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Abstract. Finite element method (FE) has been widely used in simulating and predicting
degradation of asphalt pavement. However, the three-dimensional (3D) model in commercial
software such as ABAQUS or open-source software like Cast3M requires an important
computation time and resources. To solve this problem, several simplified models are
developed for specific purposes. In this study, the basic theory of finite layer method is
presented. This method is the basis for developing FastKM source code in Python programming
language and user interface that allows simulation of multi-layered asphalt pavement structures.
The obtained results are graphs and color charts showing displacement, stress, and deformation
of the structure under static load. Next, a typical asphalt pavement was simulated on 3
softwares, CAST3M, ABAQUS and FastkKM with 3 different analysis methods: LET (Layer
Elastic Theory), FEM (Finite Element Method) and Finite Layer Method (FLM) to verify the
accuracy of FastkKM as well as compare computation time between these three models. FastKM
using FLM method gives accurate results equivalent to 3D finite element model on Abaqus and
computation time is faster than the other two methods.
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To6m tat. Phuong phap phan tir hitu han (FE) da duoc sir dung rong réi trong viéc mé phong va
du béo su xudng cap cua két ciu mit duong nhua. Tuy nhién, md hinh khéi ba chiéu (3D) trong
cac hé théng phan mém thuong mai nhw ABAQUS hay phan mém ma ngudén mé nhu Cast3M
doi hoi tai nguyén va thoi gian tinh toan 16n. Bé giai quyét van dé nay, cac mo hinh don gian
héa duoc quan tdm phat trién cho cac muc tiéu cu thé. Trong nghién cau nay, Iy thuyét co ban
vé phuong phap phan 16p hitu han (Finite Layer Method) duoc trinh bay va 1a co s¢ phat trién
m& ngudn FastkKM bang ngdn ngir 1ap trinh Python va giao dién ngudi ding cho phép mé phong
bai toan két cau mat duong nhwa nhiéu 16p. Két qua nhan duoc 1a dd thi va biéu do mau thé
hién chuyén vi, ang suat, bién dang cua két ciu. Tiép d6, mot két ciu mit duong nhua dién
hinh duoc md phong trén 3 phan mém 1a CAST3M, ABAQUS va FastkKM theo véi 3 phuong
phap phan tich khac nhau la LET (Layer Elastic Theory), FEM (Finite Element Method) va
phan 16p hitu han FLM (Finite Layer Method) nham kiém chtng tinh chinh xé4c ciing nhu so
sanh thoi gian tinh toan gitra cac mo hinh. Phan mém FastKM st dung phwong phap FLM cho
két qua chinh xac trong duwong vai mé hinh phan tir hitu han 3D trén Abaqus va thoi gian tinh
toan nhanh hon hai phuong phap con lai.

Tir khdéa: Phuong phap phan 16p hiru han; két cdu 4o dwdng mém; phan tir hitu han; Cast3M,
Abaqus; FastkKM.
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1. PAT VAN PE

Viéc phan tich cac trang théi ung suat ¢ tim quan trong dang ké ddi vai viéc thiét ké, xay
dung, bao tri va phuc hdi két ciu mat duong nhya (MDN) trén thyc té. Trong vai thap ky qua,
rat nhiéu phan mém may tinh da dugc phat trién va ngay cang dugc st dung thudng xuyén
trong qué trinh thiét ké va danh gia MPN.

Tai mot s6 nu6e ¢ chau Au nhu Puc, Phap, cac huéng dan cho viéc thiét ké, phan tich ciu
trdc mat duong nhwa [1-3] dé xuat sir dung ly thuyét dan hoi theo 16p (LET - Layer Elastic
Theory) két hop dang phan ti tim dé tinh toan ¢ng suét, bién dang va chuyén vi theo anh huéng
cuia nhiét do tai cac 16p nén duong bé tdng nhya (BTN). Do sy don gian ciia nd, phuwong phap
LET da duoc sir dung bai cac Ky su trong nhiéu thap ky qua. Hién nay, LET da dugc mé rong
dé tich hop ung xur phi tuyén, dan nhét cia vat liéu ciing nhu tai trong khong ddng nhat [4].
Tuy nhién, cac phan mém théng dung dang dugc str dung trong tinh toan thiét ké MBN van con
han ché trong viéc du bao chinh xac ang xir thuc té ciia két cau do hau hét déu gia dinh cac 16p
MBDN la dong nhat, dang hudng va dan hoi tuyén tinh; tt ca cac vat liéu déu khdng trong luong
(khong c6 hiéu tmg quan tinh dugc xem xét); cac mau thi nghiém MBN chi chiu tac dung tai
trong tinh [5].

