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A finite-element groundwater flow model, HYDRUS
2D, was used to simulate drawup and drawdown of
piezometric pressure heads in the aquifer storage re-
covery cycles of varying buffer storage volumes and
residence times in a highly brackish, semi-confined
aquifer under shallow water-table condition. Physical
flow region implemented in HYDRUS 2D involved a soil
profile of 500 m width and 69 m depth, with an exocen-
tric elliptical cavity of 1 m radius at 54 m depth. No flux
boundary was given at the soil surface, at the bottom
and at the lateral sides of the flow region. Saturated
hydraulic conductivity was estimated through inverse
modelling technique using experimental pressure head
time pairs during the first aquifer storage recovery
cycle from a piezometer and an observation well. High
regression coefficient (0.96), low sum of squared dif-
ferences of predicted and experimental mean (1.12), and
low root mean square error (RMSE; 0.81) between
predicted and experimental pressure heads while cali-
brating the first ASR cycle indicate the high level of
accuracy of estimating field-saturated hydraulic con-
ductivity. Modelling efficiency was higher in the pie-
zometer (99.86) than in the observation well (94.57).
Overall, the HYDRUS 2D model performed well for
simulating drawup and drawdown with RM SE values
ranging from 0.26 to 1.29 and modelling efficiency
ranging from 94.57 to 99.9 during validation in the
second to sixth ASR cycles. Radial influencing zone
increases with buffer storage volume with a mean
value of 122 m during recharge, indicating that the
next tube well should be installed at least 122 m away
from the existing aquifer storage recovery well.

Keywords: Aquifer, cavity well, recovery efficiency,
buffer storage volume, residence time.

AQUIFER storage recovery (ASR) well is arelatively new
water-resource management technology, which is sequen-
tially used both for excess water injection in the aquifer
and the recovery of the same stored excess water during
shortage. This technique is increasingly used for reducing

*For correspondence. (e-mail: vishal_goyal 11@rediffmail.com)

376

saline brackish aquifers for irrigation’™ to prevent sur-
face ponding in standing crops* and maintain the desired
water levels in freshwater aquifers at relatively lesser
cost. In Haryana, water-shortage problems, directly or in-
directly, arise due to over exploitation of good-quality
groundwater in the northeastern zone and non-utilization
of poor-quality groundwater coupled with introduction of
canal irrigation. This has resulted either in the decline in
water levels or waterlogging and soil salinization. Thisis
serioudly affecting the sustainability of irrigated agriculture.
Improvement in water quality in the aquifer surrounding
ASR prompts the farmers to extract more groundwater for
irrigation”.

Modelling water pressure heads around an ASR well
would help in quantifying temporal and spatial rise or fall
in water levels and also in assessing the impacts on the
environment® on a long-term basis by the planners and
researchers. Simulation models can integrate geological
and hydrological information and help in quantifying the
influencing zone for optimizing operational factors such
as buffer storage volume (BSV) and residence time of the
recharge water for success of ASR technology. Temporal
and spatial water pressure responses near the ASR
strainer wells were studied using analytical approaches®™°
for saturated flow conditions in homogeneous areas. Nume-
rical (two-/three-dimensional) approaches™™® were used
for steady and transient saturated flow conditions for con-
fined, unconfined and semi-confined aquifers in hetero-
geneous areas. These have been modelled with a fair
degree of success. Farm-scale water-level responses are
complicated by the problem of surface unsaturated flows
and aerial horizontal and vertical heterogeneities. A few
numerical modelling studies have been reported for cavity-
type ASR wells. A scientifically documented and evalu-
ated'®, HY DRUS 2D software package'’ having extensive
interface capabilities for simulating saturated and unsatu-
rated water, solute and heat flow under bare and cropped
condition, well suited for field heterogeneities would be
useful to predict water-level responses at farm with a cavity-
type ASR well on both short-term and long-term basis.
The main objective of the present study was to evaluate
the applicability of HYDRUS 2D model for simulating
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drawup and drawdown of pressure heads during recharge
and recovery cycles at different BSV's and storage time in
acavity-type ASR well.

