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Fig.5. The effect of transmissivity on drawdown cone and influence radius.

Bl (21959341 Fl (o)

S el el cnl 5l plaS e pnds Sl XYLZ slacur 0 (Sdgpues Culas Slpss 4 by e (09595l
P35S (o5 ke X S ;3 8l bg P 109h oo 05 (Sgyien Culua Y Su 50 (B 09d oo JUI CoLB
ol s HB 2 by o 1 5 b Sl 19,5 on e 28 Y S 5 (535 ke &
o ools (i L 5550 lgsul 10 (6l e (B 29 95l e G (sl 2l bog S 50 Sl ol £ USS o
6 Eled G, 50 e D @ 55 0 e Ve Y Sz 0 Sy ysen Colan i b 39 oo oualin aSilizes il
a8l alS e Veee dqum Y Caz jo Ll adl iolidl so Ve v e dgam X Sz 4o euiile Vgl dlle SO
0ads v Jloy ol o 50 o el Hlocas O o b oliT olasul jo 88l g,5g5ml a5 sl S8 a0 oY el

(@ o 5 S5 335 0 o Jl bl )3 s sl ool



e 21 5T Ol ul 53 OF (glaslr 53 3 o 3l by S ).

180 -+
E
= NFB (Divide line) =
140 + (a) Actual drawdown cone in t=1y
120 - central well in X direction Sy =0.10
ky = kx=10m/d Re = 80mm/y
100 95 cHB (River) Bottom \ ky / kx = 0.5 = (5/10) Q = 4000m3/d
0
0 5 10 15 20 25 x(km) 30
o 0 5 10 15 20 25 (Km) 30
o 1 1 1 1 1 ]
o
(b)
L]
S -
- 4 Theoretical drawdown cone in ky = kx = 10m/d
E central well in X direction ——ky / kx =0.5 =(5/10)
172
170
E
£ .
160 NFB (flow line) NFB (flow line) —¥
155 (C) Actual drawdown cone in ——ky = kx = 10m/dy
150 central well in Y direction ——ky / kx =0.5 = (5/10)
0
10 15 20 25 Y(km) 3q
. 10 15 20 25 y (Km) 30
o 1 1 1 1 1 ]
o
(d)
H -
o
. Theoretical drawdown cone in ——ky =kx=10m/d
E central well in Y direction ——Kky / kx =0.5=(5/10)
172

3 gl 5 08l bg e (B8] g 5950 31 £ S
Fig.6. The effect of horizontal anisotropy on the drawdown cone and influence radius.

G090 (29559350 F1 (w2
@bad slacer ;o (Sdgyuee Colaa Slinii 4 barye (0959500 b Gle (Bl (29595l Ao )3 aSlizen
Slib o9 cde & Bues gioe c o1 5 Jil ekl s el bl cul 51 plaS o i g ol X,Y,Z
el olil ) soges Caz 55 (95l (Bl Oys0 4 (S SRS (5T hlei 5 (YL
Frere gl Culd b plaglszal 1o 5 olz JolS 3545 &j50 40 a5 a0 o (Lt oo 2 Lol sl (Bl (3959505
S5enls S5 ol 0 o 000 aSilizren (Y JSD) Cawl uzl 8l by e p o] Sl e Ve pais a0



(2R ww};us,uﬁm»‘wwwuw;@,@

Jolgd Ul a8l yrals 28l SCs ae Colas 000 G 4y (g0 T 0 Sy aue Solaa o] jo 4 (gogee
.‘a&ﬁjob)S_vol?u|uB‘JoB)mJiw)OBOlDd|)b‘u3‘)‘JM)OL5HLs).a.o.a...ul.m ) uﬁ‘bsé)ﬁa\‘"" Sgd>

