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ABSTRACT

MODELING AND FIELD EVALUATION OF THE STRENGTH OF SURFACE SOILUSOR

VEHICLE MOBILITY

Surficial soil strength is a critical variable in vehicle mobility and terrain tedflity
analysis and varies substantially in time and space with soil moatdreextureFine-resolution
(5-30 m grid cell)patterns of soil strengéind soil moistur@arenecessary for routing of efbad
vehicle operations and must be estimated for applications when direct measuisertent
expensive, labeintensive, or dangerous. Rating cone in(RLI) is the insitu methodypically
used in mobity applications to empirically evaluate the strength of surficial sdiie RCI method
provides one simple parameter to evalusig trafficability, but in doing sdails to separately
characterize the various mechanisms (compressilslitgss indepelent shear strength, stress
dependent shear strength) that govern soil behavior in relation to vehicle Aifinatively,the
Bekker soil strength framework, which encompasses presswage and shear strengthil
propertiesoffers a mechaniebased representation of soil behavior and has received increased
interest from the terramechanics community in recent yelasever,because RCI has been the
focus of the terramechanics community over several decades, predictivasigsao estimate
Bekker parameters using basic spatiaflgd temporallyariable input data (samoisture and soil
composition do not existThe objective of this study is to develop and evaluate a framework for
prediction of Bekker parameters (cohesion and friction angle) as adinraétsoil moisture and
soil texture (percentage of sand and clay). A model, termedtiteagth of Surface Soils

(STRESS) modelis introduced to estimate shear strength of surface soils usingnaigiure,



pedotransfer functions based on soil texture, and unsaturated soil mechia@i8I.RESS model

is paired with an existing soil moisture downscaling model, the Equilibrium Moi$tone
Topography, Vegetation, and Soil (EMT+VS) model. Thegxisting EMT+VS model includes
two untested simplifications that k&the model inconsistent with the STRESS model framework,
so twopreviously neglectedoil-related hydrologic consideratioasintroducedo the EMT+VS
model runoff and residual water contefithe impactsof runoff and residual on gamoisture
downscaling performance and spatial patterns of soil moisture are asatasts$t region in
northeastern Colorado called Drake Farm with measured soil moisture datadiraalibration
and evaluationThe additionsresuccessfully includein the EMT+VS modebut the assumptions
made in the prexisting EMT+VS modeareshown to be adequate for soil moisture downscaling.
After assessing EMT+VS model additions, the STRESS model is applied ke Beam to
producespatial patterns of estingt friction angle and cohesion. Model estimates are compared
to measured shear strength usingumanpowered shear strengtievameterto evaluate the
predictive capability of the STRESS model. The model is found to underpredicinfangle and
overpredct cohesiorat Drake Farnduein partto the use of clasaverage effective shear strength
parametershat do not appear to adequately reflect the properties of surficial Soiddly, the
design and construction of two bevameterssaramarized for fiel and laboratory measurement
of Bekker parameters. Theesults of laboratory tests on the hunpamweredshear strength
bevameter used in STRESS model evaluatiacompared to traditional geotechnical strength
testing to validate fieldesting results ahensure repeatability of measurements. Additiontky,
design and construction of a fully automated, laborafiocysed bevameter device with pressure
sinkage and shear strength testing capabilaéresdescribedhut this bevameter isiot used for

tesing in this study
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1. INTRODUCTION

Assessingvehicle mobility is a challenge for any application in which a vehicle must
traverse natural terrairEvaluationand prediction of terrain trafficability is crucial to agriculture,
forestry, and military gplications. Military organizations in the United States and throughout the
world are among the key developers and users of vehicle mobility emalisncerns of terrain
trafficability led to the first formal mobility analyses after wet, soft soilssed vehicle
immobilization in World War Il (Rula and Nuttall, 1971). Over the several decsdes World
War I, the U.S. Army and North Atlantic Treaty Organization (NATOJendeveloped multiple
iterations of a military mobility modetermed the NATO Refence Mobility Model (NRMM)to
assist in military operations planning (Jurkat et al., 1975; Haley et al., 1979; Ahlvinadey] H
1992). Each version of the NRMM contains three modules to analyze mobility based an terrai
vehicle, and driver/operator variables. Within the terrain module, soil texture, eticrwater
content (soil moisture), soil strength, slope, surface roughness, obstacles getgtjorg water),
and other characteristics are analyzed to determine optimal routing and maaitaimale
speeds. Solil strength is a critical variable in evaluation and predictionrfafivehicle mobility.

The strength of surficial soils is controlled by several material propeitiekiding texture

(percentage of sandilt, and clay), densityyatercontent and organic matterontent Therefore,

accurately characterizing soil moisture and corresponding moisugble soil strength is
integral to vehicle mobility analysis.

Terramechanics is a swliscipline of mechanical engineerinigcused onoff-road
machine’s performance in relation to the terrain (Wong, 2010). Methods of chiaragtsoil

strength for vehicle mobility differ from traditional geotechnical testing nu=t@cause thsoil



conditions and applications differ greatly.-ditu tesing methods areyenerally preferredin
terramechanics to determine nsarface soil propertie$he soil depth relevant to terramechanics
applications (i.e. critical depth) can vary based on soil type, water content, dersdyyna@nsions
of the tire ortrack contacting the soil because the shear stress distribution below thetriekor
depends on these variables. The critical depth can vary from what is considerduetsurédial
layer (between 0 and 15 cm) to a depth of 60 cm. In most relsoisitthe critical soil layer is
the surficial layer, and terramechanics strength measurement methogscaiéytconducted on
the surface to classify the behavior of this critical layer (Wong, 201@). in-situ methods are
widely used to quantify sua€e soil strength: rating cone index (RCI) émeBekkersoil strength
framework. Rating cone index (RCI) is measured by pushing a circulaintortbe soil (Knight,
1956). Force required to insert the cone into soil is divided by the area of the cone to fireduce
cone index (Clpf the specific measured soone index is calculated in poungissquareinch
(psi) but presented as a dimensionless value. Forgfmieed soils, a remolding index (RI) is
multiplied by CI to produce RCI. For coargeained soils, no Rl is necessary and the term RCl is
used interchangeably with CI. The RCI is compared to an empirically determihiete\veone
index (VCI) for a specific vehicle to determinesiil is trafficable on a go/ngo basis. The RCI
method provides a single quantity to characterize soil trafficability, waecording to Bekker
(1956) depends on two primary aspects of soil behavior: stability (shear strangtblasticity
(compressibility).

The RCI framework has been used in development of tegtaamics databases for decades
and therefore is the staté-practice for the U.S. Army and NATO in mobility modeling. The RCI
method is preferred to the Bekker mettiodsimplicity and historic use in military applications

(Rula and Nuttall, 1971Howe\er, in many military mobility applications, even the simple RCI



measurement method can be too expensive, -labtemsive, or dangerous for extensive field
measurement. For scenarios in which soil strength cannot be directly nded@Glemust be
estimatedas a function of basic soil properties and soil moisture. The U.S. Army has developed
several models to predict soil moisture and soil strength (Smith and Meyer, 18kK&n:t al.,

1997; Mason et al., 2001; Frankenstein and Koenig., 2004). Each rebelelon some variation

of a simple water budget framework to estimate soil moistnreach model, the water budget

soil moisture estimates are applied to simple RCI predictive functions from Smith eyet M
(1973) to calculatdRClI as a function of soimoisture and Unified Soil Classification System
(USCS) classification.

Although RCI has been the preferred soil strength framework of the Lh§. @rd NATO
over several decades, the Bekker soil strength framework has receivegeaacirgerest in recent
years (McCullough et al., 2017). Numerical modealsorporatingBekker parameters as inputs
(Choi et al., 2018) are increasingly used to predict spemtkgood and other trafficability
metrics. Additionally, Williams et al. (2017) analyzed relationshipsvben Cl and several
variables related to vehicle performance and showed poor correlations in mas)yiraisating
that Cl is often not suitable for predictiagil strengttfor vehicle mobility.

The Bekker method characterizes shear strength and essitglity using a bevameter
(Bekker, 1956; 1960). The Bekker framework measures compressibility usingarpsaskage
test and shear strength using a M@mulomb failure envelope (Coulomb, 1776; Mohr, 1900).
This method lacks a simple metric to deterentrafficability (such as the R&ICI comparison)
but provides a more unique description of soil behavior for input into pHyaged models (Choi
et al., 2018) because shear strength and compressibility are considaratebeShear strength

is alsofurther partitioned into frictional (exterior stress dependent) and cohesitexir stress



independent) strengtbomponentsThe twefold parameterization of shear strength holds the
advantage of incorporation into complex terramechanics numerical IsnoDespite the
advantages of the Bekker method, no model framework exists to predict Bekkeetgasanom
basic soil properties for scenarios in which direct sampling is not an option.

The objective of this study is to develop and evaluate a model framework for prediction of
Bekker shear strength parameters as a function of soil moisture and so#.t&he resulting
framework is érmed theStrength of Surface Soils (STRESS) modelike soil strength, direct
measurement of soil moisture is often d@ifit or impossible Therefore soil moisture musalso
be estimated. The STRESS model is paired Wit Equilibrium Moisture from Topography,
Vegetation, and Soil (EMT+VS) modeln existing soil moisture downscalingpdel,to achieve
fine resolution padérns of soil moisture and soil strength for vehicle mobility. Downscaled patterns
of soil moisture from the EMT+VS model are input into the STRESS model along with soil
textural data (percentage of sand and clay) derived from local data ostatgedatabases to
estimate spatial patterns of Bekker shear strength parameters usingatedagail mechanics
The preexisting EMT+VS model neglects residual water conteatkingthe preexisting model
inconsistent with the STRESS model framewaofdditionally, runoff (another soitelated
consideration), is also neglected in the-gexesting EMT+VS modelThus, to generalize the
EMT+VS model and address the prior simplificatiomg) soitrelated hydrologic considerations
(runoff and residual water content) are included in the EMT+VS model. Runoff and resadesal
content are implemented into the EMT+VS model and their effect on model panenand
spatial patterns of soil moisture are examined at a test region in north€teado called Drake
Farm. Clapter 2 (EMT+VS Model Development) describes thegxisting EMT+VS model,

introduces updates to the model, and summarizes the effects of those updates on model



performance and patterns of soil moisture. The STRESS model is then developeol iryg
unsaturated soil mechanics to surficial soils. The predictive performartoe 8STRESS model is
evaluated usinga shear strength bevametat Drake Farm. Chapter 3 (STRESS Model
Development) describes the STRESS model methodology and summarizes fielati@val
procedure and results. A fiefdcused shear strength bevameter is designed and constructed for
field evaluation of the STRESS model discussed in Chapter 3. Chapter 4 (Bevaests)
describes design, construction and laboratory validation of thefdieused shear strength
bevameter. Additionally, a laboratefgcused bevameter capable of performing both bevameter
tests is designed and constructed but is not validated in the laboratory indlisTéte design of
this device is also discussed in Chapter 4. Conclusions, tables, and figures pertagaict
portion of the study are presented at the end of each chapter. A full lifrehiees is provided

at the end of the document.



2. EMT+VS MODEL DEVELOPMENT

2.1 Introduction

Volumetric water content (soil moisture) is a critical variable in many hydrologic,
geomorphic, atmospheric, and biologic processes:esautionmaps(10 — 100 ngrid cellg of
soil moisture are important for agricultural production (Holzman et al., 2014ipBl&t al., 2014),
weather and climate modeling (Dirmeyer, 1999; Seuffert et al., 2002), s foe prediction
(Bartsch et al., 2009). Additionally, soil moisture affects soil strength and casiipligg which
arevital to terrain trafficability andrehicle mobility routing (Horn and Fleige, 2003).

Satellite remote sensing is used to estimate soil moisture but at a resolution tbat is to
coarse formany applications. Advanced Microwave Scanning Radiorré@E (AMSRE)
(Njoku et al., 208), Soil Moisture and Ocean Salinity (SMOS) (Kerr et al., 2010), and Soil
Moisture Active Passive (SMAP) (Entekhabi et al., 2010; Reichle et al., 20&&3}uresoil
moisture at resolutions ranging from 5 km to 60dmal cells Various downscaling methods can
be usedto produce fingesolution soil moisture maps from coarssolution data. One
downscaling technique uses optical/thermal data to estimateeio&ution soil moisture patterns
(Chauhan et al., 2003; Merlin et al., 2005; Merlin et al., 2006; Das et al., 2011; Song et al., 2014;
Peng et al., 2016). Optical/thermal methods typically downscale soil moistanesolution of 1
km grid cellsbased on the spatial resolution of the optical/thermal remote sensing data.rAnothe
method of downscaling aims to reduwe statistical properties of soil moisture patterns using
empirical relationships with ancillary data (Crow et al., 2000; Kim and Ba2ff¥?; Mascaro et
al.,, 2011). A third downscaling technique, called -ggormation downscalingjnfers soll

moisture patterns from fingesolution topographic, vegetation, and saitibutes.Many geo



information methods rely on empirical relationships between soil moisture anddnedolution
attributes to predict patterns of soil moisture (Wilson et al., 2005; Busch et al., 201&) g&d
information downscaling methods use models for vadose hydrology to represent major
hydrologic processes (Pellenqg et al., 2003; Coleman and Niemann, 2013; Ranney et al., 2015).
These methods infer fir@solution patterns fosoil moisture by predicting the effects of
topographic, vegetation, and soil characteristics on hygiprocesses in the vadesene.

The Equilibrium Moisture from Topography, Vegetation, and $8MT+VS) model
(Ranney et al. 20153 a geeinformaion downscaling method that modéte water balancén
the hydrologically activesoil layer using topographic, vegetation, and soil characteristics.
Coleman and Niemann (2013) initially introduced the model as the Equilibrium Moisture from
Topography (EM) model to analyze topographic dependence and temporal instability of fine
resolution soil moisture patterns. Ranney et al. (2015) generalized the modekpd fawe
resolution variations in vegetation and soil characteristics. Cowley et al. @0d&q precipitation
and potential evapotranspiration (PET) downscaling to the EMT+VS model to tesesapacts
on soil moisture patterns. Hoehn et al. (2017) generalized the model to accepernoéigke grid
cells as inputs. Werbylo and Niemann (2014) and Greico et al. (2018) evaluated thegreréorm
of the model when calibration data are limited or absent, and Deshon (2018) introduced acstochast
component to capture variability in soil moisture that cannot be explained bgtérenthistic
inputs. Tlke EMT+VS modelhas been applied at fine resolutions ranging from 10 m to §0dm
cellsand at depths ranging from the top 5 cm to 30 cm of theTdwl model has been applied to
and evaluated at regions ranging from 6 ha (0.09 ko239 kn3.

