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chApter 4 – evAluAting topogrAphy And texture re-
sponse to An increAse in sediment supply

The flume experiments described in Chapter 3 provide detailed observations of the 

topographic and textural response of a gravel bed to an increase in sediment supply. Al-

though the topographic patterns at the beginning and end of the experiment were similar, 

the transient state was different. While adjusting, some of the sediment transport was 

carried in migrating bars. As the flume approached steady state, the bars grew in wave-

length and accreted to the persistent, long wavelength bars forced by the flume boundary 

conditions. The time required for the mean topography to adjust to a steeper slope and the 

transport rate to increase was shorter than that over which the bed configuration reached 

its steady condition. This suggests that adjustments in the mean condition of the bed may 

occur on a different time scale than adjustments in involving more spatially complex 

topography and grain size features. Here a one-dimensional (1-D) morphodynamic model 

is used to simulate the dynamics of the mean topographic and texture adjustments. Com-

parison between modeled and observed topographic and texture adjustments may indicate 

the presence and influence of spatially variable properties.

In order to provide a well-measured starting point, the numerical experiments begin 

with replication of the flume experiments described in Chapter 3. Differences between the 

1-D model and the flume results are examined to evaluate the extent to which local topo-

graphic and sorting patterns influence the bed adjustment. In particular, focus is placed 

on the relative influence on transport capacity of mean and variance in bed elevation and 

grain size. A series of numeric experiments with the 1-D model are used to explore the 

effects of grain size distribution and sediment supply increases on bed adjustment times. 

Finally, a predictive relationship for the time required for bed response to an increase in 

sediment supply is developed. 
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4.1. methods

4.1.1. Strategy for the numerical experiments

A 1-D multi-size-fraction morphodynamic simulation of the flume experiments was 

developed in order to evaluate the mechanisms by which bed topography and texture 

respond to increased sediment supply. Comparison of simulated and observed bed condi-

tions are used to evaluate the relative impact of adjustments in the mean (1-D) values of 

topography and texture relative to the spatially variable distributions of topography and 

texture. The experiments used a rectangular flume 60 m long, and 2.75 m wide, modeled 

on the flume test section. Initial conditions for the simulation were a bed with slope of 

0.009 (Table 1) and spatially uniform bed surface and subsurface grain size distributions 

with a median grain size (D50) of 6.9 mm (Figure 18). A constant discharge (Q = 0.43 

m3/s) was used throughout the simulations and the WSEL was set to normal depth at the 

downstream boundary. At the beginning of the simulation, the upstream sediment supply 

Figure 31. Grain size distributions used in numerical models.  GSD 1 is based on the mea-
sured GSD for the flume experiments (Figure 18). GSD 2 adds 30% sand to GSD 1. GSD 
3 has 30% sand and the same median grain size as GSD 1. GSD 4 removes all the sand 
from GSD 1. 
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(sandy gravel with D50=6.8mm; Figure 31) was increased from 30 kg/min to 65 kg/min. 

After 29.5 hours, the sediment supply was increased to 136 kg/min for 6.8 hours, and 

then reduced to 90.3 kg/min for an additional 38.7 hours. The principal difference be-

tween the numerical model and physical model is that the numerical model used a con-

stant sediment feed equal to the mean of the fluctuating sediment supply from the flume 

recirculation system (Figure 20A). 

The flume experiments were used as a starting point for a series of numerical exper-

iments using the 1-D morphodynamic model to quantify the adjustment timescales for 

bed slope and grain size. To evaluate the response to an increase in sediment supply for 

different transport conditions, the experimental matrix contains five sediment supply rates 

(Q1) and five ratios of supply augmentation (Q1/Q0) varying from 1.25 to 10. Four dif-

ferent GSDs are used (Figure 31), producing a total of 100 numerical runs (Table 3). For 

each initial supply rate and each GSD, an initial run was performed using a bed slope of 

0.0084 and a bed surface GSD equal to the feed GSD. These runs proceeded to a steady 

Table 3. Matrix of numerical experimental runs. The equilibrium bed for each initial flux 
rate was subjected to five increases of sediment flux. These 25 runs were repeated for 
each of the four grain size distributions (Figure 31).

Initial Flux (Q 0) kg/min
 (kg/m/s)

15 
(0.091)

30 
(0.182)

45 
(0.273)

60 
(0.364)

90 
(0.545)

Fi
na

l F
lu

x 
 (Q

1) 
kg

/m
in

[Q
1/Q

2]

18.8 37.5 56.3 75 112.5
[1.25] [1.25] [1.25] [1.25] [1.25]
22.5 45 67.5 90 135
[1.5] [1.5] [1.5] [1.5] [1.5]
30 60 90 120 180
[2] [2] [2] [2] [2]
60 120 180 240 360
[4] [4] [4] [4] [4]
150 300 337.5 300 450
[10] [10] [7.5] [5] [5]
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state defined as unchanging bed slope, bed grain size, depth, stress, and sediment flux in 

which the input and output transport rates matched. These 20 beds were then used as the 

initial conditions for runs with five different values of Q1/Q0 (Table 3). The experiments 

were run for 30 minutes of simulated time at the initial state, and then subjected to a step 

increase in the upstream supply. The numerical experiments were terminated when the 

bed slope, and bed GSD, and sediment discharge stopped adjusting. 

To provide added insight to the comparison between 1-D and 2-D variation among 

bed stress, grain size, and transport rate, a 2-D model was developed for steady state con-

ditions corresponding to the initial and final flume runs. The first 2-D simulations used 

the observed topography and grain-size for the initial and final flume states (Figure 22 

and Figure 23). Another 2-D simulation was prepared using a spatially uniform grain size 

distribution. A fourth 2-D simulation used a spatially uniform grain size distribution and 

planar topography. All four simulations (three 2-D and one 1-D) had the same mean bed 

slope and mean surface D50. Four additional simulations were identically constructed to 

match the final flume conditions. Hydraulic solutions were computed for all eight simu-

lations and sediment transport was calculated using the same transport formula as used in 

the 1-D model.