Chi tiét hon vé cac phan mém chuyén biét dugc phat trién cho tinh toan két cau MPN,
BISAR duoc biét tgi do vién cong nghé Asphalt, Anh phét trién tir nhitng nam 1990, CAPA-
3D do dai hoc Cong nghé Delft, Delft, Ha Lan phét trién tir nhitng nam 2000 hay APADS 2D
duoc tao béi vién nghién ctu duong bo Austroads, Sydney, Uc cach day khong lau. Hién nay,
CAPA-3D hay APADS c6 thé md phong duoc cac bai toan tuyén tinh, phi tuyén, cé xét téi cac
md hinh vt liéu dan nhét nhung do nhu cau phan ciig may tinh va thoi gian thuc hién dai nén
cac phan mém nay cha yéu duoc sir dung cho muyc dich nghién cau. Ngoai ra, cac phan mém
thuong mai noi tiéng nhu ABAQUS (SIMULIA, Johnston, RI, USA) va ANSYS (ANSYS,
Canonsburg, PA, USA), ciing duoc str dung dé md phong két ciu MPN véi cac md hinh vat
liéu va phuong phap tinh manh mé& tuy nhién chi phi ban quyén dét dé va qua trinh dao tao tén
thoi gian nén khong dap tng dugc nhu cau thyc té caa cac ky su thuc hanh.

Mot trong nhitng phuong phap duoc dé xuit dé khac phuc van dé trén Ia chuyén vi theo
cac phuong ngang vudng goc Véi truc tac dung tai trong duoc bang tinh toan bang khai trién
chudi Fourier. Bai toan mé phong két cau mat duong trong khdng gian 3 chiéu vi thé dugc don
gian hoa thanh bai toan trong khdng gian 2 chiéu hoic mét chiéu tuy thudoc vao muc dich cu
thé. Pay 1a phuong phéap ban giai tich két hop phan tir hitu han va giai tich, 1an dau tién duoc
phat trién trong phan tich tuyén tinh bai Wilson [6]. Phuong phép nay da duoc mé rong véi mo
hinh vat liéu dan nhét bai Winnicki va Zienkiewicz [7] dé giai quyét tng xt phi tuyén vat liéu.
Tiép do, Carter va Booker[8,9] sir dung phan tich Fourier lién tuc nham phan tich két ciu MPN
chiu tai trong khong ddi xtng. Pién hinh cho phuong phap nay, phan mém SAFEM da duoc
phét trién bai Liu cing cac cong su [10-12] tich hop cdc mé hinh vat liéu dan nhdt va cac
phuong phap phan tich anh huong cua tai trong dong.
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Gan day, phuong phap phan 16p hitu han (FLM - Finite Layer Method) duoc dé xuit nhu
mét giai phap hiéu qua trong phan tich ang xur cua két cau MPN, vira giam thiéu cac yéu cau
vé tai nguyén va do phic tap trong mé hinh, vira dam bao duoc do chinh xéc can thiét cua két
qua dat duoc. Phuong phap nay 1a su két hop giira phan tir hitu han mot chiéu (1D) theo phuong
thang ding va phan tich Fourier theo hai huéng ngang con lai. FLM duogc coi | su phat trién
hon nita cua phuong phap ban giai tich két hop FEM da trinh bay & trén. Y tudng nay dic biét
thich hop cho cac két ciu nhiéu Iép nhu MPN. Hon nita, do viéc st dung chudi Fourier theo
hai huéng, thoi gian tinh toan cua FLM thip hon déng ké so véi cac phuong phap phan tich FE
thong thuong. FLM bét dau duoc &p dung trong phan tich cac nén dan hoi tir nam 1979 [13]
Vi céc Iy thuyét va tinh todn co ban dugc dé xuat. Sau d6, phuwong phap nay duoc phét trién
thém dé phan tich cac loai dat khong dong nhat c6 mé dun tang tuyén tinh theo d6 sau [14] hay
tinh todn ang xu caa cac 16p vat liéu co tinh dan nhét [15]. Gan day, FLM da duoc phat trién
va tich hop trong phan mém 3D-Move dé tinh todn phan wng dong cua két ciu MDN [16, 17].
M6 hinh 3D-Move c6 thé tinh dén céc yéu té quan trong anh hudng toi tng x tong thé cua két
cAu mat duong nhya nhu tai trong di chuyén, tir bién, ma sat gitra banh xe véi mat duong va
dac tinh dan nhét cua vat liéu.

