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Abstract The Zhongguan iron mine is strongly threat-
ened by water inrushes because of the thick Ordovician
limestone aquifer and a variety of concealed faults. An
inrush event occurred at —260 m below sea level (bsl),
inundating the mine during the mineral deposit developing
stage. It was very important to understand why and how
this occurred to prevent its recurrence. A numerical simula-
tion of a process-based model of the excavation, together
with an in-situ groundwater investigation, showed that the
event was related to the normally impermeable X1 fault,
which was gradually activated from the bottom of the aqui-
fer to the mine roof as excavation developed. The activated
fault transformed into an inrush channel, hydraulically con-
necting the aquifer and the roadway. Thus, faults and other
geological structures have to be mapped before mining.
Moreover, sealing possible water channels before excava-
tion in potential inrush areas is much better than advance
dewatering because of the aquifer’s transmissivity and the
limited effectiveness of grout curtains.
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Introduction

Mining-induced groundwater inrushes have caused griev-
ous casualties and heavy economic losses in mines in
China, and can also seriously affect the geohydrological
environment. Therefore, it is vitally important to know
when, where, and how groundwater inrushes can occur
during the mining process (Donnelly 2006; Li et al. 2011;
Yang et al. 2007; Zhang et al. 2009; Zhang and Shen 2004;
Zhu and Wei 2011; Zuo et al. 2009).

The three main types of mine water disasters in China
are: (1) water inrushes from the Cenozoic loose-rock
porous aquifer; (2) water inrush from bedrock fissure aqui-
fers; and (3) water inrush from the Ordovician limestone
aquifer (Wu et al. 2013; Yin et al. 2015; Zhang and Shen
2004). The last of these is the most serious and occurs
where the Ordovician limestone aquifer lies under Permo-
Carboniferous coal seams (Zhang 2005), because the lime-
stone is a confined karst aquifer that receives abundant
recharge where it outcrops and maintains very high water
pressures (Wu et al. 2013; Yin et al. 2015). In northern
China, over 130 mines are threatened by water inrushes
from the Ordovician aquifer (Li and Zhou 2006). This
includes the world’s largest water inrush, which occurred in
the Fangezhuang coal mine, in which the maximum water
inflow reached 2053 m?/min, submerging the mine and
three other nearby mines in less than a day (Yin and Zhang
2005).

The water-inrush channel is as important as the water
source to understand the cause and mechanism of a water-
inrush incident. Water-inrush channels can be divided into
two main types: natural ones, such as karst collapse pillars
(KCPs) (Ma et al. 2015; Yin et al. 2004; Zhu and Wei 2011)
and faults (Li et al. 2011; Zhang et al. 2014; Zhu and Wei
2011) and mining-related channels, such as roof-caving
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induced fissures zones (Feng et al. 2007; Sun et al. 2009),
floor-stress induced broken zones (Shen et al. 2015; Yang
et al. 2007), and poorly plugged boreholes (Wang et al.
2009; Zhang et al. 2015). More than 80% of mine water
inrush accidents in underground coal mines are related to
faults (Li et al. 1996; Wang and Miao 2006). Thus, fault
activity is an important key factor in determining the safety
of mine construction and mining. The Zhongguan iron
mine, in northern China, has been strongly threatened by
water inrushes because of the thick Ordovician limestone
aquifer and various concealed faults in the area.

In recent decades, many water-inrush incidents have
been researched to explain their underlying mechanisms, so
that effective engineering-remedial measures can be devel-
oped to prevent the same incident from occurring again
(Feng et al. 2007; He et al. 2011; Li et al. 2013; Sun et al.
2009). Thus, it was important to study the water-inrush
incident in the Zhongguan iron mine that occurred on Sept.
27, 2013, during the mineral deposit developing stage.
Both an in-situ groundwater investigation and a numerical
simulation of the event was carried out to better understand
the mechanism of this water inrush, so that we can mitigate
similar hazards during future mining.

