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Abstract

Introduction: Time of concentration (TC) is the time in which a water parcel travels from a
watershed divide to its outlet. Time of concentration is also the most important factor in
selecting design discharge for an area since the most severe floods are those caused by
rainfalls with durations equal to the concentration time of a watershed. Time of
concentration is necessary for the studies of water resources management, flow volume and
discharge estimation, design of spillways and hydraulic structures, development of flood
predicting models, flood alert systems, river management, and drainage projects and many
other water related studies. Currently, there are two main methods to evaluate the time of
concentration; applying empirical formulas or applying graphical methods which require
flood hydrograph and corresponding rainfall hyetographs. Due to the differences in the
accuracy levels of empirical methods in different areas, along with the unavailability of
graphical methods in most of the watersheds, this study aims to estimate TC, using the basic
definition of time of concentration which is the travel time of a water parcel from basin
divide to the outlet. The focus of this study is to simulate the water parcel to calculate the
time of concentration with a two-dimensional hydraulic model (HEC-RAS 5.0.7). To the best
knowledge of the authors, this method has never been applied for the estimation of time of
concentration.

Methodology: Two-dimensional HEC-RAS model was used to navigate the runoff flow in
the main channel of a watershed from the farthest hydrological point to the outlet. Besides,
48 different empirical equations were gathered from the literature and used to estimate the
time of concentration. To validate the numerical method and the empirical formulas, the
actual concentration time of the flow was measured by salt solution tracking. Then, the
comparison of the measured data with the results of the numerical and experimental
methods was made, using the percent of error index. Ali Abad watershed located in Fars
province was selected as a case study due to the appropriate data availability and the
possibility of various measurements as described in the following sections.

Results and discussion: Results showed that only five methods indicate relative errors less
than 20%, of which four belong to the empirical formulas (8% of the total empirical methods)
and one to the numerical simulation. The NRCS is also a well-known equation in which
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runoff flow in a watershed is divided into three parts: sheet flow, concentrated shallow flow,
and open channel flow. Flow velocity is estimated by the Manning's equation in the reach
according to this method. This method’s accuracy is about 82%. In order to run the two-
dimensional model, DEM of the area with 10 meters’ spatial resolution was used to define
the bathymetry. Manning roughness coefficient was also calibrated for model tuning. The
best results were obtained from the hydraulic simulation of the case study, when applying
bank-full discharge equal to 3.53 cms so that the error of this method was limited to 3%.
Hence, it might be reasonable to accept the computational costs of a two-dimensional
hydraulic simulation to predict the time of concentration instead of empirical formulas in the
case of utilizing the results for constructing costly hydraulic structures.

Conclusion: Different methods of time of concentration estimations were evaluated and
compared with the observed time of concentration obtained by salt solution tracing in
Aliabad watershed located in Fars province. Two-Dimensional simulation of the water parcel
(according to the definition of Tc) from the basin divide to the outlet was also performed by
HEC-RAS 5.0.7. The results indicated that among empirical relations, the concentration time
value obtained from the Simas and Hawkins equation (Azizian, A, 2018) is much closer to
the actual value and is considered as the best empirical equation for Aliabad watershed. This
equation involves river length and slope, watershed area and surface storage. Following
Simas and Hawkins, equations developed by SCS, SCSlag, (Alizadeh, A, 2009) Yen and
Chow (Azizian, A 2018), and NRCS (USDA Natural Resource Conservation Service, 2010)
gave closest estimations to the actual concentration time, respectively. However, the results
of hydraulic simulation show the most accuracy depending on water parcel definition. That
is because, the two-dimensional model takes the topography, local slope, roughness and
geometry of the water body into account and is a reliable technique to estimate the time of
concentration in any desired location. Nevertheless, for empirical relations it is necessary to
realize the limitations of each method and compare it with the study area. Hence, it is
recommended to apply hydraulic simulation instead of empirical formulas to estimate the
time of concentration. Also, with the measurement data, the results of this study can be used
as a criterion for measuring concentration time in similar hydrological studies.

Keywords: HEC-RAS 2D model, Hydraulic simulation, Salt solution tracking, Empirical
formulae, Case study.
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Table 1 Time of Concentration for Aliabad district resulted from empirical relations

