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Prediction of Depth Distribution Curve of Dissolution Rates Based on the Undulating
Features of Rock Surfaces
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Abstract: In karst regions, the drilling into the rock layer is restricted, if the construction site has a thick overburden and a small upper load. The evaluation of karst
development features beneath the site becomes a common technical difficulty in building foundation engineering. Drawing on our previous research into the depth distribution
features of dissolution rate, this paper collects 1000 plus data on typical karst regions across China, and selects 65 data for detailed analysis. Specifically, the rock surface
dissolution features were analyzed on the top and bottom of the strong dissolution zone, and used to set up the control conditions for the top and bottom predictions of the
strong dissolution zone. On this basis, the authors provided a prediction method for the depth distribution curve of dissolution rates. The results show that the elevation of
75% dissolution rate can be regarded as the top elevation of the strong dissolution zone at the site, which controls the prediction error within 0.5 m. If the pores and fissures
are not so developed at the karst site, the elevation of 15% dissolution rate can be regarded as the bottom elevation of the strong dissolution zone at the site. According to
the top and bottom elevations, the authors derived the predicted curve of the depth distribution function for the dissolution rates at each site. The predicted curve basically
overlapped the curve and scatterplot of the dissolution rates measured at the site, a sign of reliable prediction. The proposed prediction method for the depth distribution
curve of the dissolution rates at karst construction sites mainly applies to the sites with undeveloped to moderately developed pores and fissures. Further research is needed
to verify its effectiveness in sites with strongly developed pores and fissures.
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1 INTRODUCTION

In karst regions, one of the basic tasks of engineering
survey is to clarify the karst features at the construction
site. If a construction project takes place in karst regions,
the drilling into the rock layer is restricted, if the
construction site has a thick overburden and a small upper
load. The boreholes can only reach the bedrock layer. In
the event that the overburden thickness of the karst site
exceeds 5 meters, usually the composite foundation or
natural foundation is directly employed for buildings or
plants below 6 floors, and the geological prospecting
generally does not penetrate into the rock. Engineering

projects of this kind are rather common in Southwest China.

And in fact, such projects account for some 5 - 12% of the
engineering prospecting projects in karst areas, according
to the statistics of several class A prospecting institutions
in karst areas in Guangxi in recent three to five years.

Formation lithology, groundwater and geological
structure constitute the main factors that affect the karst
development features of the site [1, 2]. And therefore, such
influencing factors can serve for regional and large-scale
karst features analysis and as assessment indicators [3, 4].
At the time being, the assessment theory mostly relies on
karst caves' development, which will be exposed after rock
drilling, yet the rock surface fluctuation features have not
merited enough attention. Then, it is important to predict
the karst features at the site according to the undulating
features of the bedrock layer. In fact, this has long been a
practical difficulty in karst engineering.

At present, due to the high drilling and prospecting
cost, and the impossibility of acquiring continuous
geological profile between the two boreholes, karst
geophysical prospecting is the primary means to study the
karst features underground. In karst engineering,
geological radar [5-9], cross-hole computed tomography
(CT) [10-12], and high-density electronic method [13, 14]
have been widely tested, while micro-gravity [15, 16] and
tube-wave method [17] have been developed. In
engineering practice, multiple geophysical prospecting

methods are usually applied synthetically, rather than used
independently [18-22]. However, there are a wealth of
factors affecting the detection accuracy and applicability of
geophysical prospecting technology, among which
groundwater is the most common one that influences the
application of geophysical exploration in karst areas in
China. There is medium or abundant groundwater under
the most of construction sites in karst areas of southwest
China, which directly undermines the detection depth and
accuracy of karst physical prospecting technology in such
sites; as a result, the technology's applicability faces severe
challenges of being widely applied by engineering
institutions. Given this situation, drilling method still
dominates the karst prospecting in engineering practice,
whereas the geophysical detection method has not been
widely used.

In the current engineering practice, drilling remains the
most applicable, popular, and reliable method for
evaluating the karst features at the site. In our previous
research [23-24], the authors theorized the law that the
dissolution degree of karst foundations attenuates
exponentially with the growing depth, established a
quantitative analysis method for the depth distribution
function of dissolution rate, presented the determination
method and standard for top and bottom elevations of the
strong dissolution zone, and developed an evaluation
model for the karst degree based on the features of the
strong dissolution zone. This research solved the long-
standing difficulties of quantitatively measuring the depth
variation law of building foundation dissolution degree in
karst areas; and in terms of categorizing the strong
dissolution zone, this research has incorporated the two
dissolution types of rock face dissolution and cavernous
dissolution, and made them as the assessment index of
karst development degree. With such endeavor, the
influence of rock surface's dissolution features can be fully
manifested, which shed a light on the karst features
assessment of building foundation [25]. Nevertheless, the
above theoretical results only apply to project sites with
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dense boreholes and deep drilling depth. With respect to
the site without rock prospecting, or the prospecting depth
merely reaches the rock surface, nevertheless, the issue of
predicting the depth distribution curve of the site's
dissolution rate is based on the limited information of rock
surface undulation, and then providing references for
determining the boundary of strong dissolution zone, still
requires further study at length.

