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A b s t r a c t

This paper concerns the application of the Smoothed Particle Hydrodynamics (SPH) method for sewer 
hydraulics with a focus on free-surface flows and sediment flushing. SPH is the most popular mesh-free 
method and has been widely used in the field of fluid mechanics. Here, the previous studies in the last 
few years are summarized, which have investigated the application of the relatively new model for the 
simulation of solid transport, free-surface and multiphase flows.
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S t r e s z c z e n i e

Niniejszy artykuł dotyczy zastosowania metody cząstek rozmytych (ang. Smoothed Particle  
Hydrodynamics – SPH) dla hydraulicznych systemów kanalizacyjnych ze szczególnym uwzględnieniem 
przepływów powierzchni swobodnej oraz  spłukiwania osadów. SPH stanowi najbardziej popularną metodę 
bezsiarkową, powszechnie stosowaną w dziedzinie mechaniki płynów. W niniejszej pracy zestawiono 
dotychczasowe badania przeprowadzone w ciągu ostatnich kilku lat, które dotyczyły zastosowania 
stosunkowo nowego modelu do symulacji transportu materiału stałego, przepływów powierzchni 
swobodnej oraz przepływów wielofazowych.
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1. Introduction

Solids in sewage originating from precipitation, sanitary, commercial and industrial inputs 
deposit on the bottom of sewers and build sediments mostly during dry weather periods. 
Sewer sediment deposition represents a crucial aspect of the maintenance of sewer systems. 
Therefore, it is very important to avoid the accumulation of large amounts of  sediments. 
Among different cleansing devices, flushing gates have been widely used to remove 
sediments periodically from sewers. The flushing gates require low maintenance and are 
cost-effective. In the last decades, many numerical and experimental investigations on the 
sediment flushing in sewers have been carried out. In some cases (e.g. sewer networks), 
the practical investigations could be complicated, expensive and time-consuming due to the 
complex phenomena. Furthermore, for the general design of flushing devices, it is necessary 
to understand the hydraulic principles of the flush wave. However, it is difficult to transfer 
the measurement results of one sewer to other sewers as well as to other cleaning devices 
[45]. Therefore, numerical methods have become an essential alternative to laboratory 
experiments for simulating several phenomena in the field of sewer networks. For many 
years, the free-surface flows have been simulated using Eulerian mesh-based methods. 
However, by dealing with highly deformable flows or complex geometries, creating a mesh 
can be difficult and expensive. Therefore, in the last years, the Lagrangian mesh-free methods 
have been widely used to simulate free-surface flows that are rapidly changing. Smoothed 
particle hydrodynamics (SPH) is a relatively new Lagrangian method developed by Gingolds 
and Monaghan [22] and Lucy [28] to solve astrophysical problems. The SPH method is the 
most popular mesh-free method and it is capable of dealing with problems concerning free 
surfaces, deformable boundary, moving interface, wave propagation and solid simulation. 
The following paper briefly describes  the origins and the characteristics of solids in sewage, 
sediment transport in sewers, sediment flushing and the SPH method. Finally, the paper 
summarizes varied applications of the SPH method for simulating free-surface flows and 
sediment transport. 

2. Solids in sewage

The solids in sewage come from different sources, in particular from wastewater and 
stormwater discharge. They vary from organic to inorganic materials. In sewer systems, 
it is important to know settle-able sediments, which could form bed deposits, such as faeces, 
food waste, hygiene items, paper, sand, stone, etc. They have settling velocities between 0.2 
and 30 cm/s. However, it is not easy to determine the particle settling velocities accurately 
because of particle aggregation. There are some other particles of very small size or low 
density, which remain in suspension under normal flow conditions and do not have a very 
important influence on the hydraulic capacity of sewerage systems. Many studies have been 
carried out on characteristics of the sediments in sewers [3, 11, 34, 44, 55]. The non-cohesive 
materials are mostly characterized by their grain size distribution and the settling velocity 
[29]. Schlütter [46] categorized the solids according to their pollutants into fine faecal and 
other organic matter, large faecal and large organic matter (gross solids) and paper and rags 
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(sanitary litter). Ashley et al. [5] subdivided solids in sewers depending on where they are 
found, in four primary classes: coarse granular bed material widespread, mobile and fine-
grained found in slack zones, organic pipe wall slimes and zoogleal biofilms around the 
mean flow level, and fine-grained mineral and organic material found in the combined sewer 
overflow (CSO) storage tank. Ashley and Verbanck [4] considered the solids as sanitary, 
separate (fine) stormwater solids and grit.

