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Abstract.

Measurements of radial surface strains near a pumping well showed compression

near the well that changed to tension farther away from the well. A theoretical model is
presented. In general, this model reproduces the measured strains. Observations of anomalous
increase in pore pressure in a clay adjacent to the pumped aquifer are related to the de-
velopment of these strains. These inereases in pressure are attributed to distortion of the
pore space in the clay resulting from the transference of horizontal strain from the aquifer
via. shear. Applying a conceptual model that permits the transference of strain across con-
fining layers to unpumped artesion aquifers accounts for reverse water level fluctuations.

INTRODUCTION

The water level response in observation wells
in the vieinity of a pumping well is oceasionally
observed to be the opposite of that predicted.
Some ‘reverse’ fluctuations can be explined by
pump column loading [Barksdale et al., 1936,
p. 87], compaction of the aquifer material due
to vibration of the pumping engine (H. H.
Cooper, Jr., oral communication, 1969), dila-
tancy [Andreason and Brookhart, 1963], or the
Noordbergum effect [Verruijt, 1969]. However,

1 these explanations do not suffice for all observed

reverse fluctuations. ‘

In an earher report [Wolff, 1970, p. 197]
mention was made of an observed increase in
pore pressure in a clay bed. This increase
accompanied the starting of the pump in a well
screened in the overlying aquifer. Further in-
vestigation of this phenomenon included sur-

face strain measurements. The purpoese of this

report 15 to: (1) present the results of the strain
measurements; (2) present a possible explana-~

1 tion of the cause of the strain and the apparent

relationship of the strain to the observed pore
Pressure rise at this site; and (3) extend these
results to some of the reported reverse water
fuctuations.

OBSERVATIONS

Pore pressure. Obgervations of strain around
& producing well were prompted by the results

- observed in an earlier study. The original inves-

tigation compared values of the hydraulic dif-
fusivity for a clay bed determined from draw-
downs during & pumping test with values meas-
ured in the laboratory [Woiff, 1870].

In the field, observations of pressure were
made by means of piezometers terminating at
different depths in & clay bed underlying the
pumped' aquifer and located at points radially
equidistant from the pumping well. A piezom-
eter was also installed in the aquifer on the
circumference of the same circle, All piezometers
were equipped with electrical pressure trans-
ducers to eliminate the time lag that can result
from the use of open standpipes. Simultaneous
observations of the head change in the pumped
aquifer and in the clay permitted an evaluation
of the diffusivity of the elay. Large diameter
cores were brought to the laboratory for testing.

During this earlier study it was observed that
pore pressures in the clay increased very soon
after the pump was started. The pressure rise
was greatest near the interface between the
pumped aquifer and the clay and decreased with
depth in the clay (Figure 1). Shutting the
pump off resulted in the opposite effect (Figure
2).

Because the measurements of pore pressure
were made electrically, it was originally thought
that the observed results were attributable, at
least in part, to line voltage fluctuations caused
by starting and stopping the electrically pow-
ered pump. To eliminate this possibility the
entire measuring systemn was totally isolated
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Fig. 1. Observed pore pressure changes at three different depths in a clay bed underlying the
pumped aquifer. The time represents the elapsed time since pumping started.

from the pump circuit. The observations were
not affected by the isolation, indicating that the
phenomena were real.

HORIZONTAL STRAIN MEASUREMENTS

The reversibility of the pore pressure obser-
vations suggested elastic deformations in the
aquifer similar to those described by Peterson
and Davis [1966, p. 161] and Davis et al. [1969,
p. 129]. To investigate the possibility of such
a relationship, surface strain measurements were
made in the vicinity of the pumping well. The
method of measurement was similar to that
described by Davis et al. Figure 3 is a diagram-
matic sketch of the measuring device used.

