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Research paper

Engineering forecasting of the local scour around the circular
bridge pier on the basis of experiments

S. Bajkowski', M. Kiraga®, J. Urbanski’

Abstract: The aim of the study was to indicate the procedure of using laboratory physical model tests of scour
around bridge piers for the purposes of determining the potential scour of a riverbed on field bridge crossings. The
determination of the uniform modeling scale coefficient according to the criterion of reliable sediment diameter
limits the application of the results of tests on physical models to selected types of sediment. The projected depths of
scouring of the riverbed at the pier in nature were determined for an object reproduced in the scale of 1:15
determined from the relationship of flow resistance, expressed by hydraulic losses described by the Chézy velocity
coefficient, the value of which, in the model and in nature, should be the same. Expressing the value of the Chézy
velocity coefficient with the Manning roughness coefficient and introducing the Strickler parameter, it was shown
that the coarse sand used in the laboratory bed models the flow resistance corresponding to the resistance generated
by gravel in nature. The verification of the calculated size of scouring was based on popular formulas from Russian
literature by Begam and Volc¢enkov [16], Laursen and Toch’s [20] from the English, and use in Poland according to
the Regulation ... (Journal of Laws of 2000, No. 63, item 735) [32].
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1. Introduction

The dimensions of the space under the load-bearing structure of water road bridge crossings depend
on the transport route parameters and on the hydraulic conditions of the water flow in the crossed
stream [1, 7, 11, 14]. The distance of the front walls of the abutments determines the clearance
length of the bridge. According to the Regulation in force in Polish law ... [32], the bridge clearance
considering design discharges is determined under the bed stability conditions, taking into account
the forecasted bed erosion, or excluding bed scouring of the river. The flow of water through bridge
cross section may take place in the absence of damming, as well as with damming up water above
the crossing. Flow resistance under the bridge also depends on the ice cover [21] and debris that can
accumulate on the piers [7, 9, 15, 31] and on bridge spans [33], wind vawes [26] and flow regime
[37]. The flow resistance under bridges is significantly influenced by piers whose supports are fixed

elements (1 in Fig. 1) introduced into the stream.

Fig. 1. Form flows around a cylindrical bridge pier: 1 — pier, 2 — up flow, 3 — down flow, 4 — bow wave,

5 — horseshoe vortices, 6 — initial vortices, 7 — farwater vortices, 8 — lee-wake vortices, 9 — local scouring area

Under such conditions, the water stream flowing to the pier head is divided into a part flowing
upwards (2 in Fig. 1) and moving towards the riverbed (3 in Fig. 1), while flowing around the pier
structure along its edges [34]. Water masses directed upwards create a bow wave in front of the pier
(4 in Fig. 1). The stream going towards the bed and hitting it causes the formation of a horseshoe

vortex (5 in Fig. 1) [10; 30]. Initial vortices (6 in Fig. 1) form from the inlet section in the line of the
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pier face at the depth of the stream, which take the form of a lee-wake vortex. These vortices
moving down towards the bed, together with the farwater vortices (7 in Fig. 1) and the horseshoe
vortices moving upwards, form a vortex area of the water footprint (8 in Fig. 1). The water footprint
vortices intensity decrease rapidly with a distance from the pier, causing sediment settlement below

the pier across its width. This phenomenon is especially visible downstream broad piers [6].

2. Materials and methods

2.1. Stream parameters and scour shape

The river bed scouring formation around the bridge piers is an effect of the strong interaction
between the turbulent water flow in the pier region. A horseshoe vortex moving around the pier
base increases the flow velocity in the bottom area, and the vortices carry the eroded material
downstream. When the soil loss is greater than the amount of sediment flowing into the area of the
pier [35, 36], the riverbed around the pier starts scouring to form a pothole whose surface creates
the reinforced bed zone [13, 31], which is less prone to scouring phenomenon and stabilizes the
piers in the event of other threats [2]. The scouring of the riverbed with time [24] and its increasing
depth reduce the force of horseshoe vortices, which reduces the ability to lift the soil from the pier's
surroundings. This process takes place differently under “live-bed” conditions than under “clear-
water” conditions [6, 22, 23], when the resulting pothole is replenished with transported material,
then there is an equilibrium between eroded and approaching sediment, which stops the scouring of
the bed. Under “clear-water” conditions, when the shear stresses on the bed soil caused by the
horseshoe vortices become less than the critical shear stress, the pothole stabilizes its dimensions [6,

22, 23].
2.2. Parameters of bed material

No significant changes in aggregate grain size distribution were observed during the tests, which is
confirmed in the publication by Kiraga [18]. Coarse quartz sand was used as the bed material,
detached and then transported during the flow of water, the graining characteristics of which were
determined on the basis of sieve analysis and the applicable soil classification (Table 1). The coarse
sand (dsp > 0,5 mm), used on the model was uniformly grained (U < 6, Cx = 1 according to PN-EN
ISO 14688-2: 2006 [29] and well sorted (¢ < 4+5). Taking into account that Cy < 1.0 and

dso/dio=1.75 and doo/dso = 1.09, the sediment was characterized by the predominance of a smaller
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fraction than dso. The soil degree of compaction /p ranged within the limits of 0.77+0.82, that is the

soil was in a compacted state.

