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ABSTRACT
Urban flooding has become an increasingly serious challenge in many tropical cities due to rapid urbanization, 
increasing impervious surfaces, and the limited capacity of conventional drainage systems. Infiltration wells 
and injection wells have emerged as decentralized stormwater management measures to enhance infiltration 
and reduce surface runoff; however, comparative field evaluations of their hydraulic performance under tropi-
cal urban conditions remain limited. This study compares the hydraulic performance of infiltration wells and 
injection wells through field investigations conducted at four sites in Medan City, Indonesia, comprising two 
infiltration wells and two injection wells. Following natural rainfall events, water-level recession was moni-
tored after rainfall had ceased and the water level had reached approximately ground level. Repeated short-
term measurements (1-minute intervals over 30 minutes) and long-term measurements (1-hour intervals over 
6 hours) were conducted to characterize the hydraulic response of the wells. Representative infiltration rates 
were determined by linear regression, while an exponential recession model was employed to characterize the 
long-term hydraulic behavior of the injection wells and estimate surrounding subsurface transmissivity. The 
results indicate that the investigated injection wells exhibited higher average specific infiltration rates, rang-
ing from 1.37 to 1.58 cm/min, compared with 0.37 to 0.92 cm/min for the infiltration wells. In contrast, the 
investigated infiltration wells, which had larger diameters and cross-sectional areas, exhibited substantially 
greater observed volumetric recharge rates, reaching 4599 cm³/min compared with approximately 250–290 
cm³/min for the injection wells during the 30-minute experiments. The exponential recession model cap-
tures the observed long-term water-level recession behavior and provides a practical approach to evaluating 
injection-well performance. The findings suggest that both systems may have complementary roles in urban 
stormwater management. Injection wells may be advantageous where land availability is limited and rapid 
infiltration is required, whereas infiltration wells may be preferable where greater volumetric recharge capac-
ity is needed, owing to the larger dimensions of the investigated wells. The findings further emphasize the 
importance of regular maintenance, particularly for injection wells, to control sediment accumulation, while 
stormwater pretreatment should be considered to minimize potential groundwater contamination. These re-
sults provide practical guidance for selecting infiltration technologies that complement conventional urban 
drainage systems in tropical cities.
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INTRODUCTION

Urban flooding has become one of the most 
pressing environmental and engineering chal-
lenges in rapidly developing cities worldwide. 
Population growth, urban expansion, and the in-
creasing conversion of permeable land into im-
pervious surfaces have significantly altered the 
natural hydrological cycle, resulting in higher 
surface runoff, reduced groundwater recharge, 
and more frequent flood events (Przestrzelska et 
al., 2024). In many tropical cities, including Med-
an, Indonesia, conventional drainage systems are 
increasingly unable to accommodate the grow-
ing volume of stormwater, particularly during 
high-intensity rainfall events. Medan, the capital 
of North Sumatra Province and one of the major 
urban centers in Indonesia, is characterized by ex-
tensive built-up areas, rapid urban development, 
and a tropical climate with rainfall occurring 
throughout the year. Consequently, sustainable 
stormwater management strategies that promote 
local infiltration have received increasing atten-
tion as complementary approaches to convention-
al drainage infrastructure.

Among decentralized stormwater management 
measures, infiltration wells and injection wells are 
widely recognized as practical methods for reduc-
ing surface runoff while simultaneously enhancing 
groundwater recharge (Netzer et al., 2024; Zeyda-
linejad et al., 2024; Fiori et al., 2025). Both systems 
have been implemented in various urban environ-
ments to reduce runoff volumes and improve local 
water balance. However, their hydraulic behavior 
differs substantially because of differences in ge-
ometry, infiltration mechanisms, and interactions 
with subsurface geological conditions.

Previous studies have investigated the hy-
draulic performance of infiltration facilities un-
der various geological and climatic conditions, 
focusing on infiltration rates, groundwater re-
charge, water quality, and stormwater manage-
ment (Dillon et al., 2019). Nevertheless, most 
published studies evaluate individual systems 
independently or rely primarily on laboratory 
experiments and numerical simulations. Di-
rect field-based comparisons between infiltra-
tion wells and injection wells under identical 
urban conditions remain limited, particularly 
in tropical cities where rainfall characteristics, 
soil properties, and urban development differ 
considerably from those in temperate regions. 
As a result, engineers and urban planners have 

limited field evidence to support the selection of 
the most appropriate infiltration technology for 
specific site conditions.

Unlike many previous studies that evaluate 
stormwater infiltration systems using either short-
term infiltration tests or numerical simulations 
alone, the present study integrates short-term 
field measurements, long-term recession analy-
sis, recharge-capacity calculations, and estima-
tion of subsurface transmissivity within a unified 
field-based framework. This integrated approach 
enables a comprehensive comparison of infiltra-
tion wells and injection wells under tropical ur-
ban conditions and provides practical engineering 
information for the design and selection of storm-
water recharge systems.

Therefore, this study aims to compare the 
hydraulic performance of infiltration wells and 
injection wells based on field investigations con-
ducted at four locations in Medan City, Indone-
sia. The comparison considers infiltration rates, 
infiltration discharge, and long-term hydraulic 
behavior to evaluate the relative performance of 
both systems under actual operating conditions. 
Beyond comparing hydraulic characteristics, this 
study discusses the practical implications of the 
findings for urban flood mitigation, stormwater 
management, maintenance requirements, and 
groundwater protection. The results are expected 
to provide practical engineering guidance for se-
lecting appropriate infiltration technologies that 
complement conventional drainage systems in 
tropical urban environments.

