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Abstract: Bedload transport in a river is a deeply analyzed problem, with many methodologies
available in the literature. However, most of the existing methods were developed for reaches of
rivers rather than for confluences and are suitable for a particular type of material, which makes
them very inaccurate in cases where the sediments are comprised of a mix of different types of soil.
This study considers the effect of two different bed sediment sizes, gravel and sand, in relation to bed
load transport in a confluence. Five well-known and validated equations (namely Meyer-Peter and
Müller, Parker + Engelund and Hansen, Ackers and White, and Yang) are applied to the case study
of the Tagus–Alberche rivers confluence (in Talavera de la Reina, Spain), where main and tributary
rivers transport different materials (sand and gravel). Field works in the area of the confluence were
conducted, and a set of alluvial samples were collected and analyzed. The previously mentioned
methods were employed to analyze the geomorphology in the confluence area and downstream
of it under different flooding scenarios, concluding different trends in terms of deposition/erosion
in the area under historic flooding scenarios. When the trends show erosion, all methods are very
consistent in terms of numerical predictions. However, the results present high disparity in the
estimated values when the predictions suggest deposition, with Parker + Engelund and Hansen
yielding the highest volumes and Meyer-Peter and Müller the lowest (the latter being around 1% of
the former). Yang and Ackers and White predict deposits in the same range in all cases (around 15%
of Parker and Engelund Hansen). Yang’s formula was found to be suitable for the confluences of
rivers with different materials, allowing for the estimation of sediment transport for different grain
sizes. The effect of different flow regimes has been analyzed with the application of Yang’s formula
to the Tagus-Alberche confluence.

Keywords: sediment transport; river confluence; gravel bed river; bed load transport

1. Introduction and Objectives

Understanding the origin and process of sediment transport in river systems is one of
the key aspects of flood and river management [1]. The channel capacity can be reduced un-
der different scenarios, causing morphological adjustments and bed aggradation that might
increase flood hazards, even if the flow frequency distribution remains unchanged [2].

The river confluence of a tributary with a main river is likely to change the water
and sediment discharge of the main reach, affecting the morphology and hydrology of
both rivers upstream and particularly downstream from the confluence point [3–5]. A
number of experimental works [6–11] have studied the morphology and dynamics of river
confluences. These laboratory experiments have resulted in the identification of several
local characteristics, and some numerical modelling approaches have been tested under
the particular conditions of specific river confluences [1,12]. The extrapolation of these
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laboratory results to real cases has been less explored [13], and most of the reported case
studies with field data deal with small rivers [14–16]. Some exceptions are the field studies
in the Paraná River [13] and the Toltén River [17]. These studies conclude that confluences
provide diverse flow conditions in rivers that influence physical channel processes. The
different flow and sediment discharge regimes between the tributary and main river
create new erosional and depositional environments with changes in channel morphology
downstream of the confluence. When the sediment load in the tributary is added to the
main river, this one experiences a sudden increase in the sediment load, changing the
overall channel profile along a distance from the confluence [8,18]. The higher the sediment
input from the tributary, the greater the influence on the main river, changing the mean
size of the river bed sediment downstream from the tributary junction. The magnitude of
this change depends on the energy level of the tributary to carry the sediment load.

The analysis of bedload transport from field data involves technical difficulties [19].
Equations derived from laboratory experimental data are more common for analysis [20,21],
although some others developed from site observations are also available [22]. Numerous
authors have tested the bedload equations and their applicability to sediment transport
estimation in rivers [23–26].

Downstream of river confluences, the tributaries add their own sediment load, which
influences the sediment discharge and grain size of the main river. Bedload transport down-
stream of a river confluence is difficult to quantify because it depends on the dynamics of
open-channel flow, the river channel geometry and flow parameters, such as cross-sectional
area, slope, angle of river junction, discharge ratio between the tributary and main river,
downstream Froude number, hydraulic roughness and the size of the sediments coming
from the two rivers. For flood management, it is very important to consider the sediment
phase, and the sediment budget approach provides an effective basis for a qualitative
analysis that offers useful means of improving the understanding of erosion/accretion
processes and their effect on river management practices [27–29].

A sediment budget can be used to describe and quantify the spatial and temporal
distribution of sediment in a river basin, coastline or river reach [30,31]. The sediment
budgets of a river give information on the possible effects of human activities on it, such as
sediment deficit due to dam construction, gravel mining, and river training works [32,33].
An important variable in the sediment budget is the transport capacity of a river reach
(defined within the limits of the budget). The original idea of transport capacity in river
morphology [34,35] was further developed by Einstein [36] and Strahler [37]. These authors
stated that when the rate of sediment supply equals the transport rate, then the river
bed profile and banks are in equilibrium. If the transport capacity of a river/stream is
overloaded, deposition and accretion occur. If it is underloaded, the bed/banks will be
eroded [35].

