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The Cho Don district of Bac Kan province in North Vietnam is rich in minerals. The most
common among them are iron, lead and zinc ores found in large reserves. The Na Tum mine
in Cho Don district, Bac Kan province, became functional in April 2007. However, since
December 2007, a number of large sinkhole formations have been reported. Dewatering of the
Na Tum mine is considered to be the main factor behind sinkhole formation. However, there
are certain other causative factors and conditions of sinkhole development and formation,
which have been identified in this paper. A quantitative soil mechanic model has been applied
for determining the sinkhole sizes along with the soil physical and strength parameters of the
soil. Moreover, the process of sinkhole development is studied in detail in terms of suffusion
and suffosion, the removal of soil particles from the massif with or without a change in volume,
respectively. Different geometric criteria have been used and applied for the identification of the
soil suffusion /suffosion vulnerability and have proven the reliability of the analysis applicability.
The site-specific hydrological and hydrogeological conditions such as groundwater (GW) level
regime which create suffusion/suffosion conditions for the formation of soil-caves above karstic
formation have been identified. The soil resistance analysis using horizontal stress based on
the soil arching theory has been carried out to determine the sliding potential of a particular
soil cylinder above the underground soil cave. The results are essential for preventing sinkhole
development in the study area, and the application of the methodology would be very useful for
other sinkhole-vulnerability analyses under similar conditions. KEYWORDS: Sinkhole; karstic;
dewatering; suffusion/suffosion; soil arching; safety factor of sliding.
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1. Introduction different minerals. Mining and processing of min-

Vietnam has abundant diverse mineral resources,
with nearly 5000 mines and ore spots of about 60
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eral resources have been important for the national
economy, as it has contributed about 9.6-10.6% of
the national GDP since 2000 [Tran Trung Kien and
Pham Quang Tu, . However, the exploitation
of these mineral resources has been leading to dif-
ferent geological hazards that cause serious harm
to humans and property loss.

The Cho Don district in Bac Kan province is
one such area with concentrated mineral resources.
The most common minerals found are iron, lead
and zinc. The mines that have been explored —
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Figure 1. Location map of Na Tum lead-zinc mine and areas of sinkholes.

with large mineral reserves — are in the Bang Lung
town of Cho Don, with about 5032 thousand tons
of ore [Tran Tuan Anh et al.,[2011]. The Na Tum
zinc-lead mine in Bang Lung became
functional in April 2007, and sinkhole formations
started being reported in some areas around the
mine as early as December 2007.

In accordance with the classification by Lowe
and Waltham , sinkholes are classified into
six types, namely dissolution, collapse, dropout,
buried, cap rock, and suffusion sinkholes, depend-
ing upon the mechanism of sinkhole formation
[ Waltham and Fookes, [2003]. Notably, most of the
sinkholes in the study area are collapse sinkholes,
and some are dropout sinkholes. Collapse sink-
holes formed entirely within the soil profile area
are mainly induced by engineered works, includ-
ing groundwater (GW) level decline due to GW
abstraction or mine dewatering [ Waltham, .

Similarly, it is assumed that the formation of col-
lapse sinkholes in the study area is caused due to
Na Tum zinc-lead ore mine dewatering.

Groundwater withdrawal has been known to re-
sult in sinkhole development in many places around
the world. Foose showed that the An-
nville stone company had pumped GW at a rate of
19,080 m?/day for many years before May 1949 in
the Hershey valley, part of the Great Valley, Har-
risburg, Pennsylvania; notably, no sinkholes were
formed. However, when the mine began pumping
35,430 m?/day in May 1949, the GW level drasti-
cally decreased over an area of more than 25 km?,
subsequently resulting in most valley springs and
wells getting dried up. Ultimately, about 100 sink-
holes developed in the area.

In December 1962, a three-storied crusher plant
of a gold mine at West Driefontein, west of Jo-
hannesburg, South Africa, collapsed into a catas-
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Figure 2. Sinkhole that occurred on the 5th
of January 2008 in Na Bua and Phieng Lieng
area (https://moitruong.net.vn/cho-don-bac-kan-

dau-la-nguyen-nhan-gay-sut-lun-nghiem-trong/)).

trophic sinkhole costing twenty-nine lives. The
frequency of sinkhole formation in the Transvaal
Dolomites increased greatly during 1958-1962 cor-
responding with a period of a greater GW pumping
for underground mining which led to a substantial
lowering of the GW level to as much as 120 m [Jen-
nings et al., .

Land surface collapses in clays and sands of the
Talbot formation overlying the Santee karstic lime-
stone aquifer have occurred in the Jamestown area
of Berkeley County, South Carolina since the sum-
mer of 1975 due to large drop in GW level of more
than 114 m in the Santee aquifer because of pump-
ing 136,275 m® of GW everyday [Spigner, .
The land surface collapses have caused not only
property damage but also casualties.

Sinclair described that pumping at section
21 well field of Tampa (Florida, United State) mu-
nicipal well fields at a rate of 18,925 m?/day since
February 1963 and at a rate of 53,000 m?3/day since
April 1964 led to the formation of 64 new sinkholes
within a 1.61 km radius of this well field. The South
Pasco well field of Tampa municipal well fields be-
gan pumping in 1973, because of which more than
30 small sinkholes were identified in 1974 [Sinclair,
953,

In accordance with Newton , the investiga-
tion of 1981 into sinkhole formations in the east-
ern United States had identified 6000 sinkholes in
850 sites across 19 states, the costs of damage of
which and protective measures against sinkhole for-
mations for certain limited sites were estimated to
be about 170 million dollars. The author had em-
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phasized that GW pumping and water table deep-
ening resulted in sinkhole development by citing
many researchers’ findings.

