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Velocity Profiles and Scour Depth
Measurements Around Bridge Piers

VINCENZA C. SANTORO, PIERRE Y. JULIEN, EVERETT V. RICHARDSON, AND

STEVEN R. ABT

Local scour around a model of the Schoharie bridge pier was
experimentally investigated in the laboratory. The tests simply
focused on the effects of the angle of attack and flow velocity on
the maximum depth of scour. Clear-water scour conditions pre-
vailed, that is, the shear stress at the bottom in the upstream flow
is always less than the critical value for beginning of sediment
motion. The experimental results indicate that the effect of the
angle of attack is related to the undisturbed flow Froude number.
In particular, the ratio of the measured scour depths for skewed
and aligned piers decreases with increasing Froude numbers. Ve-
locity is found to have an important influence on scour depth.

The 1987 bridge failure on the Schoharie Creek in New York
State claimed 10 lives and required considerable effort to
rebuild the structure. The bridge collapse has been attributed
to the scouring action of the flow around its piers. The risk
of bridge failure because of pier scour and the design of ap-
propriate countermeasures remain serious concerns for thou-
sands of bridges in the United States and abroad. The past
50 years of research provides basic understanding of the phys-
ical mechanism of local scour; nevertheless, the quantitative
dependence of the scour depth on the scouring parameters
justifies further investigations because existing scour equa-
tions are not yet fully reliable.

A series of experiments was conducted at Colorado State
University using a laboratory model of one of the Schoharie
Creek bridge piers. The main objective was to investigate pier
scour under the effects of two variables: angle of attack and
mean flow velocity. Two sets of runs were completed, one
with the pier aligned with the flow and one with the pier
angled at 10 degrees with respect to the main flow direction.
Within each set of runs the upstream velocity was maintained
below the critical conditions of motion of the bed material,
thus clear-water scour conditions prevailed during the exper-
iments. Scour depth, change in water surface elevation, time-
averaged point velocity, and maximum velocity fluctuations
were measured along six cross sections near the pier.

EXPERIMENTAL SETUP AND PROCEDURE

The experiments were conducted in a 61- X 2.4- x 1.2-m
recirculating laboratory flume at the Engineering Research
Center. A large-scale (1:15) model of the Schoharie Creek
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bridge pier is shown in Figure 1. The footing has a rectangular
shape, wider and longer than the pier itself, which is well
rounded on both ends. Metal pieces fix the model pier to the
flume sidewalls. Pea-size gravel (Ds, = 3.3 mm) covers the
flume bed up to the top of the foundation footing. Rails on
the top of each flume sidewall support a motorized carriage
holding a point gauge, a depth measuring device, and the
current meter probe used for velocity measurements. In the
first three tests, the pier was aligned with the flow; in the
remaining three tests, the pier was skewed at an angle o of
10 degrees between the pier axis and the main flow direction.
The discharge and slope were controlled to maintain average
velocities of 0.3, 0.6, and 0.9 m/sec while keeping the flow
depth constant at y, = 0.3 m for each run. The test conditions
are presented in Table 1. The downstream conditions were
controlled by a tail gate. With the study reach located 30 m
upstream of the tailgate, steady uniform flow conditions pre-
vailed in the study reach without the pier. Each run was
allowed sufficient time, at least 8 hr, to simulate conditions
approaching the maximum expected scour.

Reference nets in Figures 2 and 3 indicate the location of
each measuring vertical. In the case of the aligned pier, mea-
surements were taken on only half the flow field after the
symmetry in velocity profiles on each side of the pier was
checked. At least five velocity measurements were taken on
each vertical, except where deposits significantly reduced the
flow depth. When the erosive action allowed it, measurements
were also taken below the zero reference (the elevation of
the undisturbed bed).

Velocity measurements were taken using a Marsh-
McBirney 2D electromagnetic current meter. Average values
and maximum fluctuations of the two velocity components
parallel and perpendicular (in a plane parallel to the bottom
of the flume) to the main flow direction were recorded. The
current meter was connected to an HP 3468 Multimeter con-
nected to an HP 82162A thermal printer and to an HP 71
calculator in an IL loop. Over a period of 30 sec, 57 measure-
ments were read, stored, and averaged for each probe position
and each flow direction. Changes in the bed elevation and
water surface elevation profiles were also compiled from these
measurements by Santoro (/).

