is not
involved in the test, and the upper portion of
the col- umn is maintained free vibration.
Vibration testing system shown in Figure
4(@) and (b), 10 accelerometers were
distributed in the direction of impact
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specimen back (Figure 4) to ensure that the
measured third-order modes. Externally
stimulated the front of the impact until the
column frequency measurement results are
stable. Wherein the accelerometers was used
to measure the vibration characteristics of
the pier during excita- tion, then the data
transmitted to the data logger, the last time
domain signal was collected by the
computer and obtain a frequency domain
data by Fast Fourier Transform. Figure 4(c)
shows the acceleration time-domain data
collected by the damaged column C1. It is
not difficult to observe that the frequency of
each order of the damaged column
decreases, especially at the higher order
frequencies. The appropriate number of
accelerometers to ensure the accuracy of the
experiment.

Table 1. Information of the components

Specimen Longicudinal Hoap reinforcement Impace velocity at first-secand-, Aial compression
reinforcement ratio p, (%) third loading (V,-Vy¥y) (ms) ratio p, (%)
ratio py (%)

Cl 10C0 27) 8@s0(1.7) 45 30

Q 454345 0

a 8@100(05) 4545 0

C4 8@150(05) 45 0

The adal compression ralo s alculated by p, = R/ (77, + AS K

Figure 3.
with the 5

Stiffness measurements. It is necessary to
measure the change in the overall stiffness
of the column, but the shear stiffness and
bending stiffness cannot be made in detail to
distinguish during the experiment, the
stiffness variation will be described using

system (2) experimental cest 2D view, (b) horizoneal impact system, and (¢) FE model of the RC comn

the overall stiffness of the column in this
study. Following impact, the axial pressure
was unloaded in order to ensure that the
upper rigid plate was no longer in contact
with the column. Equal increment transverse
force (100 kn, 200 kn, and 300 kn) was
applied to the top of the column using the
reaction wall. The magnitude of the force
was recorded by a dynamometer, and the
displacement changes were recorded using a
displacement meter installed on the top of
the column, as shown in Figure 5, in which
Dd represents the displacement differences.
Equation (9) was used as the calculation
formula of the column stiff- ness, E is the
modulus of elasticity, and | is the moment of
inertia of the section.

Aesekratin et

Prisie
Impacted

s

Compuer
Frequecyy)

(c)

(2)

Figure 4. Mocal estng system: a) anaytc fowcharts, o) experimenal facilty, and (c) comparison offrequency resporse plots of
post-mpact and original RC piers.
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Dynamometer

=N

Tensile foree(F)

Reaction wall

I i

Figure 5. Stiffness measurement system.

3E]
K = 25 = AF/A (9)

Experimental results and analysis

Modal experiments. Figure 6 and Table 2
detail this study’s comparison of the results
of the experimental identifications of the
natural frequencies. It was found that the
cumulative impacts resulted in decreased
stiff- ness of the sections where cracking
occurred. The decreases in the natural
frequencies caused by the development of
cracks were not monotonic.26 When the
damage was small, the change of the first-
order fre- quency was not sensitive, and the
degree of damage cannot be characterized.
The DCI calculation results showed that this
index was extremely sensitive to damage
due to the consideration of multi-order
modal frequencies. The DCI will increase as
the degree of damage increases, contrary to
the development trend of CoMAC.
Compared to using only the first-order
modal frequency, it is more reasonable to
use DCI as an evaluation indicator.

Similarly, the changes in the modal shapes
could not be ignored. Table 3 shows the
modal shape measure- ment results of

Component C2 before and after impact. The
first-order mode shape was not sensitive to
the changes in the damage degrees.
However, by observing the change processes
of the second-order and third- order mode
shapes, it could be preliminarily judged that
the damage locations. The cracks were
dense at this location, which proves the
effectiveness of the method.

Impact experiments. Figure 7 shows the
relationships between the time history
changes and the damage degrees of the three
impact forces of component C2. As the
degree of column damage increases, the
column DCI increases and the peak impact
force (PIF) decreases. The smaller losses in
the stiffness values were found to have little
effect on the peak impact force. However,
the pier responses were noticeably
weakened after two impacts. The lack of
column stiffness resulted in the weakening
of the responses.

