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,ere are more than 14,000 square kilometers of mining subsidence areas in China, most of which have been reclaimed for the
construction of new buildings. In the past, few special measures were required for the foundations of small buildings above old gob
areas. But a plan was created to construct a large office building 100m in length, 90m in width, and 100m in height, above old gob
areas in the Huaibei subsidence area. However, the results of exploration borehole data and borehole TV observation indicated
a broken bedrock stratum and developmental fractures above the old gob areas, and thus, the space stabilities of the building
foundation were poor. ,erefore, grouting reinforcement measure was adopted for the old gob and foundation areas. And the
grouting effect was examined using borehole TV observation and the water injection test, where the detection results of boreholes TV
observation showed that the filling ratio of the stratum fracture was over 85%, and the stability of the foundation was obviously
enhanced. In addition, wemonitored the settlement of the foundation continuously for 930 days.,e results show that themaximum
cumulative subsidence was 15.3mm and the maximum slope was 0.05mm/m, which verifies that grouting reinforcement is feasible
in terms of the safety of large buildings constructed over old gob areas using bedrock stratum grouting in theHuaibei subsidence area.

1. Introduction

Owing to the large-scale and high-intensity mining of coal
resources over the past several decades, a large number of
mining subsidence areas have been created. According to
incomplete statistics, there are more than 14,000 km2 of
mining subsidence areas in China, accounting for 1.5‰ of
the total national land area. With diminishing coal resources
and an acceleration of the nation’s economic trans-
formation, land resources have become increasingly scarce
in mining areas, so it is vital to reuse land in subsidence areas
[1, 2]. Some examples of such use include land reclamation
and ecological reconstruction in the Nanpiao mining area
and a pond aquaculture in the Yongcheng mining area.
However, most of these land areas have been reused for the
construction of new buildings. Damage to buildings con-
structed above old gob areas has also occurred because the
deformation and instability of the rock layers above the gobs

caused the new building to settle, partially crack, tilt, and
collapse [3]. ,e higher the building height is, the easier it is
to be destroyed [4]. Bruhm [5], Healy and Head [6], Yang
et al. [7], Teng et al. [8], and Guo and Wang [9] had
researched the stability of old gobs and building foundation
and proposed the deformation and failure laws. Some
studies have found that the instability and residual de-
formation of the old gob areas are the main factors con-
tributing to this damage.

Many studies have shown that there are three distinct
zones (caved, fracture, and continuous deformation zones)
from the coal seam to the ground, created by the movement
of the overlying strata in longwall mining (Figure 1).
Turchaninoy and Iofis [10] and Palchik [11] have put for-
ward the ideas that the caved zone is highly fragmented,
rocks from the overlying rock layers fall to the coal floor
and break into various irregular shapes, and some unfilled
cavities exist next to the coal wall and mining roadway.
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Above the caved zone is the fracture zone, and Karmis et al.
[12] and Whittaker and Reddish [13] have concluded that
the separation of the rock layers is severe, the vertical and
horizontal fractures are developed, and the rock layers are
broken into blocks in the lower and middle parts of the
fracture zone; but in the upper part, the rock layers are
relatively complete, and horizontal fractures are mainly
found along the interface of the rock layer. Jung et al. [14]
and Gueguen et al. [15] have found that the surface develops
continuous settlement, and residual deformation after
mining has been stopped for five to seven years and that
residual rock cavities, bed separation, and fractures are still
present even after a long period of slow compaction. Teng
and Zhang [16] have hypothesized that when these cavities,
bed separation, and fractures in the caved and fracture zones
are influenced by the additional stress caused by a building,
this stress accelerates the compression and movement of the
unstable bedrock, thereby creating an uneven settlement,
tilting, or even a collapse of the new building foundation.