Mic du cac phan mém néu trén cé phién ban mi&n phi nhung khéng phai 1a ma nguén mo,
viéc tly bién hay tich hop cac mé hinh vat liéu méi vao phan mém vi thé gap nhiéu khé khan.
Nhan biét duoc nhing wu diém noi bat ciia phuong phap FLM trong viéc md hinh két cau MPN,
nhom nghién ctu tap trung xay dyng chuong trinh FastKM tich hop thu vién nguon mé hd trg
tinh toan phan tir hitu han SfePy (Simple Finite Elements in Python) viét bang ngon ngir Python.
Dy &n SfePy sir dung Git dé quan Iy ma ngudn va trang web GitHub dé luu trit va trao d6i ma
ngudn gitta c4c nha phét trién[18,19]. Phién ban 2020.4 hién tai duoc luu trit tong cong 867 tép
Véi tong s6 178396 dong va 7540 lan cap nhat bai 20 tac gia. M& ngudn va thdng tin chi tiét vé
du an duoc tim thy trén website chinh thic: http:/sfepy.org/doc-devel/development.html

Trong giai doan phét trién dau tién, phan mém FastKM tap trung giai quyét bai toan tinh
toan két ciu mat duong nhua nhiéu 16p voi gia thiét vat liéu 1am viéc ¢ trang thai dan hoi, chju
tac dung cua tai trong tinh phan bé va anh hudng cua nhiét d6. Két qua dau ra 1a ang suat, bién
dang tai cac 16p vat liéu, phuc vu cho bai toan thiét ké két cau 4o duong nhua theo cac tiéu
chuan hién hanh. Noi dung cua bai bao tém tit lai ly thuyét tinh theo phwong phap phan 16p
hitu han tich hop trong phan mém FastKM, xay dung thu vién nguén mé va giao dién nguoi
dung cho bai toan md phong két cau 4o dudng nhiéu 1p. Tiép d6, mot két cau mat duong nhua
dién hinh dugc mo phong trén 3 phan mém CAST3M [20], ABAQUS va FastKM tuong ting
V61 3 phuong phap phén tich khac nhau 1a LET (Layer Elastic Theory), FEM (Finite Element
Method) va phéan l6p htu han FLM (Finite Layer Method) vai muc tiéu xac minh tinh chinh
xé&c caa phan mém FastkKM.
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2. LY THUYET TINH TOAN TICH HOP TRONG CHUONG TRINH FASTKM

Lu&i chia
theo phuong dirng

a: Chiéu dai mau
b: Bé day 16p vat liéu

A A x
c¢: Chiéu rong mau

Hinh 1. M6 hinh tinh dién hinh cia chwong trinh FastK.
M hinh tinh dién hinh cho 16p két cAu mat duong nhwa dugc thé hién trong Hinh 1. M
hinh dugc roi rac theo phuong thang dung (chiéu sau cua két cau MPN). Phan tir mot chiéu véi
toa do tu nhién duogc thé hién trong Hinh 2:

1 2 3
® ¥ ® X ®
£=-1 £=0 =1 8

Hinh 2. Toa d6 dia phuong ctia phan tir mot chiéu.

Trong d6, cac ham dang ciia phan tir dugc miéu ta theo toa do dia phuong & ciia phan tir.

