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ABSTRACT: This paper describes investigation about structural performance of RC exterior beam-column joint. Mechanical
anchorage had been developed for anchorage of main bars to increase in productivity at construction site. On the other hand,
flexural yielding of RC beam-column joint would be observed when the column-to-beam flexural strength ratio was low. Static
loading tests of exterior beam-column joint with low column-to-beam strength ratio were conducted, in which mechanical
anchorages were used for beam main bars. The tests focused on influences of orthogonal beam and effects of concentrated hoop
reinforcement in beam-column joint on structural performance of the beam-column joint. Even after yielding of orthogonal
beam by loading in transverse direction, orthogonal beam could increase the capacity of beam-column joint.

1. INTRODUCTION

Reinforced concrete moment resisting frame is
expected to be designed to form the beam yielding
mechanism during strong earthquake motions to
prevent story collapse caused by column failure and
dissipate large kinematic energy by many plastic
hinges generated at many ends of beams not to make
each story drift too large. In order to do that, column
bending moment capacity should be designed to be
larger than the beam one connecting the column
through the beam-column joint. However, in recent
studies by Dr. H. Shiohara in Japan, it was clarified that
even if the column flexural strength is higher than the
beam one, in case that the ratio of column flexural
strength to the beam one is not much higher even
beyond 1.0, lateral strength of the frame is not able to
demonstrate the strength equivalent to the beam
flexural strength [1]. The reason why the deterioration
of the lateral strength of the frame is that not only
tensile yielding of the beam main bar but tensile
yielding of the column main bar occur approximately
at the same time in the beam-column joint. This failure
mode is called yielding of beam-column joint which is
flexural type failure and whose strength is lower than
the beam flexural strength. Consequently, lateral
strength of the frame demonstrates lower strength than
equivalent to the beam flexural strength.

On the other hand, mechanical anchors are
generally used to terminate the beam main bars at an
exterior beam-column joint of reinforced concrete

high-rise buildings in Japan as shown in Photo 1.
Authors have also confirmed the deterioration of the
strength due to yielding of exterior beam-column joints
using mechanical anchor as anchorage of beam main
bars in a series of tests, in case of relatively low ratio of
column-to-beam flexural strength.

In this paper, static loading tests of exterior
beam-column joint with low column-to-beam strength
ratio are described. In the joint, mechanical anchorages
were used for beam main bars. The tests focused on
influences of orthogonal beam and effects of
concentrated hoop reinforcement in beam-column joint
on structural performance of the beam-column joint.

(a) Example 1
Photo 1 Mechanical Anchorage Hardware
2. SCOPE OF TESTS

The specific index was defined to represent
effective hoop amount in beam-column joint, as
explained in Figure 1 and the following equation (1),
that is, the index is provided when the tensile yielding
force of total hoop in beam-column joint is normalized
by tensile yielding force of beam main bars.

(Effective hoop amount) = Thy / Ty (D)
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A T,, :Sum of yielding force of main bars
=(Total cross sectional area of main bars [mmZ2])
X (Yield strength of main bar [N/mm?2])

5

Ty, :Sum of yielding force of joint hoops
=(Total cross sectional area of hoops [mm?])
X (Yield strength of hoop [N/mm?])

%

[|= ] = ==

=

Effective hoop amount := (T, / Ty, )
:= ratio of yielding strength of hoops to yielding strength of main bars

Figure 1 Effective Hoop Amount

Some sets of hoops in a mass located at the specific
position are expressed as “concentrated hoops”. In this
study, influence of total sectional area of concentrated
hoops or their material strength on behavior of
beam-column sub-assemblage under constant effective
hoop amount was investigated.

Influence of orthogonal beam on the strength of
beam-column joints was also investigated. Behaviors
of plane sub-assemblage with orthogonal beam and
slab in both sides and in one side were compared. In
addition, supposing input two dimensional earthquake
motions, influence of pre-loading to the orthogonal
beam up to flexural yielding on the performance of
beam-column joint was investigate.

3. OUTLINE OF TEST

3.1. Specimens

Seven partial exterior beam-column specimens in
total were prepared, as shown in Table 1, and the
reinforcement detail of typical specimens is shown in
Figure 2. The column-to-beam strength ratio was
approximately 1.5 in case of top tension in beam, and
was approximately 1.2 in case of bottom tension in
beam. Sectional dimensions, reinforcement, and length
of column and beam in all specimens were common.
Design strength of concrete Fc was 45 N/mm” in all
specimens. The column-to-beam strength ratio was
estimated based on flexural ultimate strength of
column and beam using the e-function in stress-strain
relationship of concrete. The flexural ultimate strength
of a section was assumed to demonstrate at the critical
section in the face of orthogonal member. Moments to
calculate the column-to-beam strength ratio were
extrapolated the flexural ultimate strength at the critical
section up to the node of the flame.

(Strength ratio) = (M, + sMy) / 1M, (2

Where, . :M,, -M,: Extrapolated flexural ultimate
strength in upper and lower column, respectively

»wMy: Extrapolated flexural ultimate strength in beam.

Table 1. Test Specimens

FT-3P FT-10PR FT-11PR FT-7POS FT-12POS FT-13POS | FT-14POSR
concentrated 4-D10 4-D10 4-D10
hoop reinforcement hpop (SPR785) (SD390) (SPR785)
in beam-column joint effectlveAhoop
amount in the 0.148 0.433 0.486 0.151 0.160 0.482
joint (Thy/Tpy)
pwj: hoop reinforcement of joint 0.249 0.373 0.622 0.249 0.249 0.373
span [mm] 980
orthogona b XD [mm] 350 X 550
Ibeam main bars 4-D25(SD490) Top/Btm
stirrup 4;23)2?51:)0 | 4-D14@100(SD295A)
thickness[mm] 90
slab reinforcement 2-D6@100(SD295A)
both sides/ one side both sides | one side
loading of orthogonal dirction No Yes (by flex. yielding)
column-to-beam flexural Pos. 1.46 1.55 1.51 1.35 1.40 1.40 1.40
strength ratio Neg. 1.18 1.26 1.23 1.17 1.18 1.18 1.18
BM. Pos. 278 274 265 318 291 291 291
BM. Neg. 278 274 265 294 277 277 277
ﬂex“(;alﬂ ;g\le]”gth Col(Upper) 367 386 365 386 368 367 367
Col.(L.Pos.) 444 464 439 475 449 449 448
Col.(L.Neg.) 388 415 290 407 288 288 288
shear strength of joint, cQju[kN] 330 394 331 458 380 378 375
) - Pos. 1.18 1.44 1.25 1.44 1.31 1.30 1.29
shear margin of joint
Neg. 1.18 1.44 1.25 1.56 1.37 1.37 1.36
anchorage strength, Tau [kN] 432 473 447 466 460 459 470
i Pos. 1.55 1.72 1.68 1.46 1.58 1.58 1.61
margin of anchorage
Neg. 1.55 1.72 1.68 1.58 1.66 1.66 1.70

COMMON:  Floor height 2700mm, Span 3700mm

Column: cross section 500 X 500 [mm], main bars 12-D22(SD345), hoop 2-D10@100(SD295A), shear span 1350mm
Beam: cross section 450 X 550 [mm], main bars 5-D25(SD490)Top/Btm, stirrup 3-D10@100(SD295A), shear span 1850mm
effective hoop amount in the joint (Ty,/Ty,y): ratio of yielding force of hoops to yielding force of main bars

flexural strength, BM. Pos., BM. Neg.: beam in positive loading, beam in negative loading

Col.(Upper), Col.(L.Pos.), Col.(L.Neg.): upper column, lower column in positive loading, and negative loading

Pos., Neg.: positive loading and negative loading

shear margin of joint, margin of anchorage: strength margins of joint shear or anchorage to flexural strength of beam
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Figure 2. Reinforcement Detail of Typical Specimens

Specimens FT-10PR and FT-11PR were added
concentrated hoops to the same specimen as basic
specimen FT-3P. The concentrated hoops were placed
in the neighborhood of mechanically anchored beam
main bar. Yield strength of concentrated hoops in
specimen FT-11PR was 0.5 times of that in specimen
FT-10PR, but the total sectional area of concentrated
hoops in specimen FT-11PR was 2.0 times of that in
specimen FT-10PR. Specimens FT-70S and
FT-12POS were added orthogonal beam and slab in
both sides and one side to the same specimen as
specimen FT-3P, respectively. Specimen FT-13POS
had the same specification as FT-12POS, but the
orthogonal beam of FT-13POS was preloaded up to
yielding of orthogonal beam before loading in the main
direction. Specimen FT-14POSR was added
concentrated hoops to the same specimen as specimen
FT-13POS, and the orthogonal beam was preloaded by
as the same manner as specimen FT-13POS.

3.2. Material Properties

The results of material test of concrete and
reinforcement are shown in Table 2 and Table 3,
respectively. The maximum size of coarse aggregate
of concrete was 13 mm, and the casting direction of
concrete was conducted as the same direction as the
real construction. Properties of concrete in Table 2
was measured at the same age as the loading test of
each specimen.

Table 2 Material Properties of Concrete

Compressive Young's Tensile

Specimen strength modulus strength

IN/mm?] X10*[N/mm?] [N/mm?]
FT-3P 55.6 3.25 3.4
FT-7POS 70.5 3.44 3.7
FT-10PR 7.7 3.44 4.5
FT-11PR 56.1 3.29 3.1
FT-12POS 62.3 3.35 3.8
FT-13POS 61.7 3.43 34
FT-14POSR 61.1 33 3.4

Table 3. Material Properties of Reinforcement

Yield Young's Ultimate
Specimen | size and grade usage strength| modulus | strength
[Nmm?]| X10°[N/mm?] | [N/mm?]
D25(SD490) BM. Main bar 573 1.94 732
FT-3P D22(SD345) Col. Main bar 386 1.90 576
D10(SD295A) | Hoop and Stirrup | 352 1.98 472
D25(SD490) BM. Main bar 523 1.96 700
D22(SD345) Col. Main bar 401 1.85 576
f:::zgs D10(SD295A) | Hoop and Stirrup 350 1.75 497
D10(SPR785) | Hoop and Stirrup 829 1.93 1027
D6(SD295A) Slab rein. 348 2.00 472
D25(SD490) BM. Main bar 511 1.97 665
D22(SD345) Col. Main bar 384 1.92 568
FT-11PR | D13(SD295A) | Hoop and Stirrup | 359 1.91 527
El:lgﬁgg D10(SD295A) | Hoop and Stirrup 363 1.59 534
FT-14POSR | D10(SD390) | Hoop and Stirup | 460 1.64 622
D10(SPR785) | Hoop and Stirrup | 911 1.66 1091
D6(SD295A) Slab rein. 387 1.65 533

3.3. Loading Procedure

Loading apparatus is shown in Figure 3. The
specimen was supported with pin-roller support at the
inflection point of upper column and beam, and pin
support at the inflection point of lower column. Lateral
cyclic loading was conducted horizontally holding of
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the steel loading girder at the top of the apparatus by
two vertical hydraulic jacks. No axial load was applied
to column of specimens. Loading direction when the
angle between upper column and beam increase was
defined as the positive direction, and the opposite
direction was defined as negative direction. It should
be noted that varying axial force balanced with shear
force of beam generated to the lower column. The
influence of the varying axial force is considered in the
column-to-beam strength ratio. Specimens were
applied static gradual increase cyclic loading in the
main direction.

Positive Direction
of lateral load —

[ ]
LTI

LT
L]

®<Story Drift D —

© © S
yu Lateral

E Loading Jack

(=] | E—

g =

q

O Vertical Loading Jack

Figure 3. Loading Apparatus

Specimens FT-13POS and FT-14POS were
pre-loaded in the orthogonal direction up to flexural
yielding of orthogonal beam before the loading in the
main direction. The flexural yielding of the orthogonal
beam was observed at story drift R=1/50 radian. After
the pre-loading, the specimen was turned 90 degrees
horizontally in the loading apparatus, and then the
main loading was applied.

4. RESULTS OF TEST

4.1. Results of Specimens with Concentered Hoops

Story shear Q and story drift angle R relationship
of specimens FT-3P, FT-10PR, and FT-11PR are
shown in Figure 4, and the maximum story shear
obtained from test and calculation of each specimen are
represented in Table 4. Calculated story shear is

equivalent to the story shear when the beam
demonstrates ultimate flexural strength.

Table 4. Test Results on Concentered Hoops

Positive Direction

Flexural Observed Story drift angle
Specimen strength strength [ Qmax/Qu at maximum
Qu [kN] | Qmax [kN] strength [/1000 rad.]
FT-3P 278 227 0.81 18.6
FT-10PR 274 254 0.93 275
FT-11PR 265 257 0.97 20.0
Negative Direction
Flexural Observed Story drift angle
Specimen strength strength | Qmax/Qu at maximum
Qu [kN] | Qmax [kN] strength [/1000 rad.]
FT-3P -278 -200 0.72 -18.3
FT-10PR -274 -218 0.79 -30.1
FT-11PR -265 -218 0.82 -20.1

Yielding of beam main bar approximately occurred
at R=+1/50 radian in these specimens. The maximum
story shear was approximately demonstrated also at
R=+1/50 radian in these specimens. Observed
maximum story shear of basic specimen FT-3P was
81% of the calculated one in the positive loading, and
72% of the calculated one in the negative loading.
However, the observed maximum story shear of
specimens with concentrated hoops was more than
90% of calculated one in the positive, and
approximately 80% in the negative. Therefore,
concentrated hoops are concluded to be effective to
improve the strength of beam-column joint with
relatively low column-to-beam strength ratio.

Observed damage in each specimen at R=+1/25
radian is shown in Photo 2. In all specimens, oblique
cracks in the beam-column joint located from the
position of anchorage hardware at the end of beam
main bars to the corner position of the joint opened as
horizontal deformation advanced, as shown by crack
(A) and (C) in the Photo. In the specimens with
concentrated hoops, concrete in the center part of the
joint was not crushed, different from observed damage
in specimen FT-3P with no concentrated hoops.

Q(kN)300 -

Q(kN) 300 4
FT-3P o

FT-10PR

Q(kN)300 -

60 80 -60

20 40 60 80 20
R(%X10%rad.)

R(X 10Prad.) / R(X 10%rad.)
2784 1996 2743 76 2655 2176
""""""""""""" 35677 R oo
----- Flexural strength of beam ® Qmax.(Pos.) A Yielding of beam main bar
— - — - - 80% of Qmax. ¢ Qmax.(Neg.) Yielding of column main bar

Figure 4. Story Shear - Story Drift Angle Relationships of Specimens with Concentered Hoops
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- FT-10PR

.

Photo 2. Damaged Situations at R=+1/25rad (Specimens with Concentered Hoops)

4.2. Results of Specimens with Orthogonal Beams

Story shear Q and story drift angle R relationship
of specimens FT-7POS, FT-12POS, FT-13POP, and
FT-14POS are shown in Figure 5, and the maximum
story shear obtained from test and calculation of each
specimen are represented in Table 5.

Table 5 Test Results on Orthogonal Beams

Positive Direction

Flexural Observed Story drift angle
Specimen strength strength [ Qmax/Qu at maximum
Qu [kN] [ Qmax[kN] strength [/1000 rad.]
FT-7POS 318 297 0.93 29.7
FT-12POS 291 269 0.92 20.3
FT-13POS 291 256 0.88 30.3
FT-14POSR 291 283 0.97 30.1
Negative Direction
Flexural Observed Story drift angle
Specimen strength strength | Qmax/Qu at maximum
Qu [kN] | Qmax [kN] strength [/1000 rad.]
FT-7POS -294 -243 0.83 -20.9
FT-12POS =277 -219 0.79 -19.7
FT-13POS =277 -217 0.78 -20.0
FT-14POSR =277 -227 0.82 -30.0

Yielding of beam main bar approximately occurred
at R=£1/50 radian in these specimens. The maximum
story shear was demonstrated also at R=+1/50 or £1/33
radian in these specimens. No specimen reached the
calculated strength as equivalent to ultimate flexural
strength of beam. However, strength of specimens with

orthogonal beam and slab were always higher than
strength with no orthogonal beam and slab, and the
strength of specimens with orthogonal beam and slab in
both sides were always higher than strength with
orthogonal beam and slab in one side. Moreover, the
strength of specimens with orthogonal beam and slab
neared to the calculated strength. Although, the strength
of orthogonal pre-loaded specimen FT-13POS was
slightly lower than the strength of FT-12POS with no
orthogonal pre-loading, the same magnitude in strength
of FT-12POS was demonstrated in large deformation.
Science, the ratio of observed strength to calculated
strength of FT-13POS was exceeded the same ratio of
FT-3P, confinement by orthogonal beam was effective
even if the orthogonal beam has yielded. The strength of
FT-14POSR with concentrated hoops in the joint was
higher than the strength of FT-12POS with no damage in
orthogonal beam. Therefore, the concentrated hoops are
judged to be much effective to improve the strength of
beam-column joint.

Observed damage in each specimen at R = +1/25
radian is shown in Photo 3. In specimen FT-7POS whose
joint was confined by orthogonal beams from both sides,
width of cracks of column at the critical section, were
relatively larger than that of other specimens. Cracks (A),
as shown in the photo, was predominant as same as other
specimens with no orthogonal beam and slab.
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Figure 5. Story Shear - Story Drift Angle Relationships of Specimens with Orthogonal Beams
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~ FT-7POS

Photo 3. Damaged Situations at R = +1/25rad (Spemmens with Orthogonal Beams)

4.3. Strength Degrading Ratio f;

AlJ Standard [2], supposing beam column joint
yielding failure, recommends strength degrading rate f3;
for the beam column sub-assemblage, represented by the
following equation (3) for exterior beam column joint,

B ={0.85—ZAtfy o1 (M +M°“<§ ]

b.D,E 4 My,
ZAJW iy 3
2( YAf,
Where,

b;: Effective breadth beam column joint;
Dy: Depth of beam,;
F.: Concrete strength;

3)

YA Sectional area of effective tensile main bar;
fy: Yield strength of effective tensile main bar;

2A;: Sectional area of hoop between beam main
bars in the joint;

fiy: Yield strength of hoop in the joint;

M.y, M’: Nodal moment by ultimate moment of
upper and lower column at beam face;

M,.: Nodal moment by ultimate moment of beam
at column face;

&.: Ratio of effective depth of column;

&: Modified coefficient by aspect ratio of beam
column joint.

When B exceeds 1.0, the beam column joint could
demonstrate the strength equivalent to ultimate flexural
strength of beam. Calculated B; and the ratio of
obtained strength to calculated strength as equivalent to
beam ultimate flexural strength are represented in
Figure 6.

Plots of specimens with orthogonal beam and slab
represent almost good correspondence to the calculated
Bi. Plots of specimens with concentrated hoops,
including specimen FT-14POS, did not demonstrate
the strength predicted by pB;, especially, in the negative

loading. Equation (3) includes a term which represents
effective hoop amount by equation (1), but 3; become
significantly large when the concentrated hoop was
included. Estimation of concentrated hoop may be
necessary to be examined.
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Figure 6. Relations of 3; and Exp./Cal.
5. CONCLUSIONS

In order to investigate the effectiveness of the
concentrated hoop reinforcement and/or the orthogonal
beam and slab for an exterior beam-column joint using
mechanical anchorage at the end of beam main bar, static
loading test was conducted. Main findings are as follows.

(1) Concentrated hoops in the joint are concluded to
be effective to improve the strength of beam-column
joint with relatively low column-to-beam strength ratio.

(2) Specimens with concentrated hoops did not
demonstrate the strength predicted by B;., especially, in
loading direction where the upper column and beam
are closed.
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(3) Strength of specimens with orthogonal beam
and slab were always higher than the strength with no
orthogonal beam and slab, and the strength of
specimens with orthogonal beam and slab in both sides
were always higher than the strength with orthogonal
beam and slab in one side. Moreover, strength of
specimens with orthogonal beam and slab neared to the
calculated strength equivalent to ultimate flexural
strength of beam.

(4) The ratio of observed strength to the calculated
strength of specimen with orthogonal beam and slab
exceeded the same ratio of plane specimen.
Confinement for the beam-column joint by orthogonal
beam was well effective, even if the orthogonal beam
has yielded.

(5) The strength of specimen with orthogonal
yielded beam and reinforced by concentrated hoops in
the joint was higher than the strength of specimen with
no damage in orthogonal beam. The concentrated
hoops are judged to be much effective to improve the
strength of beam column joint, even if the orthogonal
beam has yielded.
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ABSTRACTS: The paper presents an experimental programme on twelve composite slabs using new type of thin-gauged
steel decking profile, in which a part of the web and the top flange are embedded in the concrete slab. This type of decking
is used quite commonly in Singapore, but only the design provisions for trapezoidal and re-entrant steel decking profiles
are available in EN 1994-1-1 (EC4-1). Therefore, an experiment was required to study the longitudinal shear resistance of
flat-decking composite slabs in accordance with EC4-1. The test results were used to determine two empirical factors m
and k, which are the key factors for calculation of longitudinal shear resistance. The paper demonstrates clearly the
procedure of the standard tests specified in Annex B of EC4-1, which is also a good example for other similar studies. The
test results show that the flat-profiled decking composite slabs have similar benefits compared to traditional ribbed profiled
decking (i.e., trapezoidal and re-entrant) at ambient temperature, and can be used effectively as a decking type for
composite slabs.

KEYWORDS: m-k; Longitudinal shear resistance; Flat-decking; Composite slabs.

1. INTRODUCTION

Recently, composite steel deck-concrete slab
systems have been widely used in modern office
buildings, since this type of slab system can provide
considerable advantages in terms of ease of
construction, reduction of site work and cost.
Composite slabs consist of profiled steel sheeting and
in-situ ~ concrete  topping.  Advantages and
disadvantages of using composite slabs have been
reported elsewhere. However, the shear bond between
the profiled steel sheeting and concrete is difficult to

profiled steel decking at ambient condition. The
purpose is to determine Longitudinal Shear
Resistance (LSR) of the composite slabs in
accordance with EC4-1. The tests were conducted at
the Construction Technology and Construction Annex
Laboratories of School of Civil and Environmental
Engineering, Nanyang Technological University
(NTU), Singapore.

2. TEST SETUP

2.1. Test specimens

predict theoretically since it is dependent on several
key and interrelated parameters including geometry
and flexibility of the profiled steel sheet itself. There
are a number of experimental tests to study
longitudinal shear resistance of different types of
composite slabs [1-3]. Experimentally, BS EN 1994-
1-1:2004 [4] (EC4-1) specifies clearly the procedure
to determine longitudinal shear resistance of
composite slabs using any type of steel decking.

This research investigates a new type of thin-
gauged steel decking profile, in which a part of the
web and the top flange are embedded in the concrete
slab (LCP profiled steel decking). This flat profiled
decking has similar benefits compared to traditional
ribbed profiled decking (i.e., trapezoidal and re-
entrant) at ambient temperature, and even better at
elevated temperatures [5].

This paper presents an experimental programme
conducted on twelve composite slabs using LCP

The composite slabs consisted of concrete cast on
top of LCP steel decking as shown in Figure 1. The
profile of LCP decking is shown in Figure 2.

Concrete
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g - . "4 o
i - - L. N a
. E-l: ghd‘ 4
q o - -
W W |

300 300 h!
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Condeck HF steel decking

Figure 1. LCP composite slabs
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Figure 2. Profile of LCP steel decking
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The experimental programme includes twelve
specimens, denoted as LSR and tested at ambient
temperature. All specimens were designed using one
configuration of steel decking with 0.75mm thickness.
This is because EC4-1 allows that the test results for
LSR obtained with a thinner steel deck can be used for
a thicker deck.

Each of test series LSR-1 and LSR-2 consisted of
three specimens with a total slab thickness of 120mm.
For these series, the concrete cube strength was
30MPa and the slab width was 900mm. The clear
spans Ly, for LSR-1 and LSR-2 were 2400 and
4400mm, respectively (Table 1). As a result, the
corresponding shear spans Ly of the two test series
were 600 and 1100mm, respectively. In each of test
series LSR-1 and LSR-2, the first specimens (LSR-1-1
and LSR-2-1) were tested under static loading scheme
without cyclic loading in order to determine the level
of cyclic load at the initial test phase for the remaining
specimens of the series. Test results obtained from
LSR-1 and LSR-2 series were used to determine m
and k values.

Table 1 Test specimens

No | Series | SPecime h L b | LgpalLs
0 |(mm)| (mm) | (mm) |(mm/mm)

1 |LSR-1|LSR-1-1| 120 | 2600 | 900 | 2400/600
2 LSR-1-2| 120 | 2600 | 900 | 2400/600
3 LSR-1-3| 120 | 2600 | 900 | 2400/600
4 |LSR-2|LSR-2-1| 120 | 4600 | 900 (4400/1100
5 LSR-2-2| 120 | 4600 | 900 |4400/1100
6 LSR-2-3| 120 | 4600 | 900 |4400/1100
7 |LSR-3 |[LSR-3-1| 250 | 2600 | 900 | 2400/600
8 LSR-3-2| 250 | 4600 | 900 |4400/1100
9 |LSR-4 |LSR-4-1| 120 | 2600 | 900 | 2400/600
10 LSR-4-2| 120 | 4600 | 900 |4400/1100
11 |LSR-5 |[LSR-5-1| 250 | 2600 | 900 | 2400/600
12 LSR-5-2| 250 | 4600 | 900 |4400/1100

Test series LSR-3 was to study the effect of slab
thickness on m and k values, thus the slab thickness
was 250mm. Concrete cube strength of 30MPa was
used for the two specimens designed with the
respective span of 2400 and 4400mm.

Test series LSR-4 and LSR-5 were for validation
of the effect of concrete compressive strength on m
and k values. Therefore, concrete cube strength of
50MPa was chosen for both series. The slab thickness
of LSR-4 specimens was 120mm, whereas the
thickness of LSR-5 specimens was 250mm.

The specimens were cast in fully supported
condition as specified in EC4-1. Before pouring of

wet concrete, debris was removed to maximize the
affect the bonding strength between the steel decking
and the concrete.

2.2. Test rig and instrumentation

The test setup is shown in Figure and was
complied with EC4-1, which specifies that the
specimen should be subjected to two concentrated line
loads located at one quarter of the specimen span.
Load was transferred from the actuator to the
specimen via a primary and two secondary steel
beams. Neoprene pads were placed under the

secondary beams to avoid damages on concrete
surface as well as to allow for rotations of the slab
during test. Figure shows the images of the test setup
on LSR-1-1 and LSR-2-1.

1°)

(b) LSR-2-1

Figure 3. Test setup of LSR-1-1 and LSR-2-1
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Figure 4. Plan of test setup
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The plan of test setup is shown in Figure 3. For
specimens under static load regime, four load cells,
namely, LC1 to LC4 were placed at supports to verify
the load equilibrium of the system. The two supports
were pin and pin-on-roller. A total of 13 Linear Variable
Displacement Transformers (LVDTs) were used to
measure horizontal end slips (50mm type, LVDTI1 to
LVDTS8) and vertical deflections of the specimens
at quarter (100mm type, LVDT9 and LVDT13) and
mid-span (100mm type, LVDT10 to LVDT12). The
deflection measurements provided detailed information
on structural behaviour, based on which the ultimate
strength of composite slabs can be determined.

Horizontal slips between the concrete and the
profiled steel decking at the ends of the specimen
were measured using an L-shape plate glued to the
steel decking as shown in Figure 5.

Figure 5. Measurement of end slips

The test setup was similar for the long specimens
which had the test span and the shear span of 4400
and 1100mm, respectively.

2.3. Test procedure

To determine m and k values, two groups of three
tests were conducted, viz. LSR-1 and LSR-2 series
(Table 1), according to EC4-1. The first specimen in
each group (LSR-1-1 and LSR-2-1) was subjected to
the maximum static test without cyclic loading to
determine the level of cyclic load for the other two.
The failure load from this test is denoted as Wy.

