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IN THE BESKIDY MOUNTAINS IN THE POLISH CARPATHIANS
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ABSTRACT

The purpose of the paper is to identify differences in hydraulic conditions in the areas closest to already-developed gravel bars situated
in a small, mountain stream in the area of the Polish part of the Carpathian Mountains. Basic hydraulic parameters of flowing water, includ-
ing velocity, shear stress, Froude number, Reynolds number and flow resistance coefficient were examined within the region of two differ-
ent gravel bars in a mountain stream. At the same time, sediment samples were drawn from the riverbed in the area in which the hydraulic
measurements were taken. After analysing the data, several conclusions were presented concerning sedimentation of gravel and hydraulic
parameters within the cross section of a mountainous stream. The study was undertaken on Skawica-Jatowiecki Stream in the Polish part of

the Carpathian Mountains called the Beskidy Mountains.
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“The River lifts itself from its long bed. Poised wholly
on its dream” by Hart Crane, from The River.

1. Introduction

River bars are typical of all rivers and are mimicked in
other linear shear flows (Church, Jones 1982). So far, no
formal criterion has been developed for the presence of
bars in terms of flow and sediment characteristics. Bars,
defined as accumulations of sediment grains, or sand
and/or gravel deposits (Whittow 1984), cannot develop
if the flow depth is approximately equal to the minimum
grain size (Church and Jones 1982). In alluvial channels,
three types of bars are commonly recognized: alternating
bars, point bars and braid bars (Selby 1985). Alternating
bars form in straight channel segments within curves of
meandering thawleg. Point bars develop in areas of rela-
tively low stream power at the inside of channel meander.
Braid bars, mostly diamond-shaped, are often associated
with coarse material. They are aligned to the flow and are
called longitudinal bars (Selby 1985).

Although bar forms have been commonly described
in sandy or gravelly meandering rivers, little attention has
been given to the role of obstructions in controlling geo-
morphic forms in coarse-grained environments (Carling
and Reader 1981; De Jong and Ergenzinger 1995; Galia
and Hradecky 2012). As far as the geometry of mountain
streams is concerned, bars start to develop in the middle
and lower reaches where the channels reach high width-
to-depth ratios (Chang 1980; Radecki-Pawlik 2011). Dep-
osition of a river bar is directly related to bend curvature,
reflecting particularly the role of sharp bands in arresting
sediment under lower energy conditions. Other reasons

for bar depositions are obstructions or hindrances caused
by large boulders or bedrocks (a common spot for the
formation of re-attachment bars), or wooden logs behind
which sediment is trapped.

There are only a few studies on the role played by bars
in a gravel stream environment, particularly in shap-
ing a river channel and stopping bank erosion as well
as improving river fauna conditions (Wyzga et al. 2009,
2013). It is sometimes suggested that bars height should
be treated as roughness elements to calculate channel
bed roughness associated usually with the dimensions of
grains that form the river bed (Radecki-Pawlik 2002b).
This finding is of great interest, particularly in relation
to high floods, since when one is talking about rough-
ness elements under flooding conditions the dimension
of particular gravel found on the river bed might be not
sufficient to describe the real roughness conditions in the
river.

The purpose of the current paper is to identifydif-
ferences in hydraulic conditions in the areas closest to
already-developed gravel bars situated in a small, moun-
tain stream in the area of the Polish part of the Carpathi-
an Mountains. The paper also describes a difference in
bedload particle size that was found in the area in which
the hydraulics parameters were examined.

2,Study area

The upper part of Skawica-Jalowiecki Stream in the
Polish part of the Carpathian Mountains (Figure 1) is
flashy and experiences frequent bedload movement. It
is situated in the Carpathian flysch, and its streambed
consists mostly of sandstone and claystone bedload
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Fig. 1 Catchment study region.

pebbles and cobbles that form a framework, the interstic-
es of which are filled by a matrix of finer sediment.

Tab. 1 Physical characteristics of Skawica-Jatowiecki Stream
catchment.

