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Tom tit:
Phwong phap buéc 1ip 12 mét cong cu manh dé xac dinh van toc gié flutter téi
han ciia mé hinh mit cit dAm ciu nhip 16n. Phwong phap nay dwoc dé xuat béi
GS. Matsumoto (Pai hoc Kyoto). Uu diém noi bat ciia phwong phap 1a kha niing
phan tich sy mat on dinh khi dong ciia mit cit dim ciu theo ca hai nhanh uon va
xoin. Pong thoi mé ta dwoc @ng xir ciia két cAu trén toan mién van toc gié, bao
gom viung dwéi toi han, tai vi tri t6i han va viing trén t6i han. Trong cic cong bd
ciia GS. Matsumoto, nghiém dao dong dwoc gia thiét theo ba truwong hop khac
nhau. Bai bao nay tip trung danh gia su sai khac trong két qua tinh toin twong
rng véi ba gia thiét dé. M6 phéng sé dwoc thue hién cho cic mé hinh mit cit cia
ciu Akashi Kaikyo va cau Gibraltar. Cic phan tich so sianh bao gdom tin so
flutter va dd can Loga trén toan mién van téc gi6. Két qua nghién ciru cung cip
cai nhin ré hon vé anh hwéng ciia cac dang gia thiét nghiém dao dong dén duw bao
flutter khi sir dung phwong phap bude lip, dong thoi gop phan lam ré hon cich
dién giai sy mat on dinh khi dong dan hoi ciia cic dam cau nhip 16m.
Tir khéa: ciu Akashi Kaikyo, cau Gibraltar, md hinh mit cit, phwong phéap bwéc
lip, van toc gi6 flutter t&i han.
Chi s6 phan logi: 2.1
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Abstract:

The step-by-step method is a powerful tool for determining the critical flutter
wind velocity of long-span bridge deck section models. This method was proposed
by Prof. Matsumoto from Kyoto University. A notable advantage of this
approach is its capability to analyse the aerodynamic instability of a bridge deck
section in both heaving and torsional branches, while also describing the
structural behavior over the entire wind velocity range, including the subcritical
region, the critical state, and the postcritical region. In the publications of
Matsumoto, the oscillation solution is assumed under three different cases. This
study focuses on evaluating the differences in computational results
corresponding to these three assumptions. Numerical simulations are conducted
for the deck section models of the Akashi Kaikyo Bridge and the Gibraltar
Bridge. Comparative analyses are performed in terms of flutter frequency and
logarithmic decrement across the entire wind velocity range. The results provide
insight into the influence of the assumed oscillation forms on flutter prediction
using the step-by-step method and contribute to a more consistent interpretation
of aeroelastic instability in long-span bridge decks.

Keywords: Akashi Kaikyo bridge, Gibraltar bridge, critical flutter wind speed,
section model, step-by-step method.

Classification number: 2.1

1. Pit van dé

Dao dong cua ciu nhip 16n dudi tdc dung ctia g16 ludén nhan dugc sy quan tam
ctia cac k¥ su thiét ké cling nhu cac nha nghién ciru. Dudi tac dung cua gid, mot trong
nhimg hién tugng khi dong hoc nguy hiém nhat ctia dam cau d6 1a dao dong uén xoin
két hop hay con goi 14 hién tugng flutter. Luc gié tac dung trong trudng hop nay 1a luc
tur kich boi vi chinh dao dong ctia dam cau di tac dung nguoc tré lai ludng gio va lam
thay ddi luc gi6 tac dung 1én cau. M6 hinh nghién ctru dao dong flutter ciia ddm ciu co
thé duoc tién hanh theo md hinh mat cét [1, 2], trong d6, mat cat dam cau dugc xét co
hai bac tu do v6i dao dong udn va dao dong xodn két hop.

Pé tinh van tdc gi6 flutter t61 han cho mo hinh mat cit, c6 thé sir dung phuong
phap phan tich tri riéng phuc [1, 2] hodc phuong phap ky hiéu sé phuc [3]. GS.
Matsumoto di dé xuat phwong 4n tht ba d6 1a phuong phap budc lap [4-10]. Pay la
phuong phéap manh cho phép phan tich 6n dinh ciia dim ciu theo ca nhanh ubn va
nhanh xodn, trong d6 cac két qua nghién ctru chi ra ring nhanh xoén thong thuong sé
troi hon. Phuong phap nay ciing cho phép xac dinh tan sb flutter, d6 can Loga, do léch
pha va ty s bién d6 cua hai dao dong udn xoan trén toan mién van tdc gio, bao gdm
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vung dudi toi han, tai vi tri t&1 han va vung trén td1 han. Phuong phap nay cling da
dugc phat trién tinh toan cho truong hop mit cat dam cau lip TMDs [11] va ldp céac
khéi lwong 16ch tim [12] nham ning cao van tdc gi6 toi han.

