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TOM TAT

Bai bdo nay trinh bay mo6 hinh pha hoai cuc bd céi tién cho vat liéu ban gion. Trang thai vat liéu
dugc mo ta bang dai luong dac trung hu hai, nhan gia tri tir O (trang thai nguyén ven) dén 1 (hu
hai hoan toan). M6 hinh pha hoai cuc b6 c8 dién c6 uu diém tinh toan don gian, tuy nhién kho hoi
tu va két quéa phu thudc vao mat dé ludi chia. Nhiéu mé hinh phé hoai phi cuc bd khac nhau da
dugc dé xudt, nhung lam tdng chi phi tinh toan, dan dén khé khan khi dp dung thuc té. Mat khac,
mo hinh phi cuc bd thudng dan dén du doédn bé rong ving phé hoai Ién hon nhiéu so vai thuc té.
& day, diém cai tién [a dai lugng hu hai dugc lién hé vai ndng lugng phé hiy va kich thudc phan
tl; tlr d6 khdc phuc dugc cac nhugc diém ctia mo hinh phé hoai cuc bod ¢é dién, trong khi van gilr
chi phi tinh todn thap. Bai b4o dé xuat str dung phan tr da gidc nham tan dung uu diém doé chinh
Xac cao, tu d6 cho phép s6 lugng phan t it hon. Bién dang tuong duong theo bi-energy norm lan
dau tién dugc dp dung vao phan tich phé hoai cuc bé. Dai luong nay dua trén tiéu chuan pha hay
theo nang lugng bién dang I6n nhat, nhung dugc hiéu chinh dé xét t6i dac tinh chiu nén t6t han
chiu kéo cuia vat liéu ban gion. Tinh chinh xac va hiéu qua clia mé hinh dé xuat dugc khao sat va
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so sanh vai cac két qua thuc nghiém va két qua s6 khac ti tai liéu tham khao.
Tuwkhoa: M6 hinh pha hoai cuc b cai tién, bi-energy norm, vat liéu ban gion, phan tir da giac

GIGI THIEU

Mot s6 vat liéu nhu bé tong, dd, da voi ... khong phai
1a vat liéu gion hoan toan, nhung ching van biéu hién
hanh vi dut gay gan nhu vat liéu gion. Cacloai vatliéu
ban gion nay dugc ing dung réng rai trong thiét ké ky
thuat ctia cac toa nha, ddc biét 1a trong hé théng co s
ha tdng. Do sy phé bién do, nghién ctiu du doan hanh
vi dut gay cho vét liéu nay da thu hut cdc nha nghién
ctu trong sudt nhiéu thip ky qua, thong qua nhiéu
phuong phap nhu thuc nghiém, mo phong, ly thuyét
va tinh toan.

Trén phuong dién moé hinh tinh todn, sy hu hai vét
liéu c6 thé dugc biéu dién thong qua mot trudng lién
tuc véi gia tri bién thién tu 0 (dai dién cho trang théi
nguyén ven) dén 1 (dai dién cho trang thai hu hong
hoan toan)!. Mé hinh don gian nay huéng t6i biéu
dién hién tugng suy gidm kha ning chiu tai cua tiing
diém vat liéu do dnh hudng ctia hu hai, ma khong xét
dén nguyén nhan cta sy hu hai (nhu sy hinh thanh
vét nit té vi, khuyét tat trong vét liéu). Néu gid tri
bién dang tuong duong tai mot diém vugt qua ngudng
cho phép, mtic d6 hu hai ctia diém d6 dugc ting lén.
Do su hu hai dugc xét trén diém vat liéu, mo6 hinh
nay con dugc biét dén 13 mo hinh phd hoai cuc bo.
Du c6 uu thé 1a tinh toan don gian, md hinh cuc bo
¢ dién cé nhugc diém 1a két qua phu thudc mat do

luéi phan ttt va kho6 hoi tu. Dé khic phuc, mot s6 mo
hinh phi cuc b da dugc dé xuit?3. Nhin chung, c6
hai nhém mo hinh phi cuc bé: i) nhém mo hinh téng
cudng trudng dao ham (gradient-enhanced damage)
va ii) nhém mo hinh dua trén tich phan (integral-type
nonlocal damage). O nhém i), bién dang tuong duong
phi cuc bo dugc xem nhu mot 4n phai gidi (bén canh
cac thanh phén chuyén vi) va lién hé véi dai lugng cuc
bd qua mot phuong trinh vi phan. Vi phai gidi hé hai
phuong trinh phi tuyén (phuong trinh can bing va
phuong trinh lién hé gitia cic bién dang tuong duong
cuc bo - phi cuc bd), va tong s6 &n phai giai ting lén,
chi phi tinh toan bi tang 1én nhiéu so véi m6 hinh cuc
bo. i véi nhdm ii), bién dang tuong duong phi cuc
bd tai mot diém nao do dugc tinh la gid tri trung binh
6 trong s6 ctia nhiing gia tri bién dang tuong duong
cuc bo 1an cin. Phép tinh trung binh nay dugc biéu
dién duéi dang tich phan. Mdc du vay, vé ban chit,
tugng hu hai xdy ra cuc bg. Viéc phi cuc bo hoa dan
dén viing hu hai thudng dugc dy dodn véi bé rong 16n
hon nhiéu so véi thuc té. Bé rong nay cd thé dugc diéu
khién béi mot tham s6 dic trung kich thuge. Nhiéu
nghién ctiu gin day st dung tham s6 kich thude nay
v6i gid tri thay d6i, d€ thu hep bé rong vung hu hai
vé gan véi thyc t€ hon. Tuy nhién khi tham s6 kich
thudc ddc trung nho thi kich thudc phén ti ciing phai

Trich dan bai bao nay: Quan T N, Minh N N, Tinh B Q, Duy H . Ap dung mé hinh cai tién dé phan tich
hién tugng pha hoai cuc bé & vat liéu ban gion. Sci. Tech. Dev. J. - Eng. Tech.; 6(1):1772-1785.
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nho theo tuong Gng, gép phin lam tang chi phi tinh
toan. Bén canh d6, con c6 mo hinh truong pha (phase
field) 45 Mic du dugc xuit phat tli nén tang vat ly va
todn hoc khédc (mugn hién tugng bién d6i pha d€ mé
ta trang thai vat liéu thay d6i tit nguyén ven dén pha
huy, va nang lugng ma vét nit dua theo tiéu chudn
Griffith), moé hinh trudng pha cé nhiéu diém tuong
tu v&i md hinh pha hoai phi cuc bo®.