Theory

The Windows-based HYDRUS 2D package solves the
modified form of Richard equation (eq. (1)) for variably
saturated flow numerically as:

90 _ 9 I y| kA ah+KiZ -S, (1)
ot  ox 0X;
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where @ is the volumetric water content (L*L%), h the
pressure head (L), S the sink term (s7), x (i = 1, 2) the
spatial coordinates (L), t the time (T), K’i‘j the components
of anisotropy tensor K*, and K is the unsaturated hydraulic
conductivity (L s given by

K(h, X, 2) =K4(x, 2)K;(h, X, 2),

where K; is the relative hydraulic conductivity and K the
saturated hydraulic conductivity (L s7).

Forchheimer solved the steady state equation of
groundwater flow for a cavity well with spherical bottom
situated on top of a confined aquifer for drawup and
drawdown as:

__Q
27Kr’

(2

where D is the drawdown or drawup of pressure head
(m), Q the recharge or discharge rate (m*/day), K the
aguifer hydraulic conductivity (m/day) and r the radial
distance from the cavity (m).

Hisar diStrict
LEGEND

[ area with rising
water table

] area with Talling
weater table

__-4 —_ change in ground
waler level from
1974.2000

Figure 1.
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Materials and methods
Geo-hydrology of the experimental site

About 98% of Haryana is covered with plains of fluvial
alluvium of Recent to sub-Recent age, blanketing almost
the entire sub-surface geology*®. There are, however, out-
crops of the various rock-systems on the northeastern,
southern, southwestern and the western boundaries of the
state.

Semi-confined, shallow aquifers are found in sand and
loamy sand layers above illite type of non-continuous
clay layers. Depth to groundwater level varies from 2 to
10 m below ground level during pre-monsoon period, and
quality of groundwater varies from 2 dS/m (2000 umhos/
cm) to more than 30.2 dSm (30,200 umhos/cm) at Soil
Research Farm of Haryana Agricultural University (HAU).
Range of water quality and depth of water level of Hary-
anaare presented in Figure 1.

Field experiments

The field experiment was conducted at the Soil Research
Farm of Chaudhary Charan Singh HAU, Hisar (28°59'—
29°49'N lat. and 75°11'-76°18’E long. at an elevation of
215.2 mamdl) to study the effect of BSV and residence
time on water-level responses. The site lithology and
schematic diagram of ASR facility is shown in Figure 2.
Canal water was injected into cavity-type ASR well to
create BSV of 6000, 10,000 and 14,000 m®, employing
siphon system in July—August 2003. Details of the ASR
cycle test programme adopted in the study are given in
Table 1.

Residence time of 70.83, 118.35 and 113.20 days was
allowed at a BSV of 14,000 m® in the fourth, fifth and

A-quality [good) B-qualty [normal)
ECez o IEE E

SAR < 10 SaR <10

C-quably [sodic) Oi-queabity [marginally-saline
ECed ECag

AR >10 SAR < 10

E-quahty [saline-sodic)
EC>4
SaAR = 10

Fluctuation in groundwater levels and groundwater quality of Haryana.
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Table 1. The aguifer storage recovery (ASR) cycle test programme at Hisar site to study the effect of

storage volume and storage time on recovery efficiency

Cycle number j BSV (m°) Vr; (m?) Vi; (m®) t; (days) t (days) t, (days)
1 6000 2000 6000 12.00 7.20 2.40
2 10,000 2000 6000 10.60 6.05 1.50
3 14,000 2000 6000 25.60 13.55 1.50
4 14,000 2000 2000 10.20 70.83 2.40
5 14,000 2000 2000 9.17 118.35 1.54
6 14,000 2000 2000 8.92 113.20 1.54

ti, Time of injection; T, Residence time; t;, Recovery time; Vr;, Volume recovered in the jth cycle; Vij,

Total volume injected in the jth cycle, and BSV, Buffer storage volume.
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Figure2. Schematic diagram of the aquifer storage recovery well.
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Figure 3. Schematic layout of the ASR system implemented in
HYDRUS 2D.

sixth ASR cycles respectively. BSV of current cycle, BSV;
was measured by the difference between the volume in-
jected, Vi and volume recovered Vr added to the buffer
storage volume of the previous cycle BSV j_y) as:

BSV] = Vl’lc —Vrj + BSV(J'_]_), (3)

where j denotes the ASR cycle number (Table 1), Vit the
total volume injected in the jth cycle and Vr; the volume
recovered in the jth cycle.
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Residence time t was estimated for each cycle as:
t=05(t+1t) +t 4)

where t; is the injection time, t; the recovering time and t
the storage time between ti2 and trl.