The use and application of sediment transport capacity is complex for three main
reasons. Firstly, sediment in a river is transported as a bed as well as suspended load, for a
single flow condition. Secondly, sediment transported in natural rivers is heterogeneous
in size and, therefore, the sediment transport rates are not only affected by the flow
characteristics but also by the interaction between differently sized particles [35,38] and
the rate of upstream sediment supply. Finally, the complex phenomenon due to the forces
caused by form drag, turbulence and flow spatial heterogeneity in gravel and sand beds [39]
and the three-dimensional (3D) turbulence characteristics of sediment beds, compared to
smooth beds, can also have significant effects, as shown by Pu et al. [40,41]. In this paper,
however, the turbulence and forces acting on sediment beds are not analyzed, and only
overall bed load transport is analyzed, although different sizes fed by the tributary (sand)
and main river (gravel) are considered. Bed load transport determines aggradation rates
on river channel beds, and the capacity concept helps to understand if the sediment supply
(for example, downstream of a dam) or river flow hydraulics (rivers with multiple water
intakes) are limiting the bedload transport [35,42,43].
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Quantitatively, bedload transport capacity can be predicted with one of the established
capacity equations [44–46]. However, none of these equations applies to a wide range of
rivers [22,42,47–49], making this problem one of the most uncertain ones in river engineer-
ing. In this study, five different equations for estimating bed load transport, Meyer-Peter
and Müller, Parker + Engelund Hansen, Ackers and White, and Yang, were used and com-
pared. These methodologies were tested in the case of Tagus–Alberche rivers confluence in
Talavera de la Reina (Spain).

The Tagus River in Talavera de la Reina (Spain) has been the focus of many flood stud-
ies due to the large floods recorded in a gauge station and the existing paleoflood deposits.
Flood analysis from numerical modelling, recorded historical floods and paleohydrology
has shed some light on the case in the area of Talavera de la Reina [3,4], but the effect of
sediment transport and morphodynamics has not been fully analyzed and understood. The
effect of bed load transport in terms of the dynamics of the Tagus River at Talavera seems to
be highly influenced by the upstream tributary, the Alberche River, which transports large
quantities of sand, while the Tagus River mostly carries gravel. This increase in the bed
load downstream of their confluence due to the Alberche could influence the flow capacity
of the Tagus River and the flood management at Talavera de la Reina [3]. In addition, some
weirs in urban stretches of the river help to reduce velocities and sediment movement, and
high rates of accretion have been identified.

The Tagus–Alberche confluence creates a mix of sand (Alberche) and gravel (Tagus)
downstream, which was analyzed through the use of (i) field data sampling for the grain
size distribution of the sediment deposits along the river reach (Alberche confluence and
Tagus river downstream) (ii) estimating the proportion of the tributary, main river and
total bedloads, (iii) analysis of the spatial distribution of the bedload along the river, (iv)
comparing the performance of transport equations that compute bedload by grain size
fractions, (v) comparing the grain size distribution of the estimated bedload with the river
grain sizes in deposits, and (vi) defining the dynamics of bedload transport: in equilibrium
or under/below capacity (accretion/erosion).

In view of the above, this paper presents field data collected in the Alberche and
Tagus River confluence and downstream, and an analytical model was developed based
on the sediment budget to quantitatively describe the sediment evolution under flood
and low water conditions. For the field data, a sediment collection campaign was con-
ducted through the Alberche–Tagus confluence and a non-confluence control reach, and
the grain size distributions of the sediment deposits were measured. Cross-sections were
taken immediately before (Alberche and Tagus) and after the tributary confluence points
(Tagus). The spatial distributions of the sediment deposits among the sample sites (pre-
vious cross-sections) were compared, and the sediment budget approach, together with
sediment capacity equations, were applied to explore the effect of the Alberche confluence
on sediment routing.

The objective of this paper was to investigate bed sediment transport in the river
confluences of regulated rivers with different types of sediments and analyze the particular
case of river Tagus at Talavera de la Reina via the analysis of sediment data, the application
of the budget equations and capacity, and the analysis of bed load transport equations.
The proposed approach consists of calculating the transport capacity at each reach of a
river under different scenarios of discharges and predicting the trends of deposition or
erosion based on the sediment budgets. Some of the transport equations separately consider
different grain sizes. This procedure can be extrapolated to other complex confluences.

2. Case Study: The Tagus–Alberche–Chascoso Confluences (in Talavera)

The area of the Tagus River in Talavera (in Toledo, Spain—Figure 1) is composed of
alluvial deposits carried and deposited by the rivers during periodic flooding episodes; the
most recent floods occurred in 1912, 1936, 1947, 1955, 1970 and 1979 [50]. The Alberche
River flows into the Tagus River around 4 km upstream of Talavera.
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reach were taken and tested during field and laboratory work. 

 
Figure 2. Plan view of the Tagus River system and confluences. Type of bed material and location 
of collected soil samples (red arrows and numbered circles). Reaches 1, 3 and 5 are Tagus River. 
Reach 2 is Alberche river and Reach 4 is Cardoso stream. Reach 1 ends in Reach 2 confluence. Reach 
3 stars in Reach 2 confluence and ends in Reach 4 confluence. Reach 5 starts in Reach 4 confluence. 

