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Efforts have recently been made to renaturalize the WeiBach River which 
had previously been regulated in a schematic, monotonous manner. During 
the last flood period an agglomeration of sediment occurred, which may 
provoke an overtopping of the dams. In a hydraulic model with movable 
bed (scale 1:20) the existing conditions and possible improvements were 
studied in order to prevent agglomerations. Furthermore, fundamental in
vestigations were made with regard to the influence of constructional 
steps on sediment transport and water levels. 

1. Introduction 

1.1 General Remarks 

Most natural rivers are in a sensitive state of hydraul ie-sedimento

logical balance, which is defined by mutual influences of water and 

solids. Lowland rivers show in general a "continuous" transport behav

i our throughout the ·year. Dependi ng on the di scharge, more or 1 ess ma

terial is being transported. 
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In the case of alpine rivers the transport behaviour is characterized b 

different factors of influence. As the bed material consists of rather 
coarse grain diameters bed load transport will only start at great bed 

shear velocities. In order to set the bed material into motion high dis
charges are necessary, i.e. only flood events are actual transport 
events. Up to 80 or 90 % of the total annual transport volume may be 
transpo r ted in the course of a single flood wave. 

1.2 Prob l em Descript i on 

Recently the attempt has been made to renaturalize the l ast section of 

the Wei ssach Ri ver before it fl ows into Lake Tegernsee . Th is part had 

been previously regulated in a schematic monotonous way. During the last 

flood period an agglomeration of sediment has occurred , wh ich may pro
voke an overtopping of the dams . In a hydraulic model with movable bed 
(scale 1:20) the existing conditions and possible improvements were stu
di ed in order to prevent agg 1 omera t ions. Furthermore fundamental i nve
stigati ons were made about the influence of obstructions on sediment 
transport and water levels . 

2. Simil ar i ty Cons i derat i ons 
2. 1 General Remarks 

The knowledge of the physical basis of sediment transport is still so 

f ragmentary that it is not possible to develop a generally acceptable 

calculation appro ach. Owing to the practical importance of the phenome

non, however, there are quite a number of more or less empirical formu
las, whose bases and ranges of application differ from each other. The

refore their calculation results may also differ considerably. 
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Tab. 1 presents a list of the tota l annual sediment transport in the 

Lois ach River (Upper Bavaria) calculated according to several authors . 
The actual total annua l sediment transport has been found to be about 

30 000 m3 by averaging the dredged material of several years. 

water depth and days per annual 
Transport Mode 1 discharge for year with total 

start of motion transport sediment 
transport 

[m] [ ml I s] [ days] [ ml ] 

Meyer-Peter, Muller, 1949 0.87 20.05 173 29 648 
Laursen, 1958 0.99 25.65 109 32 331 
Bishop, e.a. , 1965 0.00 0.00 365 92 430 
Pernecker, Vollmers, 1965 0.49 6.04 363 39 222 
Engelund, Hansen, 1967 0.00 0.00 365 36 973 
Graf, Acaroglu, 1968 0.00 0.00 365 32 626 
Ackers , White, 1973 0.72 13.60 264 23 718 
Ranga Raju, e.a., 1981 1. 03 28.20 94 9 206 
Karim, Kennedy, TLTM, 1983 0.69 12.40 279 8 666 

Tab. 1: Annua 1 Tota 1 Sed i ment Transport Lo i sach, Gauge Sch 1 ehdorf, 

VOLLMERS, 1992 

In contras t to other branches of sc i ence the answeri ng of pract i ca 1 
questions is the main object in the engineering sciences . This is true 
especially in the case of hydraulic constructions! About 100 years ago 
hydraulic engineers "invented" the physical model, as already GALILEI 
realised the difficulties in calculating the course of waters (contrary 
to the movement of planets !). Up to the present day such models (in the 

meantime extended to mathematical ones) are part of the hydraulic engi 

neer ' s standard tools in answering practical questions. Hydraulic models 

with movable beds belong to the highest category of difficulties and can 

only be successfully operated in laboratories with excellent equipment 

and great experi ence. The grea tes t problem is the convers i on of model 

test results into natural values and vice versa (VOLLMERS, 1989) . The 

creation of similarity between nature and model is time-consuming and 

physically not exact ly feasible. 

Finally it has to be poi nted out that the major part of the present 

knowledge about sediment transport comes from investigations performed 

on simplified physica l models. 
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2.2 Hode l Similarity 

The movab l e bed physical model of the Weissach River was built at a geo

metric scale of 1 : 20 in the hydromechanics laboratory of the Federal 

Armed Forces University Mun ich at Neub i berg . All geometric and hydraulic 

values were calculated according to FROUDE ' s similarlty law, which means 

that processes domi na ted by gravi tat i on and inert i a are represented 

Similarly in nature and mode l . Frictional forces may be neglected n 

this case due to the coarse grain material of the river bed . 

