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ABSTRACT: Historically, in the city of Tunja there has been a phenomenon of occupation of
the natural channels of rainwater, altering the hydrology of the natural basins. Currently,
the city is experiencing considerable and accelerated urban development towards the
northeast, which has resulted in overflows in the drainage system and floods that have
affected residents. The current drainage system is not capable of registering the flow
of water that leaves the urban sector due to a lack of instrumentation. In this study,
precipitation and water flow equipment was installed in the northeastern district of
the city, also known as barrio Santa Ines. The basin was separated into 56 different
sub-basins with physical and drainage parameters calculated for each sub-basin. The
associated parameters were calibrated to the initial hydrological losses and roughness.
A validated and calibrated urban drainage model was created in the program SWMM
5.1, allowing for the temporal hydrodynamic modelling of the system to be obtained.
The model reproduces the real evolution of the system and was used in order to make
predictions according to a maximum precipitation design event. This model resulted in
the detection of two areas that are vulnerable to flooding. The identification of different
sub-basins and the desegregation of the hydrodynamic model resulted in a reduction in
the uncertainty of the evolution of water flow in the system.

RESUMEN: Histéricamente en la ciudad de Tunja se ha presentado un fendmeno de
ocupacion de los cauces naturales de aguas lluvias, alterando la hidrologia de las
cuencas naturales. En la actualidad la ciudad presenta un considerable y acelerado
desarrollo urbano hacia la zona nororiental, presentandose reboses en el sistema de
drenaje e inundaciones, afectando la ciudadania. Actualmente el sistema de drenaje
existente no posee instrumentacion para registrar caudales generados a la salida de
sectores urbanos. Este estudio realizé la instrumentacion del sector nororiental distrito
Santa Inés, con equipos de medicion de precipitaciony caudales, la cuenca se desagregé
a una escala de detalle (56 subcuencas), para las cuales se calcularon sus parametros
fisicos y de drenaje. Se calibraron los pardmetros asociados a las pérdidas iniciales
hidroldgicas y coeficientes de rugosidad. Se construyé un modelo calibrado y validado
de drenaje urbano en software SWMM 5,1, obteniendo la modelizacidn hidrodinamica
temporal del sistema. El modelo reproduce de manera adecuada la evolucidn real
del sistema y se empled para realizar predicciones bajo un evento de precipitacion
maxima de diseno. Se determinaron 2 zonas vulnerables a inundacidén. Se concluyé
que la desagregacion del modelo hidrodindmico a escala de detalle, redujo el grado de
incertidumbre en la evolucién del flujo.
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Impervious surfaces are generally defined as those that
limit infiltration of surface runoff into underlying soils [1].
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In cities or urban areas, there is an exponential growth in
impervious surfaces, which is directly related to human
activities and the construction of infrastructure. The urban
development process leads to the alteration of natural
landscapes and the replacement of vegetation-covered
surfaces with impervious areas [2]. As a consequence, a
substantial reduction in the water infiltration capacity of
natural soil is generated, producing a significant increase
in runoff in urban basins [3].

Currently the provider of the aqueduct and sewerage
service for the city of Tunja is the private company Veolia
Aguas de Tunja S.A. E.S.P., which managed, planned
and built the sewer master plan. Veolia produced the
hydrodynamic models of the different sectors of the
current sewerage network, using the modified rational
method to obtain runoff flows, taking into account the
curves, intensity duration and frequency (IDF), which were
probabilistically determined for the city of Tunja. However,
these hydrodynamic models (hydraulic and hydrological)
have not been calibrated and validated with real historical
precipitation events, so the quantity of effective rain water
that enters the system is unknown. Furthermore, the
system lacks adequate instrumentation to obtain records
of flows generated at the exit of the different urban sectors.

