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stress under the mined-out area began to decrease simulta-
neously. The stress of the upper wall showed a drastic drop 
while the stress of the footwall continued to decline and 
then stabilized after the water inrush. This work provides 
new approaches and knowledge for research on deep min-
ing water inrush structures.

Keywords  Rock mechanics · Similar materials · Stress 
monitoring · Total process

Introduction

Coal mining is seriously affected as faults disturbed by 
mining become water conducting passages. Many floor 
water inrushes have occurred in China, and the number of 
national coal mine inrush disasters has increased (Wu et al. 
2013a). There is still no unified standard to classify coal 
mine inrush events (Chao and Gong 2011) because differ-
ent types of water inrush have different mechanisms. Water 
inrush events are controlled by many complex factors, such 
as the state of the coal seam and the geologic structure (Liu 
2009). Furthermore, as mining depths and mining intensity 
increase, the encountered hydrogeological conditions have 
become more complicated (James et al. 2014). Regardless 
of the type of floor water inrush, the main causes are the 
deformation, displacement, and failure of the floor plate 
due to the combined effects of lithostatic and hydrostatic 
pressure. Therefore, understanding the evolution and mech-
anism of water inrush channels could be the key to prevent-
ing inrush events.

Water inrush events have been studied based on both 
theoretical analysis and numerical simulation (Zhang and 
Shen 2004). With respect to theoretical analysis, the inrush 
mechanism of the complete floor and floor affected by fault 
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structures was determined by an elastic–plastic theory and 
a statistical method (Ministry of Coal Industry 2009). A 
series of implementation evaluations were established for 
evaluating and predicting inrush, such as an Analytischen 
Hierarchie Prozesses model and an evaluation model based 
on a support vector machine, which provided theoretical 
evidence for forecasting floor water inrush (Wu et al. 2009, 
2013b, 2015). Bukowski (2011) established a risk assess-
ment system, which classifies mine shafts with respect to 
the risk of a water hazard. Also, a secondary fuzzy com-
prehensive evaluation system (Wang et al. 2012) was con-
structed to assess the risk of floor water inrush in coal 
mines. Evaluations of engineering practices were con-
ducted with hydrogeological data from six mining faces in 
China, and the results were consistent with observations.

The Hybrid Finite Element Mixing Cell method (Wil-
demeersch et  al. 2010) is a flexible modeling technique 
particularly suited to mining problems, which makes it 
useful for managing mine closure issues such as ground-
water rebound and water inrush. Many scholars have used 
software to simulate crack propagation and the floor water 
inrush process (Li et  al. 2013; Lu and Wang 2015; Wang 
et al. 2011).

The physical simulation and observation of the water 
channel evolution process is an important approach in 
researching water inrush from a fault, and can make up 
for the deficiencies of the above stated methods. Physical 
similitude modeling studies the laws of nature by making 
use of the similarity and analogy of objects. For example, 
Wang et al. (2010) used a test platform to simulate two dif-
ferent water inrush processes in a collapsed column. An 
extendable testing system (Li et al. 2014) modeling water 
inrush was developed to investigate the F4-4 fault at the 
undersea tunnel in Jiaozhou Bay near Qingdao. Liu (2009) 
developed a physical modelling test system similar to the 
deep-mining confined water inrush mechanism, which 
could realize the stress, deformation, and destruction pro-
cess of the rock mass under the complicated joint action 
of the stress of water pressure and mining, and simulated 
and tested micro–macro migration rules. Zhou et al. (2006) 
designed and developed a salt rock crack penetrating-dis-
solving coupling test device, and carried out experimental 
studies of salt rock crack penetrating-dissolving coupling 
process.

Sun and Zhang (2015a) developed appropriate 
fluid–solid coupling materials and proposed materials for 
simulating coal mine floor rock. While this work presented 
a solid foundation to solve the instability problems involved 
in coupling fluids and porous media, their chosen materials 
could not simulate fault activation. Thus, the formation and 
evolution of inrush channels remain to be demonstrated in 
visual experimental research.

Modeling test systems have several problems, includ-
ing that it is difficult for a test stand to meet all compre-
hensive requirements for factors such as rigidity, intensity, 
leak tightness, and visualization, and the test stand size and 
structure is fixed, which means that one cannot conduct a 
test with different size requirements. Also, the model body 
is usually filled with a single material, which only allows 
two-dimensional simulation and lacks the capability for an 
analog simulation of complicated geological conditions. 
However, in this research, various materials with different 
hydrological characteristics were used to simulate the rock 
surrounding the floor and the fault fluid–structure inter-
action, allowing us to study the evolution of water inrush 
during mining. A fault activation inrush test model was 
also established. A floor water invasion simulation testing 
system, designed at the Shandong University of Science 
and Technology (China), was used for visual observation 
of spatiotemporal evolution of inrush through a simulated 
mine floor under high water pressure by monitoring struc-
tural stress, fault deformation, and breakage.