ol 00 00 S il by e 5 iy <l e a5 el a4 alol oyl 5|

E |
= (a) t=1y
140 - Sy =0.10 NFB (Divide line)
Re = 80mm/y
one ¥
120 j\ctua"' dta\hldown ¢ Q =4000m3/d
100 . ——kh = kv and kh=10m/d Bottom
CHB (River) ——kh = 10kv and kh=10m/d J
0
0 5 10 15 20 25 x(km) 30
0 5 10 15 20 25  x(km) 30
c J i [l i ]
(b) ——kh = kv and kh=10m/d
g Theoretical ———kh = 10kv and kh=10m/d
drawdown cone in
E central well
- 1
. 0 2000 4000 6000 800 (m)
g L L . d 3 30 300 3000
(c) }
=
i = ——kh = kv and kh=10m/d -
= ——— kh = 10kv and kh=10m/d
- Theoretical drawdown cone in (d)
upward direction ~

53U glats 5 8l by ey (g99as 59595l L VIS
Fig.7. The effect of vertical anisotropy on drawdown cone and influence radius.

039 Bl 90329 05153 0353 Corsld I quny
(Storage o,.53 oo 5 (Specific Yield) o5y conl sax Jol> ol5 olgsul o (Storativity) o .53 colils
el gLl Cwls o (Storage Coefficient) o3g 0,053 © o ol 355 0,35 o 9 <l Coefficent)
Lol 5 p2alS W laie 5 o5 U Jlaie S (aali3 b g oo ol U jlaie 1o ¥ alolas ,3 el abaly 0 0,53 culils
B o gy ol S (lil L 29 e osalie A S 53 oS plizan oo GalS 3l > 5 2l ke
Gl 5 Ll wad oo ) (oe Sz )3 o8 5 (el S )0 o8 S8l by e o a5 (al 5 358 o0 SsS
4 20;0 ) jlopd ol (g pln B (2l b g oo alaxdle Al el (ee palS 5 5l s (B (ob5e

Slbl jo cdl Jlade bl o,y oo 0 DO+ D90 a4y yie A v e s 5l (6 el ) ‘51).3),,.‘3’1" el s 0



e 21 5T Ol ul 53 OF (glaslr 53 3 o 3l by S vy Y

Oyg0ds g0k, das ulie ;o Gl by s 0,d CoblB iol8l L adly o ol alila 6 et ol ol

(dMAJ&N)JW‘SAMUUTW)ISMJGAMyM(ybwﬁmm)obwﬂw‘#

£ NFB (Divide line)
=
140 Actual drawdown t=1y
cone in central well k=10 m/d
120 Re = 80mm/y
100 CHB (River) Bottom Q = 4000m3/d
\a
0
0 5 10 15 20 25 x(km) 30
0 5 10 15 20 25 x (Km) 30

Theoretical —Sy=0.01
2 E drawdown cone in ——Sy=0.05
v central well ——Sy=0.10
J
E' EI) 20.00 40.00 60.00 80.00 X (m)
o 3 30 300 3000
(c) =) 1 1 J
L]
o —_ -
E
175 ] .
. Sy = 0.01 Theoretical . ~
——Sy=0.05 drawdown cone in (d)
——Sy=0.10 upward direction - -

b glad g Sl by yse popsd bl 3L A S
Fig.8. The effect of storativity on the drawdown cone and influence radius.

5enl Baas 45 L0 lgs o 3,0 5929 32T (Sloddem 15 Slige, 6,5 JSS 0920 5l a5 3Lt 4 4z g5 b
bz cu o baee 2dpl o cfeal as B glalins 5 035 catie cu> lls (Heterogeneity)
wd.:jéb) 9o)£ber.>o wLLQgJLLu‘ WLLS wdybwmﬂw}: d‘bo)j‘sogj.iwé)bfuw)
Sz > S8l by e oy (Fop8 b S wle bl esSae jlaS 35,00 JUAl g 0nd 65 53 0 Cewd (ly
O Gy 5o Gloir s Lol sods sl bog Bre ol )0 Sl s (5, uS‘ :]og)ia 5 el ).»l);l,)l{, W
Sg,0um Colan g oad bl el o ) G 4 Cos o  Keal G A USS 5o o dalgss sl
53 5 0lgtel 3 e 50 Keal ol jo el Al iol38l so ) 0VA 4 0o, 0 Y ety adl g 5g, 2 s A Ve )