The Alberche River is a large tributary that played a very significant role in the flood-
ing events recorded before 1947. When the Cazalegas reservoir, which is about 15 km 

Figure 1. Location maps of Tagus River in Talavera de la Reina (Spain).

The detailed plan view of the Tagus River system and its confluences/tributaries in
the reach of the study is shown in Figure 2. The reach includes three rivers: the main Tagus
River and the tributaries, Alberche and Chascoso. Each of these tributaries is considered a
single reach, and the Tagus River is split into three reaches: upstream of Alberche, between
Alberche and Chascoso and downstream of Chascoso. Sediment samples in each reach
were taken and tested during field and laboratory work.

CivilEng 2023, 4, FOR PEER REVIEW 4 
 

 

 
Figure 1. Location maps of Tagus River in Talavera de la Reina (Spain). 

The detailed plan view of the Tagus River system and its confluences/tributaries in 
the reach of the study is shown in Figure 2. The reach includes three rivers: the main Tagus 
River and the tributaries, Alberche and Chascoso. Each of these tributaries is considered 
a single reach, and the Tagus River is split into three reaches: upstream of Alberche, be-
tween Alberche and Chascoso and downstream of Chascoso. Sediment samples in each 
reach were taken and tested during field and laboratory work. 

 
Figure 2. Plan view of the Tagus River system and confluences. Type of bed material and location 
of collected soil samples (red arrows and numbered circles). Reaches 1, 3 and 5 are Tagus River. 
Reach 2 is Alberche river and Reach 4 is Cardoso stream. Reach 1 ends in Reach 2 confluence. Reach 
3 stars in Reach 2 confluence and ends in Reach 4 confluence. Reach 5 starts in Reach 4 confluence. 

The Alberche River is a large tributary that played a very significant role in the flood-
ing events recorded before 1947. When the Cazalegas reservoir, which is about 15 km 

Figure 2. Plan view of the Tagus River system and confluences. Type of bed material and location of
collected soil samples (red arrows and numbered circles). Reaches 1, 3 and 5 are Tagus River. Reach 2
is Alberche river and Reach 4 is Cardoso stream. Reach 1 ends in Reach 2 confluence. Reach 3 stars in
Reach 2 confluence and ends in Reach 4 confluence. Reach 5 starts in Reach 4 confluence.
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The Alberche River is a large tributary that played a very significant role in the flooding
events recorded before 1947. When the Cazalegas reservoir, which is about 15 km upstream
from the confluence with the Tagus River, was built, the Alberche River became further
regulated. The nearest gauge record is on the study reach at Talavera de la Reina, just
5 km downstream of the confluence [3]. The peak discharge record is incomplete and
includes the periods 1942–1949 and 1971–1990. During these periods, only two floods
exceeded 1500 m3/s, and four floods surpassed 1000 m3/s. Currently, the Tagus River is
fully regulated by dams, which affect the flow and sediments in the reach analyzed. The
most relevant ones are the Cazalegas dam on the Alberche River and the Castrejon dam in
the Tagus River, just 10 km and 50 km upstream of the confluence, respectively.

The Chascoso River is a small tributary downstream of the Alberche River. It is a sandy
ephemeral stream, contributing to the sand distribution of sediment transport in reaches 3
and 5. The catchment is very small but not regulated and has a high slope; therefore, its
sediment transport could have some effect on the capacity of the Tagus River.

3. Methodology
3.1. Bedload Transport Equations

In this paper, an analysis of sediment transport has been conducted using the four
following approaches:

Meyer-Peter and Müller (MPM, according to Wong and Parker [21] modification):
This formula estimates the bed sediment transport only, depending on the median particle
diameter (Dm). This approach is suitable for rivers carrying gravel, and therefore, the
results obtained for the transport of sandy material are less reliable. The bedload transport
per meter of cross-section, qs, is a function of the dimensionless parameters:

q∗b = 4.93(τ∗ − τ∗c )
1.60 (1)

where τc* = 0.047 for mixed-sized gravel [38], and qb* and τ* denote dimensionless transport
and mobility parameters, respectively, and

τ∗ =
τ

(γs − γ)Dm
(2)

qs = q∗b
√

RgDmDm (3)

where R is the hydraulic radius and g is the gravity acceleration.
Parker and Engelund and Hansen (P and EH) [51,52]: In this case, to properly capture

the results for both sandy and gravel sediments, a combination of these very well-known
formulae has been adopted, as Parker is appropriate for gravel, while Engelung and Hansen
is mostly suitable for sandy materials. Despite the combined approach, the total amount
of sediment transport is found, with no separation between the different material size
distributions. Therefore, for the sandy rivers, we applied Engelund and Hansen, while in
the gravel reaches, we employed Parker. This methodology is difficult to apply when both
materials are mixed.

