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Time variation of scour depth around complex abutment
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ABSTRACT: Abutment scour is a main problem in the collapse of bridges. Local scour around abutment is a
complicated problem that has been investigated significantly over the last years. In this study, variation of local
scour with time around complex abutment is investigated experimentally under the clear water conditions. The
complex abutments were included a rectangular abutment founded on a larger rectangular foundation. To find
the effect of foundation level on time variation of scour depth, the experiments were conducted in three cases.
Case-I represents a situation that the foundation level was located below the scour hole. In Case-II scour depth
reaches the top of the foundation and in Case-III, the top of the foundation was located within the scour hole and
changes depth of scour due to the influence of large-size foundation. The observed data were compared to time
variation of complex pier collected from previous study. The result reveals that in both complex abutment and
pier, the temporal scour depth in highly depended on the foundation level where the scour depth can be reduced
with a proper design for foundation level.

1 INTRODUCTION

The active local scour around piers and abutments is a
main problem in the collapse of bridges. Local scour
around abutments/piers is a complicated problem that
has been investigated significantly over the last years.
In the vicinity of the abutment/pier, the local scour is
caused by the development of high shear stress due
to three-dimensional separation of the boundary layer.
Accurate prediction of scour depth around the abut-
ment / pier is very important because it influences the
foundation level. Overestimation of the depth of scour
results in designing a deep foundation level and thus
an uneconomical design for the bridge. However, the
underestimation of scour depth would result in shallow
foundation, and thus providing a chance of exposure
of the foundation to the flow, which is dangerous for
the safety of the bridge.

A large number of real abutments/piers are non-
uniform in shape and consist of different kind of
components (Sheppard and Glasser 2004). Such abut-
ments/piers are named here as complex/ compound
abutments/piers. A vertical wall complex abutment
can be defined as rectangular abutment resting on
larger foundation or caisson.

Only a few studies have investigated the effect of
foundation geometry on the pier scour such as Chabert
and Engeldinger (1956), Jones et al. (1992), Fotherby
and Jones (1993), Melville and Raudkivi (1996), Cole-
man (2005), and Ataie-Ashtiani et al. (2010). But
a few studies are available related to time variation
of scour around complex bridge piers (Melville and
Raudkivi 1996; Lu et al. 2011). Melville and Raud-
kivi (1996) recommended a methodology to predict

the maximum scour depth around the complex piers.
Lu et al. (2011) have proposed a semi-empirical tech-
nique for estimation of the temporal variation of scour
at circular complex piers. The model suggested by Mia
and Nago (2003) is modified by Lu et al., (2011) to
predict the scour rate at compound pier. The concept
of effective diameter recommended by Melville and
Raudkivi (1996) was used to change the compound
pier to uniform pier. Also, the concept of the volumet-
ric rate of sediment transport theory given by Yalin
(1977) and was employed in the model proposed by
Mia and Nago (2003).

The time variation of local scour around abutment is
an essential aspect of the hydraulic engineering (Dey
and Barbhuiya, 2005). Recently, the significance of the
temporal scour evolution has been further emphasized
rather than the equilibrium scour depth (Cardoso and
Bettess 1999; Ahmed and Rajaratnam, 2000; Melville
and Coleman, 2000; Kothyari and Ranga Raju, 2001;
Ballio and Orsi, 2001; Oliveto and Hager, 2005; Mia
and Nago, 2003; Chang et al., 2004; Ballio et al. 2010,
Mohammadpour et al., 2013). In spite of using the
uniform abutment, there is limited information about
the effect of the foundation or pile cap on the com-
plex abutments (Mohammadpour, 2013). If the effect
of foundation geometry was integrated into the meth-
ods of estimation of the scour depth, however, the
conservative approach would be unnecessary. Fur-
thermore, abutment scour failure may be reduced by
proper design of the foundation. Therefore, an attempt
for investigation of time variation of local scour at
complex abutment seems to be very necessary.

The main aim of the present study is to experimen-
tally study the time variation of the local scour around
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Table 1. Abutment-Geometry Characteristics of the Present
Study.