Variables Skawica-
Jatowiecki
Stream
Precipitation [mm] 1189
Catchment study area [km?] 19.300
Maximum stream altitude [m a.s.l.] 1130
Minimum research point altitude [m a.s.l.] 594
Channel gradient (average within study area) [-] 0.085
Minimum annual discharge [m3 s-1] 0.020
Mean annual discharge [m3s71] 0.460
Bankfull [m3s-1] 18.400
Two years flood Qs [M3 s7] 11.300
Four years flood Q,g, [M357'] 21.200
Five years flood Q,q,, [M357'] 23.950
Ten years flood Q,, [M3s71] 38.400
One hundred years flood Q,q, [m3 s77] 80.400

Suspended sediment loads are small and contribute
insignificantly to channel morphology. Within the 1109.5m
long study reach, Skawica-Jalowiecki cuts through an
alluvial bed, mostly Quaternary Holocene river gravel,
sand and mudstone (Ksigzkiewicz 1963). The upstream
portion of the study reach just borders upon a Tertiary
Palaeogene reach where mica-sandstone, sandstone,
mudstone and phyllite predominate.

Many gravel river bed-forms, such as point and mid-
dle bars, can be seen within the investigated Skawica-
Jalowiecki reach. Most gravel bed-forms have developed

bar contour .
1999 :
[+ x =3
B
bar contour .
2000
bar contour 19 :
# lv 4
point bar
bar contour 2000 alternate bar 1B %
— 7 - o G
' 2m
Scale

Fig. 2 Investigated gravel bars and measuring points.

behind and in front of obstacles, and those situated at
riverbanks (meander-bars) are quite stable. The detailed
geology and geomorphology of the region has been
described in Radecki-Pawlik (2002a). Some basic physi-
cal characteristics of the catchment study area are pre-
sented in Table 1.

3. Methods

For the purpose of the study, the 1109.5 meter-long
research reach was selected within Zawoja municipal-
ity. Identification and field measurements of bed-forms
were carried out during autumn 1999 and early spring
2000. The study was based on a hydraulic survey of water
velocity close to the stream bed to calculate shear stress,
drag coefficient and other hydraulic characteristics. Two
well-developed stream bed features were recognized in
the form of Point Bar A, situated downstream of a stream
band at the upper part of the reach, and Alternation
Bar B, an upstream-of-obstruction bar attached to the
right bank of the creek (the obstruction in this case being
a megacluster). Research cross-sections were established
within the regions of the two bars, and measuring points
were fixed within them. Wading velocity measurements
were performed at all of these points (Figure 2).

Photo 1 Investigated gravel point bar in Skawica-Jatowiecki
stream.
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surface (depth-averaged velocity) and 1 cm above bed
surface (near-bed velocity) using Ott Nautilus C 2000
electro-magnetic current-meter. Gordon et al. (1992) and
Bergeron, Abraham’s (1992) methods were then applied
to the field data, and shear velocity V. values were cal-
culated from the velocity profiles obtained near-to-river-
bed. Finally, shear stress t values were calculated from:

T=V.2p [Nm7?],

where p is water density [kg m=3] and V. is shear
velocity [m s~1].

Shear stress value (V.) was obtained just directly from
the equation v = f(D) (Gordon et al. 1992):

V.=al5.75,

where a is slope coefficient v = f (D), according to the
general line equation:

v=aD+ b,

where D is water depth above the stream bed [m], b is
free coefficient.

To calculate the flow resistance coefficient (f), the con-
clusions drawn by VenTe Chow (1967), Wijbenga (1990)
and Przedwojski et al. (1995) were applied. Flow resist-
ance coefficient was obtained from:

f= 8¢RIV, 02 = 8(ViIV, )%

ean

W ul 4

where R is hydraulic radius [m], Jis slope [-], V,,,,,,, is
mean velocity [m/s].
The detailed methods used to obtain values for all of

Photo 2 Investigated alternate point bar in Skawica-Jatowiecki
stream.

