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Abstract

This paper presents a verification of the performance of the stormwater drainage system in Gaj and Tarnogaj residential developments
in Wroctaw with regard to climate changes, by means of a calibrated hydrodynamic model created within the SWMM software. The
verification was carried out for two criterial rainfalls: the Euler model rainfall with occurrence frequency C = 3 years and an actual
rainfall with C = 5 years. Two parameters: degree of flooding (DOF) and specific flood volume (SFV) were adopted to indicate potential
system overloads. The simulations showed numerous outflows from the sewers, which means, that the investigated system needs
adapting to climate changes. The causes of this should be sought in the too small diameters of the sewers and so in the insufficient
hydraulic capacity of the sewerage system dimensioned in the past using methods which are inadequate today.
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1 Introduction

Because of the random character of precipitati on, the oper- Table 2 Examples of design sewer flooding criteria for standing

. . . floodwater in accordance with EN 752:2017
ation of stormwater drainage or combined sewer systems

. . i 1 *
cannot be entirely reliable. Extreme natural phenomena Impact Example locations Return period

Roads or open spaces away from

(intensifying in recent years), such as torrential or persistent Very low buildings

1 per 1 year

rains, and the resulting urban floods cause substantial eco- . Agricultural land (depending on

nomic losses [1-2]. According to EN 752, efforts should land use, e.g. pasture, arable) I'per 2 years

Open spaces used for public
amenity

be made to achieve the currently required water drainage L .
ow to medium 1 per 3 years
standard for urban areas, defined as the adaptation of the

Roads or open spaces adjacent

drainage system to receiving the maximum (forecasted) Medium to buildings 1 per 5 years
rainfall water streams occurring with a frequency equal to _ . Flooding in occupied buildings
. Medium to high . 1 per 10 years
the allowable (socially acceptable) frequency of occurrence excluding basements
of a terrain surface flooding (Table 1 and Table 2). High Deep flooding in occupied 1 per 30 years
basements or road underpasses
Table 1 Recommended frequency of designed computational rain and Very high Critical infrastructure 1 per 50 years
limit the frequency of spill in accordance with EN 752:2008 * Return period should be increased (probabilities reduced) where the

floodwater is fast moving. When undertaking rehabilitation of existing

Design rainfall ~ The area drainage standard Flooding occurrence Lo . .
systems and where achieving the same design criteria for

fi t fi . .

requency caregory requency a new system would entail an excessive cost, a lower value may be
1 per 1 year Rural areas 1 per 10 years considered.

1 per 2 years Residential areas 1 per 20 years

City centres/industrial/ Stormwater sewers should have such diameters that their

1 per 5 years .
commercial areas

I per 30 years total capacity will always be greater than the design run-

Underground railway/
underpasses

off (Table 1). But the dependence between the frequency

1 per 10 years 1 per 50 years

of the assumed rainfall and the flooding frequency (Table
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1 and Table 2) cannot be generalized since the descrip-
tion of the motion of the liquid in sewers is nonlinear. The
dependence can be determined only through the hydro-
dynamic modelling of a given sewerage system. German
recommendations DWA-A118 of 2006, introducing the
concept of the frequency of surcharging up to the ground
level in sewerage system performance check calculations
(Table 3), can be helpful in this regard. Then in an indirect
way one can determine the overload state closest to the
subsequent flooding. A serious flooding hazard will occur
when water exceeds the level of street kerbs and enters the
adjacent properties, the basements of the buildings, etc.

Considering the current knowledge of the future trends
in climate change [3-9], the design rainfalls can be adjusted
to terrain drainage dimensioning (Table 1 and Table 3) by
correcting the current rainfall intensities or by changing the
frequencies of their occurrence in the future. In [10] it was
shown that today's rainfall events with a statistical repeat-
ability of, e.g., five years, in the future will be events with a
frequency of occurrence C = 2 years. Therefore a scenario
of rainfalls with C = 5 years instead of C =3 years is recom-
mended for verifying the occurrence of future surcharging
events in housing areas and a scenario of precipitation with
C=100 years is recommended to ensure the currently allow-
able flooding frequency of once every 20 years (Table 4).

A considerable number of stormwater drainage systems
in Poland was dimensioned using rainfalls intensity for-
mulas which are inadequate today. As a result, the systems
are likely to be unable to meet the requirements concern-
ing the allowable frequency of sewer overflows (especially
in the future) [12, 13].

This paper presents a verification of the stormwater
drainage system performance in Gaj and Tarnogaj resi-
dential developments in Wroctaw for the present and fore-
casted future rainfalls.

2 Model drainage area and research methodology
A hydrodynamic model of the stormwater drainage sys-
tem, created within the SWMM software, was used for this
study. The drainage area is ¥ = 104 ha. The main storm-
water sewer (KDI) network consists of concrete sewers
0.30-1.20 m in diameter. The total length of the sewers
amounts to about 17730 m and the number of manholes
to 509. Seventy five drainage sub-catchments were distin-
guished in the model [14].

