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Hydraulic response of well-based artificial recharge in a stratified aquifer 1 

considering screen configuration and inter-well interference 2 

 3 

Highlights 4 

• Screen–aquifer connectivity governs recharge capacity and flow partitioning 5 

• Injection pressure primarily strengthens the hydraulic driving force for recharge 6 

• Overlapping head fields cause spacing-dependent interference between recharge 7 

wells  8 

 9 

Abstract 10 

Artificial recharge is widely used to mitigate groundwater-level decline caused by 11 

construction dewatering, yet its performance in vertically stratified aquifers is jointly 12 

controlled by hydrostratigraphic heterogeneity, well-screen configuration, injection 13 

pressure, and hydraulic interaction among neighbouring wells. This study investigates 14 

well-based artificial recharge in a vertically stratified aquifer by integrating staged field 15 

recharge tests with field-constrained three-dimensional groundwater-flow modeling. 16 

The model explicitly represents the principal permeable strata, lower-permeability 17 

interbeds, and hydraulically active screened intervals, and introduces a lumped 18 

pressure-transfer relationship to account for hydraulic losses between the wellhead and 19 

aquifer. Calibration and cross-well evaluation show that the model captures the main 20 

pressure-dependent recharge trend across the investigated wells, while retaining site-21 

specific deviations associated with local well–aquifer conditions. Simulations reveal a 22 

distinctly three-dimensional and vertically non-uniform hydraulic pattern, 23 

characterized by near-well radial spreading, preferential lateral migration through 24 

permeable strata, and restricted vertical exchange across lower-permeability layers. 25 

Increasing screen length enhances recharge capacity nonlinearly because it alters 26 

screen–aquifer connectivity and redistributes flow among aquifer units, whereas 27 

injection pressure primarily strengthens the hydraulic driving force through the 28 

available recharge pathways. Multi-well simulations further show that overlapping 29 

recharge-induced head fields elevate the ambient groundwater head around adjacent 30 



wells, reduce the effective recharge gradient, and suppress individual-well capacity, 31 

while this interference weakens with increasing spacing. These results demonstrate that 32 

recharge-system performance in stratified urban aquifers depends on the coordinated 33 

effects of screen–stratigraphy connectivity, hydraulic driving, and inter-well 34 

interference, providing a physically grounded basis for recharge-system design and 35 

operation during deep-excavation groundwater control.  36 

Keywords: Artificial recharge; Stratified aquifer; Screen–aquifer connectivity; 37 

Injection pressure; Hydraulic interference. 38 
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1. Introduction 40 

Groundwater is an important component of urban and regional water-resource 41 

systems, providing water supply, subsurface storage, and hydraulic support for the 42 

surrounding environment. However, long-term groundwater abstraction and 43 

engineering dewatering associated with deep excavations can substantially disturb 44 

natural groundwater conditions, leading to groundwater-level decline, redistribution of 45 

groundwater flow, loss of groundwater storage, and, under susceptible geological 46 

conditions, ground deformation. Artificial recharge is an important means of 47 

groundwater replenishment and regulation because it can restore groundwater levels, 48 

compensate for groundwater losses, and mitigate the hydraulic impacts of pumping 49 

(Bouwer 2002; Dillon et al. 2019). Among available recharge methods, well-based 50 

recharge can deliver water directly to target aquifers and is particularly suitable where 51 

the aquifers are relatively deep, overlying low-permeability strata restrict surface 52 

infiltration, or urban land availability is limited. In deep-excavation projects, peripheral 53 

recharge wells can therefore operate together with construction dewatering to 54 

compensate for groundwater losses and reduce groundwater-level decline and 55 

associated environmental impacts (Zhang et al. 2017a; Zhang et al. 2017b; Zheng et al. 56 

2018; Guo et al. 2022; Liu et al. 2022). The hydraulic performance of such systems is 57 

consequently governed not only by recharge operation but also by the interaction 58 

between well configuration and the local hydrogeological setting.  59 

Well-based artificial recharge has been investigated extensively through field tests, 60 

well-hydraulic analyses, and groundwater-flow modeling (Zhang et al. 2017b; Cao et 61 

al. 2022). Recent studies have further emphasized that the performance of managed 62 

aquifer recharge depends strongly on adequate hydrogeological characterization 63 

together with appropriate system design and operation (Meles et al. 2024; Seidl et al. 64 

2024). Field pumping–recharge tests in deep confined and semiconfined aquifers have 65 

demonstrated that appropriately designed recharge can effectively recover groundwater 66 

head and mitigate the impacts of construction dewatering, while also revealing 67 

substantial differences in hydraulic response among wells and between pumping and 68 

recharge processes (Zhang et al. 2017b; Zheng et al. 2018; Zeng et al. 2019a; Zeng et 69 



al. 2019b). At the system scale, three-dimensional numerical models have been used to 70 

examine recharge-induced head fields, pumping–recharge interactions, and the effects 71 

of well configuration and spacing. Zhang et al. (2017a), for example, showed that 72 

recharge performance in multi-well pumping–recharge systems is closely related to 73 

well spacing, whereas Mukhopadhyay et al. (2022) demonstrated that well spacing, 74 

well construction, aquifer conditions, and operating strategy jointly control multi-well 75 

recharge performance. Beyond these operational controls, combined physical 76 

experiments and numerical simulations have shown that geological heterogeneity and 77 

spatial variability in hydraulic conductivity can substantially modify recharge-induced 78 

groundwater-flow patterns across scales (Wu et al. 2021; Wu et al. 2023). More recent 79 

studies have further shown that heterogeneity can channel injected water along 80 

preferential pathways and that permissible recharge rates depend on both 81 

hydrogeological conditions and well-design parameters (Kumar et al. 2025; Zhu et al. 82 

2026). Taken together, these studies show that system-scale recharge performance is 83 

governed by the combined effects of well configuration, operating conditions, and 84 

aquifer heterogeneity. This system-scale perspective, however, does not by itself reveal 85 

how recharge is partitioned among individual screened intervals and hydraulically 86 

contrasting aquifer units. 87 

At the individual-well scale, recharge behaviour is further governed by how the 88 

screened interval interacts with the surrounding hydrostratigraphy. Classical well-89 

hydraulic analyses established that partial penetration and hydraulic contrasts between 90 

aquifer layers can substantially modify the three-dimensional flow field around a well 91 

