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Introduction

Recent scour-related bridge catastrophes throughout the 
world have received much attention due to its massive im-
pact, particularly on the economy (Akib, Mamat, Basser, & 
Jahangirzadeh, 2014). Scour is a worldwide phenomenon 
and of great concern especially to civil engineers. Bridges 
on a river or a stream play a vital role in economic, social 
and cultural improvement in any country. More than 1000 
bridges have collapsed over the past 30 years in the United 
States of America (USA), with 60% of the failures occur-
ring due to scour. This severe problem also occurred in 
many East Asian countries, such as Taiwan, Japan, Korea, 
because these areas are subjected to several typhoon and 
flood events each year during the summer and fall seasons. 
Scour failure tends to occur suddenly and without warn-
ing or sign of distress to the structure (Lin, Chen, Chang, 
Chen, & Lai, 2004). According to the National Transpor-
tation Safety Board (1990), the 1989 catastrophic collapse 
of the several bridges over the Hatchie River in Tennessee 
(USA) resulted in the death of eight people. In an intensive 

study of bridge failures in the United States, (Ross, Sicking, 
Zimmer, & Michie, 1993) reported that the Federal High-
ways Administration in 1978 claimed damages to bridges 
and highways from major regional floods in 1964 and 1972 
were estimated about $100 million per event.

The local scour caused by the formation of vortices, 
i.e., the horseshoe vortex at the boundary layer and the 
impinging down-flow of water at the upstream surface of 
the pier due to the flow acceleration. This vortex action 
removes bed material from the base, particularly at the re-
gion where the piers are in contact with the bed material. 
Also, the water surface rises upstream of the pier, forming 
an emerging circular profile known as bow wave (Grimaldi, 
Gaudio, Cardoso, & Calomino, 2006). A scour hole formed 
when the transport rate of sediments removed from the 
base region is larger than the transport rate of sediment 
added into the base region. As the depth of scouring con-
tinues to increase, the strength of the horseshoe vortex is 
reduced, and the transport rate of sediment away from 
the base region is eventually decreased. For clear-water 
scour (that is a flow without bed load), the scouring ceases 
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when the shear stress of the horseshoe vortex equals to the 
critical shear stress of bed particles, thereby reducing the 
transport rate from the base region (Lagasse, Clopper, & 
Zevenbergen, 2007; Richardson & Davis, 2001).

For safe and economical design, scour around the 
bridge piers are required to be controlled. The perfor-
mance of any scour protection/controlling device around 
bridge piers depends on how the device counters the 
scouring process. Efforts have been made to reduce the 
depth of scour by placing the riprap around the pier, 
providing an array of piles in front of the pier (Ferraro, 
Tafarojnoruz, Gaudio, & Cardoso, 2013), a delta-wing-like 
fin in front of the pier (Gupta & Gangadharaiah, 1992), 
a collar around the pier (Chiew, 1992), submerged vanes 
(Odgaard & Wang, 1987), a delta-wing-like fin in front 
of the pier (M. Beg & S. Beg, 2013), a slot through the 
pier (Chiew, 1992; Kumar, Raju, & Vittal, 1999) and par-
tial pier-groups and tetrahedron frames placed around the 
pier. The shape of the pier appreciably affects the scour 
depth because it reflects the strength of the horseshoe vor-
tex at the base of the pier.

Protecting bridges against local scouring is one of 
the necessary elements in designing structures on rivers 
through implementing various scour protection measures. 
Two primary countermeasure techniques employed for 
preventing or minimizing local scour at bridge piers are 
classified into two categories:

(i) bed-armouring countermeasures, and
(ii) flow-altering mechanism.
In the former case, the aim is to combat the erosive 

action of the scour inducing mechanisms using hard engi-
neering materials or physical barriers such as rock riprap. 
On the other hand, flow-altering mechanism reduces 
the turbulence intensity and minimizes the formation of 
horseshoe vortices at the bed.

