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Abstract: In this paper, simulated annealing technique was used to estimate the rock joint characteristics,
RMR(rock mass rating) values, to overcome the defects of ordinary kriging. Ordinary kriging reduced the vari-
ance of data, so lost the characteristics of distribution. Simulated annealing technique could reflect the distribution
feature and the spatial correlation of the original data. Through the comparisons between three times simulations,
the uncertainty of the simulation could be quantified, and sufficient results were obtained.

1. Introduction

Rock mass classification method classifies rock mass into several groups showing similar mechanical behaviors
and offers necessary standards which enable us to understand the characteristics of the groups as well as quantita-
tive data for engineering design(Bieniawski, 1984).

Tunnel excavation and reinforcement designs are made according to the rock mass classification, and in order to
classify the rock mass, engineers use borehole rock mass classification data and geophysical site investigation re-
sults. Since rock mass classification from borehole is the value at the specific point, however, it is essential to esti-
mate rock mass class in which borehole investigation was not made using data from geophysical site investigation
and geostatistics method such as kriging.

Kriging method has an advantage which is to reproduce the given data with minimum variance of errors as well
as unbiased estimator. However, in case of which there is large amount of deviation, the values estimated by
kriging tend to decrease the variance.

In order to overcome this problem, simulated annealing technique was used and rock mass class in the 13-4 sec-
tion of works of Korea train express(Seoul-Pusan highspeed railway) was estimated.

Simulated annealing technique is a kind of combinatorial optimization technique, and it can produce variable
which preserves the distribution of magnitude as well as the spatial correlation. Simulated annealing finds optima
in a way that is analogous to the reaching of minimum energy configurations in metal annealing. Kirkpatrick et
al.(1983) applied simulated annealing technique to optimization of login design and after that, simulated annealing
technique was widely applied to many fields such as image processing(German and German, 1984), manage-
ment(Ingber, 1984), and computational modeling(Ingber, 1989).

In this study, simulated annealing te¢hnique was used to estimate the rock joint characteristics, RMR(rock mass
rating) values, to overcome the defects of ordinary kriging. Three times of simulated annealing were performed
using RMR values from borehole data and geophysical site investigate results as input data. From these simulations
RMR values at undrilled site were estimated, and comparisons were made between these results and ordinary
Kriging results, finally the uncertainty of estimation was measured.

2. Simulated Annealing
Background of the Simulated Annealing

The simulated annealing algorithm was derived from statistical mechanics. Kirkpatrick et al.(1983) proposed an
algorithm which is based on the analogy between the annealing of solids and the problem of solving combinatorial
optimization problems(Pharm and Karaboga, 2000).

The energies of the states correspond to the values of the objective function computed at those solution, the
minimum energy states corresponds to the optimal solution of the problem. In order to minimize the objective func-
tion, simulated annealing technique changes some variable arbitrarily or perturbs the data.

In the process of simulation, even if the difference between the objective function values of the current and the
newly produced solution is larger than zero, the newly produced solution is accepted as the current solution by
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some probability process. So, the objective function gets out of the local minimum, and reaches the global mini-
mum.

Simulated Annealing technique has three characteristics compared with kriging(Choti, 2002).
a. As the magnitude and distribution of the original data are maintained, the new values are generated.
b. Spatial correlation and heterogeneity of the data are reflected.

¢. On the same simulation condition, the results are different but equi-probable, so the uncertainty of estimation
can be measured.

Process of the simulated annealing

Fig. 1 shows the optimization process using simulated annealing.
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Fig. 1. Flow chart of simulated annealing.

The detailed process is shown below.

a. Generate a initial solution. An initial solution is created by relocating the conditioning data to the nearest grid
nodes and then assigning random value from the histogram of the conditioning data to all remaining nodes.

b. Calculate experimental variogram and theoretical variogram in horizontal and vertical direction.

c. Evaluate a initial objective function. Objective function used in this study is given by equation (1).

[y () -y (W)Y’
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Here, " (h)is the experimental variogram of the simulated realization and y(/)is the theoretical variogram of
the pre-specified input data.

d. The initial solution is perturbed by swapping pairs of nodal values chosen at random. And after each swap, the
objective function is updated.

e. All swaps that reduce the objective function are accepted. If some swaps increase the objective function, the
perturbations are accepted with an exponential probability distribution. For this, Metropolis algorithm(Metropolis,
1953) was used in this study. Metropolis algorithm is given by the following formula.

