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Stable fluvial armors are found in river systems under conditions of partial sediment transport and limited
sediment supply, a common occurrence in nature. Stable armoring is also readily recreated in experimental
flumes. Initially, this bed stabilizing phenomenon was examined for different flow discharges and solely
related to surface coarsening and bedload transport reduction. The models developed suggest a specific
armor composition (i.e., texture) dependent on the parent bed material and formative discharge. Following
developments in topographic remote sensing, recent research suggests that armor structure is an important
control on bed stability and roughness. In this paper, replicatedflume runs duringwhich digital elevationmodels
(DEMs)were collected fromboth exposed and flooded gravel beds are used to interpret armoringmanifestations
and to assess their replicability. A range of methodologies was used for the analysis, providing information on
(i) surface grain size and orientation, (ii) bed-elevation distributions, (iii) the spatial coherence of the elevations
at the grain-scale, (iv) surface slope and aspect, (v) grain imbrication and (vi) the spatial variability in DEM
properties. The bed-surface topography was found to be more responsive than bed-material size to changes in
flow strength. Our experimental results also provide convincing evidence that gravel-beds' response to
water-work during parallel degradation is unique (i.e., replicable) given the formative parameters. Based on
this finding, relationships between the armors' properties and formative parameters are proposed, and are
supported by adding extensive data from previous research.
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7000: Fluvial processes and landforms
1. Introduction

Stable fluvial armors commonly occur in poorly-sorted gravel-bed
rivers during partial sediment transport (i.e., when the imposed bed
shear stress is less than the critical shear stress required to initiate
motion of all particles on the bed surface), with little to no sediment
supply from upstream (Proffitt, 1980; Chin et al., 1994; Gomez, 1994;
Vericat et al., 2006). The inherent stability-seeking mechanism for
the formation of a stable armor is the preferential entrainment
(winnowing) of fine mobile particles, uncovering coarse immobile
particles forming a layer typically ~1–2 grain diameters thick, which
isolates the underlying bed material from the flow to prevent further bed
degradation (Parker and Klingeman, 1982; Gomez, 1983; Parker and
Sutherland, 1990; Richards and Clifford, 1991; Gomez, 1993; Pitlick et al.,
Environmental Engineering,
d Mail Centre, Auckland 1142,
2008). Stable armors hence form as a result of a progressive reduction in
sediment transport to practically zero (Gessler, 1967). Stable armors are
founddownstreamof dams and lakes. They also gradually develop in initial
reaches of a channel in response to flow and sediment supply, and propa-
gate downstream and activate the same transport reduction in the follow-
ing reaches (Willets et al., 1988; Paris, 1992).

In the literature, stable armors are also referred to as static armors or
pavement, in comparison to mobile or dynamic armors. For the latter,
sediment supply from upstream allows for the progressive equalization
between the bedload and the subarmor composition (Paris, 1992;
Marion et al., 2003; Mao et al., 2011). Mobile armors typically persist
over floods (Parker and Klingeman, 1982; Wilcock and DeTemple,
2005; Clayton and Pitlick, 2008), eroded grains being replaced by
similar-sized grains originating from upstream reaches. In contrast,
stable armors may only persist during floods of a lesser magnitude
than the formative flow, as they can “break up” with subsequent river-
bed incision during higher flows (Laronne and Carson, 1976; Proffitt,
1980; Gomez, 1983; Chin et al., 1994; Vericat et al., 2006). Armors are
also known to (re-)form on the falling limb of a hydrograph, together
with a reduction in sediment mobility (Hassan et al., 2006; Mao,
2012). When all particle sizes present on the bed are in motion, no
armor can form (e.g., Chin et al., 1994) and the bed's response involves
other mechanisms, such as a slope reduction.
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In nature, full mobilization of surface grains in gravel-bed rivers is
not a frequent event. For instance, field observations in Carnation
Creek in Canada (Haschenburger and Wilcock, 2003) and the lower
Ebro in Spain (Vericat et al., 2006) indicate full mobilization for floods
with a 7-yr return period or more. Thus, large portions of gravel beds
typically remain in the state of partial transport over long periods of
time, allowing stable armors to form. This aligns with the assumption
that a correct description of sediment transport in most gravel-bed riv-
ers is that of low rates of bed material influx over an already structured
bed (Church et al., 1998; Hassan and Church, 2000).

Besides a possible wide occurrence in nature, recreating stable
armoring in the laboratory allows the study of bed-flow interactions
and the evolution of a gravel streambed under simple experimental
conditions (i.e., partial transport and no sediment feed). A recent review
by Yager et al. (2015) shows how various feedbackmechanisms such as
flow turbulence, bed arrangement and sediment transport, are only
possible to be studied through laboratory investigations, which in turn
will help for our understanding of field processes. Through laboratory
studies measuring textural changes for different flow strengths, predic-
tive relationships have been developed and suggest a specific (hence
replicable) armor composition, dependent on the parent-bed material
and the formative discharge (e.g., Odgaard, 1984; Chin et al., 1994;
Garde et al., 2006). This is an important finding, providingmeans to pre-
dict gravel-bed texture given the formative parameters, with important
implications also for bed roughness parameterization based on sedi-
ment size and use in flow resistance and sediment transport equations.
However, surface coarsening and the accentuated hiding of fines by
bigger particles that protrude into the flow are primary manifestations
of streambed armoring early in the degradation process (Church et al.,
1998; Garde et al., 2006; Heays, 2012). To explain the progressive
decline in transport characteristic of stable armors, research is evolv-
ing to consider not only texture but the actual surface structure
(i.e., topography), since the latter offers new perspectives on bed stabil-
ity and roughness (Lane, 2005; Hodge et al., 2013). For instance, it was
hypothesized early that armor formation involves the slow and com-
plete rearrangement of the bed-surface material (Gomez, 1994). This
rearrangement can manifest itself through structural changes,
e.g., particle imbrication and interlocking (Laronne and Carson, 1976),
the formation of small bedforms such as clusters (Chin et al., 1994;
Heays et al., 2014) and reticulate stone cells (Church et al., 1998;
Hassan and Church, 2000), which increase bed stability.

Recently, the collection and processing of alluvial bed-elevation data
at high spatial and temporal resolutions have considerably grown the
options tomonitor riverbed structures and their adjustments to various
flows (Coleman et al., 2011). Analysis of gravel-bed armors using digital
elevationmodels (DEMs) can provide useful information on grain pack-
ing, orientation and imbrication, as well as on horizontal and vertical
measures of bed roughness at the scales considered (e.g., Nikora et al.,
1998; Aberle and Nikora, 2006; Millane et al., 2006; Cooper and Tait,
2009; Qin et al., 2012; Qin et al., 2013; Bertin and Friedrich, 2014).
This proved pivotal in understanding the changes in sediment mobility
and flow hydraulics due to the armor layer, when traditional surface
sampling methods failed (Marion et al., 2003; Cooper et al., 2008;
Hodge et al., 2009; Mao et al., 2011; Hodge et al., 2013). Likewise,
some workers found the standard deviation of bed elevations (σZ) to
be a robust measure of effective bed roughness in flow resistance
equations (e.g., Smart et al., 2002). Other flume studies showed that
gravel-bed topography is indicative of the flows that shaped the surface
(e.g., Aberle andNikora, 2006; Powell et al., 2016),with typicalmanifes-
tations such as increasing roughness, decreasing bed-surface complexi-
ty and flourishing bedforms with increasing flow discharge. Ockelford
and Haynes (2013) proved that sub-threshold flows also are able to
change bed structure, mainly by re-orientating unstable grains. It has
also become clear that fluvial surfaces are regulated by the parent-bed
material, sediment shape (Gomez, 1994), and by the amount of sand
in the mixture (Curran and Tan, 2014). Summarizing these findings,
comparisons between some armor structural properties and formative pa-
rameters have been presented (e.g., Mao et al., 2011; Powell et al., 2016).
However, whilst previous research recognized the strong correlation be-
tween armor structure (e.g., σZ) and bed composition (see Pearson et al.,
2017 for a summary of the different relationships), it did not make conclu-
sions on the replicability in surface structure. Particularly, Aberle andNikora
(2006) reported differences in armor properties after replicating one of
theirflume tests, thus castingdoubts on theuniquenessof thebed response
to a given parent bed material and formative discharge.