Calibration of the hydrodynamic model included the fol-
lowing hydraulic and hydrological parameters: roughness
coefficient of the sewer's interior, roughness coefficient

Table 3 Recommended frequencies for calculations testing the

stormwater drainage performance in accordance with DWA-A118:2006

Design rainfall
frequency

The area drainage
standard category

Acceptable
surcharging frequency

1 per 1 year Rural areas 1 per 2 years

1 per 2 years Residential areas 1 per 3 years

Less than
1 per 5 years

City centres/industrial/

1 per 5 years .
commercial areas

Less than
1 per 10 years*

Underground railway/

I'per 10 years underpasses

* When local security measures are not applied, then: ,,1 per 50”

Table 4 Recommended changes in rainfall frequency for identification
of future sewage systems overloads [11]

Design rainfall
frequency for
overloads verification
[1 per C years]

3 instead of 2

5 instead of 3

Design rainfall
frequency for
floodings verification
[1 per C years]

50 instead of 10

100 instead of 20

The area drainage
standard category

Rural areas
Residential areas

City centres/
industrial/
commercial areas

10 instead of 5 100 instead of 30

of runoff area, depth of depression storage, and hydrau-
lic width of the overland flow path. For the calibration and
validation of the model, rainfall data from the two-year
observation period (5 precipitation for calibration and 3 for
validation), with the amounts from 9.7 to 28.4 mm and dura-
tions from 42 to 1486 minutes were used. The rain gauge,
from which rainfall data were applied, is located only 620
m from the center of gravity of the analyzed catchment.
The aim of the calibration was to achieve the highest pos-
sible compliance between simulated and measured values
for the runoff volume balance.

Two parameters: degree of flooding (DOF) and specific
flood volume (SFV) were adopted to indicate potential
system overloads.

DOF=Y¥N,/ YN M

where:
N - number of flooded manholes,
N —total number of manholes.

SVE=YFV/YSS 2

where:

FV  —flood volume, m®,

SS  —sealed surface, ha.

The limit values of parameters (1) and (2) should be set
individually. For example in [15], for three sewerage systems
in North Rhine-Westphalia, the limit values of the parame-
ters were determined to be: DOF = 0.33 and SFV' = 13 m* ha.



The Euler model rainfall type II with occurrence fre-
quency C =3 years and an intensive rainfall (of 19.07.2015)
with the frequency of occurrence in Wroctaw C = 5 years
were assumed as the drainage area load for respectively the
current supply conditions and the future supply conditions.

The model rainfalls are synthetic rainfall histograms
created on the basis of local formulas for rainfall depth-du-
ration-frequency (DDF) or intensity-duration-frequency
(IDF). In the hydrological conditions of Wroctaw, the
DDF model is applied. The model has the form:

h=—4.58 + 74102 + (9711£0922 — 98 68)(—Inp)**  (3)

where:
h  — precipitation amount, mm,
t  — precipitation duration, min,

p —occurrence probability, p = 1/C.

The idea of the model is to most closely represent the
pattern of typical rainfalls characterized by time-variable
intensity. An example here is the Euler model rainfall type
Il recommended by DWA-A118:2006 for modelling sewer-
age in Germany, and also in Poland [12, 17].

3 Verification of overloads for model rainfall

In order to verify the occurrence of surcharging in sewers
in accordance with DWA-A 118:2006 one should load the
investigated residential development drainage area with
rainfall with occurrence frequency C = 3 years and duration
at least twice longer than the time of the flow in the net-
work. Since in main sewer KD1 this time amounted to 45
minutes, the Euler model rainfall for = 90 min and C = 3
years was adopted. Fig. 1 shows the main sewer profile with
the maximum overloads.

In the simulation instant shown in Fig. 1, at 2/3 of the
length of main sewer KD1 sewage flows under pressure.
Several critical points with up to the ground level sur-
charges, and floodings occur along the route of KD1. In this
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Fig. 1 KD1 trunk sewer operation at 35th minute of Euler model rainfall

duration
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Table 5 Localizations and volumes of floodings from stormwater
drainage for Euler type II model rainfall

Node Hqurs Time of ﬂooding Flooding volume,
flooding, h occurrence, h:min m?
423 0.41 00:35 481
75 0.37 00:35 254
99 0.36 00:35 232
45 0.50 00:35 204
238z 0.45 00:37 196
168 0.82 00:45 195
427 0.51 00:35 176
270 0.14 00:37 164
80 0.29 00:35 160
43 0.21 00:35 158
47 0.84 00:48 146
103 0.59 00:28 118
456 0.22 00:32 117
430 0.28 00:35 111

0 100200300m

O-flood area
Q- maxflood

Fig. 2 Localization of floodings from stormwater drainage system for
Euler model rainfall type I for C = 3 years and ¢ = 90 minutes

study, it was assumed that outflows with a volume of over
100 m?* can pose potential hazards. Then assuming the water
height to be at the level of pavement kerbs (0.15 m), the
inundation would cover an area larger than 25 m x 25 m =
625 m?, which corresponds to a typical drainage gully spac-
ing of 25 m [12]. There are 14 such nodes in the investi-
gated network (Table 5). In the analysis of surface flooding,
the default SWMM program settings were used in this area
- no special methods were used.