Foundation Abutment
Length

Experi Abutment Lf Bf L Bf ratio
No. Type (cm) (cm) (cm) (cm) (L/Lf )

AB 1 Uniform – – 4.0 – –
AB 2 Uniform – – 5.5 – –
AB 3 Uniform – – 7.0 – –
FA 21 Complex 5.5 11.0 4.0 8.0 0.73
FA 33 Complex 9.0 18.0 7.0 14.0 0.78
FA 42 Complex 12.0 24.0 5.5 11.0 0.46
FA 43 Complex 12.0 24.0 7.0 14.0 0.58

Figure 1. Complex vertical-wall abutment.

complex abutment. The experiments were conducted
under the clear water conditions for short abutments.
The top surface foundation was located below the ini-
tial bed at three different positions with respect to the
general level of the channel bed. The observed data
were compared to time variation of compound pier
collected from previous study.

2 EXPERIMENTAL SETUP

In this study, all experiments were conducted for
three uniform abutments and four complex abutments
(Table 1). The vertical-wall shape and short abutment
was chosen for both uniform and complex abutment
(Fig. 1). In short abutment the ratio of abutment length
(L) to flow depth (y) is considered smaller than one,
L/y < 1 (Melville, 1992). A rectangular cross sec-
tion flume with dimension of 6.0 m long, 0.6 m wide,
and 0.6 m deep was chosen to conduct the experi-
ments. The flume was equipped with a 0.25 cm deep
sand recess through the channel. A camera and ruler
were used inside the transparent abutment to mea-
sure the scour depth at the nose of the abutment at
different time.

For all the experiments uniform sand was used with
d50 = 0.60 mm and a geometric standard deviation,
σD = 1. 20. To maintain the clear water condition, the
flow velocity was set close to the critical velocity of
sediment (U/Uc between 0.94 and 1), where Uc was
estimated using the Shields diagram and expressions
given by Melville and Coleman (2000).

Figure 2. Three cases for complex abutment below the
initial bed.

Since the development of the scour hole never
stops (Oliveto and Hager, 2002), then to determine
the duration of experiments, two long-time experi-
ments were conducted for the uniform abutment of
AB-II (∼67 hrs) and AB-III (∼84 hrs). The results
show that 96% equilibrium scour depth is obtained
after 42 hours (2500 min) and after that, the varia-
tion of scour depth for each time interval of 7 hrs was
less than 1 mm. As respects to real case in the rivers
that the peak flood flow may not last long enough to
develop equilibrium scour depth, the duration of 42 hrs
was chosen as a criterion for further at complex and
uniform abutments.

3 LOCAL SCOUR AT COMPLEX ABUTMENT

To investigate the effects of foundation level (Z) on a
complex abutment, three foundation locations (cases)
were considered depending on the foundation level
(Fig. 2). In Case I, the foundation level was located
below the scour hole. In Case II, the scour depth
reaches the top of the foundation, and the horseshoe
vortices in front of the abutment were weakened by the
foundation. In Case III, the foundation top was located
within the scour hole. The foundation level (Z) was
measured regarding to initial bed level.

For small abutment sizes, with high Z and low flow
depths, the equilibrium scour depth at complex abut-
ment may occur in Case I. Also, this occurs when
the foundation level (Z) is greater than the equilib-
rium scour depth (dse). In this case, the complex
abutment is similar to uniform abutment. Melville
(1992) suggested a value of 2L to predict the max-
imum equilibrium scour depth at uniform abutment.
However, in the upper level of the foundation, if the
scouring reaches to Z level and foundation no expose
to the scour hole, then scour depth remains con-
stant at Z level, which is represented as Case II. This
case can be occurred in the range of 1.2 ≤ Z/L ≤ 2
(Mohammadpour, 2013). In Case III, the foundation
exposes to scour hole generally for large abutments,
low Z and high flow depths and velocity. In this zone
the foundation size (Lf ) and its level (Z) influences
on the scour hole. To consider the effect of founda-
tion on local scour at complex abutment, the Z value
should be less than 2L. Otherwise the foundation will
no expose to scour hole and local scour is similar to
uniform abutment.
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Table 2. Summary of experimental result at uniform and
complex abutment.

