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ABSTRACT: The main objective of this study is to evalusand comparehree available methods for t
prediction of the local scour depth around comglegrige piers using new experimental data. The cerpl
pier model used in the study was embedded in unifdiameter (0.86 mm) sand. A total of 9 tests veare
ried out in a 40 m long and 2 m wide rectanguladdaed tilting flume. Tests lasted between 15 ahdays,

for a variety of pile cap positions relative to timtial bed under steady clear-water flow condiso The
comparison of predictions with measurements, inolydome selected from the literature, allows stathat
the HEC-18, Auckland and Florida methods potemtildhd to both overestimations and underestimations
depending on the relative position of the pile dapecame obvious from the study that differencesy be
influenced by the test stop criterion adopted aekperiments.

Richardson & Davis 2001, Coleman 2005, Sheppard
& Renna 2010).
1 INTRODUCTION

Local scour around bridge foundations can lead t. ®) ©)
the partial failure or the collapse of bridge piarel Py

decks. In the last six decades, the local scosmat N

gle piers (Fig. 1a) has been extensively studiée. T

studies focused on the understanding and charact ] lle

zation of (i) the phenomena involved in the scou ,
process (e.g. Dargahi 1989, Ahmed & RajaratnanSingle  Pier founded "7 PU0ISd  pier founded  Complex
1998, Graf and Isiarto 2002, Dey & Raikar 2007), Pt OnPlegowr o aion  O7 Slab footing - pier

(ii) the temporal evolution of maximum scour depth _ _ _

(e.g. Franzetti et. al 1982, Unger & Hager 2007Figure 1. Bridge pier foundation

Lanca et. al 2010), (iii) the prediction of the max .

mum scour depth (e.g. Raudkivi & Ettema 1983, The use.of complex piers is now common. Recent
Melville & Sutherland 1988, Melville & Coleman €xamples in Portugal are those of the Vasco-da-

2000, Richardson & Davis 2001) or (iv) the mathe-Gama or Lezirias bridges, over the Tagus River. Ac-
matical modelling of the scour process (e.g. Kirkilcording to Coleman (2005), for these piers, the pil

et. al 2008). In contrast, studies on local scdur &£aP IS typically founded on the riverbed at corstru

non-uniform cross section piers (Fig. 1b-e) areanortion. Over the life of such a pier, combinations of
recent. In the last three decades they cover sapur limitations of design features, long-term river bed
pile groups (e.g. Hannah 1978, Jones 1989, Zhao degradation or aggradation and contraction scour

Sheppard 1999) and columns founded on caissons gn result in changed pile cap elevations relative
slabs (e.g. Jones et. al 1992, Umeda et. al 2010). the riverbed, with varying combinations of the tre
Physical and economic considerations are instructural elements being exposed to the flow and

creasingly leading, to the design of bridge pierélarying erths of resulting Iocal_scqur below the
composed of a pier column founded on a pile capsurrounding bed levels, as shown in Figure 2.
supported by an array of piles (Fig. 1e). Studies o 1ne scour depth predictors are usually based on
scour at complex piers (Fig. 1e) were mostly cdrrie experimental studies. In the case of complex piers,

out during the last decade (e.g. Salim & Jones 199&1ree of the most widely used methods are HEC-18
Richardson & Davis, 2001), Auckland (Coleman




2005, Melville et. al 2006) and Florida (Sheppard &2.3 Florida method

Renna, 2010). According to Sheppard & Renna (2010), the effect
of each pier component can be evaluated as the

scour depth at one equivalent single cylindricar pi
This, in turn, depends on pier shape, size, logatio
and alignment relative to the flow direction as Iwel
DO PrONS m PO B EOOR B OO as on flow characteristics and sediment properties.
The total diameter of the complex pier can be ap-
(B) © (D) Q) ®

proximated by the sum of the equivalent diameters
of the complex pier components. The mathematical
Figure 2. Scheme of the pile cap elevations expressions of these equivalent diameters were es-
tablished from data of experiments carried out at
The main objective of this work is to study exper-Florida. The procedure of equilibrium scour depth
imentally local scour around complex piers undemprediction considers three cases: case 1, foritae p
clear-water flow condition by obtaining a new sét o cap above the bed; case 2, for partly buried pile
data to evaluate and compare the currently availabbaps; case 3, for completely buried pile caps. &hes

predictors of maximum scour depth at complexcases are defined by referring to initial bed level
piers. The most important feature of the experiment

carried out in this work is their long duration.

