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Abstract
Understanding the channel depth around bridge piers, whose side face is inclined as a consequence of local scour, requires the analysis of the interaction between flow and structure through the physical and numerical simulation and field measurements. Over the years, tests have been performed through physical simulation and field measurements; however, this paper contributes through the numerical simulation to the study of the effect produced by the inclination of the pier face on the phenomenon of local scour. The three-dimensional software ANSYS CFX was used which has the capacity to simulate the flow dynamics through the bridge pier. Thus, water flow patterns such as direction and velocity have been analyzed to find the relationship that they have with the local scour. The study was made with two shapes of piers; the first one reduces the transversal section from the top to the smaller bottom base, and the second shape reduces the transversal section from the bottom to the smaller top base. The results show that the first type of shape was favorable to generate greater scour depth, finding velocities greater than 50% in the pier face.
Keywords: Bridge pier, local scour, computational fluid dynamics.

Resumen
Comprender la profundización del cauce alrededor de pilares con el paramento inclinado, como consecuencia del fenómeno de socavación local, requiere del análisis de la interacción entre el flujo y la estructura mediante modelos físicos, numéricos y mediciones en campo. A lo largo de los años se ha experimentado mediante la simulación física y mediciones en campo, sin embargo, este trabajo de investigación contribuye, a través de la modelación numérica, al estudio del efecto en la socavación local del cauce que produce la inclinación del paramento del pilar. Se utilizó el software tridimensional ANSYS CFX, el cual tiene la capacidad de simular la dinámica del flujo a través del pilar, llegando a poder visualizar velocidades y dirección de líneas de corriente. Por otro lado, se analizó la relación indirecta que estos parámetros del flujo tienen en la socavación local. El estudio se les realizó a dos formas de pilares: el primero reduce la sección transversal desde la superficie hasta la base, y la segunda forma reduce la sección transversal desde la base hasta la superficie. Los resultados mostraron que el primer tipo de pilar es más favorable para generar socavación local, encontrándose velocidades en la cara del pilar mayores a 50%. 
Palabras clave: pilar, socavación local, dinámica computacional de los fluidos.
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Introduction


During the last years, several researchers have studied the local scour of the channel around bridge piers with the inclined face. The research of the inclination in the lateral face of the pier, allows the local scour calculations to be more accurate and to increase the structural security of the bridge. Breausers and Raudkivi (1991), Yanmaz (2002), and Jaafar (2005) studied the piers by means of physical models whose cross section is reduced in the upper part and the lower part, respectively; showing that with the second type of pillar greater depth of the channel was generated. Jaafar (2005) says that the difference in the erosive effect can be understood by the vertical and horizontal components of the resultant of the downward flow that collides with the face of the piers in the upstream direction, as shown in Figure 1. On the one hand, in the pier with reduction in the upper part, the horizontal component of the downward flow is in the opposite direction to the horseshoe vortex, therefore, interference occurs and causes a lower capacity that these vortices can transport the sediment downstream, while the vertical component of the downward flow weakens towards the bottom of the channel because its action impinges on the inclined face of the pier. However, in the pier with reduction in the lower part, the vertical component of downward flow impacts the bottom directly and more sediment is collected, but its resistance decreases towards the base due to the reduction of the pier section.

[image: ]
[bookmark: _Ref536086991]Figure 1. Flow components in the upstream direction of the bridge pier with reduction in the upper part (left) and with reduction in the lower part (right).

In addition to the studies using physical model and field measurements of the piers with the inclined face, this article contributes to such knowledge through numerical modeling, which provides a three-dimensional visualization of the interaction between the pier, the water and the channel, enabling the analysis in more detail of current lines and velocities, which in comparison with analytical and experimental fluid dynamics could not be performed. 
The ANSYS CFX three-dimensional software was used, which has shown the flow conditions that favor a greater degradation of the channel around the pier that reduces its cross section from the surface to the base.
 