Table 1. Diameters, graining curve indexes and features of the bed material used in the model (own study)

No. Diameters (mm) Graining curve indicators Parameters of the bed material
1 2 3 4
1 d5 0.45 Ck = 1.4 pr = 2'65 g.crl'lf3
2 | du 0.52 v=177 po =163 gem
3 | dw 0.82 ec_—zbﬂﬁ)z pg =157 gem
4 d50 0.91 d= 4 e= 690()0%)
5 deo 0.92 w= 4.010/0
6 dss 0.98 p=41.0%
7 dog 0.99 Ip=0.77+0.82
8 dos 1.20

Note: Cy — particle size ratio determined according to PN-B-02481: 1998 [29], U — soil heterogeneity index determined
according to PN-EN ISO 14688-1: 2006 [27], ¢ — Knoroz heterogeneity index, Cy — Kollis domination parameter, p,
(g-em ) — specific density of the soil skeleton, p, (g-cm™), pq (g-cm™) — the bulk density of the soil skeleton, e (%) —

porosity index, w (%) — soil moisture, p (%) — porosity, I (—) — compaction degree.

2.3. Methodology of laboratory tests

The model similarity theory of physical phenomena was used to transfer the results obtained on the
model to an object in nature. Two systems were defined, that is, the first model — according to own
laboratory research, marking its values with the index M, and the second one in nature — obtained
from the conversion of model quantities into a natural object, marking its values with the index N.
When modeling and transforming the results from the model into a real object, the geometric,
kinematic and dynamic similarities were taken into account [4, 38]. The linear scale of modeling ¢
(M; — modeling scale factor) of the model and natural object is expressed by the ratio Iy of the

linear dimension of the model and Iy of the corresponding dimension in nature:

Geometric relations of the research flume and the model. Laboratory tests were carried out in
a flume By = 0.58 m wide, with a bed filled with thick sand dso = 0.91 mm, in which a cylindrical
pier with a diameter of by = 0.05 m was built [19]. The flume with a depth of 7y = 0.60 m was
filled with sediment with a layer 0.20 m thick, and the remaining depth Hy = 0.40 m was used to
obtain the water depth. The total length of the bed with a sandy was 6.0 m, and the scoured length
of the test section was Lg = 2.20 m. The length of the scoured bed above the forehead and along the
pier was Ly = Ly + Ly = 0.55 m (Fig. 2).
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Fig. 2. Pier model and scour parameters: H — water depth, Z — maximal scour depth, O — water discharge,

b — pier diameter, L, — upstream scour length, L; — middle scour length, Ly — maximum scour sector

The laboratory water installation was equipped with valves and an electromagnetic flow meter with

a flow rate measurement accuracy of +1%. Spike water gauges with a reading accuracy of +1-10°*

m (£0.01 cm) were used to measure the water and scour levels. Laboratory measurements of
scouring were performed for 19 test series. The minimum, average and maximum values of the
measurement variables and dimensionless values obtained from experimental tests are summarized
in Table 2. The dimensions of the research riverbed determine the acceptable ranges of the adopted
modeling scale coefficients. The scoured test section of the laboratory bed had relative dimensions,
related to the pier width, equal to: length of Ly/by = 11.0, width Byy/by = 11.60 and depth Ty/by = 11.0
(the lower index M means dimensions on the model). The obtained maximum relative dimensions
of the bed of the scouring, given in Table 2, show that the length of the bed on which the maximum
scouring took place and its height are greater than the largest lengths of the analyzed bed of the
scouring and the water depth in the place of scouring, obtained in the tests.

The relative bottom width of the scour was equal to the relative bed test width in each case. This
proves that the studied phenomenon was a flat flow, and the use of the results is limited to crossings
where the scouring extends to the planes of the face walls of the bridge abutments. This form of
scouring occurs in small bridges, defined with a width not exceeding 10 m. With the model bed
width By = 0.58 m, the modeling scale of a small field bridge limited by the width of the laboratory
bed is 1. = 0.059 (10.00/0.58; 1:17).
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Table 2. Parameters of the physical model and ranges measuring values (own study)

Values

No. Model parameters Minimal Average Maximal
1 2 3 4 5
1 O (m’s ) 0.020 0.031 0.043
2 H (m) 0.080 0.107 0.150
3 7 (m) 0.065 0.092 0.131
4 L (m) 0.105 0.223 0.505
5 T (m) 0.165 0.199 0.241
6 H/b 1.600 2.140 3.000
7 Z/b 1.306 1.839 2.626
8 T/b 3.294 3.979 4.826
9 L/b 2.100 4.463 10.100
10 B/b 11.600 11.600 11.600
11 Fr () 0.420 0.610 0.752
12 Re (1) 2.35E+04 3.52E+04 4.84E+04
13 L, (%0) 0.70 2.65 4.80