3 EXPERIMENTAL SETUP

2 PREDICTORS OF SCOUR DEPTH AT Experiments were carried out in a 40.0 m long glass
COMPLEX PIERS sided rectangular tilting flume having a cross isect
2.1 HEC-18 method of 2.0 m wide and 1.0 m deep. The flume can be tilt

ed. In this study the slope was fixed at 0.2%. A-co
The HEC-18 design method for complex piers wagrete false bottom was installed in order to obtain
suggested by Richardson & Davies (2001). A supeitwo sand recess boxes. Two 5.0 m long and 0.4 m
position approach, comprising the conceptual sepateep sand-filled recess boxes were left in theefals
ration of the pier components and the determinatiopottom. Each of the sand boxes was preceded by a
of the scour depths for individual components i2.0 m long accelerating ramp and a 7.0 m long
adopted. The scour depth is calculated by addiag thixed-bed reach and followed by a 3.0 m long fixed-
scour depth produced by each component of thed reach (Fig. 3). A stilling basin was designed a
complex pier exposed to the flow. The method sufthe end of the first 3.0 m long fixed-bed reachaso
fers from some limitations in the cases where thgo store the sand removed by the flow from the up-

pile cap is partially or completely buried. stream sand recess box. The accelerating ramp tends
to re-generate a uniform flow distribution, thisywa
2 2 Auckland method “disconnecting” scour phenomena and associated

flow fields in both boxes. A 0.3 m thick and 0.2 m
Coleman (2005) and Melville et al. (2006) suggestetbng fine gravel mattress was embedded at the up-
a local scour predictor that combines expressions f stream end of the sand recess boxes, levelled with
scouring respectively at uniform piers, piers foethd the adjacent concrete bed, in order to preventrscou
on a caisson or slab footing and pile group with ang at the transition with this fixed bed. In tisisidy,
surface debris raft. The predictor considers fi@e-c only tests carried out in the downstream recess box
es of the initial pile cap elevation relative t@ thur-  are considered.
rounding bed level. For Case | (Fig. 2, position A)  The experimental setup includes a closed hydrau-
the top of the pile cap is buried below the botwim |ic circuit (Fig. 3) where the discharge can beiagr
the scour hole, and local scour is affected only b¥rom 0.0 to 0.25 rfs *. The flow discharge is meas-
the column. For Case Il (Fig. 2, position B), tbe t ured by mean of an electromagnetic flowmeter, posi-
of the pile cap is exposed to the flow in the scoutioned on the feeder pipe. At the inlet of the fyra
hole and local scour is typically reduced from thlat metallic grid was installed in order to guarantee t
the column alone, due to interception of the downtransversal flow distribution to be uniform. At the
flow by the pile cap. For case Il (Fig. 2, positloC  downstream end of the flume, a sluice gate allows
and D), the three elements are exposed to the flowe regulation of the water level inside the flume
and the scour depth tends to be maximal. For caggig. 3).
IV (Fig. 2, position E), the top of the pile capirms The bed recesses were filed with uniform quartz

line with the water surface, which is similar tpi&e  sand of median sizez,= 0.86 mm, and geometrical
group with a floating debris raft of the size okth standard deviationg,= 1.34.

pile cap. For case V (Fig. 2, position F), the scou
hole is only influenced by the pile group.
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The complex pier was simulated by a model buill
with a concrete column and pile cap and aluminiun

Figure 3. Schema of the hydraulic circuit N N . -
e & P J‘# ol I

Situation 4

piles, placed at 2.0 m from the upstream border of Test 7 Test & Test 0

the bed recess. This model is formed by a round - - -
nose rectangular column of 0.11 m widfh,, and  |::. . J R R
0.43 m lengthL.. A similar shape round-nose rec- m |
tangular pile cap of 0.20 m widti),., 0.52 m —

length, L., and 0.09 m thicknes¥, was placed on

top of eight piles (two rows of 4 piles), spaced byFigure 5. Tests pile cap type situations and stlipsitions

