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Abstract: Local phenomena around bridge piers and abutments are generally considered to be similar; nevertheless the
presence of the incoming boundary layer on the side wall in the abutment case generates extra pressure gradients and
consequently a more complex vortex pattern. In the literature, experimental data for bridge abutments are relatively
scarce; in particular almost no data are available for the time evolution of the scour. In this work we present the resuits
of several long duration (3 days — 5 weeks) clear water scour laboratory tests around bridge abutments; the time evolu-
tion of the erosion process is analysed with respect to local and global characteristic values (maxima, volumes, hole
shape). In particular we analyse the effect of the constriction ratio b/B between the transversal obstacle dimension and
the flume width: in many practical situations abutments (or piers) obstruct a significant portion of the channel, so that
the average acceleration due to constriction is expected to increase the scour effects of the local acceleration around the
obstacle.

Measured values for maximum scour are poorly predicted by literature formulas. Scour depths are positively correlated
with the constriction ratio, but increases are smaller than expected trom literature indications. Experimental results show
that models for bridge piers cannot be directly applied to abutments; in particular, time scales for the latter are signifi-

cantly larger than for piers.
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Ballio et al., 1998; Yco, 1998). In spite of the
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(absolute or relative) is extremely difficult and
questionable. Therefore, better design criteria

. . . and validation methodologies for assessment of
the scientific and technical literature, several ) .
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the importance of the topic (Italian State Rail-
ways, National Italian Research Council
(C.N.R.) and Ministry of Public Works, British
Rail, Federal Highway Administration, Federal
Swiss Railway). Similarly, current national and
international technical/scientific regulations do
not appear adequate to a safe and rational design
and validation procedure of bridge waterways.
Erosion phenomena are surely one of the
most important factors in bridge vulnerability:
river structures are exposed to both contraction
and local scour around piers and abutments.
Many literature papers analysc local scour phe-
nomena (for organised reviews and comparisons
with experimental data see for example Farraday
and Charlton, 1983; AA.VV.,, 1989; Breusers
and Raudkivi, 1991; Melville, 1992; Franzetti et
al., 1994; Qadar and Ansari, 1994; Richardson
and Davis, 1995; Melville, 1997; Kandasamy
and Melville, 1998). Generalised scour due to
channel constriction is less documented. Fol-
lowing Blench/Laursen's scheme, all models in
the literature essentially adopt the same frame-
work, i.e. the local flow constriction is concep-
tualised as a cross-sectional variation (among
others see Laursen, 1962, 1963; Komura, 1966;
Gill, 1981; Webby, 1984; AA.VV., 1989; Breusers
and Raudkivi, 1991; Lim, 1993; Richardson and
Davis, 1995; Umbrell e al., 1998). Different ex-
perimental results often do not match well; the
dependence of phenomena on some parameters
whose effect is probably not of secondary impor-
tance is still not well defined; the same is true for
the temporal scour evolution. Finally, abutments
have been studied much less than piers with re-
spect to erosion phenomena; prediction models for
abutments are often drawn from those for piers. As
a consequence, scour predictions for abutments
can be affected by significant crrors: studies of the
Federal Highway Administration (Richardson
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and Devis, 1995) indicate that bridge failures for
abutment scour occur at least as often as those for
piers; several reports about flood damages at bridges
m New Zeland are discussed in Melville (1992),
showing a predominance of abutment rather than
pier failures.

Local scour and contraction scour are usually
studied separately (combination of pier/abutment
in a "large" section channel, or "long" constriction).
The contributions of these two factors are usually
estimated separately and then added up without
considering mutual interactions (e.g. AA.VV,, 1989;
Richardson and Davis, 1995); technical procedures
for scour estimates at bridges only consider asymp-
totic values for infinite time. Preliminary evaluations
have shown that this procedure might significantly
overestimate the actual scour depth. As a matter of
fact, generalised scour at a bridge location is often
interconnected to local effects ("short" constriction).