Water velocity measurements were based on Jarrett’s
(1990) findings regarding the taking of velocity profiles
in mountain stream cross-sections. It means that flow
velocity was measured at 0.6 of depth measured from the

the above-mentioned parameters using classic hydraulics

equations are shown in Radecki-Pawlik (2002a).
Samples of bed-load sediment deposits were also

collected in the area in which the hydraulics data were

Tab. 2 Results of hydraulic measurements and calculations - point bar “a"

Point number Water discharge Froude number Shear velocity | Reynolds number | Shear stress (1) Flow resistance
(Q) [m3s-1] (Fr) (V) [em s~1] (Re) [Nm-2] coefficient (f)
1a 0.34 0.20 1.95 7,571 0.38 0.1225
1b 0.34 0.30 8.59 488,851 7.39 0.4367
1c 0.34 0.20 4.11 16,886 1.69 0.3021
2a 0.34 0.30 8.39 106,663 7.06 0.9053
2b 0.34 1.50 11.98 106,555 14.36 0.0543
2c 0.34 0.08 1.50 15,196 0.25 0.1466
3 0.34 0.44 448 38,862 2.01 0.0787
4 0.34 0.10 5.23 16,282 2.74 0.8835
1a 1.04 0.60 79.61 94,623 22.30 0.2823
1b 1.04 0.70 15.50 182,856 24.00 0.1414
1c 1.04 0.40 8.87 43,015 7.80 0.2885
2a 1.04 1.06 17.60 221,360 31.10 0.1015
2b 1.04 0.50 11.09 57,007 12.30 0.3239
2c 1.04 0.01 0.19 1,637 0.01 0.3136
3 1.04 0.80 31.77 211,493 100.93 0.0444
4 1.04 0.80 11.41 75,261 13.04 0.1555
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Tab. 3 Results of hydraulic measurements and calculations: up-stream-of-obstruction bar “b".

Point number Water discharge Froude number Shear velocity | Reynolds number | Shear stress (T) Flow resistance
(Q) [m3s-1] (Fr) (V.) [ems1] (Re) [N m-2] coefficient (f)
la 0.34 043 2.50 48,358 0.62 0.0205
1b 0.34 0.50 8.37 42,930 7.02 0.2255
1c 0.34 0.40 3.29 30,429 1.09 0.0505
2a 0.34 0.05 1.44 9,402 0.21 0.3765
2b 0.34 0.30 7.39 67,310 5.47 0.6687
2c 0.34 0.20 5.21 18,539 2.72 0.4038
4 0.34 0.04 0.56 2,341 0.04 0.2439
la 1.04 0.53 6.49 53,784 4.21 0.0989
1b 1.04 0.60 17.27 214,292 29.80 0.1898
1c 1.04 0.60 19.29 136,091 37.20 0.3584
2a 1.04 0.08 2.69 9,056 0.87 0.9142
2b 1.04 0.90 13.38 195,812 17.90 0.0789
2c 1.04 0.54 5.63 159,169 3.10 0.0291
4 1.04 0.50 10.93 62,525 11.90 0.2891
Tab. 4 Characteristic grain size dimensions within the region of investigated point bars.
alternate bar“b”
ds dio die ds dso deo dss dgg dgo dos
1A 77.6 95.4 115.7 146.2 230.8 264.6 3154 3459 366.2 383.1
1B 14.8 25.0 39.6 553 723 74.5 77.8 79.8 109.5 138.7
1C 6.1 10.8 15.3 20.6 36.2 42.9 52.1 56.4 59.2 76.1
2A 15.0 28.5 34.9 429 73.2 96.6 131.6 152.6 166.7 178.3
2B 21.1 32.6 43.8 54.4 72.8 78.6 1333 171.7 197.3 218.7
2C 7.8 135 19.8 29.2 454 52.0 76.2 111.8 135.5 155.2
4 221 33.0 46.9 70.8 754 77.3 80.6 120.0 146.2 168.1
point bar“a”
1A 18.500 34.100 54.40 70.40 77.50 82.20 111.40 128.90 140.6 150.30
1B 41.200 70.200 71.10 72.50 76.40 77.90 90.10 151.20 192.00 226.00
1C 20.300 32.000 43.20 56.50 74.40 77.60 107.80 141.00 163.10 181.60
2A 15.800 25.500 36.40 52.60 74.70 77.50 105.70 143.30 168.30 189.10
2B 14.300 17.900 21.70 27.40 45.20 51.30 56.80 61.00 98.10 129.10
2C 0.002 0.003 0.01 0.02 0.13 0.21 0.34 0.41 0.47 0.51
11.100 18.900 28.90 49.30 94.30 117.40 152.10 173.00 186.60 198.40
4 24.600 37.900 50.40 60.90 76.30 80.00 136.20 170.00 192.50 211.20
Tab. 5 Percentage of different grain shapes of bed load. 4. Results
Grain shape Percentage
Spherical 223 . For reasons of clarity, all results obtainec'l are presented
Shded 2100 in tables. Tables 2 and 3 show all hydraulics parameters
measured and calculated above the research points within
Disc-shaped and rod-like >457 the regions of the investigated bars (Figure 3). Wading
100% measurements were taken under two discharges. The first