Ranneyet al. (2015) examined the effects of soil properties on soil moisture patterns by

considering spatial variations of porosity and saturated vertical hydraulic ¢mitguin the



EMT+VS model. However, two important aspects of soil hydrology were not coadidethat
analysis: runoff and residual water content. Runoff is known to depend on antecedent smiémois
for both saturatiorexcess and infiltraticexcess conditions. Studies have shown a link between
saturatiorexcess runoff and antecedent sobisture in temperate to subtropical regions with
moderate to high annual precipitation (Western et al., 1998; Brocca et al., 260z, aV, 2007).
Fitzjohn et al. (1998), Zhang et al. (2011), and Schoener and Stone (2019) also demonstrated a
relationshp between runoff production and antecedent soil moisture in dry climates with sudden,
high-intensity rainfall. Additionally, Fitzjohn et al. (1998) showed that runoff productionbea
highly variable in space due to finesolution variation in soil moiste and soil compaosition.
Although numerous studies have examined the effects of antecedent soil moisture dn runof
production, the impact of runoff production on the resulting soil moisture patterns is unknown.
Runoff production could impact the spatiabsture of fineresolution soil moisture patterns, and
thus affect soil moisture downscaling. If the quantity of water that dan & soil is limited by

the infiltration capacity (thugproducing runoff), then the subsurface is expected to be drier.
Additionally, runoff could travel downsl@and infiltrate elsewheregdistributing the moisture
within a region. Runoff is neglected in the y@dasting EMT+VS model and the effect of runoff

on soil moisture patterns is not currently assessed.

Residual weer content is a component of soil water retention and flow behavior that was
not considered by Ranney et al. (2015). Brooks and Corey (1964) introduced residuabsatura
as the volumetric water content at which hydraulic conductivity approaches agmater flux
ceases at residual water content because soil surface adsorptioncamtirdieus flow paths
disallow conduction of liquid water (Luckner et al., 1989). Recent studies have dernaohtiea

ability to infer spatial patterns of soil wateraetion parameters such as permanent wilting point,



field capacity, and porosity from spatial patterns of soil moisture (Bamdalg 2014; Chandler
et al., 2017). Although these studies do not include residual water content, sucimsieips
between sil moisture and other soil water retention characteristics indicate the potensdirfio
between soil moisture and residual water content. Grayson et al. (2006) deradrnk&atffect of
residual water content on coanssolution soil moisture pattes by varying soil input data in a
land-surface model over the whole of Australia. Placing a lower bound on soil moisteselagt
water content scales hydrologic processes from residual to porosity tlaginefrom zero to
porosity. The effective degree of saturation depends on this lower bound and affetiisatets
hydraulic conductivity and evapotranspiration (ET). During dry conditions, soil uneist at or
very close to the residual and spatial patterns of soil moisture will be de¢erby sptial patterns
of residual water contenthe EMT+VS model presents an opportunity to investigate the effects
of residual water content on soil moisture patterns at a much finer scaleatimusgly studied by
Grayson et al. (2006).

Greico et al. (2018yompared the performance of the locally calibrated EMT+VS model
for all previously examined test regions. Model performance was plottedrdtiah of the spatial
average soil moisture. For several regions, the model performs best underntensoieraosture
conditions and decreases for particularly dry or wet dates. The poorer performaaggdme
conditions is important because such conditions are often the most critical fortapmisach as
agriculture and vehicle mobility (Wong, 2010; Wijewana et al., 2018). Implementing runoff
and residual water content into the EMT+VS model has the potential to improve model
performance for these extreme conditions. Wet conditions are likely to occuy sifient storm

events, so those soil moisture patterns might depend on runoff production. During dry conditions,



soil moisture patterns are expected to reflect the pattern of residual water esngérawn by
Grayson et al. (2006) at larger scales.

The objectives of this study are to examine the effefctaroff production and residual
water content on spatial patterns of soil moisture and to determine whethegrtiieseimprove
soil moisture downscaling. A conceptualnoff expressionand residual water content are
implementedn the EMT+VS mode] andthe preexisting and generalized EMT+VS models are
applied to a test region (Drake Farm) that has soil moisture observatiorablavéir model
calibration and evaluation. During the period of observation, Drake Farm was mandyee
distinct mannersin earlier years, the field was under a #wigated wheafallow crop rotation
with a varying spatial pattern of vegetation. Numerous high intensity ragvfalts produced
measured runoff at a flume near the field’s eddpive grasses were planteder the entire site,
and an intermediate period occurred in which the grasses were not yet Miaitiratermediate
portion is not considered in this studiy.later years, the native grasses have become fully mature
and no runoff has been observedatftume despite the occurrence of several large rainfall events.
All threemodel versiongpre-existing, runoff, residuaBre calibrated separately fie initial and
final land management perigdand the results are compared to determine the effectsaif and
residual water content on soil moisture downscaling. The calibratedl rpathmeters are also
compared between the two land management conditions to understand why the runoff production
behavior changed between the two periods.
2.2 Methods andMaterials

2.2.1 Pre-existing EMT+VS Methodology

The EMT+VS model simulateswater balance over the hydrologically active layer, which

is the soil layer between the surface and any gepervious layer that might induce lateral flow.
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Four hydrologicprocessesare included irthe water balancenfiltration f, deep drainagés,

lateral flow L, andET E. Key inputs to the model aspatial average (or coarsesolution)soil

moistureon the date of interesind fineresolution topographic, vegetaticand soildata The
model outputsa fine-resolution soil moisture mapn the same datd®etailed descriptionand

complete equations for the model are providedCbjeman and Niemann (201&anney et al.
(2015), and Cowley et al. (2017).

The EMT+VS model’snfiltration expression starts with a spatial average precipitation
rate that includes both storm and irééorm periods. The spatial average is downscaled based on
orographic effects (Cowley et al., 2017) to produce ar@selution pattern of precipitation. The
spatial average precipitation itself eventually cancels out of EMT+V&hsagiations and does
not need to be specified. Interception by the canopheis included to determine the throughfall
pattern. In the prexisting EMT+VS model, all throughfall is assumed to infiltrate.

Deep drainage is charactard using Darcy’s Lavandassuming flow igyravity driven
The Campbell (1974) equation is usedegiimatevertical unsaturated hydraulic conductivity.
Lateral flow is also described using Darcy’'s Law witlorizontal unsaturated hydraulic
conductivity from Campbell (1974)and including anisotropyThe hydraulic gradienin the
horizontal directionis a power function of topographic slgpand the thickness of the
hydrologically active layer can vary with topographic curvaftiteimsath et al., 1999 T.he ET
expression first downscales the spatial average PET to account for elevaiis bwley eal.,
2017). The resulting PET is then partitioned into radiation and aerodynamic telwndiragdo
the PriestleyTaylor assumption (Priestley and Taylor, 1972). The radiation term asctant

topographically induced variations in insolation. Actual E@iagermined from the PET based on

11



the magnitude of soil moisture. Shading of the soil surface by vegetation and the portion of the
roots in the hydrologically active layer are also considered.

Fineresolution soil moisture is estimated using an analytiggiroachdeveloped by
Coleman and Niemann (2013)he modeled layer is assumed to be at equilibrium, and therefore
the effects of hysteresis are neglectamirFexplicit solutions are calculated under the assumption
that each outflovierm (deep drainagdateral flow, radiation ET, aerodynamic ET) dominates the
water balanceThe final soil moisture estimaté is calculated as a weighted average of the four
solutions:

WG G WI_7-L WR R V\iA- A
WG WL VVR WA

T (2.1)

where T, T, L, and 7 are thesoil moisture estimates if deep drainage, lateral flow, radiation
ET, and aerodynamic ET dominate, respectively, and w,, w,, and w, are the weights

associadd with each proces&ach explicit solution is calculated as a function of the spatial
average soil moisture and the fine resolution topographic, vegetation, and soil esttritiug
weights are determined from the magnitude of each outflow term in tiee badance and depend
in part on the spatial average soil moisture.

2.2.2 EMT+VS Model with Runoff

Runoff occurs when throughfall exceeds the soil’s infiltration capacity. Runofbea
represented in the EMT+VS model by estimating an infiltration capbaged on soil properties
and inducing runoff when throughfall exceeds infiltration capacity. Green ampot £1911)
introduced a soilependent infiltration model that is widely used in modern modeling tools such
as the Hydrologic Engineering Center Hydrologic Modeling System (HEEIMS)

(Scharffenberg, 2016) and Gridded Surface Subsurface Hydrologic An&ah&8HA) (Downer

12



and Ogden, 2006). The GreAmpt model has also been shown to produce similar results to
Richards equation (Hsu et al., 2002; Dussaillant et al., 2003). The-Gnegtmodel relies on the
assumption of an abrupt wetting front. Water is assumed to move downward into the soil column
with a sharp distinction between the saturated soil and the soil at the uniform iaigalcantent.

If the infiltration capacity limits the infiltration rate, the Gre®@mpt model can be used to estimate

infiltration rate as:

f, K,,1 12 T (2.2)

where f; is theinfiltration rateduring a storm K, , is saturated vertical hydraulic conductivity,
I, is suction head at the wetting fron is porosity, 7 is initial soil moisture, andr, is

cumulative infiltration.Although time does not appear in the equatidp, decreasess F,

increasegluring a stormin the brackets of Eqgn. [, the first term represents the effects of
gravity, while the second term represents the effects of the capillangmrtathe deep drainage
and lateral flow expressions in the EMT+VS model assume that flow is gdriwgn, so the
capillary gradient is also neglected here. Equatia?] fBen simplifies to:

K (2.3)

sv
While this infiltration expression is simplistic, preliminary tests with the EMT+VS mduastved
that including the capillary term provided little improvement in performance whilagdeleral
parameters.

Infiltration during a storm can either be limited by the available throughfall orebyaifis
infiltration capacity. Thus, a generalized infiltration expressionbmwritten to account for both

scenarios:

13



- PO 1 &
> Min@® K (2.4)

S,V
whereBi is spatial average rainfall intensityring a storm O is a function that accounts for

orographic effects on precipitati@as described bZowley et al. (2017), C is the vegetation’s
interception efficiency, and/ is the fractional vegetatio cover. Rearranging variableghe

infiltration equation can be rewritten as:
f, PO.1 & I (2.5)

where | is an infiltration function that idefined as:

- 1

I mne K (2.6)
o——_
Q.1 @

This infiltration function transitions abruptlifom throughfalllimited infiltration to soit

limited infiltration when K,/ PO, 1 &2 1. This sharp break is likely unrealistic due to

subgrid variations in soil properties, so a smooth function was selected to replaegthented

infiltration function. The selected function must have a lower bound for the input

Ko/ BiOF 1 (S)": at zero and no upper bound. Additionally, the function’s output must begin

at zeo and increase monotonically to one. The cumulative distribution function for an expbnentia

distribution meets these requirements. Using this functiorcan be rewritten as:

l- 1 exp 5,(1—67)@ (2.7)

where X describes the rate at whidh transitions between zero andeorfigure2.1 shows a

comparison between the pegisting EMT+VS model’s infiltration function I 1), the
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segmented infiltration function (Eqgn. [2.6]), and the exponential infiltration functign. (2.7]).

The exponential function closely approximates the segmented function ke, so this value

is used throughout this study. The average rainfall interﬁiig a new model parameter, which
is expected to vary date by date asatght storms occur.

The EMT+VS model simulates equilibrium including both storm and-sttem periods,
so Eqgn. [2.7] must be generalized to account for both types of periblas original infiltration
equation ighereforeupdated to be:

F PO.A @)l (2.8)
whereP is theaverage precipitation rate including both storm and-stem periods (which still

eventually cancels out of the modeR remains present within thé_ function. Note tre
distinction betweerﬁ and P, WhereEi represents spattalverage precipitation intensity while a

storm is occurringand P is thespatial average precipitatioate considering both storm and inter
storm periodskFor simplicity,runoff generated at one location is assumed to be transported out of
the region and does not get redistributed to downslope locations.

2.2.3 EMT+VS Model with Residual Water Content

Residual water content is defined as$b# moisturebelow which hydraulic conductivity
is zero(Brooks and Corey, 1964; van Genuchten et al., 19@Mery low soil moisture, soil pore
water is immobilized because all liquid water is adsorbed to soil particles and thekage is
discontinuous (Luckner et al., 1989; Vanapalli et al., 1998). Residual water content is included in

the EMT+VS model by adjusting all flow processes so they cease whenasiuma reaches

residual water content]. A degree of saturation term /7, appears in the prexisting

EMT+VS model to estimate unsaturated hydraulic conductivity and to accountlfarasiure
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limitations on ET. In the EMT+VS model with residual water content, that degrestwfation

term is replaced with an effective satusatiterm 7.1 T . Thus, deep drainage and

r S
lateral flow do not occur below the residual water content (for reasons of aoisoapid
discontinuous flow paths as described previoudhj).is also zerdbelow the residual water
content van Genuchten (1980) defined residual water content as the soil moisture at the permanent
wilting point, which is typically assumed to be 1500 kPa. In practice, residtal v@ntent can
represent the water content at a suction between 1500 kPa arickPsl8epending on curve

fitting techniques, quantity of data, and capabilities of measurement equig\iteot and Bear,

1996; Vanapalli et al., 1998). Therefore, residual water content represents theishite at the
permanent wilting point or drier. At all water contents less than permanent wiltingg poin
transpiration no longer occurs because plants cannot generate high enough sucieniateir

out of the soil Laio et al., 2001; Porporato et al., 2001). In a model by Laio et al. (2001) that
determing evaporation as a function of soil moisture, evaporation is assumed to converge to zero
at a soil’'s hygroscopic water content. The model estimates very low magnitueleaporation at

soil moisture values between the hygroscopic state and permanent wilting posuisB residual

water content likely falls between these two values, the very small ET that betomsresidual

is neglected.