Stiffness verification. The changes in the
values of the stiffness of the components
before and after impact were obtained
using the method described in Section
“‘Stiffness measurement.”’Table 4 details
the statistics of the change rates of the
stiffness values of all the components.

The decreases in the overall structural
stiffness caused by the impacts resulted in
changes in a series of natural frequencies.
The development of this problem
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Table 3. Comparison of the modal shapes of component C2.
b st
— :l lst | _ :l n Specimens Mode shapes-undamaged Mode shapes-damaged
_ - E'ﬂ 184 :‘ 3rd C2l Ist . -
) 1801 ~ 2nd S—
i 44 -
g 0] S 3rd
107 3l
2l = e
LR 2 Ist
2 b nd
L 3rd
0 n
NSy
T T T T T T T T 2}
( [ (3 ( KT 3 -
Specinens
nd
1) !
3rd

Figure 6. Modal frequencies of the o
components: (@) modal  frequencies '
(undamaged) and (b) modal frequencies

— C2
d d e —=— Value of D
amaged).
Table 2. Modal test results : |-
Specimens Experimenal FEM CoMAC DCI /d- -~ -
Frequences  DIFF (%) Sofiresschangs () FEMPRED Frequences  DIFF (%) 3 0015 2
ERNRNSTEE
cl g
Undamaged o 0 18 1 o =
Ist-order 1953 1858 1029 ool
Indorde 203 5046 283
3rd-order 21099 20544
mpact-1 s06 016 a4 osmi 00001 5. Dal0°
1 1757 -5.99 1713 2190 4 a5
o 0. 005
2 7 271 7351 424
3 1889 —1044 18094
“ [ N ,L
Undamaged [ 0 28 1 0 . .
i 1953 1858 12.74 on T T t T t o, o0
2 80.24 5046 1048 a 5o 100 150 200 250 300
3 2998 20544 [
Impact-1 197 o8 0 0984 000255 Time{ms}
1 15,08 =229 1713 787
2 L] 056 7351 si3
3 19073 —1689 180594 - N N . .
mpact-2 wn on 68 0% o0ioy Figure 7. Comparison of the impact force time history and
i 1574 1936 1532 280
2 77 1S 7553 s DClI changes of Component C2.
3 15036 —3448 14035
mpact3 704 047 1468 0531 00IEse
H o e o 2 Table 4. Changes in the stiffness.
3 99.60 —56.60 9376
=]
Unamaged 021 ? Jas8 I ° Specimen Stiffness K (kn/m) Change ratio (%)
2 8121 8348 674
3 w087 19447
Impact-1 3604 oa2 10 0977 0.00005 C |
1 1758 —B8.46 1”72 096
1 7430 -850 7359 464 Undamaged B052.3
3 18631 1072 177867
Impact-2 189 033 380 0963 000068 Cl-1 3976.4 50.62
1 158 1867 1503 225
2 7031 -13.42 7189 261 c2
3 167 47 =19.76 17185
Undamaged 7436.2
Table 2. (Continued) C2-1 37348 4977
Specimens Experimental FEM CoMAC  DCI c2-2 2357.7 68,29
Frequencies DIFF (%) Stffness change (X) FEM-PRED  Frequencies DIFF (%) C2-3 1529.6 79.43
c4 c3
Undamaged [} 29 1 0
| 17.57 17.98 3051 Undamaged 6555.8
2 58.59 7647 1032 C3-1 4192.8 36.04
3 169.99 187.53
Impact-1 7848 019 966 0971 000094 c3-2 3479.6 46.92
i 1548 ~1191 1398 1473 c4
5354 86l 6143 1085
3 138.67 — 1842 15371 282 Undamaged 6713.3
The DIFF: under the Experimental I descri ncy of the column and the frequency change afcer column damage; the DIFF: in the FEM C4-1 | 444 & 78.48

describes the difference between the finit n results and the experimental results,

mainly originated from the characteristic
value problem of the system vibration
equation. Therefore, motion equation (10) of
the undamped mechanical system was
applied. The first third order frequency
approximation of the experimental model
was solved using the Rayleigh Method27
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and the accuracy of the experimen- tal data
was successfully verified. Therefore, in
accor- dance with the principle of energy
conservation, in which the strain energy at
the maximum displacement time is equal to
the initial Kinetic energy, equation (11) was
established.

