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SEDIMENT TRANSPORT MODEL OF THE MADEIRA RIVER USING HEC-RAS 
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ABSTRACT – The Madeira River in northwest Brazil is an important waterway for the transport of 
agricultural commodities. However, natural sedimentation in the navigation channel reduces 
navigation reliability during low flows. The limited reliability coupled with an increase for the 
demand of the waterway has led the Brazilian National Department of Transportation Infrastructure 
(DNIT) to study alternatives for improving navigation conditions on the Madeira River. A one-
dimensional sediment transport model using the Hydrologic Engineering Center - River Analysis 
System (HEC-RAS) was developed to meet three objectives for this study. These objectives included: 
1) establish a baseline condition of the sediment dynamics in the Madeira River; 2) evaluate the 
impact of regional scale sediment processes and system scale non-stationarity of proposed 
navigation alternatives; and 3) organize the river data in a quantitative framework to improve the 
conceptual model of the Madeira morphology and sediment flux.   

The sediment transport model was developed and calibrated to sediment and geometry data 
collected for environmental monitoring of the Santo Antônio dam. A decadal, reach scale calibration 
of dynamic equilibrium conditions was achieved using parameters (bed gradation, upstream 
boundary sediment loads, etc) within the range of observed conditions. The sediment transport 
model was then applied to predict the system response associated with proposed navigation 
alternatives, including dredging and river training structures. System response to river training 
structure simulations yielded self-scouring depths of over 2 meters, which is sufficient to meet 
required reliability of the navigation channel in current shoaling locations. 
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1 - INTRODUCTION 

The Madeira River, located in northwest Brazil, is an important waterway for the transport of 

agricultural commodities from Porto Velho, Rondônia to deep draft ports on the Amazon River 

including Itacoatiara (AM) and Santarém (PA). Demand for the use of the waterway by the private 
sector in Brazil is increasing; however, navigation reliability is limited during the low water months 

of August – October due to shoaling in the navigation channel. Between Porto Velho and the 
confluence with the Amazon River, the Madeira River can be categorized into two geologically 

distinct reaches (Teixeira and Maia, 2009). The first reach, Segment I, is located between the 

Amazon River and the city of Manicoré (AM), where the alluvial valley is confined by a Pleistocene 
terrace on one of the two banks. This confinement contributes to a stable, deep navigation channel 

with limited navigation impedances due to shoaling. Segment II is located between Manicoré (AM) 
and Porto Velho (RO) where the alluvial valley is wide, and more morphologically active than in 
Segment I. The majority of the navigation shoals are between Manicoré and Porto Velho, which is 
the boundary of a one-dimensional, quasi-unsteady sediment transport model associated with this 

study. 

 

Figure 1 – Project Site Map of the Madeira River a) Watershed Location; b) sediment transport model 
extents; and c) sediment sampling locations 

2 - METHODS AND DATA 

2.1 - Hydraulic Model 

The sediment transport model was built upon an existing steady state one-dimensional fixed 
bed HEC-RAS model developed by DNIT at the Hydrologic Engineering Center (HEC) in Davis, 

California (DNIT/USACE, 2018).  The same bathymetry and n-values from the calibrated hydraulic 

model were applied to the sediment transport model.  
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2.2 - Hydrology 

The sediment model took a period of record approach to hydrology. The Porto Velho gage has 

a nearly complete flow record from April 1967 to present.  The sediment transport model used the 

quasi-unsteady flow assumption in HEC-RAS, which simulates hydrodynamics with a series of steady 
flows. The slow rise of the hydrograph, the lack of substantial, non-coincident tributary flows, 

minimal floodplain storage, and larger assumptions in the bathymetry and sediment data all 
minimize the impact of the quasi-unsteady assumption. The model used daily time steps for flows 

less than 25,000 m3/s (about 68% of flows), 12-hour time steps for flows between 25,000 and 30,000 

m3/s (10%) and 6-hour time steps for flows greater than 30,000 m3/s (22%). 

