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The problem of the groundwater dynamics and water balance of a confined aquifer in the aquifer system has been solved in pre-
vious studies, whereas that in the aquitard adjacent to the confined aquifer has seldom been considered. In reality, the groundwater
dynamics of the aquitard are closely related to the exploitation of groundwater resources, groundwater contamination, under-
ground storage utilization and land subsidence. In this paper, an analytical solution is derived to describe the drawdown variation
in the aquitard when the head in the adjacent confined aquifer declines by a constant value. The characteristics of groundwater
dynamics and water balance of the aquitard are analyzed using a dimensionless analytical solution. There is obvious delayed be-
havior in the response of groundwater dynamics in the aquitard, which is characterized by the delay index 7,. The delayed behav-
ior in the response of groundwater dynamics is not only dependent on the properties of the aquitard, but also proportional to the
square of the thickness of the aquitard. The law of the delayed release of water is described in terms of the ratio of the delayed
release of water. A water balance equation for the aquitard is established. Three stages of the water balance and the corresponding
characteristics are presented with the water balance curves of the aquitard. The analytical solution is given to analyze the flux per
unit horizontal area of the aquitard. The hydrogeological parameters of the aquitard, namely the hydraulic conductivity, specific
storativity and hydraulic diffusivity, are estimated according to type-curve fitting between the analytical solution and observed

flux. The parameters are identified and validated in an experiment.
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The vertical profile of an alluvial plain is generally com-
posed of several aquifers and aquitards. The aquifers and
aquitards form a complex multi-layered aquifer system. For
instance, the thickness of Quaternary deposits reaches
50-200 m on the alluvial plain downstream from the Yang-
tze River, namely the Yangtze Delta of China. The structure
and distribution of the Quaternary deposits have several
characteristics: (1) the structure has several aquifers and
aquitards; (2) the spatial distribution and type of the aqui-
fers are different in different areas; (3) the aquitards in the
aquifer system are widely distributed and have large thick-
ness, with the aquitard thickness accounting for more than
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50% of the thickness of the aquifer system in some areas;
and (4) the permeability of the aquifers is two or more or-
ders of magnitude greater than that of the aquitards. With
the development of urbanization, various groundwater re-
sources and environmental problems arise. For example, the
total area of land that has subsided by more than 200 mm
due to excessive groundwater extraction accounts for one-
tenth of China’s Yangtze River Delta, which covers an area
of 99000 km®. Accumulated subsidence has reached a
maximum of 2.8 m, and has caused economic losses of up
to 50 billion dollars. As a result, groundwater contamination
has extended from shallow aquifers to deep aquifers.

The aquitard is too frequently ignored or treated as an
impermeable boundary in the study of the groundwater flow
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of aquifers. It is mainly because of our subjective under-
standing that the aquitard is regarded as a relatively imper-
meable layer; i.e. water resources stored in aquitards are
considered to be small. In reality, significant sources of
groundwater are stored in aquitards and can be used for wa-
ter supply and depleted [1]. The non-zero permeability of an
aquitard has been demonstrated through laboratory meas-
urements [2-4] and regional groundwater flow modeling
[5]; permeability values vary over a large range from 107"
to 107 m*[6].

In recent years, there has been much research on the well
hydraulics of aquifer-aquitard systems. In many cases, the
drawdown in an aquitard greatly affects the flow in an ad-
jacent aquifer. For instance, Sun and Zhan [7] studied the
flow in an aquifer-aquitard system by considering the stora-
tivity of the aquitard and three dimensional flows in the
aquifer. Malama et al. [8] presented a semi-analytical solu-
tion for flow in a leaky unconfined aquifer-aquitard system.
Malama et al. [9] solved the flow problem in a system com-
prising two aquifers and one aquitard in which the top un-
confined aquifer is pumped by a partially penetrating well.
The process of poroelastic release in the aquitard induced
by pumping of the aquifer has been considered [10]. Yeh
and Chang [11] reviewed recent advances in well hydraulics
in an aquifer-aquitard system. Most previous studies fo-
cused on the groundwater dynamics and water balance of
the aquifer in an aquifer-aquitard system. However, few
studies considered the characteristics of groundwater dy-
namics and water balance of the aquitard adjacent to the
confined aquifer.

