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Abstract:

Urbanisation increases impervious surfaces, leading to
increased runoff and flood risk, particularly in tropical
urban areas. This study examines the effectiveness of a
combination of infiltration boxes and wells installed in
road medians as a decentralized stormwater
management strategy. Experiments were conducted
using a laboratory-scale flume model to compare
hydrological responses with and without an infiltration
system. The analysed parameters included runoff
volume, peak discharge, peak time, and infiltration
efficiency. The results indicated that the system
performance varied depending on configuration, with
runoff reductions ranging from 30,34 to 59,37 %. Under
optimal conditions, the system was able to reduce peak
discharge by up to 85,17 % and delay peak flow time by
approximately 35 min, indicating  significant
improvements in retention capacity and flow control. The
infiltration efficiency ranged from 50,74 to 68,47 %,
indicating the system ability to increase water absorption
and reduce surface runoff. However, under extreme
rainfall conditions (> 100 mm/h), the system capacity
reached its maximum limit, necessitating integration with
conventional drainage. In conclusion, these findings
confirm that infiltration boxes are an effective low impact
development solution and can be integrated to improve
urban hydrological resilience.
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1 Introduction

Urbanisation increases the proportion of impermeable surfaces such as roads, rooftops, and
sidewalks, which reduces infiltration and increases surface runoff and flood risk [1]. In urban
areas, approximately 50 % of the surfaces are impermeable, resulting in 29 % of the rainfall
flowing over sandstone and 17 % over limestone [2]. During heavy rainfall events, runoff
volumes increase significantly, particularly on impermeable surfaces [3]. Although permeable
surfaces still contribute to surface runoff, their contribution increases particularly during heavy
rainfall and extreme events. Therefore, the design of adaptive urban drainage systems must
consider rainfall characteristics, as well as the distribution of impermeable and permeable
surfaces [4].

This research focuses on the increasing impervious surface area due to urbanisation, which
significantly increases surface runoff and flood risk in urban areas. Various blue-green
infrastructure (BGI) approaches such as rain gardens, biofiltration channels, green roofs, and
permeable pavements have emerged as effective strategies for reducing runoff and improving
water quality [5],[6]. BGI elements use biophysical mechanisms to store, filter, and infiltrate
rainwater. Bioretention ponds in Italy have been able to reduce runoff volume by approximately
50 % [7]. BGI also provides additional benefits such as reduced eutrophication, improved
urban ecosystems, and cost efficiency [8; 9]. However, BGI implementation faces challenges
such as climate uncertainty, conflicts among stakeholders, and socioeconomic and cultural
barriers [10].

The success of BGI integration depends heavily on public awareness, technical capacity, and
collaborative cross-sectoral approach [11]. Several countries have successfully integrated
conventional drainage systems into nature-based solutions. China's "Sponge City" program
successfully captured up to 91 % of annual runoff [12], far above the national target of 80%. In
addition to flood control, the program improved water quality, supported groundwater recharge,
and enhanced the aesthetics of urban areas [13]. Specific methods that have proven effective
included permeable pavements, green roofs, and vegetated ditches; each of them has
demonstrated significant runoff reduction depending on the design and local conditions [5; 14].
However, a research gap remains regarding the application of modular infiltration systems in
limited spaces, particularly in road media.

Most previous studies have focused on large-scale systems such as rain gardens or retention
ponds, resulting in limited experimental research demonstrating the effectiveness of infiltration
boxes in limited spaces. This approach aligns with the principles of low impact development
(LID) and best management practices (BMP), which emphasise managing runoff near its
source by utilising natural processes such as infiltration and filtration [15]. Previous research
has shown that vegetated infiltration systems could significantly increase the infiltration rates
[16]. However, only a few studies have quantitatively evaluated the effectiveness of infiltration
boxes in road media using experimental approaches.

Therefore, this study aimed to evaluate the performance of a combined hydrological system of
infiltration boxes and wells through laboratory simulations using a flume model. The analysis
was conducted by integrating historical rainfall data for the period 2014-2024, which had
undergone a quality control process, homogeneity test (RAPS), and innovative trend analysis
(ITA), thus producing representative hydrological inputs. The main contribution of this study is
the experimental evidence regarding the effectiveness of a modular infiltration system in
reducing runoff, reducing peak discharge, and increasing infiltration at the laboratory scale,
which is hydraulically scaled using the Froude similarity principle. This study is one of the first
to experimentally evaluate a modular infiltration system installed in a median road space using
controlled channel modelling.
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2 Methodology
2.1 Research design

This study used an experimental laboratory approach to document a road drainage system
under two conditions: without intervention (conventional) and with intervention in the form of
infiltration boxes and wells. This approach aimed to modify hydrological parameters, such as
runoff volume, peak discharge, peak time, and infiltration efficiency.