In this paper we present the results of scveral
long duration scour laboratory tests around
bridge abutments; the ecrosion process was
monitored by detailed measurements all around
the obstacle. We will focus the analysis of re-
sults particularly on: (a) the predictability of
scour with respect of its time evolution (maxi-
mum values, volumes, hole shapes) and (b) the
effects of the constriction ratio i.e. the intcrac-

tions between localised and generalised scour.

2. DIMENSIONAL ANALYSIS

The scour depth (d) at any point around a
bridge abutment can be expressed in a non-di-

mensional form as (Crippa and Fioroni, [1999):

d h’B b o,  d, d (D
obstacle shape ,7 :%
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Table 1. Test conditions.
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Test| b | L | B h h, | U b:’l::szn ;0::;::: b/B | bih
[m] | [m] | [m] [m] [m] | [m/s] [%0] [hours] [ [-]
Al | 0.10 | 040 | 1.00 | 0.092 | 0.090 | 0.60 0.37 863 0.10 | 1.09
A2 | 0.10 | 0.40 | 0.60 | 0.095 | 0.094 | 0.65 0.37 270 0.17 | 1.05
A3 | 0.10 | 0.40 | 041 0.096 | 0.095 | 0.63 0.37 281 024 | 1.04
A4 | 010 | 040 | 0.30 { 0.099 | 0.103 | 0.69 0.37 12 033 | 1.01
A5 | 0.10 | 040 | 020 | 0.106 | 0.107 | 0.72 0.46 270 0.50 | 0.94
B.1 | 0.10 | 0.40 | 1.00 | 0.183 | 0.183 | 0.70 0.17 300 0.10 | 0.55
B.2 | 0.10 | 040 | 0.60 | 0.178 | 0.178 | 0.73 0.18 80 0.17 | 0.56
B3 | 0.10 | 040 | 040 | 0.177 | 0.177 | 0.72 0.21 202 0.25 | 0.56
B4 | 0.10 { 040 | 0.30 | 0.180 | 0.180 | 0.72 0.21 143 0.33 | 0.56
C.1 | 0.05 | 0.20 | 0.50 | 0.093 0.093 | 0.64 0.38 273 0.10 | 0.54

where the main geometrical quantities are de-
fined in figure 1; flow parameters (depth 4, av-
erage velocity U, Shields number ¢) refer to the
position of the obstacle, for an undisturbed flow
without the obstacle; sy and G, arc respectively
the median size and standard deviation of the
granulomctric distribution; 7 is time; ¢, is the
threshold value for ¢. The characteristic length
scale A depends on the b/h ratio: typically A « b
for small b/ values, while A o« 4 for high valucs
of the ratio (Melville, 1992 and 1997). For
I <bsh <25 Melville suggests A o (bh)' 2. Ex-
periments shown here have b/h=0.5+1 (see
Table 1), so that either b or (/7/1)] 2 may be cho-
sen as the length scale.

Some Reynolds number should be added in
the control parameter list in (1) if turbulent ef-
feets do not dominate, so that fluid viscosity af-
fects the phenomenon. The Froude number (possi-
bly the densimetric Froude number) could substi-
tute for either ¢/¢. or hidsy since the three non-
dimensional groups arc mutually corrclated by A/h
and the resistance equation for a developed flow.

In the following ¢ will indicate scour depths

in a generic point, d, is the absolute scour
maximum for the hole, d,, the local maximum

for any cross-section.

3. EXPERIMENTAL SET UP

A tilting hydraulic flume with transparent
walls (length 15 m, width 1.0 m) was partially filled
with a layer of sediments (density p, = 2620 kg/m’).
The mean size diameter was ds,=5.0 mm, with
standard deviation o, = 1.3 mm, so that the scdiment
size can be considered as approximately uniform.

