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Simulating Drainage from a Flooded Sinkhole1
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Abstract. Understanding sinkhole-drainage capacity and functioning is critical
to realizing the effects that may be created when directing stormwater drainage
to sinkholes. The importance of understanding sinkhole drainage seems to be
ignored during most hydrological investigations involving sites with sinkholes in
which drainage is a prime issue at site. In addition, theoretical sinkhole-drainage
studies are conspicuously lacking. Sinkhole flooding often results in property
damage and physical harm. In this paper, the basics of sinkhole drainage are
reviewed in terms of a point vortex flow created by drainage down a sinkhole
swallet. Then several different, relatively, simple sinkhole shapes are presented
and mathematical models developed to simulate drainage from inflowing water.
The models emphasize the significance of drainage rate as a function of sinkhole
shape and sinkhole wetted cross-sectional area relative to changes in water level
and time. Model simulations provide insights into the sensitivity of sinkholes to
inflow rates and head changes with respect to time.

1. Introduction

Sinkholes act as natural surface-water drains, but their
enhanced-use by man to control stormwater is also com-
mon. In recent years there has been some recognition of
the potential risks of directing stormwater to sinkholes for
drainage (e.g., risks may entail additional sinkhole devel-
opment). However, recognition of the potential risks does
not always translate into appropriate action. For example,
recent project proposals in Lebanon County, Pennsylvania,
Roanoke, Virginia, etc., still reflect attempts by developers
to maximize their construction footprint by directing much,
if not all of the area stormwater down one or more sinkholes
at or near the property. Most such intended uses of sink-
holes for stormwater drainage do not include any more than
a cursory site-hydrologic evaluation.

Understanding flow processes on the surface and in the
subsurface of karstic terranes is of considerable impor-
tance. Most efforts to understand surface flows use tra-
ditional hydrological methods and involve peak discharge
calculations (see, for example, MDE, 2000, Appendix
D.10). However, most efforts to understand subsurface flows

1Disclaimer: The views expressed in this paper are solely those of the
author and do not necessarily reflect the views or policies of the U.S. Envi-
ronmental Protection Agency.

are accomplished using a combination of typical aquifer-
investigative techniques (e.g., potentiometric-surface map-
ping and aquifer testing), spring hydrograph assessment, and
groundwater tracing from selected input points (e.g., sink-
ing streams and sinkholes) to discharge points (e.g., springs
and/or wells). Although beneficial in establishing the over-
all flow picture, these techniques seldom provide adequate
details regarding the actual flows that occur between the in-
put and output points. In particular, little attention seems to
be directed towards sinkhole-drainage capabilities and func-
tioning which is critical when intending to direct stormwater
drainage to a sinkhole. Reese et al. (1997) briefly alludes
to an assessment of sinkhole-drainage capacity, but their as-
sessment is too limited in scope and comes across more as
an afterthought than as part of an integral investigation into
the drainage limits of sinkholes.

Sinkholes have been described as funnels to a water-
supply line (Field, 1989). Whatever gets washed down a
sinkhole also gets into the subsurface solution conduits and
are eventually discharged at a downgradient resurgence if
constrictions in the conduit, excessive masses, etc. do not
prevent discharge. Tapping solution conduits or springs for
drinking water runs the risk that materials washed into up-
gradient sinkholes may be harmful to human health (e.g.,
Fig. 1).
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Figure 1. Contaminant leakage from a pesticide stor-
age warehouse into a sinkhole located in Manati, Puerto
Rico. Pollutant stream is yellow in color and black sludge
is built up from past releases. Photo taken during heavy
precipitation is causing sinkhole to fill; one half hour af-
ter cessation of precipitation, sinkhole had completely
drained.

Although the risk of dangerous substances getting
washed into sinkholes is very real, it is still common practice
to direct stormwater runoff into sinkholes to control flood-
ing and to hopefully prevent additional new sinkhole occur-
rences. Drastically changing surface and/or subsurface hy-
drology tends to induce the development of new sinkholes,
however. Investigations into directing stormwater drainage
down a sinkhole or uvala usually entails little more than de-
termining how to redirect surface water to the sinkhole or
uvala. There is some indication, however, that local govern-
ments are now slowly moving away from directing stormwa-
ter down existing sinkholes (Parizek, 2005) and developing
more comprehensive stormwater management plans specific
to karst terranes (Barner, 1999). According to Fleury (2009,
p. 21) stormwater management ordinances are a result of
communities recognizing the need to better protect their wa-
ter quality and minimize the risk of inducing new sinkholes.
A not too common theme in many of the ordinances is the
requirement that sinkhole-drainage capacity be determined,
but finding guidance on how to make such a determination
is not easily accomplished (CSN, 2009), although there are
some general sources do refer to the significance of karstic
terranes (see, for example, MDE, 2000; MPCA, 2008).