_€0-9 €049

5 P > )

Ny s N3=1-¢ 2

Lop MBN dugc md phong béi canh bén véi toa dd (x = 0,x = a,z =0vaz = c¢) trong
d6 phuong y 1a phwong chuyén vi chinh cua két ciu MPN (Hinh 1) dugc han ché boi cac diéu
kién bién. Cac ham hinh dang duoc viét lai dugi dang cac ham hinh dang 1 chiéu va duoc nhéan
véi chudi Fourier, trong d6 x ndm giita cac khoang tir 0 dén khoang tir a; z nam trong khoang
tir 0 dén c. Ma tran chuyén vi cua phan tir 16p duoc thé hién theo 3 thanh phan chinh u, v va w
nhu sau:

mmx nmnz
cos sin— 0 0
M N c umn
- mnx0 nmz

d= Z z 0 sin smT 0 vmn} ’

mn
m=1n=1 mrx nrz| W )

0 0 sin —— cos —

— E%:lz'rI;I:len . dmn
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Trong do
mnx  nnz
cos smT 0 0
mmx0 nmz
N = 0 sin SiTlT 0
mmx nmnz
0 0 sin —— cos —
a c
umn
e {”m” = [N ()™}
Wmn

N™" |a ma tran Fourier mo rong theo hai phuong ngang, d™" 1 vector chuyén vi khong
c6 anh huong caa chudi Fourier, [Ny, (y)] 1a ham dang mét chiéu sir dung cho mé hinh phan ti
hitu han, va {d™} 1a chuyén vi n(t k. Tuong tw, ham tai trong ap dung cho mé hinh dwoc md
ta nhu sau:

Mo M N
f= Z Z p (y)sm—smﬂ = z Z{P}mn 3)

m=1n=1 m=1n=1

V6ip(y) = Y34 (%) [CO _Xsl — cos == 52] Yi- (2 ) [ cos _Ztl — CoS _th]

m va n |a hai chi s cta chudi Fourier tuong mg theo phuong x va z. Trong nghién ciiu
nay, hai gia tri M va N duoc lay bang 100 sau khi xét t&i sy hoi tu két qua voi do chinh xac
dinh trude. P, va P, 1a cac ham tai trong thé hién ap luc béanh xe; Xs; va Z,, 1a toa do theo
phuong X VA z, tai vi tri banh xe xuat phét va X, va Z,, 1a toa d6 theo phwong x Va z tai vj tri
banh xe ra khoi bé mat mé hinh.

Tai mdi n(t, ma tran bién dang dugc mé ta theo cong thic (4):

— a O 0 -
dx
0 g 0
Ex dy
&y K
I O O 7] P ( LA, )iiN"m dmn @
€= ny B i i 0 16 26 362 = =
Yyz dy 0x menE
Vzx 0 0
O -
dz 0y
0 0 0
L0z d

= 2%:12712,=1Emndmn = Z%=1271¥=1an ) {dlrcnn}

296



Transport and Communications Science Journal, Vol 72, Issue 3 (04/2021), 291-305

Trong d6 L4, Lo, L5 1a c&c ma tran kich thudc 6x3 véi cac gid tri chi la 0 hoac 1,

mn a aNmn
Emn = | L,N™ — + L 5
1752 + L, dy + L3 37 ®)
Va ma tran bién dang-chuyén vi:
B™* = [B"'B3"™ ... Bgyil = [E™"N1(y) E™Ny(y) ... E™ Ny (¥)] (6)

MAéi quan hé giita tng suat va bién dang duoc st dung dé thé hién tong nang luong tiém
nang caa chuyén vi {d}:

1
P({d}) = f 5 ((BHa)T[DI([BI{d)dV — ] (IN){dDT {b}av
’ Y (7)

- f (INIdDT (f)ds
S

Ma tran chuyén vi nut {d} dugc xac dinh tuong ang véi gié tri nho nhit cua ham P, diéu
nay dong nghia véi viéc dao ham bac nhat ciia ham P bang 0,

6P({d}) =0, (8)

Tiép d6, ma tran bién thién ciia chuyén vi {§d} duoc sir dung cho phuong trinh can bang:

] [B]" [D][Blav{d} — j [N” {b}dV — j [N {f}dS = 0 ©
Vv 74 S
Str dung dang rut gon:

[K1(d)} = {f) (10)
Vei [k] = f, [BI" [DI[B]AV and {f} = [, [N]" {b}aV + J_ [N]" {f}ds,

[k] 12 ma tran d6 ctiing cua phan tir va {f} 1 vector tai trong.