(Javandel and Witherspoon 1980; Bakker 2001). Consistent with this principle, field 92 

and scenario analyses have shown that locating partially penetrating recharge wells 93 

within more permeable strata can improve recharge performance in construction-94 

dewatering systems (van Lopik et al. 2020), while partial penetration and local 95 

permeability reduction can markedly alter well response (Li et al. 2020). The vertical 96 

position of lower-permeability layers relative to the active screen interval is likewise 97 

important because it controls hydraulic access to individual aquifer units and thereby 98 

affects recharge efficiency (Patton et al. 2023). Inter-aquifer leakage can further modify 99 



well-injection capacity by altering hydraulic communication and head redistribution 100 

among adjacent aquifer units (Shandilya et al. 2022). Direct field measurements provide 101 

particularly clear evidence of this effect: Martinez and Widdowson (2024) observed 102 

pronounced differences in flow distribution among individual screened intervals of a 103 

multiaquifer recharge well, demonstrating that injected water is not necessarily 104 

distributed uniformly along the well depth. At a broader spatial scale, variations in 105 

hydraulic conductivity also influence the suitability of recharge-well locations and the 106 

resulting groundwater response (Poursalehi et al. 2022), while simulation–optimization 107 

studies of complex urban aquifer systems indicate that spatially variable hydraulic 108 

connections among aquifer units should be considered when locating injection wells 109 

(Mok et al. 2024). Collectively, these findings indicate that individual-well recharge 110 

capacity cannot be interpreted solely in terms of injection pressure or a single geometric 111 

parameter; rather, it reflects the coupled effects of hydraulic driving, screen–112 

stratigraphy connectivity, and the surrounding aquifer system.  113 

Despite this progress, several hydraulic processes in vertically stratified aquifers 114 

still require further quantitative investigation. First, previous studies of excavation-115 

related recharge have mainly focused on groundwater-level recovery, mitigation of 116 

dewatering impacts, and overall pumping–recharge performance (Zheng et al. 2018; 117 

Guo et al. 2022; Liu et al. 2022). Although previous studies have established the 118 

importance of well configuration and hydrostratigraphic heterogeneity, the 119 

redistribution of recharge among individual aquifer layers as screen configuration 120 

changes has been less systematically quantified in field-constrained excavation 121 

recharge systems (Patton et al. 2023; Martinez and Widdowson 2024; Kumar et al. 2025; 122 

Zhu et al. 2026). Second, increasing screen length and increasing injection pressure can 123 

both enhance recharge, but they represent different hydraulic controls. Screen 124 

configuration determines the degree of hydraulic connection between the well and 125 

individual aquifer layers, whereas pressurization primarily increases the hydraulic 126 

driving force acting through the available recharge pathways. In addition, the pressure 127 

applied at the wellhead may not be transferred completely to the aquifer because 128 

hydraulic losses can occur within the well, screen, gravel pack, and near-well formation 129 



(Guttman et al. 2017; Cao et al. 2022). Directly equating wellhead pressure with the 130 

effective hydraulic head acting on the aquifer may therefore oversimplify field recharge 131 

conditions. Third, the performance of a multi-well recharge system cannot be obtained 132 

by simply multiplying the capacity of an isolated well. Previous field and numerical 133 

studies have shown that well spacing influences recharge performance and that 134 

simultaneous injection can reduce individual-well capacity through hydraulic 135 

interference (Zhang et al. 2017a; Mukhopadhyay et al. 2022; Choi and Kim 2023). 136 

However, spacing-dependent hydraulic interference has rarely been examined together 137 

with screen–stratigraphy connectivity and effective pressure transmission within a 138 

field-constrained stratified aquifer system. Overall, relatively few field-constrained 139 

studies have jointly resolved screen–stratigraphy connectivity, effective pressure 140 

transmission, layer-resolved recharge partitioning, and spacing-dependent hydraulic 141 

interference within a consistent three-dimensional modeling framework.  142 

To address these issues, this study integrates staged field recharge tests with field-143 

constrained three-dimensional groundwater-flow modeling to investigate the hydraulic 144 

controls on well-based artificial recharge in a vertically stratified urban aquifer. The 145 

modeling framework explicitly accounts for hydrostratigraphic heterogeneity, 146 

hydraulically active screened intervals, and the transfer of applied wellhead pressure to 147 

the effective hydraulic head governing aquifer recharge. On this basis, three interrelated 148 

processes are examined: the three-dimensional propagation and preferential 149 

redistribution of recharge-induced groundwater flow within a stratified aquifer; the 150 

coupled effects of screen configuration and injection pressure on recharge capacity and 151 

layer-resolved flow allocation; and hydraulic interference between neighbouring 152 

recharge wells as a function of well spacing. By linking field observations with process-153 

oriented modeling, this study clarifies how hydraulic driving, screen–stratigraphy 154 

connectivity, and inter-well interaction jointly govern recharge performance, providing 155 

a physically grounded basis for the design and operation of well-based artificial 156 

recharge systems in stratified aquifers. 157 

2. Field recharge tests 158 

2.1 Site and hydrogeological conditions 159 



The field investigation was conducted at Yujiazhuang Station of Jinan Metro Line 160 

6, China, where a deep excavation was constructed using the cut-and-cover method. 161 

The excavation depth was approximately 17.3–18.9 m, requiring continuous 162 

groundwater control during construction. Dewatering within the excavation lowers the 163 

local groundwater head and induces a hydraulic disturbance in the surrounding aquifer 164 

system. To compensate for groundwater loss and limit dewatering-induced 165 

groundwater-level decline, a peripheral well-based artificial recharge system was 166 

installed outside the excavation. The study area is located in Jinan, Shandong Province, 167 

China, as shown in Fig. 1(a).  168 

169 

 170 

Fig. 1. Study location and hydrogeological conditions: (a) location of the study area in Jinan, 171 

Shandong Province, China; (b) representative hydrogeological profile showing the principal 172 

recharge-bearing strata, target layers, and recharge-well design range. The base map and 173 

administrative boundaries in (a) were redrawn from the Standard Map Service System of the 174 

Ministry of Natural Resources of the People’s Republic of China; the administrative boundaries are 175 

shown for location reference only. 176 

The Quaternary deposits at the site exhibit pronounced vertical stratification and 177 

lithological heterogeneity, as illustrated by the representative hydrogeological profile 178 



in Fig. 1(b). The upper sequence is dominated by fill, silty clay, and silt, whereas several 179 

sand and gravel units occur at greater depths. These relatively permeable units are 180 

interbedded with lower-permeability fine-grained deposits and vary in thickness and 181 

lateral continuity, producing marked hydraulic contrasts along the well depth. The 10-182 

4 gravel, 10-7 fine sand, and 14-7 medium sand layers were identified as the principal 183 

recharge target units, while the 10-8 medium–coarse sand, 14-6 fine sand, and 14-4 184 

gravel layers constitute additional permeable strata within the screened depth range. 185 

The recharge wells are approximately 29–35 m deep, with screened intervals extending 186 

over depths of about 9–34 m, individual screen lengths of approximately 19–25 m, and 187 

a 1-m sediment sump at the well bottom. Because a single screened interval may 188 

intersect several hydraulically contrasting strata, the field configuration allows injected 189 

water to enter multiple aquifer units rather than a hydraulically uniform formation.  190 