Sinkholes have also been described as diagnostic of karst
(Quinlan, pers. comm.) and/or as the fundamental unit of
karst relief (Sweeting, 1973, p. 44). That is, if you have a
sinkhole, then you are in a karstic terrane. However, the re-
verse is not necessarily true; the absence of sinkholes does
not rule-out karst (Ford and Williams, 2007, p. 339). Sink-
hole occurrence, distribution, and formation have all been
the subject of extensive studies for many decades (see, for
example, Cvijić, 2005; Ford, 1963; Jennings, 1985; Sweet-
ing, 1973; Williams, 1971, 1983, 1985; Gao, 2002) as have
been the construction aspects of building on sinkholes (e.g.,
Sowers, 1996; Waltham et al., 2005). Some research efforts
have also been directed towards better stormwater-quality
management when intending to use sinkholes for stormwa-
ter drainage (see, for example, Crawford and Gorves, 1995;
Kalmes and Mohring, 1995; Keith et al., 1995). However,
little research appears to have been directed at understand-
ing sinkhole-drainage functioning.

In an effort to obtain a better understanding of sinkhole
functioning, a model for sinkhole drainage was developed
and simulations conducted. The model is considered to be
reasonably realistic in that it is developed with the observed
occurrence of flow into and down a sinkhole of moderate-
size dimensions and that is drained by a swallet. The model
is limited to theoretical conditions because of, for example,
the assumption of symmetry of sinkhole shape and viscosi-
ties equal to that of water. The model does not address the
pressure head necessary to drive a plug down the swallet;
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rather the model only balances inflow and outflow as related
to instantaneous flushing of water down the swallet.

2. Sinkhole-Drainage Hydrology

Drainage down a sinkhole swallet is of particular inter-
est to local managers when the underlying swallet becomes
plugged or inflow exceeds the drainage capacity of the swal-
let because the sinkhole will tend to become temporarily
flooded until either inflows are reduced or sufficient pressure
is developed such that the plug is forced down the swallet.
Waltham et al. (2005, p. 251–253) provides a brief discus-
sion of the causes of sinkhole flooding and the need to ad-
dress the problem. Zhou (2007) provides a somewhat more
comprehensive discussion of the causes for sinkhole flood-
ing and the need to recognize the importance of understand-
ing sinkhole drainage. According to Zhou, the main causes
for sinkhole flooding are (1) excessive recharge to the sink-
hole, (2) excessive inflows, and (3) inadequate discharge.
Soil-plugged sinkholes, which fall under the category of ex-
cessive recharge defined by Zhou, are quite common as ev-
idenced by the example of a dropout doline schematically
shown in figure 2 of Waltham and Lu (2007, p. 15). Plug
removal may result in a large pulse of water draining out of
the sinkhole that may impact downstream water supplies as
well as possibly causing some structural damage. Modeling
sinkhole drainage can provide some insights into the sink-
hole functioning and perhaps lead to better management of
sinkholes in terms of stormwater management.

2.1. Swallet-Capacity Determination

The most important aspect of a sinkhole, from a hydro-
geological perspective, is swallet capacity of the sinkhole
(Milanović, 2004, p. 22). Determination of swallet capac-
ity is the subject of a detailed discussion in Bonacci (1987,
p. 109–115) because poor swallet drainage often results in
massive flooding problems when swallet capacities are ex-
ceeded (see figure 5.8, p. 108 in Bonacci, 1987). Loss of life,
serious injury and displacement, and damage to homes and
other structures often occur as a result of flooding in karstic
terranes (Day, 2007). As explained in Bonacci, the swallet
capacity q depends on the water level h in the pre-swallet
retention only when flow in the underlying main karst chan-
nel is not under pressure; when under pressure the swallet
capacity is dependent on head differences. Swallet drainage
is defined by Torricelli’s theorem (Streeter and Wylie, 1979,
p. 104) according to

q(h) = aπc0
√

2gh (1)

which states that water flows out of a wide basin with a ve-
locity that suggests its parts had descended from a height h

of the water surface to a level of outflow that is free of pres-
sure losses and assumes no friction which would likely be
insignificant anyway for small flow velocities (Bögli, 1980,
p. 88). The discharge coefficient c0 represents the ratio of
the actual discharge to that computed from the full area a
of the opening and the ideal velocity (Schoder and Dawson,
1934, p. 130). Bonacci (1987) used Equation (1) and other
equations to provide a general estimate of the swallet ca-
pacity of various sinkholes. However, extensive piezometric
measurements are required.

2.2. Theory of Sinkhole Drainage

Drainage of a flooded sinkhole via a swallet will be by
point vortex flow which can be quite complicated. Pozrikidis
(2001) provides a comprehensive theoretical discussion of
vortex motion in various chapters (Pozrikidis, 2001, e.g.,
p. 288–295 and p. 548–605) although there are entire books
devoted to the subject (see for example, Ogawa, 1993; Ma-
jda and Bertozzi, 2008). Using the methods described in
Pozrikidis (2001, p. 548–558) a visual representation and
the counterclockwise velocity field created by a point vortex
representing the swallet of a symmetrical circular sinkhole
and/or symmetrical elliptical sinkhole may be displayed as
shown in Figure 2.