2.3 - Sediment Data 

2.3.1 - Bed Gradations 

Bed gradation data were estimated from about 268 bed gradation samples collected at three 

sites (PCE, 2015a).  Sand bed rivers generally fine downstream (though Gibson et al.,2016, reported 
downstream coarsening on the Missouri River). Rosseto (2013) recorded 12 channel bar gradations 

along the Madeira River, but bar samples are not directly translatable to bed gradations and the 
data did not demonstrate reliable longitudinal trends (e.g. fining or coarsening).  Therefore, a bed 
material was initially represented with a single average bed gradation.  Very fine sand was the most 

prevalent grain class and about 75% of the bed material was fine and very fine sand (Figure 2, left).   

2.3.2 - Boundary Loads (Flow-Load Curve) 

Model objectives drove the decision to limit the mobile bed model to the sand fraction of the 
Madeira sediment load. Turbidity analysis, overbank deposition, or total sediment budget 
computations could benefit from a total load model; however, navigation alternatives are 

influenced almost entirely by bed material load, which is limited to the sand fraction of the total 
load. HEC-RAS sediment modelers have used this approach on other large sand bed rivers (Shelley 

and Gibson, 2015). The modeling team used the best estimate of historic sand loads, crafting a flow 

load curve from the earliest data (Figure 2, right).   

2.3.3 - Boundary Load Gradations (Flow-Gradation) 

The Madeira River coarsens with flow;  however, this coarsening tends to be the result of wash 

load exhaustion, as the highest flows occur after the wash load peak. PCE (2015b) data included 
sub-sand resolution data on the sediment loads. Up to the maximum measured flow, most of the 

sand load is fine sand (FS).  These data do not distinguish between fine sand (FS:  0.125-0.25 mm) 
and very fine sand (0.0625-0.125 mm).  Initial assumptions that split the boundary load evenly 
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between these grain classes failed the equilibrium credibility test, depositing too much sediment in 

the test time period. However, most bed samples included more very fine sand than fine sand, 
suggesting that more of the “Fine Sand” in the PCE (2015a) measurements should be attributed to 
the VFS grain class in HEC-RAS.  The model adopted a 70%-30%, VFS-FS, base flow partition. 

 

    

Figure 2 – Bed Gradation used in the Sediment Transport Mode (left) and Model Flow-Load Curvre (right) 

3 - RESULTS 

3.1 - Calibration and Credibility Testing 

The sediment model performed well during the quasi-equilibrium credibility test. The primary 

parameters used for model calibration are also the parameters that exhibited the highest amount 

of uncertainty in the model inputs. These parameters included longitudinal bed gradation; upstream 
boundary sediment load and gradation; and the sediment transport function/sorting method. To 
achieve calibration of the model, a fining of bed gradation sediment in the downstream direction 
was required with d50 values of 0.30mm in the upper 190 km of the model domain and d50 of 0.20mm 

in the lower 420 km. The sediment transport model used the Larsen-Copeland sediment transport 
method (no adjustments were made to the critical Shield’s shear value), a broadly applicable 

algorithm that USACE has applied on other large sand bed rivers (e.g. the Missouri, Mississippi, 

Cowlitz, and Sacramento).  The Exner 7 bed mixing algorithm simulated sediment sorting and the 
Ruby equation computed fall velocity. 

To test model credibility, the study team evaluated the period of record mass change along 
the reach against the assumption that the Madeira was in a long term, decadal scale, equilibrium 

before the dams. This assumption was tested with the Longitudinal Cumulative Mass Curve (LCMC), 

which sums the mass change from upstream to downstream. Reaches upstream of locations where 
the LCMC intersects the X-axis are in equilibrium (reach scale scour=deposition). The LCMC for the 
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period of record, mobile bed, sediment transport analysis of the 530 km study reach on the Madeira 

is included in Figure 3. 

 

Figure 3 – Longitudinal Cumulative Mass Curve (LCMC) within the HEC-RAS Sediment Transport Model 
Domain 

A mid-reach concentration calibration of the sand fraction of the total load was performed 
using PCE (2015b) data at Humaitá. The model sand flux at Humaitá was slightly higher than the 

observed data (particularly for low flows) but the observed data was within the variability of the 
computed results. The monthly sand flux that HEC-RAS computed over the 47-year historic period 

of record (in tonnes per day) is plotted against flow in Figure 4 (left).  In addition, the observed data 
were compared to only the fluxes computed during the measurement window (2009-2014) in Figure 

4 (right) to test if this is a non-stationary effect, but the time-window specific trend is similar to the 
entire period of record. 