2.2.4 EMT+VS Equations with Runoff and Residual

Implementing both model updates produces the followgegeralizedanalytical soll

moisture solutions:

I 2.9)

7. T (2.10)
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T . T, Rg (2.11)

(2.12)

where 7is spatial averag@r coarse resolution) soil moisturd,is spatial average residual water

content,DDI is deep drainage index,Fl is lateral flow index,REI is radiation ET index, and

AEI is aerodynamic ET indeXDDI , LFI ,REI, AEIl arethe spatial averages of the indic&he

indices are defined as:

0.1 & |a%
ppl T, —F——F¢ (2.13)
Ks,v 4

o1 @ L At N 8

LFI T, « = (2.14)
(G<s,/v 4 CS@ min ’A/©
_JE
1 D ° 1§y50167|a%5
REI 7, —F -t ® - = — P« (2.15)
E,1 Z2Z zig Ip© AL 1 \/"1/4
° 01 @ |a%§
AEI (T, —E 1o 5 — (2.16)
E,1D Z 2% 2K 1V '

where J is vertical pore disconnectedness indexjs the thickness of the hydrologically active

layer where topographic curvature is zeras anisotropy of hydraulic conductivityh is upslope

contributing areaS is topographic slope,/ is horizontal pore disconnectedness indexs the

linear dimension athefine-resolution grid cells,/ is a parameter that relates horizontal hydraulic

gradient to slope,A is topographic curvature/y,, is the minimum topographic curvature for

which the active layer is presenkis the Priestleylaylor coefficient minus oneE_p is the spatial
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average PET,Z controls theelevation dependermf PET,Z is elevation,Z is spatial average

elevation, |, is potential solar radiation index (PSRI) (Dingman, 200&)¢controls the effect of
soil moistue on radiation ET,k is the portion of transpiration that is derived from the modeled
soil layer, Fcontrolsthe effect ofshading on soil evaporation, anf controls the effect ofcsl

moisture on aerodynamic EFinally, the weights are calculated as:

- =g
W, 3 (2.17)
DDl g
— =g
W L (2.18)
Fl o
S—
w, 3 (2.19)
REl o
~ =5
W, L (2.20)
AEl o

The weights and explicit solutions are applied to.Hgrl] to determine thénal soil moisture
estimatewithin eachfine resolutiongrid cell.

Runoff production and residual watssntent can vary between fine resolution grid cells
in the EMT+VS model, but spatial variations in runoff and residual rely entirely dralgpa
variable vegetation and soil data. One can show that if vegetation and soil propesjestialy
constantthen the infiltration function cancels out of all EMT+VS model equations and therefore
has no effect on the model results. For the same essdual water content remaimsa portion
of the EMT+VS model, but diropsout of somecalculationsand has a lesser impact on EMT+VS

model results
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2.2.5 Test Site Descriptiaand Available Datasets

The EMT+VS model was applied to Drake Farm, a former farm field in northeaster
Colorado.Drake Farm has been the subject of various hydrologic stuedgeg3reen éal., 2009;
Green and Erskine, 2011) but has not been used for soil moisture downscaling in.thkipast
region was selected because it has soil moisture data corresponding to nvelgetation
conditions, soil texture data at multiple locations, and runoff monitoring near tiiis gelge.

Drake Farm haan area of approximately 100 Hene field was farmed in a whefatlow
rotation (WFR) for multiple decadésrough2012. In 2013 and 2014, the field was converted into
a Conservation Reserve Program (CRP) site, and a blend of native grasa#alfavas planted.

A transitional period occurred between the WFR period and the CRP period prior to the native
grasses and alfalfa becoming fully mature. In 2015, the native grassabadfiadbecame mature

and the CRP period began. Only the WFR and CRP periods are considered in thisesjeidyion

at the site currently consists of native grasaHalfa, shrubs, and invasive weeds. The climate is
semiarid with average annual precipitation and PET o&Bi6i01200 mm, respectively (Green and
Erskine, 2011)Soil moisture datfrom a portable time domain reflectometry (TDR) device are
available for the WFR period (2012 and prior) and the CRP period (@Qiresent). During the

WEFR period, soil moisture data are available for the top 30 cm of the soil on 10 dgieg fiom

7 May 2003 to 1 July 2009. The measurement locations typically follow the orientation of the
wheatfallow crop strips, but the exact locations vary date by date. An example soilim@ois
sampling pattern from 24 June 2004 is shown in Fig. 2.2a. During the CRP period, soil moisture
observations for the top 15 cm of the soil were collected in a star pattern ognsfsb points

on thenortheastern side of the field (Fig2B). Adjacentpoints in each prong of the star are 25 m

apart. For the CRP periodpd moisture datareavailable or8 datesrangingfrom 18 April 2016
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to 22 May 2018 A 17.4 ha rectangular regios defined around the star pattennd used as the
EMT+VS applicatiom region (Fig. 2.2)Although some WFR observations extend beyond the
rectangle, this region is used to allow a direct comparison between the WFRRBnchS€es. A
digital elevation model (DEM) is availabler the site on a 5 m gtiand is shown underlyirttpe

soil moisture measurement locations in Fig. 2.2a and 2.2b.

Soil textue data (sand, silt, and clgercentaggsover the top 30 cm of sadre available
at 215 points spanning the entire farm fi@idcCutcheon et al., 2006\We developed gridded
mapsfor the sanénd clay percentages in Arc@&Sing tensiorspline interpolation (Fig. 2.2c and
2.2d).Tension pline interpolation (Mitas and Mitasova, 1988as selected becauggroduced
smoother, more natural interpolated patterns tbdrer availablemethods (kriging, inverse
distance weightig, and natural neighbor methods). Tension spline interpolation requires
specification of a weight parameter, which determines the tension ofengalatted surface. Low
tensions can produce maxima and minine gxceed the bounds of the measured data. At higher
tensions, the surface becomes less smooth. As the weight value approachgsthéimiattern
approaches a spatial average except at points with measured data. The tensionovi@0set t
because thisalue avoids unrealistic overshoots that occur with lower weights and maintains
smoothness that is lost as the weight approaches infinity.

Split sample testing was used to evaluate the predictive performance ofetppelated
surfaces for various weighilues. Five samples, each consisting of 50% of the soil dataset, were
randomly selected and interpolated to produce maps of the sand and clay gesceasiteg a range
of weights. The spatial average of the randomly selected training datasatsovassedas an
estimate of the spatial pattern (this map is equivalent to using an infinite weightlestiieng

soil texture maps were compared to the remaining 50% of data not used for trainingpand a
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mean square error (RMSE) was calculated for each of the five split saifipdeaverage RMSE
among the five split samples is shown in Ri§a and2.3bfor each interpolation method. Overall,
the RMSE is larger for the sand percentdgg. 2.3a)han the clay percentag@eig. 2.3b), but the
range of sand peentages is also larger than the range of clay percentages in this fielch In bot
cases, the RMSE decreases with increasing weight, and the spatial averadges pror best
predictive performance of any method considered. However, the spatial anetages no spatial
variation beyond the observation points, so this method is not applicable for testingdtseaéffe
runoff and residual water content on downscaled soil moisture patterns. This@gemonstrates
that the inferred spatial variationssoil texture contain significant errors despite the seemingly
large number of available observations.

For each vegetation pattern, soil adjusted vegetation index (SAVI) (Huete, 1988) was
calculated from Landsat 7 or 8 multispectral imagery (dependingvailability of data) to
represent fractional vegetation cover. Table 2.1 provides the date that was useddte vl
for each vegetation pattern. Soil moisture sampling from the CRP periodbndiscted after the
native grasses had become well gthbd, so only one vegetation pattern, obtained from June
2018, was used for the entire CRP period. A late spring date was selected bexauseggtation
provides the most reflectance and therefore allows for the most accurate charamieotati
fractional vegetation cover from SAVI. The 30 m Landsat imagery was interddiat® m to
match the DEM resolution. Spline interpolation was used for consistency witloithexsure
interpolation. A weight of 25 was selected to avoid overshoots and maintain smoothness as
described earlier. All fractional vegetation patterns are displayed .2 Big

Precipitation and runoff were continuously monitored at Drake Farm over the smitire

moisturemonitoringperiod. Precipitation was measured using two weighaimggauges near the
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eastern and western boundaries of the field. Runoff was measured using achurtteereastern
boundary of the field. The associated catchment is largely comprised of thrae pastien of the
Drake Farm field (Fig2.1). Detailed a@scriptiors of the catchment, rainfall gauges, and fluane
providedby Green and Erskine (2011). In total, 46 runoff events were measured from 2002 to
2014 throughout the WFBNd transitional period#lthough several large rainfall events have
occurredsince the CRP native grasses becduntly mature around 2015, no runoff has been
measured at Drake Farm since 2014.

2.2.6 Model Application

Raw soil moisture, elevation, and soil composition data were processed to obtain

appropriate EMT+VS model inputs. &lspatial average soil moisturéwas calculated as the
average of all soil moisture observations on a given date. Topographic inputs el@vasiope

S, upstream contributing aaeA, curvature A, and PSRII  were calculated from the DEM. Soll

hydraulic parameters{, K, ,, 7,and the cabration bounds forJ and J) were estimated using

pedotransfer functions. However, applicability of pedotransfer functions is &dhdey
compatibility with available inputs and desired outputs. For camsigt with past EMT+VS
research, 7, K., and the calibration bounds faj and . were estimated using pedotransfer
functions from Cosby et al. (1984jhe methd from Rawls and Brakensiek (1985) was selected
to obtain residual water contenf because it is the only available method that requires only
porosity, percentage of sand, and percentage of clay as.i8pifgroperties were estimated from
various other pedotransfer schemasluding neural network predictions from ROSETTA

(Schaap, 2001yy first estimating additional input properties from SSURGOII(Survey Staff,

2018) or other sparse data from Drake Farm. These pedotransfer outputs were usacimaipreli
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EMT+VS model calibrations, and the pedotransfer function was found to have only affsutll e
on the model results.

The preexisting EMT+VS model, EMT+VS model with runoff, and EMT+VS model with
residual were all applied garately to the WFR and CRP periods. In all cases, orographic
precipitationwas neglected due to low topographic relief over the test re@ience,O. 1).
Similarly, A, was set equal t8999,999 because pasisearchhas shown that thEMT+VS
model consistently performs better when the soil thickness is consslamgdlly constant (i.e.

/., is a large negative numbgQoleman and Niemann, 2013; Ranney et al., 2015b)vas set
to 20 cm based on a soil survey conducted at Drake Farm, which shows a surfacer stapkiye
of 20 to 30 cm.L was set to 0.26 following previous EMT+VS model applications and studies of
the PriestleyTaylor assmption (Eichinger et al., 1996; Coleman and Niemann, 2.0§) was
set t03.29 mm/day based on the site description presented in Green et al. (2011).
The remaining parameters were calibrated to maximize averageuadlife coeffrient

of efficiency (NSCE) (Nash and Sutcliffe, 1970) among all soil moisture uneragnt dates.

Remaining parameter bounds for calibration were selected based on theoreticaldodocalsy

available dataFor the EMT+VS model with runoff, a distin® value was calibrated for each

soil moisture observation date. Bounds forwere determined from maximum and minimum

measured hourly precipitation intensity at Drake Farm from 2016 to 2018. For thewithses

residual water content, a calibrated residual adjustment factwas multiplied with 7T in the

model to allow for flexibility in the magnitude of residual water content. Thisoagh allows the

model to calibrate residual water content to zero if a residual does not improveperbolehance.
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Table 2.2 summarizes the calibration bounds for all relevant EMT+VS model parsiftae
calibrated values are discussed later).
2.3Results and Discussion

Figure 2.5displays the soil moisture patterns from the-gxesting EMT+VS model, the
EMT+VS model with runoff, and the EMT+VS model with residual for a dry and wetdlaing
the WFR period. Overall, spatial patterns of soil moisture during the WFsdsdrow litle spatial
variation. Figure 2.5a shows the gmesting EMT+VS model output for the dry date. This soil
moisture pattern has wetter and drier patches that closely resemble the irgdrpoilatextural
patterns (see Fig. 2.2c and 2.2d). Specifically, regions of higher clay content ardstovd
content are wetter due to their lower hydraulic conductivity, which resjaidarger7 for the soil
to drain. Also, regions with higher sand content and lower clay content have lowsitypok

lower porosity reduces’ because unsaturated hydraulic conductivity and ET depend/Bpn
Thus, when T is reduced, 7 must be reduced so that the outflows from the soil balance the inflow.

Figure 2.5b displays the pexisting EMT+VS model output for a wet date during the WFR period.
The primary feature of this soil moisture pattern is the wet valley bottom runmsgtov east
through the middle of theegion. The valley bottom is wet because it has a large upslope area and
thus receives the most lateral flow. Lateral flow is more important during veettelitions. The
wet date also shows secondary effects of the soil texture patterns for theeaame discussed
with Fig. 2.5a.

The results from the EMT+VS model with runoff are shown in Fig. 2.5¢ and 2.5d. For the
dry date, a similar pattern to Fig. 2.5a is observed, but the spatial strhnatuichanged somewhat.

When runoff is includedK, , affects both the infiltration and the outflows. Thus, regions with

high clay content and low sand content have both less infiltration and less dramagbe a
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resulting soil moisture pattern has a weaker resemblance to the soil textere. pdie spatial
average of the infiltration functioE is 0.990n this date, indicating that only a small amount of

runoff occurs. For the wet date, the pattern in Bifd is similar to the prexisting case (Fig.