4.1.2. One-dimensional numeric mophodynamic model

The numerical experiments were conducted with a numeric 1-D morphodynamic 

model based on the active layer approach of Hoey and Ferguson [1994]. A partially decou-

pled approach to water and sediment transport is applied in which a steady flow solution 

is first obtained and bed elevations and grain sizes are then updated by computing sedi-

ment transport capacity and enforcing sediment mass continuity prior to computing the 

flow solution for the next time step. 

The steady flow solution is computed by solving the 1-D momentum equation,  
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   (2)

and water mass conservation equations 

  (3)

where U is depth averaged velocity, h is the flow depth, x is the streamwise direction, g is 

the acceleration of gravity, e is the water surface elevation, and Sf is the friction slope. In 

equation (2) the friction slope is computed with the Manning equation: 

   (4)

The drag coefficient (Cd) is computed with the Manning-Strickler approximation and the 

roughness height computed as a function of the 90th percentile of the bed grain size distri-

bution (D90) and a calibrated parameter (α) with the following relationship: 

 
 

(5)

Discharge (Q) is specified at the upstream boundary, and the downstream boundary condi-

tion is set by requiring normal flow (Sf equal to bed slope) at the downstream node. 

Equations (2)-(5) are combined and solved from downstream to upstream iterating depth 

at each node with the secant method until the solution converges within 0.1 %. With a 
complete flow solution the bed shear stress ( ) is computed using the depth-slope 
product 

   (6)

where ρ is the density of water, the friction slope is used for the slope (Sf), and the spatial 

derivatives in equation (2) are computed with a central difference scheme.
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The multiple-fraction surface-based transport formula of Wilcock and Crowe [2003] is 

used to calculate sediment transport. A key element of the formula is the definition of a 

reference stress ( ), a surrogate for the critical stress at the onset of motion for a grain 

of size i. Reference stress is defined for the mean surface grain size as a function of the 

percent sand on the bed surface (Fs) and expressed as a Shields number (equation 1), in 

which the grain size is represented by the surface geometric mean grain size. The refer-
ence stresses for each grain size ( ) is found from a hiding function 

   (7)

with the exponent b given by 

   (8)

 Dimensionless transport rates (Wi
*) are calculated for each size fraction from the two part 

function: 

   (9)

 where . Dimensional fractional transport rates (qbi) are obtained with the 
relationship: 

   (10)

where Fi is proportion of size i on the bed surface and u* is the shear velocity 
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. The total unit bedload transport (qb) is computed as the sum of the frac-

tional transport rates (qbi). 

The bed elevation and bed surface grain sizes are updated with the Exner equation of 

sediment mass conservation: 

   (11)

where t is time, η is the bed surface elevation and  is the bed porosity (set at 0.35). An 
adaptive timestep is used to be the lesser of 10 seconds or the time required for any 

location on the bed to change bed elevation greater than 20% of the flow depth. The 

Exner equation for each grain size class:

   (12)

is used to update the grain size distribution on the bed surface, where La is the active lay-

er thickness, fIi is the proportion of material of grain size i at the active layer – substrate 

interface, and pi is the proportion of grain size i in transport. The active layer thickness is 

computed as twice the surface D90. In equations (11) and (12), the spatial derivatives are 

computed with a partial upwinding scheme following Parker et al. [2008]. In this formula-

tion, the spatial derivative of an arbitrary function f at node k is computed 

   (13)

where the index k increases in the downstream direction and au is the upwinding coeffi-

cient. A value of au =0.5 corresponds to a central difference scheme, and in these simula-

tions, au is set to 0.75. The interface GSD in equation (12) is set equal to the subsurface 
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GSD when the bed erodes, and a mixture of the surface GSD and bedload GSD when the 

bed aggrades according to the relationship

   (14)

[Hoey and Ferguson, 1994; Toro-Escobar et al., 1996]. In the simulations presented here, aint 

is set equal to 0.3 following the flume results of Toro-Escobar et al. [1996]. The subsurface 

GSD is spatially uniform and unchanging through time. The upstream sediment boundary 

condition is a time series of sediment transport rates. At the downstream boundary, stabil-

ity is enhanced by setting the fractional transport rates equal to the next node upstream, 

preventing any bed elevation changes at the downstream node. The bed surface GSD of 

the downstream boundary node is set equal to the node immediately upstream.

4.1.3. two-dimensional numeric hydraulic model

The model used for the 2-D simulations is the Flow and Sediment Transport for Mor-

phologic Evolution of CHannels (FaSTMECH) model in the International River Interface 

Cooperative (iRIC) interface. The model solves the vertically averaged Reynolds-aver-

aged momentum equations on a channel-fitted curvilinear coordinate system (see Lisle 

et al., [2000] and Nelson et al., [2010] for more detailed descriptions of FaSTMECH). 

The model assumes steady hydrostatic flow and uses an isotropic eddy viscosity for the 

turbulence closure. A vertical-structure submodel computes streamwise and cross-stream 

velocities throughout the water column using discharge, topography, and roughness [Lisle 

et al., 2000]. The magnitude of the near-bed shear stress vector is computed using a drag 

coefficient, with direction computed from the vertical structure submodel. The Wilcock and 

Crowe [2003] transport relationship was applied to the computed bed shear stresses and 

the bed GSD to compute bedload transport capacity.

In the 2-D simulations presented here, the computational grid was a rectangular mesh 

with 10 cm spacing in both the streamwise and cross-stream directions. The spatially 
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variable grain size simulations were assigned a mean grain size derived from the bed 

photographs at the end of each run segment (Chapter 3). As only the mean grain size was 

available from the photographic method, the full surface GSD for each computation-

al node was approximated by scaling the bed surface GSD measured prior to the runs 

(Figure 18) to match the photograph-derived mean grain size, subject to the constraint of 

the observed minimum and maximum grain size present in the bed. The elevation at each 

grid node was interpolated from the laser scans of the bed taken at the end of each flume 

run segment (Figure 22). For the plane-bed simulations, the topography in the test section 

was replaced with a plane at the measured mean bed slope. Calibration using water sur-

face elevations resulted in constant values of eddy viscosity (0.0119 m2/s,) and drag coef-

ficient (0.012). Several simulations were constructed with a spatially variable, grain-size 

dependent drag coefficient. We found like Nelson et al. (2010), that spatial variation in the 

drag coefficient had little effect on accuracy of the water surface elevations, and therefore 

a spatially uniform drag coefficient was used. For the initial and final simulations with 

the measured topography, the root-mean-square error between the predicted and observed 

WSEL was 0.0095 m and 0.012 m. Model convergence (computed as the largest percent 

difference in discharge over all cross sections) was 0.1% and 0.2 % (initial and final). 