Test Conditions

Test Equipment

The floor water inrush simulation testing system (Sun and 
Zhang 2015b) designed at the Shandong University of Sci-
ence and Technology was used in this study. The test stand 
operation consists of:

1.	 Filling the materials test-bed with materials that simu-
late the coal and rock, simulating the proportions of the 
actual geological structure, and installing correspond-
ing stress and pore water pressure sensors.

2.	 Starting the hydraulic pressure servo-loading system, 
and increasing the horizontal and vertical loads gradu-
ally until it reaches the designed load.

3.	 Filling the test bed with water until it reaches the 
desired water pressure.

4.	 Excavating the simulated coal seam to mimic the actual 
mining technology, until the confined water passes 
through the inrush channel.

Model Design

Similarity Criteria Analysis

This experiment was conducted based on the actual geo-
logical conditions of a coal mine in the Jibei mining area, 
where the mining depth is 850 m (below the surface), the 
coal seam thickness is 2 m, the base plate thickness is 22 m, 
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and the aquifer water pressure is 3.38  MPa. By geologic 
structure detection, there is a buried structure in the range 
of the working face with a dip angle of 68° and a length 
of 36 m. There is a fault around the stop line, with a dip 
angle of 70° and fall head of 5 m, which is protected by a 
15 m wide pillar. Rock cores revealed that the fault fracture 
zone had a granulated fracture texture, with the lithologi-
cal characters of mudstone. The upper wall and footwall 
were both fractured. The water flow of the drilling hole was 
2.5–3.0 m3/h, and the fault has abundant water, with excel-
lent water conductivity.

Supplementary Table  1 presents the physical proper-
ties of the Jibei strata. In addition to satisfying the require-
ments of solid deformation and permeability, the physical 
and hydraulic properties of the model materials had to 
simulate the physical and hydraulic properties of the actual 
strata. Based on the physical simulation test conditions and 
a theoretical analysis, a similar model was designed based 
on the documented mining conditions and equipment size, 
with a similarity ratio of 1:100. Based on the π theorem of 
the Similarity Three Theorem (Hu et  al. 2007), the main 
similarity parameters can be derived as follows: the geo-
metric similarity was 1/100; the time similarity was 1/10; 
the bulk density similarity was 1/1.5; the elasticity modulus 
similarity coefficient was 1/150; and the permeability coef-
ficient similarity was 1/10.

Selection of Similar Materials

The roof and coal seam were simulated using a propor-
tioned mixture of fluvial sand, gypsum, and calcium car-
bonate chosen to mimic the properties of each. The floor 
materials were similar non-hydrophilic materials, again 
created with proportioned amounts of fluvial sand, calcium 
carbonate, and paraffin wax (Sun and Zhang 2015a).

The fault simulation materials also play an important 
role in revealing the mechanism of induced water inrush 
and the evolution of a water channel caused by fault acti-
vation. With a mean diameter of 8  mm, soybeans were 
selected as the fault simulation material. Soybeans release 
energy as they swell after absorbing water, generating 
destructive power that is locally significant in a confined 
space. Compared with cement, soybeans are more activated 
by water immersion than other materials, and can indi-
rectly simulate the hydraulic pressure of the surrounding 
rock. To create the fault simulation material, the soybeans 
were added to river sand (about 0.4–0.6 mm), light calcium 
carbonate, and high strength gypsum. The ratio of the four 
types of materials was 8:6:1:2 (Supplementary Fig. 1).

An experiment was conducted to assess the feasibil-
ity of the material and potential problems. In making the 
fault rupture simulation specimens, the effect of extrusion 

fracturing of the floor rock was examined. The fault rup-
ture simulation specimen was made up of two materials, 
namely, a solid–liquid coupling material and a fault simula-
tion material. The interior of the specimen was a cylindri-
cal interlayer (20 mm in diameter, 70 mm in height), made 
of the fault materials. The external portion of the specimen 
(50 mm in diameter, 100 mm in height) was made of the 
solid–liquid coupling (Fig.  1). This study simulated three 
types of floor rock: limestone, mudstone, and siltstone. As 
shown in Table 1, every factor was used to test the mate-
rials, and seven testing schemes (D1–D7) were identified. 
The fault rupture simulation specimens were tested by 
water immersion.