The most common used countermeasure is riprap. 
However, riprap causes secondary scour, and the stability 
is compromised with passing the time and flood events. 
Furthermore, the efficiency is reduced when dunes are a 
presence and with irregular bed topography (Yoon & Kim, 
2001). Popular choices of flow altering mechanism such as 
collar provides an obstacle for the down-flow and reduces 
the strength of the horseshoe vortex. The scour reduction 
efficiency of collars has already been established in earlier 
studies (Chiew, 1992; Zarrati, Nazariah, & Mashahir, 2006). 
In general, the use of collar with bridge pier appears to be 
effective in reducing the scour depth at the pier site. How-
ever, when the bed material at the pier site that is protected 
by the collar is removed and transported by the flowing wa-
ter, the pier beneath the collar is exposed, and under such a 
condition, it loses its effectiveness (Chiew, 1992).

Recent studies have employed slots as an approach to 
reducing the power of horseshoe vortex, by creating a con-
duit for passing the flow through the pier of the bridge. 
The intensity of the downward flow is reduced, and the 
formation of horseshoe vortex is weakening, subsequently 
reducing the local scour depth. The location of slots plays 

an important role, where near the water surface reduces 
the effective depth of flow as well as the pressure gradi-
ent. However, the best position of slots was found to be 
at near bed.

In general, all methods have given good results in the 
reduction of local scour around bridge piers; however, they 
were unable to give consistent protection due to secondary 
scour and stability issue. Pier shape has a significant factor 
and obtaining the optimum pier shape reduced the needs 
of additional countermeasures of bed armouring. As such, 
this study attempts to investigate the effect of bridge pier 
shape of non-traditional nose angled. The proposed shape 
increases the attack surface area, which hypothetically re-
duces the swirling vertical, down-flow and minimizes the 
formation of horseshoe vortex. The angle of sloped nose 
pier is varied, and the behaviour of each pier is investi-
gated under varying flow characteristics including Froude 
number and angle of attack.

1. Materials and methods

Experiments were carried out in the fluid laboratory at 
the Faculty of Engineering, Almergeb University. The tests 
were conducted through a glass fiber-made open flume, 
with dimensions of 0.60×0.20×5.70 m3. A schematic dia-
gram of the experimental setup is shown in Figure 1. The 
flume was connected with tanks which supply the water 
through a rectangular weir, placed at the entrance of the 
flume and is used to measure the flow rate.

The flume is divided into three parts, i.e. the inlet part, 
the working section and the outlet part. The inlet tank 
was filled with coarse gravel to reduce the turbulence of 
the incoming flow, and a screen is placed to ensure a uni-
form flow. An irregular riprap layer of 0.50 m length was 
placed before the working section at the upstream side to 
avoid any turbulence at the pier site. Sand with the mean 
diameter d50 equal to 0.39 mm and the geometric standard 

deviation of particle size distribution 84

16
1.29g

d
d

σ = =  mm 

(σg less than 1.30 uniform sediment) was used. The bed 
slope remained horizontal for all experiments. For all 

experiments,
 50

b
d

 more than 50 to avoid any influence of 

sediment coarseness.
The flow discharge was measured using a rectangu-

lar weir was located at the outlet of working section. To 
avoid any turbulence at the pier site, a riprap layer of 
0.50 m length and slab of sponge, of length 25 cm and 
thickness of 15 cm, was put at the entrance of the work-
ing section at the upstream side after the weir. The dis-

Figure 1. Schematic diagram of the experimental setup in a flume
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charge was calibrated using a volumetric method using 
water height above the crest of the weir Hw and resulted
in 

1.34531.288 wQ H= , where the unit of discharge Q is l/sec. 
The flow rate ranged between 0  l/sec to 4  l/sec and the 
upstream water depths (hu) were varied between 11 cm to 

12 cm. Froude number ( r
u

VF
h g

= , where V is the mean 

flow velocity and g denotes gravity acceleration) during 
these experiments were varied from 0.11 to 0.79. The 
experiments were conducted in clear water condition to 
readily observe the maximum scouring depths.

