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Abstract: The  degree  and  scale  of  underground  space  development  are  growing  with  the  continuous
advancement  of  urbanization in  China.  The lack of  research on the  change of  the  groundwater  flow field
before  and  after  the  development  of  underground  space  has  led  to  various  problems  in  the  process  of
underground space development and operation. This paper took the key development zone of the Xiong’an
New Area  as  the  study  area,  and  used  the  Groundwater  modeling  system software  (GMS)  to  analyse  the
influence on the groundwater  flow field under  the point,  line,  and surface development  modes.  The main
results showed that the underground space development would lead to the expansion and deepening of the
cone of depression in the aquifer. The groundwater level on the upstream face of the underground structure
would rise, while the water level on the downstream face would drop. The “line” concurrent development
has the least impact on the groundwater flow field, and the maximum rise of water level on the upstream
side of the underground structure is expected to be approximately 3.05 m. The “surface” development has
the greatest impact on the groundwater flow field, and the maximum rise of water level is expected to be
7.17 m.
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 Introduction

The  degree  and  scale  of  underground  space  deve-
lopment  are  growing  with  the  continuous  advan-
cement  of  urbanization  in  China.  Urban  densifi-
cation leads to the construction of deeper structures
(Bobylev,  2009)  such  as  subways,  building  foun-
dations,  and  underground  car  parks.  At  the  same
time, it also helps to alleviate the pressures of high
population density, resource shortage, and environ-
mental pollution in China (Chen et al. 2018; Li and
Yuan,  2012).  However,  a  series  of  problems
caused by the development of underground spaces

have  not  been  resolved,  mainly  including  geote-
chnical  engineering  problems  caused  by  ground-
water (Serrano-Juan et al. 2018).

Groundwater is  a crucial  issue in the context of
vertical  urbanization.  Research  has  suggested  that
groundwater  rebound  and  decline  would  cause
flooding  and  submergence  of  multiple  under-
ground  structures  and  infrastructures  (De  Caro  et
al.  2020).  Therefore,  it  is  necessary  to  understand
the  characteristics  of  the  groundwater  flow  field
before  and  after  underground  space  development
and make precautionary preparations

Underground  structures  and  groundwater  are
interdependent  on  each  other.  Groundwater  flow
(Attard  et  al.  2016; Xu  et  al.  2013),  quality
(Chandrasekharan  et  al.  2005),  and  temperature
(Hu et al. 2008) can vary with the development of
the  underground  structures,  while  underground
structures  can  be  greatly  impacted  by  these
changes.  The  presence  of  underground  structures
blocks  the  normal  flow  path  and  state  of  ground-
water  and  forces  it  to  change  its  original  state.  In
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particular, during large-scale underground develop-
ment,  the influence cannot be ignored (Paris et  al.
2010; Ricci  et  al.  2007).  The  changes  in  the
groundwater system frequently cause the deforma-
tion  and  reduced  strength  of  rock  and  soil,  which
may develop to geological disasters (Wu, 2003).

The  development  mode  of  underground  space
can be divided into “point”, “linear”and “surface”,
in which “surface” is a combination of the former
two.  At  present,  it  is  concluded  that  each  deve-
lopment mode can influence the groundwater flow
field, but the comparative study of the three modes
has not been conducted yet.

Xu  et  al.  (2012)  analyzed  the  effects  of  under-
ground  structures  on  land  subsidence  and  studied
the  blocking  effect  of  underground  structures  on
groundwater  flow  through  laboratory  tests  and
numerical  simulations.  Attard  et  al.  (2017)  inves-
tigated the impact of underground structures on the
intrinsic vulnerability of urban aquifers. De Caro et
al. (2020) simulated the interaction between under-
ground  structures  and  groundwater  in  the  city  of
Milan.  The results  show that  significant  modifica-
tions  of  groundwater  head  distribution  are  obser-
ved when underground structures transversally cut
the  groundwater  flow,  resulting  in  the  fragmen-
tation  of  the  groundwater  flow  pathways,  leading
to changes in the groundwater head.

