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Abstract. It is of great significance to reveal the mechanism of land subsidence to further find out the mech-
anism of leakage flow in multi-layer aquifer systems and the water-release compression of weak aquifers. In
this paper, conditions of groundwater leakage flow are expounded, and the initial hydraulic gradient calculation
formula in the aquitards are deduced. The data of Tianzhu Land Subsidence Monitoring Station are selected
to preliminarily discuss the leakage flow mechanism of the multi-layer groundwater system and water-release
compression of weak aquifers. The results show that, firstly the weak aquifer layers in the shallow strata above
91.32 m in Tianzhu Land Subsidence Station are all in the state of unidirectional drainage consolidation, and the
water heads in the upper strata are higher than those in the lower strata. However, the hydraulic gradient between
the two adjacent aquifers is smaller than the initial hydraulic gradient in the weak aquifer layer, so no leakage
recharge effect is generated. Secondly, the water level of the two adjacent aquifers in the deep formation below
91.32m shows a continuous downward trend, among which the weak aquifer is drained and consolidated on
both sides, and the pore water head in the middle of the weak aquifer is the lowest. Although the strata has a
large amount of compression, no leakage recharge phenomenon occurs. Thirdly, in a multi-layer aquifer system,
when the head difference between adjacent aquifers is small and there is a thick viscous layer between them, it
is difficult for the upper aquifer to overcome the shear strength of the bound water in the weak aquifer below,
leaking recharge barely occurs.

nied by processes of releasing or absorbing water in viscous
layers.
Many experts and scholars have studied the leakage mech-

1 Introduction

Leakage refers to the seepage flow from one aquifer (sys-
tem) through the weak permeable layer/aquitard to another
aquifer (system). It is generally believed that when there is a
head difference between adjacent aquifers in a multi-aquifer
system, leaking recharge will occur as water in the high-head
aquifer seeps through the weak aquifer (viscous layer) to the
low-head aquifer. However, even in the case of water head
difference caused by changes in aquifer head, as the weak
aquifer (viscous layer) between adjacent aquifers is in a sat-
urated state, the pores are filled by bound water with poor
permeability, thus the pore water release or enter process is
very slow, resulting in sluggish water head changes accompa-

anism and/or the water-release compression in viscous lay-
ers. A series of tests were carried out by Cao et al. (2006)
on the response relationship between water-release com-
pression, water absorption and the occurrence of leakage
recharge in undisturbed clay samples with different litholo-
gies using laboratory test methods. The results indicated that
the fluctuation of water level in the aquifers causes the re-
bound of water absorption or dense pressure release of the
adjacent viscous soil layer, and only after then does the stage
of water absorption in the viscous layer or occurs concur-
rently with water release. But the occurrence of leakage ob-
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viously lags behind the changes of water head between ad-
jacent aquifers. Niu (1987) discussed the three necessary
conditions for the leakage flow between aquifers and cal-
culated the leakage flow by using the long-term water level
and settlement observation data. Zhang (1980), Zhu (1991),
Sun (1992), Guo et al. (1995), Wu et al. (2006), and Zhang
et al. (2009) have discussed the leakage recharge of ground-
water and the consolidation process of viscous soil layers in
multi-layer aquifer systems.

Based on previous studies, the conditions of groundwa-
ter leakage are analyzed and the formula of initial hydraulic
gradient existing in weak aquifers are deduced in this paper.
Taking Tianzhu Land Subsidence Monitoring Station in the
Beijing plain district as an example, a preliminary study on
the leakage recharge mechanism of a multi-layer groundwa-
ter system in a typical land subsidence area and the water-
release compression of a weak aquifer is carried out. It pro-
vides a theoretical basis for further revealing the mechanism
of land subsidence in the alluvial-diluvial plain of Beijing,
clarifying the composition of groundwater exploitation and
evaluating the stratified groundwater resources.

2 Geology survey

Beijing is located in the northwest edge of the North China
Plain. The terrain is generally high in the northwest and low
in the southeast. The southeast of Beijing is a plain area. The
Quaternary strata in the area are composed of alluvial fans
and sedimentary depressions formed by five water systems,
with typical characteristics of alluvial proluvial plain (Cai et
al., 2009).

