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ABSTRACT

This paper studies a type of collision that is dangerous to crash worthiness structures and of great
interest, the side impact collision. In this study, the bending collapse behavior of thin-walled high
strength steel material under side impact was investigated numerically and experimentally. For
both static and dynamic side impact loads, the bending collapse behavior such as load carrying
capacity, deformation characteristics, and energy absorbing capability were carried out by using
three-point bending model. Based on the numerical simulation, those bending collapse responses
were predicted and after that this simulation was validated by experimental analysis in cases of
static and dynamic bending test. There were two bending specimens for each dynamic and static
impacts performed in the experiment. First, the numerical and experimental results showed that
the total energy absorption of high strength steel beam in dynamic bending was higher than those
in static bending load. Second, the comparison between numerical and experiment pointed out
a good agreement with respect to the bending crush force-deformation characteristics at small
rotation of beams. Moreover, the effects of geometrical at the corners, mesh size, friction coeffi-
cient on the bending resistance behavior is also analyzed and carried out in this study. Namely, in
the same bending load, with corner radius, the localized deformation can easily be created than
those in right angle corner of beam. The friction coefficient will not affect peak force. The different
peak force is predicted as 1% when the coefficicent increases from 0 to 0.2. The empirical formula
was founded to be able to predict the ultimate bending moment crush under dynamic bending
loads within the effect of strain rates and impact velocities. The good comparison results in terms
of dynamic ultimate bending moment between numerical simulation, empirical prediction and
experiment indicated the reliability in calculation for dynamic ultimate bending moment under
dynamic bending conditions.
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INTRODUCTION

Thin-walled structures have been used commonly as
energy absorbing components in transportation vehi-
cles with many advantages to reduce the injuries or
protect the passengers during collision events. Ac-
cident data showed that bending collapse of struc-
tures in side impact case was one of the main rea-
sons that cause the injuries to passengers because of
limited space between the occupants and structural
members. Consequently, determining the deforma-
tion and ultimate strength as well as energy absorp-
tion of thin-walled structures under bending collapse
became importantly to figure out the bending resis-
tance of their components. Several studies investi-
gated the energy absorbing capability of crashwor-
thy structures under axial impact loading !~* while a
few researchers concentrated on bending resistance

behavior of thin-walled beams*~°. Santosa SP. and

Wierzbicki T.” explored in bending collapse behav-
ior of thin-walled prismatic columns in static situa-
tion by determining the effect of ultralight metal filler.
Their analytical and numerical results contributed the
advantages of low-density core filler in increasing the
bending resistance compared to empty columns. San-
tosa SP, et al.® studied the bending resistance behav-
ior of thin-walled beam with aluminum foam-filled
section through experimental and numerical analy-
ses. They showed that the aluminum foam filler pro-
vided a higher bending resistance and changed from
single stationary fold to multiple propagating folds.
Soo H., et al.” focused on the crush behavior of thin-
walled prismatic columns under combined bending
and compression. Liu Y, et al. 10,11 conducted bend-
ing collapse study of thin-walled circular tubes and
its computational application. In their paper, they
described the relationship between the bending mo-
ment and the rotation angle of circular tubes, and
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they also showed those absorbed energies. Guo L.,

et al.1>13

developed the bending resistance of tradi-
tional single wall circular tubes by changing into dou-
ble walls cylindrical tubes with aluminum foam core.
With new composite material, they concluded that the
specific energy absorption efficiency was much higher
than the old one in terms of static bending.

Based on the above studies, it is significant to get a
comprehensive analysis and evaluation for bending
resistance of thin-walled beams. Most of the above
works just focus on bending behaviour under quasi-
static loading, and they have not used high strength
material such as high strength steel which is used
widely in modern vehicles for side impact problems.
Therefore, the objective of the present work is to study
bending response of thin-walled high strength steel
beams through both of dynamic and static bending
load conditions. Static experiments are conducted by
traditional three-point bending while dynamic exper-
iment is carried out in detail by drop bending tests.
The numerical analysis is executed by using finite el-
ement explicit code LS-DYNA and compared to ex-
perimental results. The results are also compared in
terms of the effects of corner radius, size and element
mesh density, friction coefficient on bending crush
resistance of beam for static and dynamic bending
collapse conditions. More importantly, the empirical
prediction formula on the ultimate bending moment
is proposed under dynamic bending load conditions
within the effect of strain rates.