Tur cac phuong trinh (4) va (10), ma tran do ctirng ctia mot phan tir dugc xac dinh:

arc mmnx  nmz | pnx . qnz
I = sin sin - sin sin -dxdz,
a

c a c
nmnz
f f cos = sin “=- cos pT sin = - dxdz, (11)
a C
mmx nmnz pmx qrz
I3 = cos cos * COS cos - dxdz.
a c a c
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C4c tich phan trén thé hién tinh truc giao va thoa man diéu kién:

ac _ . B
11:12:13:{7 ) VoL m=Pp va n=a (12)
0 , v6i m#p hoacn#q

Diéu nay c6 nghia 1a ma tran d6 cing phan tir (k™"P49)¢ [a ma tran chéo va duoc rit gon
dudi dang:

ac

(kmmmn)© = T (B DBJ™) dy m=12.Mn=12..N (13)
length

Trong d6 g va k 1a cac nit phan tir; length 1a do dai phan ti.

Bang cach ghép cac ma tran do cung cua tung phan tir ta duoc ma tran tong thé va co
phuong trinh sau:

K1111 Ull F11
1212 12 12
SR U AT =0 (14)
KMNMN .UMN };'MN
Phuong trinh (14) duoc miéu ta duéi dang rat gon:
Kmnanmn + an — O (15)

Trong d6 K 1 ma tran do ctng tong thé; U, F 1 vector chuyén vi va vector lyc tong thé
cho ca hé két cau.

Dua trén cac phuong trinh tudng minh duoc giGi thidu & trén, cac ma tran do cing phan
tu, ham dang, vector tai trong, thuat todn ghép ma tran, v.v... duoc xay dung va tinh toan trén
SfePy, két qua tinh toan duoc xur 1y bai cac thu vién Matplotlib [21] va Mayavi [22]. Ngoai b
ma ngudn duoc xay dung gilp cac nha nghién ctu co thé cuing tham gia phaét trién trén Git-hub,
mét s6 chirc ning thong dung cia FastKM dwoc nhém nghién ciu tong hop va xay dung giao
dién nguoi ding. Mot sb thu vién khai tao quan trong cho chuong trinh FastKM duoc tom tit
trong Bang 1. Giao dién nguoi ding cho bai toan md phong két cau ao duong nhiéu 16p duoc
thé hién trén Hinh 3. Phién ban nguoi ding ndy ¢6 mot sb tinh ning sau:

e Dinh nghia kich thudc hinh hoc (chiéu dai, chiéu rong) cua mé hinh, mé phong toan bo
hodc mot phan ciia md hinh, tai trong tac dung.

e Dinh nghia va hiéu chinh cac I6p vat liéu theo chiéu sau (bé day, hé s6 Possion, module
dan hoi E)

e Cho phép tinh toan tryc tiép bang thuat giai cua FastKM hozic xay dung ma lénh cho
mo hinh trén Abaqus, Cast3M
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Bang 1. Cac diém nam trén truc cua tai trong tac dung.

STT | Ma Iénh Tinh nang

1 | import numpy as np Str dung thu vién numpy

from sfepy.fem import (Mesh, Domain,
2 | Field, FieldVariable, Material, Integral,
Equation, Equations, ProblemDefinition)

Str dung thu vién fem cua sfepy cho mé
phong phan tir hiru han

Str dung thu vién terms cua sfepy dé gia

3 | from sfepy.terms import Term )
Py P cac phuong trinh vi phan

from  sfepy.fem.conditions  import | Str dung thu vién fem.conditions dé dinh
Conditions, EssentialBC nghia diéu kién bién cho mé hinh

Str dung thu vién ScipyDirect cho thuat

5 | from sfepy.solvers.ls import ScipyDirect Y
Py P Py gial to1 uu va song song

Str dung thu vién postprocess dé xir ly

6 | from sfepy.postprocess import Viewer Két qua va thé hién hinh anh

[ FastkM for Asphalt Pavement Design E@

File  Model Definition
Geometry

Length (m) Width (m) Mesh size (m) @Ful O12 O14

Define Layer

Layer T} Thickness E (MPa)
Surface course (035 ] [ 4@m) | [ 22700 | Edit Remove Run FastKM
Binder course (035 ] | 8(m) | | 27300 | Edit Remove

Abaqus Model
Asphalt base course 1035 | | 14(ecm) | | 17850 | Edit Remove
Road base course (025 ] [ 15(cm) | | 10000 | Edit Remove Cast3M Model
Sub-base ‘ 0.45 | | 34 (em) | | 100 | il Remove Result Options
Sub-grade ‘ 0.45 | | 200 (cm) | | 45 | Edit Remove Create Input text