Note: Q (m’s ") — water discharge, H (m) — water depth, Z (m) — maximal scour depth, L (m) — total scour length, T (m)
— water depth at the point of maximum scour depth, Fr (-) — Froude number, Re (—) — Reynolds number, 7, (%o) — water

surface slope

The scale selection is also limited by the minimum measurement depth on the model, which should
not be less than 5 cm, that is Hymin/bm = 1.0. The minimum stream depth A = 0.08 m obtained in the
tests on the model gave the relative minimum depth of the stream in the upper station H/by; = 1.6, and
in the place of maximum scouring it was 7/by = 3.294, which means that the requirement to obtain
minimum water depths was met. The ranges of the measured quantities, and especially the ratios of
their maximum values, are the basis for establishing a simple or non-uniform modeling scale.
Modeling scale factors Mx:My:Mz determine the relations of the dimensions of the research
position, Ly:Bwm:Tw respectively. The research bed had dimension relations equal to (Lyi:Bwm:Twm)
(1.00:1.05:1.00). In the tests, the ratios of the maximum values (Lmax:Bmax:Tmax) Were equal
(2.2:2.5:1.0) respectively. The dimensions differentiation is not so large to analyse the phenomenon
on a non-uniform scale. The task qualifies for testing the “short” type model [38]. As Majewski [38]
states, the distortion of the scale is usually performed for “long” models, in relation to the H
dimension of the water depth and it is recommended that this coefficient should not be greater
than 5. In case of the described own research, such situation did not occur, because Reynolds
number was higher than the pollutant limit, therefore the task was analyzed for the uniform scale,

assuming the scale factor Mx = My = Mz = M.

Geometric modeling scale. In the presented research, the bed deformation process is shaped by the

interaction of two areas: disturbances in the velocity field of the stream formed around the flowed
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pier and susceptibility of the sediment to erosive processes. The first area of the velocity field is
shaped by the system of local declines of the water table, especially in the area of the bow wave,
lee-wake vortices and the horseshoe vortex developing at the base of the pier. The second area is
characterized by density, particle size distribution 30] and sediment grain system. The
interconnection of these areas indicates that the basic tested variables are the water surface
system/profile and the related bed shape. This system reflects the total flow resistance [4],

-1/3

expressed by the n (m s) coefficient of the bed surface roughness according to Manning,

determined by the following formula [3]:

1 1 $dso
(2.1) n=-—= = =
st 2 21.1
dso
where:

kst (ml/ 3571) — Strickler's flow resistance coefficient,

dsov, (m) — representative diameter of the bed material grains.

The representative diameter of the sediment dsoy for the model and dson for the natural object are
entered, respectively. The necessary linear scale of the model o5 = ¢, or the dimensions of

a natural object, is selected using the roughness factor criterion, according to the formula:

67—
n KL 6/d 1
(22) o = M 211 — 50M _ a 6
R OV %/dson dsoN L
21.1
L
(2.3) o, =2 =af
Ly

The roughness coefficient 7y determined for dsopm = 0.91 mm of the sediment used in the research
model in the laboratory physical tests is ny = 0.0148 m s, Majewski [38] indicates in his work
that the use of sand in laboratory tests is allowed for modeling in the nature of the sediment of large
dimensions. Table 3 summarizes the calculations of the modeling scales for various types of bed

material in order to transform the results into a natural object.
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Table 3. Modeling scale factor (own study)

No. Soil type Identification Diameter dson nN M, oL
of the soil range (mm) (m’ B s) ) )]
fraction

1 2 3 4 5 6 7 8
1 Fine sand FSa 0.2+0.63 0.42 0.0129 0.5 2.193
2 Labolatory sand CSa ds =_0.45 091 0.0148 1.00 1.000

dos =1.20

3 Coarse sand CSa 0.63+2.0 1.32 0.0157 1.4 0.692
4 Gravel Gr 2.0+63 32.5 0.0268 35.7 0.028
5 Fine gravel FGr 2.0+6.3 4.15 0.0190 4.6 0.219
6 Medium gravel MGr 6.3+20 13.2 0.0230 14.5 0.069
7 Coarse gravel CGr 20+63 41.5 0.0279 45.6 0.022
8 Rocks Co 63+200 132 0.0338 144.5 0.007

The obtained modeling scale coefficients values (column 7 of Table 3) indicate that the sediment
used during laboratory tests enables the results to be transformed into field objects with beds
created in gravel formations. The modeling scale factor related to the average gravel grains size
should be assumed as equal to My = 35.7. Due to the fact that the laboratory material was well
sorted, the modeling scale factor was also calculated for the individual gravel fraction groups. The
modeling scale factor related to the average grain size of fine gravel is My = 4.6, for coarse gravel it
should be assumed as equal to M| = 45.6. The article presents analyzes of the maximum scour
depths for an object in nature for the fraction of medium gravel for which the scale factor of 14.5
was obtained. My = 15 was assumed for the calculations, which gives the scale ¢ = 0.067. It is
a scale factor similar to the 1:17 value determined from the dimensions of the research bed. Scour
modeling in nature, in sandy soils with the condition pa = panv (M) = 1) requires finer bed material
use in the laboratory. The 1:144 scale obtained for the rock fraction indicates the possibility of
a large impact of the scale effect on the obtained results, as well as the difficulty of mapping the
flow conditions in the rocky beds in the laboratory.