Gin diy, nhém tac gia Kurumatani’ dé xudt céi tién
mo hinh phd hoai cuc bo bing cich dua ning lugng
pha huy (fracture energy) va kich thudc phan ti vao
ham tinh todn sy ting trudng dai lugng hu hai. Diéu
nay khong chi bé sung y nghia vét ly cho ham ting
trudng hu hai, ma con gitp gidm thiéu sy phu thudc
ctia két qua vao mét do luéi. Tuy nhién, bién dang
tuong duong ma nhom tic gida Kurumatani stt dung
dya trén tiéu chuéin Von Mises hiéu chinh, chua phan
dnh tot Uing xU ctia vét liéu ban gion khi chju tai hén
hop®. Do d¢, tai liéu® da dé xudt bién dang tuong
duong theo tiéu chudn nang lugng bién dang 16n nhit,
véi sy hiéu chinh nhim xét dén dic tinh chiu nén t6t
hon chju kéo ctia nhiéu vét liéu ban gion ph6 bién nhu
bé tong, dd voi,... goi 1a bién dang tuong duong theo
hai thanh phan ning lugng kéo/nén (bi-energy norm),
trén nén tang mo hinh phd hoai phi cuc bo. Trong bai
bdo nay, bién dang tuong duong theo bi-energy norm
dugc dé xudt tich hgp vao mo hinh phé hoai cuc b
cdi tién dé cai thién kha ning mo phong ting xt cua
vat liéu khi chiu tai hdn hop, dong thdi duy tri chi phi
tinh todn thép.

Thong thudng, phén ti tam gidc 3 nit hay td giac 4 nat
sé dugc st dung trong qua trinh tinh toan vi sy don
gidn ctia ching. Tuy nhién, nhiéu nghién ctiu gdn day
da chi ra nhiéu vu diém cta phén ti da gidc so véi
phéan ti hiiu han thong thuong. Phén ti da gidc 1a
dang khai quat hoa, cho phép xay dung cac phan ti
c6 dang hinh hoc 1a da gidc 16i n-canh (n = 3, 4, 5,
6, ...), vOi y tudng ban dau dugc dé xudt boi Wach-
press®. Phuong phap phan tt hitu han da gic sau d6
da dugc khao sat va phat trién thém boi nhiéu tac gia
khac10-12, trong d6 néu bt d chinh x4c clia phén ti
da giac cao hon so véi cac phén tli tam giac hay tu giac
thuong dung. V€ hinh hoc, viéc chia luéi da gidc cd
thé thuyc hién mot cach ty dong 11 trén nén tang cac 0
Voronoi.

Bai bao nay trinh bay viéc xay dung mo hinh phd hoai
phi cuc bg, xét dén bién dang tuong duong theo bi-
energy norm, v6i hiéng dp dung trong phén tich ting
XU ctia vét liéu ban gion cé kha nang chiu tai nén cao
hon chiju kéo, ching han nhu bé tong. Trong qué trinh
tinh todn, phén ti da gidc dugc dé xudt st dung, thay
cho céc phén tt tam gidc va ti gidc thong thudng.
Tinh chinh x4c va hiéu qua ctia mo6 hinh sé dugc khao
sat va so sanh thong qua cac vi du s6.
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MO HINH CAI TIEN BE PHAN TiCH
PHA HOAI CUC Bo VAT LIEU BAN
GION

Ham biéu dién ting truéng chia su hu hai vat
liéu (damage evolution)

Trong nhiéu tai liéu trudc ( 1.27.8) quan hé ung suét-
bién dang khi c¢6 hu hai dugc cho nhu sau

o(e)=(1-D(x))Ce (1)

Trong d6, o 14 tensor ting sudt, € 1a tensor bién dang,
Clatensor cdc hing s6 vétliéu, va D(x) 1a ham s6 biéu
dién muic d6 hu hai. Ddi v6i vat liéu nhu bé tong, dd
voi, sy tang trudng muic do hu hai thudng dugc biéu
dién qua mot ham s6 ma

D(K){

v6i D 1a dailugng ddc trung hu hai, la gid tri bién dang
tuong duong 16n nhat trong lich st dat tai. ko 1a bién
dang tuong ung véi gidi han chiu tai kéo f; .
B 1a hai tham s6 thé hién hinh dang nhanh bién mém

0, khi k < Ky
- [1—a+ae*ﬁ<K*'®>}  khi K > Ko

a va

ctia dudng cong ting suit — bién dang, va thuong dugc
tinh dua trén s6 liéu tng sudt - bién dang ti thuc
nghiém. D& don gian, ta ¢4 thé chon trude hé s6 a
=1 va chi cin x4c dinh .

Nhéim khic phuc nhuge diém phu thudc mat do ludi
ctia mo hinh hu hai cuc b ¢8 dién, nhom tac gia Ku-
rumatani’ da dé xuft tinh B theo mé hinh lyc két
dinh cta ly thuyét co hoc niit nhu sau

_ Egghe

B="3, 3

v6i E1a mo6 dun dan héi ctia vét liéu; G 7 1a nang lugng
tiéu tdn do phé huy, dugc tinh bing phan dién tich bén
duéi doan bién mém ctia dudng cong ting sudt - bién
dang (xem Hinh 1); h, la chiéu dai d4c trung ctia phin
ta.

Fracture energy (Gf)
s

o

K & €

Hinh 1: Néng lugng pha hdy (Fracture energy) ®
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Déi v6i cac phan ti hai chiéu nhu tam giac va td gidc,
he c6 thé dugce tinh thong qua dién tich phan ti A,
béil

Phan tt tam giac (Triangular element): i, = 1/24,.
Phan tt t¢ gidc (Quadrilateral element): /1, = v/A,.
Trong trudng hop st dung phin tli da gidc, h, = VA,
dugc dé xuit.

