HA0% 11 " = T B o ik Vol. 40 No. 11
2018 4F 114 Chinese Journal of Geotechnical Engineering Nov. 2018

DOI: 10.11779/CJGE201811010

BT Wi D /RARENME TR ERUG A

BEFC, BB, AR, FED
L RBUORFK R 5K H TR E R E A, WAt 2 430072, 2. B E TRESEBOKF SAES TR, L B8 330099,
3. KR H TR S B ac ot iT, #idt B 430072)

8 . ARG ORGSR RS M AR R A A TR SR, BT AR R BRI R rh
LG, | SORA SR AT REEKCE 7 A B MR A VAN R LA TE, ARG SO A Sy /R T R A B
e T HUZ AR . ik, BRI T T RALTORL SGRA D R AT KRB K 77 1) A M2 B A R AR T T
P WAE T ZITERA A, TERCERR EOR S B At 2 AR e o DU IR S M X BRI T PR R s AL Y —
AR FLTRL NI AT #2788 S AL, BT T BN LA B 7 XKV 7 1) e RS R AE B Al T (RS MR, PR T Bl LA B T
FENT L E AR S A SR . SE IR BRI AR 7 A B AR A B AR AL SR A T TV R A RO ik T K S
PR MRS AR, AT R TR FL TR Z AN & P M 8558 1 Rl A FLAT B 7 S8 & 77 1) L2 R MR A0 B 1)
TR 20 S M RO SR 2 B, D SRASHE B P B A MR R S (AL JE 08 (0 B AL o B LA B 0T e 24 S
BAUA B R, NORRS LA B T i Fe X3, R BB E M. (5 R0 B AR 8 B b B {2 A AL
A E M, THT 3 SE LT RN E

kBRI BB RM: OGRS DRI REE: KPR 5 R E

FESES: TU43 XEAFRINED: A XEHRS: 1000 - 4548(2018)11 - 2041 - 10

EE® N WEF 1990 - ), T, iimE N, 15, JHil, FEN S 2 TRERTHEE 5B 55 U2 1 7 T R 7
E-mail: zhipingdeng10@126.com.

Simulation of geological uncertainty using modified generalized coupled
Markov chain
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Abstract: The traditional generalized coupled Markov chain (GCMC) is an effective model for the simulation of geological
uncertainty. However, it cannot be directly applied to geotechnical problems. The reason lies in that one important parameter of
GCMC, namely horizontal transition probability matrix (HTPM), is hard to be estimated due to the typical large distance
between boreholes. Hence, In the framework of GCMC, a maximum likelihood estimation method for HTPMs based on
borehole data is proposed. The validity of the method is verified. On this basis, the information entropy plot is adopted herein to
quantify geological uncertainty. In addition, the borehole data from Dun Laoghaire Harbour, Dublin City, Ireland is used to
simulate the geological uncertainty. The influences of layout schemes of boreholes on HTPMs are investigated. Moreover,
those on simulation of geological uncertainty are explored. The results show that the proposed method can effectively estimate
HTPM, which lays a foundation for analysis of geological uncertainty based on borehole data. The layout scheme of boreholes
is very important for the estimation of the transition probability matrix in all directions and the simulated results of the
geological uncertainty. Adequate borehole data should be provided to obtain accurate transition probability matrices. The
boreholes should be designed in the key research area to minimize the simulation of geological uncertainty. The information entropy
plot can visually quantify the stratigraphic simulation uncertainty, which can be used to guide the design of borehole schemes.
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Fig. 1 Scheme for estimating horizontal transition probability matrix
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Table 1 Assumed and newly estimated transition probability matrices
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Fig. 2 Several realizations of GCMC for different combinations of
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Table 2 Vertical transition probability matrices
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for analysis
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LA B 7 R R R AL H B B BT AN
HEIALETEHIFLL, 35, MATRIBEEETT 3
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FHEZE L.
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RIERAE FE A A B R . R AR SCRT 3 73250
VO Fe AN [F) s FL AT B 5 8 7K P 7 1) e 78 k2R gk AT A%

ih, @R 6 ivn, &7 RN 7
BRI — M ZEm . 7% 2 Frf3rK-F
i R MR S 5 % 5 TR g R =R R
XTEGTT %8 3A 3B v LUE Y, 7 R ESR EA MR
BhFLECE B TSI KT T ) e 7 MRS B A AR —
2200 LR R AL FLEL B A B K FJ7 1n E FE R
IR T BB, DN SRAS R I 45 SR SR 1t
SRR FLEE S B .