3. Sediment transport 

The transport of sewage with its solids takes place in sewers. The solids make up only 
1% of the total wastewater volume, but they affect the function and operation of the whole 
wastewater network. They are an essential part of the total pollution load of sewage. Their 
transportation to the wastewater treatment plant or other water bodies leads to high pollution 
challenges [19]. It has been required to investigate the sediment transport in sewers to control 
the pollution transport. The solids move by the flow of the fluid. Therefore, their transport 
is determined by hydraulic properties, such as viscosity and flow velocity of the fluid, 
and the characteristics of the solids, such as size and density. In sewers, the rapid change 
of the hydraulic conditions in time and space affects the sediment transport. Several studies 
investigated the complex processes of the sediment transport in sewers [4, 16, 19, 24, 25 and 
46]. The bed shear stress is an important parameter to define the transport of solids. The mean 
bed shear stress for stationary and turbulent flow conditions in open channels is evaluated 
as [17]:

		  (1)

where:
	 ρ	 –	 the water density, 
	 λ	 –	 the resistance coefficient of the pipe friction, 
	 Vm	 –	 the mean flow velocity, 

In general, the solids may travel either in suspension or as bedload, depending on the size 
of the bed material particles and the flow conditions. The solids in bedload have different 
movement modes, depending on the value of the bed shear stress: rolling, jumping or sliding. 
When the value of the bed shear stress just exceeds the critical value for initiation of motion, 
the particles will be rolling and sliding, or both. When the bed shear stress increases more, 
the particles will be jumping. The suspended load includes solids that are in suspension 
because of turbulence and may settle down when flow conditions are insufficient (Fig. 1). 
Another mode of transport introduced by some researchers is wash load [52]. This mode 
is in suspension load and includes the proportion of suspended solids that remain in suspension 
in sufficient flow conditions and never settle down. The total sediment load is the sum of these 
three loads, which has been investigated by several researchers such as Yang [57] and van 
Rijn [53]. However, in natural conditions, it is not easy to distinguish between these phases.  
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Another important parameter to describe the transport behavior of solids is the settling 
velocity, which is influenced by the flow conditions in the channel, such as turbulence, 
and the solids’ characteristics, such as particle size and density. The process of sediment 
transport in sewage systems is very complex and the available data are insufficient. 
Furthermore, the laboratory experiments are not able to describe the underlying physics 
in  detail [56]. Therefore, not only experimental investigations are carried out, but also 
several numerical methods are developed for modelling the sediment transport in sewer 
systems [19, 46]. 

4. Sediment flushing

In the last decades, great attention has been drawn to the sediment control in sewers. 
During periods of dry weather, by low flow velocities and prolonged duration times, the solids 
deposit on the bottom of sewers and build sediments [50]. Sediment deposition represents 
a crucial aspect of the maintenance of sewer systems. The accumulation of large amounts 
of sediments leads to various hydraulic and environmental problems in sewer networks, 
such as reduction of the design flow capacity and increase of the overflows in combined 
sewer systems, loss of hydraulic capacity, gas and corrosive acid production, odor problems 
and concentration of pollutants. There are different techniques for the removal of sediment 
deposits from sewer systems, based on the use of different mechanical and hydraulic devices 
[7, 13, 41]. Several studies have investigated the use of flushing devices and the scouring 
effects of flushing waves [8, 12, 42, 51]. 

Flushing gates have become very popular, because they are mostly self-controlled systems 
and a cost-effective solution to remove the sewer sediments. They are in-line flushing devices 
designed in order to produce flushing waves with high flow velocities and shear stresses that 
lead to re-suspend and transport the solids along sewers [12, 26]. The function of the flushing 
device is mostly divided into four general phases. First, the gate is closed. Second, water is 
stored by a closed gate in the vertical position. Third, the gate is opened, which lead to a fast 
discharge of the stored water generating the flushing waves. Finally, the flushing process 
starts. The transported solids can be collected downstream in  special tanks or  removed 
manually. The cleansing efficiency of flush waves is the most important parameter, which 
depends on flush volume, flush discharge rate, sewer slope and length, sewer flow rate, sewer 

Fig. 1. Different modes of sediment transport: a – rolling, b – sliding, 
c – jumping, d – in suspension (graphic idea from Bollrich [9])
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diameter and population density [41]. Experiments have proven that the solids could be re-
suspended and transported not only with large flushing waves at high velocity, but also with 
small waves at low velocity [17]. 