Drawing on our previous research, this paper analyzes
the statistical features of the rock surface dissolution rates
at the top and bottom of the strong dissolution zone, and
presents the prediction methods for the top and bottom
elevations of the zone. Based on the predicted top and
bottom elevations, the authors established a prediction
method for the depth distribution curve of the strong
dissolution zone at the site, combined with the depth
distribution function of the zone. The reasonability of the
predicted results was demonstrated.

2 CONTROL CONDITIONS

Southwest China boasts some of the most typical karst
regions in the world. In our previous research, 1,000-plus
data on construction projects were collected from the karst
regions in Southwest China. In this study, 65 data were
selected randomly, including 4 in Shenzhen City,
Guangdong Province, 4 in Longyan City, Fujian Province,
4 in Kunming City, Yunnan Province, 4 in Guizhou
Province, and 4 in Chongqing Municipalities. The other
data were from contiguous karst regions in Nanjing,
Liuzhou, Guilin, Chongzuo, Laibin, and Hechi, Guangxi
Zhuang Autonomous Region. The selected karst project
sites, belonging to the elevation range of 5 m - 2100 m,
cover various landforms (from low mountains and hills to
high mountains and basins), and span across tropical
climate and subtropical climate. These sites differ
significantly in engineering geology and hydrogeology.
They can basically represent the karst geology in most
carbonate rock sites.

At each site, the dissolution rates of rock surface at the
top and bottom of the strong dissolution zone can be solved
in the following steps: Firstly, the depth distribution curve
of the rock surface dissolution rates at the site is calculated
by Cao et al. [26]. Next, the criteria for determining the
tops and bottoms of the zone provided by Cao et al. for the
top and bottom of that zone [21] are: The top of the zone
has a dissolution rate of 75%, and the bottom has a
dissolution rate of 25%. According to these criteria, the top
and bottom elevations of the strong dissolution can be
determined. Finally, the rock surface dissolution rates
corresponding to the top and bottom elevations are
determined. The specific method is as follows: as in Fig. 1,
the total dissolution rate curve F(H) and the rock face
dissolution rate curve S(H) were plotted in the same
coordinate system H-R (H stands for the elevation, R
represents the total dissolution rate or rock surface
dissolution rate). Then this research drew up two straight
lines on the coordinate axis with the total corrosion rate P
of 75% and 25% respectively, and therefore, the two
straight lines intersected the total dissolution rate curve
F(H), and fi and f, were two intersections. The elevation
corresponding to these two intersections represented the
upper boundary elevation and lower boundary elevation of

the strong dissolution. Then these two intersections were
projected to the elevation H axis, and their projection lines
intersected surface erosion rate curve S(H) with the s; and
52 as the intersections. The projection coordinates 7 and r;
of the points 51 and s, on the R-axis, in fact, represented the
requested surface erosion rate corresponding to the upper
and lower boundaries of the strong dissolution zone,
respectively.
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Figure 1 The curve relationship between the boundary elevation of the strong
dissolution zone and the dissolution rate of the rock surface

Figure 2 Statistical distribution of top rock surface dissolution rate of strong
dissolution zone

Following the above method, the rock surface
dissolution rates of the strong dissolution zone at each site
are summarized in Fig. 2 and Fig. 3. In Fig. 2, A, B, and C
represent the percentage of the sites with the rock surface
dissolution rate at the top elevation being smaller than
60%, between 60% and 70%, and greater than 70%,
respectively. In Fig. 3, A, B, C, D, and E represent the
percentage of the sites with the rock surface dissolution
rate at the bottom elevation falling in 0 - 5%, 5 - 10%,
10 - 15%, 15 - 20%, and 20 - 25%, respectively.