191 

 192 

Fig. 2. Field recharge-test configuration: (a) schematic of the recharge-test system and staged 193 

loading procedure; (b) relative locations of the representative recharge wells with respect to the 194 

station excavation. 195 

Staged single-well recharge tests were conducted at three representative recharge 196 

wells, HG-2, HG-22, and HG-35, with adjacent wells used for groundwater-level 197 

monitoring. The field recharge-test system and staged loading procedure are illustrated 198 



schematically in Fig. 2(a), while the relative locations of the three representative 199 

recharge wells with respect to the station excavation are shown in Fig. 2(b). Each test 200 

began under gravity recharge and was subsequently conducted at applied wellhead 201 

pressures of 0.02, 0.03, and 0.04 MPa, with each pressure stage initiated after the 202 

preceding recharge response had approached a relatively stable condition. Cumulative 203 

recharge volume, applied wellhead pressure, and groundwater level in the 204 

corresponding observation well were recorded continuously throughout the tests. For 205 

each stage, a representative recharge rate was determined from the stabilized portion of 206 

the cumulative recharge-volume record. The same staged-loading sequence and data-207 

processing procedure were adopted for all three recharge wells, providing a consistent 208 

field basis for comparing pressure-dependent recharge behaviour at different locations. 209 

2.2 Observed recharge responses 210 

The field measurements show a clear pressure-dependent increase in recharge 211 

capacity at all three representative wells, together with a measurable groundwater-head 212 

response in the adjacent observation wells. As shown in Fig. 3(a–c), cumulative 213 

recharge volume Vc increased continuously during each test, while the slope of the Vc-214 

time curve increased as the applied pressure was raised, indicating progressively greater 215 

well intake rates under stronger hydraulic driving. Under gravity recharge, the mean 216 

recharge rates of HG-2, HG-22, and HG-35 were 20.82, 19.65, and 20.70 m3·h−1, 217 

respectively. At an applied pressure of 0.04 MPa, the corresponding rates increased to 218 

36.65, 38.08, and 47.51 m3·h−1, representing increases of approximately 76–130 % 219 

relative to the gravity-recharge condition. The groundwater level in each adjacent 220 

observation well also responded after recharge commenced, with a comparatively rapid 221 

initial change followed by a more gradual evolution as the local hydraulic disturbance 222 

developed. These observations demonstrate that increasing wellhead pressure enhances 223 

recharge capacity while simultaneously modifying the surrounding groundwater-head 224 

field. 225 

A comparison among the three representative wells further reveals marked spatial 226 

variability in the magnitude of the recharge response, as summarized in Fig. 3(d). The 227 



three wells exhibited broadly similar recharge rates under gravity conditions, whereas 228 

their responses became increasingly differentiated as the applied pressure increased. In 229 

particular, HG-35 showed the strongest pressure-induced increase in recharge rate at 230 

the higher pressure stages, while HG-2 and HG-22 exhibited comparatively more 231 

moderate responses. Thus, comparable increases in applied wellhead pressure did not 232 

produce identical increments in recharge capacity at different well locations. This 233 

spatial variability indicates that the hydraulic effect of pressurization is conditioned by 234 

local well–aquifer characteristics, including the hydraulic connection between the 235 

active screen and the surrounding permeable strata. The field observations therefore 236 

provide both the pressure-dependent recharge characteristics and the cross-well 237 

variability required for subsequent evaluation and interpretation using the three-238 

dimensional groundwater-flow model.  239 

  240 

  241 

Fig. 3. Field responses during staged single-well recharge tests: (a) HG-2; (b) HG-22; (c) HG-35; 242 

and (d) comparison of mean recharge rates among the three representative wells under different 243 

injection pressures.  244 

3. Three-dimensional numerical modeling of artificial recharge 245 



3.1 Model geometry and hydrostratigraphic representation 246 

A three-dimensional groundwater-flow model was established based on the site 247 

hydrogeology and recharge-well layout to simulate recharge-induced flow and head 248 

redistribution within the stratified aquifer system. The model geometry and principal 249 

hydrostratigraphic units are illustrated in Fig. 4. The computational domain has a 250 

horizontal extent of 120 m × 100 m and a vertical thickness of 50 m. In plan view, the 251 

model encompasses the representative recharge-well area and the surrounding 252 

groundwater-affected domain, while the vertical extent incorporates the principal 253 

aquifers involved in artificial recharge together with the adjacent low-permeability 254 

strata. Rather than representing the site as a single homogeneous aquifer, the model 255 

preserves the dominant vertical hydraulic stratification observed in the field so that 256 

recharge water can migrate differently through units with contrasting transmissive 257 

capacities. The lateral extent of the computational domain was selected to minimize the 258 

influence of the artificial outer boundaries on the hydraulic response around the 259 

recharge wells. 260 

The complex Quaternary succession was hydrostratigraphically simplified 261 

according to lithology, hydraulic characteristics, and functional relevance to the 262 

recharge process. Sand and gravel strata were explicitly represented as the principal 263 

transmissive units. In particular, the main recharge target layers identified in the field—264 

the 10-4 gravel, 10-7 fine sand, and 14-7 medium sand units—were incorporated into 265 

the simplified hydrostratigraphic representation according to their depth, hydraulic 266 

characteristics, and relevance to recharge. The intervening fine-grained strata were 267 

incorporated as comparatively less transmissive units that restrict vertical hydraulic 268 

exchange between the principal recharge-bearing intervals. This representation avoids 269 

a direct layer-by-layer reproduction of all geotechnical subdivisions while retaining the 270 

hydraulic contrasts most relevant to artificial recharge, namely preferential lateral 271 

migration through permeable sand and gravel layers and cross-layer exchange 272 

constrained by less permeable interbeds. Explicit representation of these hydraulic 273 

contrasts is consistent with previous recharge studies showing that aquifer stratification 274 

and the relative position of hydraulically active well intervals can substantially affect 275 



recharge-induced groundwater response and well intake capacity (Zhang et al. 2017b; 276 

Kumar et al. 2025). The hydraulic parameters assigned to the individual 277 

hydrostratigraphic units were determined from site-investigation and field-test 278 

information and are summarized in Table 1. These parameters were retained unchanged 279 

during subsequent model evaluation rather than being adjusted independently for 280 

individual recharge tests. 281 

Table 1. Hydrostratigraphic representation and hydraulic properties used in the numerical model. 282 

Model layer Depth range (m) 
Hydrostratigraphic 
representation 

Hydraulic conductivity K (m·d-1) 