BACKGROUND

Urban stormwater infiltration

Rapid urbanization has significantly altered 
the natural hydrological cycle by replacing per-
meable land surfaces with impervious infrastruc-
ture such as roads, buildings, and pavements. 
Consequently, infiltration decreases while sur-
face runoff and peak discharge increase, lead-
ing to more frequent urban flooding and reduced 
groundwater recharge. Conventional drainage 
systems alone are often insufficient to accom-
modate increasing runoff volumes, particularly 
during high-intensity rainfall events. Therefore, 
decentralized stormwater management mea-
sures that promote local infiltration have be-
come increasingly important as complementary 
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solutions for improving urban water resilience 
(Fletcher et al., 2015; Przestrzelska et al., 2024). 
Recent studies have emphasized that infiltration-
based systems not only reduce runoff but also 
enhance groundwater recharge and improve the 
sustainability of urban water resources (Fletcher 
et al., 2015; Ashley et al., 2013).

Among decentralized stormwater manage-
ment practices, infiltration wells and injection 
wells are recognized as practical methods for re-
storing part of the natural hydrological balance. 
These systems reduce the volume of stormwater 
entering drainage networks while simultane-
ously increasing groundwater recharge. Con-
sequently, they have become important com-
ponents of sustainable urban drainage systems 
(SuDS), low impact development (LID), and 
managed aquifer recharge (MAR) strategies ad-
opted in many urban areas.

Hydraulic characteristics of infiltration wells 
and injection wells

Although both infiltration wells and injec-
tion wells aim to increase groundwater recharge, 
their hydraulic mechanisms differ considerably 
(Bouwer, 2002; Netzer et al., 2024; Netzer et 
al., 2025). An infiltration well temporarily stores 
stormwater and allows water to infiltrate through 
its bottom and side walls into the surrounding 
soil. Its hydraulic performance depends primar-
ily on soil permeability, well diameter, storage 
volume, groundwater level, and the extent of the 
wetted surface area. Because of their relatively 
large diameter, infiltration wells generally pro-
vide substantial storage capacity and can infil-
trate large water volumes despite moderate infil-
tration rates. 

In contrast, an injection well conveys wa-
ter into deeper subsurface formations through 
a relatively narrow borehole. Its hydraulic per-
formance therefore depends strongly on the hy-
draulic properties of the receiving formation. 
Deeper injection wells may exhibit higher in-
filtration rates where they intersect subsurface 
formations with favorable hydraulic properties 
(Bouwer, 2002).

The hydraulic performance of both systems is 
influenced by several factors, including subsurface 
hydraulic properties, groundwater table depth, 
well geometry, and maintenance conditions. Sedi-
ment accumulation and clogging may progres-
sively reduce infiltration capacity, emphasizing 

the importance of periodic maintenance to sustain 
long-term performance (Dillon et al., 2019).

Factors affecting hydraulic performance

The hydraulic performance of infiltration 
wells and injection wells is governed by the inter-
action between well characteristics and site-spe-
cific hydrogeological conditions. Soil permeabil-
ity is generally the most influential factor because 
it controls the rate at which water infiltrates into 
the surrounding ground (Bouwer, 2002). In ad-
dition, geological formations, groundwater table 
depth, and aquifer properties influence the move-
ment and storage of infiltrated water, particularly 
for injection wells that discharge directly into 
deeper permeable layers.

The geometry of the well, including its diam-
eter, depth, and storage volume, also affects hy-
draulic performance. Larger-diameter wells gen-
erally provide greater storage capacity and infil-
tration discharge, whereas deeper injection wells 
may achieve higher infiltration rates by accessing 
more permeable strata (Bouwer, 2002). In prac-
tice, long-term performance is further influenced 
by sediment accumulation and clogging, which 
reduce hydraulic conductivity and infiltration ca-
pacity over time (Dillon et al., 2019; Suprayogi 
et al., 2019). Consequently, regular maintenance 
and appropriate pretreatment of stormwater are 
essential to sustain the effectiveness of infiltration 
systems and to minimize the risk of groundwater 
contamination (Netzer et al., 2024). 

Previous studies and research gap

Previous studies have extensively investigat-
ed infiltration facilities from the perspectives of 
groundwater recharge, infiltration capacity, wa-
ter quality, and stormwater management (Dillon 
et al., 2019; Netzer et al., 2024). Recent research 
has also examined the hydraulic performance of 
dry and wet infiltration wells for urban rainwater 
harvesting and managed aquifer recharge, dem-
onstrating their potential to reduce urban runoff 
while enhancing groundwater resources (Netzer 
et al., 2024; Netzer et al., 2025).

Despite these advances, most published 
studies focus on individual infiltration technolo-
gies, numerical simulations, or laboratory-scale 
experiments. Direct field-based comparisons 
between conventional infiltration wells and 
injection wells under identical tropical urban 
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conditions remain limited. Furthermore, rela-
tively few studies evaluate these systems not 
only in terms of infiltration rate but also with 
respect to infiltration discharge, long-term hy-
draulic behavior, maintenance requirements, 
and their practical implications for urban flood 
mitigation (Fletcher et al., 2015).

Therefore, this study compares the hydraulic 
performance of infiltration wells and injection 
wells based on field measurements conducted in 
Medan City, Indonesia. By integrating short-term 
infiltration tests with long-term hydraulic obser-
vations, the study provides practical engineering 
guidance for selecting appropriate infiltration 
technologies according to site characteristics, hy-
draulic performance, maintenance considerations, 
and sustainable urban stormwater management.

MATERIALS AND METHODS

Study area

This study was conducted in Medan City, 
North Sumatra, Indonesia, where rapid urban-
ization has increased impervious land cover and 
consequently reduced natural infiltration while 
increasing stormwater runoff. These conditions 
have contributed to more frequent urban flood-
ing and have highlighted the need for sustainable 
stormwater management strategies that enhance 
groundwater recharge.