Pé xac dinh van tdc gié flutter téi han theo phwong phéap budc lip, budc dau tién
1a gia thiét nghiém dao dong. GS. Matsumoto d3 dua ra ba truong hop gia thiét nghiém
khac nhau. Trong bai bdo nay, cic tac gia so sanh két qua tinh todn mé phong sb vé
dap Gmg khi dong ctua dam cau theo ba trudng hop nay. Cac két qua mo phong sé dugc
tién hanh vé&i cac mo hinh mit cat cia cau Akashi Kaikyo va cau Gibraltar.

2. N¢i dung tinh toan
2.1. M6 hinh nghién ciru

Dbi véi cau co chiéu dai nhip 16n, ¢ thé tach mot phan doan dim ciu xem nhu mit
cit dé tinh toan dao dong udn xodn cta dam ciu dudi tac dung cua gio. Xét mit cit dim
cau nhu trén hinh 1 véi chiéu rong 2b, khéi luong trén mot don vi dai 1a m, momen quan
tinh khéi trén mot don vi dai 1a 7. Dam cau c6 chuyén vi theo phuong uén va phuong xoan
lan luot 14 4 va « quanh khéi tim G cua mat cit dAm cau. Tan s6 dao dong udn va dao
dong xoan clia dam cau lan luot 1a @, va @s, dd can Lehr theo phuong uén va phuong
xodn tuong ung 1 & va . Dam cau chiu tic dung cta ludng gi6 thoi déu véi van toe UL
Céc luc khi dong tdc dung lén mdt don vi dai dam ciu bao gSm luc nang L, va momen

xoan M,.

—_— G

—
a
—
h I
Lh
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Phuong trinh dao dong cua dam cau c6 thé dugce viét dudi dang [1, 2]:

<
<

A4

Hinh 1. M6 hinh miit ciit ciia dAm ciu.

mh(t)+c,h(t)+kh(t)=L, (D

Ia(t)+c,o(t)+ka(t)=M, (2)
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trong do:
k,=mo,; k,=1o.; ¢, =2mi,0,; c,=21( 0, 3)

Vo1 ki va ke lan lugt 1a d§ cirng chong uon va dé cirng chong xoan cua dam cau, ¢, va

cq lan luot 1a @6 can uon va do can xoan cua dam cau.

Céc luc nang va momen khi dong dugc biéu dién dudi dang [4-7]:

1 . h . ba, \ h
LhZEpUZ(zb)|:kHlE+kH27+k2H3a+k2H4zi| (4)
1 . h . ba . h
M, :EpU2(2b2){kAl 5+kA2(K)U+k2A3a+k2A4 Z} (3)

v6i pla khéi lugng riéng ciia khong khi, & 13 tan s thu gon, duoc xac dinh:

_bo
U

k (6)

va cac dai luong H/", A" (i=1, 2, 3, 4) 1a cac tham sd khi dong va thudong duoc xéac
dinh bﬁng thuc nghi¢m.

Van téc gio flutter téi han ctiia dam cau dugc tim tir hé phuong trinh (1) va (2)
v6i diéu kién do can Loga=0. Ving dudi toi han s& twong Gmg véi gid tri van toc gio
nho hon van téc gio flutter téi han (d6 can Loga>0) va ving trén tdi han s& tuong tng
v6i gid tri van toc gid 16n hon vén tc gioé téi han (dd can Loga<0). Muc tiép theo s&
trinh bay viéc xac dinh van toc gio flutter t&i han theo phuwong phap budc lap.

2.2. Phwong phdp buwoc lap

Phuong phap budc 1dp cho phép tinh toan 6n dinh flutter theo ca hai nhanh uén
va xoan, do dé trong muc ndy trinh bay tinh toan 6n dinh flutter ciia dam cau theo ca
hai nhanh cung véi 3 truong hop gia thiét dang dao dong ciia GS. Matsumoto.

2.2.1. Nhanh xodn

Truong hop 1 [4-7]:

Buée 1: Gia thiét dao dong xoan tu kich ¢6 dang:

=0, sino,t (7)
v6i ap 12 bién d6 dao dong, wr 14 tan s flutter va ¢ 12 bién thoi gian.