For those instances in which the swallet is offset from
the center of the sinkhole (Figures 2(b) and 2(d)), a velocity
field and its image may be calculated at any point within
the vortex. The velocity field was calculated at the tip of
the arrow depicting the counterclockwise vortex flow shown
in Figures 2(b) and 2(d). The negative velocity field values
are not incorrect because a velocity field is also a velocity
vector. Rather the velocity values relate to the direction and
nature of the velocity field effect on the counterclockwise
flow induced by the primary point vortex centered over the
swallet.

In the case of a circular sinkhole (Figures 2(a) and 2(b))
the velocity induced by the image point vortex at the location
of the primary vortex may be calculated as the latter rotates
around the center of the sinkhole in the direction of the po-
lar angle θ measured around the center of the sinkhole in the
counterclockwise direction (Pozrikidis, 2001, p. 558). For
the case of a circular sinkhole with a centered swallet (Fig-
ure 2(a)), the dimensionless velocity υθ = 0 whereas for
the case of a circular sinkhole with an offset swallet (Fig-
ure 2(b)), the dimensionless velocity υθ = 0.0756.

2.2.1. Sinkhole Flooding Sinkholes, whether naturally
occurring or anthropogenic in origin, have a specific capac-
ity to drain water that is sometimes exceeded. When a sink-
hole becomes plugged or the underlying solution conduit’s
capacity to transmit water is exceeded, the ability of a sink-
hole to drain all the water being directed into it is exceeded,
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Figure 2. Representative basic sinkhole forms displaying counterclockwise point vortex flow centered on the swallet.
Dotted lines represent swallet axes and dashed lines represent sinkhole axes. For a noncentered swallet, a velocity field
is created throughout the vortex; a representative velocity field is calculated at the tip of the vortex arrow shown. It
will be noted that symmetric sinkholes do not need to have the swallet located directly below the center of the sinkhole.
Modified from Pozrikidis (1999, p. 54–55).



Simulating Sinkhole Drainage 5

which results in flooding of the sinkhole and the surround-
ing area (McCann and Smoot, 1999). White (1989) provides
a brief discussion on the statistics of extreme events that is
applicable to sinkhole flooding and serves as an introduction
to the basic concepts needed to understand the statistics of
sinkhole flooding. Such flooding has obvious implications
for local communities (see for example, Crawford, 1984;
Dinger and Rebmann, 1986; Reeder and Crawford, 1988;
Reese et al., 1997) including litigation (Quinlan, 1984).

Many sinkholes are reinforced and/or modified in vari-
ous ways to enhance the discharge of stormwater down the
sinkhole while attempting to minimize the flow of flotsam
and jetsam down the sinkhole, although pollutants are much
more difficult to constrain. This author has personally ob-
served the flow of treated industrial wastewaters being di-
rected down a concrete-reinforced sinkhole in which a le-
gitimate Underground Injection Control (UIC) (CSN, 2009;
USEPA, 2009) permit had been issued (Fig. 3). Should
the sinkhole-drainage capacity receiving treated industrial
wastewaters be exceeded for some reason, the wastewaters
would then be spread throughout the land surface resulting
in serious pollution of both the subsurface from the ongoing
discharge and the surface from the temporary sinkhole-flood
event.

3. Modeling Sinkhole Drainage Using Various
Sinkhole Shapes

Sinkholes all have one or more defined swallets at
their base that connects the sinkhole with some underly-
ing conduit system for ultimate discharge at a downstream
resurgence as depicted in the generic karst aquifer shown
schematically in the block diagram in Figure 4. In the center
block of Figure 4 a sinkhole is shown receiving diffuse auto-
genic and concentrated autogenic recharge which drains into
a swallet, through a shaft (Flow Type 4 in Figure 4) to a hor-
izontal vadose conduit. A shaft from this horizontal conduit
then drains the water to an underlying phreatic conduit.

It is not difficult to envision the sinkhole in the center
block in Figure (4 being plugged by soil when it first devel-
oped, as a result of new construction, increased catchments,
or as a result of back-flooding emerges from conduits im-
peded by sediment or breakdown downstream of the under-
lying solution conduit (Waltham et al., 2005, p. 251). As a
result of inflows that exceed the sinkhole drainage capacity,
or, as a result of a poor repair efforts, the sinkhole backs-up
and overflows. In the case of a swallet plug, the plug will
restrict but not necessarily prevent water drainage down the
swallet. As the water level rises above the sinkhole plug in
the swallet, leakage of the water around and through the plug
tends to loosen the compacted soil and lubricate the under-

lying swallet and consequently, a pressure gradient on top of
the soil plug develops. Eventually, leakage of water through
and around the soil plug and the pressure gradient from the
overlying water combine to drive the plug down through the
swallet and the flooded sinkhole then rapidly drains through
the swallet. Similar leakage and full drainage will occur in
the other circumstances advanced here. If water continues
entering the sinkhole, then an eventual mass-balance of in-
flowing water will equal the draining water unless the in-
flowing water is greater than or less than the rate of outflow.