In Tunja, occupations of natural rainwater or runoff
channels have occurred, altering the hydrology of
natural basins, and directly affecting their drainage
capacity. Registered overflows in the drainage system
and floods have affected citizens both economically and
environmentally [4]. The existence of a hydraulic model
of the drainage system, as well as the calibration and
validation of the urban basin under study, represent a
great help for the design of the regulatory structures of
the combined sewerage system [5]. A fundamental part
of current policy to develop the vision of the future is an
improvement in the quality of life on a social level, as
well as development on a more personal scale. Thus, the
correct operation of the urban drainage infrastructure
must be guaranteed, necessitating the development of
studies which are aimed at obtaining results that allow
medium-term decisions to be made and the existing
infrastructure to be optimized. Due to the potential
mitigation in the risk of flooding, overflows, and silting of
the drainage network, this study will mainly provide social
benefits in the area in which the study is implemented.

2. Materials and methods

2.1 Study area description

Tunja is the capital of the department of Boyac3, located in
central-eastern Colombia, in the Alto Chicamocha region.
It is located at coordinates 5 ° 32°7 " N 73 © 2204 " O

/ 5.53528, -73.36778. As the capital of the department,
Tunja houses the main administrative institutions. Its main
water sources are considered to be the river Jordan, that
crosses the city from south to north, and the river Vega,
that runs from west to east. Based on the sectorization
contemplated in the Tunja Sewerage Master Plan, the
Northeast zone is divided into four drainage districts:
Santa Inés (A), Altagracia (B), Villita (C) and Casa Verde
(D] (See Figure 1), which are not connected to each other
and perform the combined water discharges to different
points of the interceptor. Taking into account factors
and characteristics such as; flood vulnerability, higher
percentage of impervious area and urbanization density,
the Barrio Santa Inés (A] district was selected as the
specific study area.

In the first phase of the study, inspection activities,
network cadaster, system connectivity verification, and
identification of initial wells were carried out. Once these
had been completed the Santa Inés district was delimited,
resulting in the establishment of two different zones
(Zones 1 and 2), which have a total area of 21.89 Ha. (See
Figure 2). The pipes of the Santa Ines district drainage
system are made of materials such as; Concrete and PVC
Sewer type, with a percentage of 96% and 4% respectively.
The totality of sections or pipes between inspection wells
is 156, built in nominal diameters of 10", 12", 14", 16",
18", 24, 27", and 30". 32.05% of the system corresponds
to 14" pipe and the total length of the networks is 6539.43
linear meters with an average slope of 0.49%.

The 140 inspection wells are entirely cylindrical, built
in masonry, and have an average depth of 1.1 meters.
The combined sewerage system has 206 lateral drains
that allow rainwater to enter the drainage system. These
structures are generally located in initial, intermediate
and final sections of urban roads. The standard measures
of the grid are: length 0.90 m, width 0.50 m and sink depth
1.20 m. The Santa Inés district has two discharge points.
The main discharge of the Santa Inés district (Zone 1],
is a relief chamber that allows the discharge of sanitary
waters to the interceptor and excess rainwater flows in 30"
pipe until the free outfall in the Jordan river, also called
Rio Cool.

2.2 Instrumentation

The study of urban hydrology, consisting mainly of
rain-runoff methods applied to the surface of a city,
has historically been conducted without the necessary
collection of real data and subsequent verification and
analysis of the behaviour of the drainage networks in
general. This lack of measurement has resulted in
sewerage diagnoses and new collector projections being
carried out with field measurements that were collected
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Figure 2 Santa Ines district zones1 and 2. (Veolia waters of Tunja 2018. Author)

in other countries, with different conditions, resulting in
the use of generalized parameters and coefficients [6].