2.5 times the pile diametes,(= 2.5D,) and pile di- _ _ _

ameter of 0.050 m (Fig. 4). The pile cap top eleva- The contraction ratio waB/D,. 210.0 B being

tion, H,, is measured from the initial bed level and itthe flume width) and3/h was taken into account in

is positive when the top of the pile cap is abdwe t oOrder to guarantee that the flume behaves as wide

initial bed level, as shown in Figure 4. (B/h =25.0). These values indicate that both wall ef-
With the purpose of evaluating scouring effectsfect and contraction effect are negligible. Thearel

around complex piers, nine different initial eleva-tive sediment sized)./dso, Dyc/dso andDy/dsg,

tions of the pile cap relative to surrounding bedel ~ Were 127.9, 232.6 and 58.1 respectively. According

were tested. These elevations correspond to faur tyto the literature (e.g. Sheppard et. al, 2004), the

ical situations in which the complex pier can beeraf scour depth can be expected to be maximal, particu-

construction, degradation and contraction scour odarly when the piles are exposed to the flow.

curs. These situations are (Fig. 5): (1) pile cap o

the water (test 1); (2) pile cap under water alibee

bed, (tests 2 and 3); (3) pile cap partially buried 4 EXPERIMENTAL PROCEDURE

the bed (tests 4, 5 and 6) and (4) pile cap comlglet .
buried in the bed (tests 7, 8 and 9). Prior to each test, after the complex pier moded wa

In order to achieve clear-water conditions, thenstalled, the sand bed was compacted and levelled
flow depth,h, was fixed as 0.20 m and the flow dis- With the adjacent concrete level bed. The sand zone
charge was fixed as 0.134%#, to which corre- around the complex pier was covered with thin me-
Sponds an approach Ve|0cify’ of 0.335 m'é The ta”IC plates to aV(?id uncontrolled scour at thglbe
critical Ve|0city was obtained from Sheppard & ning of the eXperlment. The flume was SlOle filled

Renna (2010) equation, as beitig= 0.362 ms.  With water to allow air trapped in the sedimenéess
The resulting flow intensity ratio wds/U, ~ 0.93. cape. The sand bed was levelled and the sand zone

around the complex pier was covered with thin me-
tallic plates again. The flume was gradually filled
imposing high water depth and low flow velocity.
The flow depth was regulated by adjusting the
downstream sluice gate. Once the flow depth and the
discharge were established, the metallic plateg wer
removed and the experiment started. Scour was im-
mediately initiated and the depth of scour hole was
measured, to the accuracy of + 0.1 mm, with an
adapted point gauge, everyl0 minutes during the
first hour. Afterwards, the intervals between meas-
urements increased and, after the first day, two or
three measurements were carried out per day. The
Figure 4. Dimensions and detail of the complex presdel tests were stopped according to criteria defined in
(units in centimeters) the section 5.3.

<
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In the present study, depending on the test, the When the pile cap is placed in the water column
pile cap was placed above the bed and partially buabove the bed (situation 2), the scour depth evolu-
ied or fully buried in the bed. In each situationg, tion is analogous to that of situation 1, displayan
two or three complex pier elements were in contaainique trend as shown in Figure 8, since the maxi-
with the bed. For this reason, it was necessary tmum scour depth occurs immediately upstream of
choose three measuring points, as shown in Figure the piles facing the flow. In this case, measur@sie
point 1 and point 2 were located, respectively, irof the scour depth were also carried out at point 3
front of the column and in front of the pile cap, t (Fig. 6).
carry out measurements when the talweg of the
scour hole occurred in front of these two elements;
point 3 was located in front of one of the upstrean 0.16
piles, which implied drilling one hole through the _ 0.14
pile cap to operate the point gauge (Fig. 6). % 8-%
2008
5 0.06 = Test 2
8004 e Test 3

0.02

0.00
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Figure 8. Scour depth evolution for situation 2

Figure 6. Scour depth measuring points

In the third situation, corresponding to the case

5 RESULTS AND DISCUSSIONS where the pile cap is partially buried in the b
scour depth evolution does not follow a unique
5.1 Scour depth evolution trend, as identified in the situations 1 and 2this

case, the scour depth evolution presents different
curvature changes that depend on the positioneof th
15)' e cap, as shown in Figure 9. In the three tests
ering this situation, the scour process beganantfr

(gf the pile cap and measurements were made at point

At single piers under clear-water flow conditions,
the scour depth evolution follows a logarithmiatite

and three phases of the scouring process may
identified: initial phase, principal phase and d&fui

rium phase (e.g. Ettema 1980; Couto & Cardos
2001). At complex piers those phases of the scgurin
process can display different trends, depending o

the initial elevation of the pile cap. . . .