The aquifer system in the Beijing plain area gradually tran-
sits from a single aquifer to a multi-layer aquifer system from
northwest to southeast, and can be vertically divided into
three main aquifer groups. The first aquifer (The phreatic
and shallow confined aquifer) comprises the Holocene (Q4)
and upper Pleistocene (Q3) alluvial and diluvial deposits The
second aquifer (middle and deep confined aquifer) is a mid-
dle Pleistocene (Q2) formation, it has a multi-layer structure
with medium coarse sand as the main lithology with some of
it containing gravel, and the deepest layeris buried at a depth
of around 300 m. The third aquifer (deep confined aquifer) is
a lower Pleistocene (Q1) formation with a multi-layer struc-
ture, mainly composed of medium coarse sand and gravel,
and the bottom boundary is a Quaternary basement (Zhang
et al., 2008).

The occurrence and development of land subsidence are
closely related to the compressibility of soil. According to
the physical and mechanical properties and burial depth con-
ditions of soil, it can be divided into three main compression
layer groups in the Beijing plain area. The first compression
layer group (Q4 + Q3), widely distributed in Beijing plain
area, is the Quaternary upper Pleistocene alluvial facies, al-
luvial lacustrine facies silt, cohesive soil layer, and the bot-
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Figure 1. Hydrogeological cross-section A—A’ (the location is in-
dicated in the lower left-hand corner).

tom buried depth is less than 100 m. The second compres-
sion layer group (Q2), mainly distributed in the middle and
lower part of the plain. It is the silt, silty clay and clay layer
of the Middle Pleistocene alluvial proluvial, with the buried
depth of the floor less than 300 m. The third compression
layer group (Q1), mainly distributed in the sedimentary de-
pression area. It is the Quaternary lower Pleistocene silty clay
and clay layer, with the upper plate buried depth more than
300 m (Fig. 1). There is an obvious correspondence between
the division of the compression formations and the Quater-
nary aquifer formation in the Beijing plain area (Jia et al.,
2007).

3 Initial hydraulic gradient in clayey soil

The occurrence of leaking requires not only a certain head
difference between adjacent aquifers (i.e. a certain hydraulic
gradient), but also the effective overcoming of the resistance
of the weak aquifer (i.e. the shear strength of the bound water
in the aquifer).

The smaller the permeability of the weak aquifer layer, the
greater the seepage resistance to pore water. Even if there
is a certain head difference between aquifers, there may be
no obvious leak recharge reflection during limited pumping
time. Therefore, only when the head difference of aquifers
(hydraulic gradient) can overcome the shear strength of the
bound water in the weak permeable layers/aquitards, and
produce unidirectional flow in the vertical direction, the phe-
nomenon of leaking recharge may occur (Zhang, 1980; Niu,
1987).

As a consequence, the occurrence of leaking recharge
must meet the following three conditions: Firstly, there
must be a certain head difference between adjacent aquifers
(groups) on both sides of the weak aquifer layer, that is, a
certain hydraulic gradient /. Secondly, the above hydraulic
gradient / must be greater than the initial hydraulic gradient
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Table 1. Main physical and mechanical indexes of compressible strata in The Beijing plain.

311

Compression layer Bottom physical and mechanical indexes
group boundary W p(g cm—3) e WL WP 1P IL a Eg Ce Cs
depth (m) (%) (%) (%) MPa~1)  (MPa)

I Upper segment 20-40 25.89 2.00 0.733 3149 1882 12,65 0.57 017 1297  0.19 0.035
Lower segment 80-100  26.59 1.98 0.723 3470 20.78 15.03  0.38 0.077  24.00 0.295 0.054
I Upper segment 200 25091 1.99 0720 36.72 20.84 1588  0.27 0.048 36.69 0371 0.056
Lower segment ~ 280-300 22.74 2.06 - 3336 2031 13.06 - 0.030 61.07 0.468 0.049

m > 300 20.88  2.06 - 3527 2066 14.61 - 0018 9576 0.480  0.06

Notes: W — water content; p — density; e — pore ratio; WL — liquid limit; WP — plastic limit; IP — plasticity index; IL — liquid index; a — compressibility/compression coefficient;

Es — compression modulus; Cc — compression index; Cs — rebound/swelling index.