Assuming a constant unit mass force on the model and in nature; g = gn (M = 1.0) and using the
same liquid in the model and in nature; pum = pwn (Mpw = 1.0), the dependencies determining the

velocity and flow rate scales, as a function of the length scale:

_ 1
(24) ay = a

_ )
(2.5) aq = o

For scouring on real objects modeling approach, three forms of water movement in the test bed

were considered, mapping different conditions in the field (Fig. 3).
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Fig. 3. Discharge curves of the laboratory model flume: F1 — for low riverbed slope, F2 — for medium

riverbed slope, F3 — for high riverbed slope

These forms were defined according to the obtained value of the Froude number. The values of
the Froude number on the model correspond to the values of the same parameter in nature [25]. In
the area of measurement points, three forms of flow were distinguished, reflecting three branches
of the bed capacity curve, differing in the values of the Froude number and the riverbed slope
(Fig. 3):

e F1—for0.42 <Fr<0.52 for a riverbed slope of 0.70%o0 < I, < 1.50%o,

e F2—for(0.52 <Fr<0.62 for a riverbed slope of 1.50%o0 < I, < 3.10%o,

e F3 —for(0.62 <Fr<0.76 for a riverbed slope of 3.10%o0 < I, < 4.80%o.

Laboratory model and field object. Laboratory tests were performed at a fixed pothole after 8 hours
of the experiment. With the longer duration of the experiment, the increase in the pothole depth and
the volume of the eroded material was insignificant [18]. Table 4 summarizes the measured values
of hydraulic parameters and the depth of scouring on a physical laboratory model and a forecast for

the field object.
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Table 4. Hydraulic quantities and scour depths for laboratory measurements and the forecast for the field

object on the scale o1 = 0.067 (1:ML = 1:15) (own study)

Laboratory model Field object
No. H m Z 0 H VN Z Flow form
(m’s ™) (m) (ms ) (m) (m’s ™) (m) (msh) | (m)
1 2 3 4 5 6 7 8 9 10
1 0.020 0.093 0.371 0.081 17.43 1.40 1.436 1.21 | Fl1
2 0.022 0.088 0.433 0.077 19.26 1.32 1.677 1.15 F2
3 0.023 0.120 0.330 0.065 20.04 1.80 1.280 0.98 | Fl
4 0.025 0.096 0.449 0.078 21.79 1.44 1.739 1.16 F2
5 0.025 0.110 0.392 0.083 21.79 1.65 1.518 1.25 | Fl
6 0.027 0.085 0.548 0.090 23.53 1.28 2.121 1.35 F3
7 0.028 0.080 0.603 0.095 24.40 1.20 2.337 1.43 F3
8 0.028 0.100 0.483 0.073 24.40 1.50 1.870 1.09 F2
9 0.029 0.130 0.385 0.082 25.27 1.95 1.490 1.22 | Fl
10 0.030 0.093 0.556 0.091 26.14 1.40 2.154 1.36 F3
11 0.030 0.150 0.345 0.085 26.14 2.25 1.336 1.27 | Fl
12 0.033 0.110 0.517 0.084 28.76 1.65 2.003 1.26 F2
13 0.035 0.093 0.649 0.124 30.50 1.40 2.513 1.86 F3
14 0.036 0.100 0.621 0.127 31.37 1.50 2.404 1.90 F3
15 0.036 0.120 0.517 0.086 31.37 1.80 2.003 1.28 F2
16 0.040 0.114 0.605 0.121 34.86 1.71 2.343 1.82 F3
17 0.040 0.106 0.651 0.096 34.86 1.59 2.520 1.43 F3
18 0.040 0.135 0.511 0.080 34.86 2.03 1.979 1.20 F2
19 0.043 0.110 0.674 0.131 37.47 1.65 2.610 1.97 F3

2.4. Methodology of calculations of the scour depth with empirical formulas

The general formula for calculating the maximum scouring depth, various modifications of which
are used in engineering calculations, includes functions describing the nature of the velocity field,
the bridge crossing geometry and the stream depth, as well as the coefficients: the influence of the
shape of the pier and its position in relation to the current, characterizing the ground of the crossing
and the type of and the arrangement of group piers, the coefficient characterizing the relationship
between the crossing dimensions and the sediment, and the dimension characterizing the width of
a single pier or group of piers [5, 6, 12]. In the analyzes, the results of own model studies and
empirical formulas obtained from laboratory and field tests described by Begam and Volcenkov
[16], given in the Regulation... [32] and presented by Laursen and Toch [20]. The fixed parameters
of the crossing are: by = 0.75 m, By = 8.7 m, dy = 0.01365 m (13.65 mm). ny = 0.0232 m s,