On April 1th 2017, the Central Committee of the
Communist  Party  of  China  and  the  State  Council
decided  to  establish  the  Xiong’ an  New  Area  of
Hebei  Province,  aiming  to  build  a  world-class
green modern smart city with a high starting point
and  standards  (Li  et  al.  2020; Wang  et  al.  2021).
Large-scale  underground  space  construction  will
inevitably block groundwater runoff and change its
original path, thus triggering a series of geological
problems. In this study, based on the planned loca-
tion  of  underground  space  in  the  Xiong’ an  New
Area,  the  influence  of  three  development  modes
of “ point” , “ line”  and “ surface”  on  the  ground-
water  flow  field  during  the  process  of  foundation
pit  excavation  and  operation  is  simulated.  The
objectives  of  this  study  are:  (1)  to  establish  the
shallow  groundwater  flow  model;  (2)  to  compare
the influence of three modes of underground space
development  and  utilization  on  shallow  ground-
water  flow  fields  and  (3)  to  provide  reasonable
suggestions  for  the  development  of  underground
space in the Xiong’an New Area.

 1  General characteristics of the study
area

The  Xiong’ an  New  Area  is  located  in  the  hin-

terland  of  Beijing,  Tianjin,  and  Baoding  in  the
central  part  of  Hebei  Plain,  and  includes  Xiong
County,  Anxin  County,  and  Rongcheng  County.
The  Xiong’ an  New Area  belongs  to  a  warm tem-
perate  continental  monsoon  climate  with  four
seasons and has an average temperature of 12.1℃,
and  an  average  annual  precipitation  of  560  mm
(Wang et al. 2021; Xie et al. 2019; Xu et al. 2018).

The study area is located in the northern part of
Xiong’ an  New  Area,  mainly  Rongcheng  County
and  some  surrounding  areas  (Fig.  1).  The  terrain
gradually  descends  from  the  northwest  to  the
southeast.  The  elevation  is  mostly  in  the  range  of
5–26  m,  and  the  terrain  is  relatively  flat  with
less  than  2 ‰  of  gradient.  According  to  the
study area genetic type and surface morphology,
it  can  be  further  classified  into  subareas  as
alluvial  flood  plains,  alluvial  lacustrine  plains,
and alluvial plains, in which the alluvial plain is
only  distributed  locally  to  the  southern  boun-
dary.  The  uppermost  Quaternary  sediments  are
generally loose with a thickness of 300 m and are
mainly  alluvial,  pluvial,  and  lacustrine  silty  clay,
silt, and sandy silt (Foster et al. 2004).

According  to  the  statistics  of  numerous  bore-
holes and aquifer lithology in the study area (He et
al. 2018; Liu et al. 2009; Ma et al. 2020), the grain
size  of  the  Quaternary  sediments  varies  from fine
to  coarse  and  then  to  finer  from  top  to  bottom,
which  constitutes  a  relatively  complete  sedimen-
tary  cycle.  It  reflects  the  evolution  process  of
runoff  since  the  Quaternary  period,  from  weak  to
strong  and  then  to  weaker.  All  the  Quaternary
series  of  this  area  show  significant  rhythmic
cycling  changes.  Except  for  the  alluvial  pluvial
fans  in  front  of  the  mountains,  the  clayey  soil  in
the middle and upper strata of each series is rich in
the rest of the areas, and the thickness varies from
6 m to 25 m. Such hydrogeological setting forms a
relatively  stable  confining  bed,  while  the  middle
and lower aquifers are abundant and coarser, resul-
ting  in  an  independent  secondary  water-bearing
system. Therefore, based on the lithology of Quater-
nary sediments, we can divide the loose deposits in
the study area into four aquifer groups from top to
bottom, according to their hydraulic properties and
the  vertical  distribution  of  aquifers  and  confining
beds  (Fig.  1).  Groundwater  in  Aquifer  Groups  I
and II is defined as shallow groundwater, whereas
Aquifer  Groups  III  and  IV  contain  deep  ground-
water.  Because  the  thickness  of  the  first  group  is
small,  it  is rarely exploited alone. There is a close
hydraulic  connection  between  the  first  and  the
second aquifer  groups and they can be considered
a  unified  water-bearing  body  which  is  the  main
exploitation  target  of  the  area.  It  has  a  significant
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influence  on  the  development  of  underground
space in the study area (Chi et al. 2021; Zhu et al.
2022; Li et al. 2017; Qin et al. 2013).