Iy of the weak aquifer layer (clayey soil). And thirdly, the
seepage direction of groundwater in the weak aquifer must
be unidirectional flow. Many experts and scholars believe
that initial hydraulic gradient Iy exists in clayey soil. The so-
called initial hydraulic gradient Iy of clayey soil is the shear
strength that can effectively overcome the binding water in
the weak aquifer layer, and the hydraulic slope that make wa-
ter flow in it. The Law of infiltration can be expressed in the
following formula:

V=KI—-1Iy) or Q=FK(—1I)

Where, V is seepage velocity; K is permeability coefficient
of the weak aquifer layer; /is head gradient between two ad-
jacent aquifers; [ is initial hydraulic gradient; Q is leaking
recharge amount.

Experts and scholars have also made special studies on
the calculation methods of initial hydraulic gradient in co-
hesive soils (Zhu, 1991; Sun, 1992), which mainly include
two methods: the field measurement method and the use of
long-term groundwater level observation data to determine
Ip. In this paper, we use the field measurement method to
determine Ij.

When drilling wells in viscous soil, the stable water level
will increase correspondingly with the increasing depth of
the drilling (hole) (Fig. 2). According to previous experience,
the relationship between water level rise and well depth in-
crease is as follows:

AH; . AH), _ AH;3 _ AH +AH,
Ly Ly Ly  Li+L
=...=constant... (1)

As the seepage line in homogeneous cohesive/viscous soil is
in the vertical direction, as four points d, ¢, b and a shown
in Fig. 2, so the hydraulic gradient / between any two points
can be calculated.

For example, the hydraulic gradient between two points d
and cis Iz, = w, if L is the distance higher than the
aquifer upper plate at any point, % is the pressure measure-
ment height at this point and H is the pressure measurement
height at the aquifer upper plate then the general formula can
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Figure 2. Schematic diagram of overflowing replenishment to solve
I for a confined aquifer.

Confined aquifer

be obtained:

H—(h+L)
Ip= 7 2)
When the water level in each well (hole) is stable, if min-
imal evaporation is ignored, then there is no drainage path,
and no water from the lower confined aquifer seeps into the
well (hole), thus V = K(I — Iy) = 0. Since K can’t be zero,
therefore 1 = Ij.

According to the stable water level measured in wells
(holes) of different depths in clayey soil, Eq. (2) can be used
to calculate the initial hydraulic gradient when a confined
aquifer is replenished by overtopping flow or groundwater
infiltration.

4 [Example analysis

Long-term water level and settlement observation data from
2006 to 2017 of the Tianzhu Land Subsidence Monitoring
Station located in Shunyi District, Beijing are selected for
analysis in this paper. The Tianzhu Land Subsidence Mon-
itoring Station was built in 2004, and it is located in the
Houshayu Quaternary sedimentary depression, with a thick-
ness of more than 800 m.
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Figure 3. Layout of monitoring facilities above 120m at the
Tianzhu Land Subsidence Monitoring Station.

Over these years, along with the excessive exploitation of
groundwater in this region, land subsidence continuously de-
velops, with a cumulative settlement of 468.474 mm by the
end of 2017.

There are multi-class settlement monitoring facilities built
in this monitoring station, including one bedrock marker
(burial depth of the bottom 833.02m), 10 layered markers
(burial depth of the bottom 2.40, 35.43, 48.50, 64.50, 82.30,
102.00, 117.00, 148.49, 218.89, and 238.10 m respectively),
6 dynamic underground water level observation holes (loca-
tion of water filter pipes at 27.50-31.00, 59.30-63.40, 85.70—
91.30, 120.00-146.80, 208.30-217.60, and 298.80-308.00 m
respectively), and 3 pore water pressure observation holes
(7 monitoring layers at 22.00, 39.50, 71.00, 78.50, 96.50,
106.00, and 112.50 m respectively).

Since the pore water pressure probes buried in weak
aquifer layers in the Monitoring Station were only placed in
a shallow position (120m), this study mainly used various
monitoring facilities up to 120 m depth to conduct a compre-
hensive study, aiming to further clarify the leaking recharge
mechanism in multi-layers groundwater aquifer system and
the problem of pressure release in the weak aquifer layers
(Fig. 3).
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4.1 Leaking recharge problem in the formation of
section 27.48-63.44 m

The stratum in this section consists of two aquifers (D3-6
and D3-5) and one aquitard (clayey soil layer II). The water
level of aquifer D3-6 has been relatively stable since 2005—
2017, showing obvious seasonal fluctuation characteristics.
This is mainly due to the shallow buried depth of the aquifer,
which is easy to be supplied by the outside world, and the
exploitation amount of the aquifer is very small, which has
remained relatively stable for many years, the maximum wa-
ter level elevation is 8.33 m, and the multi-year water level
variation is only 0.06 m.