In this paper, we use a series of replicated flume experiments to
determine stable armor manifestations, extending the range of surface
metrics representing texture and structure compared to previous
work, and to assess their replicability. Previous studies investigated
armor properties for different flow and sediment conditions (Gomez,
1993; Chin et al., 1994; Gomez, 1994; Church et al., 1998; Aberle and
Nikora, 2006; Garde et al., 2006; Cooper and Tait, 2009; Mao et al.,
2011; Ockelford and Haynes, 2013). Other works studied the changes
during the armoring process itself (Hassan and Church, 2000; Marion
et al., 2003; Heays et al., 2014; Powell et al., 2016). Here we examine
the extent to which fluvial armors are replicable under identical flow
and parent sediment bed conditions, in other words, is there a specific
relationship between the armor properties and the flow and sediment
forming them? To answer this question, we present new insights
on the spatial variability within water-worked gravel beds. We also
examine the connections between armor properties and formative
parameters, and compare our results with extensive data from
previous research.

2. Experimental methodology

The armored beds examined in this studywere formed in a laborato-
ry flume using sediments mixed from natural river-worn sands
and gravels. Six replicated runs were performed, during which an
initially screeded flat and poorly-sorted gravel bed was water-worked
successively with two discharges until stable armors were formed, in
condition of parallel degradation (i.e., no sediment feed and selective
entrainment). Bedload reduction during armoring was thus a result of
textural and structural changes at the bed surface, rather than a shear
stress reduction due to decreasing bed slope. For each test, bedload
rate and composition were measured during the degradation process;
bed texture and structure were determined prior and after armor
formation. To assess the replicability of our experiments, each experi-
mental run was set up identically and flow conditions were kept as
constant as possible within and between runs. Water temperature,
discharge, shear velocity, and bed levels were monitored throughout
each run, with adjustments made when necessary. In particular, the
condition of a constant bed shear stress despite bed degradation was
justified by raising the sediment bed according to the depth of erosion,
tomaintain bed andwater surface slopes steady, a technique successfully
used previously (e.g., Chin et al., 1994; Heays et al., 2014).

2.1. Experimental environment

The experimentswere conducted in a non-recirculating tiltingflume
with glass side-walls, 19m long, 0.45mwide and 0.5 m deep, shown in
Fig. 1. A 0.95 m long, 0.45 m wide and 0.13 m deep sediment recess
(called the test section), with a vertically adjustable table that support-
ed themovable sediment bed,was installed 10.4 m from theflume inlet.
To facilitate the development of a fully turbulent boundary layer and
homogeneous hydraulic conditions, the approach bed was roughened
by an attached single-particle-thick layer of gravel, simulating the
roughness of an armored bed; the flume bed downstream of the test
section was coated with an exact replicate (plastic mold) of a stable
armor obtained at the Leichtweiss-Institute for Hydraulic Engineering
in Braunschweig, Germany (Spiller et al., 2012), with a texture and
structure resembling (parent bed D50 = 5 mm, D100 = 31.5 mm, and



Fig. 1. Experimental setup.
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σZ = 4.9 mm) the stable armors formed in our experiments. Outside
the plastic mold, a 0.2 m long full-width sediment trap with a 0.2 mm
meshwas added 0.5 m downstream of the test section and allowed col-
lection of all eroded sediment (see Supporting Information on bedload
trap). Otherwise, the setup is identical to the one used by Chin et al.
(1994) in their seminal work on streambed armoring.

During the runs, the flume was operated in an open-circuit manner
using the laboratory water supply, with the flow being delivered
through a 0.25mdiameter pipe from the constant head reservoir, giving
a maximum discharge of 100 L/s. Water entered the flume through a
flow straightener, and returned through floor channels and a calibrated
pit to a sump for reuse. The flow rate was measured using an orifice
plate and a differential manometer. The calibration of the orifice plate
was checked using the laboratory calibrated pit that enables flow
measurement to better than 1% accuracy (Heays et al., 2014).

2.2. Sediment

Two coarse and poorly-sorted sedimentmixtures, called sediment 1
and sediment 2, were prepared from two distinct, slightly bimodal,
alluvial sediments (15% sand and 85% gravel, and 9% sand and 91%
gravel, respectively), with sizes ranging from 0.7 to 35 mm, and used
as movable bed materials for the development of stable armors in the
sediment recess. The sediment grading curves shown in Fig. 2 were
Fig. 2. Grain-size distributions (GSDs) obtained after sieving and correcting for the square
hiding/exposure (see Supporting Information on flow competence analysis).
obtained by sieving large samples (21.5 kg and 17 kg for sediment
1 and 2, respectively), and a correction procedure (Church et al., 1987)
accounted for the used square-hole sieves. Median grain size, D50,
was 8.4 mm and 9.2 mm and the sediment geometric sorting, σg, was
3.0 and 2.6, for sediment 1 and sediment 2, respectively. Sediment
shape and specific gravity were also determined (cf. Table 1). Both
sediment mixtures were described as disc-shaped according to Zingg's
classification. However, sediment 1 was more compact and lighter,
which together with having smaller grains, was thus potentially easier
to entrain for a similar flow, than sediment 2 (Fig. 2B).
2.3. Experimental procedure

At the beginning of a run, thewell-mixed sedimentwasplaced in the
test section, screeded flat to a thickness of 0.13 m, parallel to the flume
bed, and leveled with the surrounding fixed beds. The flume slope was
held constant at 0.5%.

After a short period of lowflow, allowing the air trapped in the gravel to
escape, a constant flow discharge Q1=67 L/s (mean flow velocityU ¼ 0:7
5m=s, shear velocity u*=0.072m/s and water depth H=0.195m) was
applied over 100 h. The flume tail gate was set at the same height as the
sediment bed to allow the water depth to naturally adjust, while near uni-
formflowconditionswere attained (cf. Table 2). A constantflow rateQ2=
-hole sieves and size fraction mobility using the Shields curve modified for different



Table 1
Experimental sediment mixtures prepared from two distinct alluvial sediments.

Sediment 1 Sediment 2 - Tukituki River (NZ)

D16 (mm) 2.1 3.0
D50 (mm) 8.4 9.2
D84 (mm) 19.3 20.7

σ g ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D84=D16

p
3.0 2.6

σ1
I¼ φ84−φ16

4 þ φ95−φ5
6:6

1.5 1.2

SGII 2.45 ± 0.02 2.56 ± 0.02
b/a 0.73 ± 0.12 0.71 ± 0.13
c/b 0.64 ± 0.14 0.62 ± 0.14
D/b 0.83 ± 0.10 0.83 ± 0.10
Compactness = c/a 0.47 ± 0.11 0.44 ± 0.10
Sphericity = (bc/a2)1/3 0.69 ± 0.08 0.67 ± 0.08
Form factor = (a − b)/(a − c) 0.50 ± 0.21 0.49 ± 0.22

Corey shape factor ¼ c=
ffiffiffiffiffiffi
ab

p
0.55 ± 0.12 0.52 ± 0.11

RoundnessIII 0.8 0.6

a, b, c represent a sediment grain's long axis, intermediate axis and short axis, respectively.
D is the squared sieve opening throughwhich a grain passes.Measured D/b values comply
with previous research (e.g., Church et al., 1987).
When applicable, values are presented as the mean ± 1 standard deviation (n ≥ 100
grains).

I Sorting according to Folk andWard (1957) suggests both mixtures are poorly sorted.
II Specific Gravity (SG) was determined using five samples (dry sample weight= 4 kg).
III Particle roundness was estimated visually according to Krumbein (1941)'s classification.
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84 L/s (U ¼ 0:82m=s, u*=0.077m/s and H=0.225m) was then applied
during 300 h on the previously formed stable armor generated under dis-
chargeQ1. To justify the condition of a constant bed shear stress during par-
allel degradation, the sediment-recess table was manually adjusted
upwardswith screw jacks according to the rate of erosion in the test section
(cf. Chin et al., 1994). This way, the overall bed and water surface slopes
remained constant and parallel throughout the degradation process. In
practice, the test section was adjusted minimally but constantly at the be-
ginning of each armoring phase (especially with Q1), during the first 5 to
10 h, until the depth of erosion plateaued. Confirmed by our measure-
ments, no effect on transport rate due to adjusting the test sectionwas ob-
served. The flowwas stoppedwhen sediment transport dropped to b1% of
the initial rate (here the transport rate after two hours at a constant
discharge). The same criterion for defining a stable armor was used previ-
ously by others (e.g., Proffitt, 1980; Gomez, 1993; Hassan and Church,
2000; Mao et al., 2011; Curran and Waters, 2014). Likewise, a pilot test
was used to determine the stopping times for Q1 and Q2, assuming this
wouldhold for replicated tests (e.g., Church et al., 1998; Powell et al., 2016).
2.4. Bedload rate and composition

Thematerial collected in the sediment trapwas sampled throughout
the runs to monitor the changes in bedload with armoring time, and to
assess the process replicability. Keeping the sampling interval constant
was often not feasible due to time andpersonnel availability constraints.
Table 2
Flow conditions for the formation of the two successive stable armors.