Four artificial groundwater recharge facili-
ties were selected as representative study sites, 
consisting of two conventional infiltration wells 
and two injection wells located in different ur-
ban districts of Medan. The selected wells rep-
resent commonly adopted infiltration technolo-
gies constructed under varying hydrogeologi-
cal conditions. Their locations were chosen to 
provide a practical comparison of the hydraulic 

performance of the two systems under actual 
field conditions. Table 1 summarizes the princi-
pal characteristics of each investigated well; Fig-
ure S1 shows photographic documentation of the 
investigated recharge wells and representative 
field measurements; Figure S2 shows the loca-
tions of four investigated recharge wells. 

Regional geological and hydrogeological in-
formation indicates that the study area is char-
acterized by heterogeneous Quaternary depos-
its. The regional geological setting includes the 
Medan Formation, alluvial deposits, and volcanic 
deposits associated with the surrounding volcanic 
systems (Figure S3). The hydrogeological map 
further indicates spatial variability in aquifer con-
ditions across the investigated area (Figure S4). 
The aquifer materials are generally associated 
with unconsolidated deposits comprising coarse- 
to medium-grained gravel and sand with clay 
interbeds, with groundwater moving through in-
tergranular pore spaces and, locally, through frac-
tures or openings. These regional characteristics 
provide geological context for interpreting the 
hydraulic behavior of the investigated recharge 
wells; however, site-specific borehole logs, grain-
size distributions, and hydraulic conductivity 
measurements were not available. 

Field measurements

The hydraulic performance of the investigat-
ed wells was evaluated through field monitoring 
conducted following natural rainfall events. Mea-
surements were initiated after rainfall had ceased 
and the water level in the well had reached ap-
proximately ground level. Consequently, no ad-
ditional rainfall-derived inflow occurred during 
the monitoring period, and the subsequent water-
level recession was attributed primarily to infil-
tration from the well into the surrounding subsur-
face formation.

Table 1. Characteristics of the investigated wells

Well code Type Geographic 
location

Diameter
(cm) Depth (m) Effective 

depth (m)
Static water 
level (cm)

Material Test 
program

IW-1 Infiltration
well

3°35′57.4″ N
98°43′18.7″ E 55.0 1.25 1.25 20 Concrete

ring Short-term

IW-2 Infiltration
well

3°28′49.7″ N
98°37′40.6″ E 80.0 1.00 1.00 Not

detected*
Concrete 

ring Short-term

JW-1 Injection
well

3°34′45.6″ N
98°42′09.2″ E 15.2 12.0 4.2 130 PVC

pipe
Short-term
Long-term

JW-2 Injection
well

3°34′15.5″ N
98°43′47.2″ E 15.2 12.0 9.0 190 PVC

pipe
Short-term
Long-term

Note: *Groundwater was not detected within the measurable depth of the well during dry-weather field observation.
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Two observation schemes were employed. The 
first consisted of short-term recession measure-
ments, during which water levels were recorded 
at one-minute intervals for approximately 30 min-
utes. These measurements characterized the initial 
infiltration process and determined representative 
infiltration rates through linear regression analy-
sis. The second consisted of long-term recession 
measurements, in which water levels were record-
ed at one-hour intervals for at least 6 hours. These 
observations were used to investigate the long-
term hydraulic response of the injection wells and 
to estimate surrounding subsurface transmissivity 
using an exponential recession model.

Water-level and well-geometry measurements 
were conducted using simple manual field equip-
ment. Well depth was determined using a plumb 
bob and measuring tape, whereas water level was 
measured using a float-and-line arrangement with 
a measuring tape. The measuring tape had a range 
of 0–20 m and a resolution of 1 mm. Rainfall was 
collected using an ombrometer installed in accor-
dance with ISO 23350:2021, and rainfall depth 
was determined using a graduated measuring cyl-
inder with a range of 0–25 mm and a resolution 
of 0.5 mm. No formal calibration of the manual 
measuring equipment was performed, and inde-
pendent instrument accuracy was therefore not 
quantified. Nevertheless, measurement consis-
tency was maintained by using the same equip-
ment, measurement procedures, and observation 
protocol for all replicate tests. Details of the mea-
surement equipment are provided in Table S7, 
whereas the standardized initial and measurement 

conditions applied to the field tests are summa-
rized in Table S9.

Rainfall depth preceding each individual field 
test was recorded using the on-site ombrometer. 
The rainfall observations associated with all rep-
licate tests are provided in Table S8.

To confirm measurement reliability, identical 
field procedures and measuring equipment were 
used for each test. Each measurement was repeat-
ed twice to verify the repeatability of the observed 
hydraulic response. Complete water-level time se-
ries for all replicate measurements are provided in 
the Supplementary Material: Tables S1 to S4 for 
the short-term experiment and Tables S5 and S6 
for the long-term experiment. Both replicate tests 
for each well were analyzed individually, and their 
corresponding regression results are reported to 
demonstrate measurement repeatability.

Analytical procedure

Figure 1 illustrates the overall methodology 
adopted in this study. The investigation began 
with post-rainfall monitoring of water-level re-
cession in the investigated wells. The collected 
data were subsequently analyzed using two com-
plementary approaches.

The short-term observations were analyzed 
using linear regression to determine representa-
tive specific infiltration rates. These rates were 
multiplied by the horizontal cross-sectional area 
of each well to calculate recharge capacity, repre-
senting the volumetric rate of water-level reces-
sion within the well. The long-term observations 

Figure 1. Field testing and analytical framework for evaluating the hydraulic performance of infiltration and 
injection wells
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were analyzed using an exponential recession 
model to characterize the hydraulic response of 
the wells during prolonged infiltration. The re-
sulting recession coefficient was subsequently 
used to estimate subsurface transmissivity and to 
evaluate the hydraulic characteristics of the sur-
rounding subsurface formation.