The bridge abutment consisted of a plexiglass
prism with #=0.10 m and L =0.40m (scc
Fig. 1), and was placed at the middlc length of
the flume. A smaller obstacle (b= 0.05 m,
L =0.20 m) was used in test C.1 (sec Table 1).
Flow depths were measured by piezometric
probes at the bottom of the flume. Sediment
levels were surveyed either with a depth gage or
with a laser proximity sensor, which allowed
detailed measurements in several transverse
sections (sec Fig. 1) and thus the calculation of
scoured volumes around the obstacle. The
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Fig. 1, Definition Sketch

channel width was varied

by coated steel plates placed along the whole
channel length. The reference flow depth # was
kept close to the normal depth 4,.

Experiments were run near threshold condi-

tions. We measured sediment transport rates
with small sediment traps in preliminary runs
without the obstacle, identifying incipient mo-
tion conditions with some very small value of
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the non-dimensional transport number &:

®= 9, = 6.10°

g(p, /p~1)d;,

where ¢, is the volumetric transport (pores
excluded) per unit width, g 1s gravity and p is
the density of water. The above value of @ was
gencrated by a flux of about 100 grains over a
time interval of 15" and a width of 10 cm. This
reference  motion condition corresponds to
0-0 = 410 when calculated with the Meyer-Peter
and Miiller formula, and to a visual evaluation of
motion class 5 ("frequent particle movement at all
locations") in Hoffimans and Verheij (1997). We
chose this procedure to evaluate the threshold since
we could not find a reliable estimation of the shear
stress  distribution  between bottom and lateral
walls: as the flow width B was reduced, wall ef-
fects became more and more evident, with lower
sediment motion for a given value of the flow
cnergy slope. On the basis of reasonable shear
distributions we estimated ¢, =0.040 and ¢/
d. =0.95+1.05 for the tests discussed here, with
the exception of test A.5 for which we estimated
¢ = 0.055 for the same sediment motion conditions
of the others. For details see Radice (2000).

Experimental tests have been designed so that
only one non-dimensional parameter at a time in
(1) was varied (seec table 1); in serics A and B
the constriction ratio /B is varied for given b/h
values; notice that for /B <0.09+0.10 the con-
striction cffect on local scour is believed to be
negligible (Cunha, 1973: Franzetti er al., 1994).
The further test (C.1) differs from the “large”
tests of the two series (A.l and B.1) cither for
the b or the / value, thus allowing a control for
scale effects and/or for the influence of h/ds,.
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4. EVOLUTION OF THE SCOUR PRO-
CESS

Fig. 2 shows a typical configuration for a well
developed scour hole (test B.1, end of the run):
in front of the obstacle the hole has almost the
form of a quarter of a cylinder, with a slope ap-
proximately equal to the sediment angle of
repose in water and with the maximum close to
the corner between the abutment face and the
side wall; at the side of the obstacle two parallel
channels can be recognised (see also cross-sec-
tions in Fig. 6): sediments coming from up-
stream are mainly conveyed to the bottom of the
deeper channel, while the outer one is not
actively affected by the sediment flux coming
from the front region, and could be either linked
to the crosive effect of the wake detaching from
the abutment front corner, or to an alternation of
active and stagnation regions within the vortex
system from upstream. The erosion process
typically begins at thc abutment inner comer,
the sediments being continuously displaced by
the main flow which turns around the obstacle.
After a few minutes, however, the maximum
sediment activity progressively moves to the
channel side, while movements are less continuous;
finally the erosion process becomes mainly impul-
sive, and the grains are clearly forced upstream and
laterally by a vortical flow with a transverse hori-
zontal axis (front region of a horseshoe vortex). The
crosive process is apparently concentrated at the
bottom of the hole and of the side channel; lateral
widening is caused by the consequent collapse of
the hole sides. In spite of the low value of o, for the
granulometric distribution we could notice some
minor armouring at the abutment corner after the
first week of run.