 2  Model construction

 2.1 Hydrogeological conceptual model

This study area takes the river and contour line of
hydraulic  head  as  its  boundary,  and  includes  the
underground  space  development  layers  and  the
confined aquifer that may be affected in the lower
part.  The  aquifer  lithology  is  dominated  by  fine
sand,  silt,  and  medium  sand  with  coarse  sand
locally.  The  final  model  layers  include  five  unsa-
turated  zones,  one  unconfined  aquifer,  five  con-
fined  aquifers,  one  low-permeability  aquifer,  and
six  impermeable  layers,  and  the  stratum  and
lithology of each layer were shown in Table 1. The
data  from  the  drilling  works  were  processed  and
the  base  map  were  verified  to  ensure  that  each
borehole  site  shown on  the  base  map matches  the

drilling  data.  In  this  study,  188  boreholes  were
used,  and  a  three-dimensional  geological  model
with  a  shallow  depth  of  100  m  in  an  area  of  560
km2 was  constructed.  Moreover,  the  distribution
condition of the stratigraphy within the depth of 50
m  of  the  unground  space  and  its  influence  on  the
regional groundwater seepage field were studied.

There  is  a  close  hydraulic  connection  between
the different aquifer layers; thus, sandy layers were
selected  as  the  target  aquifers.  The  aquifers  are
generalized  into  a  heterogeneous  anisotropic  por-
ous medium, according to the strata characteristics
framed  by  sedimentology  (Borgia  et  al.  2011;
Mengistu  et  al.  2019; Sathe  and  Mahanta,  2019).
For  calibration  purpose,  we  collected  observation
data of the groundwater level and comprehensively
analyzed the groundwater flow field. We then con-
ceptualized  the  groundwater  flow  of  the  target
layers as a three-dimensional transient flow system.

 2.2 Formulating the numerical model

A three-dimensional numerical model with hetero-
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Fig. 1 Geomorphological map and typical profile of the study area
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geneous  anisotropy  and  transient  flow  (Equa-
tion(1))  in  the  study  area  was  established;  this
model uses Darcy’s law and continuity principle to
model the hydrogeological conditions of the study
area.

∂

∂x

(
Kxx
∂h
∂x

)
+
∂

∂y

(
Kyy
∂h
∂y

)
+
∂

∂z

(
Kzz
∂h
∂z

)
+ε =

S s
∂h
∂t
, (x,y,z) ∈Ω, t ≥ 0

h (x,y,z, t) |t = 0 = h0(x,y,z) ∈Ω
h (x,y,z, t) |Γ1 = h1 (x,y,z, t) , (x,y,z) ∈ Γ1, t ≥ 0

K
∂h
∂n
|Γ2 = q (x,y,z, t) , (x,y,z) ∈ Γ2, t ≥ 0

(1)

Where: Kxx and Kyy are  the  horizontal  hydraulic
conductivities  (m/d); Kzz is  the  vertical  hydraulic
conductivity (m/d); Ss is the specific storage (m−1);
Ω  is  the  seepage  area; h1 is  the  hydraulic  head  on
the  Type  1  boundary  conditions  (m); Kn is  hydra-
ulic conductivity along the normal direction of the
Type  2  boundary  (m/d); q is  the  flow  rate  on  the
second type of boundary conditions (m3/d); h is the
hydraulic head (m); ε is  the source and sink items
(d−1); t is  the  time  (s); h0 is  the  initial  water  level
(m); Г1 is the first type of boundary condition; Г2 is
the second type of boundary condition.

