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Abstract The coherent turbulent flow around a single circular bridge pier and its effects on
the bed scouring pattern is investigated in this study. The coherent turbulent flow and associ-
ated shear stresses play a major role in sediment entrainment from the bed particularly around
a bridge pier where complex vortex structures exist. The conventional two-dimensional quad-
rant analysis of the bursting process is unable to define sediment entrainment, particularly
where fully three-dimensional flow structures exist. In this paper, three-dimensional octant
analysis was used to improve understanding of the role of bursting events in the process of
particle entrainment. In this study, the three-dimensional velocity of flow was measured at
102 points near the bed of an open channel using an Acoustic Doppler Velocity meter (Micro-
ADV). The pattern of bed scouring was measured during the experiment. The velocity data
were analysed using the Markov process to investigate the sequential occurrence of bursting
events and to determine the transition probability of the bursting events. The results showed
that external sweep and internal ejection events were an effective mechanism for sediment
entrainment around a single circular bridge pier. The results are useful in understanding scour
patterns around bridge piers.
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1 Introduction

The problem of local scouring around a bridge pier has received much attention, due to the
possibility of severe damage occurring to the bridge during flood events [1–4]. The flow
around a bridge pier is fully three-dimensional, comprising a complex vortex motion [5–10].
The mechanism of local scouring around bridge piers is basically the result of the down flow
direction upstream of the pier and vortex generation at the bed. The down flow impacts on
the bed material and creates a scour hole in the vicinity of the pier [6,8,10–13]. Figure 1a
shows the down flow mechanism, vortices and scouring pattern around a circular bridge pier.
The upstream vortex is called a horseshoe vortex and is highly effective for movement of
sediment particles away from the pier. In addition to the horseshoe vortex, there are wake
vortices downstream of the pier, which are shed sequentially from one side to other side
of the pier (Fig. 1b, c). Both the horseshoe vortex and the wake vortices are responsible
for entrainment of sediment particles from the bed [6,14]. As a result, a scouring process
gradually develops around the pier whereas sediment deposition occurs further downstream

Fig. 1 a Flow mechanism and scour pattern around a circular bridge pier [2], b flow image (Tsutsui 2002)
and c horseshoe vortex system (Tsutsui 2002)
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Fig. 2 a Quadrant analyse of
two-dimensional velocity
fluctuations. b Three-dimensional
view of two classes of bursting
events and eight associated
orthogonal zones [17]
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of the pier. In most of the previous studies attention has been paid to develop scour–depth
relationships, rather than to assess how coherent turbulent flow affects the mechanism of
local scouring. In order to define the scouring mechanism, the turbulent flow field must be
understood before the bed scouring process.

The inherent temporal organization of bursting events consists of the movements from
one situation to another with time. The bursting phenomena are quasi-periodic organized
processes which occur randomly in time and place in the quadrant zones presented in Fig. 2a
[15]. The situation of bursting events at any particular time is very important for particle
entrainment and produces local intermittent erosion and deposition. The study by Hussain
[16] showed that a coherent structure is a large conglomeration of turbulent eddies which
has a fundamental sense of rotation and the bursting processes are the evolution of coher-
ent turbulent flow structures during their birth, growth and successive breakdown. Thus,
the bursting events are spatio-temporal in nature and quadrant analysis of two-dimensional
velocity fluctuations may reduce the resolution of the results.

According to quadrant analysis of the bursting process, ejection events are associated with
low speed fluid moving from the boundary layer into the main flow, extending the turbulent
shear layer towards the water surface. Sweep events represent high speed fluid motion from
the main flow into the boundary layer with a downward direction [18–21]. Therefore, close to
the bed, sweeps produce several small-scale eddies created in the strong turbulent shear layer
[22]. Outward interaction events produce high velocity pulses from the boundary into the
main flow towards the water surface and in the direction of flow, whereas inward interactions
generate low velocity pulses from the main flow into the bed in a direction opposite to the
main flow direction [21].

Thorne et al. [23], Townsend [24] and Nezu and Nakagawa [25] used quadrant analysis
of the bursting process and have shown that the time fraction of sweep and ejection events is
more than that of outward and inward interactions. Therefore, the different bursting events
have different influences on the mode and rate of sediment transport [26]. Keshavarzi and Ball
[27] pointed out that in sweep events, the average magnitude of the shear stress is more than

123



824 Environ Fluid Mech (2014) 14:821–847

two times that of the overall time averaged shear stresses. Nakagawa and Nezu [28], Grass
[29], Nychas et al. [30], Offen and Kline [18] found that sweep events become more impor-
tant than ejection events with increasing bed roughness. Furthermore, Keshavarzi et al. [31]
investigated the dominant bursting events and the flow structure over ripples in the bed of a
channel and they found that downstream of the second ripple, bursting events were dominant
in quadrants 1 and 3 whereas upstream of the ripple, they were dominant in quadrants 2 and 4.
Their results also showed that the occurrence probabilities of sweep events along the channel
bed are in phase with the bed forms, whereas those of ejection events are out of phase with
the bed forms. To define the stochastic nature of the bursting process and sequential occur-
rence of bursting events, Keshavarzi and Shirvani [32] defined three organized movements
in sequential time series occurrence of bursting process and found that stable organizations
is the most probable events. Therefore, in this study, the stable transition probability of the
bursting events and their effect on bed scouring were investigated in this study.

