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Introduction

The flow in plain rivers contracted by bridge crossings in floods leads to scour at
piers, abutments, or guide banks and can cause considerable damage and losses.

An analysis of the literature showed that many authors: Laursen and Toch [8], Liu et
al. [10], Froehlich [2], Richardson and Davis [14], Lim [9], Cardoso and Bettess [1], Melville
[11], Oliveto and Hager [12], Radice et al. [13] do not take into account the flow and riverbed
changes during the floods, the contraction rate of the flow, local increase in velocity near
abutment, stratification of the riverbed, and cannot evaluate the stability of the constructions
in the flow and the risk factor after several floods.

Differential equation of the bed sediment movement for clear water was used and a
new method for calculating the scour development with time at the abutments during the
floods was elaborated by Gjunsburgs and Neilands [3], [4], [5], [6]. Based on this method
depth of scour can be computed during or after one, two or several floods of different
probability, therefore it is possible to predict current riverbed changes at the abutment during
the floods.

New method for calculation of equilibrium depth of scour at abutments is presented in
this paper. The equilibrium depth, width and volume of scour hole are the maximum values
that can be reached at certain flow and riverbed conditions. Comparison of current depth,
width and volume of scour hole computed by taking into account scour development in time
during the floods and equilibrium depth of scour allows to estimate stability of the abutments
by risk factor. Risk factor can be determined as a ratio between the scour depth, width and
volume after one, two or several floods and the equilibrium parameters of the scour hole.
Using the risk factor we can estimate the stability of the abutment and predict/compute the
time of safe maintenance at the stage of design of the construction.

An analysis of influence of the hydraulic and riverbed parameters on equilibrium
depth of scour was made. The relative equilibrium depth of scour is depending on contraction
of the flow, relative grain size and stratification of the bed materials, Froude number referred
to the slope, relative local velocity, relative depth of the flow at the floodplain, kinetic
parameter of the flow under the bridge, side-wall slope of the abutment, shape of the
abutment and angle of the flow crossing.

Experimental Setup
Tests were carried out at the Transport Research Institute (Russia) in a flume 3.5 m

wide and 21 m long and at the Budapest Technical University (Hungary) in a flume 1.35 m
wide and 9 m long.



The tests with a rigid bed were performed for different flow contractions, in order to
investigate the velocity and the water level changes in the vicinity of the embankment, along
it, and near a modelled abutment. The aim of the tests with a sand bed was to study the scour
processes, the changes in the velocity with time, the effect of hydraulic parameters and the
contraction rate of the flow, grain size of the bed material, and the scour development in time.
The openings of the bridge model were 50, 80, 120, and 200 cm in the first flume and 44.5,
57.5,77.5, and 97.5 cm in the second one. The contraction rate of the flow Q/Q, (Q was the
discharge of the flow and Q;, was the discharge of the flow in a bridge opening in open-flow
conditions) varied from 1.25 to 5.69 at a depth of floodplain of 5, 7, and 13 cm. The Froude
numbers varied from 0.078 to 0.151. The slope in the first and second flumes was 0.0012 and
0.0015, respectively.

The tests with a sand bed were carried out in the conditions of clear water. The sand
was placed 1 m up and down the contraction of the flumes. The mean size of grains was 0.24
and 0.67 mm in the first flume and 0.5 and 1.0 mm in the second one with a standard
deviation. The scour development in time for the bed materials with different grain size was
studied to estimate the identity of the processes. The tests in the flumes lasted for 7 hours, the
vertical scale was 50, and the time scale was 7. With respect to the real conditions, the test
time was equal to 2 days. That was the mean duration of time steps into which the flood
hydrograph was divided. The development of scour was examined with different flow
parameters in time intervals within one 7-hour step and within two steps of the hydrograph, 7
hours each.