According to EC4-1, the other two specimens
were subjected to the loading procedure including two
stages, which consist of an initial cyclic test,
following by a subsequent static test in which the slab
was loaded to failure. The initial cyclic load ranged
from an upper limit not less than 0.6W, to the lower
limit not greater than 0.2Wy. The cyclic load was
applied for 5000 cycles and the test duration was not
less than 3 hours. The subsequent test was a static test
with a displacement rate of 1 mm/min until the
specimen reached failure.

Failure criteria for Longitudinal Shear Resistance

LSR-1 series had three specimens. The failure
load from the static test on the first specimen (i.e.
LSR-1-1) was Wy,. At the initial phase of LSR-1-2
and LSR-1-3, the cyclic load was applied for 5000
cycles in not less than 3 hours within the limits of
0.2Wy and 0.6W,, through a force-controlled regime.
Similar test procedure was applied for LSR-2 series.

Complied with EC4-1, the analysis of subsequent
phase after the initial phase can be conducted in the
following steps:

- When the end slip reached 0.1lmm, the
corresponding load from actuator W,; was
determined;

- If the load-displacement curve had its peak
before the mid-span slab deflection reached L/50 (48
and 88mm for Groups 1 and 2, respectively), this peak
point was defined to be the failure load Wy;;

- If the peak load was obtained at a mid-span
deflection larger than L/50, the failure load W, was
determined as the corresponding load from actuator at
L/50: Wu=Wys0;

- If the ratio W.y/W,; was greater than 1.1,
longitudinal shear behaviour can be considered as
ductile. Then the experimental shear force should be
taken as V&=0.5x(Wy+W,), where W, is the total
weight of the slab and the two secondary steel beams;

- If the ratio W /Wy, was smaller than 1.1,
longitudinal shear behaviour can be considered as
brittle. Then the representative experimental shear
force should be taken V=0.8x0.5x(W+W)).

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

3.1. Longitudinal shear resistance
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Figure 6. LSR-1-1 — Load vs. mid-span deflections

Figure 6 shows the relationship between the
applied load and the mid-span deflection of LSR-1-1,
in which the continuous lines represent the readings of
LVDTs 10, 11, 12 placed at the mid-span of LSR-1-1,
respectively (Figure 4). The dashed line is the actuator
displacement. It can be seen that the readings of the
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three LVDTs are very consistent, showing symmetry
of the test setup. However, the difference between the
continuous and the hidden lines is due to the
deflection of the load transfer system comprising the
primary and the secondary steel beams (Figure 3).

Figure 7 shows the end slip measurement for
LSR-1-1. The difference of 0.lmm is captured at an
applied load of 46.7kN.
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Figure 7. LSR-1-1 — End slip
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It can be concluded from Figures 6 and 7 that
LSR-1-1 reached its ultimate resistance of 122.8kN at
a mid-span deflection of 23mm, which was lower than
the deflection limit of L/50 = 48mm, giving
Wy = 122.8kN. From Figure , one can obtain
Wo1 = 46.7kN. The ratio W/Wy; is calculated as
122.8/46.7 = 2.6, which is greater than 1.1. Hence, the
longitudinal shear behaviour of LSR-1-1 can be
considered as ductile.

Based on the test results of LSR-1-1, the cyclic
load levels of specimens LSR-1-2 and LSR-1-3 are
determined as follows: (i) lower limit 0.2W = 24.6kN
and (ii) upper limit 0.6W = 73.7kN. The cyclic load
was applied for 5000 times in 3 hours, followed by a
subsequent test in which the specimen was subjected
to static load until failed.
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Figure 8. LSR-1-2 — Load vs. mid-span deflection

With the aforementioned testing procedure, the
relationship between the applied load and mid-span
deflection of specimen LSR-1-2 is shown in Figure 8,
while the end slip is shown in Figure 9. Only the
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results of LSR-1-2 are shown as an example to reduce
the paper length.
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Figure 9. LSR-1-2 — End slip

The test results of LSR-1 and LSR-2 series are
summarized in Tables 2 and 3. K is a factor taken as
0.5 if the failure mode is ductile, and 0.4 if the failure
mode is fragile as explained in section 2.3.

Table 2. Test results of LSR-1 (L =2600mm)

Parameters LSR-1-1 | LSR-1-2 | LSR-1-3
Wuso (kN) N/A 93.3 N/A
Wy (kN) 122.8
Wy (kN) 93.3 93.5
Wo.i (kN) 46.7 19.7 48.4

Wu/Wo 2.60 4.73 1.93
Failure mode ductile ductile ductile
SW of slab (kN) 6.74 6.74 6.74
SW of spreader

beamsp(kN) 2.19 2.19 2.19

W, (kN) 131.73 102.23 102.43
K 0.5 0.5 0.5
Vi (kKN) 65.87 51.12 51.22

Table 3. Test results of LSR-2 (L =4600mm)

Parameters LSR-2-1 | LSR-2-2 |LSR-2-3
Wiso (kN) N/A N/A N/A
Wi (kN) 62.25
Wi (kN) 59.0 58.67
Wi (kN) 45.33 25.51 22.9

Wa/Wo, 1.37 231 2.62
Failure mode ductile ductile ductile
SW of slab (kN) 11.93 11.93 11.93
SW of spreader

beamsp(kN) 2.34 2.34 2.34

W, (kN) 76.52 73.27 72.94
K 0.5 0.5 0.5
Vi (kN) 38.26 36.64 | 36.47
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As can be seen, the longitudinal shear behaviour
of all specimens was ductile.
3.2. Determination of m & k values

According to EC4-1, if using the m-k method the
design shear resistance can be determined from
Equation (1).

bd A
Vl,Rd =—" (& +k j
Vv \ DL,

(1

where: b, d, are the width and distance between
the centroidal axis of the sheeting and the extreme
fiber of the slab, in mm; A, is nominal cross-section of
the sheeting in mm?; m, k are the design values for the
empirical factors in N/mm? obtained from testing; L
is shear span in mm,; v, is the partial safety factor.

The failure shear force V, can be determined from
the test results. The other parameters required to
determine m & k values are summarized in Table 4.

Table 4. Parameters for determination of m & k
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Figure 10. Evaluation of m and k values

3.3. Validation of m & k values with LSR-3, 4 and
5 series

As mentioned in Section 2.1, the test series of
LSR-3, 4, and -5 were for validations of the effects of
the slab thickness and concrete compressive strength
on m and k values. The test results of the three series
are summarized in Table 4.

Parameter | Unit | LSR-1-1 | LSR-1-2 | LSR-1-3 Table 5.Test results of LSR-3, 4, and 5 series
V. (kN) 65.87 51.12 51.22 (in kN)
b (mm) 900 900 900 Parame- | LSR- | LSR- | LSR- | LSR- | LSR- | LSR-
dp (mm) 105 105 105 ter 3-1 3-2 4-1 4-2 5-1 5-2
L. (mm) 600 600 600 Wise | N/A | N/A | N/A | N/A | N/A | N/A
A, (mm®) | 1089 1089 1089 Wi
Vil(bdy) | (mm?) | 0.699 0.543 0.544 Wy | 181.8 | N/A | 151.2]120.6 |282.9 |242.9
W, 94.5 76.89 | 32.1 |312.5|68.19
A,/(b.Ly) 0.00202 | 0.00202 | 0.00202 0
Wa/Woi| 1.92 1.97 | 3.75 | 1.11 | 3.56
Parameter | Unit | LSR-2-1 | LSR-2-2 | LSR-2-3 -
Failure D D D D D
V, (kN) 38.26 36.64 36.47 mode*
b (mm) 900 900 900 SW of |14.04 |24.84| 6.74 | 11.93|14.04 | 24.84
d, (mm) 105 105 105 slab
L, (mm) 1100 1100 1100 SWof | 2.19 | 2.34 | 2.19 | 2.34 | 2.19 | 2.34
spreader
A, (mm?) 1089 1089 1089 beams
Vi/(b.d)) | (N/mm®) | 0.406 0.389 0.387 W, |198.0 160.1 | 134.8 | 328.7 | 270.1
A,/(b.Ly) 0.001101 | 0.001101 |0.001101 K 0.5 05 | 05| 05| 05
Ve 99.02| N/A |80.07 | 67.42 | 164.4 | 135.1

Using Equation (1) and the test results, the m & k
values can then be determined. The experimental
values obtained from LSR-1 and LSR-2 series are
m = 152.644 and k = 0.1804 as shown in Table 10.
These values were obtained based on EC4-1 clause
B3.5.2(3), which specifies that from each group the
characteristic value is deemed to be the one obtained
by taking the minimum value of the group reduced by
10% and the design relationship is formed by the
straight line through these characteristic values for the
two groups. The unit of both the m and k is N/mm”.

* D: ductile failure

It is noted in Table 5 that the specimen LSR-3-2
had premature failure during the test and the
maximum load could not be obtained. This is due to
an inclined crack near to the crack inducer. This crack
occurred during transportation and prior to testing.

Similar to series LSR-1 and LSR-2, the m and k
values for LSR-3, 4 and 5 series can also be
determined as shown in Figure 11.
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Figure 11. Evaluation of m and k values for all series

From Figure 11, it can be concluded that the m
and k values obtained from LSR-1 and LSR-2 series
can be used safely since almost the tested points from
LSR-3, 4 and 5 are above the line. The m values are
reasonably consistent for LSR-1, 2, 4 and 5 series, while
the k values increase with an increase in concrete grade
(LSR-1,2 vs. LSR-4), and decrease with an increase in
specimen depth (LSR-4 vs. LSR-5).

4. CONCLUSIONS

The paper presents an experimental programme
conducted on twelve composite slabs using the flat-
decking profile, in which a part of the web and the top
flange are embedded in the concrete slab. The purpose
was to determine longitudinal shear resistance using
the m-k method in accordance with EC4-1.

It can be concluded that all the flat-decking
composite slabs had achieved the ductility requirement
of EC4-1 with the ductile failure mode. The m—k values
of the flat-decking composite slabs have been
determined, where the m value is 152.644 N/mm’ and
the k value is 0.1804 N/mm”.

The paper also demonstrates clearly the procedure
of the standard tests specified in Annex B of EC4-1,

and it is a good example for other similar studies. The
test results show that the flat-profiled decking
composite slabs have similar benefits compared to
traditional ribbed profiled decking (i.e., trapezoidal
and re-entrant) at ambient temperature, and can be
used effectively as a decking type for composite slabs.
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HE SO GIAT VA XAC PINH TAI TRONG GIO TAC DUNG LEN KET CAU
(GUST LOADING FACTOR AND DETERMINATION OF
WIND LOADING ON STRUCTURES)

Vii Thanh Trung, Nguyén Pai Minh
Vién Khoa hoc Cong nghé Xay dung, Bo Xay dung
81 Tran Cung, Cau Gidy, Ha Néi, Viét Nam
Email: trungvuthanhl975@gmail.com

TOM TAT: TCVN 2737:1995 duoc st dung 6 nudc ta tir nam 1995, trong d6 ¢ ndi dung tinh toan xac dinh tai trong gioé
tac dung 1én két cAu. Hién nay, tiéu chuin nay dang duoc soat xét lai dé phu hop véi thyc té phat trién cua nganh xay dung
va hién tuong bién d6i khi hau. Bai bao nay trinh bay co s xac dinh hé sb tai trong giat (dé don gian goi 1a hé sd giat) va
tinh toan tai trong gi6 tic dung 1én két cau theo TCVN 2737:1995 va tiéu chudn My ASCE/SEI 7-16 ciing nhu so sanh két
qué tinh toan tai trong gi6 theo cac tiéu chuin nay. Viéc hiéu dung cac co s& 1y thuyét nay rat quan trong khong nhiing
trong tinh toan thiét k& ma con trong soat xét, bién soan tiéu chuin. Tir d6, c6 thé dwa ra cac kién nghi x4c dinh hé sé giat
trong tinh toan tai trong gi6 tac dung 1én két cu & Viét Nam sao cho thuén tién, tin ciy va hop 1y.

TU KHOA: Cong hudng, phan Gng dong luc, phan Gng nén, hé s dong, hé ) giat, h¢ ) phan Ung giat, tai trong gio,
TCVN 2737, thanh phan dong, thanh phan tinh.

ABSTRACTS: TCVN 2737:1995 has been applied in our country since 1995, in this code there is a chapter involving with
the determination of the wind loads acting on the structures. Presently, this design standard is being revised to be met with
the development of the construction industry and the climate changes. This paper presents the backgrounds for
determination of the gust loading factor (for simplification, it is called gust factor) and for the calculation of the wind loads
acting on the structures following TCVN 2737:1995 and ASCE 7-16, as well as the comparisons of the wind loading results
obtained based on these 2 codes. Right understanding of these theoretical backgrounds is important not only for analysis
and design but also for the preparation and revises of the wind codes. Then, the recommendations for the gust or dynamic
factor used in determination of the wind loading on the structures in Vietnam can be made in the right and relevant way.

KEYWORDS: Resonance, dynamic response, background, dynamic factor, gust factor, gust loading factor, wind loading,
TCVN 2737, static component, dynamic component.

1. GIOI THIEU

TCVN 2737:1995 [1] dugc bién soan trén co s&
soat xét TCVN 2737:1990 [2], dya trén tiéu chudn
SNiP 2.01.07-85 [3] v6i mot sé diéu chinh phi hop voi
diéu kién khi hiu nuéc ta c6 nhiéu bao nhiét déi. Tiéu
chuan nay di st dung trén 20 nam. Trong qué trinh sir
dung tiéu chudn, viéc xac dinh thanh phﬁn dong cua tai
trong gio phirc tap, nhat 1a d6i voi cong trinh va cac bo
phén két cdu c6 tan sb dao dong riéng co ban f1 < 1 Hz
(chu ky dao dong riéng thir nhat 71 > 1 gidy, cao hon
10 tang). Ngoai ra, viéc thay ddi van tdc gi6 co ban ¥
tir van toc gi6 10 phut sang van toc gié 3 gidy trong
TCVN 2737:1995 nhung phuong phép tinh van chip
nhan hoan toan nhu cua SNiP (vdi khoang thoi gian T
ma mot ludng gi6 tac dung lén cong trinh (thoi gian
twong tac giita gi6 va két cau) 1a 10 phit, ung véi V
trung binh (khong doi theo thoi gian hay con goi la tinh)
ciing trong khoang T = 10 phut nhung lai ldy ¥ trung
binh trong 3 gidy) dd gdy nhiing sai léch vé phuong

cAu trong 20 ndm qua da minh chimg diéu nay. Chinh vi
vay, bai bao nay lam rd co s¢ tinh todn tai trong tac
dung 1én cong trinh. Tir d0, c6 thé dua ra cac kién nghi
trong soat xét TCVN 2737:1995 hién nay.

2. PHAN UNG DPONG LUC (NEN, CONG
HUONG) CUA KET CAU KHI CHIU TAI
TRONG GIO

Gi6 1a mot hién tuong trong ty nhi€n hinh thanh
do sy chuyén dong cua khong khi c6 do rdi cao tac
dong 1én két cAu va cac bd phéan két cAu. Tu do gdy ra
phan tmg dong Iuc ciia két cau, bao gdm phan tmg nén
va phan Ung cong hudng. Phan Ung cong hudng
thuong xay ra dbi véi két cau va bo phan két cdu co
tan s6 dao dong riéng nho hon 1 Hz (7> 1 gidy). Phan
ung cong hudng la mot hiéu ung phuc tap theo thoi
gian, khong chi phu thudc vao van tdc hodc ap luc gio6
giat tirc thoi, tac dong doc theo ludng gié ma con phu
thudc vao vén toc hodc ap luc gio6 giat xay ra trudce do.

phép tinh toan. Tuy vdy, nhiing sai léch nay phan 16n
thién v€ an toan. Nhimg vi du ki€m tra trong qua trinh
soat xét TCVN 2737:1990 [4] va tinh toan thiét ké két

Phan tmg cong huong khac v6i phan tmg nén cia
két cau khi chiu tai trong gié. Hinh 1 thé hién mat do
pho phan ung cua két cau dudi tdc dong cua tai trong
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gi6, phan dién tich phia dudi dudong cong thé hién
phuong sai cia phan ung. Cac phan Umg cong hudng
cua hai dang dao dong dau tién dwoc thé hién trong
phéan gach chéo cta hinh nay. Phan l'mg nén, thu(‘)'ng xéy
ra voi tan s6 dao dong riéng thap nhat 1a phéan 16n nhat
trong Hinh 1 va thucmg 1a phan ndi troi trong trudng
hop tac dong doc ludng gié. Phan tmg cong hudng ciing
quan trong, thdm chi chiém wu thé khi két ciu cao hon
va g véi cac tan sb dao dong riéng thap hon.

Mat d6 phd phan tmg

Hinh 1. Mat d6 pho phan tng cua két ciu véi
céc tan s dao dong riéng co ban

Hinh 2(a) thé hién cac dic tinh lich st theo thoi
gian cta luc gi6 doc; phan tmg cua két ciu co tan sb
dao dong riéng cao dugc thé hién ¢ Hinh 2(b) va phan
{mg cua két cau c6 tan sb dao dong rleng thap dugc thé
hién & Hinh 2(0) Dbi voi két cau co tan sb dao dong
riéng thu nhét cao, phan g cong hu(mg dong vai tro
thir yéu. Tuy nhién, ddi voi két chu c6 tan s6 dao dong
riéng thtr nhét thap (<1 Hz), phan tng cong hudng la
quan trong. Ngoai ra, phan {ng cong hudng ciing phy
thudc vao do can, khi dong hodc dang két cau.

Vi du, cac duong déy tai dién cao thé thuong co
tan s6 rung lic nho hon 1 Hz, song d6 can khi dong 1a
16n. Cac thap rdng, véi khodi luong nho, cling co ti 5O
can thap Cac cot den don than voi m01 n01 trugt co do
can két cdu cao do ma sat tai cac mdi ndi s& han ché
phan tng cong huong do gid gay ra.

Phan tng cong hudng khi xdy ra c6 thé sinh ra cac
tuong tac phure tap, chuyén dong ctia ban than két cau
dan dén cac lyc khi dong thém dugc tao ra.

C6 ba ngudn tao ra tai trong gié thay ddi:

+ Ngudn thir nhét, phan tng cong huong, 1a dong
gi6 thay doi ty nhién va r0i, tao ra bdi cac tac dong cat
khi cac dong khi trugt trén bé mét nham cua qua dat.

+ Ngudn thir hai 1a tac dong ciia kich dong xody
(vortex shedding), Xdy ra O phia sau cac két cdu co
hinh dang v&i mit cit ngang tao xody, cac mait cit
ngang hinh tru tron hoac hinh vudng.

+ Nguon thir ba 1a cac luc rung lic (buffeting
forces) tur cac vet dong cua céc két cau ¢ trudc dong
gi6 cua ket cau dang xét dén.

(a) 4

Thoi gian

x(0) TAn s6 dao dong
riéng n; cao

v

Thoi gian

Tén s6 dao dong
riéng n; thap

Thoi gian

Hinh 2. Thay ddi theo th(n glan cua (a) luc gio,
(b) phan tng cua két cau c6 tan s0 dao dong riéng cao;
(c) phan tmg cua két cdu co tan s6 dao dong riéng thip

3. DAO PONG NGAU NHIEN

Davenport [5-7] dua ra phuong phap tiép can dbi
v6i dao dong cua két cau do gid gay ra. Cac dong gop
quan trong khac cho phuong phap nay duogc tiép tuc
thuc hién boi Harris, Vickery [8-10].

Phuong phép ctia Davenport da st dung khai niém
cla qua trinh ngau nhién dimg (stationary) dé mé ta
van toc, ap luc va luc gio. Phuong phap nay gia thiét
su phirc tap cta thién nhién. Tuy nhién, van c6 thé st
dung d% 1éch chuén, twong quan va mat do pho dé mo
ta cac dic diém chinh cta cac luc kich dong va phan
g cuia két cdu. Mat d6 pho 1a luong quan trong nha"it
dugc xem x¢t trong phuong phap nay, sir dung mién
tan s6, hodc duoc goi 1a phwong phap pho.

Van téc, ap luc gi6 va phan tmg cua két ciu duoc
coi nhu qua trinh ngiu nhién dung trong d6 thanh
phan trung binh dugc tach khdi thanh phan thay doi
theo thoi gian:

X(t) = X +x'(t)
trong do:
~ X(t): Van toc gi0, ap lyc hodc phan Ung cua két
cau (moémen, tng suat, do vong ...);
X : Thanh phan trung binh;
x'(t): Thanh phan thay doi theo thoi gian.
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Hinh 3 thé hién phuong phap mat d¢ phd [12].

Vin tbc Luc Phan (g

Mat do phd
gio giat
|

Him din  Matdo pho
xuét khi dong lwe khi dong

Mat d6 phd
phan tng
T i T

Ham dén
co hoc

)

Hinh 3. Phuong phap mat do pho

Tan s0

3.1. Phan tng doc ludng gi6 ciia hé két cAu

Xem xét phan ing dong hoc doc theo ludng gi6
cua vat thé nho, cac déac ginh dgf)ng lyc cta chung dugc
thé hién boi bo giam chan khoi luong - 16 xo, hé mot
bac tu do (xem Hinh 4), khong anh huéng nhi€u dén
dong roi tac dong.

Phuong trinh chuyén dong cua hé nay dudi tac
dong cua lyc khi dong, D(?), dugc thé hién nhu sau:

D(t) (1

Gia thiét tya khong ddi cho cac két cdu nho cho
phép lién h¢ sau gitra trung binh binh phuong cua lyc
thay doi va van téc gié doc thay d6i dugc thé hién
theo cac Phuong trinh 2a va 2b.

mX +cxX +kx =

DIZ — C2D0p2a ﬁ2u12A2 (23)
4D ,2

U

Phuong trinh 2b thé hién duéi dang mat d6 phd
(xem cac Phuong trinh 3 va 4).

D?=Cp p% U u?A = (2b)

o0 2 o0
j Sy (n).dn = 4D f S, (n).dn 3)
0
Do do:
4D°
Sp(n) =—-S,(n) “4)
(3]

Dé cd mdi lién hé giita lyc tic dong va phan img
cua ket cau, do Véng duoc tach ra lam céc thanh phan
trung binh va thay doi, nhu Phuong trinh 5 dudi day:

X(t) = X +x/(t) (5)

Quan hé gilrta lyc tac dong trung binh D va do
vong trung binh X dugc thé hién & Phuong trinh 6:

D=kX (6)
trong do:

k: B9 cing 10 xo dugc (xem Hinh 4).

PR Y

I

Hinh 4. M6 hinh dong luc cua két cAu
Mat d6 phod ciia do vong quan hé voi mat do phd
cua lyc tac dung thé hién ¢ Phuong trinh 7:
1 2
Sy (n) =k—2|H(n)| Sp(n) (7
trong do:

|H(n)|2 : Ham dan xuét co hoc cho hé mot bac tu
do va dugc xac dinh theo Phuong trinh 8.

Hm) = 1 ®)

[1—(n/n1)2]2+4n2(n/n1)2

n: Tan so cua luc kich thich;

n;: Tan s6 dao dong riéng thi nhat;

n: Do can.

Két hop cac Phuong trinh 4 va 7, mét do pho cia
phéan tng d0 vong quan h¢ vdi mat do phd cua su thay
doi van toc gio theo Phuong trinh 9.

Sy (n)= |H( )| S (n) )

Phuong trinh 9 du'qc ding cho cac két cdu co dién
tich chan gié nhd.

DPbi véi cac két cau 16n hon, cac su thay ddi van
toc gié khong xay ra dong thoi trén toan bo mat don
gi6 va tuong quan trén toan bd dién tich, 4, phai dugc
xem xét. Ham dén xudt khi dong *(n) dugc dung dé
xét dén hiéu mg nay (xem Phuong trinh 10).

24D

S, ()= 2|H( )" =% (0)S, (n) (10)

_ Thay D tr Phuong trinh 6 vao Phuong trinh 10,
dan dén:

S, (m)= 2 H@) 22 ()3, (n) an
U
Dbi voi cac két cau ho, nhu thap thép rdng, khong
anh huong nhidu dén dong gi6, 2 (n) c6 thé duoc xac
dinh tir cac dac tinh twong quan cua su thay dé}i van
toc gio toi. Gia thiét nay cling dung cho cac két cau
dac, nhung X2 (n) ciing x4c dinh bang thyc nghiém.
Hinh 5 thé hign dir ligu thi nghiém voi ham hoi
quy. Chuy rang y(n) gin bang 1 tai cic tan so thap va
cac vat thé nho. Trudng hop gid giat véi tan sd thip
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thi trong quan toan bd va bao toan by bé mat cua két
chu. Pdi voi cac tan s cao, hodc vat thé rat lon, gio
giat khong thé tao ra cac luc toan bo trén két ciu, do
thiéu su tuong quan, va ham dan xuét khi dong co
khuynh huéng vé khong.

) ——
A :|%
1+

TR

<

X(m) 0.1

0.01

0.01 0.1 1.0 10

Hinh 5. Dan xuét khi dong dugc xac dinh
trén so0 li€u thi nghiém [10]

= TSX (n).dn (12a)
0
o 52
2= f %|H(n)|2 %2 (n)S, (n).dn (12b)
o U

Bé xéc dinh phuong sai cia d6 vong thay ddi, mat
dd phd cua do vong, xac dinh theo cac Ph‘u:on’g trinh
13a va 13b dugc tich hop trén toan bd céc tan so.

Dién tich bén dudi duong tich phén cua Phuong
trinh 13b ¢6 thé duge xap xi thanh hai thanh phén, B
va R, the hién bang cac phan nén va cong huong (xem
Hinh 6).

Su Xap xi ciia Phuong trinh 13b dugc dya trén gia
thiet trén bé rong cta dinh cong hudng trong Hinh 6,
cac hamy*(n), S, (n) 1a hang sb tai cac gia tri x? (n)),
S,(n)). bay la su xap xi cho dic trung cac mét do phd
phing cua tai trong 216 va khi dinh cong hudng 1a hep,
xay ra khi d6 can thap [11].

Phé phan (g

Mat d6 phd

Tan sd n :

Tan sb dao dong riéng n,

Hinh 6. Mat d6 pho phan tng cua két cau
v6i cac tan s6 dao dong riéng co ban

7, = Ky x2S an (130
U’ .
%, = 4X a u[B+R] (13b)
trong do:
B=[X*(n Sugn).dn (14)
R= Xz(nl)%{lj)zm(nﬂz dn (15)

Phuong trinh 13b dugc sir dung rong rai trong cac
tiéu chuan trén thé gidi dé xac dinh tai trong gi6 doc.

Heé s6 nén B thé hién phan tng twa tinh giy ra boi
gio giat ¢ tan s6 nho hon tan sé dao dong riéng cua
két cdu. Quan trong, hé sb nén B khong phu thude vao
tan s6 dao dong riéng cua két cAu nhu duge thé hién
trong Phuong trinh 14, trong d6 tan sé luc kich thich
chi xuat hién trong ham tich phan. Déi v6i nhiéu két
cau dudi tic dong ciia tai trong gié, B dugc xem lon
hon dang ké so v6i R (xem Phuong trinh 15).

3.2. Hé so giat, hé so phan wng giat

Thuét ngir hé sb tai trong giat (gust loading factor)
duge gioi thiéu boi [12] hodc hé s6 git (gust factor)
duogc gidi thidu boi [10]. Hé s6 nay dugc ap dung dbi
véi tai trong gio hodc phan tng cua két cu.

Thuat ngir hé sd phan tng giat (gust response
factor) G dugc dinh nghia 1a ti I¢ gitta phan Gng lon
nhat (chuyén vi hodc tng suit) ciia két ciu trong mot
khoang thoi gian dinh trude (10 phut hodc 1 gio) va
phan tng trung binh cung trong mot khoang thoi gian
trén. Hé sd nay thuong duge ding cho gi6 thay doi
theo thoi gian v&i qua trinh dimg hodc gan dimg
(near-stationary), nhu gi6 trong cac con bao.