H (m) U ðm=sÞ Re

Q1 = 67 L/s 0.195 0.75 79,300

Q2 = 84 L/s 0.225 0.82 92,800

H isflowdepth;Uisflowdepth-averaged velocity; Re ¼ URh=ν, where Rh is thehydraulic radius
the parent bed D50, calculated as u*2/(SG-1)gD50; and Re*= u*ks/ν is the grain Reynolds num
1,2 is for the two different sediment mixtures (Table 1). Low transport rates characterized the

I The shear velocity u* and the equivalent roughness height ks were estimated from the law
roughness bed upstreamof the test section, using a Vectrino+ acoustic velocimeter (Nortek®),
lower 75% of thewater columnwere recorded (with five points along the lowest 10mm).WinA
data with low correlation (minimumCOR N 70) and/or low signal-to-noise ratio (minimumSNR
the bed (lowest 10mm), exhibited a semi-logarithmic velocity distribution. Measured u* value
II Values of Re* indicate fully-rough turbulent flows.
When possible, it was preferred to wait until a “significant” quantity
(aim was bedload material ≥0.5 kg) was trapped, enabling more robust
calculation of the bedload composition. The same sampling and analysis
procedure as the initial sediment mixtures was followed, enabling
comparison of bedload and parent bed (i.e., bulk mixture) compositions.

2.5. Bed surface measurement

A pair of Nikon D5100 cameras (16.4 Mpixel, 23.6 × 15.6 mm2

sensor size) with Nikkor 20 mm lenses, placed 0.3 m apart using a
mounting bar, was installed 0.65 m vertically above the test section
(Fig. 1) to allow the accuratemeasurement of bed texture and structure
with digital photogrammetry.

Using a single photograph (area: 0.65 × 0.35m2, pixel size: 0.15mm,
number of detected sediment grains ~1000), armor composition and
gravel orientation were determined with the image-analysis tool
Basegrain®, which allows for automatic grain separation in digital im-
ages of gravel beds and applies the Fehr's (1987) line-sampling method
for the results' analysis (Detert andWeitbrecht, 2012). To easily distin-
guish grain-size properties of the armors from those of the bulk
mixtures, the former were indexed with “A”. As is common practice
(e.g., Aberle and Nikora, 2006; Mao et al., 2011), the composition of the
screeded beds was assumed equal to the bulk mixtures' composition
(Fig. 2). Photographs of the armors after water-working with Q1 were
obtained through water (H= 0.13 m), to avoid draining and re-filling
the flume (see Supporting Information on grain-size distribution
characterization and validation). In addition to the armor composition,
Basegrain® reported the detected grains' a-axis orientation, which was
determined by fitting an ellipse whose areal normalized second-central
moment equals that of the grain and computing the angle formed
between the ellipse long axis and the flow-orientated image long axis.

At all stages in the experiment (i.e., at the screeded stage and
after armoring), high-resolution DEMs of the gravel-bed surface
(area: 0.95 × 0.45m2, grid spacing: 1 mm, theoretical depth resolution:
0.35 mm) were reconstructed from three overlapping stereo photo-
graphs (i.e., six images) using the technique presented in Bertin et al.
(2015). A brief description is given hereafter. Necessary camera calibra-
tion was performed in-situ at the beginning of a test using a flat
chequerboard, before the recess was loaded with sediment, to allow
subsequent measurements of gravel-bed topography both in air and
through water (see Supporting Information on camera calibration).
Using the calibration data, gravel-bed stereo images were rectified
to epipolar geometry, corresponding pixels being ideally on a same
scanline, before scanline-based pixel-to-pixel stereo-matching using the
symmetric dynamic programming stereo (SDPS) algorithm (Gimel'farb,
2002). During stereo-matching, depth is triangulated at each pixel
location (pixel size ~0.15mm), and occluded (i.e., shadowed) points are
interpolated based on the assumption of a continuous surface, leaving
no voids in the point clouds. Point cloudswerefiltered to removepossible
u* (m/s) τ⁎ Re* Duration (h)

0.0722I 0.0441

0.0402
513II 100

0.0774I 0.0501

0.0462
526II 300

and ν is the kinematic viscosity ofwater (taken as 10−6 m2/s); τ⁎ is Shields stress based on
ber.
study.
-of-the-wall and a velocity profile measured in the centerline of the flume over the fixed
with 200 Hz sampling rate and 120 s sampling time. Fifteenmeasurement points along the
DV®was used to remove spikes (using the phase-space threshold despikingmethod) and
N 15). Typically, most of the velocity profile, with the exception of the region very close to
s comply with calculations assuming uniform flow (i.e., depth-slope product).
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outliers (filtered points represented strictly b1% of the initial data, and
were replaced using interpolation) before resampling on a 1 mm grid
(see Supporting Information on DEM validation). Before analysis, the
DEMs were resized to 0.8 × 0.3 m2 to minimize flume wall influence.
Similar to previous research, DEMs were detrended to remove any sur-
face trend that could bias the grain-roughness properties of interest
(e.g., Aberle and Nikora, 2006; Hodge et al., 2009). First, linear trend
surfaces representing the combined effect of flume-bed slope and setup
misalignment (when the cameras are not perfectly set parallel to the
flume bed, causing a tilt in the DEM) were removed from the data
using a least-squares fit procedure. Second, any low-amplitude bedform
on the gravel-bed surface, larger than particle clusters, was also removed,
through the application of amoving filter of radius 1.25D90A (Smart et al.,
2002). DEMs were finally normalized and rotated to have a zero-mean
bed elevation and increasing x-values with the flow direction.

2.6. Analytical methods

Bed structure was defined using a large range of parameters, all of
which were previously invented but rarely used in unison. Parameter
comparisons between armors formed at different discharges and/or
with different sediments, allowing general armoring manifestations
as well as differences between armors due to varying the formative
parameters to be identified, were consistently performed using the
Student's t-test.

For all experimental runs, detrended DEMs were first analyzed in
terms of standard deviation (σZ), range (ΔZ) and skewness (SK). The lat-
ter are bed-elevation moments contained in probability distribution
functions (PDFs) and classical descriptors of bed roughness.

Generalized second-order structure functions of detrended bed
elevations were also obtained to study correlations in bed elevations
at the grain scale (hence representing characteristics of grain size,
shape and 2D arrangement on the bed surface). This analysis method,
which is often used for gravel-bed river research, is of the same family
as semivariograms or autocorrelation functions (Robert and Richards,
1988; Bergeron, 1996; Butler et al., 2001; Marion et al., 2003), and is
defined by Nikora et al. (1998) in discrete form as:

DG2 Δx;Δyð Þ ¼ 1
N−nð Þ M−mð Þ

XN−n

i¼0

XM−m

j¼0

z xi þ nδx; yj þmδy
� �

−zðxi; yjÞ
��� ���n o2

ð1Þ

where,Δx= nδx andΔy=mδy are the spatial lags (maximum set at±
100 mm); δx and δy are the sampling intervals (both 1 mm) in the
longitudinal and transverse directions respectively; n=1,2,3, …N and
m = 1,2,3, …M. N and M are the number of samples (801 and 301,
respectively) in the same two directions. Following Nikora et al.
(1998), we determined the directional Hurst exponents HX and HY,
representing a basic method to examine the degree of bed complexi-
ty/irregularity along the downstream and transverse directions, respec-
tively, as well as the horizontal (grain-) roughness indicesΔX0 and ΔY0,
representing the correlation lengths of the detrended bed elevations.