: . T underneath upstream piles and the measuring point

W_hen the pll_e cap is out of the water (situation 1-)changed to p(F))int 3 (Fig 6). Test 5 and test 6aglhgt

the_tlme evolution of the maximum Scout de_pth 576 hours and 672 hduré respectively. Although
similar to that of tﬂe sm_gIeF_pler C$S$’hf0”0W'ag these tests were run for su'ch a long timé therscou
unigue curve, as shown in Figure 7. The scour pra: . : ;
cefshbtlagins in.;‘rorr]lt of the upstream piles, altviddi Ohg:‘; gigvcf;t irr??ggttg%p':'eg'o?ﬁﬁ) S;S:rtgr%%eziin'g‘ig
ual holes, until they merge into one single scout . : c .
hole; the maximum depth locates itself in front Ofgevlglhtleoz;c}i?% E[)(')Ieaﬁ%lfsgé rc?(gcvar:;}g\?v itc);gn?irfgec é)ne_d

n In test 4 (see Fig. 5), after 240 hours, the maxi-
mum scour depth location changed to the front ef th

the upstream piles of the group. In this case, mea ibution for a long time. In spite of the extremel

rements of the maximum r th wer rri : . , oI
urements of the maximum scour dep ere came ong duration of test 6, it seems obvious that ldzui
out at point 3 (Fig. 6). ;

rium was far from reached.

0.16
0.14 0.16

E o012 L] €0.14

£ 0.10 L o odhadii Zg.i(z)

T 0.08 5ot
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Figure 7. Scour depth evolution for situation 1 . . N
'gu ur depth evolt fruatl Figure 9. Scour depth evolution for situation 3



In situation 4 (tests 7, 8 and 9), characterized byable 1. Maximum scour depth at tests duration

the fact that the pile cap is completely buriedha H, Time d H./h dg/h
bed, the scour depth records also evolve diffeyentiTest  (m) (h) (m) ) )
in time, as show in Figure 10. 1 0.300 3100 0.114 1.50 0.570
In test 7, that was initiated when the top of the? 0.200 4127  0.139 1.00 0.693
pile cap was levelled with the sand bed, the scouf 0.133 3106  0.123 0.67 0.614
process began very slowly in front of the pile cap, 8'82? g?é'g 8'52 8'23 8'?22
scouring being absent downstream, along the edgge 0010 67L1 0095 0.05 0476
of the pile cap upper face. The scour depth meas- 0.000 6465 0.079 0.00 0.396
urements were carried out at point 2 (Fig. 6). Equi8 -0.100 594.6  0.115 -0.50 0.574
librium was not reached either, after 647 hours. 9 -0.300 4124 0.138 -1.50  0.690

In test 8, the scour process began in front of the
column until the scour hole partly uncovered the to
of the pile cap (after approximately 48 hours);-dur 15
ing this period, measurements were made at point 10 Piecap
(Fig. 6). The scour depth did not evolve during ap above the bed
proximately 410 hours, after which the scour preces ™ Pile cap partially buried
resumed in front of the pile cap; measurements wer  jp0.0 + - - - —====*=====-=-=-------~-

then made at point 2 and there seems to be a reast

-0.5 1 Pile cap completely

able approximation to equilibrium. buried
In test 9, which is a particular situation of the-b -1.0 1
ied pile cap, the scour process was only influence ;5 , | | .
by the column since the maximum scour depth wa 0.3 0.4 0.5 0.6 0.7 0.8
smaller than the distance of the original bed dred t déh

top of the pile cap. In this case, the scour depth
lution was similar to the evolution at single, giets
shown in Figure 10.

Figure 11. Scour depth variation as function oé mhp posi-
tion

When the top of the pile cap was close to or at the
bed level {./h = 0.05 andH./h= 0.0) the scour

0.16 ; .
0.14 process began very slowly as mentioned before. This
T 0.12 is due to the combination of two factors: firsteth
< 0.10 small pile cap thickness that is in contact witle th
2 0.08 ] water column, pOSS|b_Iy incapable of generating a
s 0.06 s Tost 7 significant downflow jet; second, the lateral and
8004 e Test 8 frontal extensions of the pile cap upper face ounf
8-8(2) = Test 9 the column perimeter that protects the bed from
: A S scouring. This observation is in line with observa-
0 7z 14 ZleTi%SBS(hfuﬁg) 432 504 576 648 ions of Ataie-Ashtiani et al. (2010) who reported
that the pile cap extensions in both directionshef
Figure 10. Scour depth evolution for situation 4 pier protect the bed from scour and postpone the be

ginning of the scour process.

