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ARTICLE INFO ABSTRACT
Keywords: This study focuses on lab-scale experimental runoff hydrographs from a linear completely
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developed, allowing for expanded laboratory hydrograph simulations up to a linear scale of 10.
Model rains of different intensities and durations were applied, and digital online data processing
techniques were employed to ensure high time resolution and accurate flow rate determination.
The experimental hydrographs were analyzed in a dimensionless form to facilitate generalization
and comparison with widely used nonlinear reservoir method and unit hydrograph method.
Wave-like fluctuations of the flow rate were observed in most experimental hydrographs as they
approached the maximum runoff. The dimensionless phase time of the experimental hydrographs
showed an increasing trend with higher rainfall intensity, and a power-law equation was derived
to approximate this relationship. An averaged dimensionless runoff hydrograph was obtained by
processing individual hydrographs, and it was approximated by the DR-Hill-Zerobackground
model for the initial stage during the rainfall and by the Weibull model for the later stage,
after the rainfall stopped. The findings of this study have significant implications for modelling
surface runoff from small urban subcatchments, particularly under critical rainfall events with
extremely high intensity.

1. Introduction

The initial stage of stormwater modelling for urbanized catchments involves establishing relationships between rainfall parameters
and surface runoff hydrographs for each specific subcatchment [1-4]. Surface runoff hydrographs from subcatchments serve as crucial
input functions that form the runoff hydrographs for urban catchments of varying scales, configurations, and complexities [5-9].
Methods for modelling surface runoff should comprehensively consider a multitude of factors and specific characteristics of the
subcatchment, including its configuration [10-13], absolute dimensions [14,15], slope distribution at the subcatchment’s area [16,
171, surface cover types and their spatial distribution [18,19], correlation between the total and effective imperviousness [2,4,20,21],
infiltration properties of soils [11,22-24] etc. Errors at this initial stage of modelling inevitably and often significantly impact the
subsequent modelling of the entire stormwater drainage system [25,26].

Among the large number of rainfall—runoff models, hydraulically based methods, such as the kinematic wave and dynamic wave
methods in various modifications [3,5,14,27,28] and the nonlinear reservoir method [11,29] should be considered the most theo-
retically justified. The nonlinear reservoir method, despite a significant number of simplifications, is widely used in specialized
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application programs, such as SWMM [3,5,30,31].

The simplicity of the implementation of the nonlinear reservoir method compensates for the number of fairly obvious disadvan-
tages, including a very schematic, approximate consideration of the subcatchment configuration by representation of the real sub-
catchment using a rectangular one of the same area with an effective width By, as well as a uniform increasing of the retention layer
over the entire subcatchment and the lack of consideration the effects of surface flow concentration in the direction to the stormwater
inlet [5,27].

The specific multifactor physics and relatively large scales of stormwater runoff from urban areas complicate the experimental
verification of rainfall—runoff models [5,32]. The performance of field experiments on real urban subcatchments is associated both
with the problems of reproducing the necessary fixed initial and boundary conditions of the experiment, as well as with special re-
quirements for technical means of monitoring and problems with the accuracy of measuring flow parameters [2,33-35]. In laboratory
modelling of surface runoff, it is much easier to ensure repeatability of surface runoff over time [30,36]. At the same time, in laboratory
modelling, there is a difficult to correctly solve a problem of scaling sufficiently extensive natural phenomena in the scale of laboratory
installation [37-40]. Therefore, in most of the previous laboratory studies of stormwater runoff hydrographs, the dimensions of
subcatchments were used as large as possible in laboratory conditions, for example, 12.19 x 12.19 m in Ref. [14], 13.4 x 2.5 m in
Ref. [17],5 x 1.25 m in Ref. [40],1.5 x 1.5 m [41]. A linear scale of C;, = 1 was declared, although, in fact, dimensions of the indicated
subcatchments are still significantly less comparing the typical natural subcatchments and they can be considered as non-scaled only
with some approximation. At the same time, a very small number of experimental laboratory studies concerned rains of particularly
high intensity, for example, 60-300 mm/h in Ref. [14], 90-150 mm/h in Ref. [17], 30-90 mm/h in Ref. [16] whereas rainfalls of this
order of intensities are critical in modelling surface runoff from typical small urban subcatchments.