The precipitation measurement was obtained through a
model RainLog 2.0 rain gauge with datalogger - RainLogge
Brand: Rainwise, that was installed inside the basin. Every
time the bowl in the device overturns, the device transmits
a signal to a datalogger that stores the information until

the data is downloaded [7]. The flow rate in the outlet pipe
section was obtained using the Flo Dar - FL900 Series
Flow Logger brand sensor from Hach. Flow measurement
with the Flo-Dar sensor follows the velocity area method,
measuring an average velocity using a radar signal and
the level or draft. From this measurement the cross
section of the wet area is then calculated. The circulating
flow will be the product of the wet area and the measured



M. Cortés et al., Revista Facultad de Ingenieria, Universidad de Antioquia, No. 101, pp. 74-83, 2021

Conventions

[ Zorel
[ Sub-basins Zone 1.

| Pervious Area

Figure 3 Urban basin bounded, Santa Ines drainage network. Zone 1. Sub-basins and permeable area (Author)

speed. The depth of the water is measured using a pulse
echo-ultrasonic sensor. The diameter of the pipe is used
to convert the distance to the depth of the water. This can
be expressed in the following equation (Equation 1):

T
h=D-—-d= D_VUltrasonic*E (1)

Where: h is draft, D height from the ultrasound emitter to
the bottom or flat plate of the collector, d distance between
emitter and free surface, V ultrasound speed.

2.3 Rainfall - runoff model

EPA's Stormwater Management Model (SWMM] is a
dynamic model for simulating rainfall and water quality
primarily in urban areas. SWMM treats each basin as a
non-linear deposit, which is obtained by combining the
continuity equation and the Manning equation for each
sub-basin [8]. In the model, a sub-basin is defined as a
soil area that contains its own fraction of impervious and
permeable surfaces, the runoff of which drains to an outlet
point, which could be a sink or other sub-basin [9].

2.4 Parametrisation SWMM

The input parameters of models based on physical
processes such as SWMM, often correspond to the physical
properties of the area. Most SWMM control parameters
can be extracted from Geographical Information Systems
(GIS) layers, for example, sub-basin area and surface
slope. Manning’s n, or surface roughness coefficient,
determines the rate of land runoff from a sub-basin. A
higher value of n produces a lower runoff rate and prolongs
the duration of the flow over time [10]. The disaggregation

of the urban basin zone 1 is shown below (Figure 3).

Through the Carter (1961) method, the total concentration
time of the urban basin was estimated to be 21.60 minutes.
The weighted average slope of sub-basins and the main
flow length were taken into account. This study seeks
to determine physical parameters for each sub-basin
analyzed in the Santa Inés district zone 1, which are
presented below (show Table 1).

Table 1 Parameters determined for each sub-basin analyzed

No Parameter Value or Units
Range

1 Area 15.96 ha

2 Slope 0.015-2.87 %

3 Impermeability percentage 71.70 %

4 Pirectly connected zero 35.33 %

impermeable area
5 Width 23.50-251.56 m
6 Weighted Curve Number CN  35.6-90.8 -

Zone 1 in the Santa Inés district is characterized by
having a high urbanization index with respect to other
sectors of the city of Tunja. Its topography is flat, with
an average slope of 0.47% and an area of 15.96 Ha. that
is disaggregated into 56 sub-basins. The percentage
of impermeable area of zone 1 represents 71.70%. The
directly connected zero impermeable area relates to the
road surfaces in the study area, where the drainage is
directly connected to the sewer system and consists of
35.33% of the study area.

If the sub-basin is considered as an inclined rectangular
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plane, where the surface flow transits downhill, then the
width of the sub-basin is the physical width of the runoff in
the plane (See Figure 4) It can be calculated as follows in
Equation 2:

A

W=— 2

T (2)
Where: A is the area of the sub-basin and L, the average
length of the flow [11].

If the sub-basin is envisioned as two symmetric areas that
are contributing to a main conduit (Figure 4b), the total
width is twice the length of the drainage conduit (Equation
3111

W =2xL (3)

Where: L is the average length of the flow or length of the
drainage duct. However, urban sub-basins generally do not
have properties of symmetry and uniformity (Figure 4c), for
this condition we resort to determining a bias factor [12],
which is calculated using the following equation (Equation
4):
(A2 — Ay)

Sy = " (4)
S} is the bias factor, 0 < S}, < 1, A; the minor area on
one side of the drain pipe, A, the major area of the other
side of the duct, and A the total area of the sub-basin. W
is determined using the following equation (Equation 5).

