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Abstract: Based on coupled Markov chain and information entropy theory, an optimization method for geological borehole
is proposed to obtain the location, depth and quantity of boreholes by considering the tradeoff between the accuracy of
ground information and cost of boreholes. The probabilistic distribution of soil information is predicted and identified based
on coupled Markov chain theory. To evaluate both the information entropy and exploration cost, genetic algorithm is used to
calculate the optimal solution of borehole location and depth under the condition of dual objectives. Based on orthogonal
boundary crossing method, the optimal number of boreholes is calculated. Finally, the feasibility of the proposed method is
verified by taking the data of Shenzhen Mawan tunnel cross section 4 borehole as an example. The proposed method can
provide the basis for the optimization of the location, depth and number of boreholes in tunnel geological prospecting.
According to considering the uncertainty of borehole cost and site information comprehensively, it provides a feasible means
for predicting engineering geological information based on limited exposed soil data.
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1 Introduction

The exploratory boreholes are the most effective means to observe the stratigraphic distribution, which is widely
used in the engineering field. The cost of geological exploration is directly proportional to the number and depth
of exploration points. In addition, the exploration point information should reflect as fully as possible the
geological changes in the construction area. Therefore, under the condition of limited exploration cost, the
number, location and depth of exploration points are particularly critical.

Fortunately, some scholars have introduced Shannon's information entropy theory into geological modeling
to measure the overall and local uncertainties of the model (Wellmann and Regenauer, 2012). Some scholars

combined information entropy theory with stratigraphic simulation to explore the borehole layout method. This
method could optimize the placement of boreholes and the stratigraphic results were re-simulated based on the
optimized scheme, The results showed that the total information entropy of the optimized stratigraphic
distribution was significantly lower than the original scheme (Xu et al., 2017; Dai et al., 2020).

It is difficult to discern the geological information of underground engineering. This paper focuses on the
optimization of the location, depth and number of new exploration points to achieve the purpose of obtaining
more and more accurate geological information by using lower cost. Based on the method of coupled Markov
chain and the basic theory of information entropy, considering the exploration cost of the borehole and
combining with the existing exploration information data in the site. This paper proposes a method of optimizing
the survey scheme based on bi-objective optimization to find the optimal scheme at the inflection point of the
Pareto front surface by maximizing the certainty of the scheme and minimizing the survey cost.

2  Methodology

2.1 Implementation procedure

Stochastic simulation of the two-dimensional stratigraphic profile is carried out using the coupled Markov chain
theory proposed by Elfeki (Elfeki and Dekking, 2001). Based on the two-dimensional coupled Markov chain
model, using the existing borehole and geological a priori data, the transfer probability matrix of the regional
stratigraphic soil state in the vertical and horizontal directions is estimated. And combined with the Monte-Carlo
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method, the stratigraphic distribution state of the unknown area is simulated (Li et al., 2016; Qi et al., 2017). The
borehole cost is calculated by referring to the base price table of borehole charges in the Engineering Survey and
Design Charges (2002 Revision), and together with the previous information entropy map, an information
entropy-borehole cost map is drawn; after that, the Pareto surface is calculated based on NSGA-II, and then the
location and depth of the next borehole are determined; finally, the optimized number of boreholes is determined
by the orthogonal boundary crossing method. The flow of the detailed stratigraphic simulation method is as
follows Figure 1.
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Figure 1. Stochastic simulation process for stratigraphy based on coupled Markov chains.

2.2 The information entropy

Entropy is an important concept in thermodynamics, characterizing the degree of chaos within an isolated
system; the greater the degree of chaos in the system, the higher the entropy of the system. Shannon introduced
the concept of entropy into information theory and proposed to use information entropy as a measure of the
amount of information of a random event and to reflect the uncertainty of the occurrence of a random event; the
greater the information entropy indicates the greater the amount of information required and the greater the
uncertainty. For a random variable X with the value space {xi.x,...,x»}, each of its values in the value space
corresponds to a non-negative probability of taking the value. Satisfying condition

n
P[:X=xl-)=p1-,i=1,2,...,n,0<_1p1-<1,Z p=1 (1)

i=1

where information entropy is defined as:

n
H(X) = H(py, P2) s Pn) = —Z p:log, p; )

i=1

The relationship between the information entropy H(x) of this random variable and the probability p obeys
the entropy function above, where H(x) is a strictly upper convex function of the probability p. H(x) reaches its
maximum value when the two possibilities of the variable taking values are equal, i.e., p = 1/2, while H(x)
decreases rapidly to O when p tends to 0 or 1.