Layer Ⅰ 0 to -4 Near-surface 
equivalent unit 

5 

Layer Ⅱ −4 to −20 Upper fine-grained-
dominated unit 

6.59 

Layer Ⅲ −20 to −30 Principal recharge-
bearing unit 

14 

Layer Ⅳ −30 to −34 Lower recharge-
bearing/interbedded 
unit 

12 

Layer Ⅴ −34 to −46 Deeper transmissive 
unit 

14 

Layer Ⅵ −46 to −50 Basal lower-
transmissivity unit 

4 

Note: Each model layer represents a hydrostratigraphically simplified interval rather than an 283 

individual geotechnical stratum; hydraulic conductivity was assumed isotropic within each model 284 

layer. The listed hydraulic conductivities are field-scale equivalent values assigned to the simplified 285 

hydrostratigraphic intervals and should not be interpreted as intrinsic conductivities of individual 286 

lithological sublayers. 287 

The field recharge system comprised a total of 39 recharge wells installed along 288 

the northern and southern sides of the excavation, with well spacing ranging from 289 

approximately 7 to 16.5 m. Depending on the burial depths of the target aquifers, five 290 

well depths of 29, 30, 31, 32, and 35 m were adopted in the field. The screened intervals 291 

extended over depths of approximately 9–34 m, with individual screen lengths ranging 292 

from 19 to 25 m. The recharge wells were constructed with a borehole diameter of 650 293 

mm and a steel casing and bridge-screen diameter of 273 mm, with a 1-m-long sediment 294 

sump at the well bottom. In the numerical model, the representative recharge well was 295 



explicitly represented according to this field geometry. Hydraulic exchange with the 296 

surrounding formation was permitted only along the screened interval, whereas the 297 

unscreened casing was treated as hydraulically inactive with respect to recharge. This 298 

representation enables injected water to enter different hydrostratigraphic units 299 

according to the overlap between the screen and the permeable layers. Such treatment 300 

is essential because the subsequent analyses address not only the total recharge capacity 301 

but also the redistribution of recharge among aquifer layers caused by changes in screen 302 

configuration and the spatial superposition of recharge-induced head fields during 303 

multi-well operation. The resulting model therefore preserves the principal geometric 304 

and hydrostratigraphic controls observed at the site while simplifying local details that 305 

do not materially affect the recharge process. 306 

  307 

Fig. 4. Numerical model configuration and recharge-well boundary conditions: (a) overall three-308 

dimensional model domain and constant-head boundaries; (b) local recharge-well structure and 309 

hydraulic boundary conditions. 310 

3.2 Hydraulic formulation and boundary conditions 311 

Groundwater flow within the model domain was described as three-dimensional 312 

saturated flow through porous media. The numerical analyses focused on the stabilized 313 

hydraulic response attained under each recharge condition; therefore, the groundwater-314 

flow field was treated as steady state. According to Darcy’s law, the Darcy flux is 315 

expressed as 316 



 H= − q K  (1) 

where q is the Darcy-flux vector, K is the hydraulic conductivity, and H is the hydraulic 317 

head. Combining Darcy’s law with mass conservation gives the governing equation 318 

 ( ) 0H  =K  (2) 

The hydraulic parameters listed in Table 1 were kept unchanged among all recharge 319 

simulations. Consequently, differences among the simulated hydraulic responses were 320 

attributed to changes in recharge conditions and well configuration rather than to case-321 

specific adjustment of formation properties. This treatment is consistent with the 322 

hydrostratigraphic representation described in Section 3.1, in which the principal 323 

permeable sand and gravel units provide preferential pathways for recharge-water 324 

migration, whereas the intervening fine-grained strata restrict hydraulic exchange 325 

between adjacent aquifers. 326 

The external hydraulic boundaries were specified according to the local 327 

groundwater setting and the dimensions of the computational domain shown in Fig. 328 

4(a). Constant-head conditions were imposed on the four lateral boundaries to represent 329 

the far-field groundwater environment, whereas the upper and lower boundaries were 330 

treated as no-flow boundaries. Excavation dewatering was not represented as a separate 331 

pumping boundary in the present recharge-focused simulations. Instead, the model was 332 

formulated in terms of hydraulic-head differences relative to the prescribed far-field 333 

condition, while the well-specific gravity-recharge stages were used to define the 334 

corresponding baseline screen heads. The horizontal dimensions of the computational 335 

domain were selected to maintain sufficient separation between the recharge well and 336 

the artificial lateral boundaries, thereby limiting their influence on the near-well 337 

hydraulic response. Within the recharge well, hydraulic exchange with the surrounding 338 

formation was permitted only along the screened interval. The closed casing above the 339 

screen and the lower sump section were treated as hydraulically inactive and were 340 

therefore assigned no-flow conditions. Under this representation, recharge water can 341 

enter the formation only through the active screen, and its subsequent distribution is 342 

governed by the imposed screen head together with the hydraulic properties and vertical 343 



positions of the hydrostratigraphic units intersected by the screen. 344 

A prescribed-head boundary was applied along the screened interval to represent 345 

both gravity and pressurized recharge, as illustrated in Fig. 4(b). The pressure measured 346 

at the wellhead was not transferred directly to the screen boundary because part of the 347 

applied pressure is dissipated through the well, screen, gravel pack, and near-well flow 348 

zone before being transmitted to the surrounding formation. Such head losses are 349 

affected by well-screen geometry, discharge rate, filter-pack hydraulic properties, and 350 

near-well flow conditions, and can therefore cause the hydraulic head acting on the 351 

aquifer to differ appreciably from the pressure measured at the wellhead (van Lopik et 352 

al. 2021; Bayer‐Raich et al. 2022; Cao et al. 2022). A lumped pressure-transfer 353 

coefficient, ηp, was therefore introduced to represent the effective transfer of the applied 354 

wellhead pressure to the hydraulic head acting along the screened interval. For recharge 355 

well j, the prescribed screen head was expressed as 356 

 
inj

inj, g, p

w

j j

P
H H

g



= +  (3) 

where Hinj,j is the prescribed hydraulic head along the screened interval of well j, Hg,j is 357 

the corresponding baseline screen head under gravity recharge, Pinj is the applied 358 

wellhead pressure, ρw is the density of water, and g is gravitational acceleration. The 359 

gravity-recharge term is retained because measurable recharge occurs even when no 360 

external pressure is applied. Accordingly, Pinj = 0 represents gravity recharge rather than 361 

a zero-recharge condition. The second term in Eq. (3) represents the additional effective 362 

hydraulic head transmitted to the screened interval during pressurization. The 363 

coefficient ηp is therefore an equivalent parameter for the combined hydraulic losses of 364 

the well–screen–near-well system rather than an intrinsic hydraulic property of an 365 

individual aquifer layer. 366 

The gravity-recharge stage of each field test was first used to determine the well-367 

specific baseline screen head Hg,j by matching the simulated recharge rate to the 368 

corresponding measured gravity-recharge rate. The subsequent pressurized stages of 369 