Typical time evolution trends for the maxi-
mum scour d, are plotted in Fig. 3 (“large™ tests:



248

A.1, B.1, C.1). Erosion develops at a decreasing
rate, so that during the first hour the scour increased
approximately as much as in the following week;
after a short transient, depths increase almost line-
arly in a logarithmic scale for time; a lessening of
the logarithmic scour rate can be recognised for test
A.1 approximately after 3-10° [s], but in no case
could we see any asymptotic scour value.
Transverse sections 3 for test B.1 are plotted
in figure 4: y and d values are normalised by the
maximum scour d,, on the section (which is also
the absolute maximum for the hole, d). It can be
recognised that the hole quickly reaches a
sclf-similar evolution; the same is true for all
scctions in the front region, which are compara-
ble also among different tests. Fig. 5 plots the
time evolution of Add,, where Ar is the cubic
root of the scoured volume in the front region
(x> xy, see fig. 1); for the choice of time nor-
malisation factors, see the ncxt paragraph. 1t can
be noticed in figures 4 and 5 that the gecometry
of the front region of the hole approximately
scales with d, for 1> 5+8-10°; moreover fig. 5

Water Engineering Research, Vol. 2, No.4, 2001

shows that the scale factors are similar for dif-
ferent values of the flow parameters (this obser-
vation is also confirmed by direct comparison of
the sections among different tests), so that all
geometrical properties of the scour hole can be
drawn from the values of the maximum scour.
Wider sections (and larger values for Aydy) for
smaller times are consistent with the displace-
ment of the main scour zone from the inner to
the outer corner of the abutment, as previously
described. Bottom profiles at the side (Fig. 6) do
not show such a good self-similarity along time,
nor can they be quantitatively compared among
different tests, though they have qualitatively
similar shapes. Moreover, Fig. 7 indicates that
the scoured volume of the side region
(x, <x <xy ; A, indicates the cubic root of the
corresponding volume) does not scale with d
even for the largest time values: similarly to the
front region, cross sections are wider at the be-
ginning of the phenomenon (see also Fig. 6), but
for 1> 5+8-10° the AJ/d, ratio starts to grow,
possibly also because of the reduction of sedi-

Fig. 2. Erosion Hole for Test B.1 at = 18000 [s].
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ment flux from the front region. These results
indicate that the interactions among the main
stream, the vortex system coming from the front
and the wake from the corner generate a com-
plex flow field in the constricted reach, whose
scouring effects change with time.

5. TIME EVOLUTION AND MAXIM-
UM SCOUR VALUES FOR NON-
CONSTRICTED TESTS (B/B = 0.10)

Maximum scour values are plotted in non-
dimensional form in Fig. 8. Test A.1 has b/h = 1,
while test B.1 and C.1 have b/h = 0.5, so that
A = b should be a proper scale for a comparison
of the three tests according to Melville (1992);
on the contrary, we found that X = (bh)"? works
better than A =4 with all tests, so that we will
use the former scale for the normalisation of
data. Tests A.l and B.1 collapse reasonably well
on a single trend, but test C.1 lies significantly
underncath the other two. Tests B.l1 and C.1
have similar values for all non-dimensional pa-
rameters other than b/dsy; literature (Melville,
1992; Franzetti et al., 1994) indicates a positive
correlation between the equilibrium scour values
and b/dsy for b/dsy < 30+50, which could explain
why test C.1 (b/dsq = 10) has smaller values than
A.l and B.1 (b/dsy=20). It must be noticed that
the above-mentioned correlation has been drawn
for low b/h values (where b dominates as length
scale); we think that the dependence of the scour
on the grain scale should be rather expressed in
terms of Mdsg, i.e. (bh)"*/ds,. Preliminary evalua-
tions have supported such an assumption, which
also improves the superimposition of tests A.1
and B.1. Anyway, we will apply no correction
for A/dsy on these results, both because we do
not yet have enough data to validate our as-

sumption and because it would have only a mi-
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nor effect on the following analyses.