Materials and methods


Based on the shape of pier with conical profile to evaluate the effect of the slope in the flow direction, two forms of rectangular section pillars are used, the first reduces its section from the surface to its base, and the second reduces its section from the base towards the surface.
The experimental program was carried out using the three-dimensional software ANSYS CFX, which represented three-dimensionally the dynamics of the flow around the piers, being able to observe the lines of currents and velocities. On the other hand, it is important to point out that ANSYS CFX cannot represent the channel change through the simulation time, which would have allowed us to observe the local erosion around the piers. However, the erosive effect could be evidenced through the study of flow parameters. To do this, the piers were analyzed in two types of channel scenarios; the first, with the bottom of the channel without eroding around the piers and called flat bottom, and the second, with a deepening of the channel around the piers and called eroded bottom.  In this way, we represented the process of local erosion in two periods.
The initial parameters of the numerical model were taken from the study in physical model of the piers of Cáceres Bridge in the Piura River, which were subjected to extraordinary flows of El Niño of the year 1998; this study was carried out by the University of Piura (2001).


General transport formulas


The ANSYS CFX software is based on the CFD (Computational Fluid Dynamics) methodology, with which it obtains the solution of the Fluid Mechanics problems, solving numerically the Navier-Stokes equations and Reynolds averaging, indicated as follows:

• Mass conservation:



• Momentum conservation:



• Energy conservation:



Where:




Where p is the pressure; , the density of the fluid; U, the velocity vector; , the turbulent stress tensor; h the energy; , the term of the mass forces; , the source term;  the volumetric viscosity; , the dynamic viscosity, and  the Kronecker delta.
To solve the closure problem (system with more questions than equations), algorithms have been developed which take into account turbulence models of different degrees of complexity, ranging from vorticity algebraic models to viscosity , up to the Reynolds stress models (RMS) (ANSYS CFX, 2006).

Numerical model


The geometric characteristics of the piers were taken from the Cáceres bridge (Figure 2). It is evident that the shape of the pier presents reduction of its section in the lower part; however, for research purposes a similar pier was made but with reduction in the upper part. 

[image: ]
Figure 2. Physical model of Cáceres bridge piers (Universidad de Piura, 2001).

In Figure 3 we observe both pier models, which present the rectangular cross section and the conical profile.

[image: ]
Figure 3. Pier models. [A] Pier with the face inclined downstream, [B] Pier with the face inclined upstream, [C] Cross section.
 
We have already mentioned that ANSYS CFX cannot represent channel erosion over time, therefore, the piers were emplaced within two scenarios; the first with the channel bottom without eroding or flat bottom (Figure 4), representing an initial condition of the flow when it has not eroded the channel, and on the other hand, with an eroded pit or bottom (Figure 5), representing a final condition of the flow when it has already eroded the channel.


[image: ]
[bookmark: _Ref536095260]Figure 4. Scenario of the channel with the bottom no eroded bottom around the pier.

[image: ]
Figure 5. Scenario of the channel with eroded bottom around the pier.

Table 1 shows the geometric parameters of the piers in both scenarios.

[bookmark: _Ref504002402]Table 1. Geometrical parameters of the piers.
	Test 
	Type of Scenario 
	Pier Model
	Geometrical parameters

	
	
	
	Length 
	Width 
	Height

	
	
	
	a(m)
	b(m)
	c(m)
	h(m)

	1
	Flat Bottom 
	A
	3
	6
	1
	9

	2
	
	B
	6
	3
	1
	9

	3
	Eroded Bottom
	A
	2
	6
	1
	12

	4
	
	B
	6
	2
	1
	12



The initial flow conditions were taken from the physical model study of the Cáceres Bridge (University of Piura, 2001), which was subjected to extraordinary flows of 3900  with an average speed of 4 upstream and a tiebeam of 6 m. Likewise, an average depth of erosion of 3 m was observed around the piers, which was represented in the scenario of eroded bottom in a similar way for both types of piers.
In addition, complementary numerical models that represented the problem studied were used, such as the k-ε turbulence model, the multiphase model and the buoyancy model.


Results and discussion


It is the first time that the numerical modeling applied to the study of piers with the inclined face is done, therefore it is expected that the results will be of valuable utility as a reference for later analyzes.


