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ABSTRACT 

The present paper presents an application of the Comprehensive Scour Model 

(CSM) to quarrying and plucking of fractured rock at bridge piers. Numerical 

modeling of rock block plucking has been performed within the framework of the 

National Cooperative Highway Research Program Project NCHRP -24-29. 

A two-phase transient numerical model simulates the potential movements of 

the block as a function of flow turbulence and stream power in the scour hole around 

the bridge pier. The hydraulic action on the rock blocks is automatically adapted 

during formation and growth of the scour hole. 

Both the ultimate scour depth and the scour threshold flow velocity are 

determined as a function of the shape, dimensions and protrusion of the rock block, of 

the average upstream river bed slope and of the angle of the rock joints. 

The numerical model points out the influence of turbulent eddies and block 

protrusion on rock block uplift. 

INTRODUCTION 

This paper describes a combined analytical -numerical method developed to 

assess the hydrodynamic uplift of rock blocks generated by turbulent flows at bridge 

piers founded on rock. 

The method describes and computes the physics that are responsible for block 

ejection and provides an estimate of the ultimate depth of scour during floods at a 

bridge pier founded in fractured rock. 

The method is based on a numerical model that has initially been developed 

for rock scour in plunge pools and stilling basins downstream of high-head dams 

(Bollaert, 2004). The equations defining turbulent pressure fluctuations at the water­

rock interface have been adapted to reflect the particular flow situation in a scour hole 

near a bridge pier. 

In the following, the hydrodynamic and geomechanic model parameters are 

first described in a simplified manner. Next, the numerical modeling procedure is 

outlined as well as the main results in terms of ultimate scour depth and critical scour 

velocity. 

HYDRODYNAMIC PARAMETERS 

Upstream of the bridge pier 

The method uses a physical model based relationship for the erosive action of 

the flow inside the scour hole by using the stream power SPa ([W/m2]) (Figure 1) of the 

767 



768 SCOUR AND EROSION 

approach flow. This parameter is derived from the base hydraulic parameters as 

follows: 

SP, =V, ", 

in which Va [m/s] stands for the approach flow velocity and 'a [N/m2] stands for the 

average wall shear stress upstream. SPh, V h and 'h are the corresponding stream 

power, velocity and shear stress in the scour hole at the pier base. In Figure I , n 

stands for the number of rock block layers, horizontal and vertical lines represent the 

joint planes between the blocks and the black circles represent joint plane 

intersections or block comers. The terms Pi.k(t) and Pi+l.k(t) stand for pressure 

fluctuations entering the joint planes via the water-rock interface. 

: : 

--------------- ~ --------------

Va' SPa' 'a ~h' SPh, 'h i 
------.~ .' 
--'---'-11 ~11 ' j.l'}I~I I fi ............... 11 ;;::"S., 

Figure 1. Hydrodynamic parameters at bridge pier founded on rock (at start of 

scour formation). 

Beside the available stream power upstream, parameters used are written: 

SPa .adj =k, ·k 2 ·SP, 

k, 

k2 

adjusted approach stream power 

parameter for pier shape (HEC- 18) 

parameter for flow attack angle (HEC-18) 

The approach stream power SP, is adjusted by means of the non-dimensional 

parameters kl and k2, which account for the pier shape and the flow attack angle 

respectively following HEC-18 (Richardson et al., 1993). Average flow velocity and 

bottom shear stress are computed based on the unitary discharge q [m3/s/m] , the 

bottom slope S [m/m] and the Manning roughness coefficient n [s/ml!3 ]. The range of 

flow conditions tested is summarized at Table I for three types of flows: 

I. Steep Slope Flood Flow (SSFF) 

2. Flood Flow (FF) 

3. Normal High Flow (NHF) 
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Steep bottom slopes are between I and 10%, while normal bottom slopes are 

between 0.05 and I %. Unitary discharges range from 2 to 50 [m
3
/s/m]. Manning 

roughness nM is between 0.03 and 0.065 [s/ml !3 ], depending on the tested slopes. 