Slope and aspect angles of each of the 1 mm2 detrended DEM grid
cells, measuring 3D grain arrangement, were determined following
the method presented in Hodge et al. (2009). Cell slope and aspect are
calculated using a 3-by-3 moving window, in which the gradients of
the center cell (with elevation Zxy) in the x-direction and y-direction
are calculated as:

dz
dx

¼ Zx−1yþ1 þ 2Zx−1y þ Zx−1y−1
� �

− Zxþ1yþ1 þ 2Zxþ1y þ Zxþ1y−1
� �� 	

=8c;

ð2Þ

dz
dy

¼ Zx−1yþ1 þ 2Zxyþ1 þ Zxþ1yþ1
� �

− Zx−1y−1 þ 2Zxy−1 þ Zxþ1y−1
� �� 	

=8c

ð3Þ
where Zx−1y−1 through to Zx+1y+1 are the elevations of the eight
perimeter cells and c is the cell width (i.e., 1 mm). The cell slope (S) is
calculated from:

S ¼ arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dz
dx


 �2

þ dz
dy


 �2
s

ð4Þ

and the cell aspect (A) from:

A ¼ arctan
dz
dx

�
dz
dy


 �
ð5Þ

with A=A+ 180° in the case that dz./dx b 0. Awas further re-arranged
to have cells with a zero aspect angle facing upstream.

Furthermore, the inclination index (I)was evaluated. The inclination
index measures grain imbrication, by analyzing the signs of elevation
changes between successive pairs of detrended DEM points at different
lags, in different directions (Millane et al., 2006):

I d; θð Þ ¼ nþ d; θð Þ−n− d; θð Þ
N d; θð Þ ð6Þ

where n+ and n− are the number of positive (here defined as increasing
elevations along the flow direction) and negative slopes, respectively,
and N is the total number of slopes, all functions of the separation or
lag d between pairs of DEM points and the angle θ formed with the
flow direction. Inclination indices were computed using d = 1 mm,
which is the DEM grid spacing, the lag for which imbrication was the
most perceptible. Slopes, whose absolute value was below 0.01, were
deemed not reliable, and were not counted in the numerator of
Eq. (6) (Millane et al., 2006). A positive inclination index reflects the
dominance of positive slopes and thus particle imbrication, which
should be maximum in the flow direction, minimum in the direction
opposite to the flow, and approximately zero in a direction transverse
to the flow (Millane et al., 2006). We thus focused the analysis
on I(0°), the inclination index measuring grain imbrication in the
flow direction.

To test the hypothesis that stable armors are replicable under
identical flow and sediment conditions, we compared the variability
between repeat runs with the spatial variability naturally present with-
in gravel beds, in terms of the different DEM properties measured
((i) SK, (ii) σZ, (iii) HX and HY, (iv) ΔX0 and ΔY0 and (v) I(0°)). This
analysis was made possible by the large DEM size (800 × 300 mm2).
Previous studies generally restrained DEM analysis to smaller surfaces,
for example ranging from 117 × 100 mm2 to 300 × 250 mm2 due to
measurement limitations when elevation is measured point-by-point
or per transects, such as when using a laser displacement meter
(e.g., Marion et al., 2003; Cooper and Tait, 2009; Mao et al., 2011;
Ockelford and Haynes, 2013). To accurately capture the bed structure
at the grain scale, Ockelford and Haynes (2013) used a square DEM
size of 21 times the size of the mixture D50 in both directions. With a
maximum D50 of 9.2 mm in our tests, this required DEMs of size at
least 200 × 200 mm2. Hence, formeasuring the spatial variabilitywithin
a gravel bed, each detrended DEMwas divided in three sections of size
266 × 300 mm2 and the coefficient of variation (CV) was calculated as
the standard deviation of the DEM property divided by the mean, and
reported as a percentage, using the three DEM subsets. As replicated
surfaces would imply, we found that DEMs of the same sediment and
surface type (e.g., all three armors formed with sediment 1 at the dis-
charge Q1) were characterized by the same spatial variability. Hence,
the CV was averaged using the three repeat runs, providing the average
spatial variability within gravel beds of the same sediment and surface
type, for the different DEM properties. For both sediment mixtures,
the variability between the three repeat runs was also measured using
the CV, at the screeded stage, after Q1 and after Q2. For all DEM proper-
ties,we thus (1) compared the variability between repeat runs using the
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same sediment mixture and the average spatial variability within these
same DEMs; (2) concurrently, a MATLAB® routine was used to ensure
no significant difference on the mean (i.e., average) values determined
using the three subsets of any replicated surface, using paired t-tests
at a confidence level α= 0.01. The observation of a similar variability
(1) together with no significant difference on the mean (2) would
lead to the conclusion that experimentally replicated surfaces cannot
be distinguished.

3. Experimental results

In this section, we first examine the ensemble of armor manifesta-
tions observed using our dataset and methods, before testing our
hypothesis of armor replicability. Interpretation of the findings and
comparisonwith other research are presented in the discussion section.

3.1. Bedload rate and composition

For all experimental runs, the transport reduction with armoring
time (Fig. 3) was well described by a relationship of the form qs = c.
tn (with c and n constants), which is characteristic of static armoring
(Proffitt, 1980; Marion et al., 2003). The constants were the same
regardless of the sediment mixture, however, different values were
observed for Q1 and Q2, showing distinct trends in transport reduction.
For an initially screeded flat (unworked) gravel bed, exposed to a flow
rate of Q1 = 67 L/s, the transport rate rapidly dropped exponentially
(Fig. 3a). Typically, about 60% of the sediment transported during
Q1 was removed from the bed in the first hour. At the flow rate of
Q2 = 84 L/s on a bed previously armored with Q1 (Fig. 3b), the initial
transport rate (~0.1 kg/h) was much smaller than the value observed
during Q1 at the same epoch (~1.4 kg/h). During Q2, coarse particles
composing the surface were entrained erratically (possibly due to
turbulence bursts at the bed), leaving fines exposed to the flow,
which were in turn transported. Hence, the reduction in transport
was slow during Q2, only 30% of the total bedload charge was
removed during the first 20 h, with erratic transport up to 100 h of
armoring time.

At the beginning of a run with sediment 1, the bedload composi-
tion (Fig. 4A) was much finer than the bulk mixture composition
(e.g., bedload D50 less than half the mixture D50). As the surface coars-
ened, bedload size slowly increased and sometimes equaled the bulk
mixture characteristics. This observation resembles the equalizing
mechanism whereby stable armors act to nearly equalize sediment
mobility (Parker and Klingeman, 1982; Parker and Sutherland, 1990),
by exposing proportionally more coarse grains to the flow. Amaximum
bedload size was reached, generally corresponding to the time of armor
completion with Q1 or soon after the flow rate was changed to Q2.
Bedload composition remained constant during armoring with Q2. For
Fig. 3. Sediment transport at the sediment trap for all replicated runs during (A) armoring wit
the beds previously armored with Q1. Stable armors (i.e., final transport rate b1% of the i
for Q1 and Q2 respectively.
sediment 2 (Fig. 4B), a steady bedload composition was observed
throughout the formation of the two stable armors; the only notable
exception being an increase in the bedload D84 during Q2, indicating
coarser grains were transported compared to Q1, due to the increased
discharge. Compared with sediment 1, the bedload composition for
sediment 2 matched more closely the bulk mixture composition, espe-
cially in terms of D50. Furthermore, the bedload D16 was constantly
coarser than the bulk mixture D16. We think this is explained by the
smaller amount of sand and granules in sediment 2 (Fig. 2), which
mostly settled into the bed (a mechanism known as kinetic sieving,
Parker and Klingeman, 1982), leaving a small amount of fines reaching
the sediment trap.

3.2. Armor composition and grain orientation

Changes in surface texture are presented in Fig. 5. A marked change
after Q1, with an increase for all percentiles (i.e., D16, D50 and D84),
indicates surface coarsening. Application of Q2 only impacted the coarse
end of the GSD. The greater variability in the armor D84 (i.e., D84A),
compared to D16A andD50A, likely relates to the preparation of the initial
screeded beds and to the availability of coarse particles being uncovered
by the flow. As identified by the armor ratio (defined as D50A/D50),
sediment 1 allowed the surface to armor more than the better-sorted
sediment 2 (mean armor ratio of 2.2 and 1.8 for sediment 1 and sedi-
ment 2, Fig. 5B). Analysis of armor ratios for both sediment mixtures
showed no significant differences between flow discharges, suggesting
that the armors formed with Q1 persisted during Q2.