Scholars have investigated the relationship between de-
watering and consolidation of the soil layer, because soil
deformation is related to pore water pressure [12,13]. How-
ever, previous studies only focused on the mechanical
properties of pore water and soil deformation, not the char-
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acteristics of the groundwater dynamics and water balance.
In addition, few methods have been considered for deter-
mining hydrogeological parameters of the aquitard. Espe-
cially, there is a lack of an effective experimental method
for estimating hydrogeological parameters. In reality, the
groundwater dynamics of the aquitard are closely related to
the exploitation of groundwater resources, groundwater
contamination, underground storage utilization and land
subsidence. The aquitard is an important part of the aquifer
system. The groundwater dynamics and water balance are
of great importance not only to the prediction, evaluation
and control of land subsidence but also to groundwater re-
source development, evaluation and calculation, and analy-
sis of contaminant and heat transport in the aquifer system.

In this paper, the analytical solution for the drawdown
variation in an adjacent aquitard is derived, under the condi-
tion that the head in the confined aquifer declines by a con-
stant value. The characteristics of groundwater dynamics
and water balance of the aquitard are analyzed. Additionally,
a new method for determining the hydrogeological parame-
ters is presented, and the estimated parameters are validated
by experiment.

1 Groundwater dynamics in the aquitard

1.1 Analytical solution of the flow model

We consider a multi-layered aquifer-aquitard system con-
sisting of an unconfined aquifer, a confined aquifer and a
leaky aquitard between them as shown in Figure 1. All the
layers extend infinitely laterally. Each layer is horizontal
and homogeneous, and has constant thickness. The confined
aquifer has an impermeable bottom. It is assumed that the
groundwater level of the multilayered aquifer-aquitard sys-
tem is horizontal and uniform at initial time. The hydraulic
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Figure 1 Conceptual model of the multi-layered aquifer-aquitard system.
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head of the confined aquifer then drops by @, while the wa-
ter table of the upper unconfined aquifer does not change.
The flow is horizontal and radial in the confined aquifer,
whereas it is vertical in the aquitard [14,15].

Cartesian coordinates z, r are used, with z taken to be
positive vertically upwards. The origin is located at the in-
tersection of the z-axis and the bottom of the aquitard. At
initial time ¢ = 0, the head in the multi-layered aqui-
fer-aquitard system is uniform and equals a constant H,
which is the distance from the groundwater level to any
convenient reference.

It is assumed that there is only Darcy flow without con-
sideration of a critical hydraulic gradient. The instantaneous
linear elastic response of media to change in the effective
stress in the aquitard is ignored. The drawdown response in
the aquitard, u, due to declining head in the lower confined
aquifer is determined by solving the flow problem

2
200 o<zl (1)
07* t

where u(z, f) denotes the drawdown in the aquitard at loca-
tion z and time ¢, [ is the thickness of the aquitard, and a*is
the hydraulic diffusivity of the aquitard (defined as the hy-
draulic conductivity, K, divided by the specific storage, ix).
Eq. (1) is solved subject to the following initial and bound-
ary conditions:

u(z,0)=0, 0<z<I, 2)
u0,n=¢, t>0, 3)
ul,n)=0, >0, @)

where ¢ is the drawdown of the confined aquifer at location
z=0and time ¢.