5.2 Maximum scour depth

Table 1 summarizes the final scour depths of thé'3 Assessing the equilibrium scour depth

nine tests reported (Figs 7-10). The pile cap lep e Regarding the time needed to reach equilibrium
vation, H., and the final scour depth, were nor- scour at complex piers,, some authors (Coleman
malized by the flow depthh. Figure 11 shows the 2005, Melville et al. 2006, Ataie-Ashtiani et al.
variation of the normalized scour depth (horizonta010) suggest the same criterion as Melville &
axis) with the normalized pile cap elevation (vaati Chiew (1999) for the time to equilibrium at single
axis). piers. This time is defined as the time required fo

For the adopted complex pier geometry, the maxthe rate of scour to reduce to 5% of the smaller of
imum scour depth occurred when the pile cap wathe foundation length or the flow depth in a 241sou
partially buried in the bed{./h= 0.18 as shown in period. The equilibrium scour depth corresponds to
Figure 11. In this situation, the pile cap thickses the scour depth measured at time to equilibrium.
obstructing the flow is capable of generating digni Figure 12 shows the rate of scour depth evolution
cant downflow and, therefore, important scouringfor tests 2, 4, 7 and 8, in which the equilibriumes
around the pile cap.



according to the mentioned criterion are 8.5, 5.5,

and 2.8 days, respectively. ((j)slsh | —=— Experimental data ---=--- Criterion of 5% |

- - - - -
0.6 e G § A oSS T X
S
~~

50% 1 M ,.' | _
I 0.4 - \ P Pile cap above]
g aon | o [T et
0 4 [Pile cap completely !¢ !
g 30% - \ l \ ......... $es{g 02 bpuned p y \‘\ I : Pile cap
N b \ - - -este \! |partially buried
= \ | Criterion (5% 0.0 . . i I .
o 20% 4 . ‘ \ -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
) \ H/h
o \ ¢
Q0% BN I\ P
HECT N S S T RS Figure 13. Scour depth comparison
O% L T T = -I
15 18 21 24 27 According to the results of this study, it is evitle

Time (d S .
me (d2y9) that the 5% criterion may lead to tests duratidra t

are much shorter than the minimum duration re-
quired to cover a significant part of the scouring

In accordance with Figure 12, if, hypothetically, process. In the particular case of the studied ¢exnp
test 4 had finished immediately after 5 days (respe pier, the following approximate minimum duration
ing the referred 5% criterion) the scour hole wouldvere observed to be needed (i) 330 hours (14 days)
not have reached the pile group. In this test, thehen the pile cap was above the bed (situations 1
scour process began in the upstream piles after E0d 2), (ii) 430 hours (18 days) when the pile cap
days, when the rate of scour depth evolution inwas partially buried in the bed (situation 3) anil (
creased very rapidly. A similar result would have500 hours (21 days) when the pile cap was com-
been obtained in test 8, in which the scour hole ipletely buried in the bed (situation 4). In thetdat
front of pile cap began approximately after 17 glayscase, test 9, where the scour depth is only inflaén
while the 5% criterion would recommend the test tdy the column, the minimum experiment duration of
be stopped after 2.8 days. approximately 14 days seems appropriate, as for sit

Table 2 summarizes the equilibrium time with as-uations 1 and 2.
sociated with criterion of 5% suggested by Melville

& Chiew (1999) and the corresponding scour depthss'4 Applicability of existing scour depth predictors

The deepest measured scour depths were comparec
with the outputs of the three predictors descrilmed

Figure 12. Rate of scour depth as function of time

Table 2. Scour depth results with criterion of 5%

Test Féﬁn) T'r(?g d(sm) H“/(}_l) &/ h(_) the section 2. The results of the comparison are
1 0300 2160 0109 150 0545 shown in Figure 14 as a function of the pile cap el
2 0.200 2040 0125 1.00 0625 vation. The axes in Figure 14 were normalized with
3 0133 2020 0.113 0.67 0.565 the flow approach water depth.
4 0.067 1200 0.074 0.33 0.370
5 0.037 3480 0.123 0.18 0.615
6 0.010 36.0 0.001 0.05 0.001 -+ =+ Hec-18 Auckland - - - Florida < Exp.data
7 0.000 36.0 0.002 0.00 0.001 16 : :
8 -0.100  67.0 0.100 -0.50  0.500 4~ -l I
9 -0.300 185.0 0.125 -1.50 0.625 1o 1= |- - |
E S S