Numerical experiments

The HYDRUS 2D model was calibrated for simulating
drawup and drawdown of pressure heads during recharge
and recovery for the first ASR cycle with BSV of 6000 m®.
The remaining cycles with BSV 10,000 and 14,000 m®
and three cycles of residence time t = 70.8, 118.4 and
113.2 days at BSV of 14,000 m® were used for validation.
In total, six HYDRUS 2D runs were carried out for simu-
lating drawup and drawdown pressure heads during
recharge and recovery (Table 1).

The physical flow region involved a soil profile of
500 m width and 69 m depth, and with an exocentric
elliptical cavity of 1 m horizontal radius and 1 m vertical
radius at 54 m depth (Figure 3). In fact, the z coordinate
was taken as zero at the bottom of the flow region and
increased positively upwards (Figure 3). No flux bound-
ary was given at the soil surface, bottom and lateral sides
of the flow regions (Figure 3). The piezometer (P) was
installed at a radial distance of 10 m (r =10 m) and at a
soil depth of 54 m (z= 15 m). Observation well (O) was
installed at a radial distance of 10 m from the cavity
(r=10m) and at 12.4m depth from the soil surface
(z=56.6 m; Figure 3). Experimentally observed recharge
fluxes (negative) and recovery fluxes (positive) as a func-
tion of time served as a variable flux boundary condition
for HYDRUS 2D (Figure 4).

Parameter estimation

Soil water retention functions were derived from pressure
head and water content data from undisturbed soil samples,
measured on pressure plate apparatus using Van Genuch-
ten—Mualem equations®® as:
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Figure 4. Recharge (negative) and recovery fluxes (positive) of (a) cycles having buffer storage volume (BSV) 6000,
10,000 and 14,000 m® and (b) residence time t = 70.8, 118.35 and 113.20 days.
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Figure5. Volumetric pressure content € vs pressure head (h), and hydraulic conductivity (K) vs h relationships as fitted

from experimental data.

65 _Hr
g(h) = W for h< 0, (5)
ah)=6, for h=0, (6)
K(h) = K SE[1-@-s'™™M], (7)

where @ is the volumetric water content, h the pressure
head, a, n, m (=1=1/n), and k (= 0.5) are empirical para-
meters, S.= (60— 6)/(6s— 6) the degree of saturation 6,
the residual water content and 6 the saturated water con-
tent. Here 6, was set equal to air dry water content and 6
was set equal to total porosity as calculated from bulk
density obtained in h— 6 measuring cores, assuming
particle density of 2.65g/cm®. The functiona lines of
A(h) and k(h) have been fitted to experimental data (Fig-
ureb).

The HYDRUS 2D code includes a Levenberg—
Marquardt parameter optimization algorithm for inverse
estimation of hydraulic conductivity parameter. We uti-
lized this algorithm to estimate field-scale hydraulic con-
ductivity using measured pressure heads (h) and time (t)
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pairs from a piezometer (z=15m and r = 10 m) and obser-
vation well (z=56.6 m and r = 10 m) taking the observed
6, 6s, o, n and m as fixed parameters. The algorithms
express the error between observed and modeled data as:

my
SQ=Y IR (zH)-RzY

i=1

(8)

SSQ represents the sum of squared difference between
measured and calculated values. The right-hand side
represents the sum of sguared difference between the
measured and calculated space-time variables, e.g. time
and pressure heads. Here my is the number of measure-
ments, P*(z, t) represents specific measurements at time t
and depth z and P;(z, t) are corresponding values simu-
lated®.