3.1. Model Description

Simplified theoretical models for drainage down the swal-
let of a sinkhole can be developed according to the con-
ditions depicted in Figure 5 in which a sinkhole typically
ranges in size from 2–100-m-deep, 10–1000-m-in-diameter,
and are commonly circular or elliptical in form (Cvijić,
2005, p. 66) as shown in Figure 2. The modeling method
described uses flow into and through a funnel (Rostamian,
2009) as an analogue for sinkhole drainage. It should be
noted that some of the sinkholes depicted in Figure 5 are not
naturally occurring. For example, Figure 5(c) does not com-
monly occur, but undercutting of sinkhole walls does some-
times occur so it was considered appropriate to include it in
the model analysis.

The sinkholes shown in Figure 5 may be classed ac-
cording to the three main shapes identified by Cvijić (2005,
p. 69). Specifically, Cvijić identified well-shaped sinkholes
(cylinder-shaped) which conforms to Figures 5(a) and 5(d),
which Cvijić regarded as relatively rare (Cvijić, 2005, p. 70).
Figure 5(b) generally matches the funnel-shaped sinkholes
of Cvijić (2005, p. 69) and Figure 5(f) generally matches the
bowl-shaped sinkholes of Cvijić (2005, p. 69). The remain-
ing sinkholes shown (Figures 5(c) and 5(e)) are exaggera-
tion of sinkholes exhibiting undercutting or other factors due
to hydrological-, geological-, and/or geomorphological-site
conditions.

Referring to the sinkholes depicted in Figure 5 and apply-
ing Torricelli’s theorem to flow, drainage through the swallet
of a sinkhole is directly related to the water level in the sink-
hole according to:

q(h) = a0c0
√

2gh(t) (2)

where Equation (2) differs from Equation (1) only with the
consideration of the dependence of swallow-hole drainage
on water level as a function of time and where

a0 = π x2
0 (3)

The volume of water V (t) in the sinkhole at time t equals
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Figure 3. (Left) Restricted access to an improved sinkhole operating as a Class V injection well receiving treated
industrial wastewaters at the RCA del Caribe facility, Barceloneta, P.R. (Right) Close-up view of sinkhole depicting
concrete reinforcement for improvement of sinkhole sides, and wastewater-discharge pipe draining approximately 500
gpm of treated wastewater from the RCA facility. This Class V Well was operated under Permit No. 83-004 issued
by the UIC Program under the authority of the Federal Safe Drinking Water Act; all facility operations at RCA del
Caribe were ceased in 1987 (USEPA, 1994).

the rate of change according to

dV

dt
= Q(t)− q(h) (4)

Relating dV/dt to water level h in the sinkhole requires
recognition of the wetted cross-sectional area A(h) of the
sinkhole according to

dV

dt
= A(h)

dh

dt
(5)

so that Equation (4) now becomes

A(h)
dh

dt
= Q(t)− q(h) (6)

An expression for the wetted cross-sectional area A(h)
of a sinkhole is relatively easily obtained for a symmetri-
cal cylindrically-shaped sinkhole as depicted in Figure 5(a)
that is not dependent on time t or water level h. For a
cylindrically-shaped sinkhole (Figure 5(a)), Equation (2) re-
verts back to Equation (1) and the wetted-cross sectional
area of the sinkhole is easily obtained from

A = πr2 (7)

where r2 is equivalent to xy and x = y on the circle at
the top of Figure 2. For the ellipse shown on the bottom of
Figure 2 the area is obtained from

A = πxy (8)

where y < x.
An expression for the wetted cross-sectional area A(h)

of a symmetrical straight-sided cone-shaped sinkhole or in-
verted cone-shaped sinkhole, however, is a function of the
level of the water level h in the sinkhole (which is a function
of time t) and requires use of the equation of a line repre-
senting one side of the sinkhole. This is accomplished using
the coordinates on the right side of the sinkholes depicted in
Figures 5(b) and 5(c).

y − y0 =
(
y2 − y0
x2 − x0

)
(x− x0)

=
(

H

x2 − x0

)
(x− x0) (9)

Substituting h(t) for y and solving for x = r(h) yields

r(h) = x0 +
(
x2 − x0

H

)
h(t) (10)

which represents the radius at a given water level h in the
sinkhole at time t so that the wetted cross-sectional area
A(h) at time t and water level h may be obtained from

A(h) = π

[
x0 +

(
x2 − x0

H

)
h(t)

]2
(11)