Loading Conditions Sensors Arrangement

The model was designed to be similar to the actual min-
ing conditions. The rock mass was made of siltstone 
below the coal floor, which changes from an elastic state 
to a latent plastic state at −850 m (He 2005). The aver-
age bulk density of the overlying strata in the coal meas-
ure strata was taken to be 25 kN/m3. Based on the simi-
larity coefficient, the appropriate horizontal load of the 
model was calculated to be 0.196  MPa. The conditions 
are, of course, restricted by the size of the simulation 
test system, so the appropriate imposed water pressure at 
the floor was calculated to be 0.03 MPa. Under this geo-
logical condition, if the shear power of the shear surface 
above the buried structure is greater than that of the rock 
mass, the floor will fail.

The servo-loading system of the test bed provided the 
applied stress. The corresponding water pressure was pro-
vided by the hydraulic loading system. The model of floor 
crack propagation is shown in Fig. 2.

Fig. 1   Fault rupture of simulation specimens
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The stress changes near the floor and the fault during 
mining was monitored using a BX-1 sensor, which has a 
maximum observed value of 0.8  MPa. The experimental 
data were collected using a DH-3816N static strain meas-
urement system, at a sampling rate of 60 points per second, 
and a strain sensitivity coefficient of about 1.0–3.0. Sensor 
placement and the multivariate data acquisition system are 
shown in Supplementary Fig. 2.

Model Layout

The experimental steps were as follows:

1.	 Lay the heated mixed material on the floor of the test 
bed, so that the compacted layer reaches the design ele-
vation.

2.	 Add quantitative mica powder to the interface between 
the layers. Place eight stress sensors on the design site 
with four stress sensors below the floor mudstone at a 
distance of 15 cm from each other. Two stress sensors 
are put on each side of the fault. The distance between 
the stress sensors and the fault boundary is 2 cm.

3.	 Cut the rock material according to the fault location, 
and then, add the fault materials and immobilize them.

4.	 Install the organic glass (fiberglass) on the bilateral sec-
tion of the device. The transverse loading mechanism then 
imposes transverse stress to the floor by the side plate.

5.	 Two days later, induce vertical and horizontal loading 
stress, and set the hydraulics and loading.

6.	 Excavate the coal and collect the data. Supplementary 
Fig.  3 shows the test model after the experiment was 
completed.

Error Analysis

1.	 Errors of the boundary conditions: Unmatched bound-
ary conditions would reduce the similarity between the 
systems, which would create experimental error. In this 
experiment, a smooth steel plate was placed between 
the test stand and similar materials to reduce frictional 
resistance and decrease boundary conditions errors.

2.	 Errors of the composition of similar materials: Mois-
ture variability would lead to material strength changes, 
as well as errors in similarity between the model and 
actual mechanical conditions. In addition, variability 
in the materials, such as grading of the river sand or 
impurities, could cause deviations in the strength of 
similar materials. To avoid these problems, the model 
was made strictly following the required temperature 
and moisture conditions.

3.	 Observation errors: The smaller the scale of the model, the 
greater the impact of observational errors on the experi-
mental result. Generally, geometric similarity scales can be 
selected between 1:50 and 1:200. In this test, it was 1:100.

Results and Discussion

Water Inrush Channel: Effect of Cracks in the Fault 
Materials

The damage of the D5 specimen appeared after soaking 
for 7 h; the rupture pattern is shown in Fig. 3a. The main 

Table 1   Proportion schemes of 
similar material

Design External material Interior material Remark

a b c

D1 Limestone Mudstone Siltstone Fault material D1–D7 Soaking
D1–D3 different 

external mate-
rial

D4–D6 uniform 
external mate-
rials

D2 Limestone Siltstone Mudstone Fault material
D3 Mudstone Limestone Siltstone Fault material
D4 Siltstone Siltstone Siltstone Fault material
D5 Mudstone Mudstone Mudstone Fault material
D6 Limestone Limestone Limestone Fault material
D7 Limestone Limestone Limestone Floor material D7 Contrast test

Fig. 2   Model of floor crack propagation
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failure mode caused longitudinal perforation damage as 
well as transverse micro-cracks. After soaking for 15  h, 
D4 and D6 were damaged, like the D5 specimen. Soy-
bean expansion after soaking caused the mudstone speci-
men to rupture. The failure modes of the D1, D2, and D3 
specimens are shown in Fig. 3b, c. After soaking for 8 h, 
the mudstone section of the specimen ruptured first; the 
main failure mode was transverse perforation along with 
small longitudinal micro-cracks. The transverse fissure 
first appeared in the middle of the D1 specimen during the 
influx of water. Then, the specimen fractured; the damage 
was associated with the evolution of vertical fissures. The 
middle of the D2 and D3 specimens were siltstone and 
limestone and were not damaged after soaking for 8 h. The 
broken ends of the mudstone were obvious, and the failure 
mode of the ends was transverse perforation. Rupture fail-
ure did not occur in the D7 specimen.

