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ABSTRACT  
 

Urban drainage networks are designed according to a series of regulations and methodologies that 
seek for an adequate operation of the system while transporting the urban wastewater and runoff. 
The design methodologies are founded in empirical or physically based flow resistance equations, 
such as Manning’s and Darcy-Weisbach’s equation, respectively. This work presents a statistical 
analysis over the costs obtained using the mentioned equations, considering different scenarios and 
materials. Furthermore, a comparison of the total construction costs was made to determine which 
methodology is the most appropriate for an urban drainage optimal design. The numerical examples 
were performed over two urban drainage networks with different topographical characteristics. 
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1. INTRODUCTION 

 

The flow resistance equations have a very important role over the hydraulic design of urban 
drainage systems, since they relate the head loss to the friction between an incompressible fluid and 
the pipes wall, at an average velocity. Darcy-Weisbach equation and Manning’s equation allow the 
verification of the pipes capacity, given a specific diameter and design flow rate. Therefore, they are 
used in the hydraulic design problems to calculate the velocity and flow at each pipe in order to 
verify that all hydraulic constraints are being satisfied, guaranteeing the correct operation of the 
urban drainage system.  
 

In the past, the Manning’s equation was more popular taking into account that this is an explicit 
equation and is much easier to compute while making a hydraulic design. Otherwise, Darcy-

Weisbach equation is an implicit function which needs an iterative process to obtain the result for 
the flow velocity. Besides Darcy-Weisbach equation is a physically based, it is less popular since it 
requires a higher computational effort. Fortunately, the current technology has improved to easily 
compute complex mathematical procedures and algorithms.  
 

This work aims to compare the results obtained for the optimal design of an urban drainage 
network, performing both flow resistance equations. For the hydraulic design of the urban drainage 
networks an exact methodology will be used [1]. In this methodology the problem is tackled using a 
graph modelling framework representing all the decision variables of the layout selection and 
hydraulic design problems involved in the urban drainage networks design problem. The layout 
selection problem is modelled as a Mixed Integer Programing Problem (MIP) known as Network 
Design Problem (NDP) and the hydraulic design problem is modelled as a Shortest Path Problem, 
where a deterministic algorithm is run over the underlying graphs.  
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Both equations were tested over two networks with different topography. A sensitivity analysis was 
made varying Manning’s roughness coefficient when using Manning’s equation and the absolute 
roughness of the pipes for the Darcy-Weisbach equation. The former analysis seeks to observe the 
effect of these parameters over the optimal hydraulic design of the network in terms of the costs, the 
maximum and minimum slopes, the maximum diameter and the maximum depth.  
 

2. METHODOLOGY 

 

Manning’s equation (1) is one of the flow resistance equations, used to determine the flow velocity. 
This equation is an empirical formulae for uniform flow in open-channels [2]. 
 𝑣 = / /  (1) 

 

Where  is Manning’s roughness coefficient, established according with the pipes material.  is the 
hydraulic radio and  is the slope. Table 1 presents some typical values of Manning’s roughness 
coefficient. 

Table 1. Typical values of Manning’s . [2] 

Channel material 𝒏 range (mm) 
Glass  
Cement  
Concrete  
Brickwork 

0.009–0.013 

0.010–0.015 

0.010–0.020 

0.011–0.018 

 

Manning’s equation has several restrictions. For example, if Manning’s equation is plotted on the 
Moody diagram, a horizontal line is obtained, which indicates that this equation is only applicable 
under rough turbulent flow conditions [2]. Additionally, it is pertinent to observe that Manning’s 
roughness coefficient  is not only a function of the pipes wall roughness and Reynolds number, it 
also depends on the hydraulic radius [3]. 
 

In the other hand, Darcy – Weisbach equation (2) is a physically based mathematical expression that 
determines the friction losses of the flow, in terms of the given physical properties of the pipe, the 
gravitational acceleration of the earth and the flow velocity.  
 ℎ𝑓 = 𝐿𝐷 𝑣

 (2) 

 

This equation, jointly with Colebrook-White implicit equation (3) for the friction factor, allow the 
estimation of the flow velocity (4) using a physically based explicit equation [2]. As the Colebrook-

White equation is an implicit mathematical expression, an iterative process needs to be performed 
to obtain the friction factor. 
 

√ =  − log 𝑘𝑠.7 𝐷 + .5  𝜈√ 𝑓𝐷  (3) 
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 𝑣 =  − √ 𝑓𝐷 log 𝑘𝑠.7 𝐷 + .5  𝜈𝐷√ 𝑓𝐷 ;   𝑓 = ℎ𝑓𝐿  (4) 

 

Since Manning’s equation calculates the velocity directly and is easier to use, it became more 
popular among urban drainage systems designers rather than Darcy-Weisbach equation. However, 
due to computer science advances, now a days it is possible to easily perform an iterative process to 
solve implicit equations for the design of large urban drainage systems design. In addition, using 
physically based equations, such as Dacy–Weisbach equation and Colebrook-White equation, 
ensure more accurate results when calculating all the hydraulic properties of the flow, rather than 
empirical equations such as Manning’s equation.  
 