For the flow model above, by separating variables and
taking the Fourier transform, the analytical solution is ob-
tained as

n’*n’a®

u(z,t)zgo(l—?j—i—wzle r tsin#. 5

1.2 Groundwater dynamics in the aquitard

To discuss the groundwater dynamics in the aquitard after
the head reduces in the confined aquifer, for convenience,
we express eq. (5) in a dimensionless form:

iz =" 1n 23 Le iz, (©)
(0 T, an

. . . _ z .
where u(zZ,t) is the dimensionless drawdown, 7 =— is

2
. . . — - a
the dimensionless length in the z direction, and ¢ =—7

denotes the dimensionless time.
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Figure 2 shows how the dimensionless drawdown
u(Z,1) changes with dimensionless length 7 for differ-

ent values of dimensionless time 7 . One can see obvious
curvature of the drawdown curves at the beginning time. At
the bottom of the aquitard, the drawdown responds quickly
to the head declining. The shorter the time, the larger the
curvature of the drawdown curve. However, at the top of the
aquitard, the variation in drawdown is small, indicating that
the response of the head is slow. As time passes, the draw-
down response extends to the entire aquitard. When the di-
mensionless time 7 increases to 1.0, the distribution of
drawdown in the aquitard forms a triangle, which results
from the fact that the variation in drawdown in the aquitard
is almost synchronous with that in the confined aquifer.

Using eq. (5), the delayed drawdown p(z, #) in the aqui-
tard is defined as

2
n’n’d®

2051 7
p(Z,l)=—¢Z—e 1
T

n=1 1

r sin# . @)

Through non-dimensional transformation, Eq. (7) can be
written as

—_— — ,t 2 - 1 _n’nr . —
p(z,t)zﬁz—Z—e sinnnz , (8)
§0 T n=1 n

where p(zZ,7) is defined as the delayed drawdown re-

sponse function of the aquitard, describing the dynamic
dissipation process of delayed drawdown in the vertical
profile.

Figure 3 shows that the dissipation of delayed drawdown
is consistent with the drawdown variation in the aquitard. At
the early stage, the delayed drawdown in the lower part of
the aquitard dissipates rapidly, and the curvature of the
drawdown curves is large; however, in the upper part of the
aquitard, the delayed drawdown dissipates slowly. As time
passes, the delayed drawdown in the lower aquitard dissi-
pates slowly, and the curvature of the drawdown curve

1.0

0.8

0.2

Figure 2 Changes of the dimensionless drawdown #u(z,#) with z for

different values of 7 in the aquitard.
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Figure 3 Changes of the delayed drawdown p(z,t) with z for dif-

ferent values of 7 in the aquitard.

becomes significantly smaller. When the dimensionless
time 7 is 1.0, the delayed drawdown in the entire aquitard
dissipates completely.

Supposing the corresponding time ¢ equals 7, one has

2

- a
;= 1_21—0 =1. )
Using eq. (9), it follows that
12
T, = el (10)

Here, we define 7, as the delay index. When time =1,
the delayed drawdown in the entire aquitard dissipates to as
low as zero. Therefore, 7, is defined as the delay index,
which indicates the delay time of the hydraulic response in
the aquitard. The delay index 7, is only dependent on the
properties and thickness of the aquitard. However, it is
found that the properties of the confined aquifer have less
effect on the delay index.

2  Groundwater balance of the aquitard

2.1 Delayed release of water from the aquitard

The total released water per unit horizontal area of the aq-
uitard at time 7 is

l
F :,usfoudz

1 1 © 7ﬁ[
“Jo l ’ ‘on [

0T

n2n2a?

1 2 S .
=JHPl-Suel) e (=D,
n=1

2 7 ()

As time t — oo, the drawdown of the aquitard tends to-
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ward a steady state. The total released water per unit hori-
zontal area of the aquitard is then

1

E) = _Il'l:wl .

2 12)

From egs. (11) and (12), the delayed release of water per
unit horizontal area of the aquitard at time ¢ is

2 =1 .
AF:FO—F=E—2yS¢lZn—2e (1-(-D". (13)
n=1

Thus, the ratio of the delayed release of water 4 is de-
fined as

(14)

The ratio of the delayed release of water 6 describes the
amount of delayed-release water released at time ¢ relative
to the total amount released in the aquitard. Figure 4 shows
that, as the dimensionless time 7 increases, the ratio of the
delayed release of water 8 drops rapidly. Within initial time
of /5, 85% of the delayed release of water releases in the
aquitard. The ratio of delayed release of water 6 then
changes with dimensionless time 7 slightly. When ¢ = g,
all the delayed release of water in the aquitard has released.

