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Ab5tnct. Analy~i~ of pumpin~ te~t oJata tu estimate aquifer parameter~ 15 normally carried out using stan
dard procedures such as the Theis or Jacob method, These methods, however, were derived with assump
tions regarding the type of aquifer and well, that may not be satisfied under !lOme l-unditilln~. In IIncun
hned aquifer~ the e"c:ct~ of delayed yield, partial penetration of wells and other eHects make the Ult of 
Theis or Jacob methods impractical in many case" The objective of this work is to analyze pumping te,t 
data fTOm seven different well sites of five wadis taking into consideration the effects of delayed yield, par
tial penetration of well~ and the deerea:r.ed ~turated thickne5.~. The methods of Boulton, Neuman and 
Sireilsova were applied on pumping test dala fTOm the five unconfined aquifers in the south-western pan 
of Saudi Amhia. The aquifer parameters resulting from the three melhmls were evaluated and compared 
to each other. Using the resulting values of aquifer parameters, the drawdowns were recalculated and 
compared to the original data in order to define best values of aquifer parameters for Ihe seven te~t siles 

Introduction 

Groundwater constitutes most of the available natural water resource in the King
dom of Saudi Arabia. It is normally found in deep confined or shallow unconfined 
aquifers. 

Unconfined aquifers arc found in many parts uf Saudi Arabia. Many of these 
aquifers were fOImed in wadi systems and sometimes they are called alluvial aquif
ers. A typical alluvial aquifer is a shallow unconfined aquifer existing below the wadi 
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bed and extending underneath the valley (between the escarpments). Areas around 
wadis throughout the Kingdom depend on these aquifers for their water supplies. 
These aquifers are characterized by small saturated thickness, but they receive sub
stantial amounts of recharge. 

The most important parameters used in groundwater hydrology to characterize 
an aquifer are transmissivity and storage coefficient. In case of unconfined aquifers, 
the latter is called specific yield. Aquifer parameters at a certain site can be estimated 
by conducting a pumping test. The resulting data is then analyzed using one of the 
standard methods such as those of Theis or Jacob. These standard methods can be 
successfully used in analyzing pumping test data in confined aquifers. The assump
tiuns under which these methods were derived arc met in most cases in confined 
aquifers. They are not generally applicable in unconfined aquifers. The major two 
reasons fur this are: delayed yield phenomenon and drawdowns being sometimes 
large relative to thc initial saturated thickness of the aquifer. 

Research to model flow in unconfined aquifers laking into consideration the 
delayed yield phenomenon has started with Boulton work 11 ,2J. Other prominent 
works include those of Neuman 13.4.5,6] and Streltsova [7]. These method co. 
although well known, have not been extensively tested using data from uncunfined 
aquifers. 

The objective of this work ilii to analyze pumping test data from five sites in the 
south-western part of Saudi Arabia. At these sites, the aquifers are unconfined and 
the wells arc partially penetrating. Preliminary analyses of the tests have shown 
delayed yield phenomenon and in some cases the initial saturated thickness has been 
substantially reduced during the tests. The methodlii of Boulton, Neuman and Strelt
sova will be applied on the available pumping test data and the resulting aquifers' 
drawdowns wiJl be recalculated using the obtained parameters and compared to the 
Original drawdowns. 

Bask: Approaches 

When the drawdownsof a pumping test in an unconfined aquifer are plotted ver
sus time on logarithmic paper, they sometime delineate an S-shaped curve. It con
sists of a steep segment at early times, a flat portion at intermediate times, and a 
somewhat steeper segment at late limes. The physical phenomenon that causes this 
behavior is known as delayed yield. Unconfined stratified sediments often react to 
pumping for a short time after pumping begins, as would be a confined aquifer. Grav
ity drainage is not immediate but water is released instantaneously from storage by 
the compaction of the aquifer and its associated beds and by the expansion of water 
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itself. The second segment of the time-drawdown curve represents the intermediate 
stage in the decline of water levels when the cone of depression slows in its rate of 
expansion as it is replenished by gravity drainage of the sediments. Test data deviate 
markedly from the nonequilibrium theory (Theis) during the second segment. The 
third segment, which may begin from several minutes to several days after pumping 
starts depending largely upon aquifer conditions. represents the period during which 
the time-drawdown curves conform closely to the nonequilibrium type curve. 

There arc many methods available in literature to analyze pumping test data in 
unconfined aquifers. The following is a brief description of tholie methods used in 
this study. 