5. Smoothed Particle Hydrodynamics

During the last decades, numerical models have become very popular, because they are 
cost-effective and can simulate the same size as the real case. The Lagrangian mesh- free 
methods have been widely used to simulate free-surface flows that are rapidly changing. 
Smoothed Particle Hydrodynamics (SPH) is a mesh-free method, which was developed to 
solve astrophysical problems [22, 28]. Furthermore, it was successfully used to simulate 
free-surface flows [38] and multi-phase flows [39]. In Lagrangian approaches, the particles 
are carrying physical properties, such as mass, momentum, density, pressure and velocity. 
In SPH, the system contains a large number of particles that move with the fluid, which means 
that the motion of the fluid is represented by the motion of the particles [14]. The mass and 
the number of particles are constant, so that 
continuity of mass is solved. The particles 
interact with each other, controlled by 
a smoothing function [26], and their properties 
can change with time [23]. A smoothing 
kernel W(h, r), which is nonzero only for 
r  =  |x – xi| ≤ 2h; h  = smoothing length and  
r = position vector; approximates field 
quantities at arbitrarily distributed 
discretization points and these points move 
with their local velocity. The  smoothing 
kernel has compact support to limit 
the number of  interacting particles and 
the width of this kernel represents the 
discretization length scale of SPH. Figure 2 
shows the kernel-weighted influence of the 
neighborhood of  each particle. The physical quantity of any particle can be obtained by 
summing the relevant properties of all particles, which lie within the range of the smoothing 
kernel W(h, r). Spatial derivatives are calculated only from interactions with neighboring 
particles [1]. 

In order to adapt the SPH method to fluid mechanics applications, the Navier-Stokes 
equations need to be solved. The Lagrangian form of the Navier-Stokes equations for 
a  weakly compressible viscous fluid is transformed into a system of ordinary differential 
equations that are written as [31]:

	 	 (2)

Fig. 2. The kernel-weighted influence of the 
neighbors of an SPH particle
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		  (3)

where:
	 Ni	 –	 the summation is extended to the Ni points occupied by all neighbors 

within the compact support of the kernel function centered on the ith 
particle, 

	 xij = xi – xj 	 –	 relative position vector, 
	 u	 –	 particle velocity vector, 
	 uij = ui – uj	 –	 relative velocity vector, 
	 g	 –	 gravitational acceleration vector, 
	 ρ	 –	 density, 
	 µ	 –	 dynamic viscosity, 
	 m	 –	 mass, 
	 p	 –	 pressure of the particle, 
	 Πij	 –	 Monaghan artificial viscosity for the numerical stability of the 

method that is introduced as:

	 	 (4)

where: 
	 αm	 –	 constant parameter, 
	 cs	 –	 speed of sound.

Each moving fluid element is followed in time. Therefore, SPH simulations need a large 
number of calculations that increase with the increasing resolution. To speed up the large 
SPH simulations, graphics processing units (GPUs) and parallel programming are required 
[36]. SPH is, in comparison to mesh-based methods, more expensive due to the high 
computational demand. However, SPH offers important advantages for simulating free-
surface and multi-phase flows. Because of the Lagrangian nature of SPH, advection is treated 
exactly and tracking of the phase interface is very simple. SPH can specially treat complex 
geometry changes, such as fragmentation without any large preprocessing of a simulation [1].  
More details about the methodology of SPH are provided by Monaghan [37, 40] and Liu and 
Liu [27].
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6. SPH application for free-surface and sediment transport simulations 

Free-surface flows in hydrodynamic are very important, but they are difficult to 
simulate due to the boundary conditions on a moving surface. In the last decades, the 
SPH method has been widely used to model free-surface flows [32, 38] and to simulate 
free-surface channels [20]. Monaghan [38] concluded that SPH can simulate free-surface 
flows without any difficulties. Furthermore, many researchers have investigated modelling 
of multiphase flows using SPH [14, 39] and only a few SPH studies have dealt with the 
transport of solid bodies driven by a free-surface [2]. The SPH modelling has also been 
used by many researchers to investigate waves and their breaking process [6, 15, 18, 40, 
47, 48, 54]. There are some studies analyzing the simulation of sediment transport using 
SPH [30, 31, 56]. Some of the most interesting studies for our future work are briefly 
described in the following.

Amicarelli et al. [2] developed and validated a 3D SPH model for the transport of rigid 
solids in free-surface flows. This study has implemented fluid-body and solid-solid 
multiple coupling terms in the SPH equations for both the flow and the transported bodies. 
The numerical model is validated on a complex 3D experimental test case representing a dam 
break event. The comparison between validations and experimental, theoretical and other 
SPH numerical results showed that the SPH method is a reliable way to model the transport 
of rigid bodies in free-surface flows.

Burger and Rauch [10] introduced the fundamentals of SPH for use in pipe hydrodynamics. 
The Torricelli’s law and Poleni’s formel were chosen to test a 2D SPH model, which was 
implemented for pipe flow hydrodynamics. The results were realistic, but there was still the 
lack of a turbulence model for pipe hydraulics, which was under consideration. The authors 
foresee a huge potential of the SPH method in simulating sewer hydraulics, multiphase flow 
and pollution transport.