Although point velocity observations were not made in the flume run, Nelson et al. [2010] 

found predicted velocities to be within 10% using the same numerical model and similar 

flume conditions. All 2-D model runs (including the plane-bed runs) include an approach 

flow with a mound of sand bags placed on one wall of the channel 15 m upstream of the 

test section. This was used in the flume experiments to encourage development of an 

alternate bar pattern.

4.1.4. Grain Size Information

The bed grain size used in the models was derived from photographs of the flume 

bed. An automatic algorithm based on the methods of Buscome et al. [2010] was used to 
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extract mean grain size from 38 cm x 38 cm photographs (see Chapter 3 for a full de-

scription). Careful consideration has to be given to both sampling method and sample 

selection when determining the mass distribution of grain sizes available for transport. 

Buscome et al. [2010] calibrated their photo algorithm with manual counts of a subsample 

of the photos and found that RMS error was 16% with a 95% confidence interval of +/- 

31%. By calibrating the algorithm with manual measurements on a subsample of pho-

tographs they reduced the RMS error to 11% with a 95% confidence interval of +/ 20%. 

The active-layer grain size used in the 1-D model is essentially a bulk measure by weight 

of a very thin layer (twice the surface D90). It is unclear whether this can be considered 

either a volume-by-weight sample or an area-by-weight sample. Comparing GSD among 

volume, area, or grid samples and analysis by weight or number requires a conversion 

accounting for both sample and analysis method [Bunte and Abt, 2001]. The conversion 

involves scaling the fraction of the sample in a particular grain size class by a represen-

tative grain size raised to an exponent (Dx). Kellerhals and Brey [1971] used a voidless cube 

model to show that volume-to-grid and weight-to-number corrections directly offset one 

another and as a result the GSDs are directly comparable. Persistent controversy exists 

(see Bunte and Abt, [2001] or Graham et al., [2012] for a summary) over the proper con-

version between volume, area, and grid sampling methods, and whether a thin volume 

sample is a volume-by-weight or an area-by-weight sample. Graham et al. [2012] compare 

area with grid sampling techniques, and weight with number analysis methods on images 

and physical samples of a range of sediments. They find that empirical conversion factors 

from area-by-weight to grid-by-number (D-0.7) differ little from that of Kellerhals and Brey 

[1971] (D-1) and show the error using the Kellerhals and Brey [1971] conversion methods to 

be small (3.8-5.2%). Because the surface layer is thin relative to the surface grain sizes 

and the photo-derived surface D50 is from a grid-by-number GSD, the most appropri-

ate conversion factor to compare the numerical model surface D50 to the photo-derived 

surface D50 should lie between that for area-by-weight (D-0.7) and volume-by-weight (D0). 
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Both conversions are presented here in order to bound the correct value.

4.2. 1-d model Performance

The hydraulic portion of the 1-D model was calibrated using the bed and water 

surface elevation of the initial flume conditions (Table 1). Adjustments were made to 

the value of α in equation (4) to calibrate modeled water surface elevations against the 

observed water surface elevations. A value of 1.2 produced a water surface elevation 

RMS error of 0.5 cm.  This calibrated value is in the low end of the range of the values 

from 1 to 5.1 times the bed D84 or D90 reported by 23 studies summarized in Garcia [2008] 

and less than the value of 2 that was used in a similar model by Viparelli et al. [2011]. The 

small value may reflect the effect of a large fraction of sand in the bed. The sediment 

transport calculations were not calibrated – equation (8) was applied directly as presented 

in Wilcock and Crowe [2003]. The bed update process was also not calibrated – the value of 

0.3 for coefficient aint in equation (14) is that found by Toro-Escobar et al. [1996] for a simi-

lar sediment in the same flume and has been used successfully in subsequent models [e.g. 

Parker et al., 2008].  One significant difference between the numerical simulation and the 

flume is the upstream sediment boundary condition. The numerical model is fed sediment 

at a constant rate and constant GSD (Figure 31, GSD 1). The flume recirculates sediment 

from the downstream end to the upstream boundary. During the augmentations (0 to 680 

minutes, and 1,780 to 2,180 minutes) additional sediment was added to the recirculating 

sediment such that the upstream flux was approximately a constant value (Figure 20A), 

however the GSD of the recirculating sediment was free to adjust.

 The results of the 1-D model simulation of the flume experiments are shown in 

Figure 32 and Table 4. Zero on the time axis of Figure 32 corresponds to the point at 

which the flume sediment recirculation was supplemented to provide a 65 kg/min input. 

At each timestep, the upstream and downstream sediment flux are plotted relative to the 

2-hour average of the measured sediment flux from the flume (Figure 32A). Modeled bed 
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and water surface slopes are computed with a linear fit to the modeled elevations and are 

plotted along with the slopes derived from the measured bed and water surface elevations 

(Figure 32B). The 1-D simulation produces a bed with a mean surface D50 between 2.9 

and 5.0 mm coarser than the mean surface D50 in the flume (Figure 32C). The model-de-

rived D50 represents a weight sample of the thin surface layer, whereas the flume D50 from 

the photographs is equivalent to a grid-by-number. There is considerable uncertainty as 

to the proper conversion between the two values, but the model D50 equivalent to a grid-

by-number should lie between the unconverted model value and the dotted line on (Fig-

ure 32C). The calibrated flume D50 values are displayed with 95% confidence intervals 

reported by Buscome et al. [2010]. While the flume D50 values fall within the range of model 

D50 values, the uncertainty in both exceed the range of variation for each. The flume 

stress is computed with the 2-D model and the error bars show the 90th percentile of the 

stress distribution. The 1-D model stress is larger than the flume stress and falls between 

the 84th and 98th percentile of the flume stress distribution (Figure 29).   