In general, using quadrant analysis for open channel flow, the sweep event was found to
be an important event for entrainment of particles from the bed surface. The studies by, for
example, Thorne et al. [23], Nelson et al. [33], Drake et al. [34], Keshavarzi and Ball [35]
and Cuthbertson and Ervine [36], investigated 2-D quadrant analysis of the bursting process
and indicated that close to the bed most of the sediment entrainment occurs during sweep
events. In particular, Marchioli and Soldati [37], and Dwivedi at al. [38,39] found that coarse
sediment particles were entrained during sweep events.

However, the flow around bridge piers is fully 3-D, hence 2-D analysis of the bursting
process cannot clearly define the entrainment process. Therefore, the technique used in this
study provides more resolution to the effect of transverse velocity fluctuations in the entrain-
ment process. Using the above technique, the sweep events were categorized into external
and internal zones depending on the sign of the transverse velocity fluctuations. In this study,
the flow around one single column circular bridge was investigated. The bridge pier produces
a contraction to the flow and diverts flow from the centreline of the flow to the sides of the
flume. Therefore, the flow diverted to the sides may also contribute a component of external
ejection to the entrainment process.

The studies by Keshavarzi and Gheisi [17] also showed that two-dimensional analysis of
bursting analysis is unable to define entrainment process when there is fully three-dimensional
flow in nature. They developed a method of three-dimensional octant analysis to account the
effect of secondary flow. In this study, to investigate the coherent turbulent flow structure
around bridge pier, the above technique was used to analyse measured experimental velocity
data.

The classifications of bursting events were performed based on the sign of the velocity
fluctuations in three dimensions. The velocity fluctuations are defined by:

u′ = ui − u, v′ = vi − v and w′ = w − w (1)

where

u = 1

n

n∑

i=1

ui , v = 1

n

n∑

i=1

vi and w = 1

n

n∑

i=1

wi . (2)

The u′ and v′ and w′ are the velocity fluctuations or deviation of velocity from the time-
averaged velocity at a point in the flow, in the streamwise (x), vertical (z) and transverse
(y) directions (Fig. 2b). The ui , vi and wi are the instantaneous velocities and ū, v̄ and w̄

are the temporal averaged velocities in the streamwise, vertical and transverse directions,
respectively, and n is the number of instantaneous velocity samples.
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Table 1 Three-dimensional
analysis of bursting events
(Group A and Group B for left
side of channel)

Classes of bursting evens in
Group A

Sign of fluctuating velocities

u′ v′ w′

Class I-A (internal outward
interaction)

+ + +

Class II-A (internal ejection) − + −
Class III-A (internal inward

interaction)
− − −

Class IV-A (internal sweep) + − +

Classes of bursting evens in
Group B

Sign of fluctuating velocities

u′ v′ w′

Class I-B (external outward
interactions)

+ + −
Class II-B (external ejection) − + +

Class III-B (external inward
interaction)

− − +

Class IV-B (external sweep) + − −

As presented in Table 1, the three-dimensional bursting process is classified into internal
(Class A) and external (Class B) events. The definitions of the eight orthogonals into internal
and external events are based on diagonal, rather than side-by-side boundaries.

Based on the above classification, the bursting events are classified into eight orthogonal
zones of the events as:

(i) Internal outward interaction or class I-A, (u′ > 0, v′ > 0, w′ > 0);
(ii) Internal ejection or class II-A, (u′ < 0, v′ > 0, w′ < 0);

(iii) Internal inward interaction or class III-A, (u′ < 0, v′ < 0, w′ < 0);
(iv) Internal sweep or class IV-A, (u′ > 0, v′ < 0, w′ > 0);
(v) External outward interaction or class I-B, (u′ > 0, v′ > 0, w′ < 0);

(vi) External ejection or class II-B, (u′ < 0, v′ > 0, w′ > 0);
(vii) External inward interaction or class III-B, (u′ < 0, v′ < 0, w′ > 0); and

(viii) External sweep or class IV-B, (u′ > 0, v′ < 0, w′ < 0).

These are shown schematically in Fig. 2b.
The difference between internal and external sweep events can be recognized through

3-D vortex rotations. The secondary flow at each cross section induced by flow velocity in
the transverse direction is not negligible in three-dimensional flow. As a result two vortices
exist that rotate in clockwise and anticlockwise directions (Fig. 1b, c). The internal sweep
vortex rotates in the clockwise direction, while the external sweep event rotates in the anti-
clockwise direction. Thus the two vortices move sediment particles in different directions.
In two-dimensional quadrant analysis of the bursting process, there is no distinction between
clockwise and anticlockwise vortex motion.

The importance of this study is that most of the previous studies focused on two-
dimensional quadrant analysis of fluctuating velocities in open-channel flow, whereas the
flow structure in rivers and natural channels are three-dimensional coherent turbulent struc-
tures. Therefore, the velocity in the transverse direction could not be neglected, inducing a
secondary circulating flow at the cross section. The developed method of three-dimensional
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octant analysis enables the effect of secondary flow to be taken account of. In this paper,
to investigate the coherent turbulent flow structure around bridge piers, experiments were
conducted with the intention of obtaining the contribution of eight different bursting events.

