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Prediction of Ground Condition and Evaluation of its Uncertainty
A by Simulated Annealing

Dong-Woo Ryun

Abstract At the planning and design stages of a development of underground space or tunneling project, the
information regarding ground conditions is very important to enhance economical efficiency and overall safety. In
general, the information can be expressed using RMR or Q-system and with the geophysical exploration image.
RMR or Q-system can provide direct information of rock mass in a local scale for the design scheme. Oppositely,
the image of geophysical exploration can provide an exhaustive but indirect information. These two types of the
information have inherent uncertainties from various sources and are given in different scales and with their own
physical meanings. Recently, RMR has been estimated in unsampled areas based on given data using geostatistical
methods like Kriging and conditional simulation. In this study, simulated annealing(SA) is applied to overcome
the shortcomings of Kriging methods or conditional simulations just using a primary variable. Using this technique,
RMR and the image of geophysical exploration can be integrated to construct the spatial distribution of RMR and
to evaluate its uncertainty. The SA method was applied to solve an optimization problem with constraints. We
have suggested the practical procedure of the SA technique for the uncertainty evaluation of RMR and also
demonstrated this technique through an application, where it was used to identify the spatial distribution of RMR
and quantify the uncertainty. For a geotechnical application, the objective functions of SA are defined using statistical
models of RMR and the correlations between RMR and the reference image. The applicability and validity of this
application are examined and then the result of uncertainty evaluation can be used to optimize the tunnel layout.
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Table 1. Analogy between physical annealing and simulated
annealing(SA)

Physical annealing Simulated annealing

Thermodynamic simulation | Optimization w/ constraints

States of system Solutions

Energy of a state Cost of a solution

Change of state Neighbor solution

Temperature Control parameter

Local minimum

Min. Cost

Quenching

Min. Energy
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Begin
INITIALIZE(dstart, Co, L)
k:0=0;
i=lswars;
Repeat
For i:=1 to Lk do
Begin
GENERATE(/ from s);
If Aj)<A i) then i=f
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End;
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CALCULATE(Ly)
CALCULATE(cy)
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End;
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Table 2. Summary of various objective functions for simulated annealing(Deutsch and Journel, 1998)

Statistics Objective functions
Histogram Z:[ F*(2)— F(2)]% where F* is a ccdf of simulated realization.
Variogram 2_&1(%2&_)]_, where y* is a variogram of simulated realization.

Z *(h)—7(h)]? . . . .
Indicator Zlg Lyx( '2 7 ;12( 0l , where »* is a indicator variogram of simulated
variogram = ViR

realization in class ;.
Correlation [o* — p] 2, where o* is a correlation coefficient between primary and secondary
cocfficient variable of simulated realization.

n n
Conditional Zb 20[ FA(D—fi(»H]1? where f* is a conditional distribution the primary variable
distribution U= ) o _

given that the collocated secondary variable is in class i.
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|
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Model validation
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30D simulated annealing :

data integration and oplimization HReaﬁzations * RMR maps

Fig. 3. Fiow chart for the construction of 3-D spatial distribution
map of RMR with referring geophysical image
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Fig. 3. Histograms of secondary variables

Table 3. Thresholds of log-transformed specific resistivity, P-wave velocity and RMR

: LN(Specific Res.) P-wave velocity
Thresholds cdf (Ohms-m) (km/sec) RMR
Cutoff 1 10% LN(SR) = 591 0.93 km/s RMR =30
Cutoff 2 23% LN(SR) = 6.65 1.858 km/s RMR =40
Cutoff 3 50% LN(SR) = 7.33 3.383 km/s RMR =60
Cutoff 4 68% LN(SR) = 7.82 4.280 km/s RMR =170
Cutoff 5 80% LN(SR) = 8.27 4.357 km/s RMR =380
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Fig. 4. Box chart and results of statistical correlation analysis of primary and secondary variables

Table 4. Theoretical variogram and indicator variogram models of log-transformed specific resistivity

Semivariogram model

0.8-(1.5- Ty 0.5 - (130) )+O.2-(l~exp(—3'Fh0))