The rainfall data were obtained from the Cimanuk-Cisanggarung River Basin Management
Agency (BBWS), Cirebon, Indonesia, for the observation period of 2014-2024 (Figure 1).
These data were processed into annual maximum time series (AMS) as the basis for the
hydrological analysis.
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Figure 1. Annual maximum rainfall time series (2014-2024)

Furthermore, the rainfall data used in this study underwent quality control (QC) steps, including
checking for missing data, outlier detection, consistency testing using the double mass curve
(DMC) method, homogeneity testing using rescaled adjusted partial sums (RAPS) and ITA
methods to evaluate homogeneity and trends. The rainfall data were then analysed using
frequency analysis with the Weibull approach to obtain the P80 and P90 rainfall values. These
values were then converted to rainfall intensity using the Mononobe formula [17] to obtain the
rainfall intensity for a 1-hour duration. This rainfall intensity was then converted to laboratory
scale using the Froude similarity principle. This approach ensured a good match between the
field conditions and physical model (flume) used in the experiment. The analysed data included
the runoff volume, flow response time, and infiltration volume. The artificial rainfall volume
(input) was measured to determine the total amount of water entering the system during the
simulation.

The runoff volume (output) was calculated from the amount of water leaving the system after
passing through the road surface and drainage channels. The difference between the inflow
and outflow volumes was used to calculate the infiltration volume that was successfully
absorbed by the infiltration box and well. The flow response time was measured by recording
the time elapsed from the start of the artificial rainfall to the maximum runoff discharge. This
parameter is useful for assessing the system response to rainfall, which has implications for
flooding potential in real-world environments. To analyse the effectiveness of the intervention,
the runoff reduction efficiency was calculated by comparing the runoff volume under conditions
with and without the intervention. The runoff coefficient was calculated to describe the
characteristics of the road surface with respect to runoff. This coefficient was obtained by
comparing the runoff and incoming rainwater volumes. The lower the runoff coefficient, the
greater the ability of the system to absorb rainwater will be.
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2.2 Infiltration box design

The infiltration box system applied in this study was designed for installation within road
medians as a decentralized unit for rainwater harvesting and stormwater management. The
design considered several factors, including hydraulic performance, temporary storage
volume, and the infiltration capability of the surrounding soil. In addition, the system consisted
of supporting elements such as connecting pipes and inlet channels to convey runoff into the
infiltration unit. These components were arranged to promote a more uniform flow pattern and
improve the overall infiltration performance. The design model of the infiltration system used
in this study is presented in Figure 2.

Figure 2. Design model of infiltration box, pipe and inflow connector

The infiltration box was specifically designed for installation in road media and served as a
decentralised rainwater-harvesting unit. The box structure consisted of cavities on each side
to collect the surface runoff formed by the intersection of rectangular diagonals inward. The
cavities were interconnected to form a large box. Each box was made of plastic with
dimensions adapted to a laboratory testing channel system: 20 cm long, 10 cm wide, and 9
cm high. All perforated walls allowed excess water to infiltrate the surrounding medium or drain.
The infiltration media were empty, and a geotextile fabric was used to wrap all walls to prevent
external material from entering the infiltration box. This design prioritises the modularity and
ease of maintenance, making it suitable for retrofitting in limited urban environments. The
hydraulic capacity of the box was determined based on the rainfall intensity and catchment
area, ensuring adequate retention time and infiltration rate under varying flow conditions.

2.3  Flume setup

The experiment was conducted using a flume model consisting of three main components: the
median as the location of the infiltration box, Flume 1 as the main drainage channel functioning
as an outlet system, and Flume 2 as a secondary drainage channel functioning as a lateral
flow distribution. The median channel measured 35 x 50 x 250 cm; the drainage channel
measured 24 cm x 40 cm x 250 cm; and the infiltration well channel measured 24 x 80 x 250
cm. All channels were made of 5 mm thick glass reinforced with an L-shaped steel frame with
a soil storage capacity of 0,44 ms.

The dimensions of the laboratory model were determined using a geometric similarity
approach with a scale ratio of 1:5 for the field conditions. This ratio was obtained by comparing
the characteristic lengths between the model (2,5 m) and field prototype (12,5 m) such that all
length, width, and height dimensions were scaled proportionally by a factor of 1/5. This

ACAE | 2026, Vol. 17, Issue No. 32 Page | 208



Analysis of combination test of infiltration box and absorption well to
Tribhuwana, A. et al. reduce road flooding

approach ensures that the geometric representation of the model maintains a shape
appropriate for actual field conditions.

To illustrate the experimental system configuration used in this study, a three-dimensional (3D)
model was developed to represent the channel layout, median position, infiltration box
placement, as well as the implementation and measurement stages during testing. The model
was intended to describe the overall relationship among the system components, including the
geometric configuration, placement of the infiltration unit, installation process, and
measurement of hydraulic parameters. The series of models and the experimental procedures
used in this study are presented in Figure 3.

Figure 3. Drainage flume and median flume models: a) three dimensions of flume; b)

laboratory flume; c) measurement of water level in infiltration box; d) measurement of

water level in drainage flume; e) placement of infiltration box in median flume; and f)
assembling the infiltration box into one unit and installing geotextiles

A three dimensional (3D) model of the flume and median flume drainage system (Figure 3)
was designed to simulate the runoff flow and infiltration processes under laboratory conditions.
This model shows the geometric configuration, elevation differences, and arrangement of the
main components of the system, such as channels, catch basins, and infiltration units. The
physical implementation of the flume model in the laboratory was used to represent the surface
runoff conditions in a controlled manner by regulating the flow in the median and drainage
channels.