2.2 Groundwater balance of the aquitard

According to Darcy’s law, the flux per unit horizontal area
at position z and time 7 can be expressed as

0
q(z.t)=KJ(z,) =K 22
0z
77’! 71[2(1

=—%K¢—%K{/)Ze t

n=1

nmz
cos—.
l

5)

The cumulative flux per unit horizontal area at location z
during time ¢ is

1.0-
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Figure 4 Change of the ratio of delayed release of water 6 with dimen-
sionless time 7 .
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0= [ qtzn dr

t 1 2 0 77’!27[22(12[
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fo[ lw [ 60;

cos %JKdt

nznzuz

1, 2 =1 T nmz
=——a uplt—upl> —(1-e cos—.
A Pl = ;nz( yoos—
(16)
Through non-dimensional transformation, it follows that
e—nznZT

ozn="2-7-2y1a-

= 17
ol nan a7

)cosnmz.

According to the principle of water balance, the released
water in the entire thickness of the aquitard is equal to the
cumulative flux per unit horizontal area at location 7 =1
minus that at location 7 =0 at time ¢. The water balance
equation is written as

J' g(,)dt — f ¢(0,0)dz = F. (18)
0 0
On the left-hand side of eq. (18), one has

[ (q.0)— g0.0))dt

2upl[ a1 ) e e
- &P Z—{(—l) ~(-1ye ! ]+Z—2(l—e N
n=1 1 n=1
2ppl & 1 " gl & 1
=TS D —e P B =D,
5 ;« ) =D = ;(( ) =D
(19)
in which
© 1 T[Z
1) 1) = . 20
2 (D" =D-5 ==, (20)
Substituting eq. (20) into eq. (19) yields
[ @t.n-q.00a
1 2 e \
=§ussol—n—2us¢12—2e (1-DH. @D
n=1

Comparison of eq. (21) with eq. (11) confirms the water
balance equation (18).

Figure 5 shows the water balance curves as depicted by
eq. (18). Curves 1 and 2 represent the cumulative flux at the
cross sections of 7=0 and zZ =1, respectively. Curve 3
represents the cumulative released water of the aquitard.
From the curves in Figure 5, it is seen that there are three
different stages. At the initial stage, namely when the di-
mensionless time is between 0 and 0.1, the cumulative flux
is zero at the cross section 7 =1. The cumulative flux in-
creases significantly at the cross section 7z =0, resulting
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Figure 5 Water balance curves. Curves 1 and 2 represent the cumulative
flux at the cross sections 7 =0 and Z =1 respectively. Curves 3 repre-
sents the cumulative released water of the aquitard.

from the cumulative released water of the aquitard. At the
middle stage, when the dimensionless time is between 0.1
and 0.7, the cumulative flux increases slightly and tends to
be uniform at the cross section z =1. The cumulative re-
leased water of the aquitard increases slowly. The cumula-
tive flux increases uniformly at the cross section 7 =0,
indicating that the underlying aquifer is supplied not only
by the released water of the aquitard but also by the leakage
recharge of the upper aquifer. At the later stage, when the
dimensionless time is greater than 0.7, the cumulative flux
at the cross section z =1 is larger than the cumulative
released water of the aquitard. The main supply source of
the cross section z =0 is the cumulative flux at the cross
section z =1. Curves 1 and 2 are parallel, indicating that
the release of water tends to be complete.
When t=7, or t— oo, itfollows from eq. (21) that

! 1

[ @0 -qa.mar = gt (22)

Eq. (22) shows that the difference in cumulative flux at
the top and bottom is constant. The elastic release of water
is complete and there is only leakage recharge. At this time,
the inflow and outflow at the top and bottom of the aquitard
are equal. The leakage flux is