Four piers of rectangular shape and semi-circular ends 
were tested, where the pier dimensions for all models are 
shown in Table 1. The width of models was less than 12%

of flume width to avoid contraction effects, and b
l

 (b is 

the width of pier and L is the length of the pier) were less  

than or equal to 1
3

 based on Chiew and Melville (1987) 

recommendations. 
The pier model was first installed in the middle of the 

working area to start the experiment. Before each experi-
ment, the bed surface was levelled using a wooden lev-
eller to make sure a uniform horizontal bed is formed. 
The flume is gradually filled with water, and particular 
attention was paid to ensure that the incoming flow has 
minimal disturbance on the prepared bed. The centrifu-
gal pump is switched on having reached the desired flow 
depth. For each run, the experiments were continued until 
the scour hole has reached its equilibrium state.

After the flume was carefully drained and left to dry, 
the final scour depths were measured using a point gauge 
with an accuracy of 0.01. The measurement procedure was 
conducted by placing the gauge on adjustable stainless steel 
rails, located at the top flanges of the tank and the scale is 
able be positioned at any point within the working area. 
These extend over the full length of the working section. 
The measurements included the width of scour hole and the 
transversal lengths, i.e., length of scour hole at upstream of 
left and right sides of the pier. To give a better representation 
of where the measurement was taken, Figure 2 illustrates the 
location each parameter assessed in this experiment.

Throughout the experiments, clear water conditions 
were applied. Experiments were first carried out to study 
the effect of time on the local scour, to reach the equilib-
rium time. Eighty-two runs were conducted. The defini-
tion of time to scour equilibrium adopted for a given test 
plays a significant role in the results of a scouring experi-
ment. To achieve equilibrium conditions, this equilibrium 
time and the experiments must be prolonged. The tempo-
ral measurements of scour depth  were taken atequal to 
40 min, 80 min, 120 min, 180 min, 240 min and 360 min. 
The equilibrium time was taken when the depth of scour 
holes showed no changes more than 1 mm.

Each pier model was tested for four different skew angles 
( evaluated at 0°, 10°, 20°and 30° to investigate the effects of 
flow attack on scouring. In the second part and the third 
part of the experiments, 200 runs were achieved to test each 
model without attack angle and with skew angles α equal to 
10°, 20°, and 30°. Based on the experiments, the equilibrium 
time for this set of experiments was attained at 120 min.

In this study, it was assumed that the measured maxi-
mum scour depth ds for the nose-angle bridge pier is ex-
pressed by Eq. (1):

ds = f (B, L, θ, α, b, b′ , ll, lr,Ws, hu, hd, Q, V, 
T, g, µ, ρw, d50), 	 (1)

where ds – scour depth in upstream, cm; ll – length of scour 
hole in upstream for left side, cm; lr – length of scour hole 

Table 1. The dimensions of the tested models

Model No. L, cm b, cm H, cm Nose angle θ, °
1 20.00 4 20 90°

2 20.00 4 20 70°
3 20.00 4 20 60°
4 20.00 4 20 45°

Figure 2. Schematic diagram of parameter representation measured in each experiment, initially presented by Habib (2007)
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in upstream for right side pier, cm; Ws – width of scour hole 
in upstream, cm; b – single pier width, cm; L – pier length 
parallel to approach flow, cm; B – width of main channel, 
cm; b′ – the forward projected width of a rectangular pier, 
cm; d50 – median sediment grain diameter, cm; V – the 
mean flow velocity, cm/sec; Q – the discharge,cm3/sec; hu – 
the upstream water depth, cm; hd – the downstream water 
depth, cm; µ – dynamic viscosity, kg/sec.m; ρw – water 
density, kg/m3; θ – the vertical angle of inclination of the 
upstream face pier, α – skew angles of the pier; T – time, 
sec; g – gravity acceleration, m/sec2.

