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[1] Most analytical and numerical models developed to analyze pumping test data focus
on saturated flow below the water table. Traditionally the soil above the initial water table
prior to pumping has been thought to have little influence on the test results and has
usually been ignored. It is hypothesized that, if the unsaturated zone is capped by
low-permeability soil, airflow in the unsaturated zone may be developed during pumping
and may have impact on the drawdown in the aquifer. A transient, three-dimensional and
variably saturated flow model is employed to simulate the pumping-induced air and
groundwater flows in both the saturated zone and unsaturated zone with a low-permeability
layer. The results demonstrate that negative pressure in the unsaturated zone can be
generated by pumping. The negative pressure begins to appear as the drawdown rate
increases to a maximum, approaches a peak before the drawdown rate becomes zero, and
then gradually disappears. Drawdown obtained from the capped aquifer is much greater
because the water in the pores in the unsaturated zone is sucked by the negative pressure and
the gravity drainage from the pores is hampered. Consequently, the drawdown versus time
curve does not conform to the traditional S-shaped curve for an unconfined aquifer but is
similar to that of a confined aquifer. If the airflow caused by the low-permeability cap is
ignored, the error in estimated drawdown could be over 80% for the specific parameters and
aquifer configuration used in the study. The possible errors in parameter estimation when
airflow is ignored are explored. Overall, the hydraulic conductivity of the aquifer can be
overestimated and the specific yield of the aquifer underestimated if airflow is ignored. The

estimation error for specific yield tends to be greater than that in hydraulic conductivity.
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1. Introduction

[2] Pumping tests have proved to be one of the most
effective ways of obtaining aquifer parameters. A test
interpretation can be made using various analytical models
based on simplified assumptions. The equation for unsteady
state flow toward a well in a confined aquifer was estab-
lished by Theis [1935]. In subsequent decades, analytical
models were developed for pumping of different types
of aquifers such as leaky and unconfined aquifers [e.g.,
Boulton, 1954; Neuman, 1972, 1974; Moench, 1995]. The
concept of delayed water table response, which was pio-
neered by Boulton and significantly advanced by Neuman,
was widely used to analyze the water table behavior in
unconfined aquifers. Three distinct segments in S-shaped
time-drawdown curves under water table conditions can be
identified: the first segment represents instantaneous release
of water from storage for a short period after pumping, the
second segment is dominated by the effects of gravity
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drainage, and the third segment closely conforms with the
Thesis curve when gravity drainage diminishes with time
[Boulton, 1954; Neuman, 1972, 1974]. Various aspects of
these models and limitations of the assumptions have been
widely discussed. For example, Moench [2004] believed
that traditional models do not adequately address effects of
time-varying drainage from the vadose zone; Based on field
test results, Endres et al. [2007] concluded that the delayed
drainage models significantly overestimated the cumulative
drainage flux and underestimated the undrained storage
determined from the field data.

[3] Most of the models discussed above focus on satu-
rated flow below the water table and traditionally the soil
above the initial water table prior to pumping has been
thought to have little influence on the test results and has
usually been ignored. Mathias and Butler [2006] obtained a
new drainage function based on a linearized Richards’
equation assuming that moisture content and hydraulic
conductivity are exponential functions of pressure head.
Tartakovsky and Neuman [2007] developed a new analytical
solution for the delayed response process characterizing
flow to a partially penetrating well in an unconfined aquifer
by accounting for unsaturated flow above the water table.
They concluded that in typical cases, unsaturated flow does
not have appreciable impact on early and late dimensionless
time drawdown. Moench [2008] presented analytical and
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numerical analyses of an unconfined aquifer test consider-
ing unsaturated zone characteristics and concluded that
field-scale relative hydraulic conductivity declines more
rapidly with elevation above the top of the capillary fringe
than would be expected if the parameters were to be based
on core-scale measurements and analyses. A review of the
literature shows that there is one aspect which has not been
addressed: the possible airflow induced by water pumping
in unconfined aquifers and its potential impact on water
level prediction and parameter estimation.