Huaibei Mining Co. operates a large-scale coal pro-
duction area, and it has created a wide spread of subsidence
areas. Huaibei Mining Co. intended to build an office
building over old gob areas at the Xiangchen Mine. In the
past, most of the new buildings over old gob areas were
small, low-rise buildings, with small foundation acreage and
building loads, so special reinforcement measures for
foundation and old gob areas were not required. However,
the planned office building by Huaibei Mining Co. was
unique because it was a large high-rise building. ,e
designed size of the office building was 100m × 90m ×

100m, and the acreage of the foundation would span three
old gob areas. ,erefore, the foundation might easily create
an uneven settlement and deformation. Moreover, the gobs
below the ground were buried shallowly, from 90 to 115m,
and the load given by the office building was large, and thus,
the influence of additional stress due to the building
transferred into the caved and fracture zones, causing an
adverse impact on the building foundation. According to the
preliminary analysis, there was a high risk to construct the
office building directly above the old gob areas. In this case,
the grouting reinforcement measure was put forward to
reinforce the building foundation.

Currently, some scholars have suggested several evalu-
ation methods for the stability of building foundations over
old gob areas, such as numerical and similarity simulations
[17, 18] and nonlinear evaluations [19, 20]. However, many

of these evaluation methods are based on statistical studies,
empirical analyses, or simulation studies. Related field
studies have been insufficient in evaluation. In this paper,
based on borehole exploration, borehole TV imaging test,
geophysical prospecting, and field monitoring, the stabilities
of the old gob areas and the building foundation and the
effect of grouting reinforcement were studied and analyzed.
,is paper strengthens the theoretical study on the stability
of old gob areas and building foundations and accumulates
the field experience of grouting reinforcement of old gob
areas, so it provides a reference for the construction of
similar buildings in mining subsidence areas.

2. Exploration of the Gobs and Stability
Evaluation of the Foundation

2.1. Study Area Description. ,e large high-rise office
building (100m × 90m × 100m) was built over the old gobs at
the Xiangchen Mine, and the range of the construction site
was delimited to about 400m × 380m. ,ere are seven old
gobs (marked as 571 through 577 gobs) under the con-
struction site, buried at a depth of 90 to 115m. Only No. 5 coal
seam had been mined using strike longwall blast mining, at
a mining height of 2.5m, and themining had been stopped for
more than 30 years. ,e relative positions of the office
building, construction site, and old gobs are shown in Figure 2.
,e average thickness of the bedrock above the No. 5 coal
seam is 30m, and the lithology is mainly mudstone and thick
sandstone. ,e Quaternary strata which are mainly sand and
clay layers are above the bedrock with an average thickness of
70m.,e types of underground water from ground to the No.
5 coal seam are quaternary sand layer pore water, weathered
zone fissure water, and sandstone fissure water. ,e quater-
nary sand layer aquifer could not generate a hydraulic con-
nection with the other aquifers below, owing to the presence of
a clay layer with good water tightness. Weathered zone fissure
water and sandstone fissure water are the main water sources
of the No. 5 coal seam, the water inflow of the sandstone
fissure aquifer based on a pumping test was 0.0035 L/s·m to
0.0304 L/s·m, and thus, water was not abundant.

2.2. Borehole Exploration. Seven exploration boreholes
(marked as K1 through K7) were constructed, and the po-
sitions are shown in Figure 2. K1, K2, K3, and K6 boreholes
were located at the center of the gobs, K4 and K5 boreholes
were located at the edge of the gobs, and K7 borehole was
located above the roadway. In the process of drilling bore-
holes, K1, K2, K3, and K6 boreholes incurred wind inhalation
in the caved zone, deducing that the rock mass was frag-
mented and accumulated in the center of the gobs. K4, K5,
and K7 boreholes incurred drill felling, deducing that there
were unfilled cavities near the coal pillars ormining roadways.
,e office building foundation would make uneven de-
formation easily when it spanned old gobs and coal pillars.

2.2.1. Stratigraphic Characteristics of Borehole Core.
According to the data on the exploration boreholes, the
Quaternary strata were exposed from 66.0 to 73.9m, with
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Figure 1: Zones of overlying strata movement by longwall mining:
I, caved zone; II, fracture zone; III, continuous deformation zone.
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an average thickness of 70m. ,e burial depth of the
bedrock was from 70 to 110m, and the lithology from the
bedrock surface to the roof of the No. 5 coal seam was
weathered mudstone, siltstone, sandstone, mudstone,
magmatic rock, and mudstone. ,e bedrock was divided
into three sections.