HG-2 were then used to calibrate the common pressure-transfer coefficient ηp. After 370 



calibration, the same pressure-transfer coefficient and formation hydraulic properties 371 

were applied to HG-22 and HG-35 without further adjustment to their pressurized 372 

stages; only the well-specific Hg,j was determined from the corresponding gravity-373 

recharge condition. This procedure accounts for differences in the local baseline 374 

hydraulic conditions among the three wells while retaining a common pressure-transfer 375 

relationship across the site. The resulting cross-well comparison therefore evaluates 376 

whether the calibrated pressure-response relationship can be transferred to other well 377 

locations without independently fitting their pressurized responses. The four lateral 378 

boundaries were prescribed with a reference far-field head of Hfar = 0 m. Here, Hfar = 0 379 

m defines the hydraulic-head datum used in the model and should not be interpreted as 380 

the absolute groundwater elevation measured in the field. The resulting gravity-381 

recharge baseline screen heads were Hg,j = 2.536, 2.394, and 2.521 m for HG-2, HG-382 

22, and HG-35, respectively. 383 

For each simulation, the total recharge rate was calculated by integrating the Darcy 384 

flux over the complete hydraulically active screen surface, 385 

 
scr

· dQ A


= − q n  (4) 

where Γscr denotes the screened surface and n is the outward unit normal vector of the 386 

groundwater-flow domain. With this sign convention, positive Q represents water 387 

entering the formation from the recharge well. To resolve the vertical redistribution of 388 

recharge among the stratified aquifers, the flux through the portion of the screen 389 

intersecting each hydrostratigraphic unit was also integrated separately. The recharge 390 

contribution of layer k can therefore be expressed as 391 

 
scr,

· d
k

kQ A


= − q n  (5) 

 k

k

Q Q=  (6) 

where Γscr,k  is the part of the screened surface hydraulically connected to layer k. This 392 

layer-resolved flux calculation provides the quantitative basis for distinguishing an 393 

increase in total recharge capacity from a redistribution of flow among different aquifer 394 

units when the screen configuration is changed.  395 

Model performance was evaluated by comparing simulated and field-measured 396 



recharge rates under the staged recharge conditions. The mean absolute percentage error 397 

(MAPE) was used as the quantitative evaluation metric, 398 

 
sim, obs,

1 obs,

100
MAPE

N
i i

i i

Q Q

N Q=

−
=   (7) 

where Qsim,i and Qobs,i are the simulated and observed recharge rates under the i-th 399 

recharge condition, respectively, and N is the number of compared conditions. The 400 

calibration and cross-well evaluation were completed before the subsequent parametric 401 

analyses, and the calibrated hydraulic representation was retained unchanged thereafter. 402 

In this way, the analyses of screen configuration, injection pressure, and well spacing 403 

were conducted using a common model basis rather than through separate parameter 404 

fitting for individual simulation cases. Unless otherwise stated, the subsequent 405 

mechanistic and parametric analyses used the calibrated HG-2 configuration as the 406 

reference case.  407 

Following model evaluation, the calibrated model was first used to characterize the 408 

three-dimensional hydraulic response under the representative pressurized-recharge 409 

condition of Pinj = 0.04 MPa. Recharge-induced head rise was defined as ΔH = H − H0, 410 

where H0 denotes the background hydraulic head before artificial recharge under the 411 

same external boundary conditions. Hydraulic-head distributions and Darcy-velocity 412 

fields were then extracted from vertical and horizontal sections to examine the spatial 413 

propagation of the recharge disturbance, preferential migration through the more 414 

permeable strata, and restricted vertical exchange across the lower-permeability units. 415 

These simulations were intended to establish the spatial hydraulic mechanism 416 

underlying the subsequent parameter analyses rather than to evaluate recharge capacity 417 

solely from the integrated well flow. 418 

The influence of screen configuration was then investigated by varying the total 419 

screen length while keeping the screen centre fixed at zc = −21.5 m. Four screen lengths, 420 

Lscr = 10, 15, 20, and 25 m, were considered. The 10 and 15 m cases were introduced 421 

as controlled shorter-screen scenarios for sensitivity analysis, whereas the 20 and 25 m 422 

cases fall within the field design range. The screen was extended symmetrically upward 423 

and downward about the fixed centre so that the effect of screen length could be 424 



examined without simultaneously changing its central elevation. Because the 425 

surrounding formation is vertically stratified, each increase in Lscr changes not only the 426 

total active screen area but also the degree of hydraulic connection between the recharge 427 

well and individual aquifer layers. For this reason, both the total recharge rate and the 428 

layer-resolved recharge contributions defined by Eq. (5) were evaluated. This 429 

simulation design allows the hydraulic effect of screen extension to be interpreted in 430 

terms of screen–aquifer connectivity and vertical flow partitioning rather than simply 431 

as an increase in infiltration area. 432 

The combined effects of screen configuration and injection pressure were 433 

subsequently examined using injection pressures of Pinj = 0, 0.02, 0.03, and 0.04 MPa 434 

for each investigated screen length. All formation properties and external hydraulic 435 

boundaries were kept unchanged. This set of simulations was designed to distinguish 436 

the two hydraulic roles of the investigated variables: screen length modifies the 437 

effective hydraulic connection and flow-transmission capacity between the well and the 438 

layered aquifer system, whereas injection pressure modifies the hydraulic driving force 439 

acting through the available recharge pathways. Comparison among the resulting 440 

pressure–recharge relationships therefore provides a basis for determining whether 441 

pressure and screen length act primarily as complementary controls or produce a 442 

pronounced nonlinear interaction within the investigated range. 443 

Finally, the calibrated single-well model was extended to a two-well configuration 444 

to quantify hydraulic interference between neighbouring recharge wells. The two wells 445 

were assigned the same geometry and operating condition, and their centre-to-centre 446 

spacing was varied as S = 7, 10, 12, 15, 16.5, 20, 25, and 30 m. For all spacing cases, 447 

the midpoint of the well pair was fixed at the model centre, with the two wells 448 

positioned symmetrically along the x direction. The formation properties, screen 449 

configuration, recharge pressure, and external hydraulic boundaries were otherwise 450 

kept unchanged. This arrangement isolates the influence of spacing on the overlap of 451 

the recharge-induced head fields. When the two wells are sufficiently close, the head 452 

rise generated by one well increases the ambient hydraulic head around the 453 

neighbouring screen and thereby reduces the effective hydraulic gradient available for 454 



recharge. To quantify the reduction in pair recharge capacity relative to two 455 

hydraulically isolated wells, the retained recharge capacity was defined as 456 

 
pair

Q

single

100%
2

Q
R

Q
=   (8) 

where Qpair is the combined recharge rate of the two simultaneously operating wells and 457 

Qsingle is the recharge rate of an isolated well under the same hydraulic and geometric 458 

conditions. A value of RQ = 100 % therefore represents hydraulically independent 459 

operation, whereas RQ <100 % indicates a reduction in recharge capacity caused by 460 

inter-well interference. The resulting simulations provide a common numerical basis 461 

for examining recharge-induced groundwater redistribution, screen–aquifer 462 

connectivity, pressure-controlled hydraulic driving, and spacing-dependent well 463 

interference within the stratified aquifer system. 464 

4. Results and discussion 465 

4.1 Model calibration and cross-well evaluation  466 

The HG-2 field test was used to calibrate the pressure-transfer coefficient, with the 467 

gravity-recharge condition defining the well-specific baseline head and the pressurized 468 

stages constraining the incremental pressure response. The resulting coefficient was ηp 469 