Fig. 6 presents the preferential grain orientation on the armors
determined using automated image analysis. Because small grains in a
mixture are generally more spherical than large grains and lack direc-
tional preference (Rust, 1972; Richards and Clifford, 1991), the trends
presented essentially represent (but are not limited to) the coarse sed-
iment fraction (i.e., Di ≥ D50). During Q1, the bed material preferentially
aligned its long axis (i.e., a-axis) with the flow direction, regardless
of the sediment mixture (Fig. 6A and B). After Q2, the proportion of
armor grains perpendicular to the flow increased concurrently fewer
grains aligned parallel to the flow (Fig. 6D and E). A trend is observed
between the bed-material size and the a-axis orientation (Fig. 6F).
Particularly for sediment 1, surface grains perpendicular to the flow
after Q2 were (on average) coarser than the grains at rest parallel
to the flow.

3.3. Bed-surface topography and structure

Examples of the recorded bed topographies (i.e., DEMs) obtained
during this study with digital photogrammetry are presented in Fig. 7.
As inferred from the screeded beds' DEMs (Fig. 7A and B), uniform
surfaces were easier to replicate with sediment 1, due to the larger
h Q1 on the initially screeded flat (unworked) gravel-beds; and (B) armoring with Q2 on
nitial rate) were completed in 100 h (approx. 4 days) and 300 h (approx. 12.5 days),



Fig. 4. Bedload composition throughout the development of the two successive armors for all replicated runs using (A) sediment 1; and (B) sediment 2. The elapsed run time was
normalized by the time required for stable armor completion, with both Q1 and Q2 (100 h and 300 h, respectively). Vertical lines separate armoring with Q1 and Q2. Continuous lines
are for the bedload material D84, lines with large dash for D50, and lines with small dash for D16. Horizontal lines show the D16, D50 and D84 for the bulk mixtures (cf. Table 1).

70 S. Bertin, H. Friedrich / Geomorphology 306 (2018) 64–79
amount of fines in the mixture and the accentuated compactness
and sphericity of the grains (cf. Table 1). Likewise visually, the
two sediment mixtures responded differently to the imposed flows.
Sediment 1 arranged itself in more identifiable structures, such as retic-
ulate stone cells (Church et al., 1998; Hassan and Church, 2000), particle
clusters (Heays et al., 2014) and small transverse ribs. These structures
formed essentially during armoring with Q2, when Q1 produced more
homogenous surfaces, with lesser particle grouping. Visible in Fig. 7C,
D, G, H, K and L, low-amplitude bedforms formed with water-work
and increased in magnitude with flow strength. These observations
are repeated in Section 4.1, where they are discussed in the light of
other research.
3.4. Bed-elevation distributions

The analysis of bed-elevation moments (Fig. 8) reveals no differ-
ences between sediment mixtures in terms of distribution skewness,
but evidences significant differences for the range and standard devia-
tion. First, both sediment 1 and sediment 2, when screeded flat, were
characterized by a negative skewness. After armoring, the skewness
became positive, which agrees with previous findings that screeded
beds are negatively skewed, in contrast to positively-skewed water-
worked beds (e.g., Nikora et al., 1998; Aberle and Nikora, 2006;
Cooper and Tait, 2009). Second, sediment 2 formed rougher surfaces
for the two discharges, indicated by a larger ΔZ and σZ compared
with sediment 1. Changing the flow discharge from Q1 to Q2 did not
significantly impact SK and ΔZ values. Only σZ changed significantly
between Q1 and Q2 water-working, for both sediment mixtures,
indicating surface roughening with discharge increases (e.g., Aberle
and Nikora, 2006).
Fig. 5. Sediment bed-surface composition, in terms of (A) D16, (B) D50 and (C) D84, for the differ
obtained with Basegrain® (associated with the subscript ‘A’) were normalized by the bulk mix
mixture (continuous black lines for sediment 1; dashed grey lines for sediment 2).
3.5. Bed-elevation structure functions

The analysis of second-order structure functions of bed elevations
(Fig. 9) shows that despite difficulties preparing the screeded
beds identically at the beginning of each experimental run (large
fluctuations were explained by the random distribution of coarse
particles at the surface after manual preparation of the beds,
Fig. 5C), the armors formed with Q1 and Q2 replicated well in terms
of surface structure, in that the fluctuations between repeat runs
were generally less after armoring. Sediment 1 and sediment 2
formed armors with identical complexities along the downstream
direction (i.e., no significant differences in HX values). Likewise,
scaling was isotropic for sediment 1 with HX = HY. For sediment 2,
armors were more complex/irregular along the transverse direction,
indicated by smaller HY compared to HX. Linked to this is the obser-
vation that sediment 1 formed transverse structures (Fig. 7E and I),
which increased the spatial coherence (and therefore the regularity)
between points along a same transect.

Also observed in Fig. 9, horizontal grain-roughness indices (ΔX0,
ΔY0), taken separately, are identical between sediment 1 and sediment
2. Likewise, significance testing for both mixtures shows that ΔX0 was
on average longer than ΔY0, and both indices increased with discharge
(e.g., Nikora et al., 1998; Ockelford and Haynes, 2013).
3.6. Surface slope and aspect

The distributions of DEM cell slopes reinforce that the screeded beds
made of sediment 1 and sediment 2 differed substantially (Figs. 10A,
11A and B). For sediment 2, grains were often not embedded in
sand and small pebbles and were thus visible on the screeded surfaces
ent bed states (i.e., screeded, armored with Q1 and armoredwith Q2). Armor compositions
ture characteristics (cf. Table 1). The lines represent the average trends for each sediment



Fig. 6. Frequency distribution of bed-surface material (A, B, D, E) and normalizedmedian sediment size (C, F) for different a-axis (i.e., long axis) orientations, after armoring with Q1 (A, B,
C) and Q2 (D, E, F). The general tendency for each frequency distribution is presented as a thick continuous line, whichwas obtained by averaging the results over the three replicated runs
(dashed lines). The error bars on the right have a length equal to two times the standard deviations, centered on the mean value.
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(Fig. 7B), resulting in a larger range and more distributed cell slopes
(Fig. 10A, Fig. 11B) compared with sediment 1.

Despite differences at the screeded stage, water-working
re-arranged sediment grains in a consistent manner regardless of the
sediment mixture (Fig. 10B and C). Armored surfaces were character-
ized by a larger range of slopes than the screeded surfaces, and increas-
ing the flow discharge resulted in a distribution of slopes skewed
further to the right.

Fig. 11 presents the combined distribution of DEM cell slope and
aspect angles for the surfaces presented in Fig. 7. A general tendency
is observed, whereby the proportion of DEM cells with upstream
aspects (i.e., aspect angles around 0°) increases after armoring.
Nevertheless, sediment 1 formed armors with a greater number of
grains sloping upstream compared to sediment 2, further accentuated
after Q2 (Fig. 11E and F). This suggests that armors formed with sedi-
ment 1 presented accentuated grain imbrication compared to armors
formed with sediment 2, and grain imbrication became more promi-
nent after Q2 (Hodge et al., 2009). From the dominant slope angles,
the angle of imbrication is estimated at between25° and 50°, which cor-
responds to imbrication angles also reported in Hodge et al. (2009).
After Q1, sediment 2 formed surfaces with grains dipping mainly in a
direction transverse to the flow (Fig. 11D). Sediment 2 started to
imbricate in a direction parallel to the flow with Q2, indicated by the
increasing proportion of cells with upstream aspects (Fig. 11F).

3.7. Inclination index

Directional inclination indices collected for the run SED1_T1 (DEMs
are presented in Fig. 7) are presented in Fig. 12A. It shows that at the
condition surface grains are imbricated (e.g., the armor formed with
Q2) plotting the directional inclination index is effective to determine
the surface-forming flow direction (Millane et al., 2006).