Table 1. Parameter values for the flow conditions approaching the bridge pIer. 

q S nM SPa 

Conditions N° 
[m

2
/s] [mlm] [s/m"3] [W/m2] 

I 5.0 0.00005 0.030 2 

2 5.0 0.00010 0.030 5 
NHF 

10.0 0.00010 0.030 10 3 

4 5.0 0.00050 0.030 25 

I 10 0.00005 0.030 5 

2 20 0.00005 0.030 10 

3 50 0.00005 0.030 25 

4 10 0.00050 0.030 49 

FF 5 20 0.00050 0.030 98 

6 50 0.00050 0.030 245 

7 10 0.00100 0.030 98 

8 20 0.00100 0.030 196 

9 50 0.00 100 0.030 491 

I 2 0.01 0.065 196 

2 10 0.01 0.065 981 

3 15 0.01 0.065 1472 

4 2 0.05 0.065 981 

SSFF 5 10 0.05 0.065 4905 

6 15 0.05 0.065 7358 

7 2 0.10 0.065 1962 

8 10 0.10 0.065 9810 

9 15 0.10 0.065 14715 

At the bridge pier 

As shown in Figure 1, the approach stream power SPa is transformed into its 

corresponding stream power SPh acting locally at the bottom of the scour hole, near 

the bridge pier. The relation between the local stream power and the scour hole depth 

and shape has been determined by physical modeling in the 1990's (FHWA research; 

Smith, 1994; Smith & Annandale, 1995) and has been adapted here to match with 

rocky foundations: 

SP h/SP a = 2.6217(n*hb/D ) (·06945) 
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in which hb [m] is the rock block height, D [m] is the bridge pier diameter and 

n [-] stands for the number of horizontal layers that have been scoured. For example, 

at start of scour formation, the available and turbulent stream power at the bottom 

next to the bridge pier are considered to be about 21 times the corresponding stream 

power in the river upstream. 

During scour hole formation, this stream power ratio reduces following the 

equation relating SPh to SPa. For example, for n = 4, hb = 0.5 m and D = 2 m, Figure 2 

shows that SPh is reduced to only 2.62 times SPa. Hence, this progressive reduction in 

stream power in the scour hole allows defining the corresponding local flow velocity 

Vh [m/s], the local kinetic energy Eh [m], and the local wall shear stress 'h [N/m
2

] . 

-------------- ~ ------------ -

n = 4 

SPh = 2.62SP. 

Figure 2. Hydrodynamic parameters at bridge pier founded on rock (during 

scour hole formation) . 

The local kinetic energy in the scour hole Eh is used to define the quasi-steady 

pressure field around a rock block near the bridge pier. These pressures are expressed 

in [m] by multiplying Eh with non-dimensional pressure coefficients CPo The pressure 

coefficients depend on the protrusion of the rock block compared to its surroundings 

as well as on the orientation of the joints between the blocks compared to the flow 

direction. 

Following Figure 3 and based on Reinius (1986) and USBR (2007), the 

following simplified range ofCP values has been used during the computations: 

CP6 = CP7 = - 0 

CPs = CPs = 0.0, 0.5 or 1.0, directly depending on offset of block 

CPup.net = Average (CP6;CP7) - Average (CP5;CP8) 



SCOUR AND EROSION 771 

Figure 3. Location of dynamic pressure coefficients used to quantify quasi­

steady pressures around a rock block (based on Reinius, 1986). 

Next, the bottom shear stress 'h is used to determine the RMS (root-me an­

square) and extreme pressure fluctuations_on a rock block in the scour hole near the 

bridge pier. Based on Emmerling (1973), the following expressions are used: 