Bién dang tuong duong theo bi-energy
norm?®

Céch tinh bién dang tuong duong thuong dugc dé
xudt dya trén cac tiéu chuén phd hay khdc nhau, nhu
mo hinh Rankine, md hinh Mazars, m6 hinh von
Mises hiéu chinh ... Trong d6, m6 hinh von Mises
hiéu chinh ! 1a mé hinh dugc stt dung phé bién bai
nhiéu tac gia, bao gdm ci nhém Kurumatani’. Tuy
nhién moé hinh nay khéng that sy phu hop d€ biéu
dién Ging xti ctia bé tong. S6 do mét d) ning lugng c6
thé tinh nhu sau 4

Y=¢:C:¢ (4)

v6i € 1a tensor bién dang con C la tensor déc trung
thudc tinh vat liéu. Gia tri nay sau d6 dugc chia cho
mo dun dan hoéi E va 14y cin bic hai d€ trd thanh mét
dai lugng c6 thl nguyén tuong tu nhu bién dang, va
do d6 dugc goi la bién dang tuong duong

1
Eq=—F=VEE:£ 5
w= gV (5)
Tuy nhién, biéu thiic trén chua phan biét thanh phén
do kéo va thanh phan do nén va do d6 dugc tai liéu®
dé xudt stra d6i nhu sau
ket +e,,
oy = 2 Eea ©)
A(k+1)
v6i g, va g, 1dn lugt ky hiéu thanh phdn kéo va nén
ctia bién dang tuong duong. Trong phuong trinh (6),
kla ti1é gitta cudng do chiu tdi nén va cuong do chiu
tai kéo, con A € [0.7;1] 1a tham s6 d€ hiéu chinh mo
hinh theo thi nghiém.
Thanh phan bién dang tuong duong kéo c6 thé tinh
bai:

1l
62;] ﬁ et:C:et (7)

Trong d6

g = Lo (€") 7} (8)

V6i € 1a bién dang chinh thit m, 7™ biéu dién huéng
chinh tht m. Todn ti Macaulay (x) sé tré lai gid tri
duong chia x va tra vé 0 néu x am, cu thé

(x) = 5 (x-+ ) ©)

Thanh phén bién dang tuong duong nén dugc tinh
tuong tu

- 1 — . .o
eeq:ﬁ\/e :C:¢g

(10)

trong do
1m

VGi €pin 13 tensor chiia cac thanh phan bién dang
chinh.

Vi xudt phat ti tiéu chun ning lugng bién dang cuc
dai va tdch bién dang tuong duong thanh hai phin
kéo va nén, bién dang tuong duong & phuong trinh
(6) dugc goi la bién dang tuong duong duya trén hai
thanh phan nang lugng kéo/nén (bi-energy norm)

€ =¢gpn—€"

Phan t da giac (polygonal element)

Phén tt tam gidc ba nat hay ti giac bon nut thudng
dugc st dung trong phan tich phén ti hiiu han do tinh
toan don gian. Phén tu tam gidc ba nut ¢6 vu diém l1a
thuén tién trong qua trinh chia luéi véi cac mién hinh
hoc phtc tap, nhung gia thiét trudng dao ham 1a hing
6 trong mién phan ti dan dén sai s6 16n. Phén tu tu
gidc bon nut ¢6 do chinh xac cao hon, nhung gap kho
khin nhét dinh khi chia lu6i. Do d6, ho céc phén td
da giac da dugc dé xudt?. Khi do, phén tu sé cé hinh
dang la da gidc v6i s6 canh »n bat ky (n = 3, 4, 5, 6,
...), hay n-gons. Hinh 2 minh hoa cdc dang phan tu
da giac khac nhau. Dang hinh hoc ctia phan tit khong
bi gii han trong pham vi hinh 16i, ma c6 thé16m, va
trén mdi canh co thé c6 nhiéu nut. Diéu nay mang
dén sy linh hoat khi chia luéi [11]. Mit khéc, phan
tu da gidc cling dugc danh gid la c¢6 do chinh xdc cao
hon, it nhay véi sy méo dang (distortion) hon so véi
phén t hitu han théng thudng %1215, Viéc tinh todn
truong dao ham (bién dang, ting sudt) chinh xdc hon
ciing la uu thé khi stt dung phan ti da gidc trong phan
tich hién tugng hu hai vét liéu, nhu dé cap boi Huynh
va cs. 16 cho mé hinh phi cuc bd.

Ham dang cta da gidc ¢;(x) dugc x4y dung
ti tdp hgp cdc ham trong s6 khong 4am
{wi (%), w2 (x),.ccywy (%)}

déu dat dugc gid tri 16n nhdt tai va gidm khi ting

Trong d6 moi w;(x)

khodng cach tii x;. Cac ham dang da gidc c6 thé dugc
17

biéu dién téng quat nhu sau'’.
wi (x)

¥ (0
j=1

Céch biéu dién nay dam bao tinh chit tdng cidc ham

i (x) = 12)

dangbang 1 (partition of unity). Ham trong s6 Laplace
tai diém p bén trong phan tii da giac dugc cho bgil”

wi (x) = M

hi (x) 13
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Hinh 2: Phan ti da giac. (@) Phan tdr hinh chit nhat (n=4); (b) Phan t& cht nhat véi céc nat & bén va gilta bén (n=6);
(c) Phan ti nam canh (n=5); (d) Phan ti& ndm canh véi cac nat & bén va gilra bén (n=8); (e) Phan ti bén canh véi

cac nut bén trong (n=10); (f) Phan t& bdy canh 16m (n=7

¥
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Hinh 3: Xay dung cac ham dang Laplace trong mét phan tir da giac

trong d6 n 1a s6 nut dinh, w;(x) 13 ham trong s6
Laplace, S; (x) 1a d0 dai canh cta 6 Voronoi lién quan
t6i diém p va ndt a, va h; (x) 1a khoang cich gitia diém
p va nat i (xem Hinh 3)

KET QUA VA THAO LUAN

M0 hinh hu hai cuc b cai tién cho vét liéu ban gion
(Muc 2.1, 2.2) két hgp v6i phuong phap phén ti hiiu
han da gidc (Muc 2.3) dugc d€ xudt trong bai bdo nay.
Tinh chinh xdc va hiéu qua ctia phuong an dugc khao
sat qua ba bai toan hai chiéu:

i) Bai todn tdm vuodng ¢4 16 tron chiu kéo;

ii) Bai todn dam chiu uén 3 diém;

iii) Bai todn t&m hinh chii L.
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Ludi phan tu da gidc dugce tao tu dong bing chuong
trinh PolyMesher ctia nhém tac gia Talischi!!.