Add new layer ] Auto run
Load

Contact stress (MPa) Area (m2)

Hinh 3. Giao di¢n phan mém FastKM cho md hinh tuyén tinh.
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3. MO PHONG KET CAU MAT PUONG NHUA TREN FASTKM, ABAQUS VA
CAST3M

Trong phan nay, két ciu mat duong nhya dién hinh duoc mé phong trén 3 phan mém la
CAST3M, ABAQUS va FastKM tuong tng véi 3 phuong phap phan tich khac nhau 1a LET
(Layer Elastic Theory), FEM (Finite Element Method) va phan 16p hitu han FLM (Finite Layer
Method). Céu trac MPN duoc chon cho nghién ctu ndy st dung céc théng sé theo tiéu chuén
ciia Btirc RDO-Asphalt-09[3] véi bé day va do cirng theo mua véi tac dung cua nhiét do bé mit
khéc nhau (-12,5 (tng v6i mua dong va 27,5 °C wng véi mua he) duoc tdng hop trén Hinh 4.

Do day cua I6p nén duong (sub-grade) dudi cung duoc lay 1a 2000 mm cho md hinh trén
ABAQUS nham giam thiéu cac anh hudng do diéu kién bién gay ra. Kich thuéc mé hinh theo
chiéu dai va chiéu rong dugc lay 1a 6000 mm véi cung Iy do. Mot mé hinh véi kich thude thuce
dugc tao ra trong FastKM trong khi md hinh trong ABAQUS 14 mé hinh dbi xang mot phan
tu. M6 hinh trén CAST3M, d6 day cua 16p phu ciing nhu chiéu dai va chiéu rong caa két cau
mat duong duoc thiét 1ap 1a vo han theo phuong phap LET.

Mua dong Mua hé
Cé4c 16p két cau mit duong n
E[MPa] | E[MPa]
Lop ao duong (surface course) 0.35 22700 2900
T 4cm
Lép két dinh (binder course) 0.35 27300 6800 1 gem
14cm
Lép 16t asphalt (Asphalt base 0.35 17850 4900 15em
course) 1
Lép mong (Road base course) | 0.25 10000 10000 3dem
Lop méng dudi (Sub-base) 0.45 100 100 )
Lép nén duong (Sub-grade) 0.45 45 45

Hinh 4. Tinh chat vat ly va chiéu sau cac 16p cau thanh két cau mat duong nhua.

Tai trong tac dung vuéng goc véi chiéu dai bén 264 mm va ang suat phan bé déu 12 0.7
MPa duogc &p dung dudi dang hinh vuéng ¢ trung tdm bé mat két cau MPN. Pé dat duoc do
chinh xac cao, 1u6i chia trén ABAQUS va FastKM duoc théng nhit véi kich thude da nho 1a
10mm. S6 lwong phan tir va nat trong ABAQUS lan luot 1a 162.000 phan tir va 171.166 nit
(Hinh 5). Can nhan manh rang, véi 3 phuong phap mé hinh bang 3 phan mém néu trén thi két
qua tinh bang Abaqus duoc coi 1a két qua kiém chimg cho cac phuong phép con lai do mé hinh
khong str dung gia thuyét hay phuong phap tinh don gian hoa nao, dong thoi ludi chia phan tir
trén Abaqus ciing dt nho dé két qua tinh c6 sy hoi tu vé gia tri chinh xac can dat duoc.
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Hinh 5. Chia lu¢i md hinh trén Abaqus va mé hinh phan 16p trén FastkKM.

Két qua tinh chuyén vi thang dang, bién dang ngang va wng suat tai cac diém trén bé mat
I6p 4o duong (surface course), I6p mong va lop 16t (asphalt base course) va cac 1ép méng (road
base couse, sub-base) tinh toan bang 3 phan mém Cast3M, Abaqus va FastKM duoc thé hién
trén Hinh 6, Hinh 9 va Hinh 10. D& dang nhan thiy c6 su khac biét dang ké giira két qua tinh
bang phuong phap mé hinh LET trén Cast3M so v6i hai md hinh con lai trén Abaqus va
FastKM. Su sai khac nay dugc giai thich do anh huang caa cac ly thuyét tinh toan, loai phan tir
str dung cho mdi phuong phép 1a khac nhau. Két qua tinh bang FastKM duoc xt Iy va thé hién
duéi dang khéi 3D hoac mit cat 2D nhu trén hinh Hinh 7 va Hinh 8. Cac mién gia tri theo mau
sic cho phép nguoi ding kiém soat va danh gia duoc két qua tinh toan.