Consequently, based on the conditions mentioned 
above, (ds) only was considered as a function of the fol-
lowing parameters in Eq. (2):

ds = f (B, L, θ, α, b, b′ , hu, Q, V, T, g, µ, ρw). 	 (2)

Applying the Buckingham theory and the dimensional 
analysis to Eq. (2), the relative scour depth is obtained as 
Eq. (3):

30
, , , , , , , , ,s s l r

n b
d W l l bf F R T
b b b b b ′

 ′ α′= θ α 
α 

, 	 (3)

where b
VbR
v′
′

=  denotes the forward projected width 

Reynolds number.
Statistical analysis using multi-linear regression meth-

od was used to find a general equation for estimating 

the relative scour depth sd
b

, the relative length of scour 

hole in the right side at upstream the pier rl
b

, the relative 

length of scour hole in the left side at upstream the pier 
ll
b

, and the relative scour width sW
b

.

2. Experimental results

2.1. The time effect on the local scour 

Recall that eighty-two runs were carried out to study 
the temporal variation of local scours around the nose-
angle piers, for 10 hours. A representative of the data was 
displayed in Figure 3, which represents the relationship 

among relative maximum scour depth sd
b

 on time
 0

T
T . 

The time is made dimensionless with T0, taken as the 
time when the equilibrium depth is achieved. Data shows 

that the scour depth reaches to an asymptotic value at
 0

T
T  

around 0.40, which indicate that 90% of the scour depth 
occurs at 40% of the final scour depth (90% of the maxi-
mum scour depth reached at 4 hours). The rate of increase 

in scour depth for 
0

T
T  more than 0.40 is small. Data shows 

that the maximum scour depth reached up to 70% of the 
pier width at about 0.5T0. However, to ascertain that the 

maximum scour depth is obtained throughout the experi-
ment, the running time was extended to 6 hours.

3. Analysis of the results

The data obtained from the laboratory was divided into 
three analyses. Initially, the nose angle effect on the depth 
of scour was focused, and then the skew angle effect on 
the depth of scour was discussed. A Multiple Linear Re-
gression (M.L.R) method was then applied to infer em-
pirical equation linking all the variables used to calculate 
the maximum scour depth, width, and length under the 
same conditions applied to this study.

3.1. The effect of nose angle on maximum local 
scour depth at different skew angles

The relative scours depth for each nose angle was plotted 
against the Froude number, here plotted in Figure 4. The 
discussion starts with the skew angle at 0°. Data shows 
that increasing nose angle consistently resulted in decreas-
ing scour depth when the Froude number is increased. 
The effect of nose angle is significant at low Fr, where the 
percentage of reduction was found to be about 43%. In-
creasing Fr however, the percentage of scour depth reduc-
tion was decreasing to 24%, comparing 45° nose angle 
with the regular pier. A similar trend was observed when 
the skew angle was increased. Even so, higher skew angle 
only provides scour reduction about 22.6% for low Fr and 
the scour depth was appreciably reduced for higher Fr, 
with only 18.4% of reduction was observed.

For the higher skew angle (more than 0°) the relative 
scour depth was much increased as the flow velocity in-
creased. However, data shows that with nose-angle pier, 
the scour reduction was permitted. Throughout the ex-
perimental data, employing a 45° nose-angle pier resulted 
in a consistent low scour depth compared to piers with 
nose angles of 70° and 60°.

Regression analysis of the data shows that the data 
obeys a power-law distribution with the relationship 
γs ∝  Fr

b, where kis a constant scaling coefficient. Each 
value of k was obtained from each data set and plotted 
against the skew angle α, shown here in Figure 5. The scal-
ing parameter was evidently varied for skew angle at 0°, 

Figure 3. The relative scour depth ds/b against relative final 
time T/T0 at Fr equal to 0.44 and nose angle at 90°
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but continuously to have a lesser difference as the skew 
angle is increased. This indicates that the nose-angle pier 
does insignificantly reduced the local scour for greater skew 
angles. Increasing projected pier width gives higher drag 
forces and promotes flow separation at the downstream. 
The recirculating turbulent eddies (of which the length 
scale is approximately b) and vortex shedding formed en-
trained more sediment around the pier perimeter.

It is speculated that the reduction in scours depth is due 
to the reducing intensity of down-flow impinging on the bed 
due to the sloped nose. As such, the development of scour 
hole is slow which subsequently retards the formation of 
horseshoe vortices. With the low intensity of downward flow 
and horseshoe vortex, which are known to be the dominant 
scour agent, it can be said to a certain extent that those are 
the primary mechanism of scouring reduction in this case.