Method

According to experimental data, the concentration of streamlines, a sharp drop in
water level, and a drastic increase in velocity are observed at the corner of the abutments near
the bridge crossings on plain rivers. As found from the tests, the local velocity with vortex
structure forms scour holes. The local velocity V; at the abutments is

where @ is the velocity coefficient (Fig. 1) and 4 is the maximum backwater determined by
the Rotenburg formula [15].

The discharge across the width of a scour hole before and after the scour is Qy= k-Qje,
where Qris the discharge across the width of the scour hole with a plain bed and Q. is that of
the scour hole with a depth A;.

mh_ -h,V, =k(mh h, + m; ‘h,)-V,, )

where h; is the depth of the scour hole, A is the depth of water on the floodplain, and m is the
slope of the scour hole wall.
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Fig.1. Coefficient @ vs. the contraction of the flow
The local velocity at any depth of the scour hole can be determined from Eq. (2):

_ A\ _ (y/2gAh
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According to the experimental data, the coefficient k depends on the contraction of the
flow (Fig. 2).
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Fig.2. Coefficient k vs. the contraction of the flow

The velocity of the beginning of sediment movement Vy can be found from the
Studenitcnikov formula [16]:

V, =3.6d°3h?%, )

At a scour depth Ay, the velocity Vy, is given by
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where £ is the coefficient of reduction in the velocity because of vortex structures and d is the
grain size of the bed material in the layer H.

The velocity Vj, is decreasing and V., is increasing with development of the scour hole.
The scour ceases when Vj, becomes equal to fV,,,.
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The equilibrium depth of scour can be determined from Eq. (6) as follows:

0.8
h,... =2h, Y -1|-k,. -k, -k, )

where k, is a coefficient depending on the side-wall slope of the abutment [7], k; is a
coefficient depending on the abutment shape, and k,, is a coefficient depending on the angle of
flow crossing [14].

As a rule, in natural conditions riverbed is not homogeneous, but with stratified bed
which is composed of layers with different grain sizes. Therefore if depth of scour is
calculated
by Eq. (7) and scour occurs deeper than /; layer with grain size d; (Figure 3), the changes of
grain sizes and bed layers should be considered.
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Fig.3. Scour at the stratified bed

According to the mentioned conditions the velocity of the beginning of sediment
movement Vo” should be calculated with flow depth Ay and grain size d>:

V,' =3.6d57hy? (8)
and the velocity Vo,” at the second bed layer with grain size d, can be determined:
vy = v 1 h )
o " 2h, )

where h;4 is the summary water depth on the floodplain till bed layer with grain size d».

The depth of scour calculation follows by Eq.(7) ) in bed layer with grain size d,. If
calculated scour depth extends out of the bed layer s, with grain size d», that is, if hy > (hy + h; +
hz), the calculation should be continued and the velocity of the beginning of sediment movement
Vo' with grain size d3 and water depth on floodplain Ay is:

v, " =3.6d77h{*. (10)



Velocity at the bed layer with grain size d; can be found:

h 0.25
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where hy43 is the summary water depth on the floodplain till bed layer with grain size ds. Further
follows the calculation of the scour depth by Eq.(7) in bed layer with grain size ds. The
calculation mentioned above can be continued if necessary.

Using this method it has been found that scour value at the abutment with homogeneous
bed is greater than scour value calculated with stratified bed with different grain sizes d.

For calculating the development of scour holes during the floods, a new method was
developed by Gjunsburgs and Neilands [3], [4], [S], [6]. To determine the development of a
scour hole during the flood, the hydrograph was divided into time steps of 1 or 2 days, and each
time step was divided into time intervals. For each time step, the following initial parameters
must be determined: depth of water in the floodplain; contraction rate of the flow; maximum
backwater; grain size of the bed material; thickness of the bed layer; specific weight of the bed
material. As a result, we can determine the scour depth, the width, and volume at the end of each
time step or after one, two, or several floods.