Can nhan manh rang thoi gian tinh toan bang FastkKM (16s) ngan hon nhiéu so véi tinh
toan thuc hién bang Abaqus (150s) va Cast3M (56s). Mac di mé hinh 3D sir dung phan tir khoi
trén Abaqus cho thoi gian tinh toan 1au nhung mé hinh thé hién dugc ban chit va nguyén ly
lam viéc cua két cau gan vai thuc té nhat, vi vay, nhém nghién ctu sir dung két qua tinh trén
Abaqus la két qua d6i ching, kiém tra két qua dat duoc bang FastkKM.

|— Abaqus = FastKM = = Cast3M| |— Abaqus = FastKM = = Cast3M|

-0.02]
-0.04]
£ —0.06]
£ -0.08]
5" -0.10]
f=4
§ 012)
2 0.14]
© _0.16]
-0.18
-0.20]

)

Chuyén vi (mm)
&
N

s

0 1000 2000 3000 0 500 1000 1500 2000 2500
Khoang cach so v&i tam gia tai (mm) Khoang cach so v&i tam gia tai (mm)

Hinh 6. Chuyén vi thang dung tai cac diém trén I6p bé mat (surface course) cua két cau 4o dudng
(Mua d6ng: hinh bén trai; Mua he: hinh bén phai).
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P —

FastKM - Displacement (m)

SCAL
< 1.82E-05
>-1.56E-04
9.56E-06
-1.94E-06
-1.34E-05
-2.49E-05
-3.64E-05
-4.79E-05
-5.94E-05
-7.09E-05
-8.24E-05
-9.39E-05
-1.35E-04

-1.56E-04

SCAL
< 3.18E-05
>-2.95E-04
1.76E-05
-1.35E-06
-2.03E-05

A -3.92E-05
-5.82E-05
-7.71E-05
-9.61E-05
-1.15E-04
-1.34E-04
-1.53E-04
-1.92E-04

-2.91E-04

FastKM - Displacement (m)

Hinh 7. Chuyén vi thing dtng tinh bang phin mém FastKM — ¥ md hinh theo cac mat ct doi theo 2
phuong X, Y (Mua dong: hinh bén trai; Mua hé: hinh bén phai).

FastKM - Displacement (m)

SCAL SCAL
< 1.82E-05 < 3.18E-05
>-1.54E-04 >-2.94E-04

0

-1

.67E-06 1.83E-05
.68E-06 2.32E-07
.30E-05 -1.78E-05
.44E-05 -3.58E-05
.57E-05 -5.39E-05
.71E-05 ~7.19E-05
-84B-05 -9.00E-05
+918-05 -1.08E-04
.11E-05 ——
.24E-05 1 4201
.34E-04

-1.92E-04
.55E-04

-2.80E-04

FastKM - Displacement (m)

Hinh 8. Chuyén vi thang dung tinh bang phan mém FastKM — 1/2 md hinh theo mit cat doi theo
phuong X (Mua dong: hinh bén trai; Mua hé: hinh bén phai).

[—— Abaqus = FastkM = = Cast3M]

[=—— Abaqus = FastKM = = Cast3M]|

0
r"“ -0.02 /
-0.01 [
__-0.04
< .02 & ’
T 002 -0.06
= = |
5 00 3 008
» o —0.10
@ -0.04 3
S l S 012
005 -0.14
-0.06 —0.16~|/
0 1000 2000 3000 0 1000 2000 3000

Khoang cach so v&i tam gia tai (mm)

Khoang cach so v&i tam gia tai (mm)

Hinh 9. Ung suét doc tai cac diém trén 16p mong (Road base layer) cua két ciu 4o dudong (Mua dong:
hinh bén trai; Mua hé: hinh bén phai).
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FastKM = =

|— Abaqus Cast3M| |— Abaqus FastkKM = = Cast3M|
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Hinh 10. Ung suat doc tai cac diém trén 16p nén mong (sub-base layer) cua két ciu 4o duong (Mua
dong: hinh bén trai; Mua hé: hinh bén phai).