Both flow resistance equations where implemented in the hydraulic design problem methodology 
[1], in order to calculate the hydraulic properties of the flow, and verify that all the hydraulic 
restrictions are being taken into account and satisfied. The rest all the equations and methodologies 
proposed by Duque [1] stayed the same. 
 

3. NUMERICAL RESULTS 

 

The analysis is performed for two different networks which have the same topology but different 
topography. Network (a) shown in Figure 1 has 44 nodes and 66 pipes; it transports a total flow of 
2.508 m3/s. The ground elevation varies between 154.2 m at the lowest node, and 163.2 m at the 
highest node. Therefore, the terrain slope varies between 0.1% and 7.2%. In the other hand, 
Network (b) shown in Figure 1 has the same topology and transports the same total flow. However, 
Network (b) has a plain ground with no slopes. Both networks have a unique outfall point, and 
don´t have a given layout stablishing the networks’ initial points and flow direction in each pipe [1].  
 

  
(a) Steep Ground (b) Plain Ground 

Figure 1. (a) Sewer Network in a steep topography and (b) Sewer Network in a plain topography. 

Since both networks are designed to transport the same amount of water, the inflow at each manhole 
is modeled equally for both networks. The optimal design of the networks is obtained by using the 
exact methodology previously mentioned, considering the following design restrictions:  
 

1) Minimum velocity of 0.75 m/s and minimum shear stress of 2.5 Pa are used to fulfill the 
self-cleaning criteria.  
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2) Minimum excavation depth of 1.2 m and a maximum excavation depth of 5 m, to guarantee 
the geotechnical requirements of the existing foundations and the structural requirements of 
the pipes during and after the construction.  

3) Commercial available diameters of 200 mm, 350 mm, 400 mm, 500 mm, 600 mm, 800 mm, 
900 mm, 1050 mm, 1200 mm, 1300 mm, 1500 mm, 1600 mm, 1800 mm, 2000 mm and 
2200 mm. This is a discrete variable which depends on the manufacturer. 

 

Table 2 stablishes the design inflows per manhole for both cases. 
 

The optimal design of the networks is obtained by using the exact methodology previously 
mentioned, considering the following design restrictions:  
 

4) Minimum velocity of 0.75 m/s and minimum shear stress of 2.5 Pa are used to fulfill the 
self-cleaning criteria.  

5) Minimum excavation depth of 1.2 m and a maximum excavation depth of 5 m, to guarantee 
the geotechnical requirements of the existing foundations and the structural requirements of 
the pipes during and after the construction.  

6) Commercial available diameters of 200 mm, 350 mm, 400 mm, 500 mm, 600 mm, 800 mm, 
900 mm, 1050 mm, 1200 mm, 1300 mm, 1500 mm, 1600 mm, 1800 mm, 2000 mm and 
2200 mm. This is a discrete variable which depends on the manufacturer. 

 

Table 2. Inflows per manhole for both networks. 

Manhole 
Qd  

[m3/s] 
 Manhole 

Qd  
[m3/s] 

 Manhole 
Qd  

[m3/s] 
 Manhole 

Qd  
[m3/s] 

1 0.01  12 0.04  23 0.04  34 0.05 

2 0.04  13 0.04  24 0.06  35 0.05 

3 0.03  14 0.04  25 0.05  36 0.05 

4 0.04  15 0.04  26 0.06  37 0.05 

5 0.05  16 0.09  27 0.06  38 0.03 

6 0.05  17 0.06  28 0.08  39 0.03 

7 0.04  18 0.04  29 0.04  40 0.04 

8 0.05  19 0.06  30 0.05  41 0.06 

9 0.07  20 0.04  31 0.07  42 0.05 

10 0.04  21 0.04  32 0.05  43 0.06 

11 0.04  22 0.04  33 0.05  44 0.02 

 

The two most common materials used for the construction of urban drainage systems were used for 
the networks design, PVC and Concrete. PVC pipes have a Manning’s roughness coefficient of 
0.009 mm and absolute roughness a value of 0.0015 mm. Furthermore, concrete pipes have a 
Manning’s roughness coefficient and absolute roughness of 0.013 mm and 0.3 mm, respectively [3] 
[4]. All the hydraulic parameters obtained after using Manning’s and Darcy – Weisbach equations to 
design the networks are presented in Table 3 and Table 4.  
 

 

Table 3. Hydraulic parameters variation in the design of Network (a), using different flow 
resistance equations and pipes materials. 

Parameter 
Darcy - Weisbach Manning 

PVC Concrete PVC Concrete 
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Parameter 
Darcy - Weisbach Manning 

PVC Concrete PVC Concrete 

Maximum Diameter [m] 0.80 0.90 0.80 1.05 

Maximum Depth [m] 5.50 5.10 5.40 5.15 

Maximum Slope [%] 7.19 5.52 5.52 3.65 

Minimum Slope [%] 0.18 0.20 0.22 0.16 

Maximum Filling Ratio [m/m] 0.85 0.84 0.84 0.85 

Maximum Velocity [m/s] 4.49 3.97 4.54 3.84 

Minimum Shear Stress [Pa] 2.51 2.50 2.52 2.52 

 

 

Table 4. Hydraulic parameters variation in the design of Network (b), using different flow 
resistance equations and pipes materials. 