K 2 & ST oK

g, =Kl =2 oKy (lye =R

n=1

(23)

According to the principle of water balance, the released
water per unit time per unit area of the aquitard should be
equal to the difference in the flux at the top and bottom:

oF
q. =—H, o q(0,1)—q(l,1)

2 2

2
n‘n°a
- t

:%w{i((—n" e °

n=1

(24)

Through non-dimensional transformation, eq. (24) can be
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written as

— = l = no_ —n?n’r
qz(z)—(D—qu(z)—ZZ((—l) De"™". (25)

n=1
Figure 6 shows the change of the released water per unit
time g, with dimensionless time 7 . It is seen that g,

decreases with 7 .

3 Theory and method of parameter identifica-
tion

3.1 Theory of parameter identification

For the sake of convenience, eq. (15) can be further trans-
formed into dimensionless form:

4@ = gz =-1-23 e cosnnz.  (26)

¢)K n=1
Letting 7 =0 in eq. (26), the variation in flux per unit
horizontal area at the bottom of the aquitard (without con-
sidering the flux direction and taking a positive value) is
obtained. Figure 7 shows how the dimensionless flux g

changes with dimensionless time 7 at the bottom of the
aquitard. It is found that the dimensionless flux g reaches

its maximum at initial time, and then decreases dramatically
with time. When the dimensionless time ¢ =1, that is

t > 7, the dimensionless flux tends to a constant value g

= 1. Similarly, letting Z =1 in eq. (26), the variation in
flux per unit horizontal area at the top of the aquitard is ob-
tained.

3.2 Method of parameter identification

According to eq. (26), the flux per unit horizontal area at
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Figure 6 Change of released water per unit time g, with dimensionless

time 7 .
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Figure 7 Type curve of dimensionless flux g versus dimensionless

time 7 at the bottom of the aquitard.

position 7 =0 andtime 7 can be written as

- l
q(0,1)=—-+¢q(0,1). (27)
oK
In addition, one has
2
— a
= l_zt ) (28)
The logarithmic forms of eqgs. (27) and (28) are
- l
1gq(0,1)=1gq(0,1) +1g—, (29)
oK
— a2
Igt =lgt+lgl—2. 30)

The second terms in both eq. (29) and eq. (30) are con-
stant. Therefore, on the logarithmic graph, the experimental
curve of the flux ¢(0,7) versus time ¢ is analogous to the type
curve of the dimensionless flux g versus dimensionless

time 7 at 7 =0 as shown in Figure 7. There is a differ-
ence of a’/I* along the horizontal axis and /@K along the
vertical axis between the two curves. Here the type-curve-
fitting method is used. The curve of ¢g(0,f) versus ¢ is super-
posed on the type curve of g versus 7 keeping the axes

of the two graphs parallel. In the matched position, a point
at the intersection of the major axes of the type curve is se-
lected and marked on the curve of g(0,f) with respect to z.
Match-point coordinates [g ], [¢], [7 ] and [f] are substitut-
ed into eqs. (27) and (28) to determine the parameters,

namely the hydraulic conductivity, hydraulic diffusivity and
specific storativity:

[qll
=4 31
[qle Gb
a’ = @12 , (32)
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(33)

_K
1us aQ'

When t=17, or t— o0, the elastic yield of the aquitard

vanishes entirely and there is only leakage recharge in the
aquifer. The fluxes at the top and bottom of the aquitard in
unit time are equal, and therefore denoted as g,. The hy-
draulic conductivity can also be obtained using eq. (23):

K :Lq\,. (34)
et

In addition, according to eq. (26), the dimensionless flux
atposition 7 =1 andtime 7 is given by

— l
ql,t)y=—7=>q(,1). 35
q.1) ¢)Kq( ) (35
The logarithmic form of eq. (35) is
= l
lgq(,1)=1gq(,0) +1g—. (36)
oK

From egs. (36) and (30), the hydrogeological parameters
can be estimated using the type curve method.