THEORETICAL ANALYSIS

Theoretical analysis was based on the assumptions
that the walls of a section of empty square beam de-
formed along the concentrated yield lines only. In
particular, the central portion of empty square beam
was known as a main location of deformation formed
by bending loads. Furthermore, this location was
also where the plastic deformation energy dissipated
through the traveling hinge lines, compressible and
extensible flanges. A simplified model of bending col-
lapse of empty beam was shown in Figure 1.

P Bending crush
— force

Figure 1: A typical local deformation of empty
beam under bending loads

Bending crush predictions

As shown in Figure 1, plastic deformation occurs be-
tween two un-deformed beam segments. The bound-
aries are clearly defined by the stationary hinge lines
and half of the distance between those hinge lines is
called half folding length (H). By considering the pa-
rameters of empty beam which has cross-section b x b,
thickness t, undergo bending rotation ©®, haft folding
length is obtained "

21

H=1276b313 M

The characteristic of bending moment-rotation was
derived by Wierzbicki and Santosa’*® for analytical

solution:
1
M(0)=2P,b(0.576+ — 2
where
s
Pu=2.7609b313 @
And the equivalent flow stress o is calculated '
2
oo = 200 @)
(n+1)"(n+2)

with 0, is dynamic flow stress, o'y and 6, are dynamic
yield strength and ultimate strength, # is strain hard-
ening exponent.

The approximation for bending ultimate moment of

empty beam was given®

54

MP = 4.6560b313 (%)

The critical bending rotation 6. for local sectional col-
lapse is obtained by substituting equation (2) in to
equation (5) 8

2

P P S ©)

I
20576
b
O.S(t)3

Hence, the moment-rotation response of empty beam
is presented as follow by Santosa®

4
53 (0<6<86,)

=t
4.650pb3 (7)

1
2P,b(0.567+——=) (6 > 6p)

26

M(0) =
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Material characterization

In bending collapse condition for side impact, the
structural components not only have to undergo a
high force during crash event but also must withstand
a large deformation especially under dynamic bend-
ing loads. The response of square beam to dynamic
bending loads is that produce large plastic deforma-
tion. Otherwise, the energy absorption capability of
systems in large deformation is higher than small de-
formation because of plastic strain°. Therefore, in
analysis, the elastic strain can be ignored, and mate-
rial’s property stress-strain curves are idealized as a

rigid power hardening material as equation (8)

=0
O<e<egr

{ <oy for ()
=0y +Ke" for

with the term Kdenotes hardening modulus and n
is strain hardening exponent/power law exponent of
material as previous explanation. &,was mentioned
in Eq. (4), € and & are strain and strain at fracture
point of material.

Besides, the effect strain rate in bending collapse was
considered in some researches of Jones'® and Rawl-
ing!”. According to these authors, for material sen-
sitivity such as high strength steel, the dynamic yield
stress will increase as the strain rate increases. This

characteristic is demonstrated in Figure 2.

Bending m oment-M

40
20
0 "
0 10 20 30
& (degree)
Figure 2: Comparison of dynamic bending

moment-rotation curves. 1): § = 4%/ms (¢ 12s~');
2): 1): 6 = 0.05ms (£22 0.15s~!). Numbers on
curves are values of 1): 6 = %/ms '°

NUMERICAL MODELING AND
SIMULATIONS

For simulating, the bending resistance characteristics
of thin-walled high strength beams subjected to static
and dynamic bending load were studied by using a
commercial finite element explicit code LS-DYNA.
The beams wall was modeled with Belytschko - Tsay
4 - node thin shell element while the impactor was
modeled as a rigid cylinder.