= 0.4315. As shown in Fig. 5(a), the calibrated model reproduces both the non-zero 470 

recharge capacity under gravity recharge and the overall increase in recharge rate with 471 

injection pressure, with a MAPE of 3.98 %.  472 

The calibrated pressure-transfer coefficient and formation hydraulic properties 473 

were subsequently applied to HG-22 and HG-35 without further adjustment to the 474 

pressurized stages; only the local baseline head was determined from the corresponding 475 

gravity-recharge condition. As shown in Fig. 5(b), the model captures the pressure-476 

dependent response of HG-22 reasonably well, yielding a MAPE of 6.69 %. A larger 477 

discrepancy is observed for HG-35, as shown in Fig. 5(c), for which the measured 478 

recharge capacity increases more rapidly with pressure and the unified model tends to 479 

underpredict the high-pressure response, resulting in a MAPE of 15.99 %. 480 

The deviation observed for HG-35 indicates that the unified pressure-transfer 481 

representation can reproduce the dominant site-scale pressure–recharge behaviour but 482 



cannot fully resolve local hydraulic differences among individual wells. Such 483 

differences may arise from variations in the actual overlap between the screened 484 

interval and highly permeable sand–gravel layers, local aquifer heterogeneity, and near-485 

well hydraulic connectivity (Cao et al. 2022; Martinez and Widdowson 2024). 486 

Accordingly, the comparisons in Fig. 5(a–c) are used to assess the cross-well 487 

transferability and associated uncertainty of the calibrated pressure-response 488 

representation rather than to demonstrate point-by-point agreement for every individual 489 

well. The evaluated model is therefore used in the following analyses to investigate 490 

recharge-induced groundwater redistribution, screen-configuration effects, pressure–491 

screen interactions, and multi-well hydraulic interference. 492 

  493 

 494 

Fig. 5. Comparison between measured and simulated single-well recharge rates under different 495 

injection pressures: (a) HG-2; (b) HG-22; and (c) HG-35. 496 

4.2 Spatial redistribution of recharge-induced groundwater head and flow 497 

The evaluated numerical model was used to examine the spatial redistribution of 498 



groundwater head and flow under the representative pressurized-recharge condition of 499 

Pinj = 0.04 MPa. As shown in Fig. 6(a), the vertical section through the recharge well 500 

exhibits a strongly non-uniform response controlled jointly by the screened interval and 501 

the hydrostratigraphic structure. A narrow high-head zone develops immediately 502 

adjacent to the screen because the prescribed well head creates a strong local hydraulic 503 

gradient, while the head rise decreases rapidly with distance from the well. The Darcy-504 

velocity vectors indicate that injected water is transmitted predominantly outward from 505 

the screened interval and spreads mainly laterally through the surrounding formation. 506 

The strongest flow occurs where the screen intersects the more permeable units, 507 

whereas vertical exchange across the intervening lower-permeability layers is 508 

comparatively restricted. Below the lower end of the screen, part of the injected water 509 

is redistributed downward before spreading laterally within the deeper formation, 510 

producing a broader but substantially weaker response. These features show that 511 

recharge water does not migrate uniformly along the well depth. Instead, the resulting 512 

flow field reflects the combined effects of local radial spreading near the screen and 513 

preferential transmission through hydraulically favourable strata. This preferential 514 

hydraulic response is consistent with observations and modeling studies showing that 515 

recharge through a screened well can be strongly redistributed among aquifer intervals 516 

according to their hydraulic properties and connection with the active screen (Kumar et 517 

al. 2025). 518 

In Fig. 6(b), the horizontal section at z = −25 m provides a complementary view of 519 

the lateral propagation of the recharge disturbance. The largest head rise remains 520 

concentrated around the well, while successive contours expand outward and decrease 521 

continuously in magnitude. In the near-well region, the approximately concentric 522 

contours indicate a quasi-radial response within the aquifer plane. With increasing 523 

distance, the hydraulic gradient progressively decreases, and the localized high-head 524 

disturbance develops into a broader zone of relatively weak head rise. No pronounced 525 

directional distortion is observed within the main recharge-affected region, suggesting 526 

that the near-well response is dominated by recharge-induced spreading rather than by 527 

the rectangular far-field boundaries. Compared with the vertical section, the head 528 



perturbation extends substantially farther within the permeable aquifer plane than 529 

across the vertically layered sequence, reflecting the contrasting roles of transmissive 530 

aquifer units and lower-permeability interbeds in controlling lateral and vertical 531 

hydraulic propagation (Cihan et al. 2011). 532 

Taken together, Figs. 6(a) and 6(b) demonstrate that the hydraulic influence of 533 

artificial recharge is controlled not only by the magnitude of the near-well head rise but 534 

also by the spatial extent over which the disturbance is transmitted through 535 

hydraulically connected strata. The high-head response remains concentrated near the 536 

active screen, whereas a lower-amplitude perturbation propagates over a much wider 537 

lateral area within the principal permeable layers. This distinction is important for 538 

recharge-system design because the broader lateral disturbance determines the range 539 

over which neighbouring wells may begin to interact hydraulically. The spatial response 540 

identified here therefore provides the physical basis for the subsequent analyses of 541 

screen configuration, pressure effects, and inter-well interference. 542 

 543 

Fig. 6. Simulated groundwater response under the representative pressurized recharge condition 544 

(Pinj = 0.04 MPa): (a) vertical distribution of recharge-induced head rise and Darcy flow around the 545 

recharge well; (b) horizontal distribution of recharge-induced head rise in the principal aquifer at z 546 

= −25 m within Layer Ⅲ. 547 

4.3 Effects of screen configuration and injection pressure on recharge 548 

performance 549 



To isolate the influence of screen length from that of screen elevation, the screen 550 

centre was fixed at zc = −21.5 m and the total screen length Lscr was varied 551 

symmetrically from 10 to 25 m under the representative pressurized-recharge condition 552 

of Pinj = 0.04 MPa. All formation properties, well parameters, and external hydraulic 553 

boundaries were kept unchanged. As shown in Fig. 7(a), increasing Lscr produces a clear 554 

enhancement in total recharge capacity, with Q increasing from 20.21 to 35.22 m3·h−1, 555 

corresponding to an overall increase of approximately 74 %. However, the increase is 556 

distinctly nonlinear. The incremental recharge gain is 4.45 m3·h−1 from 10 to 15 m, 557 

increases to 6.70 m3·h−1 from 15 to 20 m, and then decreases to 3.86 m3·h−1 from 20 to 558 