Parameter 
Darcy - Weisbach Manning 

PVC Concrete PVC Concrete 

Maximum Diameter [m] 1.05 1.20 1.05 1.20 

Maximum Depth [m] 5.85 5.40 5.85 5.70 

Maximum Slope [%] 1.10 0.79 1.01 0.73 

Minimum Slope [%] 0.15 0.15 0.11 0.16 

Maximum Filling Ratio [m/m] 0.84 0.83 0.85 0.85 

Maximum Velocity [m/s] 3.21 2.97 3.23 2.45 

Minimum Shear Stress [Pa] 2.50 2.50 2.50 2.51 

 

The maximum diameter increases as a function of the pipes roughness that affects its design. A 
higher roughness generates the diminution of the velocity. In consequence, a larger area (diameter) 
is needed to transport the same flow. Likewise, for more rough materials a higher excavation depth 
is needed, in order to fulfil all the self-cleaning hydraulic restrictions. Therefore, the usage of 
modern materials for the urban drainage networks allow a better performance of the flow inside the 
network, since the diameters needed to transport a specific flow is smaller and the excavation depth 
and slopes used to fulfil all the hydraulic restrictions are lower in most of the cases.  
 

It can be inferred from Table 3 and Table 4 that most of the pipes in both networks, and design by 
using both flow resistance equations, are working at their maximum filling ratio (85%). This 
implies that the diameters of the pipes have not been overestimated, and all the pipes capacity will 
be use most of the time.  
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Figure 2. Velocity variation in steep and plain terrains using Darcy-Weisbach and Manning’s 

equations.  

Figure 2, shows the velocity variation in steep and plain terrains using Darcy-Weisbach and 
Manning’s equations. In these cases all the designs where done with PVC pipes with an absolute 
roughness of 𝑘𝑠 = . 5  and Manning’s roughness coefficient of =  . 9. As it is shown, 
for plain topographies, the velocities obtained using Manning’s Equation are always underestimated 
which implies in the usage of bigger diameters to carry the same flow, and overestimates the total 
construction costs of the network in all the cases. However, for terrains with variable slopes the 
former relation does not apply for in all the cases.  
 

 
Figure 3. Final constructions costs for Networks (a) and (b), using different flow resistance 

equations and pipes materials. 
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Figure 3, presents the total construction costs comparison after designing the same network, with 
different topographies, materials (roughness), and flow resistance equations (Darcy – Weisbach and 
Manning’s equations). As it is shown, the usage of Manning’s flow resistance equation 
overestimates the total construction costs of the network in all the cases. This happens due to the 
fact that the roughness proposed by the Manning’s  coefficient does not represent the real 
roughness of the pipes, but an estimated value which was established through empirical 
experiments.  
 

Figure 3, also let us notice that the usage of modern and smooth materials, such as PVC, for the 
networks design always implies lower final construction costs, due to the fact that it uses smaller 
diameters and lower slopes to obtain a hydraulically feasible design. The gap among the final 
construction costs is about 10% between the designs of a network with a smooth (PVC) and a rough 
material (concrete). 
 

Furthermore, the effect of the ground topography of the place where the network will be settle can 
imply that steep topographies might lower the excavation volume needed to place the pipes. In that 
order of ideas, the construction costs of a specific network will be lower in a ground with variable 
elevations, hopefully that has slopes in favor of the gravity’s force.   
 

4. CONCLUSIONS 

 

Manning’s equation overrates the flow rate, which implies the usage of bigger pipes or steep slopes. 
Consequently, Manning’s equation overestimates the total construction costs of the urban drainage 
network. There are differences up to 6% between the total costs obtained using Manning’s equation 
versus Darcy-Weisbach equation. The results are expected since the equation proposed by Henry 
Darcy and Julius Weisbach is proved physically and ensures the correct estimation for the hydraulic 
parameters, while Manning’s equation is an empirical formula that uses a coefficient to describe the 
roughness of the different materials. 
 

Likewise, after analysing all the hydraulic designs for different Manning’s roughness coefficients 
and absolute roughness, it is evident that Manning’s equation is very vulnerable to changes on the 
pipes material. Otherwise, Darcy-Weisbach seems to find almost the same design for smooth 
materials with an absolute roughness smaller than 2*10-5 m. For rough material the hydraulic design 
using Darcy-Weisbach’s equation presents smaller differences than those using Manning’s equation.  
 

In areas with steep topography the pipes tend to follow the terrain slope, which helps water flow by 
gravity and leads to lower pipe diameters. In addition, the excavation volume needed to place the 
pipes is lower for a steep topography, rather than for a plain topography. Therefore, the final costs 
for networks with the same topology but different topography, would be lower for the steep terrain 
in most of the cases. It is important to continue evaluating the final costs in more networks with 
different sizes, and with favorable and adverse topographies for the flow.   
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