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TOM TAT

Mot thuat toan phdn twe hitu han dong luc hoc an méi véi hé phuong
trinh rdi rac dwoc dp dung dé mé phong vmg xir giam chdn phi tuyén ciia
két cau dic phang dudi tac dong ciia cdc trdn dong dat lomn. Phu"ong phap
stk dung do cimg cdt tuyén mit twong d‘u"O’ng va hé s6 gidam chan nut tuwong
duwong dé tach cdc phiong trinh cdn bang dong, qua dé khéng can chéo
héa ma tran hé sé. Ngoai ra, mot ky thudt dwoc dé xudt nham danh gid
nhanh lec gidm chan it ty 16 véi do cimg tai cap dé phan tir khi két cau
dac phang chiu tac dong lyc manh. Trong ky thudt nay, chuyen dong cu"ng
ciia phan tir phang dwge xdc dinh hiéu qud, sau d6 van toc bién dang thuan
duwoc dimg dé tinh todn lec giam chan nmit. Két qua so sanh véi phuwong
phdp truyén thong va ABAQUS cho thdy phwong phdp dwoc dé xudt dat do
chinh xdc va hidu qua tinh todn cao, phit hop cho mé phong két cdu phdng

tuyén, phan ti dc pheng. chiu dong dat manh.

1. PAT VAN PE

Khi mot két cdu chiu tac dong cua mot
tran dong dat 1on s& xuét hién tng xur phi
tuyén. Giam chan 1a mot dic tinh von co trong
hé két cAu. Phuong phap giam chin Rayleigh
thuong duoc sir dung dé mo phong hién tuong
giam chén trong két cdu. Bé dam bao két cau
an toan, viéc dy doan chinh x4c ung xur cua
két cdu dudi tac dong cua cac tran dong dat
16n 13 hét strc quan trong. Tuy nhién, dbi véi
cac hé phi tuyén c6 muc do phi tuyén cao,
phan tich dang dao dong khong con hiéu qua
do phai thuong xuyén cap nhat ma tran hé sd.
Thuat toan phan tr hitu han (PTHH) da duoc
ap dung rong rai trong phan tich két ciu phi
tuyén. Tuy nhién, cac phwong phap truyén
théng dua trén tich phan truc tiép thuong ton
kém vé tinh toan, ddc biét khi phan tich hé
dong phi tuyén. Hon nira, trong phén tich bién
dang 16n phi tuyén hinh hoc, cac phuong phap
nay con doi hoi phai ghép nbi ma tran va tinh
toan Ung sut-bién dang bac cao (Green—

Lagrange strain, Piola—Kirchhoff stress), von
rét phuc tap va lam gia ting chi phi tinh toan.
Do d6, nhu cau vé cac k¥ thuat vira chinh xac
vira hiéu qua ngay cang trd nén cip thiét. Cac
phuong phap tich phan truc tiép [1], [2] duoc
chia thanh hai nhom: phuong phap dong luc
hoc tuong minh (explicit dynamic) va phuong
phap dong luc hoc an (implicit dynamic).
Phuong phép tich phan 4n yéu cau mot quy
trinh ldp dé thoa méin cac phuong trinh can
bang tai cubi mdi budc thdi gian. Tuy nhién,
phuong phép dong luc hoc an khong thé tranh
khoi viéc phai giai dong thoi mot hé phuong
trinh can bang rang budc. Cic phuong phap
dong luc hoc an, bao gdm Newmark véi quy
tac hinh thang, Houbolt va Wilson-0, thuong
6n dinh trong phan tich két cdu tuyén tinh
nhung c6 thé mit 6n dinh trong phan tich phi
tuyén, dic biét khi xuat hién bién dang 16n va
thoi gian phan tich kéo dai [3], [4]. Pé khic
phuc han ché nay, nhidu k¥ thuét tich phan
thay thé di duoc phat trién, chang han Hilber-
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a [5], phuong phép nang lugng—dong luong
ro1 rac [6], va thuadt toan nang luong—dong
lwong ¢ rang bude [7], nham sir dung giam
chan sd hoc dé triét tiéu dao dong tan sb cao
khong thyc té.