Since 2006, the water head of Aquifer D3—5 shows a con-
tinuous downward trend, with the maximum water level ele-
vation of —4.37 m and the minimum —8.89 m, thus the water
level decreases by 4.52 m. According to years of observation
data, the hydraulic gradient / between two adjacent aquifers
(D3-6 and D3-5) is calculated to be 0.70-1.16. Because
there is only one pore water pressure gauge buried at 39.5 m
in the aquitard (II) between two adjacent aquifers, in calcula-
tion of the aquitard (II) initial hydraulic gradient Iy, the lower
aquifer of upper plate (burial depth 50.37 m) is taken as a ref-
erence point in the calculation process, and then the aquitard
(II) initial hydraulic gradient is calculated. Through calcula-
tion, the initial hydraulic gradient of the aquitard (I) is 1.70-
2.47 m. Therefore, although there is a certain water head dif-
ference between two adjacent aquifers D3-5-6 and D3, the
hydraulic gradient between them is less than the initial hy-
draulic gradient of the aquitard, which means that it cannot
overcome the shear strength of bound water in it. Thus it does
not meet the conditions of leaking recharge. In this formation
no leaking recharge occurs.

This conclusion can be proved by the pore water and strat-
ified settlement beacons long-term observation data buried
in the aquitards (Fig. 4). Among them, the bench mark F3-9
ranges from 35.4 m depth to 48.5 m depth, and the cumula-
tive compression amount is 12.42 mm since 2006. Although
the monitoring layers show continuous compression, the pore
water head at 39.5 m depth has been in a relatively stable state
from 2006 to 2015, with an insignificant downward trend
year by year with only seasonal changes, and until 2016 it de-
clined significantly. This implies that before 2016, the pore
water in the aquitard continues to discharge, causing com-
pression deformation of the soil mass.

However, the reduction of pore water head in the aquitard
has not been affected to the point of 39.5 m. Since 2016, the
water head has only begun to decline, but it has not reached
the top of the aquitard. Therefore, the above observation re-
sults indicate that the decrease of D3-5 water head in the
underlying aquifer only affects the lower part of the aquitard
(below 39.5m), but not the upper part. No leaking recharge
from aquifer D3-6 to D3-5 is possible by this time.
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Figure 4. Comparison of accumulative settlement and pore head
39.5 m change of step bench mark F3-9.

4.2 Leaking recharge problem in the formation of
section 50.37-91.32m

The formation also contains two aquifers (D3-5 and D3-4)
and one aquitard (cohesive layer III). And the variation char-
acteristics of water head of aquifer D3-5 have been described
previously. Since 2006, the water head of the aquifer D34
has shown a continuous downward trend, and in 2017 the
water head level dropped to —13.15m, and the multi-year
water level decreased by 8.37 m. According to years of ob-
servation data, the hydraulic gradient / between two adja-
cent aquifers (D3-5 and D3-4) is calculated to be 0.18-0.39.
Since two pore-water pressure gauges are buried at 71.0m
and 78.5m depth respectively in aquitard III between two
adjacent aquifers, the initial hydraulic gradient of aquitard
III is calculated by using the pore water head between these
two points. The initial hydraulic gradient of aquitard III is
calculated to be 0.97-1.95. Although there is a certain head
difference between the aquifer D3-5 and D34, and the wa-
ter level elevation also shows the characteristics of unidi-
rectional drainage, as a result of a thick aquitard existing
between two aquifers, and the aquifer hydraulic gradient /
is less than Iy of the aquitard, in this formation no leaking
recharge occurs either.

4.3 Leaking recharge problem in the formation of
section 85.71-133.57m

The formation is composed of 2 aquifers (D3—4 and D3-3)
and one aquitard (sticky soil layer IV). The water head varia-
tion characteristics of aquifer D3—4 have been described pre-
viously. Water head of aquifer D3-3 has also shown a contin-
uous downward trend since 2006, showing obvious seasonal
fluctuation characteristics. In 2006, the water head elevation
was —6.66 m, and in 2017, it dropped to —18.30 m, resulting
a decrease of 11.64 m.