©
8%

Figure 3 Statistical distribution of bottom rock surface dissolution rate of strong
dissolution zone

As shown in Fig. 2, more than 80% of the sites have a
top rock surface dissolution rate greater than 70%. Only
65% of all sites have a rate smaller than 65%. Besides, the
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top rock surface dissolution rate of strong dissolution zone
at the sites minimizes at 58.4%, and maximizes at 75%,
with a mean of 72.7%, and a standard deviation of 3.814%.
The top elevation dissolution is mainly composed of rock
surface dissolution. The dissolution of pores and fissures
accounts for a very small portion of top elevation
dissolution. The top elevation of the strong dissolution
zone is the dividing line between the soil layer and the
strong dissolution zone. The greater the top dissolution
rate, the more uniform the foundation, and the safer the

project design. Thus, the standard value 7., of the rock

surface dissolution rate at the top elevation of the strong
dissolution zone can be calculated by:

RN 0
Jnoon

where, rs is the mean rock surface dissolution rate at the
top elevation of the strong dissolution zone; J is the
coefficient of variation; n is the number of statistical
samples.

In this case, the parameter n is 65, 7., is 72.7%, 0 is

0.0525. Thus, it can be obtained that the standard value of
our samples is 73.6%, with a very small difference (1.4%)
from the critical dissolution rate at the top elevation of the
strong dissolution zone. Therefore, the top elevation of the
zone mainly depends on the degree of rock surface
dissolution at the site. When no rock drilling takes place,
the rock surface dissolution rate of 75% can serve as the
control condition for predicting the top elevation of the
strong dissolution zone.

As shown in Fig. 3, 41% of the sites have a bottom
rock surface dissolution rate of 20% - 25%. Quite many
sites belong to the other intervals of bottom rock surface
dissolution rate. According to the rock surface dissolution
rate at the bottom boundary of the strong dissolution zone,
the statistical standard deviation is 0.098 and the variation
coefficient is as high as 0.465. This means the sites differ
significantly in the proportions of rock surface dissolution
rate and pores / fissures dissolution rate at the bottom of
the strong dissolution zone. The bottom elevation cannot
be simply predicted based on either rate. To a certain
extent, the result suggests the direction of Kkarst
development: dissolution generally occurs on the rock
surface first, and gradually extends to the interior of the
rock mass. The proportion difference among the sites is
precisely the result of the fact that pores and fissures
develop later than rock surface dissolution. As a result, the
prediction of karst development at the site based on the
undulating features of the rock surface mainly applies to
the sites with no or moderately developed pores and
fissures. If the site has strong/extremely strong
development of pores and fissures, the prediction result of
this approach can only serve as a reference. According to
the collected data and Cao et al. work [19], the
pores/fissures development at the site is closely correlated
with rock surface undulation. The greater the undulation,
the more intense the development. Thus, the reliability of
the prediction result can be judged by the undulation
features of the rock surface at the site.

It can be seen from Fig. 3 that the bottom rock surface
dissolution rate minimizes at 0, and maximizes at 25%,
with a mean of 16.2%, and the coefficient of variation J of
0.465. The standard value 7, of the rock surface dissolution
rate at the bottom elevation of the strong dissolution zone
can be calculated by:

1.704 4.678 -
r,C: 1_ _—t '5 *Vsc 2
5 [ [Jz j } @

where, 7, 1s the mean rock surface dissolution rate at
the bottom elevation of the strong dissolution zone; n is the
number of statistical samples.

Thus, it can be obtained that the standard value of our
samples is 14.6%, with a difference of 10.5% from the
bottom dissolution rate. This implies that pores/fissures
development and rock surface dissolution both greatly
affect the bottom elevation of the strong dissolution zone.
Hence, the rock surface dissolution rate of 15% can serve
as the control condition for predicting the bottom elevation
of the strong dissolution zone.

3 CURVE PREDICTION

The above analysis shows that, when the depth
distribution curve of the rock surface dissolution rate at the
site is known, the predicted top elevation of the strong
dissolution zone is the elevation corresponding to the top
rock surface dissolution rate of 75% on the rock surface
dissolution curve, while the predicted bottom elevation of
the strong dissolution zone is the elevation corresponding
to the bottom rock surface dissolution rate of 15% on the
rock surface dissolution curve. The two points on the curve

are denoted as Py = (75%, H ;,.) and P, = (25%, H,, ),
respectively ( H ;r is top elevation of the strong dissolution

zone and H , is bottom elevation of the strong dissolution
zone [25]).

The depth distribution function of dissolution rates can
be expressed as:
= getH—Ho) 3)
where, a and b are constant; H is the elevation of the start
point.

Substituting two predicted points P; and P, into Eq.
(3), the following set of equations can be obtained:

HCV

0.75 = aeb( , _HO) @

0.25= aeb(Hcr_HO)

Solving the set of Eq. (4), the two coefficients a and b
of the depth distribution function at the site can be
obtained. On this basis, it is possible to predict the depth
distribution curve of dissolution rates.