The scour hole parameters calculated during or after one, two, or several floods can be
compared with the equilibrium parameters found by Eq. (7), and thus the stability of the
abutment can be evaluated. The risk factor of abutment scour can be calculated as a ratio
between hy, the scour depth after the floods of certain probability, and Az, the equilibrium
depth of scour hole at the abutments of the same probability. By using the risk factor, we can
estimate the current stability of the abutments or to predict/compute the time of safe maintenance
at the stage of design.

Results

An analysis of Eq. (7) shows that the relative equilibrium depth of scour depends on the
following hydraulic and riverbed parameters:

h _
;qmt :f[g.ﬁ.E.L;L;PK;PKb;km;ks;kaj, (12)
f
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where Q/Q,, is the contraction rate of the flow; di/his the relative grain size of the bed material;
Fr/i, is the Froude number in relation to the river slope; V/kfV,, is the velocity ratio; h/hy is the
relative depth of water; Pk is the kinetic parameter of the open flow; Pg; is the kinetic parameter
of the flow under the bridge; k., ks, and k, are coefficients described above. According to this
study relative equilibrium depth of scour depends from stratification of the riverbed.

Dependence of the relative equilibrium depth of scour from different hydraulic and
riverbed parameters is showed graphically.

Figure 4 shows the relative equilibrium depth of scour versus the contraction rate of flow.
With increase in the contraction of the flow, the equilibrium depth of scour increases.

The relative equilibrium depth of scour in relation to the relative grain size of bed
material is presented in Fig. 5. With increase in the relative grain size of bed material, the
equilibrium depth of scour decreases.

The influence of the Froude number relative to the slope Fr/i,= VZ/ghfi,, 1s shown in
Fig.6. As seen from the figure, the smaller the value of Fr/i, (the smaller the ratio between the
inertia and frictional forces), the greater the relative equilibrium depth of scour.
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Fig.4. Relative equilibrium depth of scour vs. the contraction rate of the flow
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Fig.5. Relative equilibrium depth of scour vs. the relative grain size
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Fig.6. Relative equilibrium depth of scour vs. the Froude number referred to the slope

An increase in V/kfV, leads to an increase in the relative equilibrium depth of scour (Fig.7).
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Fig.7. Equilibrium depth of scour vs. the velocity ratio V/kpV,

An analysis of the literature showed that many authors like Laursen and Toch [8], Liu et
al. [10], Froehlich [2], Richardson and Davis [14], Lim [9], Cardoso and Bettess [1], Melville
[11], Oliveto and Hager [12], Radice et al. [13] do not take into account the flow and riverbed
changes during the floods, the contraction rate of the flow, local increase in velocity near
abutment, stratification of the riverbed, and cannot evaluate the stability of the constructions in
the flow and the risk factor after several floods. The comparison of the depths of scour at the
abutments computed by different author’s equations showed considerable difference in the
results (Table 1).

Table 1. Comparison of scour depth values computed by different author formulas

Test | L | Q/Qp | hscac hg exp Our |Laursen| Liu Lim | Froeh- | Richardson
no. t=7h t=7h | method lich
(m) (cm) (cm) hequil hequil hequil hequil hequil hequil (cm)
(cm) | (¢m) | (cm) | (cm) | (cm)
SL2 | 3.0 5.69 | 1640 | 16.70 | 21.50 | 63.70 | 82.47 | 31.95 | 19.96 24.01
SL5 | 2.7 ] 3.87 | 1330 | 12.80 | 18.25 | 60.58 | 78.24 | 31.56 | 19.00 24.01
SL8 | 23] 2.69 | 9.22 9.81 11.07 | 58.07 | 77.22 | 28.70 | 18.98 24.01
SL11| 1.5| 1.66 | 4.16 4.11 4.48 45.67 | 58.32 | 1690 | 14.81 24.01

Calculation example

An example of calculating a scour hole at the abutments near the bridge crossing on a
plain river after two floods of a 1% probability is made. The calculation results are presented
graphically. The development of the depth, width, and volume of the local scour hole is shown in
Figs. 8, 9, and 10, respectively.
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Fig.8. Development of scour depth with time during two floods
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Fig.10. Development of scour hole volume with time during two floods

Initial data for calculation of equilibrium depth of scour: hy= 2.3 m; Q/Qp = 1.42; Ah =
0.406 m. Coefficient @ = 0.8116 according to Fig. 1. The local velocity at the abutments can be
found according to Eq. (1):

V; =¢y/2gAh =0.8116-42-9.81-0.406 =2.29m/s .