The relationship k
s ry F= α  was performed on each re-

sult to evaluate the scaling coefficient k on a skew angle. 

The variation of k with the skew angle fit in the relation-
ship k = f(α). The empirical constant k however was seen 
to decrease as the skew angle is increased and reached 
a relatively similar value between 0.6 and 0.7. For skew 
angle at 0°, scouring potential steeply increased for nose-
angle piers when for higher flow velocity. It is translates 
that the nose-angle pier, particularly for 45°, only worked 
well for low Fr flow. Higher flow velocity is believed to 
increase the turbulence and resulted in more entrainment 
of the bed materials.

However, increasing the skew angle to 30° showed that 
the scouring potential is similar for the nose-angle piers. 
This indicates that the nose-angle piers give less scour re-
duction than the typical vertical square pier, only for flows 
with a skew angle of 30°. It is expected that it also works 
well for flow with a skew angle of 45°, although this is yet 
to be asserted with confidence.

Pier model with nose angle of 70° managed to reduce 
the scour depth up to 21% but the reduction of scour depth 
proved to remain unchanged for skew angles 10° and 30°. 
Even though the percentage of reduction increased for the 
nose-angle pier of 60°, similar behaviour was observed 
when the skew angles were increased from 20° to 30°.

To assess the physical effect of skew angle on the maxi-
mum local scour depth, the profile of depth was plotted 
against the projected pier Reynolds number bR ′ , where 
bR Vb v′ ′=  and b′  denotes the projected width of pier. 

Figure 2 illustrates the parameter b′ .
Figure 6 shows the dimension less maximum scour depth 

against the projected pier bR ′ , for skew angles 10°, 20° and 

Figure 4. The scour depth against Froude number for bridge piers with different skew angle and for different nose angles

Figure 5. The empirical constantagainst a skew angle for piers 
with the nose angles
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30°. In general, nose-angle piers were shown to have signifi-
cant scour reduction, where decreasing nose angle showed 
a consistent decreasing trend of scour depth. The skew angle 
10 is discussed first. The scour depth progressively increased 
for increased nose angle from 45° to 90°. A similar trend was 
observed when the skew angle was increased. 

The gradient of scour depth is the steepest for the pier 
with no nose angle and continued to have less steep gra-
dient when the nose angle is decreased. At high bR ′ , the 
scour depth has a minimal increase when the 45° nose-
angle pier was used.

At skew angle α of 20°, there is a significant reduction 
of scouring for all four pier models compared to when 
the flow was at skew angle α of 10. Higher bR ′  gives ac-
celeration to the scour depth, where all models displayed 
increasing scour depth. Interestingly, for higher bR ′ , the 
nose-angle pier at 45° has relatively lower scour depth 
compared to pier model with 90°. Increasing increase the 
scour depth of 45° piers; even so, the increment is indefinite 

where 20sd
b  

 is within the range of 0.26 to 0.38. Piers with 

nose angle 60° has no extra protection to the sediment 
entrainment, where increasing bR ′  were insignificant and 

the scour depth 20sd
b

 was around 0.40. This finding 

indicates that the nose-angle piers works well in keeping 
the scour depth at its minimum level even at high bR ′ .

The maximum scour depth was seen to appreciably 
decreased when the skew angle is at 30, notably for nose-
angle piers of 90° and 70°.The lower nose-angle piers of 
60° and 45° too exhibited reduction scour depth, where 

30sd
b

 is around 0.20, independent of bR ′ . This analysis 

indicates that for skewed flow at 30°, the increase in bR ′  is 
insignificant, for piers with the angle less than 70°.