For a symmetrical bowl-shaped sinkhole (Figure 5(f)) the
wetted cross-sectional areaA(h) is much easier to determine
as a function of water level h because the radius at a spe-
cific water level r(h) may be solved using the equation of a
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Figure 5. Schematic diagram and coordinate system depicting flow into and out of a sinkhole: (a) symmetrical
cylindrically-shaped sinkhole; (b) symmetrical cone-shaped sinkhole; (c) symmetrical inverted-cone-shaped sinkhole;
(d) symmetrical cylindrical-cone-shaped sinkhole; (e) combined symmetrical inverted-cylindrical-cone-shaped sink-
hole; and (f) symmetrical bowl-shaped sinkhole. Not drawn to representative proportionality.
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parabola. The equation for r(h) is then

r(h) =

√
h(t)− bx+ c

a
(12)

and the equation for A(h) becomes

A(h) = π

(
h(t)− bx+ c

a

)
(13)

where a, b, and c are constants and a is necessarily positive.
Equations (12) and (13) may be simplified by setting a = 1
and b = c = 0. Equations (9)–(13) are applicable to sink-
holes of circular form and are also applicable to sinkholes of
elliptical form after minor modifications.

For the case of an asymmetrical sinkhole, the cross-
sectional area calculation must be based on a polygon that
represents the shape of the asymmetrical sinkhole. This can
be accomplished, but no specific equation may be used to
represent the shape of the sinkhole and a new polygon would
need to be developed for each water-level change ∆h.

The appropriate model for sinkhole drainage for each of
the various sinkhole shapes shown in Figure 5 is listed in
Table 1. Equations (6) and (7) constitute the entire sink-

Table 1. Drainage models for the sinkhole shapes shown in Fig-
ure 5.

Sinkhole Shape Drainage Model

Cylindrically-Shaped Equations (6), (7)
Cone-Shaped Equations (6), (11)
Inverted Cone-Shaped Equations (6), (11)
Cylindrical-Cone-Shaped Equations (6), (7), (11)
Inverted-Cylindrical-Cone-Shaped Equations (6), (7), (11)
Bowl-Shaped Equations (6), (13)

hole drainage model for a symmetrical cylindrically-shaped
sinkhole (Figure 5(a)). Equations (6) and (11) constitute
the entire sinkhole drainage model for a symmetrical cone-
shaped sinkhole and for an inverted cone-shaped sinkhole
(Figures 5(b) and 5(c)). Equations (6) and (13) constitutes
the entire sinkhole drainage model for a symmetrical bowl-
shaped sinkhole (Figure 5(f)). Figures 5(d) and 5(e) are spe-
cial cases using various combinations of Equations (6), (7),
and (11).

3.1.1. Critical Inflow rate A critical inflow rateQc for
a sinkhole may be defined as the rate of inflow that maintains
a fully filled sinkhole but which does not overflow. For a
fully filled sinkhole that is not overtopped, h(t) = H and the
depth of the sinkhole is not increasing (e.g., due to additional
geomorphological processes), dh/dt = 0, dV/dt = 0, and
Qc = q(h) = 0. The critical inflow rate Qc can then be
obtained from

Qc = aπc0
√

2gH (14)

Table 2. Parameters for modeling the various circular sinkhole
shapes depicted in Figure 5.

Parameter Value Unit

Sinkhole Factors

Sinkhole Height 6.00 m
Sinkhole Radius 3.00 m

Swallet Factors

Swallet Height 0.00 m
Swallet Radius 0.10 m
Coef. of Discharge 0.61

Initial Conditions

Water Level 3.00 m
Inflow Rate Qa, b

Q� q 0.240 m3 s−1

Q > q 0.190 m3 s−1

Q = q 0.147 m3 s−1

Q� q 0.020 m3 s−1

a Model simulations were conducted with four selected initial inflow
rates to reflect the specific chosen conditions.

b Critical inflow rate Qc = 0.208 m3 s−1 for the sinkhole parameters
used here.

Equation (14) is just a slight modification of Equation (1)
because water level is not changing. Estimating critical in-
flow rate can be useful for assessments of the potential for
flooding hazards when designing stormwater drainage into
existing on-site or nearby sinkholes.

4. Model Simulations

Inflow rates into the sinkholes depicted in Figure 5 is a
prime controlling force on sinkhole drainage rate, but not the
sole controlling force. This is because the rate of outflow
is strongly dependent on the water level h in the sinkhole
and the wetted cross-sectional area A(h) of the sinkhole as
a function of time t, all of which are a function of sinkhole
shape.