Muc tiéu cua nghién ctru nay la trinh bay
mot k¥ thuat tich phan thoi gian don gidn va
bén vimng dé phan tich hiéu qua cac hé két cau
phi tuyén cO giam chin, dic biét 1a cac hé
dong phi tuyén khong lién tuc v6i giam chin
ty 1& theo do cimg. Thong qua khai niém hé sd
cat tuyén nut tuong dwong cua két céu, cac
phuong trinh cin bang dong co thé duoc roi
rac [8]. M&i phuong trinh can bang sau khi roi
rac duoc giai bang phuong phap HHT-o [5],
vén dam bao tinh 6n dinh, nhét quan va do
chinh xac bac hai trong phan tich cac h¢ dong
phi tuyén. Trong nghién ctru ndy, giam chan
Rayleigh bao gdm giam chén ty 1& theo khdi
lugng va ty 1¢ theo d cung dugc su dung dé
mé phong giam chin két cdu. Do ma tran
giam chan ty 1¢ do cimg khong 1a ma tran
chéo giébng nhu ma trdn do cimg, hé sb6 giam
chén cat tuyén nut tvong dwong duoc sir dung
dé roi rac ma tran giam chén, qua d6 cho phép
danh gia nhanh lyc giam chén nat ty 18 do
clmg tai cAp do phan tir phi tuyén.

Ngodi ra, nghién ctru nay dé xuit mot ky
thuat hi¢u qua nham xac dinh chuyén dong
cling cua phan tir ¢ic phang hinh chit nhat [9],
[10], tir d6 loai bo anh huong cua chuyén
dong nay. Nho véy, chi can str dung cong thire
ung suit - bién dang bac mat dé tinh toan luc
bén trong phan tir. Uu diém nay giup thuét
toan tré nén don gian, tiét kiém thoi gian va
loai bé nhu cau ghép nbi ma tran ciing nhu
tinh toan ung sut - bién dang bac cao nhu
trong phuong phap truyén théng. Vi du duoc
su dung dé minh hoa do chinh xé4c va hiéu qua
ctia phuong phap dugc dé xuat trong phan tich
tmg xtr dong co giam chan cua két ciu trai
qua chuyén vi 16n duéi tic dong cua céac tran
dong dat 16n.
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2. PHUONG PHAP NGHIEN CUU

2.1. H¢ s6 giam chin cat tuyén nit
twong duwong

Khi ap dung phuong phap tich phan truc
tiép 4n HHT-a [5], cac phuong trinh can bang

dong tai thoi diém t + At c6 thé dugc biéu
dién lai nhu sau:

PR+ (14 ) E,, + 1+ a) U Fy + (14 ) "M Fs (1)
-a'F,,-a'F,—-a'Fy=(1+a)"™R-a'R

Trong d6: F; 1a vecto lyc quan tinh tai
nat; K, va FkD lan luot 14 cac vecto lyc nut
twong duong gay ra boi giam chan ty 1& theo
khéi lwong va giam chin ty 18 theo do cing;
Fgla vecto lyc nit bén trong phan tir twong
duong; R 1a vecto ngoai luc tic dung tuong
duong; Tham s6 a lién quan dén phuong phap
HHT-a.

Dé phan tich hé phi tuyén, nghién ctru nay
st dung phuong trinh gia tang—13p theo quy
trinh 1ap Newton-Raphson [8]. Luc giam
chan ty 1€ do cung tai thoi diém t + At,
t+At F,p) » 6 thé duoc dy doan theo biéu thirc
sau:

YR, =aK,™U="F,+aK,AU (2)

Trong do: gla h¢ sd giam chin ty 1& do
cung; K;la ma trdn d¢ cing ban dau cua két
cau; ‘A 14 van toc tai thoi diém ¢ + Af
AU _ t+AtU .
Luu ¥ ring ' Fy, da biét tai thoi diém.

"'U vecto gia ting van toc.

Khi phén tich hé phi tuyen dé dam bao
nghiém chinh xac ¢ thé can chon budc thoi
gian du nhd. Dya theo khai ni¢m hé sb cat
tuyén nut tuong duong tir nghién ctru trude do
[8], ma trdn gidm chan ty 1€ do cimg g K,
trong phuong trinh (2) c6 thé dugc chéo hoa
(diagonalized) tai mdi bac tw do DOF i va viét
lai nhu sau:

t+At( i SeC)(}”)A[](r) _At+At(FkD)(r) (3)

Trong do: & ) 1a hé s6 giam

( k _sec
chan cat tuyén nat tuong duong ty 1¢ dd cling
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tai bac tu do i, trong lan lap r, tai thoi diém ¢
+ At.