Budc 2: Véi gia thiét dang dao dong xodn trong budc 1, thay vao phuong trinh
(1), ta tim ty s6 bién d6 ho/aw (v6i ho 12 bién d6 dao dong xoan) va do léch pha gitra

dao dong udn va dao dong xoan Y.

Budc 3: Thay ty s bién do va do léch pha tim duoc vao phuong trinh (2) va
biéu dién lai phwong trinh (2) dudi dang dao dong tu do:
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6 +28 0,0+ 050 =0 (8)

So sanh vé mat biéu thirc, ta s& tim duge dd can Lehr ¢F va tan sb flutter wr
tuong ung.

D0 can Loga dugc xac dinh theo cong thirc sau:

8y =2nC, 9)

Truong hop 2 [9]:

Trinh ty tinh toan nhu truong hop 1 nhung tai budc 1, gia thiét dao dong xodn tu
kich c6 dang:

o =o,e " sino,t (10)
v6i ¢r 1a @6 can Lehr trong dao dong flutter.
Truong hop 3 [10]:

Trinh ty tinh toan nhu truong hop 1 nhung tai budc 1, gia thiét dao dong xoan ty
kich c6 dang:

o =oge O sinw,t (11)
trong do:
CVF _ CF (12)

Tai budc 3, biéu dién lai phuong trinh (2) duéi dang dao dong tu do:

i+20 00+, (146, )a=0 (13)

So sanh vé& mat biéu thuc, ta s& tim duoc dd can Lehr CF va tan sd flutter wr
tuong ung.

2.2.2. Nhanh uon

Truong hop 1 [4-7]:

Budc 1: Gia thiét dao dong udn tu kich ¢o dang:

h=hy sino,t (14)
v6i ho 1a bién d0 dao dong.

Budc 2: Véi gia thiét dang dao dong udn trong bude 1, thay vao phuong trinh
(2), ta tim ty s6 bién d6 ho/an (v6i ho 12 bién d6 dao dong xodn) va d6 léch pha giira

dao dong udn va dao dong xoan V..

Budc 3: Thay ty s bién do va do léch pha tim duoc vao phuong trinh (1) va
biéu dién lai phwong trinh (1) dudi dang dao dong tu do:
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h+2C,0,h+w-h=0 (15)

So sanh vé mat biéu thic, ta s& tim duge dd can Lehr ¢r va tan sb flutter wr
tuong ung.

Truong hop 2 [9]:

Trinh ty tinh toan nhu trudng hop 1 nhung tai bude 1, gia thiét dao dong udn tu
kich c6 dang:

h=he " sinw,t (16)

Truong hop 3 [10]:

Trinh tu tinh toan nhu trudng hop 1 nhung tai bude 1, gia thiét dao dong udn tu
kich c6 dang:

h = hye 5 sinw,t (17)

Tai bude 3, biéu dién lai phwong trinh (1) dudi dang dao dong tu do

h+28 0k +o (1487 )h=0 (18)

So sanh vé& mat biéu thuc, ta s& tim duoc dd can Lehr CF va tan sd flutter wr
twong tng.

Nhu vay, nhan thay rang véi dang gia thiét nghiém (11) va (17) ciing nhu dang
biéu dién cta phuong trinh (13) va (18) 1a phu hop nhat vé mit giai tich va do d6
truong hop 3 s€ cho nghiém chinh xéc nhat. Mit khac, cung véi su tang 1én cua van
toc gid, dao dong ciia dim cau xay ra tai ving dudi téi han (d6 can Loga duong), t6i
han (d6 can Loga bang khong) va trén toi han (d6 can Loga 4m) nén viéc gia thiét tinh
toan dao dong c6 dang ham sin diéu hoa cho toan mién van tdc gid nhu trong truong
hop 1 1a khong phi hop. Trong phan tiép theo s& tién hanh moé phong sd dé so sanh su
sai khac vé mat két qua cta cac dang gia thiét nghiém trén.

