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Tém tit

Bai bao nay gidi thi€éu mot moé hinh tinh toan hiéu qua cho viéc mé phong pha hiy cuc bo trong vt liéu tya gion chiu tac
dung cua tai trong dong. Cac dai lugng dong hoc tai cac nat phén tir theo thoi gian dugc giai bang phuong phap sai phan
trung tAm va chéo hoa ma tran khéi lugng. ‘Trong khi cac bién lich sir va pha hoai cuc bd duoc cap nhat mot cach dé dang
tir thong tin da tinh toan cua trudng chuyén vi. Cac phuong phap hién tai c6 wu diém vé thoi gian tinh todn so véi cac
phan tich dudi dang an. Trang thai cia vat liéu dwoc mé ta thong qua dai lugng hu hai d, bién thién tir 0 &én 1 tuwong ng
véi trang thai vat liéu tur hoan toan nguyén ven dén hoan toan bi pha huy. DPai lugng hu hai d phat trién theo bién dang
tuong duong v6i quy luat ham mil. Tham s cia ham phat trién hu hai nay phu thudc vao dic trung cia vat liéu trong d6
¢6 ning lwong pha huy va chidu dai dic trung cua phan tir. Bién dang twong dwong dugc tinh theo cong thirc smooth
Rankine. Tinh chinh x4c va hiéu qua ciia mé hinh dugc khao sat va so sanh véi cac két qua thi nghiém da duoc cong bd.

Tir khda: mé hinh phé hity cuc bod; vat liéu tua gion; tai trong dong; phuong phép sai phan trung tim; bién dang twong
duong smooth Rankine.

Abstract

This article introduces a local damage model for quasi-brittle materials subjected to dynamic loading. Kinematic
information at element nodes over time is determined by using a central difference method and a lumped-mass matrix.
While the history and local damage variables are updated straightforwardly with the obtained displacement field. The
current methods have advantages in computational efficiency as compared to implicit analysis. The state of the material
is described through a characteristic quantity of damage d, varying from 0 to 1, which corresponds to the material's state
from completely intact to completely destroyed. The quantity d evolves with equivalent strain according to an exponential
law. The parameter of this damage growth function depends on the representative element length and the material
properties, including the fracture energy. The equivalent strain is calculated according to the smooth Rankine formula.
The accuracy and efficiency of the model are validated by comparing it with experimental results.
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1. Mé dau

Trong sudt qué trinh sir dung, cic cong trinh
két cAu co nguy co bi hu hai, pha huy cuc bo
hoic tong thé dudi tic dong cua rat nhiéu yéu td,
c6 thé ké dén nhu cac tac nhan méi trudng (nhiét
d6, chit an mon,...), cac loai tai trong dic biét
(hoa hoan, dong dat,...). Trong sd cac nguyén
nhan nay, sy hu hai cua vat licu, két cau dudi tac
dung cua tai trong dong, do h¢ qua cua quan tinh,
thuong rat tram trong. Co ché phd huy do tai
trong dong thudong phirc tap hon so véi tai trong
tinh [10]. Trong quéa trinh hu hai, cac vét nut
thudng bat dau voi quy dao thing, sau d6 c6 thé
ché ra thanh nhiéu nhanh. Hién twong nay rat
thudng gip trong thuc té v6i nhiéu loai vat liéu
khéc nhau nhu bé tong, d4, polyme hodc céc
duong dng dan khi nén [9,4]. Viéc tinh toan duy
doan dugc céac hu hai dong cua vat liu, két cu
14 mot thach thie va cling 1a mot chi dé& quan
trong clia cong dong co hoc tinh toan. Nhimng
hiéu biét, két qua thu duoc tir tinh toan s& dong
gop rat 16n vao cong tac phat trién, thiét ké vat
litu, két cAdu mot cach bén virng, hiéu qua
[11,15].

Bé tong 1a loai vat liéu dugc sur dung rong rai
trong xay dung, cu tao tir nhiéu thanh phan. O
cap d6 vi mo, co thé coi bé tong 14 vat liéu dong
nhét. Tuy nhién, & cip trung va vi mo, bé tong 1a
mot vat liéu khong dong nhat gdm nhiéu pha: cac
hat c6t liéu dugc xem la hoan toan dic, vita xi
méng chira cac 16 rdng va ving tiép giap vira xi
ming - c6t liéu. Nghién ctru qua trinh phé hoai
va ing xir co hoc ctia bé tong van 1a mot nhiém
vu phtc tap. Nhiéu mé hinh tinh toan pha hoai
cho bé tong di duoc phat trién, vi du nhu:
phuong phap hat ngdu nhién, phuong phap
khong ludi, truong pha, phuong phép tiép can da
ty 1& va phuong phap phan tir hitu han mé rong.