Background of Geologic Conditions and Study
Site

Engineering Background and Natural Setting

The Zhongguan mine is located within Zhongguan village
of Shahe city, Hebei province, in north China, 36°55'N
longitude and 114°01'E latitude, covering an area of

Fig. 1 Southwest perspective
on the stratum structure of the
Zhongguan iron mine
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approximately 1.2 km?. The mine area’s elevation ranges
from 200 to 270 m above sea level (asl). It has a continen-
tal monsoon climate, with warm temperatures and clear
cut seasons. The annual average precipitation is about
540 mm. Geological exploration of the area was completed
by the No. 2 Geological Party of Hebei province in 1974.
Howeyver, the iron ore was not mined until 2008 due to the
Ordovician limestone’s extremely rich groundwater sup-
ply. In recent decades, much of this groundwater has been
pumped for irrigation, industry, and household consump-
tion, lowering the water table in the area by 156 m, which
has provided improved mining conditions. Groundwater
levels ranged from —5 to —20 m below sea level (bsl) in
Feb 2016; the aquifer thickness is about 200 m.

The latest supplementary geological exploration was fin-
ished by the North China Engineering Investigation Insti-
tute Limited Company in 2007. According to their geo-
logical report, the strata of the area are, successively: the
Quaternary Holocene, a Permian formation of interbedded
sandstone and shale, a hardly explored Upper Paleozoic
Carboniferous formation, the Lower Paleozoic Ordovi-
cian limestone, and a Yanshanian formation altered diorite.
The mineral deposit is a magnetite ore body of contact-
metasomatic skarn, which occurs where the Yanshanian
diorite contacts the Ordovician limestone, and is mostly
surrounded by the altered diorite. The strata of the Zhong-
guan iron mine is shown in Fig. 1. The main aquifer flood-
ing potential is associated with the Ordovician limestone,
which is thickly bedded and dolomitic. The limestone roof
ranges from 80 to 180 m asl The aquifer is called the Ordo-
vician limestone-unconfined aquifer and is recharged by
rainfall. The flow direction is from the northwest to south-
east, with a hydraulic gradient of only 0.4%.
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Study Site

The study site is at =260 m bsl, near the main and auxiliary
shafts in the northwest of the mine. A serious water-inrush
incident occurred at the central substation, 20 m from
the east connection roadway. Before the incident, a water
inflow of 10 m*h was estimated based on advance water
detection. However, when the face was advanced 7 m from
Sep 7 to 12, 2013, the normal X1 fault, with a dip direc-
tion of about 280° and a dip angle about 67°, was gradually
exposed in the roof, floor, and ribs of the roadway. Fault
gouge extended up to about 45 m from an area immedi-
ately adjacent to the roof of the roadway. A wedge-shaped
roof collapse about 5 m in height occurred around the fault
during the excavation, while roof water leakage gradually
worsened, from 35 to 100 m3/h. A concrete water-retaining
wall was built in an attempt to prevent water inflow into the
roadway, but it failed. Then, when a second, greater, roof
collapse occurred on Sept. 26, the water inflow suddenly
increased to 480 m>/h. The incomplete wall was destroyed
and the roadway, with a volume of about 10* m?, were
finally inundated on Sept 27, 2013.

Analysis of the In-situ Groundwater Investigation

In-situ Observations of Groundwater Levels
in Boreholes

A closed boundary grout curtain was constructed in July
2010 by partitioned grouting, with a 30 m per step grouting
depth (Bai et al. 2008), in an attempt to prevent groundwa-
ter from flowing into the mine area. The top of the grouting
holes were all about 100 m asl, and the holes extended into
the Yanshannian diorite, with a depth ranging from 321 to
810 m. The final diameter of the holes were 91 mm. The
curtain was about 3.4 km in circumference and contained

Fig. 2 Observation boreholes
for groundwater levels in the
mine area
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270 grouting holes. It was anticipated the completed grout
curtain would exclude about 80% of the water; however, it
was, in fact, much less effective than that. There were five
boreholes, numbered G1-G5, in the mine area, and nine
pairs of boreholes located just inside and outside of the
closed curtain (Fig. 2). These holes were used for ground-
water level measurements prior to and during mining.