Using a special jig, two aluminum posts were
cemented into the ground. The jig permitted
accurate spacing-of the posts and assured that
the posts were vertical and parallel; the posts
were spaced 1.52 meters (5 feet) apart. One end

of a Vycor glass tube was fixed on one post. The
other end of the glass tubing was equipped
with a ferrite core that passed through a hollow
electrical extensometer transducer mounted on
the opposite post. Any relative movement of
the posts was sensed by the transducer and
recorded on a continuous strip chart recorder:
Calibration of the transducer was conducted
using a micrometer head that could be read
to the nearest micron.

Measurements were conducted primarily along
four lines radiating from the well, as shownd
by the dots in Figure 5. Each set of measuré
ments consisted of at least three pumping cycles:
Each cycle consisted of turning the pump 0%
and observing the movement until it ceaseq,
and shutting the pump off and observing until
detectable movement ceased. Typically, O_ne
cycle as described took approximately 45 M
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utes. Calibration was performed before and after
wach set of measurements. :

All measurements were made after sundown
1o eliminate the thermal expansion that occurred
quring the day. Figure 4 presents typical results
juring a eycle of pumping.

Several attempts were made to detect any
ertical rotation of the posts at various dis-
inces from the pumping well. Davis et al.
[1969] observed such rotations near some wells.
Within the capability of our technique, signif-
jcant, repeatable rotational movements were not
detected.

Strain measurement results. Figure 5 pre-
¢nts a contour map of the radial strain ob-
srved in the vicinity of the pumping well. Of
mterest is the reversal of the strain from com-
pression. to tension at a distance of 25 meters,
more or less, from the pumping well and the
sbsence of any observable strain on the opposite
sde of the stream. Tangential strain measure-
ments were made at only two sites, one near
the well and one in the zone of radial tension
between the pumping well and well 15. Both
showed compression.

Analysis. The problem of stresses and strains
developed in a porous medium around a bore-
hole as a result of fluid flow has been treated

1723

by Paslay and Cheatham [1963], Seth and Gray
[1968a, b], and Raats [1968]. The following
theoretical development differs from the studies
cited above in that it is modified to apply to
physical situations encountered in groundwater
studies and in particular to the physical situa-
tion used in this investigation.

In the following development all discussion
of stresses and strains refers only to those
changes of stress and strain that are the result
of pumping.

Assume an aquifer with symmetrical proper-
ties about a point # = 0 (that is, a single pump-
ing well will cause symmetrical stresses and
strains) in which the shear stresses are small
enough to be neglected. Under these assump-
tions, the stress equation of equilibrium in
radial coordinates is

da,
or

o,

+—T%+b=0 (D

where o, and ¢, are the stresses in the radial
and tangential direction, respectively, and b
is the body force due to fluid friction in the r
direction.

We observe that the body force on the
medium is

~—Pump started

Decreasing

-
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Q
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2 ;
£ 5
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_O g
250
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s E_
Slife
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w
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o} 1 2 3 S 4 5

TIME IMINUTES)

Fig. 2. Tracing of a strip chart recording for a piezometer located 0.64 meter below the
pumped aquifer—clay interface and at a radial distance of 3.05 meters from the pumped well.
The tracing shows the instantaneous effect of starting and stopping the pump.
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dp
U ar @
where p is the change in fluid pressure due to
pumping. Substituting equation 2 into equation
1 yields (since we are assuming that shear
stresses are negligible)

a(ﬂ', i p) Oir it
ar h 7

=0 (3)

From the general stress—strain relations it is
possible to write the stress—strain relations for
the physical model used.

Ee, = (1 +9)o, — v(o, + a0 + 0.) (40
Eep = (1 + v)oy — vle, + a0 + 0.) (4D)
Ee, = (1 + o, —vlo. + o5 + o) ()

where F is Young’s modulus, ¢ is strain, and v is
Poisson’s ratio. The total load on the aquifer
is assumed to bhe constant, Assuming that the
shear stresses are negligible we can write

o= P ; - (9
Substituting equation 5 into equations 4a, 4D,
and 4¢, we get

Ee.,, = E—= =0, —voy —vp (6a)

— v, — ¥p (6D)

u
E659=E'1Tr=0'5

Ee.. = B aat:’ =p —vo, —voy (6c)
where u, and u, are the radial and vertical
displacement, respectively, of the permeable
materials.