In order to increase the reliability and accuracy of hydrological-hydraulic models of stormwater runoff from urbanized sub-
catchments, improving of hydraulically based methods of surface runoff modelling, is still relevant. The maximum possible number of
input factors, as well as systematic experimental verification of these models should be used. Special gaps are solving the scaling
problem for modelling urbanized subcatchments in laboratory conditions, and obtaining experimental runoff hydrographs for rainfalls
of extremely high intensity.

The purpose of the article is to obtain experimental runoff hydrographs from linear completely impervious plane surfaces for
especially high-intensity rainfall events, generalization and comparative analysis of the obtained results with hydrographs according
to other most common models. The objectives of the study are obtaining the generalized experimental stormwater runoff hydrographs
from linear impervious subcatchments with constant longitudinal slope in the range of 0.01-0.02 for model rainfalls of especially high
intensities, and comparing these results with theoretically ones predicted by the nonlinear reservoir method and kinematic wave unit
hydrograph (KWUH).

2. Materials and methods
2.1. Scale factors of the model surface runoff

An improved approach to physical modelling of surface runoff has been developed to expand the range of laboratory simulations.
This method involves the integration of scale factors for key surface runoff parameters. At the linear scale of the subcatchment, within
the Cy range of 5-10, it is assumed that the scale of flow depth h in all relevant cross-sections of both the prototype and the model is
consistent, denoted as Cp, = 1. When modelling surface runoff based on the Froude number [42]:

Fr=V (gh)"? &)

condition Fr — idem requires that the scale of average velocity should be Cy = 1.
Considering that hydraulic radius of shallow surface flows is approximately equal to the flow depth (R = h), the Shezy-Manning
equation [13]:

V=n 8"yt @

When the prototype and model subcatchments are geometrically similar, their respective longitudinal slopes S are the same, and the
scale of the slope Cs is equal to 1. Consequently, as it follows from Eq. (2), the scale of the surface Manning’s roughness coefficient Cy, is
also equal to 1. This equivalence is particularly advantageous for the technical implementation of hydraulic modelling.

Based on the principle of flow continuity, when scaling the flow width at C, = Cy, the scale of surface runoff discharge Cy, is also C;.
To ensure the accuracy of hydraulic modelling, it is crucial that the scales of various flow rates were the same at corresponding time
points. This alignment results in a scale for rainfall discharge Cq r equal to C;, leading to a scale for rainfall intensity C;, = C[l. In this
proposed scaling scheme, the time scale is C; = C;/Cy=Cp, while the volumes of rain and surface runoff for both the prototype and the
model are scaled as Cy= Cq.r C; = Cf.

Another advantage of this scaling scheme is the correspondence of surface flows in both the prototype and model, particularly in
terms of the Reynolds number [42]:

Re=V hv' 3

where v is kinematic viscosity, as well as the Weber number [42]:
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where ¢ is the surface tension. Achieving the conditions of Re — idem and We - idem is particularly important for the accurate physical
modelling of shallow surface flows. This eliminates risks about potential discrepancies in Reynolds numbers and, consequently, flow
modes between the prototype and the model. It also resolves the issue of distortion in the physical representation of flow on the model
due to non-scaled surface tension forces.

Considering that the surface runoff is characterized by a predominantly unsteady flow mode, it is important to obtain the similarity
by the Strouhal number [42]:

St=L V' 5)

The proposed scaling scheme assumes that Cy = 1 and C; = Cf, resulting in St — idem.
The significant advantage of the provided set of scaling factors is the uniform scaling of all terms in the Saint-Venant differential
equation, expressed in the kinematic wave equation form, all of which are equivalent to Cj .