Determination of the Water-inrush Source

Before the fault was exposed on Sept. 7, water inflow near
the working face was steady, at an inflow rate of about
10 m3/h, as mentioned above. No water source that could
cause this incident was found by the advance boreholes,
although they went through the X1 fault. Figure 3 gives the
observed results of groundwater in the mine area after the
water-inrush incident on Sept. 27, 2013. The groundwater
levels changed in three stages, i.e., the pre-pumping stage
from Sep 27 to Oct 4, the pumping stage without water
plugging from Oct 4 to Nov 7, and the post-water plugging
stage after Nov 7 (Fig. 3a). It is a remarkable fact that the
water levels observed in boreholes G1-G4 all rose to dif-
ferent degrees, rather than lowering with time, in the pre-
pumping stage. Water in boreholes near the inside of the
curtain either remained steady or had a small rise (Fig. 3b).
It is known that a cone of groundwater depression had
formed in the area before the water-inrush incident. If
the groundwater inside the closed curtain was sealed and
did not have enough recharge, groundwater levels close
to the inside of the curtain would lower more or less with
groundwater flowing into roadways, when the water inrush
occurred. This observation shows that the groundwater
in the closed curtain was not sealed and could be easily
recharged from the outside. When water recharge from out-
side of the curtain exceeded water inflow into the roadways,
groundwater inside the curtain should have risen, with the

Horizontal distance from some of the boreholes to the

inrush point

Borehole No. | Depth (m) | Horizontal distance (m)
Gl 359 256
i <> 359 384
G3 365 256
G4 426 417
CG81afs CG82 CG21 435 625
CG31 402 275
CGsl1 382 232
CG914 5 CGI2 CG61 456 405
CG71 463 469
CG81 485 637
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cone of groundwater depression rising gradually, as was
observed in boreholes G1-G4 (Fig. 3b). This indicates that
the water-inrush sources were static water inside the closed
curtain and dynamic outside.

Water Recharge

As shown in Fig. 3a, when water was pumped from the
main and auxiliary shafts on Oct 4, groundwater levels in
boreholes G1-G4, close to the shafts, were observed to
decline rapidly, i.e., the maximum drawdown rate was up to
29 cm/h in boreholes G3 and G4, 23 cm/h in borehole G1,
and 16 cm/h in borehole G2. This shows that the hydraulic
connection of the Ordovician limestone was very strong.

@ Springer

The total pump discharge was about 9x 10* m® from Oct
4 to 11. After that, the pump discharge averaged about
350 m3/h, almost equal to the water inflow, so groundwa-
ter levels in the mine area showed a stable and very slow
decline. When the inrush point was plugged on Oct 7,
groundwater levels in the mine area reached the same level
as when pumping began in just 3 days. This once again
verified the strong hydraulic connection of the Ordovician
limestone groundwater and the rich water recharge outside
of the curtain.

Figure 4 shows the groundwater level in each pair
of boreholes on Oct 4 and Nov 7, 2013. The maximum
water level difference between boreholes CG32 and CG31
was 27 m, with about 16 m between boreholes CG52
and CGS51. The groundwater levels in boreholes CG32
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Fig. 4 Comparison of groundwater levels in each pair of boreholes
on Oct 4 and Nov 7, 2013

and CGS52 remained the same (Fig. 3a), indicating that
the northwest curtain was effective. However, the qual-
ity of the curtain around boreholes CG22 and CG62 was
not as good, for although the water levels were the same
in the two paired boreholes, this was because of their syn-
chronous decline. Therefore, groundwater northeast and
southwest of the mine area outside of the curtain was the
major dynamic water recharge source. Groundwater levels
in the two pairs of boreholes, i.e. CG71 and CG72, CG81
and CG82, located downgradient of the mine, showed the
same, but less obvious trends. Water-level changes in the
other three pairs of boreholes located south of the curtain
were mainly affected by pumping from the south air shaft.
Hence, groundwater from east of the mine area outside of
the curtain is a minor source of dynamic water recharge.
Water recharge from outside of the curtain was not suffi-
ciently stopped by the closed grout curtain.

Mechanism of Fault-controlled Water-inrush
Induced by Excavation

Effective Stress Equation

Mechanical behavior analysis, without considering seep-
age, was not suitable for the Zhongguan mine, which con-
tains large amounts of groundwater. Therefore, effective
stress, combining applied stress and pore fluid pressures,
was used for porous rock mass mechanical analysis, based
on the continuum medium model. The mechanical constitu-
tive equation for steady state behavior can be defined as:

/

0jj = 0 = @y M

and the seepage equation is defined as:

where ¢'; and 6;; is effective and total stress tensor, respec-
tivly, p is porous pressure, K is hydraulic conductivity,
a(<1) is Boit’s effective stress coefficient, and J; is the
Kronecker symbol. The failure criterion chosen for the
model was the Mohr—Coulomb failure model, which has
been widely used in geotechnical engineering to predict
rock mass failure (Li et al. 2011; Ma et al. 2015; Yang et al.
2007; Zhu and Wei 2011).