From 6a and 65 the compatibility restrictions
on u, are found to be

Micrometer head
Transd 152 meters — 1

Vycor glass i

[
|
t
i
[

Fig. 3. Diagrammatic sketch of setup used for
strain measurements.
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'%9_ e (err o eﬂﬂ) s
ar r

or

G )

Substituting from equations 6a and 6b into
equation 8 results in an equation that can he
transformed into the following form by substi-
tuting for ¢y from equation 1:

P)

p) 2 (-G'r' Bt
ar o ar?

a i)
L A ()

o or
Within distances from the pumped well such
that 7S/4Tt < 0.02, where S is the storage
coefficient and T is the transmissivity, the pres-
sure can be assumed to vary linearly with In »
[Cooper and Jacob, 1946, p. 5277 as shown in
Figure 6.

The extension of the straight-line portion of
the p versus In r line intersects p = 0, (p.) at
a value of r labeled r,, the effective radius. The
equation for this straight line is

A5 Pe — Pw s
P fe (ln /T ) o 2 (10)

where p. is the pressure change at the well

screen, and 7, is the radius of the well screen. |

Differentiating equation 10 with respect to 7,
we get

9 _ P = Do
ar  (Inr,/rn)r (1)

Letting

¢ =0, — p (12)
and substituting equations 11 and 12 into 9 we
obtain

1? 3% | 3rdgp _ Pe — Pw
i i e H(l—QV)M (13)
If we further assume that a free surface
exists at 7 = r, (that is, in the absence of &
rigid sereen), then o, = 0 at r = r,. Thus if
we use these assumptions and if we wish 10
compute strains within distances r such that
”S/4Tt. < 002, the boundary conditions
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Fig. 4. Tracing of a strip chart recording showing typical relative movement of the stakes
to one cycle of starting and stopping the pump. ;

o.(rw) = 0 and o,(r,) = 0 apply. With these
boundary conditions the solution to equation
13 1s

qb vl Mmath 1)
= (21" SE 1)(pe LT pw) E
i I: 2(lnr,/r.,) lnrw i p‘“]
: rwz(rcz = 1‘2) (20 — D(p, — au) n—T‘
l:?'z(r,2 — rwz):| i 2(In 7, /ry) : Ty
(14)

Substituting for p from equation 10 yields for
the radial stress

e [(2» = 1)(::;(;3_—;:;)
+ @l oy

Substituting equation 14 and its derivative with

respect to r into equation 3 and substituting for -

» in the result yields for the tangential stress

- (R

: Ininjire 1]

i (2" ; 1)(1 ;:‘1}:‘:/") i Inr,/r,

(16)

If values of Young’s modulus B, and Poisson’s
ratio v ate known or assumed, it is now possible
to obtain the strains by substituting from equa-
tions 15 and 16 into equations 6a, 6b, and 6c.

Interpretation of observations. Using this
theory, the expected radial and tangential
strains that result from pumping a well are
compressive for all values of r greater than r,
and within the straight-line portion of the
distance-drawdown curve (Figure 6), and for
rational values of v (< 0.5). This theoretical
situation does not conform with the measured
field results. However, as mentioned previously,
strains were not observed on the far side of the
stream away from the pumping well. Using
this information as an indication that the stream
serves as a line source, a recharging image well
was included to analyze mathematically the
effect of the line source. Because the stream does
not fully penetrate the aquifer and hence does
not constitute a true line source, these calcula-
tions were made only to attempt to understand
the factors affecting the observations, but not
to attempt to duplicate actual observed mag-
nitudes.