,e upper section was between 70 and 85m in depth.
Here, the rock mass was more complete, fractures were less
developed, and the lithology was mainly weathered mud-
stone and siltstone. But the coring rate was low, so complete
cores could not be obtained except from the K4 borehole.
According to the core samples taken from the K4 borehole at
depths of between 79.3 and 88.3m (Figure 3), the mudstone
(circled in red) was much broken.

,e middle section was located at a depth of 85 to 97m.
Here, fractures and caves were more developed, the rock mass
was incomplete and broken, and the lithology was mainly
sandstone and magmatic rocks, but the coring rate was low.
According to the core samples from the K4 borehole at
a depth of 88.3 to 93.7m (Figure 4), the sandstone broke into
blocks.

,e bottom section was between 97 and 110m in depth.
Here, the rockmass was fragmented, a variety of rockmasses
had accumulated, the lithology was mixed, more cavities
were present, and drill felling or wind inhalation occurred.
,e bottom section was unable to obtain a relatively com-
plete rock core, and thus, it was deduced that it was a caved
zone or uncompact roadway.

According to rock mechanics test results of the rock
samples (Table 1, where Rc is the uniaxial compressive
strength and Rt is the uniaxial tensile strength), the
compressive strength of the mudstone and sandstone was
less than 20MPa, indicating that the compressive capacity
of the bedrock was weak. Moreover, the mudstone was
softened and muddied quickly when touched by water.

,us, the bedrock would incur large deformations and
sedimentation when under a high load given by the
building.

2.2.2. Borehole TV Imaging Test. A borehole TV imaging test
was used to image the entire hole wall by observing the
exploration boreholes, and some of the observed results are
recorded in Table 2. It can be seen that the fractures had
developed, rock was broken from 83 to 94m in depth, and
rock had collapsed from 94 to 102m. Parts of images of the
K6 borehole are shown in Figure 5, and it can be seen that
vertical fractures developed from 89.1 to 91.1m and rock
collapsed from 98.6m when close to the gob. ,erefore, the

From 79.3m to 88.3m

Figure 3: Characteristics of the borehole core in the upper section.

From 88.3m to 93.7m

Figure 4: Characteristics of the borehole core in themiddle section.

Table 1: Test results of the mechanical properties of the rock
samples.

Rock samples Rc (MPa) Rt (MPa)
K4 mudstone 1 2.49 —
K4 sandstone 1 19.13 —

K6 mudstone

1 0.65 (drying) —
2 1.10 (drying) —
3 0.49 (drying) —

Average value 0.75 —
K7 mudstone 1 19.26 0.48

K7 igneous

1 46.93 —
2 54.18 —
3 33.09 —

Average value 44.43 —
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Figure 2: Location of office building, construction site, and old
gobs.
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residual rock cavities and fractures were still present in the
old gob areas, and there was a high possibility for the broken
bedrock to lose their stability when under the large load
given by the office building.

2.2.3. Height Observation of Caved and Fracture Zones.
,e caved and fracture zones were unstable areas above the
old gob areas, and the range of these areas can be calculated
by observing the leakage of flushing fluid through drilling.
Flushing fluid was continuously poured into the borehole as
the amount of leakage increased in the cavities and fractures,
the location where the leakage increased significantly was
marked as the top of the fracture zone, and the location
where the flushing fluid leaked overall or drill felling fre-
quently occurred was marked as the top of the caved zone.
According to the observations of the exploration boreholes
and data (Table 3), taking the maximum value, the heights of
the caved zone (Hk for short) and fracture zone (Hli for
short) were 21.4 and 6.4m, respectively.

2.3. Transient Electromagnetic Geophysical Exploration

2.3.1. Exploration Arrangement. Transient Electromagnetic
Geophysical Exploration (GDP-32II) was used to detect the
stratigraphic conditions below the construction site. Four
survey lines were projected along the north-south direction,
and the 1080, 1160, 1240, and 1320 numbered lines were in
turn projected from west to east, with an adjacent spacing of
80m, and an adjacent measuring point spacing of 15m. ,e
locations of the survey lines are shown in Figure 2.