Figure 13 compares the scour depth values re(y;, 0.8 - I' - ‘: - .i_._._
orded in Table 2 with the deepest scour value o 1 I
measured in the present study. The maximum differ 0.4 : | 7 —
ence is registered for the situations where the pil [Siuation 4 ml [Situation 2 :'ls'tua“olni
cap is partially or completely buried close or e t 0.0 ; - - -
bed surface. This happens because, in the scour pi LS A0 05 08, 00 10 1S 20

cess, the three structural elements of the complex

pier are involved while the 5% criterion was devel-Figure 14. Scour depth variation as a functionhef pile cap

oped for single piers conditions. The criterioai  position

obtaining acceptable results when the pile capis o . . .

of the water and only the pile group is exposethéo Accord_lng to Figure 14, the three available meth-

flow, behaving as a single element (see Fig. 130ds predict safe scour depths. The HEC-18 method

points corresponding t,/h= 1.5). is the one that leads to the best predictionsediff
ences being acceptable when the pile cap is both



completely buried in the bed (tests 8 and 9) or neamation can be explained by the fact that the HEC-18
the water surface (situations 1 and 2). The most immethod has intrinsically carries conceptual limita-
portant differences are observed for tests 5, 67and tions for these pile cap elevations as mentioned
where, according to Figures 9-10, the scour processbove.

did not reach equilibrium and any technique to as-

sess the scour depth at infinite time would render

doubtful outputs. This lack of equilibrium may pos- 16 ,
sibly explain the over-predictions of the HEC-18 N
method in spite of the fact that the present dataec ’ e
from experiments much longer than those behind th g 121 uo0 O 7 L7
method. B s

In order to further evaluate the three predictors 208 1 00&4/ ,/' A Present study, tests 1-3
the data obtained by Coleman 2005 (US pier) an = ° O Present study, tests 4-7
Ataie-Ashtiani et al. 2010 (Model Il) were added to <, | ©  Presentstudy, tests 8-9

. ¢ Coleman 2005

the present data set; these cases were chosersbecs ¢ 0 Ataie-Ashtiani et al. 2010
the tested complex piers were similar to the prieser 4 — — = +20% error lines
model. Table 3 summarizes the values of the contr¢ 0.0 !

0.0 0.4 0.8 1.2 1.6
dJ/h (measur ed)

variables and results of the studies selectedtites
data.

It should be noticed here that the sedimen'ltz_ 15 C _ - 4 and oredi
coarseness ratio of the pild3, /ds,, is, respective- Figure 15. Comparison of the measured and predistedr
ly, 24 and 26 in the StUdpiez%E)él éooleman ?2005) an8epths using HEC-18 method (Richardson & Davis 2001
Ataie-Ashtiani et al. (2010), while it is 58 in tpee-
sent study. Likewise, the flow intensity/Uc, is of
0.74 to 0.83 in those studies and 0.93 in the ptese
one. These differences as well as the long durati
of present tests should,priori, lead to deeper scour
holes in the present study as compared with thbse
the literature.

Figure 16 shows the similar comparison of the
experimental data with the scour depths as pratlicte
othrough the Auckland method (Coleman, 2005). The

OVerestimation is more pronounced than in the case
of HEC-18 especially in what concerns the present
Bata (situations 2, 3 and 4). The increase of over-
prediction comes to no surprise since the Auckland
_ o _ method was derived so as to guarantee safe predic-
Table 3. Summary of experimental conditions in cempiers  tjons of Coleman’s test cases. Overestimation én th
tests in selected literature _ _ situation 4, i.e., for the pile cap completely ledi
Researchers Coleman (2005) Ataie-Ashtiani eal10Q) (tests 7-8) can be explained by that the method was

h (m) 0.330 0.140 - 0.154 designed to predict higher scour depths in this par
dso (mm) 0.84 0.60 ticular case.
U (m/s) 0.340 0.229 - 0.262
U, (m/s) 0.409 0.303-0.336
U/U, 0.83 0.74-0.80
D, (m) 0.100 0.042 1.6 >
L, (m) 0.400 0.150 Pl
Dy (M) 0.190 0.090 =T R ’
L, (M) 0.480 0.190 =121 e pad
T (m) 0.08 0.042 3 y .
92 A 4
m 8 3 '8 / 4
n 3 2 5 0.8 1 4,7 A Present study, test 1
Dp (m) 0.020 0.016 = o 7’ O  Present study, tests 2-6
Spm (M) 0.060 0.065 = d;& 4 ® Present study, tests 7-9
Spm (M) 0.065 0.048 041 . ¢ Coleman 2005
o O  Ataie-Ashtiani et al. 2010
- - +|20% error lines