2.5b) with the wet valley bottom and secondary soil effects as discussed previodshth&sdry
date,ﬁ is 0.99, whichindicates thahearly all precipitation infiltrates. ThE values vary for the
dry (216 mm/d) and wet (125 mm/d) dates (Table 2.3), but the efféct olominates Eqn. [2.7]

the effects of runoff areearlyidentical in both cases.
Fig. 2.5e shows the soil moisture pattern from the EMT+VS model with residual on the
dry date dring the WFR period. Comparing Fig. 2.5a and 2.5e, some small changes have occurred

in the spatial structure of the soil moisture pattern. The residual adjustmenifagts calibrated
to 0.56, which produces a spatial averagg@dual water contenﬁ' of 0.056. When residual is

included, the soil texture pattern affects both the upper and lower boundsTdius, the soil
moisture pattern still resembles the soil texture patberrthat dependence has changed somewhat
from Fig. 2.5a. In general, a larger residual reduces the spatial variation irl theistire pattern,
but in this case only a small change is observed due to the small residuaV apdtial variation
in the pe-existing EMT+VS model patterns. Figure 2.5f displays the soil moisture wittuets
water content on the wet date. The soil moisture pattern is very similar to tbrigineg case
(Fig. 2.5b) but the dependence on the soil texture has changedyslightl

Figure 2.6 presents maps of soil moisture from theegrgting EMT+VS model, the
EMT+VS model with runoff, and the EMT+VS model with residual for a wet date and thy da
during the CRP period. Soil moisture patterns during the CRP period displaypataé\sariation
than the WFR period. Figure 2.6a displays the pre-existing EMT+VS model output odatelry

The soil moisture pattern on the dry date resembles both the current vegetation(peafte.4f)
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and the soil texture pattern (Fig. 2.2c an2d?. Regions with higher fractional vegetation cover
are wetter mostly due to vegetation shading the soil surface. The shedliicgs soil evaporation
and produces wetter conditions. The southwestern corner of the region is significzttahythan
therest of the region (Fig. 2.6a). This wetness is a combined effect of soil and ieegéthe
southwestern corner has relatively high fractional vegetation cover and very trauly
conductivity due to high clay percentage. The shading and reducedgi#ra@sult in an especially
wet region. Figure 2.6b shows the jgrasting EMT+VS model output on the wet date. As was
observed in the WFR period, the most prominent feature is the wet valley bbikenthe dry
date, the southwestern corner is the wefiegtion of the region.

The soil moisture from the EMT+VS model with runoff is shown in Fig. 2.6¢c and 2.6d.
The dry date shows a similar behavior to thegisting model. The pattern once again resembles
the pattern of fractional vegetation cover and the southwestern corner is pdytiwela Figure
2.6d shows the wet date, which is also similar to thespigting model output. The valley bottom

and southwestern corner are the wettest portions of the region. The spatial avdteageimf

function K is equal to 0.98 for both the wet and dry dates, again indicating that little runoff occurs.

The Bivalue for the dry date is 259 mm/d and for the wet date is 255 mm/d (Table 2.3), so little

temporal variatn in runoff occurs between the two dates.
Figure 2.6e and 2.6f show the soil moisture from the EMT+VS model with residual wate
content. On both the wet (Fig. 2.6e) and dry date (Fig. 2.6f), the soil moisture maps aalident
to the preexisting EMT+VSmodel results because the residual adjustment fakctsrcalibrated
to zero for the CRP period. Thus, residual water content has no effect on the EMT+VS model

results during the CRP period.
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Table 2.2 summarizes the calibratedapageter values for the WFR and CRP periods and
provides some insights into the reasons the soil moisture patterns differ bdte/é®n periods.
Because all model versions for a given period display similar behavior, the tboedsnare

compared as a grpwetween the two periods. First, the aerodynamic ET expofetécreases

from the WFR period to the CRP period. This change reflects a charigenrotsture limitation
function that estimates ET from PET. The moisture limitafiorction is known to depend on
vegetation type and condition, so this change likely reflects the change intieegistae (Lowry,
1959). Another parameter that changes substantially is the portion of transpinati is derived

from the modeled soil la&y A. This parameter decreases from the WFR period to the CRP period,

which indicates the CRP vegetation extracts less of its water from the modElagesdi.e. near
the ground surface). The parameter that quantifies the effetevation on PET.Z also shows a
notable change. However, due to the small topographic relief over the region, thistdmhigle
effect on the soil moisture results. The change in the fractional vegetatien (Eig. 2.4)also

contributes to the differences in soil moisture patterns. The vegetation pattér@$VFR period
range from bare soil, with a spatial average fractional vegetation Yovér09, to mature wheat
in one set of crop strip5\7( 0.22). The CRP period has higher fractional vegetation cover than

any WFR pattern\? 0.25). The higher vegetation cover affects evaporation (via shading),
transpiration, and interception and therefore influences thiakpatterns of soil moisture.

Figure 2.7a and 2.7b summarize the NSCE calculated on each application astehfor
model version. For purposes of interpretation, if the spatial average was dissectlgs a predictor
of the soil moisture pattern, the B8 value would be zero. If a downscaled pattern exactly
reproduced the measured soil moisture pattern, the NSCE value would be one. Downscaled soil

moisture patterns typically have NSCE values below 0.4 due to substantial errbessailt
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moisture obsemtionsrelative to spatial variang®usch et al., 2012). For the WFR period, the
pre-existing EMT+VS model produces a positive NSCE value for only two of ten détesw
average NSCE 0i0.023 over all dates (Fig. 2.7a). The-prasting EMT+VS model kely has
low NSCE values during this period for multiple reasons. First, the largesurament depth used
during the WFR period (30 cm) shows less spatial variation and less correlationitevith s
characteristics than the 15 cm measurement depth used during the CRP perackraige spatial
standard deviation of the measured soil moisture is 0.026 in the WFR period anith th@30RP
period. However, the CRP period has dates with much higher spatial variation in stilren(ihe
range in spatial staadd deviation values is 0.010 for the WFR period and 0.021 for the CRP
period). Second, the EMT+VS model is forced to use the spatial patterns of so# texinfer
soil hydraulic properties and thus the soil moisture. Despite the large numberepfatibas
points, the spatial variations of soil texture were shown to contain significarg ari-ig. 2.3.
Including runoff in the EMT+VS model improves the NSCE values for all dates in the
WFR period except one, which has a very small decrease (Fig. 2.7a). The rgeofilstahas

positive NSCE values for all dates except one and an average NSCE value of 0.04&lates.all

The most notable improvements are for dates with hiahewhich also tend to have measured
antecedent ruwff (dates with antecedent runoff are denoted with stars in Fig. Jaah)s study,

any measured runoff event that occurred less than one month prior to soil moisturagsampl
considered an antecedent runoff event due to an observed lag time between precipitation and s

moisture response at Drake Farimus, another reason for the poor performance of the pre
existing model that runoff is not considered. By aIIowﬁggto vary temporally (Table 2.3), the

revised EMT+VS modelan determine the optimal magnitude of runoff on each date. Finally, the
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residual case shows small improvements in NSCE on most dates. However, N8GEegative
on eight out of the ten sampling dates, and the average NSCE over all dates is -Q.@1RajFi
For the CRP period, the pexisting EMT+VS model produces positive NSCE values for
all eight dates (Fig. 2.7b). In contrast to previous EMT+VS model applicatignmesco et al.,
2018), the model performs best under especially dry and wet conditions. The average NSCE for
all dates is 0.203, which is similar to downscaling the performance at otheagiests (Coleman
and Niemann, 2013; Ranney et al., 2015; Cowley et al., 2017; Greico et al., 2018). Thettiesir w

dates show notable differendestheir NSCE values. The pexisting EMT+VS model assumes

equilibrium and the only variable that changes in timeisThus, it neglects any hysteresis and

always produces the same soil moisture pattern for a giveéwhile Tis very similar on each of
those four dates, each observed soil moisture pattern depends on its unique histamygamabt
drying. When runoff is included, several dates show moderate increasesn(Ri§C2.7b). The
average NSCE increases to 0.220. The smaller change in performance for the GRS per
consistent with lack of runoff measured at the flume during this period. kedalinoff may have
occurred at various points in the field, but widespreaoff did not occur for any considered date.
The EMT+VS model with residual is identical to the-psesting EMT+VS model during the CRP
period, so the NSCE values remain unchanged.

Average RMSE for each model version is shown inEi8g and 2.8F~orthe WFR period,
the preexisting model produces an average RMSE value of 0.0268 (Fig. 2.8a). This vatse is cl
to the measurement error of a TDR device (Huisman et al., 2001) and indicates #vatrdgye
error of the EMT+VS model is low despite the/lblSCE values. The contrast between the NSCE
and RMSE values is caused by the low spatial variation in measured soil moistuteaegion.

The NSCE value quantifies the model's error relative to the spatial variabilltgn\Epatial

29



variability is low, NSCE is sensitive to small differences between measured and modeled soil
moisture. When runoff is included in the model, RMSE improves slightly to 0.0258. Including
residual water content in the EMT+VS model also improves the RMSE slighiin tfie pre
existing model) to 0.0267.

During the CRP period, prexisting EMT+VS model produces a RMSE value of 0.0263
(Fig. 2.8b). Thus, despite the higher NSCE value observed for the CRP period, RMSE is only
slightly smaller for the CRP period. When runoff is included in the model, R\&ia ahows a
slight decrease to 0.0261. Thus, the small improvement in NSCE values produces only a smal
improvement in the RMSE values. The EMT+VS model with residual water contenhisadle
to the preexisting EMT+VS model during the CRP period, so the RMSE is the same as-the pre
existing model performance.

Performance of the EMT+VS model versions was also evaluated by calibretimgptels
with a subset of the soil moisture dataset and then evaluating performargéhaesita that was
withheld from the calibration. For each land management period, one date was witbireld
calibration and the model was evaluated for the withheld date. This prwassepeated until

each date was withheld from the calibration. When the model was applied to theditieelthe
average value oFi from the calibration period was used.

For the WFR period, the pexisting EMT+VS model, the EMT+VS model with runoff,
and the EMT+VS model with residual produce average NSCE value®6#, -0.052, and -0.058,
respectively, for the dates withheld from the calibration. These NSCEsvaledower than when
all dates were used for calibration, and a smaller improvement in performafiseised when
runoff is included. The average RMSE value for the dates withheld from calibraio®4il for

all three models, which is higher than the RMSE values when the full dataset teoedsFor
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the CRP period, the preexisting, runoff, and residual water content versionswaideeproduce
average NSCE values of 0.184, 0.179, and 0.184, respectively, for the dates withheld from the
calibration. The withheld date produces RMSE values of 0.030, 0.031, and 0.030 for-the pre
existing EMT+VS model, the model with runoff, and the madéh residual, respectively. Again,
NSCE is lower and RMSE is higher than the previously discussed calibratidnsedormance

is relatively unchanged by model additions. However, these results inttiaatacluding runoff
in the EMT+VS model is only successful when a dinecificﬁi is used. Additionally, residual

water content was calibrated to be zero or close to zero in all cases and therefoes @so h
negligible impact on EMT+VS performance in these cases.
A full generdized model containing both runoff and residual water content was also

considered. The WFR and CRP periods both show similar results to the sepmigtedyed
models. For the WFR period, daily valuesﬁ)fare more similar to orenother than the separately

calibrated runoff model and most values are close to 100 mm/d. Residual adjusttoerd f®c
calibrated to 0.60 and the full generalized model produces an average daily NSCE of 0.01. The
full generalizd model from the CRP period is identical to the EMT+VS model with runoff,
becaused is calibrated to zero. The average NSCE is again 0.220.

The three EMT+VS model version were also compared at multiple other amplic
regions. The models were applied at the Tarrawarra (Western and Grayson, 189@)ntlieh
(Walker et al., 2001), and Cache la Poudre (Ranney et al, 2015) catchments. All timeemcatc
have been used for EMT+VS model downscaling in the past (Coleman and Nier@a8n, 2
Ranney et al., 2015). These additional catchments produce similar results to Brakel ke
EMT+VS model with runoff causes slight improvements in model performanberegpect to

NSCE and RMSE at Tarrawarra and Nerrigundah as well as minor chargpadial patterns of
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soil moisture. At Cache la Poudrk, is equal to one over the entire region, so including runoff

does not affect EMT+VS results. At all three regiothss calibrated to zero and tledore residual
water content has no impact on EMT+VS downscaling.
2.4Conclusion

This study implemented runoff and residual water content into the EMT+VS sotLineois
downscaling model. Runoff was included by allowing temporally varying precguitattensiy
and estimating the soil’s infiltration capacity using the vertical saturated higdcanductivity.
This infiltration capacity can be derived from the Gréenpt (1911) model if gravity dominates
the vertical hydraulic gradient. Residual water conteas included by assuming that all
hydrologic fluxes cease when soil moisture is at or below residual e@igent. The EMT+VS
model was applied to a new test region (Drake Farm), which was managedheatfallow
rotation for many years and then placed in a Conservation Reserve Program. Tdiefrtipgse
model additions on the fine scale soil moisture patterns and model performance wiageéxa

Runoff was found to have only small effects on the calibrated model's soil moisture
patterns for both the WFR and CRP periods. Including runoff decreases the soil enatstur
locations with greater fingrained content. Fingrained soil has lower saturated hydraulic
conductivity, which reduces the infiltration capacity. The lower infiltratiqracéy inducesnore
runoff and produces drier soil after the storm. Including runoff produces only sitra@ases in
model performance as measured by NSCE and RMSE for both periods. A greatsdmemodel
performance occurs for the WFR period when runoff was vedeat a flume near the edge of the
field.

Residual water content was also found to have small effects on the caliboakeltsrsoil

moisture patterns for both management periods. In general, increasing regtieralcontent
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decreases the spatial vdiaa in the fine resolution soil moisture patterns. Residual water content
reduces the range of soil moisture over which hydrologic processes occusail thEhus, when
residual is included, smaller variations in moisture are sufficient to balandeflings and
outflows in the soil. For the WFR period, the calibrated residual water contentzermmut the
improvement in performance is very small. For the CRP period, residual watentcoate
calibrated to zero and therefore had no effect on the soil moisture downscaling.