Indicator semivariogram model

LN?;]tijfiSISI 0.8 (15 _'05 (90))+0'2'(1_exp('3'T%))
LNE?L;)oifzﬁs 0.1+0.7+ (1.5 5 =0.5 - ({5 )+0.2'(1—exp(—3-*i%0‘))
s | 000 (15 =05 (4f5) 08 (1-en(-s )
LN((:su}tejf:;l.sz 0.4+ (1.5 05 - (160))*0'6'(1"6""(_3'”13‘0))
LN((:;;))E;n 0.65'(1.5-7%—0.5 (140) )+0 35 - (l—exp(—?)-—lf{—o))
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Fig. 8. Spatial variability modeling of RMR in horizontal direction

Separation Distance (m)
(b) indicator variogram

direction

Horizontal Indi Semivariogram

ez

o
* Cutoff 1-RMR 30

—— Theoretical model of cutoff 1
® Cutoff 2- RMR 40

-~~~ Theoretical model of cutoff 2
© Cutoff 3- RMR 80

------ Theoretical model of cutoff 3
u Cutoff 4 -RMR 70

------ Theoretical model of cutoff 4
& Cutoff - RMR 80

- --- Theoretical modet of cutoff 4

120 150
Separation Distance (m)
(b) indicator variogram

180

Table 5. Theoretical variogram and indicator variogram models of P-wave velocity

Semivariogram model

Horizontal

Vertical

0.10+0.90 - (1.5- 1—30—0.5 .

()

15205 (—2"3)3

%5
Indicator semivariogram model

Thresholds Horizontal Vertical
o?géoifn;s 0.08 +0.92 - <l—exp(3'Th0)> 0.15 +0.85 - (1—exp(3 2—’%))
f;;oifmi 1—exp(3 . %) 0.05+0.95 - (1.5 - —2110-—0‘5 . (2—’6)3)
g;oifmi 0.10+0.90- (1.5 gE=—0.5 (Fhs) ) 0.05+0.95 - (1.5-—3%—0.5 . (3—’6)3)
f;;ognz 0.05+0.95 - (1-exp(3- 14 ) 0.05+0.95 (L5 £ —0.5 - (3—’;)3)
f;;ofmfs 0.15+0.85 - (1—exp(~3 . 2—35)) 0.1240.88 - (1.5 : —3’g~0.5 . (3—’%)3)
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Fig. 9. Spatial variability modeling of RMR in vertical direction

Table 6. Theoretical variogram and indicator variogram models of RMR

Semivariogram model

Horizontal Vertical
0.15+0.65 - .(l—exp(B - ))+0.20 - (1 cos (& - )) 0.05+0.90 - (1.5 - £ —0.5 - (3—’%)3)+0.05 e
Indicator semivariogram model
Thresholds Horizontal Vertical
;A‘;;’E;O 0.60 +0.20 ~(}-exp(3 2:))+0.20 - (1—cos (& - 7)) 0.30+0.70~<1.5-1—’é—0.5-(1—%)3)
ﬁ;;’iffo 0.30+0.50 - (1—exp(3- 7)) +0.20 - (1—cos[-2 - 7)) | 0.15+0.85- (1.5 4t ~0.5- (1—’;)3)
;;;’5630 0.05+0.75 - (1—exp(3- —f))+0.20 - (1—cos {4 - 7)) | 0.10+0.90- (1.5~ 55 ~0.5 - (—2%)3)
RCAl/]ItI;)t;f;O 0.05+0.80 - (1—exp(3- 45 ))+0.15 - (1-cos( & - 7)) | 0.054+0.55 (1—exp(3 - - ))+0.03 - 10
RCAl/JI;?ESSO 10 (L5 = 0.5-(1—{‘5)3) 0.05+0.80 - (1=exp(3 - = )} +0.10 - 4"
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Fig. 10. 3-D spatial distribution of log-transformed specific

resistivity by sequential indicator simulation
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Fig. 11. 3-D spatial distribution of P-wave velocity by
sequential indicator simulation
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