& Fv(x, 7)] Fux, 1) _
— |Elx)—— + m(x)——— = plx, 1) (10
a2 a2 | o

Umnx = \;\‘Jmn Il ] ] ]

The strain energy expression of a cantilever
beam con- sidering only the displacement in
one direction is as follows:

1 aty .
Winas = E.L El (m—:) dx (12)

The kinetic energy expression is as follows:

I
Upax = zw” | my~(x)dx (13)
1]

2

Therefore, according to equations (10)—(13),
the follow- ing was obtained:
I B (&) ax »
Jymy(x)dx
In the current study, based on the above-
mentioned method, the natural vibration
frequencies of the cantile- ver components
under the effects of gravity were solved and
the first three order approximate solutions
were determined as follows:
_ 35160 [EI 220345 [EI 616972 [EI

ST F T TE NF T VE

(153
(15)

The expressions of the structural stiffness
were deter- mined (equation (16)), and the
structural stiffness were C3 obtained using
the calculations detailed in Table 4:

K="r=E=— (16)

In the present research investigation, by
comparing the experimental results with the
theoretical calculation results, the accuracy

levels of the experiments were veri- fied. It
was not difficult to determine through the
find- ings of the experiments that the low-
order frequencies were insensitive to the
stiffness degradation phenom- enon. This
had led to deviations in the measured values
from the theoretical approximate solutions.
Since this study’s experimental processes
could not ensure stable fixed boundaries,
elastic treatments of the boundaries will be
required in order to achieve more accurate
calcu- lations. However, the experimental
results showed that there were reasonable
correlations between the DCI and stiffness
changes (Figure 8). Therefore, it was con-
sidered that in engineering practices, the
measured com- ponent frequency changes
could be used to accurately predict the
degrees of stiffness loss.

Table 5. Comparison of the theoretical calculations and the experimental data.

Specimens  Frequencies (HZ)

I Ird ind

Theo  Exp Error (i)  Theo  Exp Error (i)  Theo  Bxp Error ()

o 330 19531 31903 8338 00 -les 146 20993 10448
CH 935 115B 46809 5859 75703 0605 16406 168953 13174
a 279 1951 M54 8011 80241 0157 143 19491 14|
Cxl 906 1908 5251 %678 9l BB 1900 190736 16839
Q22 120 1574 54283 £ 1 4143 1633 150365 15,984
1 S0 154 6N w4 5078l BHE 05 9409 -1
a 200 1823 3754 BB 8N 136 2065 2873 -0920
3 960 1758 45417 8016 74304 19035 16847 186314 9571
032 875 1565 44000 481 70313 NMY 15347 167476 8363
] 215 17578 30880 613 5854 -8 1T 1699 25400
Cél 5641548 635TS B 0 109 %89 138672 18688

In the table, C2-| represents the experimental data of the C2 member following the first impact; Test represents the experimental result

0, 020

|1D u

0,015

g

DCI

0,010+
DCI=5,57E=4%(1=1.067)

. R=0.7663

. 005+

0, 000 & [ ]

T T T T T T T T T
40 a0 60 T0 B0

Stiffness change(%a)

Figure 8. Correlations between the DCl and stiffiness losses.
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Numerical simulation and discussion

A finite element model which matched with
the experi- ments was established using LS-
DYNA commercial software. After analysis
of the collision by explicit anal- ysis, modal
analysis by its implicit analysis. This section
calibrates the finite element model and
describes the solution to the conversion
between algorithms.