The results show that in floor strata of different litholo-
gies, the cracks first occurred in the strata of lower strength. 
The damage cracks increased in size and magnitude until a 
large water inrush channel formed. The fault materials can 
simulate activation over time, and the space effect can indi-
rectly simulate the influence of water pressure on the sur-
rounding rock.

Similar Materials Ratio

According to the above test results, the test design of floor 
fault extension evolution, and the underground water course 
model, appropriately similar materials were selected, as 
shown in Table 2. Physical and hydraulic properties of the 
model materials are provided in Supplementary Table 2.

Water Inrush Channel Test: Concealed Fault Evolution

During analysis of the test results in this paper, the involved 
size was the model size. Stress field variations near the 
mining process fault and the evolution of the fault to form a 
water inrush channel were examined. The water was stained 
with blue dye to facilitate the experimental phenomena.

Initial Stress State on Rock Mass Models

After the loading pressure stabilized, the water mark of 
the confined water guide (the blue area) rose at the floor 
of the model and can be observed on the test bench oppo-
site (Supplementary Fig. 4). Near the buried structure and 
the large fault, the height of the confined water guide rise 
was approximately 6 cm. The natural progressive intrusion 

Fig. 3   Different forms of rup-
ture a homogeneous failure b 
middle failure c two ends failure
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height of the confined water along the original geological 
structure was approximately 3  cm. The results coincided 
with the “down three zone” theory and show that preexist-
ing fissures in geological structures and guide rise fissures 
of confined flowing water zones play a significant role in 
water conductivity.

Fault Activation and Water Inrush Stage

As shown in Fig.  4 and Supplementary Fig.  5, the first 
roof weighting occurs when the working face advanced to 
20 m. Affected by the confined water, the minor fractures 
of the buried fault were extended and transfixed. Through 
the organic glass, it can be seen that when the working 
face advanced to 20 m, cracks in the rock surrounding the 
fault were dyed blue, and the range increased accordingly. 
Tension and shear joints appeared in the rock near the 
fault because of stress concentration, and the joints were 
arranged like a pinnate; the attitude of the joints was unsta-
ble. The status of the fault zone rock mass changed from 
bonding status to a disconnected status; the permeability 
was greatly enhanced, and water inrush was easy to induce.

When mined to 25  m, the first roof collapse occurred 
when the height of the water flow and the end of the buried 
fault were in the same horizontal position. Various primary 
fractures developed in the floor and the number of fractures 
increased slowly. When the mine width reached 30 m, coal 
floor cracks, including horizontal, vertical, and reticulate 
cracks, were observed near the buried fault. At the same 
time, blue confined water gushed out onto the surface of 

the mined-out floor area, which was located at the top of 
the buried fault (Supplementary Fig. 6). With more mining, 
the immediate roof gradually fell and poured out because of 
the confined water.

As shown in Fig.  5, when mining to 25  m, a smaller 
water inrush point appeared in the middle of the gob 
approximately 20  m behind the working face, atop the 
buried fault. The flow there increased with time, along 
with a small amount of floor sand. As the inrush channel 
expanded, the number of inrush points and inrush flow 
increased. The collapsed rock eventually rushed out, cre-
ating a simulated water inrush disaster. “The principle of 
minimum resistance” can be translated as the shortest 
distance between two points (i.e. the main water inrush 

Table 2   Ratios of similar materials

Rock Cumulative thickness 
(cm)

Material ratio (%)

River sand Calcium carbonate Gypsum Water

Roof
 Siltstone 18.49 75.00 5.83 2.50 16.67
 Limestone 7.91 66.67 10.00 6.67 16.67
 Mudstone 7.85 66.67 11.67 5.00 16.67
 Conglomerate 15 75.00 5.83 2.50 16.67

Coal
 16 coal 2.01 75.00 5.83 2.50 16.67

River sand Calcium carbonate Paraffin Regulator

Floor
 Siltstone 7.07 87.00 3.00 5.90 4.10
 Mudstone 5.38 84.00 6.00 5.90 4.10
 Limestone 3.20 83.00 7.00 3.20 6.80

River sand Calcium carbonate Gypsum Soybean

Fault
 Filler 2 47.06 35.29 5.88 11.76

Fig. 4   Water pressure distribution of the entire model



449Mine Water Environ (2017) 36:443–451	

1 3

point and the end of the buried fault), thus explaining the 
observed phenomena.