Geometrical modeling

The thin-walled empty square beam with cross sec-
tional geometry 40 x 40 x t mm and length L = 470
mm is considered in the analysis. The punch is mod-
eled by using a finite rigid cylinder with radius r = 25
mm and length / = 124 mm. Two supports are also
modeled as a stationary rigid cylinder with the same
length and radius with the punch and they are spaced
d = 370 mm apart. The contacts surface-to-surface
between rigid cylinder and wall was utilized in this
simulation.

Besides, for static bending collapse, the distance be-
tween the punch and wall is set small enough to make
the beam unaffected by inertia load of impactor. The
velocity boundary condition is applied on the rigid
punch. It is shown in Figure 3(a). The velocity gradi-
entisfrom 0 m/sto 0.1 m/s during the first 50 millisec-
onds (static loading) and then this velocity is held at a
constant value. Figure 3 (b) presents dynamic bend-
ing simulation; the initial velocity is applied on the
impactor and it is not constant during the collision.

Corner modeling

An actual beam always has finite corner radius and the
thickness at the corner is not same compared to the
thickness of the walls of the square beam. Therefore,
the effect of geometrical imperfection was critical to
determine the bending collapse response of the thin-
walled high strength steel beams, thus detail modeling
at the corners of the beams needed to evaluate their
influences. Considering the influence of 4 corners of
square beam is significant to get reliable result in nu-
merical simulation. One beam with bending radius at
the corners is modeled as Figure 4. In this study, the
bending radius (r) at 4 corners is chosen such that this
radius equals to bending radius of an actual beam. The
thickness at the corners is from 1.2 mm to 1.5 mm.

Mesh density strategy

As mentioned in section 2, the bending crush was ex-
pected to occur at the central portion of the beams
due to localized nature of deformation. Therefore,
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(2)

F=initial velodty

(b)

Figure 3: Finite element model of (a) static and (b)
dynamic bending collapse

Radii

_r— comer (r, 1)
/7

Figure 4: Square beam with radii corner r in simula-
tion

the central segment of beam was modeled with finite
mesh size of element 2.5 x 2.5 mm while the mesh
size for un-deformed segment was 2.5 x 3.5 mm as
seen in Figure 5. Because the length of bending crush
region can be obtained by using equation (1), thus
the localized length need is greater than the folding
length (2H). For the greatest thickness of the beams
(t=1.5 mm), the localized length I. was predicted to
be greater than 40 mm. In this numerical simulation,
I. was taken as 100 mm. Otherwise, once again, the
mesh size of element at the corner of square beam
needs to be considered carefully based on the conver-
gence test and acceptable processing time.

EXPERIMENTAL STUDY

Specimen preparation

Four thin-walled beams were used in the experiments.
Each beam was formed by a thin sheet with four bend-
ing lines at four corners and a welding line at the mid-
dle of the bottom wall. Because welding line led to
inconsistency in thickness and material’s property of

‘Wﬁn : Ly

Figure 5: Different mesh size at bending crush
length and un-deformed segments

beam, the placement of that welding line was taken to
have little effect on the bending behavior of beam dur-
ing experimental process. Square cross-sectional ge-
ometry, thickness and the length of thin-walled beam
was chosen respectively b = 40 mm, t =1.5 mm, L =
470 mm, shown in Figure 6. Due to manufacturing
process, there are variations on the geometrical mea-
surement of the beams, thus it is needed to measure
correctly parameters of models, as presented in Ta-
ble 1.

Four bends at 4 comers

Welding line

Side 2

Cross section of beam

Figure 6: Schematic drawing of high strength steel
square beam specimen

In Table 1, there were 2 beams for static and 2 beams
for dynamic bending test.

As previously discussed, in numerical simulation, the
stress-strain curves of material need to define. The
mechanical properties of thin-walled beam stress-
strain curves characteristics were obtained from vary-
ing tensile tests in Computational Solid Mechanics
and Design Laboratory — Korea Advance Institute of
Science and Technology (CSMD laboratory-KAIST).
Fifteen tensile test samples were taken from same ma-
terial with the thin-walled beams. Details of these
samples can be founded in Figure 7.