Parker’s methodology for D50 > 2 mm neglects armouring, which means that all soil
fractions are equally mobilized. The employed equation in this case is as follows:

qs = 0.00218·u∗3·G· ρ

g(ρs − ρ)
(4)

where G is a function of the shear stress over the critical shear stress at the start of the
movement, and u* is the shear velocity (u* = (τ/ρ)0.5); ρs and ρ denote densities of the
particles and water, respectively.
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The Engelund and Hansen equation for D50 < 2 mm is as follows:

qs = 0.05·v2·(τ∗)3/2

√√√√ D50

g
(

γs
γ − 1

) (5)

where D50 is the median sediment diameter (when the cumulative percentage in weight
reaches 50%), v is the average velocity in the channel, and γs and γ denote the unit weights
of solid particles and water, respectively.

Ackers and White (AW) [53]: this equation provides total bed solid transport discharge
and does not differentiate between different particle sizes. However, this methodology has
been extensively used and validated for sandy rivers, and although it is applied to gravel
rivers too, fewer experiences with these materials have been reported in the literature. The
bedload transport per meter of the section is given as follows:

qs =
Ggr·s·Dm

h·
( u∗

v
)n (6)

where s represents the sediment specific gravity, h is the effective depth, n is an exponent
(function of the particles), and Ggr denotes the transport parameter, given as follows:

Ggr = C·
(

Fgr − A
A

)m
(7)

where C and m are coefficient and exponent, respectively; A is the threshold mobility, and
Fgr is the sediment mobility.

Yang is used for non-uniform materials (Y) (as reported in Maza-Alvarez and García
Flores [54]). This methodology is applied to both sandy and gravel rivers and those
transporting mixes of both sizes. The analysis is conducted by separately predicting the
transport of each particle size. This method does not represent armouring, which might
cause overestimation in the solutions. The following Yang [55] equations are applied,

For sandy material (Dm < 2 mm):

log CBTi = {5.165− 0.152·log
(

ωi Di
ν

)
− 0.297·log

(
u∗
ωi

)
+
[
1.78− 0.36·log

(
ωi Di

ν

)
− 0.48·log

(
u∗
ωi

)]
log
(

v·S
ωi

)}
· pi

100

(8)

If the bed material is gravel (Dm ≥ 2 mm):

log CBTi = {6.681− 0.633·log
(

ωi Di
ν

)
− 4.816·log

(
u∗
ωi

)
+
[
2.78− 0.30·log

(
ωi Di

ν

)
− 0.28·log

(
u∗
ωi

)]
log
(

v·S
ωi

)}
· pi

100

(9)

The above equations are applied to every granulometric fraction to the soil per one
(pi/100), as pi is the % of each size. CBTi = total gravel concentration in parts per million
by unit of weight; Di is the median particle diameter (in m); ωi denotes the velocity of
the sedimentation of the particles (in m/s), u* is the shear flow velocity (in m/s) and
ν = kinematic viscosity of water (in m2/s).

In summary, the main parameters involved in the analysis are as follows: the bedload
transport per meter of cross-section, qs; the characteristic bed sediment diameter, Dm or
D50; the sediment and water densities, ρs and ρ; the effective depth, h; the width of section,
w; the flow velocity, vc (ql representing the unit discharge per meter of width); and the bed
slope, S.
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3.2. Description of the Model and Main Hypotheses

An analytical model to calculate the solid transport in the different reaches of the
previously mentioned fluvial system has been developed with Matlab. The model uses the
sediment budget equation with the five different sediment transport formulae to simulate
five flow reaches, with the topology sketched in Figure 2. Each reach can be considered
straight due to the low sinuosity downstream of the confluence, with a constant slope
(taken as the average slope in each one of them) and with simplified, representative cross-
sections (Figure 3) obtained from a digital terrain model. Therefore, the influence of plan
sinuosity in sediment transport is not considered in this analysis. The description and main
characteristics of the five reaches are given in Table 1.
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Table 1. Description of reaches and their properties.

Reach
Number Description Slope

(m/m)
Length

(m)

n Manning in
the Main
Channel

n Manning in
the Floodplains

Sediment Sample
(Figures 2 and 5)

1 Tagus River upstream of the
confluence with Alberche 0.0005 - 0.025 0.05 1

2 Alberche river 0.0095 - 0.015 0.05 2

3 Tagus between Alberche and
Chascoso confluences 0.0007 1500 0.026 0.05 3

4 Chascoso river 0.0050 - 0.015 0.05 4

5 Tagus between Chascoso and
the Palomarejos weir 0.00083 2000 0.026 0.05 5

The bedload sediment budget (Figure 4) is used to predict the evolution of the bed
level (equilibrium/ erosion/accretion) by using the concept of sediment transport capacity
(STC), which is a function of the river width, slope, discharge, the settling velocity of
the bedload particles, and the hydraulic roughness of the river. Using different sediment
capacity relationships, Equations (1)–(8), enables the prediction of STC in a river confluence.
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The Manning roughness coefficient in the main channel was estimated with the
Strickler formula [56], see Table 1:

n =
D1/6

90
26

(10)

where D90 denotes the size of grains (in m) for which 90% of the material is smaller in
weight in a sample. In the floodplains, the adopted roughness is taken as a typical value
for softly vegetated land cover [57].