The velocity at which the sediment movement starts is found from Eq. (4):

Vo =3.6d"2h? =3.6 - 0.005"% - 2.3°% = 0.663m/s.

According to Fig. 2, the coefficient k = 0.9311. We assumed that k,, =1, ky= 1, k, = 1, and the
slope of the scour hole wall m = 1.65. The equilibrium depth of scour according to Eq. (7) is
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The equilibrium width of the scour hole is: Begui = m-heguii = 1.65-11.096 = 18.308m.
The equilibrium volume of the scour hole is:

3 3.14-1.65%-11.096°
equil = 6

W =1946.46m°.

1 2
equil. = g mm*h
The calculated depth of scour after two floods with a 1% probability is hy = 7.484m and
the equilibrium depth of scour is hegii= 11.096m.
The risk factor of abutment scour after two floods with 1% probability is hy/hequii =

7.484/11.096-100% = 67.44%.
Conclusions

In tests, concentration of streamlines, a sharp drop in water level, a local increase in
velocity, vortex structure and scour hole are observed at the corner of the abutment. Local
velocity together with vortex structure is forming the scour hole.

The new method of computing equilibrium depth, width and volume of scour hole was
presented.

A method for stability estimation of the abutments by computing risk factor was
proposed. Risk factor is determined as a ratio between the scour depth, width and volume
computed after one, two or several floods and equilibrium depth, width and volume of the scour
hole. By risk factor we can estimate the current stability of the abutment in the period of
maintenance or predict/compute it’s stability at the design stage. Stability of the abutments on
plain rivers depends on the value of the risk factor. The closer current depth value of the scour
hole are to the equilibrium value of the scour hole, the more is risk factor and less is the stability
of the construction.

Dependence of the relative equilibrium depth of scour hole from different hydraulic and
riverbed parameters is presented graphically. The relative equilibrium depth of scour is
depending on contraction of the flow, relative grain size and stratification of the bed materials,
Froude number referred to the slope, relative local velocity, relative depth of the flow at the
floodplain, kinetic parameter of the flow under the bridge, side-wall slope of the abutment, shape
of the abutment and angle of the flow.

This study was partly financially supported by the European Social Fund within the
National Programme “Support for the carrying out doctoral study programme’s and post-
doctoral researches”, project “Support for the development of doctoral studies at Riga
Technical University”.
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Gjunsburgs B., Neilands R. un Govsha E. Maksimalais izskalojuma dzilums pie tilta balstiem.

Vietéjais izskalojums pie tiltu balstiem rodas, ja palienas upes plisma plidu laika tiek saspiesta ar tilta pieeju.
Izskalojums var izraisit ievérojamus tilta bojajumus, pat konstrukcijas sabrukSanu. Saja raksta tiek piedavata jauna
maksimala izskalojuma dzijluma pie tilta balsta upes paliena aprekina metode. Ir veikta metodes analize un ir
paraditas relativa maksimala izskalojuma dzijuma atkaribas no galvenajiem hidrauliskajiem un upes gultnes
parametriem. Relativais maksimalais izskalojuma dziJums ir atkarigs no pliismas saspieSanas, relativa grunts
diametra un sadalijuma pa slaniem, Froude koeficienta attieciba pret slipumu, relativa vietéja plismas atruma,
relativa iidens dzijuma upes paliend, plismas kinétiska parametra zem tilta, balsta sanu sienu slipuma, balsta
formas un pliismas lenka attiectba pret balstu. Tiek piedavata metode tilta balsta stabilitates noteikSanai, aprékinot
riska faktoru. Riska faktoru var aprékinat ka attiecibu starp izskalojuma dzijumu, platumu un tilpumu aprekinatu
péc viena, diviem vai vairakiem plidiem un izskalojuma bedres dzijuma, platuma un tilpuma maksimalam vertibam.
Péc riska faktora lieluma var novértét esosa tilta balsta stabilitati apkalpoSanas perioda laika vai art aprékinat
balsta stabilitati projektéesanas stadija.