The cho ice of the mode 1 sand wa s gu i ded by the idea to keep the part 0"

the suspended material as low as possible, because the geometrical re

duct ion wou 1 d have cant rad i cted na tura 1 cond it ions . There fore an a 1 mos 

uniform sand wa s selected , the mean diameter (dm '" d65 '" 0 .85 ) 0 

which corresponds we ll with the geometric reduction of the dm- alue of 

the natura l bed material (dm '" 14.3 mm). Fig. 1 contains the grain dis

tribution curves of the natural and the mode l materials as well as the 

theoretical curve corresponding to the model scale 1 ; 20. 
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3. Hodel Set-up 

3.1 Hodel Description 

The model consists of two equally long sections that are connected by a 

hinge. It is supported by two I-shaped steel girders, the elevation of 

which can be adjusted to any slope desired for different investigations. 

The simplified trapezoidal cross-section of the river has been placed 

into the frame of a rectangular cross-section. The lateral embankments 

are made of sheet iron. Roughness is simulated by coarse sands glued 

onto the surface. A bed material ground layer of 10 cm thickness pre

vents the ground plate from being washed free in erosion ranges. Two 

circular metal rods, one on each side of the flume, serve as rails for 

the measuring carriage. Fig. 2 shows a model cross-section and Fig. 3 

presents a plan view of the model. 

30 70cm 30 

,1,. st 1515 15V5 ~5 '1" position of 
_ ~ l f L 1_ 

1 1 1 1 1 longitudinal sections 

I I I I guide rail for 

I I measuring carrlage 

movable bed 

sheet iron profiles 

Fig. 2: Schematic cross-section of the model 

I-- downstream model part --+- ups Cream mode l oart ---t 

Fig. 3: Plan view of the model 
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3.2 Operating and Measuring Installatlons 

The water supply for the model comes out of an elevated reserV01r. 

scharge regulation is controlled by an 1nductlVe flowmeter. Bot are 

connected to the computer . At the model outlet the water pours do n 
a basement reservoir where it 1S pumped back into the elevated suopl) 

reservoir. 

The water level at the model outlet is controlled by a nearby gauge an 

may be adjusted by an overflow plate. A second gauge is installed at " e 
beginning of the measur1ng range, about 5 m away from the inflow and t e 

sand supply . Measuring instruments are so-called vibrating water l e e 

followers (Delft) with an accuracy of +0.5 to 1 mm. 

Fig. 4: Profile follower 
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For the assessment of river bottom changes longitudinal profiles were 

registered both before and after a test (positions of these profiles are 

given in Fig. 3). Registration was performed using a Delft profile fol

lower (Fig . 4) with a vertical adjustment velocity of up to 50 cm/s and 

an accuracy of +1 to 1. 5 mm. 

The input comes as a sand-water-mixture out of a plexiglass tube with a 

vert i ca 1 slot, wh i ch is opened at a constant predefi ned speed and thus 

provides a constant inflow of material per unit of time (Fig. 5). 

The collection device (sand trap) at the model outlet is a balance pan 

suspended from a pressure/s train transducer (Fig. 6). At certain vari

able time intervals signals are transmitted to the computer. 

Fig. 5: Input device for wet sand 
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Fig. 6: Model outflow with bed load measuring device 

4. Model Tests and Results 

4.1 Tests without Constructional Elements 

Test s without constructional elements served as the basis of comparison 

with the others that were to be performed later on and to contain diffe

rent variations. At the beginning tests with constant discharges provi

ded a transport-discharge relatlon (Flg. 7) . They have been executed for 

three different slopes (SI = 0.002 , SII = 0.004 and SIll = 0 .006 ) . In 
order to allow systematic comparisons regardlng the sedlment transport, 
the transport rates obtained in the calibration tests were used as input 

rates for the tests with constructional elements. 
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Fig. 7: Transport-discharge diagram for all three slopes 

4.2 Tests with Constructional Elements 
4.2.1 Test Programme and Performance 

The test programme comprised investigations of ten series of different 
arrangements of constructional elements, each of which was to be tested 

for three discharges (0 ~ 10 lis, 20 lis, 40 l/s), three slopes (5 ~ 

0.002, 0.004, 0.006) and one characteristic grain diameter (dch ~ 0.85 
mm) . 