P'=3"h 

p+ = 18 " h 

By combining both quasi-steady pressures and turbulent pressure fluctuations, 

the total dynamic pressure signal on the rock blocks can be defined. For simplicity, a 

sinusoidal pressure shape has been used, defined as follows (see Figure 4): 

p(t) = LB . sin(oo· t)+ C 
2 

t = time duration 

B = P + = maximum positive deviation from quasi-steady pressure value 

C = 0.5' p+ + Cs' Eh 

00 = 2rcf, with f= 10 Hz 

For convenience and stability during the computations, no negative total 

pressures have been used. Also, the sinusoidal pressure signal has been systematically 

applied to both joint entrances separating the rock block from the adjacent blocks (20 

approach), without any time lag between both pulses (simultaneous action). Finally, 

the surface pressure field acting at the surface of the block (in between both joints) 

has been neglected. As such, the modeled pressure situation may be considered as the 

most critical one that might be encountered in practice. The frequency of the pressure 

signal has been defined at 10 Hz, corresponding to a frequency that may easily be 

reached in practice by macro-turbulent flow conditions (Toso & Bowers 1988). 

GEOMECHANICAL PARAM ETERS 

The main geomechanical parameters considered during the modeling are: 

1. Block shape and dimensions: side length of block Lb [m], height of block hb 

[m], ratio Lblhb. The side length has been fixed at 1m, while the height has 

been varied (see Figure 4). 
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Figure 4. Modeled rock block shapes and dimensions. 

2. Joint angle with the vertical: fixed at 0° (vertical joints) or 60° (Figure 5). 

[IIJ 

Plan view 

w 

Figure 5. Modeled rock joint angles with the vertical (up) and bridge pier 

alignment angles with the approach flow (right). 

Frictional forces inside joints have been neglected for the case of vertical 

joints, but have been considered for 60° joints, to account for the component 

of gravity that is oriented perpendicularly to the joints. Friction due to the in­

situ stress field has been neglected. The following approach has been adopted: 

- the weight of the block is subdivided into a component along the joint axis 

(W') and a component perpendicular to the joint axis (W' ' ), 

- W' stabilizes the block along its orientation of movement out of the 

surrounding mass, 

- W" stabilizes the block by (perpendicular) compression of the joints 

between the blocks and by applying ajoint friction angle ~ 

- an additional frictional force F = W" ~ is added to the computation of the net 

uplift force along the orientation of potential block movement 

- the dip direction is not considered to influence the net uplift force, because 

the model does not account for the dip when defining flow deviation effects 

(pressures) generated by protrusion of blocks at the water-rock interface 

3. Block density: fixed at 2650 kg/m
3

. 

4. Block protrusion: from perfectly smooth (offset = 0 cm) to very rough (offset 

= min. 10 cm) 
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BRIDGE PIER PARAMETERS 

The bridge pier has been modeled in a simple manner by accounting for the 

following parameters : 

I. Bridge pier diameter D (or width B) : fixed at 2 m 

2. Angle of bridge pier with flow angle: 0° or 45° (Figure 5) 

The angle between the bridge pier alignment and the approach flow is 

accounted for by means of a k parameter that is applied to the stream power, 

following HEC-lS (Richardson et aI., 1993). For example, for 0° and 45° angles, and 

a pier length to width ratio of 4, this k parameter equals 1.0 respectively 2.3. 

THE BRIDGE PIER SCOUR MODEL 

Model assumptions 

A transient two-phase numerical modeling of quasi-steady and fluctuating 

turbulent pressures acting inside the joints of a single rock block has been performed 

(Bollaert, 2002, 2004). Figure 7 illustrates the basic configuration used for the 

numerical computations. The model applies a sinusoidal boundary pressure signal at 

the joint entrances and computes the pressure waves inside the joints. Only one single 

block is computed, considered to be located at the bottom of the scour hole in the 

vicinity of the bridge pier. Based on the block dimensions, the computations are 

performed layer per layer, with the layer height taken equal to the block height. 

Va. Pa• 'ta -
fluctuating signal F L = O.S*C

L
*p*A*V2 

w;lh C',II) j' = 8 't= h~ta1fff,rr 

transient response 

Total uplift force = buoyancy + quasi-steady lift 

+ turbulent lift 

/ 
= f(Pwl = cte 

= f(Val = cte 

Figure 7. Uplift forces on a single rock block at a bridge pier. 