Flow lines


The flow lines were analyzed in a cross section parallel to the flow direction and in the center of the piers. The results are shown in the flat bottom (Figure 6 and 7) and eroded bottom scenarios (Figure 8 and 9).
In all cases, it is observed that the flow lines are disordered downstream after the impact with the piers, until be directed again in the same direction. Also, note that for the eroded bottom scenario, the order originates after leaving the pit. On the other hand, note that when impacting on the face of the pier with reduction in the lower part the flow lines are directed with greater freedom towards the channel; this shows that the shape of the lateral face enables the flow to direct towards the channel with greater flow and velocity. By contrast, the shape of the pier lateral face with enlargement in the lower part does not allow the flow to go towards the bottom but towards the surface instead.  
It was necessary to calculate in the upstream direction of the piers the % within the average width of the pit (Figure 8 and 9) of the lines that have velocities  lower than 1 m/s since it is considered that those do not generate a considerable effect on the channel . In the pier with reduction in the lower part is 20%, therefore, the other 80% could continue generating an erosive effect; and in the pier with expansion in the lower part is 40%, therefore, 60% could continue generating an erosive effect.

[image: ]
Figure 6. Flow lines through the pier with reduction in the lower part in the scenario with no eroded bottom.
[image: ]
Figure 7. Flow lines through the pier with reduction in the upper part in the scenario with no eroded bottom.

[image: ]
Figure 8. Flow lines through the pier with reduction in the lower part of the scenario with eroded bottom.

[image: ]
Figure 9. Flow lines through the pier with reduction in the upper part of the scenario with eroded bottom.

Flow velocity

In the same way as the flow lines, velocities were analyzed in a cross section parallel to the flow direction and in the center of the pier. The results are shown in the flat bottom scenarios (Figure 10 and Figure 11) and eroded bottom (Figure 12 and Figure 13).
In all cases, it is observed in the upstream direction that the flow loses velocity uniformly until it reaches the face, and in the downstream direction, the velocity field is disordered or non-uniform after colliding with the piers. Note, however, that the flow accelerates again and becomes uniform in the flat bottom scenario at a considerable distance until it regains its initial velocity, and in the eroded bottom scenario, it does so immediately after leaving the pit.

[image: ]
Figure 10. Flow velocity through the pier with reduction in the lower part in the scenario with no eroded bottom.

[image: ]
Figure 11. Flow velocity through the pier with reduction in the high part in the scenario with no eroded bottom.

[image: ]
Figure 12. Flow velocity through the pier with reduction in the lower part in the scenario with eroded bottom.

[image: ]
Figure 13. Flow velocity through the pier with reduction in the high part in the scenario with eroded bottom.

In order to determine the influence of the shape of the piers on the velocities, they were calculated very close to the face upstream of the piers. The results corresponding to the flat bottom scenario (Figure 14) and eroded bottom are shown (Figure 15). In the first scenario, velocities are greater in the pier with reduction in the lower part, appreciating that close to the bottom is 1.12 times greater and far from the bottom is 1.64 times greater. In the second scenario, the velocities are also higher in the pier with reduction in the lower part, appreciating that close to the bottom is 1.18 times greater and far from the bottom is 1.42 times greater. According to the graphs, it is evident that there is a greater effect in the velocities when using the piers with reduction in the lower part, generating a greater force in the flow to erode the channel.

[image: ]
Figure 14. Velocity values at the pier face for the flat bottom scenario. Pier with reduction to the lower part (PAB), Pier with the reduction towards the upper part (PAA).

[image: ]
Figure 15. Velocity values at the pier face for the eroded bottom scenario. Pier with reduction to the lower part (PAB), Pier with reduction to the high part (PAA).




Conclusions


This research work contributes to the body knowledge of the type of piers with the inclined face, which was made through the numerical modeling tool. The Ansys CFX software calculations allowed us to visualize the flow dynamics around the piers and perform a detailed and precise analysis of the hydraulic parameters, such as current lines and flow velocity, to understand the effect on the local scour of the channel that the inclination of the lateral face of the pier produces. As for the velocities, in both channel scenarios are higher in the pier with reduction in the lower part; in the first scenario it was observed that close to the bottom is 1.12 times greater and far from the bottom is 1.64 times greater, and in the second scenario, it was observed that close to the bottom is 1.18 times greater and far from the bottom is 1.42 times greater. As for the current lines, the pier with reduction in the lower part invites the flow to be directed towards the bottom of the channel, generating higher concentrations of bottom stress and velocities. Then, the erosion process since it starts is seen with greater force in the pier with reduction in the lower part.
With the observations of the physical model of the Cáceres Bridge piers and studies in similar piers, it is concluded that the pier with reduction in the lower part favors the phenomenon of local scour. It is suggested to protect the channel around the bridge pier with rock riprap in order to reduce the kinetic energy produced by the effect of the flow.
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