Placcept}y= 1, if O,,, <
Qotg ~Onew 2 )
e ', otherwise

Here, P is the acceptance probability distribution, O, is the previous value of the objective function, 0,,, is

the updated value of the objective function, and t is the temperature. The parameter t is analogous to the
"temperature" in annealing.

f. After some numbers of iteration, temperature is cooling down.
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g. Until the value of the objective function is converged, repeat the process @-®. In this study, if the equation
(3) is satisfied, then the simulation is terminated.

y" (B -y’
Eh: ) <0.000001 3)

3. Simulation Results
RMR distribution by simulated annealing

In order to get the RMR distribution from borehole information, simulated annealing was performed in the 13-4
section of works of Korea train express(Seoul-Pusan highspeed railway) with the depth from 0 m to 900 m. The
grid contained 240 zones in width, 50 zones in height, and the dimensions of one element were 22.3 m wide by
18.4 m high.

The results of simulated annealing were compared with that of ordinary kriging. And in order to examine the un-
certainty of RMR estimation, simulated annealing was repeated three times with producing the equi-probable re-
sults using the same probabilistic input data, and each result was compared with the others.

Fig. 2 shows the RMR distribution of ordinary kriging, and Fig. 3 shows that of simulated annealing. Among
three results of simulated annealing, first simulation result is presented typically.

RMR Distribution - by Ordinary Kriging
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Fig. 2. RMR distribution using ordinary kriging.

RMR Disgribution - by Simulated Annesling
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Fig. 3. RMR distribution using simulated annealing.

As the result shown on Fig. 3 is compared with that shown on Fig. 2, contour line is very smooth because of the
reduction of variance, and in the interior of one contour line, only one value exists, no variation exists.

The results of simulated annealing shows that the generated RMR values satisfy the distribution curve of initial
RMR values(borehole data) and the spatial correlation of RMR values by fitting the experimental variogram to the
theoretical variogram.

Estimation uncertainty and reliability analysis

To estimate the uncertainty of the results of simulated annealing, comparisons were made between three simula-
tion results that were simulated on the condition of equi-probability(same input parameters). RMR values along the
elevation of the planned tunnel are shown on Fig. 4. RMR values have some deviations, but almost same trend.
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RMR Values along the Tunne! Area
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Fig. 4. Distribution of RMR values along the elevation of the planned tunnel.

As the same grid points, the variance of RMR values generated by three times simulated annealing were calcu-

lated and the results are shown on Fig. 5.
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Fig. 5. Average of the three times simulation variance.

Standard deviations were ranged from 4 to 14, so the uncertainty of simulated annealing was small, and the un

certainty of simulation could be quantified.

Fig. 6 shows the variation of the objective function as the number of iteration increase.
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Fig. 6. Variation of the objective function as the number of iteration increase.
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The number of iteration was greater than 1,000,000 times, the variation of the objective function was almost dis-
appeared and the value of the objective function was converged to 0.

4. Conclusions

The objective of the study was to estimate rock joint characteristics(RMR values) optimally using simulated an-
nealing technique. The results may be summarized as follows:

a. The trend of RMR values generated by ordinary kriging was similar to that by simulated annealing, but ordi-
nary kriging reduced the variance of data and lost the characteristics of the distribution. Simulated annealing tech-
nique could reflect the distribution feature and the spatial correlation.

b. Comparisons between three simulation results that were simulated on the condition of equi-probability showed
that the variance was sufficiently small and the value of objective function converged to 0, so the estimation uncer-
tainty could be quantified.

References

Bieniawski, Z. T., 1984, Rock mechanics design in mining and tunneling, A. A. Balkema, Rotterdam, 97-136.

Choe J., 2002, Spatial data modeling, Goomibook, Seoul, 219-224.

Deutsch, C. V. and Journel, A. G., 1992, GSLIB, Oxford University Press, New York, 154-159.

German, S. and German, D., 1984, Stochastic relaxation, Gibbs distributions and the Bayesian restoration of im-
ages, IEEE Transactions on the Pattern Analysis and Machine Intelligence, PAMI-6(6), 721-741.

Ingber, L., 1984, Statistical mechanics of nonlinear nonequilibium, financial markets, Math. Modelling Vol. 5(6),
343-361.

Ingber, L., 1989, Very fast simulated reannealing, J. Math. Comp. Modeling, Vol. 12, 967-973.

Kirkpatrick, S., Gelatt jr., C., and Vecchi, M., 1983, Optimization by simulated annealing, Science, 220(4598),
671-680.

Metropolis, N., Rosenbuch, A., Rosenbuch, M., Teller, A., and Teller E., 1953, Equation of state calculations by
fast computing machines, J. Chem. Phys., Vol. 21, 1087-1092.

Pharm, D. T. and Karaboga, D., 2000, Intelligent optimisation techniques, Springer, London, 11-15.

82