Therefore, sinkhole formation in Cho Don can
most likely be attributed to the GW decline in
Na Tum zinc-lead ore mine despite the strict abid-
ance with the environmental protection standards.
The paper also presents an overall hydromechani-
cal analysis to discover the site-specific conditions
and the hydromechanism and soil stresses which
may have resulted in sinkhole development in the
area. The results can be considered essential for de-
veloping sinkhole remediation design, for designing
preventing measures to avoid sinkhole formations
in the future. The results can also prove to be
helpful for a comprehensive design to be followed
in other relevant mining projects to prevent possi-
ble induced sinkhole geohazards.

2. History of Sinkhole Development in
the Study Area

The Na Tum mine rich in lead-zinc ore reserves
was discovered by the “Thai Nguyen” mineral com-
pany and became functional in April 2007. The
ore body was excavated till a depth of 20 m by the
end of 2007. The pit quarry has a funnel-shaped
configuration with an open surface area of about
1000 m? and a slope from 45 degrees to 60 de-
grees. Dewatering was required to be carried out
for 4-5 days continuously by pumping at a rate of
about 35,000 m3/day, and then at a rate of about
17,500 m?/day for maintaining a required low wa-
ter level for ore excavation work. Since 2007, fre-
quent sinkhole formations have been reported in Na
Bua in Phieng Lieng area in the north of Na Tum
mine [ Vietnam Construction...,|2017] (Figure 1)).

The sinkholes are from 1000 m to 2500 m from
the Na Tum mine to the North (Figure 1). The
first sinkhole formed on 12th December 2007, and
it had a diameter of about 8 m and a depth of
about 2 m. Following the first sinkhole, a series of
sinkholes (10 sinkholes) formed in January 2008,
the diameters of which range from 4 m to 20 m
and the depths from 1.5 m to 5 m and
Figure 3)). The sinkholes are in the upper range of
medium and lower range of large sinkhole sizes as
per the classification by Buttrick and Van Schalk-
wyk . The time of sinkhole formation mostly
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Figure 3. Sinkhole occurred in January 2016 in Na Bua and Phieng Lieng area (photo

taken on Dec. 2018).

corresponds with the middle of the dry season (De-
cember 2007, January 2008, January 2016, Febru-
ary 2017, December 2018). presents the
distribution of sinkholes along with their diameters
and depths and also the location of geotechnical
bore-hole which provides geotechnical soil log, soil
particle graduation data, and some physical and
mechanical soil parameters which have been used
in this work’s analysis.

3. Geological and Hydrogeological
Conditions Related to Sinkhole
Formation

In this section, the geological conditions of a
much larger area (Figure 5|) which includes Na Bua
in Phieng Lieng and the entire Lo Gam structural
block will be described. The Lo Gam structural
block [Tran Tuan Anh et al., is bounded by
Tong Ba, Phu Ngu structural block in the south-
east (Figure 5|). From the Vietnam 1: 200,000 scale
geological and mineralogy map [Department of Ge-
ology and Minerals of Vietnam, m, the informa-
tion regarding the following geological formations
in the area have been derived.

— Phu Ngu formation (O3-Sipn) is divided into
three strata:

e Stratum 1 (O-Spn;): mainly consists of shale,
siltstone, sandstone with thin layers of cervici-
tis shale or calcareous siltstone, tuff. Thick-
ness is 1100-1200 m.

e Middle stratum (O-Spng): mainly consists of
dark shale, silicate shale, siltstone, sandstone,
tuff with lenses of limestone, calcareous silt-
stone. The thickness is 300 m.

e Stratum 3 (O-Spns): consists of quartz sand-
stone, quartzite sandstone, hornfels (biotite-
andalusite-cordierite). The thickness is
1000 m.

— Lower Devon—Middle Eifeli, Lower Coc Xo for-
mation, upper stratum (D;_gecx;): the lower part
consists of continuous quartz-sericite shale, sericite
shale and sandstone, and quartzite sandstone. The
upper part consists of sericite shale with clear fo-
liation, in some places in an unclear band shape,
and thin lenses of limestone. The thickness is 200—
500 m.

— Lower Devon—Middle Eifeli, Lower Coc Xo for-
mation, middle stratum (D;_secxs): mainly con-
sists of bedded calcified limestone fossil Favosites,
which are interbedded with thin layers or lenses of
quartzite sandstone and sericite shale. The thick-
ness is 300-400 m.

— Khao Loc formation — Lower stratum 1
(D1—2kly): is available in the southwest of Bang
Lung town and consists of sericite shale, quartzite
sandstone interbedded with thin layers of lime-
stone. The thickness is 500—-600 m.

— Undivided Quaternary formation (Q): The
Quaternary formations are distributed only across
the Khau Cum stream valley. The largest area
of Quaternary formation distribution is the Khau
Cum valley plain and Na Bua, Phieng Lieng plain,
with an area of about 0.6 km? (Figure 5)). The Qua-
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Figure 4. Map of distribution of sinkholes and geotechnical bore-hole.

ternary formations consist of pebble, gravel, sand,
and silt or clay. The maximal thickness is about
40 m in the middle of the plain. The geological
map of the study area is presented in
in which a cross-section line, AB, through Na Bua,
Phieng Lieng area having the sinkhole and Na Tum
zinc-lead mine in the direction from downstream to
upstream is also shown.

