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Mo hinh s0 mot chieu mo phong sat 16 dat trén mai doc 16m:
Ly thuyét va kiém chuan véi mo hinh gidi tich
Pham Vin Khoi", Vii Vin Nghi?

2Vién Xdy dung, Truong Dai hoc Giao thong Vin tai TP Ho Chi Minh, 2 Vé Oanh, phuwong 25, qudn Binh Thanh, TP Ho Chi Minh, Viét Nam
Ngay nhén bai 9/5/2022; ngay chuyén phan bién 11/5/2022; ngay nhan phan bién 30/5/2022; ngay chip nhéan ding 2/6/2022

Tém tit:

O nhirng khu vue dia hinh ddc, sat 16 dt c6 thé xay ra khi mwa 16m kéo dai va gy thiét hai nghiém trong dén tinh mang
con ngudi va tai sain. M6 hinh s6 mé phong sat 16 dit du bao sat 16’ dit hiéu qua va tiét kiém thoi gian hon mé hinh vat
ly ma van dim bao d chinh xac. Trong bai bao nay, h¢ phwong tr‘mh phi tuyén nuéc nﬁng mot chiéu sir dung hé toa dd
tong thé dwoc thiét 1ap 1a hé phu’(mg trinh chii dao ciia mé hinh s6 dé xuat. Phwong phap hdn hop sai phan hiru han - thé
tich hiru han, phmmg phap 4n va ky thuét ty dong diéu chinh buwéc thoi gian mé phong gitip cho md hinh 6n dinh khi moé
phéng sat 16’ dit trén mai déc 16m. PE kiém chuin véi mé hinh giai tich, cac tic gia tiép tuc thiét 1ap he phwong trinh chi
dao ¢ dang khong thir nguyén. Két qua kiém chuin cho thiy sy phi hop nhit dinh ciia mé hinh s6 so véi mé hinh giai
tich. M6 hinh s6 cho thiy sw phii hop khi giai bai toan sat 16 dat, sat 16 dit tao séng thin, dic biét trong diéu kién mai doc
sat 1on.

Tir khéa: mai doc 16n, md hinh giai tich, mé hinh s, phwong trinh phi tuyén nwéc ndng mot chidu, sat 16 dat.

Chi s6 phin logi: 2.1
1. Mé dau Trong nghién ctru nay, cac tac gia mo phong sat 16 dat dung
hé phuong trinh phi tuyén nudc nong véi an sé 1a chidu sau
sat 1 va van tdc sat 16 theo hé toa do téng thé. Phuong phap
thé tich hitu han giai vi phan theo khong gian, phuong phap an

Khi mua 16n kéo dai, nudc mua s& tham vao 16 rdng trong
dat 1am giam lyc ma sat cua dat, gdy ra hién twong sat 16. M6
hinh s6 mé phong sat 1¢ dat da dwoc nghién ctru tir s6m do wu

S At en L, . o, o . R iai vi phan theo thoi gian. Thém vao do, ky thuat tu don diéu
diem tiet kiém chi phi so v&i thue hién thi nghiém mo hinh vat g P & Y thugtrdong

chinh budc thoi gian md phong gitp cho mé hinh 6n dinh khi

ly. M6 hinh sat 16 d4t 3 chiéu (dung hé phuong trinh Navi . ; ) .
y. MO hinh sat 1°dat 3 chiéu (dung h¢ phuong trinh Navier — © 3o 16 44t tren mai dée 1on. Loi gii s duoc kiém

Stokes) ¢6 vu diém 1a mé phong khé chinh xac, nhung nhuge Lo e e , > o
) phong 5 . chuan véi 101 giai giai tich cho bai toan sat 1o dat trén mai doc

diém 16n nhét 1a thoi gian mo phong 14u, hao ton tai nguyén
may tinh. Do d6, mé hinh 2 chiéu da dugc phat trién bang cach
tich phan hé phuong trinh Navier Stokes theo phuong chiéu
sau. S.B. Savage va cs (1989) [1] da thiét 1ap mo hinh sat 16 dat
2 chiéu dau tién khi sir dung hé phwong trinh phi tuyén nudc
néng trén hé toa do dia phuong, trong dé bién chiéu sau sat 1&
¢6 phuong vudng goc voi day khong xo6i va bién vén tdc 6
phuong song song voi day khong xo6i. Nhitng nghién ctu cai
tién sau d6 dé tang do chinh xac va mién ap dung, tuy nhién
van dya trén hé toa d6 dia phuong [2, 3]. Nhom nghién ctru
cua R.M. Iverson va cs (2001) [2] da phat trién ca mo hinh
sat 1o dat dung h¢ toa do dia phuong [2] va hé toa do téng thé
[4] - hé toa d6 ma chiéu siu sat 16 theo phwong thing dung.
E.D.F. Nieto va cs (2008) [5] da chi ra réng, khi dung h¢ toa 4o
dia phuwong, can mot budc chuyén doi sang hé toa do tong thé
101 méi ap dung cac phuong phép sb thich hgp dé mo phong
bai toan sat 16. Vi thé, viéc st dung truc tiép hé toa do téng thé
ngay tir khi thiét 1ap phuong trinh chu dao giup tiét kiém thoi
gian va tuong minh dbi véi cac nghién ctru sat 1o dat sau nay.