4 Experimental verification
4.1 Laboratory apparatus and procedures

To test the groundwater dynamics and water balance char-
acteristics of the aquitard under the condition of the water
level in the aquifer declining significantly, a physical model
experiment was carried out. The prototype of the test device
is shown in Figure 8. The test device consists of a consoli-
dation container, base, flanges, piezometric tube, permeable
filter paper, overflow tank, water tank, stand, dial indicator
and retractable hard plastic rod. It can provide the supply
and drainage of water, and measure the pore pressure, sub-
sidence and flux during the test. The apparatus for the test is
an organic glass cylinder with height of 205 cm, outside
diameter of 40 cm and inside diameter of 38 cm. The or-
ganic glass cylinder consists of three parts from top to bot-
tom: a lower filter layer, middle layer filled with soil for
testing, and upper layer through which water flows. The soil
samples used in the experiment were medium sand (50% of
particles being larger than 0.25), fine sand (85% of particles
being larger than 0.075) and silty clay. According to the
Standard for soil test method (GB/T50123-1999), Specifica-

Table 1 Physical and mechanical properties of the sample
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tion of Soil Test (SL237-1999) and Code for investigation
of geotechnical engineering (GB50021-2001), the basic
physical parameters of the soil were tested, as listed in Ta-
ble 1. The conventional consolidation test was conducted
five times for the soil sample in the silty clay before the
experiment. The void ratio of the soil was 1.28 before the
consolidation test. The pressure on the soil was 50, 100, 200,
400 and 800 kPa, respectively. A void ratio-pressure plot
(e-p curve) was derived. The average void ratio was deter-
mined to be 0.86 from the curve.

The aquifer system consists of an upper sand layer, mid-
dle silty clay layer and lower sand layer. The lateral bound-
ary of the aquifer system is impermeable. The hydraulic
head at the top of the upper sand layer and that at the bot-
tom of the lower sand layer are fixed. The hydraulic head in
each layer was initially constant. The hydraulic head in the
lower sand layer declined dramatically by ¢ initially, and
then remained during the experiment. We measured the
drainage flux at the bottom of the aquifer, the head in the
pressure tube and subsidence variation in each layer. The
specific steps were as follows:

(1) Check the test device: Ensure that the piezometric
tube is unblocked, the end of the tube wrapping the sand is
undamaged, and the test instrument is operating normally.

(2) Fill apparatus with the sample: Use a clean rag to
wipe the inner wall of the consolidation container, and then
spread a layer of grease or Vaseline on the inner wall. Inject
hot water into the consolidation container through the over-
flow tank, and raise the water surface slowly. During water
injection, pay attention to whether there is a bubble stranded
in the filter layer, and if so, try to discharge it. Close valve
V, to stop water injection when the water surface reaches
the position of the first piezometric tube. Remove the sand
sample that was wetted previously, and fill the consolida-
tion container with sand and clay. Note that the piezometric
tube needs to be buried when filling the piezometric tube to
the designed level. After the lower sand layer and middle
silty clay layer are poured, place the device for measuring
the subsidence in each layer. Stand for about 24 hours in
each layer, and then fill the next layer.

(3) Saturate the sample: Connect the sealed lid and con-
solidation container with the flange, and ensure that the
consolidation container does not leak air. Turn off all valves
except the exhaust valve, and pump out the air in the con-
tainer with a vacuum pump. Increase the negative pressure
within the consolidation container gradually, such as in the
sequence —0.02, -0.04, -0.06, —0.08 and —0.1 MPa. The

Soil sample Dry density (g/cm®) Saturated density (g/cm?) Void ratio Compression index
Medium sand 1.60 2.00 0.66 -

Fine sand 1.51 1.93 0.73 -

Silty clay 0.883 1.88 0.86 0.36
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Figure 8 Prototype of the test device. 1, Consolidation container; 2, base;
3, flanges; 4, piezometric tube; 5, permeable filter paper; 6, water tank; 7,
overflow tank; 8, three-way valve; 9, stand; 10, overflow pipe; 11, dial
indicator; 12, rigid rod.

interval time for each level of negative pressure is 12 hours.