25 m. Expressed per metre of additional screen, the corresponding gains are 559 

approximately 0.89, 1.34, and 0.77 m3·h−1·m−1, respectively. The hydraulic benefit of 560 

screen extension therefore depends strongly on the hydrostratigraphic units intersected 561 

by the newly activated portions of the screen rather than on added screen length alone. 562 

This is particularly evident for the increase in Lscr from 15 to 20 m, which activates an 563 

additional 2.5 m of screen above and below the fixed centre.  564 

The upward extension increases the hydraulic connection with Layer Ⅱ, whereas 565 

the downward extension increases the overlap with Layer Ⅲ and begins to intersect 566 

Layer Ⅳ. The relatively large recharge gain over this interval therefore reflects the 567 

combined contribution of newly connected hydraulic pathways rather than a simple 568 

proportional response to increased screen area. The layer-resolved flow partition 569 

provides the mechanism underlying this nonlinear behaviour, as shown in Fig. 7(b). At 570 

Lscr = 10 and 15 m, recharge is distributed only between Layers Ⅱ and Ⅲ, with Layer 571 

Ⅲ carrying approximately three quarters of the total flow. This dominance reflects both 572 

the relatively large overlap of the active screen with Layer Ⅲ and the high hydraulic 573 

acceptance capacity of this permeable unit. When the screen is extended to 20 m, Layer 574 

Ⅳ becomes hydraulically connected to the well and contributes 14.02 % of the total 575 

recharge, while the contributions of Layers Ⅱ and Ⅲ are 26.48 % and 59.5 %, 576 

respectively. At Lscr = 25 m, Layer Ⅳ fraction increases further to 22.98 %, whereas the 577 

Layer Ⅲ fraction decreases to 49.20 % even though the total well recharge rate 578 

continues to increase. The absolute flows show the same redistribution more clearly. 579 



Recharge through Layer Ⅲ increases from 15.58 m3·h−1 at 10 m to 18.66 m3·h−1 at 20 580 

m, but decreases to 17.33 m3·h−1 at 25 m. Between Lscr = 20 and 25 m, the contribution 581 

of Layer Ⅳ increases from 4.40 to 8.09 m3·h−1, while that of Layer Ⅱ increases from 582 

8.30 to 9.80 m3·h−1. Screen extension therefore does not simply add independent 583 

infiltration area. Instead, it changes the hydraulic connection between the well and the 584 

surrounding stratified aquifer and redistributes the imposed recharge among competing 585 

flow pathways. Consequently, the contribution of an individual aquifer can decrease 586 

even while the total recharge capacity increases. This behaviour is consistent with 587 

previous studies showing that partial penetration and screen configuration can alter the 588 

groundwater-flow field and redistribute recharge among hydraulically connected 589 

aquifer intervals rather than producing a recharge increase proportional to screen length 590 

alone (Li et al. 2020; Martinez and Widdowson 2024). The reduced marginal gain 591 

beyond Lscr = 20 m further indicates that screen length alone is not an adequate measure 592 

of recharge efficiency; the vertical placement of the active screen relative to 593 

transmissive strata is equally important.  594 

  595 

Fig. 7. Effect of screen configuration on recharge performance under the representative pressurized-596 

recharge condition (Pinj = 0.04 MPa): (a) variation in total recharge rate with screen length; (b) 597 

distribution of recharge flow among the intersected hydrogeological layers. 598 

The pressure-dependent simulations further show how this screen-controlled 599 

hydraulic capacity responds to changes in operating conditions. As expected from the 600 

linear Darcy-flow formulation and the prescribed-head recharge boundary, the recharge 601 

rate increases approximately linearly with injection pressure for all four screen lengths, 602 



while increasing Lscr shifts the pressure–recharge relationship toward higher flow rates. 603 

The response curves retain a similar shape and ordering throughout the investigated 604 

pressure range, with no evident change in curvature. This behaviour indicates that 605 

screen extension primarily increases the hydraulic transmission capacity of the well–606 

aquifer system rather than fundamentally changing its response to pressurization. The 607 

result is consistent with the layer-resolved mechanism identified in Fig. 7: a longer 608 

screen establishes effective hydraulic connection with a larger portion of the layered 609 

formation, thereby increasing the available flow-transmission capacity. Once these 610 

pathways are established, increasing Pinj mainly strengthens the hydraulic driving force 611 

acting through them. Longer screens therefore produce larger absolute recharge 612 

increments for the same pressure increase, while the overall form of the pressure 613 

response remains similar.  614 

This distinction between screen-controlled hydraulic capacity and pressure-615 

controlled driving force is quantified in Fig. 8(b). The pressure-induced recharge 616 

increment, ΔQp = Q0.04 − Q0, increases by approximately 74 % as Lscr increases from 617 

10 to 25 m, closely matching the enhancement in the underlying recharge capacity 618 

caused by screen extension. In contrast, increasing Pinj from 0 to 0.04 MPa produces an 619 

approximately 69.4 % increase relative to the corresponding zero-pressure recharge rate 620 

for all four screen lengths. The nearly invariant relative amplification is consistent with 621 

the adopted linear Darcy-flow formulation and the use of a pressure-independent 622 

transfer coefficient. Within this modeling framework and the investigated pressure 623 

range, screen extension therefore modifies the available hydraulic transmission capacity, 624 

whereas increasing Pinj primarily scales the hydraulic driving force acting through that 625 

capacity. The increase in recharge with applied pressure is consistent with previous field 626 

studies of confined and semiconfined aquifers, in which pressurized recharge produced 627 

greater well intake than gravity recharge (Zheng et al. 2018; Cao et al. 2022). Within 628 

the present simulations, screen length and injection pressure therefore perform distinct 629 

but complementary hydraulic functions: screen configuration determines the effective 630 

hydraulic connection and transmission capacity between the well and the stratified 631 

aquifer, whereas injection pressure scales the recharge flow through that available 632 



capacity. Increasing pressure therefore cannot fully compensate for insufficient 633 

hydraulic connection associated with an inadequately configured screen. From a 634 

recharge-design perspective, establishing effective connection with the principal 635 

transmissive layers should precede the use of additional pressurization to increase the 636 

absolute recharge rate. 637 

  638 

Fig. 8. Combined effects of injection pressure and screen length on recharge performance: (a) 639 

variation in recharge rate with injection pressure for different screen lengths (Lscr = 10, 15, 20, and 640 

25 m); (b) pressure-induced recharge increment, ΔQp = Q0.04 − Q0, as a function of screen length, 641 

where Q0.04 and Q0 denote the recharge rates at Pinj = 0.04 MPa and 0 MPa, respectively. 642 