Boulton [11 assumed that the amount of water derived from storage within an 
unconfined aquifer consists of two components. The first is the volume of water 
instantaneously released from storage (aquifer is behaving like a confined one) while 
the second component is the volume of water released as It delayed yield. The basic 
equation governing the flow in unconfined aquifers was then written with the two 
components. The general solution of that equation is a rather complicated differen
tial equation which symbolically, and in analogy to the Theis equation, may be writ
ten a~: 

where 

Q 

T 

W(UAR.rlR) 

B 

Q 
s ~ 4 n T W (U AS' rIB) 

Drawdown, [L} 

Pumping rate, [U IT] 
Transmissivity of the aquifer, [L2/T] 

Well-function of Boulton, (dimensionless] 

Radial distance from test well, [L1 

Leakage factor defined by the equation, [L 1 

B ~ VTlaS , 

(1) 

(2) 

where a is an empirical constant and Sy is the specific yield. 

Under early-time conditions. equation (1) describes the first segment of time
drawdown curve and it is reduced to: 

Q 
s ~ 4 n T W (U A' rIB) (3) 
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r 2 S 
4T t ' (dimensionless] 

Storage coefficient, [dimensionies.'iJ 

Time,[TJ 

Under late-lime conditions, equation (1) describes the third segment of the 
timc-drawdown curve and it reduces to: 

s ~ ~ W (U rIB) 
4nT B' 

(4) 

where 

os, 
4T t ,(dimensionless] 

Boulton [1] gave values ofW (UAB • rIB) in terms of practical ranges of UA' UB 
and rIB. Values of W(U AD ,rIB) were plotted against values of llUu and llBs un 
logarithmic paper and two families of type curves were constructed. The type curves 
which lie to the left of the values of rIB are called "Type A curves". They are used to 
analyze early timc-drawdown data. The type curves which lie to the right of the 
values of rIB are termed "Type B curves" and they aTe used to analyze latc time
drawdown data. 

Boulton method of solution was later extended by Boulton [2] and Boulton and 
Pontin [M] to account for anisotropy and the effect of vertical now components in the 
aquifer. The method of using the type curves for finding the value ofT, S, Sy and the 
delay index (lIa) was outlined by Pricket [91. Details of Roulton method can be 
found in Kruseman and de Ridder [10]. 

Neuman [3,4,5] showed that the phenomenon of delayed yield can be simulated 
mathematically by using constant values of specific storage and specific yield without 
recourse to unsaturated flow theory. Neuman model treats the unconfined aquifer as 
a compre~"ihle system and the phreatic surface as a moving material boundary. It dif
fers from that of Boulton in that it is based only on well-defined physical parameters 
of the aquifer and no longer involves such semi-empirical quantities as Boulton's 
delay index. Neuman [6] showed how the new theory can be used to determine the 
hydraulic characteristics of an isotropic unconfined aquifer from pumping test data. 
He used two asymptotic families of type curves that are analogous to Boulton [1 J and 
Prickett [91. He also developed an approach for partially-penetrating wells [4]. That 
approach requires a type curve to be constructed for each field situation. Mock and 
Merz [11] show the application of this approach. 
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Streltsova [71 developed a type curve method to analyze unconfined aquifer 
pumping test data for the case of partially-penetrating wells. She tabulated her solu
tions for different amounts of penetration. These solutions were used to draw the 
type curves used in this study. Walton [12] summarized Streltsova solutions along 
with other solutions applicable for unconfined aquifer.;. 

There are other methods that consider the effects of well bore storage and finite 
thickness skin. An example of those methods is the work of Novakowski [13]. 

Field Data 

The field data used in this study were obtained from the Ministry of Agriculture 
and Water. The Ministry has carried out a comprehensive !1.tudy on five representa
tive wadis located in the south-western part of the Kingdom of Saudi Arabia. The 
pumping test data u!:oed in this paper came from the groundwater part of that five 
wadi investigation. These wadis are: Tabalah, Habawnah, Yiba, Liyyah, and AI
Lith. Their locations are shown in Fig. 1. The test site characteristics of all the tests 
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used in this study are shown in Table 1. These characteristics show that all observa
tion wells are located close to test wells and all partially-penetrating. The pumping 
test data will be shown in graphical form when the recalculated drawdowns are com
pared to the original drawdowns. 