Table 4. Comparison between flume experiments and 1-D numerical simulation. 
Model-computed surface D50 values are 
Bray [1971].

corrected with the methods of Kellerhals and 

Time

Up-
stream 

Sediment 
Flux

Downstream 
Sediment 

Flux

Bed 
Slope

Mean 
bed shear 

stress

Mean 
surface 

D50

Phase

min kg/min kg/min Pa mm

0
Flume

65
39.2 0.009 11.1 7

Start Aug 1
Model 34.0 0.009 14.0 12.4

680
Flume

65
63.5 0.010 11.2 6.5 End Aug 1, 

Start Rec 1Model 57.8 0.011 15.2 10.6

1,780
Flume

136
72.7 0.010 12 5.9

Start Aug 2
Model 61.4 0.012 16.2 10.7

2,180
Flume

90
90.6 0.012 13.1 7.1 End Aug 2, 

Start Rec 2Model 109.0 0.014 18.1 9.3

4,500
Flume

90
89.3 0.012 12.6 6.2

End Rec 2
Model 90.3 0.013 17.6 10.6
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Figure 32. Predicted and observed results for sediment supply experiments. A. Sediment 
flux. Measured downstream flux uses a 2-hour windowed average. Sediment supply is 
increased from 30 kg/min to 65 kg/min at time 0. B. Bed and water surface C. Average 
median grain size of active layer and average median grain size from flume photographs. 
The modeled results are converted from an area-by-weight GSD to a grid-by-number 
using the methods of Kellerhals and Brey [1971]. D. Modeled mean bed shear stress and 
flume shear stress estimated with 2-D FaSTMECH model. Positive error bars indicate 
90th percentile of stress from 2-D model.
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As the imposed flux increases (Figure 32C), the predicted transport rate slowly 

increases (Figure 32A) as the bed steepens (Figure 32B) and the surface D50 becomes 

slightly finer (Figure 32C). The upstream and downstream flux in the flume reach equi-

librium after 540 minutes, at which time the modeled flux has reached 74% of its steady 

state value. As the flume transport rates equilibrate, the observed slope gradually decreas-

es from 0.0099 to 0.0097 by the end of the first recovery period. During this same time, 

the slope in the simulation increases from 0.0110 to 0.0112. The observed mean surface 

D50 shows a general fining in response to the first augmentation and the response during 

the remainder of the first augmentation and recovery fell within the broader trend but 

was more varied, perhaps as a function of rapid bed adjustments. Both the modeled and 

observed stress increase over the course of the first augmentation and recovery.

A second supply increase (from 65 to 136 kg/min) began 1780 minutes into the run. 

The downstream flux in the model increased to a peak value of 109 kg/min while the 

observed transport rate increased to 91 kg/min. The maximum slope achieved over this 

period is also greater in the simulation (0.0135) than observed in the flume (0.0123). 

The bed in the simulation rapidly became finer, with surface D50 decreasing from 10.9 to 

9.0 mm within 100 minutes of the second augmentation followed by a gradual increase 

for the duration of the second augmentation. The flume measurements do not have the 

temporal resolution to identify the rapid fining seen in the model, but 360 minutes into 

the augmentation, the modeled grain size became 1.7 mm finer while the flume grain size 

become 1.2 mm coarser. The rate of adjustment for the mean bed shear stress for the 1-D 

model (0.0063 Pa/Min) was similar to the observed rate of stress increase (0.0046 Pa/

Min) during the second augmentation.

After the supply rate is decreased to 90 kg/min at 2,180 minutes, the modeled trans-

port rate slowly decreases until at 2,300 minutes it is within 1% of the observed value 

and 5% of its steady state value. Between 3,060 and 3,780 minutes the flume transport 

rate increased (104 kg/min), decreased (70 kg/min) and recovered to the steady state 
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value (91 kg/min). This excursion was not reflected in the model input conditions or the 

model outputs. During the second recovery, the predicted slopes remains slightly steeper 

(0.013) than the observed slope (0.012). The modeled surface grain size responded to the 

decrease in supply at the end of the second augmentation by rapidly coarsening (9.2 to 

10.5 mm from 2,180 to 2,240 minutes). The observed median size also coarsened from 

7.1 mm to 7.6 mm, before fining to 6.3 in the final set of photographs. The final three 

observed values of grain size are possibly biased because a considerably larger portion of 

the bed was unsampled (systematically biases on the right side of the flume; Figure 23).

Overall, the 1-D model tracks a number of the observed adjustments, a welcome re-

sult considering that the transport and bed update algorithm are uncalibrated. The mod-

eled steady state transport rates, gross slope adjustments, final slope, and broad patterns 

in stress track the observed values (Figure 32). A number of discrepancies are observed 

between predicted and observed adjustment. These provide an opportunity to evaluate 

whether 2-D effects not included in the 1-D model may be responsible.

The model over predicted the flux adjustment rate, the slope adjustment during the 

first augmentation, and the bed stress. The model also did not predict the transient sedi-

ment flux, slope, and stress fluctuations between 3,060 and 3,780 minutes, as well as the 

slope fluctuations between 2,800 and 3,000 minutes. The initial transport rate fluctuation 

and grain size coarsening can be attributed to the GSD conversions between grid-by-

number and area-by-weight. The initial bed GSD (area-by-weight) was set equal to the 

GSD derived from a grid-by-number method. The result was a bed GSD out of equilib-

rium with the initial stress and slope. As the surface GSD rapidly became coarser, the 

transport rate rapid approached the observed values. The 1-D model stresses were con-

sistently at the upper end of the 2-D stress distribution (Figure 32D), which suggests that 

a bed with lateral stress variation will transport the same amount of sediment as a plane 

(1-D) bed at a higher mean stress, as argued by Paola [1996], Nicholas [2000], and Ferguson 

[2003].
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The predicted rate of adjustment to the second augmentation is clearly faster and 

more extreme than observed in the flume. The model increases from 61 kg/min to 109 

kg/min over a 400 minute period. During this same time the observed transport increases 

from 73 kg/min to 91 kg/min. Two adjustments serve to moderate the flux rate increase 

in the flume. First, rather than becoming finer (an adjustment that would increase trans-

port rates), the flume becomes coarser (7.1 mm to 7.6 mm mean surface D50) during the 

second augmentation. Second, it should be noted that the grain size and bed shear stress 

patterns become less negatively correlated during the augmentation (correlation coeffi-

cients of -0.32 to -0.18). During the larger of the two augmentations, both the mean grain 

size ant its spatial variation act to moderate the slope-driven increase in transport rate. 