Z y time
Cases Expe. (cm) (cm) (hrs) U/Uc L/y Z/L dse/L

I AB 1 – 11.10 50.90 0.96 0.36 – 1.68
I AB 2 – 11.00 66.70 0.98 0.50 – 1.73
I AB 3 – 9.70 84.70 0.95 0.72 – 1.68
II FA21 0.00 10.80 48.20 0.99 0.37 0.00 1.75
II FA33 1.00 10.90 35.60 0.95 0.64 0.14 1.73
II FA42 1.00 12.00 37.70 0.97 0.46 0.20 1.58
II FA43 1.00 10.80 51.90 0.95 0.65 0.14 1.66
II FA21 1.50 11.10 50.00 0.96 0.36 0.38 1.50
II FA33 3.00 13.00 48.40 0.94 0.54 0.43 1.93
II FA42 3.00 13.10 42.90 0.94 0.42 0.55 1.98
II FA43 3.00 11.30 37.50 0.95 0.62 0.43 2.07
III FA21 3.50 11.10 41.70 0.96 0.36 0.88 0.88
III FA21 5.00 10.50 35.60 0.98 0.38 1.25 1.25
II FA33 5.00 10.60 38.60 0.99 0.66 0.71 1.47
II FA42 5.00 10.20 48.40 0.99 0.54 0.91 1.33
II FA43 5.00 10.80 44.00 0.97 0.65 0.71 2.01
II FA33 7.00 11.50 47.00 0.97 0.61 1.00 1.07
III FA42 7.00 12.00 50.60 0.99 0.46 1.27 1.27
III FA43 7.00 10.90 57.20 0.97 0.64 1.00 1.00
III FA33 8.00 11.30 57.00 0.96 0.62 1.14 1.14
III FA42 8.00 12.00 53.40 0.98 0.46 1.45 1.45
III FA43 8.00 11.10 58.30 0.96 0.63 1.14 1.14
III FA33 9.00 10.90 55.70 0.95 0.64 1.29 1.29
III FA43 9.00 11.30 58.50 0.95 0.62 1.29 1.29

4 TEMPORAL VARIATION OF LOCAL SCOUR
AT COMPLEX ABUTMENT

The trend of local scour around complex abutment
is time dependent. To investigate the effects of foun-
dation elevation (Z) on abutment scour, the experi-
ments were conducted for different values of Z . All
experimental data and flow condition are given in
Table 2. The AB was used for uniform abutment when
Z >2L (Case I) and FA for complex abutment when
0<Z ≤ 2L (Cases II and III).

Fig. 3 illustrates the effect of the foundation on the
time variation of the local scour around abutment of
FA42 at different level of Z. Generally, the scour depth
develops to the top of the foundation quickly, and then
the foundation extensions in front of abutment pro-
tects the bed, and postponed the scour development,
which is related to foundation level and its dimen-
sion. For example, at FA 42 and Z = 3.0 cm, the scour
depth reaches to the top of the foundation after 30 min
and it is fixed at this level for approximately 400 min
(7 hours), while this lag-time for FA 42 with Z = 1. 0
is just 80 min. Within the lag-time, the scour hole is
extended in parallel to and in front of the abutment.

It was observed that during the lag-time, extension
of scour hole in parallel to the abutment (in the flow
direction) is faster than those in front of the abutment
(upstream). As shown in Fig. 4, the scour hole in front
of the abutment is enlarged in the area and it is some-
what deeper on the upstream side, especially at the
foundation nose. The deepest depth at the upstream of

Figure 3. Temporal variation of scour depth at FA42.

Figure 4. Development of local scour hole at FA 42,
Z = 3.0 cm (a) After 30 min; (b) After 7 hrs.

abutment gradually develops around the sides of the
foundation to create a shallow groove parallel to the
foundation.