Bai toan tdm vuéng ¢4 16 tron chiu kéo
Nham kiém chiing tinh kha thi ctia phuong phap dé
khao sat su hu hai cta vat liéu, ta khdo sait mo hinh
tdm hinh vuéng c6 16 tron chiu kéo (Hinh 4). Thong
s6 vat liéu ctia tdm dugc cho trong Bang 1. Thong
thuong néu khdng co bién phap xti ly nao thi mé hinh
sé chiu anh hudng boi ludi phan ti. Trong phan nay,
bang cach st dung m6 hinh phd hoai cuc bé cai tién dé
chiing minh két qua ctia né sé khong con phu thudc
mét d¢ ludi chia nhu ctia mo hinh phd hoai cuc bo ¢
dién.
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Trong phén tich, ta xét hai truong hop ludi chia st
dung phan ti ti gidc (Q4) va phén tu da giac (polyg-
onal). Hinh 4a thé hién lué6i tho v6i 633 phan ti Q4
(683 nut), con Hinh 4b 1a lu6i min v6i 8448 phan ti
Q4 (8543 nut). Hinh 4c thé hién ludi 600 phan tu
da gidc (1202 nut). Kich thudc hinh hoc cia mau la
200x200(mm), v6i 16 tron & chinh gitia c6 ban kinh
10 mm.

Hinh 5 thé hién cdc két qué ctia dudng cong tai trong
- chuyén vi cho cé ba truong hgp. Céac duong cong
thu dugc tii ba luéi phan tt khac nhau (Hinh 5) gdn
nhu tring nhau & nhanh dan hai va vi tri dinh, va chi
6 khéc biét nho & nhanh phia sau dinh. Tt d6 c6 thé
théy rang ludi chia anh hudng khong dang ké dén két
qua tinh toan.

Bén canh d6 (Hinh 6) cho thdy sy phat trién cta dai
lugng hu hai D cho ba truéng hop luéi chia. Ta c6 thé
xem ving c6 D = 1 (viing mau d6 sdm) biéu hién cho
vét nit. Tai cing mot budc tai, vi tri va va d6 dai caa
vét ntit hau nhu khong khac biét. Tuy nhién, vét nit
¢6 xu huéng dugc thé hién manh hon véi luéi min.

Bai toan dam chiu uén ba diém

Trong vi du nay, thuc nghiém didm chiu uén ba diém
ctua Kormeling va Reinhardt 18 (Hinh 7) sé dugc mo
phong lai bing mo hinh tinh toan dé€ xuat. Cac thong
s6 vat liéu dugc tham khao tit tai liéu !'81°] thé hién
& Bang 2. Mo hinh st dung luéi phan ti ti gidc chia
tho 600 phan tu td giac Q4 (662 nut), ludi phan tu tu
gidc chia min 5505 phan ti td giac Q4 (5671 nut) va
luéi phan ti da giac 2000 phén ti (4019 nut). Cacludi
phén td hiiu han dugc trinh bay & Hinh 8. Bén canh
so sanh véi thuc nghiém, két qua tinh todn ctia mo
hinh dé xudt ciing dugc so sanh véi cac mo phong s6
clia tac gia Jirasek ! st dung céch tiép can phi cuc bo.
Hinh 9 cho théy sy phét trién ctia cdc vét niit trong
tiing giai doan, cu thé: (i) vét nut bat dau phét trién,
ung véi dinh ctia dudng cong tai-chuyén vi; sau d6
vét nut tiép tuc phat trién di thdng 1én trén, tién dén
vi tri dat tai (ti (ii) - (iv) ); cudi cung la hu hai nghiém
trong (v), khi vét niit tién dén mit trén ctia dam.
Hinh 10 so sénh dudng cong tai trong — chuyén vi thu
dugc tit moé hinh dé xudt véi di liéu thuc nghiém 18
va md phong clia Jirdsek '°. Qua d6 thi, mé hinh tinh
toan dé xudt stt dung phan ti td gidc (ca hai truong
hop chia luédi tho va chia luéi min) va phan ti da giac
déu cho két qua khd sat véi ving dii liéu thuc nghiém.
Mat khac, két qua tinh todn khi st dung bién dang
tuong duong theo moé hinh von Mises hiéu chinh cho
du dodn dinh cta duong cong thép hon nhiéu so véi
thuc nghiém. Diéu nay cho thiy vu diém cta viéc st
dung bién dang tuong duong theo mo hinh bi-energy
norm so vGi theo von Mises hiéu chinh.

Tiép theo, két qua tinh toan trén ludi da gidc ctia mod
hinh cuc bd céi tién dugc so sanh véi md hinh phi
cuc bo trén nén phén ti da gidc 16 (goi tit 1a mo hinh
PCFEM) (Hinh 11).

o M0 hinh PCFEM: trinh bay bién dang trén ludi
da gidc trong mo hinh phi cuc bo. Mot ky thuét
dya trén nguyén ly bién phian Hu-Washizu dé
tao ra mot x4p xi bién dang thay vi 14y tryc tiép
tii cdc ham co s¢ va cic trudng chuyén vi. Chia
Iu6i min khu vuc 1an cin vét nit véi kich thuée
phén ti khodng 2.01 (mm).

o MO hinh cai tién bi-energy norm: st dung mo
hinh phd hoai cuc bd céi tién bi-energy norm véi
phén ti td gidc va phan ti da giac déu véi 2000
phién ti.