The former effect, is an adjustment to the mean grain size value and should be simulated 

by the 1-D model, whereas the latter is a 2-D effect and beyond the scope of the model.

A second deviation between the simulation and the flume is the slope fluctuation be-

tween 2,800 and 3,000 minutes (Figure 32B). An erroneously low tailgate setting created 

erosion at the downstream end of the flume (Figure 21B, Run Segment 10). As the ero-

sion progressed upstream, the mean slope increased until the bed was reestablished at the 

same slope, albeit it a lower mean elevation (Figure 21B, Run Segment 11). As the down-

stream boundary bed elevation was not allowed to vary in the model, and this transient 

was not present in the model solution.

A third discrepancy between the model and the flume occurs between 3,060 and 3,780 

minutes. There is a peak in downstream sediment flux of 104 kg/min between 3060 and 

3240 minutes, followed by a gradual decline. During this time, the mean surface D50 is 

relatively constant (7.0 mm). The bed stress variability increases from 3.1 Pa to 3.6 Pa 

at the end of the second augmentation. It continues to increase from 3.6 Pa to 4.3 Pa by 

3,080 minutes. This increase in stress variability alone would be expected to increase 

sediment transport, however the effect is augmented by changing bed texture patterns. 

The correlation coefficient between the surface D50 and the bed shear stress increases in 
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magnitude from -0.18 to -0.52 between 2,180 and 3,780 minutes, further amplifying the 

effect of bed stress variability. As the bed shear stress variability and grain size-stress 

correlation subsequently decreases, the bedload transport and bed slope decrease as well. 

This unmodeled transient after the mean slope, grain size, and sediment flux had reached 

equilibrium values is an example of a sediment flux increase driven by changes in the 

spatial patterns of bed topography and texture and as such it should not be part of the 1-D 

model solution.  

4.3. 2-d effects on transport Rate

4.3.1. Spatial Variability

In a 1-D river model, spatially variable properties are represented as scalar values at 

each computational node. A diverse topography containing pools, riffles, bars, and other 

bedforms, is represented by a single elevation. Rich patterns of coarse- and fine-grained 

sediment patches on the bed are summarized with a single GSD. Because bed-load trans-

port is a non-linear function of both stress and grain size, spatial variation in either vari-

able will cause the transport rate to differ from that which would be calculated using the 

mean value of stress and grain size [Paola, 1996; Lisle et al., 2000; Nicholas, 2002; Ferguson, 

2003]. 

The influence on transport rate of 2-D effects can effect the response of a river bed as 

it adjusts its transport capacity in response to an increase in sediment supply. This can be 

achieved through an increase in bed slope (increasing stress) or a reduction in mean grain 

size. But spatial variability in either topography or grain size can also play a role. Here, 

the 1-D model predictions and flume observations are compared to evaluate the influ-

ence of 2-D effects on transport rate. The 2-D model is also used to examine the relative 

influence of topographic and grain-size variability on transport rate. The plane-bed 2-D 

model has no more topographic variability than the 1-D model, but it does incorporate the 

laterally variable stress field driven by the flow obstruction on the right side of the chan-
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nel upstream of the test section. The 2-D model with measured topography and spatially 

uniform GSD adds topographically-induced stress variations to the plane-bed 2-D model. 

Finally, the 2-D model with spatially variable GSD adds the effects of grain size varia-

tion. Each of the models informs the effects of a different bed property that can influence 

the bed adjustment to an increase in sediment supply.

The four steady-state numerical models were run with the same mean bed slope and 

mean surface D50 (Table 5). Each of the four models was run twice – once with the initial 

flume topography and D50 and again with the final flume topography and D50. Sediment 

transport rates were computed with the Wilcock and Crowe [2003] method for each model. 

Because it is expected that variability in both grain size and stress will result in a higher 

transport rate for a given mean stress, Figure 33 plots the total sediment transport rate 

against the mean bed stress. The plotted stresses are the spatial mean stress for common 

areas of the modeling domains – the 42 meter flume test section. For the 1-D model, the 

transport value is the mean taken across 42 streamwise nodes, where each node rep-

resents the total transport at a cross section. The transport value for the 2-D model is the 

mean across 434 streamwise nodes of the sum of the transport for 32 cross-stream nodes. 

The measured transport rate is the 2-hour average of the downstream sediment flux and 

the ‘measured’ flume stress value is that computed by the 2-D model with measured to-

pography. Because the drag coefficient in the 2-D model was spatially uniform, the stress 

fields for the 2-D models (with measured topography) with and without spatial variation 

in grain size were identical. 

The flow solution for the models without topographic variability (1-D model and 2-D 

plane bed models) had higher mean stresses than the models with topography for both the 

initial bed (11.9 Pa and 12.1 Pa vs. 11.1 Pa) and the final bed (15.1 and 13.3 vs. 12.6 Pa). 

Because they used the same hydraulic solution, the 2-D models with topographic vari-

ability (with and without spatially variable grain size) had the same mean shear stress, but 

the model with spatially variable GSD produced 9.8% (initial bed) and 11.2% (final bed) 
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Table 5. Bed stress and sediment transport rates of 1-D and 2-D models of the initial and 
final conditions of the flume experiment.

Figure 33. Sediment transport computed in different numerical models. Mean transport 
rates for the initial (hollow symbols) and final (filled symbols) flume beds (Chapter 3) 
using the 1-D model (square) and different bed configurations in 2-D FaSTMECH model 
(triangles). Lines link results from the same model configuration and do not indicate a 
complete stress-transport relationship.
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Transport 
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kg/
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higher transport rates.