 2.3 Boundary  conditions  and  parame-
ters

The northern part of the model consisted of a flow
boundary.  Based  on  the  hydraulic  gradient  deter-
mined  by  the  groundwater  level  in  the  boreholes,
the  flow  rate  is  calculated  according  to  Darcy’ s
law.  The  southern  and  eastern  boundaries  are  the
Type 2 boundary associated with the average state
of rivers, lakes, and depressions. The western boun-
dary is a no-flow boundary. The upper boundary is
the  phreatic  water  table,  which  is  the  water  exch-
ange boundary with changing positions and is also
affected  by  rainfall  infiltration  and  artificial  pum-
ping. The lower boundary is silty clay at a depth of
100  m  and  is  conceptualized  as  an  impervious
bottom.  The  entire  study  area  has  a  moderate
permeability,  and  the  unsaturated  zone  is  mainly
composed  of  sand  and  silt,  which  is  extensively
distributed  throughout  the  plain  areas,  and  the
average  infiltration  coefficient  of  precipitation  is
0.221 5 (Wang et al. 2010).

According  to  the  urban  development  objectives
and  geological  conditions  in  the  study  area,  the
underground  space  development  areas  can  be
divided  into  prohibited  construction  areas,  reserve
areas,  key  development  areas,  and  suitable  con-
struction  areas  (Cui  et  al.  2021; Qiao  and  Peng,

Table 1 Initial hydraulic properties

No. Stratum and lithology Layer
Horizontal
hydraulic
conductivity (m/d)

Vertical hydraulic
conductivity (m/d)

Specific yield

1 Landfill Unsaturated zone 8.35e-05 3.77e-05 0.027 5

2 Alluvial pluvial soil Unsaturated zone 2.3e-03 7.4e-03 0.027 5

3 Alluvial lacustrine soil Unsaturated zone 5.1e-03 7.6e-03 0.027 5

4 Clay + silt Unsaturated zone 3.0e-03 5.9e-03 0.037 5

5 Clayey sand Unsaturated zone 1.0e-04 1.6e-04 0.037 5

6 Find sand + silt Unconfined aquifer 3.16 3.16 0.04

7 Clay + silt Low-permeability aquifer 9.5e-03 7.30e-03 0.037 5

8 Find sand + silt Confined aquifer 0.907 0.907 0.047 5

9 Clayey soil Impermeable layer 1.0e-04 1.6e-04 0.027 5

10 Find sand + Silt + Medium sand Confined aquifer 0.777 6 0.777 6 0.07

11 Clayey soil Impermeable layer 2.8e-03 3.9e-04 0.027 5

12 Clayey soil Impermeable layer 2.1e-04 3.2e-04 0.027 5

13 Find sand + Silt + Medium sand Confined aquifer 2.592 2.592 0.095

14 Clayey soil Impermeable layer 1.5e-02 3.7e-03 0.027 5

15 Find sand + Medium sand Confined aquifer 2.592 2.592 0.095

16 Clayey soil Impermeable layer 8.5e-05 1.6e-04 0.027 5

17 Find sand + Medium sand Confined aquifer 2.592 2.592 0.095

18 Clayey soil Impermeable layer 1.9e-04 3.6e-04 0.027 5
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2016).  A  suitable  construction  area  with  a  larger
extent can be developed with the “surface” mode;
the  linear  works  in  the  suitable  construction  area
can  be  developed  with  the “ line”  mode;  the  key
development  area  is  relatively  limited  and  can  be
developed  with  a “ point”  mode.  The  location  of
the  underground space  is  determined  according  to
the  engineering  plan,  and  refined  in  the  model
mesh to meet the modeling requirements. The unit
is  taken  as  an  impervious  medium,  and  the
hydraulic conductivity is 10−10 m/s in the analysis.

The initial hydraulic property values adopted for
this calculation include the hydraulic conductivity,
specific  yield  of  each  layer  at  the  heights  of  the
river  heads.  These  parameter  values  are  listed  in
Table  1.  The  initial  groundwater  level  is  the
groundwater level in the study area during the high-
water period.