2.3.2. Exploration Results. A profile map of the apparent
resistivity contours of the survey lines is shown in Figure 6.

Table 2: Observation results of exploration borehole based on the TV imaging test.

Borehole no. Observation results using the borehole TV imaging test
K1 Fractures developed at 78.0m depth; rock collapsed from 92.3 to 97.3m
K2 Fractures developed from 88 to 97m; rock collapsed from 97 to 99m
K3 Fractures developed; rock broke from 90.2 to 98.2m and collapsed from 98.2 to 102.2m
K5 Fractures developed; rock broke from 83.8 to 93.6m and collapsed from 93.6 to 96m
K6 Fractures developed; rock broke from 89.1 to 98.6m and collapsed from 98.6 to 104.5m
K7 Rock seriously broke; the hole wall collapsed at 102m depth

Depth
(m) N

89.1

89.6

90.1 91.1 99.1

90.6 98.6

90.1 98.1

E S W N N E S W N N E S W N

Figure 5: Parts of observed images of the K6 borehole.

Table 3: Observation results of the Hk and Hli of the boreholes.

Borehole no. K1 K2 K3 K4 K5 K6 K7
Hk (m) 5.0 3.0 4.0 6.4 3.4 3.6 4.4
Hli (m) 21.0 13.5 16.0 21.4 12.2 11.6 13.8
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According to the analysis, in areas where the vertical depth is
less than 80m, the apparent resistivity value was between
100 and 450Ω·m, and the areas were considered to be
a relatively high resistance zone and speculated to be made
up of a quaternary loose layer. However, these areas
were transverse in scale from 100 to 260m (in Figures 6(a)
and 6(b)) or 100 to 390m (in Figures 6(c) and 6(d)), and at
a vertical depth of 80 to 110m, the apparent resistivity value
was between 20 and 80Ω·m, and the area was therefore
considered a relatively low resistance zone. Given that there
were more residual cavities and fractures in the caved or
fracture zone, the sandstone water may be connected, and
hydrops may have formed in the gob, thus causing low
resistance. ,erefore, the relatively low resistance zone was
speculated to be a caved or fracture zone. Based on the
exploration results, the scope of the caved and fracture
zones was large, and the apparent resistivity was low, which
indicates that the bedrock was broken and that fractures
had developed above the old gobs, hindering the stability of
the gobs.

2.4. Stability Evaluation of the Building Foundation.
Disturbance caused by the additional stress (caused by
a building) on the unstable bedrock in old gob areas is one of
the important reasons for damage to a foundation. Assume
that the surface of the building foundation is a regular
rectangle and the origin of the coordinate system is the
midpoint of the top surface of the foundation. According to
the superposition principle and integral method, the addi-
tional stresses (σaz for short) of the midpoint at different
depths (z) under a uniform load are calculated using the
following equation [21]:
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where l is one-half of the long side of the rectangle, b is one-
half of the short side, p is the vertical load, and Ks is the
additional stress coefficient taken from the appendix k of the
code.

Also the regarded depth is where the additional stress is
10% of the gravity stress (σz for short) of the soil or rock
under the foundation, as the depth affected by the load given
by the building (hz for short, which the top is the ground).
,e office building has a twin tower structure, where each
single building is 85.4m long (so, l equals 42.7m) and 38.6m
wide (so, b equals 19.3m). In addition, the building is 10m
in depth (below the ground). ,erefore, the depth of the
foundation surface is 10m (thus, hz equals z plus 10). ,e
total load of all 19 floors is 675 kPa, the Quaternary strata are
70m thick, with the average bulk density of 20 kN/m3, and
the average bulk density of the bedrock is 25 kN/m3. So, the
value of σz can be calculated using Formula (2), and the
calculated results of σaz, σz, and hz are shown in Table 4.

σz �

20 kN/m3(  × z, when z≤ 60m,

20 kN/m3(  × 60

+25 kN/m3(  ×(z− 60), when z> 60m.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(2)

According to the observed and calculated results in
Tables 3 and 4, the height of the fracture zone (Hli) was
21.4m, and the depth affected by the load (hz) was 82m.,e
shallowest depth of the No. 5 coal seam (Hs for short) was
96m, which was less than the sum of 21.4m and 82m. As
shown in Figure 7, the areas affected by the load overlapped
with the fracture zone. ,us, the additional stress caused by
the office building would influence the stability of the
fracture zone and might cause a large uneven settlement and
deformation of the foundation.