All screeded beds measured in this study were characterized by a
negative or near zero I(0°) (Fig. 12B), which means that the sediment
was not imbricated in a direction parallel to the flow. After Q1,
only the beds made of sediment 1 started to imbricate, a conclusion al-
ready supported by the analysis of DEM cell slope and aspect angles
(Fig. 11C). However, the small inclination index values (≃0.0175) sug-
gest that imbrication was weak and limited to small portions of the
bed. Q2 was competent enough to imbricate particles for both sediment
mixtures. Imbrication was a priori more pronounced for sediment 1,
with I(0°) equal to 0.06 and 0.05 on average for sediments 1 and 2,
respectively, again echoing observations made on Fig. 11, although
statistically the difference between mixtures is not significant.

3.8. Coefficient of variation

This section examines if armors replicated experimentally under
identical formative (i.e., flow and sediment) conditions can be
distinguished from each other, in order to test the replicability of
armor manifestations quantified using our dataset and methods.
Table 3 compares the variability between replicated surfaces with the
average spatial variability within these same surfaces, using the percent
coefficient of variation (CV). It shows that some DEM properties, with
large CV values, vary more than others. Particularly, bed-elevation
skewness and the inclination index are the parameters varying the
most, both within and between surfaces, which may partly indicate a
larger sensitivity to measurements. Table 3 confirms our previous ob-
servations that water-work forms (armored) surfaces more consistent,
both spatially and between repeat runs,with generally smaller CVs than
screeded surfaces prepared manually. Besides, we observe that the
variability between replicated armors is comparable, if not lower than
the spatial variability within gravel beds, with 16 comparisons out of
27 possible showing lower CVs between repeat runs compared to
within DEMs. Thus, the variability between replicated runs is in no
way different from the variability naturally present within gravel-bed
surfaces, which is the expression of the stochastic processes at play
(Piedra et al., 2012; Bertin et al., 2017). Using the generic methods



Fig. 7. DEMs of the sediment bed surface (0.8 × 0.3 m2 with 1 mm sampling distance, linearly detrended (A, B, E, F, I, J)) and associated trend surfaces representing the bed undulations
determined through the application of amovingfilter of radius1.25D90A (C, D,G,H, K, L), at the screeded stage (A, B, C, D), after armoringwithQ1 (E, F, G, H), and after armoringwithQ2 (I, J,
K, L). Only a single run for each sedimentmixture is presented, (A, C, E, G, I, K) SED1_T1; (B, D, F, H, J, L) SED2_T1. The vertical scale is inmillimeter, and is common for all DEMsmade of the
same sediment mixture. Flow direction is from right to left. Grain structures described in Section 3.3 are tentatively highlighted.

Fig. 8. First moments of detrended bed elevations for all replicated runs, represented by the distribution (A) skewness (SK), (B) range (ΔZ) and (C) standard deviation (σZ). The trend for
each sediment mixture is presented, which was obtained by averaging the results over the three replicated runs. The error bars have a length equal to two times the standard deviations,
centered on the mean value.
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Fig. 9. Moments of detrended bed elevations determined from 2nd-order structure functions for all replicated runs, represented by (A, B) the Hurst exponents (HX, HY) and
(C, D) horizontal grain-roughness indices (ΔX0, ΔY0) along (A, C) the downstream (x) and (B, D) the transverse (y) directions. The trend for each sediment mixture is presented,
which was obtained by averaging the results over the three replicated runs. The error bars have a length equal to two times the standard deviations, centered on the mean value.
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currently at hand therefore suggests that stable armors replicated
experimentally under identical flow and sediment conditions in this
study cannot be distinguished from each other.

4. Discussion

4.1. Stable armoring manifestations

Stable fluvial armors formed in a laboratory flume have been ana-
lyzed using a range of accepted statistical methods in order to identify
the effects of surface texture and structure during armoring and to
test their replicability under identical flow and sediment conditions.
The incorporation of multiple roughness parameters extended on
previous studies, and enabled a more holistic definition of armoring
manifestations.

Our experimental setup offered important advantages over a con-
ventional setup. A vertically adjustable test section (cf. Fig. 1) allowed
armor formation under consistent bed shear stress, which was critical
for studying replicability. This required that the sediment bed be raised
accordingly to the depth of erosion (cf. Chin et al., 1994). Measured
bedload rates (Fig. 3) show the progressive transport reduction
Fig. 10. Distribution of detrended DEM cell slope angles for (A) the screeded
characteristic of stable armors (Proffitt, 1980; Marion et al., 2003), and
indicate consistency between the six runs (R2 = 0.92 and 0.83 for Q1

and Q2, respectively). This both justifies the used stopping criterion
based on a pilot test and verifies that the sediment recess was correctly
adjusted, as otherwise major deviations would be observed. We note
that two phases in bedload temporal variation were identified in some
studies (e.g., Paris, 1992): a first phase generally short (~102 min)
with constant transport, and a second phase showing the progressive
bedload reduction. The bedload sampling frequency in our experiment
was not sufficient to identify the first phase.

In addition to bedload rate, the evolution of the bedload composition
(Fig. 4) also was consistent between replicated runs, showing partial
transport necessary for stable armor formation, and a predominantly
finer and better-sorted bedload compared to the bulk mixture,
observations which are consistent with Proffitt's (1980) experiments.
Conforming to flow competence calculations using the Shields curve
(Fig. 2B), we observed an increase in bedload size during Q2, indicating
coarser grains were transported compared to Q1, due to the increased
discharge.

Surface coarsening and the hiding of fines by bigger particles pro-
truding into the flow are other armoring manifestations we observed.
beds; (B) the beds armored with Q1; and (C) the beds armored with Q2.



Fig. 11. Polar plots of all 1 mm2 detrended DEM grid cells aspect and slope angles, for the different bed states: (A, B) screeded beds; (C, D) beds armored with Q1; and (E, F) beds armored
with Q2. Only a single run for each sediment mixture is presented, (A, C, E) SED1_T1; (B, D, F) SED2_T1. Aspect angle is from 0 to 360° and slope angle is from 0 to 90°; plots are shaded by
point density (high density in black, zero density in white). Flow direction is from 0° to 180°.
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Previous research suggests a specific armor composition, dependent on
the parent bed material and the formative discharge (e.g., Garde et al.,
2006). Accordingly, bed texture replicated well between repeat runs
using the same sediment (with the CV for D16A, D50A and D84A consis-
tently below 5%) but varied remarkably between the two mixtures
(Fig. 5), with sediment 1 showing accentuated coarsening compared
to sediment 2. The latter can be explained by a greater entrainment
propensity for sediment 1 (Fig. 2B), hence textural changes were accen-
tuated and contrasted with sediment 2. Differences in sediment sorting
between mixtures (cf. Table 1) may also be a reason, as well-sorted
sediments were previously found to have smaller armor ratios than
poorly-sorted sediments for a given bed shear stress (e.g., Proffitt,
1980; Gomez, 1994). Our experimental armor ratios (2.2 and 1.8 for
sediment 1 and sediment 2, respectively) are in the range of values



Fig. 12. (A) Directional inclination indices for the run SED1_T1 (DEMs are presented in Fig. 7). Inclination was calculated for all angles between−180° and 180° at a five-degree interval.
(B) Inclination index representing particle imbrication in a direction parallel to the flow (θ=0°), for all detrended DEMs. The trend for each sediment mixture is presented, which was
obtained by averaging the results over the three replicated runs. The error bars have a length equal to two times the standard deviations, centered on the mean value.
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measured on stable armors in both the field (e.g., Hassan et al., 2006;
Vericat et al., 2006) and the laboratory (e.g., Gomez, 1994; Curran and
Waters, 2014). As an indication, an armor ratio of 2.0 has been cited as
separating strong armoring from weak armoring (Hassan et al., 2006;
Oldmeadow and Church, 2006). The observation that the armor ratio
was virtually unchanged after Q2 (Fig. 5B) suggests that armors formed
with Q1 did not break up in response to flow discharge increase, with
the possible inference of constant roughness effects (e.g., Clifford et al.,
1992; Wilcock and DeTemple, 2005).

Contrasting this observation, we observed that grains re-orientated
during Q2, with increasing coarse grains aligned perpendicular to the
flow (Fig. 6). This observation finds support in previous studies and is
explained by the transport of coarse particles at lowflowspredominant-
ly by rolling and sliding along the a-axis, perpendicular to the flow
(e.g., Rust, 1972; Robert, 1991; Millane et al., 2006; Hodge et al.,
2009). Q2 was more capable of moving the coarse sediment fraction in
our experiments (Figs. 2B and 4), hence justifying the increased propor-
tion of grains perpendicular to the flow after Q2. In comparison, Q1 was
essentially capable of rotating large grains into more stable positions,
which minimize drag (i.e., a-axis parallel to the flow), in conditions
Table 3
Variability (using the percent coefficient of variation, CV) between and within replicated
surfaces. The variability within DEMs was measured using three DEM subsets of size
266 × 300 mm2 and was averaged over the three replicated runs to provide the average
spatial variability within gravel beds of the same sediment and surface type.