M6 hinh pha huy lién tyc ¢ thé chia lam hai
nhém chinh véi gia thiét bé tong 1a vat lidu bat
dang hudng hodc vat liéu dang hudng. Trong
nhom thtr nhat, véi tinh chit di hudng cua vt
liéu, mo hinh nhin chung tinh toan phtc tap voi
tensor bién dang bac cao [5,7,8]. Nhom tht hai,
véi tinh chét drfmg hudng cua vat liéu, mo hinh
phé hay ¢ vu diém tinh toan don gian hon. Hién
nhom nay c6 hai huéng tiép can chinh 1a mé hinh
pha huy phi cuc bd (non-local damage) va mo
hinh pha huy cuc bo (local damage).

Hudéng mé hinh phé huy phi cuc bd thuong
lam mét di tinh dung d4n cua bai toan gia tri bién,
cudi cling tao ra vo sd nghiém c6 ning luong tiéu
tan trong phﬁn ttr hitu han nho nhét cua mién,
lam cho giai phép tré nén vo6 nghia. Ngoai ra,
trong md hinh phi cuc bg can giai phuong trinh
cin bang bién dang tuong tuong vé sy tiéu tan
nang luong véi cac phan tir xung quanh. Cac mo
hinh lién tuc bac cao, md hinh gradient-
enhanced hoac mo hinh phi cuc by dya trén tich
phan di dugc dé xuét [1,6,13]. Nhin chung, céc
phuong phap phi cuc b co chi phi tinh toan 16m,
dan dén it kha thi khi tmg dung trong cac bai toan
thuc té.

Trong khi do, véi mé hinh pha huy cuc bo,
viéc mo ta sy hu hai cuc bd khong yéu cau phai
giai thém phuong trinh ndo vé tng xr suy yéu ctia
vat li¢u. Vi vay, su phu thudc qua lai cua hé
phuong trinh mé ta chuyén dong ciia vat ran va
su tang trudng cua trudong phé hoai dugc tranh.
Thuat toan gidi s€ bdt phuc tap hon. Va vai
phuong phap phén tir hitu han chuén, mé hinh pha
hity cuc bo ¢6 thé duge thyc hién mot cach hop 1.

Bai bao ndy nham muc tiéu phat trién mé hinh
pha hity cuc bd va thuat toan phan tir hiru han dé
tinh todn, m6 phdong sy hu hong cia vat li¢u tua
gion dudi tdc dung cua tai trong dong. Trong do,
tham sb suy yéu ciia mé hinh duoc kiém soat
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thong qua mot hé sb xac dinh tir ning lwong pha
huy cua vét liéu va chiéu dai dic trung cua phan
tir. Tham sd suy yéu nay trong ham ting trudng
hu hai khi tinh toan bang phan tir hitu han gitip
loai bo véan dé phu thudc vao mat do ludi chia.
Thém vao do, mo hinh pha hiy cuc bo do nhém
phat trién dugc két hop véi bién dang twong
duong theo cong thirc smooth Rankine. Diéu nay
da nang cao y nghia vat 1y cua ham tang trudng
hu hai khi x4c dinh vi tri vét nit trong cac vt
liéu tya gion. Trong nghién ctru ndy, m6 hinh
pha hay dé xuat duogc thyuc hién boi phuong phap
phan tir hitu han véi cac phan tir tir giac chuan.
Dé r0i rac hoa theo bude thoi gian, phuong phap
sai phan trung tdm (Central Diffrence Method)
duoc st dung [4]. Hi¢u qua ciia mo hinh phé huy
cuc bg phat trién cho bai toan dong cua vat liéu
tua gion duge kiém tra thong qua céc tinh toan
s6. P9 chinh xac ciia két qua tinh toan, dugc so
sanh, danh gia véi cac két qua thyc nghiém da
duoc cong bd [9].