The test was conducted to carry out the material’s
properties in quasi-static and dynamic with various
strain rates and these are listed in Table 2 and Figure 8

Experiment set-up
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Table 1: Geometrical details of high strength steel beams for bending experiments

Specimen Beam Outer width b (mm)
thickness ¢
(nm) Side 1 Side 2 Side 3 Side 4
S-U255 1.5 40.5 40.5 38.7 39.5
S-U256 1.5 40.3 40.3 39.6 39.8
D-U255 1.5 402 402 39.2 39.0
D-U256 1.5 40.2 40.5 39.0 38.7
Quasi- static bending test
L7 Two thin-walled beams were tested under quasi-static
‘ e bending load with three-point bending model on HT-
1 s 2101 Series Universal Testing Machine at Metal In-
o N dustry Development Center (MIDC), Bandung, In-

Figure 7: Specimen preparation for tensile testing

Table 2: Material properties of high strength steel
CR-CHSP420Y

Material

Young’s modulus, E

(MPa)

High strength
steel-CR-CHSP420Y

2x10°

Yield stress, o, (MPa) 420

Density (kg/mm?)

7.83x10°°

Poisson’s ratio, v 0.3

Ultimate strength, o, 570
(MPa)

Power law exponent, n 0.26

True stress (GPa)

[S)

=
%

=
o

=
IS

=
o

==%=-1600/s
- 650/s

—a—100/s

-=-8/s

=3

0.2 04 06 0.8 1 12 14 1.6
True plastic strain (%)

Figure 8: True stress-True plastic strain curves of
CR-CHSP420Y at various strain rates

donesia. The 0.03 mm/s impact velocity was chosen
in this experiment. Two supports were spaced d = 370
mm apart and radius of punch and two supports were
r = 25 mm, as shown in Figure 9.

Figure 9: Set-up three-point bending for static test

Dynamic bending test

By using the similar two high strength steel beams in
quasi-static, the dynamic bending tests were studied
with drop test machine in Lightweight Structure Lab,
Institut Teknologi Bandung, Indonesia. The impact
mass was approximately 50 kg and the height of im-
pactor was 1500 mm. Therefore, kinetic energy was
735 Joule. The experiment set-up is shown schemati-
cally in Figure 10.

RESULT COMPARISON AND
DISCUSSIONS

Effect of frictions

Friction is an important factor which affects the bend-
ing resistance results. In terms of frictionless contact
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Figure 10: Schematic showing the dropped weight
impact machine for dynamic bending test at Institut
Teknologi Bandung, Indonesia

conditions, the lower bending crush force response
after reaching the peak force value will be obtained
in simulation compared to experimental results. It is
shown in Figure 11. In the experiments, no lubrica-
tion was used so that there must have been significant
frictional force on the punch- beam interface. The
theoretical analysis for frictional force was explored

in”8
14
S eW/ifr=0.0  ———W/i-fi0.1
~ 12 A ——eW/i-fr=0.2 Test data 1
é R N Test data 2
1o
g
g8 T
Z
£ 6
g
2
g 4
3
=
0
0 10 20 30 40

Displacement § (mm)

Figure 11: Static bending crush force-displacement
response for various friction coefficient 0,0.1and 0.2

In reality, the friction coeflicient will not affect peak
force. 'The different peak force is predicted as 1%
when the coefficicent increases from 0 to 0.2. How-
ever, consider the whole of bending collapse process,
the higher friction coeflicient gives higher bending
crush force after local sectional collapse occurs at rela-

tively small roatation angle. It is demonstrated in Fig-
ure 11. By observing the final results, with 0.2 friction
coeflicient in contact, bending crush force in numer-
ical is closer to experimental result than those with 0
and 0.1 friction coeflicient.