Phan tng 16n nhét ky vong ctia hé don gian c6 thé
duoc thé hién theo Phuong trinh 16 .

X=X+ g0,
trong do:

(16)

g: Hé sb dinh, x4c dinh theo Phuong trinh 17;
0.577

—,¢2loge(VT)+m (17)

v. Tan sé hiéu dung, thuong bang tan s6 dao dong
riéng thir nhat ctia két cau n;;

T: Thoi gian 13y trung binh, thudng bang 600 gidy
hodc 3600 gidy.

Hé sb phan ung giat dugc xac dinh theo Phuong
trinh 18 va gia tri ctia hé so nay ludén 1én 1.

G=£:1+g%=l+2g%’\/B+R

X (18)
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3.3. H¢ s6 phan g dong
Dbi véi cac hién tugng gio thay dbi theo thoi gian

vo1 qua trinh khong dung (non stationary) nhu gidng,
16¢, voi rong... thi viée sir dung hé s6 phan tmg giat G

s& khong hop 1y do phan phan tng trung binh X rét
nho hodc gin bang khong (xem Phuong trinh 18, vi du
phan mg ngang luong gi0). Trong truong hop nay, hé
sO phan ing dong (dé don gian goi 1a hé sb dong) Cdyn
(dynamic response factor) dugc sir dung. Hé s6 nay
dugc sir dung trong mot sd tiéu chudn trén thé giGi
nhu ASCE/SEI 7-16 [13], EN 1991-1-4.2005 [14]...
(xem Phuong trinh 31).

Can = (Phén tng 16n nhit bao gdm phan ng cong
huong va twong quan)/ (Phan tng lon nhat chua ké
dén phan tmg cong hudng va twong quan)

Phan miu sb 1a phan tng dugc tinh theo cac
phuong phap tinh trong cac tiéu chuan. Gia tri cua
Cayn thuong xap xi bang 1. Néu phan {mg cong huong
16n thi gia tri nay c6 thé 16n hon 1.

4. TAI TRONG GIO THEO TCVN 2737:1995

Ap luc gi6 duge xac dinh theo Phuong trinh 19.
W=W,+W, (19)
Trong do:

W Ap luc gi6 tinh hay trung binh (ghi chi: ap
lyc trung binh trong khoang thoi gian tac dong T, ghi
chu ti€u chuan SNiP lay T = 10 phat (600 gidy), tiéu
chuan Anh, My lay hoac 1 gio (3600 giay), TCVN
2737:1995 khong trinh bay rd di€u nay);

W, Ap luc gi6 dong hay xung (ké dén thanh phan
thay d01 cua tai trong gio, giat va cong hu'(mg)

Ap luc gi6 tinh W,, & d6 cao z so véi mbc chuan
duoc xéac dinh theo Phuong trinh 20.

W,y = Woke (20)
trong do6 :

W,: Gia tri ap luc gi6 theo ban do phan ving;

k: H¢ s6 tinh dén sy thay doi cta ap luc gié theo
d6 cao va dang dia hinh xdc dinh theo Bang 5 cua
TCVN 2737:1995;

c: Hé sb khi dong, xac dinh theo Bang 6 cua
TCVN 2737:1995.

Heé s6 tin cdy cua tai trong gi6 lay bang 1,2.

Ap luc gi6 dong W, & do cao z dugc xac dinh
nhu sau:

- Péi voi két chu c6 tan sé dao dong riéng co ban
J1 (Hz) 16n hon gia tri gi6i han f; thi W, duoc xac dinh
theo Phuong trinh 21:

W, =W,lv 21
Trong do:

¢:He sb ap luc cua tai trong gio & do cao z;

v: Hé sé twong quan khong gian ap lyc dong cua
tai trong gio.

Trong Phuong trinh 21, W, khong phy thudc vao
tan s0 dao dong riéng cua cong trinh, phan cong
hudng bd qua do f; > f;.

- Déi voi két clu co mot bac tu do khi f; < f; xac
dinh theo Phuong trinh 22:

W, =W,&lv (22)
Trong do:

& He ) dong lyc dugc xac dinh béng dd thi &
Hinh 2 ctia TCVN 2737:1995, phu thudc vao thong
s6 € (xac dinh theo Phuong trinh 23) va d6 giam 16ga
cua dao dong.

YWo

SR LA 23
940f, @)

Céc két cu c6 mat bang dbi ximg f; < f; < f> véi
/> 1a tan so dao dong riéng thr hai ciia cong trinh, xac
dinh theo Phuong trinh 24.
=mgyy (24)
Trong do:
m: Khéi lugng phan két cau co do cao z.

y: Dich chuyén ngang cua két cdu & do cao z tng
voi dang dao dong riéng thir nhat

w. Hé sb duoc xac dinh bang cach chia két cdu
thanh r phan, trong pham vi mdi phan tdi trong gié
khong do6i, xac dinh theo Phuong trinh 25.

r
ZYkka
y=il—— (25)

ZYI%Mk
k=1

Trong do:

M;: Khéi luong phan thir k cua két ciu;

v Dich chuyén ngang ciia trong tdm phan thir &
ung voi dang dao dong riéng thir nhat.

Céc cong trinh ¢6 fs < f; can tinh toan dong luc c6
ké dén s dang giao dong dau tién, s dugc xac dinh tur
dieu kién fs < 11 < fs1,.

5. TAI TRONG GIO XAC DPINH THEO TIEU
CHUAN MY ASCE/SEI 7-16

Ap lyc gi6 tai do cao z dugc xac dinh theo Phuong
trinh 26.
q. = 0,613K, K, KK V* (26)
Trong do:

K.: Hé s6 tinh dén su thay d6i cua ap luc gi6 theo
dd cao va dang dia hinh tai d6 cao z (Bang 26.10-1
cua ASCE/SEI 7-16);

K. Hé ) dang dia hinh, xac dinh theo muyc 26.8.2
cua ASCE/SEI 7-16;
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K, Hé sb hudng gid, xac dinh theo muc 26.6 cla
ASCE/SEI 7-16;

K,: Hé sd cao dd, xac dinh theo muc 26.9 cua
ASCE/SEI 7-16;

V: Van toc gié co ban & do cao 10 m so v6i mat
dat (van toc trung binh trong khoang thoi gian 3 gidy)
twong tng vdi dia hinh dang C cia ASCE/SEI 7-16 va
duoc xac dinh theo cip rui ro ctia cong trinh va két cu.

- Dbi v6i cac cong trinh va két cau co cap rui ro
(te‘”im quan trong) loai I, van tde gi6 co ban V' 1a van
tdc trung binh trong khoang thoi gian 3 gidy, véi xéac
suat vuot khong qua 15% trong 50 nim (tuong Ung
chu ky lap 300 ndm) (xem hinh 26.5-1A cua
ASCE/SEI 7-16).

- Pbi voi cac cong trinh va két cau ¢ cip rii ro
loai II, van toc gi6 co ban V 1a van tde trung binh
trong khoang thoi gian 3 gidy, véi xac suit vuot
khong qué 7% trong 50 nam (tuwong ung chu ky lap
700 nam) (xem hinh 26.5-1B cua ASCE/SEI 7-16).

- PBdi v6i cac cong trinh va két cdu co cap rui ro
loai III, van tdc gi6 co ban V 1a van tbe trung binh
trong khoang thoi gian 3 gidy, véi xac suit vuot
khong quéa 3% trong 50 ndm (tuwong Ung chu ky lap
1700 nam) (xem hinh 26.5-1C cua ASCE/SEI 7-16).

- Dbi voi cac cong trinh va két ciu c6 cip rui ro
loai IV, van toc gi6 co ban V' 1a van tde trung binh
trong khoang thoi gian 3 gidy, véi xac suit vuot
khong qué 1,6% trong 50 ndm (twong ung chu ky lap
3000 nam) (xem hinh 26.5-1D ctia ASCE/SEI 7-16).

Pay la diéu khac biét voi van tdc gié co ban cia
TCVN 2737:1995, van tbc gi6 co ban ¥ ctia TCVN
2737:1995 1a van tdc trung binh trong khoang thoi
gian 3 gidy bi vuot trung binh mot lan trong 20 nam,
khi tinh thém hé sd do tin cdy 1,2 thi twong g voi
chu ky 1ap 50 nam (v6i xac xuit vuot 64%). Pay la
chu ky lip kha thap khi tinh cho c6ng trinh va két cdu
quan trong (vi hé sd td hop cla tai trong gié trong
2737:1995 nho hon 1).

ASCE/SEI 7-16 da sir dung hé sb giat G dé ké dén
tac dong dong cua gi6 (thanh phin nén va thanh phan
cong huong). Cha y hé s gidt G trong tiéu chuin nay
chinh 12 h¢ s6 phan tng dong Cyy, .

- Dbi v6i cong trinh va két cau cing (v6i tan s6 dao
dong riéng thtr nhét £; > 1 Hz) thi c6 thé 1dy G = 0,85.

- Hé s6 phan ung giat G

V6i cac két cau cing khac thi G dugce xac dinh
theo Phuong trinh 27.

27

1+0,7g,1-
G = 0,925[¢ZQ]

1+ O, 7gVIE

Trong do:
L Do rdi & cao d6 Z, x4c dinh theo Phuong
trinh 28.

1/6
{2
V4

Vé6i Z1a chiéu cao twong dwong ciia cong trinh,
ldy bang 0,6h, va khong nho hon z,,;, cho tit ca cong
trinh, z,;, va ¢ dugc xac dinh theo Bang 26.11-1 cho
tirng dang dia hinh; g, va g, duoc liy bang 3.4.

(28)

O : Phan (g nén, xac dinh theo Phuong trinh 29:

I 1

h 0,63
1+0,63(B+ J
L;

B va h dugc dinh nghia trong muc 26.3 cua
ASCE/SEI 7-16 vaL-1a ty 1¢ chiéu dai rdi tai cao do

Z , xac dinh theo Phuong trinh 30.

L=1| 2
z 10
I va €: Hé s6 cho trong Bang 26.11-1 cua

ASCE/SEI 7-16.

- Cong trinh mém va cac két cau khac

Q= (29)

(30)

Hé sb phan ung giat duoc xac dinh theo Phuong
trinh 31:

1+1,71- /g3 Q% + g2 R?
G, =0,925 z2V=Q R

1+1,7g,L

€2))

go va g, dugc lay bang 3.4 va gz dugc xac dinh
theo Phuong trinh 32:

0,577
= 2In(3600n, ) + ——20
SR X J/2In(3600n,)

R: Hé s phan tmg cong hudng va dugc xac dinh
theo Phuong trinh 33.

(32)

R= \/éRnRhRB(O,SIS +0,47R ) (33)
7,47N
nE (34)
(1+10,3N,)
nlLE (35)
v,
Trong do:
1 1 on .
Rj=—-—(1-e ") v6i n>0;
n 2n
R =1v6in=0;

205



Hoi nghi khoa hoc quéc té Ky niém 55 nam ngay thanh lap Viéen KHCN Xay dung

Vi [ dugc thay tuong tng cho 4, B, L.

n; : Tan s6 dao dong riéng thir nhat;

Ry= Ry v6i 1 =4,6n,h/ V- ;

Ry =Rpv6i n=4,6n,B/V. ;

Ry=Ryvoi 1= 154n,L/ V. ;

[ Hé sb tat dan;

72 : Van tdc gio trung binh trong khodng thoi

gian 1 gio tai cao d0 z:

_ @
V:b(iJ \%
R

Vé6i b va a 1a hiang sb duoc cho trong Bang 26.9-
1 cia ASCE/SEI 7-16 va ¥ 1a van téc gi6 co ban.

(36)

Tai trong gi6 tac dung 1én hé két cAu cong trinh,
tinh theo ASCE/SEI 7-16 nhu sau:

béi véi cong trinh bao kin toan b hoac mét phén,
cung hoac mém, ap luc gid thiét ké duoc xac dinh
theo Phuong trinh 37.

P =4qGC,—qi(GCy)
Trong do:

(37

g = ¢. cho mat do6n gio tai d6 cao z so voi mét dat;

q = g, cho mat khuét gi6, mat bén va mai tai do
cao h so v&i mit dat;

q; = qn cho cac mat don gi6, mat khuat gid, mat
bén va mai cua cong trinh bao kin, va cho xac dinh ap
luc trong dm d6i véi cac cong trinh kin mot phan;

¢; = g- cho xac dinh 4p luc trong duong dbi véi
cong trinh kin mot phén tai d0 cao z cua cao trinh cao
nhét cta 16 mé cua cong trinh (16 mo tac dong dén ap
luc trong duong). Pdi vai cac cong trinh tai ving chiu
tac dong cua vat thé bay, mat dung khong cé kha nang
chiu dugc hodc dugc bao vé dudgi taic dong ctia vat thé
bay s€ dugc coi la 16 mé theo muc 26.12.3. Pbi véi
xac dinh ap lyc trong duong, ¢; dugc xac dinh tai do
cao h (q: = qn);

G: Hé sb giat dugc xac dinh theo cac Phuong trinh
27 hodc 31 (tly theo két cdu clng hay mém);

C,: Hé sb ap luc ngoai, dugc xac dinh tir cac
Hinh 27.3-1, 27.3-2 va 27.3-3 ciia ASCE/SEI 7-16;

GC,: H¢ sb ap luc trong, duoc xac dinh tur
Bang 26.13-1 cia ASCE/SEI 7-16.

6. Vi DU TAI TRONG DQC THEO LUONG GIO
THEO TCVN 2737: 1995 VA ASCE/SEI 7-16

6.1 M6 hinh tinh toan
Mo hinh nha cao ting v6i cac thong sé sau (xem
Bang 1 va Hinh 7).

Bang 1. Cac thong s6 ciia mé hinh tinh toin

Kich thugc Tan sb dao bo

CaoH | RongB | DaiD |dongriéngf; | can
(m) (m) (m) (Hz) (%)
180 30 50 0,2 1,5

Hé s ap luc gio: 1,5 (0,8 cho mat don gioé va 0,5
cho mat khuat gio).

Dang dia hinh: A, B (cho TCVN 2737:1995) va
D, C (cho ASCE/SEI 7-16).

Van toc gi6 co ban: 42 (m/s) (gi6 3 gidy, 50 nim).

O day khong xét dén cép rui ro ciia cong trinh va
ap luc gid bén trong.

Céc thong s6 & day duoc lay dong nhét dé thuén loi
trong viéc so sanh két qua tinh toan tir hai tiéu chuan.

H=180 m

Hinh 7. M0 hinh tinh toan

6.2. Két qua tinh toan va nhén xét

Két qua tinh toan Iyc cat day va moémen day cta
mb hinh cho dang tréng trai, dia hinh A (cho TCVN
2737:1995) va D (cho ASCE/SEI 7-16) ciia dugc thé
hién ¢ Bang 2.

Két qua tinh toan cuc cat day va momen day cia
mb hinh cho dang it trong trai (ngoai 6), dia hinh B
(cho TCVN 2737:1995) va C (cho ASCE/SEI 7-16)
ctia dugc thé hién & Bang 3.

So sanh két qua tinh toan tir hai tiéu chuan duoc
thé hién & cac Hinh 8,9, 10 va 11.
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Bang 2. Luc cit ddy va momen day
(cho dang dia hinh A (cho TCVN 2737:1995)
va D (cho ASCE/SEI 7-16))

TC ASCE/SEI 7-
Lee | 57371005 16 3)@)
1) 2 3) 4)
Fx (KN) 25.286 21.856 86%
Fy(KN) 15.380 13.368 87%
M,
(KN)r(n) 1.480.691 1.303.527 88%
My 2.434.380 2.131.163 88%
(KNm)
Ghi chu:
Fxla lyc khi gio tac dung theo phuong X (huomg gio (F);
Fyla lec khi gio tac dung theo phuong Y (huong gio 90°);
My la momen quanh truc X khi gio tic dung theo
phuong Y (huong gio 90°);
My la momen quanh truc Y khi gio tac dung theo
phuong X (huong gio (F).

Bang 3. Luc cit day va momen day
(cho dang dia hinh B (cho TCVN 2737:1995)
va C (cho ASCE/SEI 7-16))

TCVN
Luc | 57371905 |ASCE/SEIT-16| (3)/(2)
(1) (2) (3) (4)
Fy(KN)|  24.002 19.791 82%
Fy(KN)| 14.728 12.107 82%
My .
(Knmy | 1429916 1.197.075 84%
My | 5347.623 1.956.758 83%
KNy | 2347 956.

Tir két qua tinh toan, cho thiy d6i voi dang dia hinh
tréng trai, lyc cat ddy Fy tinh theo ASCE/SEI 7-16
bang 86% luc cit day Fy tinh theo TCVN 2737:1995 va
bang 87% cho luc cit day Fy. D6i voi mémen day My
va My 1a 88%.

Con dbi voi truong hop dang dia hinh ngoai 6 thi
bang 82% cho cac lyc cat day Fy, Fy, 84% cho My va
84% cho My, khi so sanh ASCE v61 TCVN.

40

ASCE/SE1 7-16

8

Dang dia hinh
D c

8

Lure cit diy Fx (KN*1000)

s

o

TCVN 2737:1995
Tiéu chuin

Hinh 8. So sanh luc cit day Fy

40

w
@

S

53

S

A B Dang dia hinh
T

B

ASCE/SEI 7-16

= = o ow

Lue céit day Fy (KN*1000)

s w 5 O
ﬁ%

TCVN 2737:1995
Tiéu chuin

Hinh 9. So sanh lyc cit day Fy

IS
>

w
»n

*1000000)
I bl
n o

o
21

Momen day Mx (KN

o o = =
S oo W
-""
g
&
-=

TCVN 2737:1995 ASCE/SEI 7-16

Tiéu chuin

Hinh 10. So sanh luc cit day My

3.5

Momen diay My (KN *1000000)

0.5 1

TCVN 2737:1995 ASCE/SEI 7-16

Tiéu chuin

Hinh 11. So sanh lyc cat day My

Su chénh 1énh nay c6 thé giai thich nhu sau: van
tdc gi6 co ban ¥ ciia TCVN 2737:1995 va ASCE/SEI
7-16 déu 1a van tdc trung binh trong khoang thoi gian
3 gidy (chi khac nhau vé chu ky lip) nén ban chat tai
trong gié tac dyng 1én cong trinh da la tai trong dong
(tirc 1a d3 bao gdm phan phan g nén). Vivay, déi voi
cong trinh va cac bo phan két cdu co tan sé dao dong
riéng co ban f; 16n hon gi tri gidi han cia tan s6 dao
dong riéng f; quy dinh trong diéu 6.14 cia TCVN
2737:1995 thi khong can tinh thanh phan dong cua tai
trong gi6 theo Phuong trinh 21. Cha ¥ ring TCVN
2737:1995 dugc bién soan dua trén tiéu chuin cua
Lién X6 (cii) SNIP 2.01.07-85 va van tdc gié co ban V
cia SNIP 2.01.07-85 la van tdc trung binh trong
khoang thoi gian 10 phut (chu ky 1ap 5 nam). Day la
vén tdc gi6 trung binh chtr khong phai van toc gio giat
nhu cia TCVN 2737:1995, do d6 van c6 thé s dung
cac Phuong trinh 21 hodc 22 dé tinh thanh phan dong
cua tai trong gio. Phuong phap xac dinh tai trong gio
cta TCVN 2737:1995 1a dang tinh 2 1an phan phan ting
nén ciia tai trong gio nén tai trong gié tinh ra s& 16n hon
tiéu chuan ASCE/SEI 7-16 (khi xét cung cac thong sd
dau vao). Ngoai ra, d6i voi cong trinh va cac bd phan
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két céu co tan s6 dao dong riéng co ban f; cang nho thi
gi tri thanh phan dong cua tai trong gié tinh toan theo
TCVN 2737:1995 cang 16n, ¢ khi bang tri thanh phan
tinh, tuong dwong v&i hé s6 phan mg giat G = 2, nén
gdy két qua bat hop 1y. Nhu da dé cap ¢ muc 3.2 va 3.3
ctia bai béo nay, ddi voi cac tiéu chudn str dung van toc
gi6 co ban V 13 van tdc trung binh trong khoang thoi gian
10 phut hogc 1 gio (ALJ 2004 [15], NBCC 2015 [16]) thi
sir dung hé s6 phan tng giat G (hé sO luén 16n hon 1),
con dbi Vo cac tiéu chuén sir dung vén toc gié co ban ¥
1d van tc trung binh trong khoang thoi gian 3 gidy
(ASCE/SEL  7-16, EN 1991-1-4.2005, AS/NZS
1170.2:2002 [17]...) thi sir dung hé sO phan img dong
Can (hé s6 thuong xap xi bang 1). Chu ¥ tiéu chuén EN
1991-1-4.2005 sir dung vén toc gio6 co ban ¥ 13 van tdc
trung binh trong khoang thoi gian 10 phit, nhung trong
cac cong thue tinh toan da ty dong chuyén vé ap lyc gid
giat 3 gidy nén van si dung hé s6 phan (mg dong Can-
7. KET LUAN

Bai bao da trinh bay cac phan ung dong lyc hoc
ng?lu nhién ciia két cdu dudi tac dung cia tai trong
gid, bao gdm thanh phén phan tng nén va phan ung
cong hudng. Cac van dé nhu dao dong ngiu nhién va
phuong phap phé Davenport ma cac tiéu chuén gi6
trén thé gidi st dung ciing da duogc trinh bay co ban.
Co s& dé xac dinh hé sb giat G va h¢ sé dong C,, da
duoc gidi thiéu. Pay la nhiing can ct quan trong khi
bién soan méi hay xoat sét tiéu chuan tai trong gio.

Phuong phéap xé&c dinh tai trong gié theo TCVN
2737:1995 va ASCE/SEI 7-16 cling nhu cac vi du tinh
toan tai trong doc theo ludng gi6 theo hai tiéu chuan
da thuc hién va so sanh.

Phuong phap tinh toan thanh phan dong cua tai
trong gi6 cia TCVN 2737:1995 la phuc tap va chua
pht hop véi van tde gio co sd 3 gidy dau vao cua tiéu
chuan nay. Ly do chinh 1a khi xo4at sét tiéu chuin nay
da co su nham 14n giita 4p luc gi6 trung binh hay véan
tdc gié trung binh (mean value) 13 thanh phan khong
doi trong khoang thoi gian 7' (GS Davenport khuyén
nghi lay tir 10 phut dén 1 gio, thoi glan cang lon thi
phan ung két cau cang tot) ma con glo tac dung 1€n
két cau (twong tac véi két cAu) voi gia tri gio 3 gidy
lam dau vao (1 = 3 gidy 1a thoi gian trung binh quan
tric gio dau vao) tinh toan tai trong gid. Tiéu chuén
SNiP lay 7 = 10 phut va tring véi gid dau vao 10 phut
(1 =600 giay), tiéu chuan Anh ldy 7 =1 giod va tring
v6i gi6 dau vao 1 gid (£ = 3600 gidy). Tiéu chuan My
lay 7= 1 gio nhung gio dau vao 3 gidy (1 = 3 giay).
Lam 16 dugc diéu nay, cling nhu hiéu r& phan Gng
dong luc hoc cua két cAu dudi tac dung cua tai trong
gi6 s& gbp phan cho viéc xoat sét TCVN 2737: 1995
tin cdy, hop ly.

Viéc soat xét TCVN 2737: 1995 dang dugc thuc
hién va hudng t6i sir dung phuong phap hé sb giat G
hodc hé s6 dong Cy, dé xac dinh tai trong gio.
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HE SO UNG XU CUA NHA CAO TANG
CO TANG CUNG CHIU TAI TRONG PONG PAT

TS. Nguyén Hong Hai, Ths. Nguyén Manh Cudng, TS. Cao Duy Bach

TOM TAT: Viéc phan tinh, tinh toan két cAu chiu tac dong cua dong dét thong qua hé ) ung xur cia cong trinh nham ké
dén tng xr déo cuia két cdu da dugc chi ra trong cac tiéu chuan thiét ké. Tuy nhién, v6i dbi voi két cu ¢ hinh dang phirc
tap, so dd truyén luc khong rd rang thi viéc ap dung mot hé $6 ung xu cho toan bd két cAu 14 chua danh gia chinh xac su
lam viéc cua két cau, dic biét 1a két ciu c6 tang cimg v6i lién két dam - cot khong tuén tha theo ti€u chi dugc néu trong ti€u
chuin 14 cot khoe, dam yéu. Do vdy, bai bao trinh bay phuong phap xac dinh hé s6 Umg xUr cia cong trinh thong qua nghién
ctru mo hinh cu thé véi viée thay doi do clng cua dam cimg bang phuong phap phén tich phi tuyén tinh day dan nham dua
ra nhitng khuyén cdo cho viéc lwa chon hé sb ung xtr cho dang két cAu nay.

TU KHOA: Hé s6 ing xir, nha cao tang co tang cimg, lién két cot - dam cing.

ABTRACT: Analysis and design of buildings and other structures under seismic is implemented associated with a behavior
factor, taking into account ductility of the structure, which is specified in seismic resistance design standards. For irregular
complex structural systems, the application of a single behavior factor for the entire structure should not properly estimate
the response of the structure. High-rise building structural system with outriggers is one of the cases, where codes'
requirement of strong column-weak beam shall not be meet. This paper presents a method used for evaluating behavior
factor of the structural system mentioned above. Nonlinear pushover analyses incorporated with experimental researches
are carried out in this study. Recommendations of determining of structural behavior factors for the structure are given in
the conclusions

KEY WORDS: Behavior factor, Outrigger braced tall buildings, outrigger - column joint.

1. PAT VAN PE UBC [2], ASCE[3,4]) hay hé s tng xir ¢ (TCVN
9386-1:2012 [5], EC8 [6]) duoc xem la diém mau
chét trong tinh toan thiét ké khang chan. Muyc dich
chinh ciia cac hé s6 nay la dé don gian héa quy trinh
phan tich, sir dung phwong phép phan tich dan hoi du
doan mot cach gan dung ung xtr dan hdi déo cua két
céu khi chiu tac dung cua dong dat. Hé s R (hay ¢) 1a
gia tri dinh luong & mirc d6 tong thé, khong thé dung
dé danh gia tinh nang cta két cdu & mirc do ciu kién.
Han ché cua viéc st dung hé sb R, gla rat rd, vi du gia
tri cta cac hé s nay khong lién quan dén chu ky dao
dong cua cong trinh cling nhu dic trung cua chuyén
dong dat nén, ngoai ra cac hé sé mang tinh tong quat

Két ciu co tang ctng (Hinh 1) dwa trén mot nguyén
ly vat Iy don gian dé chuyén hoéa moé men tir 15i trung
tam thanh lyc doc trong cot bién cong trinh khi chiu tai
trong ngang, théng qua mot hodc nhidu dam cimg b tri
tai cac vi tri hop 1y theo chiéu cao, giup ting dang ké
d6 cimg ngang ciia cong trinh [1]. Nguyén 1y nay c6 thé
st dung cho mdt s6 hinh thai két cAu nhu dai bién cho
phép huy dong toan bd cac cot bién tham gia chdng
momen l4t, hoac si€éu khung khi mé men lat dugc chiu
boi mot sb cap cOt 1on. Hon nita, hé két cau tﬁng cing
con ¢ wu diém 1a han ché anh hudng cia hién tuong
chénh léch bién dang co ngin gitra cot ngoai va 15i do ; < ot AR - S 4
Iye doc gy ra. Hién nay, hé két céu ndy duoc ap dung 1Ay khong the thé hién duoc dicn bicn cta qua trinh
rat nhiéu. Theo béo cdo tai hoi nghi Quoc té vé nha cao phan b6 “phi tuyen” gitra cac cau kién khac nhau, dan
tang tai Thuong Hai 2010 [1], tir ndm 2000 dén 2010 d?n sy pnan b6 1?1 no1 ll.IC~ do tac dgng cua (Aiong dat
c6 73% két cau nha cao tang sir dung hé két chu 161 gay ra gilra cac cau kién ciing nhu cac thay doi xay ra
cling - tng cimg, trong d6 50% 14 két cAu bé tong cbt trong qua trinh xdy ra dong dat. Thém vao dé, co ché

thép. Véi uu thé vé kha nang lam viéc, hé Kkét cau 16i - pha hoai cua két cu, su phan bd hu hong trong cac
tAng cimg c6 thé cao toi 150 ting [1]. két cdu khac nhau 1a khic nhau ngay ca khi ching

. T duogc thict ké voi cung gia tri cua hé so R (hay g).
Can clr vao nguyén ly l1am viéc cua hé két cau cao

tang 6 tang cimg, nut lién két tang cimg - cot bién
(dam cu’ng, cot mém) gilr vai tro quyét dinh dén kha
nang lam viéc ctia hé két ciu nay, do d6 can c6 nghién
clru sdu vé sy lam viéc cta cac cu kién xung quanh
tang cung, dic biét sy anh hudng cua nut lién két nay
dén sy 1am viéc téng thé cua hé két ciu.