Finally, the hydraulic performance of infil-
tration wells and injection wells was compared 
based on infiltration rate, recharge capacity, re-
cession characteristics, and estimated transmis-
sivity. The engineering implications of these 
hydraulic parameters were then interpreted with 
respect to urban stormwater management and ar-
tificial groundwater recharge.

Hydraulic performance indicators

Specific infiltration rate and cross-sectional 
area

The specific infiltration rate was determined 
from the measured rate of water-level decline 
during the infiltration tests and is expressed as
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where:	𝑓 – specific infiltration rate (cm/min), 
Δℎ – change in water level (cm), and Δ𝑡 – 
elapsed time (min). 

For comparison, the representative specific 
infiltration rate was defined as the average water-
level recession rate over the 30-minute monitor-
ing period and estimated from the slope of the 
best-fit linear regression line through the mea-
sured water-level data. This approach uses all 
observations within the standardized monitoring 
period and reduces the influence of individual 
measurement fluctuations. In contrast, minimum 
and maximum infiltration rates were calculated 
from successive one-minute water-level changes.

The cross-sectional area A of each well was 
calculated as 
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where:	𝐷 – well diameter. 

The cross-sectional area represents the hori-
zontal area of water stored in the well. Because 
infiltration wells generally have larger diameters 
than injection wells, they possess considerably 
larger cross-sectional areas and consequently 
greater potential recharge capacities.

Recharge capacity
The volumetric infiltration discharge Q was 

determined from

	 Q = f A	  (3)

where:	Q – observed volumetric recharge rate 
(cm³/min), f – specific infiltration rate (cm/
min), and A – horizontal cross-sectional 
area of the water column in the well (cm²). 

The quantity represents the volumetric rate 
at which stored water leaves the well during the 
post-rainfall recession period. In this study, it is 
used as an operational indicator of recharge capac-
ity under the measured field conditions and should 
not be interpreted as the well’s maximum design 
capacity. Unlike the specific infiltration rate, the 
observed volumetric recharge rate incorporates 
well geometry and therefore provides an addition-
al practical indicator for comparing the investigat-
ed systems under the measured field conditions.

Exponential recession analysis and 
estimation of transmissivity

The long-term decline of the water level in the 
injection wells was analyzed using an exponential 
recession model,

	 h(t) = h0𝑒−c𝑡	  (4)

where:	h(t) – hydraulic head inside the well 
above the static groundwater level at time 
t  (cm), h0 – initial hydraulic head above 
the static groundwater level (cm), and c – 
recession coefficient (hr-1). 

The recession coefficient describes the tem-
poral hydraulic response of the surrounding sub-
surface formation during infiltration. 

The long-term infiltration behavior of the in-
jection wells was analyzed using the exponential 
recession model described in Equation 4. Assum-
ing axisymmetric radial subsurface flow from a 
cylindrical well into an idealized homogeneous 
receiving formation, the instantaneous infiltration 
discharge can be expressed using the convention-
al radial-flow formulation (Ferris and Knowles, 
1954; Bouwer and Rice, 1976):
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where:	𝑄(𝑡) – instantaneous recharge capacity at 
time 𝑡 (m³ s−1), 𝑇 – surrounding subsurface 
transmissivity (m² s−1), h(𝑡) – hydraulic 
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head at time t (m), 𝑟𝑒 – effective radius of 
influence (m), and 𝑟𝑤 – well radius (m). 

An effective radius of influence 𝑟𝑒 = 10 m was 
adopted for the transmissivity estimation. This 
parameter represents the approximate radial dis-
tance over which the hydraulic-head disturbance 
generated by the well is dissipated and should not 
be interpreted as the physical depth of the well. 
To evaluate the influence of this assumption on 
the estimated transmissivity, a sensitivity analysis 
was conducted using re values of 5, 10, and 20 m. 

Because the hydraulic head declines expo-
nentially with time as expressed in Equation 4, the 
recharge capacity also decreases exponentially,

	 𝑄(𝑡) = 𝑄0𝑒−𝑐𝑡 	  (6)

where the initial recharge capacity is:
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The recession coefficient is related to the es-
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where:	𝐴 is the cross-sectional area of the injec-
tion well as stated in Equation 2. 

Rearranging Equation 8 yields the expression 
used to estimate the transmissivity of the sur-
rounding subsurface formation. 
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where:	𝑇 – estimated transmissivity of the sur-
rounding subsurface formation (m² s−1), 
𝑐 – exponential recession coefficient 
(s−1), 𝐴 – cross-sectional area of the in-
jection well (m²), 𝑟𝑒 – effective radius of 
influence (m), and 𝑟𝑤 – well radius (m). 

The regression-derived recession coefficient 
was converted to SI units before calculating 
transmissivity. The resulting values of T should 
therefore be interpreted as model-based estimates 
of the effective transmissive response of the 
surrounding subsurface formation under the as-
sumed radial-flow conditions, rather than as inde-
pendently measured aquifer transmissivity.

Recharge capacity was adopted as the prin-
cipal engineering performance indicator because 
it directly represents the volumetric stormwater 

infiltration capacity of the recharge system. In 
contrast, transmissivity characterizes the hydrau-
lic behavior of the surrounding subsurface for-
mation and therefore serves as a supporting hy-
drogeological parameter that helps interpret dif-
ferences in recharge performance and subsurface 
hydraulic behavior among the investigated wells. 