During testing, the water levels were measured in the infiltration box and flume drainage
channel using a measuring ruler to evaluate the hydraulic response, infiltration capacity, and
changes in the discharge and water level of the system during the simulation. An infiltration
box was placed in the median flume as part of the infiltration system to reduce surface runoff
through infiltration.
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The infiltration box assembly process involved assembling the infiltration units into a unified
system equipped with a geotextile layer. The geotextile served as a filtering medium to prevent
the entry of fine particles into the infiltration structure, thus maintaining the hydraulic
performance and system stability throughout the test.

To ensure conformity of the flow behaviour between the model and prototype, the Froude
similarity principle was used, which was commonly applied in open-channel flow modelling [18-
20]. In this approach, the Froude number between the model and prototype was equalised
such that the discharge relationship followed the scale Q,, = @, ° (1/5)%°. Based on the results
of the hydrological analysis, the field discharge was 1,27 L/s.

As an illustration, the relationship between the field scale and laboratory model is shown in the
conceptual scheme in Figure 2, which shows a comparison of the geometric dimensions
(length, width, and height) and discharge relationship between the field system and model.
This scheme confirms that the physical model used fulfills the principles of geometric and
dynamic similarity such that the experimental results can be scientifically represented back to
field conditions. Scaling was performed using the Froude similarity principle with a length ratio

of 1:5. The velocity scale was obtained as ,/1/5 = 0,45, while the discharge scale followed the
relationship @,, = @,/55,9. Based on the field discharge of 1,27 L/s, the model discharge was
0,0378 L/s.

2.4 Soil media and flume preparation

The channel was prepared by lining the base with geotextile to prevent erosion and media
mixing, and then filled with sandy soil with a dominant grain size distribution of fine to medium
sand (D50 % 0,3-0,5 mm). The soil was loaded and compacted into layers, with each layer
having a thickness of 10 cm, and compacted using three compactions. Backfiling was
continued until the base of the infiltration box was reached. For the initial soil conditions, two
scenarios were tested, saturated and unsaturated soil, to observe the differences in system
performance under different moisture conditions.

In addition, the physical properties of the soil were characterised to ensure the suitability of the
medium for the infiltration process. The parameters described included soil porosity and
permeability. Porosity was calculated based on the ratio of the pore volume to the total soil
volume, while permeability was determined using a laboratory infiltration test approach (falling
head test). The test results showed that the soil used had a porosity of 0,42-0,45, which
indicated a fairly good air storage capacity, and a permeability coefficient value ranging from
107 to 107° m/s. This value indicates that the soil has a moderate-to-high infiltration capacity,
making it suitable for replicating the infiltration process in urban drainage systems. The soill
conditions were tested under two scenarios, saturated and unsaturated, to determine the effect
of moisture conditions on the infiltration rate.

2.5 Tested variables and their measurement process

This study examined five key variables used to evaluate the effectiveness of infiltration boxes
and wells in reducing surface runoff in road drainage scenarios. Each variable was measured
quantitatively using standard procedures to ensure reliability and replicability of the results.
The observed variables were the runoff volume, infiltration volume, time to runoff onset, flow
rate, runoff duration, and infiltration.

The input water volume was measured as the total water flowing into the system during
simulated rainfall. The output runoff volume was calculated based on the amount of water
flowing through the drainage channels during the test period.

The runoff volume was obtained by integrating the discharge over time during the test, while
the infiltration volume was calculated as the difference between the inflow water volume and
runoff volume.

The runoff reduction efficiency was calculated using the following equation:
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Vin =V,
nr=mTM-1OO% 1)
A

The infiltration efficiency was calculated using the equation:

n; = Viny . 100 % 2)
Vi

In this study, water-level measurements were conducted using a manual ruler gauge installed
vertically at three key points: the infiltration box, median flume, and drainage flume. A ruler
was used to record changes in the water level throughout the experiment at 1-minute intervals.
This method was chosen because it provided stable, direct measurements, and was easy to
control on a laboratory scale. To ensure accuracy, each ruler was calibrated before testing by
comparing its readings with the actual water level using static reference measurements.
Furthermore, a ruler was installed perpendicular to the base of the flume to minimise reading
errors due to the viewing angle (parallax error). The measurements were made consistently
by the same operator to reduce subjective variability. With a measurement resolution of up to
+1 mm, this method is considered sufficiently accurate to represent water level changes in
laboratory-scale experiments. The obtained data were then used to construct hydrographs and
calculate hydrological parameters such as peak discharge and peak time.
Calibration testing was conducted by comparing the ruler readings to statically known water
levels. The results showed that the measurement deviations were within the range of +1-2 mm,
thus satisfying the level of accuracy required for this study.