gathered. The technique of sampling described by Wol-
man (1954) was applied. Later, grain size curves were plot-
ted and characteristic grain dimensions were read. Addi-
tionally, for grain shape analysis, 339 single grains were
chosen randomly from the riverbed and carefully meas-
ured along axis b. Grain shapes were described accord-
ing to Zingg (Gradzinski et al. 1986; Gordon et al. 1992).

was Q = 0.34 m? s, which is close to the mean annual
flow (Q = 0.46 m3 s71) (Table 1). The second discharge
was a spring flood, when Q reached 1.04 m? s7!. In the
case of the second discharge, bedload movement under
these conditions was observed. Sediment samples were
taken from all the places in which the velocity meas-
urements were done, right after the water dropped. The
sediment data are presented in the form of characteristic
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grain dimensions (Tables 4), and as shape dominant
grains (Table 5).

5. Discussion and Conclusions

The sediment deposited within the region of the investi-
gated bars varied in diameter along the structure as well as
across the cross-sections of the stream. In general, d., was
between 36.2-230.8 mm (a representative grain size), d,,
between 15.3-125.7 mm, and dg, between 56.4-345.0 mm.
The biggest differences in sediment diameters were
observed along Alternate Bar B. Along Point Bar A,
coarser sediment was deposited very close to the bar
structure (Point 3) where the highest value of shear stress
(t=100.93 N m~2) was noted, as well as the highest value
for shear velocity (all calculated for Q = 1.04 m?3 s~! flood
discharge). Above Point 2B, the biggest shear stress value
(t = 14.36 N m~2) was found under mean annual flow
conditions (Q = 0.34 m3 s71). In this case, Fr was > 1,
whereas at 2B under Q = 1.04 m3 s~! Fr was < 1 and shear
stress and shear velocity were significantly smaller than
under mean annual flow conditions. In the latter case, the
water appeared to behave as it does above a typical riffle
in a riffle-and-pool sequence when reversal velocity phe-
nomena are observed. Point 2C is extraordinary in that it
lies in the shadow of rock piled up on the streambed. A
huge amount of fine sediment is deposited here, and Fr
remains < 1, even under flood conditions.

Along Alternate Bar B, coarser sediment was depos-
ited at Points 1A and 4, again close to the bar structure.
The highest values of shear stress under flooding con-
ditions were above Points 1B and 1C. The biggest shear
stress value under annual discharge was again observed
at Point 2B. The finest sediment was deposited along the
left bank of the stream — opposite to the developed alter-
nate bar structure. Point 2A was in the shadow of the bar,
and shear stress and shear velocity were smallest here.
The thawleg line, in the contest of hydraulics parameters,
appeared to work like a vertical riffle within the reach.
Along that line, Fr, shear stress and shear velocity were
the highest under both run discharges.