Lyl i 50 Glgtul e dunlie gl 09 ablys )0 B oy Bl g 55, 50 e O (Sidgraue Colua ol e



YyYy \Y-rggr;)w‘&m»‘wx«wu;ﬁ,jﬁp

samlie 4 JSs ;0 aSilizmad .l 00 (g jludunds Qo s B 059 (2] g 59, 40 yio O (Sdg,0ue Coloa b (Ko

sl 03,55 dlol 8l by e 10 Slaia i Lol sads Jlo s Of mhaw ;o s el Keali 040 o

a
120 J (@) Actual drawdown cone in central well
EE' NFB (Divide line) =
100 ——k =50m/d & sy =0.05 t=1y
—k=10to 90m/d & Sy=0.02t0 0.18 Re = 80mm/y
CHB (River) Q =4000m3/d Bottom
Af—
0
0 5 10 15 20 25 x(km) 30
0 5 10 15 20 25, (Km) 30
o 1 1 1 1 L 3
L]
21 ()
N
o ——k=50m/d & sy = 0.05
2 Theoretical ——k =10 to 90m/d & Sy = 0.02 to 0.18
_ drawdown cone in
< E
c = central well
n
[an]
0 2000 4000 6000 8000
= . . . . X I(m) 10 100 1000
d (=] 'l 'l
(c) N
(=]
- ———k =50m/d & sy = -
= 0.05 o ]
E Theoretical ——k=10t090m/d & © |
» drawdown cone in Sy=0.02100.18 © (d)
— upward direction 2 J

b gl 5 2l by s Seal S 4 IS
Fig.9. The effect of heterogeneity on the drawdown cone and influence radius.

o s B (my
33550 T ol g G215 JUE] b g 0 atlS Lol canlind 31 ool oyl S s 1331 L
A 0y50 plazel )0 dzse elr (gly Ve USE o il il bl als ST atilen i o SRl 1 a8
il ol o0t daglie 8l iy il bg e b 5 0ddh drlome 130 10 F i s (sl (6,0l il Loy e
el i lgtul CanaVl jo Cales jmals pl g asl mals elusl cuwls s cud Giol8l b ogd e oo
Oo S 3l (oS e 5iy9 Jolsd jo 5 S Ees ol o5 5o Jbaed Jiws S8l by yte 398 e onys aSilien
53l e Lol azly 38l o 515 pebans e o 331 L 99 o 000 aS0liz el o 4ZulS ] el
L loced plsmal G i o i b Olgs 45 95800 el 9050 e el iy Sl (tal8l 1 a8 o

8,5 soliiwl o] 5l ladllas Sy g0 5 03,5 ol Slegel JS 5o plp biews cwlks



e Rl 35T SO s OF (slaslr 53 SL g 3l by e

AR

0.5

1.5

0.01

0.1

~ Actual drawdown

cone in central well

/

NFB (Divide line) =~

——BRS =0

——BRS = 0.006

0 5 10 15 20 25 x(km) 3p
0 5 10 15 20 25 (Km) 30
J (b) t=1y ——BRS =0
K=10m/d ——BRS = 0.006
. Sy =0.10
Re = 80mm/y
. Q = 4000m3/d Theoretical drawdown
il cone in central well
E
[75]
0 2000 3000 4000 5000 6000 x (m)
3 30 300 3000
- \
~ - oo*”
=
Theoretical drawdown cone in - (d)
upward direction I

55U glads g 2l by yi ol SV IS

Fig.10. The effect of bed slope on the drawdown cone and influence radius.
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Abstract