Vige nghién ctru d cung cua dam cing dbi véi
ung XU tong thé ctia hé két «cau, dua ra nhitng khuyen
cdo cho viéc lya chon hé s6 ung xtt cho dang két cau
nay 1a can thiét. Trong pham vi cua bai béo, s€ trinh
bay phuong phap xac dinh h¢ sd ing xur theo phuong
phap N2 [7] tr két qua phan tich tinh phi tuyen day
; e dan, dong thoi thue hién viée khao sat su thay 601 cua

Trong cac ti€u chuan thiét k€ hién hanh, viéc lya  h¢ so tng xir khi d¢ ctmg cua ting clng thay 601 tur
chon h¢ sé diéu chinh tmg xir tong thé R (tiéu chudn  d6 rit ra mot s kién nghi trong thyc hanh thiét ké.
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Lai

Mo-men cua
161 tu do

Mo-men khi
c6 dam cung

(a) (b)

Biéu d6 mo6-men

Hinh 1: M6 hinh chiu luc ciia két ciu co ting cling

2. PHUONG PHAP PHAN TiCH TINH PHI TUYEN
VA CACH XAC PINH HE SO UNG XU
2.1. Phwong phap phén tich tinh phi tuyén

Phuong phap phéan tich tinh phi tuyén dugc xdy
dung trén gia thiét img x{r cta cong trinh c6 thé dugce
xem xét thong qua ung xr cia h¢ mot bac ty do tuong
duong (equivalent SDOF system) thay the. Diéu nay co
nghia, ung Xt cua cong trinh s€ do mot dang dao dong
khong ché va hinh dang cua cua dang dao dong nay git
nguyén trong cé qua trinh phan tich.

Phuong trinh dao dong cua hé nhiéu bac ty do
chiu tac dong cua gia toc nén theo phuong ngang
duoc biéu thi nhu sau:

[M]{&} +[Cl{x} +{Q} =-[M]{1}%, M
trong d6: [M], [C] lan luot lé’ma tran khoi lruqng va ma
trn can; {x} la vec-to chuyén vi twong doi; X, la gia
toc dao dong ctia nén; {Q} 1a vec-to luc cuia cac tang.

Gia thiét, vec-to hinh dang {®} duoc chuén hoéa tai
vi tri dinh cong trinh, dat x; 1a chuyén vi dinh, ta c6:

{xj={®}x )

Thay vao phuong trinh (1) ta duogc:

Mo}, +[Cl@)x, + (@) =M1, ®)

Hé mot bac ty do twong duong dugc dinh nghia
véi chuyén vi tham chiéu xac dinh nhu sau:

{0 M) @

T
(@} [M]{y
Nhan hai vé cua phuong trinh (3) véi {CD}T va

thay x, tr phuong trinh (4), ta c6 phuong trinh can
bang cua hé mdt bac tu do twong duong:

(©)
M'%" +C%" +Q" =-M"%, (5)
trong doé:
M" ={}' [M]{1} (6)
Q" ={o}' {Q} (7
¢ = fof [clfo} 2L I ®

(o] [M](@)]

Quan hé luc - bién dang ctia h¢ mdt bac tu do
tuong dwong duge xac dinh tir két qua phan tich tinh
phi tuyén ctia hé nhiéu bac tu do sir dung vec-to hinh
dang da néu o trén. Quan h¢ luc - bién dang duoc ly
tuong hoéa bing duong quan hé hai doan thing
(bilinear), xem Hinh 2.

Chu k}‘( cua hé¢ mot bac tu do twong duong dugc
xac dinh bang cong thirc sau:

12
X;,Mr
T, =21 - ©)
Qy
trong do xy , er lan luot 1 chuyén vi déo va luc

chay déo cua hé mot bac ty do twong duong dugc xac
dinh theo cong thirc (10) va (11).

PRI
Ty vy
er :{q)}T {Qy}
voi {Qy

gilra {Qy} va lyc cit day Vy ¢6 quan h¢ sau:

vy ={1}" {Q]

(10)

(11)

——

1a vec-to luc cua cac tang khi “chay déo”,

(12)
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okypor

kMD()F

I >

Xty Xt

(a) H¢ nhiéu bac tu do

o
o

okspor

L >
r r

X X

(b) Hé mdt bac tu do tuong duong

Hinh 2: Quan hé lyc - bién dang cua cong trinh va hé mét bac ty do twong duong

2.2. Cach x4c dinh hé s6 vng xir theo phuwong phap N2
Céach x4c dinh hé s ung xt q dugc thuc hién theo
cac budce sau:

1) Phan tich phé phan tmg theo quy dinh trong tiéu
chuén (¢ day 1a TCVN 9386:2012) dé xac dinh lyc cit
day thiét ké V,, qua trinh nay str dung h¢ s6 tmg xir gia
dinh dugc xac dinh theo quy dinh cua tiéu chuén;

2) Tién hanh phan tich tinh phi tuyén dé xac dinh
dugc dudng cong quan hé luc bién dang cta két cau;
A
Quan hé le - bien dang cua
hé mét bac tr do twong

duong

L cit ddy

(.‘].m:.-'én vi dinh
ﬂ?-. d.-r:m'

Hinh 3: So d6 tuyén tinh hoa theo phwong phap N2

3) Chuyén qéi dudng cong quan hé lyc - bién
dang cua I}é nhiéu béc ty do thanh dudng cong quan
hé luc - bién dang cua hé mot bac ty do twong duong:

(13)

(14)

trong do: F, d lan luot 1a luc cét day va chuyén vi cia
hé nhiéu bac ty do; F*, d* 1an luot 1a lyc cat day va
chuyén vi cia hé mot bac ty do twong duong; /" 1a hé¢
s6 chuyén d6i, xac dinh theo cong thirc sau:

m;D. m*

Z:mCI)2 _qu)z

(15)

4) Thiét 1ap quan h¢ tuyén tinh hoa tai mirc
chuyén vi lon nhat dmax (xem Hinh 3);

5) Tinh toan hé s6 Gmg xtr theo cong thirc:

q= max ><—y
d, "V,

(16)

3. ANH HUONG CUA PQ CUNG TANG CUNG
PEN HE SO UNG XU CUA CONG TRINH

Pé nim 13 co ché lam viéc cua nha cao téng co
tang cimg, tac gia da khao sat m6 hinh khung phang
55 tang c6 1 tAng cing & ting 34 (Hinh 4), cac thong
tin co ban cta céng trinh cho trong Bang 1.

Bang 1: Céc thong tin co ban vé cong trinh

Thoéng tin Tang thudng Tang cling
Chiéu cao tang (m) 4.0 6.5
Tiét dién dam 200x50 cm bxh cm
Tiét dién cot 150x180 cm
Tiét dién vach 80x1200 cm

Hinh 4: M6 hinh phan tich
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Viéc nghién ctru anh hudng cua do clng tang
cung doi voi hé so iing xu cua cong trinh duoc thuc
hién theo cac budc sau:

- Thay d6i kich thudc tiét dién dam & ting clng,
xem Bang 2;

- Str dung phénl mém Ruaumoko [9,10] dé phan
tich phi tuyén tinh day dan;

- Ap dung quy trinh néu trong muc 2.2 dé xac dinh
hé s6 ung xt doi voi tung truong hop. Ket qua thé
hién trong Bang 2.

Bang 2: Hé s6 trng xir ciia cong trinh
theo kich thwéc dam cirng

TT Kich thuéc dam cung q
1 Khong dam cimg 2.01
2 0.8x1.0m 2.17
3 0.8x1.5m 2.12
4 0.8x2.0m 221
5 0.8x2.5m 2.31
6 0.8x3.0m 2.29
7 0.8x3.5m 2.18
8 0.8x4.0m 2.30
9 0.8x4.5m 2.46
10 0.8x5.0m 2.76
11 0.8x5.5m 2.83
12 0.8x6.0m 3.02
13 0.8x6.5m 2.92
14 0.8x7.0m 3.22
15 0.8x7.5m 3.52
16 0.8x8.0m 3.87

Tir két qua thé hién trong Bang 2 c6 thé thay, hé
s6 tmg xtr c6 xu hudéng ting khi do clng cua tang
clng tang, hay noi cach khac do déo cua két cu tang.
Trong khi do, khi phén tich két cdu bang phuong phép
dan hoi tuyén tinh hé sb tng xir cua két cu khi ké dén
su khong déu din theo phuong ding duoc tinh theo
cong thirc (TCVN 9386:2012):

q = 80%.q0.ky=3.12 (17)

trong d6: qo 1 gia tri co ban cua hé sb ung xu, ldy
bang 1.3 x3=3.9.

4. KET LUAN

Bai bao da trinh bay cac ndi dung lién quan dén su
lam viéc cua nha cao tang co tang cimg, anh hudng
clia d6 cimg dam cimg dén hé sb ung xur cua két cdu
nay. Bai bdo da trinh bay hai chuong trinh xac dinh
chuyén vi muc tiéu theo phuong phap N2 (TCVN
9386:2012) va chuong trinh xac dinh hé sb Gng xur
ctia nha cao ting c6 tang cimg theo phwong phap phan
tich phi tuyén tinh day dan. Qua d6 co thé rit ra mot
$6 nhan xét va kién nghi sau:

- H¢ s6 ung xu cua nha cao téng co téng cung co
xu huong tang khi d6 cing cua tang clng ting, hay
n6i cach khac do déo cua két ciu ting;

- Déi voi két cau phuc tap khong c6 tinh déu dan,
viée xac dinh hé sb Gmg xr cua cong trinh trong tinh
toan theo phuong phap phd phan tmg dé thiét ké ciu
kién nhiéu khi chwa phan 4nh dung tmg xtr that cua
cong trinh. Do vay, kién nghi can tién hanh phan tich
phi tuyén tinh dé kiém ching lai.
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INVESTIGATION OF STRENGTH DEGRADATION
OF CONCRETE ENCASED STEEL COMPOSITE COLUMNS
AT ELEVATED TEMPERATURES
KHAO SAT SU SUY GIAM CUONG PO O NHIET PO CAO
CUA COT LIEN HQP BE TONG CO COT CUNG
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ABSTRACT: When subjected to fire, all mechanical properties of structural materials deteriorate pronouncedly, leading
to the strength degradation of the heated column that significantly endangers the safety of the whole structural system. This
paper introduces general principles to determine the strength of concrete encased steel (CES) composite columns at
elevated temperatures. The temperature-dependent behavior of materials is analyzed by a finite element method software
(SAFIR) to obtain the temperature distribution on the column cross-section. These are also the input of a computer
program (RDCol) developed by the authors using Embarcadero Delphi to construct interaction diagrams of CES columns
at a certain time of a fire incident, with a corresponding elevated temperature exposed on the surface(s) of the column.
With relatively good validation with experimental data collected from literature, the computer program can be used to
investigate the strength degradation of CES columns at elevated temperatures, based on which recommendations on the
fire structural design of CES columns can be given.

KEYWORDS: Strength, structure, composite, column, fire.

TOM TAT: Khi bi tac dong cua chdy do hoa hoan, cdc chi tiéu co ly cua vat licu két cau déu bi anh hudng tiéu cuc, dan t6i
suy giam kha nang chiu lyc cua két cdu. Bai bao nay gidi thiéu cac nguyén tic chung xac dinh kha ning chiu lyc cua cot
lién hop bé tong co cbt cimg (LHBCC) & nhiét d6 cao. Mot phan mém may tinh (RDCol) dugc cac tac gia phat trién dé xay
dung biéu do tuwong tac cua cot LHBCC tai bét ky thoi diém nao cua dam chay, véi mdt nhiét dd cao tuwong ing tai mot hay
nhiéu mit cot va su phén bd cua nhiét do trong tiét dién cot duoc xéac dinh béng phfin mém phéin t hitu han SAFIR st dung
dit lidu vé ung xu cua cac vat liéu két cAu & nhiét dd cao theo tiéu chuin chau Au. Dya vao dd chinh xéc chép nhan duoc
khi so sanh két qua phan mém v&i mot s két qua thyc nghiém da dugce tién hanh trén thé gidi, phan mém ciia cac téc gia co
thé dugc str dung dé khao sat cac yéu t6 anh hudng t6i su suy giam cuong do ciia ¢t LHBCC ¢ nhiét do cao, tir d6 dua ra
mdt s& khuyén céo vé thiét ké chiu lira theo tiéu chi chiu luc cta cot LHBCC.

TU KHOA: Kha ning chiu luc, két ciu, cot, lién hop, chiu lira.

1. INTRODUCTION basements and other lower storeys of the buildings.
Fire incidents are potentially occurred in buildings,
especially within car park areas at basements. When
subjected to fire exposure, all mechanical properties
of concrete, structural steel, and steel reinforcement
will deteriorate, leading to the strength degradation of
the heated CES column, then endangers the safety of
the whole structural system.

In recent years, together with the rapid economic
development of the country, concrete - steel
composite structures have been increasingly applied in
civil and industrial construction in Vietnam owing to
their high load bearing capacity, good seismic
performance and advantage in fire resistance. In
numerous of high-rise buildings in Hanoi, Ho Chi
Minh city, Da Nang and other provinces, top-down In the world, experiments on fire resistance of
method for multi-basement construction have been CES columns have been studied by Hass [1], Xu [2],
commonly used due to the limited land lot of the Huang et al. [3], Mao and Kodur [4], etc. Analytical
projects. In these buildings, temporary structural steel  studies of fire resistance of CES columns have been
kingposts - with built-in or universal sections - can be  introduced by Kodur [5], Yu et al. [6], Milanovic et al.
utilized inside the reinforced concrete columns for [7], etc. There are also guidelines for fire design of
long-term purpose, forming the so-called concrete CES columns in current code provisions. A set of
encased steel (CES) columns supporting the design curves and detailing requirements for the
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design of CES columns exposed to standard fire are
provided in Eurocode 4 [8]. A simplified formula for
evaluating fire resistance of CES columns is specified
in ASCE 29-5 [9]. However, the literature review also
indicates that there have been little research works on
fire behaviour and code specifications on fire design of
CES columns in Vietnam. General principles to
construct interaction diagrams of reinforced concrete
columns at elevated temperatures has been introduced by
Nguyen et al. [10], while very little structural columns
have been tested under fire condition in Vietnam.
Besides, there are only prescriptive rules specified in the
national code [11] and standard [ 12] whereas there is still
a need of more rational approaches for the structural fire
design of CES columns.

In this paper, general principles to determine the
strength of CES columns at elevated temperatures in a
form of interaction diagrams is introduced and applied

o 200C | 1000 —
2000 —=— 100
0.9 4
\\ 300°C 200
\ a)
0.8 400°C 300
0.7 A —%— 400
06 500°C —— 500
—— 600
0.5 A ! 600°C
700
0.4 1 800
700°
0.3 A —— 900
0.2 A \ —=— 1000
1100
01 A 2 0°C
)] 1200
00 & : VRSES) X__:_".IU S ‘s —

0 0.005 0.01 0.015 0.02 0.025 003 0035 0.04 0.045 0.05
g (m/m)

to a self-developed computer program using
Embarcadero Delphi, namely RDCol. The input of
this software is the temperature distribution within the
column cross section at a certain time of the standard
fire obtained from finite-element software, SAFIR
[13]. RDCol is validated with a number of fire tests on
CES columns conducted by Mao and Kodur [4] and
shows relatively good results. Hence, the proposed
computer program can be used to investigate the
strength degradation of CES columns at elevated
temperatures from which recommendations on the
structural fire design of CES columns can be given in
the latter part of the paper.

2. MECHANICAL PROPERTIES OF STRUCTURAL
MATERIALS AT ELEVATED TEMPERATURES

Concrete, structural steel and reinforcing steel all
experience continuous deterioration in strength as
temperature increases (Figure 1).
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Figure 1. Eurocode stress - strain relationships of (a) Concrete (b) Reinforcing steel

Figures 2(a) and 2(b) respectively illustrate the temperature-dependent strength reduction factors for
concrete and reinforcing steel specified in the Eurocode 2 [14].
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Figure 2. Eurocode strength reduction factors in (a) Concrete (b) Reinforcing steel
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The continuous and hidden lines in Figure 2(a)
depict the reduction curves for compressive strength
of concrete using siliceous and calcareous aggregates,
respectively. In Figure 2(b), the continuous and
hidden lines are also the reduction curves for tensile
strength of hot rolled and cold worked steel,
respectively. The strength deterioration at elevated
temperatures of structural steel is also specified in
Eurocode 3 [15] to be similar to that of reinforcing
steel shown in Figure 1(b).

3. TEMPERATURE DISTRIBUTION
COLUMN’S CROSS SECTION

In structural fire research, standard fire conditions
are used as a basis for fire resistance analysis. In
experiments, standard fire exposures are controlled by
measured temperature regimes in the furnace
following prescribed temperature-time relationships,
so-called standard fire curves. Standard fire curves are
generally used in fire resistance analysis. European
countries commonly apply BS EN 1363-1:2012 [16],
which is also based on ISO 834 [17].

In the fire tests using standard fire curves, so-
called standard fire tests, while beams and slabs are
usually heated from beneath, column specimens are
generally exposed to fire on some or all of its sides.
The measured temperatures of different points in RC
columns are validated by numerical model using heat
balance analysis. Those temperatures are lower than
the gas temperature on the column surfaces since it
takes time for the heat transfer process to take place.
This process in CES columns can be determined based
on material thermal properties and heat transfer
methods such as radiation, convection, and
conduction. Basically, thermal analysis can be
conducted based on the conservation of thermal
energy, which dictates that the system heat storage is
equal to the heat source thermal energy. Current
methods to calculate the temperature distribution in
RC columns are mainly based on sectional analysis,
assuming that temperature is uniformly distributed
along the column length. In this study, thermal
analysis on cross section of CES columns is
conducted by using computer program SAFIR [13],
with the cross-sectional model shown in Figure 3.

WITHIN
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Figure 3. SAFIR model for thermal analysis

It is noted in Figure 3 that reforcing steel can be
replaced by rectangular 2-D solid elements having
equivalent area and consistent centroid. Besides,
perfect bond between structural steel, reinforcing steel
and concrete is assumed in the analysis.

4. STRENGTH OF CES COLUMNS AT
ELEVATED TEMPERATURES

4.1. Thermal-induced strains at elevated temperatures

At elevated temperatures, there are several
additional thermal-induced strains developing in
structural materials, they are: (i) Thermal strain in
both concrete and steel, which basically depends on
thermal expansion and thermal stress. Thermal
stresses occur from differential expansion. The
difficulty to allow for thermal expansion due to
surrounding structural elements produces restraints at
the ends of the column; (ii) Transient strain, which
only develops in concrete under compressive stress
when temperature increases. The nature of transient
strain is related to the nature of concrete including
cement paste, hydration, bonding effect, and the loss
of water at elevated temperatures. Transient strain is a
dominating compressive strain and accounts for a
large amount of deformation. In the Eurocodes,
transient strain is expressed implicitly in the
constitutive rule of concrete at elevated temperatures;
and (iii)) Creep strain in reinforcing steel, which
develops significantly under constant stress at
elevated temperatures.

4.2. Cross-sectional modeling for CES columns

The discretization of the cross section in the
proposed analysis model is shown in Figure 4.
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Figure 4. Analytical model for cross section
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It can be seen that the cross section of columns is
divided into a two-dimensional array of (mxn)
rectangular concrete sub-elements having a unique
area of A..;=d,.*d,, (i=1 to m, j=1 to n) (Figure 4(a))
and a number of round-shaped sub-elements
representing reinforcing bars, namely, S; to §,, with
the corresponding areas A, (k=1 to p), as well as
elements for structural steel (Figures 4(c),(d)).
Temperature distribution in Figure 4(b) is interpreted
from the analysis results obtained from SAFIR.

4.3. M-N interaction diagrams of CES columns

The strength of columns can be presented in a
form of M-N interaction diagram. There are
assumptions applied in the construction of M-N
iteraction diagram of CES columns in this study.
Firstly and conventionally, cross section remains
plane after bending and normal to the centroidal axis.
Secondly, total strains in structural steel, reinforcing
bars and adjacent concrete fibres are equal. Stresses in
concrete and steel can be computed from mechanical
strains based on the corresponding material
temperature-dependent stress-strain curves shown in
Figure 1. Concrete is assumed to have failed when the
maximum mechanical compressive strain reaches a
proposed limit. In addition, tensile strength of
concrete at elevated temperatures and shear
deformation effect are negligible in the analysis.
Thirdly, fire exposure is uniform along the column
height. Besides, only braced and non-sway columns in
braced structural systems, with rectangular cross-
sections and load eccentricities smaller than one half
of the cross-sectional sizes, are addressed in this
study. Lastly, concrete spalling is ignorable in the
analysis.

The direct cross-sectional analysis for biaxially-
loaded CES columns at elevated temperatures is
shown in Figure 5.

Point load N

Concrete
element jj

Thermal strain
Mechanical strain

Steel bar Ask

Total strain

(d) Mechanical strain~ _
(e) Stress in concrete /52

Note: Transient strain
is implicit within
mechanical strain

7
(f) Stress in steel components

Figure 5. Direct cross-sectional analysis

As can be seen in Figure 5, the extreme
compressive concrete fibre is located at point B of the
North-East corner, corresponding to the point load N.
An arbitrary inclined neutral axis can be represented
by two key parameters: (i) a distance ¢, from point B
to the neutral axis (line BG); and (ii) an inclined angle
f between lines BG and side BC of the section.
Obviously, the cases of uniaxial bending about z- and
y-axes can be obtained when f is equal to zero and
/2, respectively.

The axial force and moment resistances
contributed by concrete, structural steel and
reinforcing steel bars can be obtained by integrating
all compressive and tensile stresses over the entire the
cross-section of the CES columns. It is noted that the
concrete areas occupied by the structural steel and
reinforcing bars located in the compression zone can
be eliminated by subtracting their contributions from
the internal forces of the steel components.

The temperature-dependent failure mechanical
strain in the extreme concrete fibre at point B, namely,
&, can be determined from two parameters (i)
temperature Op at point B interpreted from SAFIR
thermal analysis; and (ii) strain failure criterion. A
typical stress-strain relationship of concrete at an
elevated temperature & in accordance with Eurocode 2
is shown in Figure 6.
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Figure 6. Strain failure criterion

In Figure 6, gg is the strain corresponding to the
0

cul

compressive strength and & is the ultimate strain. It

is not ideal to use either & or &’ as the strain

failure criterion since the former marks the beginning
of strain softening, while the latter represents the end.
Hence, the authors propose a set of temperature-

dependent values for £’by adding a constant amount
of 1.0x10° to the compression straing’. This
additional value is adopted based on the ambient
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condition at which 88 =3.5x1073, 8?1 =2.5x107 and

then &7 —ef, =1.0x107.

The total ultimate straing’, ,of the extreme

concrete fibre at critical point B can be obtained by
summing up the ultimate mechanical strain 6'9

(Figure 5(d)) and thermal straing th_u (Figure 5(c))

computed in accordance with the Eurocode 2 thermal
properties of concrete and temperature € at point B.

4.4. RDCol computer program

Based on the principles introduced in the previous
sections, the authors develop a computer program
using Embarcadero Delphi programming language,
namely RDCol, to determine the strengths of CES
columns at elevated temperatures. The program is
capable of calculating and providing the load-bearing
capacities of CES columns at certain fire temperatures
in a form of either N-M,-M. interaction surface, N-M,
(N-M.) interaction diagrams, or M,-M. contours.

4.5. Validation of RDCol computer program

The results of fire resistance experiments on seven
CES columns under standard fire exposure conditions
conducted by Mao and Kodur [4] are used for
validation of RDCol computer program. There were
two types of cross section designed for the tested
columns, which were all 3.81m in height, as shown in
Figure 7. The concrete compressvie cube strength was
40MPa. The yeild strengths of steel components
varied from 242.3 to 281.3 MPa.
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Figure 7. Cross-sections of tested columns

Among the tested columns, there were six
specimens having cross section of 250x350mm, four
reinforcing bars of 16mm diameter and the built-in
structural steel of 200x150x6x9mm. The concrete
cover to the main re-bars was 25mm (Figure 7(a)).
Two specimens, namely FR4S38 and FR4S64,

were heated from four sides whereas another four
columns (FR3S35, FR3S37, FR3S65 and FR3S67)
were subjected to 3-side heating in the tests. The
remaining specimen, namely FR4S06, was cast with a
cross section of 300x300mm, four reinforcing bars of
16mm diameter and the built-in structural steel of
175%x175%x7.5x11mm (Figure 7(b)). During the test,
this column was loaded first and then heated up from
four sides in the standard fire condition.

The SAFIR temperature distributions within the
cross sections of column specimens FR4S38 (under 4-
side heating) and FR3S35 (3-side heating) at the times
of their failure, which are respectively 30 and 56 min,
are shown in Figure 8.
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Figure 8. Temperature distributions by SAFIR

The axial loads applied in the tests N, ratio
between the load eccentricity e, to the cross-sectional
height # and the failure times ¢ of the tested
specimens are shown in Table 1 [4].

Table 1. Information of tested specimens

Specimens N (kN) e)/h t- (min)
FR4S38 1500 0.15 30
FR4S64 610 0.30 70
FR4S06 2110 0.00 54
FR3S35 1232 0.15 56
FR2S37 878 0.15 141
FR3S65 719 0.30 89
FR3S67 1006 0.30 25

The thermal analysis of FR4S38 obtained from
SAFIR shown in Figure 8(a) is used as the input for
the sectional analysis in RDCol. The compression
zones of mechanical strains and stresses when the
column is subjected to uniaxial and biaxial
bendings are shown in Figures 9(a) and 9(b),
respectively.
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It is clearly shown in Figure 10 that at 27min of

) z
i i A & the test, the applied loads start to exceed the
8 \O° gradually-deteriorating load-bearing capacity of the
o g column, meaning that the column has failed in a
material manner at this moment. Then, the column
failure time predicted by RDCol is 27min, which is in
a agremeent ratio k, of 0.900 compared to the actual
- failure time of 30min obtained from the test (Table 1).
The RDCol predicted failure times of the other
tested columns and their coressponding agremeent
ratio k, to the test data are shown in Table 2.
(a) Uniaxial bending (b) Biaxial bending Table 2. Comparison in failure time
Figure 9. Compression zones of FR4S38 Specimens | " (min) | £.*°“ (min) k,
Figures 10(a) and 10(b) respectively show the RDCol FR4S38 30 27 0.900
results of (Aly-]\/lz) contour at N,,~=1500kN and the (N-M,) FR4S64 70 128 1.829
interaction diagram at the moments of 0, 27 and 30min of
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Figure 10. Strengths of FR4S38

1.223 and coefficient of variation (COV) of 0.163.
The premature failures of FR4S64 and FR3S67 could
be due to un-expected concrete spalling during test.
Hence, if these two columns are removed from the
validation, the remaining five columns gain a mean
value of 0.994 and COV of 0.039, which are relatively
good results for validation.