Effect of corner modeling

The higher peak force on the perfect beam can be ex-
plained by observing the initial deformation of beam.
Two types of deformation exhibit, rolling deformation
and the initial buckling on the vertical edges require
very high force. In addition, the actual beam has fi-
nite corner radius so that the initial rolling deforma-
tion requires lower load than the perfect beam with
sharp corners. It is presented in Figure 12

16
_14
E Y = = = Simulation: r =0 mm
5:12 ‘ : Simualtion: 1= 1 mm
5 —-—@Test data: r = 1 mm
210 |
R |
= 8
=0 6
T4
1]
m

2

0

0 10 20 30 40

Displacement ¢ (mm)

Figure 12: Static bending crush- displacement re-
sponse with different corner radius values

The expression for this difference comes from the ef-
fect of corner radius of beams. In this study, the thin-
walled beams are made from high strength steel sheet
which is bent at 4 corners with radius r =1 mm. There-
fore, evaluating the effect of corner radius is very im-
portant in order to obtain the bending crush force in
simulation analysis. By observing Figure 13, it can be
seen that in the same bending load, with corner ra-
dius, the localized deformation can easily be created
than those in right angle corner of beam.

Besides that, the erroneousness in theroretical and
numerical to experiment are from the different thick-
ness at 4 corners of beam. It is indicated in Figure 14

Static and dynamic bending crush force re-
sistance

Figure 15 presents that load-carrying capacity of
thin-walled high strength steel beams under dynamic
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Comer radii

Figure 13: Bending collapse model (a) Right angle
corner and (b) Corner radius-r =1 mm

—
N

— — tatcorner=1.3 mm
b ——et at corner=1.4 mm
= — - =tat corner=1.5 mm
z 0 s Test data
a
g
g 8
=
N
E 6
=
=
S 4
5
3]
2
0
\ 0 20 30 40

Displacement ¢ (mm)

Figure 14: Effect of thickness at the corner on static
bending crush force

bending is higher than those in quasi-static bend-
ing. After undergoing the critical load (peak bend-
ing crush force), the bearing load capacity of beam
declined in the same value for both static and dy-
namic cases. Besides, Figure 15 also shows that the
higher bending crush resistance of beam under dy-
namic bending compared to static bending condi-
tions. By observation, Figure 16 shows a very good
agreement in deforming characteristics of square tube
under bending load between simulation and experi-

ment.

(=23

B

Quasi-static
------ Dynamic

— e e
(3]

=]

Bending crush force P (kN)

[=T S ]

=

20 40
Displacement J (mm)

Figure 15: Static and dynamic bending crush force
comparison in numerical simulation

(a)Top view

(b) side view

Figure 16: Static deformation model of empty
beam in numerical simulation and experiment

Static and dynamic ultimate bending mo-
ment resistance

In numerical analysis, the bending crush moment can

be calculated from bending crush force. It is derived

from

M(0)= 9)

where P (0) is a punch force at rotation angle (6)
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The small value of rotation angle of beam can be ap-

proximated as follows '*

0 = arctan (@)
L

where 8 (60) is a total displacement at central of beam

(10)

at rotation angle

By applying equation (9), the bending crush moment
of beam under static and dynamic bending conditions
are drawn in Figure 17

.

1400 ,"-I

Ao

~ 1200 ."I R . Quasi-static
E nANL R - - - -Dynamic
<1000 |3y dy Ym0
= W T
= ! ~N, 7.
S wo ik T
g 600 : = .
S 400 1
= g

200

0

0 2 4 6 8 10 12 14
Rotation, # (deg)

Figure 17: Static and dynamic bending crush mo-
ment in numerical simulation

Total energy absorption comparison in
static and dynamic bending

The total energy absorption EA can be obtained by in-
tegrating the bending moment-rotation curve '

J I3 M(8)d(8) fgr! M(6)d(6)

EA= ™ M(8)d(9)
or in numerical EA can be replaced by

01y — 6
EA=Y1 | (Mg()+Mp(it1)) (%) (12)

By applying equation (12), total energy absorption of
thin-walled beams subjected to dynamic and static
bending are compared and shown in Figure 18
Figure 18 shows that the energy absorption capability
of beam under dynamic bending is greater than those
in static bending. In other words, the higher bending
crush resistance of beam in dynamic impact condi-
tions is due to larger plastic deformation