3. Grouting Reinforcement

Owing to the instability of the building foundation, there
was an extremely high risk to construct the office building
directly above the old gob areas, and thus, the grouting
reinforcement measures were needed. ,e grouting re-
inforcement of the old gob areas can effectively fill the
cavities and fractures in the caved and fracture zones with
the grouting slurry by cementing the cavities or fractures
with the surrounding rock into a whole, thereby improving
the carrying capacity and stability of the coal and rock and
reducing the deformation of the gob areas and the building
foundation. In this way, the safety and stability of the
buildings above the old gob areas was ensured.

,e scope of the grouting area, delimited by the ver-
tical section method [22], was larger than the building
(Figure 8(a)). ,e movement angle of the Quaternary strata
(φ) and the strike movement angle of the bedrock (δ) were
selected according to the previous statistics data, and the
grouting scope along the strike was shown in the I-I strike
profile (Figure 8(b)). ,e same method was adopted
along the dip which was not shown here. Eighteen grouting
boreholes (borehole Z1 through Z18) were designed
(Figure 8(a)), and three grouting boreholes (borehole Z3,
Z6, and Z7) made use of the previous exploration boreholes
(boreholes K3, K6, and K7).

,e cavities, fractures, and separation of the bedrock in
the caved and fracture zones were the main grouting areas
according to the observed results of the exploration bore-
holes, and the minimum burial depth of the top of the
fracture zone was 76m.Moreover, the floor failure caused by
mining was considered, and thus, the range of the grouting
segment was designed to be from the 75m under the ground
surface to 3m below the floor of the No. 5 coal seam. ,e
maximum grouting pressure was set to 1.5MPa, and the
interval of the two adjacent grouting boreholes was between
30 and 50m. Slag cement and fly ash were used as the main
solid grouting materials, the mass ratio of cement to fly ash
was designed to be between 1 : 4 and 1 : 9, and the water-solid
ratio of the grouting slurry was 0.8 :1 or 0.6 :1. Grouting
began on January 14, 2011, and ended on March 27, 2011,
including drilling of the 18 grouting boreholes. About
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4,862.4 tons of cement and 26,602.7 tons of fly ash were
consumed. Detailed information regarding the grouting
time, grouting amount, and reason for stopping the grouting
of 11 boreholes are provided in Table 5. It can be seen that all
the grouting amounts of boreholes Z3, Z4, Z7, Z14, and Z17
were more than 2000 tons, and the grouting time was longer
than two weeks. Moreover, the location of those boreholes

was close to the coal pillars or roadways, indicating that the
scope of the uncompacted areas and the slurry-filling areas
below were great. Emission of slurry on the ground occurred
at seven boreholes, and the field inspection indicated that the
uncompacted areas in the old gob areas had been filled with
the slurry effectively.

4. Results and Discussion

4.1. Detection and Analysis of the Grouting Effect

4.1.1. Drilling of Detection Boreholes. Four detection bore-
holes (marked J1 through J4, shown in Figure 8(a)) were
constructed after grouting. Compared with the surrounding
exploration boreholes (K3, K6, and K7 boreholes) during the
process of drilling, no drill felling or wind inhalation oc-
curred, and the J1 and J4 boreholes no longer incurred
a water leakage (Table 6). It can be concluded that the
grouting had a favorable effect on the fracture filling.

4.1.2. Borehole TV Imaging Test. A borehole TV imaging test
was used to image the full borehole wall to observe the
fractures in the bedrock of four detection boreholes. Because
the rock had joints and fractures, the surface filled with
slurry was smoother than the surface of the rock. In addition,
the color of the slurry was grayish white, and the rock was
light grayish black, but the colors of the unfilled fractures
and cavities were black. According to the identification and
processing of the images, the results of filling rates of de-
tection boreholes were greater than 85%. And TV images of
the J1 borehole are shown in Figure 9, the areas filled in with
slurry were circled with the green lines, and the unfilled areas
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Figure 6: Profile map of apparent resistivity contours of Transient Electromagnetic Geophysical Exploration: (a) 1080 survey line; (b) 1160
survey line; (c) 1240 survey line; (d) 1320 survey line.