When analyzing the sediment we observed that his
sediment size variation is characterised by a complex
pattern rather than a simple decreasingtrend and by a
relatively low overall rate of fining, similar like in Surian
2002. But since the distance along which we did investiga-
tions was relatively short we could not find any connectiv-
ity’s (again in Surian 2002; Liebaultand Piegay 2001). We
observed that the trends in grain sizes observed along the
barsmight differ with scale — and also significantpredictor
of grain size is site location because localchannel width
appears to strongly influence the parametersof grain size
(compare Rengers and Wohl 2007). We also associated
the changes of sediment sizes with discharges (Emmett
and Wolman 2001) through values of shear stresses we

calculated. And finally we observed that since the coarser

sediment in a cross-section is deposited along the outer

line of developed bars, we might presume that it is due
to flow through the gravel (here groundwater) along the
bars (compare Bunke and Gonser 1997; Carling et al.

2007). Thus, the following conclusions were drawn from

the analysis of hydraulic and sediment results within the

regions of the investigated bars:

1. Coarser sediment in a cross-section is deposited along
the outer line of developed bars. Thus, bars are in a
constant process of build-up. The distal part of the
bars appears to be particularly stable.

2. Fine sediment is deposited at the opposite bank to
where the bars are formed. Shear stress, FR and shear
velocity values are the smallest here.

3. Fine sediment is deposited at spots within the stream
reaches called “shadows”, even under flood condi-
tions. Such shadows may be found behind rocks and/
or proximal part of bars.

4. In the case of Alternate Bar B, the highest values of
shear stress, shear velocity and Froude number are
found along the thawleg linelying approximately in the
middle of the stream cross-sections within a bar region.

5. For Point Bar A, the highest Froude number is
observed in the proximal part of the bar, at the
entrance between the bar and the opposite bank, along
the thawleg. Under annual flow conditions, it is pos-
sible to find places within a region of point bar that
function similarly to riffle-and-pool sequences, where
reversal velocity phenomena are observed.

6. With respect to the shapes of grains deposited in
mountain, alluvial streams, the highest percentage are
disc-shaped and rod-like. The next highest percentage
are bladed. Spherical grains are a very small percent-
age less than 5%.
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RESUME

Flow and sediment size variability in different gravel bars
region — the Beskidy Mountains in Polish Carpathians

The purpose of the paper is to identify differences in hydrau-
lic conditions in the areas closest to already-developed gravel bars
situated in a small, mountain stream in the area of the Polish part of
the Carpathian Mountains. Basic hydraulic parameters of flowing
water, including velocity, shear stress, Froude number, Reynolds
number and flow resistance coefficient were examined within the
region of two different gravel bars in a mountain stream. At the
same time, sediment samples were drawn from the riverbed in
the area in which the hydraulics measurements were taken. After
analyzing the data, several conclusions were presented concerning
sedimentation of gravel and hydraulics parameters within the cross
section of a mountainous stream. The study was undertaken on
Skawica-Jatowiecki Stream in the Polish part of the Carpathian
Mountains called Beskidy Mountains. The following main conclusi-
ons were drawn from the analysis of hydraulic and sediment results
within the regions of the investigated bars: coarser sediment in a
cross-section is deposited along the outer line of developed bars;
fine sediment is deposited at the opposite bank to where the bars
are formed thus shear stresses, FR and shear velocity values are the
smallest here; fine sediment is deposited at spots within the stre-
am reaches called “shadows”, even under flood conditions - such
shadows may be found behind rocks and/or proximal part of bars;
with respect to the shapes of grains deposited in mountain, alluvial
streams, the highest percentage are disc-shaped and rod-like - the
next highest percentage are bladed, whereas spherical grains are a
very small percentage less than 5%.
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