A simplified finite element numerical model, which
accounts for the effects of seepage, was constructed to sim-
ulate the effect of the excavation process on stress and dam-
age distribution. The model was solved using COMSOL
Multiphysics (COMSOL 2008), a powerful PDE-based
multiphysics modeling environment, wherein the boundary
and initial conditions are specified (Zhu and Wei 2011).

Numerical Model

Based on the geological, geomechanical, and hydrogeo-
logical data, a simple numerical model that incorporated
fault X1, was constructed according to plan strain condi-
tions. The model was 350 m long and 350 m high, with a
depth ranging from 0 to —350 m bsl, and contained two
rock strata (Fig. 5a). The groundwater level in the area was
about 0 before the water inrush incident in Sept, 2013, so
the hydraulic pressure in the upper Ordovician limestone
layer was about 2.2 MPa. The lower diorite would have
sustained the water pressure if the fault did not exist, and
therefore was considered a protective layer. The roadway
located at —260 m bsl was surrounded by the diorite. As
mentioned above, the X1 fault zone, which is filled with
soft-rheology-plastic fault gouge, breccia and altered dior-
ite, was viewed as a weak zone.

For the mechanics analysis, the external boundary stress
of 5.2 MPa in the y direction 6, was applied at the top sur-
face to be equivalent to the overburden strata weight, while
zero displacement was imposed at the left and right sides
and base of the model. For the seepage boundary condi-
tions, a constant hydraulic head of 220 m was applied at
the top, left, and right sides of the limestone strata. At
the boundary of working face, a pressure of 0.1 MPa was
applied to simulate atmospheric pressure (Zhu and Wei
2011). A Newman boundary condition with zero flux was
applied at the external boundary of the diorite strata.

The rock strata and fault were assumed to be homo-
geneous and isotropic during the finite element analysis
based on COMSOL Multiphysics (COMSOL 2008). The
mechanical properties of the rock mass used in the numeri-
cal simulation (Table 1) were empirically estimated and

@ Springer
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Table 1 Physico-mechanical parameters of rock masses obtained using the RMR system in association with previous engineering experiences

Stratum Density Tensile strength Deformation param- Mohr-Coulomb Hydraulic conductivity Biot’s
eters parameters coeffi-
pkg/m’) o, (MPa) EGPa) g c(MPa) () K(107mss) clenta
Limestone 2670 1.4 7.6 0.24 5.3 37 2300 1
Diorite 2780 1.8 8.3 0.22 6.5 43 5.8 0.01
Fault 2260 0.1 1.0 0.3 1.2 27 10 0.1

calibrated in accordance with the RMR classification sys-
tem (Xia 2014; Zhu and Wei 2011).

Mechanism of the Formation of the Water-inrush
Channel

In the following section, we describe the progressive evo-
lution of the water-inrush channel during a five-step exca-
vation sequence with an advance increment of 10 m/step
(Fig. 5b). Figure 6 shows the shear stress and damage zone
distribution at different simulation steps. In these figures,
the black colors denote the damaged zone. Figure 7 shows
the stress and displacement distribution of the center profile
of the upper part of fault X1 from —195 to —255 m bsl (see
profile BB’ in Fig. 5a) during the excavation.

@ Springer

As mining advanced, damage zone development in the
fault and its broken area strongly depended on the excava-
tion activities. We used evolution of the damage zone as an
index to visualize the evolution of the failure zones, which
were the path for groundwater in the developing outburst
structure.