Altogether this led to 90 different tests. Fig. 8 presents all vari

ations of arrangements of constructional elements schematically in plan 
view and cross-sectional elevation (series I through X). 

As actual construction works use boulders of about 1 m side length, all 

constructional elements were modelled using stones of 5 to 6 cm diame
ter, which corresponds to the 1 : 20 scale. Boulders and groynes are put 
directly upon the movable bed, whereas levelled and elevated ground 
sills are placed on the fixed solid ground plate, which lies 10 cm lo

wer. Thus it can be checked whether some of the elements change thei r 

positions awing to erosion and scouring. 
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Fi g. 8: Plan vi ew and cross-section of different constructional mea

sures (schematic) 

The execution of a test is similar with and without arranging construc

ti ona 1 elements. Bed profi 1 es were reg i stered before the tes t after 
l evelling the flume bed and after test execution. Comparing both regi

strat i on s allows the assessment of bottom changes. Their differences 

show whe re erosion or sedimentation, occurred in the 16 m measuring ran

ge. 



47 

Every minute the discharge, the two water level gauges and the sediment 

transport are recorded and printed in a data sheet. Tab. 2 presents an 

example of such a data sheet. 

Ftlename. WEI089.0i\T Start of me:lSurement: 8. 1. 1992 

Time Q HI H2 
hh:mm:ss lsecJ U/sJ !emJ !emJ 

13:10:14 0 40.1 10.7 10.8 
13:11 : 14 60 40 . 1 10.7 10.8 
13:12: 14 120 40 .0 10.7 10.8 
13: 13: 14 180 40 .2 10.7 10.7 
13:14: 14 240 400 10.7 10.7 
1315: 14 300 40 I 107 10.7 
13.16: 14 360 40 I 10.7 107 
13:17:14 420 40 I 10.7 10.7 
13:18: 14 480 40.1 10.7 10.7 
13: 19: 14 540 40.1 10.7 10.7 
13:20: 14 600 40 . 1 10.7 10.7 
13:21:14 660 39.9 10.7 10.7 
13:22: 14 720 40. 1 10.8 10.7 
13:23: 14 730 40.2 10.8 10.7 
13'24: 14 840 40 . 1 10.8 10.7 
13:25: 14 900 40.1 10.8 10.7 
1326: 14 960 40 I 108 10.7 
13.27: 14 1020 40 .0 10.8 10.7 
13:28:14 1080 40 .2 10.8 10.6 
13:29:14 1140 40 .2 10.8 10.6 

End or measurement 8.1.1992 13:29:27 

Tab. 2: Data sheet of test WEI089.DAT.Q 
ant II 

mass mc~ 
il<gJ Ig/s 

3.14 11.1 
3.48 5.8 
4.00 8 .4 
4.99 16.6 
5.27 46 
5.69 7 . ~ 
6. 12 7 I 
6.46 5.6 
6.80 5.6 
7. 10 5.0 
7.67 9 .5 
7.78 1.9 
8. 18 6 .6 
8.75 9 .3 
9.28 8.9 
9.47 3 . ~ 

9.85 6 .4 
9.94 1.6 
10 .31 6 . 1 
10.47 2.7 

40 lis, Sr 

13:10:06 

average 
is/sJ 

6.5 
6.5 
6.7 
7.6 
7.3 
7.3 
7 2 
7. 1 
7.0 
7. 1 
6 .8 
6.8 
69 
7.0 
6 .9 
6 .8 
6 .6 
6 .6 
6 .6 
6.5 

0.002, Vari-

Column "mGf" shows the transport per minute and column "average" gives 
the average transport value since the start of the test. The values per 

minute scatter rather strongly around the quickly stabilized mean value. 

This is because generally bed load transport is not a uniform process, 

but rather takes place by thrusts, which is even increased by bed forms 

moving obliquely to the flume axis. 

4.2.2 Test Evaluation 

The comparison of test series results was made possible by introducing a 
number characterizing the degree of obstruction caused by the construc

tional elements. As these elements have different distances the degree 
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of obstruction was calculated to be the ratIo of "obstruc ed vo l u e 
(Fig . 9 "B") to "unobstructed volume " (Fig . 9 "A "). Reference l engt is 

one metre. Thus levelled ground sills have an obstructlona l degree of 

o %, as their crests are at an even level wi th the bottom elevatIon, and 
therefore do not obstruct the cross-sectional area at all . 

A B 

1 m 1m 

Fig. 9: A: unobstructed volume, B: obstructed volume (schematIcal l y ) 
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Changes of flow depths versus degree of obstruct i on and cor

responding fitting curves for slope Sr r = 0.004 and dischar

ges Q = 10 l i s (I), Q = 20 l i s (2) and Q = 40 li s (3) 

The same sys tema tic tendency cou 1 d be found ina 11 tes t s performed so 
far. Water levels increase with an increasing degree of obstruct i on . 