(2 — Sk)

W =
L

(5)

The permeable areas of the study basin are mainly
composed of meadows covered with grass, surfaces that
are not connected to the sewer system, presenting a
low runoff potential with ease of infiltration, classifying
themselves in hydrological group A. The multi-year
monthly total average evaporation records were taken from
the UPTC weather station, this being the closest to the
study area. Evaporation was calculated at 3.18 mm / d
and was included within the hydrodynamic model of the
drainage network.

2.5 Siatistical evaluation criteria

The application of a hydrodynamic model for a drainage
system generally determines the maximum flow, peak
time, volume and shape of the hydrograph. To accept
the results of the calibration and validation process, the
following evaluation criteria were used; relative error
(RE) in the maximum flow, peak time and volume of
the hydrograph, the root mean square error (RMSE) for
the simulated and observed flows. Furthermore, the
coefficient of variation (S) represents a standardized form
of RMSE. Algebraically the criteria were:

(c) Asymmetric planes

Figure 4 Basin width [13]

Relative error RE, average square error RMSE,
Variation Coefficient (S)

RE =T Ts (6)
Zo
n . 12
RMSE = Zi:l [Qo (;) - Qs ('L)] [7]

\/ S [Qu ()= Qs ()]
S = T (8)
% Zi:1 Qo (Z)
Where Equation 6, z, is the observed value of a typical
hydrograph and z; is the simulated value of it.

Where Equations 7-8.: Qs (i) and Q, (i) are the flow
simulated and observed in the respectively discharge, and,
n is the number of observations in the time series.

Once the calibration process had been carried out,
the relative errors of the peak flow, peak time, and total
discharge volume were adopted as a model validation
criterion, that were simultaneously less than 20% [14]. The
coeffecicent of variation in the range of 0.1-0.2 indicates a
well-calibrated model [15].
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Table 2 Selected events for calibration validation

Total rain Volume rain

Duration

Intensity Associated return

Event (mm) (m?) (minutes) (mm/h)  period Function
16-jul-18 3.75 598.50 35 6.43 < 2years Calibration
24-jul-18 3.25 518.70 35 5.57 < 2years Calibration
29-30-ago-18 13.52 2157.79 245 3.31 < 2years Calibration
15-oct-18 9.52 1519.39 80 7.4 < 2years Validation
22-23-oct-18  8.00 1276.80 235 2.04 < 2years Validation
13-sep-18 22.22 3546.312 185 7.21 2 years Check-up
Table 3 Setting parameters, hydrodynamic model calibration
Setting parameter Value Unit
Dstore-perv: 2.4 mm
Dstore-Imperv: 0.5 mm
n Manning concrete 0.016 -
n Manning PVC 0.011 -
N Perm: 0.065 -
N Imperv 0.022 -
3. Results literature for different impervious and permeable surfaces

Continuous rainfall records were analyzed, identifying 6
precipitation events that were classified by date and size,
taking into account the observed data on water flows at the
exit of the urban basin. The first three events registered
for the calibration process were adopted as a criteria,
and they present different magnitudes and durations.
The remaining 2 events were used for validation, with
the September 13 event, that registered the highest
magnitude, being used for hydraulic checks (show Table
2).

The parameters that are adjusted in the calibration
are generally those that cannot be evaluated directly
from field data. This study is based on the actual
and real sewerage hydrographs measured in the main
discharge of the urban basin. Parameters associated
with the initial losses were calibrated hydrological and
roughness coefficients, such as; Depression storage
(Dstore] for permeable and impervious covers, Manning n
for permeable and impervious surfaces, and Manning n
for the pipes of the drainage system (Roughness) (Table 3).

The value obtained for the storage of the impermeable
depression (Dstore) was 0.5 mm, this value presented a
low magnitude, possibly because the soils conserved
an antecedent humidity, due to the rainy season
registered between the months of July to November
2018, Substantially reducing the infiltration capacity of the
surface and generating a rapid hydrological response.