Parameters for a moderately-sized circular sinkhole are
shown in Table 2. Initial inflow rates for the sinkholes were
0.240, 0.190, 0.147, and 0.020 m3 s−1. These four inflow
rates were chosen to reflect conditions of extreme inflow
exceedance (Q � q), inflow exceedance (Q > q), inflow
equality (Q = q), and extreme inflow inferiority (Q � q),
all relative to outflow.
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4.1. Uniform Inflow Rates into the Sinkholes

Uniform inflow into sinkholes does not necessarily trans-
late into a uniform outflow or drainage rate down the swallet
at the base of the sinkhole; other hydrological and geolog-
ical factors not addressed here are also of importance. The
model developed in this paper was initially tested using the
listed series of four uniform inflow rates. Inflow rates chosen
reflect the influence that inflow has on drainage rate while
still allowing the initial static water level h in the sinkholes
to respond over time as a result of the swallet either being
overwhelmed or underwhelmed by the inflowing water.

4.1.1. Uniform Inflow — Water-Level Changes Sim-
ulation results for water level ∆h as a function of time t for
a uniform inflow of water into the sinkholes depicted in Fig-
ure 5 are shown in Figure 6. From Figure 6 it can be seen
that the water level h in all of the sinkholes depicted in Fig-
ure 5 varies significantly and rapidly with respect to time t
as water drains through the underlying swallet. Inflow rates
that exceed the outflow rate (0.240 and 0.190 m3 s−1) both
rise rapidly in all the model sinkholes. However, an inflow
rate of 0.240 m3 s−1 rises extremely rapidly and exceeds the
top of the sinkhole to result in overland flooding. The height
of the water rise above the sinkhole for an inflow rate of
0.240 m3 s−1 could significantly influence the rate of outflow
if there is sufficient barriers to the spread of water above the
sinkhole which would force ponding and a greater pressure
head. Figures 6(c) and 6(e) exhibit a slower rise in water
level which is a result of the decreasing cross-sectional area
A as a function of increasing water level h (see Figures 5(c)
and 5(e)).

For an inflow rate much less than the drainage capacity
(0.020 m3 s−1), the water level h drops rapidly with respect
to time t. Figures 6(c) and 6(e) exhibit decreasing water
levels that differ from the other model sinkhole plots; Fig-
ure 6(c) reflects a smoothly decreasing water level that re-
sults from the increasing cross-sectional areaA as a function
of changing water level ∆h whereas Figure 6(e) exhibits a
mild hump in the decreasing water level which reflects the
change in cross-sectional area A as a function of changing
water level ∆h (see Figure 5(c) and 5(e)).

As expected, for the special case of Q = q(
0.147 m3 s−1

)
no apparent change in water level occurs.

This is a crucial value for sinkhole drainage because it re-
flects the transition from Q < q to one of Q > q and should
elicit concern from stormwater managers when this rate is
being exceeded, because the sinkhole will now begin filling
and may be approaching the critical inflow rate.

In terms of sinkhole shapes, it is interesting to note the
similarity between all the plots shown in Figure 6. There
are some readily apparent minor differences, but overall the

plots all reflect the same basic behavior.
4.1.2. Uniform Inflow — Sinkhole Drainage Rate

Drainage rate q for uniform inflow rates with respect to t
is shown in Figure 7. The plots shown in Figure 7 appear
similar to those shown in Figure 6. In each plot, each inflow
rate reflects the importance of water level h in the sinkhole.
As water level h changes, drainage rate changes accordingly
as expected from Equation (2). Also, from Figure 7 it can be
noted that an inflow rate of 0.020 m3 s−1 becomes asymp-
totic with the x-axis as expected from Equation (6). An in-
flow rate less than 0.020 m3 s−1 results in complete drainage
of the sinkhole (i.e., h = 0).

4.1.3. Uniform Inflow — Cross-Sectional Area The
cross-sectional areas for uniform inflow rates developed
from the simulations are shown in Figure 8 which strongly
reflects the various shapes of the different sinkholes shown
in Figure 5. Figures 8(a) and 8(d) mostly display a static
cross-sectional area for the four different inflow rates. How-
ever, for an inflow rate of 0.020 m3 s−1, the cross-sectional
area rapidly drops to near zero because this particular inflow
rate is the only flow rate that is low enough such that the wa-
ter level in the sinkhole decreases to that part of the sinkhole
that becomes cone shaped (0.9 m).

The cross-sectional areas for the cone- and bowl-shaped
sinkholes (Figures 5(b) and 5(f)) plots (Figures 8(b) and 8(f))
are very similar and appear similar to the shape of the curves
depicted in Figures 6(b) and 8(f), respectively. These plots
help emphasize the relationship to cross-sectional area to
water level.

The cross-sectional areas plots shown in Figures 6(c) and
6(e) appear very strange and reflect the less uniform sinkhole
shapes shown in Figures 5(c) and 5(e). Figure 5(c) is an in-
verted cone so cross-sectional area increases as water level
decreases which causes an inverse response with respect to
inflow rate (i.e., increasing inflow rate results in decreasing
cross-sectional area). The same effect does not occur for
the sinkhole shown in Figure 5(e); rather, the cross-sectional
area of the sinkhole increases at first and then rapidly falls
to zero. This only occurs with the lowest inflow rate be-
cause this is the only inflow rate that results in a water level
that decreases to an elevation where the change in sinkhole
shape is influences cross-sectional area. The flattening of the
0.240 m3 s−1 indicates that the top of the sinkhole had been
breached after about 1500 s.