x4 TRIPMILHERR

Table 4 Different layout schemes of boreholes considered in this study

BhifLAT Bhifl 1 Bhifl 2 BifL 3 BifL 4 Bifl 5
i I | i i |

2 ~ N

3A v v v

3B v v v

5 v v v v v

x5 TEMMILEES RETTH S B R B EER
Table 5 Vertical transition probability matrices for various layout schemes of boreholes
(al) BEE [ THHR (a2) BHF EHEBHR (bl BEHATHE (b2) BEE[ EHBMR
A% HiFE (T2 HiFE (T2 BEAIRE (7% 3A) MR 7% 3A)

(B> 2 ) 3 R 1 i) 2 A3 Wk 1 (B 23 @R 1 (Fid) 2 (bk) 3 ik

—_

1 (Fit) 0.935 0.028 0.037 0.935 0.028 0.037 0932 0.031 0.037 0932 0.031 0.037
2 (W) 0.051 0.949 0.000 0.051 0949 0.000 0.059 0941 0.000 0.059 0.941 0.000
3 (ibHK) 0.100 0.000 0.900 0.100  0.000 0900  0.098 0.000 0.902 0.098  0.000 0.902

Ccl) WEFEBME () BEHM EEBEER (dD BEHE FEBER  (d2) BEHM FEBER
ReEN SEFE ()7 3B) SEFE ()7 3B) MEE (R S) MR (R S)

Gt 2 W) 3 WER 1 Gt 2 W3 WERD 1 Fit)2 W43 WED 1 (Fit) 2 (4D 3 WER)

—_

1 (Fit) 0.935 0.028 0.037 0.935 0.028 0.037 0.937 0.030 0.033 0.937 0.030 0.033
2 (W) 0.051 0.949 0.000 0.051 0949 0.000 0.056 0.944 0.000 0.056 0.944 0.000
3 (ibHK) 0.100 0.000 0.900 0.100  0.000 0900 0.088 0.000 0.912 0.088 0.000 0.912

* 6 TRINHFLBE R BMETTHIK T A @B HRIER

Table 6 Horizontal transition probability matrices for various layout schemes of boreholes

D) KFRAEBER  (22) KTFALEEBER b KFRAEBER  (b2) KTFRLEEBER
RN iR (72 2) iR (72 2) HiRE (J7% 3A) HiRE (J7% 3A)

1 G 2 W) 3 WERD 1 GE4)2 Wbt 3 (WD 1 G 23 1 Fito2 bt 3 WER)

1 (Ft) 0.988 0.005 0.007 0989  0.005 0.006 0.985  0.007 0.008 0.985  0.007 0.008
2 () 0.009 0.991 0.000 0.009 0.991 0.000 0.013 0987 0.000 0.013  0.987 0.000
3 (ibHK) 0.019 0.000 0.981 0.018  0.000 0.982 0.021  0.000 0979 0.021 0.000 0.979

() KTFHAEBER () KTPHAEBEERE (dD KPHAEBEER  (d2) KFrEEBER
ReEN SEFE ()7 3B) B ()% 3B) MR (R S) MR (R S)

1 Gt 2 ) 3 WERD 1 G2 bt 3 WERD 1 G2 43 k) 1 (Bt 2 (bt 3 bR

1 (it 0.983 0.009 0.009 0983  0.009 0.009 0.979 0.010 0.011 0.979 0.010 0.011
2 (1) 0.017 0.983 0.000 0.017  0.983 0.000 0.018 0.982 0.000 0.018 0.982 0.000
3 (PR 0.024 0.000 0.976  0.024  0.000 0.976 0.029  0.000 0.971 0.029 0.000 0.971
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Fig. 4 Evolution of total information entropy with number of
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Fig. 5 Total information entropy associated with various layout

schemes of boreholes
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Fig. 6 Information entropy plots associated with various layout