Therefore, the three-dimensional analysis of bursting processes was used to find the charac-
teristics of turbulent flow around a single bridge pier. The turbulent flow characteristics of the
eight bursting events around a single circular bridge pier are investigated in association with
the corresponding scouring pattern. The importance of internal and external bursting events on
sediment particles movement and their relations with bed scouring are presented in this paper.

2 Experimental setup

The experiments were performed in a flume of 15 m long, 0.7 m wide and 0.6 m deep.
The bed of the flume was filled to a depth of 120 mm with a uniform sand of median size
D50 = 0.63 mm . A cylindrical bridge pier of diameter 50 mm was installed at the centre of
flume. The coordinates of the pier location are x = 0, y = 0 as they are shown in all drawings.
The position x = 0 is the centre of pier and y = 0 is the centre line of the flume. The ratio of
the flume width to pier diameter was 14, such that any side wall effects were eliminated [5].
The ratio of pier diameter to sediment size was 79, such that sediment size effects were also
not present [40].

The experiments, which were carried out under two different conditions (fixed bed and
movable bed), were: (a) Test 1 (Fixed bed) with flow rate = 13.6 l/s, flow depth = 160 mm,
mean velocity = 0.12 m/s, Froude number = 0.096 and Reynolds number = 19,360 and
(b) Test 2 (Movable bed) with flow rate = 25 l/s, flow depth = 97 mm, mean velocity =
0.377 m/s, Froude number = 0.368 and Reynolds number = 35,714.

The sandy surface meter (WH-406) was used to measure the bed profile and bed scouring
pattern around the bridge pier. The scouring was measured at the end of each experimental
test along lines A, B and C from upstream to downstream of the pier after achieving the
equilibrium condition (Fig. 3a, b). The scoured bed profiles along lines A, B and C are shown
in Fig. 4a, where the zero level is the floor of the flume and 120 mm is the top level of
the sediment layer. Maximum scouring depth can be seen at line A at location about 40 mm
upstream which is consistent with previous studies [2,12]. To compare the bed elevation with
other flow characteristics in the next sections, the contour plot of bed topography is presented
in Fig. 4b. The blue colour is the lowest bed elevation where maximum scouring hole occurred
and red colour is the highest bed elevation with minimum scouring. The water surface inside
the flume was controlled using a downstream gate. A pre-calibrated V-Notch weir installed
at the downstream end of the flume with an electromagnetic flow meter installed in the inlet
pipe were used to measure the accuracy of flow rate during the tests.

2.1 Three-dimensional velocity measurement

The velocity fluctuations in the flow were measured to an accuracy of +/− 0.1 m/s at a
frequency of 50 Hz in three dimensions using a down-looking Acoustic Doppler Velocity
meter (Micro-ADV) [41]. The duration of sampling at each point of flow was 120 s, such
that 6,000 data samples were captured for each velocity component. The velocities were
measured at 102 different nodal points, as shown in six different lines in Fig. 3b. After
achieving equilibrium conditions, the ADV probe was set at 65 mm above the bed and the
velocities were measured in a control volume located at height 15 mm layer above the bed.
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Fig. 3 Coordinate systems a lines of measurement for the bed topography and velocity and b nodal points of
the velocity measurement

The Micro-ADV uses the sound technique to measure the velocity of small particles in the
water. The ADV sensor consists of one transmitting transducer and three receiving transducers
mounted at 120◦ azimuth intervals and operates on a pulse-to-pulse coherent doppler shift to
measure three-dimensional velocity components. The advantages of using an ADV are that it
is capable of measuring three-dimensional velocity components simultaneously, it introduces
minimal disturbance to the flow because the sampling volume is 5 cm down from the probe
and no calibration is required.

To capture accurate data, the water salinity and temperature were checked during the
experiments since the accuracy of the Micro-ADV measurements is acceptable (±0.1 mm/s
in full scale) if the two above parameters are correctly determined. The water temperature
was measured frequently during the experimental tests and entered into the data acquisition
software if any change in water temperature was observed.

To control the accuracy of velocity data, two key parameters, signal to noise ratio (SNR)
and correlation coefficient (COR), should be checked. The best ranges of SNR and the COR
for reporting good velocity data are greater than 15 dB and 70 %, respectively. In the present
experiments, all the reported SNR and correlations were checked at the beginning of each
experiment and found to be within the acceptable ranges [41]. The recorded average SNR
values ranged from 24 to 26 with the COR 82–98.
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Fig. 4 a Scour profile around bridge pier and along lines A, B and C, b contour plot of bed elevation around
the bridge pier

The noise in Micro-ADV data is the spikes produced by the phase shift ambiguities
between the transmitting and receiving pulses. A spike may be produced when the flow
velocity exceeds the upper limit of the ADV probe velocity range, or when there is contam-
ination from previous pulses reflected from the boundaries, or when there is highly aerated
turbulent flow. To remove noise, the output data from the ADV were filtered using the Phase
space threshold despiking filtering. This filter was first suggested by Goring and Nikora [42]
and it has implemented in the WinADV Software [43].

3 Results and discussions

In the present study, three-dimensional analyses of the bursting process are used to classify
the bursting events [17]. The transition probabilities, occurrence probabilities and inclination
angles of three-dimensional bursting events are presented. Then, the measured turbulent flow
characteristics, scouring profile, contours of bed topography, kinetic energy, and Reynolds
shear stress at different locations upstream and downstream of the pier are discussed.