3. Vi du tinh toan
3.1. Cau Akashi Kaikyo

3.1.1. 86 liéu dau vio

Xét cau day vong Akashi Kaikyo bac qua vinh Akashi, Nhat Ban (hinh 2). Mt
cit ciu c6 cac tham sb: bé rong 2b=30 m; tan sd dao dong udn @;=0,427 rad/s; tin sb
dao dong x0dn @.=0,917 rad/s; do can Lehr theo phuong udn ¢=0; do can Lehr theo
phuong xodn £,=0; khéi lugng trén mot don vi dai m=33600 kg/m; momen quan tinh
khdi trén mot don vi dai /=4,97x10° kgm?2/m; khdi lugng riéng khong khi p=1,23 kg/m’
[13, 14]. Cac tham sb khi dong cta cau Akashi Kaikyo duoc xem nhu truong hop tam
mong [13, 14].
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Hinh 2. Ciu Akashi Kaikyo (Nhat Ban). Anh: Kzaral (CC BY 2.0), Flickr.
3.1.2. Cdc két qua mé phong sé

Véi s6 lidu ddu vao nhu myc 3.1, tién hanh mo phong sd bang phan mém Matlab
v6i ba trudng hop gia thiét nghiém cho ca hai nhanh uén va xoan. Ca 3 trudng hop déu
Xay ra mat 6n dinh & nhanh xoan véi van toc gi6 flutter t&1 han 1a 51,3 m/s va tan sd
flutter twong tng 14 0,1124 Hz. Theo tai liéu [13], van téc gi6 téi han 12 52 m/s, trong
khi d6, theo tai lidu [14], van tdc gid toi han 12 53 m/s. Nhu vdy, c6 thé nhan thiy van
téc gi6 flutter toi han tinh toan trong bai bao phu hop t6t véi cac tai liéu tham khdo.
Mat khac, do tai vi tri t61 han, ta c6 do can Lehr bﬁng khong (tirc do can Loga=0) nén
viéc gia thiét dang dao dong xo0an & cac phuong trinh (7), (9) va (10) 13 nhu nhau ciing
nhu viée biéu dién lai phuong trinh (2) dudi dang dao dong tu do ¢ budc 3 1a gidng
nhau nén viéc xac dinh van tbc gi6 flutter t&i han trong ba truong hop 1a trung khép.

Su bién thién cua tan sb flutter va do can Loga theo van tbe gi6 duogc lan luot
biéu thi nhu trén hinh 3 va 4 cho nhanh xoén, hinh 5 va 6 cho nhanh ubn. C6 thé nhan
théy réng, ddi v6i nhanh xoén, & vung dudi to1 han, dd thi bién thién cua tan sd va do
can Loga trong 3 truong hop kha trung khép nhau, tuy nhién, tai vung trén téi han, chi
c6 d6 thi cta truong hop 2 va truong hop 3 bam sat nhau trong khi d6 do thi cua
truong hop 1 lai tach ra va cé su sai khac ro rét. Khi van tdc gi6 1a 70 m/s, do can
Loga lan luot 14 -2,56; -0,92; -0,93 d6i vdi cac truong hop 1, 2 va 3 trén nhanh xoén.
Dbi v6i nhanh udn, chi cé do thi ciia truong hop 2 va 3 bam sat nhau, trong khi d6 tai
vung trén t6i han db thi cta trudng hop 1 ciling tach ra khé rd rét. Khi van toc gié 1a 70
m/s, 46 can Loga lan lugt 1a -1,73; -0,91; -0,93 dbi véi cac truong hop 1, 2 va 3 trén
nhanh uén.
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Hinh 3. P6 thi quan hé U-f trong ba trwong hop véi nhanh xodn (cAu Akashi
Kaikyo).
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Hinh 4. Po thi quan hé U-8r trong ba trwong hop véi nhanh xoin (cdu Akashi
Kaikyo).

3.2. Cau Gibraltar
3.2.1. 86 liéu dau vao

Xét mit cit cau Gibraltar, c6 dang dam hop d6i, voi cac tham sé b=30 m; tan so
dao dong udn @w=0,383 rad/s; tan sd dao dong xo0dn @,~0,509 rad/s; 46 can Lehr theo
phuong udn &=0,003; d6 can Lehr theo phuong xodn £,=0,0015; khéi luong trén mot
don vi dai m=39,5x10% kg/m; momen quan tinh khdi trén mot don vi dai /=26700x103
kgm?/m; khéi lugng riéng khong khi p=1,25 kg/m? [15]. Céac tham s6 khi dong cuia cau
Gibraltar duoc xac dinh béng thuc nghi¢m [16].
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Hinh 5. P6 thi quan hé U-f trong ba truwdng hop véi nhanh uon (cau Akashi Kaikyo).
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Hinh 6. P6 thi quan hé U-8r trong ba trudmg hop véi nhanh uén (chu Akashi
Kaikyo).