RESULTS
Flow Patterns Around the Pier

The downstream velocity distribution was obtained from the
measurements at each cross section and at planes parallel to
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FIGURE 1 Geometric characteristics of the
Schoharie bridge pier model.

TABLE 1 SUMMARY OF TEST CONDITIONS
Upstream Upstream Froude Pier
Run flow depth MNow velacity | Discharge Slope number | Angle
number ¥ Q S Fr '3
[m] [m/s] [m?s) [%]
1 03 0.3 0.223 0.014 0.176 o
2 03 0.6 0.447 0.055 0.352 0
3 0.3 0.9 0,670 0.123 0.529 o
4 03 03 0.223 0.014 0.176 10°
5 03 06 0.447 0,055 0.352 10"
6 0.3 0.9 0,670 0.123 0.529 10°
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FIGURE 2 Reference net for aligned pier (a« = 0
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the flume bed. The flow is slowed down in the central area
upstream of the pier; this effect is accentuated for the angled
pier. Figure 4 shows the results of the measured velocity dis-
tribution at Cross Section C from Run 4 for the angled pier.
The velocity is maximum on the side the pier is skewed to-
ward, and the maximum velocity is found at an elevation
ranging between 0.4 and 0.7 of the undisturbed flow depth
¥:- The ratio of the maximum measured velocity to the un-
disturbed flow velocity is 1.4 for the aligned pier and 1.6 for
the angled pier.

Lower velocity is measured in the wake of the pier, and
asymmetric profiles result for the angled pier. Figure 5 shows
a plan view of the dimensionless velocity distribution in a
section parallel to the bottom of the flume set at an elevation
corresponding to 0.4 of the undisturbed flow depth y,. The
overall flow pattern is described well in that maximum ve-
locities are found on the narrow sides of the skewed pier.
However, the number of verticals precludes any detailed analysis
of the flow near the pier and along the sidewalls. Discharge
measurements from the orifice inserted in the recirculating
pipeline compared favorably with the calculated discharge
from the integration of the velocity distribution over the cross
section.

Total Scour Around the Pier

‘I'he total scour around the pier combines the effects of two
conditions: contraction scour caused by the higher velocity in
the reduced cross-sectional area near the pier, and local scour
caused by the horseshoe vortex around the base of the pier.
Qualitative and comparative information can be drawn from
the photographs and measurements of the flume bed surface
at the end of each run.

Under low flow velocities, the extent of scour is relatively
limited downstream of the pier. Only the front part of the
pier was exposed. At higher velocities (Figure 6), the scour
hole extended alongside the entire pier and a deposition area
formed downstream of the pier. The scour pattern of the
skewed pier is highly asymmetrical with the maximum scour
localized on the side toward which the pier is skewed (Figure 7).
The areas of deposition downstream of the pier were more
accentuated. Table 2 presents the geometric characteristics of
the scour hole in the different runs. The side slope of the
scour hole is steeper for the aligned pier than for the skewed
pier.

Contraction Scour

The presence of the pier contracted 7.3 percent of the channel
width at the pier level and 16 percent at the footing level.
The measurements suggest that at least part of the erosion
alongside the pier was caused by contraction scour. Measured
contraction scour depths were compared with the depths pre-
dicted by Laursen’s equation (2), which computes the con-
traction scour depth y. as the difference between the flow
depth y, in the contracted reach and the upstream flow depth
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FIGURE 4 Dimensionless velocity distribution v/V, Run 4 (Section C, V = 0.3 m/sec, and

a = 10 degrees).
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FIGURE 5 Plan view of the dimensionless velocity distribution v/V at a depth y =

0.4y,, Run 4 (V = 0.3 m/sec, & = 10 degrees).

where y, is given by

A B
- G
Y1 w, ny
in which W is the channel width, n is Manning’s coefficient,
A and B are two exponents whose values are tabulated as a
function of the mode of transport of the bed material in the
contracted reach, and the subscripts 1 and 2 refer to the un-

disturbed and contracted reach, respectively. Assuming n, =
n, while the width ratio is based on the pier width, a constant

value of y. = 0.035 m is obtained for all test conditions. This
result is compared with the measurements in Figure 8.