3.1 Flow characteristics upstream and downstream of the bridge pier

Turbulent kinetic energy of the flow is computed as:

TKExyz = 1

2

(
u′2 + v′2 + w′2

)
(3)
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Fig. 5 Variation of TKE in longitudinal profile for movable bed

where TKExyz is total turbulent kinetic energy of the flow in three dimensions. The magnitude
of turbulent kinetic energy for each individual direction was computed for comparison with
total turbulent kinetic energy. For the movable bed experiment, the variations of the TKE
in x, y and z directions with the total kinetic energy TKExyz are presented in Fig. 5 for
different lines (A–F) from upstream to downstream of the bridge pier. The results indicate
that TKE varies significantly from upstream to downstream of the pier. At lines A, B and
C, the maximum magnitude of TKE is observed at upstream locations where maximum
scouring depth occurred (Fig. 4). Therefore, the TKE results are consistent with longitudinal
bed scouring for lines A, B and C. At lines E and F which are more distant from the centreline,
maximum TKE occurs downstream of the pier.

To compare the contribution to the TKExyz of different velocity fluctuations (u′, v′ and
w′ in x, y and z directions, respectively), average turbulent energy for each line (A–F) is
presented in Fig. 6a, b and Table 2, for locations upstream and downstream of the pier,
respectively. Comparing the magnitude of TKE in each direction with TKExyz, it can be
concluded that the maximum value of TKExyz occurred upstream of the pier. The TKE
at each flow direction upstream of pier varies significantly from centreline to the side wall,
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Fig. 6 Averaged longitudinal TKE for upstream and downstream of the pier

however for downstream of the pier, no significant changes for TKE was found. From Table 2,
maximum percentage of contribution was found for transverse velocity at location upstream
of the pier which is twice the contribution of streamwise direction. Downstream of the pier,
again the contribution of transverse velocity direction is higher than streamwise and vertical
directions. The contribution of vertical flow direction into total kinetic energy is low when
comparing to streamwise and lateral directions. Therefore, it can be speculated that the
effect of transverse velocity direction on sediment entrainmnet is higher than streamwise and
vertical velocity directions at upstream and downstream of the pier. Based on the above results,
the effect of transverse velocity fluctuations can not be neglectted into bursting analysis for
the flow around bridge pier.

Contour lines of TKExyz are presented in Fig. 7a. At the locations where the streamwise
velocity is sharply diverted in the transverse direction, a high shear layer will be created
[9,44]. At such locations, the flow is highly turbulent, for example the blue area in Fig. 7a
and high magnitudes of TKE are expected, for example the red area in Fig. 7b [9]. Comparing
Reynolds shear stress and turbulent kinetic energy upstream of the pier for the red and blue
areas, a steep gradient of shear stress and turbulent kinetic energy is apparent. Similar results
were found for lines A, B and C upstream of the pier as the magnitudes of TKExyz are
high in those locations. The high magnitudes of shear stress are located in highly turbulent
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Table 2 Turbulent kinetic energy of flow for upstream and downstream of pier for movable bed

Lines Locations TKEx % contribution TKEy % contribution TKEz % contribution TKExyz

A U/S 17.32 30.27 34.29 59.95 5.61 9.81 57.22

B U/S 21.34 29.21 45.49 62.27 6.23 8.52 73.06

C U/S 23.50 28.07 52.97 63.26 7.26 8.67 83.74

D U/S 12.99 32.60 21.38 53.67 5.47 13.73 39.85

E U/S 7.65 40.16 10.14 53.26 1.25 6.59 19.04

F U/S 7.79 45.41 8.38 48.90 0.98 5.71 17.15

Average 34.29 % 56.88 % 8.84 %

A D/S 15.58 34.62 20.59 45.77 8.83 19.62 45.00

B D/S 15.68 36.44 17.96 41.74 9.39 21.82 43.03

C D/S 15.15 40.22 13.69 36.34 8.83 23.44 37.67

D D/S 14.64 38.06 14.60 37.96 9.23 23.98 38.47

E D/S 14.92 36.95 15.65 38.77 9.79 24.26 40.37

F D/S 15.06 42.27 11.87 33.31 8.70 24.42 35.63

Average 38.09 % 39.00 % 22.93 %

zones and being negative in sweep or ejection zones. The above results are consistent with
the observation of horseshoe vortex oscillation around bridge pier [45–47]. Therefore, it
can be concluded that moving from one point to another in the transverse direction, the
flow situation differs significantly due to fully three-dimensional vortex rotations. The scour
pattern (Fig. 4b) confirms that higher bed elevation occurred where minimum shear stress
and kinetic energy are measured. In this study, to investigate the spatio-temporal variation
of flow characteristics, at a higher resolution, three-dimensional decomposition of bursting
events was used.

3.2 Three-dimensional decomposition of bursting events

All of the previous studies for example [15,23,30–35,38,39,48–51] focused on quadrant
analysis of two-dimensional velocity fluctuations for different boundary conditions in open-
channel flow. However, the flow structure in rivers and natural channels are coherently struc-
tured in three dimensions particularly where an obstruction is placed into the flow. The
velocity in the transverse direction cannot be neglected, because it can induce significant
secondary circulation. Referring to Fig. 1b, c, the two vortices rotating in the clockwise and
anticlockwise directions cause aggradation and degradation at the bed [6]. For this study, the
method developed by Keshavarzi and Gheisi, [17] was used to classify the three-dimensional
bursting events.