4.6. Strength degradation of CES columns at
elevated temperatures

Having obtained reasonable validation results as
illustrated in Section 4.5, the computer program
RDCol can be used to investigate an actual column
availabe in practice as shown in Figure 11.
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Figure 11. Investigated column

Figure 11 shows the cross-section of a typical
column within a basement of a high-rise buiding using
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top-down construction method. The 800x800mm
square column is reinforced by twenty 20mm-
diameter longitudinal rebars and a built-in structural
steel of 400x400x13x21mm. The concrete cover to
the main re-bars was 25mm. The concrete
compressvie cube strength was 30MPa. The yeild
strengths of reinforcing steel, web as well as flange
plates are 400, and 235MPa, respectively.

In case a fire incident occurs in the basement, the
column is assumed to be heated up from four sides by
a standard fire condition. The SAFIR temperature
distributions within the column cross section at 150
and 240min are shown in Figures 12(a) and 12(b),
respectively.

Figure 12. Temperature distributions by SAFIR
The temperature developments at nodes No.1, 65,
225, 467, and 481 (Figure 11), which are respectively
at the cross section corner, longitudinal bars, flange of

steel section, concrete cover and steel section web at
center are shown in Figure 13.
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Figure 13. Temperature development

It is shown in Figure 13 that: (i) Temperatures at
diffirent points within the cross-setion all increase
during the fire; (ii) Temperatures at nodes nearer to
the column surface are higher and develop faster than
those at nodes closer to the column centroid; and (iii)
At 150min of the fire (so-called 2.5 hours fire rate, or
R150), the temperatures at nodes No.1, 65, 467 are all
higer than 650°C whereas nodes No.225 and 481 are
still at temperatures lower than 100°C. This is because
the structural steel is located at the center of the cross
section and is still protected from heat attack by
surrounding concrerte.

The thermal analysis results obtained from SAFIR
are used as the input for RDCol to conduct cross-
sectional analysis of the investigated column, of
which the results are shown in Figures 14 and 15.
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Figure 15. N-M, interaction diagram

Figures 14 and 15 show the load bearing capacity
at eclevated temperatures of the column when
subjected to a combination of axial force and a
bending moment about principal y- and z- axes of the
cross section, respectively. The column strength is
represented in a form of series of interaction diagrams
at the times of 0, 30, 60, 90, 120, 150, 180 and
240min of a standard fire, so-called RO, R30, R60,
R90, R120, R150, R180 and R240, respectively.
These regressing diagrams clearly illustrate the
column strength degradation when temperature
elevates during the fire.

The reduction factors at certain levels of
maximum axial force resistance (namely 0.1N, 0.2N,
0.3N, 0.4N, 0.5N, 0.6N, 0.7N, 0.8N and 0.9N) of the
bending moment resistances around y- and z- axes
compared to those at ambient condition are shown in
Figures 16 and 17, respectively.
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Figure 17. Degradation in flexural resistance M,

The following observations can be made from
Figures 16 and 17:

(1) At higher levels of axial force, the reductions
in both M, and M. are more pronouncedly at a certain
time of the fire;

(2) Prior to 90min of the fire, the reduction rates
of both M, and M. are higher than those after 90min of
the fire;

(3) At 150min of the fire, all the reduction factors
of M, and M. are lower than 0.68 and 0.70,
respectively. This means that if the column is
designed with the respective bending moment
resistances in M, and M. lower than 147 and 143% of
the corresponding service moment bendings at
ambient condition, it will hardly survive after 150min
of a standard fire, or in other words, the column fire
rate is lower than 2.5 hours.

The reduction factor in ultimate axial resistance of
the column cross section is shown in Figure 18.
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Figure 18. Degradation in axial load resistance

It is clearly shown in Figure 18 that in order to get
a fire rate of 2.5 hours (150min), an axially-loaded
column shall be designed to have an ambient axial
load resistance higher than 133% of the service axial
force, since the reduction factor in axial force
resistance is lower than 0.75 at 150min.

5. CONCLUSSIONS

A rational approach in cross sectional analysis and
an associated computer program (RDCol) are
introduced in this paper to determine the strength of
concrete encased steel (CES) composite columns at
elevated temperatures. With relatively good validation
with international experimental results, RDCol can be
used to investigate the gradually degradation of the
column strength when it is heated up following a
standard fire scenario, from which useful comments
in structural fire design of the CES columns can be
obtained. This performance-based approach can be
used more sufficiently compared to the prescriptive
rules specified in the current codes and standards,
which only focus on the concrete cover and minimum
values of the column sizes.

In order to update the more rational approach to
current national code of practice for strucutural fire
design of CES columns, the following comprehensive
research works shall be conducted in future: (i) To
conduct experiments on CES columns subjected to
stanfard fire scenarios in Vietnam conditions; (ii) To
investigate the effects of the slenderness on the
stability of CES columns at elevated temperatures;
(iii) To study the effect of concrete spalling; and (iv)
To apply the explicit concrete material model that
accounts for the transient strain into the analysis.

Besides the CES columns, in-filled concrete - steel
(ICS) columns would also be within the research
interest for composite columns under fire conditions.
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ABSTRACTS: In Japan, several severe earthquakes hit Japan. The authors organized a field investigation team to survey
the damages of the reinforced concrete buildings. After Kobe Earthquake, seismic screening and retrofitting have been
promoted especially for the buildings designed according to the old seismic codes. In the Kumamoto area, many retrofitted
buildings also exist, and they did not suffer any severe damage. One connecting corridor, of which seismic capacity was
evaluated to satisfy the demand, was severely damaged. Its ultimate strength is calculated and compared with the actual
damage in this paper. During the Kumamoto Earthquake, some old sofi-first-story R/C buildings collapsed. According to
the measured dimensions and bar arrangements of columns of a collapsed building, its ultimate capacity is calculated and
the cause of the collapse is discussed. The soil condition in Kumamoto area is generally soft and pile foundation system is
required. Some low-rise R/C apartment buildings tilted due to damage in the piles. After the earthquake, the pile damages
were investigated. The investigation result will be discussed in this paper.

KEYWORDS: Kumamoto Earthquake, Damaged Building, Not Damaged Building, Damage of Piles, Accuracy of

Functions, Ductility.

1. INTRODUCTION

Since the 1995 Kobe Earthquake, Japan has
experienced tens of severe earthquakes, including the
2011 Tohoku Earthquake and the 2016 Kumamoto
Earthquake. Whenever a catastrophic earthquake
occurs, structural engineers are dispatched to conduct
field surveys to establish the reasons for the damage,
and the Japanese building code and guidelines are
improved if necessary. In this way, Japanese buildings
are made progressively more resilient to earthquakes.

If we look at the buildings in an earthquake-
affected area, we find that not all are damaged.
Therefore, when discussing the capacity of existing
buildings and whether to revise building codes, it is
very important to investigate the undamaged buildings
as well as the damaged ones.

Within a 28-h period on April 14-16, 2016, the
city of Kumamoto in Japan was hit by two large
earthquakes of magnitudes 6.5 and 7.3. The strongest
recorded seismic intensity due to each event was 7,
which is the maximum intensity on the Japan
Meteorological Agency (JMA) seismic intensity scale.
Figure 1 shows the typical damage done to wooden
houses and reinforced concrete (RC) buildings.
According to a report by the National Institute for

Land and Infrastructure Management (NILIM) and the
Building Research Institute (BRI) (NILIM/BRI,
2016), more than 15% of the wooden houses in the
central area of the town of Mashiki collapsed. Most of
the RC buildings that were designed either to the
current code at the time or to a previous code and
subsequently retrofitted were not severely damaged,
but some older buildings with a soft first story
collapsed in that story. Figure 2 shows response
acceleration (RA) spectra based on accelerations
measured at KMMO0O06 station in Kumamoto city
during the two Kumamoto earthquakes; also shown in
the figure are the design spectrum as defined by the
building code and the RA spectrum recorded by the
JMA during the 1995 Kobe Earthquake. If we
consider the code requirement shown in Figure 2 to be
for elastic structure and we apply a reduction factor of
0.3-0.55 for RC buildings to account for ductility, the
RA during the Kumamoto earthquakes exceeded the
code requirement considerably. Nevertheless, the
Kobe earthquake was clearly far more severe than the
Kumamoto earthquakes, although the damage ratio for
RC buildings was lower in the former case despite the
higher RA.

In this paper, the damage of reinforced concrete
buildings and its pile foundations are outlined as
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follows. First, one connecting corridor, of which
seismic capacity was evaluated to satisfy the demand,
was severely damaged. Its ultimate strength is
calculated and compared with the actual damage.
Second, according to the measured dimensions and
bar arrangements of columns of a collapsed building,
its ultimate capacity is calculated and the cause of the
collapse is discussed. The soil condition in Kumamoto
area is generally soft and pile foundation system is
required. Some low-rise R/C apartment buildings
tilted due to damage in the piles. After the earthquake,
the pile damages were investigated. Finally, the
investigation result will be discussed in this paper.

FiHwE

i R

(b) RC building that failed in its first story

Figure 1. Buildings that collapsed in the 2016
Kumamoto Earthquake
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Figure 2. Response acceleration spectra based
on accelerations measured during the Kobe
and Kumamoto earthquakes

2. DAMAGE OF A CONNECTING CORRIDOR

K junior high-school is located in Kumamoto city,
which has 1 administration and classroom building
(2-story) and 2 classroom buildings (1-story and
3-story) and 1 gymnasium as shown in Figure 3.
There are two connecting corridors that connect
classroom buildings. 1-story building was constructed
according to the current building code, and no damage
was observed. Other buildings and connecting
corridors were designed according to the previous
building code and evaluated their seismic performance
according to Japanese standard [2].

Gym. Brace buckled
RC
Brace buckled +Steel roof
Strengthen with - -
steel framed brace C°““;°é“;itz"‘d°f
(2-span, 1F and il
2F) School School | Slight cracks

RC Retrofitted with RC in the corners

3-story | Structural gaps | 2-story | of standing
walls
Connecting corridor
RC 2-story
Shear crack in
non-structural wall School
RC
1-story

Figure 3. Plan view of the K junior high-school

According to Japanese standard, the second level
evaluation, which is the method for the building with
strong beam and weak column and commonly used in
Japan, is based on Equation (1).

A > 1, (1)
where, J/: seismic index for i-th story, and I, is seismic

demand index of 0.6 for ordinary building and 0.75 for
school building for the second level evaluation.

The seismic index is calculated as Equation (2).
ils = iE0~SD-T (2)

where, ;Es: seismic capacity index and calculated as
Equation (3), Sp: unbalance index, and T: aging index.
1
E, Vi C,F 3)

where, ;A: restoring force distribution shape factor and
1.0 for the ground floor, ;C: strength index (shear
coefficient), and ;F: ductility index and ;& of 1.0 is
story deflection angle of 1/250. In addition to
Equation (1), the ultimate strength index of the
building, C,.Sp, must be greater than or equal to 0.3
so that building does not rely on too high ductility.

The administration and classroom building was
evaluated as ;I of 0.77 and C,.Sp of 0.82, which
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satisfy the demands. Its damage level was also
evaluated as “slightly damaged”. The classroom
building was evaluated as ;/; of 0.46 and C,.Sp of
0.49 and retrofitted with steel framed bracing system
as shown in Figure 4 before the earthquake. The
current seismic performance was evaluated as ;/; of
0.89 and C,,.Sp of 0.45, which satisfy the demands. Its
damage level was also evaluated as “slightly
damaged”. The connecting corridor was also
evaluated its seismic performance as ;/; of 0.99 and
C..Sp of 0.37, and not retrofitted before the
earthquake. However, both connecting corridors were
severely damaged, inclined to the deflection angle of
about 1/30 as shown in Figure 5 and demolished.

Figure 4. Retrofitted classroom building of the K
junior high-school

Figure 5. Connecting corridor of the
K junior high-school

Both corridors are almost identical and their plan
view is shown in Figure 6. Dimension of column is
450 mm by 700 mm with 6 rebar of which diameter is
19mm. The diameter of hoops is 10 mm and its

spacing is from 100mm to 125 mm. The relationships
between C index and F index of connecting corridor,
classroom building and administration and classroom
building are shown in Figure 8. The demand curve for
I, 0f 0.75 is also superimposed to the figures. It can be
seen that the seismic indexes of three structures satisfy
the demand of 0.75. However, the C indexes at the F
of 1.0 are 0.37, 0.60, and 0.83, which are base shear
coefficient for the ground floor. C of the connecting
corridor is much smaller than the others and the
performance of the corridor highly depends on its
ductility. It can be said that structure can deform
more than expected if the performance of the structure
depends on its ductility even though its C.,.Sp is more
than 0.30.
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Figure 6. Plan view of the connecting corridor
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3. DAMAGE TO A SOFT-FIRST-STORY BUILDING

The Japanese building code was revised in 1981,
and the most of all R/C buildings designed according
to the current building code survived without any
severe damage during severe earthquakes such as
1995 Kobe earthquake and 2011 Tohoku earthquake.
However, only the soft-first-story R/C buildings
suffered severe damage during 1995 Kobe earthquake
and a minor amendment was made so that the base
shear coefficient of the soft-first-story building is
more than 0.55, although the minimum requirement
for the most ductile R/C building is 0.30.

During the Kumamoto earthquake, 5-story R/C soft-
fist-story building, which was designed according to the
previous building code and not retrofitted, collapsed as
shown in Figure 1 (b). The damage of the column on the
ground floor and photo from the back side are shown in

Figure 9 and Figure 10, respectively.
4

Figure 10. Photo from the back side of the building

The dimensions of structure and columns were
measured at site. The plan view of the building is
shown in Figure 11. The dimension and bar
arrangement of column is shown in Figure 12. The
total number of rebar is 24 with the diameter of
22 mm. The diameter of hoop is 9 mm with the
spacing of 150mm. Although the span length to the
transverse direction was measured as 10,400mm, which
is rather long for R/C building, it was impossible to
investigate whether mid frame existed. Therefore, the
base shear coefficients for two cases, with and without
mid frame are calculated in this paper. The dimension
and bar arrangement of the columns in the mid frame
are assumed as the same as Figure 12.

The elevations of the building are shown in Figure 13.
Floor unit weight is assumed as 1.2 ton/m’. The
thickness of the wall is assumed as 150 mm. The
ultimate shear strength of columns and walls are
calculated according to the Japanese standard [2]. The
ultimate shear strengths of column and extremely
short column (4,/D < 2)) are assumed as 1.0 N/mm®
(0.7 N/mm’, for (hy/D > 6) and 1.5 N/mm’
respectively [2]. The ultimate shear strengths of wall
with boundary columns, wing wall, and rectangular
wall are assumed as 3.0 N/mm? 2.0 N/mm? and
1.0 N/mm? respectively [2] (note that concrete
strength is assumed as 20 MPa).
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Figure 12. Dimension and bar arrangement of column
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Figure 13. Elevation of the building

The calculated base shear strength and base shear
coefficient with and without considering the mid
frame are listed in Table 1. If the mid frame is
ignored, the calculated base shear coefficient of 0.25
is slightly smaller than the demand of 0.30 for the
ductile building. The calculated base shear coefficient
is 0.34 with considering the mid frame. The building
had almost minimum strength according to the
previous building code, which highly rely on its
ductility. As mentioned in section 3, it can be said that
the response may exceeds the expectation especially
for the soft-first-story building of which damage
concentrate on the ground floor.

Table 2. Base-shear coefficient of the building

. Base shear Base shear
Mid. Frame strength coefficient

Ignored 6,160 (kN) 0.25
Considered 8,600 (kN) 0.34

4. DAMAGE TO FOUNDATIONS

In the Higashi Ward of Kumamoto, which was
shaken severely during the earthquake of April 2016,
there are 14 low-rise apartment buildings for central-
government workers. The site plan is shown in Figure
14 and the building information is given in Table 3.
The buildings were constructed from 1971 to 2004.
The upper structures are all reinforced concrete
frames, but Table 3 indicates that various pile
foundation systems were used, such as friction and
support piles. The seismic performance of some

buildings constructed before the building code was
revised in 1981 was evaluated, and those buildings
were retrofitted with structural gaps between walls
and columns (slit) and/or an additional brace system.

The damage conditions of all 14 buildings were
investigated, and no significant or severe damage was
observed. However, buildings 3-5, which were
designed according to the current design code but
whose lateral capacity of pre-stressed high-strength
concrete (PHC) supporting piles was not confirmed
because the current regulations does not enforce to do
it, tilted a lot, as shown in Figure 15.
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Figure 14. Locations of buildings

Figure 15. Tilted building (no. 4).

The piles under either end frame of buildings 3-5
were investigated by excavating the surrounding
ground as shown in Figure 16. The tops of some piles
were found to have failed under shear. Figure 17
shows the results of investigating building 4, which
was tilted the most, by about 1/30 rad. Two of the
seven piles investigated had failed under shear and
four were severely cracked. Given that the upper
structure did not suffer any severe damage but that the
piles did, the damage to the foundations possibly
reduced that to the upper structure.
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Figure 17. Damage condition of investigated piles
(building 4).

After the pile foundations of building 3 to 5 were
investigated, the condition of the other piles,
especially those of buildings 6 and 7, which were
designed according to the same regulations and had a
similar pile system as buildings 3 to 5, was decided to
be investigated. As building 3 to 5, the ground around
the piles at both ends of the buildings was excavated
to observe the damage of the piles. As an example, the
photo of building 6 is shown in Figure 18. Both
buildings 6 and 7 suffered no damage in the upper
structure, and no evidence of settlement was observed
on the ground around the buildings, either.

—-

.__

Figure 19. Damage condition of investigated piles
(building 6).

Figure 19 shows the investigation result of building
6. One pile was severely damaged with shear cracks and
another pile suffered moderate damage. For building 7,
one pile was severely damaged with shear cracks.
Buildings probably prevented tilting because most of all
piles survived although some of them were severely
damaged. It can be said that even though there is no
damage in the upper structure and on the ground around
the building, there is a possibility that some piles suffer
severe damage. Development of a method to predict the
damage level of piles of existing building after an
earthquake is strongly required.

5. CONCLUDING REMARKS

Many buildings suffered severe damage during the
2016 Kumamoto Earthquake. In this paper, the
performance of the connecting corridor that collapsed
in the ground floor, was evaluated and compared the
result with its damage. Another 5-story R/C soft-first-
story building was also collapsed in the ground floor.
The corridor and the R/C building satisfied the demand
according to Japanese standard as high ductile structure.
It can be said that the response of a simple structure that
shows story failure may exceed the demand. It is
recommended to increase the strength demand for soft-
first-story structures even thought a ductile flexural
failure mechanism is predicted.
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Table 3. Building information

Building Const. No. of Structure Current | Design for
(R: year Story units Upper Foundation No. of code |lateral force
retrofitted) structure piles
#1(R) 1981 5 30 | RC |Frame|Friction| 15t/pile | PCL=8m | 228 X X
#2 1982 | 5 30 | RC |Frame|Friction| 15t/pile | PCL=8m | 284 O X
#3 1983 5 30 | RC |Frame|Support| 110t/pile PHCS00 ¢ 38 O X
L=39m
#4 1984 | 5 30 | RC |Frame|Support| 110t/pile PHCS00 ¢ 38 O X
L=39m
45 | 1984 | 5 | 30 |RC |Frame|Support| 110tpile| THE00¢ | 3g O x
L=39m
# | 1985 | 5 | 20 |RC |Frame|Support| 130tpile [[HCA000¢1 o0 | o x
L=37m
#7 1985 | 5 20 | RC |Frame|Support| 130t/pile PHS-A600 24 O X
L=37m
170 1100 ¢,
#9 1995 | 5 35 | RC |Frame|Support 240t/pile 1200 ¢ 22 O O
L=40 m
#10(R) | 1971 5 30 | RC |Frame|Friction| 20t/pile L=6m 160 X X
#11(R) | 1971 | 5 30 | RC |Frame|Friction| 20t/pile L=6m 160 X X
#12(R) | 1971 5 30 | RC |Frame|Friction| 20t/pile L=6 m 160 X X
#13(R) | 1971 5 30 | RC |Frame|Friction| 20t/pile L=6m 160 X X
. 1100 ¢
#17 1995 5 25 | RC |Frame|Support| 270t/pile 21 O O
L=40 m
SKK450
teel pi
1s00- | © ;?leg’lp ©
#18 2004 | 5 50 | RC |Frame|Support|2560 kN/ 500 d; 28 O O
1 ,
pre 600 ¢,
L=39m

The damage of the piles of three tilted 5-story
buildings, which suffered no damage in the upper
structure, was investigated. It was found that the piles
were severely damaged and it caused the inclination.
The damage of the piles of two more buildings, of
which upper structures and piles are identical to the
tilted buildings, was also conducted. The two
buildings suffered no damage in the upper structures
and did not tilt. However, it was found that some piles
were damaged severely. It can be said that even
though there is no damage in the upper structure and
on the ground around the building, there is a
possibility that some piles suffer severe damage.
Development of a method to predict the damage level
of piles of existing building after an earthquake is
strongly required.
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ABSTRACTS: Stay cables are one of the most critical structural components in modern cable-stayed bridges and the cable
tension plays an important role in the construction, control and monitoring of cable-stayed bridges. We propose a time
domain approaches for modal parameter identification of stay cables using output-only measurements. The time domain
approach uses the subspace algorithm which is improved with a new modal coherence indicator. Two experiments of stay
cables are presented. Ambient vibration of each stay cable is carried out using accelerometers. The modal parameters of
stay cables are extracted from output-only measurements. Once the eigenfrequencies and the damping coefficients are
obtained, the cable forces and the Scruton number are derived. In a continuous monitoring and modal analysis process, the
tension forces and Scruton numbers could be used to assess the health of stay cables in cable-stayed bridges.

KEYWORDS: Subspace method, modal parameters, modal coherence indicator, stay cables.

1. INTRODUCTION

Identification of modal parameters:
eigenfrequencies, damping ratios and mode shapes
from empirical data is of fundamental engineering
importance in the dynamical analysis of stay cables,
and more generally in the dynamical analysis of
mechanical structures. These modal parameters will
serve as reference to the finite element model updating,
to perform structural health monitoring, damage
detection and safety evaluation of structures. The
extraction of modal parameters from frequency
response function measurements requires knowledge of
both: the input and the output from the system under
test. However, in real operational conditions the input
cannot be measured and an artificial excitation needs to
be applied. This is very difficult to realize from an
instrumental point of view and the resulting responses
are often of poor quality, the useful signals being
contaminated by the noise caused by the system’s
operation. Hence, in many cases, only operational
response data are measurable and the system
identification process will need to base itself on
response only data. This identification based on the
knowledge of output-only responses, without using
excitation information, is known as Operational Modal
Analysis (OMA), also named as ambient or natural
excitation or output-only modal analysis. OMA has
drawn a great attention in mechanical and civil
engineering community with applications for rotating
machinery, wings or structures of aircraft during flight,
wind tunnel testing, wind turbines, off-shore platforms,
buildings, stadiums, towers, bridges,..., which are
under natural or environmental excitation. Several
OMA parameter identification algorithms are proposed

in the literature [1-5] and these algorithms work in the
frequency domain or in the time domain. In the
frequency domain, the power spectral density of output
responses is obtained using several signal processing
techniques and natural frequencies are determined
through a peak-picking procedure. However, there are
limits with these methods in dealing with heavy
damping and closeness of natural frequencies. The
reason for the limitation is essentially modal
interference and hence some individual modes and
natural frequencies cannot be observed individually. In
the time domain, correlation functions or covariance
matrices between output responses are used to obtain
state space matrices and extract modal parameters. We
propose in this work a time domain procedure to
extract the modal parameters of vibrating systems from
output-only measurements.

The procedure is based on subspace algorithms,
which use covariance matrices between output signals
and are able to give estimates of high precision. They
are constructed on the observability and controllability
properties of linear time invarying systems and need
linear algebra operations, such as the singular value
decomposition (SVD) or QR factorization to filter
noises, to estimate the state space matrices and the
model order. However, all the time domain modal
identification algorithms have a problem on model
order estimation. When extracting physical modes the
time domain algorithms generate spurious or
computational modes to account for unwanted effects
such as noise, leakage, residuals and nonlinearities.
Therefore, it is necessary to completely identify and
remove spurious modes. So far, there are many
criteria such as MCF, MAmC and CEI that can be
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used to remove spurious modes and validate identified
modal parameters [6]. Besides these criteria, the
stabilization diagram which represents the variation of
modal parameters with model order increments is also
an effective tool to eliminate the non-structural
modes. The original contribution of the paper is to
propose a new modal indicator to distinguish
structural and spurious modes. This modal indicator,
named as Modal Coherence Indicator, is developed
and implemented using the product of the modal
observability coherence indicator and the modal
controllability coherence indicator. In fact, this
indicator describes the coherence between the modes
of the identified state space model and the modes
obtained from measured responses. This modal
indicator is used to eliminate spurious modes. Two
experimental examples show the performances of this
indicator in modal parameter identification.

In this work the subspace method is applied to
study the dynamic behaviour of line cables. Two
examples using real data are presented. The first
experiment concerns a horizontal cable in laboratory
where the external load is applied through an impact
hammer and the vibratory signals are acquired
through four accelerometers. The second experiment
concerns the Jinma cable-stayed bridge in China.
Ambient vibrations of each stay cable are carried out
using accelerometers. This paper is organised as
follows. In Section 2 a mathematical model of the
dynamic behaviour of transmission line cables and the
subspace method are presented. The determination of
the true structural modes is based upon a modal
coherence indicator formed with identified and
measured covariance matrices of signals. In Section 3
experimental results in laboratory and in
environmental conditions are presented. This paper is
briefly concluded in Section 4.

2. A MATHEMATICAL MODEL AND
SUBSPACE METHOD

2.1. A mathematical model

Study of vibrations of cables is similar to the
analysis of a beam under the action of axial forces.
This model is usually used to evaluate the behaviour
of the cable submitted to the action of an external load
such as the excitation due to the wind and to
mechanical tension. The differential equation of cable
motion is [7]

twx,t)  Pwx,t) . Pw(

EI -P
ox* at? ox
where E is the Young’s modulus, I the moment of
inertia of the cable cross-section, p the specific mass,
S the cross-sectional area, P the axial load, f(x,t) the

external load, w(x,t) the transversal displacement
which is assumed to be small, x the position along

S 9 £, (1)

the cable and t the time variable. For the free vibration
the external load is zero and the solution of Eq.(1) is
obtained by the method of separation of variables. The
theoretical natural frequencies of vibration are then
given by [7]

1/2 o 0\1/2
£ :%(E) (k“ L PL } @)
217\ pS n“El

where k is the free vibration mode number, and L the
length of the cable. We would like to approximate
the desired partial differentiate equation solution
w(x,t) in a separable form as series expansion of time
varying coefficients qi(t) and spatially varying basis
functions c¢;i(x).

n
W(x, 1) =D q;(t)e; (x) 3)
=1
Where w(x,t)
Assuming that the basis functions are known, the
Galerkin procedure can then be used to specify the
equations of motion for the coefficients ;(t). This
method requires that the partial differentiate equation
residual is orthogonal to each of the basis functions
and Eq.(1) is then transformed in the following
ordinary differential equation:

is the approximation for w(x,t).

Mg+Kqg=¢g )
Where:
M;; = JOLPSCi(X)Cj(X)dX (5)
i 40 46 () dey (x) dey(x)
K;j = .[ o I3 02 +P R dx (6)
L
g = -[O [ (X)f(X,t)dX (7)

Barbieri et al. [8] used this procedure and a
resolution of (4) by a FEM analysis is proposed. The
basis functions c¢;(x) are computed with cubical
Lagrangean finite elements and the natural frequencies
of line cables are obtained. In this work, our purpose
is to identify the modal parameters of a cable from
response data only, wusing the signals of
accelerometers placed in the cable, and to compare the
theoretical results with experimental results.