[4] Although there is little study of pump-induced air-
flow, general air or air-water flows and their interaction in
unsaturated zones have been studied widely mainly in the
fields of infiltration in vadose zones [Peck, 1965; Touma
and Vauclin, 1986; Linden and Dixon, 1973; Celia and
Binning, 1992; Guo and Jiao, 2008]. The air-water two-
phase flow model should be used when the interaction
between the air and water flows is significant, which is
more realistic than single-phase air or water flow. Linden
and Dixon [1973] conducted several field experiments to
investigate infiltration and water table responses to soil air
pressure under border irrigation, and observed that the water
table was depressed at the center of the field and raised near
the border strip. Rain infiltration can cause the so-called
Lisse effect: the water-level increase in a well driven by
airflow induced by an advancing wetting front during
intensive rains [Weeks, 2002; Guo et al., 2008]. When the
air pressure is sufficiently high, however, air will escape
from the soil surface, thereby causing a sharp decrease in air
pressure and a major increase in the rate of infiltration
[Touma et al., 1984]. The concept that air pressure impacts
water pressure has been used to design a pneumatic slug test,
in which air pressure is used to displace/lower the water level
and the change of water level is then recorded to estimate the
aquifer hydraulic conductivity [Zurbuchen et al., 2002].

[s] At the Hong Kong International Airport, over 100
dome-shaped heaves with diameters of 2—10 m were
observed during heavy rain periods in 2000 (W. K. Leung
et al., Heaving of airfield pavement at Hong Kong Interna-
tional Airport, paper presented at 2007 FAA Worldwide
Airport Technology Transfer Conference, Atlantic City,
2007). The heave problem was mitigated when air pressure
relief holes were installed. The first author was fascinated
by this unusual phenomenon and initiated a study of tide-
induced airflow [Jiao and Li, 2004; Li and Jiao, 2005; Guo
and Jiao, 2008]. Using TOUGH?2 [Pruess et al., 1999], the
two-phase air-water flow in unsaturated and saturated zones
was simulated successfully to reproduce the observed air
pressure [Jiao and Li, 2004]. When the water table rises, the
air pressure in the unsaturated zone increases, the air is
pushed to escape from the ground surface, and the ground
surface “exhales.” When the water table falls, the process is
reversed and the ground surface ‘“inhales.” Abnormally
high and low subsurface air pressure can be generated when
the aquifer structure, rainfall, and fluctuation rate of sea
level are favorably combined [Jiao and Li, 2004]. An
analytical solution for one-dimensional airflow in an unsat-
urated zone induced by tidal fluctuation in a coastal two-
layered system was developed based on several model
simplifications [Li and Jiao, 2005]. This analytical solution
was used to estimate air permeability of the marine sand fill
at a coastal reclamation area.
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[6] The first author speculates that pumping may also
induce significant air pressure if the tide fluctuation and
wetting front can generate appreciable air movement [Jiao
and Li, 2004; Weeks, 2002]. The fluctuation rate of sea tide
is usually <0.5 m/h, but pumping can cause the falling of
water level at the rate of few meters per hour. Obvious
airflow in an observation well during a major pumping test
in Xiaolangdi, located in the Yellow River plain, China was
noticed (L. Wan, personal communication, 2003). During
the test, a sketchy paper being used to record the water-level
data was almost sucked into the observation well and noise
of airflow in the wellbore was heard. The site has a two-
layered structure typical of river plains: a sandy channel
deposit below a less permeable clayey overbank deposit.
The initial water level was located immediately below the
contact of the two layers (L. Wan, Water-supply study in the
river plain located downstream of Xiaolangdi dam, Yellow
River, China, unpublished manuscript, 2000).

[7] A less permeable layer above the main aquifer is not
a uncommon scenario for pumping test sites, especially for
those in river plain. The hydraulic conductivity of the soil
above the initial table is believed to have no effect on the
time-drawdown curve in traditional pumping test analysis.
This may be different if airflow is considered. In this
paper, a numerical study of two-phase air-water flow
induced by pumping was conducted with TOUGH2 to
test the hypothesis. The impact of airflow on drawdown of
hydraulic heads in the aquifer was also explored.