Nevertheless, the four hydraulic performance 
indicators adopted in this study represent comple-
mentary aspects of stormwater recharge perfor-
mance. The specific infiltration rate characterizes 
the rate of water-level decline; recharge capacity 
quantifies the volumetric stormwater infiltration 
capability of the well; the recession coefficient 
describes the temporal hydraulic response during 
long-term infiltration; and the estimated transmis-
sivity reflects the hydraulic characteristics of the 
surrounding subsurface formation. Together, these 
indicators provide a comprehensive framework 
for evaluating and comparing the hydraulic per-
formance of infiltration wells and injection wells.

For interpretation of the results, it should be 
noted that the field measurements were recorded 
as the downward displacement of the water surface 
from its initial position. Consequently, the plotted 
water-level variable increases toward an equi-
librium value, particularly during the long-term 
tests, whereas the corresponding hydraulic head 
decreases exponentially according to Equation 4.

RESULTS AND DISCUSSION

Short-term hydraulic characteristics of the 
investigated wells

The short-term infiltration tests were con-
ducted to evaluate the initial hydraulic perfor-
mance of the investigated infiltration wells and 
injection wells under field conditions. Water-
level measurements were recorded at one-min-
ute intervals over a 30-minute period, and the 
corresponding infiltration rates were determined 
using the analytical procedure described in Sec-
tion 3. The hydraulic characteristics obtained 
from these measurements, including the infil-
tration rate, cross-sectional surface area, and 
recharge capacity, are summarized in Table 2, 
while the temporal variations in water level are 
presented in Figure 2.

The measured infiltration rates varied no-
ticeably among the four investigated wells, re-
flecting differences in site conditions and well 
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configurations. Overall, the injection wells ex-
hibited higher average specific infiltration rates 
than the infiltration wells, indicating that water 
could be transmitted more rapidly into the sur-
rounding subsurface during the initial infiltration 
period. However, the results also demonstrate that 
infiltration rate alone does not adequately repre-
sent the hydraulic effectiveness of an artificial re-
charge system.

Recharge capacity, expressed as the volume 
of water leaving the well per unit time, depends 
on the specific infiltration rate and the horizontal 
cross-sectional area of the well. Although the in-
jection wells generally exhibited higher specific 
infiltration rates, the infiltration wells exhibited 
substantially greater observed volumetric re-
charge rates because their larger diameters result-
ed in much greater horizontal cross-sectional ar-
eas. Consequently, a given water-level decline in 
an infiltration well corresponds to a substantially 

larger volume of water leaving the well. In other 
words, the geometric advantage of the infiltration 
wells compensated for their lower specific infil-
tration rates.

The relatively low volumetric recharge rates of 
the investigated injection wells are partly associat-
ed with their small cross-sectional areas. According 
to the relationship Q = f A, well diameter directly 
influences the calculated volumetric recharge rate 
through its effect on cross-sectional area. However, 
the present study did not experimentally evaluate 
injection wells of different diameters; therefore, the 
effect of increasing injection-well diameter on ac-
tual field performance cannot be determined from 
the present results. Further field investigations in-
volving injection wells with different diameters 
under comparable hydrogeological conditions are 
needed to evaluate this effect.

These observations highlight the different 
hydraulic characteristics of the two recharge 

Table 2. Hydraulic characteristics of the investigated wells during the initial 30-minute infiltration period

Well Cross-sectional 
area, (cm²)

Test 1 
f (cm/min) R2 Test 2 

f (cm/min) R2 Mean f  ± SD 
(cm/min)

Mean observed 
volumetric recharge rate, 

Q(cm³/min)
IW-1 2,375.83 0.37 0.8083 0.36 0.8055 0.37 ± 0.01 867

IW-2 5,026.55 0.88 0.9500 0.95 0.9748 0.92 ± 0.05 4599

JW-1 181.46 1.28 0.9812 1.46 0.9965 1.37 ± 0.13 249

JW-2 181.46 1.50 0.9846 1.66 0.9877 1.58 ± 0.11 287

Figure 2. Water-level variation during the initial 30-minute infiltration period. Dotted lines represent the 
measured water-level data, whereas solid lines represent the linear regression used to determine the average 

specific infiltration rate f



99

Ecological Engineering & Environmental Technology 2026, 27(11), 91–104

systems. Injection wells are hydraulically effi-
cient in transmitting water into deeper subsurface 
layers, making them suitable where rapid local-
ized infiltration is desired and land availability is 
limited. In contrast, the investigated infiltration 
wells exhibited greater observed volumetric re-
charge rates because their larger diameters pro-
vided substantially greater water-storage cross-
sectional areas, making them potentially suitable 
for managing larger stormwater volumes where 
sufficient land is available. 

Differences in infiltration performance with-
in each well type may partly reflect the local 
groundwater conditions observed during field 
measurements. During dry weather, groundwater 
was not detected within the measurable depth of 
IW-2 (Table 1), whereas a shallower water level 
was observed at IW-1. Consistent with this differ-
ence, IW-2 exhibited a higher infiltration rate than 
IW-1. A similar pattern was observed for the in-
jection wells: JW-2 had a deeper static water level 
than JW-1 during dry-weather conditions and also 
exhibited a higher infiltration rate. A deeper water 
table provides greater available unsaturated stor-
age and may therefore contribute to more favor-
able infiltration conditions. However, because 
groundwater levels were observed during the 
field investigation rather than monitored continu-
ously, this relationship should be interpreted as a 
plausible contributing mechanism rather than a 
demonstrated causal relationship. 

The present study demonstrates that evaluat-
ing artificial recharge systems solely on the basis 
of specific infiltration rate may lead to mislead-
ing engineering conclusions. A comprehensive 
assessment should therefore consider both the 
specific infiltration rate, which characterizes the 
rate of water-level recession, and the observed 
volumetric recharge rate, which represents the 
rate of water-volume loss from the well under the 

measured field conditions. This dual-parameter 
evaluation provides a more practical framework 
for designing and selecting artificial recharge sys-
tems in urban environments.