 2.4 Construction  of  three-dimensional
groundwater model

GMS  software  was  used  to  build  a  three-dim-
ensional groundwater model in the study area, and
the  response  of  the  groundwater  flow  field  to  un-
derground development was studied. The borehole
module in the GMS software can use borehole data
to build a solid model (Ma et al. 2019). A total of
188 borehole data were selected in the study area,
of  which  the  spacing  of  boreholes  in  the  starting
area  was  500  m×500  m,  and  the  spacing  of
boreholes  in  other  areas  was  1  000  m×1  000  m
which  could  meet  the  research  requirements  for
precision (Fig. 2).

 2.5 Verification of the model

The identification and verification of  the model  is

an  indispensable  step  to  ensure  that  the  model
accurately reflects the characteristics of the ground-
water  flow field  in  the  study area.  Thus,  the  trial-
and-error  method  (Chen  et  al.  2020; Han  et  al.
2016) and root mean square error (RMSE) (Maku-
ngo  and  Odiyo,  2017; Rwanga  and  Ndambuki,
2020; Singha et  al.  2020; Uddin et  al.  2018) were
used  to  adjust  the  model.  The  Nash-Sutcliffe
efficiency coefficient (NSE) (Makungo and Odiyo,
2017; Melaku  and  Wang,  2019)  is  often  used  to
evaluate  the  simulated  goodness  of  hydrological
models, and its formula is given in Equation (2):

NS E = 1−
∑N

i=1
(S i−Ci)

2/
∑N

i=1

(
Ci−C

)2

(2)

CWhere: Si is  the  simulation  value;  is  the
average  of  all  the  measured  values; Ci is  the
measured value.

The  value  range  of  NSE  is  −∞  to  1,  and  the
closer  the  value  is  to  1,  the  more  reliable  the
simulation  result  is.  The  simulated  NSE  is  0.903,
proving  the  reliability  of  the  simulation  results
(Zou et al. 2021).

The RMSE is the square root of the ratio of the
square  of  the  calculated  value  to  the  measured
value and the ratio n of the sample number (Dong
and Zhang, 2021; Li et al. 2021; Yang et al. 2021).
The  calculation  formula  is  given  in  Equation  (3).
The root mean square error is very sensitive to the
maximum  or  minimum  error  response  in  each  set
of  calculations,  so  this  method  can  accurately
reflect  the  reliability  of  the  simulation  results
(Yang and Zhang, 2021).

RMS E =
√∑

(C−CP)2/N (3)

Where: C is  the  measured  values; Cp is  the
calculated values; N is the number of samples.

The  results  of  this  simulation  show  a  linear
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Fig. 2 Three-dimensional structure model of aquifer in the study area
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relationship  between  the  measured  and  calculated
values  with  a  slope  of  1.020  4  (R2=0.931  3)  (Fig.
3). The RMSE of the 188 measured water levels in
the study area was 1.14, indicating that the overall
estimation effect of the model was reliable. There-
fore, the model can be used to simulate the ground-
water flow field in an area.
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Fig. 3 Comparison  of  goodness  of  fit  between  the
measured and calculated values

Because  the  measured  values  are  affected  by
atmospheric  rainfall  and  other  factors,  some  in-
dividual  observations  are  quite  different  from  the
simulated values, but they do not affect the overall
simulation results of the model. In summary, it can
be considered that the model can accurately reflect
the actual  situation of the underground aquifers in
the  study  area,  so  we  can  consider  that  the  model
operation  is  stable,  reliable,  and  can  be  used  for
predictive analysis.