2. Setup of the Numerical Model
2.1.

[8] Figure 1 is a schematic depiction of the geometry and
boundary conditions for the three-dimensional numerical
model. The configuration and some key parameters of the
aquifer system are based on the field test site in Xiaolangdi
(Wan, unpublished manuscript, 2000). The origin of the
system is the point where z and r axes meet. A soil cylinder
with a thickness of 20 m is used as the model domain. The
initial thickness of the saturated zone in the model, i.e., the
aquifer, is set to be 17 m, thus the water table is 3 m below
land surface. A partially screened pumping well with a
radius of 0.15 m, screened below the water table, is located
at the center of the domain. The screen length is 2.4 m and
the bottom of the screen is 0.4 m above the impermeable
bottom. The external radius of the domain is set to be 5000
m, which is sufficiently away from the pumping well so that
the cone of depression cannot reach it during the pumping
time. The uppermost nodes in the model are set to be the
atmosphere boundary with a fixed air pressure equivalent to
a water column height of 10.3 m. The unscreened part of the
well wall, outer vertical boundary and base of the model are
represented by a no-flow boundary.

[9] The background aquifer has a permeability of K. The
system is air-confined if the soil near the ground surface has
a low permeability of Ky [Guo and Jiao, 2008]. Various
cases with different hydraulic conductivity combinations
will be discussed. In the base case, the upper layer has a Ky
of 5.54 x 10~® m/s and a thickness (dy) of 2.4 m, and the
pumping rate is set to be 2500 m*/day. Other parameters in
the base case are shown in Table 1.

Domain Description
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Figure 1.
problem.

2.2. Governing Equations

[10] The mathematical model describing two-phase air-
water flow is based on the mass balance equation [Pruess et

al., 1999],
d ) ) )
E/M“an:/F“onan—i-/q“an.
Va

I, V

[11] The integration is over an arbitrary subdomain V,, of
the flow system under investigation, which is bounded by a
closed surface I',. The quantity M appearing in the accu-
mulation term (left hand side) represents mass per volume,
with x labeling the mass component of air or water. F
denotes mass flux and ¢ denotes sinks and sources. n is a
unit normal vector on surface element dI',,, pointing inward
into V,,.

[12] The general form of the mass accumulation term in
equation (1) can be written in the form

(1)

M* =6 SspsXj (2)
el

Schematic model domain indicating the geometry and boundary conditions used in the test

[13] The total mass of component s (air or water) is
obtained by summing over the fluid phases 3 (liquid or gas).
¢ is porosity, Sz is the saturation of phase ( (i.e., the
fraction of pore volume occupied by phase 3), ps is the
density of phase 3, and X7 is the mass fraction of compo-
nent x present in phase (.

[14] Advective mass flux of a component (air or water) is
a sum over phases, which can be written as

P =Y X 3)
B

Individual phase fluxes are given by a multiphase version of
Darcy’s law:

k"ﬁ P, 3

Fs = psus = —k (VPs — psg) (4)

fo)

[15] Here ug is the Darcy velocity (volume flux) in phase
B; k is absolute permeability; k5 is relative permeability to
phase [3; 13 is viscosity; Pg is the fluid pressure in phase (;
and g is the vector of gravitational acceleration. The

Table 1. Primary Parameter Values Used in the Base Case of the Numerical Simulation

Hydraulic Conductivity (m/s) Pore Compressibility (Pa~") Porosity ¢ (cm*/cm?)

Relative Permeability and Capillary Pressure

Upper layer 5.54 x 1078 (Ky) 1077

Aquifer 7.07 x 107* (K) 1078

0.4 van Genuchten [1980]
Sy (cm*/cm®) S, (cm’/cm®) n a@m™
902 0.175 1.09 0.5
0.3 Linear function

Sis (em*/em®) S, (em*/cm®) Pc (cm water)
1.0 0.21 100
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Table 2. Detailed Locations of the Observation Points

Observation Point x (m) z (m)
0, 20.4 -2.7
0, 31.8 -2.7
0; 54.1 =27
Oy 20.4 —4.5
Os 31.8 —4.5
O¢ 54.1 —4.5
0, 31.8 —4.7

pressures in liquid phase (P;) and gas phase (Pg) are related
via the capillary pressure, P,

Py =Py + Py (5)

2.3. Soil Parameters for the Base Case

2.3.1. Soil Parameters for the Upper Layer

[16] The capillary pressure P, of the low-permeability
upper layer is described by the van Genuchten function [van
Genuchten, 1980]

Pcap = _PO<[S*}71/)\ - 1)]7A (_Pmax S Pcap S O) (6)

where A is a fitting parameter, S* = (S; — S;,)/(S;; — S,), S is
water saturation, S, is residual water saturation, and S, is
saturated water saturation. Py, = p,g/a, p,, is density of
water, g is the gravitational constant, and « is a fitting
parameter.