Esfahani and Keshavarzi [52,53] and Liu and Bai [54] used the above concept and tech-
nique to understand the mechanism of the bursting process in a meandering channel. They
found that the above technique provided more resolution to the understanding of coherent
flow structures and their influences on sediment entrainment in meanders.

Based on the above technique, the events are classified into two clusters including eight
orthogonal zones which are occurring temporally in spatial zones of 1, 2, 3,…,8, respectively.
Classification of the clusters is based on sign of the velocity fluctuations in streamwise,
vertical and transverse directions (Table 1). Cluster A indicates the group of events in which
their deflections are towards the internal or centreline direction and cluster B indicates the
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Fig. 7 Turbulent flow characteristics for movable bed: a Turbulent Kinetic Energy, b Reynolds shear stress

group of events in which their deflections are away from centreline and towards the side-
walls of the channel. Hence, each cluster of the bursting event consists of four types of the
events including four internal events in cluster A and four external events in cluster B. Table 1
presents the internal and external events for flow at left side of the channel. For the right side
of the channel the direction of transverse velocity fluctuation is mirrored (Fig. 3a). Therefore,
for any point in the flow, eight different bursting events are defined here. The eight different
types of bursting events and their associated flow characteristics have different influences on
sediment particle entrainment from the bed of channel, and in particular around the bridge
pier.

3.3 Inclination angle of the bursting events near the bed

The magnitude of forces applied to sediment particles at the bed is highly dependent on
the inclination angle of the three-dimensional velocity fluctuations of the flow. Knowing
the angle of attack of the bursting events is useful in understandingthe process of sediment
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particle entainment from the bed [26,52,53,55]. In this section, the inclination angles of the
eight orthogonal zones are presented for the fixed and movable bed experiments.

The inclination angle of the turbulent shear stress can be determined from

θi =
∣∣∣∣∣arctan

(
w′

√
u′2 − v′2

)∣∣∣∣∣ (4)

where θi is angle of attack in the bursting class i from the horizontal plane, and u′, v′ and w′
are fluctuating velocities in the streamwise, vertical and transverse directions, respectively.
The inclination angle helps to find the direction of particle movements at the bed. Using
Eq. (4) the inclination angle of bursting events in the eight orthogonal zones were computed
for locations upstream of the pier and are presented in Figs. 8 and 9 for fixed and movable bed
experiments, respectively. The results for the fixed bed experiment show that at a location
200 mm upstream of the pier, the inclination angles for internal ejection, internal sweep and
external sweep events are higher than for outward and inward interactions. Hence, the stable
sweep and ejection events apply forces at similar angles but in oposite directions, and it may
be concluded that homogenous three-dimensional turbulence exists at this location. For the
movable bed, at a location 40 mm upstream of the pier, where maximum scour occurred, the
inclination angles for II-A, II-B, IV-A and IV-B are high, whereas for the outward and inward
interactions, the maximum inclination angle is shifted to upstream locations. Additionally,
for movable bed experiments, the results indicate that the angle of attack is larger than that
for a fixed bed. Therefore, the magnitude of inclination angles for stable sweep and ejection
events are higher than for other events particularly 40 mm upstream of the pier. As a result,
the sediment entrainment regions are correspondingly correlated with the high magnitudes
of inclination angles towards the bed.

3.4 Occurrence probability of the bursting events near the bed

The time fraction or occurrence probability of the eight orthogonal zones were computed
based on the three velocity fluctuations. The time fraction of each event is necessary to
calculate the occurrence probability of each event with respect to the sediment entrainment
function. To estimate the probability of occurrence for each event, Keshavarzi and Gheisi
[17] proposed the following equation:

Pk = nk

N
(5)

N =
8∑

k=1

nk k = 1, 2, 3, 4, 5..., 8 (6)

where Pk is the occurence probability of each bursting event, nk is the number of events in each
class and N is the total number of bursting events. Using the above equations, the occurrence
probabilities for the eight different bursting events were computed for locations upstream
of the pier and are shown in Figs. 10 and 11 for the fixed and movable bed experiments,
respectively.

The occurrence probabilities of the events at a location 40 mm upstream of the pier are 9,
16, 15, 9, 15, 9.5, 9.5 and 16%, respectively for I-A, II-A, III-A, IV-A, I-B, II-B, III-B and
IV-B events (Fig. 10a–f). The highest occurrence probabilities are for II-A and IV-B events.
The lowest occurrence probabilities are for I-A, IV-A, II-B and III-B events. For movable
bed experiments, at the location where the maximum bed scouring occurred (Fig. 4a, b), the
occurrence probabilities of the eight orthogonal zone are 6, 18, 8, 18, 8, 12, 7, and 24%,
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Fig. 8 The inclination angle of eight bursting events for fixed bed: a I-A, b II-A, c III-A, d IV-A, e I-B, f
II-B, g III-B and h IV-B

respectively for I-A, II-A, III-A, IV-A, I-B, II-B, III-B and IV-B events (Fig. 11a–f). The
results indicate that events II-A, and IV-B produced high occurrence probabilities, these
contributing to the Reynolds shear stress at the bed and being consistent with the results for
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Fig. 9 The inclination angle of eight bursting events at movable bed: a I-A, b II-A, c III-A, d IV-A, e I-B, f
II-B, g III-B and h IV-B

the movable bed. The lowest occurrence probabilities are found for I-A, III-A, I-B and III-B
events. The above results demonstrate a high occurrence probability of three-dimensional
bursting events inducing sediment movement.
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Fig. 10 The occurrence probability of eight bursting events at fixed bed: a I-A, b II-A, c III-A, d IV-A, e I-B,
f II-B, g III-B and h IV-B