Két qua ¢ Hinh 12 nhan thdy m6 hinh PCFEM (md
hinh hu hai phi cuc bd) du doan viing phd hoai c6 bé
rong l16n hon so v6i moé hinh cuc bo, méc du & lan
cén vét nit thi mé hinh PCFEM da st dung ludi chia
min. Bén canh d6, vé caim quan thi mé hinh PCFEM
cho hinh dnh viing phd hoai tron va can ddi, dep mit
hon. Pay la nhiing d4c di€ém ctia mo6 hinh phi cuc bo.
Mic du bé rong vung pha hoai c6 thé dugc thu nhd lai
thong qua viéc gidm d6 16n ctia dai lugng kich thuée
dac trung, nhung diéu nay ciing dan t6i phai chia luéi
min hon, lam gia tang khoéi lugng tinh toan lén rét
nhiéu. Trén thuc té, ban chat ctia hién tugng phd huy
la xay ra cuc bd, do d6 mo6 hinh cuc b sé phu hgp
hon.

Bai toan tam hinh chirL (L-Shaped)

Tiép theo, xem xét mét tdm bé tdng hinh chii L trong
diéu kién ting sudt phng. M0 hinh hinh hoc va diéu
kién bién ctia tim dugc thé hién ¢ Hinh 13. Muc tiéu
chinh ctia vi du nay la cho thdy r6 sy anh hudng ctia
viéc lua chon bién dang tuong duong dén két qua.
Ngoai ra, vai tro ctia ludi chia cling dugc xem xét. Cac
két qua tinh toan dugc so sanh véi s6 liéu thuc nghiém
clia tac gia Winkler 20 vé6i thong s6 vt liéu dugc cho
& Bang 3. Biéu d6 luc - chuyén vi dugc thu bing cach
ghilai chuyén vi & diém dit tai va phan lyc ¢ bién chiu
lién két.

Trudc tién, hai dang ludi td giac 4 nat (Q4) dugc xét
dén & Hinh 14. T6ng s6 phén tit déu 1a 1600 phan tu
(1677 nut) va déu duoc lam min 6 vi trilan cin vét nit.
0] day, can nhin manh la dua trén tham khdo s6 liéu
thuc nghiém, vi tri vét niit da dugc biét trudc, va la
co s6 dé1am min ludi. Trong thuc té ky thuat, hudng
phét trién vét niit thuong khong dugce biét trude. Khi
do, can thiét phai ¢ cac ky thuat chia luéi dap tng,
dé tu dong lam min ludi trong qua trinh phén tich.
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Bang 1: Thong sé vat liéu cho bai toan tam c6 16 tron chiu kéo?

E v k Ko A Gf
20000 MPa 0.1 10 0.0001 0.8 0.04 N/mm
Chuyén vi: 0. 1mm Chuyén vi: 0.1mm Chuyén vi: 0.lmm

}Ill\\\.\lll

|
I
|
'

a)

Hinh 4: M6 hinh chia lugi tdm hinh vuéng c6 16 tron chiu kéo: (a) Chia lugi thé (633 phan tir Q4); (b) Chia ludi min

(8448 phan t Q4); (c) Chia luéi da giac (600 phan tl)

14 T T T
i ~——Lu6i tho (633 phin tir Q4) |
~—Lu6i min (8448 phén tir Q4)
g ! = =Ludi phan tir da giac
= ki ' I
‘é \
= 08F \ -
5 \
a N
‘500.6 B N 1
AN
=045 - .
[ e B,
™~ S
021 A i
D 1 1 1 |
0 0.5 1 1.5 2 25

Chuyén vi / Chidu dai

%107

Hinh 5: Biéu d6 quan hé tai trong - chuyén vi ctia mé hinh t&m hinh vuéng c6 16 tron

Bang 2: Thong sé vat liéu cho bai toan dam ba diém '81°
E v k ) Ko Gy
20000 MPa 0.2 10 90x10-6 1 63.5 N/m
Bang 3: Thong sé vat liéu cho bai toan tam chir L2°
E v k fi A Gy
25850 MPa 0.18 10 2.7 0.8 95 N/m
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Lu6i thd (633 phén t)

= Ludi min (8448 phan or)
a) Budc 200/1000

Lu6i min (8448 phan tr)

Ludi da giac (600 phan tir)

b) Bude 1000/1000

Hinh 6: Su phét trién vét nit trong mé hinh tdm c6 16 tron

229

100

13

~
[

-

Hinh 7: M4 hinh dam ba diém c6 ba kich thudc véi chiéu day ¢ = 13mm

Van dé nay sé dugc khéo sat trong cdc nghién ctu
tiép theo. O Hinh 14, hai cich dinh huéng phan tit
khéc nhau (trong khu vuc ludi min) dugc khao sat.
V6i Hinh 14a, cdc phén tt dinh huéng tu do; con véi
Hinh 14b, cdc phén ti dugc sdp xé€p trat ty va cd kich
thudc tuong d6i déu nhau. Két qua du dodn ving
ntt dugc trinh bay & Hinh 15, so sanh véi viing ntit
trong thuc nghiém 2!, Theo thuc nghiém, vét niit hinh
thanh va phét trién tit géc chii L (vi tri tip trung Gng
suéit, c6 xu hudng phat trién léch 1én khoang 45 do

mot doan réi di ngang vé€ phia bén trai. Ludi chia c6

dinh huéng tu do (hay ndi cach khacla khong cé dinh
hudéng) cho du dodn gén sat v6i thuc nghiém. Trong
khi dé, luéi chia dinh huéng déu chua dy doan t6t
giai doan phét trién léch 1én, dan dén két qua vét nit
ndm ngang & vi tri thp hon so véi thuc nghiém. Hién
tugng nay thuong dugc dé cap dén la “sy thién léch do
[u6i” (mesh-bias) trong céc tai liéu 2223 yiéc st dung
phén ti da gidc budc dau cho thiy cé thé giup giam
hién tugng nay, dugc minh ching & Hinh 16, khi két
qua dy dodn ctia ludi da giac (1600 phan ti) gan véi

thuc nghiém. Theo tai liéu tham khao ctia Jirdsekva
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(a) [ |

Hinh 8: Chia Iugi mé hinh dam ba diém chiu uén: (a) Ludi phan tu ti giac chia tho; b) Ludi phan tl ti giac chia
min; (c) Lugi phan ti da giac