[17] The van Genuchten-Mualem model [Mualem, 1976;
van Genuchten, 1980] is used to simulate the liquid relative
permeability k,; of the upper layer

ko = {\/S_*{l - (1 - [S*]I/A)A}z Si<Sw) (3
1 (S > Si).

[18] The gas relative permeability &, is chosen as one of
the following two forms [Pruess et al., 1999]

1~ ky (Ser = 0)
o = { (1 —§>2(1 ~5) (54> 0). ®)

with S = S — Si)/(1 — §j — Sgp), and Sy, is residual gas
saturation.

[19] The soil parameters used in the base case are those
for a silty clay. Table 1 lists the hydraulic conductivity Ky,
the residual and saturated water saturations S;,. and S, the
porosity¢ and the van Genuchten water retention parameters
n and « for this soil texture. These data are from the works
of Carsel and Parrish [1988] and Wang et al. [1997].
Similar data sets were used by, for example, van Genuchten
et al. [1991] and Schaap et al. [1998].

2.3.2. Soil Parameters for the Aquifer

[20] Linear functions of relative permeability and capil-
lary pressure are used for the aquifer in the simulation. The
relative permeability of liquid phase, &, increases linearly
from 0 to 1 with the liquid saturation S, in the range S;, < .S
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< 1 — S, The relative permeability of gas phase, k.,
increases from 0 to 1 with the gas saturation S, in the range
Ser < 8¢ <1 — §;,. Here Sj and S, are the residual
saturations of the gas and liquid phases, respectively. Linear
capillary pressure function is defined as

7Pcv ifSlSSIV
1 -8, — 5§ .
=4 —Pe—E  —  ifS,<S<1—S8,
Pcap I_Sgr_Slr7 1 <9 < g (9)
0, i8> 1S,

where P, is the maximum capillary pressure for the soil.
[21] The aquifer parameters (see Table 1) are similar to

those used by Cooley [1971] and Neuman [1972], and the

detailed information is also described by Batu [1998].

2.4. Numerical Method

[22] The numerical solutions of the air-water two-phase
flow are obtained using the EOS3 module in TOUGH2, a
general purpose numerical simulator for multi dimensional
fluid and heat flow of multiphase, multicomponent fluid
mixtures in porous and fractured media. It is assumed that
the aquifer system is under isothermal condition (25°C) and
the air is approximated as a compressible ideal gas.

[23] A radially symmetric mesh, composed of 9864 cells,
is used for the numerical simulation. The vertical mesh sizes
are quite fine, ranging from 0.4 m in the saturated zone to
0.01 m at land surface. Horizontal discretization expands
logarithmically with mesh sizes ranging from 0.1 m to 50 m.

[24] Seven observation points are selected to discuss the
simulation results (Figure 1) and their exact positions are
shown in Table 2. The observation points O;, O, and O3 in
the unsaturated zone is selected to discuss change of the air
pressure induced by pumping. The points Oy4, Os, O¢ and O
are selected to discuss how hydraulic heads in the aquifer
change in response to water pumping.

3. Analysis and Discussion of the Simulation
Results for the Base Case

[25] Water table is commonly defined as the surface on
which the fluid pressure in the pores of a porous medium is
exactly atmospheric [Fetter, 1994; Freeze and Cherry,
1979]. However, this definition does not apply in this study
because the air pressure in the unsaturated zone may be
below zero. The water table is then defined as the boundary
between unsaturated and the saturated zone [Fetter, 1994].
In the case that the air pressure (P, in Figure 1) in the
unsaturated zone is lower than the atmospheric pressure, the
water level in the shallow well will be lower than the water
table because the piezometer is open to the atmosphere.
During the pumping test, the drawdown is defined as the
decline of water level in the piezometer, reflecting the
decrease of fluid pressure at the observation point.