 3  Results and discussion

 3.1 The influence of “point”  undergro-
und space development on the ground-
water flow field in fine sand

As shown in Fig. 4, the groundwater flow field was
modelled  prior  to  the  underground  space  develo-
pment. Fig.  5a shows  the  simulation  result  under
the “point” underground development mode. Ove-
rall, after the development, except for the area near
Baiyangdian,  the  groundwater  level  has  generally
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Fig. 4 Simulated groundwater levels prior to the development of the underground space
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declined,  the  extent  of  the  cone  of  depression  has
significantly  expanded,  and  the  water  level  at  the
center  of  the  cone  has  dropped  by  3.92  m.  In  the
northern part of the study area, although the ground-
water  level  declined  by  3–4  m,  the  hydraulic
gradient  in  the  same  area  did  not  change  signifi-
cantly.  In  the  eastern  part  of  the  study area,  beca-
use  the  regional  groundwater  flow  direction  is
from northwest  to  southeast,  the “ point”  undergr-
ound  space  development  will  still  block  the  orig-
inal  flowing  path  of  groundwater.  Furthermore,
two  separate  areas  which  are  located  within  5  m
water table contours on the east side of the under-
ground  space  prior  to  development,  are  merged
due to the expansion of depression after the deve-
lopment.  In  the  southern  part  of  the  study  area,
groundwater  level  is  not  changed  entirely,  but  it
can be seen that there is an increase in groundwater
contour in the same area, indicating that the hydr-
aulic  gradient  has  increased,  and  the  maximum
variation exceeds 5.45 m (Fig. 5a).

Although  groundwater  in  the  study  area  gene-
rally follows a northwest to southeast direction, the
simulated  underground  space  is  located  near  Bai-
yangdian.  The  Baiyangdian  depression  is  rech-
arged  by  the  surrounding  groundwater,  so  the
south side of the underground space can be regar-
ded as the upstream face and the north side as the
downstream face. Fig. 5a illustrates that the ground-
water  level  rises  slightly  on  the  upstream  side  or
the  southern  part  of  the  underground  project,  and
the maximum height is 3.50 m. A decline in ground-
water  level  can  be  observed  on  the  downstream
side or the northern part, with a maximum drop of
3.60 m.

A profile of the groundwater level change under
the “point” underground  space  development  is

shown in Fig.  5b.  It  shows that  the distribution of
the  groundwater  level  in  the  section  is  almost  the
same as  the  original  water  level.  However,  due  to
the  blocking  effect  of  the  underground  structure,
the  water  level  on  the  upstream  face  rises  and  is
higher  than  the  original  water  table,  with  an
average increase of 1.81 m and a maximum of 3.24
m.  The  water  level  on  the  downstream  face  is
lower  than  the  original,  with  an  average  decrease
of 2.19 m and a maximum of 3.34 m. The change
in groundwater level is in the range of 4.0 km from
the downstream face to the underground structure.
In  this  section,  the  extent  of  the  depression  zone
has expanded by approximately 3.4 km, and water
level at the center has dropped by 3.34 m. After the
completion  of  the  underground  structure,  the
hydraulic gradient on both the upstream and downs-
tream faces has increased by 3.025 compared with
the original hydraulic gradient.

 3.2 Influence  of  the  development  of
  “ line”   underground  space  on  the
groundwater flow field in fine sand

Fig. 6a shows the simulation result under the “line”
concurrent  underground  development.  After  the
development,  the  depth  to  groundwater  in  the
depression  zone  has  slightly  increased  to  3.13  m,
and the extent is expanded. In the southern part of
the  underground  space  near  Baiyangdian,  a  slight
rise  in  water  level  of  approximately  3.05  m  has
occurred;  the  water  level  on  the  north  side  of  the
underground  space  has  declined,  with  a  reduction
of  3.47  m.  The  southern  water  level  counters  are
slightly  denser,  indicating  that  the  hydraulic  gra-
dient in this area has increased.
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Fig. 5 a)  Simulated  groundwater  levels  in  the “ point”  underground  space  development  and  b)  profile  of  the
groundwater level change in the “point” underground space (N-N Section)
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A profile of the groundwater level change of the
 “line” concurrent underground space development
is shown in Fig. 6b. It shows that the groundwater
level distribution in this section is almost the same
as the original. However, due to the blocking effect
of the underground structure, the water level on the
upstream  of  the  structure  rises  higher  than  the
original  water  table,  with  an  average  increase  of
1.64 m and a maximum of 3.04 m. The water level
on the downstream face is lower than the original,
with  an  average  decrease  of  2.00  m  and  a  maxi-
mum  of  2.84  m.  The  groundwater  level  in  the
downstream  face  with  a  noticeable  change  is
within  7.0  km  from  the  underground  structure.  In
this  section,  the  extent  of  the  descending  funnel
has  expanded  by  3.0  km,  and  water  level  at  the
center has dropped by 2.84 m. After completion of
the  underground  structure,  the  hydraulic  gradient
on  both  the  upstream  and  downstream  faces  has
increased by 2.01 compared with the original hyd-
raulic gradient.