3.3. Bed Materials Data

In total, in the area of analysis, 5 sediment samples were collected at different locations
of each reach (Figure 2) to determine their particle size distribution via sieving. The samples
were collected in the summer period, and no flooding had been recorded within the last



CivilEng 2023, 4 1222

few years. Therefore, the samples of bed materials can be representative of the system
under normal flow conditions rather than after a flooding event. Samples 1, 3 and 5, located
in the floodplains (Figure 2) but very close to the main channel of the Tagus River, were
visually identified as gravels and were collected using an excavator after removing the
top vegetal cover. The weight of each of these samples was around 20 kg. Samples 2 and
4, identified as sands, were manually collected from large deposits located by the main
channels of both Alberche and Chascoso rivers, which were almost dry by the time the
samples were collected. In Figure 5, the cumulative and non-cumulative representations of
these grading curves are represented.
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Pictures taken on-site in the locations where samples 2, 3 and 5 were collected are
presented in Figure 6. In summary, we can see that samples 2 and 4 (from Alberche and
Chascoso rivers, respectively) are sands with very similar particle size distributions. The
material collected in the Tagus River basin, upstream of the confluences (sample 1), is
gravel with almost no sand, while sample 3, from the Tagus and between both confluences,
is gravel with a significant amount of sand (nearly 45%). This material, from sample 3,
was assumed to be in the bed of reach 5 (R5), as the Chascoso flow is very small, and the
deposits around it seem to be not that significant. As samples 3 and 5 were taken from
different banks and their size distributions are fairly similar, we can confirm that the effect
of the sinuosity in the sediment deposition is very small, as was assumed. The calculation
of the grading curve of the bedload transported in reach 5 will be compared to sample
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5, which is at the downstream location of the whole area of analysis in the Palomarejos
weir, which contains sediments carried by the river. These comparisons were conducted to
verify to what extent the predictions of the model match the characteristics of the material
collected from the site.
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The values of the main parameters involved in the Sediment Transport Equations are
given in Table 2.
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Table 2. Main sediment and flow parameters involved in each Case (reaches as named in Figure 2).

Parameters R1
Tagus Upstream

R2
Alberche

R3
Tagus Chascoso

R4
Chascoso

R5
Tagus Downstream

Dm or D50 (mm) 60 0.5 6 0.7 2

γs/γ 2.6 2.6 2.6 2.6 2.6

S (m/m) 0.0005 0.0095 0.0007 0.005 0.00083

Ql (m3/s) Case 1 110 250 360 67 427

Cases 2,5 1400 400 1800 67 1867

Cases 3,4 100 1 101 0 101

w (m) Case 1 151 65 211 18 250

Cases 2,5 1000 200 1340 18 1500

Cases 3,4 151 10 200 1 180

ql (m2/s) Case 1 0.7 3.8 1.7 6.7 1.7

Cases 2,5 1.4 2 1.3 6.7 1.2

Cases 3,4 0.7 0.01 0.5 0 0.6

3.4. Flood Scenarios

Five different scenarios were simulated, representing distinct real flooding conditions
recorded in the past. Three input hydrographs, upstream of the Tagus, the Alberche and
the Chascoso, were analyzed in small time steps (dt = 1 h). For each one of the steps, in
each reach, uniform flow conditions were considered to determine the average velocities
and discharges in the main channel and floodplains, using the divided channel method
(USACE [58]). Flow velocities were obtained for each reach from this analysis at the bed
of the channel and floodplains, and the bedload transport was determined in each step
and integrated throughout the whole-reach geometry. In each confluence, the total volume
of sediments arriving upstream of the confluence (V1 = adding the volumes carried by
Tagus River, Vm, and Alberche River, Vt), the bedload transport capacity of the materials
reaching the confluence (C1) and the bedload transport capacity of the reach downstream
of the confluence, with the materials on its bed (C2), were compared, and the volume of
the transport downstream of the confluence was obtained (Vo) based on sediment budget
balance, as shown in Figure 4. The deposition or erosion trends were concluded as a result
of this volume balance (V1–Vo). This analysis was conducted for each one of the previously
listed solid transport formulae in all the scenarios and the reaches downstream of both
confluences (i.e., reaches 3 and 5, R3 and R5). The analyzed cases are summarised in
the following:

- Case 1: flooding in the Alberche River (5 day hydrograph, with a peak discharge of
250 m3/s) and in the Chascoso stream (8 h long hydrograph, with a peak discharge of
67 m3/s), while the Tagus River carries its constant average discharge (110 m3/s).

- Case 2: In this case, the 1970 flooding [50] is replicated. Simplified triangular and
symmetric hydrographs are employed in this case, with a peak discharge in the Tagus
River (upstream of its confluence with the Alberche) of 1400 m3/s, while the Alberche
carries 400 m3/s at the peak of the hydrograph. The Chascoso stream is simulated
with the same hydrograph as in case 1.