The formula Begam and Volcenkov [16], also given by Dabkowski, Skibinski and Zbikowski [17],
takes into account the differentiation of the scouring process in the conditions of sediment transport
as well as in its absence. It includes the formulas for two cases of scouring formation: without

transport and with transport of sediment. This allows for the adaptation of the proposed formulas to
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laboratory conditions, performed both in stands with sediment dosing devices, and in their absence.
The presented formulas refer to the beds formed in a wide range of soils: fine-grained (sands),
medium-grained (gravel) and coarse-grained (rock). For a single cylindrical pier with a diameter b,

Begam and Vol¢enkov's [16] formula takes the form:

(2.6) Zge =M-Cge- @ Kpge- b

where:
M — coefficient indicating the status of the calculations performed, for the initial forecast: M = 1.0
for scouring around cylindrical piers M = 1.15 for long piers with shapes other than cylindrical,
Cie — coefficient depending on the type of soil and the velocity ratio Vo/Vy, V, (ms ') — vertical
velocity in an undeveloped section in front of the pier face, ¥, (ms ') — non-scouring velocity,
for non-cohesive soils,
@ — coefficient considering the ratio of the water depth A under the conditions of the non-
scoured bed to the diameter b of a single cylindrical pier,
Kge — coefficient taking into account the parameters S, f and the shape of the pier expressed as
the ratio of the length L¢ of the pier structure or group of piers to the width b and the position of
the pier axis in relation to the inflow direction expressed by the angle ¢, S — is considering the
relative water depth for diagonal piers, f— is considering the position of the pier's longitudinal
axis in relation to the direction of water inflow, expressed by the angle ¢, of the support slope,
for a cylindrical pier f= 0 regardless of the bevel angle of the piers,
b (m) — support structure width, for a single cylindrical pier is assumed equal to its diameter b =
d = 0.75 m, and for long piers it is the width of the support structure, calculated perpendicularly

to the flow direction.

Taking into account the constant values, the final form of formula (2.6) for the conditions occurring

on the studied natural object of the bridge crossing, takes the following form:
(2.7) Zge = 1.00- Cge - ¢~ Kge - 0.75
The formula according to the Regulation ... 8, 32] contains the formula for calculating the Zg, of

the maximum local scouring depth under the bridge, which depends on the shape of the pier,

velocity in the bed before the bridge, type of soil and direction of water inflow to the pier:
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v§
(2.8) Zro = K1 Ky (a + Kg); — Cro

where:
K, — the coefficient depending on the pier shape type, for the most common shapes is given in
table, for the considered single cylindrical pier K; = 10.00,
K, — coefficient as a function of the expression Vz/gbz where: b, is the equivalent width of
a group of piers, for the considered case of a single cylindrical pier b, = b.
a — coefficient taking into account the velocity distribution in the cross-section of the river, for
bridge supports located in the main river bed a = 0.6,
K3 — coefficient depending on the ratio of the water depth in the scoured riverbed to the pier
equivalent width 4,/b., where: h. — stream depth in the scoured riverbed, b, — pier’s equivalent width.
The deepening of the river bed in the bridge section expresses the permissible degree of scouring of
the bridge section P. For the foundation placed directly on the ground, the permissible degree of
scouring is P = 1.0, hence 4, = H. For cylindrical pillars at any bevel angle, the value b, = b,
Cro (m) — the value of which depends on the type of soil underlying the riverbed, for loose soils

Cro = 30 dyo, for the soil of the substrate of the object in nature doox = 0.0148 m, Cgr, = 0.446 m.

For bridge structures located in valleys with a low slope, the Zr, value calculated according to
formula (2.8) is reduced by 20%. Considering this, for the natural bed, the final local scouring value
was set at 0.80 of the value calculated according to the formula (2.8). The final form of the formula

(2.8) for the conditions occurring in the tested natural object of the bridge crossing is:
2
(2.9) Zro = 0.8(10.0- K,(0.6 + K3) V; — 0.446)

The formula Laursen and Toch [20] has been used to estimate the predicted maximum scouring
around all intermediate bridge piers since the early 1970s, and despite its simplicity it has gained
great popularity and acceptance from engineering communities in the United States. It is used in the

case of single and group piers located in rivers with an even-grained bed material.

2.10) fe = gom (1)

where:

K — pier face shape coefficient, for a circular face K; = 0.9,
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K, — coefficient depending on the position of the pier's longitudinal axis with respect to the
stream, for a cylindrical pier, the bevel angle a, = 0, hence K, = 1.0,
m, n — coefficients of the equation describing the dependence of the depth of scouring as
a function of the stream depth, for the base rectangular pier m = 1.5 and n = 0.3.