The replicate measurements shown in Table 
2 indicate relatively small within-well variabil-
ity, with standard deviations SD of 0.01, 0.05, 
0.13, and 0.11 cm/min for IW-1, IW-2, JW-1, and 
JW-2, respectively. Because only two replicate 
tests were available for each well, these values 
are reported descriptively to quantify measure-
ment spread and were not used for inferential 
significance testing.

Long-term hydraulic behavior of the 
investigated injection wells

Following the short-term hydraulic evalua-
tion, long-term monitoring was conducted exclu-
sively on the two injection wells to evaluate their 
hydraulic response and the characteristics of the 
surrounding subsurface formation. Water levels 
were measured at hourly intervals for approxi-
mately 6–8 hours and analyzed using the expo-
nential recession model. The resulting hydraulic 
parameters are summarized in Table 3, while the 
corresponding water-level recession curves are 
presented in Figure 3. The recession coefficients 
reported in Table 3 represent the mean values ob-
tained from the two repeated long-term tests for 
each injection well, whereas Figure 3 presents the 
first test as a representative example.

The exponential model provided consistently 
strong fits for both replicate tests, with R2 values 
of 0.9969 and 0.9961 for JW-1 and 0.9900 and 
0.9898 for JW-2, respectively. The correspond-
ing fitted equations and regression statistics are 
provided in Tables S5 and S6. The corresponding 
RMSE values were also small relative to the ob-
served recession magnitudes, further supporting 

Figure 3. Water-level variation during the long-term infiltration tests for (a) JW-1 and (b) JW-2. Measured data 
(dotted lines) are compared with the fitted exponential regression curves (solid lines) used to determine the 

recession coefficient c
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the adequacy of the exponential model for repre-
senting the long-term water-level response.

As an illustrative calculation, the estimated 
transmissivity T for JW-1 reported in Table 3 was 
obtained using the mean recession coefficient 
c = 1.1584 hr--1, well radius rw = 0.076 m, and 
effective radius of influence re = 10 m. The re-
cession coefficient was converted to SI units as 
c = 1.1584/3600 = 3.2178 × 10-4 s-1, while the 
well cross-sectional area was A = π (0.076)2 = 
0.01815 m2. Substituting these values into Equa-
tion 9 gives T = 4.53 × 10-6 m2/s. 

The monitored injection wells exhibited an 
exponential decline in water level throughout the 
observation period. The rapid initial decline re-
sulted from a large hydraulic gradient between 
the water stored in the well and the receiving for-
mation. As infiltration progressed, the hydraulic 
gradient gradually decreased, producing a slower 
rate of water-level recession until hydraulic equi-
librium was approached.

Differences in the recession coefficient and 
estimated transmissivity between the two wells 
suggest spatial variability in the hydraulic re-
sponse of the receiving subsurface formation. 
Higher estimated transmissivity values indi-
cate a more rapid dissipation of hydraulic head 
within the idealized analytical framework used 
in this study. Both injection wells approached 
near-equilibrium conditions after approximately 
two hours, after which only minor water-level 
changes were observed.

The sensitivity analysis showed that the as-
sumed radius of influence had a moderate effect 
on the estimated transmissivity. For re values of 
5, 10, and 20 m, the estimated transmissivity was 
3.89 × 10-6, 4.53 × 10-6, and 5.18 × 10-6 m2/s for 
JW-1, and 2.96 × 10-6, 3.45 × 10-6, and 3.94 × 10-6 
m2/s for JW-2, respectively. Thus, halving or dou-
bling the assumed radius of influence changed the 
estimated transmissivity by approximately 14%, 
while JW-1 consistently exhibited a higher esti-
mated transmissivity than JW-2. This indicates 
that the comparative interpretation of the two in-
jection wells is not highly sensitive to moderate 
uncertainty in the assumed radius of influence.

The long-term results demonstrate that the 
hydraulic performance of an injection well should 
be evaluated using both structural performance 
indicators (specific infiltration rate and recharge 
capacity) and hydrogeological response indica-
tors (recession coefficient and estimated trans-
missivity). Together, these parameters provide 
a more comprehensive assessment of the effec-
tiveness of injection wells for sustainable urban 
groundwater recharge.

The replicate long-term tests shown in Table 
3 indicate limited within-well variability, with 
standard deviations SD of 0.054 hr-1 for JW-1 and 
0.006 hr-1 for JW-2. Because only two replicate 
tests were available for each well, these values 
are reported descriptively and were not used for 
inferential significance testing. 

Engineering implications for urban 
stormwater management

The results demonstrate that infiltration wells 
and injection wells provide complementary func-
tions in urban stormwater management. Infiltra-
tion wells offer greater recharge capacity because 
of their larger well diameter and horizontal cross-
sectional area, making them suitable for locations 
where large stormwater volumes can be retained 
and sufficient land is available. In contrast, in-
jection wells exhibit higher specific infiltration 
rates and require a smaller footprint, making them 
more appropriate for densely developed urban ar-
eas where space is limited.