Under the control condition of the rock surface
dissolution rate of 15%, the predicted bottom elevation of
the strong dissolution zone is denoted as Hy. For any site
whose bottom rock surface dissolution rate is greater than
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15%, the bottom elevation Hcr of its strong dissolution
zone must surpass Hz. That is, the prospecting depth has
reached Hp, and penetrated the bottom of the strong
dissolution zone at the site. In this case, the predicted result
is safe in engineering. For any site whose bottom rock
surface dissolution rate is smaller than 15%, the bottom
elevation Hcy of its strong dissolution zone must fall short
of Hp. That is, the prospecting depth has not reached the

bottom of the zone. In this case, the predicted result is
unsafe in engineering. Therefore, this paper selects the
10 sites, whose bottom rock surface dissolution rate is
smaller than 15%, from the 65 samples, and analyzes the
reasonability of their predicted results. The overview of the
sites and predicted top and bottom elevations of the strong
dissolution zone are displayed in Tab. 1.

Table 1 Overview of the sites and predicted top and bottom elevations of the strong dissolution zone

Total Borehole Linear Top elevgtion of strong Bottqm eleYation of strong
Site name Code | number of | encountering | karst dlssolutlonv zone /m dlssoluthn zone /m
Actual | Predicted Actual | Predicted
boreholes rate / % rate / % Error Error
value value value value
Budlings 17 - 19, Fucheng International,
Rong'an County, Liuzhou City, Guangxi | Site 1 24 25.0 11.2 113.2 1133 0.1 | 109.8 109.6 0.2
Zhuang Autonomous Region, China
West Area, Guilin Library, Guangxi | ;. 72 16.7 36 | 1543 | 1543 | 0 | 1522 | 1523 0.1
Zhuang Autonomous Region, China
Building 5, Jinsheng Plaza, Liuzhou City,
Guangxi Zhuang Autonomous Region, | Site 3 85 55.3 17.3 72.4 72.4 0 66.8 66.3 0.5
China
Building 2, JiachengNana'an, Laibin City,
Guangxi Zhuang Autonomous Region, | Site 4 76 51.3 16.9 69.9 70.3 0.4 62.8 60.8 2.0
China
Building 3, JiachengNana'an, Laibin City,
Guangxi Zhuang Autonomous Region, | Site 5 59 45.8 21.3 72.3 72.8 0.5 64.9 64.7 0.2
China
Building 4, Zazuo Old City
Reconstruction Site, Xiuwen County, Site 6 51 27.5 8.02 1285.3 | 1285.3 0 1281.3 1280.9 0.4
Guiyang City, Guizhou Province, China
Building 5, Qianlong Sunny Yuyuan,
Xiushan County, Chongqing Site 7 29 72.4 20.4 338.8 | 339.1 0.3 | 3322 334.4 22
Municipality, China
Central South Area, Block A2, Public
Rental Housing, Airport Economic Zone, | Site 8 17 76.5 10.0 |2084.1| 2084.7 | 0.6 |2073.8 2073 0.8
Kunming City, Yunnan Province, China
East Zone, Crown International, Longyan | ;0 g | 49 183 | 2875 | 2877 | 02 | 2742 | 2753 11
City, Fujian Province, China
East Area, Refrigeration Workshop,
SE:EE;:;‘%‘:@ f‘gf:;‘;;g;;g;o Eﬁge’ Site 10| 131 46.6 200 | 261 | 262 | 01 | 203 19.9 04
China

As shown in Tab. 1, the error between the predicted
and actual top elevations of the strong dissolution zone
maximized at 0.6 m, and minimized at 0 m. The error was
smaller than 0.5 m at most sites. As for the 55 sites not
included in Tab. 1, the predicted value was all zero.
Overall, the prediction error of the top elevation of the
strong dissolution zone is smaller than 0.5 m in more than
98% of the sites, and smaller than 0.3 m in more than 95%
of the sites. Therefore, our prediction model can predict the
top elevation of the strong dissolution zone at the sites very
reliably.