Runoff and residual water content provide small improvements in model performance
partly because the soil moisture variations that they induce depend on soil texairensa Soll
texture observations at 215 locations were used in a spline interpolation methodningetiee
gridded soil texture patterns, but the spatial average sand and clay percertagesnd to better
estimate the soil texture than the interpolated patterns. Thus, the variatioisrinisture tha
runoff and residual water content produce in the model are likely poor estimatesexdltbeil
moisture variations from those mechanisms.

The small improvements in performance may also occur because Drake Farrativatyrel
small spatial variationsnisoil moisture. Thus, much of the observed spatial variation is likely
measurement error and cannot be reprodbgeghy model. The low spatial variation in moisture
causes the NSCE values for the WFR period to be near zero even though RMSE vaioamare s
to typical measurement errors.

Overall, the results support neglecting runoff and residual water content massiure
downscaling. However, the impacts of runoff and residual water content oMIeMS model
results should be assessed at additional application regions that spanyao¥anpbgraphic,
vegetation, and soil conditions. Regions with frequent and substantial runoff would be of particula

interest. Runoff could have a greater effect on soil moisture patterns and show greater
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improvements in downscaling performance if runoff is more common. Additionally, regions
where residual water content has been studied and is significant should be examatigdiie
effects of runoff and residual water content on EMT+VS model downscaling should teedsses
for a case in whiclmore reliable soil data are available. A region with measured soil texture in
every downscaling grid cell or where soil interpolation is shown to be ncoteade should be
examined. More accurate soil data may alsultein improved performance when runoff and
residual are considereflithough various other test sites considered in this study produced results
similar to Drake Farm, none contain substantial runoff over the soil moista@isg period or

more reliablesoil data than Drake Farmand therefore these conditions are of interest to future

EMT+VS model investigation.
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2.5Tables and Figures

Table 2.1. Vegetation patterns used in Drake Farm EMT+VS analyses. Thearagement strips begin on thestern side of
the field and alternate with the west management strips. Asterisks indicgddatavhich antecedent runoff was measurebeafield

outlet within 1 month of the soil moisture observations.

Management Period Vegetation Cover

Landsat Date

Associated Soil Moisture Date!

WFR Failing wheat in east
management strips
Wheat in west
management strips
Wheat in east
management strips
Full site bare

Barley on eastern side
corn on western side

16 April 2003

29 June 2004

24 June 2005
27 August 2005

27 June 2009

7 May 2003*
24 June 2004

19 October 2004, 17 June 200t
24 May 2007

10 August 2005*, 31 July 2007

17 June 2009*, 26 June 2009*%,
July 2009*

CRP Native grasses and
invasive weeds

4 June 2018

5 May 2016, 24 June 2016, 5
October 2016, 13 October 2016,
18 April 2017, 26 April 2017, 25

May 2017, 22 May 2018
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Table2.2. EMT+VS parameter bounds and calibrated values for Drake Farm. All pasasteien are dimensionless

WFR CRP

Parameter Lower Upper Pre EMT+VS EMT+VS Pre EMT+VS EMT+VS
Bound Bound Existing with with Existing with with

EMT+VS  Runoff Residual EMT+VS Runoff Residual
Z 0 0.01 0.001 0.0003 0.002 0.008 0.008 0.008
E 0.2 5 4.90 494 4.95 4.86 4.36 4.86
E 0.2 5 0.60 0.37 0.76 0.21 0.21 0.21
C 0 1 0.70 0.64 0.78 0.79 0.73 0.79
K 0 1 0.78 0.58 0.82 0.36 0.16 0.36
F 1 3 1.92 1.26 2.26 1.77 1.77 1.77
L 0 100 30.5 12.2 32.2 48.7 8.39 48.7
J 13.5 20.8 19.8 18.9 17.3 19.7 14.1 19.7
d 1 20.8 4.00 2.95 4.24 3.99 2.97 3.99
f 1 3 1.50 1.55 1.28 1.28 1.07 1.28

d 0 1 - - 0.56 - - 0
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Table 2.3. Calibrated spatialterage storm intensities for each measurement date. Upper and
lower calibration bounds are 6.10 mm/d and 793 mm/d, respectively.

WEFR Period CRP Period
Date 7 P (mm/d) Date 7 P (mm/d)
7 May 2003 0.210 235 5 May 2016 0.216 255
24 June 2004  0.236 254 24 June 2016  0.112 259
19 October 2004 0.217 251 5 October 2016  0.085 232
17 June 2005  0.242 132 13 October 2016 0.117 186
10 August 2005  0.154 125 18 April 2017  0.125 180
24 May 2007  0.146 216 26 April 2017  0.208 198
31 July 2007  0.219 159 25 May 2017  0.204 101
17 June 2009  0.226 234 22 May 2018  0.205 190
26 June 2009  0.235 247 - - -
1 July 2009 0.228 226 - - -
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Fig. 2.1 Comparison othepre-existing EMT+VSmodel’s infiltration functionthe segmented
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Fig. 2.2. Drake Farm topography, soil moisture observation locations, and soil
composition including: (a) topography with WFR soil moisture measurement locations on 24
June 2004, (b) topography with CRP soil moisture measurement locations (consisaé i Ri?
dates), (c) interpolated pattern of sand percentage, and (d) interpolated pattayn of
percentage. Black squares denote the region of all EMT+VS analyses tudlyis s
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Fig. 2.3 Splitsampleevaluation of interpolated maps of (a) sand and &) percentage®ots
represent average RM&inong fiverandomly selected split sample testsere50% of datavas
used for traimg and 50%of data was usefr evaluation. Error bars denote maximum and
minimum RMSEamong the five test3 he weight paramet is dimensionless.
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(a) Failing Wheat in East Management Strips (16  (b) Wheat in West Management Strips (19 June
April 2003) 2004}
, —_— - —
L

(c) Wheat in East Management Strips (24 June (d) Full Site Bare (27 August 2005)
2005)

/11,

(e} Barley on East side, Corn on West Side (27 (f) Native Grasses and Invasive Weeds (4 June
June 2009) 2018)

EMT+VS
Reglon !

-:-:—:— Meters
120 760

0.41

-0.06

Fig. 2.4. DrakeFarm fractional vegetation cover patterns estimated as SAVI from Landsat
imagery including: (a) failing wheat in east management strips, (b) wheattimaragement
strips, (c) wheat in east management strips, (t¥itie bare, (e) barley and corn, and (f) CRP
with native grasses, shrubs, and invasive wa¥dte that the east management strips begin on
the eastern edge of the site and alternate with west management strips.ragsinneat strips
are strips with higer fractional vegetation cover in (©)ates of Landsat imagery incled in

labels.
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a) Pre-Existing, Dry Date (b) Pre-Existing, Wet Date
r

(c) With Runoff, Dry Date (d) With Runoff, Wet Date

(e) With Residual, Dry Date (f) With Residual, Wet Date

Fig. 2.5. Spatial patterns of soil moisture from the EMT+VS model for the WFR periodlryhe
date is 24 May 2007 { 0.146€) and the wet date is 17 June 2005 (0.242).



(a) Pre-Existing, Dry Date (b) Pre-Existing, Wet Date

(c) With Runoff, Dry Date (d) With Runoff, Wet Date

(e) With Residual, Dry Date

(f) With Residual, Wet Date

Fig. 2.6. Spatial patterns of soil moisture from the EMT+VS model for the CRP periodryrhe
date is 24 June 20167 0.112) and the wet date is from 05 May 2016 (0.21€)
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Fig. 2.7. EMT+VS model daily NSCE for (a) WFR period and (b) CRP period. Stars in (a)
denote dates with observed runoff at the field outlet. No such stars are shown in (js¥ brerca
runoff was observed over the measurement period.
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Fig. 2.8.EMT+VS model aerage RMSE over all sampling dafese Fig. 2.7)or (a) WFR
period and (b) CRP period. Error bars denote minimum and maximunR#BE for each
model.
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3. STRESSMODEL DEVELOPMENT

3.1 Introduction

Assessing/ehicle mobilityacrossnatural terrainmequires knowledge of the traversed soll
strength The strength of surficial soils is controlled by sevemaistitutiveproperties, including
texture (percentage of sand, silt, and clay), density, and water content.iNVeddrpores can
develop either positive or negative pressure depending on soil water contengléaéeting, and
drainage conditions, and thga@ssues can either increase or decressestrength. The concept
of effective stress is used to account for the effects of soil pore water anssieegth and
deformation (Terzaghi, 1925; 1936). However, effective stress is generally tedgliec
terramechnics analyses based on simplifying assumptions (Reece, 1964), or empirical
relationships are used to implicitly incorporate effective stress, @mgith and Meyer, 1973).
However, the contribution of soil pore water on the soil strength parametersatiiratesd soils
(soils with water contents less than saturatiogjitecal to developing models to assess the effect
of variation in soil moisture on soil strength (Bishop and Blight, 1963; Fredlund et al., 1978; Lu
and Likos, 2004; Lu et al., 2010) imtamechanics mobility models.

In-situ testing methods angreferredin terramechanics to determine nsarface soll
properties.The soil depth relevant to terramechanics applications (i.e. critical degothyary
based on soil type, water content, density, and dimensions of the tire or trackimgntecsoil
because the shear stress distribution below the tire or track depends on iabgesyahe critical
depth can vary from the surficial layer (between 0 and 15 cm) to a depth of 60 cm. loitepst s
the critical soil layer is the surficial layer, and terramechanics strength reeesu methods are

typically conducted on thaurficial soilsto classify the behavior of this critical layer (Wong, 2010).
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Two in-situ methods are widely used to quinsiurface soil strength: rating cone index (RCI) and
the Bekkersoil strengthframework. Rating cone index (RCI) is measured by pushing a circular
cone into the soil (Knight, 1956). Force required to insert the cone into soil is divided bgahe ar
of the cone to produce the cone index (@RMhe specific measured soil. Cone index is calculated
in poundspersquareinch (psi) but presented as a dimensionless value. Foegffaieed soils, a
remolding index (RI) is multiplied by CI to produce RCI. For seagrained soils, no Rl is
necessary and the term RCI is used interchangeably with Cl. The RCI is edntpaan
empirically determined vehicle cone index (VCI) for a specific vehicle to deterihsoil is
trafficable on a go/ngo basis. The RCI methqatovides a single quantity to characterize soill
trafficability, which according to Bekker (1956) depends on two primarycéspésoil behavior:
stability (shear strength) and elasticity (compressibility).

The RCI framework has been used in developmeteramechanics databases for decades
and therefore is the staté-practice for the U.S. Army and NATO in mobility modeling. The RCI
method is preferred to the Bekker mettiodsimplicity and historic use in military applications
(Rula and Nuttall, 1971However, h many military mobility applications, even the simple RCI
measurement method can be too expensive, -labtemsive, or dangerous for extensive field
measurement. For scenarios in which soil strength cannot be directly nded@Glemust be
esimated as a function of basic soil properties and soil moisture. The U.S. Armgvesbd
several models to predict soil moisture and soil strength (Smith and Meyer, 18kKZnat al.,
1997; Mason et al., 2001; Frankenstein and Koenig., 2004).r&adklrelies on some variation
of a simple water budget framework to estimate soil moistnreach model, the water budget

soil moisture estimates are applied to simple RCI predictive functions from Smith eyet M
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(1973) to calculatdRkCl as a function bsoil moisture and Unified Soil Classification System
(USCS) classification.

Although RCI has been the preferred soil strength framework of the Lh§. @rd NATO
over several decades, the Bekker soil strength framework has receivegaacirgerest irecent
years (McCullough et al., 2017). Numerical modealsorporatingBekker parameters as inputs
(Choi et al., 2018) are increasingly used to predict spemtkgood and other trafficability
metrics. Additionally, Williams et al. (2017) analyzed relasioips between Cl and several
variables related to vehicle performance and showed poor correlations in mas)yiraisating
that Cl is often not suitable for predictiagil strengttfor vehicle mobility.

The Bekker method characterizes shear strengihcampressibility using a bevameter
(Bekker, 1956; 1960)measuringompressibility using a pressusakage test and shear strength
with a torsional ring interpreted witlhn MohrCoulomb failure envelope (Coulomb, 1776; Mohr,
1900). This method lacks a gie metric to determine trafficability (such as the RAI
comparison) but provides a more unigue description of soil behavior for input into pbgsexs
models (Choi et al., 2018) because shear strength and compressibility are edrsegarately.
Shear strength is also further partitioned into frictional (exterior Stdependent) and cohesive
(exterior stress independent) strenggmponentsThe twoefold parameterization of shear strength
holds the advantage of incorporation into complex terramechanics numerical modeite hes
advantages of the Bekker method, no model framework exists to predict Bekkeetgasanom
basic soil properties for scenarios in which direct sampling is not an option.

The objective of this study is to develop and evaluate a model framework for prediction of
Bekker shear strength parameters as a function of soil moisture and so#.t&he resulting

framework is ¢rmed th&strength of SurfaceSoils (STRESS) model. The STRESS maxjgllies
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soil moisture estimates from an existing soil moisture downscaling mtgeEquilibrium
Moisture from Topography, Vegetation, and Soil (EMT+VS) mg@adleman and Niemann,
2013; Ranney et al., 2015) and uses unsaturated soil mechanics to estimate suitfstrahgth.
The pralictive performance of the STRESS model is evaluated using a bevameter stesaaidev

a field site in northeastern Colorado.

3.2 Background

Bekker soil shear strength theory is based on the M&wulomb failure criterion
(Coulomb, 1776; Mohr, 1900), illtrated in Fig.3.1. The Moh#Coulomb equation is typically
presented as:

. oW [ tan (3.1)
where W is shear stress at failure (i.e. shear strength$, cohesion, I/ is normal stress on the

failure plane, and/ is friction angle. Shear stigth of a soil is a function of applied normal stress

and two soil properties: cohesion and friction angle. In soil, cohesion quantifies @anstsbiegth

effect of electrostatic interparticle forces and is independent of appliethhstressy-intercep

in Fig. 3.1). Friction angle describes shear resistance due to interparticlenfrenid is the
arctangent of the slope of the linddrine in Fig. 3.1. Cohesion and friction angle are fit from
experimental data by measuring shear strength at fadtrenultiple normal stresses and
determining the optimal linear fit for Eqr8.1]. Thetruefailure envelope of soils has been shown

to be nonlinear, with considerable variation between friction angles mdaseaethe origin and

those measured at high normal stresses (Penman, 1953; Bishop et al., 1965; Atkinsonrand Farra
1985; Day and Axten, 1989). As shown in Bd., the MohrCoulomb equation is generally fit to

an intermediate portion of the nonlinear Md&wulomb failure envelope and used assurtimear

behavior for all relevant stress conditions. Note that Eqgn. [3.1] defines the Mohr-Coalturd f

49



envelope in terms of total stredg which is defined as the normal stress applied to soil via external
loading and weightfooverlying soil.