Finite element (FE) model

The adopted 3D nonlinear finite element
analysis model based on the experimental
model is shown in Figure 3(c). Both the
concrete and steel impacting cars adopted
hexahedral elements with single integral
points, and the reinforcement elements
adopted Hughes-Liu sectional integral
beams of 2 3 2 Gauss integral elements.
Also, both the longitudinal reinforcements
and the stirrups were regarded as elastic-
plastic materials, which could be reasonably
described wusing a piecewise nonlinear
model. In this study, the dynamic
intensification factor (DIF) rela- tionships
provided by Li and Hao28 were used to con-
sider the strain rate effects. The relationships
between the strain rates and DIF were
obtained using equation

(17). The model was described using multi-
stage elastic- plastic curves. In the current
investigation, DIF = 1 represented the
material state description under the quasi-
static conditions. The corresponding vyield
point could then be expressed as the material
changes from an elastic state to a plastic
state when the stress level reached 350 MP
and the strain reached 0.2%. As shown in
Figure 3(b), the superstructure in the experi-
ments was an axial hydraulic loading
platform, and the keyword named

*LOAD BODY_Z was wused in the
numerical model in order to apply the
gravity load to the entire model, and was
equivalently simplified with an elastic
material of suitable mass. The mass of the
elastic material could be adjusted by
changing its thick- ness. Similarly, due to
the fact that the stiffness of the RC structure
was far less than that of the steel trolley, the
steel trolley was simplified as an elastic
material for calculation purposes. Table 6
details the material parameters:

In the current study, LS-DYNA contact
keyword *CONTACT_SURFACE TO
SURFACE contact algo- rithm was used
between the mass object and column, and
the keyword named
*CONTROL_DYNAMIC_ RELAXATION
was used for the dynamic relaxation analysis
of the structure 0.1 s prior to the calculation
in

Table 6. Model material parameters.

Type Material modal Parameter Magnitude

Longitudinal rebar PIECEWISE_LINEAR PLASTICITY (*MAT 024)  Mass density T850kgh’
Modulus of elasticity 205,000Mpa
Poisson's ratio 03
Yield stress 400MPa
Falure strain 04

Stirrup PIECEVISE_LINEAR_PLASTICITY (*MAT 024)  Density 7ESDI<g/m1
Modulus of elasticity 205,000Mp
Paisson’s ratio 03
Yield stress 335MPa
Failure strain 04

Steel plates, Steel impactor  ELASTIC (*MAT_03) Mass density 7830kg’
Modulus of elasticity 205,000Mp
Poisson's ratio 03

Concrete CSC Modal (*MAT 159 Mass density U0kg’

Compressive strength 42MPa
Maximum aggregate sze~ 1Smm
EROD LI
Recov 104
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Figure 9. Cylinder model and result diagram.

order to ensure the stability of the axial force
applica- tion. Then, based on the research
results obtained by Yuan et al.29 regarding
grid size sensitivity, the concrete grid size
was controlled at 10 mm. In addition, since
the deformations of the steel impact trolley
were very small during the contact
processes, it could be regarded as a rigid
body. Therefore, its grid was divided into 50
mm. In regard to the contact setting between
the reinforce- ment and the concrete,
CONSTRAIN_BEAM IN SOLID was used
to consider the slip effects between the
reinforced concrete.

Concrete material model validation

The key validity proof CSC modal in that
the plastic deformation is determined
whether it can be reasonably and unloading
stress occurs reasonable. This section refers
to the simple finite element model of
F150*300 mm cylinder proposed by
Malvar,30 as shown in Figure 9. The axial
compression experiments of the cylinders
were simulated and cyclic loading was
carried out through a displacement process.
The mate- rial parameter settings were
described in a previous sec- tion. As shown
in Figure 9, the stress—strain development
process of the elastic element and the fail-
ure element during the loading process were

recorded, respectively, and compared with
the experimental and finite element model
results in literature,31,32 the model was able
to accurately reflect the effects of stiffness
degradation during the damage
accumulation pro- cesses. Similarly, trial
calculations of the concrete con- stitutive
model were conducted using the established
experimental model. Figure 10 shows the
impact force time history and crack
development of Component C4 measured in
the experiment, and the experimental results
were compared with the numerical
calculation results. The results showed that
the constitutive model was able to
reasonably predict the peak value of the
impact force and the development of impact
force under low velocity impact conditions.
The differences between the calculated
results and the experimental results were
determined to be less than 10%.