Subsequently, the depth of the scour ahead of the
foundation is more increased due to the formation of
a vortex at upstream of the foundation. This vortex
enlarges and deepens the scour at the corner of the
foundation, and the sediments beside of the foundation
are carried out to downstream of the abutment. The
rate of sediment transport decreases with increasing
the scour hole dimension and it will be stopped at the
equilibrium scour depth. The equilibrium scour hole
at the complex abutment of FA42 for Z = 1. 0 cm is
indicated in Fig. 5.

As shown in Fig. 3, for an infinite value of Z,
top of the foundation is below the equilibrium scour
depth, and the scour hole is similar to a uniform abut-
ment (AB-II, Table 2). For Z = 8 cm (Z/L = 1.45) and
Z = 7 cm (Z/L = 1.27), the ratio of Z/L is in range of
1.2<Z/L ≤ 2, then the foundation is like obstacle and
stops development of scour depth. In these abutments,
the maximum scour depth is equal to the founda-
tion level (Case II). Finally, for Z = 5 cm (Z/L = 0.91),
Z = 3 cm (Z/L = 0.55) and Z = 1 cm (Z/L = 0.18) the
foundation exposes to scour hole (Case III).

As shown in Fig. 3, for an infinite value of Z,
top of the foundation is below the equilibrium scour
depth, and the scour hole is similar to a uniform abut-
ment (AB-II, Table 2). For Z = 8 cm (Z/L = 1.45) and
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Figure 5. Equilibrium scour hole at complex abutment of
FA-42, Z = 1.0 cm a) Side view; b) topography.

Figure 6. Temporal variation of scour depth at complex
abutment of FA21.

Z = 7 cm (Z/L = 1.27), the ratio of Z/L is in range of
1.2 <Z/L ≤ 2, then the foundation is like obstacle and
stops development of scour depth. In these abutments,
the maximum scour depth is equal to the founda-
tion level (Case II). Finally, for Z = 5cm (Z/L = 0.91),
Z = 3cm (Z/L = 0.55) and Z = 1cm (Z/L = 0.18) the
foundation exposes to scour hole (Case III).

However, at first, the foundation postpones devel-
opment of scour depth (lag-time) and then the vortex in
front of exposed foundation increases the scour depth.
The lag-time (latency) directly depends on the founda-
tion and abutment dimensions (L, Lf ) and foundation
level. Similar trends can be observed for complex abut-
ments of FA 21, FA 33 and FA43 in Fig. 6 to Fig. 8.

Figure 7. Temporal variation of scour depth at complex
abutment of FA33.

Figure 8. Temporal variation of scour depth at complex
abutment of FA43.

In all figures the scour depth was measured in the nose
of complex abutment using ruler and camera.

5 TIME VARIATION OF LOCAL SCOUR AT
COMPLEX ABUTMENTS AND PIERS

In Fig. 9, the complex abutment of FA 42 (Table 1)
is compared to compound pier with D = 3.0 and
D* = 8.1 cm and diameter ratio, D/Df = 0.37 given by
Melville and Raudkivi (1996). Where D is pier diam-
eter and D* is the foundation diameter of compound
pier. For both pier and abutment, the scour depth is
developed to Z = 3.0 (top of foundation) and stopped
at this level for several hours. The lag-time for the
pier and abutment is around 100 min (∼1.7 hrs.) and
400 min (∼6.7 hrs.) respectively. A high value of lag-
time for abutment can be due to the large size of
its foundation (Lf = 12.0 cm) in comparison to com-
pound pier (D* = 8.1 cm). In the next step, the scour
depth increases with increasing time for both abut-
ment and pier. In this condition, the sediment around
foundation is removed by vortices and the exposed
foundation is a cause to produce extra vortices.
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Figure 9. Comparison between temporal scour at complex
abutment and abutment with Z = 3.0.

Figure 10. Comparison between temporal scour at complex
abutment and pier with Z = 5.0.

Due to large size of abutment and its foundation,
the scour depth around complex abutment increases
rapidly and reaches to 11.0 cm after around 2000 min
(33 hrs).