SK σZ HX HY ΔX0 ΔY0 I(0°)

S
E
D
I
M
E
N
T

1

Averaged CV
within DEMs

Screeded N.A 12.7 2.0 1.5 3.5 2.5 N.A
After Q1 47.1 6.1 0.3 0.6 4.0 3.1 70.6
After Q2 32.8 5.1 0.8 0.7 1.4 1.9 31.5

CV between
repeat runs

Screeded N.A 16.1 2.9 0.6 12.1 8.8 N.A
After Q1 15.5 2.6 1.0 1.4 4.0 2.9 19.7
After Q2 38.8 4.0 0.6 0.4 1.3 4.1 19.8

S
E
D
I
M
E
N
T

2

Averaged CV
within DEMs

Screeded N.A 16.1 1.9 2.1 6.0 5.0 N.A
After Q1 87.6 5.2 0.4 0.6 2.6 4.1 N.A
After Q2 16.6 6.7 0.5 0.6 2.5 4.1 71.3

CV between
repeat runs

Screeded N.A 13.1 1.6 1.6 4.3 4.3 N.A
After Q1 38.8 12.3 0.9 0.7 4.2 1.1 N.A
After Q2 13.6 1.2 0.4 0.9 2.9 4.8 15.0

N.A stands for non-applicable, because of the existence of negative values, preventing the
use of the coefficient of variation.
below the threshold for entrainment, as reported by others before
(e.g., Butler et al., 2001; Aberle andNikora, 2006). Likewise, previous re-
search suggests that a grain orientation transverse to the flow provides
the suitable framework for particle imbrication, since rolling and sliding
gravels generally come to rest after contact with other particles with a
dipping angle sloping upstream (e.g., Laronne and Carson, 1976;
Hodge et al., 2009). More generally, our results emphasize that
grain orientation cannot be used as an unambiguous indicator of flow
direction (Rust, 1972; Hodge et al., 2009).

Also contrasting the observation that bed texture was virtually
unchanged between Q1 and Q2 (Fig. 5B), Fig. 8C shows that σZ

(i.e., surface roughness) increased with armoring. Together with the
observation of grain re-orientation (Fig. 6), this strengthens the
argument that fluvial surfaces react to moderate changes in flow
strength (b10% variation in U and u* between Q1 and Q2) through a
variety of processes. This has implications for the examination of
armor break-up during high flows, which is generally indicated by
changing surface composition (Wilcock and DeTemple, 2005). Yager
et al. (2015) recently asserted that comparing pre- and post-event
data such as GSDs and armor ratios cannot determine if the original
armor persisted intact. Our study now demonstrates the benefit of
incorporating analyses of grain orientation and surface roughness.

Despite our finding that surface roughness is more responsive than
surface composition to discharge increases, several workers previously
suggested a relationship between σZ and sediment size (see Pearson
et al., 2017 for a review). In this study, the fact that sediment 2 was
coarser than sediment 1 (Fig. 2), certainly explains why armors made
of sediment 2 were rougher (i.e., larger σZ, Fig. 8C). Sediment shape,
whereby sediment 2 was more angular than sediment 1 (Table 1),
provided the opportunity for particles to interlock more (Gomez,
1994), occasionally with gravels reposing on the side (Fig. 10), and
therefore may also be responsible for a greater surface roughness of
the beds made with sediment 2 (Hodge et al., 2009). The variable
amounts of sand in the two mixtures (particle size ≤2 mm, 15% and 9%
for sediment 1 and sediment 2, respectively) may provide a further rea-
son why sediment 2 formed rougher surfaces, since an increasing
amount of sand reduces surface roughness (Curran and Waters, 2014).

Visualization of the DEMs (Fig. 7) suggests that grain structures
and bed undulations are other armoring manifestations. In our tests,
elongated structures, similar to the reticulate stone cells described
by Church et al. (1998), formed essentially with sediment 1 during
Q2 (i.e., for τ⁎ = 0.050, cf. Table 2). Since this stabilizing mecha-
nism was not evident in the armors formed with sediment 2
(i.e., for τ⁎ = 0.040 and 0.046 for Q1 and Q2, respectively), this sug-
gests that these structures develop once a certain transport capacity
is exceeded. Elongated structures were also apparent in the flume
experiments of Pender et al. (2001) for the highest discharges only.
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Back calculation of their experimental Shield stresses (assuming
D50 = 4.5 mm from their Fig. 1, and S.G = 2.6) indicated that grain
structures did not develop for τ⁎ =0.045, but formed as the discharge
increased (i.e., for τ⁎ = 0.051), which corroborates our findings with
coarser sediment. We also observed the presence of low-amplitude
bedforms on the armors, which formedwithwater-work and increased
in magnitude and variability as discharge increased (Fig. 7). This was
confirmedwith amoving-windowdetrending technique thatmeasured
bed undulations larger than typical cluster size (Smart et al., 2002). Sim-
ilar observations were recently presented, whereby bed undulations
formed in tandem with grain-scale structures, and were tracked by
changes in surface grain size (Powell et al., 2016; Bertin et al., 2017).

Results presented in Fig. 9 confirm that Hurst exponents are smaller
(i.e., surface complexity is larger) for screeded beds, and increase with
the flow discharge, as was observed in previous studies (e.g., Aberle
and Nikora, 2006; Mao et al., 2011). This is because surfaces made of
large individual particles (i.e., armored surfaces) create a less complex
topography than surfaces constituting a large number of smaller
particles, which is typical for screeded beds. This reduction of surface
complexity after armoring is also apparent in Table 3, which shows a
smaller spatial variability for armored beds, compared to screeded
beds. Likewise, the increase in correlation lengths (Fig. 9) is explained
by surface coarsening and the formation of grain structures occurring
during armoring.

The analysis of DEM cell slopes shows that both grains' reposing
angle and the amount of sediment grains coming at rest on the bed
with a large dipping angle increased with armoring and transport
capacity (Figs. 10 and11). It is apparent that sediment shape also played
a role in grains' reposing angle. Sediment 2, which was more angular
than sediment 1 (Table 1), produced armors with more inclined and
thus interlocked particles than sediment 1, which agrees with previous
experimental results (Gomez, 1994).

The occurrence of imbricated grains after armoring is shown in
Figs. 11 and 12. More particularly, it shows that armors formed with
Q2 presented accentuated grain imbrication compared to the armors
formed with the lower discharge Q1. When compared to our previous
observations, whereby Q2 was more capable of moving coarse grains
(Figs. 2B and 4), hence a greater number of gravels could be transported
by rolling/sliding and deposited with the long axis transverse to the
flow (Fig. 6C), this supports the argument that grain size and orientation
on the armors, thus transport capacity, are important controls on grain
imbrication (Rust, 1972). Besides, Table 3 shows that increasing the
flow discharge reduced the spatial variability for I(0°) (at least for
sediment 1), giving further evidence that regions of grain imbrication
extended during Q2.