Table 4: Depth affected by the load.

z
(m) n

p

(kPa) Ks
σaz

(kPa)
σz

(kPa)
10% σz
(kPa)

hz
(m)

0 0 675 0.25 675 0 0 10
25 1.30 675 0.176 450.9 500 50 35
50 2.59 675 0.092 248.4 1000 100 60
70 3.63 675 0.058 156.6 1425 142.5 80
72 3.73 675 0.054 145.8 1500 150 82
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Ground

Building
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Foundation surface
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(σaz = 0.1σz)

Hli = 21.4m
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Figure 7: Relationship between the areas affected by the load and
the fractured zone.
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were circled with the red lines. It can be seen that most of the
cavities and fractures were filled with slurry, and the closer to
the gobs, the better of the grouting effect. Comparing the
after grouting images results with the before grouting images
results (Table 2 and Figure 5), it was believed that the
mechanical properties of rock mass were strengthened, and
the grouting project was successful.

4.1.3. Water Injection Test. Water injection tests were also
conducted on a water column in the detection boreholes,
and the permeable rates of boreholes J1, J2, and J4 were
0.072, 0.992, and 0.378 Lu, respectively. ,e permeable rates
were less than 1 Lu, so the type was micropermeable, and
thus, the cavities and rock fractures were filled in with the

slurry effectively after grouting.,e flushing fluid showed no
or slow loss during drilling, and thus, the hydraulic link of
the surrounding bedrock was poor. In addition, the bedrock
was able to maintain a certain water level when the water
level around it changed, thereby avoiding the influence of
water on the mudstone layer.

4.2. Analysis of Other Factors to the Stability of the Foundation

4.2.1. Quaternary Sand Aquifer. Observation from the ex-
ploration boreholes in the old gob areas indicated that the
current groundwater level in the construction site was below
100m. No hydraulic connection existed between the Qua-
ternary aquifer and the gobs, and the change of the water

Table 5: Parameters of grouting boreholes.

Drilling
no.

Grouting time Grouting
amount Reason for

stopping grouting
Starting Ending Cement

(t)
Fly

ash (t)

Z3 Jan. 14 Jan. 29 607.4 2635.2 Emitting of slurry
at ground

Z6 Jan. 14 Jan. 15 34.0 175.7 Emitting of slurry
at ground

Z7 Jan. 15 Feb. 20 1068.5 4216.3 Emitting of slurry
at ground

Z5 Jan. 18 Jan. 26 385.4 1873.9 Emitting of slurry
at ground

Z14 Feb. 6 Feb. 21 499.8 2518.1 Reaching
grouting pressure

Z12 Feb. 18 Feb. 19 19.2 87.8 Emitting of slurry
at ground

Z17 Feb. 21 Mar.
27 829.6 3854.4 Emitting of slurry

at ground

Z13 Feb. 27 Mar. 8 139.0 778.8 Reaching
grouting pressure

Z16 Mar. 8 Mar.
27 190.6 1111.0 —

Z4 Mar. 10 Mar.
27 396.3 2582.4 Emitting of slurry

at ground

Z8 Mar. 22 Mar.
27 105.5 979.2 —

Table 6: Characteristics of the boreholes before and after grouting.

Time Borehole Leakage observation Drill
felling

Wind
inhalation

Before
grouting

K3
99.5m to end all lost;
leakage more than

15m3/h
No Yes

K6
101.5m to end all lost;
leakage more than

15m3/h
No Yes

K7
89.9m to end all lost;
leakage more than

15m3/h
Yes Yes

After
grouting

J1 No leaking No No

J2 89.9m to end a little lost;
leakage only 0.54m3/h No No

J4 No leaking No No

A BMI N I

574 gob

572 gob

576 gob

Z15

Z16

Z17

Z1Z2

Z3
(K3)

Z4
Z5

Z6 (K6)

Z7
(K7)