For pier model, θ is equal to 90°, a steep gradient as 
pier bR ′ , increased was consistently observed, independ-
ent of the angle of attack. A similar profile was also found 
for the nose-angle pier of 70°. Interestingly, however, gen-
tler nose-angle pier (i.e., α is equal to 60° and 45°) exhib-
ited different profile as the skew angle increased. When 
the flow is made at angle 10°, piers with nose angle of 45° 
and 60° displayed a gradual increase of maximum scour 
depth as the pier bR ′ , increased. Increasing skew angle to 

α is equal to 20°, sd
b

 was seen to increased become steeper 

for data α is equal to 30° sharply. This finding indicates 
that that the direction of incoming flow to the pier is sig-
nificant when α is more than 10°.

On the other hand, by decreasing the nose angle θ from 
90°, 70°, 60° to 45° at a constant value of bR ′ the relative

scour depth sd
b

 goes down for each Figures 6a, 8b and 8c.

3.2. The skew angle effect on the local scour 
characteristic 

In this section, the effect of skew angle on the local scour at 
the upstream nose is studied for each pier model separately. 

The analysis includes the relative depth, width, both right 
and left transversal lengths scour developed. Recall Fig-
ure 2 for the representation of a typical topography profile 
around pier models for the set of experiments with the skew 
angle. Note that lr has a lower value than ll due to deposi-
tion of sediment behind the pier. Entrained sediment from 
the upstream is settled here as the flow velocity decreases.

3.2.1. For nose angle θ = 90°

Figure 7a shows the relationship among relative scour 

depth
 

sd
b

 at the upstream nose of the pier against the 

Froude number Fr for different α (i.e., 0°, 10°, 20° and 30°). 
Data shows that in general, increasing Fr and skew angles 
give a deeper scour depth. The scour depth monotonously 
increased as Fr increased. High skew angles increased the con-
traction ratio in channel width and as a result increasing the 
scour depth. Percentage in the increase was 7% at α = 10°, 
15% at α = 20° and 27% at α = 30° compared to α = 0°.

The variation among
 

sW
b

 with Fr for different skew 

angles of (0°, 10°, 20° and 30°) are shown in Figure 7b. 

Figure 6. The relationship between relative scour depth               
and the projected Reynolds number of the nose-angle pier  

with the varying skew angle
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It is clear that the width of scouring sW
b

 increases with 

increasing of Fr. Furthermore, the increases in skew angles 
α contribute to the increase of scouring width.

Figure 7c shows the scour characteristics of the horizontal 

scour distance at both left ll
b

 and right rl
b

 sides of the 

pier for skew angles α of 0°, 10°, 20° and 30°. Recall the 

representation of ll
b

 and rl
b

is depicted in Figure 2.

The
 
ll
b

 progressively increased as the Froude number 

and skew angle were increased. The maximum left longi-
tudinal scour was obtained at eight times more than the 
diameter for the range of Fr used in this study. At low Fr,

(less than 0.40) ll
b

 is within the range of 2.0 < ll
b

 < 4.0, 

and much appreciably increased for higher Fr. The flow 
angles clearly have an effect of the development of right 
longitudinal scour, whereby data shows a much lesser 

scour compared to the . For low Fr, the developed rl
b

 is 

within the range 2 and only have a slight increment to
 
rl
b

 
around 4.0 for higher Fr.

Furthermore, the relationship between the relative 

scour hole length at left side
 
rl
b

, and Froude number Fr is 

displayed in Figure 7d. Initially noted that all the curves 
increased rapidly with increase Fr from 0.20 to 0.45 for 
all skew angles, i.e., 10°, 20° and 30°. Even so, the rate of 
increase was slightly decreased after Fr equal to 0.45. Al-
though with the increased flow velocity, the development 
of the upstream length of scour hole at the right side lr was 
hindered due to the fast emergence of deposition area in 
the right side of the pier.

It was noted that with an increase in Fr for the same α, 
the scour hole length at left side increased faster than the 

scour hole length at right side for all models, comparing 
the lengths of scour holes at left and right side (ll and lr), 
discussed in this study.