Empirical predictions on bending crush re-
sistance

As we known that the strain rate affects the bending
resistance behavior of thin-walled beam under high
velocity impact conditions due to the change of flow
stress in strain rate sensitivity material. The ultimate
bending moment was introduced in equation (5) is

1m

380 -
S
= °
= 360 4 i
s Dynamic
e
2
£ 340 4
o
o
) I
2
° 320 Quasi-static,
2
300 -

Figure 18: Total energy absorption comparison be-
tween static and dynamic bending

only applicable for static bending case and it is not
suitable to use in dynamic bending instance under
high impact velocity. Therefore, the empirical pre-
diction on bending crush resistance becomes signif-
icantly to find a general formula for dynamic bending
loads. The bending crush forces and ultimate bend-
ing moment under various high velocities in finite el-
ement analysis are shown in Figure 19 and Table 3 re-
spectively.

v=10m/s =----- v=20 m/s

B
(=1
.

—=v=30m/s —-— v=40m/s

20

Bending crush force P (kN)

=l

(=1
(=1

20 30 40 50 60
Displacement & (mm)

Figure 19: Dynamic bending crush force with vari-
ous impact velocities

By performing the dynamic ultimate bending mo-
ment valuesM? in to a diagram, it can be seen that
these values are distributed according to the power
function of variable impact velocity or strain rate. It
is shown in Figure 20

Therefore, for high impact velocity within the effect
of strain rate, equation (5) is developed to be able to
predict dynamic ultimate bending moment, as below

M? =0.945M0¢0-1219 (13)

where € (1/s) is strain rate of material.
To validate empirical formula on ultimate bending

moment (Eq. 13), two drop bending experiments
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Table 3: Ultimate bending moment in static and dynamic impact loadings

Bending conditions  Impact velocity v (m/s)  Strain rate (€) (s~ 1) Ultimate bending Moment M,, (N.m)

Quasi-static 0.1 0.08 1160
Dynamic Dy 10 8 2280
Dynamic Dy 20 100 3670
Dynamic Do3 30 650 4670
Dynamic Do4 40 1600 5470
~. 6000 16 | ¢
=
g 7 5000 z ~ o2
= = Z Ni ical with frc =0.0
2§ 4000 £z Numerical with fro—0.2
= & N ical with fre=0.3
3 g 3000 g 0 lumerical with frc:
28 g
£ = 2000 T s
g £ g
&' 1000 6 ~
2 9 5,
0 500 1000 1500 2000 -
2
Strain rate (1/s)
0
. o . . 0 10 20 30 40 S0 60 70 80
Figure 20: Power distribution of dynamic ultimate Displacement & (mm)

bending moment - M?
Figure 21: Numerical and experimental comparison
on dynamic bending crush forces

with similar specimens were conducted and the re-
sults showed the similar bending crush forces versus
displacements in two tests. Foremost, by compar-
ing the results, peak forces in numerical simulation
were close to those in experiments. It is depicted in
Figure 21. In addition, the effect of friction coeffi-
cient is also presented on the behaviors of beams af-
ter reaching maximum load. The peak forces in nu-
merical analysis do not change for different friction

coefficientsy = 0, 0.2, 0.3. However, if consider the
entire of bending collapse, higher friction coefficient
Figure 22: Deformation pattern of thin-walled high
strength steel beams under dynamic bending: top
view, (b) and (c) side view

gives higher bending crush force. In most of the cases,
there is good matching between numerical and exper-
imental results. In addition, Figure 22 displays the de-
formation pattern of thin-walled high strength steel
beams under dynamic bending.

Otherwise, the comparisons on ultimate bending mo- - 1500 ° 2
(%) o
ment between numerical analysis, experiment and g 1400 { Numerical - Empirical
empirical prediction are figured out in Figure 23 #1300 rpermen prediction
Tz
= =
CONCLUSION £ 51200
E
In this paper, the bending collapse resistance of £ 11001
=
thin-walled high strength steel beams was addressed 1000

by using finite element and experimental methods.