- Case 3: All rivers are assumed to carry average discharges, with 110 m3/s in the Tagus
(upstream of the Alberche) and the Alberche with its minimal discharge (0.1 m3/s).
The Chascoso stream is assumed to be totally dry in this case. This situation aims
to represent a summer standard scenario when little to no rains are expected. This
analysis is conducted for 1 month to represent steady conditions and find the global
erosion/transport/deposition trends in summer.
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- Case 4: The same hydrographs as in case 3 are employed in this case, but the bed
material in the Tagus River, between the Alberche and the Chascoso confluences
(reach 3), is substituted by the sandy material carried by the Alberche River. This case
represents the situation immediately after case 1 when the Alberche is supposed to
dispose of a large amount of its bedload into the Tagus River.

- Case 5: The 1970 flooding is again represented, as in Case 2, but this time, it follows
the flooding simulated in Case 1, and therefore, the bed materials in the Tagus are
assumed to be the same as those carried by the Alberche (like in Case 4).

The discharges and duration of the hydrographs employed replicate those observed
in similar flooding events as those represented in the previous cases.

4. Results and Analysis

In this section, the total available volume of sediment arriving at each confluence
from the upstream reaches (V1 = Vmain + Vtributary), the total transport capacity of the
material arriving at the confluence in the downstream reach (C1) and the total transport
capacity in the downstream reach of the material in the bed of that reach (C2), obtained
with all methods, are presented and discussed for each methodology and each flooding
scenario. The balance between those amounts in each confluence results in the amount of
sediment transport after the confluence (S). The main trends in each case (i.e., erosion or
sedimentation) are concluded and discussed.

4.1. Case 1: Flooding in Alberche and Chascoso, While the Tagus River Carries Its
Average Discharge

The results obtained in this case are summarised in Table 3. All methodologies agree
with the prediction that there is no available volume in terms of sediments coming from
the Tagus upstream of its confluence with the Alberche, and they predict very similar
volumes in reach 3. Greater differences between all methods are observed in the upstream
volume coming from the Alberche River (V1), which ranges from 172,393 m3 (with MPM)
to 2,500,000 m3, with P + EH. As these materials are sands, MPM is less indicative than
P + EH. However, as both values are very extreme, they are not considered in the current
analysis. Conclusions concerning the trends coincide with all methods, predicting the
deposition downstream of the Alberche confluence (reach 3) and from very little erosion to
very little deposition in reach 5.

Table 3. Summary of results obtained for Case 1 (in m3) in reaches 3 and 5 (R3 and R5 in Figure 2).

Meyer-Peter and Müller Parker + Engelund and
Hansen Ackers and White Yang

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

V Tagus 0 29,284 0 25,289 0 18,170 0 18,717

V tributary 172,393 1036 2,495,280 6739 571,011 2427 939,694 4253

V1 172,393 30,320 2,495,280 32,028 571,011 20,597 939,694 22,970

C1 29,284 34,148 25,289 34,033 15,126 17,404 18,592 25,678

C2 0 0 0 0 5110 6663 632 662

Vo 29,284 30,320 25,289 32,028 18,170 18,799 18,717 22,994

Deposited
(all Vol
in m3)

143,109 0 2,469,991 0 552,841 1799 920,976 −24

As the sediments are a mixture of sands and gravels, the results obtained with Yang’s
formulation can be taken as the most representative of all the methods and it can be as-
sumed that the deposition found in the reach would occur both in reach 3 and in reach 5, as
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there is a continuous transition between these reaches, and the Chascoso does not have a
significant influence on the geomorphology of the area. As the Tagus is not flooded,
all the sedimentation would take place in the main channel. Using the geometry of
the cross-sections for reaches 3 and 5 in Figure 3 and the lengths of these reaches re-
ported in Table 1, it can be concluded that the deposition area could be approximately
1500 × 211.5 + 2000 × 180 = 677,250 m2. Therefore, the total deposition in reach 3–5 could
be 920,976 m3 during periods that the Alberche flooded. This leads to an average increase
in the bed level by about 1.35 m in both reaches 3 and 5. This amount would be eroded
when the discharge in the Tagus increases.

4.2. Case 2: 1970 Flooding

The results obtained in this case are summarised in Table 4. The highest disparity
between the four methods (as described earlier in this paper, method 2 combines Parker and
Englelund and Hansen equations) again lies in the estimation of the volume of sediments
in the Alberche, ranging from a bit more than 84,000 m3 with MPM to 2.9 M m3 with
P + EH. The qualitative conclusions are coincident, yielding predictions of the deposition
of sediments after both confluences. Again, and assuming that Yang’s method is the
most representative, we found that sediment transport mainly occurs due to the sand
transport from the Alberche, and 712,119 m3 of these sands are deposited in reach 3 after
flooding, while 5365 m3 would go to reach 5. The Tagus River is flooded during this whole
scenario, which means that these deposits will take place in both the main channel and
floodplains—the total width of the cross-sections of reaches 3 and 5 are taken in this case to
determine the area of deposition. As in the previous case, we assume that the deposition
occurs throughout the whole Tagus River (reaches 3 and 5). Thus, by dividing the total
deposits over the total area, we conclude that, on average, the whole elevation of the area
would increase by about 0.14 m (much lower than in Case 1 because the area of deposition
includes the floodplains).