Modal analysis of damaged model

Due to the oblique punching cracks (Figure
10) which occurred after impact, pre-
existing damages were required in the
numerical calculations. The pre-existing
damage (PRED) parameters provided by the
CSC model reasonably solved this issue.
Modal analysis was

(a) (b)

Figure 10. Experimental results of Compenent C4 and comparison of the value caleulation results: (3) dynamic responses of
specimens C4 and (b) impact damage of specimens C4.
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Table 7. Comparison of the modal frequendis under diferent damage degress.

Mot 0 0l 03 03 7
frequendies/
PRED

I* 03 87 1967 1750 1557
r BUY a8 8558 50 9%
$nd 10481 e 19200 16293 1269

carried out for the same calculation model
under differ- ent PRED values, and the
results are shown in Table 7. It was found
that the increases in the PRED values led to
nonlinear  reductions of the modal
frequencies.

Restart technology provides the possibility
to study the cumulative damage problems of
RC piers and modal analysis. Kishi et al.33
carried out experiments and numerical
simulations of these problems. However, the
method provided by KISHI was only
applicable to the problems related to the
impacts between simple rigid bodies, and
was not applicable to nonlinear large
deformation impact problems with complex
structures and many failure factors.
Therefore, this study pro- vided a new
restart method as follows:

1. Following the first calculation, the
calculation results were checked using the
post-processing software Ls-Prepost, and the
experimental data were compared. When the
calculation results were found to be correct,
the OUTPUT option in Ls-Prepost was used
to output such data as the element and
nodes, in order to use these data in a
geometric model for the next calculation.

2. At the same time, the stress and plastic
strain of all the elements at the completion
of the first calculation were output through
DYNAIN option in Ls-Prepost, and the
initial damages were applied to the material
for the purpose of forming a stress-strain

initialization file at the initial time of the
second calculation.

3. Then, the solution options and assemble a
geo- metry file and stress initialization file
were reset in order to obtain the second
impact file. It was worth noting that the
model could be appropri- ately simplified
during the assembly of the modal analysis
files, such as removing the steel trolley and
the upper steel plate, as well as set- ting the
solver to implicit analysis.

In the current investigation, in order to
ensure the accuracy of the modal
calculations, the PRED values were adjusted
in order to ensure that the MAC values

Figure 11. Specific sizes of the pier models.
were within a reasonable range. Then, the
range was divided in order to facilitate the
calculation process. Table 7 shows the
numerical calculated modal frequency
values. The results show that the calculation
method is suitable for the present study.
Vehicle-bridge impact model

The DCI can also provide references for
engineering designs. In order to study the
relationships between dynamic responses
and modal frequencies of bridge piers under
the effects of cumulative impacts of vehi-
cles, a large number of numerical simulation
calcula- tions were carried out using
columns with different section sizes, and
various impact velocities and vehicle
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masses. The results showed that there were
two types of impact forces at the time of
impact, which were con- trolled by the cargo
mass and velocity values. It was found that
according to the experimental results, the
appropriate  finite  element  analysis
parameters could be determined. Then,
when combined with the Ford F800 medium
truck model developed by National Crash
Analysis Center (NACA) and a full-scale
model of the pier to verify the validity of
DCI damage indicators used in this study.
Through regression analysis, the rela-
tionship between damage degree and
dynamic response was studied.

Information regarding the piers and
vehicles

In order to ensure the validity of the finite
element model, this study adopted the same
modeling method as described in Section
““Concrete material model vali- dation,”
including the material model, contact mode,
and strain rate effect parameters. Consolazio
et al. proposed that a bridge model
composed of a bridge columns and two
spans can effectively predict the dynamic
response of a multi-span bridge, and the
prototype problem had been simplified
which consists of a circular single column,
superstructure and two supports. As shown
in Figure 11, the size of 5000 mm 3 5000
mm 3 1200 mm the concrete foundation was
to place a trapezoidal solid beam on the top
of the column to transmit the weight of the
superstructure with a length of 30 m to the
pier column. Its weight changed with the
size of the column section to ensure that all
collision scenarios maintain the same axial
com- pression ratio. All collision cases are
shown in Table 8. The superstructure of the

bridge pier was connected to the column by
rubber bearings. Previously research by El-
TAWIL et al. had shown that the stiffness of
the sup- port has a negligible effect on the
overall dynamic response of the pier. Here it
is assumed that the vertical portion of the
pier by contacting the concrete surface,
using the LS-DYNA keyword named
CONTACT AUTOMATIC SURFACE TO
SURFACE.