In aquitard III between the two adjacent aquifers, pore wa-
ter pressure gauges are buried at 96.5, 106.0 and 112.5m
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depth respectively, and the pore water head was —5.23,
—23.69 and —7.90 m respectively in 2017. From the water
head elevations at each point, the pore water head in the
aquitard at 96.5m is higher than that in the upper aquifer
D3-4, as well the pore water head at 112.5 m in the aquitard
is higher than that in the lower aquifer D3-3. Moreover, the
pore water head at 106.0 m is the lowest, which is located in
the middle of the aquitard, showing the same characteristics
from years of monitoring data.

This shows that the upper part of the aquitard (IV) releases
water to the upper aquifer D3—4, while the lower part of the
aquitard (IV) continues to release water to the underlying
aquifer D3-3, that is to say, the aquitard is in the state of
drainage consolidation on both sides, and the stratum is con-
tinuously compressed.

According to the monitoring results of the bench mark F3—
5, the accumulated compression amount of 102.0-117.0m
stratum from 2006 to 2017 was 95.447 mm. Therefore,
according to the groundwater leaking conditions, leaking
recharge does not occur in this section either.

4.4 Other Leaking recharge problems between aquifers

According to the Tianzhu Land Subsidence Monitoring Sta-
tion data, strata below 133.57 m mainly include two aquifers
D3-2 and D3-1, as the head differences are about 2—-3 m for
many years, and there are dense thick clay/viscous soil be-
tween them, the hydraulic gradient is quite small. Due to the
lack of a corresponding pore water pressure probe in the stra-
tum below 120 m, the initial hydraulic gradient Iy of cohesive
soil cannot be calculated by data. But its engineering geolog-
ical properties are much better known than for the upper stra-
tum and stratum below 200 m. It is in the over-consolidation
state, so its value must be greater than the hydraulic gradi-
ent I of adjacent aquifers. In addition the water levels of the
two aquifers both show trends of continuous decline, within
which the viscous soil is drained and consolidated on both
sides. Therefore, it does not meet the three conditions of leak-
ing, thus it is impossible for the formation below 133.57 m to
produce leaking recharge or backwater recharge.

5 Conclusions and outlook

5.1 Conclusion

In this paper, three conditions of groundwater leaking
recharge are expounded systematically, and the aquifer ini-
tial hydraulic gradient [y calculation formula is deduced.
By using multi-layer groundwater system on-site data in the
Tianzhu Land Substance Monitoring Station in Shunyi Dis-
trict of Beijing, questions on the leaking recharge mechanism
and the aquitard water-release compression have been pre-
liminary discussed, our study finds that:

Aquitards shallower than 91.32m in the Tianzhu Land
Subsidence Station are all in unidirectional drainage and con-
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solidation state, and the water head in the upper strata is
higher than in the lower strata. However, the hydraulic gradi-
ent I between the two adjacent aquifers is smaller than I in
the aquitard, there is no leaking recharge effect.

For strata deeper than 91.32m, the water level of two
adjacent aquifers shows a continuous downward trend, the
aquitard is drained and consolidated on both sides. Though
the pore water head in the middle of the aquitard is the lowest
and the formation compression is larger, no leaking recharge
occurs.

In a multi-layer aquifer system, when the water head dif-
ference between adjacent aquifers is small and there is a thick
viscous soil layer between them, it is difficult for the upper
aquifer to overcome the shear strength of the bound water in
the aquitard below it, leaking recharge barely occurs.

Thirdly, In a multi-layer aquifer system, when the head
difference between adjacent aquifers is small and there is a
thick viscous layer between them, it is difficult for the upper
aquifer to overcome the shear strength of the bound water in
the weak aquifer below.

5.2 Outlook

It is of great significance to reveal the mechanism of land
subsidence to further find out the mechanism of leakage
recharge in multi-layer aquifer system and the water-release
compression of weak aquifers, and to clarify the composition
of groundwater resources exploitation and the evaluation of
stratified groundwater resources.

However, due to the complexity of the stratigraphic sed-
imentary environment in the Beijing plain area, relevant re-
search data should be further supplemented in the follow-
up work, long-term observation data in multiple land sub-
sidence monitoring stations should be used to find out the
replenishment and leakage status of groundwater in differ-
ent geological units, the lag time and effect of cohesive soil
consolidation drainage in strata with different lithology and
thickness should be clarified step by step, and to explore the
composition of exploitation of deep groundwater resources
and the migration rules of groundwater pollution sources in
the multi-layer aquifer system, all these scientific problems
are the future research directions for authors to be further
studied.
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