The geotectonic conditions of the area are rather
complicated. There are two fault levels in the area,
namely the regional deep fault and local faults.
The deep regional fault has NE direction and serves

as a boundary between Tung Ba, Phu Ngu block
in the southeast, and Lo Gam block in the north-
west. The local fault system has NE and NW di-
rections. The Coc Xo formation underlying the
Quaternary formation is highly fractured in gen-
eral, and the limestone in the formation is also
highly cavernous. The large sinkhole on the provin-
cial road 254 is just on a NW fault, which extends
northwest through the middle of the sinkhole in
Na Bua, Phieng Lieng. In the area surrounding
faults, the rock and soil are highly broken making
them highly permeable, which is a favorable con-
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Figure 5. The study area’s geological map.

dition for soil suffusion. The drilling survey data
collected from the area have shown that cavities ex-
ist in the fractured aquifer at different depths, from
a depth of 25 m up to a depth of 70 m, and these
are usually filled with silts, sands, and gravels.

In the study area, there exist three aquifers:
two unconsolidated aquifers consisting of Quater-
nary formation (gravel, sand, and silt) and a lower
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fractured aquifer composed of Coc Xo terrigenous
or/and carbonate formation. The two Quaternary
aquifers are sand and gravel layer 2 and 3 (hereafter
called aquifer 1 and 2, respectively) and karstic
bedrock aquifer (hereafter called aquifer 3). The
aquifer 1 has a thickness of about 15 m and is over-
lain by a semi-pervious silt layer 1 of a thickness
of about 4.5 m and overlying the semi-pervious silt
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Figure 6. Geological cross-section AB through Na Tum mine and sinkhole area.

layer 3 of a thickness of about 8.5 m. The aquifer 2
has a thickness of about 13 m and is underlain by
the layer 3 and overlying the aquifer 3 (Figure 6).

Rainwater is the main recharge source of the
aquifers. The recharge of the aquifer 3 happens
through the direct infiltration of rainwater in the
mountainous area where the aquifer is exposed to
the ground surface. The aquifer 1 is recharged
through the infiltration of surface water, rainwa-
ter through the semi-pervious layer 1, and from
the aquifer 3 due to the leakage through the semi-
pervious layer 3. The aquifer 2 is recharged by the
leakage from the aquifer 1 and 3.

The water levels of the aquifers change with the
time and are higher during rainy seasons (called
high low water level) and lower in dry seasons

(called normal low water level in [Figure 6]).

4. Hydromechanical Analysis of
Sinkhole Development Mechanism

This section describes the following contents re-
lated to sinkhole formation in the study area:
Sec. 4.1: the soil suffusion vulnerability criteria
by different researchers; Sec. 4.2: the arching fail-
ure based on the soil mechanics analysis; Sec. 4.3:
the suffusion vulnerability of the soils under study,
which shows that the soils are vulnerable to suf-
fusion as defined by different researchers; Sec. 4.3:
the favorability of GW conditions of the study site
for suffusion of the soil layer above the karstic
aquifer; and Sec. 4.5: the sinkhole formation on
the ground surface due to the underground arch-

ing failure, the diameter of which is quantitatively
determined using the soil mechanic analysis.

4.1. Suffusion Vulnerability Criteria

There is a distinction between suffusion and suf-
fusion: suffusion is the removal of fine particles by
seepage flow from a body of soil without a change
in its volume, and suffosion is the removal of fine
particles resulting in a contraction of its volume
[Riha et al., 2019]. In this section, subsurface ero-
sion is used for avoiding the exact context of suf-
fusion or suffosion. However, the term suffusion is
still used in some places in this paper to reflect the
researchers’ original use.

Soil porosity: As a rule, the larger the soil
porosity, the more is the soil’s vulnerability to sub-
surface erosion. There are some subsurface erosion
criteria involving soil porosity parameters. There-
fore, the porosity of the soil samples needs to be
determined. Urumovié¢ and Urumovié [2016] pro-
posed a general mathematical expression for calcu-
lating the geometric particle size diameter, D, of
non-cohesive soils, which is used for estimation of
specific yield and permeability:

Dy = exp|0.01Y Piln(d;y)|,

dig = /di< X d;>,

in which P; is the percentage of passing diameter
d;i>, di< is the smallest particle diameter, and d;~
is the largest particle diameter in the segment pass-
ing P;.
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Figure 7. Relationship between geometric parti-
cle size and specific yield (rebuilt from [Urumovié

and Urumovié, [2016]).

The authors have constructed curves expressing
the relationship between geometric particle size D,
and maximal, average and minimal values of the
specific yield of 586 soil samples (33 samples of
gravel, 287 of sand, and 266 of silt and clay) (Fig-|
ure 7)) from the data collected by Morris and John-
. The total porosity is then calculated as
equal to the summation of specific yield, water re-
tention, and centrifuge moisture. In this work, for
coarse sand and gravel, mean water retention and
centrifuge moisture to be used are 0.07 and 0.03,
respectively [Morris and Johnson, .

The following geometric criteria reported by dif-
ferent researchers have been used to assess the sus-
ceptibility of soils to subsurface erosion:

Istomina’s criterion: Suffusion may occur
within a soil layer which is highly non-uniform
or from a layer of smaller grains to a layer of
larger grains. Istomina [1957] [refer to Lomtadze,
carried out suffusion experiments with soils
with different soil uniformity coefficients (C, =
dgo/d1p) and stated the relationship between C,
and suffusion-gradient as shown in

Kenney and Lau’s criterion: Kenney and
Lau carried out constant-head permeame-
ter tests on 16 well-graded sandy gravels. The soil
was reconstituted by compaction in a cylindrical
cell, forming a specimen with a diameter of either
245 mm or 580 mm and length of either 450 mm
or 860 mm. A low surcharge pressure of 10 kPa
(1 m of water column) was applied with a down-
ward seepage flow at a gradient of 1.16 or 2.22.
The authors’ criterion is based on the shape of
the grain-size distribution curves. The increment