Statistical test

Statistical tests to assess simulation performance were as
follows.
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Table2. Hydraulic parameters used in numerical experiments

Parameters 6. (m*m™) 6 (m*m®) a(m™) n K% (m/d)
Loam (M1) 0.03 0.47 0.05 22 1.00
Loamy sand (M2) 0.05 0.43 0.10 25 5.00
Clay loam (M3) 0.07 0.54 0.015 2.1 0.05
Sand (M4) 0.03 0.40 0.07 2.7 1.00
Silty clay loam (M5) 0.06 0.50 0.13 1.7 0.20
Loamy sand (M6) 0.05 0.10 0.10 25 8.20
SsQ - - - - 113
R? — - — — 0.98

6, Residual moisture content; 6;, Saturated moisture content; K%, Estimated field-saturated
hydraulic conductivity using inverse method of HYDRUS 2D; SSQ, Objective function which is
the sum of squared differences between the measured and simulated data (eq. (8)), R?, Coeffi-
cient of determination between measured and simulated data.

Table 3. Calibration and validation statistical tests of drawup and drawdown in pressure heads in piezometer

during recharge and recovery

n RMSE
Cycle no. BSV (m%) T (days) Recharge Recovery Recharge Recovery ME (%)
Calibration
1 6000 7.20 142 226 0.32 1.29 99.82
Validation
2 10,000 6.05 79 127 0.45 1.21 99.84
3 14,000 1355 161 209 0.67 0.89 99.91
4 14,000 70.83 77 128 0.26 0.90 99.90
5 14,000 118.35 70 120 0.32 1.00 99.88
6 14,000 113.20 72 120 0.29 1.29 99.80
Mean 0.39 1.10 99.86
RMSE, Root mean square error; ME, Modelling efficiency; n, Number of observations.
4 2
Z(OI—S) tca|— , d:X]_—Xz, (12)
Modelling efficiency (ME) = =1-Z 9) 52[1+
z (G -0) n
where O; and S represent the observed and simulated xSf n stg
values, n represents the number of observed and simu- sd.= [TX FpXS (13)
lated values used in the comparison, and O the observed (M +1,-2)

average:

6:29.

3 (10)
i=1 n

Negative values of ME are considered as unacceptable™.
The root mean square error,

RMSE = [%i[q —S(b)]ZJ . (11)

i=1

Paired t-test was applied to compare pressure heads gene-
rated numerically and analytically at radial distances as
follows:
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where n and S are the number of comparable paired
points and standard deviation and their subscripts are in-
dicative of their respective experimental and predicted
values, s.d. is standard deviation of mean and t.y is the
calculated t value.

Results and discussion
Calibration

Optimized, field-saturated hydraulic conductivity was
obtained from pressure heads and time data pairs during
the first ASR cycle from inverse modelling technique
of HYDRUS 2D using 4, 65 « n and m (derived
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Table4. Cadlibration and validation statistical tests of drawup and drawdown in pressure heads in observation well

RMSE
Cycle no. BSV (m%) T (days) Recharge Recovery Recharge Recovery ME (%)
Calibration
1 6000 7.20 30 51 1.25 1.93 91.52
Validation
2 10,000 6.05 45 64 1.16 1.56 94.58
3 14,000 13.55 75 105 0.83 0.91 97.81
Mean 1.08 1.47 94.57
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Figure 6. Simulated vs experimental drawup and drawdown of piezo-
metric head at (a) first, second and third ASR cycles of BSV = 6000,
10,000 and 14,000 m?, (b) fourth, fifth and sixth ASR cycles of resi-
dencetimet = 70.8, 118.6 and 113.2 days.
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Figure 7. Development of two-dimensional pressure isolines of a
sectioned (partial) flow region (r=0-30m and z=9-19m) at
increasing time of recharge and recovery in the first ASR cycle.
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pressure head (Table 4) calibrated the model, indicating
the high degree of accuracy of abtaining field-saturated
hydraulic conductivity from inverse modelling for the
first ASR cycle.

The rising isopressure lines with time of recharge (Fig-
ure 7) indicate increase in drawup (ht — hi, where ht is the
pressure head at any time t and hi is that at the initial
time) with recharge time. This is because of increase in
groundwater with time during recharge. The falling
isopressure lines with time of recovery (Figure 7) showed
decrease in drawdown (ht — hi) with recovery time due to
depletion of groundwater. The negative slope of pressure
isolines at any particular time (Figure 7) showed that
pressure decreased with radial distance during recharge,
as recharge is done in cavity.