Effective stress (Terzaghi, 1925; 1936) accounts for the effects of ponepnegsure on
soil deformation and shear strength. Khalili et al. (2004) describe effesttess as a concept that
“converts a multiphase, multistress porousdinm to a mechanically equivalent, singlease,
singlestress state continuum”, which allows for “application of the principles of continuugn sol
mechanics to fluidilled deformable porous media”. Effective stre$&is calculagd by adjusting

total stress to account for pore water pressyren saturated soil:

cV u (3.2)

Note that pore water pressure and pore air pressure discussed in this stgdgeapzessure.
Effective stress is based on the concept that pore water pressure reduceasesnaterparticle
normal stress and therefore reduces or increases-dapsadent frictional shear resistance. The
Mohr-Coulomb equation is updated to account feeative stress and an alternatpair of shear

strength parameters are defined: effective cohesiomnd effective friction angle/« The

effective stress shear strength parameters are measured in a saturated gjatéataikicount soil
pore water pressure and are assumed to be constant material properties for soigiren
geotechnical engineering practiCeerzaghi et al., 1996).

Effective stress is traditionally used in analysis of saturated sait§ghi et al., 1996and
measurement of pore water pressure in saturated soil is relatively stravgintfoCharacterizm
effective stress in unsaturated soil is more complex. Matric suction is the tumelthect of
capillarity, surface tension, and surface adsorption of pore water in an unshso@tand
manifests as negative, or tensile, pressure in soil pore Wdtereffect of matric suction on

effective stress and therefore soil strength must be characterized to aifetiiste stress analysis
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in unsaturated soiln general, matric suction increases effective stress and soiltktreng this
relationship iscomplex.Reece (1964) describes the decision to neglect effects of pore water
pressure and matric suction in terramechanics, citing assumptions otifailhed behavior (

u, 0)in coarsegrained soil or fully undrained behaviol 0) in fine-grained soil that remove

the need for effective stress and simplify soil strength analysis. Howevezglecting effective
stress, the sodir-water system is grossly and unrealistically oversimplifredoils with water
contents between saturation and.drlgerefore, Bekker shear strength parameters are total stress
strength parameters that vary with respect to water content (Bekker, 1956; &vale 1974;
Wong, 1980) and must be treated as empirical (water contenticpgarameters.

Multiple models have been introduced to incorporate effective stress in unsatorbated s
and better conceptualize unsaturated strength and deformation. Bishop’s mesiag,(BD59;

Bishop and Blight, 1963) calculates effective stress as a function of mattians

cClV u Vu, u, (3.3)
whereu, is pore air pressure and the difference between pore air pressure and poresssiiee p

u, u, is matric suction. The quantity V' u, is net normal stress. Bishop’¢ parameter

a
defines thecontribution of matric suction to effective stress. Application of Bishop’s meth®d ha
been shown to be problematic due to theoretical and experimental difficultiesermiténg
Bishop’s parametgidennings and Burland, 1962). The second method of iodipg effective
stress into unsaturated soil analysis is suction stress. Suction siseistintroduced by Lu and
Likos (2004) as “the net interparticle force generated within a matrix oturagad granular
particles due to the combined effectefjative pore water pressure and surface tension”. Lu and

Likos (2006) later generalized the definition to also include van der Waals forces arelldgebl
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forces. Lu et al. (2010) introduced the first closed form equation for igHesttess in unsatated

soil with a method of estimating suction stress:

cV u V (3.4)

a

where Vis suction stress and is estimated as:

Sk

s, .. 2
V=8 L (3.5)

The tem S, is effective saturation and is calculatedSs T, / 4 . The variable 7is

r

volumetric water content and the parametgrsn, 7, and 7, cumulatively referred to as van

Genuchten water retention parameters (van Genuchten, 1980), are apmigximeanverse of air
entry pressure, pore size distribution index, residual water content, argityjorespectively.

Equation [35] can be rewritten as:

V S u y, (3.6)
The suction stress method (Eqn3.5] and B.6]) is equivalent to Bishop’s method if Bishop’s

parameter is assumed to be equaltective saturationThe assumption~ S, is commonly used

to estimateBishop’s parametesind was considered by Bishop and Blight (1963). Vanapalli and
Fredlund (2000) showed that this estimate of Bishop’s parameter performs vl range of
suction from 0 kPa to 1500 kPa but performs poorly over a greater range of suctious ¢drer
methods have been intrazkd to estimate Bishop’s parameter as a function of matric suction.

Khalili and Khabbaz (1998) introduced a unique relationship between Bighemaiseteand the
suction ratio u, u,, / u, u,,, where u, u, isthe airentrysction of a soil. This method

was found to perform well under the set of laboratory conditions used in the study.
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Fredlund et al. (1978) developed a model for evaluating shear strength of uadatara
by altering the MohCoulomb formula rather than ®nding the effective stress equation. The

effects of net normal stress and matric suction on shear strength acecmhseparately and a
friction angle with respect to matric suctiofi is introduced in addition to the traditiaireffective
stresdriction angle:

. C W u tan ¢ u W, tan”® (3.7)

The Fredlund method is thetisally robust and evaluates shear strength with respect to two
nonmaterial stress state variables (net normal stress and matric slictcmmpparing the Bishop,
Fredlund, and Lu methods, concerns arise with the Bishdp method described previously
when the Bishomr Lu methods use degree of saturation to describe the stress state of the soil.
Fredlund et al. (2012) argd¢hat degree of saturation, a material variable, cannot be used to
describethe stress state of a sbikcause stress state valesbare traditionally independent of
material properties. Lu and Likos (2004) ofidia counterpoint to this argument, presenting the
justification that state variables “are those that are required to completetjpdessystem for the
phenomenon at hatydand in unsaturated soil, material variables that describe the relative yuantit
of each phase (soil, water, air) are necessary to completely defisgstieen. While traditional
application dictates that stress state variables should be independeatieaainvariables, the
fundamental definition of a stress state variable does not inherently preclude thifemesterial
variables to describe stress state phenomena. Further, the Fredlund method deesl tio¢ a
complexities involved in accounting ftre effects of matric suction on soil stramgas the new
friction angle with respect to matric suction (a material varialdejefined to describe the
relationship between matric suction and shear strength. The three methods, Wwhdeiditheir

theoretical underpinnings and parameterizations, are numerically equivalent mitagiee
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descriptions of unsaturated soil behavior when degree of saturation is used as a peakctmn
in moisture derived soil strength with decreasing water contiEnwever, whilethe Lu method
relies on van Genuchten soil parameters for which pedotransfer functionsoitdextire data
are readily available, the Fredlund method introduces a new parameterdifatuk to estimate
from soil compositional data and not consistent with traditional Terzaghi effectisteess.
Thereforeonly the Lu method is considered in this study.

3.3Methods and Materials

3.3.1 STRESS Model Development

A conceptual diagram of the STRESS model procedure is shown in Fifh8 2TRESS
model is designed to output soil shear strength parameters as a function of stuitemamnd
texture.The shear strength parameters estimated by the model are equivalent to Bakkeesst
strength parameters but are estimated by accountmegffiects of variable soil moisture. The
STRESS model is paired with the EMT+VS model, a soil moisture downscaling (Gmdeman
and Niemann, 2013; Ranney et al., 2015). The EMT+VS model downscalesesalséon (1
60 km grid cell) soil moisture usinfgne-resolution (1630 m) topographic, vegetation, and soil
data to produce fineesolution (1630m) estimates of soil moisture. The EMT+VS model
simulates an equilibrium water balance over the hydrologically active seil \afich is defined
as the sdace soil layer over which most lateral flow occurs. The STRESS modeVé&opedo
use EMT+VS soil moisture outputs as input for moisttagable soil strength estimation, but the
STRESS model can also be applied independently from the EMT+VS model with ndesslre
moisture data. Soil textural data (percentage by mass of sand and claytaned from
international or local soil databases such as ISRISE (Batjes, 2016) or SSURGO (Soil Survey

Staff, 2018). If available, soil texture can also be input from local measured.values
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The STRESS model applies the Lu method (Lu et al., 2010) to estimate tdraamec
strength parameters. Effective friction angle is constant over the rfige raf water content from
zero to saturation (Fredlund et al., 1978). Therefore, STRESS estimates a constanafigle
for all moisture conditions. Theohesion valudéor an unsaturated saiheasured by a bevameter
captures soil strength contributions from electrostatic forces betweenastdigs (effective
cohesion) and effects of pore wat@pparent cohesipnThe STRESS model reproduces Bekker
cohesion by combining effective and apparent cohesion to produce a parameter tersha@ moi

variable cohesiort,.

The STRESS model outputs usapirical relationships to first estimagéfective stress
strength parametermnd van Genuchten’s water retention parameters (van Genuchten, 1980).
Existing data relating effective stress strength parameters to soil texduiraised, particularly in
a terramechanics (near surface) setting. In the STRESS model procedure, Btated
Department of Agriculture (USDA) soil classification is determinethfpeercentages of sand and
clay and an empirical conversion from USDA to USCS classification fromig&@aines and
Frankenstein (2015) is used to estimate USCS classification. Effecegs strength parameters
are estimated as USCS class average values from the United States Naval FEaugitiesring
Command (NAVFAC) Foundations and Earth Structibesign Manual (1986) and the USDA
Transportation Engineering Manual (1981). Tablestimmarizes various class average effective
strength parameters and those selected for use in the STRESS Thedesktification for class
average parameter used in 8IBRESS model is also provided in Table 3.1.

The predictive performance of the STRESS model is limited by the generatiyesd
binned parameters. However, the STRESS model is designed to be improved asodapdes ¢

to better characterize textungoisturestrength relationships in soil and allow for better prediction
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of effective shear strength parameters using basic soilAmtdataset is compiled to relate soil
texture to effective shear strength parameters, continuous relationshypbenteveloped to
overcome these binning errors, and the predictive capabilities of theSSIRigdel will likely
improve.

Many pedotransfer schemes exist to predict van Genuchten soil wateoreparmaimeters
as a function of basic soil data. However, applicabdit pedotransfer functions is hindered by
compatibility with available inputs and desired outputs. For consistency with EBlTrodel
development (Ranney et al., 2015), the pedotransfer function from Cosby et al. (198d)ts use
estimate porosity usingepcentage of sand and clay as input. Then, sand and clay percentages are
used along with Cosby et al. (1984) porosity as input into the pedotransfer soh@nafvls and

Brakensiek (1984) to estimate the remaining parametéis: L, and n. Note that the van

Genuchten pedotransfer functions used in this study were developed for agrimpiilications.
Additionally, a sitespecific residual adjustment factdr may becalibrated within the EMT+VS
model to adjust the magnitude of residual water content to best fit measured stilendesa
when available, this parameter is also incorporated in the STRESS model.

The STRESS model outputs are determined by aunmipthe estimated effective stress
strength parameters with unsaturated soil strength theory. BeeHastve friction angleis
constant with respect to soil moisture (Fredlund et al., 1978), ceftigative friction angldrom
STRESS is equal to trassaverageeffective friction angldrom Table3.1. Moisturevariable
cohesion combinesffective cohesion from Tablé1 with a contribution of matric suction to
suction stress based on Lu et al. (2010). Applying the climsed equation for effectivetress

from Lu et al. (2010) to the effective stress Mohr-Couldarimulationyields:

4 u, B tdr ¢ (3.8)
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Pore air pressure is assumed to be atmospheric in surficial soils relevientatnechanics

applications. Settingore air pressure equal to zero and rearranging the equation produces:

. W “tan c V tan (3.9)

The equation now resembles a total stress shear strength envelope consistdra Bekker

framework:
. B tan (3.10)
where theBekker friction angle/ is equal to effetive stress friction angle and moistwa&riable

cohesion is calculated by combinimdfective cohesiorand effects of matric suction on soil
strength:

c, ¢ ‘tarV/c (3.11)
Apparent cohesion is defined by Oh et al. (2012) as the “shear stressnge$udtn the
mobilization of the isotropic tensile stress [i.e. suction stress] by thenahterction”. This
definition is directly represented in the second term of Eqn. [3.13], which descrilpstiba of
suction stresthat is mobilized by interparticle soil friction. Note tlsaiction stress a negative
quantity and thereforenoisturevariable cohesiowill be greater than or equal teffective
cohesion.