Z8

Z9
Z10

Z11

Z12

Z13
Z14

J4
(Z18)

J1
J2

J3

Detecting borehole

Office building boundary
Grouting range boundary Strike profile line

Grouting borehole

(a)

Q

φ

δ δ

φ

Building

Old gob areas

A BM N

Scope of the grouting treatment

h
h j

I-I profile

(b)

Figure 8: (a) Grouting scope design and grouting boreholes ar-
rangement; (b) grouting scope of the I-I profile. φ, movement angle
of Quaternary strata; δ, strike movement angle of bedrock; Q,
Quaternary strata; h, thickness of Quaternary strata; hj, thickness of
bedrock.
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level in the Quaternary sand aquifer was small. ,erefore,
the settlement of the soil layer caused by aquifer consoli-
dation was small, and the influence of the aquifer on the
foundation settlement was small.

4.2.2. Pile Foundation. Considering the heavy load given by
the building, reinforcement measure of constructing pile
foundation was taken in addition to grouting reinforcement.
,e depth of the pile foundation was 50m, and the pile
foundation had good stability and large bearing capacity,
which reduced the settlement caused by compression of the
Quaternary sand and soil layer.,e strength of the backfilled
rock mass and the backfilling material in the gob areas
endured the additional load given by the pile foundation, so
the stability of the gob areas was achieved.

4.2.3. Residual Deformation of the Office Building
Foundation. Combined with the grouting effect, the geo-
logical conditions, the building load, and past experiences,
an integral probability method [22] was used to calculate the
residual deformation and subsidence of the surface after
grouting, and the relevant parameters are shown in Table 7.
,e contour line of the residual surface subsidence and the
slope in the area where the office building was located are
shown in Figure 10. Results showed that the maximum
surface subsidence value was 58mm, and the maximum
slope was 0.42mm/m, both of which are less than the
permissible subsoil deformation of a high-rise building (the
permissible subsidence was 200mm, and the permissible

slope was 2mm/m, as taken from [21]). ,us, construction
of the office building was made feasible.

Owing to the detection and analysis of the grouting
effect, the cavities and fractures of the bedrock were better
filled, and the force of the rock was changed from two-
dimensional to three-dimensional, which enhanced the
overall strength of the rock mass. Meanwhile, the stability of
the foundation was effectively enhanced by constructing pile
foundation. Since the residual deformation and subsidence
of the office building after grouting met the design re-
quirements, it became feasible to construct the office
building above the old gob areas.

4.3. Monitoring Subsidence of the Office Building. To acquire
the deformation of the office building timely during con-
struction, the subsidence of the building was monitored by
an electronic level. ,e actual boundary location of the office
building is shown in Figure 11, and twenty-two monitoring
points were set in the building’s walls. ,e monitoring point
numbers are shown in Figure 11.

Depth
(m) N

94.7 97.3 99.8

100.397.895.2

95.7 98.3 100.8

E S W N N E S W N N E S W N

Figure 9: Images of the J1 detection borehole.

Table 7: Parameters of surface movement after grouting.

Calculated parameters Construction site
Subsidence factor 0.025
Main effecting angle tangent 1.6
Displacement factor 0.30
Mining affects the propagation angle 85
Inflection point offset 0
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,e monitoring period of 930 days (from October 26,
2012, to May 13, 2015) was divided into four stages, during
which 18 times of monitoring were conducted. In stage 1
(from day 0 to day 60), the building was constructed from 7
floors to 17 floors, so the load given by the office building
increased faster in this stage. In stage 2 (from day 60 to day
360), the building was capped, and the walls were completed.
,e load increase in this stage was limited, and some of the
monitoring points were damaged by the construction. In
stage 3 (from day 360 to day 720), the whole building was
completed, and the indoor and outdoor renovation was
carried out. In stage 4 (from day 720 to day 930), the building
was ready for use. ,erefore, the load in stage 3 and 4 was
almost unchanged and stable.

Because some of the monitoring points were damaged,
parts of the monitoring data were missing. ,erefore, twelve
points (W1, W4, W6, W8, W9, W11, E1, E4, E6, E8, E9, and
E11 points) were selected because their data were more
complete and their locations were closer to the junction and
middle of the boundary, and the cumulative subsidence data
were recorded (Figure 12).