Tab. I. Test Ille characterllitkN 

W •• h'lr Wellnamber _'" ........... Pum ..... Distan«10 .......,. Ibk ...... n .. pumP' .... ell ,-) 1m) (mJlbr) 1m) 

Tuhalah )·8-% CI') 35.00 29.00 43.32 
3-8-101 (0) .15.00 29.00 19.52 

3-8-98 (T) 21.1)1) 17.70 12.30 
3-8-103 (0) 17.70 12.M 

3-B·JOIl (I') 27.00 1?nll 4.33 
3-8-105 (0) 27.U(] 17.60 9.22 

Hahawnah J-N-82 (T) 39.70 12.70 3U.78 
~·N-83 (0) 39.7t1 12.70 4.70 

Yiba '-T- 08 (T) m,ou 63.00 17.10 
f)·T-W? (0) 69.00 M.no 5.60 

Liyyah f\·J-159 (T) 49.00 36.00 17.10 
6-J-161 (0) 49.00 36.111/ '.J() 

AI-Lith &-T·l11 (T) 17.50 12.50 IDO 
6-T·1I2 (0) 17.50 12 . .50 4.95 

T _ Test well 

o "" Observation well 

Application or the Three Methods 

Before applying the three methods. the available drawdown data was adjusted 
for decreased saturated aquifer thickness if the reduction of the saturated thickn~s 
cannot be neglectel compared to the original saturated thickness. 

Drawdown data was adjusted for decreased saturated thickness using the fol
lowing equation [6]: 

(5) 

s drawdown that would occur with negligible decrease in saturated aquifer 
thickness. [LJ. 
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So ohserved drawdown with appreciable decrease in saturated aquifer 
thickness, [L} and 

b = the saturated aquifer thickness, [L]. 

Roulton and Neuman approaches are for the case of fully-penetrating wells 
while Streltsova method applies for the partially-penetrating cases. Therefore, the 
Boulton and Neuman methods were applied on the data after the correction for par
tial penetraton using the procedures suggested by Butler [14]. Strcltsova method was 
applied directly to the data of partially-penetrating wells. For each of the three 
methods, the type curves were constructed on logarithmic paper of the same size as 
for the drawdowll. The data were used in the equations for each method to calculate 
the aquifer parameters. 

Results and Discussion 

Table 2 shows the values of transmissivity (T). storage coefficient (S). and spe
cific yield (Sy) resulting from applying Boulton, Neuman. and Strcltsova methods on 
the pumping test data. Two sets of values for transmissivity are shown in the Table; 
one from the analysis of data from test wells while the other is from ohservation 
wells. The values ofT obtained by the three methods from test wells are always smal
ler than the ones ohtained from observation wells. Sincc it is always better to trust 
values obtained from observation wells, the values of transmissivities for the differ
ent aquifers shown in the Table based un observation wells are the one" accpeted in 
this study. It is interesting to note that if the Tvalues (based on observation wells) arc 
the ones accepted, the prediction of Bouiton and Neuman methods ure relatively 
close 10 each other with Streltwva method predicting luwer values except in one of 
the pumping tests. Table 3 shows the saturated hydraulic conductivity (K) values at 
the di((erent sites. These values were calculated by dividing the average transmissiv
ity at the particular location by the "aturated thicknesses given in Table 1. 

The storage coefficient (S) and specific yield (Sy) values given in Table 2 are all 
reasonable values for these types of aquifers. Table 4 gives representative value" of 
specifie yield and hydraulic conductivity for different types of alluvial deposits. The 
effective storage coefficient for each aquifer can be found by adding S tu Sy' How
ever, since all values of S given in the Table are very small compared to Sy' the effec
tive storage coefficient can be approximated by Sy alune. 



TlIblt' 2. Summitry or *llIirn- plIr .. mrlu's ,.. .. h.t'S 0: 
~ 

Boulton I"t'UInM Streluo." 
Tesa sitt' 

T,m!/ .. i. S S, T,ml/min S S~ T,nr!/ .. i. S S, 

3-B-96 (T) 0.27 0.24 8.0 x J(t~ 

J-B-HlI (OJ un J.IK)( III J lUI O.:N 2.15)( 10---' 11.30 il.!;;; ~.74 x IIr~ U.3J 

3-B·9R (T) l.Ox to- l 1.0 X 10-1 1.5 X IIF 

3--8-](13 (0) L~" 2.(2)( [().! () 27 1.4 2.35 x ((~~ 11.20 ()1tJ J.Wl x JO-~ 0.25 

> 
3--8-HKI (T) 1.71'1 x 10': IYix 10-' 3.94x IO-~ I< c 
J-H-103 (O) D5 lM4xIO~ 1I.2K 2Yi 1.0.-' x Ill' IJ.29 U.-'2 1.46 x Ill' 0.21 ~ .. 