Occurrence frequency is the time fraction of the bursting events, as is highlighted by many
previous researchers. For example, in octant analysis of the bursting process, eight occurrence
probabilities of bursting events were recognized. However, the transition probabilities in
octant analysis are categorized in 64 divisions (Fig. 12). Each division is the probability
of movement from one state to another. It remains in one state or moves to another. The
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Fig. 11 The occurrence probability of eight bursting events at movable bed: a I-A, b II-A, c III-A, d IV-A, e
I-B, f II-B, g III-B and h IV-B

occurrence probability does not consider the flow behaviour when it moves from one state to
another. Therefore, occurrence probability itself cannot define the situation of bursting events.
Transition probability provides information about the movement as well as the occurrence
of the bursting events.
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P1⇒1 P1⇒2 P1⇒3 P1⇒4 P1⇒5 P1⇒6 P1⇒7 P1⇒8

P2⇒1 P2⇒2 P2⇒3 P2⇒4 P2⇒5 P2⇒6 P2⇒7 P2⇒8

P3⇒1 P3⇒2 P3⇒3 P3⇒4 P3⇒5 P3⇒6 P3⇒7 P3⇒8
P(I)= P4⇒1 P4⇒2 P4⇒3 P4⇒4 P4⇒5 P4⇒6 P4⇒7 P4⇒8

P5⇒1 P5⇒2 P5⇒3 P5⇒4 P5⇒5 P5⇒6 P5⇒7 P5⇒8

P6⇒1 P6⇒2 P6⇒3 P6⇒4 P6⇒5 P6⇒6 P6⇒7 P6⇒8

P7⇒1 P7⇒2 P7⇒3 P7⇒4 P7⇒5 P7⇒6 P7⇒7 P7⇒8

P8⇒1 P8⇒2 P8⇒3 P8⇒4 P8⇒5 P8⇒6 P8⇒7 P8⇒8

Fig. 12 Transition probability matrix of eight bursting events

3.5 Transition probability of three-dimensional bursting events

The probability of movement from a zone to the next zone with time is the focus of this
study. It is assumed that in time step (ti ) in which i = 1 . . . n, one event occurs in one
of eight octant zones. The occurrence probability of an event after one time step (ti+1) in
the same zone, or in another zone can be determined using conditional probability analysis.
Here, the conditional probability analysis was done using measured experimental data in
statistical analysis; therefore it is called empirical conditional probability. At an instant of
time, a discrete random variable represents an event in one of the eight octant zones I-A, II-A,
III-A, IV-A, I-B, II-B, III-B and IV-B. A change in the situation or state of a time series event
is defined as movement and can be investigated using the Markov process. A Markov process
is governed by a set of probabilities, called transition probabilities. To investigate the state of
bursting events, the organization of coherent turbulent flow was examined using an analysis
of the transition probability, which is determined by conditional probability analysis [32].

With the application of the maximum likelihood estimators, the transition probabilities of
first order Markov chain can be computed for time series of experimental data. A first order
Markov process defines the current situation based only on the immediate past situation and
can be expressed as:

pr {st+1 |st , st−1, ..., s1} = pr {st+1 |st } (7)

According to this concept, the probability of the next situation depends on the current situa-
tion, but it does not depend on the particular way that the model system arrived at the current
situation. To find the transition probabilities of the movement of an event from one zone at
time (t) to the next zone at time (t + 1), the following equation is used;

Pi→ j = ni→ j

ni
i, j = 1.........8 (8)

In Eq. (8), Pi→ j is the movement probability of events from zone i at time (t) to zone j at
time (t +1), ni→ j is the number of movements of events in this way, and ni is the number of
events in the time series in zone i followed by another event. Based on the above concept, the
probability of moving to the next state depends only on the current state, and does not depend
on the way that the model system arrived at the current state. Here, transition probability is
applied to find the probability of movement from one zone to another zone and, hence, 64
probable movements of three-dimensional bursting events are found. Figure 12 shows the
matrix of transition probabilities for three dimensional bursting events.

Considering the matrix of transition probability, three specific possible movements
were determined for two-dimensional quadrant analysis of bursting events [32]. For three-
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dimensional analysis of the bursting process the organized coherent structures are classified as
marginal movement, cross movement and stable movement: Marginal movement is defined
as the marginal or lateral movement of bursting events that may occur if an event moves to the
neighbouring zones, for example, zones I-A ↔ I-B, I-A ↔ II-B and I-A2 ↔ IV-A (Fig. 2b).
Compared to other organizations, these movements are relatively weak. Cross movement
is the transition between the crossed zones, for example between zone I-A ↔ III-A and
I-A ↔ III-B (Figure 2b). This organization is the weakest organization when compared to
other movements. Stable movement occurs when an event in time step ti and ti+1 stays in the
same zone (Fig. 2b). The stable transition probabilities of the internal and external events are
defined as P(i j), where i = j . For example, the stable transition probabilities of internal and
external sweep events are P(i = IV-A, j = IV-A) and P(i = IV-B, j = IV-B), respectively.
Therefore, the event has stability in transition due to stability in its situation and it does not
have a tendency to move to the other zones.