Three of the four models had different flow solutions and hence different mean stress 

values (the two 2-D beds with measured topography had the same flow solution) (Figure 

33), precluding direct comparisons of transport at a given mean stress. The lines on Fig-

ure 33 link the initial and final flume simulations for each model in order to aid compari-

son of stress-transport relationships between the models. Adding spatial stress variability 

(comparing the 1-D model and the 2-D model with topography) increases transport for a 

given mean stress. Alternatively, the relationship can expressed as the 2-D model requir-

ing a lower mean stress to transport an identical amount of sediment as the 1-D model. 

This spatially variable bed stress comes, not from topography, but from flow patterns 

driven by the upstream flow constriction. Adding topographic variability (comparing the 

2-D plane bed model with the 2-D measured bed topography model) further increases 

transport rates for a given mean stress, although less than the increase resulting from 

velocity-induced shear stress variability. Comparing the 2-D model with spatially variable 

grain size against the 2-D model with spatially uniform grain size (both with measured 

topography) demonstrates the effect on transport of grain size variability. At identical 

mean stress values (11.1 and 12.6 Pa – initial and final flume runs) and identical mean D50 

values (6.8 and 6.0 mm), the model with spatially variable grain size has a greater (9.7% 

and 11%) transport rate. 

4.3.2. Stress and Grain-size Correlation

In general, the effect on transport rate of spatial variability in topography and grain 

size will depend on their correlation. If grain size and bed stress are positively correlated 

(high stress areas are coarser), the variability in Shields number (which uses the ratio of 

stress to grain size) will be less than the variability in shear stress and the effect of spa-

tial variability on transport rate will be damped. Lisle et al. [2000] collected bed material 

samples and velocity measurements at six field sites in order to examine this correlation. 
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They found a poor, but slight positive correlation between surface D50 and bed shear 

stress. Nelson et al. [2010] measured bed surface grain size and velocities in a flume ex-

periment with alternate bars similar to experiment used here. They found no correlation 

between surface grain size and bed shear stress. In the flume experiments described here, 

the bed shear stress and D50 are negatively correlated (the correlation coefficient of -0.32 

for the initial bed and -0.42 for the final bed; Figure 20F), indicating the high stress areas 

are slightly finer than the lower stress areas. This correlation suggests that the sorting 

patterns observed in these experiments will augment the stress distribution such that the 

spatial variability in Shields number and the difference between 1-D and actual transport 

rates will be larger. This can be seen in the comparison between the 1-D morphological 

model (previous section) and the flume experiments. The model (Figure 32) predicts the 

surface grain size within the uncertainty involved in measuring and converting the grain 

size. However, the model slope as well as the rate of slope and sediment flux adjustment 

during the second augmentation that was greater than observed. The mean grain size and 

stress-grain size spatial correlation during this period adjusted in the direction of de-

creased sediment transport capacity – such that the observed slope and transport response 

were slower than predicted. 

During the second adjustment period between 3,060 and 3,420 minutes, at a constant 

slope and mean shear stress and with a very minor decrease in mean bed grain size (7.3 

mm to 7.0 mm) there was a fluctuation of downstream sediment flux from 84 kg/min to 

104 kg/min and back (Figure 32A). At the peak in flux, both the bed height variability 

and grain size variability reached their maximum observed values (0.03 m and 4.3 Pa; 

Figure 20C and G). At the same time the stress-grain size correlation had the strongest 

negative correlation (-0.52; Figure 20F). The total flux increase during this transient was 

as large as the flux increase during the second augmentation, however it was not accom-

panied by the 0.002 slope increase that accompanied the second augmentation (Table 4), 

instead it was forced by changing spatial patterns of topography and texture.
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In order to explore the relative influence of slope and grain size adjustment on trans-

port capacity, the 1-D morphologic model was run for two augmentation scenarios (Table 

6), for which a bed adjusted to a steady initial feed was subjected to a higher feed rate 

until the bed slope, stress, surface D50, and sediment flux reached new equilibrium values. 

In both cases, the bed became finer (13.5 mm to 12. 7 mm and 17.7 mm to 15.4 mm), and 

the bed became steeper (0.007 to 0.008 and 0.011 to 0.02). Transport computations were 

then made with the initial GSD and the final slope, as well as with the final GSD and the 

initial slope in order to roughly isolate the effect on transport rate of texture and slope 

changes alone. In both cases, increase in transport from the slope adjustment was larger 

(2.5 and 8.6 times) than the transport increase from GSD adjustment. The comparison 

is only approximate because there are interactions among GSD, roughness, stress, and 

transport. Nevertheless, the GSD adjustment in these cases has a smaller effect on the 

change in sediment flux than does the slope adjustment. 

4.4. time Scales of Bed adjustment

The flume experiments were used as a starting point for a series of numerical ex-

Table 6. Relative effects of slope increase versus grain size fining  on increasing sediment 
transport. The transport rate for the final bed with the initial GSD, and the initial bed 
with the final GSD were computed for two of the experimental runs (Table 3) to quan-
tify the relative effects of GSD changes and slope changes. The two effects do not add 
up to 100% of the change because of interactions between the GSD, roughness, depth, 
slope, and stress, but are presented as a rough approximation of the magnitude of the two 
effects.

Initial 
Flux

Imposed 
Flux

GSD Feed 
D50

Bed 
Slope

Stress Sur-
face 
D50

Q0 Flux 
Increase

% of 
total 

change

Adjustment

 (kg/
min)

(kg/min) (mm)  (Pa)  (mm)  (kg/min)  (kg/min)

30 45 2 4.7
0.007 12.1 12.7 33.8 3.8 25.3 GSD only
0.008 13.3 13.5 39.8 9.8 65.3 Slope only

60 300 3 6.8
0.011 16.2 15.4 81 21 8.8 GSD only
0.02 26.4 17.7 242 182 75.8 Slope only
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periments intended to evaluate adjustment timescales for bed slope and grain size. Each 

experiment with the 1-D morphodynamic model began with a steady-state bed and was 

subjected to a step increase in the upstream supply and run until the bed slope, bed GSD, 

and sediment discharge stopped adjusting. Four different GSDs were used (Figure 31) 

with five initial feed rates, Q0, and five different ratios of imposed flux to initial flux, Q1/

Q0, for 100 numerical experiments (Table 3). 