Tuy nhién, do ca AU va A" (F,,)""
chua dugc xac dinh trong 1an 13p rth hién tai,

nén "M (C . )" khong thé duogc tinh theo
phuong trinh (3). Vi vdy, phuong phap gan
dung Newton (quasi-Newton) dugc s dung

dé tinh hé sb giam chin cat tuyén nat twong
duong A (G D da bibt tr 1an l13p

S€C/1
trudce, (r —1) nhu duge minh hoa trong Hinh 1.

F Y
(o), 7 P |
| ! |
. G, 1)//: - (G
P = I |
- /ARG
= | | | |
EERTA
B /i R
/L AUY L AUP AT
“Ed 0
| | | | | | >
el (A 0 Velocity AT

Hinh 1. Quy trinh lap quasi-Newton
nham xac dinh lie giam chin ty 18 d9 cirng
tai bac tw do (DOF) i

Ngoai ra, nghién ctru &p dung mo hinh hoa
khéi lwong tip trung [9] (lumped-mass
idealization) va cung khai niém h¢ s6 giam chén
cat tuyén niit tuong dwong ty 16 do cing dé chéo
héa ma tran do cung. Nho vay, cac phuong
trinh can bang dong duoc roi rac hoan toan.

2.2. Phin tir dic phang bén mit

Battini di dé xuat mot phuong phap don
gian nham xac dinh chuyén vi nat thuin bang
cach loai bo chuyén vi cling thong qua hé toa
d6 ddng chuyén dong (corotational
coordinates) [10]. Phuong phap nay co6 the
duoc st dung dé uéc luong gan dung van tbe
chuyén dong cung cua phan tir dic phang bon
nat. Van téc tinh tién tic thoi cua chuyén
dong cimg dugc biéu dién boi van tde cia tAm

phan tir. Bang cach lay van tdc tinh tién cta
chuyén dong ctng trir di van tc tuyét ddi, ta
c6 thé tinh toan van tdc twong ddi ctia mdi nut
so voi tAm phan tir tai thoi diém ¢ + 4¢.

Dya trén khai niém vé quy tic chuyén
dong ctmg, van tdc twong dbi ban dau theo hé
toa do phan tur tai thoi diém ¢ c6 thé duoc
xoay truc tiép mot goc bang véi goc quay
ctg. Tir d6, c6 thé xac dinh anh hudng cua
lwc giam chan ndt phan tir ban dau va van tdc
tuong dbi trong cAu hinh bién dang hién tai tai
thoi diém ¢ + At. Tuong tu, co thé tinh duogc
gia ting van toc bién dang thuan tuong ddi.
Do do, cac dai lugng co ban vé bién dang va
g suat ky thuat c6 thé duoc sir dung dé tinh
gia ting luc giam chdn nat cua phan tr bang
cach 4p dung cac cong thirc phan tir tuyén tinh
truyén thong.

Hinh 2. H¢ toa d§ dong xoay ciia phan tir

phing bon niit véi van téc thuan tai cac nit

3. KET QUA NGHIEN CUU

Mot dam don gian, nhu minh hoa trong
Hinh 3(a), c6 chidu dai 30 m va tiét
diénlx1m (hxh). Mo dun dan hdi va hé sd
Poisson lan luot 14 22,8 GPa va 0,15. Khbi
luong riéng la 2,4 tan/m?. Tin hiéu kich dong
nén theo phuong thiang dimg dugc ghi nhan
tai tram JMA trong trdn dong dat Kobe nam
1995 dugc khuéch dai 5 1an dé lam dit ligu
dau vao cho chuyén dong nén. Ty s giam
chan cua hé duoc gia dinh 1a 5% ddi v6i hai
dang dao dong dau tién. Budc thoi gian duoc
su dung la At=10"* giay.
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Lich st dich chuyén tai trung diém cua
dam duge so sanh vai két qua thu dugc tur
phin mém ABAQUS, nhu minh hoa trong
Hinh 3(b). Ké qua cho thdy phuong phéap
dugc dé xut c6 thé du doan phan mg tring
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khop véi két qua cia ABAQUS. Ngoai ra,
thoi gian chay cua ABAQUS dai gap khoang
86 lan so voi phuong phap dé xuat, diéu nay
ching minh tinh hi€éu qua vuot trgi cua
phuong phép.