*Tac gia lién hé: Email: khoipv.ctt@vimaru.edu.vn.
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1on.
2. Mo hinh s6 mé phong sat ¢ dat
2.1. Thiét lap hé phwong trinh chii dgo

Hinh 1 thé hién mién tinh toan va cac dai lwong duoc su
dung dé thiét l1ap h¢ phuong trinh chu dao ciia mo hinh. Trong

Chu thich:

h: chiéu siu sat 16
u: van toc sat 16
s: cao d6 bé mit
b: cao do day

S, dd déc day

Hinh 1. So’ d6 va cac bién tinh toan mé hinh sat & dat trong hé toa
dé téng thé.
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Abstract:

At the steep slope areas, landslide events may suddenly occur due
to prolonged heavy rain and seriously affect humans’ lives and
their properties. Numerical models simulating landslides help us
to predict the real landslide phenomenon effectively because they
are not only time-saving compared to physical models but also
acceptable accuracy. In this paper, the one-dimensional nonlinear
shallow water equations using the global coordinate system are
established as the proposed model governing equations. The
hybrid finite difference-finite volume method, the implicit method
and the automatical time step controlling technique are employed
to stably simulate the landslide events over the high-steep slopes.
To validate the proposed numerical model to the analytical
solution, authors continuously derive the non-dimensional
governing equations in one dimension as well as using the global
coordinate system. The numerical results are in good agreement
with the analytical solution. The proposed numerical model can be
used to simulate the landslides and the landslide-induced tsunami
events, especially for simulating the high-steep slope conditions.

Keywords: analytical model, high-steep slope, landslide, numerical
model, one-dimensional nonlinear shallow water equations.

Classification number: 2.1

hinh 1, h =s - b 12 bién chiéu sau sat 16, trong d6 s va b 1a cao
d6 bé mit sat va cao do day khong x6i tinh tir mat tham chiéu.
Trong nghién ctru nay, gia thuyét gan ding rang hdn hop dét,
da, soi, nudc. .. khi chuyén dong thudc dang dong chay manh
v3 va coi hdn hop nhu chét 1ong khong nén duge. Ap dung
phuong trinh lién tuc cho chét 1ong khong nén duoc, ta co:

ou 6 v 6w
—+—+—=0
6x 6y 0z M

Vo6i: u, v, w 1a cac bién luu toc theo cac phuong x, y, z tuong ung.
Dbicu kién bién bé mat va dicu kién bién day khong x6i ctia
khoi sat 16 duoc xac dinh theo cac cong thirc sau:
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0s 0s 0Os

L2 0,z=

6t+ 6x+ & -w=0,z=s 2)
%+u%+v@—w:o,z:b 3)
o ox Oy

Tich phan phwong trinh (1) tir day téi bé mat khoi sat duorc:

a—udzzijudz—@u +@u2: 4)
3 OX ox s ox ox

Ap dung quy tic Leibnitz dugc:

M= udz - & 5

ax : ax " 8xu:+6xu = ©)

h 8s ob

—d = vdz —— — 6
/z _[ v s 6xv (6)

Két hop diéu kién bién cong thuc (2) va (3) thu duoc
phuong trinh lién tuc cho bai toan 2 chiéu nhur sau:

oh () | a(hv)

=0 7
o Ox oy @

Bién d6i vé phuong trinh lién tuc cho bai toan mot chiéu su
dung trong nghién ctu nay dugc:

oh O(h
-+ M = (8)

ot Ox

Phuong trinh dong lugng theo phuong x dugc dinh nghia
nhu sau:

ou ou Ou ou

—tUu—+Vv—+w—=—
ot ox Oy Oz

1o,

0
1 [67xx " Tyx + a'[zxj (9)
pox p

Ox oy 0z

trong d6: Tux> Tyxo T 14 cac thanh phan tng sudt cit. Ta chi
xét cac dai lugng trong mit phang (x, z) nén 7,,,7,, bang 0.
Trong phuong trinh (9), dai luong ap suat p dwoc xap xi nhu ap
suat thuy tinh cua chét 1ong, do do:

p=pg(s—z) (10)
trong do: p 1a khi lwong riéng cia chit l1ong; g 14 gia toc trong
truong (9,81 m/s?).