(4) After the soil layer is poured, add water to elevation
A (or B and C) slowly. Open the valve of the sink, and pro-
vide water to the device. To allow excess water to overflow,
open valve A. Then adjust the dial indicator appropriately
and fix it, and record the initial reading. Observe the dial
indicator once for several minutes, until the readings on the
dial indicator remain unchanged. At this time, the hydraulic
head in the piezometric tube should be basically consistent.
The process generally takes a few days.

(5) Record the initial head in the piezometric tube and
the readings on the dial indicator of S1 and S2. Adjust the
overflow tank to the designed height, and fill it with water.
After everything is ready, open the valve V2. The confined
hydraulic head in the aquifer decreases by ¢ and then re-
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mains constant. At the same time, record the readings in
each piezometric tube at 5 s, 10 s, 30 s, 1 min, 2 min, 4 min,
8 min and 12 min. We should also record the readings on
the dial indicator of S1 and S2, and measure the flux at the
outlet of the overflow tank using a graduated cylinder. Wa-
ter is stored in the graduated cylinder for 60 s at each meas-
urement, as controlled by a stopwatch. Flux is recorded
when water is initially stored in the graduated cylinder.

(6) Observe continuously until the readings on the dial
indicator and piezometric tube do not change, and then ter-
minate the test.

4.2 Experiment and parameter estimation

A middle silty clay layer with thickness of 20 cm repre-
sented the aquitard. The thicknesses of the upper and lower
sand aquifers were 20 and 30 cm, respectively. The hydrau-
lic heads in the aquitard and those in the upper and lower
aquifers were equal before the experiment. When the pore
water pressure reached the hydrostatic pressure in the aqui-
tard, the valve V, was opened. The hydraulic head in the
lower confined aquifer declined dramatically (by ¢ = 1.2 m)
at the beginning of the experiment, and then remained con-
stant during the remainder of the experiment. The flux vari-
ation with time at the lower overflow tank outlet was ob-
served and recorded, as reported in detail in Table 2. The
observation time of the experiment was 1760 minutes. At
the end of the observation, the flux tended to be steady.

The value of the flux per unit area (g) can be calculated
by dividing the flux (Q) as listed in Table 2 by the horizon-
tal area of the cylinder (S), where S is 1134.11 cm? The
measured value of g(0,7) versus ¢ is plotted with double log-
arithmic axes as shown in Figure 9. The type curve of g

versus ¢ is then superposed on the measured values,
keeping the axes of the two graphs parallel (Figure 9). The
initial five observation points for flux deviate from the type
curve. The reason is that the flux decreased dramatically at
the initial stage, and flux is recorded for the initial time that
water is stored in the graduated cylinder. Therefore, the
calculated test flux is lower. The error is greater when the

observation point is closer to the beginning stage.

Table 2 Results of the flux data with time

t (min) Q (mL/s) ¢ (min) Q (mL/s) ¢ (min) Q (mL/s) ¢t (min) Q (mL/s)

3 0.4717 56 0.1650 154  0.1283 420 0.1117
7 0.3717 65 0.1567 165 0.1200 480 0.1133
9 0.3283 75 0.1517 181  0.1217 600  0.1150
13 0.2917 8 0.1433 210 0.1233 720  0.1133
17 0.2500 96 0.1483 225 0.1183 820 0.1150
22 0.2350 105 0.1367 240 0.1183 1415 0.1083
27 0.2150 115 0.1333 270 0.1183 1440 0.1100
35 0.1983 125 0.1317 300 0.1150 1560 0.1100
45 0.1783 135 0.1300 361 0.1133 1760 0.1083
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Figure 9 Experimental data matched with the type curve. The soild line
is the type curve, and the symbols represent the observation data.