4.2. Varying Inflow Rates into the Sinkholes

Typical inflow rates would not be expected to be uniform
as was considered in the previous simulation. Table 3 de-
picts an increasing and then decreasing inflow rate into the
sinkholes. Although the increasing inflow rates and then de-
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Figure 6. Graphic plots of calculated water level for each of the six types of sinkhole depicted in Figure 5 for uniform
inflow rates: (a) symmetrical cylindrically-shaped sinkhole; (b) symmetrical cone-shaped sinkhole; (c) symmetrical
inverted-cone-shaped sinkhole; (d) symmetrical cylindrical-cone-shaped sinkhole; (e) combined symmetrical inverted-
cylindrical-cone-shaped sinkhole; and (f) symmetrical bowl-shaped sinkhole.
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Figure 7. Graphic plots of calculated drainage rate for each of the six types of sinkholes depicted in Figure 5 for
uniform inflow rates: (a) symmetrical cylindrically-shaped sinkhole; (b) symmetrical cone-shaped sinkhole; (c) sym-
metrical inverted-cone-shaped sinkhole; (d) symmetrical cylindrical-cone-shaped sinkhole; (e) combined symmetrical
inverted-cylindrical-cone-shaped sinkhole; and (f) symmetrical bowl-shaped sinkhole.



Simulating Sinkhole Drainage 13

Figure 8. Graphic plots of calculated wetted cross-sectional area for each of the six types of sinkholes depicted in
Figure 5 for uniform inflow rates: (a) symmetrical cylindrically-shaped sinkhole; (b) symmetrical cone-shaped sink-
hole; (c) symmetrical inverted-cone-shaped sinkhole; (d) symmetrical cylindrical-cone-shaped sinkhole; (e) combined
symmetrical inverted-cylindrical-cone-shaped sinkhole; and (f) symmetrical bowl-shaped sinkhole.
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Table 3. Increasing and then decreasing inflow rates
used to model sinkhole drainage.

Inflow Rates, Q0, m3 s−1

Time, s Q� q Q > q Q = q Q� q

0a 0.240 0.190 0.147 0.020
400 0.246 0.193 0.149 0.023
800 0.250 0.196 0.150 0.027

1200 0.254 0.199 0.152 0.030
1600 0.258 0.202 0.154 0.033
2000 0.262 0.205 0.155 0.037
2400 0.250 0.200 0.153 0.032
2800 0.237 0.194 0.149 0.028
3200 0.229 0.189 0.146 0.025
3600 0.221 0.185 0.143 0.021
4000 0.213 0.180 0.140 0.018

a Zero time represents initial inflow rates.

creasing inflow rates shown in Table 3 are relatively simple,
this simulation serves to illustrate the effects of varying in-
flow rates.

4.2.1. Varying Inflow — Water-Level Changes The
water levels shown in Figure 9 show the effect of first in-
creasing and then decreasing inflow rates. In general, these
curves are similar to those shown in Figure 6, but with some
apparent differences. For example, two of the six sinkholes
depicted in Figure 5 show the water level for the greatest in-
flow rate

(
0.240 m3 s−1

)
exceeding the top of the sinkhole

but then falling below the top of the sinkhole as the inflow
rate decreases. This also occurs for the 0.190 m3 s−1 inflow
rate for four of the six sinkholes.

For initial inflow rates of 0.147 and 0.020 m3 s−1, wa-
ter levels may be observed to fluctuate as expected. In gen-
eral, the water levels can be observed to initially increase for
the 0.147 m3 s−1 inflow rate and then decrease as expected.
However, for the 0.020 m3 s−1, other than for the inverted
sinkhole (Figure 5(c)), the water levels initially fall signifi-
cantly, then rise, and then begin declining slightly. Only the
inverted sinkhole exhibits a smooth and steady decline for
the 0.020 m3 s−1 inflow rate (Figure 9(c)).

4.2.2. Varying Inflow — Sinkhole Drainage Rate As
would be expected, the appearance of the drainage rate plots
(Figure 10) generally mimics the appearance of the varying
water level plots (Figure 9). This occurs because of the de-
fined relationship between water level and drainage rate.

4.2.3. Varying Inflow — Cross-Sectional Area Sim-
ulation plots of cross-sectional area A with respect to time
t emphasize the importance of sinkhole shape in the model.
Figures 11(a) and 11(d) exhibit no change in cross-sectional
area because Figures 11(a) and 11(d) are both mostly cylin-

drically shaped; Figure 11(d) varies near the bottom of the
sinkhole, but below the lowest calculated water level. Be-
cause inflow rate initially increases, the rate of decrease is
insufficient within the allotted time (t = 4000 s) for water
level to fall to the elevation where the sinkhole changes to
cone shaped in Figure 11(d).