NGUYEN VAN HOANG ET AL.:
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of the percent passing (H) that occurs over the
designated grain-size interval from d to 4d is com-
pared with the percent passing (F') at the grain
size d. Kenney and Lau proposed that the parti-
cles finer than d (having a mass fraction F') would
likely erode from the soil if there were not enough
particles in the grain sizes ranging from d to 4d
(having a mass fraction H). Further, H/F can be
obtained from the grain-size distribution curve over
the portion of its finer fraction given by F < 20%
for the soils with a broadly-graded primary fabric
(Cy > 3) and by F < 30% for the soils with a
narrowly-graded primary fabric (C, < 3). Later,
Kenney and Lau [1986] revised this criterion and
proposed that if (H/F)min > 1, then the soil is
classified as internally stable:

— For Cy, > 3: F > 20% and H/F < 1.0, the soil
is unstable.

—For C,, < 3: F > 30% and H/F < 1.0, the soil
is unstable.

Burenkova’s criterion: Burenkova
proposed a method based on the results of lab-
oratory tests on 22 granular materials, with the
maximum particle sizes up to 100 mm, and the
coefficient of uniformity, C,, up to 200. The ba-
sic assumption is that a smaller size fraction does
not form a part of the basic soil skeleton if it does
not cause a volume increase when mixed with a
coarser size fraction. Based on the three represen-
tative fractions, di5, dgo, and dgg, the heterogeneity
of the soils was described by two ratios, which are
called conditional factors of uniformity:

0.761log(h") +1 < b’ < 1.86log(h") + 1,

1.0 \
0.8
- \ Area of suffusion
506 AN
c
(]
S 04 AN
S
(G S~
0.2
Area of none-suffusion
0.0

€, =dg/dyo
0 5 10 15 20 25 30 35 40

Figure 8. Suffusion, by Istomina [1957] (redrawn
from [Lomtadze, |1977]).
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where h/ = dgo/dﬁo and h” = dgo/d15, dgo, d60, and
dy5 are the diameters (mm) corresponding to 90%,
60%, and 15% mass passing, respectively.

Kezdi’s criterion: Kezdi proposed a
method to assess the internal stability of soils as
follows. The grain-size curve is split into its coarse
and fine components at an arbitrary reference grain
diameter d; the coarser component may be evalu-
ated for its capacity to retain the finer component.
The soil is considered as unstable if Dq5/dgs > 4,
where Dij5 is the diameter of the 15% mass passing
in the coarser fraction, and d85 is the diameter of
the 85% mass passing in the finer fraction.

Liu’s criterion: Liu [2005] described a
method proposed by himself in 1963 to assess the
internal stability of non-cohesive soils [refer to Li,
2008]. The fundamental of the method is the divi-
sion of soil particles into two components: a finer
fraction and a coarser fraction. The soil is con-
sidered to be internally stable if the finer particles
fully occupy the void spaces formed by the coarser
particles. The author, using theoretical analysis
and experimental results, proposed the following
criterion based on the ratio P between the finer
mass passing and the coarser mass passing at the
gap location for the gap-graded soils or the division
diameter, df = V/d7odio:

— P < 25 — internally unstable,
— P =25 to 35 — transition condition,
— P > 35 — internally stable.

Mao’s criterion: Similar to Liu’s method
proposed in 1963, Mao, in 1981 [refer to Mao,
[2005], suggested the utilization of the porosity (n)
and the division diameter for continuously graded

soils [refer to Li, [2008]:

P < 100[ } — internally unstable,

1
4(1 —n)

Py > 100[4(11_?%)}

— internally stable.

Busch and Luckner’s criterion: Busch and

Luckner [1972] [refer to Hudak,|2009] proposed that

the particles less than or equal to ds defined as
follows can undergo subsurface erosion:

ds = 0.27\6/ Cu€d17,

NGUYEN VAN HOANG ET AL.:
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where d; is the largest grain that can undergo suf-
fusion (mm), C, is the coefficient of uniformity;
¢ is the void ratio, and d;7 is the diameter (mm)
corresponding to 17% mass passing.

Patrasev’s criterion: Patrasev [refer
to Semar et al., 2010], in his study for selection
of graduation materials used in the reverse filters,
proposed that the particles less than or equal to dg
defined as follows can undergo subsurface erosion:

dy = 0.77dy,

dpo = 0.455(1 + 0.05C,,) x
m for C,, < 25,
dpo = 0.16(3 v {/CuTgCu) «
m for C, > 25,

where dj is the largest suffusive grain size diameter
(in mm), and dy, is the effective opening size of the
structure (in mm).

Ziems’s criterion: Ziem [1969] [refer to Se-
mar et al., proposed that the particles with a
size less than or equal to ds defined as follows can
undergo subsurface erosion:

dmm = 0.409\6/ Cu€d17,

where dpi, is the largest suffusive grain size diam-
eter (mm).

4.2. Sinkhole Formation due to Soil
Arching Failure

Collapse sinkholes mostly result due to soil arch-
ing failure. The soil mechanic fundamentals re-
garding soil arching are explained well by Terzaghi
[OD.

Suppose there is a soil arching situation described
in the soil vertical stress o, . without
overlying load can be derived using the loose pres-
sure theory proposed by Terzaghi and im-
proved by Kezdi for a circular cavern with a
diameter D:

Dy —4c (1 - 6—4Ktan¢%),

ag =
i 4tan ¢
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[Terzaghi, [1943)]).

where K is the lateral earth pressure coefficient, Z
is the depth, and ¢ is the angle of internal friction.