2.6 Data analysis

The data analysis in this study was conducted quantitatively to evaluate the effectiveness of
infiltration boxes and wells in reducing runoff volume, increasing infiltration, and modifying
surface flow characteristics. The analytical procedure consisted of several stages ranging from
primary data processing to statistical interpretation. References from previous studies, such
as [21] and [22], were used to compare and validate the results. As part of the hydrological
time series analysis, a homogeneity test was conducted using the RAPS method to detect
changes in data structure or non-stationarity [23]. The cumulative standardised deviation was
calculated using the following equation:

k 5
S; — Zi=1()0(-l X) (3)

where X; was the i-th rainfall data, X was the mean value, and o was the standard deviation.
The maximum value S; was used as the test statistic (Q). Furthermore, a trend analysis was
performed using the ITA method by dividing the data into two equal periods and comparing
them to the 45° equilibrium line [24]. The trend slope was calculated using a linear regression
approach, as follows:
Slope = LK, X)(_Yl " (4)
X — X)?

where X; and Y; represented data from the initial and final periods, respectively. As discussed
in [25], a hydrological analysis often requires reliable time series methods such as RAPS to
detect irregularities that are not easily observed using conventional techniques. The volume
balance approach used in [26] and [27] was used to estimate the hydrological parameters
based on the obtained volume data.

2.7 Experimental procedure

An experimental procedure was designed to evaluate the hydraulic performance of the
infiltration box under various rainfall intensities and media configurations. Prior to each test,
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the channel system was calibrated, and the infiltration box was filled with a specific media layer
to ensure uniform compaction and consistent initial moisture conditions.

The rainfall intensity used in the simulation was obtained from the analysis of field rainfall data
that had undergone a quality control process. The reliable rainfall was calculated using the
Weibull method, which resulted in P80 and P90 values of 103 and 99 mm/d, respectively.
These values were then converted to rainfall intensity using the Mononobe formula [28],
resulting in an intensity of 35,7 mm/h (P80) and 34,4 mm/h (P90) for a rainfall duration of 1 h.
Daily rainfall values were converted into hourly intensities using the Mononobe equation.
Subsequently, the rainfall intensity was converted to runoff discharge using a rational method,
and then scaled into a laboratory model based on the Froude similarity principle with a
geometric ratio of 1:5. This scaling resulted in a model discharge rate of 0,0378 L/s, which was
used as the basis for the experiment.

This value was obtained by calibrating an artificial rainfall system that ensured stable and
representative flow conditions during the experimental simulations. Thus, the discharge
reliably represented field hydrological conditions and enabled the evaluation of the infiltration
system performance under more critical conditions.

The simulated rainfall was applied using a nozzle system to produce a controlled rainfall
intensity of 0,0378 L/s for a fixed duration of 60 min. Water was applied uniformly throughout
the upstream section of the channel to mimic surface runoff from a typical impermeable road.
During each test, the inflow and outflow were continuously monitored using a scale ruler at
three key points: the infiltration box, median flume, and drainage flume. The outflow volume
was measured every minute to determine the peak discharge, total runoff volume, and peak
response time. Each test configuration was performed three times to ensure repeatability and
reduce measurement uncertainty.

2.8 Hydrological performance evaluation

The data analysis focused on evaluating the hydrological performance of the infiltration and
infiltration well systems based on the results of the flume experiment. Unlike the previous
stage, which focused on processing rainfall data, this analysis aimed to interpret the response
of the system to simulated rainfall conditions. The data obtained from the experimental results
were analysed to compare the system performance between conditions without intervention
(conventional) and conditions with intervention (infiltration system). The parameters analysed
included the runoff volume, peak discharge, flow response time, and infiltration efficiency. The
reduction in runoff volume was calculated based on the difference between the runoff volume
under the uninterrupted and intervention conditions. The peak discharge was analysed by
comparing the maximum discharge values recorded in each scenario. The flow response time
was evaluated based on the difference in the time required to reach the peak discharge. This
research was also supported by previous studies, such as a comparison of runoff in areas with
and without infiltration boxes [29] and a laboratory evaluation of bioretention [30]. This
experimental design combined laboratory simulations and predictive modelling to provide a
comprehensive overview of the effectiveness of the system.

2.8.1 Runoff volume reduction

During the evaluation stage, the performance of the infiltration system was assessed by
comparing runoff and infiltration values under two conditions: without the infiltration system
and with the application of a combined infiltration box and infiltration well system. The
comparison was conducted to identify changes in hydrological characteristics resulting from
the implementation of the infiltration system, particularly in reducing surface runoff discharge
and improving water infiltration into the soil. A summary of the runoff and infiltration
measurement results for both test conditions is presented in Table 1. The runoff discharge
measurements showed a decrease in runoff volume after implementation of the infiltration box.
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Table 1. Runoff and infiltration without and with infiltration boxes and wells

Without box and infiltration well With infiltration box and well
Location Runoff Infiltration Runoff Infiltration
(L/s) (L/s) (L/s) (L/s)
Median flume 0,02870 0,00904 0,01166 0,02598
Flume drainage 0,02709 0,01045 0,01314 0,02355

Before treatment, the runoff volumes in the middle channel were 0,02870 and 0,02709 L/s,
respectively. After using the infiltration box and well, this figure decreased to 0,01166 L/s in
the middle channel (or decreased by 0,01704 L/s). In the drainage channel, after the use of
the infiltration box and well, this figure decreased to 0,01314 L/s (or decreased by 0,01395
L/s).

