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ABSTRACT

Four methods for the prediction of the local sadepth at complex bridge piers are evaluated bygusaw
experimental data. New tests were carried outdareWater conditions by systematically varying pile-cap elevation
of a complex pier. Six simple-pier scour formulaarevcombined with the four methods; the comparcfquredictions
and measurements allows establishing that the mMdth&heppard (2005), combined with its originawscformula,
performs the best. The method by Melville and Caler2000) seems to be the most conservative anevashits best
prediction in combination with the CSU scour foreurhe methods by Richardson and Davis (2001) arheinGan
(2005) potentially lead to both overestimations anderestimations, depending on the position opiteecap and on
the adopted scour formula.

INTRODUCTION

Local scouring at bridge piers is a complex phenmneabout which several studies and research aikble in the
literature; it is considered one of the main caudetamaging or failure of bridges. Accurate prédits of the scour
depth are crucial for designing bridge foundatiamgderestimation may lead to bridge failure, ingtgdcollapse;
overestimation leads to unnecessary extra conginucbsts.

The complexity of the local scouring phenomenodds to the complex flow field and turbulence arotime pier (see,
e.g.Dargahi, 1987; Graf & Istiarto, 2002; Dey & Raikaf07). The formulae for the scour depth estinmasie usually
based on experimental investigations; the majamftghem refer to a simple pier, and few methodevalthe scour
depth assessment at piers changing in dimensiathsslaape along the vertical axis: structures vemroon in the
reality, namely “complex pier”. A complex pier ifjuently composed of up to three elements, prigseferred to as
column, pile-cap and piles (or pile group) (Figi®®), while a simple pier is assumed to be a sieglandrical column.

In the present work, the methods developed for ¢exnpiers by Melville and Coleman (2000), Richamismd Davis
(2001), Coleman (2005) and Sheppard (2005) arddenesl. These methods treat a complex pier asgéesiylindrical
pier by using an equivalent pier diametgt, This equivalent cylindrical pier is such thaty the same flow and
sediment conditions, produces the same scour depts the complex pier (Figure 1B). The effectivaiealent
diameter depends on the position of the pile cabtha piles with respect to the initial bed level.
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Figure 1. Sketch of a complex pier and its equivalte single pier.

The following elementary configurations may be assd as reference (Figure 2):

1) the column is exposed to the approach flow; thieadie between the pile-cap top and the initiallbeel, Y, is
greater than the scour depifx{d;, Y is negative when the pile-cap is below the initiedl level);

2) the pile-cap is exposed inside the scour holedistance between the pile-cap top and the inital level is
greater or at limit equal to the column diamelei(Y>-ds; Y<-b;);

3) the pile-cap is entirely exposed inside the scale;hithe distance between the top of the pile-capthe initial bed
level is shorter than the column diametgror at limit equal to zerfy>-ds; Y>-b);

4) the pile-cap is exposed to the approach flowhiésaxtension above the initial bed level is smdHan its
thicknessT, (Y<T); the piles may be exposed once the scour holarest



5) the pile-cap is entirely exposed to the approamiv ind outside the scour hole; the piles are expdbe distance
between the water surface and the top of the piteranges from the water deptthminus the pile-cap thickness
to zero(Y>T);

6) the pile-cap is partially exposed to the approdmiv find its top is above the water surfa¢ej<h;

7) only the piles are exposed to the approach floerpile-cap is entirely above the water surf@ter>h).
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Figure 2. Schema of the elementary configuration®f a complex pier.

SCOUR PREDICTION AT COMPLEX PIERS

Melville and Coleman (2000) (hereafter MC) idenfifye configurations for complex piers, correspargio five
ranges ofY: 1) Y<-d, 2) Y>-d;; 3) Y>T; 4) Y <h+T; 5) Y>h+T. For cases 1) to 4), they consider the complexasea
column founded on a caisson constituted by thegaifeas if the pile-cap extended down to the ba#®escour hole
and the pile group did not exist. In particular, ¢ase 1), they assurb&=b; for cases 2) and 3)¥ is given by:

o =pf 7Y |ap [ PeetY (1)
h+b,. ] ™ h+b,

For case 4), the scour depth is estimated by assht# b,; for case 5p* is assumed equal to the dimension of the
piles group, as a whole, as seen from upstrégiipg stands for pile group) and corrective factesassumed in the
scour formula as a function of the number of ralwe, pier alignment and the relation between spagimles and pile
diameter. In the original contribution, the equilibn scour depth is estimated by using the equitaleameter in the
scour predictor of Melville and Coleman (2000) $ample (single column cylindrical) piers.

In Richardson and Davis (2001) method (hereafte), Ri# scour depth at a complex pier depends osdber
produced by each components of the complex p&r ¢olumn, pile-cap and piles): the “superpositibthe scour
components” is considered. Details are not inclute@ due to lack of space; the method includgshiral
procedures. The authors assess the scour deptigthtioee Colorado State University (CSU) formulagasved for
simple piers.

