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PURPOSE: This U.S. Army Corps of Engineers (USACE) Regional Sediment Management 
Technical Note (RSM-TN) discusses the impacts of wildfires on USACE Flood Risk 
Management (FRM) and provides information to evaluate post-fire impacts to USACE missions. 
The effort was conducted in partnership with the USACE Albuquerque District and was funded 
through the National RSM and the Flood and Coastal Storm Damage Reduction Research, 
Development, and Technology Program(s) to understand the impacts of the Las Conchas wildfire 
on USACE FRM by highlighting the post-fire impacts to the Middle Rio Grande River and 
Cochiti Reservoir in north-central New Mexico and by presenting approaches to quantify 
impacts to the USACE mission. 

BACKGROUND: The 2011 Las Conchas Wildfire burned more than 600 square kilometers 
(km²) of forested land in the Jemez Mountains (Figure 1), in north central New Mexico. Burn 
severity was greatest in the mountainous headwaters of some 15 streams that drain directly to the 
Rio Grande and into the USACE Cochiti Lake (see Figure 1). Since the wildfire, the affected 
basins have shed sediment at rates far above their historic quantities (Tillery et al. 2012). Based 
on previous similar events (Cannon et al. 2008), recovery of these watersheds is decades away, 
creating an ongoing sediment management challenge at Cochiti Lake. 

Observational and limited modeling data indicate that dramatic changes in watershed hydrology, 
geomorphology, and ecology have occurred within the burn area since the event. Calibrated 
hydrologic model studies at Santa Clara Creek indicated that post-fire peak flow conditions 
increased by 400% (e.g., 1% chance event increased from 140 to 560 cubic meters per second 
[m3/s]). Other tributaries where data have been collected, such as Frijoles Canyon in Bandelier 
National Monument, show similar ongoing changes in flood hydrology. The amount of future 
aggradation is unknown. Sediment flushing from Peralta Creek plugged the Rio Grande in 
September 2013, compromising FRM operations at Cochiti Dam until the plug could be cleared. 
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Figure 1. Las Conchas wildfire burn scar and impacted watersheds, 

withpost-fire photographs of Santa Clara and Bland 
watersheds. 

In addition to the USACE Cochiti Reservoir and Rio Grande Reach, the altered post-Las 
Conchas fire hydrology directly impacts two federally recognized tribes (Santa Clara Pueblo 
and Pueblo de Cochiti), Bandelier National Monument, the Valles Caldera National Preserve, 
and the Los Alamos National Laboratory. A broad coalition of federal and non-federal partners 
including the U.S. Federal Emergency Management Agency, the U.S. Bureau of Reclamation, 
and the U.S. Bureau of Indian Affairs have invested in aiding communities to recover from 
post-fire flooding, in this region. The increased sediment loading has negatively impacted 
natural resources though significant sediment-laden flood events, destruction of infrastructure 
(i.e., bridges, culverts, and community water intake structures), and complex reach-specific 
flood responses on agency lands along the Rio Grande River and at the delta of USACE 
operated Cochiti Lake (Figure 2). Additionally, the potential long-term sediment impacts to the 
reservoir and river system have not yet been addressed. At Cochiti Lake, the USACE has a 
direct need to understand sediment movement downstream of a burn scar since the USACE 
owns, operates, and manages Cochiti Lake.  

The Las Conchas fire is not a unique event. Results from this project will be applied to several 
other areas affected by other western wildfires (e.g., Waldo Canyon, Colorado; Tres Lagunas, 
New Mexico; Hayden Pass, Colorado; Carpenter 1, Nevada; and Eagle Creek, Oregon). 
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Figure 2. Longitudinal profile at Range Line 7 near Cochiti Reservoir sediment delta, highlighting post-

fire sediment deposition and aggradation from 2011 to 2016. 

A return to pre-fire hydrologic conditions in most of these areas is not anticipated to occur in the 
near future. An arid climate exacerbated by drought has slowed vegetation re-establishment of 
the burn scar. Soil fragmentation due to mass wasting processes (i.e., landslides, debris flows, 
soil sloughing, hyper-concentrated flows, and massive gully formation) are being documented. 
Sediment delivered to the valley bottoms are subsequently available for sediment re-
mobilization. Both local aggradation near the mass wasting sites as well as broad aggradation 
throughout the downstream watershed have not yet been systematically quantified. This work 
will set the stage for developing a national framework for addressing post-fire sediment 
movement. 