The zone of influence of the well is the area where the activity of the well changes the water

level. The zone of influence is important in determining the protection zones; however, in this

regard, reliable relationships have not yet been presented and their lack of relationship has not

been confirmed; and this is due to the lack of accurate knowledge of the zone of influence in

some aquifers. This study was carried out using the MODFLOW model to know the effect of

aquifer physical parameters on the drawdown cone in an unconfined alluvial aquifer with a

sloping water surface; and since no such research has been reported so far, the results are

innovative. The results showed that although it is possible to ignore the effect of a well in parts

of the aquifer due to measurement and presentation limitations, in practice the influence zone of

each well will extend to the outer physical boundaries. It was found that two types of real and

theoretical drawdown cones can be discussed in the influence zone and each should be analyzed

separately. It was found that parameters such as hydraulic conductivity, saturation thickness,

transmissivity, horizontal anisotropy, bed slope, and amount of recharge in sloping unconfined

aquifers have a dual effect on the drawdown cone, and if their high values decrease the drawdown

in short distances, they increase the drawdown in long distances. It was found that normal

heterogeneity does not change much on the drawdown cone, and the reason is the opposite effects

of hydraulic conductivity and specific yield on the drawdown value. It was found that hydraulic

conductivity, horizontal anisotropy and specific yield have a strong effect, but vertical anisotropy

and heterogeneity have a negligible effect on the drawdown cone.

Keywords: Influence zone, Influence radius, Drawdown cone, Water well, Protection zone,

MODFLOW.

Introduction

The zone of influence of the well in the groundwater is a three-dimensional area around the well,
where the activity of the well changes the level and speed of water movement in it. The drawdown
cone is the relatively conical shape of the water level around the well, which can be represented by
iso-level curves in the real state and iso-level drawdown curves in the theoretical state. The radius of
influence is the radial distance of the well from the closed curve around the well resulting from the
horizontal section of the theoretical drawdown cone for a standard time and standard drawdown. After
Darcy's relations, various people have formulated the groundwater flow and especially the movement
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towards the well in steady and transient conditions and presented analytical and semi-analytical
relations to estimate the water level drawdown around the well (Dupuit 1863; Thiem 1906; Theis
1935; Neuman 1974; Moench 1997; Darcy 1856). In addition, with the development of numerical
methods for solving water flow equations, several groundwater flow simulation models have been
presented that are capable of simulating the well and estimating the amount of water level drawdown
around it (McDonald and Harbaugh 1984). Previous research has mainly been conducted in aquifers
where the water level in the aquifer is considered to be parallel to the bed surface and both levels are
assumed to be horizontal. The water level in real unconfined aquifers is a function of other
characteristics of the aquifer and is a dependent variable, and in this study the effect of the
independent parameters of the aquifer on the well drawdown cone in such an aquifer has been studied
using the numerical mathematical model MODFLOW. The results of this research can be an effective
help to know more about the fall cone and the radius of influence, and a more accurate understanding
of the effect of the well on the aquifer can be used in the management of the aquifer in terms of proper
spacing of water wells and their quantitative and qualitative protection.

Materials and Methods

In this study, an irregular grid was used in the MODFLOW program to simulate a well in an unconfined
alluvial aquifer with a sloping water level and to investigate the effect of influencing factors on the
cone of depression and the radius of influence. The aquifer under investigation has a size of 30 km *
30 km and is located between a water divide and a river. The saturation thickness under the river is
100 meters, the specific yield is 0.1, the specific storage is 0.00001, the hydraulic conductivity is 10
meters per day, and the surface recharge is 80 millimeters per year. A well with a flow rate of 4000
cubic meters per day was pumped in the center of the aquifer, and the effect of the parameters of the
aquifer was extracted after one year of pumping (Fig. 1).