Table 4. Summary of results obtained for Case 2 (all volumes in m3) in R3 and R5.

Meyer-Peter and Müller Parker + Engelund and
Hansen Ackers and White Yang

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

V Tagus 0 32,479 0 11,948 0 883 1513 7115

V tributary 84,017 1050 2,907,809 6902 362,359 2466 717,721 4340

V1 84,017 33,529 2,907,809 18,850 362,359 3349 719,234 11,455

C1 32,479 24,594 11,948 9434 849 682 7095 6083

C2 0 0 0 0 66 100 208 152

Vo 32,479 24,594 11,948 9434 883 729 7115 6090

Deposited
(all Vol
in m3)

51,538 8935 2,895,861 9416 361,475 2620 712,119 5365

Moreover, this is a very typical flooding scenario in the Tagus River in Talavera. The
gravel materials tend to be deposited in the main channel, while the sandy sediments are
deposited in the channel and floodplains. It can also be concluded that flooding like this
has a negligible erosion capacity in the analyzed reaches of the river.

4.3. Case 3: Average Discharges in Summer

The main results from this analysis are listed in Table 5. The Alberche River, in this
case, carries a very small amount of sediments according to all of the methods used, which
are in very good agreement. While the first two methods provide neither deposition nor
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erosion after both confluences, AW and Y predict some erosion in the main channel of
reaches 3 (1118 m3) and 5 (125 m3). In reach 3, the river would erode the finest particles of
the bed soil, no greater than 7 mm, while in reach 5, the peak size of the mobilized soil is
14 mm.

Table 5. Summary of results obtained for Case 3 (all volumes in m3) in R3 and R5.

Meyer-Peter and Müller Parker + Engelund and
Hansen Ackers and White Yang

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

V Tagus 0 114 0 49 0 5761 0 1197

V tributary 114 0 49 0 23 0 79 0

V1 114 114 49 49 23 5761 79 1197

C1 66,197 79,010 31,291 44,514 21,994 9071 23,023 1820

C2 0 0 0 0 5761 9071 1197 1321

Vo 114 114 49 49 5761 9071 1197 1322

Deposited
(all Vol
in m3)

0 0 0 0 −5738 −3310 −1118 −125

4.4. Case 4: Average Discharges in Summer following Floodings of the Alberche and Chascoso
Rivers (Case 1)

The results obtained for this case are presented in Table 6, and they are very consistent
for all methods, except for MPM, which predicts much higher erosion than the others. This
case replicated one month of summer conditions after the high deposits calculated in Case
1, with sandy material from the Alberche in the main channel of the Tagus River. If, once
again, we take the results obtained using Yang’s equation as representative, with an erosion
rate of 22,944 m3 per month, we can conclude that, to remove the total sandy soil deposited
by a typical flooding in the Alberche River, about 40 months of average annual flow in
Tagus River would be needed.

Table 6. Summary of results obtained for Case 4 (all volumes in m3) in R3 and R5.

Meyer-Peter and Müller Parker + Engelund and
Hansen Ackers and White Yang

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

V Tagus 0 66,197 0 31,291 0 21,994 0 23,023

V tributary 114 0 49 0 23 0 79 0

V1 114 66,197 49 31,291 23 21,994 79 23,023

C1 66,197 79,010 31,291 44,514 21,994 29,849 23,023 33,839

C2 66,197 0 31,235 0 21,994 9071 23,023 1321

Vo 66,197 66,197 31,291 31,291 21,994 27,451 23,023 23,317

Deposited
(all Vol
in m3)

−66,084 0 −31,242 0 −21,971 −5457 −22,944 −293

4.5. Case 5: The 1970 Flooding Event (Case 2) following the Flooding in Alberche and Chascoso
Rivers (Case 1)

Table 7 presents the results obtained in this case. It is worth noting that the conclusions
are very similar to Case 2, i.e., a high amount of sandy material deposited in the main
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channel of Tagus River, because most of the transported sediments have their origin in
the Alberche River, and therefore, the nature of the materials in the Tagus river bed is
not relevant as they are not transported during this scenario. The main results from this
analysis are listed in Table 4. The Alberche River, in this case, carries a very small amount
of sediments according to all methods, which are in very good agreement. While the first
two methods give neither deposition nor erosion after both confluences, AW and Y predict
some erosion in the main channel of reaches 3 and 5. In reach 3, the river would erode the
finest particles of the bed soil (no greater than 7 mm), while in reach 5, the peak size of the
mobilized soil is 14 mm.

Table 7. Summary of results obtained for Case 5 (all volumes in m3) in R3 and R5.