The roughness coefficients were adjusted taking into
account ranges of typical values established in the

such as; polished concrete with bottom gravel, paver,
rough finished concrete pavement, rough textured asphalt
pavement, low-density scrub, shrubs and grass. The
following table (show Table 4) presents the calibration
results, obtaining admissible values within the goodness
criteria adopted. on the other hand, the RMSE results
showed a good balance of flow rates between the simulated
and observed hydrographs for the different calibration
events (Figure 5). In addition, the runoff coefficient was
calculated taking into account the hydrological balance
of the basin, obtaining good comparative results for the
calibration and validation process.

Validation refers to verifying the precision of a model
under different events than those used for calibration
(Table 5). The performance of the model in the validation
process is usually quantified using goodness-of-fit
measures or statistical evaluation criteria used in the
calibration process. Relative errors (RE) were obtained
for peak flow, peak time and hydrograph volume below
20%. The RMSE results showed a good balance of flow
rates between the simulated and observed hydrographs
for the validation events, not exceeding a flow rate of 20 L
/ s (Figure é).

The data from the rain gauge of the main weather station
inthe UPTC and the rain gauge in Santa Inés was subjected
to an exploratory analysis, which statistically established
a correlation between the two sets of precipitation data for
the month of July 2018. These results validate the adoption
of the available intensity-duration and frequency curves
of the UPTC station that are provided by the Institute of
Hydrology, Meteorology and Environmental Studies. As
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Table 4 Results of calibration, peak flow and total volume

Variable 16-jul-18 24-jul-18 29-30-ago-18 Units
Observed Simulated Observed Simulated Observed Simulated
Time peak (TP) 40 40 40 40 75 75 min
Flow peak (QP) 161.13 163.76 140.72 133.49 219.63 244.96 L/s
Total volume (V) 368826.0 336984.0 345891.0 291825.0 1350384.0 1329891.0 L
Effective Precipitation 2.233648  2.111429 2.089945 1.828477 7.920011 8.332650 mm
Runoff Coefficient (C.) 0.60 0.56 0.64 0.56 0.59 0.62 -
Statistical evaluation criteria
RE (Tp) 0.00 0.00 0.00 %
RE (Qp) -1.63 5.14 -11.53 %
RE (Vy) 8.63 15.63 1.52 %
RMSE (Q) 9.22 8.31 10.34 L/s
s(q) 0.165 0.195 0.152 -
Table 5 Results of validation, peak time, peak flow and total volume
Variable 15-oct-18 -23/10/2018 Units
Observed Simulated Observed Simulated
Time peak (TP) 70 65 45 50 min
Flow peak (QP) 266.66 307.9 146.11 142.81 L/s
Total volume (V1) 947721.0  903975.0 855849.0  771645.0 L
Effective Precipitation 5.761435  5.664004 4.843504  4.834868 mm
Runoff Coefficient (C.) 0.61 0.59 0.61 0.60
Statistical evaluation criteria
RE (Tp) 7.14 -11.11 %
RE (Qp) -15.47 2.26 %
RE (V1) 4.62 9.84 %
RMSE Q 19.56 7.45 L/s
29-30/08/2018
0,00 1 . . 400,00
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Figure 5 Simula

a result, this data was used in the construction of design
rain through the alternative block methodology (Figure 7).

After carrying out the calibration and validation for
the hydrodynamic model, district of Santa Ines Zone 1 and
carrying out the process of transposition of the basins
for the simulation of Zone 2, the hydraulic evaluation of

ted and observed rainfall hydrographs event 29-30-August -2018

the sewage system is coming out for a storm of design
equivalent to a 10-year return period, in accordance with
the provisions of present Colombian technical regulations
applicable to the date (Figure 8).