Uplift or ejection of a rock block is computed by defining at each time step 

the total net uplift force on the block. As illustrated in Figure 7, this total uplift force 

is composed of three distinct components (Bollaert and Hofland, 2004): 

I. static uplift = buoyancy forces 

2. quasi-steady uplift = f (block protrusion, local velocity in scour hole) 

3. turbulent uplift = f(local stream power, shear stresses, pressure fluctuat ions) 
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During time periods for which the net uplift force on the block is positive, the 

block will be submitted to a net uplift impulsion. This is then transformed into a net 

uplift velocity that is given to the mass of the block. Finally, the net uplift velocity is 

transformed into a net uplift height. The block is considered to be ejected when its net 

uplift height is larger than or equal to 20% of the total block height (Bollaert, 2004) . 

Once the single rock block is found to be ejected by the pressures, the whole 

layer is considered to be eroded and the next layer is computed until block uplift is 

less than 20 % of block height. This corresponds to the ultimate scour depth. 

Output examples 

First, Figure 8 compares the here computed critical uplift velocity for a range 

of different rock blocks with the critical uplift velocity as defined by Reinius (1986) 

for CP values of 0.0 and 0.5 . It is thereby considered that, due to the small model 

scale and the way the pressures have been recorded, the Reinius (1986) approach does 

not consider the effect of turbulent eddies. When adding the effect of flow turbulence 

to the present computations, significantly lower critical velocities are observed. It has 

to be added that joint frictional effects have been neglected in the present analysis. In 

reality, critical uplift velocities may be significantly higher in presence of friction . 

25 Tr== ~ ~=-===~==~==~~7=====~----------------------' 
Reinius (1986): WITHOUT turbulence, CP - 0.0 

+ Bollaert (2009): WITH turbulence, CP = 0.0, slope = 0.5 % 

~ Bollaert (2009) : WITH turbulence. CP = 0.0, slope = 10 % 

--ReiniU5 (1986): WITHOUT turbulence, CP - 0.5 

--c - Bollaert (2009): WITHOUT turbulence. CP = 0.5 

-+- Bollaert (2009) : WITH turbulence. CP = 0.5. slope = 0.01 % 

-<>- Bollaert (2009) : WITH turbulence. CP = 0.5. slope = 10 % 

O +-~ -- r-~ -- --~-.--'--'----'--.--'-----'--'-''-'--.------~ 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 

Height of block Hb [ml 

Figure 8. Comparison of critical block uplift velocities with Reinius (1986). 

Second, Figure 9 illustrates the pressure signals computed over and under a 

0.4 m high and 1.2 m long rock block. The block has a protrusion of 0.1 m and is 

impacted by a turbulent flow with a unitary discharge of 10 m
2
/s and an approach 

flow velocity of 5.1 m/s. The lower part of Figure 9 shows that the rock block will be 

uplifted by a height of about 0.22 m, i.e. more than 50 % of its total height. Hence, 

the block may be considered ejected from the surrounding rock mass. 
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Figure 9. Pressure signals and uplift heights of a protruding rock block at a 

bridge pier. 
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CONCLUSIONS 

The present application of the Comprehensive Scour Model (CSM, Bollaert 

2002) to plucking of fractured rock at bridge piers has allowed simulating the 

potential movements of a single rock block by direct coupling of flow turbulence and 

stream power inside the forming scour hole with transient pressure pulses generated 

underneath the blocks at the bottom of the hole. 

The hydraulic action on the blocks is automatically adapted during formation 

and growth of the scour hole. Both the ultimate scour depth and the scour threshold 

velocity are determined as a function of the shape, dimensions and protrusion of the 

rock block, of the average upstream river bed slope and of the angle of the rock joints. 

Comparison with previous research on rock block uplift points out the 

importance of turbulent pressure fluctuations on rock block uplift. Also, block 

protrusion was found to significantly enhance quasi-steady uplift forces on the blocks. 

For a large range of block shapes and protrusions and for different approach 

flow conditions (bottom slopes, stream power), the critical block uplift velocity and 

the ratio of the ultimate scour depth to bridge pier diameter have been determined. 
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