Figure 7 presents a comparison of the ob-
served and ecaleulated results for: points along
the straight Iine between the pumping well and
well 15 (Figure 5). As shown, inclusion of a
line source in the calculations results in a change
from compression to tension with increasing r
as observed in the field. The agreement is
thought to be quite good, considering the
simplifying assumptions of our mathematical
analysis. ;

Figure 7 also presents the theoretical curve
resulting from equation 6¢ for vertical strain for
the field study site. For the reasons cited above,
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magnitudes were not determined. The theory
indicates that the magnitudes would be too small
for observation with the equipment we had

" gvailable. Our results do not exhibit the in-

flection point discussed by Davis et aol. [1969,
p. 137]. This difference may be attributable to
the assumptions used in our idealized model.
Relationship of field observed megative pore
pressure changes and surface strain measure-
ments.’ Although the mathematical develop-
ment assumed an absence of shear stress, it is
apparent that some shear stress must occur
along the clay-aquifer interface. Strain measure-
ments were not made in the clay; however, it
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variation of p verdus loge 1.
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appears reasonable that the strain observed at
the surface of the aquifer occurred throughout
the aquifer, and that strain, transferred by
shear stress at the clay-aquifer boundary,
oceurs in the clay. This assumption would sug-
gest that the magnitude of strain in the clay
is greatest near this boundary. Such a conclusion
appears to fit our. observed field data. We
observe a decreasing magnitude of pore pressure
rise with depth in the clay as shown in Figure 1.
Verruijt [1969, p. 362] presented a model for
a reverse water level fluctuation called the
“Noordbergum effect, which at least for short
periods of time would predict an increasing
magnitude of pore pressure rise with depth at
the same distance from the pumped well
Although this effect may have been present in
the observed field situation, it appears that
other factors as described above were dominant.
Application to reverse water level fluctuations.
As evidenced by the observations described
earlier and those presented by Davis et al.
[1969], and as indicated by the theoretical con-
siderations, horizontal strain oceurs
vicinity of a pumping well. The magnitude of
the strain is dependent, at least in part, 02
both the hydrologic and mechanical properties
of the aquifer as well as its geometry and on
the magnitude and method of stress application-
Most reverse water level fluctuations repor"ied
to date have been observed in strata having
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qonsiderably lower values of hydraulic con-
duetivity than the pumped aquifer, or in
grtesian aquifers that are separated from the
umped aquifer by a confining bed. An example
of the latter is presented in Figure 8.

If appreciable strain occurs in the pumped
aquifer, it is not difficult to visualize the trans-

| ference of this deformation across confining beds

and/or adjacent aquifers with the proper phys-
icel characteristies to permit such transfer. This
iransference would account for some of ‘the
previously observed reverse water level fluctua-

tions.

CONCLUSIONS

The apparent correlation of strain directions
using the theoretical developments and strain
firections observed in the field suggests that the
latter are primarily the result of viscous drag

| occurring in the aquifer. Assuming shear stress

occurs at aquifer boundaries where adjacent
lsyers have a significantly lower hydraulic con-
ductivity, the magnitude of gtrain and con-
sequent pore pressure rise should decrease with
fistance away from the stressed aquifer. Ob-
ervations substantiate this concept. In situa-
tions where ideal packing exists, strain would
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Fig. 7. Plot of strain versus distance from the
pumping well along a straight line connecting wells
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napolis, Maryland, by Fred Mack, U S. Geological

Survey.

result in dilatation and hence pore pressure
decrease.

Carrying this concept further, the transference
of strain across confining beds to an artesian
aquifer accounts for some of the observations
of reverse water level fluctuation.

NOTATION
b, body force per unit volume, M/LT*%;
E, Young's modulus, M/LT®;
P, fluid pressure, M /LT?;
Pw, fuid pressure change at well screen,

M/LT?;
r, radius, L;
radius of well, L;
storage coefficient, dimensionless;
transmissivity, L*/T';
t, time, T;
u,, ., radial and vertical displacement, L
¢, strain, dimensionless;
», Poisson’s ratio, dimensionless;
stress in radial, tangential, and vertical
direction, M /LT
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