A L=30m

ground acceleration

400
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(=3

Hinh 3. (a) M6 hinh dim don gian, (b) Lich sir thoi gian gia téc ciia chuyén dong nén
JMA Kobe theo phwong thing dirng, (c) Mé hinh dim trong Abaqus

03 T =

’é\ 02 E_ {5 L e PR A | R e M e S R S e e _E
o pEE TR ABAQUS .. n .................................................. ;
N ,\ i AaDA nﬂ An r\__,nu.s
P ———. i Ll e L e
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= 02 Eeemmm e Dh&ﬁpiﬁgféﬁh"i%":
D03 E | L 3
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Time (s)

Hinh 4. So sainh Chuyén vi thing dirng tai vi tri trung diém ciia dim
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Béang 1. So sanh thoi gian phan tich giira
phwong phap dé xuét va phﬁn mém
Abaqus truong hop dim don gian

Vi du Phwong Abaqus (s) B/A
sosanh  phap dé B
xuét (s)
A
Diam 585 50310 86
don gian

Cdu hinh may tinh: Intel Core I17-11700 @
2.5 GHz

4. KET LUAN

Nghién ctru nay di dé xuit phuong phap
phan tr hitu han dong phi tuyén an moi ap
dung cho phan tir dic phang bén nut, dya trén
khai niém hé sé cat tuyén nut twong dwong dé
chéo hoéa ma tran d0 cirng va ma tran giam
chan. Véi cach tiép can nay, két hop voi ma
tran khéi luong tip trung, cac phuong trinh
can bang dong duoc roi rac va giai ma khong
can phan tich ma tran. Ngoai ra, vi¢c st dung
hé toa do dong chuyén dong cung quy tic
chuyén dong cting cho phép tinh toan nhanh
va don gian lyc giam chan nut ty 1& do cimg
tai cAp do phan ttr, thay thé cho céc tinh toan
phirc tap cua tng suat-bién dang béc cao.

Thuat toan duoc kiém chimg qua bai toan
dam don gian chiu tdc dong dong d4t manh.
Két qua so sanh voi ABAQUS cho thiy
phuong phap méi dat do chinh xéc cao trong
khi tiét kiém thoi gian tinh todn vuot troi,
khang dinh tinh kha thi va tiém ning tng
dung cho phan tich tng xtr giam chan phi
tuyén ciia két cau phang.

Huéng nghién ciru tiép theo s& tap trung
vao viéc mé rong phuong phap cho phan tich
3D, tich hop cac mé hinh phi tuyén vat liéu va
ap dung cho nhiing hé két céu phirc tap hodc
cong trinh thyc té, nhim khing dinh hon nira
gia tri va tinh ing dung rdng rai ctia phuong
phap.
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NONLINEAR DAMPED SEISMIC RESPONSE ANALYSIS OF PLANE SOLID
STRUCTURES USING AN IMPLICIT DYNAMIC FINITE ELEMENT ALGORITHM

ABSTRACT

An implicit dynamic finite element algorithm with decoupled equations is proposed to simulate the
nonlinear damped behavior of plane solid structures subjected to strong earthquake excitations. The
approach employs equivalent nodal secant stiffness and damping coefficients to decouple the dynamic
equilibrium equations, thereby eliminating the need for triangular factorization of the coefficient matrix.
Additionally, an efficient method is introduced to rapidly evaluate stiffness-proportional damping forces
at the element level when the structure undergoes highly nonlinear dynamic responses. In this approach,
the rigid body motion of the plane element is accurately identified, and the pure deformation velocity is
then used to compute the nodal damping forces. Compared to conventional finite element dynamic
analysis methods, the proposed algorithm demonstrates both high accuracy and computational efficiency
in simulating nonlinear damped responses of plane solid structures under seismic loading.

Keywords: Implicit dynamic, Nonlinear behaviour, Seismic response, Solid element, Structural damping
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