IC ou 0oV
5 OX OX

2. Ly thuyét tinh toan
2.1. Phwong trinh vi phdn cho bai toan dong

Phuong trinh cin bang dong lugng gin lién
véi diéu kién bién trong mot vat ran Q duoc cho
nhu sau [3]:

A,o+b=pa 1)
. o I

u=u tréen mieén Y

on =1 trén midn ¢

ut=0)=0 va Vt=0=Y

Trong do:

o tensor g suat;

b: vector luc khdi, tinh trén mot don vi thé
tich vat liéu;

p: khdi lugng riéng cua vat liéu;

.k \')
a: vector gia toc, a =—,
, dt

V: vector van toc;

u: vector chuyén vi;

n: vector phap tuyén don vi trén bién 6Q ;

U 1a chuyén vi rang budc trén bién T, ;

t 1a lyc kéo rang budc trén bién T, ;

Dya vao nguyén ly cong 4o, ta c6 phuong
trinh dang yéu cho trudng chuyén vi tai cac nit
phén t& nhu sau [3]:

dv -
———dQ+| p—ovdQ— [ bovdQ— | tovdA=0 2
£ i j | 2)

Trong do:

C : ma tran cac hé sd dan hdi cua vat lidu;

SV : trudng van toe ao thoa man cac diéu kién
dong hoc;

Vector chuyén vi u (1a mot ham cua thoi
gian) tai cac nut ro1 rac dugc tinh nhu sau [3]:

M+ Ku=P @)
Trong do:

M : ma tran khoi lugng;

K : ma tran d§ cling;

P : ma tran ngoai lyc;

Iy

Day 1a mot hé phuong trinh vi phan tuyén tinh
béc hai can giai theo thoi gian dé xac dinh dugc
vector chuyén vi U tai cac niit. Phuong phap sai
phan trung tim duoc st dung, véi cac xap xi [4]:

2
u,,=u, +Atv, + %am 4)
Vn+l = Vn + %(an + a‘n+l) (5)

Khi d6, phuong trinh dang yéu da duogc roi
rac tai thoi diém th+1co dang nhu sau:

At)’
Ma +K(un+Atvn+%an):Pn+l (6)

n+1
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Pé dam bao su 6n dinh cua tinh toan tich phan
tuong minh theo thoi gian, budc thoi gian At
phai nho hon mét ngudng gia tri At [14]. Gia
tri nay lién quan t6i tbc do song nén gian 16n nhat
va kich thuéc ludi nho nhat. Trong nghién ciru
nay At . duoc tinh nhu sau:

stable

stable

: h
=CMin | ———=| (7
"\ J(A+2u)l p ")

Trong d6, ¢ 1a hé s6 an toan (¢ <1.0); h, Ia
kich thuéc ctia phan tir; 4, 214 cac hé s6 Lame.

At = CAt

stable

Dai lugng [/(A+2u)/ p 1a tbc do cua song

bién dang véi trang thai ing suét phang.

Ngoai ra, khi giai phuong trinh trén dé tim gia
toc a. .,
ma tran khdi luong M. Viéc nay doi héi ton

tai thoi diém t,, can phai nghich dao

nhiéu thoi gian tinh toan. Vi vy ma tran khi
lwong M dugc chuyén thanh ma tran duong chéo
bang phuong phap cong theo hang [3]. Cu thé
nhu sau:

M, => M, vaM,=0khiazb
b

2.2. Quan h¢ irng sudt - bién dang - chuyén vi

Dinh luat Hooke thé hién quan hé gitra tmg
suat va bién dang cua vat liéu trong sudt qua
trinh chiu tai (c6 ké dén qua trinh pha huy) dé
tinh nhu sau [13]:

c=(1-d)C:¢

Trong do:

¢ tensor bién dang;

d 1a dai luong v huéng thé hién trang thai
cua vat liu. Pai lugng nay nhan gia tri trong
khoang 0-+1, thé hién su suy yéu cua vét liéu do
anh huong cua hu hai. Cu thé nhu sau, d = 0
tuong trng vaéi trang thai vat liéu hoan toan binh
thuong, khong c6 hu hai va d = 1 tuong tng
trang thai vat li€u bi hu hai hoan toan.