By introducing the determined values of the coefficients into Eq. (2.10), the scouring around

a single cylindrical pier is obtained in the form:

0.300
@.11) 7. = [0.9~1.50 (%) ]b

3. Results and discussion

The projected depths of scouring of the bed at the pier on the model in the scale 1:15 and on the
object in nature are summarized in Table 4. For the flows and the corresponding water depths in the
riverbed, the values of the projected scour obtained from the physical model range from 0.98 m to
1.97 m. In the scope of the distinguished flow forms, the scour occurred in the following value
ranges: for F1 from 0.98 m to 1.27 m, for F2 from 1.09 m to 1.28 m and for F3 from 1.35 m to
1.97 m. It follows that the mapping of the flow conditions occurring in natural gravel beds with the
sandy material of the coarse sand fraction in the laboratory should be limited to the form of
supercritical motion, with the Froude number not greater than 0.62. Laursen and Toch [20] indicate
that for the material used on the bed in the diameter range from 0.44 mm to 2.25 mm, such tests can
be carried out for higher Froude number values, but not exceeding Fr = 0.8. Chavan et al. [30]
conducted research for Fr = 0.25+028, and Howard et al. [12] for Fr = 0.20+0.60.

Scour calculations in the natural riverbed for the gravel fraction according to the Eq. (2.7) by
Begam and Volcenkov [16], and the Eq. (2.9) prepared according to the Regulation... [32] and Eq.
(2.11) by Laursen and Toch [20] are summarized in Table 5 and Fig. 4. The presented formula of
[20] Eq. (2.7) makes it possible to calculate scouring in soils with a wide range of grain size, from
fine sands to rock fractions. For a bed in gravel soils, without division into fraction groups, the
value of the predicted scouring depth varies to a small extent, from 0.94 m to 1.04 m (column 6 in
Table 5). It should be noted that the established modeling scale factor was adopted for the medium
gravel fraction. Relatively small values of scouring dimensions may result from incomplete
representation of the actual conditions of the formation of scouring in gravel formations because

coarse sand was used in the model.
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Table 5. Scour depth of the riverbed around the cylindrical pier for the scale factor M = 15 (own study)

Eq. (2.7) Begam and Eq. (2.9) Eq. (2.11)
Fl Volcenkov [16] Regulation... [32] Laursen and Toch [20]
No. ow Vrl[

form (ms™) Cge 0] Zge K, K3 ZRo H/b Zia

) ) (m) - ) (m) ) (m)

1 2 3 4 5 6 7 8 9 10 11
1 |Fl 1.337 | 1.01 1.09 0.94 0.63 0.35 0.64 1.86 1.22
2 F2 1.319 | 1.03 1.08 0.96 0.60 0.38 0.98 1.76 1.20
3 |Fl 1.425 | 0.99 1.12 0.96 0.65 0.23 0.36 2.40 1.32
4 F2 1.348 | 1.03 1.09 0.97 0.59 0.33 1.00 1.92 1.23
5 |Fl 1.395 | 1.01 1.11 0.97 0.62 0.27 0.65 2.20 1.28
6 F3 | 1.308 | 1.06 1.07 0.98 0.55 0.39 1.64 1.70 1.19
7 F3 | 1.288 | 1.08 1.06 0.99 0.53 0.43 2.06 1.60 1.17
8 F2 1.362 | 1.04 1.10 0.98 0.57 0.31 1.13 2.00 1.25
9 | Fl 1.454 | 1.00 1.14 0.98 0.62 0.19 0.53 2.60 1.35
10 F3 | 1337 | 1.06 1.09 0.99 0.55 0.35 1.60 1.86 1.22
11 | F1 1.507 | 0.99 1.16 0.99 0.64 0.14 0.34 3.00 1.41
12 F2 1.395 | 1.04 1.11 1.00 0.56 0.27 1.23 2.20 1.28
13 F3 | 1337 | 1.09 1.09 1.02 0.51 0.35 2.16 1.86 1.22
14 F3 ] 1.362 | 1.08 1.10 1.02 0.52 0.31 1.89 2.00 1.25
15 F2 1425 | 1.04 1.12 1.01 0.56 0.23 1.16 240 1.32
16 F3 | 1407 | 1.07 1.12 1.03 0.53 0.25 1.66 2.28 1.30
17 F3 ] 1.382 | 1.08 1.11 1.03 0.51 0.28 2.00 2.12 1.27
18 F2 1.468 | 1.03 1.14 1.02 0.56 0.18 1.04 2.70 1.36
19 F3 ] 1395 | 1.09 1.11 1.04 0.51 0.27 2.08 2.20 1.28

The values obtained from the formula included in the Regulation... [32] constitute a divergence.
The calculations used the formula recommended for a large bridge in lowland rivers. Within the
scope of the tested water depths, the maximum scouring depth calculated according to Eq. (2.9)
varies to a large extent, i.e. from 0.34 m to 2.16 m (column 9 in Table 5). For the motion form F1
(Fr =0.42+0.52), the smallest depths of the maximum scouring were obtained, ranging from 0.34 m
to 0.65 m. When the stream in the riverbed was characterized by the motion form F2 with the
number Fr = 0.52+0.62, the maximum scouring depth was obtained in the range from 0.94 m to
1.23 m. For the motion form F3 (Fr = 0.62+0.76), the maximum scouring depths were the largest
and ranged from 1.64 m to 2.16 m. It follows that the method of forecasting local scouring included
in the Regulation... [32] should be used only for the recommended conditions, i.e. in lowland rivers
whose beds are made of alluvial sandy deposits.