Floor Stress Change Trend

As the working face mined shifted from 15 to 20  m, the 
floor stress, fracture development, and confined water 
level dramatically changed (Fig.  6). The B-2 monitor-
ing data prove that the floor stress in front of the work-
ing face increased and was affected by abutment pressure; 
the monitoring stress increment was 0.01 MPa. When the 
working face was far away (20  m mined), the stress was 
low and decreased to −0.2  MPa. When the working sur-
face increased from 20 to 40 m, the B-4 stress monitoring 
value first increased and then decreased, from 0 to 0.025 to 
−0.2 MPa.

As the working face was mined from 20 to 40  m, the 
stress at every monitoring point showed obvious fluctua-
tions. Fault activation and water inrush both affect stress, 
which explains this phenomenon. Figure  6 shows that 
the areas of increasing stress moved as the working face 
advanced (40 m mined); the floor stress under the mined-
out area decreased simultaneously. As mining proceeded, 
the stress changes at B-5, B-6, and B-2 showed distinct var-
iation trends due to the impact of the confined water.

Figure  7 shows how the rock surrounding the bur-
ied fault stress changed. A-1 and A-2 were close to the 
confined aquifer and located in the buried fault footwall 
of A-4 and A-6, and were close to the coal seam in the 
hanging wall. When the working surface reached 5 m, the 
monitoring stress of A-1 and A-2 dropped to −0.14 MPa, 
with the same type of variations. But A-2 showed three 
fluctuations. When mining reached 40  m, the influence 
of the water inrush increased the stress at A-1 and A-2, 
which rose to −0.03 and −0.01 MPa, respectively, while 

A-4 and A-6 showed distinct variability. When mining 
reached 45  m, the stress at two sensors declined, and 
A-4 showed great fluctuations. When it reached 45 to 
60 m, water inrush occurred at the working surface, but 
the stress at A-4 and A-6 maintained a constant value of 
−0.09 MPa.

As mining proceeded, the floor stress had a short-
term unloading, following A-4 and A-6. Significant stress 
unloading appeared beneath where the coal seam was first 
mined at A-1 and A-2. The stress changed differently in 
the hanging wall and the footwall, with greater unloading 
in the latter. In addition, the sensor near the gob showed 
an obvious change relative to the sensor close to the aqui-
fer. The monitoring data showed that laminar flow was the 
main factor influencing stress unloading, and the effect at 
the footwall was greater than at the hanging wall.

Fig. 5   Formation process of a water inrush channel a generating a water inrush channel b expansion a water inrush channel

Fig. 6   Floor stress changes in the measured curve
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When mining to 20  m, the monitoring data changed 
after the initial pressure was applied. Combined with the 
physical experiment, an obvious crack extension phenom-
enon occurred over the buried fault; thus, faults are a low 
intensity belt in the rock mass and can be activated by roof 
movement.

When the working face advanced from 20 to 35  m, 
the footwall and hanging wall stress data differed. 
A-2 increased gradually while A-1 remained basically 
unchanged. The stresses at A-4 and A-6 were reduced 
and changed similarly. When mining reached 40 m, water 
inrush occurred in the working face and over the buried 
fault. Furthermore, the stress data changed dramatically at 
40 m. The structurally destroyed level of the floor increased 
under the influence of the confined water. The mining-
induced fissure of the floor fractured, which led to the for-
mation of the water inrush channel.

Conclusions

The testing system’s sealing properties, variations in water 
pressure, flow rate capacity loading, and bidirectional stress 
loading all realistically simulated floor water inrush under 
high geostress in a strong seepage environment. Through 
the transparent organic glass, the spatiotemporal evolution 
of the water inrush through the mine floor was visually 
observed.

The fault materials selected simulated the time and space 
effect of fault activation, which indirectly influenced water 
pressure in the surrounding rock. Cracks first occurred in 
the lower strength floor strata, and the cracks gradually 
increased and widened until a large water inrush channel 
formed.

Many cracks occurred under the high hydrostatic and 
lithostatic pressures, which extended and connected inside 
the concealed structure. When fracture development and 
extension reached a certain level, the cracks connected to 
the fracture at the floor of the goaf. An inrush channel, con-
nected to the confined water, was immediately produced, 
allowing water to inrush over the concealed fault, following 
“the principle of minimum resistance”.
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