2.3 Couple Markov chain

In the stratigraphic simulation, different soil types are distributed in different spatial locations in the stratum, and
they correspond to different states in the Markov chain. Meanwhile, based on the cell division of the
stratigraphic space, the distance between soil units is equivalent to the step difference between states in the
Markov chain, and thus the Markov chain can be applied to describe the transfer of soil states. Since the
simulation of one-dimensional Markov chain is relatively limited, it is more appropriate to use two-dimensional
coupled Markov chain to simulate the stratum. The two-dimensional coupled Markov chain describes the
coupled behavior of two independent Markov chains X and Y defined on the same state space {Si, S2, ..., Su}, in
horizontal and vertical directions, as shown in Figure 2 below, whose common conditional probability
distribution can be expressed as:
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P(Ziy =S| Ziyy = SuZiy1 = Sm) = C - P(X; = Si | Xy = SOP(Y) = S | ¥iy = Si)) 3)

where C is the normalization constant that serves as a constraint on the transfer of (X;)", (¥;)" to different states,
with the expression

n -1
C = Z p{} -p:;f 4)
=1

The expression for the transfer probability py,, »0f the coupled Markov chain can be obtained from the
above equation as:

n
e hov PikPmk

Pimk = CPPmk = o h v

r=1 Pir " Pmr

®)

A

Figure 2. Two-dimensional coupled Markov chain lattice system.

3 Case Study

3.1 Site information

The stratigraphic section to be optimized comes from the shield sea section of Shenzhen Ma Wan cross-sea
channel, the stratigraphic section given in the geological survey report is shown in Figure 3, the soil types from
top to bottom of the stratigraphy are mainly (3 silt, (5) clay, (8 sandy chalk and () mixed weathering rocks with
different degrees of weathering. The distance between the two initial survey boreholes ZK30 and ZK31 is 122 m.
Two initial survey boreholes and two virtual survey boreholes were used as the actual borehole program, and the
location, number and depth of the boreholes were optimized on the basis of this program. In addition, the
minimum spacing of the survey points in the tunnel project is 10 m, so a maximum of 9 additional boreholes
were drilled on top of the existing ones.
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Figure 3. Geological profile of the tunnel cross-section stratigraphy.

Before optimizing the borehole, the borehole cost is first calculated based on the geotechnical type revealed
by the borehole and the corresponding fee base price. For each borehole scenario with equal depth, the cost of
individual borehole wo and the total cost w of the borehole scenario can be calculated separately as:
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Wo =i qi-hi; w=mn-w, (6)

Where, gi is the base price of the fee corresponding to the section i of borehole, /4; is the depth of the section
i of borehole, and » is the number of boreholes of the drilling scheme. Combined with the relevant specifications
and tariffs, the geotechnical categories and base prices of boreholes through the strata in the region are
established as shown in Table 1.

Table 1. The table of base price for drilling through strata.

Depth . Geotechnical Fee base price
(rrr;) Soil type category (Yuan/rpil)

h<10 Silt I 46
10<h=<15 Clay Il 89
15<h<20 Sand Clay 11 147
20<h=<25 Sand Clay 11 176
25<h=30 Fully weathered rock v 311
30<h=35 Fully weathered rock v 368
35<h<40 Intense weathered rock v 368
40<h=45 Intense weathered rock v 439
45<h<50 Medium/Degree weathered rock \Y 639
50<h=<60 Medium/Degree weathered rock \% 711
60<h<70 Medium/Degree weathered rock \ 789

3.2 Optimization Process

Following the method given in 2.2, all possible next borehole location and depth program are first searched with
a search step of 2m for the borehole location and depth. Then the borehole allocation scheme is combined with
the actual borehole scheme into an additional borehole scheme, which is input to the stratigraphic stochastic
simulation algorithm to obtain the simulated average information entropy value and calculate the borehole cost
for this borehole optimization scheme. Figure 4 establishes the relationship between the average information
entropy and the borehole cost, and each scheme point in the figure corresponds to one borehole scheme. NSGA-
II is used to identify the Pareto surface of all solution points, which is the frontier surface composed of red dots
in figure 4. The solution points on the Pareto surface are all the optimal drilling solutions at the corresponding
cost levels. Finally, the inflection point on the Pareto surface is found to be the optimal solution point, which is
the red solid circle.
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Figure 4. The relationship between average information entropy and drilling costs.