1

0.3 .04 05 0.6
Chuyén vi [mm]

Hinh 9: Su phat trién vét nit khi tang tai cia mé hinh uén dam 16n chiu uén ba diém
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Tai trong [kN]

0.5F

1 1 1
0 0.05 0.1 0.15 0.2

0.25 03

Thye nghiém Kormeling
-5~ Mo phong s6 Jirdsek (2007)
v Mo hinh Von Mises hiéu chinh
----- Ludi thd (600 phin tir tir gide Q4)
— Ludi min (5505 phén tir tir giac Q4)
- - Ludi da giae (2000 phin tr)

Chuyén vi [mm]

Hinh 10: Biéu d6 so sanh tai trong — chuyén vi ciia mé hinh dam ba diém

(a) M6 hinh PCFEM

LILIIY

Y

(b) Mo hinh cai tién Bi-energy norm sir dung ludi da giac

Hinh 11: Chia lugi mé hinh dam ba diém chiu uén: (a) Phuong phap PCFEM; (b) M6 hinh cai tién bi-energy norm

¢s.22, hién tugng mesh-bias ¢ phén ti tu gidc dugc
biéu hién rd khi chia luéi ¢6 cu truc (tic la ludi phan
tu dugc sap xép co trét ty). Trong khi d6, ludi phan ti
da giac c6 xu hudng khong co céu truc, phan nao do
phén ti da gidc ¢6 nhiéu canh hon so véi phén ti tu
gidc. Mt khac, mo hinh pha hoai cuc bd dugce dé xuit
trong bai bdo nay khong st dung cac cong thiic tuong
minh d€ xdc dinh huéng phat trién vét nit. Thay vao
d6, su phét trién ctia vung phd hoai dugc dua vao
cac phuong trinh trang thai nhu phuong trinh tinh
bién dang tuong duong (phuong trinh (6)) va phuong
trinh tinh dai lugng déc trung hu hai theo bién dang

tuong duong (phuong trinh (2)). Trong d6, bién dang
tuong duong dugc tinh ti gid tri bién dang. Viéc phan
tl da gidc c6 do chinh xac cao hon khi x4p xi trudng
dao ham (nhu tng suét va bién dang) 16,17 ciing gop
vai tro nhat dinh trong nang cao kha ning du dodn su
phét trién ctia viing phé hoai.

D6 thi tai - chuyén vi dugc trinh bay & Hinh 17, mét
lan niia cho théy két qua ctia viéc sti dung luéi ti giac
min, thé hay da gidc khong c6 khéc biét 16n, tuong
tu nhu ghi nhén & vi du trudc. Va mot lan niia, viéc
stt dung bién dang tuong duong theo mo hinh von
Mises hiéu chinh cho két qua dy dodn gid tri tai 16n
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() M hinh PCFEM

(b) M6 hinh cai tién Bi-energy norm st dung ludi da giac

Hinh 12: So sanh su phat trién vét nit bang phuang phap PCFEM va mé hinh cai tién bi-energy norm

H = 500 mm

t =10 mm

H/2 = 250 mm

500 mm

H =
&

LN

H/2 = 250 mm

Hinh 13: M6 hinh L-Shaped: dac tinh hinh hoc, diéu kién bién - tai véi va do day t
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Hinh 14: Chia lugi m6 hinh tdm ch(i L: (a) Ludi tu giac chia tu do (1600 phan tir Q4) ; (b) Ludi ti gidc chia déu (1600

phan ti Q4)

Hinh 15: Két qua dudng nit mé hinh tdm chir L: (a) Ludi chia tu do; (b) Lugi chia déu da xéac dinh sai chiéu hudng

phat trién vét nut do chia ludi phan t

nhdt thdp hon nhiéu so véi thuc nghiém. Trong khi
d6, khi st dung bién dang tuong duong theo mé hinh
bi-energy, két qua phut hgp tét véi thuc nghiém.

Ghi chii : hai vdn dé cdn dugc phan biét. Pudng cong
tdi — chuyén vi phy thudc hay khong vao kiéu phdn tir va
mdt d¢ [udi chia dugc goi la « sy phy thudc ciia két qud
vao ludi » (mesh-dependency). Viéc dy dodn huéng
phdt trién vét niit phy thudc hay khong vao sy dinh
huéng ciia phdn tir dugc goi la « sy thién léch hudng
vét niit do luGi » (mesh-bias). Sti dung mé hinh hu hai
cuc bo cdi tién givip gidi quyét van dé mesh-dependency.
Trong khi d6, vin dé mesh-bias sé dugc gidm thiéu vi
phdn tii da gidc.

KET LUAN

Trong nghién ctiu nay, moé hinh phd hoai cuc b¢ cai
tién cho vét liéu ban gion tif tai lieu” tiép tuc dugc
md rong voi hai dé xuét:

i) St dung bién dang tuong duong theo moé hinh bi-
energy, thay vi mo hinh von Mises hiéu chinh.

ii) Stt dung phén td hitu han da gidc, thay vi cic phan
tu thong thudng nhu td gidc hay tam gidc.

Thong qua so sanh véi thuc nghiém va cdc phuong
phép s6 khac, c6 thé thiy dugc hiéu qua thu dugc cta
mod hinh d€ xuét nhu sau :

i) M6 hinh bién dang tuong duong theo bi-energy cho
két qua du doan dudng cong tai-chuyén vi phit hgp
v6i thuc nghiém hon mé hinh von Mises hiéu chinh.
ii) M6 hinh hu hai cuc bé céi tién khong bi anh hudng
nhiéu béi ludi phan t (cd vé loai phan ti va kich
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0.7 0.8

Duong nirt
thurre nghiém
Winker (2004

Hinh 16: M6 hinh tam chir L s&r dung luéi da giac: (a) Chia ludi phan tr da giac; (b) Két quéa dudng nut so véi thuc

nghiém
8 T T
7L Thye nghiém Winker (2004) J
¥ Mo hinh Von Mises hi¢u chinh
61 + Ludi thé (1600 phan tir Q4) J
— Ludi min (6038 phz:m tr Q4)
ES = = Ludi da giac (1600 phfm tr)
o
£4
g.
23
2
1
0¥ 1
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Chuyén vi [mm)]
Hinh 17: Bi€u d6 quan hé tai trong - chuyén vi ciia mé hinh tdm chir L.
thudc ludi chia). Hudng md rong tiép theo ctia mo hinh 1a cac bai todn

iii) B& rong vét niit c6 xu hudng nhé hon (tic la gan
véi thuc té hon) so v6i mo hinh phi cuc bé.