CONCEPTS AND TERMINOLOGY: In Newtonian fluids (e.g., water) the viscosity is 
constant and is independent of shear rate (or strain) with a linear relationship between shear 
stress and strain (Figure 3). Viscosity is defined as a fluid’s ability to resist flow (or deformation) 
and is commonly expressed as dynamic viscosity. Increasing the sediment solids concentration in 
relationship to water will lead to non-Newtonian behavior, which results in nonlinear 
relationships in viscosity and deformation.  
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Figure 3. Idealized rheogram describing Newtonian and 

non-Newtonian fluid behavior. 

Mixtures containing sufficient cohesive sediment (approximately 5% to 10% by volume) require 
a minimal stress for the mixture to deform and/or flow. The effects of non-Newtonian flow begin 
when sediment concentrations reach a volume fraction of approximately 0.05 and terminates 
near the maximum specific volume sediment concentration (Cmax) of approximately 0.615 for 
ideal homogeneous size spheres (Bagnold 1954; Julien 2010). Post-fire floods represent 
geophysical flows that are unsteady gravity driven events involving complex mixtures of 
sediment, water, and entrained material (e.g., organics, woody debris, and unconsolidated 
substrate) and are commonly modeled using shallow-water equations with non-Newtonian 
approximations (e.g., Iverson 1997; Jin and Fread 1997; Imran et al. 2001). These types of flows 
are dominantly influenced by grain-size distribution, sediment concentration, and flow stress 
state. The stress state is typically used to describe the dominant form of physical and numerical 
dissipation within the fluid flow. These stress states generally represent the following processes: 
cohesion, internal friction between fluid and sediment, turbulence, and the inertial impact 
between particles. A variety of methods are appropriate for dynamically predicting debris flow 
events and are commonly grouped into the following categories:  

 Linear (e.g., Bingham 1922) and non-linear viscoplastic models (e.g., Jin and Fread 1997; 
Imran et al. 2001) 

o Most commonly used to describe the rheology of laminar mud flows. 
o Bingham rheology model is most mature method, with applications quantifying 

fluid mud in estuaries and density currents in reservoirs. 
 

 Dispersive fluid models (e.g., Bagnold 1954; Takahashi 1978) 
o Describes the particle-to-particle interaction between granular-clastic (i.e., silt, 

sand, gravel) particles, commonly applied to sediment-water mixtures containing 
mostly sand and gravel with lower quantities of fine sediment (≤ 5%–10% by 
volume).  
 

 Dispersive-turbulent stress models (e.g., O’Brien et al. 1993)  
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o Incorporates the dispersive model with a turbulent stress model to describe the 
mechanics of particle-to-particle interactions within a clay, silt, and organic 
matrix. Commonly applied to sediment mixtures containing cohesive sediment in 
quantities greater than 10% by volume. 
 

 Coulomb-based frictional models (e.g., Iverson 1997; Denlinger and Iverson 2001).  
o Commonly used to describe the non-Newtonian mechanics of poorly sorted (i.e., 

wide range of sediment grain sizes) heterogeneous clastic debris flows. 

Many different definitions have been used within the literature to describe bulk properties of 
sediments-laden water. These bulk properties include, but are not limited to, volume 
concentration, packing fraction/density, mass concentration, porosity, bulk density, relative 
moisture content, water content, etc. A selection of common physical properties and 
relationships of water-sediment mixtures is provided in Table 1.  

Table 1. Physical properties and relationships of non-Newtonian water-sediment 
mixtures. 

Physical Properties Symbol Units Relationships* 

Sediment Concentration (by volume) 
vC  Dimensionless (-) 

v 0C =1-p  

Mass Density of Sediment Mixture 
mρ  kg/m3 ( )m s vρ =ρ+ ρ -ρ C  

Mixture Void Ratio e  Dimensionless (-) 
v

v

1-C
e=
C

 

Dry Specific Mass of Mixture 
mdρ  kg/m3 

md s vρ =ρ C  

Dynamic Viscosity of Mixture 
mμ  Pa s ( )m w vμ =μ 1+2.5C  

Kinematic Viscosity of Mixture 
mγ  m2/s 

m
m

m

μ
γ =

ρ
 

* where p0  is porosity (dimensionless),  ρ  is the density of water (kilograms per cubic meter [kg/m3]), sρ  is 

sediment particle density (kg/m3), 
w
μ  is the dynamic viscosity of water (Pascal seconds [Pa s]), and mγ  is the 

kinematic viscosity of the sediment mixture (m2/s). 