This reduction reflected the increased capacity of the land to retain and absorb rainwater,
which had previously become surface runoff. Thus, the infiltration box functioned as an
effective water conservation structure to reduce surface runoff loads, particularly during
moderate to high intensity rainfall. In percentage terms, the runoff volume decreased by 59,37
% in the median channel, while in the drainage channel, it decreased by 51,50 %, as calculated
by dividing the runoff difference by the initial runoff. This reduction significantly contributed to
controlling flooding and restoring the soil absorption capacity, as well as supporting the
principles of sustainable water management in urban areas.

2.8.2 Peak flow reduction

A comparison of the runoff hydrographs in the drainage and median flume with and without the
use of infiltration boxes and wells is shown in Figure 4. In the drainage flume, the system
without infiltration produced a higher peak discharge than that with infiltration, indicating that
the application of the infiltration unit reduced the surface runoff and extended the flow response
time. In the median flume, the use of the infiltration box affected the hydrograph characteristics
and runoff duration during the testing process. Overall, the infiltration system reduced the peak
discharge and flow characteristics in both flume models.

Drainage Flume Runoff Median Flume Runoff
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infiltration box and infiltration
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Figure 4. Peak flow reduction: a) drainage flume runoff; and b) median flume runoff

The ability of a stormwater management system to reduce the maximum runoff rate (peak flow)
during rainfall is critical for evaluating the hydraulic performance of LID strategies, as excessive
peak flow can cause flooding and overload the urban drainage infrastructure. In this study,
infiltration boxes installed in drainage channels were designed to reduce peak flow by
temporarily storing surface runoff and increasing infiltration within the boxes and underlying
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media. Peak flow reduction indicates the capacity of the system to absorb and retain
stormwater, thus levelling the hydrograph and reducing the flood risk.

The peak flow reduction was calculated by comparing the highest observed discharge rate
during rainfall under two conditions: without an infiltration box (control) and with the existing
infiltration system. The drainage experiment results showed that the infiltration box effectively
reduced the peak flow by 5,90-61,66 % for the drainage channels, while the median channel
reduced the peak flow by 16,92-85,17 %.

2.8.3 Peak time

Time-to-peak (TTP) is the time interval between the start of runoff and peak flow rate achieved
during a rainfall event. This parameter provides an overview of the response of a drainage or
surface system to rainfall and is essential for the effectiveness of an infiltration system. The
test results showed significant differences in the hydrological response between conditions
with and without infiltration boxes. In the scenario without infiltration boxes (control), the peak
flow was reached at 21 min with a discharge of 0,0326 L/s. Conversely, in the condition with
infiltration boxes, the peak flow occurred later, at 31 min, with a lower peak discharge value of
0,0138 L/s.

Table 2. Peak flow reduction and time delay flume median

Peak time Peak Decrease in Decrease Time

Condition (min) discharge discharge (%) delay

(L/s) (L/s) ° (min)
Without infiltration box 21 0,0326
With infiltration box 31 0,0138 0,0188 57,67 10

The peak discharge reduction was 62,06 %, while the TTP varied between 15 and 35 min,
depending on the system configuration and test conditions. The actual delay reached 15 min,
which was a significant limit, indicating that the system effectively slowed the runoff flow,
thereby reducing the peak pressure on the drainage channel and risk of local flooding.

Table 3. Peak flow reduction and time delay flume drainage

Peak time Peak Decrease in Decrease Time

Condition (min) discharge discharge (%) delay

(L/s) (L/s) (min)
Without infiltration box 22 0,0340
With infiltration box 57 0,0129 0,0211 62,06 35

28.4

Based on the calculations for the median channel, the infiltration efficiency without an
infiltration box was 23,90 %, while that with the infiltration box increased to 68,47 %. This
indicated that approximately 1/3 of the rainwater infiltrated into the soil without intervention.
However, after the infiltration box technology was implemented, more than half of the rainwater
infiltrated into the soil.

Infiltration efficiency

Table 4. Increase in infiltration

Without infiltration box and well | With infiltration box and well
Condition infiltration infiltration
(L/s) (L/s)
Median flume 0,00904 0,02598
Flume drainage 0,01045 0,02355
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This indicated that the infiltration box significantly reduced the volume of surface runoff and
increased the amount of water absorbed by the soil. A higher infiltration efficiency is essential
for replenishing groundwater reserves, reducing the risk of local flooding, and supporting plant
growth in vegetated areas or gardens.

2.8.5 Increased infiltration

The calculations also showed that the infiltration flow rate increased from 0,00904 L/s without
the box to 0,02598 L/s after the installation of the infiltration box. This represents a significant
68,47 % increase in the infiltration performance after the implementation of the infiltration
system. This indicates that the infiltration box significantly improves the ability of the soil to
absorb water. This increase was due to the increased water absorption area, presence of
empty space within the box that facilitated faster absorption, and reduction in surface runoff,
allowing more water to be absorbed.