In contrast, the impact of the “line” interception
on the groundwater flow field is much larger (Fig.
6c).  First,  groundwater  level  has  generally  dec-
lined.  Before  development,  the  5  m  contour  lines
of water level in the east occurred in two separated
areas;  after  the  development,  they  have  merged
into  a  single  area.  Second,  the  extent  of  the  de-
scending  zone  was  expanded,  and  the  water  level
at  the  center  has  decreased  by  5.04  m.  Although
the  groundwater  level  in  the  south  of  the  under-
ground project has also declined, there is an abrupt
groundwater level change within an area of 0.5 km
of  the  underground  works,  which  is  close  to  the
upstream of the underground project. Groundwater
level  has  risen  with  a  maximum  increase  of  5.30
m.  On  the  downstream  face  or  the  north  side,
around 480  m from the  construction,  a  significant
groundwater  level  decline  of  up  to  4.95  m can  be
identified.

Fig.  6d is  a  profile  of  the  groundwater  level
variations  in  underground  space  development  un-

 
(a) (b)

10

8

4

6

2

0

−2

−4

Δh
/m

Before development
After development

Cone of
depression

Underground
space

12810 14030 15250 16470 17690 18910 20130 21350 22570 23790

Distance/m

N

Anxin country

(c) (d)

12

10

6

8

4

2

0

−2
−4
−6

Δh
/m

Before development
After development

Cone of
depression

Underground
space

12810 14030 15250 16470 17690 18910 20130 21350 22570 23790

Distance/m

N

Anxin country

Rongcheng country

Rongcheng country

−3.000

−3.000

−5.000

−5
.0

00

−7.000

−10.000

−12.000
−14.000

−16.000

−16.000

−16.000

−12.000

−12.000

−14.000

−14.000

−10.000

−10.000

−7.000
−7.000

−5.000

−5.000

0
0
0.
5−

−3.000

−3.000

 

Fig. 6 Simulated  groundwater  levels  in  the  a) “ line”  concurrent  and  c) “ line”  interception  underground  space
development;  Profile  of  the  groundwater  level  change  of  the  b) “ line”  concurrent  and  d) “ line”  interception
underground space development (N-N Section)
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der the condition of “line” interception. The water
level distribution along the section is generally the
same  as  that  of  the  original.  However,  due  to  the
blocking  effect  of  the  underground  structure,  the
water  level  generally  rises,  with  an  average  incr-
ease  of  2.73  m  and  a  maximum  of  4.85  m.  The
water  level  on  the  downstream  face  has  dropped
below  the  original  with  an  average  decrease  of
3.39  m  and  a  maximum  decrease  of  4.74  m.  The
impacted  area  is  around  5.8  km  from  the  underg-
round  structure  the  downstream  face.  Along  this
section,  the  extent  of  the  depression  zone  has
expanded by approximately 5.5 km, and the water
level  decline  at  the  depression  center  is  4.75  m.
After completion of the underground structure, the
hydraulic gradient on both the upstream and down-
stream faces has increased by 3.92 compared with
the original hydraulic gradient.