3.2.2. For nose angle θ = 70°
The effect of Froude number Fr on the relative scour 

depth sd
b

 at different skew angle α for the pier with nose 

angle equal to 70° is shown in Figure 8. In general, data 
shows that increasing Fr and skew angle resulted in higher 
scour depths and widths. Figure 8a shows that there is a 
sudden increase in scour depth when the skew angle is in-
creased. For example, at Fr equals to 0.20, the scour depth 

jumped from sd
b

 equal to 0.15 to
 

sd
b

 equal to 0.40 for 

skew angle at 10°. Also, this profile is continued through-
out the range of Fr studied here. However, increase in 
scour depth is rather insignificant when the skew angle is 
more than 10°. The added hindrance from the nose angle 
enhanced the drag and turbulent intensity, which pro-
moted more of the sediment entrainment from the bed.

The scour longitudinal lengths are further discussed. 
Data shows that increasing Fr and skew angle resulted in 
longer scour longitudinal lengths for both sides. The lr has 
lower scour values than ll due to the pier orientation, and 
is consistent throughout the increase in  Fr and skew angle.

The effect of skew angle here differs from pier 90°, 
where higher skew angle exhibits a rather more uniform 
and consistency increment in the scour depths and widths. 
The nose-angle pier shape proved to affect the scour lon-
gitudinal lengths where increasing Fr gives a significant 
increase in ll and lr. Note that although the largest relative 
ll
b

 here is about 8 (as obtained for experiments with 90° 

pier), the ll
b

= 8 was obtained at lower Fr, i.e. 0.45 

(compared to Fr equal to 0.6 for pier 90°), shown in Fig-

Figure 7. Froude number against relative scour depth, width, left side length and right side length with the varying skew angles
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ure  8d. The flow velocity affects the right scour longitu-
dinal length where it was shown to have a considerable 
increase when Fr more than 0.40. For higher Fr, the lr in-
creased tremendously.

3.2.3. For nose angle θ = 60°
The results for the nose-angle pier at 60° also depicted 
similar results with the previous discussed nose-angle 
piers where increasing Fr and skew angle gave a higher 
scour depths and widths. Figure 9 displays the changes of 
scour depth with varying Froude number Fr for different 
skew angles (i.e., 0°, 10°, 20° to 30°) for nose angle at 60°. 

It is first noted that the relationship between sd
b

 and Fr 

has taken the same trend for all value of α. The increase 
in scouring width, however, displayed a different trend. 

At higher Fr more than 0.40, the scour width is much in-
creased for all skew angle discussed here, shown in Figure 9.

The relationship between the transverse lengths of scour 
holes at left and right side (ll and lr) and Froude number Fr 
is presented in Figures 9c and 9d. It is clear that increase 
in Froude number resulted in the increase of the length of 
scour hole. However, the lengths of scouring at the left side 
of the pier were exponentially increased, and a monotonous 
increase was observed in the right transverse length due to 
deposition region at the right side of the pier.

3.2.4. For nose angle θ = 45°

The scour profile for the gentlest nose angle is further dis-
cussed. Figure 10 shows the scour depth and width profiles 
for various Fr and skew angles. The effect of Fr is obvious 

Figure 8. Froude number against relative scour depth, width, left side length and right side length with the varying skew angle

Figure 9. Froude number against relative scour depth, width, left side length and right side length with the varying skew angle
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as the flow is moving to critical flow (from subcritical), the 
scour depth and width were found to be increased. The 
scour depth and width drew deeper and longer, respec-
tively when the skew angle is increased. Scouring process 
was accelerated due to increasing projected width, as the 
skew angle is increased. However, the relative scours depth 
increased in a lower increment compared to nose angle 
piers of θ = 70o and θ = 60o.

The relationship between lengths of scour holes at left 
and right side (ll and lr) and Froude number Fr is presented 
in Figures 10c and 10d, respectively. It is clear that increas-
ing in Froude number resulted in increasing the length of 
scour hole. However, there was a different visible trend ob-
served for ll  where the scour length increased exponen-
tially as Froude number increased. This finding indicates 
the depositional area behind the pier is depleting. It was 
evident that lr for θ = 45o here is much deeper compared to 
the value obtained for experiments with θ = 60o piers due 
to the restriction of flow as the projected width is increased.