Bién dang dugc xac dinh tu chuyén vi nhu
sau:
_1,0u Oy

& = 2(8)( aX) (8)

2.3. Ham tang truong hw hai d

Quy luat ting truéng cua bién hu hai d duwoc
biéu dién boi quy luat ham mii sau [12]:

0 khi k <k,

d(k) = )

1—%[1—a+aeﬁ(kk°)] khi k >k,

Trong do:

k : bién lich str ca bién dang, dugc tinh bang
gia tri 16n nhat cua bién dang tuong duong Eeq
trong sudt qua trinh bién dang;

k>0; k=max(e,(0), f[0,t];
ko 1a ngudng bién dang pha hiy cua vat lidu;
f P .

k, = Et véi fi va E lan luot 1a cuong do chiu
kéo va md dun dan hdi cia vat ligu.

ava B1a cac tham s6 kiém soat hinh dang ctia
duong cong d(K) . a thé hién cuong do du cua
vat liéu sau khi bi pha hoai. O day, a duoc 1ay
bang 1, nghia 14 vat liéu hoan toan khong con
cuong do6 du. B 1a tham s6 dong vai trd quan
trong trong nghién ciru nay, chil yéu dé kiém soat
d6 dbc cua duong suy yéu cua vat lidu. # duoc
x4c dinh tir céc tinh chét cua vat liéu va chiéu dai
dic trung clia phan tir.

— =k (10)

Trong do:

he: chiéu dai dic trung cua phén tr, dugc xac
dinh tiy thudc vao dang phan tir str dung dé phan
tich bai toan. Trong truong hop phan tir tir gidc

h=JA;

Gt: nang lugng pha huy cua vat licu;
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2.4. Bién dang twong dwong Eeq

Gi4 trj bién dang tvong duong &e Cho phép
lién h¢ tensor bién dang voi mot dai lwgng mot
chiéu, no6i cach khac 1a su “tuong duong” giira
trang thai chiu tai ba truc véi trang thai chiu tai
don truc. Hién nay, nhiéu mo hinh bién dang
tuong duong di duoc dé xuit bai cac tac gia
khac nhau, vi du bién dang twong duong von
Mises, bién dang twong duong theo quy tic song
ning luong (bi-energy norm), bién dang tuwong
duong theo quy tic song ning lugng cai tién...
Trong nghién ciru ndy, bién dang tuong duong
theo cong thuc smoothh Rankine [13] dugc su
dung.

1
e (e)=— 11
(6)= 2 1)
Trong do:
o,voi 1 =123 la cac ung suét chinh, thu

duoc bang cach tim gia tri riéng cua tensor ing
sudt hiru hiéu (khong xét dén hu hai);

64

X2
I_{‘

Chiéu day: 25

200

c=C:¢ (12)

o]+

1a du ngodc Macauley.

<.> =

3. Két qua s

N

Thyuc nghiém pha huy cia mot tim bé tong
dang chir U chiu tai trong dong & cac tdc do gia
tai khac nhau da duoc thuc hién boi Ozbolt va
cac cong sy [9]. Anh hudng cua tde d6 bién dang
va cia quan tinh dén dang pha hily va hinh thai
vét nirt da duge nghién ctru. OZbolt va cic cong
su da chi ra rang, khi toc do gia tai ting 1én, su
pha huy coa tim bé tong s& chuyén tir dang
I sang dang phtrc hop [9]. Muoi hai truong hop
tdc d0 gia tai da dugc thyc hién, tir 0.045 m/s dén
4.298 m/s. Trong nghién ctru nay, ching t61 chi
1y bdn truong hop van tdc dé khao sat mo hinh
pha huy dugc dé xuét, bao gom Case 1 = 0.304
m/s; Case 2 =1.375m/s; Case 3 = 3.318 m/s;
Case 4 = 3.993 m/s.

200

Hinh 1. So dd hinh hoc, diéu kién bién cﬁq thm bé tong dang chit U chiu tac dung cﬁaltéi trong dong
(trai, don vi st dung: mm). Ludi phan tir hitu han Q4 stir dung trong tinh toan so (phai).

Thong s6 hinh hoc va cac diéu kién bién cho
so dd tinh dugc thé hién trén Hinh 1 (trdi). Trong
d6, bién trai cua khia ap diéu kién bién (duong
mau xanh) dugc ¢b dinh theo phuong x1 trong
khi bién phai ctia khia 4p diéu kién bién (duong

mau do) chiu mdt van tdc theo phuong x1 (tir trai
sang phai).

Vi dit lidu vé tai trong tic dong sir dung trong
thi nghiém khong dugc dua ra trong bai bao gbc
[9], nén trong nghién ctru nay, van tdc tac dong
duoc gia thiét theo mé hinh nhu sau [2]:
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Ly, knitst,
v=1t, (13)
Vo khit>t,

Véi t, = 200 us va v, =0.304, 1.375, 3.318

va 3.993 m/s 1an luot cho céac trudng hop Case
1, Case 2, Case 3 va Case 4.