Figure 15 establishes the comparison of data wit 0.0 : - ;
the predictions obtained by the HEC-18 methoc o 04 08 12 16
(Richardson & Davis, 2001). The line of perfect dyh (measured)
agreement and th€20% error margins are included . _
to ease the comparison. It is clear that the methdjjgure 16. Comparison of the measured and predistedr
tends to overestimate the scour depth, the exaeptio 9ePths using Auckland method (Coleman 2005)
being some cases of Coleman’s data. According to . .
Figure 15, overestimation is more pronounced in the Fltgure_trﬂhpreseg'_[st.the c%rpparljog 9[];] mglas_udre-
experiments of this study corresponding to theasitu mePhSdW|Sh © prde 8':: Ians 0 Sgl% g ed' Or'tﬁ
tion 3 pile cap partially buried, (tests 4-6) aedtt7 method (Sheppar enna, ). Regarding the

: . : data of Coleman (2005) and the data of Ataie-
(top of the pile cap at the bed level). This oviires Ashtiani et al. (2010) differences are similaritoge



associated to the Auckland method. However, difACKNOWLEDGEMENTS

ferences towards the data of the present study are

even more evident, especially for the situationl® p The authors wish to acknowledge the co-financial
cap partially buried, (tests 4-6) and test 7 (tbthe  support of the Portuguese Foundation for Science
pile cap at the bed level. As in the previous camrpa and Technology through the research project
sons, over-predictions come to some surprise sind@TDC/ECM/101353/2008.

the present experiments lasted much longer than

those reported by other authors.

REFERENCES
1.6 05 7 Ahmed, F. and Rajaratnam, N. 1998. Flow aroundderigiers.
g @ ’/ églérnal of Hydraulic Engineering, ASCH?24 (3), 288 -
P .
1.2 1 e / ,7 Ataie-Ashtiani, B., Baratian-Ghorghi, Z. and BehgshA. A.
B A ,’ ’ 2010. Experimental investigation of clear-wateraloscour
B A 7 2 of compound piersJournal of Hydraulic Engineering,
g_ 0.8 1 ¢ 7’ d A Present study, tests 1-3 ASCE 136 (6), 343 - 351.
= o &5, A O  Present study, tests 4-7 Coleman, S.E. 2005. _Clearwgter I_ocal scour at cerplers,
2 ‘4, e Present study, tests 8-9 Journal of Hydraulic Engineering, ASCHE31 (4), 330 -
0.4 - Al ¢  Coleman 2005 334.
P O  Ataie-Ashtiani et al. 2010 Couto, L.T. and Cardoso, A.H. 2001. Local scourbatige
7 = = = +20% error lines piers and abutments, Part | — Characterisatiom@fréfer-
0.0 r r r | ence situationRecursos Hidricqs22 (1), 65 - 74, (in Por-
0.0 0.4 0.8 1.2 1.6 tuguese).
dJ/h (measured) Dargahi, B. 1989. The turbulent flow field aroundciecular

cylinder.Experiments in Fluids8, 1 - 12.

Figure 17. Comparison of the measured and predistedr Dey, S. and Raikar, R.V. 2007. Characteristics afsbshoe

depths using Florida method (Sheppard & Renna 2010) vortex in developing scour holes at piedsurnal of Hy-
draulic Engineering, ASCEL33 (4), 399 - 413.