Along the vertical cylinder surface with the di-
ameter D the normal stress o, . to the cylinder
surface at depth 2 is 0., = ¢ + o, tan¢. There-
fore, the total sliding resistance R of the cylinder
from depth z; to 2o is:

D? Vi
R = 7T40—|—7TD/<0+ Oh,z tan¢>dz,

21

in which: the first part is thanks to the total soil
cohesion over the upper cylinder end at z;.

The weight W of the soil cylinder is W = 7D (29—
z1)7. Let us denote the safety factor of sliding as
FSgiding equal to the ratio between total sliding
resistance R and the weight W:

R 1
Siding W 4(ze —21)y %
[cD + /(c + Ko, tan ¢)dz|.

zZ1

NGUYEN VAN HOANG ET AL.:
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Notably, sliding failure of the soil cylinder occurs
when F'Sgjiding is less than unity.

4.3. Suffusion Vulnerability Analysis
Results

The soil samples of the two layers of sand and
gravel (the layer 2 and 4) have been taken from
bore-hole BL02 in the middle of Na Bua, Phieng
Lieng valley plain, where most of the sinkholes
formed. The particle size distribution data show
that all the soil samples are continuously graded,
for which Mao’s suffusion criterion is applicable
and can be used in our study.

The analysis results in accordance with the above-
described suffusion criteria are summarized as fol-
lows.

Istomina’s criterion: The results presented
in show that the critical gradient for
suffusion of the soil under consideration is mostly
equal to 0.2 and the maximal critical gradient of
0.725 is for the sample having C, equal 2.4. It
means that suffusion may occur continuously over
a long period, from a year of less hydrodynamics,
during which the finer particles are eroded, to a
year of higher hydrodynamics, during which the
coarser particles are eroded.

Kenney and Lau criterion: In accordance
with this criterion, the particles finer than 0.0075
mm would not likely erode from the soil. Two sam-
ples are internally unstable for the particles finer
than 0.03 mm, which are along with other 7 sam-
ples internally unstable for the particles finer than

e Critical gradient for soil sample

——Critical gradient curve by Istomina -

0.8 \
0.7 \
506 \
€ \ Area of suffusion
205

go0 X\

0.1 | Area o\

0.0 none-suffusion — _ Cu

0 5 10 15 20 25 30 35 40 45 50

Figure 10. Study soil subsurface erosion by
Istomina.
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Table 1. Analysis Results in Accordance With Kenney and Lau’s Criterion

Soil Maximal of erodible particle diameter (mm)

sample 0.005 0.0075 0.030 0.075 0.20 0.40 1.30
number Internal stable (Stab.) or unstable (Uns.)

1 Stab. Stab. Stab. Stab. Stab. Uns. Uns.
2 Stab. Stab. Stab. Stab. Stab. Stab. Uns.
3 Stab. Stab. Stab. Stab. Stab. Uns. Uns.
4 Stab. Stab. Stab. Stab. Stab. Uns. Uns.
5 Stab. Stab. Stab. Uns. Uns. Uns. Uns.
6 Stab. Stab. Stab. Uns. Uns. Uns. Uns.
7 Stab. Stab. Uns. Uns. Uns. Uns. Uns.
8 Stab. Stab. Uns. Uns. Uns. Uns. Uns.
9 Stab. Stab. Stab. Uns. Uns. Uns. Uns.
10 Stab. Stab. Stab. Uns. Uns. Uns. Uns.
11 Stab. Stab. Stab. Stab. Uns. Uns. Uns.
12 Stab. Stab. Stab. Stab. Uns. Uns. Uns.
13 Stab. Stab. Stab. Stab. Uns. Uns. Uns.
14 Stab. Stab. Stab. Uns. Uns. Uns. Uns.
15 Stab. Stab. Stab. Stab. Uns. Uns. Uns.
16 Stab. Stab. Stab. Stab. Uns. Uns. Uns.
17* Stab. Stab. Stab. Stab. Uns. Uns. Uns.

* Soil sample number 17 is the average of the 16 samples.

0.075 mm. 12 the samples are internally unsta-
ble for particles finer than 0.2 mm. Almost all the
samples are internally unstable for particles finer
than 0.4 mm (Figure 11)). [Table 1| summarizes the
soil internal instability or stability in terms of the
maximal particle diameter of particles that are vul-
nerable to erosion. Since almost all the soil samples
are internally instable for the particles finer than
0.4 mm, the soil is considered as internally instable.

25
& Y Sample ‘T/vith C,52.4 |0 ¢@<=0.030mm
20 All remaining ¢ d=<0.075mm
' samples with C,>3
A ¢=<0.20mm
LL1.5 DD A U= G4 T
B ol @ * X d=<1.30mm
1.0
< of x_° o4 X
g8 £ Suffusion unstable
=] A Do[DgPs ©
0.5 Ox | o0 KT O iy
X
0.0 e T ke M o

0 10 20 30 40 50 60 70 80

Figure 11. Study soil suffusion instabil-
ity according to Kenney and Lau’s criterion
(1986).

Burenkova’s criterion: The analysis results
for the soil under consideration are presented in
where most of the soil samples are suffu-
sion unstable and only a few samples are internally
stable.

100 T T T T
s | M 1+0.76log(d90/d15) =
40 e d90/d60) —le hd
30 ® e
0 | ¢ 1+186log(do0id15) |4l
2 Suffusion ungtable
2 10 ) P o
-} — i~ -3¢
6 &=-=8--"-"""< 'L”_#FT-
4 $ S uffusio teg | [ ||
318 —u— a—n—u
2 Suﬁr.lsion unstayble
1
30 60 90 120 180 240300
doold,5

Figure 12. Study soil suffusion internal in-
stability in accordance with Burenkova’s cri-
terion.
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Figure 13. Study soil suffusion instability in accordance with Kenney and Lau’ criterion

(1986).