Fourtakas et al. [21] used the DualSPHysics code, an SPH solver, to simulate the sediment 
suspension and the shear layer induced by rapid flows resulting in scouring of the sediments 
in industrial tanks. The liquid and sediments were treated as compressible pseudo-Newtonian 
fluids. In this study, two yield criteria the Mohr-Coulomb and Drucker-Prager were used 
with the SPH formulation. The results of the two models were agreeable, but the DP method 
is  preferred because the MC criterion did not predict the yield strength of the sediment 
resulting in larger viscosities. It was also concluded that the particle spacing can influence 
the results of the simulations.

Manenti et al. [30] investigated an application of the improved SPHERA code, an SPH 
solver, to simulate non-cohesive sediment flushing by bottom discharge of water from a tank. 
The comparison between the experimental results and the results of 2D and 3D numerical 
simulations of the sediment profile and water level according to the Shields erosion criterion 
showed an adequate degree of accuracy of the SPH method. However, the 2D model could 
reproduce the final eroded profile with higher precision than the 3D model.

Manenti et al. [31] developed an SPH model to simulate the coupled fluid-sediment 
dynamics induced by the rapid water discharge in an artificial reservoir. The liquid phase 
and the eroded granular particles are considered as weakly compressible fluids. The Mohr-
Coulomb yielding criterion and the Shields criterion were implemented and compared for 
determining the onset of the bottom sediment motion induced by the hydrodynamic shear 
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stress. The comparison between the experimental and numerical slope profiles showed that 
the Shields approach is preferable for practical applications because it can represent the 
sediment dynamics better.

Meister et al. [33] investigated the application of the SPH method for several 
problems in  urban water management. They simulated flume flows, sedimentation and 
transport processes and also aerated flows in wastewater treatment. Although the results 
of the study concluded that SPH can be a powerful method for channel flow simulations, 
some improvements are still needed to use SPH in the field of urban water management 
particularly due to the high computational demand. The investigation on the sediment 
flushing using a flushing gate confirmed that the SPH method is especially viable in this 
case, because the rapid deformation of free-surface flows can be modelled very well with 
the SPH method.

Mirmohammadi and Ketabdari [35] used the SPH method to simulate water and sandy 
sediment interaction around a marine pipeline as well as wave generation and propagation. 
The sediment was assumed as a non-Newtonian fluid and the Bingham model was used to 
simulate the sediments behavior. The results of the numerical model showed a good level 
of agreement with the results of inviscid wave propagation and damping empirical model. 
They concluded that the SPH method is a powerful tool to simulate the transport of sediments, 
although the sediment transport is a complex and long term phenomenon.

Razavitoosi et al. [43] proposed a two-dimensional SPH model to simulate the sediment 
transport caused by dam break over a movable bed. The fluid and sediment phases were 
described by particles as weakly compressible fluids. The fluid phase was modelled 
as a Newtonian fluid and the sediment phase as a non-Newtonian fluid using three alternative 
approaches of ‘artificial viscosity’, ‘Bingham and Artificial viscosity’ and ‘Bingham and 
Cross’. The numerical results were compared with experimental results, showing that the 
combination of the Bingham model and the artificial viscosity has the most acceptable 
accuracy.

Sitzenfrei et al. [49] discussed three issues in scientific computing in urban water 
management involving the SPH method as an alternative to explore fluid flow phenomena. 
They mentioned that SPH has several advantages due to its Lagrangian nature that make 
it more applicable than grid-based CFD methods to hydrodynamic simulations in sewers, 
such as modelling of pollution transport and sewer solids. Despite the challenge of high 
computational demand for SPH simulations, which could be tackled using technologies like 
graphics processing units (GPUs), the authors foresee a huge potential of the method to be 
applied to simulate real world pipe networks in order to tackle the problem of pollution 
transport in drainage systems.

7. Conclusion 

In this paper, an overview of the SPH simulation of free-surface flows and sediment 
transport has been illustrated. It is important to investigate the sediment transport in sewers 
in order to be able to predict the transport of pollutants. Several factors influence the efficiency 
of the flushing devices in sewer systems (e.g. channel geometry and total amount of sediments 
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and their characteristics). Therefore, it is very expensive and time-consuming to assess 
the efficiency of the cleaning operation with experimental investigations. The  numerical 
methods allow overcoming these difficulties by reasonable simulation of the free-surface 
flows in  channels and sediment transport. The SPH method can simulate very complex 
geometries, even in 3D. Many studies have been carried out on the SPH simulation of free-
surface flows in coastal areas, rivers and artificial reservoirs, but only a few of these studies 
have investigated the modelling of free-surface channels and sediment flushing in sewers. 
These studies show satisfactory results. However, there is still a lack of knowdlege on SPH 
application in sewer management. It could be expected that, in a few years, SPH will be 
a powerful modelling tool for the simulation of flows and sediment transport in order to solve 
several problems related to sewer systems. 
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