Figure 5 shows the information entropy maps of each grid point, where the larger the value and the darker
the color, the higher the information entropy at that location and the higher the uncertainty of the formation.
Among them, Figure 5(a) shows the information entropy map of original 4 boreholes, and Figure 5(b) shows the
information entropy map of additional 1 borehole. It can be seen that there is a significant decrease in the
information entropy value in the additional borehole attachment.
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Figure 5. Stratigraphic stochastic simulation results for drilling program.

Based on the results of the stratigraphic stochastic simulation of the original 4 borehole program, the
distribution curve of the sum of vertical information entropy in the horizontal direction is plotted, as shown in
Figure 7(a). Combining with figure 7(b), the distribution curve of the 5 borehole program, it can be seen that the
horizontal coordinate corresponding to the position with the largest information entropy value corresponds to the
next optimal drilling arrangement point.
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Figure 6. The distribution of information entropy along the horizontal direction.
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Next, the number of boreholes was determined. Based on the information entropy calculation results of
different number of boreholes, the relationship between the average information entropy and the number of
boreholes is established as shown in Figure 7, and the inflection point of the curve is determined as the red solid
circle in the figure by using the orthogonal boundary crossing method, so that the optimal number of boreholes is
7. Meanwhile, combining the results of borehole location and depth, the optimal location and depth of 7
boreholes can be determined.
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Figure 7. The relationship between average information entropy and number of boreholes.

To reflect the effect of optimizing the drilling depth, the comparison of the results of the optimized and
unoptimized drilling solutions is given in Table 2. As can be seen from the table, the average information
entropy values of the two are quite close, but the total drilling cost of the unoptimized depth drilling solution is
significantly higher than that of the optimized depth drilling solution.

The schematic diagram of the boreholes corresponding to the final 7 drilling scheme is shown in Figure 8.
The results of the scheme show that the location of the additional boreholes is at the maximum of the
information entropy distribution curve of the original drilling scheme, and the depth of the boreholes is near the
stratigraphic junction. So far, the location, number and depth of boreholes have been determined.
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Table 2. Average information entropy values and drilling costs for different drilling program.

Actual 4 borehole Isometric 7 borehole Optimization 7 drilling

Average entropy 0.4031 0.3043 0.3059
Total cost/yuan 115415 201742 140888
Total depth/m 280 490 404
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Figure 8. 7 Schematic diagram of the drilling program.

4 Conclusion

With the information entropy results as the criterion for judging the stratigraphic simulation effect, a more
complete drilling scheme determination method is proposed in combination with the stratigraphic simulation
method of coupled Markov chain model, which aims at minimizing the drilling cost and optimizing the
information entropy distribution, and can achieve the optimization of drilling location, quantity and depth. The
proposed method is used to optimize the drilling scheme for the cross-sectional stratigraphy of the Mawan tunnel,
and the stratigraphic simulation results of the optimized drilling scheme and the non-optimized scheme are
compared. The results show that the optimized drilling scheme significantly reduces the uncertainty of the
stratigraphic simulation by improving the high information entropy distribution, while reducing the drilling cost
by a considerable percentage, thus proving that the optimized drilling scheme is better than the actual
engineering drilling scheme or the equally spaced drilling scheme at the stratigraphic simulation level, and
preliminarily verifying the effectiveness of the proposed drilling scheme optimization method. There are two
main conclusions as follows.

(1) By comparing the information entropy before and after, we can see that the location of the new borehole
corresponds to the maximum information entropy distribution curve of the original borehole scheme. The
location of the new borehole can be determined on this basis.

(2) The stratigraphic uncertainty at the soil junction is large and needs to be controlled. In the case of
known borehole location, considering the exploration cost, the depth of borehole should be near the junction of
the deeply buried strata.
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