Gia tri chuyén vi, bién dang ngang va tng suét thang dung tai 5 diém véi chiéu sau lan

luot theo thir tu 12 4, 12, 26, 41, 75¢m doc truc tai trong tac dung cua két cau MPN dugc trich
Xuit va so sanh gitra 2 phan mém Abaqus va FastKM trén Bang 2 va Bang 3. Két qua nhan
duoc tir ca hai chuong trinh tinh 6 méi twong quan cao ngoai trir su khac biét ¢d thé chip nhan
duoc khi tinh bién dang ngang & day 16p 16t va g suat doc & dau 16p méng (road base course).

Bang 2. So sanh két qua gitta phan mém ABAQUS va FastKM tai cac diém nam trén truc tac dung tai
trong (M6 hinh véi nhiét d6 tinh toan vao mua dong).

Piém do Két qua Muadong
FastKM Abaqus Sai khac [%]
1 Chuyén vi thang dtrng [mm] -0.163 -0.164 0.47
2 Bién dang ngang 3.50E-05 3.25E-05 7.1
3 Ung suit theo phurong dirg [Mpa] -6.60E-02 -6.10E-02 7.6
4 Ungsuit theo phwong ding [Mpa] ~ -9.68E-03  -9.62E-03 0.6
5  Ungsuit theo phwong ding [Mpa] ~ -7.55E-03  -7.55E-03 0

Bang 3. So sanh két qua giira phan mém ABAQUS va FastKM tai cac diém nam trén tryc tac dung tai
trong (M hinh véi nhiét do tinh toan vao mua he).

Piém do Két qua Mua hé —
FastkKM Abaqus  Sai khac [%0]
1 Chuyén vi thang dirng [mm] -0.301 -0.302 0.33
2 Bién dang ngang 1.00E-04 9.35E-05 6.5
3 Ung suit theo phurong dirmg [Mpa] -1.75E-01 -1.65E-01 5.7
4 Ung suit theo phurong dimg [Mpa] -2.05E-02 -2.01E-02 1.9
5  Ungsuit theo phwong dimg [Mpa] ~ -1.45E-02  -1.45E-02 0
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4. KET LUAN

Bai béo tong hop ly thuyét va két qua tinh két cau mat duong nhua theo phuong phéap phan
I6p hitu han (FLM — Finite Layer Method). FLM la sy két hop giita phan tir hiru han mét chiéu
(1D) theo phuong thiang ding va phan tich Fourier theo hai huéng ngang. Cac két qua chinh
cua nghién ctru da dat duoc:

e T6ng hop ly thuyét tinh toan va cac phuong trinh co ban theo phuong phap FLM

« Xay dyng ma ngudn cho phép giai bai toan tinh toan két cau mat duong nhya nhiéu 16p
theo phuong phap FLM. Két qua dau ra la &mg suét, bién dang theo 3 phuong, phuc vu hitu ich
cho bai toan thiét ké két cau mat duong nhya theo cac tiéu chuan hién hanh.

e Xay dung giao dién ngudi ding cho bai toan mé phong két cau do duong nhiéu 16p sir
dung cac mé hinh vt liéu dan hdi tuyén tinh.

e Kiém chung tinh chinh xac va thoi gian tinh toan ciia FastkKM qua viéc so sanh véi két
qua tinh trén phan mém Abaqus theo phuong phap phan tir hitu han (FEM) va trén phan mém
Cast3M theo phuong phap phan 16p dan hdi (LET).

Phan mém FastKM cho két qua séat véi két qua kiém chang bang mé hinh 3D xay dung
trén phan mém Abaqus va cho thoi gian tinh todn nhanh hon mé hinh LET xay dung trén
Cast3M. Hién tai, phan mém FastkKM da giai quyét cac bai toan tuyén tinh vai mé hinh vat lidu
dan hoi chiu tai trong tinh. Trong thoi gian ti, nhém nghién ctu s& hoan thién bo ma ngudn
khai tao, dua du an I1&n Git-hub dé thu hat sy quan tam cua cac nha nghién cau phat trién. Vé
kha nang mo phong, FastKM sg tich hop thém cac moé hinh vat liéu dan nhét, cac thuat toan
phan tich anh huong cua tai trong dong, tir bién.
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