3.1.
Zone

Pumping-Induced Air Pressure in Unsaturated

[26] Prior to pumping, the initial air pressure in the
unsaturated zone is equal to the atmospheric pressure.
Figure 2 shows the air pressure at point Ol, O2 and O3
in the unsaturated zone in response to pumping. When the
water table drops, negative pressures are created. This is
because extra pore space is formed when water table falls,
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Figure 2. Change of air pressure at O1, O2, and O3 with time for the base case.

the negative pressure is enhanced when the low-permeabil-
ity surface prevents the air entry from the atmosphere to fill
the extra pore space.

[27] The air pressure-time curves are bell shaped: the
pressure decreases from zero to a peak value (hereafter
defined as P,,,x), and then increases gradually until reaching
the initial air pressure prior to pumping. As expected, the
peak value is smaller and the time to achieve it is longer as
the radial distance increases.

[28] Figure 3 shows the relation between air pressure,
drawdown, and drawdown rate at O1. There does not appear
to be a clear relation between air pressure and drawdown,
but the relation between the air pressure and drawndown
rate is obvious: the negative pressure begins to appear when
the drawdown rate is approaching its peak, gradually
decreases to Py« when the drawdown rate remains greater
than zero, or the water level continues to fall appreciably.
This observation is similar to the conclusion that tide-
induced air pressure in coastal aquifer is closely related to
the fluctuation rate of the water level [Jiao and Li, 2004;
Guo and Jiao, 2008]. When the system approaches a so-

called quasisteady state and the drawdown does not increase
much with time any more, or the drawdown rate is almost
zero, the air pressure begins to recover and gradually it
drops to zero.

3.2. Pumping-Induced Air Pressure and Its Impact on
Drawdown and Water Table

[29] The numerical model is run first to reproduce the S-
shaped time-drawdown curves in a uniform unconfined
aquifer. In this case, the subsurface system is air-unconfined
and pumping-induced air pressure is expected to be negli-
gible. Then the hydraulic conductivity of the shallow zone
of 2.4 m thick is given a much lower value and the model is
run again under the air-confined condition. The results from
the two runs are to be used to investigate pumping-induced
airflow and its possible impact on drawdown and water
table in the aquifer.

[30] Figure 4 shows the simulation results with and
without the lower-permeability cap. As expected, when
the subsurface system is uniform, the pumping-induced air
pressure is almost zero and the drawdown versus time curve
shows the typical S shape. Also, there is almost no visual

0

= . S (= Drawdown at O4

= —=— Drawdown rate at 04

g‘ 1 2 I — Air pressure at 01 5 2 w
gL g
e - °
38 08 | / 12 3
E / :
58 | s

s 04 13 <

©

5 -

0‘0 L4 siisnl =AY Ld—Prr:IT’ Lol 4 Jlu‘ll-:'-‘ i {2 _4
0.001 0.01 0.1 1 10 100 1000 10000

Time (minute)

Figure 3.

Change of air pressure, drawdown, and drawdown rate with time at O1 for the base case.
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Figure 4. Time evolution of air pressure at O1, drawdown, and water table at O4.

difference between the drawdown and the water table versus
time curves and they can be expressed almost by the same
line.

[31] When the shallow zone is given a much lower
permeability, the negative air pressure occurs. For the base
case, at time = 99 min, P.,, of —3.54 kPa is achieved,
which is equivalent to a water column of 0.36 m. This is
very significant considering the fact that the drawdown at
O4 at this moment is only 0.48 m. This significant negative
air pressure may have important impact on the characteristic
of the drawdown and water table versus time curves.

[32] During the pumping, there will be a decline in
storage, accompanied by a corresponding decline in water
levels in piezometers. If negative pressure above the water
table is developed, there will be an additional decline in
water levels in the piezometers (Figure 1). Therefore the
water level in piezometers will drop more quickly when
negative pressure is generated due to the low-permeability
cap compared to the case without the cap. The water table in
the aquifer, however, declines more slowly due to vacuum
or suction above the water table. As shown in Figure 4, the
water table decrease at x =20.4 m is less than the drawdown
at point O,4. Due to impact of airflow, the drawdown versus
time curve at Oy is similar to that of a confined aquifer and
the intermediate flat segment has become unapparent.