Positive slope of pressure isolines at any particular
time (Figure 7) showed increase in pressure with radial
distance during recovery. Figure 6 shows only a part of
the flow region, i.e. zfrom 9to 19 mand r from O to 30 m,
to highlight the main pressure isoline of the aquifer. The
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Figure 9. Simulated versus experimental piezometric pressure heads of (a) initial 12.5 to 12.5104 d (15 min),
(b) 12.5104-12.5208 d (15-30 min) during drawdown, (c) initial 0.0034 (5 min) during drawup, and (d) 0.0034—

0.0104d (5-15 min) during drawup in the first ASR cycle.
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Figure 10. Simulated vs experimental rise and fall in pressure head
(m) in observation well at BSV = 6000, 10,000 and 14,000 m®.

unsaturated zone in fact had appeared near the soil sur-
face, and this explained the necessity of using HYDRUS
2D for this variably saturated flow region. For simulating
temporal pressures for a longer period of time of 1-10
years, this model has to take into account naturally occur-
ring recharge (rainfall, irrigation, seepage from canal)
and recovery (evapo-transpiration, rainfall) processes.
Hence the use of HYDRUS 2D model in this study is jus-
tified for groundwater recharge.

Shifting velocity isolines towards cavity with time
(Figure 8) suggests that water velocity at any radial dis-
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tance decreases with time during recharge and recovery
due to decrease in potential gradients with time.

Validation

Saturated hydraulic conductivity values obtained in the
calibration of the model in the first ASR cycle were used
for validating the model in the second to sixth ASR
cycles. There was good match between experimental and
simulated drawups and drawdowns in piezometric
pressure heads in the second and third ASR cycles of
BSV of 10,000 and 14,000 m® (Figure 6a) and in the
fourth, fifth and sixth ASR cycles of residencetimet = 70.8,
118.4 and 113.2 days (Figure 6b). Successful calibration
in the first and validation in the second to sixth ASR
cycles implied that HY DRUS 2D model may be used for
simulating spatial and temporal groundwater responses to
recharge and recovery in an ASR well. It may be further
seen that the method of estimating saturated field
hydraulic conductivity from inverse modelling through
HYDRUS 2D was satisfactory for simulating drawup and
drawdown in the ASR cycle even up to a longer time of
300 days.

A deviation between experimental and simulated pres-
sure heads was observed in the initial recovery time from
12.5to 12.5104 days (0-15 min), which decreased to some
extent from 12.5104 to 12.5208 days (15-30 min). There-
after there was minimal deviation (Figure 9a and b).
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These deviations near the cavity centre during recovery
may have been due to the following: (1) that HYDRUS
2D model does not take into account the storage coefficient
in the agquifer and/or (2) the entry point resistances of the
piezometer might have delayed their response to draw-
down pressure heads under actual field conditions.
However, simulated drawup pressure heads had a good
match when compared for longer times (Figure 9¢ and d).
These initial, short, time deviations between simulated
and experimental values were not observed during
recharge. It may be because of the low magnitude of
recharge rates that allowed slow rise of pressure heads so
as to match model datapoints.

The matching of experimental and simulated pressure
head datapoints of the observation well were not as
satisfactory as those of the piezometer during the first
two cycles of BSV 6000 and 10,000 m*® (Figure 10).
Under prediction of observation well pressure head
observed in the first and second ASR cycle was due to
seepage from canal and water courses flowing near the
experimental area. During the third ASR cycle of BSV =
14,000 m*, the matching of experimental and simulated
datapoints was satisfactory, as the experiment was
conducted during the canal dry period.