POST-FIRE HYDROLOGY AND HYDRAULICS: Large wildfires, specifically in 
geomorphically sensitive arid regions, represent a significant perturbation (or shock) to the 
natural systems and dramatically alter the geomorphology, hydrology, and sedimentation 
regimes. Geomorphic sensitivity describes systems that cannot handle large changes typically 
due to slow growth and implies a conditional instability in an environment, with the possibility 
of rapid and permanent changes, due to perturbations like wildfires in arid or semi-arid 
mountainous regions (Phillips 1999; Thomas 2001). Wildfires produce complex and varying 
spatial effects to a given watershed and impact hydrology by removing the vegetation inception 
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canopy, covering the land surface through the production of ash and burned material, reducing 
organic binding materials in soils, development of hydrophobic (or water repellant soils), and 
altering the physical transport properties of soils and sediments (Certini 2005; Moody et al. 
2009; Ebel et al. 2012). Effects on the hydrology include changes to evapotranspiration and 
surface and substrate moisture storage and flows, decreased watershed lag time, higher peak 
flows, and reduced interception and reduce infiltration capacity (Neary et al. 2003; WEST 2011).  

In the years following a wildfire, ecotone shifts, gully formation, and channel incision alter the 
hydrologic system response, resulting in dramatic changes in hydraulic and sediment impacts 
down-system. In most of the western arid and semi-arid mountainous United States, post-wildfire 
recovery can take decades, posing potential long-term operation and management concerns for 
USACE and other federal, state, and local agencies. Since burned regions lack vegetation to 
intercept and slow  surface runoff produced by rainfall events, post-fire peak flows in those areas 
have reached all-time highs, with documented hyper-concentrated flows (Tillery et al. 2012; Rio 
Grande Water Fund 2015) (Figure 4). These flows often carry large boulders, trees, and even cars 
because of the high density and tremendous momentum of the flowing sediment laden flows.   

 
Figure 4. Hyper-concentrated flow in the Rio Grande (Rio Grande 

Water Fund 2015). 

Post-fire flooding impacts are commonly defined by the given event probability, magnitude, and 
intensity. Probability is the likelihood that an event will occur in the future, while frequency 
represents how often a given event occurs (inverse of the return period). The probability or 
likelihood of a debris flow occurring can be estimated from Cannon et al. (2010), defined as 

( )
x

x

e
P=
1-e

                                                                        (1) 

( ) ( ) ( ) ( ) ( )Bx=-0.7+0.03 SG -1.6 R +0.06 A +0.07 I +0.2 C -0.4(LL)              (2) 

where SG is the percent of the drainage basin area with slope greater than or equal to 30%, R is 
the watershed ruggedness (or the change in drainage basin elevation divided by the square root 
of the drainage basin area (m m-1/2), AB is the percentage of drainage basin area burned at 
moderate and high severity (%), I is the average storm intensity (millimeters per hour [mm hr-1]), 
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C is the percent clay content of the soil (%), and LL is the liquid limit of the soil (%). The post-
fire flood event magnitude is commonly expressed in terms of total flow volume, peak discharge, 
or area inundated. The initiation of post-fire debris flood events is commonly attributed to two 
main processes: (1) runoff-driven erosion by surface flows and (2) infiltration triggered failures 
and movement of distinctive landslide mass (Cannon and Gartner 2005). Flood events generated 
through runoff-based processes are commonly the result of high-intensity, short-duration storms 
(Cannon and Gartner 2005). As such, a precipitation threshold condition exists that describes the 
onset of debris flow generation. Cannon et al. (2008) defined the threshold rainfall intensity 
duration given in the following form: 

-bI=aD                                                                   (3) 

where D is the duration (hr) of rainfall of intensity (I) (mm/hr), a is site-specific empirical 
coefficient (ranges between 6.5 and 14), and b is a site-specific empirical exponent (ranges 
between -0.4 and -0.7) (Cannon et al. 2008). This threshold is a useful metric for issuing 
warnings and emergency response in the western United States and is appropriate in steep, 
recently burned watersheds underlain by easily erodible soils and sediments with thin deposits of 
colluvium and alluvium. Colluvium is defined as loose, heterogeneous angular sediments 
deposited at the base of a steep hill slope or cliff in the upper watershed. Alluvium is defined as 
homogeneous previously eroded and reworked sediments like clays, silts, and sands deposited in 
lower energy floodplain reaches within a watershed. Cannon et al. (2010) highlights an empirical 
debris-flow volume model used to estimate the mean volume of material deposited by a debris 
flow at the outlet of a recently burned basin in the United States intermountain west, defined as 

( ) ( ) ( )
1 1
2 2

BlnV=7.2+0.6 lnSG +0.7 A +0.2 T +0.3                                 (4) 

where V is the deposited volume (m3) and T is the total storm rainfall (mm). Additional 
relationships to estimate debris flow volume and peak discharge have been documented in the 
literature (e.g., Cannon et al. 2001; Cannon and Gartner 2005; Cannon et al. 2010) with site-
specific coefficients and range of application. 