Tc Method Row  Tc (hr) Method Row  Tc (hr) Method Row
(hr) No. No. No.
1.227 Pilgrim and Mac 33 1.592 SCSiag 17 0.377 Kirpich 1
Dermott (Azizian, 2018) (Dasturani et al.,
(Azizian, 2018) 2011)
0.948 Arizona DOT 34 0.772 SCS 18 0.0816 Kirpich 2
(de Almeida et al., (Alizadeh, 2009) (Ghafari et al.,
2017) 2016)
0.752 TXDOT 35 0.730 SCS 19 0.402 Kirpich 3
(Thomason., 1994) (Grimaldi et al., (Alizadeh, 2009)
2012)
0.401  California Culverts 36 0.959 SCS 1ag 20 0.111 Kirpich 4
Practice (safavi, 2014) Pensylvania
(Grimaldi et al., (Azizian, 2018)
2012)
0.474  California Curvets 37 0.83 Corps of 21 0.490 Kirpich Tenecy 5
Practice(CHPW) Engineers (Safavi, 2014)
(de Almeida et al., (Azizian, 2018)
2017)
0.760 CN 38 1.303 Temez 22 1.600E- Chow 6
(Alizadeh, 2009) (de Almeida et 05 (Perdikaris et al.,
al., 2017) 2018)
0.229 Fon cycle 39 6.073 Carter (Safavi, H, 23 1.510 Yen and Chow’s 7
(Safavi, 2014) 2014) (Azizian, 2018)
4.564 Flawel 40 0.387 Johnson and 24 0.845 Chow 8
(Azizian, 2018) Cross (Azizian, 2018)
(Fang et al., 2008)
2.132  Haktanir and Sezen 41 0.477 Kerby 25 0.899 Williams 9
(Perdikaris et al., (Gericke and (Williams, 1922)
2018) Smithers, 2014)
1.863  Simas and Hawkins 42 0.704 Kerby (Ghafari et 26 1.285 Williams 10
(Azizian, 2018) al., 2016) (Azizian, 2018)
7.064 Sheridan 43 1.067 Hathaway 27 1.284 Bransby William 11
(Azizian, 2018) (Mirzayi and (de Almeida et
Raoof, 2015) al., 2017)
0.075 Zomorodi 44 0.489 Kerby Hathaway 28 1.262 Bransby William 12
(Azizian, 2018) (Safavi, 2014) (Alizadeh, 2009)
0.478  Corps of Engineers 45 0.342 Kerby Hathaway 29 0.961 Bransby William 13
(Michailidi et al., (Azadnia et al., (Razmjuie et al.,
2018) 2009) 2012)
1.149  Morgali and Linsley 46 0.473 Pickerin 30 0.213 Basso 14
(Michailidi et al., (Azizian, 2018) (Azizian, 2018)
2018)
1.321 Kadoya and 47 0.499 Picking 31 0.857 Ventura 15
Fukushima (de Almeida et (de Almeida et al.,
(Michailidi et al., al., 2017) 2017)
2018)
1.435 NRCS 48 0.948 Pasini 32 0.041 Espey 16
(USDA Natural (de Almeida et al., (Dasturani et al.,
Resource 2017) 2011)

Conservation
Service, 2010)

(Celo ca ) (Sdgyaee gileand 51 30 55 05 ko) Y gue
Table 2 Time of concentration resulted from hydraulic simulation (hr)
2D Model Simulation with 3.53 2D Model Simulation with 2.53 2D Model Simulation with 2.87
md/s m/s md/s

1.8 2.217 21
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Table 3 Relative errors of empirical relations of concentration time

RE% Method Row RE% Method Row RE% Method  Row
No. No. No.
56.956 TXDOT 35 55.761 SCS 18 78.394 Kirpich 1
77.027 California Culverts 36 58.182 SCS 19 95.325 Kirpich 2
Practice
72.846 California Curvets 37 45.09 SCSiag 20 76.999 Kirpich 3
Practice(CHPW)
56.437 CN 38 52.471 Corps of 21 93.655 Kirpich 4
Engineers Pensylv
ania
86.897 Fon Cycle 39 25.347 Temez 22 71.912 Kirpich 5
Tency
161.379 Flavel 40 247.843 Carter 23 99.999 Chow 6
22.124 Haktanir and Sezen 41 77.840 Johnson and 24 13.515 Yen and 7
Cross Chow’s
6.722 Simas and Hawkins 42 72.654 Kerby 25 51.623 Chow 8
304.606 Sheridan 43 59.703 Kerby 26 48.491 William 9
s
95.677 Zomorodi 44 38.882 Hathaway 27 26.398 William 10
S
72.634 Corps of Engineers 45 71.996 Kerby 28 26.44 Bransby 11
Hathaway William
34.169 Morgali and Linsley 46 80.432 Kerby 29 27.708 Bransby 12
Hathaway William
24.335 Kadoya and Fukushima 47 72.898 Pickerin 30 44.948 Bransby 13
Kirpich William
17.818 NRCS 48 71.436 Picking 31 87.788 Basso 14
20.275 2D Simulation with 2.87 49 45.729 Pasini 32 50.899 Ventura 15
mé/s
26.976 2D Simulation with 51 29.716 Pilgrim and 33 97.632 Espey 16
2.53md/s Mac Dermott
3.093 2D Simulation with 3.53 52 45,707 Arizona DOT 34 8.829 SCSiag 17

m3/s
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