The field observations indicate that hydrau-
lic head is one of the primary factors governing 
the hydraulic performance of both infiltration 
wells and injection wells. At the beginning of 
each test, the larger head difference between 
the water stored in the well and the surrounding 
groundwater generated relatively high infiltra-
tion rates and recharge capacities. As the water 
level declined, the hydraulic gradient gradu-
ally decreased, leading to progressively lower 
infiltration rates until near-equilibrium condi-
tions were reached. Consequently, the effective-
ness of these stormwater infiltration systems is 

Table 3. Long-term hydraulic response of the investigated injection wells during the 6-hour monitoring period
Injection

Well
Min.  f (cm/

min)
Max. f (cm/

min)
Average f 
(cm/min)

Average Q
(cm³/min)

Recession Coefficient,
Mean c ± SD (hr⁻¹)

Estimated Transmissivity,
T (m²/s)

JW-1 0.007 1.48 0.26 47.43 1.158 ± 0.054 (4.53 ± 0.21) × 10-6

JW-2 0.010 1.69 0.37 67.49 0.882 ± 0.006 (3.45 ± 0.02) × 10-6
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expected to decrease when groundwater levels 
are already high before rainfall events, because 
the available hydraulic head driving infiltration 
becomes smaller.

The study further shows that the hydraulic 
performance of artificial recharge systems should 
not be evaluated solely on the basis of infiltra-
tion rate. A comprehensive assessment should 
also consider recharge capacity and the hydrau-
lic characteristics of the surrounding subsurface 
formation. While the infiltration rate and re-
charge capacity describe the performance of the 
recharge structure, the recession coefficient and 
estimated transmissivity reflect the ability of the 
surrounding geological formation to receive and 
transmit infiltrated water.

From a practical perspective, the selection of 
an appropriate recharge system should consider 
site-specific conditions, including land avail-
ability, subsurface hydraulic properties, anteced-
ent groundwater level, stormwater volume, and 
maintenance requirements. Proper pretreatment 
of stormwater and periodic maintenance are 
also essential to minimize clogging and protect 
groundwater quality, thereby ensuring sustainable 
long-term operation of artificial recharge systems.

Although recharge wells may complement 
conventional urban drainage systems, their po-
tential contribution to flood mitigation depends 
strongly on how they are spatially implemented. 
Rather than relying on a small number of wells 
to accommodate large concentrated runoff vol-
umes, recharge wells should preferably be dis-
tributed throughout the urban catchment so that 
stormwater can be intercepted and infiltrated 
close to where it is generated. This distributed 
approach is intended to intercept stormwater 
close to its source, reducing the runoff volume 
and rate entering the drainage network and po-
tentially relieving local drainage loads. Howev-
er, the effectiveness of individual wells remains 
dependent on site-specific hydraulic and hydro-
geological conditions. Recharge wells should 
therefore be regarded as distributed source-
control measures that complement, rather than 
replace, adequately designed urban drainage 
systems. Their implementation should form part 
of an integrated flood-management strategy in-
corporating surface drainage, temporary storage, 
safe overflow pathways, stormwater pretreat-
ment, and regular maintenance.

Comparison with previous studies

The present study demonstrates that infiltra-
tion wells and injection wells exhibit different 
hydraulic characteristics associated with differ-
ences in well geometry, hydraulic head, and the 
hydraulic properties of the surrounding subsur-
face formation. The field measurements showed 
that the injection wells generally exhibited high-
er specific infiltration rates, whereas the infiltra-
tion wells provided greater recharge capacities 
owing to their larger diameters. These findings 
are consistent with previous studies reporting 
that recharge systems extending to deeper per-
meable layers generally provide higher infil-
tration capacities than systems infiltrating only 
through the unsaturated zone (Sasidharan et al., 
2021; Netzer et al., 2024).

Unlike many previous investigations that 
evaluated recharge systems primarily using in-
filtration capacity or total recharge volume, the 
present study simultaneously considered four 
complementary hydraulic indicators: specific in-
filtration rate (f), recharge capacity (Q), recession 
coefficient (c), and estimated transmissivity (T). 
The combined use of these parameters provides a 
more comprehensive evaluation of recharge sys-
tem performance by distinguishing the hydraulic 
response of the recharge structure from that of the 
surrounding subsurface formation.

An important observation from the field mea-
surements is the influence of hydraulic head on 
recharge performance. The infiltration rate was 
highest immediately after the wells were filled 
and gradually decreased as the water level inside 
the wells declined. Consequently, the recharge 
capacity also decreased until both investigated in-
jection wells approached near-equilibrium condi-
tions after approximately two hours. These obser-
vations indicate that hydraulic head is one of the 
primary factors controlling the temporal variation 
of infiltration performance. Therefore, the effec-
tiveness of both infiltration wells and injection 
wells is expected to decrease when groundwater 
levels are already high before rainfall events, be-
cause the available hydraulic head driving infil-
tration becomes smaller.

The field measurements were conducted fol-
lowing natural rainfall events, with first-hour 
rainfall depths ranging from approximately 19 
to 35 mm. Monitoring began after rainfall had 
ceased and the water level in the investigated 
well had reached approximately ground level. 
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Figure 4 presents two typical rainfall records pre-
ceding the post-rainfall recession measurements 
and shows that the largest rainfall depth occurred 
during the first observation interval. Rainfall 
observations associated with all individual field 
tests, including both replicate measurements, are 
provided in Supplementary Table S8. Following 
these rainfall events, both infiltration wells and 
injection wells exhibited measurable post-rain-
fall recession responses, although the recession 
rate gradually decreased as the available hydrau-
lic head diminished. The results suggest that both 
systems can help reduce local surface runoff by 
promoting stormwater infiltration at its source, 
thereby complementing conventional drainage 
systems. Rather than replacing urban drainage 
infrastructure, infiltration and injection wells 
should be regarded as decentralized stormwa-
ter-management measures that can reduce run-
off volume, delay peak discharge, and enhance 
groundwater recharge (Ksatria et al., 2022; Ti-
wery, 2019). However, the present study did not 
quantify the magnitude of flood reduction.