At a higher skew angle, i.e. 20o and 30o, the nose an-
gled piers of 60o and 45o keep the scour minimum even 
at high Fr. The nose angled piers were able to reduce the 
upstream maximum scour depth and width but increased 
transversal lengths for higher skew angles. Skewed piers 
resulted in highly asymmetrical scour pattern with the 
maximum scour localized on the side towards which di-
rection the pier is skewed to.

3.3. Empirical relations

Empirical equations were derived using the Multiple Lin-
ear Regression (M.L.R) method for estimating the relative 

scour depth
 

sd
b

, the relative transversal scour lengths
 
ll
b

 

and
 

rl
b

, and the relative scour width sW
b

 as a function 

of Rns, 
2
rF ,

 
uh
b

,
 

b
b
′

, 
90
θ  and

 

0.1

90
α 

 
 

. Recall that there 

were 282 runs conducted. For the MLR analysis, randomly 
selected data from 120 runs were used where the rest of 
the data was used for validation. The Eqs (4–7) obtained 

for sd
b

; ll
b

,  and sW
b

 are presented as:

20.106 0.409 0.0006 0.283s u
r ns

d h
F R

b b
= − + + − +

 0.1

0.0066 0.52 0.049
90 90

b
b
′ θ α + + +  

 
 , 	 (4)

20.726 15.620 0.002 2.127l u
r ns

l h
F R

b b
= + − − +

 0.1

0.456 1.190 0.982
90 90

b
b
′ θ α + + +  

 
 , 	 (5)

20.502 10.360 0.013 0.686 ur
r ns

hl
F R

b b
= + + − +

 
0.1

0.703 0.027 0.037
90 90

b
b
′ θ α + − +  

 
 , 	 (6)

20.049 3.380 0.031 1.184s u
r ns

W h
F R

b b
= + + − +

 
0.1

0.481 0.845 0.648
90 90

b
b
′ θ α + + +  

 
 , 	 (7)

The data were plotted to assess the performance be-
tween the measured and the calculated values from the 
empirical equations, as shown in Figures 11a–11d. Fig-
ure 11a shows that in general, the calculated parameters 
agreed with the measured values particularly for relative 

scour depth sd
b

. The Standard Error of Estimation (SEE) 

was obtained at 0.08, 1.20, 1.40, and 0.70 for sd
b

, ll
b

, rl
b

 

Figure 10. Froude number against relative scour depth, width, left side length and right side length with the varying skew angle
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and sW
b

. The transverse lengths for both left and right 

sides have the highest SEE either for low and high values. 
A regression analysis of the results to establish the fit-

ting of the data was also conducted. The coefficient R2 was 
obtained at acceptable values, i.e. 85%, 78%, 73%, and 76% 

for
 

sd
b

, ll
b

, rl
b

 and sW
b

. As seen in Figure 11a, the 85% 

variance response indicates that the data fits the model 
very well. Most of the points are either on the line of 
agreement or very close to it. The data was scattering away 

from the line of agreement for ll
b

, rl
b

 and sW
b

 equations, 

with
 
rl
b

, has the lowest coefficient.

Conclusions

1.  The percentage of reduction was found up to 43%, ob-
tained from the protection given by the 45° nose-angle pier. 
The different skew angle, i.e. angle of flow attack was also ex-
amined, and the maximum scour depth, transversal lengths, 
and width of scouring were measured for each model.

2. This approach proved to be effective in reducing the 
scour depth where the decreasing nose angle gives 
the lowest maximum scour depth. The flow angle or 
skew angle (as has been discussed throughout this 
study) is an important variable where the increasing 
skew angle provides deeper scour for low Froude 
number flow.

3. At high Fr with the skewed flow of 10° and 20° how-
ever, the nose angle play an insignificant factor and 
not necessarily reduces the scour. 

4.  Increasing skew angle increases the projected pier 
width, which resulted in the contraction of the flume. 

As such, the flow velocity is enhanced, whereby the 
increasing turbulence intensity entrained sediment 
away from the bed. 

5.  Therefore, 45° nose-anglepier with its placement 
perpendicular to the flow (i.e., skew angle 0°) is 
proposed as the best nose-angle pier design as local 
scour countermeasure.
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