As shown in Figure 12, the Ford vehicle
model was used to represent the collision of
the vehicle on the bridge pier, Abdelkarim et
al.11 and Sharma et al.21 shared the model
and verified its accuracy through
experimental tests. In this study’s model, the
total mass of the Ford truck was 8 ft,
including a 0.24 t engine mass and a 2.8 t
cargo mass. The engine and cargo were
simulated using elastic materials, with an
elastic modu- lus of 11,000 MP and 2000
MP. The weight of the vehicle model was
controlled by changing the quality of the
goods.

Vehicle impact responses

Peak impact force (PIF). The change of
damage degree is reflected by cumulative
impact.. The typical time

Table 8. Numerical simulations of the component information,

Column Longitudinal Hoop reinforcement Axial compression
size (mm) reinforcement ratio po (%) ratio p, (%) ratio p, (%)

25@150mm (1.31) 388t (40.5)

C800-V60-W8 800 10C22 (0.756)
C800-V90-W8

C800-V110-W8

C1000-V60-W8 1000 10C28 (0.784)
C1000-¥90-W8

C1000-V1 10-W8

C1200-V60-W8 1200 10C32 0.711)
C1200-¥90-W8

CI200-V1 10-W8

C1200-V60-W10

C1200-90-W10

C1200-V1 10-W 10

25@150mm (1.08) 61295t (40.5)

25@150mm (0.95) 859.6¢ (40.5)

C1200-V60-W12
C1200-¥90-W12
CI200-V1 10-W12

In the able, €800-V60-WB-1 indicaces that the 800 mm diameter colum is the first to be impacted by the vehicles with a towl weight of 8 tanda
speed of 60km/h; 10C22 means 10 steel bars with a diameter of 22mm; 25 @150 means that the stirrup spacing is 150mm and the diameter is
25 mm.
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Figure 13. Time history diagram of the typical continuous
impact force and damage degrees of the bridge piers.

history of the three consecutive impacts and
corre- sponding DCI values are shown in
Figure 13. In the fig- ure, a time history
diagram of the three impact forces
(C800/1000/1200) of the  V110-WS8
component is detailed. Each calculation time
was set as 200 ms, with 400 ms being the
end time of the second impact and the
beginning time of the third impact,
respectively. The peak values of the three
impact forces were all caused by the contact
between the engine and the bridge pier.
Therefore, according to the comparison
results, the time history diagram of the first
typical impact force was consistent with the
form of the time history dia- gram of the
impact force developed by Chen et al.34 and
Cao et al.35 Figure 14 describes the damage
degrees of the components using the
effective plastic strain after impact. The
accumulation of the impact times caused the
modal parameters of the components to

gradually move away from their initial
states, and the decreases in the stiffness
values led to decreases in the PIF values.
This phenomenon was found to be
representative of piers which had suffered
accidents. It was also worth noting that this
phenomenon was not obvious in C1200-
V110-W8. This was due to the fact that the
impacting effects of the medium-sized truck
at that speed had difficulty affecting the
stiffness values of the pier of that particular
size. As shown in Figures 13 and 14, results
show that DCI values with increasing degree
of damage increases. For a stronger ability
to resist piers, which rise in value more
slowly  degree, demon- strate the
effectiveness of DCI pier damage detection.
Table 9 details the statistical data of the
numerical simulation results of the columns
with different sizes, including the peak
values, duration Tn, and 25 ms

ITII1I
ITI

Figure 14. Comparison of the impact damage degrees: (a) C800-V110-W8, (b) C1000-V 10-W8, and (c) C1200-VI10-W8.

Table 9. Numerical simulation results.