Maximum Local Scour Depths

The deepest scour always occurred right in front of the pier
where contraction scour was not yet present. This finding
means that the maximum scour depth is not significantly in-
fluenced by the contraction scour. It was then possible to
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FIGURE 7 Scour around the skewed pier (Run 6).

compare the measured local scour depths y,,, with the max-
imum calculated scour depth y,. from the following equations.

@ CSU equation (3):

b 0.65
Fo o 2,0<—> Fr043 3)
Y Y
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TABLE 2 GEOMETRIC CHARACTERISTICS OF THE
SCOUR HOLE

Run Upstream flow Pier angle Scour depth Scour Side slope
number velocity a A width
v (m] (m]
[m/s]
1 0.3 o 0.076 0.152 10O
2 0.6 W 0.158 0274 0.87
3 09 o 0.305 0.457 075
4 03 10° 0.122 0213 .88
5 0.6 1 0.241 0.357 0.75
6 0.9 {1 0.427 S8 0ol
0.10
] I
o +c2
O DI
’ o p7

0.04

0.02 -é.
0.00 o |
5

Run No.

FIGURE 8 Computed and measured contraction scour depths.

® Laursen equation (2):

776
Yse
e 1
b (11.5))1 )

ySC
—=55= ] — -1 4
N 55}’1 (to/7)'"? @

@ Froehlich equation (4):

bl 0.62 y 0.46 b 0.08
Yse — = Z1 0:20f s
cosls) () o

where

y, = upstream flow depth,

b = picr width,

Fr = Froude number,

7, = bed shear stress,

7. — critical bed shcar stress,

b' = projected pier width normal to the flow direction,
D,, = mean sediment size, and

¢ = pier shape factor (¢ = 1 for a round-nosed pier).

Because the complex pier geometry provides both the pier
width and the footing as possible values for b, calculations of
scour depth using both values are considered separately. Fig-
ures 9 and 10 show the results.

It is concluded from the experimental results shown in Fig-
ures 9 and 10 that the pier width, rather than the foundation

il
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FIGURE 9 Ratio of computed to measured scour depths using
b = pier width.

width, is more appropriate for calculating local pier scour. In
general, these equations tend to overestimate the scour depth,
with the exception of Laursen’s equation, which underesti-
mates the scour depth at low Froude numbers.

Influence of the Pier Angle

These experiments allow direct comparison between the scour
depth y, ;- when the pier is angled at 10 degrees, and pier
scour of an aligned pier y,., the other parameters being equal.
The ratio yi = y, /vy between corresponding scour depths
separates the effect of the pier angle « in the case of these
experiments. Figure 11 shows the values of y? from labora-
tory measurements obtained from the three scour depth equa-
tions. In Figure 11, pier orientation seems correlated to the
Froude number, decreasing when the Froude number in-
creases. The possibility of a dependence of the angle correc-
tion coefficient on the flow velocity (or Froude number) is
not unreasonable. The strength of the vortices depends on
both the upstream velocity and the projected pier width per-
pendicular to the flow direction (which is affected by the pier
angle). The influence of the angle of attack might be related
to the flow average velocity in the sense that as the Froude
number increases (here velocity and Froude number are used
interchangeably because the depth remains constant) and the
inclination of the pier increases, the scour depth cannot in-
crease indefinitely but must approach an ultimate limit.

7.0 \
| X Froehlich e
. |+ csu \
5.0 — O Laursen al :I_'gon:d Pier
] = .
Vs 407
Ysm [
3.0 ]
= | o
20
’ o
1.0
J o
0.0 T T L T 9 T L R o B ;
0.0 0.1 0.2 0.3 0.4 05 0.6
Eotier V.
. =
vy,
7.0
7| X Froehlich
£ ﬂ + csu
5.0 —| © Laursen b) Angled Pier _|
k a=0°
Yoo 4.0 _——
Vam oo SR
3.0 \\ o
—i 7\"*
. ¢
1.0
: o+
0.0 S Jod | T T T T Ty e e = o
0.0 0.1 0.2 0.3 0.4 0.5 0.6
£ oV
", =
vy,

FIGURE 10 Ratio of computed to measured scour depths
using b = footing width.
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FIGURE 11 Effect of pier alignment on pier scour.