 

Figure 4 – Sand flux Computed during HEC-RAS Period of Record Simulation (left) and limited to the period 
of observed data (2009-2014, right) 
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3.2 - Navigation Reliability Alternative Design 

 The sediment transport model was used to evaluate navigation reliability improvement 

alternatives and designs.  The primary measures considered for the navigation project included 

dredging and river training structures (to impinge the specific energy at wide shoal locations, which 
promotes a self-scouring channel condition).   

3.2.1 - Dredging Alternatives 

 A dredging only alternative was modeled in the sediment transport model for a variety of 

channel depths and levels of channel reliability.  Approximately 12 locations have been identified in 

this alternative requiring long-term maintenance dredging.  Current experience by DNIT has shown 
that dredge locations in-fill annually, which was also shown in the sediment transport model.  

Annual volumes for one-way traffic through the dredging locations were calculated for alternatives 
consisting of channel depths of 3.0 m, 3.5 m, and 4.0 meters for ranges of reliability between 80–

99%.  The annual volumes calculated are shown in Figure 5.  

 

Figure 5 – Dredging Volumes and Channel Reliability at Critical Shoals for Various Depths 

3.2.2 - River Training Structure Alternatives 

The current navigation impedances are located in wide locations of the Madeira River where 
the specific sediment transport capacity (per unit width) is reduced, leading to aggradation in the 
navigation channel. River training structures are the second measure considered in this study for 

improvement of navigation reliability. These structures reduce the effective hydraulic channel width 
and increase the specific energy and sediment transport capacity, leading to a deeper, self-scoured 

channel. An estimate for the channel stabilization width was developed for the Madeira River 
between Porto Velho and Manicoré by measuring the width of the river at navigable reaches every 

10 kilometers (excluding locations of split flows and overly wide sections, which prevent reliable 
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navigation). The median width was approximately 630 m; the maximum and minimum were 

approximately 1070 m and 450 m, respectively. The 75th and 25th percentiles were approximately 
810 meters and 570 meters.  

The twelve (12) navigation critical sites were each evaluated to determine whether the site 
could viably be improved using river training structures.  Of the twelve (12) sites, seven (7) were 

identified to be candidate locations for river training structures.  A channel stabilization width of 

1,000 meters was applied to these sites and an example of the channel layout for the Curicacas site 
(located approximately 105 km downstream of Porto Velho) is shown in Figure 6. The sediment 

transport model was then applied to the sites to demonstrate the self-scouring potential associated 
with the proposed alternative.  A 10-year simulation was applied to investigate the system response 

to these designs.  A plot of the initial conditions, final without-project conditions, and final with-
project conditions is shown in Figure 7, which demonstrates the proposed alternative at Curicacas 

results in over 2 m of self-scour, which would sufficiently address the navigation shoal. 

 
Figure 6 – Example River Training Structure Alternative at Curicacas 

 
Figure 7 – Evaluated Impacts Resulting from Proposed River Training Structures at Curicacas 
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4 - SUMMARY AND CONCLUSIONS 

The sediment transport modeling study for the Madeira River had three objectives: establish 

a future without project condition of sediment dynamics to evaluate alternatives; evaluate the 

impact of the proposed alternatives for navigation reliability improvements; and improve overall 
understanding of sediment transport on the Madeira.  The study advanced each of these objectives. 

The team generated a credible model that can generate future, without project conditions 
and compare them to alternative impacts. The HEC-RAS sediment model generated roughly 

equilibrium conditions and sand fluxes that spanned the observed data during a 47-year, period of 

record (1967-2014) simulation. While the modeling team made a number of simplifying 
assumptions, the model performed relatively well in the model testing phase.  While the model 

should not predict absolute responses to management alternatives, it should credibly predict 
relative differences between with and without project conditions, at the reach scale. 
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