Fig. 10 show the results from test with a slope Srr = 0.004 . Measurement 
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pOints in the diagram are connected by a polygonal line. The second de
gree fitting curves demonstrate the systematic tendency of the measure
ments . They are not meant to serve as calibration curves for the re 
lation between degree of obstruction and water depth. 

Flow depths served to compute vel oc it i es and FROUDE numbers as well as 
MANNING-STRICKLER coefficients. 

For i ncreas i ng degrees of obstruct i on there is a constant decrease of 
roughness coeffi c i ents, vel oc it i es, and FROUDE numbers. Th i s tendency 

can be recognized for more or less all values calculated. As an example 

Figs. 11 and 12 show for slope SII = 0.004 the dependence of velocities 
and MANNING-STRICKLER coefficients on the degree of obstruction. 

Contrary to tests with fixed bottom and constant roughness, kSt-values 
do not increase but rather decrease with rising discharge and water le
vel. Flume roughness grows for greater discharges due to bed form sha
ping. As flow depths are altogether rather low, i.e. between 3 and 
11 cm, bed forms have a great influence on roughness. This influence 
was reduced by increasing water depths. 
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Changes of velocity versus degree of obstruction and corre

sponding fitting curves for slope SII = 0.004 and discharges 

Q = 10 lis (I), Q = 20 lis (2) and Q = 40 lis (3) 
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Changes of roughness coefficients versus degree of obstruc

tion and corresponding fitting curves for slope 511 = o.oo~ 

and discharges Q=10 lis (1), Q=20 l i s (2) and Q-40 l i s (3) 

Changes of transport behaviour are strongly dependent on slope. A slope 

of 0.002 does not show any transport changes . For Q = 10 l / s and 20 1 s 

no transport at all takes place, as is the case without constructional 

elements. For Q = 40 l / s transport corresponds, within measurlng toler

ances , to an input rate of 7.5 g/s. 

At a slope of 0.004 changes of transport capacities can be observed for 

small discharges, i.e. small flow depths . The supply rate as 6.S gi s, 

the actua l transport, however, averaged 3.5 g/s only . A direct relation 

to the degree of obst ruct i on cannot be estab 1 i shed. I n the cases of 

Q = 20 lis and Q = 40 lis the influence of constructional measures as 

too sma 11 to produce any changes of transport behavi our. For these di

scharges the transport OSCillated, within measurlng tolerances , aroun 

the supply values, just as in the tests of 51 = 0.002. 

The exception from the rule is given by series VIII , the one ith t e 

greatest obstructional degree . All tests show transport va l ues clearl 

below the ones found at the beginning in the initial tes series (Fig. 

11) . 
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5. Conclusion 

The effects of renaturalisation works on the hydraulic and morphologic 

equilibrium of a river, can hardly be foreseen. It is therefore necessa
ry to rely on simulations in physical or mathematical models to predict 
possible effects of constructional steps. The choice of the model type 
depends on which model is better suited to simulate nature properly. 

Calculation procedures already exist to deal with overgrown cross- sec

tions (DVWK Regel Nr. 127) . The influence of constructional elements, 
however, still cannot be described exactly. First investigations on 

changes of transport capacity have been performed (EILERS , 1990), but 
have yet to be generalized. 

In all test series the same systematic development could be observed. 
With an increase in the degree of obstruction the water depths also in
creased, and vel oc it i es, FROUDE numbers and roughness coeffi c i ents de
creased . The results of the investigations on the transport capacity 
differ considerably. For the slope of 0.002 it is hardly possible to ma
ke any satisfying statement on the influence of the constructional ele
ments on transport capacity owing to the late start of transport at di
scharges of Q > 20 li s. In the case of Srr ; 0.004 the influence of con
structional elements was visible for very high degrees of obstruction 

only. The tests with a slope of SIll; 0.006 have not yet been comple

ted. 

The limitation to one characteristic grain size so far makes a global 

assessment of constructional measures for natural rehabilitation diffi

cult. This is primarily because grain diameter and slope are the parame

ters which influence transport behaviour overproportiona1ly. This has 

also been shown by a DFG research project. Therefore additional investi

gations with two more grain sizes are planned. 

Nowadays theoretical knowledge on sediment transport is in progress. 

Nevertheless it is still impossible to generally describe the transport 

behav i our of a ri ver. Therefore fundamental invest i gat ions have yet to 

be performed in combination with field observations and measurements. 
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