For an n’ degrees of freedom system with viscous
damping, the motion equation is

Mq+Cq+Kqg=¢g (8)

where M is the mass matrix, and C, K are the damping
and stiffness matrices respectively. In [8] Barbieri et al.
propose a procedure based on experimental and
simulated data to identify eigenfrequencies of a
transmission line cable. The experimental data are
collected through accelerometers and the simulated data
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are obtained using the finite element method. In this
work, we identify damping ratios of line cables from
output-only measurements using the subspace method.

2.2. The Subspace method

The dynamic behaviour of a structure excited by
ambient forces can be described by a discrete time
stochastic state-space model:

Z,, =Az, +w, state equation )

yx =Cz, +v, observation equation (10)

where z; is the unobserved state vector of dimension
n=2n’, yx the (mxl) vector of observations or
measured output vector at discrete time instant k, wy,
v are the white noise terms representing process noise
and measurement noise together with the unknown
inputs, it is assumed that the excitation effect appears
in the disturbances wy and vy, since the system input
cannot be measured, A the (nxn) transition matrix
describing the dynamics of the system and C the
(mxn) output or observation matrix, translating the
internal state of the system into observations. The
stochastic identification problem deals with the
determination of the two state space matrices A and C
using output-only measurements.

The modal parameters of a vibrating system are
obtained by applying the eigenvalue decomposition of
the transition matrix A.

A=YAY"! (11)
where A =diag(},), i=1,2,...,n is the diagonal matrix
containing the complex eigenvalues and ¥ contains

the eigenvectors of A as columns. The
eigenfrequencies f; and damping ratios (; are

obtained from the eigenvalues which are complex
conjugate pair:

2

fi:4nlAt [m(xixg‘)TM Arcos ;i ;1 (12)
2
(A"
G- L) ;)
A\ 12 A A
[m(mi )} 4| Arcos) ~ o

with At the sampling period of analyzed signals. The
mode shapes evaluated at the sensor locations are the
columns of the matrix @ obtained by multiplying the
output matrix C with the matrix of eigenvectors V¥ :

d=C¥ (14)
Our purpose is to determine the transition matrix

A and the output matrix C in order to obtain the modal
parameters of the vibrating system. Define the (mfx1)

and (mpxl) future and past data vectors as

T T T - T T T 77
Yk :|:YkDYk+la--'DYk+f—1:| » Yk :I:YkDkalv"'va—erl] .
The (mfxmp) covariance matrix between the future
and the past is given by

R, R, .. R,
R, R .. R

H=slyiy, |=|. 7 7 T )
Rf Rf+1 Rf+p—1

where E denotes the expectation operator and the
superscript T the transpose operation, H is the block
Hankel matrix formed with the (mxm) individual
theoretical auto-covariance matrices R;.

R; = E[kayE] =CA"'G, with G = EI:Zk+1yE:| .

In practice, the auto-covariance matrices are

estimated from N data points and are computed by
N-i

R; :§ Vieiyr i=1, 2..., p+f and with these
k=1

estimated auto-covariance matrices we form the block

Hankel matrix H. In order to identify the transition

matrix A and the output influence matrix C two matrix

factorizations of H are employed. The first

factorization uses the singular value decomposition

(SVD) of H:

H=USV" = (Us”2 )(s”ZVT) (16)
with U'U and V'V identity matrices and S a diagonal
matrix of singular values. The second factorization of the
block Hankel matrix H considers its (mfxn) observability
O and (nxmp) controllability matrices K, as.

CG CAG CA™'G
1| CAG CA’G CA’G |
[CA™'G CA'G CA"P2G
Ke
CA |
[G AG AP” G]:OK (17)

By identification, the observability matrix O is
expressed in terms of C and A and the controllability
matrix K is expressed in terms of G and A. The two
factorizations of the block Hankel matrix are equated
to give:

H= (USW)(SWVT ) = 0K (18)
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implying O=(USV2) and Kz(SmVT). Properties
of the observability and controllability matrices are
used to determine the transition matrix A. Let
o' (m(f-1),n) be the shifted matrix obtained by
deleting the last block row of O and let o' (m(f-1),n)

be the shifted matrix obtained by deleting the first
block row of O. It is easy to show that

T J
0" =0'A or (US“Z) =(Us“2) A (19)
and the transition matrix is
#
A=(O")"0" or A:S*“(U¢) u's? (20

where () represents the pseudo inverse of a matrix.

Two methods can be used to determine the output
matrix C. In the first method, let Hg be the first block
row of the block Hankel matrix H. It is easy to show that

Hp =[R/R,..R, |=CK 1)

and the estimate of C is obtained using the pseudo-
inverse of K

C=HK"=H,Vvs™"? (22)

In the second method, we observe that C is only
the first block row of the observability matrix O

C=0p =(Us") (23)

IR

2.3. The Modal Coherence Indicator

With estimates of A and C in hand we compute
the eigenvalues and eigenvectors of A, and from (12-14)
we identify eigenfrequencies, damping ratios and
mode shapes of the vibrating system. However, all the
subspace modal identification algorithms have a
serious problem of model order determination. When
extracting physical or structural modes, subspace
algorithms always generate spurious or computational
modes to account for unwanted effects such as noise,
leakage, residuals, nonlinearity... Furthermore,
weakly excited modes often require relatively high
numbers of assumed modes to be properly identified.
For these reasons, the assumed number of modes, or
model order, is incremented over a wide range of
values and we plot the stability diagram. The stability
diagram involves tracking the estimates of
eigenfrequencies and damping ratios as a function of
model order. As the model order is increased, more
and more modal frequencies and damping ratios are
estimated, hopefully, the estimates of the physical
modal parameters stabilize as the correct model order
is reached. For modes which are very active in the
measured data, the modal parameters stabilize at a
very low model order. For modes that are poorly
excited, the modal parameters may not stabilize until

a very high model order is chosen. Nevertheless, the
non-physical modes, called spurious modes, do not
stabilize at all during this process and can be sorted
out of the modal parameters. A criterion based on the
modal coherence of measured and identified modes is
used to detect these spurious modes and remove them
from the model.

The modal observability coherence indicator is
defined as the magnitude of the normalized dot
product between the vectors

ClL, =
( )1/2

where q, q; are respectively the i-th (mfx1) column

—oH ~o0

qdi g

(24)
~oH ~o0

4 9

—oH—o

q 9

vector of the measured observability matrix and the
identified observability matrix. With (.)" indicating
complex conjugate transposition.

The modal controllability coherence indicator

CIL = (25)

i
(—c—cH ~c~cH )1/2

4 di |9
where qi, q; are respectively the i-th (Ixmp) row

vector of the measured controllability matrix and the
identified controllability matrix.

Finally, the modal coherence indicator is defined
for i=1, 2,..., n as MCI; = MOCI,; * MCCI,. Given a
state space model and a set of measured covariance
matrices, the modal coherence indicator describes the
correlation between each mode of the identified state
space model and the modes directly inferred from the
measured signal and thus serve as a distributed model
quality measure. This indicator generalizes the modal
amplitude coherence (MAC) indicator introduced by
Juang [6]. Here we generalize the indicator to
operational modal analysis where only multi-output
data are used to form covariance matrices.

3. APPLICATIONS

3.1. Modal parameter identification of a line cable
in laboratory

To prove the effectiveness of the identification
procedure based on the subspace analysis, we analyze
the dynamic behaviour of transmission lines through
the comparison of theoretical and experimental
results. The schematic view of the testing system is
shown in Figure 1 and obtained from Barbieri et al.
[8]. The parameters of the cable are: specific mass
0.8127 kg/m and rigidity flexural (EI) 11.07Nm”. For
the modal identification four accelerometers are
placed in the cable in the position L/2, 3L/8, L/4 and
L/8. The length of the cable is L = 32.3 m and the
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mechanical load is 10700 N. The excitation of the
cable is obtained through an impact hammer at 5.38 m
of the extremity of the cable and Figure 2 shows the
time responses of different accelerometers. The
recording time is 32s and the sampling frequency is
64Hz. We have then 2048 points to form auto-
covariance matrices. Before identification the data are
filtered through a digital low-pass filter with a cut-off
frequency of 30 Hz.

el4

e13 i &6

o1 - Signal Analyzer ed - Force Amplifier System

22 - Intellicent Interface 4 - Reducer

3 - Motoreducer el0-
24 - Mechanical Transmission System 211 -
e5 - Pre-tension System el2 -
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27 - Load Cell e14 - Accelerometer

Maotoreducer
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Servomotor

Figure 1. Schematic view of the testing line cable in

laboratory
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Figure 2. Time response of accelerometers
(amplitude (mm s) versus time (s))

When performing modal analysis, one of the key
decisions is to decide how many modes are there in
the frequency range of interest. All the time domain
modal identification algorithms have a serious
problem on model order determination and when
extracting physical or structural modes the subspace
algorithm always generates spurious or computational
modes to account for unwanted effects such as noise,
leakage, residuals, nonlinearities... Practical
experience in subspace modal analysis shows that it is
better to over-specify the model order and to eliminate
spurious poles afterwards. This can be done by
constructing the stabilization diagram where models
of increasing order are determined. Each model yields
a set of modal parameters which are plotted in a

stabilization diagram. In [1] the poles corresponding
to a certain model order are compared to the poles of a
one order lower model. If the eigenfrequency, the
damping ratio and the related mode shape differences
are within certain preset limits, the pole is labeled as a
stable pole. In this work, to eliminate spurious poles
we have chosen a modal coherence indicator MCI;
superior to 99%.

Figure 3 shows the stabilization diagram on
eigenfrequencies using the subspace method and the
modal coherence indicator. A definition of the
stabilization diagram is presented. The true system
order is unknown and a common practice in
operational modal analysis is to calculate the modal
parameters for increasing model orders. The stability
diagram is then plotted where the estimates of
eigenfrequencies are given as a function of model
order. In other words, the stability diagram involves
tracking the estimates of eigenfrequencies as a
function of model order. For modes that are very
active in the measured data, the modal parameters
stabilize at a very low model order and for modes that
are poorly excited in the measured data, the modal
parameters may not stabilize until a very high model
order is reached. Nevertheless, the non-physical or
computational modes do not stabilize at all during this
process and can be sorted out of the modal parameters
data set using the modal coherence indicator. The
detection of eigenfrequencies is performed visually in
a so-called stabilization diagram. The stabilization
diagram shows very stable eigenfrequencies and from
this plot (Figure 3) we obtain the experimental natural
frequencies of the cable.
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Figure 3. Stabilization diagram on eigenfrequencies
without and with MCI
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Table 1 shows the theoretical and experimental
natural frequencies and damping ratios of the cable
using different configurations of sensors. The
theoretical natural frequencies are obtained from (2)
and the experimental modal parameters are obtained
using (12). Figure 4 shows the theoretical (solid line)
and experimental (points) mode shapes of the
vibrating cable. From all these results, it can be seen
that good estimates of modal parameters are obtained
from the subspace algorithm, using output-only
measurements.

Table 1. Natural frequencies and damping ratios of
the experimental cable using the subspace method

Theor. Sensor 1,2 Sensor 2
Modes
freq fi Gi fi Gi
1 1,765 | 1,776 | 0,509 | 1,774 | 0,518
2 3,530 | 3,517 | 0,275 | 3,518 | 0,262
3 5,295 | 5,255 | 0,282 | 5,256 | 0,293
4 7,060 | 7,016 | 0,170 | 7,016 | 0,161
5 8,825 | 8,729 | 0,174 | 8,729 | 0,181
Sensor 4 Sensor 1,2,3,4
Modes Theor.
freq fi Gi fi Gi
1 1,765 | 1,776 | 0,509 | 1,774 | 0,518
2 3,530 | 3,517 | 0,275 | 3,518 | 0,262
3 5,295 | 5,255 | 0,282 | 5,256 | 0,293
4 7,060 | 7,016 | 0,170 | 7,016 | 0,161
5 8,825 | 8,729 | 0,174 | 8,729 | 0,181
1 ! ! : PY
§_1 | First mode shape |
0 O.‘OS 0.1 0.‘15 0.‘2 0.25 Of3 0.35 O.‘4 0.45 05
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Sample position
Figure 4. Theoretical (solid line) and experimental
(points) mode shapes for the line cable in laboratory

3.2. Modal parameter identification of the Jinma
cable-stayed bridge

The subspace method is applied to the analysis of
stay cables of the Jinma cable-stayed bridge (Figure 5),
that connects Guangzhou and Zhaoqing in Guangdong

Province, China. It is a single tower, double row cable-
stayed bridge, supported by 28 x 4 = 112 stay cables.
Before the official opening of the bridge, ambient
vibration tests on each stay cable were carried out for
the purpose of cable tension evaluation. Inputs could
evidently not be measured, so only acceleration data are
available. For the ambient vibration measurement of
each stay cable an accelerometer was mounted securely
to the cables, the sampling frequency is 40Hz and the
recording time is 140.8s, which results in total 5632
data points. Cables 1, 56, 57 and 112 are the longest
and cables 28, 29, 84 and 85 are the shortest. A full
description of the test can be found in [9].

Figure 5. Schematic view of the Jinma bridge with
stay cables

Figure 6(b) shows the stabilization diagrams on
eigenfrequencies and damping ratios using the
subspace method and the modal coherence indicator
from the ambient response of cable 25(Figure 6(a)).
These diagrams show  remarkable stable
eigenfrequencies and from these plots we determine the
eigenfrequencies and damping ratios of the stay cable
25. In fact, we apply the subspace method to each of
120 stay cables to obtain the fundamental frequency f
of each cable. The fundamental frequencies of all 112
stay cables determined via subspace analysis of
ambient vibration responses for upstream stay cables
and downstream stay cables are presented in Figure 7.
It can be seen that the fundamental frequencies of both
bridge sides are almost identical and the fundamental
frequency distribution is symmetric with respect to the
single tower. The fundamental frequencies vary
between 0.533 Hz for the longest cable and 2.703 Hz
for the shortest cable.
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Figure 6. (a) Ambient response of cable 25
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Figure 6. (b) Stabilization diagram on

eigenfrequencies and damping ratios

The instability of a cable is assessed by the
Scruton number [10], which is defined for each mode

of vibration by S_; ={,p/p,D*, where ¢ is the

damping ratio for each mode, p the mass of the cable
per meter, p, the density of air and D the cable
diameter. High values of the Scruton number tend to
suppress the oscillation and bring up the start of
instability at high wind speeds. Considering p = 66.94
kg/m, p, = 1.2 kg/m’ and D = 0.203 m, the Scruton
number for each mode is presented in Table 2.
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Figure 7. Fundamental frequency of each cable on
upstream side and on downstream side

Table 2. Natural frequencies, damping ratios
and Scruton number of cable 25 using the subspace

method
1 2 3 4 5 6
fi 1,965 | 3,932 | 5,905 | 7,886 | 9,876 | 11,88
¢ 10,269 (0,035 | 0,160 | 0,066 | 0,070 | 0,073
Sei |3,350 0,436 | 1,993 | 0,822 | 0,872 | 0,909

In the Scruton number, damping is a main factor
and most vibration problems in stay cables are subject
to low damping values. The situation can be resolved
by the improvement of damping through devices which
are fixed to cables. A very economic and effective
solution is the application of connecting wires between
neighbouring cables in order to change the vibration
system as well as increase damping considerably.

4. CONCLUSION

Modal parameter identification of stay cables in a
cable-stayed bridge is a typical class of structural modal
analysis and it is of practical significance to develop
methods for identifying modal parameters with only
measured response data. In this paper, it is shown that
the subspace method can be effectively employed in
operational ~modal analysis. The output-only
measurement technique have already demonstrated its
robustness and reliability when applied to ambient
vibrations especially in eigenfrequencies identification
of stay cables. The subspace method is improved by the
introduction of a modal coherence indicator which
eliminates spurious modes. Once the eigenfrequencies
and the damping coefficients have been identified, the
cable forces and the Scruton number are derived. In a
continuous monitoring and modal analysis process, the
tension forces and Scruton numbers could be used to
assess the health of stay cables in cable-stayed bridges.
Operational modal analysis applied to the dynamic data
of stay cables provides useful information to determine
the current condition of stay cables accurately.
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MOT CACH TIEP CAN KHAC PE PHAN TiCH BAI TOAN KET CAU CHIU
CHUYEN VI CUONG BUC THEO PHUONG PHAP PHAN TU HU'U HAN
A DIFFERENT APPROACHING TO ANALYSE STRUCTURE UNDER
DISPLACEMENT LOAD AS APPLYING FINITE ELEMENT METHOD

Pham Van Pat
1S, Giang vién, khoa Xdy dung, DH Kién truc Ha Noi, Email: datpv.hau@gmail.com

TOM TAT: Chuyén vi cudng birc 1a mot trong nhimg nguyén nhén thuong gap, gdy ra ndi luc trong két cau. Hién nay cé
rat nhidu phuong phap khac nhau dé phan tich két cau, nhung mot trong nhimg phuong phap quan trong va khong thé thiéu
duoc dbi voi nguoi ky su 1a phuong phap phan tir hitu han. Céc tai liéu viét vé phuwong phap phan tir hitu han, khi trinh bay
xtr Iy didu kién bién két ciu co chuyén vi cudng birc thudng gidi thiéu hai cach: phuong phép tai trong tuong duong va
phuong phap xir 1y theo toan hoc. Trong ndi dung bai bao nay sé gidi thiéu cach ap dung phuong phap thira s6 Lagrange dé
gidi quyét bai toan nay.

TU KHOA: Chuyén vi cudng birc, Phwong phap phan tir hiru han, Phuong phép thira s6 Lagrange.

ABSTRACT: Displacement load is one of the most frequent load is usually seen in analysis structure problem. To analyse
structure, there are nowadays the overwhelming measures; otherwise an important and indispensable method for
engineering to implement analysis of real structure is finite element method. In documences, there are normally two ways
introduced which includes equivalent load method and mathematical method. In this article presents adopting multiplier

Lagrange method to solve this problem.

KEY WORDS: Displacement load; Finite element method, Multipier Lagrange method.

1. PAT VAN DE

Mot trong nhitng phuong phap phan tich két ciu
hién nay khong thé thiéu dugec ma cac K¥ su thuong
sit dung dé phan tich, tinh toan thiét ké cho cac két
cAu cong trinh 1a phuong phap phan tir hiru han.
Phuong phép phan tir hitu han 1a phuong phap khi
nghién ctru mot vat thé (két cu cong trinh) thi vat thé
nghién ctru dugce chia thanh mét s6 hiru han cac mién
con (phdn tir) [1,2]. Cac phan tir nay dwoc ndi véi
nhau tai cac diém dinh trude thuong tai dinh phan tir
(tham tri tai cac diém trén bién phan tir) goi 1a nut.
Nhu véy viée tinh toan két ciu cong trinh duoc dua vé
tinh toan trén cac phan tir cua két ciu, sau doé két ndi
cac phan tir nay lai véi nhau ta dugc 101 giai ciia mot
két cau cong trinh hoan chinh.

Hién nay khi giai bai toan két cau khung c6
chuyén vi cudng birc bang phuwong phap phan tir hitu
han, cac tai li€u thuong gidi thi€u hai phuong phap
chinh: Phuong phap thir nhat coi tai trong cudng birc
nhu mot dang tai trong (Phuong phap tai trong tuong
duong); Phuong phéap thir hai 1 thay d6i tri s6 cua sb
hang trong ma tran d¢ clmg véi chi s6 hang, cot ciia
s6 hang tuong tng v6i bic tu do cua chuyén vi cudng
birc va gia tri vécto tai trong tdc dung tai vi tri hang
twong ung voi bac ty do nay (Phuong phap xu 1y theo
todn hoc) [3,4,6,7].

Khi 4p dung phuong phap tai trong twong duong
vao phan tich bai toan chuyen vi cudng birc ma tai nut
chuyén vi cudng birc c6 nhiéu phan tir di qua thi ta
phai xac dinh ndi lyc trong tung phan tir khi co
chuyen vi cudng burc va tong hop céc noi luc nay lai
v6i nhau. Do do, ta co thay thé tic dung ciia nguyén
nhan chuyén vi cudng birc bang c4c thanh phan ngoai
luc tac dung tai niit co chuyén vi cudng buc, véi didu
kién cac thanh phan ngoai luc nay phai can bang voi
cac thanh phﬁn ndi lyc trong cac phﬁn tr tai vi tri nut
chuyén vi cudng buc. Nhu vay, khi nat ¢é chuyén vi
cudng birc ¢6 sb luong thanh di qua cang nhiéu thi bai
toan cang trd 1é€n phl’Ic tap.

Trong phan mém Sap 2000 khi phan tich bai toan
két cdu c6 chuyén vi cudng buc thi phin mém xem
chuyén vi cudng birc nhu 13 mot dang tai trong tuong
duong. Nhung, dé lap trinh giai duoc cac bai toan
khac nhau nhu phan mém Sap 2000, ta can lap duoc
cac thu vién mau cac loai phﬁn tir khi chiu cac thanh
phan chuyén vi cudng birc khac nhau tai cac niit phan
tir. Do d6, dé giai quyét vin dé nay thi can phai co
thoi gian va nhan lyc thyc hién va thuong thyc hién
trong cac cong ty phan mém 16n.

Phuong phap xir 1y theo toan hoc thi khic phuc
duogc sy taing mirc d§ phuc tap cia bai toan khi s6 thanh
di qua nit chuyén vi cudng birc ting 1én. Nhung theo
phuong phap nay thi ta phai thay doi gia tri ciia mot sd
thira s6 trong ma tran d6 cirng cua toan hé va vécto tai
trong tac dung nut. Pac biét thém mot s6 vo cung 16n
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vao cac s6 hang trong ma trin do cing va vécto tai
trong. Khi giai ty dong bang may tinh ta phai xac dinh
gia tri vo cung 16n nay bang mot gia tri xac dinh, vi vay
gi tri xac dinh ndy bang bao nhiéu dugc coi 1a vo cing
16n thi n6 con phy thude vao kich thude hinh hoc cia
cac phﬁn ttr va mo6 dun dan hoi caa vat lidu.

Nhim c6 mot thém cach giai don gian, c6 thé ap
dung 1ap trinh tu dong aé phan tich cac bai toan két
ciu ¢ chuyén vi cudng birc bang phuong phap phan
t& hiru han, trong ndi dung bai bao nay s€ trinh bay
viéc ap dung phwong phéap thira s Lagrange dé phan
tich bai toan két cdu hé thanh (két cau dan va két cu
khung) khi chiu chuyén vi cudng biic theo “phuong
phap phan tir hiru han”.

2. AP DUNG PHUONG PHAP THUA SO
LAGRANGE DE PHAN TiCH BAI TOAN KET
CAU CO MOT PIEU KIEN BIEN CHUYEN VI
CUONG BUC

2.1. Phuong phip thira s6 Lagrange

Xét bai toan quy hoach toan hoc voéi diéu kién
rang budc 1a dang thirc:

Ham muc tiéu:

Z=F(X{,X5,...,X,, (1a)

) — min
Rang budc:

gi(X1,Xg5000X,) =0;j=1+m;X ={x;,X;,....X,} (Ib)

Phuong phap thira sé Lagrange [5,12,13] s& dua bai
toan quy hoach toan hoc c6 rang budc vé bai toan quy
hoach khong rang budc véi ham muc ti€u mé rong:

L(X,A) =F(x;,X5,....X,

S , 2
+ij.gj(x1,x2,...,xn) — min

=1
Diéu kién can dé ham L(X,}X) ¢ cuc tri:

a,

0X; i=1+n;

oL j=1+m @

— =0 J=1-m,

o

Khai trién (3) ta c6 hé phuong trinh gom (n + m)
phuong trinh d6c ldgp voéi (n + m) an la:
X{, X5, Aoy seishy

7n7

2.2. Ap dung phuong phap thira s0 Lagrange phan
tich bai toan két cu c6 mdt diéu kién bién chuyén
vi cudng birc

Gia st hé két ciu dugce roi rac hda thanh m phén ta,
s6 bac tu do cua toan hé 1a n. Thé nang toan phﬁn cua
hé duoc xac dinh [4,6,7,9,10]:

T35 316 o1 -(33 (1] 1, o

trong do: {8'} : bac tur do cua phﬁn tur trong hé truc toa
dd chung; [K']e: ma trdn d6 clng cla phan tir trong
hé toa d6 chung; [H]e : ma tran dinh vi phﬁn tor trong
hé toa do chung.

Khi bai toan khong c6 diéu kién bién chuyén vi
cudng buc, thi dua vao nguyén ly dung thé nang toan
phan cia h¢ két cau ta s€ xay dung dugc phuong trinh
can bang cho toan hé két cau c6 dang:

[K{8 = {F} (5)
trong do:
T
&) ={s, 8 5.}
T
{F’}Z{Fl, B Fn,}
B STREE. 3 K'Y 4y k' |
LKy e Ky Ky e K
[K]: k" k" . k'- + k"
(i+D)1 (i+D)i (i+D)(i+1) (i+Dn
LY TR Koy o K|

Khi tai mot bién ndo d6 cua hé két cAu thanh
phéang co diéu kién bién cudng birc (chang han tai bac
tw do (8; =a, ), thi luc do:

5 =a, (6a)

hay: 8 —a,=0 (6b)

Nhu vay, khi 4p dung nguyén 1y dimg thé ning
toan phan vao bai toan ta s& dugc bai toan quy hoach
toan hoc c6 rang bugc:

Ham muc tiéu:

T3 360 T, 1) -0 T 7, o
—>mln
Piéu kién rang budc:
g(3) =38 -a,=0 (7b)

Ap dung phuong phép thira sb Lagrange vao s&
dua bai toan quy hoach toan hoc co rang budc vé bai
toan quy hoach khong rang budc bang cach thém an
s 1 thira s Lagrange, ham Lagrange cua bai toan ltc
nay la:

R CISITERCRTREY

A8, —a,) —> min

+(8)
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Bai toan luc nay s€ thém 1 an s so voi sO an so

. . D , T
ban déu: {8} ={5, &, - &, 2
Tt biu thire (8) ta co:
T
o _[enoen e oanlt oo
ofs} a8 a5, o5, o
Viét biéu thirc (9) dudi dang ma tran:
kiy ki kl(i+1) ST 8 K
ki o Ky 1<;(i+1) ky 1 3 E
k'(i+l)1 k‘(i+1)1 k'(i+1)(i+1) k'(i+l)n 0 6'1+l - E'H (10)
k;ml kym k'n(m—l) ka 0 8n Eq
0 - 1 0 -0 0] A 2N

Giai phuong trinh cin bang toan hé (10) ta s& xac
dinh duoc cac thanh phﬁn chuyén vi tai cac nut. Sau
khi xac dinh céc thanh phan chuyén vi tai cac nut ta sé
xac dinh duoc cac thanh phﬁn ndi lyc trong cac phﬁn
tor[1,4,11].