schemes of boreholes



ERUR i BN, S5 T T SR G SR AT R EE 2 AR B TV 2049

- §iL2 5L
= ; i i i i EEEESEsEE

25!1’%

20

Z'm

15
10

0 10 20 30 40 50 60 70.8
x/m
(a) 531
312 5712 574
30

25

20 =

Z'm

15
10

0 10 20 30 40 50 60 70.8
x/m

(b) 32

E7 FR2HtEFRRARSI
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Scheme 2
31 PHALL £l £33 Hi7l4 Hi3Ls
30 == e
]
whk—
g
N 15
10
5
0 10 20 30 ) 40 50 60 70.8
Xim
(a) 531
31 PHiTLL £7L2 £7L3 £i7la ik
30 RN IS - REE
s
Py =
c Ess=
X 15
10
5
0 10 20 30 40 50 60 70.8
x/m
(b) 5£H2

El 8 R 5MEMA ARSI
Fig. 8 Two typical realizations of geological uncertainty for

Scheme 5

7 % ®

ARSI T — R TR FLVORM S SO & I Ak ]
Fe KT 7 [V RS RS R R DA T 7 7, 56
ST %A R, AR B AR s VAT T 40
E, SRAS B B R Rtk DB /R 22 X 0

FAPRTIT P i /R o 1A el FLEE D A7 S22 S
PEREADL, Mt T Bl A LA BT S0 &7 TR e R R R
AT IR, PRI T8 FUAT BT SR A S AR
AR . BEEERIT

(1) R EE TR FLBDRI OB LRl T 7R RE
5 RO AT P T [ RS B B R AT Al T, 9tk
TR SL DRI Z AN E PR B B2 1

(2) BlifLATE 7 05 ) B AR I
THAMHE AR ORI SE R A L, BRAHER
PR LR NAR B W OB FL AU . BEE S ALEH 10
HEI, BME SR EEETR D, MR E
PEZB AN T H AR R P AT E T 5, Bl
o7 B MR AR S E RO B SR 5, SRR LA BT
H AT, R DRI AE .

(3) {7 B4 IR RE % B b & Akt R BN
P, JERT TR AL T RO E .

SE -

[1] HU Q F, HUANG H W. Risk analysis of soil transition in
tunnel works[C]// Underground Space--the 4th Dimension of
Metropolises: Proceedings of the 33rd ITA-AITES World
Tunnel Congress. London: Taylor & Francis, 2007.

[2] HANSEN L, EILERTSEN R, SOLBERG I L, et al
Stratigraphic evaluation of a Holocene clay-slide in Northern
Norway[J]. Landslides, 2007, 4(3): 233.

[3] SCHULZ W H, MCKENNA J P, KIBLER J D, et al.
Relations between hydrology and velocity of a continuously
moving landslide—evidence of pore-pressure feedback
regulating landslide motion?[J]. Landslides, 2009, 6(3): 181
- 190.

(4] REF, MK, BrH, 5 BEMEEREN LIES
A AL A AT SERE A [0). A+ RS, 2017,
39(6): 986 - 995. (DENG Zhi-ping, LI Dian-qing, CAO
Zi-jun, et al. Slope reliability analysis considering geological
uncertainty and spatial variability of soil parameters[J].
Chinese Journal of Geotechnical Engineering, 2017, 39(6):
986 - 995. (in Chinese))

[51 B/, 2K, TR, & FEMEZRKLREE
AWM. A 715, 2017, 38(5): 1385 - 1396. (QI
Xiao-hui, LI Dian-qing, CAO Zi-jun, et al. Uncertainty
analysis of slope stability considering geologic uncertainty[J].
Rock and Soil Mechanics, 2017, 38(5): 1385 - 1396. (in
Chinese))

[6] ELKATEB T, CHALATURNYK R, ROBERTSON P K. An
overview of soil

heterogeneity: quantification and



2050 A= T

2018 4F

implications on geotechnical field problems[J]. Canadian
Geotechnical Journal, 2003, 40(1): 1 - 15.

[71 LIAO T, MAYNE P W. Stratigraphic delineation by
three-dimensional clustering of piezocone data[J]. Georisk
Assessment & Management of Risk for Engineered Systems
& Geohazards, 2007, 1(2): 102 - 119.