Using our experimental results and comparisons with previous
studies, it has been shown that gravel beds react towater-work through
a variety of manifestations, for which bed composition and flow
strength (hence transport capacity) are important controls. The fact
that our observations confirm previous findings is important, as param-
eters influencing armor development are numerous, and their effects
are generally evaluated using a single dataset. Out of the suite of analyt-
ical methods we used, stable armors formed with either sediment 1 or
sediment 2 differed for all surface descriptors except preferential grain
orientation (Fig. 6), bed-elevation skewness (Fig. 8A) and horizontal
grain roughness indices ΔX0 and ΔY0 (Fig. 9C and D); whilst a change
in formative discharge was evidenced by all descriptors but armor
composition (Fig. 5), bed-elevation skewness (Fig. 8A) and vertical
range (Fig. 8B). These experimental observations may well be useful
for field investigations wanting to assess bed changes due to varying
flow or sediment conditions. We showed that in spite of difficulties
preparing the screeded beds identically at the beginning of each run,
due to the random distribution of coarse particles near the surface
after manual preparation of the beds, water-working re-arranged
the initially random sediment organization into pronounced patterns,
such as grain grouping, interlocking and imbrication, which all
contributed to an augmented surface consistency.We also demonstrated
that the variability between experimentally-recreated armors does not
differ from the natural spatial variability within gravel beds, which
gives convincing evidence of armor structure replicability for a given
formative discharge and parent bed material, something which had
been assumedpreviously but not proven.When comparedwith previous
studies on stable armor composition (e.g., Garde et al., 2006), our
experimental results therefore suggest that gravel-beds' response (both
textural and structural) is specific to the formative parameters. This
verifies assumptions generally made in previous research, that applying
the same flow to the same sediment produces a representative armored
bed surface. This consolidated knowledge is important for translating
flume research to the real world, in particular as researchers are now
looking at the relationships between armor parameters and formative
conditions, which could allow determination of antecedent flow condi-
tions from DEM analysis and prediction of bed response to future flows.

4.2. Experimental constraints and practical applications

Research on fluvial armors previously made use of experimental
facilities as these can offer considerable advantages over a field setup.
With simplified channel form geometries, steady and uniform flow con-
ditions, and improvedmeasurement capabilities, all common attributes
of flume studies, fluvial processes that may go unnoticed in the field can
sometimes be revealed experimentally.

In this study, the cross-sectional channel form was constant and
rectangular, the bed shear stress was constant throughout armor
formation, roughness was limited to the effect of grain and low-
amplitude bedforms on the bed, and no sediment originated from
upstream. This enabled quantification of the effects of flow strength
and bed composition onto the resulting armors, without the influence
of a real hydrograph and sediment supply.

The effects of unsteady flows and upstream sediment supply were
recently investigated by others (e.g., Mao et al., 2011; Mao, 2012;
Powell et al., 2016). Interestingly, Powell et al. (2016) reported that
armoring manifestations occurred in a relatively short time (a few
hours), after which bed adjustment was minimal. This suggests that
the bed conditions measured at the time of armor completion in our
experiments may also be representative of the earlier stages of armor
development. Hence, armors observed in the field, although formed
over shorter timeframes, may reach the same statistical properties
(i.e., equilibrium) as armors formed in laboratory flumes. Another inter-
esting aspect raised by Powell et al. (2016) is the question of howmuch
sediment supply reduction fromupstreamwill cause a shift frommobile
to static armor conditions. Future experimental work could try to
answer this question, as this may also be helpful to improve bedload
transport predictions for the field.

Our finding that gravel-beds' response is specific to the formative
parameters suggests that armoring manifestations can be parameter-
ized beyond a simple percentile of bed material GSD, and the bed
properties can be linked to the formative parameters. To strengthen
this argument and to provide a broader context for our findings, we
combined our experimental results with those presented in Aberle
and Nikora (2006), Cooper et al. (2008), Cooper and Tait (2009), Mao
et al. (2011), Pledger et al. (2014), Powell et al. (2016) and Qin et al.
(2013), representing the addition of 41 gravel armors (of which 18
are mobile armors formed in conditions of sediment feeding
(Cooper and Tait, 2009; Pledger et al., 2014) or sediment recircula-
tion (Mao et al., 2011; Powell et al., 2016)). This extended the
range of bulk sediment (D50 = [4.0–13.2] mm) and formative Shields
stress (τ⁎ = [0.023–0.102]), allowing extending the analysis of the
effects of flow strength and bed composition on the armor properties.

The extended dataset presented in Fig. 13A confirms the strong link
between bed composition and surface roughness (R2 = 0.83 between
D84A and σZ). Because of the strong relationship, some suggested the
interchangeable use of σZ and grain-size percentiles as indicators of
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surface roughness. However, and as observed in this study, armor
topography is more sensitive to changes in discharge than armor com-
position, and shows a better relationship with the Shields (or shear)
stress than D84A (R2 = 0.64 compared to R2 = 0.47, Fig. 13B and C).
Fig. 13B, D and E show how the armor σZ, SK and I(0°) increase with
Shields stress, demonstrating previous assumptions of a strong control
of flow strength on bed structure (e.g., Aberle and Nikora, 2006; Mao
et al., 2011). Fig. 13E shows that streamwise particle imbrication
increases with transport capacity. It was hypothesized in the past that
imbrication forms as a result of the entrainment of the coarse sediment
fraction in a mixture (Rust, 1972).

To explain some of the scatter in Fig. 13, it is important to realize the
different conditions underwhich each datasetwas obtained. The scatter
could certainly be reduced if consistentDEManalysiswas applied across
studies. For instance, the decision on the detrending method used will
impact results (Bertin et al., 2017). In this study, low amplitude
bedforms were filtered during detrending, and DEM properties were
related to the grain topography. However, other studies reported re-
moving a linear trend only (e.g., Aberle and Nikora, 2006). Likewise,
we showed that DEM size is an important parameter to consider, as
some structural properties (especially grain imbrication and elevation
skewness) vary largely within a patch (Table 3). Hence, a recommenda-
tion on a suitable DEM size, allowing robust measures to be obtained
with little effect due to surface spatial variability, would benefit compar-
isons between studies. Finally, the combined dataset includes results
obtained from both stable and mobile armors, despite previous work
suggested structural differences between the two (Mao et al., 2011).
Fig. 13. Comparison with published flume data on streambed armoring. (A) Relationship betwe
Other subplots are structural properties against Shields stress (i.e., shear stress normalize
(E) inclination index representing particle imbrication in the flow direction. Open markers c
from graphs with the best care possible. Depending on the data source, the Shields stress had
functional lines best representing the data (Mark and Church, 1977).
Here, the relationships were not affected by limiting the analysis to
stable or mobile armors.

Now that the random-field approach has become fairly common as a
way to characterize roughness, with increasing applications in the field
(e.g., Hodge et al., 2009; Hodge et al., 2013; Bertin and Friedrich, 2016),
it is expected that further work on fluvial armors and their formative
controls will extend the range of flow and sediment conditions
presented in Fig. 13, and will ultimately examine the possibility to
scale experimental results to field situations.

5. Conclusions

In this study, we designed laboratory experiments to recreate stable
armoring, a natural phenomenon occurring in poorly-sorted gravel-bed
rivers. The use of photogrammetric techniques enabled a detailed
characterization of gravel-bed surfaces and their adjustments to compe-
tent flows in replicated experimental runs. The study was performed
under conditions of sediment starvation and partial transport, with
the aim of determining if stable armor properties, especially structural,
are replicable under identical formative conditions. We presented
efficient and effective bed-surface measurements, whereby texture
and structure were accurately estimated through water and obviated
the need to drain and refill the flume in-between measurements.

Our analyses identified differences between stable armors formed
under identical flow conditions but different sediment mixtures.
Change detection in the armor properties, when the formative
discharge was increased moderately, was also possible. We found
en armor composition (represented by D84A) and armor topography (represented by σZ).
d by D50): (B) standard deviation of bed elevations, (C) armor D84, (D) skewness and
orrespond to mobile armors. In the case data was not collated in tables, it was digitized
to be re-calculated from the shear stress and the bulk mixture D50. Dashed lines are the
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that bed topography (structure) was more responsive to changes
in flow strength and displayed more degrees of adaptability than
texture alone.

Our experimental results support the concept of replicability in
stable armor properties under identical flow and sediment conditions,
despite difficulties manually replicating the screeded beds at the start
of each run. This suggests that in conditions of parallel degradation,
gravel-beds' response to water-work is specific to the formative
parameters, even though the inherent mechanisms for the armor layer
formation are stochastic. Comparison of our data with other flume
data on streambed armoring illustrated the relationships between
armor structure and both Shields stress and parent bed composition.

Analysis offluvial surface structure usingDEMs shows great promise
for progress on roughness characterization based on topography and ef-
fective parameterization in sediment transport and flow resistance
equations. Further work is necessary to determine the temporal scales
at which fluvial surfaces relate to the forming flow rate. In this study,
stable armors were given the time to develop extensively, although
this process varies in nature. Finally, a continuous effort towards
obtaining a comprehensive dataset of fluvial surface properties for
different flow and sediment conditions is needed to parameterize bed
roughness and link it to flow processes.
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