[33] When the soil above the water table is uniformly air
permeable, the air pressure induced by pumping is negligi-
ble (Figure 4). In this case, the drawdown-time curve
calculated from the numerical simulation is very similar to
that from a traditional analytical model for unconfined
aquifers and is S shape. When the low-permeability cap is
presented and negative air pressure is developed, water in
the pores in the unsaturated zone is sucked by the negative
pressure, the gravity drainage from the pores in the unsat-
urated zone is reduced. Consequently, the drawdown
obtained from the air-confined aquifer is much greater than
that calculated from the model without the low-permeability
cap. So the drawdown versus time curve may not conform
to the traditional S-shaped curve for an unconfined aquifer.
The intermediate flat segment of the curve formed by the

recharge effect of gravity drainage almost disappears and
the drawdown behavior is close to that of a confined aquifer.

[34] For the specific example shown in Figure 4, the
difference in drawdown between the cases with and without
the upper layer is very obvious during 0.2 and 1000 min and
the maximum difference is 0.33 m at time equal about
60 min. Such a difference in the drawdown computed from
these two cases indicates the impact of airflow on draw-
down prediction. For this example, if the low-permeability
cap is ignored and the airflow is not considered, the
maximum relative error in the estimated drawdown occurs
at time = 6.8 min. At this time, drawdowns from the models
with and without the cap are 0.253 and 0.028 m, respec-
tively, and the absolute relative error is |0.252 — 0.028|/
0.252 = 88%.

3.3. Impact of Airflow on Drawdown With Radial
Distance

[35] Figure 5 shows the variation of the air pressure and
the drawdown with radial distance from the pumping
well. When the subsurface system is uniform or the low-
permeability cap does not occur, the drawdown-time curves
depict the typical S shape. With increasing radial distance
from the well, the effect of elastic storage decreases and the
intermediate flat segment at the curves become unapparent.
For the same time, the drawdown, as expected, decreases
with the radial distance. The air pressure in the unsaturated
zone remains a minor value during the whole period of
pumping because the good connection between air in the
soil and in the atmosphere.

[36] When there is a low-permeability cap, significant
negative air pressures can be induced in the unsaturated
zone. Like the drawdown of the hydraulic head in the
aquifer, pumping-induced negative air pressures attenuate
with radial distance from the pumping well. Figure 5 shows
the temporal variation of air pressure at O1, 02, and O3,
which are 20.4, 31.8 and 54.1 m away from the pumping
well, respectively. The maximum negative air pressures
Poax at O1, 02, and O3 are —3.54, —3.07 and —2.4 kPa,
respectively. P« Will be lower and the time to reach P,
will be longer as the observation point is farther from the
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Figure 5. Changes of air pressures with time at three observation points in the unsaturated zone, (a) O1,
(b) 02, and (c) O3, and drawdowns at three points in the aquifer, (a) O4, (b) OS5, and (c) O6.
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Figure 6. Changes of the drawdown with elevation with » = 16.2 m when the time is 0.1, 1, 50, 1000
5000, and 15,000 minutes, respectively.

pumping well. The intermediate flat segment of the draw-
down versus time curves tends to be unapparent due to
impact of the negative air pressures above the water table

3.4. Impact of Pumping-Induced Airflow
on Drawdown With Elevation

water to the water table so that the drawdown increases
slowly. As time increases, the drawdown versus elevation
curves again become almost vertical, meaning that again
water flows mainly horizontally to the well.
[38] As shown in Figure 6, the drawdown can be greatly
) impacted by airflow above the water table so that the
,[37] Figure 6 shows hOW the drgwdowr.l at a r.adlal drawdown is significantly increased. As discussed previ-
distance of 16.2.m changes with elevation at (.11ffer.ent.t1m.es. ously (Figure 4), the drawdown difference between the
When t = 0.1 min, the curves are almost vertical, indicating  ,qe with and without the upper layer increases with time
the water flows almost horizontally to the well. In the 41 reaching a maximum, and then decreases gradually
intermediate phase, the drawdown close to the water table . _ :
is less than the drawdown at greater depths, which indicates

With t = 0.1 min, there is almost no drawdown difference
Fi 6). With t =
significant vertical flow. This is because of gravity drainage (Figure 6). Wi

50 min, the drawdown difference
. A . > reaches a maximum of about 0.35 m at z = —4.3 m. After
i.e., the water body in the cone of depression contributes
2.0
e - — 0.0
oo e
e o
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Figure 7. Air pressures at Ol and the drawdown at O4 for different hydraulic conductivities (Ky) of the
upper layer.
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