Thém dai luong u (ou/ox + ov/dy + ow/6z)=0 vao phuong
trinh (9) dé thu dugc phuong trinh sau:

ou N ou’ ouw oh ob

ouv _ob 1

L L 4 4o =
o o oy oz Cox Cow

16Z
zx 11
62 ( )

trong d6: —b/ox(= S, = tan @) 1a h¢ sb mai déc day khong x6i
(6 1a goc dbc). Tich phan phuong trinh (11) tir dy t6i bé mit,
ap dung quy tic Leibnitz va dung cac phuong trinh diéu kién



bién (2) va (3), sau khi bo qua thanh phan tng suét cit trén bé
mit tu do cua khdi sat, dua dén phuong trinh dong lwong nhu
sau:

o(hu) o(hu®y ohuv 1 oK
+ + +—g—=
ot ox oy 27 Ox

ghS, -~ (12)
P

Twong tyr, phuong trinh dong lugng cho bai todn mot chidu
duoc rat ngan gon la:

Ahu) | o) +lg6h2 _ ghs, ~ Ly
- 0

ot ox 2% ax o (13)
hoac
o(hu) o(hu*) 1 o0Oh?
—— L+ —g—=gh(S,- S 14
o P 2g ox gh(S, f) (14)

trong do: z7* = pghsS,. Theo nguyén tic luc can Voellmy thi hé
s0 strc can S, dugce phan chia thanh 2 thanh phan 1a ma sat bé
mat day khong x6i va ndi ma sat [6] dugc thé hién boi cong
thirc:
ulul
S, =—5"+ucosd
Coh

z

(15)

trong do:C_vatlla he¢ s6 Sedi (ddc trung boi tinh nham
C.=h""/n, n la h¢ sb nham Manning) va h¢ s6 higu qua
ndi ma sat cua dit (dic trung boi gbc ma sat trong cua dat
1= tan@, @ 1a goc ndi ma sit cua dat).

Phuong trinh (8) va (14) két hop lai thanh hé phuong trinh
phi tuyén nude nong mot chiéu cho bai toan sat 1& dit duge
gi6i thi€u trong nghién ctru nay.

2.2. Phuwong phdp sé gidi h¢ phwong trinh chii dgo

Hé phuong trinh chu dao ding dé tinh toan sat 16 dat dugc
viét dudi dang bao toan nhu sau:

ou N OF(U)

=HU 16
o o W) (16)
voi:
h
U—Lm] (17)
hu
F(U)= 18
@ ht.‘z+lgh2 (18)
2
0
HU)= 7u‘u‘7 (19)
gh[S0 Ch ycosH]

trong do: U, F(U), H (U) twong tng la bién béao toan, thanh phan
thong lugng, thanh phan ngudn ctia hé phuong trinh phi tuyén
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nuée nong bao toan (16). Dé giai vi phan theo thoi gian, hé
phuong trinh (16) duoc giai bang phwong phap phan tach ting
budce. O bude thi nhat, dua hé phuong trinh vé dang thuén nhAt
dé giai ra nghiém thuan nhit nhu sau:
UL HFY)_, (20)
ot ox

adv n At
Uid :Ui _E F;+1/2 _F;’—I/Z] (21)
trong dé: “n” tng v&i bude thoi gian hién tai, chi sb trén; “adv™:
{mg v6i két qua cua 101 giai s6 & bude thi nhit va chi s6 dudi;
“”: img v6i vi tri tAm phan tir thé tich hiru han trong mién tinh
toan. O bude thir hai, nghiém cudi cung cua bién bao toan U
thu dwoc bang cach thém thanh phan ngudn trong phuong trinh
dong lugng nhu sau:
dUu

2~ _H Uadv
ARG

(22)

Dé tranh mét on dinh s hoc do anh hudng cua lyc can ma
sat trong thanh phan ngudn, phuong phap an dugc st dung
trong nghién cuu nay [7]. St dung dai luong thong luong
P = hu , phuong trinh ddng luong & budce thir hai ndy trd thanh:

PP
d—P:gh”"’v S, —ucosf— | |3 (23)
d[ (hadv)
Do d6, 10 giai cho bién bao toan ¢ budc thoi gian (n+1)
nhu sau:

n+l adv
P ! _P — Eadv _Favan+1 (24)
At
Véi:
E“Y = gh*" (Sn" —,ucos@) (25)
adv
g~ 8P (26)
CZZ (hadv )2

Cuoi cung, 101 giai s6 cho bién bao toan bién bao toan thu
duogc tir phuwong trinh sau:

ady adv
prot _ P A NE o

1+ AtF™”

Tich phén theo khong gian hé phuong trinh phi tuyén nude
nong dang bao toan (16) sir dung phuong phap hdn hop thé tich
httu han - sai phan hitu han. Trong dd, phuong phép sai phan
hiru han duoc st dung dé tinh thanh phan hé s6 mai dic:
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b _ b, b

i+l Vi
Ox Ox
Phuong phép thé tich hitu han duoc sir dung dé giai thanh
phan thong luong F(U):

(28)

F

i+1/2 T

1F+F
2

i+l ZSlgn(ck) i+1/2 ,+1/2 (29)

trong do: F,, , la gié tri thong luong tai giao dién cua hai phan
ttr thé tich hitu han thi “” va thir “i+77. Gid trj thong lugng
nay duoc tinh dua trén sy két hop ctia hai phuong phap trung
binh trong sé thong lugng (WAF: Weighted average flux) va
tong bién thién giam dan (TVD: Total variation diminishing).
Do khuén khé noi dung trinh bay bai bao gidi han, phuong
phap nay lai kha phirc tap, nén céc tic gia sé trinh bay chi tiét
trong nghién ctru tiép theo.

2.3. Ky thudt tw dpng diéu chinh budc thoi gian mé phong

Céc mo hinh s6 thong thuong chon ¢ dinh bude thoi gian
mod phong va kiém tra sy 6n dinh ciia mé hinh qua hé s6 6n
dinh Courant (0<CFL<I). M6 hinh kém 6n dinh khi hé sé
Courant 16n (gan gié tri 1) va 6n dinh khi hé s6 Courant dii nho
(gan gia tri 0). Tuy nhién, khi hé s6 Courant qua nho s& ting s6
vong lp va hao tbn tai nguyén may tinh.

Trong nghién ctru nay, dua trén nguyén ly tinh toan sao cho
trong mdi budc thoi gian mé phong quing duong ma phan tir
sat 10 dat chuyén dong (Al = uA¢ ) khong vuot qué kich thude
lu6i tinh toan Ax . Khi d6, hé sb 6n dinh Courant duoc chon ¢b
dinh trude va gia tri budce thoi gian At duge diéu chinh tu dong
sau mdi lan 1ap theo cong thirc:

At =CFL Ax

(30)
max(|u U

)+c

trong do: € 1a van tbc lan truyén song; U Y 1a van tdc c6 xét
dén do cac thanh phan luc can ma sat. Theo nguyén tic luc
can Voellmy, gia tri van tdc can duoc xéc dinh theo cong thuc:

| | 1/2
{gh[czh +,ucos9ﬂ

Viéc tinh toan diéu chinh lai budc thoi gian s¢ dua ra thoi
gian mo phong toi uu va tiet kiém dugc tai nguyén may tinh.

€2))

3. Kiém chuan mé hinh vei 10i giai giai tich ciia Dressler
Céc mo hinh sé sau khi thiét 1ap thuong duge kiém chudn
v6i 101 giai giai tich va sb liéu thi nghiém tir mé hinh vét Iy. Do
n6i dung bai bao giéi han nén & nghién ctru nay, mé hinh s6
dugc kiém chuan véi 10 giai giai tich ciia R.F. Dressler (1958)
[8]. Kiém chuan véi s lidu thi nghiém vat 1y s& dugc tién hanh
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trong cac nghién ctru tiép theo. R.F. Dressler (1958) [8] da dwa
ra 10 giai giai tich cho bai toan md phong dong chay phi tuyén
khong 6n dinh trén mai déc day rat 16n (0=45°). Pay 1a goc déc
16n nhat duoc sir dung dé dua ra 10i giai giai tich, cac goc ddc
con lai dugc phan tich c6 gia tri nho hon nhu 30° hay 0° [9].
Diéu kién ban dau cho bién chiéu sdu sat 16 h cua bai toan la
khdi vat lidu nuée hinh tam giac vudng can co chiéu dai canh 1a
1 m (nét chdm - gach & hinh 2) dot ngdt d6 xudng mai doc 16n.
\{éi mo hinh sb, thanh phéq luc can do ma sat S, duge thiét lép
bang 0 cho phu hgp vai diéu kién ban dau cia bai toan. Khoi
vt lidu sat xudng do anh hudong ctia trong lyc trong thanh phan
thong luong va thanh phan ngudn con lai trong phwong trinh
dong lugng. Pé so sanh duge voi két qua cia 101 giai giai tich,
hé phuong trinh chu dao (8), (14) phai dugc chuyén sang dang
v6 hudng nhu sau:

o, ahi _ (32)
at ox

o) , (h*2 h) i (33)
ot ox

trong do: cac dai lugng cé ky hiéu “mu” 1a nhing dai luong co
huéng trong hé phuong trinh chu dao duoc chuyén sang dang
v0 hudng twong Gng [10] nhu sau:

) i . gcosHA
) H,’ JgH cosf

trong d6: H; la chiéu cao ban dau 16n nhét cta khéi sat trén
mai doc.

(34

Hinh 2 thé hién két qua kiém chuén ctia mo hinh s (nét
lién) so vai két qua cua 101 giai giai tich (nét chdm tron) tai cac
thoi diém t=0,1 va 0,3 s. Trong hinh 2, truc hoanh la dai lugng
v6 huéng ctia truc x (x) va truc tung 1a dai lugng v6 huéng ctia
truc z (Z). Sau thoi diém ban dau t=0 s (nét cham - gach), khbi
dat hinh tam giac vudng sat xudng va dugc mo phong tai thoi
diém t=0,1 s (hinh 2A) va t=0,3 s (hinh 2B). Nhin chung, két
quéa ctia mo hinh s kha phut hop véi két qua cua 1o giai giai
tich tai hai thoi diém néu trén. Tai thoi diém 0,3 s c6 sai léch
nho so voi két qua 10i giai giai tich do sai s6 khi rdi rac hoa
phép toan vi phan sang phép toan sai phan ciia cic md hinh s6
la kho tranh khoi.

Trong thuc té, goc doc khi xay ra sat 16 ndm trong khoang
30-45°. Goc dbe 16n thi nguy co xdy ra sat 16 dat cang cao va
van tdc sat cling 16n hon. Tuy nhién, van tde sat 16 tang nhanh
dan t6i budce thoi gian md phong qua nhé va lam cho két qua
md hinh s6 bi mit lién tuc. M6 hinh s§ mé phong sat 16 dat
trong nghién ctru nay sir dung cac phuong phap sé co thé giai
quyét vin dé mét lién tuc nay. Thtr nhit, phwong phap thé tich
hiru han dugc cho 1a phu hop dé giai quyét bai toan khong lién
tuc trong md phong chuyén dong ciia chat long khong nén
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(B)
2 — t=0s
‘\
1,5 .
<y \‘\
1 .. ¥¢=03s
z \\
—mo hinh so AN
o 16i gidi giai tich N
\\
N
0 0,5 1 1,5

T

Hinh 2. Két qua mé phéng sat I& dat trén mai doc 45° theo I1&i giai s6 va I&i giai giai tich ctia R.F. Dressler (1958) [8]. (A) t=0,1 s; (B) t=0,3 s.

dugc. Thir hai, phuong phéap an khi sai phan hé phuong trinh
chu dao theo thoi gian s& lam ting do 6n dinh cho mé hinh nhu
phan tich & phan trén. Thit ba, mé hinh trong nghién ciru nay
str dung k¥ thuat tinh toan tu dong didu chinh buéc thoi gian
At nén ting d6 6n dinh cho mé hinh.

4. Két luan

Trong bai bio nay, mo hinh sé mot chidu mo phong sat
16 dét trén mai doc 16n duoc thiét 1ap dwa trén chu dao 1a hé
phuong trinh phi tuyén nuéc nong. Phuong phap thé tich hiru
han, phuong phép 4n va k¥ thuat diéu chinh ty dong budc thoi
gian duoc dp dung dé giai hé phuong trinh chii dao theo khong
gian va thoi gian, dam bao cho 16i giai s6 lién tuc. Két qua tir
mo hinh sb dwoc kiém chuédn véi 101 giai giai tich cho bai toan
sat 16 dét trén mai déc 16n dé théy dugc sy phu hop cia md
hinh sb. Trong nhitng nghién ciru tiép theo, mé hinh s s& dugc
kiém chuédn véi s liéu thi nghiém va ap dung mo phong hién
tugng sat 16 dét trong thuc té.
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