An emergency assessment example is provided to demonstrate computation of debris flow 
frequency and volume for a given rainfall event. The example focuses on five watersheds 
immediately upstream of Cochiti Reservoir (Figure 5). 
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Figure 5. Post-fire emergency assessment and burn severity for five impacted water-sheds 

upstream of Cochiti Reservoir. 

The probability of debris-flow and volume were computed using the approach developed by 
Cannon et al. (2010) provided above in Equations (1), (2), and (4) for a 5-year return period 
rainfall event. The computed probability of a debris flow occurring and the volume of the debris 
flow for the five watersheds is provided in Table 2. 

Table 2. Computed debris flow probability and volume of a 5-year 
rainfall event for five impacted watersheds. 

Computed Probability and Volume for a 5-Year Rainfall Event 

Watershed Name Computed Probability (%) Computed Volume km3 

Bland Canyon 47 0.008 

Cochiti Canyon 94 0.054 

Sanchez Canyon 91 0.042 

Medio Canyon 76 0.018 

Capulin Canyon 75 0.02 
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Cannon et al. (2004) successfully defined a relationship between peak discharge, burned area, 
average watershed gradient, and precipitation intensity, estimated by 

p BQ =171+0.552θ+2.84logA +3.6I                                          (5) 

where pQ  is the debris-flow peak discharge (m3 s-1), and θ  is the average basin gradient (%). It 
is important to recognize that most empirical-based models are restricted to use in watersheds 
with comparable physical and ecological characteristics similar to the basin from which the 
model was derived. In addition to empirical-based approaches, analytical bulking models can be 
useful when coupled with a hydrologic model like the USACE Hydrologic Engineering Center 
Hydrological Modeling System. Richardson et al. (2001) defines bulking as increasing the total 
water discharge to account for high sediment concentrations within the flow, due to sediment 
entrainment (WEST 2011). A bulking factor (BF) is commonly applied to the peak water 
discharge to estimate the total (bulked) peak discharge and serves as a safety factor in water 
resource design (Hamilton and Fan 1996). In an undeveloped watershed with sufficient sediment 
storage, the bulked peak discharge is defined as 

 B w sQ =Q +Q  (6) 

where QB is the bulked peak discharge (m3s-1), Qw is the clear-water discharge (m3s-1), and Qs is 
the volumetric sediment discharge (m3s-1). The BF is the ratio of the bulked discharge to the 
clear-water discharge: 

( )w s

w

Q +Q
BF=

Q
                                                                 (7) 

Using this definition, the bulked peak discharge may be defined as 

B wQ =BF*Q                                                               (8) 

The BF may also be computed based on the concentration of sediment in the flow as 

v

1
BF=

C
1-
100

                                                                    (9) 

Common intensity parameters useful in predicting post-fire flood events include the depth and 
velocity of flow, total runout length of debris flow, and impact forces on in-channel structures. 
Julien and Paris (2010) provide relationships describing mean velocity of mudflows, hyper-
concentrated flows, and debris flows developed from 350 field and laboratory datasets. They 
derive three approaches to estimate velocity, parameterized from field and laboratory data using 
Darcy-Weisbach and Manning-Strickler flow resistance relationships (Table 3). 
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Table 3. Resistance to flow mean velocity approximation for 
hyper-concentrated flows. 

Resistance Approach Mean Velocity Relationship 

Dispersive   ( )

1
6 1

2
f

50

h
V=0.4 ghS

d

æ ö÷ç ÷ç ÷ç ÷÷çè ø
 

Manning   ( )

1
6 1

2
f

50

h
V=5.0 ghS

d

æ ö÷ç ÷ç ÷ç ÷÷çè ø
 

Turbulent   ( )
1
2

f
50

h
V=5.75log ghS

d

æ ö÷ç ÷ç ÷ç ÷÷çè ø
 

where V is mean velocity (m s-1), h is flow depth (m), d50 is the median grain diameter (m), g 
is the acceleration due to gravity (m s-2), Sf is the friction slope (m m-1), τ  is the shear stress 

(Pa)  ( )
m
ρ ghS= , and 

y
τ  is the non-Newtonian slurry dynamic yield strength (Pa). 