The repeated field measurements conducted 
for each well further demonstrated good measure-
ment repeatability. The first and second trials pro-
duced similar water-level recession curves and 
comparable hydraulic parameters, indicating that 
the observed differences among wells primarily 
reflect variations in site conditions rather than 
measurement inconsistencies. Although no for-
mal statistical analysis was performed, the close 
agreement between the repeated measurements 
provides confidence in the reliability of the ad-
opted field-testing procedure.

Although infiltration wells and injection wells 
can support stormwater recharge and may con-
tribute to urban flood mitigation, their application 
should be accompanied by appropriate pretreat-
ment and regular monitoring to minimize the risk 
of introducing contaminants into the surrounding 
subsurface environment. Because injection wells 

transfer stormwater directly into the subsurface 
through relatively narrow conduits, stormwater 
quality, pretreatment, and maintenance should be 
closely managed to reduce the risk of groundwa-
ter contamination. Studies on groundwater quality 
protection in urban water infrastructure and man-
aged aquifer recharge systems have highlighted 
this consideration (Dillon et al., 2019; Edwards et 
al., 2022; Zeydalinejad et al., 2024).

From an engineering perspective, the present 
study suggests that the hydraulic performance of 
stormwater recharge systems is governed primar-
ily by three interrelated factors: well geometry, 
hydraulic head, and the hydraulic properties of 
the surrounding subsurface formation. Together, 
these factors determine the specific infiltration 
rate, recharge capacity, and long-term hydraulic 
response of the recharge system. This integrated 
interpretation complements previous studies em-
phasizing the importance of recharge structure ge-
ometry and subsurface conditions in determining 
the effectiveness of managed recharge systems.

The findings of this study should be interpreted 
within the limitations of the field investigation. The 
analysis was based on four recharge wells located 
at different sites in Medan City, and the observed 
hydraulic responses therefore reflect the specific 
well geometries and subsurface conditions at the in-
vestigated locations. The estimated transmissivity 
values were derived from an idealized radial-flow 
model rather than from independent aquifer test-
ing, while the field measurements represent post-
rainfall recession responses under the observed 
rainfall and groundwater conditions. Consequent-
ly, the numerical differences reported between the 
investigated infiltration and injection wells should 
not be generalized to all recharge systems with-
out consideration of site-specific hydrogeological 
conditions. In addition, the present study evaluates 
hydraulic performance at the individual-well scale 
and does not directly quantify catchment-scale 
flood reduction. Further investigations involving 

Figure 4. Typical hourly rainfall distributions preceding the post-rainfall recession measurements
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more wells, detailed subsurface characterization, 
longer-term monitoring, and catchment-scale hy-
drological assessment would strengthen the broad-
er applicability of the findings.

CONCLUSIONS

This study evaluated the hydraulic perfor-
mance of infiltration wells and injection wells 
for urban stormwater management through field 
measurements conducted in Medan City, Indone-
sia. Short-term infiltration tests were performed 
on two infiltration wells and two injection wells 
to determine the specific infiltration rate and 
recharge capacity, while long-term monitoring 
was conducted on the injection wells to evaluate 
their hydraulic response using the exponential 
recession method.

The results indicate that the two recharge 
systems exhibit different but complementary hy-
draulic characteristics. The injection wells gen-
erally produced higher specific infiltration rates, 
indicating more rapid water transmission into 
the surrounding subsurface formation. In con-
trast, the investigated infiltration wells exhibited 
greater observed volumetric recharge rates be-
cause their larger diameters resulted in greater 
water-storage cross-sectional areas. These find-
ings demonstrate that volumetric recharge rate 
should be evaluated alongside specific infiltra-
tion rate when assessing the hydraulic perfor-
mance of artificial recharge systems. 

The results further indicate that well geom-
etry is an important consideration in volumetric 
recharge performance. A larger injection-well 
diameter would increase the cross-sectional area 
available for water storage; however, the present 
study did not experimentally evaluate injection 
wells of different diameters. The effect of increas-
ing injection-well diameter on actual volumetric 
recharge performance should therefore be veri-
fied through dedicated field testing under compa-
rable hydrogeological conditions.

The long-term observations further showed 
that the hydraulic response of the injection wells 
followed an exponential recession pattern, with 
both wells approaching near-equilibrium condi-
tions after approximately two hours. The reces-
sion coefficients and model-derived transmissiv-
ity estimates reflected differences in the hydraulic 
response of the surrounding subsurface formation, 
providing additional information on long-term 

recharge behavior beyond what the short-term re-
cession measurements provided.

An important finding of this study is the ap-
parent influence of hydraulic head on recharge 
performance. Our field measurements showed 
that infiltration rates and recharge capacities grad-
ually decreased as the water level inside the wells 
declined, indicating that the available hydraulic 
head is one of the principal factors controlling 
infiltration. Consequently, the effectiveness of 
stormwater recharge systems is expected to de-
crease when groundwater levels are already ele-
vated before rainfall events because the hydraulic 
gradient driving infiltration becomes smaller.

From an engineering perspective, the present 
study suggests that the hydraulic performance of 
infiltration systems is governed primarily by three 
interrelated factors: well geometry, hydraulic 
head, and the hydraulic properties of the surround-
ing subsurface formation. These factors jointly 
determine the specific infiltration rate, recharge 
capacity, and long-term hydraulic response of the 
recharge system. The findings demonstrate that 
well geometry, hydraulic head, and the hydraulic 
properties of the surrounding subsurface forma-
tion should be considered jointly when evaluating 
urban stormwater recharge performance, rather 
than relying solely on infiltration rate.

The repeated field measurements demonstrat-
ed good repeatability of the proposed testing pro-
cedure, providing confidence in the reliability of 
the measured hydraulic parameters. 
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