Table 2. Results of Internal Stability of the Soil Sample in Accordance With Mao’s Criterion

Soil Average porosity Maximal porosity
sample Suffusion Suffusion Py by
number n 4(107071) Stab./Uns. n 4&(1% Stab./Uns. Mao (1981)
1 0.42 43.1 Stab. 0.55 55.2 Uns. 50.9
2 0.41 42.3 Uns. 0.53 53.4 Uns. 40.4
3 0.40 41.7 Uns. 0.54 53.8 Uns. 40.6
4 0.42 42.9 Uns. 0.56 56.7 Uns. 42.2
6 0.42 43.3 Stab. 0.56 57.4 Uns. 47.8
9 0.44 44.5 Stab. 0.57 58.2 Uns. 58.0
11 0.43 43.8 Stab. 0.57 58.1 Uns. 46.1
17 0.43 441 Stab. 0.56 57.2 Uns. 52.2

Kezdi’s criterion: For each of the samples,
four arbitrary reference grain diameters d have
been used to divide the sample into two compo-
nents of coarse and fine fractions. The calculation

~ 60

£ o % !
a 50

* [ 2 ) ® ® Stable ®
T 40 , ®

E’ 30 ¢ Transitional

7

& 20

Q Unsatable
210

©

= 0

1234567 8 91011121314151617
Soil sample numbering

Figure 14. Study soil suffusion instability in
accordance with Kenney and Lau’s criterion
(1986).

results of all the soil samples have allowed building
a graphical presentation, as shown in
The results show that most of the samples are sus-
ceptible to subsurface erosion. However, two sam-
ples are not susceptible to subsurface erosion for
the reference grain size of 0.03 mm. Five samples
are not susceptible to subsurface erosion for the ref-
erence grain size 0.075 mm. Four samples are not
susceptible to subsurface erosion for the reference
grain size 0.2 mm.

Liu’s criterion: The analysis results have
been presented in[Figure 14 which shows that most
of the soil samples are internally unstable and the
remaining five samples are transitionally instable.

Mao’s criterion: With the average and max-
imal porosity of the soil samples determined by the
statistical data by Morris and Johnson , the
internal instability of the soil samples was deter-
mined by the criterion given by Mao 1981. The
detailed analysis results are presented in
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Table 3. Results of Internal Stability in Accordance in With Accordance With Busch and Luckner’s,

Patrasev’s, and Ziem’s criteria

Average porosity

Maximal porosity

By Busch & By By By Busch & By By
Sample n Luckner Patrasev Ziem n Luckner Patrasev Ziem
number Dy (mm)  dp, (mm) dpyin (mm) Dy (mm)  dp, (mm) dpyin (mm)
1 0.41 0.2464 0.4659 0.3732 0.54 0.2683 0.5075 0.4065
2 0.40 0.2646 0.5096 0.4008 0.52 0.2873 0.5534 0.4352
3 0.39 0.2977 0.9365 0.4510 0.53 0.3262 1.0261 0.4942
4 0.41 0.2525 0.5073 0.3825 0.55 0.2778 0.5582 0.4209
5 0.43 0.1732 0.3146 0.2623 0.56 0.1889 0.3431 0.2861
6 0.41 0.2492 0.9727 0.3775 0.55 0.2741 1.0700 0.4152
7 0.41 0.1545 0.2826 0.2340 0.54 0.1691 0.3092 0.2561
8 0.40 0.1519 0.2589 0.2301 0.54 0.1665 0.2839 0.2522
9 0.43 0.1900 0.3932 0.2878 0.56 0.2076 0.4296 0.3145
10 0.43 0.1920 0.3632 0.2908 0.56 0.2094 0.3962 0.3171
11 0.42 0.2438 0.7136 0.3693 0.56 0.2679 0.7841 0.4058
12 0.43 0.2118 0.4305 0.3208 0.56 0.2321 0.4718 0.3515
13 0.42 0.1924 0.3071 0.2915 0.56 0.2123 0.3388 0.3215
14 0.42 0.1891 0.3050 0.2864 0.56 0.2076 0.3348 0.3145
15 0.42 0.2379 0.4975 0.3603 0.56 0.2615 0.5469 0.3961
16 0.43 0.1561 0.2269 0.2365 0.56 0.1706 0.2479 0.2584
17 0.42 0.2445 0.7160 0.3704 0.55 0.2668 0.7813 0.4041

The results show that 50% and 18% (3 samples)
of the samples are internally unstable for maximal
porosity values and mean porosity values, respec-
tively.

Busch and Luckner’s, Patrasev’s, and
Ziem’s criteria: The largest particle sizes of the
soil samples under consideration that are subject to
subsurface erosion determined by Busch and Luck-
ner, Patrasev, and Ziem criteria are presented in
On an average, the maximal particle sizes
which are susceptible to subsurface erosion, accord-
ing to Busch & Luckner, Ziem, and Patrasev, are
0.245 mm, 0.370 mm, and 0.716 mm, respectively,
for the largest average porosity, and 0.267 mm,
0.781 mm, and 0.404 mm, respectively, for the max-
imal porosity. The ratios between the particle sizes
by the three authors are 1:1.5: 2.9.