The computed 64 transition probabilities of bursting events are listed in Table 3 for mea-
sured experimental data at two locations downstream of the pier. The results in Table 3
indicate that the probability of stable organization is higher than others. In other words, when
an event occurs at time step ti in one of the zone, the probability of the event to stay in the
same zone at time step ti +1 is higher than other organizations. The transition probabilities of
I-A ⇒ I-A, II-A ⇒ II-A, III-A ⇒ III-A, IV-A ⇒ IV-A, I-B ⇒ I-B, II-B ⇒ II-B, III-B ⇒
III-B and IV-B ⇒ IV-B are higher than other movements. The above results are in agreement
with the reported transition probabilities in previous studies [17,52,53]. Additionally, at line
B for the location 65 mm downstream from the pier, the maximum transition probabilities
of (P(i j) = 65.7, 61.2 %) were found for zones II-A ⇒ II-A and IV-B ⇒ IV-B, respec-
tively (highlighted in italic). At Line C for location 65 mm downstream, maximum values of
transition probability were found to be 68.1 and 66.8 % for II-A ⇒ II-A and IV-B ⇒ IV-B,
respectively (highlighted in italic). The transition probabilities for other movements are very
low when compared with the stable transition probabilities. Therefore in this study, only the
variation of stable transition probabilities and their relevance on sediment entrainment are
investigated.

The variation of stable transition probabilities for eight zones are shown in Fig. 13a–c for
lines A, B and C, respectively. The results in Fig. 13a–c indicate that the transition probability
values for II-A and IV-B are higher than those for the other zones. Additionally the average
transition probabilities in the transverse direction are presented in Fig. 14 for fixed bed and
movable bed. The results indicate that the transition probabilities for II-A and IV-B are higher
than other events from upstream to downstream of the pier. In Fig. 15, the comparison of the
average transition probabilities at upstream of the pier are shown for fixed and movable beds.
In Figs. 14 and 15b, the locations in which stable events occur with approximately similar
transition probability are areas with isotropic turbulence region [53,56].

3.6 Transition probability of bursting events and sediment movement

In this study, new insights using three-dimensional behaviour of turbulent flow around bridge
piers in open channels are investigated. The important implementation challenge with using
three-dimensional analysis of bursting events is seeking the probability that a sediment par-
ticle will move around a bridge pier in the next time step given the current condition. To
address this challenge, the transition probability of a bursting event must be determined. An
important question here is how stable events are distributed within the flow around the bridge
pier respective to the bed scouring pattern. Additionally, there is always a question that, if at
a particular time step, the bursting event is in a particular zone, what is the situation at the
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Table 3 The transition probability matrix of eight bursting events along lines B and C downstream of pier

(I-A) (II-A) (III-A) (IV-A) (I-B) (II-B) (III-B) (IV-B) Sum
t + �t t + �t t + �t t + �t t + �t t + �t t + �t t + �t

Line B (65mm)
(I-A)t 51.9 17.6 4.4 14.0 7.2 1.6 0.3 2.8 100

(II-A)t 12.0 65.7 13.0 3.7 0.8 3.5 0.6 0.6 100

(III-A)t 2.0 15.1 57.6 12.9 0.3 1.8 7.4 2.9 100

(IV-A)t 9.7 3.7 14.1 45.8 3.7 0.5 4.9 17.4 100

(I-B)t 6.5 2.5 0.5 2.4 57.8 13.6 2.6 14.0 100

(II-B)t 3.1 15.4 1.3 0.7 14.9 49.6 10.9 4.1 100

(III-B)t 1.2 2.9 7.3 2.7 5.9 14.3 51.1 14.7 100

(IV-B)t 0.8 0.6 1.6 5.6 14.1 4.7 11.3 61.2 100

Line C (65mm)

(I-A)t 46.6 17.5 4.9 17.5 7.4 1.9 0.5 3.5 100

(II-A)t 10.3 68.1 14.2 3.2 0.8 2.0 1.0 0.4 100

(III-A)t 3.4 19.7 53.2 11.0 0.3 1.7 8.2 2.5 100

(IV-A)t 13.0 5.2 13.6 40.7 2.4 0.8 4.8 19.6 100

(I-B)t 6.2 2.9 0.4 2.6 54.8 13.0 2.0 18.0 100

(II-B)t 2.9 17.3 3.3 1.5 12.4 48.1 11.7 2.9 100

(III-B)t 0.5 4.0 6.5 1.9 3.5 17.2 49.4 17.0 100

(IV-B)t 1.4 0.1 1.4 3.2 13.8 3.8 9.6 66.8 100

next time step. A sweep event may be followed by an inward interaction event or another
sweep event. The question is that which of these subsequent events have a greater effect of
sediment entrainment.