The longest duration (about 50 minutes) outflows
occurred in nodes no. 47 and 168 (with a volume of 146 and
195 m?, respectively). An extremely large outflow volume,
amounting to 481 m? and lasting for 25 minutes, was found
to occur in the node no. 423 area.

Fig. 2 shows the locations of the 14 areas in which sew-
erage surcharges and substantial floodings occur.

The indicators: DOF and SFV were used to describe the
overload of the system. They were calculated from formulas
(1) and (2) to amount to: DOF'=0.16 (Nf: 79, N=509) and
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SFV=44.1 m*ha (FV=2712 m?, S§= 61.5 ha). According
to the criteria in [15], DOF < 0.33, while SFV > 13 m*/ha
indicates the system should be upgraded right now.

4 Verification of overloads for actual rainfall

The actual rainfall of 19.07.2015 was used to verify the
performance of the sewerage system in climate change
conditions. The rainfall histogram for five minute time
intervals is shown in Fig. 3.

Fig. 4 shows the KD1 main sewer profile at the 20th min-
ute of rainfall duration, i.e. when the maximum overloads
occur. At this instant at 2/3 of the length of trunk sewer KD1
the sewage flows under pressure (similarly as for the Euler
model rainfall type II). There are numerous critical points
where storm sewage reaches the ground level.

For the rainfall with C =5 years, floodings in 17 nodes
(Table 6) can pose potential hazards. Similarly, as in the
case of the Euler model rainfall, the longest lasting (about
30 min) flooding in the network occurred in 2 critical
nodes: no. 47 and 168. The largest simulated outflow vol-
umes occurred in 8 nodes.

14 -
12 4

10 4

H, mm

1957 20:02 20:07 20112 2017 ' 20|22 : 20:27 I 20:32 l 20:3? ; 20!42 l
t h:min
Fig. 3 Actual rainfall histogram of 19.07.2015 with
C =5 years and ¢ = 42 minutes
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Fig. 4 Profile of the KDI main sewer at 20th minute of actual rainfall
duration with C =5 years and 7 = 42 minutes

Table 6 Localizations and volumes of floodings from stormwater
drainage for actual rainfall

Node Ho.urs Time ofﬂooding Flooding volume,
flooding, h occurrence, h:min m?3
423 0.38 00:19 515
75 0.35 00:20 359
99 0.37 00:20 354
43 0.25 00:20 327
270 0.17 00:22 299
45 0.43 00:20 272
80 0.28 00:20 262
427 0.42 00:20 253
430 0.25 00:20 197
382 0.21 00:20 191
73 0.19 00:20 158
168 0.51 00:13 157
456 0.22 00:16 139
238z 0.45 00:21 132
153 0.19 00:20 131
322 0.10 00:20 110
47 0.51 00:28 104

0 100200300 m

O- flood area
Q- max flood

Fig. 5 Localization of floodings from stormwater drainage system
for actual rainfall with C =5 years and 7 = 42 minutes

Fig. 5 shows the locations of the outflows in the areas of
the 17 nodes listed in Table 6.

The values of the criterial parameters are: DOF = 87/509
=0.17 (for N, =87 and N = 509) and SF'V'=3960/61.5 = 64.4
m*ha (for FV'= 3960 m* and SS = 61.5 ha). According to
the criterion in [15], the SVO value >> 13 m3/ha indicates
an urgent need to adapt the stormwater drainage system in
the residential developments to climate changes.

5 Conclusions

The verification of the performance of the stormwater
drainage system in Gaj and Tarnogaj residential develop-
ments in Wroctaw has been presented. The verification
was carried out using a calibrated hydrodynamic model of
the system, created within the SWMM software. Two rain-
falls: the Euler model rainfall type I with the frequency of



occurrence in Wroctaw C = 3 years for the current drain-
age area supply conditions and an actual intensive rain-
fall with occurrence frequency C = 5 years for the supply
conditions in the future were used as the catchment load.

The degree of flooding (DOF) and the specific flood
volume (SFV) were adopted as the criteria for describing
the system overload. In the case of the model rainfall (with
frequency C = 3 years) for SFV = 44.1 m*ha > 13 m*ha
the system was found to be in need of upgrading. In the
case of the actual rainfall (with frequency C = 5 years) for
SFV = 64.4 m*ha > 13 m*/ha the system was also found in
need of adapting to climate changes.

Thus the simulations showed that the investigated sys-
tem does not meet the current standards. The causes of this
should be sought in the too small diameters of the sewers
and so in the insufficient hydraulic capacity of the sewerage
system dimensioned in the past using methods which are
inadequate today. In the unvaried (flat) terrain where the
considered residential developments are located, outflows
with a volume > 100 m? in most cases occurred in the areas
with the smallest sewer diameters: 0.30, 0.40 and 0.50 m.
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