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Abstract 
Ground-water withdrawal from a confined or semiconfined aquifer causes three-dimensional deformation in the pumped 

aquifer and in adjacent layers (overlying and underlying aquifers and aquitards). In response to the deformation, hydraulic 
head in the adjacent layers could rise or fall almost immediately after the start of pumping. This deformation-induced effect 
is analyzed by a linear poroelasticity model using properties typical of unconsolidated sedimentary materials. Model simulations 
suggest that an adjacent layer undergoes horizontal compression and vertical extension when pumping begins. Hydraulic 
head initially drops in a region near the well and close to the pumped aquifer, but rises outside this region. Magnitude of 
head change varies from a few centimeters to more than 10 centimeters. Factors that influence the development of deformation­
induced effects includes matrix rigidity (shear modulus), the arrangement of aquifer and aquitards, ,their thicknesses, and 
proximity to land surface. Induced rise in hydraulic head is prominent in an aquitard that extends from land surface to a 
shallow pumped aquifer. Induced drop in hydraulic head is likely observed close to the well in an aquifer that is separated 
from the pumped aquifer by a relatively thin aquitard. Induced effects might last for hours in an aquifer, but could persist 
for many days in an aquitard. Induced effects are eventually dissipated by fluid flow from regions of higher head to regions 
of lower head, and by propagation of drawdown from the pumped aquifer into adjacent layers. 
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Introduction 
It is well-documented that when ground water is pumped 

from a confined or semiconfined aquifer, hydraulic head in adja­
cent aquifers and aquitards could rise or fall almost immediately 
after the start of pumping. The onset of these responses occurs 
much earlier than the hydraulic propagation of drawdown from 
the pumped aquifer into adjacent layers. An initial rise in hydrau­
lic head in adjacent layers is commonly called "reverse water­
level fluctuation" (Andreason and Brookhart, 1963) or "Noord­
bergum effect," so named because it was first observed at the 
village of Noordbergum in the Netherlands (Verruijt, 1969, 
p. 368). An initial drop in hydraulic head has also been observed. 
Ferris et a1. (1962, p. 80) report cases in which "a well screened 
in the upper aquifer ... is pumped and the water level in the 
well screened in the lower aquifer abruptly declines when pump­
ing begins. As pumping continues, the water level of the lower 
aquifer ceases to decline and gradually recovers its initial posi­
tion." Data published by Wolff (1970a, Figure 9) show both 
initial rise (up to about 26 cm) and drop (by about 6 cm) in 
hydraulic head at different depths in a clay bed underlying a 
pumped aquifer. Wolff (l970b, Figure 8) also cites observation 
of a 7 -cm rise in hydraulic head in an unpumped aquifer that is 
separated from an underlying pumped aquifer by a clay bed. 

The rapid response of hydraulic head in layers adjacent to 
the pumped aquifer is commonly attributed to three-dimensional 
deformation induced by pumping. Accompanying the release of 
water from compressive storage is a decrease in aquifer volume. 
This volume reduction occurs as both horizontal and vertical 
strains. These strains will, in tum. induce deformations in adja­
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cent layers. Wolff (1970b. p. 1721) attributes head rise in adjacent 
layers to "distortion of the pore space ... resulting from the 
transference of horizontal strain from the aquifer via shear." To 
explain the abrupt drop in hydraulic head, Ferris et at. (1962, 
p. 80) reason that vertical contraction of the pumped aquifer 
would cause "bowing" of adjacent layers, creating additional 
water storage space and thereby lowering hydraulic head. In both 
cases of head rise and head drop, the driving mechanism is 
deformation of the pumped aquifer, In the present study, the two 
effects are collectively referred to as "deformation-induced 
effects." 

Although the above explanation of deformation-induced 
effects appears well accepted, quantitative analyses of the phe­
nomenon are few. Three factors could explain the paucity of 
studies. First, hydraulic heads in adjacent aquitards and 
unpumped aquifers are not routinely monitored during aquifer 
tests. As a result. deformation-induced effects often go unob­
served. Second, the magnitude of deformation-induced head 
change is typically less than a few tens of cm, and the effect is 
reversed when dTawdown in the pumped aquifer propagates into 
adjacent layers. If drawdowns reach meters or tens of meters at 
later times, deformation-induced effects at early times are often 
ignored in aquifer-test analysis. Third, a three-dimenSional analy­
sis of fluid flow coupled with aquifer deformation requires a 
poroelasticity (Biot) theory, which is considerably more complex 
than conventional ground-watertheory. Except for simple cases, 
poroelasticity equations are not analytically tractable. To solve 
these equations, previous investigations (Verruijt. 1969; Wolff, 
1970b; and Gambolati, 1974) introduce numerous simplifying 
assumptions to the extent that the results are useful primarily as 
qualitative indications. Analysis of realistic aquifer settings gen­
erally requires a numerical poroelasticity model. This type of 
model is not well-known to most ground-water hydrologists, 

The purpose of the present study is to quantitatively analyze 
deformation-induced effects during ground-water withdrawal. 
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