Gjunsburgs B., Neilands R. and Govsha E. Equilibrium depth of scour at the bridge abutments.

The flow in plain rivers contracted by bridge crossing in floods leads to scour at bridge abutments, piers, or guide
banks and can cause considerable damage and losses. New method for computing equilibrium depth of scour at the
abutments on plain rivers is presented in this paper. Analysis of the method is made and dependence of the relative
equilibrium depth of scour from main hydraulic and riverbed parameters is presented. The relative equilibrium
depth of scour is depending on contraction of the flow, relative grain size and stratification of the bed materials,
Froude number referred to the slope, relative local velocity, relative depth of the flow at the floodplain, kinetic
parameter of the flow under the bridge, side-wall slope of the abutment, shape of the abutment and angle of the flow
crossing. Method of estimation of stability of the abutment by computing risk factor was proposed. Risk factor is
determined as a ratio between the scour depth, width and volume computed after one, two or several floods and
equilibrium parameters of the scour hole. By risk factor we can estimate the current stability of the abutment in the
period of maintenance or predict/compute its stability at the design stage.

I''oncoypr b., Heiinang P. u I'opma E. IlpenesrbHast riiy0uHa pa3MbIBa y yCTOEB MOCTOB.

Mecmuuil pazmvle y ycmoes MOCMO8 GO3HUKAEM 608peMsl HABOOHeHUe, K020d Nepexo0 MOCMA CHCUMAenm NOMOK
pexu. Paszmwie moocem nogpedums unu cogcem paspyuiums KOHCMpYKyuio mocma. B cmamve npedcmaenen nosuil
Memoo pacyema npeoeivHol 2IyOuHbl pasmvléd y YCMoe8 MOCMO8 HA PASGHUHHLIX peKax. Beinoanen ananusz
MemoOuKu U HNpeoCmasienbl 3aUCUMOCIU  OMHOCUMENbHOU NpeOebHOU  2NYOUHbL  pasmbléd OM  OCHOBHBIX
2UOPABAUYECKbIX U PYCNOGbIX napamempos nomoxa. OmuocumenvHas npeoeivHas 2nyouHa pasmvlea 3a8UcUm om
colcamusi ROMOKA, OMHOCUMENbHO20 pasmepa epYHma u Cloucmozo cmpoenust epyuma, kodgguyuenma @pyoa no
OMHOWEHUIO K HAKIOHY, OMHOCUMENbHOU MeCmHOU CKOPOCMU, OMHOCUMENbHOU 2yOuHbl 600bl HA NOUMe,



KUHEMU4ecKo20 napamempa nomoxka nod MOCmoM, YKIOHA OOKOBOU cmeHbl yCmos, (opmbl ycmos u nepeceyeHue
nomoxka. Ilpeocmaenena memoouxa pacuema YCMoOUHUBOCMU YCmoeg uepe3 onpedeieHue @axkmopa pucka
KOMOpblil npedcmagisem OmHoweHue 21yOuHbl, WUPUHbl UIU 00EMA BOPOHKU PA3MbIEA ONPEeOeNeHHOU C Y4emom
gakmopa epemenu K npedebHbIM Napamempam 80poHKU pazmvied. Mznonvzosanue gaxmopa pucka Heobxooumo
UCNONIb306AMb NPU NPOEKMUPOBAHUE COOPYICEHULL UNU NPU OYEHKEe COCMOSAHUA KOHCMPYKYUU 30 UHMePecyIoujuli
nepuoo 3KCHIYamayuu.