As already noticed, in spite of their long dura-
tion, none of our experiments reached a steady
scour value. Therefore it would be useful to ex-
trapolate the measured temporal trends to possi-
ble equilibrium values by means of analytical
expressions for dy(t) from the literature. We con-
sidered several formulas (Ettema, 1980; Islam et
al., 1986; Franzetti et al, 1994; Hoffmans and
Verheij, 1997, Bertoldi and Jones, 1998; White-
house-in Cardoso and Bettess, 1999; Melville and
Chiew, 1999) but none of them matched the meas-
ured trends. It should be noticed that most of the
expressions were originally drawn for piers; Car-
doso and Bettes (1999) showed that pier formulas in
Franzetti et al., Ettema and Whitehouse could be
applied to their abutments data only after a proper
modifications of the coefficients. We also tried to
adapt literature expressions to our data; the formula
which best matches all the tests with constant values
of the coefficients turned to be that in Franzetti et

al:

oY
a0 @
d,

where d,. is the equilibrium scour depth. The
authors proposed this formula for cylindrical
piers, with A = pier diameter, o =0.028 and
B =0.33. We used A= (bh)'"?, while coefficient
B had to be modified to § = 0.28. Values for d,
were estimated by eye-fitting measured trends to
the analytical expression, with particular care
for data at high times. Results are piotted in Fig.
9, which shows a reasonablc agrcement of the
three series with expression (2).

Estimated d,. values are plotted together with
the last measured scour value in fig. 10. The
graph also shows equilibrium depths calculated

with three literature formulas.
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Laursen (1963) — abutment

776
b _5q5.4s [L.d_sH] i 3)
h h 12 &

Gill (1972) - spur dike
0.25 6/7
dyth _ga75.[ 90 (i] 4)
h h B-b

Melville (1997) - abutment

9y =2-K, K4 = function of b/ds, %)
A

Equations (3)—(5) are simplified versions of
the corresponding original formulas, for the
geometrical and transport conditions of our tests
(rectangular obstacle, ¢/¢.=1, uniform sediment
size). In eq. (5) we used A=(bh)'? for test A.l
and A=5 for tests B.1 and C.1, as suggested by
the author. Coefficient K4 was evaluated from Fig. 6
in Melville (1997). Formulas are evidently unable to
predict the measured scoured depths with
reasonable accuracy; moreover, eqns. (4) and (5) do
not simulate correctly the effects of variation of
either b or h. We tested several other models for
abutments, piers and spur dikes, but they did not

perform better (Radice, 2000).

6. EFFECTS OF CHANNEL CONSTRI-
CTION (B/B = 0.10 > 0.50)

Figure 11 plots the dimensional time evolu-
tion of the maximum scour depth for all tests of
series A and B. Both series show little depend-
ence of d; on the constriction ratio for /B < 0.33,
and similar qualitative temporal trends for any
value of bA/B. Non-dimensional scour values
dyJ(bh)'*? are plotted versus /B in Fig. 12 for
given values of t = tU/(bh)"%. Equilibrium scour
depths extrapolated with Eq. (2) are also shown.

Water Engineering Research, Vol. 2, No.4, 2001

The length scale A = (b4)"” is a good normalisa-
tion factor for any value of the constriction ratio;
corrections for A/dso would slightly improve the
superimposition of the two series for each z
value, but do not change the overall appearance
of the plot. It can be observed in Fig. 12 that d,
increases with b/B, but the extra scour due to the
constriction remains approximately constant for
any T, so that its relative effect diminishes with
time: for tests with 5/B=0.10—0.33 we never
observed an increase for the normalised maxi-
mum scour depth larger than 25% for t= 10°,
reducing to less than 10% for larger t values.
Only test A.5 (b/B =10.50) shows significantly
increased scour levels (typically 30% higher
than test A.1).