The comparisons with the effect of friction between Figure 23: Compared dynamic ultimate bending
moment by using numerical, experimental and em-

numerical and experimental analyses show that a
pirical prediction methods

good agreement in terms of bending crush force was
founded with u = 0.2 friction coefficient for static

2620
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bending conditions. In addition, the beams within
corner radius r = 1 mm in numerical simulation also
show a good result of bending crush force compared
to experiment, and it can be seen that the thickness at
each corner affect bending resistance of beam. Oth-
erwise, under dynamic bending loads, bending crush
force, ultimate bending moment and total energy ab-
sorption are higher than those in static bending event.
Therefore, it is concluded that the bending crush be-
havior of beam can be improved in terms of undergo-
ing a dynamic bending load instead of a static bend-
ing. In other words, design influence by using dy-
namic bending behavior is rather than static bend-
ing to avoid over design with static resistance. Fur-
thermore, empirical formula predicted very well on
dynamic ultimate bending moment under dynamic
loads. It was shown in Fig. 23. By employing dynamic
drop test, the results in empirical prediction and nu-
merical finite element were validated and showed a
very good matching for dynamic ultimate bending
moment (M?)at various impact velocities and strain
rate (difference <5%).
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Ung xt&r hdng do uén ctia két cidu hop thép dé ciing cao thanh
mong dudi luc va cham tinh va déng

Tran Hai'", L. Gunawan?, SP. Santosa?, A. Jusuf?, T. Dirgantara?, Lé Binh Tuan', Tran Vian Tao'

TOM TAT

Bai bao nay nghién ctu mot loai va cham nguy hiém déi vdi cac két cdu chiu va cham va rat dugc
quan tam, va cham tac dong bén. Trong nghién cliu nay, dac tinh hu hong do uén ctia két cau
s thép cudng doé cao thanh mdng da dugc nghién ctiu biang phuong phap sé va thuc nghiém. Do
QR code and download this article véi ca hai trudng hop tai trong uén tinh va déng, cac dac tinh hu héng do uén nhu kha nang chiu
tai, dac tinh bién dang va kha ndng hap thu nang luong déu dugc nghién ctu thuc hién bang cach
sttdung mé hinh udn ba diém. Dua trén méd phdng s6, cac phan Ung hu hong do udn nay da dugc
du doan va xac nhan bang phan tich thir nghiém trong diéu kién uén tinh va déng. C6 hai mau
uén cho mdi tac dong ddng va tinh dugc thuc hién trong thi nghiém. Dau tién, cac két qua tinh
toan sé va thuc nghiém cho thay téng nang lugng hép thu clia dam thép cudng do cao khi chiu tai
uén dong cao han khi chju tai trong uén tinh. Hon nia, so sanh gitta mé phdng s6 va két qua thuc
nghiém cho thdy cé su pht hgp t6t vé dac tinh luc udn - bién dang khi goc xoay ctia dam nho. Hon
nla, anh hudng clia cac yéu té nhu yéu té hinh hoc tai cac goc, yéu té vé kich thudc mat ludi, yéu
t6 hé s6 ma sat dén ng xUr chiu uén clia két cau cling dugc phan tich va thuc hién trong nghién
cliu nay. Cu thé, trong cing mot tai udn, véi ban kinh géc, bién dang cuc bd cé thé dé dang duacc
tao ra hon so vdi bién dang & géc vudng clia dam. Hé sé ma sat sé khong anh hudng dén luc cuc
dai. Luc cuc dai khac nhau dugc du doan la 1% khi hé s6 tang tir 0 dén 0,2. Ngoai ra, cong thic
thuc nghiém da dugc thanh 1ap dé cé thé gitp du doan mémen phé hly cuc dai dudi téc dung
cla tai trong uén dong khi cd xét dén anh hudng clia téc dé bién dang va van téc va dap. Két qua
so sanh tét vé mémen udn déng téi han gitia phuong phap phan t& hu han, phuong phép du
o ' ) ‘ doan bang cong thiic thuc nghiém tim dugc, va két clia thuc nghiém cho thdy do tin cay trong
Trudng Dai hoc Bdch khoa-Dai hoc - cach tinh todn mé men udn téi han dudi diéu kién tai trong uén dong.
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