 3.3 Influence  of  the  “ surface”   under-
ground  space  development  on  the
groundwater flow field in fine sand

Fig.  7 shows the simulation result  under the “ sur-
face”  underground  development  mode.  The  cons-
truction  of  the “ surface” underground  works  has
greatly  influenced  the  groundwater  flow  field.
First,  the  depth  of  the  groundwater  level  in  the
study  area  has  generally  increased.  Before  the
development,  the 5 m contour lines of  water  level
in  the  east  occurred  in  two  separated  areas;  after
the  development,  they  have  merged  into  a  single
area.  Secondly,  the  extent  of  the  depression  zone
has expanded, and the water level at the center has
dropped  more  than  8.00  m.  Thirdly,  although  the
groundwater  level  on  the  upstream/south  side  of

the  underground  works  has  dropped,  there  is  a
sudden  water  level  change  within  1  km of  under-
ground  works,  which  is  shown  as  being  close  to
the upstream side of the underground project.  The
groundwater level has increased, with a maximum
of  7.17  m  (Fig.  7a).  There  is  also  a  significant
change  on  the  downstream  face  or  the  north  side
around  0.6  km from the  project  site.  The  ground-
water  level  has  dropped  by  up  to  7.67  m  on  the
downstream side of the underground works.

It  can  be  seen  from  the  profile  of  the  ground-
water level variation in the “surface” underground
space  development  that  the  groundwater  level
distribution  is  generally  the  same  as  that  of  the
original (Fig. 7b). Because of the blocking effect of
the  underground  structure,  the  upstream  water
level has increased with an average of 4.76 m and
a  maximum  of  6.67  m.  However,  on  the  downs-
tream  side,  the  water  level  has  dropped  with  an
average  decrease  of  4.69  m  and  a  maximum  of
7.17  m.  The  impacted  area  of  the  development  of
underground  structures  exceeds  8  km in  the  north
from  the  construction  site.  In  this  section,  the
extent  of  the  depression  zone  has  expanded  up  to
7.7  km,  and  the  water  level  at  the  center  has
dropped  6.96  m.  After  completion  of  the  project,
the  hydraulic  gradient  on  both  the  upstream  and
downstream  faces  has  increased  by  12.82  com-
pared  with  the  original  hydraulic  gradient.  The
influences  exerted  by  different  modes  of  under-
ground space development on the whole study area
are  listed  in Table  2,  along  with  the  influences
captured in the typical N-N section.

 4  Conclusion

From the above descriptions, the blocking effect of
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Fig. 7 a)  Simulated  groundwater  levels  in  the “ surface”  underground  space  development  and  b)  profile  of
groundwater level variation in the “surface” underground space development (N-N Section)
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underground  structures,  regardless  of  the  mode  of
underground space development, has always led to
an  increase  in  the  groundwater  level  in  the  ups-
tream  face  and  a  decline  in  the  downstream  face.
The area of the depression zone has expanded, and
water  level  at  the  center  has  declined.  The  hydr-
aulic  gradients  on  both  the  upstream  and  downs-
tream  faces  sides  of  the  underground  structures
have  increased  to  a  certain  degree  compared  with
the original gradient.

The  biggest  impact  on  the  groundwater  flow
field caused by the blocking effect of underground
works  is  with  the “ surface”  development  mode,
followed by the “ line”  interception mode, and the
 “point” mode, while the “line” concurrent develo-
pment  mode  has  the  least  effect  on  the  ground-
water flow field. Compared with the “line” concu-
rrent development mode, the groundwater level on
the  upstream  face  of  the  underground  structure
under “ surface”  development  mode  has  risen  by
2.4 times, the maximum decline in the downstream
face  has  increased  by  2.2  times,  the  water  level
decline  at  the  center  of  the  depression  has  incr-
eased  by  2.6  times,  and  the  hydraulic  gradient  on
both  the  upstream  and  downstream  faces  has
increased by 2.8 times.

The influencing distance of the “surface”  deve-
lopment  mode  on  groundwater  is  the  largest,  foll-
owed by the “ line”  concurrent mode and then the
 “ line” interception mode, while the “point”  mode
is  the  smallest.  The  influencing  distance  of  the
 “surface” mode on groundwater is more than twice
as  much  as  that  of  the “ point”  mode.  Therefore,
when  planning  the  underground  space  develop-
ment  mode  and  scale  of  the  Xiong’ an  New Area,
one  should  fully  consider  its  overall  impact  and
influence  on  groundwater  to  ensure  the  safety  of

construction  of  underground  structures  and  their
operation.
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