3. AP DUNG PHUONG PHAP THUA SO
LAGRANGE PHAN TiCH BAI TOAN KET CAU
CO NHIEU PIEU KIEN BIEN CHUYEN VI
CUONG BUC

Khi két cau c6 nhiéu hon mot bac tu do 1a chuyén
vi cudng buc thi ta s€ lam lan luot tung bac ty do co
chuyén vi cudng buc (nhu muc 2) cho dén hét. Sau
day bai bao sé trinh bay mot s6 truong hop cu thé:

3.1. Khi két ciu c6é hai bac tw do 1a cic chuyén vi
cudng birc

Xét bai toan két cu c6 m phén tu, téng sb bac tu
do la n. Phuong trinh can bang cua toan hé khi két cau
khong c6 chuyén vi cudng buc:

' 1 '

Phuong trinh cin bang toan hé khi ké thém diéu
kién chuyén vi cudng btic cua hai bac tu do (12) la:

K, Ky o kg k, 0 olfs] (¥
Ky o Ki . ki . k, 1 0||&] [E
' 5 L=.F
Ky o Ky oo Ky o Ky O ||
0 .. 1 .. 0 .. 0 0O0|M| |
(0 .. 0 .. 1 .. 0 00| la

3.2. Khi két cAu cé ba béc tw do 1a cac chuyén vi
cwong birc

Xét bai toan két ciu c6 m phé"m tu, téng sb bac tu
do 1a n. Gia su khi ba bac tu do tht (i), thir (j) va thi (r)
ctia két cAu ¢ chuyén vi cudng buc trong ng 13 1a:

6; =a,
8, =a, (14)
8, =a,

Phuong trinh cin bang toan hé khi ké thém diéu
kién chuyén vi cudng buic cua ba bac tu do (14) la:

P Y ...k;r...k'anOO_é‘?'l ;
Ko Kow koo Kok, 100(3) R
Koo Ky o K K Ky 0 103 B
: : : : : AL Lo,
R O A 1 Al
Ky o Ky oo Ky o Ky Ky 000 0|3 [B
0 . 1 .0 . 0. 000oO|M[&
0. 0. 1.0 0 00 0| [
0 .0 .0 .1 . 0000 la

k1 e kli k1(i+1) k'ln 61 Fl

k'il k;i k;(i+1) k;n 81 . E

' S, , - (TlE [l
k(i+1)1 k(i+1)i k(i+1)(i+1) : k(i+1)n 6(i+1) Pii+l) ( )
L k;ql k'm k;n(i+l) k;m ] 6n El

Gia str khi hai bac tu do tha (i) va tha (j) cua két
cau c6 chuyén vi cudng birc tuong ung la la:

, (12)
8] = 8.2

Twong ty theo nguyén tic md rong ma tran do
cing va vécto tai trong tac dung nut nhu trén, ta co
thé 4p dung xay dung phuong trinh cin bang toan hé
cho céc bai toan két cdu c6 nhiéu hon 3 béc tu do 1a
chuyén vi cudng birc. Sau khi xay dung dugc phuong
trinh can béng toan hé, ta c6 thé xac dinh duge cac
thanh phan chuyén vi tai cac nit va cic thanh phan
noi luc trong cac phan tir.
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4. MQT SO Vi DU PHAN TiCH BAI TOAN CO
PIEU KIEN BIEN CHUYEN VI CUONG BUC

Vi du 1: Cho hé chiu nguyén nhan chuyén vi
cudng bic nhu hinh 1, biét: EA =12.10*(kN);
A=10"* (m) . Xac dinh ndi lyc trong cac thanh va cac
thanh phan chuyén vi tai cac nut.

Hinh 1. Hinh vidu 1
Loi giai
Két cau duoc roi rac thanh cac phﬁn ttr va danh sb

hiéu phe‘in ttr, bac tu do tai cac nat duge danh s nhu
hinh 2.

Hinh 2. S6 hiéu phan tir va ma béc tu do

Phuong trinh cin bang toan hé khi chua ké dén
dieu kién bién chuyén vi cudng buc:

[K{8} = {F)

trong do:

: 4| 4,4032 0,5705 |1
(K ]=10
0,5705 5,9725 |2
[F]={0 o}
Phuong trinh can bang toan hé khi ké dén hai diéu
kién bién chuyén vi cudng buc:

i) ={F)

4,4032 0,5705 0 ]
[K*]:lo“ 0,5705 59725 107 |2
0 107 0o |3

[F]={o o —10‘4}T

Giai phuong trinh trén, ta s€ xac dinh duoc cac
thanh phan chuyén vi tai cac nut:

{uA} :{0,12957}104(m)
Va -1

trong do:

Két qua biéu dd noi luc trong cac thanh duoc thé
hién nhu bang 1:

Bang 1: Két qua ndi lwe trong cac thanh

Thanh 1 2 3 4

Noi luc (kN) | 1,6888 | 4,0000 | 1,1912 | 0,4330

Pé kiém tra do tin cdy cua phuong phap ‘dé Xqét,
bai bao da phén tich lai vi du 1 bang phan mém
Sap2000 va két qua cho nhu hinh 3:

D

Hinh 3. N6i lyc khi phan tich
bang phan mém Sap2000
_So sanh két qua gitta phuong phap dé xgét va
phan mém Sap2000 cho thay, phuong phap dé xuat
hoan toan tin cay.

Vj du 2: Cho hé chiu lyc va cac nguyén nhz}n
chuyén vi cudng buc nhu hinh 4, biét
EA =12.10*(kN); A, =5.10"%(m); A, =10"*(m).
Xac giinh ndi luc trong cac thanh va cac thanh phﬁn
chuyén vi tai cac nut.

N A,
=9 :t :
K EA H EA

EA
g
EA EA EA
A B EA <

4m 4m

-
>k
S

Hinh 4. Vidu 2
Loi giai
Két cau duoc roi rac thanh cac phf?ln tr va cac bac
tu do tai cac nut duge danh s6 nhu hinh 5.

5

(8,9) (6,7) (4.,5)
E
(3,0)
4m

L 4m
g

N
SN

Hinh 5. S6 hiéu phan tir va bac tu do
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Phuong trinh can bang toan hé khi chua ké dén
dieu kién bién chuyén vi cudng buc:

(756 112 0 00 0 0 1536 L1275 (0
484 0 00 0 -4 LI -06%4|(5] [0
43120 0 0 0 -1,2313 04618 [|5,] [0

3030 0 0 |8 [0

10" 400 0 0 [&=10
6 0 -3 0 |[&]| [0

4 0 0 |3 |0

57673 -16138||&| [0

| (dx) 5072 ||&) [0

Phuong trinh can bang toan hé khi ké dén hai diéu
kién bién chuyén vi cudng buc:

(7536 112 0 0 0 0 0 -153%6 112 0 0|(§ 0
484 0 0 0 0 4 L2 -064 005 | O
4172 0 4 0 0 04618 01732 0 0|3, | ©
3030 0 0 00| 0

400 0 0 o0o0|& | O

10* 60 3 0 00R§= O
4 0 0 ool | O

57673 16138 1 0|[g| | O

5082 0 1(|§| | ©

0 0|ln| |-510°

L (d) 0fl) | 10

Giai phuong trinh trén, ta s€ xdc dinh duoc céc
thanh phan chuyén vi tai cac nit:

5 -1,212.10*(m)
5, 6,051.10~*(m)
8y |—2.423.107(m)
3, -5.10"*(m)
St = 0(m)
B4 ~5.10"*(m)
51 | 6,051.107(m)
O -5.10"*(m)
3, L

107" (m)

Két qua biéu d6 noi luc trong cac thanh duoc thé
hién nhu bang 2:

Biang 2: Két qua ndi lwe trong cac thanh (kN)

Thanh 1 2 3 4 5
Noi luc |-3,6347|-3,6347| O 0 4
Thanh 6 7 8 9
Noi luc 0 0 0 3,8819

Dé kiém tra d6 tin cdy cta phuong phap dé xuét,
bai bao da phan tich lai vi du 2 bang phan mém
Sap2000 va két qua cho nhu hinh 6.

_So sanh két qua giita phuong phép dé Xgéit va
phan mém Sap2000 cho thay, phuong phap dé xuat
hoan toan tin cay.

4D

™,
ok
-p.43

Hinh 6. N6i lyc khi phan tich
bang phan mém Sap2000

Vi du 3: Cho hé chiu cac nguyén nhén chuyén vi
cudng birc nhu hinh 7, biét: ti€t di€n cac thanh
bxh=0,22x0,3(m); E=2.10"(kN/cm?); A=10"(m);
¢=m/10(rad). Xac dinh ndi lyc trong cac thanh va
cac thanh phan chuyén vi tai cac nut.

Loi giai

Két ciu duogc roi rac théqh cac phén tr va cac bac
tu do tai cac nut duwgce danh s6 nhu hinh 8.

30,50
C -
A
B \
H qD +
=
F
yV
A , K
Ve d X Ay

Hinh 7. Vidu 3

Phuong trinh cin bang toan hé khi chua ké dén
dieu kién bién chuyén vi cudng buc:

[K]{8'} ={F)

trong do:
[IL6 1226 29 168 226 43 0 0 0 30 0 0]
Q5 %1 -6 9%5 19 0 0 0 0 -8 3l
M2 U3 9 R 0 0 0 0 -l L5
30 U5 6B D6 43 M 0 6
@3 0 DR6 %65 10 0

[K,}: 2004 143 19 06 6 0 6
0IL6 -6 29 30 0 0

o5 561 0 186 371
a2 0 3 495

o4 0 6610

s71 0 n

() 30 |2
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e 30,50
(4,5,6)

A
‘gH' "
(1.23)  (10,11,12)  (78,9)
y|
0,00 | . (0,0,0)

Hinh 8. S6 hiéu phan tir va bac tu do

Phuong trinh cin bang toan hé khi chua ké dén
dicu kién bién chuyén vi cudng buc:

[K{8'} ={F)

trong do:

[01L6 226 29 -3 1226 143 0 0 0 30 0 01
o5 61 26 965 19 0 0 0 0 -86 371[2
272 13 19 6 0 0 0 0 371 ©5[3
30 0 %S5 63 D6 143 4 0 4
B3 0 1226 9565 1D 0 40 0 |5
, 004 -43 19 96 6 0 6
[KJ: L6 1226 29 30 0 0 |7
o5 561 0 186 3718
7720 31 959
o1 0 6610
/1 0 i
| (&) 30 |12

{F‘}:{oooooooooooo}T

Phuong trinh can bang toan hé khi ké dén ba diéu
kién bién chuyén vi cudng birc:

& Jf57)=1F)

trong do:
(9016 226 29 163 R6 143 0 0 0 B0 0 0 100
o5 %K1 -DR6 965 19 0 0 0 0 -8 311 000[2
M2 M3 19 ¥6 0 0 0 0 371 45000[3
M0 0 95 168 R6 M3 4 0 & 000]4
@3 0 DR6 965 10 0 40 0 0105
M4 43 49 W6 6 0 & 0006
U6 26 29 HBO 0 0 000[7
[K*]: o5 561 0 -186 3710 0 0|8
M2 0 31 M5001[9
& 0 6 0000
411 0 000
30 00 0[R2
0003
0 04
| (&) olis

{F*}:{o 00000000000 —10° 510* —n/lO_T

Giai phuong trinh trén, ta s€ xac dinh duoc cac
thanh phan chuyén vi tai cac nit nhu bang 3:

Bang 3. Két qua phén tich chuyén vi vi du 3

Ny ) | v o) | s (rad) | uc (m)
Kétqua| —107 |4,894.10*-1,201.107*| 1,442.10°
PN vem) | perad) | upm) | vo ()
Kétqua| 5.10™ |3,463.107*| 1,813.107 |-3,376.10
Chgg/én op (rad)| ug (m) vy (m) oy (rad)
Két qua| —0,314 [1,170.107| 3,012.107° [41,511.10°°

Két qua ndi lyc trong cac thanh dugc thé hién nhu

.
hinh 9.
N
s <
,0/ @
11051,80
N
£ &
3 Q)
2 - S
2 e
— =)
1615,16 = ? o 11141,15
=
1615,16 11141,15
5
S
513,
—]
—
—
—
—
—
F=]
F
JY
\)T// ;?
> N4 »:“\
513,13 o o
A A
464,53 . g o 11629,51
=3 =3
oo =} =1
SR - = =
o =
=
=
464,53 11629,51
K3
> S
2 o’
2, 7292,539
5
Ry
%, <
Y o
o &
7746,87 2
831034,47

1226,36 35, @
S T
=

631,74

11204.14

15483,58

Hinh 9. Biéu dd ndi luc trong cac thanh
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Dé kiém tra d9 tin cay cta két qua phan tich theo
phuong phap dé xuat, bai bao da so sanh két qua phan
tich nay voi két qua chay bang phdn mém Sap2000 va
dugc thé hién nhu hinh 10.

% W
A
led77.es %,
. -
=~ BN
HEEEIE =
=] I I o
g |7.80 -114128.58
o N
Luc doc
v
-
-4891 )24 G4
4
-
z
o
e
S
‘ ‘ ‘ ‘ ‘ ‘ N‘ T
5
=
&
-452.8 1 11439 .35
o mill
Luc cat

1197, 882

Momen

Hinh 10. Két qua ndi luc khi phan tich
bang phan mém Sap2000
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_So sanh két qua giita phuong phép de Xgéit va
phan mém Sap2000 cho thay, phuong phap dé xuat
hoan toan tin cay.

5. KET LUAN
~Qua céac ndi dung da trinh bay trong bai bao, c6
thé dua ra mot so két luan nhu sau:

- C6 thé ap dung phuong phap thira s6 Lagrange
khi phén tich bai toan két cau c6 chuyén vi cudng birc
bang phuong phap phan tir hitu han cho két qua tin cay.

- Phuong phap c6 t}}é ap dung dé tu khi lélp trinh
phan tich ty dong hoa bang cach sir dung mét s6 phan
mém ldp trinh tinh toan. Do d6 c6 kha ‘nang ung dung

trong viéc phén tich cdc bai toan két cAu trong thuc té
¢6 s6 an 16n.
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NGHIEN CUU AP DUNG KET CAU LAP GHEP SU DUNG
BE TONG SOI THEP TiNH NANG SIEU CAO CHO CONG TRINH
XAY DUNG TREN PAO XA TAI VIET NAM
STUDY ON PRECAST ULTRA-HIGH PERFORMANCE STEEL FIBER
REINFORCEDCONCRETE (UHPSFRC) SOLUTION FOR BUILDINGS
IN VIETNAM’S OFFSHORE ISLANDS

Lé& Minh Long, Trin Ba Viét, D6 Tién Thinh, Ngd Manh Toan, Nguyén Trung Kién,
Nguyén Van Hung, Nguyén Hong Son, Hoang Manh
Vién Khoa hoc cong nghé xdy dung, Email: le minhlongvn(@yahoo.com

TOM TAT: O nudc ta hién nay, viéc xdy dung cic cong trinh nha bé tong cbt thép & trén cac dao xa bd gip rat nhidu kho
khan vé& phuong dién vén chuyén vat liéu xdy dung va chbng a an mon. Cdc cong trinh nhabé tong cbt thép xdy dung trén dao
thuong bi an mon rat nhanh, chi sau 5 dén 10 nim. Vi vay, can phai nghién ciru ing dung vat liéu, két cAutién tién trong
xdy dung nham nang cao kha nang chdng an mon, ting tudi tho  cong trinh, thuan loi cho van chuyén vaphu hop véidiéu
kién xay dung trén dao. Bai bao nay gidi thiu giai phap két cau lip ghép sir dung bé tong sgi thép tinh ning siéu cao
(UHPSFRC) cho cdng trinh xay dung dan dung trén dao.

TU KHOA: Pio xa, bé tong tinh ning siéu cao, bé tong soi thép tinh ning siéu cao, két cdu lap ghép.

ABSTRACTS: In Vietnam, at present there are many difficulties on execution of reinforced concrete building structures on
offshore islandsrgarding to tramsportation of construction materials and anti-corrosion. Buildings on offshore islands
made by reinforced concrete structures were corroded rapidly, corrosion occurred only after five to ten years. Therefore, it
is necessary to study for applying advanced construction materials and structure solution in order to improve corrosion
resistance, increase design working life of structures, facilitate the transportation,and satisfythe construction conditions on
the islands. This paper presents the precast structures solution using Ultra-High Performance Steel FiberReinforced
Concrete (UHPSFRC) for civil construction on islands.

KEYWORDS: Offshore Islands, Ultra-High Performance Steel FiberReinforced Concrete(UHPSFRC), precast structures.

1. MO PAU tdi thiéu sy dn mon do moi truong xam thyc o bién va
trén dao, ting tudi tho cong trinh, rat ngan thoi gian
thi cong, ting tinh linh hoat trong van chuyén, dap
{mg cac didu kién thi céng va st dung trén dao.

) Vién KHCN Xay dung dang thuc hién dé tai trong
bét dau bi an mon va 5 dén 10 nam thi bi in mon ning d{én} “Ng’hién E:uu giai phap lfét Cé‘f lap %hép sur dl,ll;lg
va pha hiy nghiém trong, 1dm gidm tudi tho va tang b€ tong tinh nang cao c‘ho cong Atrm}} Xay d}_mg tren
chi phi béo tri, sira chita cong trinh (Hinh 1); dao” [1]. Trong dé tai nay, vat liéu bé tong tinh nang
siéu cao co6 két hop soi thép manh phan tan trong thé
tich bé tong da dugc nghién ctru ché tao thanh cong
tai Vién KHCN Xay dung va vat liéu nay da duoc
. . nhom nghién ciru Gmg dung thanh cong cho két ciu
- Vat liéu khi Chuyén ché tr@n bién c6 thé bi Cf)ng trinh Xéy du’ng trén dao.
nhiem mdn bdi nudc bién nén chat lugng cua cong -
trinh bang bé tong cbt thép d6 tai chd bi anh hudng,
dac biét l1a bi an mon nhanh;

O nudc ta hién nay, viéc xay dung cac cong trinh
bang bé tong cot thép o trén cac ddo xa bo gip rat
nhiéu khoé khan do mot s6 nguyén nhén:

- Sau khoang 3 dén 5 nam cac cong trinh thuong

- Viéc van Chuyén mot khdi lugng 16n nguyén vat
liéu tr dat lién ra cac dao dé thi cong tai cho la rat kho
khan va ton kém;

- O nhiéu dao thudongkhong c6 thiét bi cau lap va
may thi cong; viéc vin Chuyén vat liéu tu tau 1én dao
va trong pham vi cua ddo chu yéu duoc thuc hién
bang thu cong.

DPé khic phuc nhitng kho khan trén, can phai . R L
nghién ctru g dung vat liéu, két cau phu hgp trong Hinh 1: Hién trang cot thép san bi &n mon
vi€c xay dung cac cong trinh trén ddo nham han ché tai dao Bach Long Vi
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Bai bao nay gioi thiu giai phap két cau lip ghép
st dung bé tong soi thép tinh nang si€u cao
(UHPSFRC) cho cong trinh xay dung trén dao.

2. GIAI PHAP DE XUAT

2.1. Vat lieu UHPFRC

Vé 1y thuyét, khi chat luong vat liéu cang duoc
nang cao thi kha nang gidm duogc kich thudc va trong
luong cua cdu kién bé tong cang d& dang thuc hién
duoc. Pé dap tmg duoc yéu cau ciu kién cé trong
lugng nhe ma van co6 kha ning chiu lyc cao, ngoai gia
tri cuong do chiu nén, gia tri cuong dd chiu kéo cling
1a yéu t6 quyét dinh dén kich thudc va trong luong
ctia cau kién. Nhom nghién ciru dé tai [1] d3 Iua chon
bé tong c6 nhiéu wu diém 1a bé tong tinh ning siéu cao
(Ultra-High Performance Concrete, goi tit 1a UHPC)
v6i nhidu wu diém 1am bé tong gde trong nghién ctru.

UHPC @dugc tron thém sgi thép manh dugc goi la
bé tong soi thép tinh nang si€u cao (Ultra-High
Performance SteelFiber Reinforced Concrete, goi tat
la UHPSFRC), thudong c6 cudng d6 chiu nén(mau try
tron c6 duong kinh 100 m va chiéu cao 200mm) tir
150MPa tr¢ 1€n, cuong do chiu kéo cao (>12 MPa) da
dugc nghién ctru trén thé gidi tir nhiéu thap ky qua va
moéi hon 15 ndm gan day ¢ Viét Nam. Hinh 2 minh
hoa su phan b soi thép manh trong mau thtr sau khi
thir udn dén pha huy.

Hinh 2: Soi thép trong mau sau khi thir un pha hay

UHPSFRC c6 mdt s6 uu diém ndi troi so voi bé tong
truyén thong 13: cudong do chiu nén va chiu kéo rat
cao; kha nang chéng nut, d0 dai va ddp, kha nang
chéng an mon duoc ning cao; d6 rong, co ngodt va tir
bién duoc giam bot; thuén loi cho viée sur dung cac
giai phap ket cau hiéu qua hon (vi du: két cau thanh
mong, ket céu khong c6 cdt thép phan bb, cbt thép bo
hoac cbt thép ngang); chi phi lao dong cho cong tac
cbt thép giam xudng; muc do co gidi hoa va tu dong
héa san xuit cAu kién két cdu duoc tang 1én.

Trén co so cac nguyén vat liéu san c6 tai Viét Nam,
nhom nghién ctru di ché tao thanh cong UHPSFRC dé
san xudt cac cau kién bé tong duc sdn phuc vu xay
dung cac cong trinh dan dung trén dao.

Pé minh chimg cho kha ning chiu tic dong cia
moi truong an mon, nhiéu thi nghiém da dugc nhom
nghién ctru thuc hién dé kiém chung. Cac két qua

thi nghiém cho thay mirc do tham ion CI ctia bé tong
goc UHPC la rat thap. Ngoai ra, nhiing thi nghiém co
hoc cling da duoc thyuc hién tai Vién KHCN Xay dung.

2.2. Giai phap két ciu

Tir thuc trang di néu & trén, cac két ciu cia cic
cong trinh dan dung trén dao can phai dap ung duoc
céc y€u cau sau:

- C6 kha nang chiu an mon tét ¢é dam bao d6 bén
lau cho cong trinh trén dao (toi thi€u 50 ndm);

- Chiu duogc tai trong gi6 manh (vung giéo IV
(155 daN/m’* va V (185 daN/m?) [2]) vi phan 1én cac
déo cua nudc ta nam trong cac vung gioé nay;

- Cé trong lugng cac cAu kién dtc sin khong vuot
qua 400 kG d¢ thuan ti€n cho van chuyén dén cac dao va
lap dung trén cac ddo xa, noi co6 diéu kién van chuyén va
thict bi thi cong kho khan (thi cong tht cong);

- C6 kha nang mo dun héa cao dé c6 thé ap dung
linh hoat cho cac cong trinh dan dung trén ddo nhu tru
s& co quan, treong hoc, bénh vién... vdi cac cau kién
chiu lyc chinh dugc dién hinh hda sao cho qua trinh
ché tao va lap dung nhanh nhat;

- C6 gia thanh chap nhan duoc phu hop voi tudi
tho cong trinh.

Tir cic yéu cau trén, dé minh ching cho tinh kha
thi, trong khuén kho bai bao nay, nhém nghién ciru gioi
thi¢u giai phap ket cau dé xuat cho nha cong cong trén
déo la hé két cau lap ghép tir cac cau kién bé tong duc
san st dung UHPSFRC véi mét s6 dac diém sau:

- Tét ca cac cu kién chiu luc chinh nhu mong,
cOt, dam déu dugc duc san tai nha may va lap ghép tai
hién truong dé dém bao tot dugc chat lugng cia cac
céu kién, han ché toi da cong viéc do 'bé tong tai hién
truong, glam thiéu tac dong cua cac yéu td moi truong
va thoi tiét dén chat luong thi cong, dac biét ddi voi
moi noi.

- Két cAu khung chiu m6 men véi cac lién két
chinh nhu sau:

+ Lién két dim - cot: 1a lién két ngam thong qua
thanh thép ung luc trudc cuong do cao, ting do cing
ngang va giam chuyén vi ngang cua khung;

+ Lién két cot - cot: 1a lién két ngam dang x6 15-
chot;

+ Lién két cot - mong: 1a lién két ngam- xo 16 véi
cot lién két voi mong thong qua coc mong.

Ngoai ra, san ting va mai ciing dugc dic sin tir
UHPSFRC thanh ting tam don 1€ r6i lap ghép tai hién
truong. Lién két dam - san 1a li€n ket khép (cac tam
san dugc ké 1én phan canh chit T ctia dam chinh).

Trén thé gi61,UHPSFRCla mot loai vat li€u tién
tién kha méi va médi dan dugc a4p dung nhi€uhon vao
thuc t€ trong nhitng nam gan day. Hi¢n nay, méi chi
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c6 mot s6 qudc gia tién tién trén thé gidi co tiéu chuin
hodc hudng dan thiét ké cho két cAu chiu luc st dung
loai vat liéu UHPSFRC nhu M¥ [3], [4], Phap [5],
Han Qudc [6], Nhat Ban [7], Chau Au [8].

Trong nghién ctru nay, nhom nghién ctu da sir
dung két hop cac tai liéu, tiéu chudn [4], [5], [6], dé
thiét ké cdc cdu kién chiu lyc chinh. Sy khac biét 16n
nhat khi thiét ké két cdu bé tong co st dung
UHPSFRC so v6i st dung bé tong truyén thong 1a co
ké dén cuong do chiu kéo cia bé tong khi tinh toan
cau kién.

Cac chu kién chiu lyc chinh nhu cot, dam, san,
mai st dung UHPSFRC két hop véi ¢t thép tmg luc
trudc voi duong kinh nho (5 mm; 7 mm), cho phép
tan dung duogc tdi da kha nang chiu lyc cua hai loai
vat li€u trén, giam thiéu viéc sir dung cbt thép thuong,
dic biét hoan toan khong sir dung ct thép dai trong
cac chu kién dam, cot. Tét ca cac chu kién chiu luc
chinh duoc thiét ké, ché tao voi trong lwong nhe
(khéng qua 400 kG mdi cdu kién), pht hop véi thi
cong thu cong trén dao.

3. AP DUNG GIAI PHAP KET CAU LAP GHEP
SU DUNG UHPSFRC VAO MQT CONG TRINH
CU THE TREN PAO

Tir cac két qua nghién ctru vat liéu, giai phap két
cAuva thi nghiém cac cAu kién don 1¢, cling nhu cac
lién két, nhom nghién ciru da ap dung vao thiét ké, ché
tao cac cau kién duc sdn cho mot cong trinh cu thé 1a
nha sinh hoat cong ddng trén dao xa bd nam trong
vung gid V.

Mot s6 thong sd cia cong trinh nhu sau: dién tich
xdy dung 90 m’; téng dién tich san 180 m?*; mé dun
ludi cot: (3,3 x 5,1) m; sd tang: 2 tdng, mdi tang cao
3,3m; mai déc; téng chiéu cao 8,1 m (tinh twr ¢6t hoan
thiénnén tang 1 dén dinh mai).

Mit bang tang 1 va phdi canh cong trinh dugc thé
hién trén Hinh 3 va Hinh 4.

13200 ol 3
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c W e C
2
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g 0w E g
0 — e —
3 g
(Y ® = ® = A
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Hinh 3: Mit bang ting 1 cong trinh

Hinh 4: Phdi canh goc cong trinh

Nhu da biét, két cau lap ghép da dugc tng dung tur
rat lau. Tuy nhién, khi ap dung UHPSFRC voi cac
tinh ndng ndi trdi cua n6 so voi bé tong truyen thong
thi kich thudce cac céu kién duoc thu nho lai dan dén
rat kho thiét ké cac nut lién két nhu thong thudng.

Véi dic diém cta hé két céu la cac lién két chinh
déu 1a ngam nén so dd tinh tong the tuong ty so do
tinh ctia hé két cau khung bé téng cdt thép toan khdi
thong thuong chiu dugc cac tac dong, trong do co tai
trong gio.

Sau réat nhiéu nghien ctru bang tinh toan cung nhu
thuc nghiém, hé két cu cho nha sinh hoat cong dong
duoc hinh thanh tir nhitng cau kién bé tong duc san su
dung UHPSFRC, duoc ndi voi nhau thong qua cac
lién két duoc thi€t ké dac bi¢t dam bao kha nang chiu
Iyc, st dung va do bén lau (chiu dugc moi trudng xam
thyuc trén dao).