Coleman (2005) (hereafter Co) distinguishes fofferint cases to estimate the effective pier diamet

b*=b if Y<-b (@)

b = b[bJ{[bb]m{ N 075%]01} if 0>[Y|2[Y;

: 3)
(o
Y+ being pile-cap elevation Y at which cap is undeend piles exposed to flow.
o =| 957D, + (h-052T)b,, it Y=h @)
h
b* =b if Y>h+T (5)
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The equilibrium scour depth is estimated by usheedquivalent diameter in the formulation of Mdéviind Coleman
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(2000).

Sheppard (2005) proposes a method for complex fliergafter Sh) based on the evaluation of the®ffe diameter
of each component, depending on their size, shhapatjon and orientation relative to the flow. Téruivalent
diameter for the complex pier can be approximatethb sum of the effective diameters of each coraptn

b* =b*_ +b* _+b* (6)

In the equatiot*., b*,c andb*;, are the equivalent diameters for column, pile-aag a single pile respectively. They
are given by empirical relationships. Orx¢ds calculatedds can be obtained as:

d _ Y )] b*/ g @)
= Z'Sta”{(bJ Hl 1'7{'”[ucﬂ HoA(b*/dso)m+1o.e<b*/d50)-°-13

whereU is the approaching flow velocityl, is the critical velocity for the beginning of sedint motion; andls is the
median grain size.

When the shape of the structure exposed to thedlmges as scour progresses (as in piers witadaripartially
buried pile caps), the scour depth prediction ingsliterative computations. The author assumes ttases: 1) pile cap
above the initial bed; 2) partially buried pile sapnd 3) completely buried pile caps.

Apart from the formulations inherent to the desedmethods, three other formulae for local scoar @itmple piers
were considered, namely those of Breuséra (1977), Hancu (1971) and Sheinal (1969).

EXPERIMENTAL FACILITIES

Twelve laboratory experiments were carried outroheo to collect data for evaluating the performaotthe four
complex pier methods. A rectangular flume was ysed Sousa, 2007 for details). It is made of stéblglass
sidewalls. The flume length and width are respetyi®.00m and 0.70m. The bottom is horizontal. ihmme has a
working reach with a 2.00m long, 0.70m wide andothZleep bed recess; it is located 4.50m downstoddhe
entrance. The approach reach is sparsely covetbdyvavel so as to favour the development of thgihdooundary
layer. The flume is equipped with a drainage systenownstream tailgate and a moving carriage.dgmifsand was
used in the tests to fill the recess. It is a aaend with median grain sidg=0.83mm and geometric standard
deviationog:(dsdd16)°'5:1.48; the submerged sediment specific graditp's /p~1.65 being's the buoyant sediment
density ang the water density. No sediment feeding needee forbvided during the experiments.

A PVC complex pier was placed in the centre ofreess box (Figure 3). It was composed by a colanmile-cap and
four piles, all of cylindrical shape, whose diamsteere 0.048m, 0.150m and 0.025m, respectively.

An electromagnetic flowmeter, positioned on thelfrepipe, allowed obtaining discharge measurenfient;depths
and the bed levels in front of the pier were meadwsing point gauges with decimal vernier insthda the moving
carriage.
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Figure 3. Schema of the complex pier installation.



DESIGN OF THE TESTS

Tests were designed in order to experimentallyagpece all the seven configurations described inifgid.. The
complex pier dimensions, the flow depth and theltisge were chosen so as to satisfy the followmglitions (see,
e,g., Grimaldi, 2005):

— for the column: iRg,= Ub/v>7000 (Re andv being the pier Reynolds number and the water kaigmwiscosity
respectively ) to avoid viscous effect; lii>2 to avoid the flow shallowness effect; idjb>10, not to have
contraction scour; ivib/dse>50, to render the local scouring independert;gf

— for the pile-capRe&,ppcj= Ubpd/V>7000;0,/d5>50;

— for the piles groupRe,ppg= Uby/V>7000;hb,e>2; B/bpg>10; b,yg/ds>50.

In addition, the rati®/h was taken into account in order to guaranteettigatlume behaves as wide/(i>5; B being
the flume width).

It is to be noted that no flow shallowness anddetraction scour effect were assumed as relattdtheé pile-cap.

Tests were performed under the condition of begigiof sediment motion, witbl/U=1, so as to maximize the scour
depth. Each test was run until the equilibrium weeched, according to the method suggested by €aaitl Bettess
(1999) on the issue. Summing up, tests were desigoeording to the values reported in Table 1, ehgis the
diameter of a simple cylindrical pila,is the number of piles anithe distance between axes of adjacent piles.