~ 

3-!'-I-82 (T) 5.64x W-! -'.OS x ll~2 4.24 X 10-2 

~ 2-'1-IG (0) n.2i 1.84x](j"J 0.39 0.31 2.84 x 11)_1 (lAO 0.15 2.17x HI"' 0.38 c g-
6-J-159 IT) 3.5 x 10-1 3.65 x 10') 1.90 x J(l"l ". • o-J-Iol (0) 0.22 I.~xm· 0.24 11.17 2.17xlO-' (llo 0.12 1.59 x j(t' 1l.IY !'. 

6-T-IOB (T) 0.34 0.32 0.19 

6-T-I07 (0) 2.79 4.12xHt' 0.27 2.61< 7.K3 x !tt' IU.o 0.'" 5.50 x Iii' o LI 

6-T-lll (T) O.S; 0.99 O.ns 
6-T-112 (0) 5.20 3.44 x W-: 0.26 '.63 6.~ x W-·l 0.34 1.25 8.30 x 10 .. 1 0.30 

(T) TestWell 

(0) Observation Well 
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Table 3. Saturated hydraulic conductivity vahl('s for dilfel"Ynl ~ilet; 

T ....... ite I( (m/day) 

Tabalah 

.'·ii·lIJJ to.2 

3·H·i03 1\lJ.2 

'-ii- HI~ 192_7 

.'·N·K_' 32'-1 

Liyyah 

6-J·161 7.' 

Yiba 

0-1 1117 

h-T-IIZ 627_1 

Table 4. Rep~nl.tlve valut!; of ~ yield lind hydraulk: cvoduc1ivily, Todd rlS, p. 5351 

Malerilll 

(Travel. l'oar~t: 

Gra\·el. medium 

Gravel, fine 

Sand. coane 

Sand. medium 

Sand. fine 

Silt 

Clay 

Specified 
yirld pl'rt"i.'nt 

23 

24 

25 

?7 

" 23 

Hydraglk clloducUvUy 
mld.y 

l'ill 

270 

45() 

45 

" 1.5 

0_08 

OJXJ02 
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1000 

The results of the three methods for T and S (observation wells only) were then 
used 10 recalculate the drawdowns and compare Ihe!l>e drawduwns to the original 
ones (ohtained in the field). Figs. 2 - 8 show the estimated drawdowns and their com· 
parison with the observed drawdown data. The Streltsova estimated drawdowns 
have to be compared to the actual observed field data because that method is 
designed to be used with paniallY'penetrating wells data with no adjustment for the 
partial·penetratiorl effects. The Boulton and Neuman methods results, however, 
should he compared to the drawdown data after adjustments for partial.penetration 
effects. The correction for panial penetration was carried out using the procedure 
outlined by Butler [14]. That procedure gives correction factors for both pumping 
and observation wells. It presents these factors (in tabular form) as function of field 
penetration ratios and geometric configuration of the aquifer. Table 5 shows the 
average deviations of the estimated drawdowns as compared to the original draw· 
downs. It is clear from this tahle that in five of the seven pumping tests, Strehsova 
method gave higher deviations between observed and estimated drawdowns. than 
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Tabk 5. Aver. deviation oIestimaled dnwdowns 

AveraRt deviation of estimated drawdoWDS 
Testsite " ......... -.... Streltsova 

3-8-101 4.16 '.23 (1.32 

JoB-IOJ 7.64 12.52 8.55 

3-8-105 14.60 5.19 39.00 

3-N-83 3.79 n.JJ 25.91 

b·j·161 H, !Un 13.10 

fl-T lin ~ 19 7.1\5 11.14 

h-T 112 ".76 9.8 14.73 

the other two methods. On the average, Houlton approach gave slightly less devia
tion than Neuman method but the two approaches results are within reasonabh: 
limits of observed value!;. Streltsova method is based on type curves that were con
structed and hased on a certain ratio of partial penetration. The accuracy of the 
method will therefore depend on whether the actual partial penetration is close to the 
ratio for the type curve used. 

ConduslonA 

Pumping test data from five wadis in the Kingdom of Saudi Arabia were 
analyzed using Boulton, Neuman and Streltsova methods. The following conclusions 
can be drawn from the study: 

1. All the three methods used gave reasonable predictions of the !ipecific yield for 
the type of aquifers under consideration. 

2. Boulton and Neuman approaches gave values of transmissivities that are rela
tively dose to each other. Streltsova method underestimated transmissivity for 
almost all the pumping tests. 

3. When the recalculated drawdowns were compared to observed drawdowns, the 
deviatiuns between the two resulting from Boulton and Neuman approaches 
were smaller than those resulting from Streltsova method. 
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