A matched position at the major axes of the type curve is
selected and marked on the curve of ¢g(0,f) versus ¢, such as
[g1=2,[q] =0.0115,[7 ] = 0.1 and [f] = 32. The parame-

ters can be obtained by substituting these values into eqs.
(31)—(33):

- Lall _0.0115%20

= =9.583x10*(cm/min), (37)
[qlp 2x120
az :ulz :EXZOZ :125 (CmZ/min), (38)
[7] 32
K 0.01378
=—=——"—=7.65x107(1/m). 39
A7 T 08 (/m) &
Using eq. (10), the delay index is obtained as
2 2
7, = l_z = 205 =320.0 (min) . (40)

a

To verify the estimated parameter, eq. (34) can also be
used to derive the hydraulic conductivity. Taking the flux
(Q =0.115 mL/s) at around time ¢ = 75, namely ¢ = 300 min,
as shown in Table 2, one has
[~ _1Q 20x0.115x60 _

K==

q, = 1.014x107*(cm/min) .
o~ S 120x1134.11

(41)

The relative error between eq. (41) and eq. (37) for the
hydraulic conductivity is only 5.5%.

4.3 Parameter validation

Substituting the hydrogeological parameters estimated using
the type curve method into eq. (15), the calculated flux
(Q(1=4¢(0,1)S) corresponding to the observation time at the
bottom of aquitard is obtained. Figure 10 compares the es-
timated and measured fluxes. The coefficient of correlation
between them is 0.976, indicating that the estimated fluxes
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Figure 10 Comparison of estimated fluxes and measured values. Dots
represent the observed data, and the curve represents the computed data.

are consistent with measured values.

5 Conclusions

An analytical solution for the drawdown variation in an
aquitard was derived, under the condition that the head in
the adjacent confined aquifer declines by a constant value.
The characteristics of groundwater dynamics and water
balance of the aquitard were analyzed according to the di-
mensionless analytical solution. A new method for deter-
mining hydrogeological parameters is presented. The main
conclusions are as follows:

(1) When the hydraulic head of the confined aquifer de-
clines by ¢, the response of groundwater dynamics in the
aquitard is obviously delayed. The delay index 7, represents
the time of the delayed response of the drawdown in the
aquitard relative to drawdown variation in the aquifer. The
delay index 7y is only dependent on the properties and
thickness of the aquitard, and the properties of the confined
aquifer have no effect.

(2) A formula for computing the delayed release of water
in the aquitard was derived. The law for the delayed release
of water is described in terms of the ratio of delayed release
of water. Within an initial time of /5, 85% of the amount
of delayed-release water releases in the aquitard. When time
t equals 7, all delayed-release water in the aquitard has re-
leased.

(3) The analytical solution for cumulative flux per unit
horizontal area of the aquitard was derived. A water balance
equation was established to describe the relation among the
recharge, discharge and released water of the aquitard.
Combining with the water balance curves, the three stages
of the water balance and the corresponding characteristics
were obtained.

(4) An analytical solution was given to analyze the flux
per unit horizontal area of the aquitard. Hydrogeological
parameters of the aquitard, namely the hydraulic conductiv-
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ity, specific storativity and hydraulic diffusivity, were esti-
mated from type-curve fitting between the analytical solu-
tion and observed flux. The calculated flux predicted by the
analytical solution is in good agreement with the observa-
tion data, indicating that the estimated parameters can char-
acterize the groundwater flow in the aquitard. The method
has many advantages. The apparatus and experimental pro-
cess are simple and convenient. The apparatus can also be
used to measure in-situ hydrogeological parameters. The
type-curve-fitting method used to determine the parameters
is simple and easy. One experiment can obtain many pa-
rameters, such as the hydraulic conductivity, hydraulic dif-
fusivity and specific storativity. The precision of the esti-
mated parameters is high, because the flux measurement is
easy to implement and the error is relatively small. There-
fore, the method for estimating the hydrogeological param-
eters of the aquitard has good application value.

This work was supported by the National Natural Science Foundation of
China (41172204).
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