Table 1. Design of the tests.
B h dso b Boc | bp | bpg T p |U=U.| Q
(m | (m) | (mm) | (m) [(m)]| (m) | (m)]| (M) (m) | (m/s) | (m7s)
0.70| 0.10 | 0.83| 0.048 0.1%.025| 0.05| 0.05 4 | 0.07% 0.29 | 0.020

n

Fr | Rew | Rewmoc | R&wpg | b | h/byg | b/dse | bpo/dsc | bp/dsc| B/b | B/b,g | B/h
0.29]|13714| 42857| 14286| 2 2 58 | 181 60 15 14 7

RESULTS AND DISCUSSION
Figures 4 and 5 show the variation of measuredoaadicted scour depths with the pile cap elevatir§tructural
collapsing situations potentialtyccur in the cases where predicted values are emth#n the measured ones.
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Figure 4. Measured and computed local scour depthsith the MC (left graph) and RD (right graph) complex pier methods.
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Figure 5 . Measured and computed local scour depthsith the Co (left graph) and Sh (right graph) compex pier methods.



From Figure 4 and 5 it is clear that the calculaeolur depth varies with Y. The six curves cal@adatia the Sh
method — one per scour formula — display the sareeati shape as the experimental curve; on theraonptthe MC
and Co methods do not follow the experimental tigrespective of the scour formula they were corabimith.
Finally, depending on the formula combined with Ri2 method, some reproduce the observed trendand sthers
do not.

The performance of each complex pier method plaarsiormula combination was further evaluated tiglothree
statistical parameters: the Theil's coefficidatthe Mean Absolute ErrofMAE, and the Root Mean Square Error,
RMSE

E= (8)
1
n*
MAE = 9
RMSE= (10)
where
i) = dsi) ~ gy (11)

dsey andds) being the predicted and the measured scour deptlyigeny.

Tables 2 to 5 report the valuesEfMAE andRMSEfor each method and formula. The simple-pier séoumula
originally associated with a given complex-pierwwcmethod is identified in bold; the grey squaretidate the lower
values of each statistical parameter.

It is interesting to note that the MC method achgethe lower values & andRMSEin combination with the CSU
formula. However, Figure 4 (left graph) shows titet CSU formula largely underestimates the scopttdiargely for
someY values; the best performance with no underestamasi obtained with the formula of Breusetsl. (1977).

The RD and Co methods render to the lower valuadl tifie statistical parameters when combined thiéhformula by
Breuserset al. (1977). The RD method predicts scour underestanatin combination with all the scour formulae. The
Co method produces the most reliable predictioiith, mo underestimation, if combined with the foration of

Melville and Coleman (2000); consistent overestioret appear for piles exposed to the flow.

The Sh method produces rather precise predictionsmbination with its original formula of scour feimple piers.

Table 2 — Values o, MAE and RMSE for the MC method.

Melvilleand CSU | ShepparBreusers et a| Hancu| Shen et al.
Coleman (2000) (2005) (1977) (1971)| (1969)

E 0.282 0.123 0.236 0.154 0.128 0.128
MAE 0.081 0.025 0.059 0.033 0.04 0.024

RMSE 0.091 0.030 0.071 0.042 0.031L 0.032

Table 3 — Values o, MAE and RM SE for the RC method.
Melville and CSU | SheppardBreusers et a| Hancu| Shen et al.

Coleman (2000) (2005) (1977) | 1971)| (1969)
E 0.189 0.122 | 0.211| 0.119 0.217|  0.135

MAE 0.039 0.029 | 0.044| 0.024 0.051  0.032

RMSE  0.053 0.030 | 0.060| 0.027 0.057|  0.034




Table 4 — Values o, MAE and RMSE for the Co method.
Melville and CSU | Sheppar(Breusers et a| Hancu| Shen et al.

Coleman (2000) (2005) (1977) | 1971)| (1969)
E 0.129 0.182 | 0.088| 0.085 0.201  0.145
MAE 0.027 0.032 | 0.018| 0.016 0.036|  0.025
RMSE  0.034 0.037 | 0.022| 0.020 0.041  0.031

Table 5 — Values oE, MAE and RMSE for the Sh method.
Melville and CSU | Sheppard|Breuses et al| Hancu| Shen et al.

Coleman (2000) (2005) (1977) (1971) (1969)
E 0.071 0.211 0.024 0.088 0.243 0.160
MAE 0.014 0.040 | 0.003 0.018 0.045 0.031
RMSE 0.018 0.042 0.006 0.020 0.047 0.033

CONCLUSIONS

Four methods commonly used for estimating the deplbcal scour at complex bridge piers were selgdor
evaluation against new experimental data. The rieethods were combined with six formulae for theusa®epth
estimation at simple cylindrical piers. In part@ylthe following scour formulae were considere@Mle and
Coleman (2000), CSU, Breuseatsal. (1977), Sheppard (2005), Hancu (1971), Séteal. (1969).

Sh method, combined with its original scour formisathe most adequate to predict the scour deg#sted the
complex pier. Its predictions led to the lower \edwfE, MAE andRMSE MC method seems to be the most
conservative and renders the lower valueE ahdRMSEin combination with the CSU formula.

RD method potentially leads to both important ogéneations and underestimations of the scour defghending on
the position of the pile cap.

Co method predicts no underestimation in associatith the formulation of Melville and Coleman (Z)but
overestimates scour in the case of piles expos#tetiiow, irrespective of the adopted simple gieour predictor.
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