Cone- and bowl-shaped sinkholes (Figure 5(b) and 5(f))
exhibit similarly shaped erratic cross-sectional areas (Fig-
ures 11(b) and 11(f)). For the extreme inflow rates Q > q
it can be seen in Figures 11(b) and 11(f) that the maximum
cross-sectional areas were exceeded because the top of the
sinkhole was exceeded in each instance. However, for the
0.190 m3 s−1 inflow rate the plots also shows that once the
water level falls below the top of the sinkhole, the cross-
sectional area again falls within the allowable range.

5. Conclusions

Stormwater flow to and drainage down sinkhole swallets
occur naturally and anthropogenically. In many instances,
stormwater is deliberately directed to sinkholes for drainage
as a convenient method for stormwater management. Al-
though many communities have or are beginning to recog-
nize that directing excess stormwater to sinkholes can have
serious implications in terms of increased sinkhole devel-
opment hazard and/or decreased water quality, the practice
still continues in many places. In fact, some ordinances even
mandate the practice with appropriate controls.

Unfortunately, although directing excess stormwater to
sinkholes for drainage has long been practiced and still oc-
curs in some instances, no real guidance exists for deter-
mining and understanding sinkhole functioning in terms of
drainage. This paper presents a basic introduction into the
sinkhole functioning by explaining the significance of point
vortex flow and developing some simple models for drainage
simulations to be conducted

The simulations illustrate, for the selected example sink-
holes and the chosen dimensions, the sensitivity of the swal-
lets to varying inflow rates. Drainage rate is shown to be
primarily a function of water level in the sinkhole, but also
as a function of sinkhole shape, cross-sectional area, swallet
diameter, and time.

The significance of sinkhole and swallet dimensions for
sinkhole drainage emphasizes the need to take careful mea-
surements of the basic hydrologic and geologic parameters
so that drainage capabilities of the sinkhole may be reason-
ably estimated. Such an estimate will not necessarily lead
to inflow restrictions that will prevent expansion of the sink-
hole or new sinkhole development. However, minimization
of sinkhole-flooding hazard may be achieved if sinkhole-
drainage capacity and functioning is reasonably well under-
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Figure 9. Graphic plots of calculated water level for each of the six types of sinkhole depicted in Figure 5 for varying
inflow rates: (a) symmetrical cylindrically-shaped sinkhole; (b) symmetrical cone-shaped sinkhole; (c) symmetrical
inverted-cone-shaped sinkhole; (d) symmetrical cylindrical-cone-shaped sinkhole; (e) combined symmetrical inverted-
cylindrical-cone-shaped sinkhole; and (f) symmetrical bowl-shaped sinkhole.
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Figure 10. Graphic plots of calculated outflow drainage rate for each of the six types of sinkholes depicted in Figure 5
for varying inflow rates: (a) symmetrical cylindrically-shaped sinkhole; (b) symmetrical cone-shaped sinkhole; (c)
symmetrical inverted-cone-shaped sinkhole; (d) symmetrical cylindrical-cone-shaped sinkhole; (e) combined symmet-
rical inverted-cylindrical-cone-shaped sinkhole; and (f) symmetrical bowl-shaped sinkhole.
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Figure 11. Graphic plots of calculated wetted cross-sectional area for each of the six types of sinkholes depicted in
Figure 5 for varying inflow rates: (a) symmetrical cylindrically-shaped sinkhole; (b) symmetrical cone-shaped sink-
hole; (c) symmetrical inverted-cone-shaped sinkhole; (d) symmetrical cylindrical-cone-shaped sinkhole; (e) combined
symmetrical inverted-cylindrical-cone-shaped sinkhole; and (f) symmetrical bowl-shaped sinkhole.
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stood and appropriate stormwater-management plans imple-
mented.
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Notation
A wetted cross-sectional area of sinkhole [L2]
a wetted cross-sectional area of swallow hole [L2]
ao wetted cross-sectional area times π of swallow hole

[L2]
c0 discharge coefficient, equal to the velocity coefficient

times the contraction coefficient []
g gravitational acceleration [L T2]
h height of sinkhole [L]
H height of sinkhole [L]
Q inflow rate into the sinkhole from all sources [L3 T]
Qc critical inflow rate into the sinkhole from all sources

such that the sinkhole remains fully filled [L3 T]
q rate of drainage (discharge) out of the sinkhole [L3 T]
r0 swallow hole radius [L]
r1 radius of sinkhole at water height in sinkhole [L]
r2 maximum sinkhole radius [L]
V volume [L3]
xi x (horizontal) coordinates for one side of the sinkhole

[]
yi y (vertical) coordinates for one side of the sinkhole []

Acronyms

UIC Underground Injection Control
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