Meyer-Peter and Müller Parker + Engelund and
Hansen Ackers and White Yang

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

R3–Tagus
Alberche

R5–Tagus
Chascoso

V Tagus 0 32,479 0 11,948 0 849 1513 7191

V tributary 84,017 1050 2,907,809 6902 362,359 2466 717,721 4340

V1 84,017 33,529 2,907,809 18,850 362,359 3315 719,234 11,532

C1 32,479 24,594 11,948 9434 849 689 7095 6084

C2 32,479 0 11,926 0 849 100 7177 152

Vo 32,479 24,594 11,948 9434 849 744 7191 6100

Deposited
(all Vol
in m3)

51,538 8935 2,895,861 9416 361,509 2572 712,043 5432

4.6. Analysis of the Evolution of the Grain Size Distribution of the Bedload Transport under
Different Scenarios

Out of all methods employed in this research, MPM underestimates the sediment
transport, and P + EH clearly overestimates it. Yang’s equation yields overall average
results when compared to the four methods, and it is the only method suitable for the
prediction of the transport of particles with different sizes. Therefore, this methodology is
the one employed in this section.

The evolution of the grain size of the materials transported by the Tagus River in
reaches 3 and 5 were analyzed and compared with the sample collected downstream of
the whole area of analysis. The non-cumulative particle size distribution for the materials
arriving at reach 3 (input reach 3), leaving the same reach (output reach 3), arriving at reach
5 (input reach 5) and leaving reach 5 (output reach 5) are presented in Figure 7, for cases 2
(1970 flooding) and 3 (normal summer conditions). The particle size distribution of sample
5 is also represented in both figures for comparison purposes.

For the 1970 flooding scenario (Figure 7a), we can conclude that the material arriving
into reach 3 is sandy soil with no gravel (proceeding from the Alberche River). This
identical material is transported throughout the river with no significant change all the way
to the downstream location of reach 5 (output reach 5), with a slight change in the grading
curve, getting slightly wider (which means that this material contains a higher range of
particles), and smaller proportion of the materials of around 0.4 mm, compared with the
input (40% versus the original value of 48%). It is also worth noting that there were no
fine materials transported during this event. The comparison with sample 5 highlights that
these materials are different, and confirms that the soil deposited in reach 5 was not the
result of the deposition of the soil transported during a flood event like this.
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In Figure 7b, we can see a completely different situation. Under normal summer
conditions, the material arriving at reach 3 is sand coming from the Alberche River in very
small amounts. Then, erosion takes place in this reach, and the particle size distribution of
the transported material (output 3) is completely different from the input, as the river, in
this reach, can transport finer and coarser soils (up to around 7 mm), which are extracted
from the bed of the main channel. When this material arrives at reach 5, there is further
erosion of coarser materials, up to around 14 mm. The output curve of reach 5 is different
from sample 5 but is significantly more similar to the previous case (Case 2). The curve
of sample 5, however, reflects coarser materials and not fine materials. These differences
could be attributed to the armouring of the main channel after many months of low-
discharge scenarios, much longer than the 1 month simulated in this case. After some small
flood events, the fine sediment was removed when the sample was taken. As previously
mentioned, Yang’s method does not consider armouring. However, although both curves
show some differences, particularly in terms of coarser sizes, the trends are very similar,
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representing the mixture of sandy and coarse material in both cases. This demonstrates
that this model can reproduce the trends of bedload mechanics.

5. Conclusions

In this paper, field samples of bed deposits in the Tagus–Alberche river confluence
in Talavera de la Reina (Spain) were tested and compared with five bed load formu-
lae available in the literature for bed load transport. Of them, Meyer-Peter and Müller,
Parker + Engelund Hansen, Akers and White, and Yang were tested to analyze the effect of
the confluence on sediment deposits downstream of the confluence. The main conclusions
from this analysis are listed as follows:

• Yang’s method for non-uniform particles was concluded to be the most suitable proce-
dure for analyzing the confluences of rivers that carry different types of soils. Using
this method, the prediction of the resultant bedload transport at the downstream
location of this river system, compared with the material collected at the same location,
follows a similar trend, although it displays some differences. This can be attributed
to, firstly, the fact that the simulation was conducted for only 1 month under summer
conditions, and secondly, because this model cannot consider armouring, and there-
fore, might yield overestimated results in terms of the transport of the finest fractions
of the material.

• In a typical flooding event in the Alberche and Chascoso rivers, while the Tagus River
is under normal flow conditions, the material deposited in the Tagus River is sand,
a predicted overall increase in the bottom of the main channel of around 1.35 m is
obtained, resulting in a very significant loss in terms of the hydraulic capacity of
the cross-section. This situation occurs due to the lack of bedload capacity in the
Tagus River.

• In the case of typical flooding in the whole fluvial system, like the one reported back
in 1970, the amount of sandy sediment transported by the Alberche River is similar to
the previous case, but the Tagus River can carry a greater proportion, with the result
of an overall increase in the elevation in the river bed of around 0.14 m.

• In both previous cases, even if the Chascoso River suffered flooding, its effect on the
overall performance of the analyzed river system in terms of bedload transport was
found to be negligible.

In summary, the developed methodology is suitable for predicting the geomorphology
of confluences of gravel-bed rivers with sandy tributaries. These results help to understand
the effect of different flow regimes between main river and tributaries into flow sediment
transport capacity downstream of a confluence.
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