iv) Phén tt da gidc c6 thé gitp gidm s6 lugng phén ti
(va s6lugng nut), trong khi van ddm bao d¢ chinh xdc.
Phén ti da gidc con ¢ tiém ndng gidm anh hudng cua
hién tugng mesh-bias.

v) Ludi chia min gitp thu dugc hinh anh vét nitt manh
hon so vé6i ludi chia tho. Tuy nhién luéi chia min
khong phai la yéu cdu bét budc.
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ba chiéu. Mit khéc, trong thuc t&€ hudng phét trién
ctia vét nit thudng khong biét trude. Do do, can ép
dung ky thuét chia ludi dap ting, ttic 1a ludi sé dugc
lam min cuc bd & viung lan cin vét nit (viing c6 gia
tri hu hai cao). Pay la m¢t nhiém vu khé khéan déi
v6i phén ti hitu han thong thudng, do cac yéu ciu vé
dang hinh hoc (phan ti phai c6 dang hinh 16i, kich
thudc cdc canh chénh léch khong qué 16n dé han ché
sai s6). Ngugc lai, phén ti da gidc c¢6 su linh hoat cao
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hon, do d6 sé phu hgp hon d€ chia lué6i dép ting. Véi
cuing s6 lugng phén td, ludi phan ti da gidc doi hoi
nhiéu thoi gian tinh toan hon so véi ludi phan ti tu
gidc. Tuy nhién, v6i nhiing lgi ich ma phén ti da giac
c6 thé mang lai (nhu gidm hién tugng mesh-bias va
su linh hoat khi chia luéi dép ting), loai phan t nay
van c6 nhiéu tiém néing dé nghién ctu dp dung vao
cdc mo hinh tinh todn s6 phén tich hu hai cta vat liéu
ban gion.
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Nhom téc gid cdm on sy hd trg vé thoi gian va trang
thiét bi ctia Truong Pai hoc Bach khoa, PHQG-HCM
va Trudng Dai hoc Duy Tan trong qud trinh thuc hién
bai bao nay.
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Nhém tac gid cam doan rdng khong cé bat ky xung
dot lgi ich nao trong cong bé bai bao.
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Tran Nhu Quén da thuc hién thu thap di liéu, mo
hinh, l4p trinh tinh toan, trinh bay két qua va viét bai
bdo. Nguyén Ngoc Minh, Bui Qudc Tinh, H6 Pic
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stia ban thao bai béo.

TAILIEU THAM KHAO

1. Kachanov LM, Krajcinovic D. Introduction to continuum dam-
age mechanics. J Appl Mech. 1987;54(2):481;Available from:
https://doi.org/10.1115/1.3173053.

2. Peerlings RHJ, De Borst R, Brekelmans WAM, De Vree
JHP. Gradient enhanced damage for quasi-brittle materials.
Int J Numer Methods Eng. 1996;39(19):3391-403;Available
from: https://doi.org/10.1002/(SICI)1097-0207(19961015)39:
19<3391::AID-NME7>3.0.CO;2-D.

3. Bonges G. A stress-based gradient-enhanced damage model;
2011;.

4. Miehe C, Hofacker M, Welschinger F. A phase field model
for rate-independent crack propagation: robust algorith-
mic implementation based on operator splits. Comput Meth-
ods Appl Mech Eng. 2010;199(45-48):2765-78;Available from:
https://doi.org/10.1016/j.cma.2010.04.011.

5. Miehe C, Welschinger F, Hofacker M. Thermodynamically con-
sistent phase-field models of fracture: variational principles
and multi-field FEimplementations. IntJ Numer Methods Eng.
2010;83(10):1273-311;Available from: https://doi.org/10.1002/
nme.2861.

6. Borst R, Verhoosel CV. Gradient damage vs phase-field ap-
proaches for fracture: similarities and differences. Com-
put Methods Appl Mech Eng. 2016;312:78-94;Available from:
https://doi.org/10.1016/j.cma.2016.05.015.

7. Kurumatani M, Terada K, Kato J, Kyoya T, Kashiyama K. An
isotropic damage model based on fracture mechanics for con-
crete. Eng Fract Mech. 2016;155:49-66;Available from: https:

20.

21.

22.

23.

//doi.org/10.1016/j.engfracmech.2016.01.020.

. Nguyen THA, Bui TQ, Hirose S. Smoothing gradient damage

model with evolving anisotropic nonlocal interactions tai-
lored to low-order finite elements. Comput Methods Appl
Mech Eng. 2018;328:498-541;Available from: https://doi.org/
10.1016/j.cma.2017.09.019.

. Wachspress EL, Rohde SM. A rational finite element basis. J

Lubr Technol. 1976;98(4):635-;Available from: https://doi.org/
10.1115/1.3452953.

. Sukumar N, Malsch EA. Recent advances in the construction

of polygonal finite element interpolants. Arch Comp Meth-
ods Eng. 2006;13(1):129-63;Available from: https://doi.org/10.
1007/BF02905933.

. Talischi C, Paulino GH, Pereira A, Menezes IFM. PolyMesher:

A general-purpose mesh generator for polygonal elements
written in MATLAB. Struct Multidiscip Optim. 2012;45(3):309-
28;Available from: https://doi.org/10.1007/s00158-011-0706-z.

. Huynh HD, Nguyen MN, Cusatis G, Tanaka S, Bui TQ. A

polygonal XFEM with new numerical integration for linear
elastic fracture mechanics. Eng Fract Mech. 2019;213:241-
63;Available from: https://doi.org/10.1016/j.engfracmech.2019.
04.002.

. Vree JHP, Brekelmans WAM, van Gils MAJ. Comparison of non-

local approaches in continuum damage mechanics. Comput
Struct. May 1995;55(4):581-8;Available from: https://doi.org/
10.1016/0045-7949(94)00501-S.