The research described by Laursen and Toch [20] is a broad and comprehensive analysis of cases of
the scour formation under the influence of various factors, included in Eq. (2.11) and other ones
considered, and which did not show sufficient grounds to include them in the formula. These
include: soil graining of the bed material, a wide range of structural solutions for the piers, the
impact of floating pollutants accumulating in front of the front wall of the piers, the form of water

movement, including water velocity, the applied bed reinforcements around the piers. However,
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Laursen and Toch [20] did not introduce these factors in the resulting formula, probably treating
them as irrelevant at this level of formula refinement. The values obtained from the Eq. (2.11)
calculations are characterized by a curvilinear dependence of the relative scour depth on the relative
depth of water in the river. Within the scope of the tested water depths, the maximum scouring
depth calculated according to Eq. (2.11) varies from 1.17 m to 1.41 m (column 11 in Table 5)

The relative values of the maximum depths of scouring (Z/b) depending on the relative depth of the
stream (H/b) are shown in Fig. 4. The points showing the measurement results obtained in the own
research for the flow forms F1 and F2 are grouped together. The points for the F3 flow form are
grouped separately. The boundary of separation is the hydraulic conditions defined by the Froude
number equal to 0.62. The results of the measurements showed that the physical modeling of the
scouring process with the use of natural material gives reliable results for supercritical movement
with the Froude number not exceeding 0.62. Above this value, the mapping of the flow phenomena
occurring in the field of coarse-grained soils using the model with a sandy bed is subject to high
measurement uncertainty. For the forms F1 and F2 of the flow in the riverbed, in the range of

Froude's number Fr < 0.62, the equation is:
0117
G.1) o = 1438(2) r=0.280, R*=0.061
b b

For the formula of Begam and Vol¢enkov [16], the calculation points for the conditions on the site
are in the lowest scouring zone. In his procedure, the author does not distinguish between the
fraction groups of the gravel material and does not separate the fine, medium and coarse gravel
fractions. For this reason, it is reasonable that relatively smallest scouring was obtained for the

fraction of gravels, considering the following equation:

(3.2) ZBe = 1.290 (

H)O.036
b

- r=0.188, R* = 0.044
The model tests performed best reflected the conditions for the formation of scouring indicated in
the methodology contained in the Regulation ... [32] for beds with F2 movement with the number
Fr = 0.52+0.62. The equation applied to calculate the scouring in the beds formed in the gravel
formations shows a decrease in the impact of increasing stream depths on the depth of the

maximum scouring:

0.236
(3.3) e = 1.210 (%) r=0335, R*=0.161
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It follows that in order to verify the method recommended in the Regulation... [32] ,the model
should be provided with a broad front of scouring conditions, i.e. not limited by the walls of bridge
abutments, as is the case of large bridge crossings with stream piers in wide beds. In other cases, the
research task should be considered as “flat”.

Introducing the determined values of the coefficients into the Eq. (2.11) by Laursen and Toch [20],

we obtain equations for the calculation of the scouring around a single cylindrical pier in the form:

0.300
(3.4) A2 = 1350 (%) r=0.998; R? = 1.000

4. Conclusions
The collective summary of the model and calculated values of the relative scouring depth (Z/b) as

a function of the ratio (H/b) presented in Fig. 4 showed that all values for the modeled conditions

and ranges of application of the formulas converge to each other.
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The forecast using the formula contained in the Regulation... 32] for a large bridge has the largest
range of obtained values and they are from 0.34 m to 2.16 m. The results of the model tests were
similar for the forms F1 and F2 motion, and the form of F3 motion is difficult to model in the
laboratory with the use of coarse sand. The analyzes should exclude results developed outside the
scope of application of calculation formulas and some results of laboratory tests, in which the
reliability of the modeling of flow conditions in nature cannot be stated. The analyzes were limited
to the tested range of relative filling volumes of the H/b bed from 1.60 to 3.00 in the bed and the
corresponding Froude number varies from 0.42 to 0.75. For the examined object, the smallest
values of scouring were obtained from the Eq. (2.7), and the largest ones according to the
Eq. (2.11). The model values for the forms of movement F1 and F2 in the riverbed and according to
the Eq. (2.9) recommended in the Regulation... [32] are characterized by a lower precision in
determining the parameters of relative scouring on a field object. Their values as well as the
developed regression curves Eq. [3.1] and Eq. [3.3] were in the area between the values according
to Eq. [3.2] by Begam and Volcenkov [35] and Eq. [3.4] by Laursen and Toch [20].

The conducted research and the analysis of their results demonstrated that:

1. The use of model studies in the conditions of the river bed mapping with the use of natural
sandy material on the model is reasonable in the assessment of scouring on field objects whose
beds are made of coarse-grained soils.

2. Physical modeling of the scouring phenomenon should be performed in the conditions of
mapping the similarity of phenomena in nature and on the model, for the case presented in the
article it was for the Froude number not greater than 0.62.