4.4 Effects of well spacing on hydraulic interference 643 

The evaluated single-well model was extended to a two-well configuration to 644 

examine how hydraulic interference modifies recharge performance as the spacing 645 

between adjacent wells changes. As shown in Fig. 9(a), under the representative 646 

operating condition of Pinj = 0.04 MPa and Lscr = 25 m, the head-rise fields generated 647 

by two wells at S = 10 m overlap strongly, producing an elongated high-head zone along 648 

the line connecting the wells rather than two hydraulically independent quasi-radial 649 

perturbation fields. The merging of the head contours is particularly pronounced in the 650 

inter-well region, demonstrating that the hydraulic influence of each well extends into 651 

the near-field environment of the other. Because the prescribed head at each recharge 652 

well remains unchanged, the head rise generated by the neighbouring well elevates the 653 

ambient groundwater head surrounding the screen. This reduces the hydraulic-head 654 

difference available to drive water from the well into the formation. Hydraulic 655 

interference therefore does not result from a reduction in the imposed injection pressure 656 



itself, but from a reduction in the effective hydraulic gradient between each well and its 657 

surrounding aquifer. As the wells are brought closer together, each well consequently 658 

operates within a progressively elevated hydraulic environment, and the recharge 659 

capacity available to the individual well decreases. The merged head field in Fig. 9(a) 660 

thus provides the spatial mechanism underlying the loss of recharge capacity under 661 

closely spaced operation.    662 

The spacing dependence of this interference is quantified by the retained recharge 663 

capacity shown in Fig. 9(b). Within the spacing range representative of the field layout 664 

(S = 7–16.5 m), the retained capacity increases from approximately 76.2 % to 85.3 %. 665 

Thus, simultaneous operation within the field spacing range can reduce the available 666 

recharge capacity by approximately 14.7–23.8 % relative to hydraulically isolated 667 

operation. The recovery is not uniform with increasing spacing. At S = 20 m, the 668 

retained capacity reaches approximately 87.1 %, and it increases further to 669 

approximately 90.8 % at S = 25 m. Increasing the spacing from 25 to 30 m produces 670 

essentially no additional recovery, with the retained capacity remaining close to 90.7 %. 671 

The results therefore indicate a progressive transition from strong to weak hydraulic 672 

interference. The progressive weakening of hydraulic interference with increasing well 673 

spacing is consistent with previous field-constrained and numerical studies showing 674 

that recharge-well spacing is an important control on individual-well and multi-well 675 

recharge performance (Zhang et al. 2017b; Mukhopadhyay et al. 2022). At relatively 676 

small spacings, increasing S effectively separates the overlapping high-head zones and 677 

produces a clear recovery in recharge capacity. At larger spacings, however, the 678 

incremental hydraulic benefit of further separation becomes progressively smaller. 679 

These results have direct implications for the layout of multi-well recharge systems. 680 

Well spacing should not be selected solely to maximize the number of installed recharge 681 

wells. Excessively close spacing permits a greater well density but also intensifies the 682 

overlap of recharge-induced head fields, thereby reducing the effective contribution of 683 

each well. Conversely, increasing the spacing generally reduces hydraulic interference 684 

but eventually provides only a small additional gain in individual-well capacity while 685 

decreasing the number of wells that can be accommodated within a given area. The 686 



recharge-system layout therefore involves a trade-off between well density and retained 687 

per-well capacity. For the hydraulic conditions investigated here, the marginal benefit 688 

of increasing spacing becomes small at approximately S = 25 m. This value should be 689 

interpreted as a site-specific transition rather than a universal design spacing because 690 

the magnitude and spatial extent of hydraulic interference also depend on aquifer 691 

transmissivity, hydrostratigraphic structure, screen configuration, and recharge 692 

operating conditions. Accordingly, well spacing should be evaluated together with these 693 

hydraulic and operational factors and the required total recharge capacity rather than 694 

treated as an independent geometric parameter. 695 

  696 

Fig. 9. Hydraulic interaction between adjacent recharge wells under the representative pressurized-697 

recharge condition (Pinj = 0.04 MPa and Lscr = 25 m): (a) horizontal distribution of recharge-induced 698 

head rise at z = −25 m for a representative well spacing of S = 10 m; (b) variation in retained recharge 699 

capacity with well spacing. 700 

The numerical results should be interpreted within the scope of the adopted 701 

modeling assumptions. The present model describes the stabilized hydraulic response 702 

and represents the complex Quaternary sequence through simplified hydrostratigraphic 703 

units characterized by layer-wise hydraulic properties. Hydraulic losses between the 704 

wellhead and aquifer are represented by a lumped, pressure-independent transfer 705 

coefficient. This representation does not explicitly resolve flow-rate-dependent well 706 

losses, progressive clogging, or other nonlinear near-well effects and therefore does not 707 

represent nonlinear pressure–recharge behaviour outside the investigated operating 708 

range. The same ηp was also retained across the screen-length scenarios to isolate 709 



aquifer-side effects of screen–stratigraphy connectivity; therefore, potential changes in 710 

internal well and screen head losses caused by screen-length variation were not 711 

represented separately. The multi-well analysis is reduced to an idealized two-well 712 

configuration to isolate spacing-dependent interference. Consequently, the quantitative 713 

pressure–recharge relationships and spacing transition identified here are site-specific 714 

rather than universal design criteria. Nevertheless, the model provides a consistent basis 715 

for distinguishing the hydraulic roles of screen–aquifer connectivity, pressurization, 716 

and overlapping recharge-induced head fields under the investigated field conditions. 717 

5. Conclusions 718 

This study investigated well-based artificial recharge in a stratified aquifer using 719 

staged field tests and three-dimensional groundwater-flow modeling. The main 720 

conclusions are as follows. 721 

(1) The field-constrained model reproduced the main pressure-dependent recharge 722 

trend across different well locations, supporting the use of a unified pressure-transfer 723 

representation for first-order site-scale analysis. Residual differences among wells 724 

indicate that local screen–aquifer connectivity and hydrogeological heterogeneity 725 

remain important sources of uncertainty.  726 

(2) Artificial recharge generated a distinctly three-dimensional and vertically non-727 

uniform hydraulic response. Recharge was characterized by local radial spreading near 728 

the well, preferential lateral migration through more permeable strata, and restricted 729 

vertical exchange across lower-permeability interbeds. 730 

(3) Screen configuration and injection pressure played different but complementary 731 

roles in recharge performance. Increasing screen length enhanced recharge capacity 732 

nonlinearly by modifying screen–aquifer connectivity and redistributing flow among 733 

aquifer units, whereas pressurization primarily increased the hydraulic driving force 734 

through the available recharge pathways.   735 

(4) Hydraulic interference between adjacent recharge wells reduced individual-736 

well capacity because overlapping head fields raised the surrounding groundwater head 737 

and weakened the effective recharge gradient. Within the field-representative spacing 738 

range of 7–16.5 m, recharge capacity was reduced by approximately 15–24 % relative 739 



to isolated operation, while increasing well spacing progressively weakened this 740 

interference. Recharge-system design should therefore balance well density, screen–741 

stratigraphy connectivity, and retained per-well capacity.   742 
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