Meanwhile, the error between the predicted and actual
bottom elevations of the strong dissolution zone
maximized at 2.2 m, and minimized at 0.1 m. The error
surpassed 2.0 m at two sites (Site 4 and Site 7), fell between
1.0 m and 2.0 m at one site (Site 9), ranged between 0.5 m
and 1.0 m at two sites (Site 3 and Site 8), and stayed below
0.5 m at the remaining five sites. As for the 55 sites not
included in Tab. I, the prediction error of the bottom
elevation was smaller than 0.3. Overall, the prediction error
of the bottom elevation of the strong dissolution zone is
smaller than 0.5 m in more than 92% of the sites. Hence,
the prediction accuracy can meet the accuracy
requirements of most projects, if the rock surface
dissolution rate of 15% is adopted as the control condition

for predicting the bottom elevation of the strong dissolution
zone.

The sites listed in Tab. 1 have the greatest prediction
error of the bottom elevation of the strong dissolution zone
among all research samples. As far as these sites are
concerned, the borehole encountering rate minimized at
25%, and maximized at 76.5%; the linear Kkarst rate
minimized at 7.4%, and maximized at 30.9%. Here, the
strong karst development is defined as the borehole
encountering rate > 30%, or the linear karst rate > 20%; the
moderate karst development is defined as the borehole
encountering rate of (10%, 30%), or the linear karst rate of
(5%, 20%). By these definitions, only three sites (Sites 1,
2, and 6) among those in Tab. 1 witness moderate karst
development. At these sites, the prediction error of the top
elevation of the strong dissolution zone maximized at
0.1 m, and that of the bottom elevation of the strong
dissolution zone maximized at 0.4 m. The prediction errors
were much smaller than those of the other 7 sites with
strong karst development. Hence, borehole encountering
rate and linear karst rate essentially measure the
pores/fissure development at each site. The precision and
reliability of our prediction method mainly hinge on the
degree of pores/fissure development.
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According to the predicted top and bottom elevations
of the strong dissolution zone, the depth distribution curve

Elevation /m Elevation / m Elevation /m Flevation /m

Elevation / m

As shown in Fig. 4, the curve fitted from the scatterplot
of the measure dissolution rates at each site, and the

predicted curve

of the

Dissolution rate / %

dissolution rate at each site can be obtained by the

method introduced in the preceding section (Fig. 4).
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(i) Site 9
Figure 4 Depth distribution of predicted dissolutio

both oscillated near the measured curve by

(j) Site 10
n rates at different sites

similar amplitudes. For Sites 2, 3, 6, 8, and 10, the
predicted curve basically overlapped the measured data.
For Sites 4 and 7, the predicted curve above the top
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elevation of the strong dissolution zone basically
overlapped the measured data, and that below the top
elevation was consistent with the distribution area in the
measured scatterplot. Hence, the predicted curves of these
sites are reasonable. As for Site 5, the upper part of the
predicted curve overlapped the measured scatterplot, and
the lower part and the fitted curve contained the measured
scatterplot. Therefore, the predicted curve of this site is
also reasonable. The proposed prediction method for depth
distribution of dissolution rate at construction sites is
rational, although the prediction accuracy of the top
elevation of strong dissolution zone may be affected by the
development of pores and fissures.

Our method made reasonable predictions on all the
sample sites with strong development of pores and fissures.
Given the diversity and complexity of karst engineering
sites, and the limited sample size, the authors
recommended to apply the prediction model mainly to the
sites with no to moderate development of pores and
fissures, and treat the prediction results are a reference for
the sites with strong pores / fissures development.

4 CONCLUSIONS

(1) The top elevation dissolution is mainly composed
of rock surface dissolution. The dissolution of pores and
fissures accounts for a very small portion of top elevation
dissolution. Therefore, the elevation corresponding to the
rock surface dissolution rate of 75% can serve as the
predicted top elevation of the strong dissolution zone at the
site. Under this control condition, the prediction error can
be generally controlled within 0.5 m, which fully meets the
precision required for engineering practice.

(2) Pores/fissures dissolution and rock surface
dissolution are the main types of dissolution at the bottom
elevation of the strong dissolution zone. For the karst sites
with non-intense pores/fissures development, the elevation
corresponding to the rock surface dissolution rate of 15%
can serve as the predicted bottom elevation of the strong
dissolution zone at the site. Under this control condition,
the prediction error falls within the allowed range of
engineering.

(3) The top and bottom elevations of the strong
dissolution zone, which are predicted from the depth
distribution curve of rock surface dissolution rates, can be
used to predict the depth distribution of dissolution rates at
the site. The predicted curves basically overlapped the
curves and scatterplots of measured dissolution rates,
indicating the reliability of the prediction model.

(4) The proposed prediction method for the depth
distribution curve of the dissolution rates at karst
construction sites mainly applies to the sites with
undeveloped to moderately developed pores and fissures.
Further research is needed to verify its effectiveness in sites
with strongly developed pores and fissures.
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