Fig. 13 shows a comparison of cross sections
3 for all tests of series A at similar non- dimen-
sional times. When normalised by the maximum
scour value profiles are similar for any value of
b/B, even for tests A3, A4 and A.5 where the
scour hole is truncated by the channel side wall. It
should also be noticed that in tests A.1 and A.2,
where the hole did not reach the channel side
opposite to the obstacle, profiles reach the origi-
nal bottom level, thus indicating no general ero-
sion at the side of the local erosion hole. Bottom
profiles showed good similarity for the tests of all
series; some more spread was observed at the
side of the obstacle (see also Fig. 6).

We compared the measured increases in scour
depths due to the constriction of Fig. 12 with
literature formulas for constriction scour (see
references in the introduction). The exercise
showed that the simple addition of a constriction
to take
into account the effect of &/B, as often suggested

component to local erosion in order

in technical procedures, can lead to a significant
overestimation of the constriction effects (up to
300%). This result is not surprising: constriction
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erosion models evaluate the maximum scour
depth on the base of the average transport con-
dition in the constricted reach; in our experiment
the transverse area of the scour hole next to the
obstacle became larger than the obstructed arca
after a relatively short run time (typically
1 <2-10%, so that the average velocity beside
the obstacle was below the incipient motion
condition, and no constriction erosion was c¢x-
pected any longer according to a model working
on average values. In this sense the assumption
of linear superimposition of contraction and
local ecffects is conceptually not sound. As a
matter of fact we never found evidence of any
general erosion throughout the cross section,
even at the very first stages of the runs, thus
indicating that the flow acceleration due to the
obstacle is localised close to it. In a “long” con-
traction the effect of the constriction gradually
spreads to the whole cross section, so that a
general crosion would be enhanced moving
downflow, while concentrated effects extin-
guish; in “‘short” contractions, on the contrary, a
significant constriction ratio increases local ero-

sion depths more than causing general erosion.

7. CONCLUSIONS

In this work we presented the results of sev-
eral long duration scour laboratory experiments
around bridge abutments; cxperimental condi-
tions have been chosen so that only one non-
dimensional control parameter at a time was

varied. Detailed measurements of the crosion

holes allowed the evaluation of scoured volumes.

The analysis of the results shows the following.
Temporal evolutions of scour depths for abut-
ments are qualitatively similar to those for piers, but
quantitatively different. Analytical expressions for
picrs can be adapted to measured values only after
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proper modification of the coefficients: in par-
ticular, time scales for our tests are much larger
than standard values for piers.

Mecasured values for maximum scour depths
arc poorly estimated by literature formulas.
Standard indications for the dominant length
scalec (b and/or #) are not consistent with our
data.

Scour patterns show geometrical similarity
along time and among different tests; even when
the hole encounters the flume wall opposite to the
obstacle, it is simply truncated without deforma-
tions. As a consequence, all characteristics of the
scour hole which could be significant for the
abutment stability (hole width, volume, ...) can be
drawn with reasonable accuracy from maximum
depths and/or from any other scour scale.

We observed significant cffects of the con-
striction ratio on scour only for extreme values
of the ratio (b/B = 0.50). If standard models are
used to evaluate contraction erosion, the simple
addition of contraction and local effects can lead
to a significant overestimation of the total scour;
a conceptual analysis of the results shows that
the assumption of linear superimposition of
contraction and local eftects is not sound.

As a general comment, we should stress that
abutment scour is less documented than pier
scour, in spite of its importance on bridge vul-
nerability. No comprehensive synthesis of cx-
perimental data is available. As a consequence,
relatively large errors should be expected when
predicting abutment scour on the base of litera-
ture models.

Additional experiments arc necessary to ver-
ify the present observations on a wider variety of
flow conditions, especially for different b/# and
hids, values. In particular, lower values for b/h
should increase constriction erosion with respect to
local erosion, thus enhancing the effect of /8.
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