Overall, the implementation of the infiltration box proved effective in increasing the efficiency
and volume of rainwater infiltration into the soil. This supports sustainable water management
strategies, especially in urban areas or areas at high risk of flooding. With a nearly three-fold
increase in efficiency from 23,90-68,47 %, this technology can be recommended as a simple
yet impactful solution for water conservation and runoff control.

3 Results
3.1 Rainfall data validation

The rainfall data used in this study were subjected to a series of validation tests to ensure their
reliability and suitability for hydrological analyses. The validation process included consistency
testing using the DMC, homogeneity testing using the RAPS method, and trend analysis using
the ITA method.

3.1.1 Double Mass Curve (DMC)

To evaluate the consistency of the rainfall data used in this study, an analysis was carried out
using the Double Mass Curve (DMC) method. This method was applied to identify possible
changes in rainfall patterns or inconsistencies during the observation period by comparing the
cumulative relationship between data from the observation station and the reference data. A
stable linear trend in the relationship indicates that the data are consistent and suitable for
further hydrological analysis. The results of the DMC analysis for rainfall data from 2014 to
2024 are presented in Figure 5. The consistency of the rainfall data was evaluated using the
DMC method by comparing the cumulative rainfall from the observation stations with that from
the reference stations (Harjamukti and Kertajati).

1200

1000 y = 0,882x + 56,933

R?=0,9944
800 '

600

400 —O— Station Data

200 1 L eseeees Linear (Station Data)
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Figure 5. DMC of rainfall data (2014-2024)
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As shown in Figure 5, the cumulative rainfall relationship exhibits a strong linear pattern with
a coefficient of determination equal to R2 = 0,9944. The absence of slope deviation indicated
that the rainfall data were consistent and reliable for further hydrological analysis.

3.1.2 Rescaled Adjusted Partial Sums (RAPS)

To ensure the homogeneity of the rainfall data throughout the observation period, an analysis
was performed using the Rescaled Adjusted Partial Sums (RAPS) method. This method was
applied to detect changes in the data structure, non-uniformity, or possible deviations within
the rainfall time series. By examining the cumulative deviation from the mean value, the RAPS
method can indicate the stability of rainfall patterns during the observation period. The results
of the homogeneity analysis using the RAPS method for rainfall data from 2014 to 2024 are
presented in Figure 6.

Cumulative Deviation (RAPS)

2014 2016 2018 2020 2022 2024
Year 2014-2024

Figure 6. RAPS analysis of rainfall data (2014-2024)

The results showed that the cumulative deviation fluctuated around a stable pattern without
significant abrupt changes. This indicated that the rainfall data were homogeneous and did not
exhibit structural inconsistencies during the observation period.

The homogeneity of the rainfall data was evaluated using the RAPS method. The calculated
test statistic yielded Q=1,12, which was lower than the critical value of Q=1,14 at the 5 %
significance level. The cumulative deviation pattern gradually returned to zero, indicating stable
fluctuations without any abrupt changes (Figure 6). Therefore, the rainfall data were
considered homogeneous and suitable for further hydrological analyses.

3.1.3 Innovative Trend Analysis (ITA)

The ITA method was applied to evaluate the presence of trends in the rainfall data. The ITA
graph (Figure 7) shows that most data points are distributed near the 1:1 reference line, with
a few points slightly above the line, indicating a weak increasing trend. However, the overall
distribution indicated that the trend was not significant, and the rainfall data could be
considered relatively stable over the observation period.

The blue line represents the rainfall data in the second subset of the observation time series,
while the orange line shows the ITA reference line (1:1 line) used to identify trends. Based on
the graph, most of the data are above the 1:1 reference line, indicating an increasing rainfall
trend during the 2014-2024 observation period. This pattern shows that rainfall values in the
final observation period tend to be higher than those in the initial period, indicating an
increasing trend in the rainfall data.
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Figure 7. ITA of rainfall data (2014-2024)
3.2 Reduction of runoff volume

The differences in the overflow and infiltration responses in the median channel owing to the
implementation of infiltration boxes and wells compared to the system without an additional
infiltration system are shown in Figure 8. The system without infiltration boxes and wells
resulted in a higher runoff discharge and reached its peak earlier than the system with
infiltration. Conversely, the implementation of infiltration boxes and wells enhanced the
infiltration process and gradually reduced the surface runoff discharge.

Furthermore, the infiltration curve in the system with infiltration showed greater water
absorption capacity and longer flow duration. This indicates that the use of infiltration boxes
and wells is effective in retaining, temporarily storing, and infiltrating water, thereby helping to
reduce the concentration of surface runoff in the median channel.