£ 1.6
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-g 1.2 —&— Forchheimer
2 1
=
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Figure 11. Drawdown and drawup in the pressure head as a function
of radial distance from cavity (m) as given numerically by HYDRUS
2D model and analytically by Forchheimer.
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High mean ME (99.86% in piezometer and 94.57% in
observation well) and low RMSE (0.26-0.67 of piezometer
and 0.83-1.25 m of observation well in drawup, and 0.89—
1.29 of piezometer and 0.91-1.93 m of observation well
in drawdown) of predicted and experimental pressure
head values for the second to the sixth ASR cycle indicate
that HY DRUS 2D model can be used for groundwater re-
charge in the ASR well. The RMSE and ME did not vary
with the ASR cycle, BSV and t, which further confirmed
the validity of the model over long periods of time. The
higher RMSE values for the observation well (Table 4)
compared to that of the piezometer might have been due
to seepage of water through the canal and water courses
near the experimental area, which account for higher ob-
served water pressure in the observation well. Therefore,
HYDRUS 2D may be used for projecting and optimizing
the operational factors as BSV and t of recharge water for
the success of ASR technology. So far, the model has
been used for predicting water, salt and heat balance stud-
ies, and pressure distributions in soil profiles mostly in
unconsolidated zone'’?*??, Only few applications to
simulate groundwater recharge have been reported®.

Radial influencing zone

Radial influencing zone r;, is taken as a radial distance r
up to which there is 5% of maximum drawup and draw-
down during recharge and recovery of each cycle. It
means that r;, would vary with recharge, recovery, BSV
and t of the ASR cycle. It increased with BSV, with a
mean value of 122 m during recharge. This may be due to
the buffer zone that restricts direct mixing of injected
water with native water. It is more for recharge than for
recovery (Table 5), because moretime is available (Table 1)

Table 5. Radia influence zone r;, (m) at different BSVs and t for
recharge and discharge in ASR well

riz (m)

Cycle no. BSV (m®) t (days) Recharge Recovery
1 6000 7.20 111 57
2 10,000 6.05 127 46
3 14,000 13.55 129 25
4 14,000 70.83 16 16
5 14,000 118.35 15 15
6 14,000 113.20 24 24

Table 6. Paired t-test for drawup and drawdown as given by HY DRUS
2D and Forchheimer model

Drawup (m/d) Drawdown (m/d)
Standard deviation 0.42 2.05
Difference of mean (d) 0.21 0.40
Calculated t value (tca) 2.33 1.18
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for spatial movement of the water during recharge. Mean
radial influencing zone of 122m (Table 5), at the
experimental ASR site suggests that the next tube well
should be installed at least 122 m away from the existing
ASR well.

Numerical vs analytical solutions

The Forchheimer model under-predicts piezometric
drawup and drawdown at all radial distances (Figure 11).
The difference of the mean was significant at 5% prob-
ability level and non-significant at 10% probability (Table
6). The radial influencing zones were also not identical
(111 and 87 m for HYDRUS 2D and Forchheimer model
respectively). The significant difference at 5% could have
been due to slightly higher optimized K values being used
for HYDRUS 2D compared to analytical Forchheimer
model (eq. (2)). Indeed, K values for analytical Forch-
heimer model are relatively difficult to determine, as it
requires large number of pump tests under actual field
conditions, which sometimes become difficult and costly
for practical purposes. Furthermore, the Forchheimer
model is a steady-state analytical groundwater model and
does not take into account unsaturated water-flow pro-
cesses occurring during recharge and recovery cycles.

Conclusion

1. HYDRUS 2D simulated the drawup and drawdown of
pressure heads quite well during the whole period of
time of recharge and recovery in all six ASR cycles.

2. The method of estimating saturated field hydraulic
conductivity from inverse modelling through HY DRUS
2D was satisfactory for simulating drawup ad draw-
down in ASR cycles even up to a longer time of 300
days.

3. ME did not vary with the number of cycles, BSV and
residence time.

4. Theradia influencing zone of the ASR well increased
with increasing BSV from 6000 to 14,000 m?, with a
mean value of 122 m.

5. There was a deviation between predicted and experi-
mental drawup and drawdown during the initial 15 min
of recovery in the piezometer.

6. Forchheimer analytica model under-predicted the
piezometric drawup and drawdown at al radial dis-
tances compared to the numerical HYDRUS 2D
model.

7. Thus the HYDRUS 2D can be used for groundwater
studies.
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