4.4. Groundwater Hydraulic Conditions

As it was described at the end of section 3, before
dewatering the Na Tum mine for ore exploitation,
all the three aquifers were confined, with water lev-
els more or less the same due to long-term inter-

action through leakage through the semi-pervious
layers between the aquifers. However, presently the
mine depth is about 80 m (which is correspond-
ing to absolute elevation is 285 m above mean sea
level - MSL) the dewatering of the mine has caused
the total water level drawdown of about 70 m (290
MSL). From the GW well hydraulic fundamentals,
the GW level drawdown at any time counted from
the beginning of GW dewatering, when the pump-
ing is long enough, would reach equilibrium and is
proportional to the natural logarithm of the dis-
tance from the center of the mine pit quarry un-
der dewatering [ Thiem, refer to Fetter, .
above depicts the GW level at present
(named as normal low water level), showing that
a very large water level drawdown occurred over a
very long distance of several thousand meters.

Let us consider the hydraulic conditions of aquifer
3 in relation to suffusion. During the dry seasons,
the water level is lower (normal low water level in
than the bottom of aquifer 2. This down-
ward vertical water flow with a unity gradient in
aquifer 3 in combination with the above-identified
suffusion vulnerability certainly results in the suf-
fusion of soil particles from aquifer 2 into karstic
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Figure 15. Observed GW level in the aquifers 1
and 3.

formation. The soil suffusion in the lower part of
aquifer 2 serves as the necessary condition for the
arching failure of the above soil column to occur.
During the rainy seasons, the water level increases
from time to time and goes higher than the aquifer

top (called high low water level in [Figure 6]), which
would cease the soil suffusion.

Recent GW level monitoring data show that
the GW level depth of the first from ground
surface aquifer 1 is around 1.4-2.4 m (349.6 to
347.4 MSL). However, for the karstic aquifer 3,
the water level rose dramatically from a depth of
46.41 m (308.59 MSL) on the 12th of July 2019 to
27.3 m (327.7 MSL) on the 8th of September 2019,
that is, during the rainy season (Figure 15).

Therefore, aquifer 2 gets nearly saturated during
the rainy seasons and completely saturated by the
end of the rainy season. During the dry season,
the water level of the karstic aquifer fast declines
due to the dewatering of the Na Tum mine since
the porosity of the aquifer is quite small, that is,
the storativity and specific yield is small. The fast
decline of the GW level in the aquifer leads to ver-
tical GW flow in aquifer 2 with a high gradient.
When the water level in karstic aquifer becomes
lower than the bottom of aquifer 2, the gradient of
the vertical flow in aquifer 2 becomes at least equal
to 1, which is a high gradient compared to the suf-
fusion critical gradient by Istomina’s criterion. An
intensive suffusion occurs in aquifer 2, with the dis-
charge of soil particles into fractures and cavities of
the karstic formation. As a consequence, soil arch-
ing condition results for the above-lying soil col-
umn, and a sliding failure becomes highly possible.
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Figure 16. Geotechnical bore-hole log and
formation of sinkhole.

4.5. Sinkhole Formation as a Consequence
of Soil Arching Failure

The water level in aquifer 3 (the karstic forma-
tion) decreases steeply and falls below the sand and
gravel layer 4 (aquifer 2). The soil of layer 4 is in-
ternally unstable by grain size distribution as iden-
tified above. Owing to gravity and GW seepage
force, the soil layer 4 breaks and enters the karstic
cavities and fractures. This leads to the formation
of a cave in soil layer 4 (Figure 16p). The cave-in
soil layer 4 expands wider and higher until the shear
stress becomes greater than the cohesive strength
of the semi-pervious soil layer 3, which leads to the
collapse of soil layer 3 (Figure 16b). Afterward,
the soil sinkhole continues to expand to reach soil
layer 2 (aquifer 1) until the collapse of the semi-
pervious soil layer 1, leading to the formation of a
sinkhole on the ground surface (Figure 16f).

Some physical and mechanical parameters of the
soils, as shown in the bore-hole log ),
in the middle of the plain where most sinkholes
and large sinkholes have developed. The vertical
suffusion of particles of soil layer 4 into the frac-
tured limestone cavities from time to time formed
an underground cave in soil layer 4 )
The cave continued to expand further until failure
occurs in soil layer 3. As a consequence, layer 1
collapsed to form a sinkhole on the ground surface
(Figure 16).

As the underground caves form in soil layer 3
above the karstic formation, the soil arching fail-
ures occur. The diameters of the sliding cylin-
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der depend on the thickness of the physical and
strength parameters of soil layer 3. shows
the safety factor of sliding with cylinder diameter D
in soil layer 3, in which the diameter of 4.41 m cor-
responds to the safety factor of sliding of 1. Once
the failure of soil layer 3 occurred, it led to the
mass downward movement of particles of layer 2,
and the diameter of the underground sinkhole in
soil layer 3 expanded due to soil erosion due to the
tensile cracks. Once the sinkhole in soil layer 3
reached a diameter of 4.56 m, which is equal to the
diameter of the cylinder of the arching failure in
soil layer 1 (Figure 17)), a sinkhole appeared on the
ground surface (Figure 16c). The process of the
sinkhole formation is illustrated in [Figure 16|

5. Discussion

Most of the described suffusion criteria have been
developed and proposed to study the ability of soil
particles to move within the soil body under wa-
ter flow. The bottom line is that different particle
gradation of non-cohesive soils create different pore
sizes, due to which finer particles can move in with
accelerating water flow. The utilization of the crite-
ria in analyzing the non-cohesive soil profile in the
study area shows that the soil is internally unstable
in terms of subsurface erosion. Some of the criteria
provide a general meaning of soil suffusion, that
is, whether the soil can undergo suffusion or not
(Istimina’s, Burenkova’s, Kezdi’s, Liu’s, and Mao’s
criteria). Some of the criteria give more concrete
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meaning of suffusion, that is, the maximal parti-
cle diameter due to which the particles can move
(Busch and Luckner’s, Patrasev’s, and Ziems’s cri-
teria). Several criteria have included soil poros-
ity (Mao’s, Busch and Luckner’s, Patrasev’s, and
Ziems’s criteria). Although in developing suffusion
criteria, many researchers used certain hydraulic
gradients in the experiments (e.g. Istomina pre-
sented her experiment gradient from about 0.24 to
1.0, Kenney and Lau carried out their experiments
under gradient from 1.16 to 2.22), only Istomina
presented the relationship between gradation and
critical gradient.