Figure 33 displaysclassaverage STRESS model estimatestioisturevariable cohesion
versussoil moisturefor various soil typesThese graphs are based on Eqgn. [3.13] and are
detemined from classverage soil properties and the suction stress equation in Eqgn. [3.5] and
[3.6] (Lu et al., 2010)Currently,moisturevariable cohesion is artificially capped at the value of
moisturevariable cohesiowhenmatric suction equals 1500 kPa, which varies based on solil type.
In the current suction stress framework (Lu et al., 2010), suction stress (afdrthenoisture

variable cohesion) approaches infinity as soil moisture approaches resataalcantent. This
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behavior is unrealistic andxists due to shortcomings in characterizing saker retention
behavior in the adsorbed regime, which Zhang and Lu (2019) aim to address in theid update
suction stress formulatiolt low water contents, most or all water is adsorbed to soil particles
and does not contribute to suction stress in the same way as capillary water. Abaupyakeon

matric suction is imposed at 1500 kPa because Vanapalli and Fredlund (2000) shewed

generalization for Bishop’s equationc V' u, $(u, uy,) to perfam well within the range

of suction from 0 to 1500 kPadigh moisture variable cohesion is anticipated to yield favorable
mobility calculations, and the specific magnitude of moistiangable cohesiofor a dry silt, clay,
loam, or sandy clay loam aretmipated to be unimportaniote than in Fig. 3.3, residual water
content is assumed to be zero because the residual adjustment factor watedatibzero in
EMT+VS model calibrations at the test site used in this study, as shown in Chapter

3.3.2 Data Collection and Model Evaluation

The STRESS model was applied at a field site in northeastern Colorado toeewadaied
performance. Drake Farm is a former farm with an area of approximately 100ehelevation of
the region ranges from 1559 m to 158&nd slopes range from 0% to over 13% (Fig. 3.4a). Drake
Farm was farmed in a whefatllow crop rotation for multiple decades until 2012 when the field
was transitioned to a Conservation Reserve Program (CRP) site. A nasisdlgrad was planted
in 2013 and 2014, but the former stampping pattern is still apparent in the vegetation at the site
(Fig 3.4b). Soils at the site are aeolian silt and sand deposits, but the field hadlibégen ti
extensively and therefore spatial soil patterns are not exgedsve of natural deposition. 215
points of measured soil textural data are available over the top 30 cm of soiltftebn et al.,
2006). Point soil data is interpolated using tension spline interpolation with a \warginteter of

100 as discussed in Chapter 2 to produce a smoothafyesiximation spatial soil pattern (Fig.
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3.4c, 34d). A complete description of the field site is found in Green et al. (2009) and &rde
Erskine (2011).

The EMT+VS and STRESS models were conducted to produce gpatsgabf moisture
and solil strength parameters over a subsection of the Drake Farmfoedgioae datesThe region
of interest, referred to in Fig. 3.4 as “Analysis Region”, was selected fdr&M& and STRESS
analysis because of availability of measuseil moisture data for model calibration (as seen in
Chapter 2)and proximity to Fort Collins, CO, USA for field measurements of soil gtinerll
analyses in this study are conducted over this redibe.EMT+VS model parameters were
calibrated to maixnize NashkSutcliffe coefficient of efficiency (NSCE) (Nash and Sutcliffe, 1970)
using eight dates of measured soil moisture from a portable time domain reflegtOhiR)
device, which measures depittegrated soil moisture over the top 15 cm of sdik $oil moisture
dataset used for calibration consists of eight dates of measured soil meigiG® measurements
each. Spatial average soil moisture of the calibration dataset range3.®&snon the driest date
to 0.216 on the wettest dat@ll EMT+VS model calibration details, including calibrated
parameters, correspond to the CRP period described in Chaftalit#ated model parameters
are then used to downscale soil moisture on all soil strength measurement idgtes apstial
average of meased soil moisture data on the date of interasta{ogous tthe input from a coarse
resolution soil moisture remote sensing data source). Downscaled soil mo@tutee EMT+VS
model and interpolated soil textural patterns are input into the STRESS tmedémate friction
angle and moisture-variable cohesion.

Soil moisture, cohesion, and friction angle were measured with a bevadesteniljed in
Chapter 4) aR1 locations within the analysis region (Fig. 3.5). SeverbB0m regions were

defined at various locations throughout the region to encompass a variety of topographic,
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vegetation, and soil attributes. Green et al. (2009) selected several sgidaisrover the entirety
of the Drake Farm field for measurement of steady state infiltredies. The regions from Green
et al. (2009) that fall within the analysis region were used in this study anddligeral regions
were defined to encompass regions of extreme soil texture (high interp@ategescentage or
clay percentage). The 3By 30-m regions were drawn to encompass a grid of 36 digital elevation
model (DEM) cells. Three DEM cells were selected in a triangle pattern within @alz 30m
region to achieve a target dataset of 21 total measurement locations over trses/ARedgn. At
these locations, measureflective friction angle and moistuk@riable cohesiowere compared
to parameter estimat&éom the STRESS model using both inpul seisture from the EMT+VS
model Soil strength and soil moisture data were collecteti@edates a dry date{3June 2019

a moderate/wet date (25 April 2019), and a wet date (2 May 2019).

The bevameter is an-gitu soil strength measurement device that was introduced by
Bekker (1960) and has been recreated in various forms over several decades (Wong, 1980;
Apfelbeck, 2011). A humapowered shear strength bevameter was designed and constructed to
conduct field testing for this study (Fig. 3.6). The apparatus details and cahbohtihe shear
strength bevameter are provided Chapter 4. Normal force is applied by de&d avelgshear
stress is induced in the soil using a moment arm at the top of the deviserttated manually
For each sampling location, the soil must be sheared three separate timegeatt ditiemal
stresse$o calculate shear strength parameters. Because each individual sheargestrahormal
stress causes soil deformation, each of the three shear tests correspamuérgptopling location
must be conducted at distinct points near the sampling logd@ign3.7). The distinct sampling
points were selected to encompass similar vegetation and surface characterthtins, more

than one meter between the specified sampling location and the three distpioigamints.
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Soils at Drake Farm typicall§id not exhibit a peak and ultimate shear strength, and many
soils exhibited an increase in shear stress with increasing deforraatloontinuous shear plate
sinkage throughout the test. For consistency between tests, shear daidgseatas defineds
the shear stress at 60 degrees of angular displacement. This point wad baksteon the results
of preliminary laboratory bevameter tests (as shown in Chapter 4), in which 60 degr&esl
the approximate transition from elastic to plastic behavie. the shear stresksplacement curve
changes slope).

Bevameter field testing procedure wdsveloped based oan extensive review of
bevameter design and testing literature. Based on the literabunealrstresses of 19.2 kPa, 38.9
kPa, and 58.7 k& were selected. At each testing location, déaptgrated soil moisture was
measured over the top 5 cm using a POGO Hydraprobe patalieoisture measurement device
(Stevens Water Monitoring Systems, Inc., Portland, @RA) device. For each of the three testing
points for each sampling location, vegetation was remawnttdelectric gardening shears to trim
grass and weeds and remaining litter was removed by han®(FigNormal stress was applied
to the bare soil surface and the shear annulusotaigd at a rate dfrpm until shear failure. Data
were processed using a laptop computer. Torque was recorded and converted teeshessirsg

the equation:

w—> (3.12)

where T is measured torque ang and r, are outer and inner radii of the shear anapl

respectively. The procedure to transform shear strengths to strengtiefsesais described in
Chapter 4An equation to account for grouser height from Reece (1964) is used in conjunction

with the MohrCoulomb equation to determine cohesion and friction angle. The equation is fit
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using linear least squares regress@hnote, this interpretation of the shear plane may be biased
by development of oblique failure planes during shearing (Karafiath and Nowatzki 1978);
additional research into prevention of oblique failure planes via a surcharmgeoplaterpretation

following the procedure outlined by Liston (1973) is needed.

3.4 Results and Discussion
Patterns of soil moisture from the EMT+VS model and soil strength pararfretershe
STRESS model werer@pared for all three dates of soil strength sampling. Figure 3.8 displays

modeled patterns of soil moistuiiéhe dry date of data collection hamaasuredpatial average

soil moisture 7 0.063 (used as input for the EMT+VS model), which is drier than any date used
for EMT+VS model calibrationThe soil moisture pattern on the dry datatains very little
spatial variation (Fig. 3.8a). Slight soil effects are observed in the ndrit@eaer, and the
southwest corner is slightly wettes observed in all CRP plots in Chapter 2. Comparing EMT+VS
model output to measured soil moisture on this date produces an RMSE @lE/oT his value

is lower thanthe typical measurement error of a TDR devldaiéman et al., 2008nd indicates

tha the predictive error of the model is low. The moderate/wet sampling date massured

"7 0.192. This date shows topographic effects in the soil moisture pattern, as theajgpodow
(valley bottom) is wetter than the rest of theesi(Fig. 3.8b). Additionally, vegetation and soil
effects combine to produce a soil moisture pattern that mimics thecifping pattern that is
still apparent in the vegetation pattern. Comparing downscaled soil mostmeasured data at

the 21 sampling locations produces an RMSE value of 0.035. The wettest date of sampling was

measured to have” 0.264 and is shown in Fig. 3.8c. The wet date again displays the wet valley
bottom as well as impacts from the interpolated soil patiéra.soil pattern is apparent on the

western half of the region, illustrating the effect of soil composition on soil meiatuhis site
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under relatively wet conditions (Green and Erskine, 2011). A RMSE of 0.038 is calculateel for
wet date, again suggesting low predictive error of the EMT+VS model.

Spatial patterns of soil strength from the STRESS model are shown in Fig. 3s9inPlot
Fig. 3.9 show dependence on both soil texture and soil moisture. The predicted paffectioé
friction angle from the STRESS model (Fig. 3.9a) is independent of soil moisture and is
determinedbased on clasaverage valuefom estimated USCS classification based on values
reported in Table 3.1. The Drake Farm analysis region shows relativelyp&dials/ariation m
soil type (from clay loam to sandy loam), and therefore the patteeffegtive friction angle
consists of only three discrete values distributed over various portions of tbe. r&gatial
patterns omoisturevariable cohesion were produced usindisp@atterns of soil moisture from
the EMT+VS model as input. The dry date (Fig. 3.9b) containsrigbkturevariable cohesion
values for most of the region. Under drier conditions, the soil develops high magnitudetsoof s
stress, which lead to high apparent cohesion modsturevariable cohesiorvalues. Lower
moisturevariable cohesiors observed over regions with higher sand content, because moisture
variable soil strength in sands is minimal compared to-fin@ined soil¢Fig. 3.3; Lu et al., @10).
The sandy regions developoisturevariable cohesiomanging from12 kPato 58kPa, whereas
the regions with higher clay conteare generallgapped at maximum moistuvariable cohesion,
which is equal to the moisturariable cohesion at 1500 kPa of matric suction and varies from 95
kPa to 189 kPa. Under dry conditions shown in Fig. 3tgbspatial pattern of moistuvariable
cohesion mimics the pattern of soil moisture, but because soil moisture contains diiité sp
variability and magnitudeof moisturevariable cohesion are high, the effect of soil moisture on
moisturevariable cohesion is not visually appar€rtte moderate/wet sampling date (Fig. 3.9¢)

shows combined effects of soil textural and soil moisture patterns. Regionsghittialyi content
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estimatedo have highemoisturevariable cohesiof21 to 47 kPa) than regions with higher sand
content (1.3 kPa to 14 kPa) due to higher suction stress generatedgrafimed soils. Moderate

soil moisture effects omoisturevariable cohdsn are apparent in Fig. 3.9c, as drier regions
develop higher suction stress and higher moistareable cohesiarirhe wet condition (Fig. 3.9d)
contains almost no moisture variability. Under wet conditiomsisturevariable cohesiomalues

are nearzemo (<10 kPa and the cohesive strength (independent of external stress) of the soil
originatesdominantly from effective cohesion. The spatial pattern of moistam@ble cohesion
closely resembles the spatial pattern of effective cohesion, which is detdrinam class average
values (Table 3.1).

Measured soil strength parameters at Drake Farm were compared to estimatedoralues f
the STRESS model to determine the predictive performance of the model véffection angle
(Fig. 3.10) is independent of soil moisture and therefore is predicted to be constant on all
measurement dates. The STRESS model consistently underestimates dfietiweangleat
Drake Farm with an RMSE dfl.3degreesBecause the estimates are clagsrages, they do not
varysignificantly over the range of soil types present (Table 3.1) and therefore @ptuwedocal
variability based on subtle variations in soil textéeontinuous pedotransfer function to predict
effective friction angle using sand and clay percentages and other ancél@aples such as
density could allow for variation within a given soil type and improve the gregliperformance
of the EMT+VS model.

Comparisons of measured and predicteadsturevariable cohesiofor thethree dates at
Drake Fam are shown in Fig. 311 This plot illustrates that for spatial average soil moisture
between0.063and 0.264, the STRESS model overestimatesturevariable cohesioat some

locations and underestimates at othéZshesionfrom all dates produce anMSE value 0/68.2
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kPawith measurednoisturevariable cohesioranging from0 to 9.59 kPand predictednoisture
variablecohesion ranging from 1.0 @9 kPaThe source of most of the observed error is the dry
date, which has an RMSE of 110 kPa. As shawhig. 3.11, the STRESS model predicts high
moisturevariable cohesion for most of the Drake Farm analysis region. Under dry oosddi
surficial soil layer consisting of less thar3 cm of dry, loose, sandy soil was observed during
field sampling. he grousers on the underside of the bevameter shear plate only penetrate to a
depth of 1.59 cmthereforethe measured soil strength parameters correspond to this loose, sandy
layer. Nomoisturevariable cohesion is measured for a loose, sandy soil besacsen stress
depends on soipore structure, suction stress is higher for denser sovish smaller pores
Therefore, the discrepancy between measured moishniable cohesion and the high predicted
moisturevariable cohesion is substantialstiffer, higherstrength soil layewas observed texist
directly below the loose superficial layer, which became apparent in takihgnedture
measurementsn the dry date. The prongs of tHgdraprobedevice were difficult to manually
insert to a depth of 5 cm due to the strength of the underlying soil layer. This stremgttobes

due to the same moistuvariable cohesion that the STRESS model aims to reproduseabnbt
captured irsurficial bevameter testing. For future field testing, the loose surficial Eyaildbe
removed prior to sampling to capture theisturevariable strengtivehaviorrelevant to vehicle
mobility.