 

Additionally, post-fire flood events exhibit other unique non-Newtonian properties that warrant 
discussion and definition, including lower settling velocity (deposition) and higher boundary 
shear stress (erosion). To understand the impacts on particle settling, visualize the differences in 
fall velocity of a marble dropped into suspensions of clear water versus honey. As can be 
imagined, the spheres dropped in honey will settle much more slowly compared to spheres 
dropped in water. In non-Newtonian mechanics, this phenomena is referred to as hindered 
settling. When sediment slurry volumetric concentration increase above 0.05, the sediment 
particles start to hinder each other, resulting in decreased particle settling velocity compared to 
the same particle in clear water (Tomkins et al. 2005; Floyd et al. 2016). A variety of 
explanations have been proposed to explain the physical processes responsible for hindered 
settling. A complete review is outside the scope of this document, but additional background and 
theory on hindered settling can be found in Cheng (1997), Winterwerp and Van Kesteren (2004), 
and Cuthbertson et al. (2008), among others. Most hindered settling expressions for non-
cohesive and cohesive sediments are based on the formulation by Richardson and Zaki (1954) 
where return flow, wake formation, and buoyancy are accounted for empirically, and defined as 

( )ms vw =w 1-C                                                                (10) 

where ws is settling velocity (m s-1), w is settling velocity of single particles in still water (m s-1), 
Cv is volumetric concentration of primary particles within a sediment mixture (dimensionless), 
and m is an empirical coefficient (dimensionless). The effects of hindered settling are commonly 
observed in post-fire floods via very large boulders being transported considerable distances 
from the source location.  

Boundary (or bed) shear stress is another key parameter when estimating erosion and deposition 
potential. The boundary shear stress is a function of gravity, flow depth, sediment mixture-slurry 
density, and channel slope, defined as 
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0 m fτ =ρ ghS                                                              (11) 

Slurry mass densities in natural non-Newtonian flows can be considerably larger than in 
Newtonian clear water open channel flows, thereby significantly increasing the bed shear stress 
and potential for sediment entrainment. A practical application is sizing rip rap for post-wildfire 
mitigation and management infrastructure. For clear water flows, the boundary shear stress is 
estimated using the density of the fluid, which is approximately 1,000 kg m-3. In most post-fire 
floods the sediment mass density is commonly approximately 1,500 kg m-3 resulting in a 40% 
increase in boundary shear stress Equation (11). This also results in significant increases in 
sediment entrainment potential and channel scour. 

SUMMARY AND CONCLUSION: Watersheds within western burn areas are now at significant 
risk of damage from post-wildfire sedimentation hazards such as those associated with debris flows 
and mud flows. Surface runoff and debris flow processes in burned watersheds are complex, often 
non-linear processes. Wildfires remove vegetation and create hydrophobic soils, resulting in 
increased discharge and sediment transport. Post-fire hydrology and debris flow models can be 
useful tools for assessing wildfire impacts by estimating post-fire flow and debris flow.  

Newly developed modeling capabilities can provide critical numerical modeling boundary 
conditions to conduct robust river and reservoir sediment analyses. In most of the western United 
States, post-wildfire recovery can take decades, posing potential long-term operations and 
management concerns for USACE and other federal, state, and local agencies. Future efforts will 
continue to focus on enhancing modeling capabilities to quantify post-wildfire impacts on 
hydrologic and hydraulic response, geomorphic evolution, and sedimentation processes. This 
research will generate studies related to the following: 

 Better understanding of the longer term geomorphic impacts and subsequence recovery 
processes in post-fire environments 

 Hydrological physical processes, empirical approaches, and numerical modeling 

 Hydraulics and sediment transport physical processes and numerical modeling. 

ADDITIONAL INFORMATION: This USACE Regional Sediment Management Technical 
Note (RSM-TN) was prepared by Ian E. Floyd, Marielys Ramos-Villanueva, and Ronald E. 
Heath, U.S. Army Engineer Research and Development Center (ERDC), Vicksburg, MS; and 
Stephen Brown, U.S. Army Engineer District, Albuquerque (SPA). Funding for this study and 
RSM-TN was provided by the USACE National Regional Sediment Management (RSM) and the 
Flood and Coastal Storm Damage Reduction (FCSDR) Research Program(s) to assist users in 
identifying post-wildfire impacts and development of strategies to manage sedimentation. 
Additional information pertaining to the National RSM Program can be found at the RSM 
website http://rsm.usace.army.mil. 

Questions regarding this RSM-TN may be addressed to the following: 

Ian E. Floyd     Ian.E.Floyd@usace.army.mil 

Katherine E. Brutsché    Katherine.E.Brutsche@usace.army.mil 
(USACE National RSM Program Manager) 
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