The results of this study indicated that the implementation of infiltration boxes significantly
reduced the volume of surface runoff. Based on the data and calculations obtained without
infiltration boxes, the recorded runoff volume reached 0,0287 L/s. After installing the infiltration
boxes, the runoff volume decreased to 0,0117 L/s. This represents a reduction in runoff volume
of 0,0170 L/s, equivalent to 59,37 % of the initial total runoff. These results demonstrate that
the infiltration system can significantly reduce surface runoff by increasing the retention and
infiltration capacity of the soil medium [31], which emphasises the effectiveness of identifying
subperiod deviations in discharge data using RAPS to measure system responsiveness.
However, across all measurement configurations, the runoff reduction varied between 30,34%
and 59,37 %, indicating that the system effectiveness was significantly influenced by the
configuration and interaction between the infiltration box and infiltration well. This reduction
indicates that the infiltration box can increase the capacity of the soil to absorb rainwater,
thereby reducing the amount of water flowing over the surface. This runoff reduction
effectiveness was also related to the porous media used in the infiltration box, which provided
space for the water to drain gradually into the soil.

Furthermore, this effect is particularly important in urban or built-up areas where impervious
land is extensive and the risk of flooding increases during rainfall. By significantly reducing the
runoff volume, the infiltration box system not only helps reduce the burden on the drainage
system but also supports water conservation and sustainable water management efforts.
These results confirm that the optimal configuration, particularly the median configuration
equipped with an infiltration box, provides the best performance in reducing runoff compared
to the other configurations.
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Figure 8. Comparison of median discharge without and with infiltration box and well
3.3 Peak flow reduction and time delay

The implementation of infiltration boxes has been shown to significantly reduce the peak flow
and delay the peak flow times (Figure 9). Observations showed that the system without an
infiltration box had a peak flow of 0,0339 L/s, which occurred 22 min after the rainfall began.
In the system with the infiltration box, the peak flow decreased to 0,0129 L/s at 57 min.
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Figure 9. Peak flow reduction and time delay

This indicated a peak discharge reduction of up to 61,91 % under certain test conditions, with
the maximum performance reaching 85,17 % in the optimal configuration. Overall, the peak
discharge reductions ranged from 16 to 85,17 % with a median value of approximately 32,74
% in the less optimal configuration.

This represents a peak discharge reduction of 0,0210 L/s, equivalent to 61,91 % of the initial
condition without infiltration. Furthermore, the peak time delay varied between 15 and 35 min
depending on the system configuration and available infiltration capacity, indicating that the
infiltration box system could slow surface runoff, allowing more time for water to infiltrate the
soil and extend the runoff concentration period.

This peak discharge reduction indicates that the infiltration box is effective in reducing the
intensity of the surface runoff, potentially reducing the risk of inundation or local flooding.
Meanwhile, the peak time delay plays a role in balancing the load on the drainage system,
particularly during heavy rainfall. Overall, these results reinforce the role of infiltration boxes
as nature-based solutions for sustainable stormwater management strategies in urban areas.
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3.4 Infiltration efficiency

A comparison of the infiltration discharge characteristics in the median channel with and
without the use of infiltration boxes and wells is shown in Figure 10. The system using
infiltration boxes and wells produced higher infiltration discharge than the system without the
additional infiltration system. This indicates that the presence of the infiltration unit can
increase the water absorption and storage capacity of the infiltration medium.

Furthermore, the infiltration discharge in the system with infiltration boxes peaked more
quickly, and the infiltration process was sustained for a longer duration. Meanwhile, in the
system without infiltration boxes and wells, infiltration continued through the channel bed, but
with a more limited capacity. Overall, these results indicate that the use of infiltration boxes
and wells is effective in increasing infiltration and reducing the potential for surface runoff in
the median channel.
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Figure 10. Infiltration discharge in median without and with infiltration box and well

Based on the data obtained, the runoff volume decreased from 0,02870 to 0,01166 L/s after
the installation of the infiltration box. The difference of 0,01704 L/s indicates an increase in the
infiltration volume resulting from the implementation of the infiltration system. The infiltration
efficiency is defined as the ratio of the infiltration volume to the total inflow volume. The
experimental results showed that the infiltration efficiency increased from 23,90 % under
conventional conditions to 68,47 % after the implementation of the infiltration box. This
indicated that more than 2/3 of the infiltrating water was effectively absorbed into the soil
system. This value is significant for laboratory-scale testing using artificial rainfall scenarios
and road surfaces that are representative of urban conditions. This efficiency is influenced by
various factors such as the porosity and permeability of the media used in the infiltration box,
water level in the channel, and duration of artificial rainfall.

In the context of urban stormwater management, the infiltration efficiency ranged from 50,74
to 68,47 % depending on the system configuration and test conditions, indicating that the
infiltration box had significant potential to reduce runoff loads and support local infiltration. With
scale-up and design optimisation, this efficiency can be further improved for field applications.

4  Discussion

The results of this study provide meaningful insights into the practical relevance of integrating
infiltration boxes into urban stormwater management systems. Rather than focusing on
absolute performance values, the relevance lies in the ability of the system to deliver consistent
hydrological benefits under varying environmental conditions and design constraints.

A key implication is that decentralised stormwater interventions such as modular infiltration
boxes can be strategically integrated into underutilised urban spaces, particularly road
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medians, without the need for major infrastructure upgrades. This adaptability underscores the
suitability of the solution for renovation projects and resource-constrained cities.