Scenarios First impact
PIF(MN)  ESF(MN)  DCi

Second impact Third impact
PIF ESF ] PIF ESF DCl

CBOO-V60-W8 227 1510 0.00033 252 1546 0.00546 24 1537 000736
CBOO-V90-W8 7.08 2069 0.00060 635 2131 001363 716 2092 002769
CBO0-V110-W8 988 2175 0.00105 786 252 0014l 585 2752 003779
C1000-V60-W8. 212 1.450 0.00028 p 351 1494 0.00058 213 1530 000104
C1000-V90-W8 82 2314 0.00069 673 2337 0.00186 706 2225 001035
C1000-V110-W8 109 2423 0.00379 785 2852 0.02971 6.38 2714 0.03709
C1200-V60-W8 301 1.621 0.00019 323 1634 001150 275 1507 002445
C1200-V90-W8 889 2224 0.00054 816 2.106 0.00103 6.4 2178 0.00501
C1200-V110-W8 107 2549 0.00411 107 2512 000355 793 2533 001107
C1200-V60-W10 307 1.601 0.00004 262 1537 0.00121 2.70 1.554 0.00335
C1200-V90-W10 801 2374 0.00025 608 2350 000177 785 2428 001308
CI200-VII0-WIO 119 2523 0.00749 889 2687 0014437 839 2428 0.02547
C1200-V60-W12 314 1595 0.00029 257 1549 0.002741 295 1563 001451
C1200-V90-W12 814 2253 0.00643 734 2297 0017594 437 2181 002314
CI200.VII0-WI2 1220 2553 0.00314 633 2731 001%8] 632 2662 002495
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equivalent static calculation results of each
impact force. All of the components in the
table were impacted by a medium-sized
vehicle of 8 t, which represented a typical
type of engine impact scenario.

The studies conducted by EI-TAWIL [40]
showed that the peak force formula
(equation (18)) of ship- bridge impacts
provided by American Association of State
Highway and Transportation Officials
(AASHTO) was also applicable to vehicle
impacts. The impact velocity V (m/s) and
the mass W (kg) of the impacting bodies
were considered in the formula. In this
study, a new expression equation (20) was
pro- posed for the pre-damaged impact
problem, and two dimensionless parameters,
damage factor DCI, and the

(a) (b)

Figure 15. Comparison between simulation results and equation (20): (a) C1200-W10and (b) C1200-W12.

equivalent stiffness (b/800) were introduced.
Therefore, the formula was able to achieve a
more comprehensive description of each
parameter. Five regression coeffi- cients
(referred to as a, b, ¢, d, and e) were
determined using a nonlinear regression
analysis method. It was found that when
subjected to continuous impacts, the PIF
engine could be estimated using equation
(20). Figure 15 details this study’s
comparison of the fitting results and the
numerical simulation results

Fi = fla(VF ()"} (18)

PIF = fl a(DCh (v () LA . (19)

: 800 Y

0044 i ooss{ b )"
i = 27 ¢ —00 213 gy 0085 [
PIF engine = 10027 08(DCI) ¥y (m) (800)

(20)
Conclusion
The frequency domain-based correlation
method (DCI) proposed in this study was
used for damage identification and structural
safety assessments of the bridge piers
impacted by low-speed vehicles, and
verified its feasibility and applicability. The
following conclusions were drawn from the
research results:
1. In the proposed method, the
measurements of the frequency response
functions of the structures with impact
damages were used as the main means, and
the modal frequency parameters of the
structures were obtained using fast Fourier
transform (FRFs) processing. It was found
that the cracking processes had major effects
on the natural frequencies of the columns. In
addition, due to the effects of the impacts,
the stiffness values of the columns at the
crack sections decreased and the modal
frequencies displayed nonmonotonic
decreases. Therefore, based on the measured
data, the structural damage correlation
indexes (DCI) could be calculated and
compared. The results indicated that the DCI
could effectively predict the changes in the
residual stiffness values and the damage
degrees of the structures.
2. The calculation method of reinforced
concrete column impact based on the finite
element method and the calculation method
of modal identification after structural
damage are introduced, and the accuracy of
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the benchmark experimental model is
verified.

3. In the current research investigation,
predamaged vehicle-pier impact events were
calculated using a finite element method.
The DCI was used to predict the peak
impact force (equation(20)). It was found
that when compared with the conclusions
reached in related research studies, the
advantages of the proposed formula were
that it had taken into account the loss of
stiffness and the decreases in the impact
force caused by structural damages.
Therefore, the proposed method provided
valuable reference for the primary stages of
future structural designs.
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