Tur két qua tinh toan, thiét ké, cac cAu kién chiu
luc chinh c6 cac thong s6 nhu sau:

- C4u kién mong: méng don trén nén thién nhién.
Mobi mong don dugc chia nhé thanh cac mé dun va lip
ghép vai nhau tai hién truong thong qua cac bu long
lién két, va co cde dé lién két voi cot (Hlnh 5);

Hinh 5: Két cAu mong lip ghép

- Cau kién cot: _c0t chinh ¢6 tiét dién chir I, hodc
cOt bién chit nhat rong gitra. Rleng phan dau cot duoc
thiét ke didc biét dé lién két voi dam doc, dam ngang
va cot ting trén (Hinh 6);

- Chu kién dam: dam co tiét dién chir I (Hinh 7),
hodc chir T nguoc voi canh chir T dugc st dung dé ké
céc tAm san, r1eng hai dau dim c6 tiét dién chir nhat
dé lién két véi cot (Hinh 8);

- Chu kién san: san dugc thiét ké thanh cac tAm
day 25 mm, suon cao 100 mm, rong 540 mm, dai
3280 mm (Hinh 9a);

- Cau ki¢n mai: mai dugc thict ke thanh cdc tam
tuorng tu cac tam san nhung ¢6 thém hém ngan nudc
va lién két véi dam mai; cac dam maéi nay duoc lién
két voi cot mai bang mdi ndi (Hinh 9b);
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- Ban thang: c¢6 béc rong 300 mm, cao 150 mm,
day 50 mm, dugc ké truc tiép 1én dam (Hinh 9c).

Trong lugng mot s6 cau kién chinh ghi trong
Bang 1.

Bang 1: Trong lwong mét sé cAu kién chinh

Caukién | Chiéu dai (mm) | Trong luong (kG)
Cot 3800 370
Dam 4700 365
San 3280 230
Ban thang 3500 400
Bén méng’ - 300

" Ban mong vudng c6 kich thude (1500x1500) mm.

280
200
50 100 50

J D,

280

LY

Mot s6 lién két chinh gilia cac c4u kién duoc minh
hoa trén Hinh 10. C6 thé thiy 1a tai cac lién két nay,
d6 mong ctia cac thanh, cac hém 1 rit nho nhung van
dam bao d& dang ché tao baing UHPSFRC.

Diém dic biét trong thiét ké ¢ day 1a cot va dam
khong sir dung cbt thép dai, va chi st dung thép tng
suét truée dudng kinh nho (5+7 mm), khong sir dung
cbt thép doc. Tai cac dau cot co cbt thép cho dé nbi
céc ¢t voi nhau. DaAm duoc lién két voi cot thong qua
thanh thép ren cudng d6 cao. Cac dai 6¢c duoc siét
chiat mot cach dé dang tai cong truong. Sau do, cac
dau hé cua cac thanh thép hoac dai dc duoc bit kin
bang vita chuyén dung (ciing dugc ché tao tai Vién
KHCN Xay dyng) dé dam bao yéu cdu chng dn mon
cho mdi ndi.

280

Hinh 7: CAu kién dam chit I
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117 60, 80 @r 117
N
: | b g
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a) TAm san (day25 mm) b) TAm mai (day 20 mm) ¢) Ban thang (day 50 mm)

Hinh 9: Cac cau kién tam san, tam mai, ban thang

a) Cot — cot (gitia) c¢) Cot - cot (goc)

g) Dam - san h) Cot - mong i) Ban thang - dam
Hinh 10: Céc lién két
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Toan bg viéc thi cong lép dung két cau cong trinh  Trong mot s6 thao tac ¢o su trg giup cla céu truc nhe tu
nha sinh hoat cong ddng da dugc thuc hién hoan toan  ché tao dugc lap ghép tir nhimg thanh don 1¢ d& van
bang thu cong va ban thi cong mot cach dé dang tai  chuyén ra dao. Mot s6 hinh anh minh hoa qua trinh thi
Vién KHCN Xay dung boi nhom nghién ctru.  cong cong trinh dugc thé hién trén cac hinh tir 11 dén 18.

Hinh 12: Tao phang nén
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Hinh 17: Két cu tang 1 Hinh 18: Két cdu tong thé cong trinh
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4. KET QUA THi NGHIEM MOQT SO CAU KIEN

Nhiéu thi nghiém cho cac cdu kién dtic sin don 1¢,
cling nhu cac lién két da duoc tién hanh trong nghién
ctru dé kiém tra kha nang chiu lyc va st dung. Dudi
day 1a mot sO thong tin thi nghiém ban thang va lién
két cot - cot.

4.1. Thi nghiém béan thang

Piém dic biét cua ban thang la chiéu day chi co
50 mm va cau thang khong con dép g yéu ciu kién
trac. Viéc thi nghiém dugc tién hanh ca ¢ trong phong
thi nghiém va tai cong trudng. Hinh anh thir uén ban
thang tai cong truong duoc thé hién trén Hinh 19.

U e y

i -
.

Hinh 19: Thir uén ban thang UHPSFRC day 50 mm

Két qua thir udn cho thiy d6 vong ban thang la
1,8 mm nhd hon giéi han cho phép (2,3 mm) va ban
thang van nam trong trang thai dan hoi. Nhu vay, véi
chicu day chi 50 mm nhung ban thang c6 thé dap ung céc
tiéu chi do bén cling nhu st dung. Diéu nay cho phép tao
nén nhiing cau thang cé hinh dang kién trtic dep.
4.2. Thi nghi¢mlién két cot - cot

Muc dich cta thi nghiém la:

- Xéc dinh d6 ctng cua lién két cot - cot va so
sanh v6i do cing cua lién két toan khoi;

- Xac dinh kha nang chiu mé men cua lién két
nay: mé men nit, mdé men cyuc han.

Céc thiét bi do dac dugc st dung la:

- LVDT: do chuyén vi ngang dinh cot, do goc
xoay tai vi tri chan cdt;

- Loadcell cua kich: do luc ngang dinh cdt;

- Loadcell dat tai dinh c6t: do luc diing trong cot;

- Phién dién tro: do bién dang cta thanh cdt thép
cho (02 thanh d6i xung nhau);

- So @0 va hinh anh thi nghiém dugc thé hién trén
Hinh 20 va Hinh 21.

Trong khudn kho bai bao nay chi trinh bay quan
hé mé men - goc xoay cua lién két cot - cot nhu trén
Hinh 22 va m6 men - bién dang c6t thép nhu trén
Hinh 23.

Tir Hinh 22 ¢6 thé thiy m6 men 16n nhét xac dinh
duoc 1a 83,26 kNm, tuong tng voi luc doc 16n nhét
trong cot 1a 120 kN. Két qua nay 16n hon so voi cip ndi
luc tinh toan tuwong tmg 1a M =30 kNm va N =120 kN.

Ngoai ra, tai thoi diém md men dat gia tri 16n nhét thi
goc xoay cua cot 1a rat nho (0,007 rad), phit hop vai gia
thiét tinh toan déy 1a lién két ngam.

Tir Hinh 23 ¢6 thé thiy 1a khi mo men dat gia tri
16n nhat thi bién dang trong c6t thép cho ciing dat dén
bién dang chay. Diéu d6 cho thay 1a lién két cot - cot
dang thép cho x0 16 Gmg xtr trong duong véi lién két
bé tong cdt thép toan khoi, khong c6 hién tugng tudt
cdt thép cho ra khoi chan cot tang 2.
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Hinh 20: So d6 thi nghiém lién két cot - cot
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Hinh 21: Hinh anh thi nghiém lién két cot - cot
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Hinh 22: Biéu dd mé men - goc xoay lién két cot - cot
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Hinh 23: Biéu dd mé men - bién dang c6t thép

Céc két qua thi nghiém trén cac miu thir cdu kién
va lién két khac cho thdy cac mau thir déu dép mg cac
tiéu chi vé kha ning chiu lyc, sir dung va chéng an
mon. Diéu nay cho phep nhom nghlen ctru tién hanh
ché tao day du cac ciu kién, lién két cho mot cong
trinh hoan chinh tr mong dén mai bang vat lidu
UHPSFRC. Bao céo diy du cia dé tai s& duoc trinh
bay trong thoi gian toi.
5.KET LUAN

Bai bao di gidi thiéu mot s két qua nghién ciru
ctia dé tai trong diém trong viéc ap dung giai phap két
céu ldp ghép st dung vat lidu tién tién UHPSFRC cho
cong trinh xay dyng trén dao.

Céac két qua nghién ciru bang 1y thuyét va thuc
nghiém cho thiy céc céu kién va lién két déu dap tng
cac tiéu chi do bén, sir dung va d6 bén lau.

Viée lap dung hoan toan bang thu cong va ban thi
cong mau nha sinh hoat cong déng tai Viéen KHCN

Xay dung 1a mot vi du minh chirng cho tinh kha thi
cua giai phap de xuat phu hop voi di€u kién thi cong
trén dao hién nay.

. Co thé noi, giai phap lip ghép cac cdu kién duc
san don 1¢ sir dung UHPSFRC véi kich thude hop 1y
da dap mg dugc yéu cau mé dun hoa trong ché tao,
van chuyén, bao quan va td hop thanh cac két céu
cong trinh xay dung trén dao.

Cac két qua nghién ctru khac ciia nhom nghién
ctiu s€ dugc trinh bay trong thoi gian toi.
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NGHIEN CUU MO PHONG UNG XU CUA VACH LIEN HQP
THEP - BE TONG COT THEP CHIU TAI TRONG TINH
NUMERICAL SIMULATION ON THE BEHAVIOUR OF COMPOSITE STEEL
- CONCRETE SHEAR WALLS SUBJECTED TO STATIC LOADING

Pham Vin Nam', Nguyén Hoang Quan’, Tran Hung’
L3Vién Khoa hoc Cong nghé Xay dung, Email: nam92.ibst@gmail.com, hungtran.ibst@gmail.com
’Truong Dai hoc Giao thong Van tdi, Email: quannh_kixd@utc.edu.vn

TOM TAT: Bai béo trinh bay nghién ciru m6 phong mg xur cua vach lién hop thep - bé tong cbt thép chiu tai trong tinh.
Mb hinh RICRAG duoc sir dung dé miéu ta ing xir ciia bé tong vach. Két qua thu dwoc tir mé hinh mé phong twong dong
v6i két qua thi nghiém. Bén canh d6, bai bao ciing nghién ctru anh huéng cia gisi han chiy cua thép hinh t6i ing xtr cua

vach lién hop.

TU KHOA: nghién ctru mé phong, vach lién hop, tai trong tinh, mé hinh RICRAG,

ABSTRACTS: This paper presents the numerical study on the behaviour of composite concrete steel shear walls subjected
to static loading. A couple elastoplastic damage model, labelled as RICRAG model, is used to describe the behaviour of
concrete material. The numerical results obtained agree fairly well with the experimental results. On the other hand, the
influence of yied strength of steel profile on the behaviour of composite shear walls is also investigated.

KEYWORDS: numerical simulation, composite concrete steel shear wall, static loading, RICRAG model.

1. GIOI THIEU

Két cdu vach lién hop thép - Bé tong cbt thép
(BTCT) (composite steel concrete shear walls-CSWs),
1a mot giai phap két ciu duoc sir dung ngay cang nhiéu
trong két cau nha cao tang do dang két cAu nay tao cho
cong trinh c¢6 do cung cao va c6 kha nang chiu tai
trong ngang 16n. Bén canh do, mét sb nghién ctru thuc
nghiém vé két cdu véach lién hop chi ra ring dang két
cu nay c6 tinh déo 16n, c6 kha ning tiéu tan nang
lwgng cao, thich hop dé chiu tai trong dong [1, 2, 3].
Ngoai ra, CSWs con con c6 mot s6 uvu diém khac nhu
lam ting kha nang chiu lyc va lam giam kich thudc tiét
dién cua véach, cho phép phat huy cac wu diém cia vat
liu bé tong cdt thép va thép hinh [4], ting kha ning
chiu lra va dé dang trong viéc thi cong.

Maic du da duogc ap dung Vao thuc té, tuy nhién,
hién nay, céac tidu chuin nbi tleng vé két cu lién hop
nhu Eurocode 4 [5] ciia chau Au, AISC [6] cia My van
chwa thiy dé cap dén phuong phép tinh toan véch lién
hop. Nhiéu nghién ctru thyc nghiém trén cac dang cAu
tao vach lién hop khac nhau da duogc tién hanh trén thé
gi6i [1, 2, 3]. Tuy nhién, dén thoi diém hién tai, nhiéu
van d& ky thuat ctua vach lién hop van chua duogc giai
quyét triét dé nhu su truyén lyc giita bé tong va thép
hinh, thiét k& ving chuyén tiép giita bé tong cdt thép va
thép hinh, tmg xtr phi tuyén, dang pha hoai.

Bai béo trinh bay nghién ctu méd phong bing
phuong phéap phan tir hitu han tng xir ctia két cau vach
lién hop thép - bé tong ¢t thép chiu tai trong tinh. Két

qua md phong dugc so sanh voi két qua thi nghiém
duoc thuc hién boi Zhou et al [1]. Trén co s& do,
nhom tac gid nghién ctru anh hudng cua gidgi han chay
cua thép hinh t6i ing x1r cua vach lién hop thép bé
tong cdt thép.

2. NGHIEN CUU THU'C NGHIEM

Phan dudi ddy trinh bay tom tit nghién ctu thuc
nghiém vé vach lién hop thép - bé tong cbt thép da dugc
thyc hién boi nhém nghién ctru nguoi Trung Quéc [1].
2.1. Miu thi nghi¢m

Mau thi nghi¢m duogc ché tao theo ti 1& thu nho
1:3, miu dugc thiét ké dya trén tiéu chuan thiét ké nha
chiu tai trong dong dat [5] va chi dan ki thuat cho két
cdu nha cao ting bang bé tong cdt thép cua Trung
Qudc [6]. Mau c6 chiéu cao bang 3000 mm, chiéu
rong bang 800 mm, hé sd ty 1& (ty sb giita chiéu cao
va chiéu réng mau) bang 3,75; chiéu day miu bing
100 mm. Hai thép hinh chit I duoc dat tai hai dau cua
vach. Kich thudc chi tiét cia thép hinh duoc thé hién
trén hinh 1. Vach st dung cac thanh thép doc co
dudng kinh 8mm, bude thép doc bang 100mm, thép
dai c6 duong kinh 6mm, budc thép dai 100mm.

2.2. Vit liéu

Bé tong lam vach c6 cudng d6 chiu nén bang
50,3MPa, duoc xac dinh dua trén thi nghiém nén mau
hinh try. Thép hinh st dung loai thép Q235 véi gidi
han chay bang 235 MPa. C6t thép sir dung loai thép
Grade I v6i giéi han chay bang 210 MPa.
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nhén tii trong ngang truyén tir kich thity lyc lén vach.
Trong pham vi thi nghi€ém nay, tai trong ngang tac dung
Ién vach la tai trong tinh. Luc nén tac dung lén vach
thong qua hé kich tay. Do dugc d6 boi hé khung thép
nén lyc nén tac dung lén vach dugc giit khéng doi trong
subt qua trinh thi nghiém. Cac dau do chuyén vi (LVDT)
duge bd tri trén vach nhdm xéac dinh chuyén vi cua mot

2.3. Mo hinh thi nghiém
Mo hinh thi nghiém dugc thé hién trén Hinh 2.

Céc bd phan chinh ciia mé hinh thi nghiém gom co:

dam phan lyc bén dudi, dam truyén luc, khung do
bang thép, tudng phan lyc, kich tay va kich thuy lyc.
Vach dugc lién két cimg v6i dam phan lyc va dam

truyén lyc. Dam phan lyc duge lién két bang bu 16ng uee
véi san phan luc bén dudi. Dam truyén luc c6 tac dung SO diém.
45
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Hinh 1. CAu tao chi tiét mau thi nghiém
II 7]
II _7__7__7__H7__,__, Steel frame
| =
," - [ONN®] . i
II J—\ l_—* I M J_l J_L J_L u ,_‘% —_—
t i ing LVDT
| i ) I AF I Loading beam |—=‘—
I,"I o Actuator
| RC reaction wall
fi_ { .—\ Reaction beam —x{ _}\

Hinh 2. So d6 b6 tri thi nghiém
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2.4. Két qua thi nghi¢m

Hinh anh mau thi nghiém dugc thé hién trén hinh 3.
Trong qua trinh thi nghiém, tai trong nén tac dung lén
vach duoc gitt khong ddi. Tai trong nay duoc liy bang
392 kN, bang 0,09 lan sirc khang nén cua vach. Tai
trong ngang tac dung Ién vach duoc tang dan dén khi
mau bj pha hoai. Qua trinh quan sat mau thi nghiém cho
thay rang cac vét nut dau tién xuit hién ¢ ‘vung chiu
kéo. Tlep do, cac vét nut & vung chiu nén xuét hién. Tai
thoi diém bi pha hoai, thép hinh dat téi gi61 han chay va
bé tong ving nén bi bong ra. Hinh 4 thé hién hinh anh
clia vét nut tai vang chiu keo cta vach. Hinh 5 thé hién
g xir tong thé ctia vach duoc thé hién thong qua mdi
quan h¢ giita lyc va chuyén vi ngang. Quan sat thdy
rang khi tai trong nho, img xtr ciia vach 1a ing xtr tuyén
tinh. Tiép d6, véi tai trong ting dan, mau thi nghiém thé
hién ing xtr déo va do cling ctia vach giam.
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Hinh 4. Hinh anh vét nit tai vung chiu kéo
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Hinh 5. Ung xtr tong thé cua vach lién hop

3. MO HINH MO PHONG

3.1. Xay dung mo hinh

Mo hinh thi nghiém dugc mé phong b;‘“}ng cach st
dung phan mém phan tir hitu han Cast3M. Phan mém nay

duoc xdy dung va phat trién boi vién nghién ctru ning
luong nguyén tir (CEA) cua Cong Hoa Phap. Nho vao
tinh d6i xtmg cta két cau, viéc mé hinh héa mau thi
nghiém dugc thyc hién trén 1/2 md hinh nhim muc
dich giam nhe khdi luong tinh toan. Viéc quy doi vé
1/2 md hinh dugc thé hién thong qua diéu kién khdng
ché chuyén vi thing trén mit dbi xtmg theo phuong
vudng goc voi miat phang cia vach bang khong. Lién
két gitra dam phan luc voi san duge coi 1a lién két
ngam, duoc thé hién trong moé hinh théng qua viéc
khéng ché ba thanh phan chuyén vi dudng bang khong.
Ludi ph.':fln ttr hitu han cia mo hinh duoc thé hién trén
hinh 6. Bé tong va thép hinh duoc miéu ta bang phan tir
luc dién 8 nit (CUBS), cbt thép dugc méd hinh bing
phéan tir thanh 2 nat (SEG2). Tong cong, ludi phan tir
hiru han gdm c6 44575 nut. Cac két qua thu duoc trén
cac ludi phan tir min hon khong cho thdy su chénh léch
dang ké so véi ludi phﬁn tor duoc gioi thi€u & trén. Sy
dinh bam giita bé tong, thép hinh va cbt thép duoc gia
thiét 1a dinh bam tuyét ddi. Ung xir ctia bé tong vach
duoc miéu ta bang md hinh RICRAG [7] trong
Cast3M. M6 hinh nay cho phép miéu ta cac ung xu
phtc tap cta bé tong khi chiu tai trong 1ap nhu sy phuc
hdi do ctmg, hién tuong tré, sy xuét hién cua luc ma sat
khi ¢6 su truot 1én nhau giita bé mat cac vét niit. Cac
tham s ctia m6 hinh dwoc thé hién trong bang 1. Trong
d6, cac tham sd dic trung cho ng xur cua vat li€u bé
tong & trang thai chua bi pha hoai gdm c6 mé dun dan
hdi E va hé sb Poisson v. Co ché pha hoai cta vat liéu
bé tong duoc thé hién thong qua 4 tham s& Y, Api,
Aing, B. Trong d6 Y, 14 ngudng phé hoai ban dau, gié tri
nay dugc xac dinh thong qua cudng d6 chiu kéo cua bé
tong Y, =f7 /(2E). Cac tham s6 Apy, Ajg thé hién
tinh gidon cua vat liéu bé tong khi chiu kéo truc tiép
hodc chiu kéo gian tiép (hién tuong nd hong khi chiu
nén). B 1a tham sé thé hién tmg xtr bat ddi xtng cua
bé tong khi chiu kéo va chiu nén. Cudi cing mdi twong
quan gitra muc d6 hu hong cia vat liéu va sy trugt 1é€n
nhau gifra cac bé mat cua vét nat duoc thé hién thong
qua cac tham sd y, va a,.

Bing 1. Céc tham s6 clia mé hinh RICRAG

Tham sb Gia tri
M6 dun dan hoi E 35000 x 10°Pa
Hé sb Poisson v 0,2
Ngudng phé hoai ban déu Y, 228 Jm™
Tinh gion khi chiu kéo truc tiép Ap; 0,1
Tinh gion khi chiu kéo gian tiép Aing 0,1
Cuong do chiu kéo ctia bé tong f; 4 % 10°Pa
Heé sb bat ddi xing B 100
M6 dun cung hoa dong hoc vy, 7 x 10°Pa
Mo dung cimg hoéa phi tuyén a, 1 x10"Pa
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Hinh 6. Lu6i phan tir hiru han

Ung xir cua bé tong lam dam phan lyc va dam
truyén luc duoc thé hién bang ung xir dan hoi tuyén
tinh, trong d6 moé dun dan hoi va hé s Poisson twong
tu nhu bé téng sir dung dé duc vach. Mb hinh dan déo
tuyét doi dugc st dung dé miéu ta Gmg xtr cua thép
hinh. Ung xir ctia ¢t thép dugc miéu ta bang mo hinh
Menegotto-Pinto [8].

Stress
Le

& & Eu Strain

Hinh 7: M6 hinh Menegotto - Pinto cho cbt thép
dudi tac dung cua tai trong tinh

Ung xir ctia c6t thép trong mo hinh Menegotto -
Pinto khi chiu tic dung cua tai trong tinh dugc mé ta
trén hinh 7. Dudng cong Umg xir gobm ba giai doan:
giai doan tuyen tinh ung voi bién dang trong cdt thép
nho hon bién dang & gidi han chay gy, thém chay tmg
v6i bién dang trong cbt thép nim trong pham vi tir gy
dén &g, giai doan clg hoa ung voi gia tri bién dang
trong cot thép thay ddi tir ey, dén gia tri bién dang cuc
han &. Céac giai doan nay duoc thé hién thong qua
phuong trinh dudi day:

c=E,¢ O<e<egy

G =0y,

4
€, —¢
— su
c=0, —(oy — gy [—J £>¢gy,
su " Esh

g, <e<gy

trong d6: E, - md dun dan hoi ciia ¢t thép.
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3.2. Két qua mé hinh mé phéng

Pudng cong luc - chuyén vi thu duge tir mé hinh
mo phong 3D duge so sanh véi két qua thi nghiém
trén hinh 8. C6 thé nhan thay ring duong cong thuc
nghiém va dudng cong md phong 1a kha twong dong.
Tir d6 c6 thé thay rang mé hinh RICRAG cho phép
miéu ta twong ddi t6t tng xtr déo ciia vach. Bén canh
d6, mo hinh ciling cho phép du bao dang pha hoai cta
vach. P mo rong vét nut trong md hinh duge tinh
toan bang cach st dung phuong phép nang lugng
dugc dé xuat boi Matallah et al [9]. Cac vét nat xuat
hién trén vach thu dugc tr mé hinh mé phong dugc
thé hién trén hinh 9. Vi tri clia cac vét nit thu dugc tir
mo hinh tuwong Gmg véi vi tri ctia cac vét nit quan sat
duoc trén thi nghiém. Hinh 10 miéu t4 hinh anh céc
vét nirt trong thép hinh.

120 +

—rmn=lr=r=4
-----

100 -
80 -

60 -

Mo phong

====-Thi nghiém
40 -

20

Luye ngang tac dung tai dinh vach (kN)

0 20 40 60 80 100
Chuyén vj tai dinh vidch (mm)

Hinh 8. So sanh dwdng cong luc - chuyén vi
thu dugc tir thi nghiém va moé phong
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>

SCAL

.35E-03
—-8.61E-05
.33E-03
.21E-03
.10E-03
L98E-03
.87E-03
.75E-03
.63E-03
.52E-03
.40E-03
.29E-03
.17E-03
.05E-03
.39E-04
.23E-04
.07E-04
.91E-04
.75E-04
.59E-04
.43E-04
.27E-04
.05E-05

[ I T B L Y e e e e e e e e R SO B (S B (SR R ¥

AMPLITUDE
DEFQRMEE

Hinh 9. Dang pha hoai ctia mau thi nghiém
thu duoc tir mo6 hinh
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SCAL

.69E-05
.64E-09
-67E-05
.54E-05
-41E-05
.28E-05
.15E-05
-03E-05
90E-05
.77E-05
.64E-05
51E-05
.39E-05
.26E-05
13E-05
.00E-05
.T4E-06
-46E-006
.18E-06
-90E-06
3.62E-06
.34E-086
.D6E-06
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AMPLITUDE
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GIBI FECIT }3@

Hinh 10: Dang vét nirt trong thép hinh

3.3. Anh hwéng ciia giéi han chay cia thép hinh
dén tng xir ciia vach lién hop

Nhiam muc dich nghién ctru anh huong cia gioi han
chay cua thép hinh téi mg xir tong thé ctia vach lién
hop, cac m6 hinh vach str dung cac thép hinh ¢6 gidi han
chay 300, 400, 500 MPa dugc tién hanh mo phong, cac
thong sb ciia vat liéu bé tong duoc gii nguyén. Két qua
duoc thé hién trén hinh 11. Quan sat thiy rang, khi ting
gi01 han chay cua thép hinh thi kha nang chiu luc vach
ciing tang 1én. Tuy nhién, ta ciing thiy rang khi ting gi6i
han chay cua thép tir 400 dén 500 Mpa thi kha ning chiu
luc cta vach thay dbi khong dang ké. Nhu vay, co thé
nhén xét rang, trong truong hop ndy viée sir dung thép
hinh ¢6 gidi han chay 16n hon 400 Mpa khong lam thay
d6i dang ké kha ning chiu luc cua véch.

Z
.-‘4\_/
3 100
=
£ 80
& ——1£y=235 MPa
on
£ 60 ——1£y=300 MPa
] fy=400 MPa
w 40
2 ——1fy=500 MPa
on
o 20
2

0

0 20 40 60 80 100

Chuyén vi ngang tai dinh vach (mm)

Hinh 11. Anh huong cta cip thép téi g xir tong thé
cua vach lién hop

4. KET LUAN

Muc dich chinh cta bai bio nhim xiy dung mé
hinh m6 phong ting xtr ciia vach lién hop chiu tai trong
dimg va ngang dong thoi. Két qua thu duoc tir mo hinh
va két qua thi nghiém thé hién sy tuong ddng. Tur d6
cho thay mé hinh c6 kha ning dy béo tt img xtr tong
thé cuia vach ciing dang pha hoai ctia vach lién hop.
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Mb hinh mé phong cho thdy rang, néu giir nguyén cac
dac trung cua vat liéu bé tong thi viéc st dung thép
hinh cé gidi han chay 16n hon 400 Mpa khong lam thay
d6i dang ké kha nang chiu lyc cta vach.

Bai bdo mai chi dung & viéc nghién ctru anh huong
ctia cap thép t6i ing xtr tong thé cua vach lién hop, anh
huéng mot s6 tham sd khac can duoc tiép tuc nghién
ctru nhu: cuong d6 bé tong, anh hudng cua lyc nén, do
manh cua vach .... Bén canh d6, mo hinh mé phdéng
m&i chi nghién ctru ing x1r ctia vach dudi tai trong tinh,
can tiép tuc danh gia hiéu qua cua mo hinh khi nghién
ctru ing Xt cua vach chiu tac dung cua tai trong dong.
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