Ettema, R. 19805cour at bridge piers: Report N° 238niver-
sity of Auckland, School of Engineering, New Zealan
6 CONCLUSIONS Franzetti, S., Larcan, E. and Mignosa, P. 1982udnfce of
tests duration on the evaluation of ultimate scargund
From the previous discussion, the following im- circular piers.International Conference on the Hydraulic
portant conclusions can be drawn: Modelling of Civil Engineering Structures, CoventBng-

e . . land.
The equilibrium scour depth at complex piers ISGraf, W.H. and Istiarto, I. 2002. Flow pattern hetscour hole

generally influenced by the pile cap elevation@A r — 3round a cylinderJournal of Hydraulic Research, IAHR
lation to initial bed level. The maximum scour dept 40 (1), 13 - 20.

occurs when the pile cap is partially buriéfj/h=  Hannah, C.R. 1978cour at pile groups, Rep. N° 7843e-
0.18. The minimum scour depth occurs when the top partment of Civil Engineering, University of Cariiery,

; ; — ; ; Christchurch, New Zealand.
of pile cap is near the bed./h= 0.0, in which the nes, J.S. 1989. Laboratory studies of the effecfeotings

scour process _began very slowly and the scour depfﬁ and pile groups on bridge pier scoBroceedings of the
evolution rate is smaller than for the others i Bridge Scour Symposium, U.S. Federal Highway Admin-
elevations. istration, Publication FHWA-RD-90-03%ubcommittee on

It was confirmed that criterion established by Sedimentation, Interagency Advisory Committee ontel/a

Melville & Chiew (1999) for single piers to idenyif ~ Data, Federal Highway Administration, WashingtonCh

the equilibrium phase and stop the eXp.e“mer!tS do%%nes, J.S., Kilgore, R.T. and Mistichelli, M.P929Effects of
not apply to the case of complex piers, since it tooting location on bridge pier scoupurnal of Hydraulic
would imply test times much smaller than those re- Engineering, ASCEL18 (2), 280 - 289.

quired for the different scouring phases. ThereforeKirkil, G., Constantinescu, S.G. and Ettema, R.&0oherent
for experimental studies with models similar to the structures in the flow field around a circular oger with

one of this study, test duration of, at least, two scour holeJournal of Hydraulic Engineering, ASCE34
\ ’ ! (5), 572 - 587.

three We,eks should b,e guarante,ed' ... Lanca, R., Fael, C. and Cardoso, A. 2010. Assessigibri-
Applying three available predictors of the equilib-  ym clear water scour around single cylindrical igro-

rium scour depth to the nine situations testechen t  ceedings of River Flow 2010, Germany

present study, it became obvious that they lead tdelville, B.W. and Chiew, Y.M. 1999. Time scale ftocal

conservative estimates. Yet, particularly for this Z‘g’gé thé)?f)g% gpieéglouma' of Hydraulic Engineering,
complex pier model, HEC-18 method leads t(.) th%/Ielville, B.W. an’d Coleman, S.E. 200Bridge Scour Water

best predictions, i.e., to the smaller overestiometi Resources Publications, LLC, Colorado, USA.
Melville, B.W. and Sutherland, A.J. 1988. Designthoel for
local scour at bridge pierdournal of Hydraulic Engineer-
ing, ASCE 114 (10), 1210 - 1226.



Melville, B., Coleman, S. and Priestley, S. 2006c#l scour at
complex piers.Proceedings of World Environmental and
Water Resources Congress 2006, ASCE,.USA

Raudkivi, A.J. and Ettema, R. 1983. Clear-waterusat cy-
lindrical piers.Journal of Hydraulic Engineering, ASCE
109 (3), 339 - 350.

Richardson, E.V. and Davis, S.R. 20@valuating scour at
bridges Fourth edition. Publication No. FHWA NHI 01-
001, Hydraulic Engineering Circular No. 18. Natibna
Highway Institute, U.S. Department of Transportatio
Federal Highway Administration.

Salim, M. and Jones, J.S. 1998. Scour around egppse
foundations. Compilation of Conf. Scour papers (1991-
1998), ASCES335 - 346.

Sheppard, D.M. and Renna, R. 20Horida bridge scour
manual Florida Department of Transportation, Tallahassee

Sheppard, D.M., Mufeed, O. and Glasser, T. 2004gé¢._acale
clear-water local pier scour experimendgurnal of Hy-
draulic Engineering, ASCEL30 (10), 957 - 963.

Umeda, S., Yamazaki, T. and Yuhi, M. 2010. An ekpental
study of scour process and sediment transport dr@un
bridge pier with foundationProceedings of International
Conference on Scour and Erosion 2010, ASGEE- 75.

Unger, J. and Hager, W.H. 2007. Down-flow and hehnse
vortex characteristics of sediment embedded briuiges.
Experiments in FluidsA2, 1 - 19.

Zhao, G. and Sheppard, D.M. 1999. The effect ofvfkkew
angle on sediment scour near pile grougtseam Stability
and Scour at Highway Bridges, ASCEH7 - 391.