3. The developed equations are recommended to be used in practice in the scope of the water depth
in the range from 1.60 to 3.0 of diameters of the cylindrical pier.

4. Physical modeling of the form and dimensions of the pothole in the vicinity of the piers of large
bridges should be carried out in laboratory beds with a width greater than the extent of the
pothole being formed.

5. Relatively small scouring values obtained according to the formula of Begam and Vol¢enkov
[16] may result from incomplete modeling of flow conditions in nature in gravel formations —
coarse sand was used in the test bed.

6. The method according to the Regulation ... [32] should be used only for the conditions in which
it is recommended, that is occurring in lowland rivers whose beds are made of alluvial sandy

deposits.
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Inzynierskie prognozowanie rozmy¢ miejscowych wokol walcowego filara mostowego na
podstawie dosSwiadczen

Stlowa kluczowe: filar, most, rozmycie, prognoza, badania modelowe
Streszczenie:

Celem pracy bylo wskazanie procedury wykorzystania laboratoryjnych fizycznych badan modelowych rozmy¢ wokot
filarow mostowych dla potrzeb okreslenia potencjalnego rozmycia koryta rzecznego na terenowych przeprawach
mostowych. Wykorzystanie wynikow badan laboratoryjnych w prognozowaniu rozmy¢ wokot filarbw nowo
projektowanych mostow wymaga uwzglednienia wplywu skali modelu. W warunkach analizowanego zadania skalg
modelu ustalono z relacji parametrow granulometrycznych rumowiska wykorzystanego w badaniach modelowych
i rumowiska rzecznego w cieku, dla ktoérego prowadzono prognozg rozmy¢. Okreslenie wspolczynnika nieskazonej
skali modelowania wedlug kryterium miarodajnej $rednicy rumowiska ogranicza zastosowanie wynikow badan na
modelach fizycznych do wybranych rodzajow rumowiska rzecznego. Prognozowane glebokosci rozmycia dna przy
filarze w naturze zostaly okreslone dla obiektu modelowanego w skali 1:15 ustalonej z relacji oporow przeptywu,
wyrazonych stratami hydraulicznymi opisanymi wspotczynnikiem predkosci Chezy, ktorego warto$¢ na modelu
i w naturze powinna by¢ taka sama. Wyrazajac warto$¢ wspotczynnika predkosci Chezy, wspotczynnikiem szorstkosci
Manninga i wprowadzajac parametr Stricklera, wykazano, ze piasek gruby zastosowany w korycie laboratoryjnym
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modeluje opory przeptywu odpowiadajace oporom jakie generuje zwir w naturze. Do weryfikacji obliczonych
wielkos$ci rozmy¢ wykorzystano popularne wsrdd projektantow formuly z literatury rosyjskiej Begama i Vol¢enkova
[35], angielskiej Laursena i Tocha [36] oraz zalecane do stosowania w Polsce wedlug Rozporzadzenia... [5].
W rezultacie otrzymano wzory opisujace wielkosci rozmy¢é dla badanego obiektu ze wskazaniem zakresow ich
stosowania.

Zbiorcze zestawienie modelowych i obliczonych wartosci wzglednej glebokosci rozmycia (Z/h) w funkcji stosunku
(H/b) wykazato, ze warto$ci uzyskanych glebokosci rozmy¢ dla modelowanych warunkéw i zakresow stosowania
wzorow sa wzajemnie zbiezne. Prognoza z zastosowaniem formuty zawartej w Rozporzadzeniu... [5] dla duzego mostu
ma najwigkszy zakres uzyskanych wartosci rozmy¢, ktére zawieraja si¢ w przedziale od 0,34 m do 2,16 m. Wyniki
badan modelowych byly zblizone do siebie dla form ruchu F1 i F2, a forma ruchu F3 jest trudna do modelowania
w warunkach laboratoryjnych z wykorzystaniem piasku grubego. Z analiz wykluczono wyniki opracowane poza
zakresem stosowania wzoréw obliczeniowych oraz czg¢§¢ wynikow badan laboratoryjnych, w ktérych nie mozna
stwierdzi¢ wiarygodno$ci odwzorowania na modelu warunkéw przeptywu w naturze. Dla obiektu obliczeniowego
najmniejsze wartosci rozmy¢ uzyskano ze wzoru (2.7) Begama and VolCenkova [35], a najwigksze wedtug rownania
(2.11) Laursena i Tocha [36]. Wartosci modelowe dla form ruchu F1 i F2 w korycie obliczone ze wzoru (2.9)
rekomendowanego w Rozporzadzeniu... [5] charakteryzuja si¢ mniejszg precyzja ustalania wartosci wzglednych
rozmy¢ na obiekcie terenowym. Ich wartosci, jak tez opracowane krzywe regresji (rownania 3.1 i 3.3) zawieraty si¢
w obszarze pomiedzy warto§ciami wedlug wzoru (3.2) Begama i Voléenkova [35] oraz wedtug wzoru (3.4) Laursena
i Tocha [36].
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