[8] CAO Z, WANG Y. Bayesian approach for probabilistic site
characterization using cone penetration tests[J]. Journal of
Geotechnical and Geoenvironmental Engineering, 2013,
139(2): 267 - 276.

[9] CHING J, WANG J, JUANG C H, et al. Cone penetration test
(CPT)-based stratigraphic profiling using the wavelet
transform method[J].
Geotechnical Journal, 2015, 52(12): 1993 - 2007.

[10] NOBRE M M, SYKES J F. Application of Bayesian kriging

modulus  maxima Canadian

to subsurface characterization[J]. Canadian Geotechnical
Journal, 2011, 29(4): 589 - 598.

[11] DASAKA S M, ZHANG L M. Spatial variability of in situ
weathered soil[J]. Géotechnique, 2012, 62(5): 375 - 384.

[12] SCHOBI R, SUDRET B. Application of conditional random
fields and sparse polynomial chaos expansions to
geotechnical problems[J]. Geotechnical Safety and Risk V,
2015: 445.

[13] ZHANG L M, DASAKA S M. Uncertainties in geologic
profiles vs. variability in pile founding depth[J]. Journal of
Geotechnical & Geoenvironmental Engineering, 2010,
136(11): 1475 - 1488.

[14] SITHARAM T G, SAMUI P, ANBAZHAGAN P. Spatial
variability of rock depth in bangalore using geostatistical,
neural network and support vector machine models[J].
Geotechnical & Geological Engineering, 2008, 26(5): 503 -
517.

[15]LI X' Y, ZHANG L M, LI J H. Using conditioned random
field to characterize the variability of geologic profiles[J].
Journal of Geotechnical and Geoenvironmental Engineering,
2015, 142(4): 04015096.

[16] ELFEKI A, DEKKING M. A Markov chain model for

subsurface characterization: theory and applications[J].

Mathematical Geology, 2001, 33(5): 569 - 589.

(17] #B/ o, 28R, FASE, &5 E TR RER#ES SR
A REEACETT [ e R AR REAG THI. SR S TR
22E4R, 2017, 25(5): 967 - 984. (QI Xiao-hui, LI Dian-ging,
ZHOU Chuang-bing, et al. Estimation of horizontal transition
probability matrix for coupled Markov chain based on
borehole data[J]. Journal of Basic Science and Engineering,
2017, 25(5): 967 - 984. (in Chinese))

[18] ELFEKI A, DEKKING M. Modelling subsurface
heterogeneity by coupled Markov chains: directional
dependency, walther’s law and entropy[J]. Geotechnical and
Geological Engineering, 2005, 23(6): 721 - 756.

[19] ELFEKI A, DEKKING M. Reducing geological uncertainty
by conditioning on boreholes: the coupled Markov chain
approach[J]. Hydrogeology Journal, 2007, 15(8): 1439 -
1455.

[20] PARK E, ELFEKI A, SONG Y, KIM K. Generalized coupled
Markov chain model for characterizing categorical variables
in soil mapping[J]. Soil Science Society of America Journal,
2007, 71(3): 909 - 917.

[21] PARK E. A multidimensional, generalized coupled Markov
chain model for surface and subsurface characterization[J].
Water Resources Research, 2010, 46(11): 6291 - 6297.

[22] QI X H, LI D Q, PHOON K K, et al. Simulation of geologic
uncertainty using coupled Markov chain[J]. Engineering
Geology, 2016, 207: 129 - 140.

[23] LTI W, ZHANG C. A single-chain-based multidimensional
Markov chain model for subsurface characterization[J].
Environmental and Ecological Statistics, 2008, 15(2): 157 -
174.

[24] WELLMANN J F, REGENAUER-LIEB K. Uncertainties
have a meaning: information entropy as a quality measure for
3-D geological models[J]. Tectonophysics, 2012, 526-529(2):
207 - 216.

[25] LI Z, WANG X, WANG H, et al. Quantifying stratigraphic
uncertainties by stochastic simulation techniques based on
Markov random field[J]. Engineering Geology, 2016, 201(22):
106 - 122.