To compare transition probabilities distribution with the scouring pattern around a bridge
pier (Figure 4b), the contour lines of transition probabilities of eight bursting events for fixed
bed and the scoured bed are presented in Figs. 16 and 17, respectively. In Figs 16 and 17,
only the information for a strip of 100 mm is presented. The pattern of the information in
Figures 16 and 17 shows an organized distribution of transition probabilities. For the fixed
bed (Fig. 16), the eight events have approximately the same transition probabilities from
−300 to −150 mm. However, a high gradient of transition probabilities was observed from
−150 to 0 mm, where the horseshoe vortex and down flow occur [11,14,57]. Close to the
pier, where the down flow is strongest, there exists a high gradient of transition probabilities
for internal sweep, external sweep and internal ejection events (Figs. 16a–c, 17a–c). The
patterns of transition probability for internal outward interaction events (Fig. 16e) appears
to only have a minor role in sediment entrainment as those forces result in the force vector
being directed towards the water surface [20]. The high value of transition probabilities
for the internal and external inward interaction events (Fig. 16g) indicate a backward flow
mechanism which appears to not be effective for particle entrainment as the force vectors
is directed opposite to the mean flow direction. Figure 17a–c indicate that internal sweep
and external sweep events direct the flow towards the bed and can thereby entrain sediment
particles. The internal sweep is directed towards the centreline of the flume, thus increasing
the scour activity near the pier, while the external sweep moves particles away from the
centreline towards the side walls (Figs. 17 a, b and 1b). The internal ejection also moves
sediment particles away from the scour hole (Fig. 17c). Comparing the pattern of transition
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Fig. 13 Transition probabilities of eight stable zones at a line A, b Line B and c Line C

probabilities for internal and external sweeps, consistency can be found with the scouring
pattern. The effect of external outward interaction (Fig. 17f) may be misinterpreted as it is
directed parallel to the streamwise flow direction and therefore needs to be investigated in
more detail.

In Fig. 17a–h, the maximum transition probabilities were external sweep and internal ejec-
tion events with probabilities of 66 and 68 %, respectively, while the transition probabilities
of internal sweep and external ejection events are 50 and 56 %, respectively. The results are
in agreement with the findings from fixed bed experiments. Hence it can be concluded that

123



842 Environ Fluid Mech (2014) 14:821–847

0

10

20

30

40

50

60

70

80

-200 -100 0 100 200 300

x(mm)

T
ra

ns
it

io
n 

P
ro

ba
bi

lit
y 

(%
)

I-A=>I-A
II-A=>II-A
III-A=>III-A
IV-A=>IV-A
I-B=>I-B
II-B=>II-B
III-B=>III-B
IV-B=>IV-B

Fig. 14 Average stable transition probabilities in transverse direction for eight stable events for movable bed
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Fig. 15 Averaged transverse stable transition probabilities in upstream of pier for a fixed bed and b movable
bed

the internal sweep pushing force towards bed and external ejection diverts sediment particles
away from centreline.

Behind the pier, a corridor of external sweep and internal ejection events is observed
in the middle of the channel downstream of the pier. This is due to the wake behind the
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Fig. 16 Contour lines of the stable transition probability for fixed bed upstream of pier: a internal sweep events;
b External sweep event, c internal ejection events, d external ejection event, e internal outward interaction
events, f external outward interaction events, g internal inward interaction events, h external inward interaction
events

123



844 Environ Fluid Mech (2014) 14:821–847

Fig. 17 Contour lines of the stable transition probability for movable bed upstream and downstream of
pier: a internal sweep events, b external sweep event, c internal ejection events, d external ejection event, e
internal outward interaction events, f external outward interaction events, g internal inward interaction events,
h external inward interaction events

bridge pier. As it can be seen, stable transition probabilties of external sweep and internal
ejection events have similar probabilities at the centre-line and at the sides of the channel
(Fig. 17b, c). Downstream of the bridge pier, stable transition probabilty of external sweep
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and internal ejection events shows a trailing vortex formed at both side of the pier. The trailing
wake vortex system of strong turbulence forms a necklace vortex and spreads transversally
at the rear of the pier (Fig. 17b, c). The above results are in agreement with the finding from
previous studies [6,8,46]. A higher value of transition probability was found for external
sweep and internal ejection events at a distance equal to 1.2 times of the pier diameter from
the center-line of the channel. The above results are in agreement with the findings of Kumar
and kothyari [57] for the principal vortex.

The three-dimensional analysis of bursting events presented herein can be used to predict
the direction of sediment movement near the bed around a cylindrical bridge pier. This tech-
nique is an effective technique to analyse three-dimensional flow. The results are consistent
with the bed topography generated around the bridge pier and provide more resolution to
the understanding of coherent flow structure and bursting processes. The above findings are
in agreement with the reported results in previous studies [51–53]. The above results are
promising for development of a technique with better resolution for flow structure analy-
sis. However, to generalize the results, more experiments must be done under different flow
conditions.

4 Conclusion

Three-dimensional bursting analysis was undertaken to identify the most likely coherent flow
structure events in the vicinity of a cylindrical bridge pier with a developed scour hole. The 64
transition probabilities of the bursting events occurring in the corresponding eight zones were
determined from experimental data. It was found that external sweep and internal ejection
events have the highest transition probabilities when compared to other events. The results
also indicate that the transition probability of external sweep, internal sweep and internal
ejection events are in phase with the bed profile especially on lines A, B and C, which span
the scour region from upstream to downstream of the pier. The average transition probabilities
of the events for lines A, B, C are higher for II-A and IV-B than for the other events. The
transition probabilities for the stable events decreased from upstream to downstream of the
pier. The maximum decrease occurred for II-B, while the minimum decrease occurred for IV-
A. Also it is shown that higher transition probability occurred during the external sweep and
internal ejection events indicating that they are effective in promoting sediment entrainment
around a single circular bridge pier.
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