With the first excavation to 10 m from the left boundary,
35 m from the center of the fault, a small amount of dam-
age occurred in the lower part of the fault, while no damage
occurred in the upper part (Fig. 6b). Therefore, the fault
was still stable even through the maximum displacement at
the upper part of the fault has reached 7.0 mm (Fig. 7c).
When the working face was extended to 20 m (second
step), the maximal shear stress of the fault at —209 m bsl
was 2.44 MPa, with a vertical height of 46 m from the
roof (Fig. 7a). Under this ground stress and pore pressure,
a small amount of damage of the upper part of the fault
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Fig. 6 Shear stress of the (a) (b)
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first occurred at the junction of the limestone and diorite
(Fig. 6¢), causing groundwater in the limestone to flow into
the fault’s failure zone, increasing the relative hydraulic
head of the roof.

When the working face was extended to 30 m (third
step), the maximal shear stress of the upper part of the fault
still occurred at —209 m bsl, but it increased to 2.86 MPa,
with a growth rate of 17.2% (Fig. 7a). The damage zone
extended both upwards and downwards compared to the
second step (Fig. 6d).

When the working face was extended to 40 m (fourth
step), 5 m away from the fault center, a maximal shear
stress of 3.75 MPa occurred at —234 m bsl, with a verti-
cal height of 21 m from the roof (Fig. 7a). Meanwhile,
part of the minor principal stress in the upper part of the
fault changed from compressive stress to tensile stress
(Fig. 7b), destabilizing the fault due to the no-tension
property of the fault, and increasing groundwater flow
into the fault. The damage zone expansion in the upper
part of the fault kept the same trend as in the third step,
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Fig. 7 Stress and displacement distribution of the profile BB’ in fault X1 during the excavation a shear stress, b minor principal stress; ¢ dis-

placement

and the damaged zone was about 10 m from the roof
(Fig. 6e). Consequently, this 10 m high part of the fault
was still stable and could prevent groundwater from flow-
ing into the roadway, mining had not advanced further.
That was confirmed by the advance boreholes, as already
mentioned.

When the working face extended to 50 m, the fault was
completely exposed. The maximum shear stress at —252
bsl, 3 m above the roof, increased sharply, to 11.6 MPa
(Fig. 7a). The most upper part of the fault was in tension
and the maximum tensile stress at the roof was 5.35 MPa,
much more than the tensile strength (Fig. 7b). The roof
was displaced by as much as 76.4 mm downward, due to
the fault extraction (Fig. 7c). Consequently, the last 5 m of
the fault collapsed under the concentrated high shear and
tensile stress, causing a wedge-shaped roof collapse, and
fully damaging the upper part of the fault, establishing the
hydraulic connection between the limestone and the road-
way (Fig. 6f). This allowed groundwater from the limestone
to flow through the fault, washing out the arenaceous and
pelitic karstic deposits, leading to a less obstructed flow
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channel. With the second roof collapse, the channel was
completely formed and the groundwater outburst occurred.

Conclusions

An in-situ groundwater investigation and a numerical sim-
ulation of a process-based model for the excavation were
analyzed to study the water-inrush incident in the Zhong-
guan iron mine. The main conclusions were:

1. The closed grout curtain was incapable of blocking the
water because of the strong hydraulic connection of
groundwater in the limestone. Groundwater from inside
the curtain burst into the roadway and was recharged
rapidly from the outside. Therefore, both the static
reserves inside the curtain and the dynamic reserves
outside the curtain were water sources. Groundwater
from northeast and southwest of the curtain was the
major dynamic water recharge source, while flow from
east of the curtain was minor.
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2. A simulated evolution of the damage zone in fault X1
revealed the water inrush development process. The
damaged zone in the fault extended downward gradu-
ally from the bottom of the aquifer to the roof, as the
working face advanced to the fault center. When the
face passed fault X1, the fault was fully damaged, cre-
ating a channel for the water outburst. Thus, the water-
inrush incident was the result of the advancing dam-
aged zone, and hence, the damaged zone in the fault
can be seen as a predictor for water-inrush through
faults.

3. The water-inrush incident has shown that a naturally
impermeable fault can be changed into a water-inrush
channel by mining. Therefore, it is critically important
to detect and map faults and other geological struc-
tures with poor mechanical properties before excava-
tion, whether they are hydrous or not. Also, if a fault
is identified as water-free by a horizontal cover hole
before excavation, more acclivitous cover holes should
be drilled to probe for inflow from higher positions of
the fault for further confirmation, 10 m above the roof
or even higher.
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