4.4.1. numerical experiments

A time series of upstream and downstream sediment flux, bed and water surface 

slope, mean depth, mean bed stress, median surface gravel grain size and mean surface 

sand fraction was developed for each of the 100 numerical experiments (Figure 34). 

Because the response to an increase in sediment supply was initial rapid, followed by an 

asymptotic approach to a new steady state, the adjustment is represented with an initial 

adjustment time, T25, and a fully adjusted time, T95. T25 is defined as the time elapsed from 

the sediment supply increase until the variable adjusted 25% of the difference between 

the initial value and the final value. T95 is approximated as the time at which 95% of the 

adjustment is complete. Because the approach is asymptotic, T95 is determined using an 

exponential function,  

   (15)

where Λ is the decay parameter as the value of variable y changes from y1 to y0 in the rela-

tionship:

   (16)

The grain size variables (D50g and Fs) tended to have a rapid initial response that over-

shoots the steady value, followed by an asymptotic approach to steady state (Figure 34C). 
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Throughout all the experiments the bed and water surface slope adjustment times (Figure 

34B) were well correlated (correlation coefficient = 0.995) as were the two grain size 

variables (Figure 34C) (correlation coefficient = 0.936) and as a result the water surface 

slope and sand fraction were omitted from further analysis. 

Figure 34. Example 1-D morphodynamic model output.A. Transport rates. B. Bed and 
water slope. C. Median gravel grain size (D50g) and sand fraction (Fs). D. Bed stress. 
In this run sediment input (GSD 2, Figure 18) was increased from 30 kg/min to 45 kg/
min (augmentation ratio = 1.5) at the 30 minute point and the experiment ran for 2,500 
minutes. Exponential functions shown for downstream flux, bed and water surface slope, 
D50g, Fs, and bed stress.
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4.4.2. adjustment times

T25 ranges between 14 and 220 minutes for the downstream sediment flux, 22 and 130 

minutes for slope, and 9 and 180 minutes for D50g. T95 (Figure 35) ranges between 290 

and 2,700 minutes for downstream sediment flux, between 280 and 3,200 minutes for 

slope, and 350 and 4,100 minutes for D50g. Adjustment time decreases with the imposed 

flux. For example, at an imposed flux of 18.75 kg/min, the sediment flux adjustment 

times range between 1,900 and 2,500 min and at the highest flux values (450 kg/min), 

adjustment times were between 290-350 min. The slope and D50g adjustment times have 

similar patterns – decreasing adjustment times and decreasing variability with increasing 

imposed flux (Figure 35). At low sediment supply ratios (1.25) the flux adjustment times 

had a wide range of values: 630 to 2,700 minutes, and at a high supply ratio the times 

decreased and became less variable (400 to 840 minutes). This pattern also held for the 

slope and D50g adjustment times. 

To quantify the order of adjustments, the percentage difference in adjustment times 

between the flux adjustment and the other two variables (slope and D50g) are computed for 

Figure 35. Adjustment times (T95) for sediment flux, bed slope, and grain size 
a function of imposed flux and augmentation ratio. All three adjustment times decrease 

plotted as 

with increasing imposed fluxes. The range of adjustment times decreases with increasing 
augmentation ratios.
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the start and stop adjustment times for each experiment (Figure 36). The grain size begins 

adjusting first (46% earlier than flux), followed by the slope adjustment (35% earlier than 

flux), and then the downstream flux. The slope and flux stop adjusting nearly simultane-

ously (within 1%) and bed grain size adjustment time is 25% longer than the flux adjust-

ment time.

As an upstream flux is imposed, the bed adjustments (mean topography and mean 

texture) do not occur synchronously with downstream flux adjustment (Figure 36). The 

first adjustment to begin and last adjustment to stop is a fining of the bed (mean texture 

adjustment). The adjustment in GSD begins first because the mass of sediment required 

to make a change in the bed surface texture is much smaller than that required to make 

an equivalent change in the bed slope. The Shields stress doubled by either a doubling of 

the bed shear stress or a halving of the representative grain size. Although the bed shear 

stress is not strictly linearly proportional to the bed slope, the depth-slope product method 

of estimating bed shear stress (equation (5) using the bed slope) holds within 5% for all 

Figure 36. Frequency distribution of adjustment times. Adjustment times T25 and T95 for 
grain size and bed slope are plotted as a percent difference relative to T25 and T95 for 
downstream sediment flux. 
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of the experimental runs presented here, and therefore a doubling of bed stress is approx-

imately equivalent to a doubling of bed slope. As an example, for one of the experimental 

runs with a bed area of 40 m x 2.75 m at a slope of 0.014 with bed GSD 1 (4 cm thick ac-

tive layer), adding 3700 kg of sediment with a D50=1mm halves the surface D50, but only 

increases the bed slope by 6.4%. To double the slope, the change in bed mass required is 

57,100 kg. Where a change in bed slope requires nearly 20 times more sediment, it is rea-

sonable to expect that the GSD adjustments will begin before changes in slope are detect-

able. Because slope adjustments require deposition at the upstream end of the channel, 

slope adjustment will begin prior to the downstream flux. 

The difference between T25 for GSD and slope versus downstream flux adjustment 

is driven in part by the fact that GSD and slope are averages over the entire modeling 

domain, whereas the downstream flux is measured at the downstream end. Changes in 

bed elevation and GSD progress from upstream to downstream and the average value will 

begin changing as soon as the upstream part of the domain begins to change. This differ-

ence explains why changes in slope and GSD appear before changes in downstream flux.

4.4.3. Factors affecting adjustment times

Both the magnitude of imposed flux (Q1) and the increase in flux (Q1/Q0) have an ef-

fect on adjustment time (Figure 35). A relation between these variables and the sediment 

flux adjustment time is developed here. The sediment augmentation ratio is non-dimen-

sional, and sediment flux can be non-dimensionalized as the Einstein transport number 

with the surface median grain size, flume width (B), gravitational acceleration (g), and the 

sediment specific weight (s): 

   (17)

A measure of time useful for scaling the adjustment time can be formed by the ratio of 
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the active bed volume (BLfLa) and the volumetric transport rate Qs, where Lf is the bed 

length. This is the time required to transport one volume of the active layer and has been 

called the ‘virtual particle transit time’ by Pryor et al. [2011]. Using this time to scale T95 

gives

   (18)

where the numerator is the volume of sediment supply during the adjustment period and 

the denominator is the volume of sediment in the active layer. A power law relationship 

(Figure 37) fitted to numerical model results is. 