Céc thong s cua vat lidu bé tong thi nghiém
duoc 1y tir nghién ctru [2] nhu sau: M6 dun dan
E=36GPa, hé¢

v=0.18, khdi luong riéng p = 2400 kg/m®,

héi  Young’s s0 Poisson

ning lugng pha huy G, =65J/m?, cudng do
chiu nén f =53 MPa, cuong do chiu kéo
f =3.8 MPa, ty s6 cuong do chiu nén va chiu
kéo k =13.95, chiéu day tim t =25 mm.

KET QUA THU'C NGHIEM [9]

KET QUA TINH TOAN

Case 2 (v,=1.375 m/s)

Case 1 (v, =0.304 m/s)

Mot ludi phan tir hitu han gdm 5214 phan tir
v6i kich thuéc phdn tr trung binh
Naerage =3 MM duoce sir dung cho mo hinh tinh
toan. Tong thoi gian tinh toan la 1000 ps cho
Case 1 va 500 ps cho cac truong hop con lai
(Case 2, 3 va 4). Budc thoi gian tinh toan duoc
tinh nhu trinh bay & phan 2.1, dugc giit ¢6 dinh
va bang 0.3335 ps.

Két qua phan tich sy phat trién ctia ving pha
hay (thé hién boi gia tri dai lugng hu hai d) trong
bon truong hop tai trong Case 1, Case 2, Case 3
va Case 4 dugc thé hién ¢ Hinh 2 (phia dudi).
Két qua thyc nghiém cia cic truong hop tai
trong nay (Hinh 2 phia trén) dugc lay tir tai liéu
[9] nham so sanh, danh gia d chinh xac ctia mo
hinh sd.

! : ‘,heactioq ‘ '

Case 3 (v, =3.318 m/s) Case 4 (v,=3.993 m/s)

Hinh 2. So sanh hinh dang vét nut giita két qua tinh toan s va két qua thuc nghiém [9]
(Mau xanh nudc bién va mau do thé hién vat liéu con nguyén ven va hoan toan pha huy)

C6 thé thiy rang mo hinh c6 kha ning du
doan vi tri hinh thanh va huéng phat trién vét nut
trong ca bon truong hop tai trong. Su phat trién
vét nurt phu thudc rat nhiéu vao van tdc tai trong
tac dong. O vén tdc thap (Case 1), vét nirt phat
trién theo hudng vudng goc véi dudng tac dung
cua tai trong. Khi tang tdc do tac dong, vét nit
¢6 xu hudng dich chuyén vé phia bén phai cta

mau thi nghiém, theo chiéu tac dong cua tai
trong. Véi tde do tac dong 1om, vét nit ché ra lam
hai nhanh.

Nhu vay, mo hinh phét trién cho phép du
doan kha chinh xac vi tri hinh thanh va hudng
phat trién vét nirt cua tAm vat liéu bé tong chiu
tac dung cua tai trong dong & cac van tdc khac
nhau.
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Bén canh d6, bang phuong phap sai phan
trung tdm - tinh tich phan theo thoi gian tuong
minh, m6 hinh phat trién hién tai c6 vu diém vé
thoi gian tinh toan so véi mo hinh str dung tich
phan 4n nhu trong [12].

4. Két luan

Trong nghién clru nay, mgt mo hinh pha huy
cuc b hiéu qua cho viéc du bao vét nirt trong vat
li¢u tua gion chiu tac dung cua tai trong dong da
dugc dé xuat. Mo hinh pha hay cuc bo hién tai
sir dung bién dang twong duong theo smooth
Rankine két hop v6i k¥ thuat chinh quy héa theo
nang luong dé tinh todn pha hay dong cho vat
liéu tya gion. Uu diém ciia mo hinh phé hiy cuc
bd nay la sy it phu thudc cua két qua tinh toan
vao mat do ludi chia va chi phi tinh toan thap.
Ngoai ra, phuong phép sai phan trung tdm va
chéo hoa ma tran khéi lwong ciing cho phép giam
dang ké thoi gian tinh toan so v&i phuong phap
tich phan thoi gian an. Nhiing diéu nay c6 y
nghia quan trong cho kha nang mo¢ rong ung
dung mé hinh vao cac bai toan 3 chiéu phuc tap
hon trong tuong lai. Két qua tinh toan hién tai
cho thdy, mé hinh dé xuét c6 thé du doan mot
cach hop 1y hudng phat trién va vi tri caa vét nit
dong khi so sanh véi két qua thuc nghiém.
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