From Figure 12, it was found that all the subsidence
values of the monitoring points increased rapidly in stage 1,
which might be caused by the increase of the load and the
rapid compression settlement of the stratum. In this stage,
the maximum subsidence value of point W9 was 8.5mm,
with a sinking speed of 0.142mm/day. ,e maximum slope
of points W1 and W2 was 0.492mm/m. In stage 2, the
subsidence values changed irregularly, and the subsidence
values of some monitoring points were even negative, in-
dicating that the altitude of these monitoring points were
enhanced. As all the monitoring points were set in the walls,
this phenomenon might be resulted from the artificial
disturbance to these monitoring points during the con-
struction process of the building walls. In stages 3 and 4, the
subsidence values were continuously increased, but the
speeds were slowed down obviously, indicating the slow
compression settlement of the strata under the stable load. In
these two stages, the maximum subsidence and sinking
speed values from point E6 were about 5mm and
0.009mm/day, respectively. Comparing stage 1 with stages 3
and 4, it can be seen that the subsidence values increased

rapidly with increasing load. However, with the increase of
the subsidence accumulation and the slowdown of the
applied load, the speed of the foundation subsidence
dropped. Combining Figure 11 with Figure 12, it can be
seen that the subsidence values of those points located close
to the center of the old gob areas (e.g. points E4 and E6)
were more than the points near the pillars (e.g. points W1
and E1). In this way, uneven settlement was generated, and
the maximum difference of the value from points W1 and
W4 was 10.4mm. In the whole subsidence period, there
was still residual subsidence because of the unfilled frac-
tures in the strata. Among the 22 monitoring points, the
maximum cumulative subsidence value was 15.3mm from
point E4, and the maximum slope was 0.765mm/m from
points W1 and W2. However, compared with the per-
missible subsoil subsidence (200mm) and permissible
subsoil slope (2mm/m), the maximum subsidence and
slope were far less than the permissible values. ,e office
building was built successfully after grouting (a photograph
of building is shown in Figure 13), cracking, or other
damages during construction did not occur. ,us, the
stability of the foundation was enhanced greatly by the
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Office building
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10.
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(b)

Figure 10: Map of residual surface subsidence and slope contours in the area where the office building was located: (a) map of residual
surface subsidence contours, unit as mm; (b) map of residual slope contours, unit as mm/m.
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Figure 11: Location of the building and the monitoring points.
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grouting reinforcement, which proved that the grouting
reinforcement of the office building can be adopted for
other large buildings constructed over old gob areas.

5. Conclusions

According to the observed results from borehole exploration
and the TV imaging test, all 7 exploration boreholes incurred
wind inhalation or drill felling. ,e bedrock chosen for the
building construction had been broken, and serious frac-
tures had developed above the old gob areas. ,us, the
stability of the gob areas was poor.

,e depth affected by the load (caused by the office
building) was 85m, and the largest height of the fracture
zone induced by mining was 21.4m. And the shallowest
burial depth of the No. 5 coal seam was 96m, and therefore,
the fracture zone overlapped with the areas affected by the
load, of which the stability would be affected by additional
stress applied. Moreover, the compressive strength of the
bedrock was weak, so the bedrock would incur large de-
formations and sedimentation when under a high load.

,erefore, the foundation of the office building was deemed
to be unstable.

,e grouting reinforcement measure was implemented
to enhance the stability of the building foundation. After
grouting, drill felling or wind inhalation did not occur, and
few water leakages were found during the process of drilling
the J1, J2, and J4 boreholes. According to observations
through the borehole TV imaging test of the J1, J3, and J4
boreholes, most of the cavities and fractures were filled with
slurry, the filling rates were greater than 85%, and thereby,
the effect of grouting reinforcement was obvious.

According to the monitoring results of the subsidence
of the office building, the maximum cumulative subsidence
was 15.3mm, and the maximum slope was 0.765mm/m,
which are less than the permissible values (200mm and
2mm/m, respectively). So, it indicated that the stability of
the foundation and old gob areas was positive, and the
grouting project for the large building foundation achieved
success.
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