Results and Discussion
There are actually two types of drawdown cones in the well. One is the indicator of the drawdown of
the water level around the well compared to the initial level, which is theoretical and not visible, and
is represented by drawdown curves. The other is the level of the water after the activity of the well,
which is real and visible, and is represented by iso-level curves (Fig. 4). Transmissivity is the product
of hydraulic conductivity and saturation thickness in the aquifer. Increasing the hydraulic
conductivity causes the saturation thickness to decrease, but in general, as the hydraulic conductivity
increases, the transmissivity value increases. Increasing the transmissivity at different distances from
the well will have different effects, so that increasing the transmissivity at close distances will
decrease the loss, and increasing the transmissivity at far distances will increase the loss (Fig. 5).
Anisotropy is related to changes in hydraulic conductivity in the x,y,z directions. Changing any of
these parameters changes the transmissivity. With horizontal anisotropy, as the hydraulic conductivity
decreases in the y-direction, the cone of depression becomes slightly wider in the x-direction, but
much more compressed in the y-direction (Fig. 6). Vertical anisotropy in the aquifer is more common
than horizontal anisotropy, but its effect on the cone of depression is insignificant if the well is fully
penetrated (Fig. 7). The storage capacity in an unconfined aquifer is the sum of the specific yield and
the storage coefficient, and the storage coefficient itself is the product of the specific storage in the
saturation thickness. As the storage capacity increases, the amount of drawdown decreases throughout
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the area of influence (Fig. 8). Heterogeneity mainly has a specific direction and is not random, such
that transmissivity and storativity are both high on the upstream side and both decrease on the
downstream side, and their opposite effect prevents the large expansion or high compression of the
drawdown cone (Fig. 9). By increasing the bed slope in the unconfined aquifer, the saturation
thickness decreases and the transmissivity decreases. Therefore, its effect is the same as the effect of
transmissivity (Fig. 10). With the increase of recharge in the unconfined aquifer, the normal water
level, saturation thickness and transmissivity increase, and its effect is the same as the effect of
transmissivity (Fig. 11).

Conclusion

The zone of influence of any water well is the area around it where the activity of the well changes
the level and speed of water movement in it and it is introduced with two characteristics, one is the
drawdown cone and the other is the radius of influence. The purpose of this research is to study the
drawdown cone in conditions other than the assumptions made in the analytical relationships and to
investigate the effect of the physical parameters of the aquifer on it in an unconfined alluvial aquifer
with a sloping water surface. Investigation of this issue is important because issues related to well
protection require comprehensive knowledge of the zone of influence, but such a study has not been
reported in an unconfined aquifer with a sloping water level. This study was conducted for the desired
aquifer using the MODFLOW numerical mathematical model and it was possible to compare the
results of the MODFLOW numerical model with the results of the Moench, Neuman, and Theis
analytical models. By introducing and separating the real and theoretical drawdown cones, the role
of drawdown curves and isolevel curves in describing the effect of the well on the aquifer has been
determined, and by analyzing the theoretical drawdown cone in different coordinate systems, the
changes of drawdown in far and near distances from the well are well represented. The results showed
that with the continuation of pumping, the amount of drawdown continues to increase and after a very
long period of several years, it reaches a stable state. Therefore, the numerical indication of the radius
of influence without the parameters of time and drawdown is invalid and the radius of influence
should not be considered as a parameter of the well. The results showed that parameters such as
hydraulic conductivity, saturation thickness, transmissivity, horizontal anisotropy, bed slope, and
recharge in sloping unconfined aquifers have two types of effect on the drawdown cone, if their height
reduces the drawdown in short distances, it increases the drawdown in long distances. The results
showed that normal heterogeneity does not change much on the drawdown cone, and the reason is
the opposite effects of hydraulic conductivity and specific yield on the drawdown value. The results
confirm that hydraulic conductivity, horizontal anisotropy and specific yield have a strong effect, but
vertical anisotropy and heterogeneity have a negligible effect on the drawdown cone.