The responsiveness of the system across a range of slope conditions also demonstrates its
broad applicability to real-world urban gradients, where surface slope variability typically limits
the performance of standard infiltration designs. Furthermore, by reducing peak flows and
extending the time of runoff concentration, infiltration boxes can alleviate the acute stress on
the downstream drainage infrastructure, thereby supporting the resilience of urban
hydrological systems.

From a planning perspective, the simplicity and scalability of infiltration box design enhance its
relevance for widespread adoption. The minimal footprint, coupled with ease of maintenance
and modularity, aligns with the key principles of sustainable urban drainage. Nonetheless, the
observed limitations under extreme rainfall intensities highlight the need for integrated
solutions, in which infiltration boxes serve as part of a broader suite of adaptive drainage
measures. Thus, the relevance of these findings stems from the practical flexibility of the
system, its potential for widespread application in densely populated cities, and its contribution
to a more distributed and climate-resilient approach to urban stormwater management.
Several studies have demonstrated significant reductions in runoff and peak discharge through
the implementation of bioretention systems and other LID practices. For example, a
combination of 28,4 % bioretention systems and 11,3 % vegetated ditches reduced peak runoff
by 22,98-24,71 % [32]. Similarly, bioretention drainage channels (BRCs) can reduce the peak
runoff by over 82 % and the maximum flow in a drainage network by up to 83 % [33].
Interestingly, several studies have highlighted additional benefits beyond runoff reduction, and
nearly 50 % of the total inflowing water volume was stored or evaporated in bioretention ponds,
thereby reducing the peak discharge in urban drainage systems [34]. The role of
evapotranspiration in bioretention systems was emphasised, with up to 78 % of rainfall directly
converted to ET in systems with internal water storage layers [35].

These results are consistent with those of previous studies on urban infiltration systems, which
show similar runoff reductions and peak discharge delays in systems using permeable media
and modular bioretention arrangements. However, the magnitude of the increase in the
infiltration rate observed in this study exceeded some of these previous findings, likely because
of the more compact and hydraulically optimised design of the infiltration box. Unlike traditional
bioretention systems that typically require larger surface areas (rain gardens or gutters), the
box system demonstrated here offers comparable effectiveness in spatially constrained
environments such as street medians.

5 Conclusions

In this study, laboratory-scale experiments demonstrated that the application of infiltration
boxes in road media significantly improved hydrological performance under controlled rainfall
conditions. The installation of infiltration boxes resulted in reductions in runoff volume ranging
from 30,34 to 59,37 %, peak discharge from 16,00 to 85,17 %, and delayed TTP from 15 to 35
min. Furthermore, the infiltration efficiency increased from 23,90 to 68,47 %, and the infiltration
rate increased by 74,78 %, from 0,0110 to 0,0192 L/s. These findings indicate that the
infiltration box system is effective in reducing the peak flow and enhancing the infiltration
processes in limited urban spaces.

The performance improvements observed with the infiltration boxes were primarily owing to
the increased temporary storage and percolation capacities provided by the internal media of
the box. The plastic construction with customised dimensions allowed rapid surface water
absorption and facilitated lateral and vertical percolation into the underlying media. The
delayed onset of peak flow and lower peak discharge highlighted the box role as an infiltration
and detention mechanism, reducing immediate surface runoff and distributing flow over a
longer period. These results confirm the hypothesis that even small-scale modular infiltration
structures can significantly modulate hydrological responses during simulated rainfall events.
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From a practical perspective, this study highlights the potential of a scalable modular infiltration
system to be integrated into existing urban infrastructure, particularly within underutilized road
median areas. The system can support conventional drainage networks by reducing peak
runoff loads and enhancing urban water resilience. The main contribution of this study lies in
the development and experimental evaluation of compact yet effective modular infiltration
boxes designed for installation in road medians, an area that has received limited attention in
surface runoff management studies. The findings provide quantitative evidence that small-
scale decentralized infrastructure can significantly reduce runoff while increasing infiltration
capacity. From a scientific standpoint, the results support the application of small-footprint
infiltration technologies as part of nature based solutions (NBS) for sustainable stormwater
management. In addition, this experimental study contributes to the growing body of literature
on low-impact development (LID) strategies for densely populated urban areas.

Although the results are promising, this study has several limitations. The experiments were
conducted under laboratory conditions with a uniform rainfall intensity and controlled boundary
settings, which might not capture the variability present in real-world environments, such as
fluctuations in rainfall intensity, sedimentation, or surface contamination. The infiltration media
used in the boxes were not systematically varied, thus limiting the analysis of the media-
specific impacts. Furthermore, the long-term performance, maintenance requirements, and
clogging effects, which are critical for real-world applications, are not addressed.

Future research should focus on the field-scale validation of infiltration box systems in various
urban environments and climatic conditions. The investigation of different media compositions,
system geometries, and integration with urban drainage networks will provide insights into the
optimal design parameters. Longitudinal studies are also needed to evaluate the durability,
maintenance frequency, and long-term hydrological behaviour, including seasonal variability.
Combining cost-benefit analysis and life cycle assessment will further support decision-making
for broader implementation in stormwater infrastructure planning.
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