2.2. Surface runoff experimental set-up

For the experimental study of stormwater hydrographs, the laboratory setup was designed (Fig. 1). It consisted of a rainfall
simulator, an inclined impervious plane hydraulic flume, and an online system for recording the surface hydrographs [41].

A specialized rainfall simulator was utilized to generate precipitation at various intensities, reaching up to 40 mm/min. Water
supply to the experimental setup was maintained by employing a large source tank with a 3.0-m diameter, featuring a free water
surface positioned approximately 22 m above the axis of the distribution pipeline (1). The flow rate at the inlet of the experimental
setup was measured using a water meter (6) Gross MNK-UA 25/260, with a relative measurement error of +2.0 %. The pressure
distribution pipeline (1), spanning a length of 6.0 m, was connected to the source tank and equipped with a bypass pipeline (2),
enhancing the even distribution of rainfall intensity along the distribution pipeline’s length. The distribution pipeline (1) had per-
forations with a 2 mm diameter and a constant spacing of 5 cm. Regulation of the water flow rate through the distribution pipeline (1)
was achieved using valve (3). To maintain a consistent rainfall intensity, an intercepting tray (4) was placed beneath the distribution
pipeline. Upon opening valve (3), this tray redirected water away from the hydraulic flume until the flow rate equalized along the
entire length of the distribution pipeline (1). Subsequently, the tray was repositioned, and the experiment commenced.

The water from pipeline (1) flowed into the hydraulic flume (5) with the following dimensions: length L = 6.0 m, width b = 0.305
m, and height 0.4 m (Fig. 1). The laboratory setup was equipped with a slope-adjusting system that allowed the study of surface runoff
hydrographs at different longitudinal slopes of the flume. The mean measured value of the Manning’s roughness coefficient for the
hydraulic flume was determined to be n = 0.009 & 0.0003, and the longitudinal slope of the flume ranged from S = 0.01 to 0.02, with
accuracies in the range of +(1.0-0.5)%, respectively.

The surface runoff freely entered the detention tank (7), which had a volume of 45 L. The real-time data of the current mass of the
surface runoff were measured by the digital scale AXIS BDU-60 (8), and transmitted each 0.125 s to the computer using the RS-232
module. Absolute error of mass measurement was equal to +10 g. The runoff volume at any given moment t was determined as a

Fig. 1. Surface runoff experimental set-up: 1 — water distribution pipeline; 2 — bypass pipeline; 3 — valve; 4 — interception tray; 5 — hydraulic flume;
6 — water meter; 7 — detention tank; 8 — digital scale AXIS BDU-60; 9 — digital output to the computer; 10 - slope adjuster.
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fraction of the inflow mass and the specific mass of tap water, which varied depending on water temperature in the range of 19-25.6
°C. To assess the reproducibility of runoff hydrographs, four repetitions were conducted for each rainfall intensity.

2.3. Processing of experimental results

In this series of studies, runoff hydrographs were simulated for rainfalls of constant intensity and duration from 35 s to 50 s. By
definition, the intensity of model rain:

=W, | (Ax1) (6)

W,, t, — total volume and duration of model rain, respectively; A — the area of the model subcatchment, A = 1.83 m2.

Intensities of model rainfalls varied in the range of 473-2176 mm/h, which corresponds to prototype intensities 47.3-217.6 mm/h,
for maximum linear scale C; = 10 of the presented laboratory model. The duration of model rainfalls ranging from 35 to 50 s at scale C;
= C, = 10 corresponds to prototype rainfall durations of 350-500 s. This range covers the surface runoff concentration time for small
subcatchments with a concentration length of up to 60 m.