   (19)

The coefficients in equation (19) were fitted to minimize the sum of the squared residuals 

(r2 = 0.86), producing values of c1 = 19.48, c2 = 2.725, and c3 = 0.386. With all else being 

equal, the adjustment time increases linearly with the reach length and with the log of the 

augmentation ratio, and less than linearly with the width . The adjustment 

time is also inversely proportional to the imposed flux   and to the bed 

surface grain size  , assuming that the active layer can be expressed as a 

multiple of the median grain size.

 The adjustment times for the downstream sediment flux in the numeric exper-

iments were reasonably well predicted with equation (19) (Figure 38). The standard 

deviation of the residuals equals 20.5% of the modeled adjustment time (Figure 38, 

inset). The adjustment times for the flume experiment described in Chapter 3 and the 

experiments of Pryor et al. [2011] and Madej et al. [2009] fall within the uncertainty values 
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of those experiments. That they all fall below the prediction line is consistent with the 

1-D model over predicting flux adjustment rates (Figure 32A) most likely because the 

1-D model is unable to include the effect of spatial variation in topography and grain 

size, which we observed acted to reduce transport rate. Nonetheless, with measures of the 

size of the channel bed area (width and length), and texture (D50), along with the pre- and 

post-increase sediment fluxes, one can make a reasonable prediction of the duration of the 

adjustments for the mean topographic and texture variables.

4.5. Conclusions

In both the field observations (Chapter 2) and the flume experiments (Chapter 3) the 

bed adjustments were primarily in the mean measures of topography (slope) and tex-

ture (median grain size), whereas the size, type, and location of the bedforms and grain 

size sorting appear similar. While the bed is adjusting, however, the bed topography and 

texture are different from the steady state configuration. In this chapter numerical models 

were used to explore the effects and timing of the various adjustments occurring during 

Figure 37. Dimensionless adjustment time as a function of dimensionless sediment trans-
port rate. 
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the transient phase. 

A 1-D multi-fraction morphodynamic model was developed for conditions corre-

sponding to the sediment supply experiments described in Chapter 3. Roughness in the 

model was calibrated to water surface elevation, and the transport rates and sediment 

Figure 38. Predicted and observed adjustment times. Adjustment time for each numerical 
experiment is calculated equation 1 plotted against adjustment time from numerical mod-
el runs. The standard deviation of the residuals (inset) is ±20.5%. Adjustment times of 
four flume experiments are also shown. Uncertainty in the measured adjustment time of 
the Madej et al. [2009] and Pryor et al. [2011] experiments arises from the short experi-
mental run time and uncertainty in the predicted adjustment time arises from uncertainty 
in the flume active width. The uncertainty in the Chapter 3 flume experiment predicted 
adjustment time is a function of grain size uncertainty. 
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mass balance relations were uncalibrated. The model was able to predict transport rate 

and bed slope (mean topography) reasonably well. At the same time, there are particular 

discrepancies between the predicted and observed topography and texture that suggest 

that 2-D effects – present in the flume experiments but not in the 1-D model – may have 

influenced bed adjustment to an increase in sediment supply. First, the model-predicted 

stresses were in the 84th-98th percentile of the observed stress distribution. Because the 

sum of the transport computed for a range of stresses is greater than the transport com-

puted with the mean stress, the mean stress required by the 1-D model to transport the 

supplied sediment should be higher than the observed stresses. Second, the model adjust-

ment rates for both sediment flux and bed slope were faster than observed. During the 

second augmentation, while the slope became steeper, increasing transport capacity, the 

stress-grain size spatial correlation weakened, decreasing transport capacity. The effect 

of the changing spatial patterns of stress and grain size served as a moderating influence 

on the slope-driven adjustment, dampening the observed adjustment rate relative to the 

model. Finally, a temporary 24% increase in the transport rate during the 2nd recovery was 

not reproduced in the numerical model and occurred with very little change in the mean 

topographic and grain size conditions. The drivers of the transport rate fluctuation appear 

to be an increase in the variability of the stress and grain size, as well as a strengthening 

of the stress-grain size spatial correlation.

A 2-D hydraulic and transport model was developed to evaluate the relative influence 

of 2-D effects on transport rate. A 2-D model using a plane bed at the same slope of the 

flume runs produced transport rates larger than measured due to the fact that the 2-D 

model was able to capture spatial variability in flow produced by an obstruction upstream 

of the test section. A 2-D model that incorporated the spatially variable topography 

further increases the shear stress variability, introducing local topographic influences in 

addition to the stress variability associated with a non-uniform flow over a plane bed. The 

additional stress variability further increased the bedload transport rate. Finally, spatially 
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variable grain size was incorporated on the bed with spatially variable topography. The 

negative correlation between grain size and bed shear stress created a Shields Stress with 

more variability than the bed stress field and as a result the transport rates increased be-

tween 9.8 and 11.2%. 

The 1-D model was used in a series of numerical experiments of supply augmentation 

in order to explore the timing of different adjustment mechanisms. The experiments var-

ied feed GSD, initial feed rate, and the magnitude of supply augmentation. The bed GSD 

began to adjust first, followed by the slope, and finally the downstream sediment flux. 

The slope and sediment flux reached equilibrium values at the same time, followed some 

time later by the GSD adjustment. The flux adjustment time was found to be proportion-

al to the reach length, reach width, and augmentation ratio, and inversely proportional 

to imposed flux and bed grain size. A relation among imposed flux, augmentation ratio, 

reach width, length, and bed grain size accounts for 86% of the variability in adjustment 

time in the 100 numerical experiments. Predictions of flux adjustment time fell within the 

uncertainty for two previous flume experiments [Madej et al., 2009; Pryor et al., 2011] and 

the experiments in Chapter 3. The predicted values were consistently smaller than ob-

served, which support the idea that there are 2-D effects such as the bed height variability 

which produce effects on transport capacity that moderate the slope effects.