The maximum permissible values for the average
speed in the collectors depend on the material and its

Flow (L/s)
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Figure 9 (a) Curve of variation of a day of the week. (b) Weekend variation curve. Period of 01-21 de August 2018

sensitivity to abrasion. The simulation in the peak period
of the hydrograph obtained admissible values of less than
5.0 m /s, registering a maximum speed of 4.58 m /s for
the collector with ID PATLAL4813.

Adoption of a hydrodynamic model, that was calibrated
and validated with a rain scenario equivalent to a return
period of 10 years, allowed for the vulnerability of the
drainage system in Zones 1 and 2 of the Santa Inés district
to be established. Hydraulic incapacity for drainage
in pipes was presented, with 94.87% of the totality of
the system’s collectors operating with a full tube or
exceeding 93% of hydraulic capacity at the maximum peak
of the hydrograph. Additionally, the model demonstrated
overflow in 27 inspection wells during the 35" and 40%"
minute of the simulation.

96% of the pipes in the drainage system are made of
concrete, a material that has a greater roughness and
less hydraulic transport capacity than plastic pipes.
The main drainage lines reach their capacity during
the critical simulation time (35 minutes), allowing the
accumulation of upstream flow, and generating the
overflow of inspection wells in the internal streets of the
Santa Ines neighborhood.

As it is a combined sewage system, for the dry period
registered in the week of August 1 to August 21, 2018,
periodicity in the registered hydrographs could be
observed, demonstrating increases in wastewater flows
during the hours of maximum water consumption.
Starting from the mean base flow rates of wastewater, the
mean variation curve for weekdays and weekends of the

Santa Ines drainage district was obtained (Figure 9).

4. Conclusions

Rainfall and water flows were monitored for 4 months.
During this period, inspection and monitoring was
carried out in order to establish the physical and
functional conditions of the installed equipment. The
representativeness of the rainfall and flow events was
established by comparing the data registered in the
installed equipment, verifying the magnitude and the time
of occurrence between hydrographs and hydrograms.
In periods of dryness, it was possible to observe the
periodicity in the registered hydrographs, obtaining
increases in wastewater flows for the hours of maximum
water consumption.

In the construction of the hydrodynamic model Santa
Inés zone 1. The basin was disaggregated on a detailed
scale, obtaining 56 drainage sub-basins, for which the
width of the basin was calculated according to the three
physical and drainage conditions. The sub-basins were
drawn, taking into account the existing exit points or sinks
connected to the sewer system.

This study was based on the actual sewage hydrographs
measured in the main discharge of the urban basin.
For calibration purposes, initial hydrological losses and
roughness coefficients were used as parameters and
included Depression storage (Dstore) for permeable and
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waterproof covers, Manning number for permeable and
waterproof surfaces, and Manning number for drainage
system pipes (Roughness).

The relative errors of the peak flow, peak time and
total discharge volume were simultaneously less than 20%
as the model validation criterion. The Variation coefficient
is in the range of 0.1-0.2. Obtaining admissible values
within the adopted goodness criteria, on the other hand,
the RMSE results presented a good balance of flow rates
between the simulated and observed hydrographs for the
different calibration events. Thus, it can be concluded
that the disaggregation of the hydrodynamic model at a
detailed scale, reduced the degree of uncertainty in the
evolution of the flow.

Two areas susceptible to flooding were identified. In
these areas it was evidenced that the inspection wells
overflowed resulting in water flowing outside of the
system. The most vulnerable manhole is identified as
IDF PATP3912 and registers a flooding rate of 259.48 U/s.
The total flood volume is 1.57 x 10° liters. 82.70% of the
collectors in the system were also identified as operating
at hydraulic capacity, with a full tube or exceeding 93% of
hydraulic capacity, in the 35" minute of the simulation and
94.87% in the 40" minute.

In  conclusion, the calibration and reconstruction
of the crest of the relief structures of the sector is
recommended due to the previously established high input
of rainwater flow to an interceptor whose main function is
to conduct wastewater, resulting in unfavourable operating
conditions. The optimization of these structures will allow
control over the dilution of residual water, favoring the
operation of biological processes in the Tunja wastewater
treatment plant.
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