The volume flow of surface runoff was calculated through numerical differentiation of the function W(t), which was provided in
tabular form. The volume curve around the point (ty+At/2) was approximated using a quadratic trend line:

W({)=a * +ayt+as @

where ty is the current central time point; At — the time interval within which volume values were taken for processing; a;, as, as —
empirical regression coefficients depending on ty, found using the least square method.
By differentiating Eq. (7), the flow rate of the surface runoff at time ty:

0 (to) =2a, to + a, (€))

The issue of selecting the optimal time interval, At, was examined separately. Increasing this interval stabilizes the Q(t) function,
eliminating local jumps, but it also results in excessive inertial smoothing of runoff hydrographs, particularly in transition sections.
Comparative analysis revealed that with a specified data update frequency of 0.125 s, the optimal time interval was determined to be
At=25s.

Relative errors of the experimental determination of main parameters were as follows: 0.5-1.0 % for longitudinal slope, 2.9-3.2 %
for rainfall intensity, and 2.6-2.9 % for maximum runoff discharge.

3. Results and discussion
3.1. Experimental surface runoff hydrographs

An example of the primary results of an experimental study of model surface runoff from one model rainfall event is shown in Fig. 2.
Runoff volume W(t) was directly measured with digital scale AXIS BDU-60. Rain volume was defined as the product of rainfall in-
tensity and current time at t < t,, and after rain stops, at t > t,, it was constant and equal to the total rainfall volume W,. The volume
retained on the surface at any moment of time was determined as the difference between the corresponding rainfall volume and the
volume of runoff. The area-averaged depth of the surface retention layer was calculated in order to further compare the experimental
results with numerical modelling using the nonlinear reservoir method.

Dimensional model runoff hydrographs, obtained by the method of numerical differentiation of experimental runoff volume W(t),
described in subsection 2.3, for longitudinal slopes S = 0.01, 0.015, 0.02 are presented in Figs. 3-5 respectively.

All experimental runoff hydrographs from completely impervious plane linear subcatchments are characterized by the presence of
a well-defined section of initial retention, at which the surface runoff is either absent at all, or is within the limits of the sensitivity of
the digital scale, namely about 0.03 L. The rising limbs of the experimental hydrographs at t < t, are S-shaped curves with a sharp

W(L) depth of the retention layer H (mm)

runoff volume
rainfall volume

volume of the
retention layer
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©
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Fig. 2. Experimental curves of volumes and depths of the model runoff for L = 6 m; b = 0.305 m, S = 0.01; n = 0.009, i, = 1426 mm/h; t, = 40 s.
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Fig. 3. Experimental hydrographs of surface runoff on the physical model: L = 6 m, b = 0.305 m, n = 0.009, S = 0.01.
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Fig. 4. Experimental hydrographs of surface runoff on the physical model: L = 6 m, b = 0.305 m, n = 0.009, S = 0.015.
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Fig. 5. Experimental hydrographs of surface runoff on the physical model: L = 6 m, b = 0.305 m, n = 0.009, S = 0.02.

increase in discharge in the first half, inflection points and an asymptotic approach to the maximum flow rate in the second half. Taking
into account the completely impervious cover of the model subcatchment, the maximum runoff flow, within the error of the exper-
imental determination, was equal to the flow rate of the model rain Q, = A- i..

Thus, the ascending limbs of hydrographs are qualitatively well correlated with similar results obtained using the nonlinear
reservoir method [29]. The quantitative assessment of the asymptotic output of the flow rate to the maximum value of Q; is
complicated by the presence of the wave-like nature of the surface runoff, which becomes more pronounced with a decrease in the
increment of the hydrograph to the time axis.

Such a wave nature of surface runoff depends on many partial factors and is quite common, when the flow rate is determined
sufficiently accurately and with a high update frequency [14,16,40]. Waveless hydrographs in previous studies were obtained as usual
at longer time steps, when instantaneous flow rates are averaged and, accordingly, hydrographs are too smoothed [13,29].