Among the applied criteria, Mao’s criterion has
given more positive results regarding the suffusion
vulnerability of the study’s non-cohesive soil: 50%
and 18% of the soil samples are classified as suffu-
sion unstable with reference maximal and average
porosity, respectively. This method is accepted as
a formal method in levee design and sluice design
according to the technical standards of China [Li,
, for which more desirable selective particle
gradation materials can be selected.

Nevertheless, almost all the criteria, except Is-
tomina’s criterion, are designated for the classifi-
cation of non-cohesive soils as internally stable or
unstable. As per the study site’s soil profile, a
favorable condition for the erosion of soil grains
at the exit of a seepage path (backward erosion)
to underlying fractured and karstic formation does
exist; non-cohesive soil overlying the karstic forma-
tion can completely undergo suffusion under grav-
ity in unsaturated conditions or under very low
vertical hydraulic gradient in saturated conditions.
This consequently creates new particle size grada-
tion which is internally unstable, that is, fine soil
grains can get eroded through the voids between
the coarse grains due to seepage flow, usually over
the years.

The above-mentioned soil mechanic model has
determined the sinkhole diameter to be 4.56 m.
However, the diameters of the sinkholes formed in
the area range between 4 m and 20 m. It is well
known that mechanical parameters of the same soil
unit in the same area vary from location to location
due to soil natural inhomogeneity. Also, the me-
chanical parameters of the same soil change with a
change in related physical parameters, out of which
the most influencing parameter is the moisture con-
tent. Besides, the drying of the soil may even lead
to “self-failure” as tension cracking, which results
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in zero cohesion. In addition, the thickness of the
soil layers may also spatially change, although not
very much. Therefore, sinkholes of different sizes
would most likely be formed.

The time of sinkhole appearance is mostly during
the middle of the dry season. This corresponds well
with the GW level fluctuation in the karstic forma-
tion and non-cohesive sand and gravel layer above
that creates suffusion. Regarding soil’s mechani-
cal properties in relation to the direct formation
of a sinkhole, the surface soil can just go through
a dry-wet-dry cycle, which may decrease the soil
strength, that is, internal friction angle and cohe-
sion.

From the geological point of view, the largest
sinkholes in this study area were formed in the mid-
dle of the sinkhole area under consideration. This
is exactly the location through which a large NW
fault passes, where the most favorable conditions
for sinkhole development are found as per Newton
; according to him, subsurface erosion caused
by GW flow through unobstructed faults, joints,
fractures or other openings filled with unconsoli-
dated sediments in creating and enlarging cavities
can directly create sinkholes in the eastern United
States. Also, Prasad et al. had carried out
an analysis which showed that faults in the south-
western part of the Cuddapah basin, India, are fa-
vorable conditions for sinkhole formations due to
the secondary permeability features (faults), as all
the sinkholes had formed along a fault zone, which
serves as a boundary between two different forma-
tions.

6. Concluding Remarks

The most important site-specific factors and me-
chanism of sinkhole development in the study area
may be summarized as follows.

e Underneath the ground surface are present
two layers of sand and gravel, which are highly
vulnerable to subsurface erosion by almost all
different suffusion criteria.

e The underlying karstic bedrock formation has
local fractures, cavities, and even large caves,
which serve as a large compartment for ac-
cepting soil material flow from the sand and
gravel layer above.
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e Due to the dewatering of the Na Tum mine,
from the middle of the rainy season to the
beginning of the dry season, the water level
rises to saturate the sand and gravel layer
above. During the dry season, the water level
of the bedrock karstic formation falls much
lower than its top and creates vertical water
flow in the sand and gravel layer, which leads
to subsurface erosion.

e The creation of a larger hidden sinkhole within
the non-cohesive sand and gravel layer 3 leads
to the situation that the weight of a cylinder
of a certain diameter of soil in the cohesive silt
layer 3 located above becomes greater than
the full frictional resistance along the verti-
cal cylinder surface, which results in sliding
of the soil cylinder. Consequently, a certain
diameter cylinder of cohesion soil in surface
layer 1 undergoes sliding to form a sinkhole.

Sinkholes in the study area are extremely haz-
ardous, causing long-term social anxiety and eco-
nomic damage to local residents, properties, and
the Na Tum mine company. The history of sinkhole
development in the study area and the quantitative
analysis in this work do emphasize a high risk of
sinkhole development in the future since the mine
is dewatered and no land and surface water man-
agement and preventive measures have been taken
since the beginning of the sinkhole formation.

Comprehensive engineering and measures to pre-
vent future sinkhole development need to be car-
ried out for sustainable socio-economic develop-
ment and environmental protection in terms of
induced geohazards related to mining activities.
From this case study, an important lesson could be
drawn that a comprehensive geological, hydrogeo-
logical, and geotechnical investigation is required
to be carried out over a large relevant area sur-
rounding any mine which is subject to dewater-
ing to forecast and predict the risk of sinkhole
incidence, especially in areas with carbonate and
highly fractured formations.
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