However, at this time, the scour depth at compound
pier increases to 5.0 cm. Similar result can be observed
in Fig. 10 for Z = 5.0, but at compound pier, due to
small size of pier and consequently weak principal vor-
tex in front of it, the local scour is confined by top of
foundation at level of 5.0 cm.

To determine the effect of foundation level on
complex abutment and pier, the compound pier with
Z = 3.0 cm is compared to abutment with Z = 1.0 in
Fig. 11. The results indicate that the trend of temporal
scour at the pier and abutment is quite similar. In both
cases, the local scour develops to the top of foundation
and stops in this level for a certain time, and then it
increases with increasing time until equilibrium depth.

The velocity ratio (U/Uc) is a main parameter in the
development of the local scour which directly affects
time variation of local scour at the complex abutment
and pier. In Fig. 12, temporal scour depth at the com-
plex abutment of FA 21 with U/Uc = 0.96 is compared

Figure 11. Comparison between temporal scour at the pier
and abutment with different foundation level.

Figure 12. Comparison between temporal scour at complex
abutment and piers with different ratio of U/Uc.

with the compound pier of S5 and S3 with the veloc-
ity ratio of 0.8 and 0.9 respectively given by Lu et al.
(2011). Dimensions of the pier and foundation in both
compound piers of S3 and S5 are similar. Since the
U/Uc for FA21 and S3 is high, then the scour depth
reaches to top of foundation faster than S5. As shown
in Fig.12, this time is after around 7 min for FA42 and
S3, while it is around 60 min for S5 with U/Uc = 0.8.

The time-lag for FA42 and S3, with high U/Uc, is
approximately 70 min, while it is around 900 min for
S5. It can be concluded that the effect of principal vor-
tex on the complex abutment/pier is directly related
to U/Uc and it is very strong at the abutment/pier
with high value of U/Uc (FA42 and S3). However,
the effect of principal vortex decreases dramatically
with decreasing U/Uc. Furthermore, in same pier with
different U/Uc, the velocity ratio also influences on
the development of scour depth after lag-time. For S3,
the principal vortex develops the scour hole rapidly
and exposes the foundation on scour hole. The sec-
ond vortex in front of exposed foundation is quite
stronger than those for S5, then a larger equilibrium
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scour depth can be observed for S3 with a value of
7.8 cm in comparison to S5 with a value of 3.4 cm.

A comparison between abutment of FA42 and pier
of S3 with U/Uc ≥ 0.9 indicates that although the foun-
dation level at FA 42 is located in the upper level
(Z = 1.5) in comparison to S3 (Z = 2.5), but the dura-
tion of lag-time at the complex abutment (around
70 min) is longer than those at the compound pier
(around 30 min). It may be due to the development of
scour hole in both sides of the compound pier, while
at the complex abutment, the scour hole develops just
at the side of abutment nose. Furthermore, the bigger
size of foundation at abutment in comparison with pier
can be another reason in this case.

6 CONCLUSION

In this study, temporal variation of local scour at com-
plex abutment is investigated experimentally under
the clear water conditions. The complex abutments
were included a rectangular abutment founded on a
larger rectangular foundation. The top surface founda-
tion was located below the initial bed at three different
positions with respect to the general level of the chan-
nel bed. The Case-I represents a situation that the
foundation level was located below the scour hole,
and then the complex abutment is similar to uni-
form abutment with a maximum scour depth of 2L.
In Case-II, the foundation is located in the range of
1.0 <Z/L ≤ 2.0. In this case, the scour depth reaches
to top of the foundation and stops in this level. The
Case-III was observed in the range of 0.0 <Z/L ≤ 1.0.
In this case, the foundation exposes to scour hole and
changes temporal variation of scour depth and pro-
duces a lag-time in the development of local scour.
The lag-time and temporal variation of scour depth
directly depends on the foundation and abutment sizes
as well as the foundation level. A comparison between
the complex abutment and compound pier indicated
that the trend of temporal scour depth at both the abut-
ment and pier is quite similar.The velocity ratio (U/Uc)
is a main parameter in development of local scour at
abutment/pier which directly affects the duration of
lag-time and trend of scour at both complex abutment
and pier.
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