. Jirdsek M, Patzak B. Consistent tangent stiffness for nonlocal

damage models.
93;Available from:
00078-0.

Comput Struct. 2002;80(14-15):1279-
https://doi.org/10.1016/S0045-7949(02)

. Chi H, Talischi C, Lopez-Pamies O, Paulino HG. Polygonal fi-

nite elements for finite elasticity. Int J Numer Methods Eng.
2015;101(4);Available from: https://doi.org/10.1002/nme.4802.

. Huynh HD, Natarajan S, Nguyen-Xuan H, Zhuang X. Poly-

topal composite finite elements for modeling concrete frac-
ture based on nonlocal damage models. Comput Mech.
2020;66(6):1257-74;Available from: https://doi.org/10.1007/
s00466-020-01898-y.

. Sukumar N, Tabarraei A. Conforming polygonal finite

elements. Int J Numer Methods Eng. 2004;61(12):2045-
66;Available from: https://doi.org/10.1002/nme.1141.

. Kormeling H, Reinhardt H. Determination of the fracture en-

ergy of normal concrete and epoxy modified concrete. Delft
Univ Technol. 1983:5-83;.

. Jirdsek M. Nonlocal damage mechanics. Rev Eur Génie

Civ. 2007;11(7-8):993-1021;Available from: https://doi.org/10.
3166/regc.11.993-1021.

Winkler B, Hofstetter G, Lehar H. Application of a constitutive
model for concrete to the analysis of a precast segmental tun-
nel lining. Int J Numer Anal Meth Geomech. 2004;28(78):797-
819;Available from: https://doi.org/10.1002/nag.362.

Bishop JE. Simulating the pervasive fracture of materials and
structures using randomly close packed Voronoi tessellations.
Comput Mech. 2009;44(4):455-71;Available from: https://doi.
org/10.1007/s00466- 009-0383-6.

Jirdsek M, Grassl P. Evaluation of directional mesh bias in con-
crete fracture simulations using continuum damage models.
Eng Fract Mech. 2008;75(8):1921-43;Available from: https://
doi.org/10.1016/j.engfracmech.2007.11.010.

Leon SE, Spring DW, Paulino GH. Reduction in mesh bias
for dynamic fracture using adaptive splitting of polygonal fi-
nite elements. Int J Numer Methods Eng. 2014;100(8):555-
76;Available from: https://doi.org/10.1002/nme.4744.

1784


https://doi.org/10.1115/1.3173053
https://doi.org/10.1002/(SICI)1097-0207(19961015)39:19<3391::AID-NME7>3.0.CO;2-D
https://doi.org/10.1002/(SICI)1097-0207(19961015)39:19<3391::AID-NME7>3.0.CO;2-D
https://doi.org/10.1016/j.cma.2010.04.011
https://doi.org/10.1002/nme.2861
https://doi.org/10.1002/nme.2861
https://doi.org/10.1016/j.cma.2016.05.015
https://doi.org/10.1016/j.engfracmech.2016.01.020
https://doi.org/10.1016/j.engfracmech.2016.01.020
https://doi.org/10.1016/j.cma.2017.09.019
https://doi.org/10.1016/j.cma.2017.09.019
https://doi.org/10.1115/1.3452953
https://doi.org/10.1115/1.3452953
https://doi.org/10.1007/BF02905933
https://doi.org/10.1007/BF02905933
https://doi.org/10.1007/s00158-011-0706-z
https://doi.org/10.1016/j.engfracmech.2019.04.002
https://doi.org/10.1016/j.engfracmech.2019.04.002
https://doi.org/10.1016/0045-7949(94)00501-S
https://doi.org/10.1016/0045-7949(94)00501-S
https://doi.org/10.1016/S0045-7949(02)00078-0
https://doi.org/10.1016/S0045-7949(02)00078-0
https://doi.org/10.1002/nme.4802
https://doi.org/10.1007/s00466-020-01898-y
https://doi.org/10.1007/s00466-020-01898-y
https://doi.org/10.1002/nme.1141
https://doi.org/10.3166/regc.11.993-1021
https://doi.org/10.3166/regc.11.993-1021
https://doi.org/10.1002/nag.362
https://doi.org/10.1007/s00466-009-0383-6
https://doi.org/10.1007/s00466-009-0383-6
https://doi.org/10.1016/j.engfracmech.2007.11.010
https://doi.org/10.1016/j.engfracmech.2007.11.010
https://doi.org/10.1002/nme.4744

Science & Technology Development Journal - Engineering and Technology 2023, 6(1):1772-1785
@ Open Access Full Text Article Research article

Regularized local damage model for quasi-brittle material

Nhu Quan Tran"?, Ngoc Minh Nguyen3#, Quoc Tinh Bui>*", Duc Duy Ho'%"

ABSTRACT
This paper presents an improved local damage model for quasi-brittle materials. A parameter,
: namely damage, in the range [0,1] is used to characterize the material from intact state to com-
Use your smartphone to scan this plete failure. Classical local damage model is known for low computational cost but it suffers from
QR code and download this article numerical issues such as difficult convergence and mesh-density-dependent results. Various non-

local models have therefore been proposed, however the computational cost is increased, which
hinders the applicability in practical problems. Furthermore, the width of the damage zone pre-
dicted by the non-local models is usually non-physically large. Here, the improvement is the in-
troduction of the fracture energy and element-size into the calculation of damage parameters to
mitigate the weakness of the local damage model, while keeping low computational cost. The
employment of polygonal element is also proposed to utilize the advantage of high-accuracy, thus
less number of elements (than the usual 3-node triangular or 4-node quadrilateral elements) can
be used. The bi-energy norm-based equivalent strain is for the first time considered in a local dam-
age model. This quantity is based on the maximum strain criterion, but with a modification to take
into account the property of quasi-brittle materials such as concrete, limestone, etc,, that load ca-
pacity in compression is higher than in tension. Accuracy and efficiency of the proposed model
is investigated through comparison with reference results from experiments and other numerical
methods.

Key words: Improved local damage model, bi-energy norm, quasi-brittle material, polygonal
element
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