The descending limbs of experimental hydrographs at t > t. are represented by hyperbolic-type curves with a sharp decrease in flow
within 15-20 s after the cessation of model rain, followed by a smooth asymptotic decrease of discharge to zero. The change in the
inflow volume in different series, depending on the rainfall intensity and the longitudinal slope, reached the limit of sensitivity of the
digital scale 5-7 min after the start of the model rain. To enhance the accuracy of volume determination for surface runoff, the
recording duration for all series was set to 10 min, allowing for a slight reserve. The descending limbs of the model hydrographs at t > t.
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are similar to the corresponding curves obtained by the nonlinear reservoir method, but are characterized by a faster decrease in
surface runoff compared to the last one. When flow rate is approaching to zero, regular wave phenomena are also recorded, but with
smaller amplitude of the flow fluctuation and with a shorter phase duration, compared to the wave processes on the crest of the
hydrograph (Figs. 3-5).

3.2. Wave parameters of experimental surface hydrographs

Wave effects observed in the majority of experimental hydrographs were subjected to statistical analysis. The primary parameters
characterizing wave phenomena included the average phase time and the flow rate amplitude of the hydrographs. The reliability of the
results was assessed through tests for homogeneity and normality. The findings from rainfall events of different intensities were
consolidated and presented in the form of dimensionless phase times (Atyy/t;) and dimensionless wave amplitudes (AQpr/Q;). Due to
the limited data available on phase time and wave amplitude, a statistical analysis was conducted using Fisher’s Least Significant
Difference test to evaluate the significance of the results.

Dimensionless wave amplitudes of experimental hydrographs increase with decreasing the rainfall intensity, as well as with an
increase in longitudinal slope (Fig. 6). The obtained results qualitatively align well with the findings of previous research. For instance,
for model rainfalls with an intensity of 30 mm/h, an increase in the slope of the subcatchment from S = 0.02 to S = 0.03 led to an
increase in the dimensionless wave amplitude AQyx/Q; from 6.8 % to 10 % [16].

Ben-Zvi [14] reported decreasing of the dimensionless wave amplitudes for runoff hydrographs with increasing the rainfall in-
tensity. Specifically, for a longitudinal slope of S = 0.03 and a steady rainfall intensity of 54 mm/h, the value of AQ,,/Q, about 22 %
was obtained, while at intensity of 287 mm/h, it was only 17 %. De Lima et al. [40], for a longitudinal slope of S = 0.05 and rainfall
intensities ranging from 56 to 593 mm/h, obtained a slightly lower relative wave amplitude of 7.7 % of Q,. This difference can be
attributed to the movement of the rainfall front upstream the flow at a velocity of 0.07 m/s.

Dimensionless phase time of experimental hydrographs increases with increasing the rainfall intensity (Fig. 7), moreover, for both
slopes, the results are within the margin of error and can be approximated quite well by a power-law trend line:

Aty 1 1, = 0.003 {444 9)

3.3. Dimensionless surface runoff hydrographs

Experimental hydrographs were reduced to a generalized form, as the dependences of the dimensionless flow rate Q/Q, on the
dimensionless time t/t. (Fig. 8). The rising limbs of dimensionless experimental hydrographs are significantly steeper compared to the
corresponding section of the hydrograph, obtained by the nonlinear reservoir method, which can be explained by the overestimated
inertia of the last one, since, by definition, in nonlinear reservoir model, the depth of the retention layer increases equally over the
entire area of the subcatchment, and the flow of surface runoff is a function of this depth.

Obtained experimental results confirm the inefficiency and inapplicability of the UHM for modelling the surface runoff from small
urbanized subcatchments. The UHM was developed and still widely used for large river catchments [43-45]. The universal dimen-
sionless hydrograph of runoff according to UHM is characterized by a slower increase in surface runoff at the first stage, when t/t, <1,
as well as a smooth decrease in runoff over a very long period of time after the rain stops. Such a difference is explained by the
apparently fundamental difference in both the runoff areas and the runoff coefficients of the urbanized and natural runoff catchments.
For completely impervious subcatchments, under conditions of rainfall events of maximum intensity, this difference becomes
extremely large. The occurrence of a slight excess in the dimensionless discharge Q/Q, = 1 was also observed in previous studies [16].
This temporary excess can be attributed to the first flush of the surface runoff accumulated on the subcatchment, as well as the wave
characteristics of the hydrographs. However, to quantitatively assess this first-flush effect, a considerably larger number of