3.2.2. Cdc két qua mé phong sé

Vi s6 lidu dau vao nhu muyc 3.2.1, tién hanh mé phong sb bang phin mém
Matlab véi ba truong hop gia thiét nghiém cho ca hai nhanh udén va xodn. Ca ba
truong hop déu xay ra mat 6n dinh ¢ ca nhanh xoan va nhanh uén véi van toc gié
flutter t&i han 1a 48,5 m/s va tan so flutter twong tmg 13 0,0712 Hz. Theo tai liéu [15],
van toc gi6 to1 han 1a 48,2 m/s. Nhu vay, co thé nhan théy van toc gi6 flutter t&1 han
tinh toan trong bai bao phu hop tot v6i cac tai liéu tham khao.
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Hinh 7. Pd thi quan hé U-f trong ba trwdng hop véi nhanh xoin (ciu Gibraltar).
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Hinh 8. Do thi quan h¢ U-5r trong ba trudng hop véi nhanh xoin (ciu Gibraltar).

Su bién thién cia tan sb flutter va do can Loga theo van tde gi6 duogc lan luot biéu
thi nhu trén hinh 7 va 8 cho nhanh xoan, hinh 9 va 10 cho nhanh uén. Cé thé nhan thay
rang, voi cau Gibraltar, d6 thi bién thién cta tan s6 va do can cta trudng hop 2 va 3 bam
sat nhau, trong khi d6 dd thi cta truong hop 1 lai tdch ra va c6 sy sai khac ro rét & ca vung
dudi téi han va trén téi han cho ca nhanh xoan va nhanh udn. Pic biét 1a d6i véi nhanh
u6n, do thi bién thién tan s6 va d can Loga trong truong hop 1 khong bi phéan tach nhu
truong hop 2 va trudng hop 3. Khi van tdc gio 1a 70 m/s, d6 can Loga lan luot 14 -0,65; -
0,22; -0,22 d6i véi cac truong hop 1, 2 va 3 trén nhanh xoan. Trong khi d6, véi vén tdc
gi6 13 70 m/s, do can Loga lan luot 14 -0.30; -0,22; -0,22 d6i véi cac truong hop 1, 2 va 3
trén nhanh udn.
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Hinh 9. D6 thi quan h¢ U-f trong ba trudng hop véi nhanh udn (ciu Gibraltar).
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Hinh 10. P thi quan hé U-8r trong ba truwomg hop v6i nhanh udn (cau Gibraltar).
4. Két lun

Bai b4o dua trén mo6 hinh mat cat cia dam cau chiu tac dung cua gio, sir dung
phuong phap budc 1ap, thu dugc céc két qua nhu sau:

- Tong hop céac truong hop gia thiét nghiém cua phuong phap budce 1dp cho ca hai
nhanh udn va xodn.

- Tién hanh mo6 phdng s6 tinh todn van toc gid flutter té1 han véi cac mo hinh mat
cat cia cau Akashi Kaikyo va cau Gibraltar. D61 véi cau Akashi Kaikyo, sy mat 6n
dinh flutter dién ra & nhanh xoan. Trong khi d6, v6i cau Gibraltar, sy mat 6n dinh
flutter dién ra & ca nhanh xoan va nhanh udn voi cing van toc gio.
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- Ca ba truong hop gia thiét nghiém déu cho két qua van toc gié flutter t6i han 13 nhu
nhau. Dbi v6i cau Akashi Kaikyo, su bién thién cta tan sb va do can Loga tai ving dudi toi
han nhin chung 13 tring khép trong cac truong hop gia thiét nghiém. Tuy nhién, tai ving
trén t6i han, chi con truong hop 2 va trudng hop 3 13 cho két qua tring khop dbi véi tan s6
flutter va do can Loga, trong khi d6 trudng hop 1 cho két qua sai 1éch rd rét. Trong khi do,
v6i cau Gibraltar, sy sai 1éch vé tan s flutter va do can Loga ctia truong hop 1 so véi cac
trudng hop 2 va 3 xdy ra & ca vung dudi t6i han cling nhu trén t6i han déi véi hai nhanh
xodn va uén. Nhu vay, qua phan tich dao dong flutter ctia hai cau Akashi Kaikyo va
Gibraltar, nhin thiy rang dé xac dinh dap tmg khi dong ctia dAm cau trén toan mién van toc
gi6, viée sir dung gi thiét nghiém theo truong hop 1 s& 1a khong phu hop.
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