Maximum Velocitics

Some riprap design methods are based on velocity measure-
ments. Typically, a representative riprap size or stone weight
can be determined from an average velocity, bottom velocity,
or reference velocity. For instance, the Isbash formula relates
the riprap stone weight to the sixth power of the velocity. It
is then clear that riprap design is highly sensitive to velocity
measurements.



142

In the particular case of riprap design around piers, the
velocity increases because of both the contraction effect and
the turbulence. Maximum and minimum instantaneous ve-
locities were measured at each point to provide an indication
of the maximum velocity fluctuations normally expected around
bridge piers. The measurements indicate that the maximum
ratio of the maximum point velocity v, to the average un-
disturbed velocity V decreases with increasing velocity. The
maximum measured ratio is as high as 1.8, and it is registered
during Run 4.

Possible Armoring Effect

Two samples of the bed material from the surface of the front
part of the scour hole were taken and analyzed after the tests.
The sieve analyses before and after Run 3 indicate that the
amount of particles smaller than approximately 2 mm on the
scour hole surface had significantly diminished, whereas all
the particles smaller than 0.5 mm had been totally washed
out. However, the tests results do not indicate significant
armoring effects.

Comparison with Prototype Scour Depth

At a linear scale of 1:15, the Froude number analogy yields
a velocity scale 1:3.87. The prototype conditions for which
field data were available (5) are closely modeled in Run 3.
The measured scour depth in the experiments scaled to 4.57 m
of scour depth at the prototype scale, which compares to the
field-measured scour depth of 4.27 m.

CONCLUSIONS

The following considerations can be drawn from these labo-
ratory experiments on velocity and scour depth measurements
around a model of the Schoharie bridge pier:

1. The time-averaged point velocity distribution in cross
and plan sections exhibits two areas of increased velocities
alongside the pier. The recorded values were as high as 1.6
times the mean upstream approach velocity.

2. With the initial bed surface at the same elevation as the
top of the footing, scour depth calculations based on pier
width are more appropriate than those based on the footing
width. '

3. The measured local scour depths are in reasonable agree-
ment with the local scour depths calculated from three scour
equations. All equations perform better at higher values of
the Froude number (Fr > 0.3).

4, The ratio y; of the angled pier scour depth y, ¢ to the
aligned pier scour depth y, -, decreases with increasing Froude
number as shown in Figure 11. Although few experiments are
considered, the detected trend is nevertheless significant.
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5. The ratio of the maximum velocity fluctuations to the
mean undisturbed upstream velocity decreases as the mean
flow velocity increases. Values as high as 1.8 times the mean
approach velocity were measured around the angled pier.

6. From the measurements reported at the prototype scale
of 1:15, the run with an aligned pier and the maximum ve-
locity (3.48 m/sec) gave a scour depth at the prototype scale
of 4.57 m, which compares well with the field-measured scour
depth of 4.27 m.

NOTATION

b = pier width,
b! = projected width of the pier in perpendicular direc-
tion to the main flow,
Dy, = mean sediment size,
Fr = Froude number,
L = length of the pier,
n = Manning roughness coefficient,
Q = total discharge,
V = mean approach flow velocity,
y, = upstream flow depth,
y, = flow depth in the contracted reach,
y. = contraction scour,
¥, = maximum depth of scour below mean bed level,
¥.. = calculated local scour depth,
Ysm = measured local scour depth,
Ys1o- = scour depth at an angle o = 10 degrees,
Yo = scour depth at an angle a = 0 degrees,
Yo = 1atio y /Y,
W = width of the channel,
o = angle of attack of the flow,
¢ = pier shape factor (¢ = 1 for round-nosed piers),
7, = bed shear stress, and
1. = critical shear stress.
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