0.2
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0.12
y=365.38x"%¥
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Fig. 6. Dimensionless wave amplitudes of experimental hydrographs; error bars +10 % are specified.
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Fig. 7. Dimensionless phase time of waves on experimental hydrographs; error bars +5 % are specified.
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Fig. 8. Experimental dimensionless hydrographs from linear impervious plane subcatchment for model rainfalls of extremely high intensity
comparing to other most common methods.

experimental hydrographs should be analyzed, especially for rainfall events of longer duration.

An averaged dimensionless runoff hydrograph from impervious plane linear subcatchment was obtained by processing dimen-
sionless experimental runoff hydrographs. This universal hydrograph is well approximated by the DR-Hill-Zerobackground nonlinear
regression model (R2 = 0.9987). At the first stage, when t/t, < 1:

0/0,=1014(t/t)** 1 [t/ 1)>* + 0.014] (10)
The second stage of the dimensionless hydrograph t/t, > 1 is best approximated by the Weibull model (R% = 0.9991):
0/0.=1—-exp[-52 (/1)1 a1

In the future, conducting similar experimental studies for rainfall events with extremely high intensities from urbanized subcatchments
holds promise. This includes studying hydrographs from subcatchments with significantly large longitudinal slopes as well as those
with near-zero slopes. Additionally, it is important to conduct a detailed and systematic study of the quantitative parameters of wave
phenomena in runoff hydrographs at each characteristic stage. This will involve obtaining extended samples to ensure statistically
significant results.

4. Conclusions

Lab-scale experimental runoff hydrographs from a linear completely impervious plane subcatchment with length of 6.0 m, width of
0.305 m, and a cover with Manning roughness coefficient of 0.009 are obtained for especially high-intensity rainfall events at lon-
gitudinal slopes of subcatchment ranging from 0.01 to 0.02.

An improved method of surface runoff physical modelling was developed which permit expanding the range of laboratory
hydrograph simulations up to the linear scale C; = 10. Intensities of model rains varied in the range of 473-2176 mm/h, which
corresponds to prototype intensities 47.3-217.6 mm/h. The duration of model rainfalls ranging from 35 to 50 s corresponding the
prototype rainfall durations of 350-500 s. Digital online data processing with time step of 0.125 s and improved method of numerical
differentiation of volume — time function were applied, which made it possible to ensure high time resolution of hydrographs and
increased accuracy of flow rate determination.

Experimental hydrographs were represented in the dimensionless form to make it possible generalization of experimental results
and comparison with modelling by widely used nonlinear reservoir method and UHM. The rising limbs of dimensionless experimental
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hydrographs are significantly steeper compared to the corresponding section of the hydrograph, obtained by the nonlinear reservoir
method and by the UHM, which can be explained by the overestimated inertia of the last ones. At asymptotic approach to the maximum
runoff wave-like fluctuations of the flow rate are obtained in the majority of experimental hydrographs. Dimensionless phase time of
experimental hydrographs increases with increasing the rainfall intensity, and for slopes in range 0.01-0.02 it can be approximated by
a single power-law Eq. (9). An averaged experimental dimensionless runoff hydrograph from impervious plane linear subcatchment
was obtained by processing the individual hydrographs. The first stage of averaged hydrograph (t/t. < 1) is approximated by the DR-
Hill-Zerobackground model (Eq. (10)), and the second stage, at t/t. > 1, by Weibull model (Eq. (11)).

The obtained experimental results have particular relevance for the modelling of surface runoff from small urban subcatchments
under the condition of critical rainfall events of particularly high intensity. The recommended limitation on the maximal length of the
runoff subcatchments to be about 60 m. This range is suitable for the most urbanized impervious surfaces, typical for highways,
parking lots, pedestrian locations, etc.
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