The moderate/wet and wet datesitainmore moderate overestimates and underestimates
of moisturevariable cohesionin geneal, moisturevariable cohesions overestimated more
frequently than underestimated. These overestimateshypothesized to occur for multiple
reasonskFirst, the classiverage values for effective coheseme overestimated for the few soils

(MH, CL, CH) for which effective cohesioris not estimated to be zero in the STRESS model.
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Although these soils are firgrained and are expected to have some norefégotive cohesion
classaverage values in Tabld.1 relevant to geotechnical engineering applmagiare not
representative of class average conditiorsificial soils Geotechnical laboratory test specimens
are carefully prepared and compacted to a specified density, which is typieatgrgthan the
natural density ofa surficial soil. Theeffective cohesion parameteepresents electrostatic
interparticle forces such as van der Waals forces and the strength diotltesedepends on the
distance betweesoil particles. Thuseffective cohesiomf a natural surficial soil will be lower
than that of a compacted fill or soil deeper below the ground surface if all otheresaadeiqual

The substantial overprediction wfoisturevariable cohesiothat occurs at several points on the
moderate/wet date and wet date is a result of overpredieffieciive cohesiorin fine-grained
soils, specifically CL. Additionally, the STRESS model predicts USCSsifilzation, which
depends on both particle size and plasticity, using an empirical conversion fromA USD
classification (Garciaines and Frankenstein, 2015), which depends only on particle size. This
conversion likely introduces error in predicting claserage parameters because no direct
relationship exists between USCS and USDA. For example, the STRESS mode$miagiioam

in USDA to be a lowplasticity clay (CL) in USCS, which may not be accurate and may lead to an
overestimate oéffective cohesioand an underestimate effective friction angldased on class
average value®\nother potential source of error is uncertainty in interpolaig¢diexture patterns,

as shown Chapter 2. Interpolated spatial patterns of sand and clay percentafe &albn were
shown to have relatively high error despite 215 points of measured soil textur@rddidive
error exists because of the repetitiling that occurred at Drake Farm for multiple decades in

addition to the inherent variability and uncertainty that exists in spatial interpotdteoil data.
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Underestimates omoisturevariable cohesiorshown on the wet date are likely caused by
uncetainty in soil data that leads to inaccurate estimatesicifon stress.

In general, the results for all three dates indicate that terramecispeicific pedotransfer
functions are necessary tccuratelypredict effective stress strength parameters ezl
Genuchten parameters. Natural surficial soils exhibit different behawiortiie geotechnical and
compactedagricultural soils for which the classerages and pedotransfer functions used in the
STRESS model were prepared. All relevant soil properties are dependent og, dersithe
STRESS model currently neglects all density effects. Creating pedetréunsctions specific to
terramechanics applications would partially address the issue of dgpedyic soil properties,
but density should also be considered as a pedotransfetongnpletely characterize the effect
of density on various soil properties.
3.5Summary and Conclusion

This study introduces the STRESS model to predict strepaydimetersf unsaturated
surficial soils for vehicle mobility. The STRESS model is paired with the ENT $¥il moisture
downscaling model to predict soil moisture and soil strength as a function of basiafipog
vegetation, and soil data, and coarse resolution soil moisture. The STRESS madel use
pedotrangr functions and unsaturated soil mechanicprealict soilshearstrength parameters
(cohesion and friction angle) that may be input into numerical terramechandieds. The model
was applied to a test region in northeastern Colorado and bevameterameads were collected
to evaluate predictive performance. The following conclusions can be made fratuthyis
1. In general, the STRESS model captutke approximate magnitude of Bekker strength

parameterswhen compared to fieltheasured valuesAlthough high moisturevariable

cohesion values predicted by the STRESS model are not currently captureditestiely, the
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effect of suction stress on soil strength is known to occur at lower water contents. The
bevameter field testing methodology should be amended to capture the trué siedrayior
relevant to terramechanics.

2. Friction angle estimates from the STRESS model are limiteelxtsging class average soil
strength databases. The clas®rage values of effective friction angle do not capture alatur
variability and are incapable of representing soils that are stronger centbak the average
soil within a given soil textural class. Results at Drake Farm show values tlypanemlly
underestimated.

3. Cohesion estimates from the STRESS modeliariéed byclass average cohesion estimates
from soil strength databases. The effextivohesion values of firgrained soils are
overestimated by the model. The model can also overestimate suction strelssrefutet
moisture variable cohesion due to unamty in soil input data.

4. More data are required to improve the predictive performance of the STRESS modakei dat
relating effective shear strength parameters to soil texture perceritagesrficial soils
relevant to terramechanics is required évalop continuous predictive relationships.

The STRESS model should be applied to other test regions to gain a better understanding
of the model’s predictive capability. Additional test regions should be selectad drasarying
topography and soil conditions. Measured soil moisture data must be avaiaeutd be
collected as part of STRESS model verification. Measured data can be compaeelictegdata

following the process outlined herein.

68



3.6 Tables and Rgures

Table 31 Comparison of classverage effective stress strength parameters. The columns correspotdii®@Ra@re derived from a
dataset of 17 soils from the western United States. The third set of valugs thé United States Department of Agrictétérorest
Service Slope StabilitReference Guide (1994), which compiles values from the USDA Transportation émnggndandbook (1981)
and only provides classverage friction angles for coargeained soils.

USDA (1981) (via USDA, 1994) STRESS Model Parameters
uscs NAVFAC (1986) USBR (1998) Loose Dense ¢’ (kPa) )
Classification
c' (kPa) /() c' (kPa) /() c' (kPa) 1" () c' (kPa) /() Value Reasoning Value Reasoning
GW 0 >38 R 35 ~ 45 0 Gravel and sand (GW through SC) are coars 35 Friction angles for loose soil from USDA (1981) via
grained materials and are considered USDA (1994) due to applicability to surficial soils. Low
GP 0 >37 8.1 422 N 33 N 43 0 cohesionless in soil mbanics practice 33 density soils are consistent with effective plant growth
(Terzaghi, 1943). These soils do not develop———— (Hunt and Gilkes, 1992; Goldsmith et al., 2001).
GM - >34 - 33 - 43 0 interparticle cohesive forces. Low plasticity silt 3 Therefore, natural surficial soils are anticipated to be low
is a finegrainedsoil buthas been shown to —33 density. For soils with a range of friction angles, the
GC - >31 - 33 - 43 0 exhibit cohesionless behavior (Vanapalli et al., median value is chosen.
1996; Vanaut et al., 2002). Inthe loose — 37
sw 0 38 } 31 B 41 0 condition expected in natural surficial soils
sp 0 37 : 31 } a1 0 (Hunt and Gilkes, 2002; Goldsmith et al., 31
2001), zero cohesion is predicted as a
SM 20 34 207 34 29-31 - 39-41 0 conservative estimate. 30
sc 1 31 19.3 327 o 31 See below justification for CL through CH
ML 9 32 4.80 35.2 26 36 0 26 See above justification for GW through SM
cL 13 28 15.2 28.1 13 Cohesion ioftenconsidered the primary 28 Friction angles from NAVFAC (1986) are used for SC,
source of shear strength of high plasticity soi ML, MH, and CH because no values are provided by
MH 20 25 20 (Terzaghi, 1943). Even in a loose state, the 25 USDA (1981). Although NAVFAC (1986) does not
nonzero values from NWAFAC (1986) provide —— contain a densityelated component, these values are
CH 22 19 324 20.5 22 a realistic estimate. 19 typically used in US government applications.

USCS Classifications are defined as follows: GW =+gedided gravel, GP = poofiyraded gravel, GM = silty gravel, GC = clayey gravel, SW =-grtled sand, SPpoorly-graded sand, SM = silty sand, SC = clayey sand, ML = low plastittit"ki= low
plasticity clay, MH = high plasticity silt, CH = high plasticity clay
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Fig. 3.1Schematic illustration of linear fit failure envelope and true nonlinear faihuel@pe.
4 is shear stress at failurey is normal stress (in terms of total applied stregsy friction

angle, andc is cohesion.
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legend.
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Fig. 3.4. Drake Farm field site description, including region of analysis ofttidy denoted
with a black rectangle, including (a) digital elevation map (DEM), (bjabphotograph, (c)

interpolatedpercentage of sand by mass with soil sampling locations, (d) interpolated pgecent

of clay by mass with soil sampling locations
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Fig. 3.5. Solil strength sampling locations (21 locations) over the analysis region, wit
underlying aerial photograph from September 2017
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Fig. 3.6. Humarpowered shear strength bevametgpliedat Drake Farm
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Fig. 3.7. Drake Farm soil strength sampling location with three testing pdexsdénotes GPS-
specified sampling location.
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(b) Moderate/Wet Date 0.4
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_—
(c) Wet Date 0

Fig. 3.8 Spatial soil moisture patterns from EMT+VS model on soil strength sampling dates. (
dry date,13 June 2019 " 0.063), (b) moderate/wet dat@5 April 2019 (7 0.192), (c) wet
date 2 May 2019 (7 0.264)
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(a) Effective Friction Angle (b) Dry Date Cohesion

aﬂj.

¢) Moderate/Wet Date Cohesion (d) Wet Date Cohesion

Fig. 3.9 STRESS model soil strength patteiorga) friction angle (degrees), (b) moisture
variable cohesion odry date(13 June 2019kPa), (c) moisturezariable cohesion on
moderate/wet dat@4 April 2019)(kPa) (d) moisture-variable cohesion on wet date (2 May
2019).Soil moisture input for moistureariable cohesion from EMT+VS model output for same
dates.
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Fig. 3.10. Comparison of measured to predicted friction angle values at Drake Farm
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4. BEVAMETER DESIGN

4.1 Introduction

The bevameter is a device used to measaes surface soil strength in terramechanics.
Bekker (1956) states that shear resistance and deformation are the twol keppsaties for
assessing vehicle mobility. Thus, parameters that regréseshear strength and compressibility
of a soil are necessary to adequately characterize soil for vehicle mobilityimgodEhe
bevameter measures these properties in a natwstyiocondition using two tests. The pressure
sinkage test is used toemsure compressibility. A flat circular or rectangular steel plate isques
into the soil at a constant rate, and force and vertical displacement are measkked\Wong
pressuresinkage parameters are fit to the data to characterize compressibility. Bndestas
conducted using an annular shear ring with grousers on the underside. A constantaroenial f
applied to the soil surface by the annular plate anghlear plate is rotated at a constant rate,
inducing a horizontal shear plane in the soil. The torque generated is then rexoedfaction
of angular displacement. Bekker shear strength parameters are calcutptadtify resistance to
shear.

Despite approximately six decades of bevameter research, a paucity of bevameter data
existsin the field of terramechanics. Additionally, the bevameter design and measurement
proceduredack standardization. Each bevameter design has been unique (Dwyer et al., 1974,
Wong, 1980; Apfelbeck et al., 2011) because each device has been designedifiorrepearch
purposes. The objective of this study is to design, construct, and calibrate multiplestaevam
devices for field and laboratory testihgsed on previous desigise first device is a laboratery

focused bevameter with automated electrazaitrols and capability to complete both pressure
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sinkage and shear tests. This device is designed to enable field operation lvas reeyeral
people for transportation and testifigne second device is a simplaumanpowered bevameter
shearstrengthdevice. This device relies on hurmapplied forceto induceshear stress the soil
and dead weights to apply normal str@dse sheastrength bevameter is designed for efficient
field testing andeasytransportation. Bevameter design parameters were identified from a review
of operational parameters in the literatuféie designs of both bevameters are provided. A
laboratory testing campaign is summarizedtf@rshearstrength bevameter devicBest results
from the fieldfocused shear strength bevameter are compared to traditional geotechnical shear
strength testing results on specimens prepared under identical conditiondateuhk bevameter
design and testing proceduteaboratory validation for the laboratefgcused bevameteés not
included as part of this study.
4.2 Background

Rating cone indeXRCI) has been the preferred method of quantifying soil strength in
terramechanics vehicle mobility applications due to ease of measurement anditgirapl
application (Rula and Nuttall, 1971). Hove, the need for mechanical strength paraméters
complex terramechanics modéias reinvigorated interest in the bevameter (McCullough et al.,
2017). The bevameter offers a more robust method of estimating soil propertedtoasdfor a
better understanding of individual processes that govern soil vehicle interactionteEaare
sinkage test is one of the two bevameter tests and is used to measure soilstombedsvior
(Fig. 4.1a). The laboratotfpcused bevameter contains presssinkage capalities, although no
pressuresinkage laboratory validation occurred as part of this study. A flat circutactangular
plate is pushed into the soil at a constant rate and force and vertical displaaemeeasured.

Bekker-Wong pressurginkage paraeters are fit to the data to characterize soil compressibility.
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The second test procedure is used to measure soil shear strength (Fig. 4.1b). Teebevam
shear test is based on traditional M@woulomb strength theory (Coulomb 1776; Mohr 19@0
circular shear annulugith grousers on thanderside (lg. 4.1b is fully pressed into the sdib
achieve aonstant normal stress. The shear ringénrotated at a constant rate until the soil fails
in shearalong a horizontal failure plane that is indugethe soil at the bottom of the grousers. In
this way, the bevameter shear test is analogous to a torsional ring sheAppdied torque is
converted to shear stress using the following equation:

3T
W—25r3 " (4.2)

[0} I
where | is soil shear stresg, is applied torque, and, and r, are outer and inner radii of the

shear annulus, respectively. Depending on the application of bevameter testingxithemmor

ultimate shear stress is recorded as shear stress at fadgf®i(a given constant normal stress.

The bevameter shear procedure is repeated at a minimum of three normal stressastévizbar
the relationship betweeshear stress at failuat a ©rresponding applied normal strésB). Shear
strength parameters cohes{a@) and friction anglé€ /) are fit fromalinear MohrCoulomb failure
envelopdit to the data
. oW tan (4.2)

The bevameter was originally introduced in 1960 by the terramechanics commuhity an
the ensuing decade contained substantial research with the device (Janosi anotdjak861;
Wills, 1964;Liston et al, 1966 Hegedus and Listqri966 Sparski, 1966. However, interesin
the bevameter was sparse from the 1970s through the early 2010s (Dwyer et al., 1974; Wong,
1980; Wong, 1984; Apfelbeck et al., 2010ver the past decade, bevameter research has once

again increased in the context of extraterrestrial exploration as NASAmitar ©rganizations
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use the device to examine strength of planetary soil simulants or Martian améaiméEdward
et al., 2017). Available literature was examined to develop a generalizetidievalesign and
operation procedure. A list of operational parameters compiled from the lieeeatdrused to
define desired parameters for the bevameter devices in thysistoibvided in Table 4.1.

Bevameter desigparameters vary substantiatlyroughout the literature. Many devices
are vehiclemounted, hydraulipowered systems. The majority of bevameters described in the
literature perform presswusnkage and shear stigth testing separately using different systems,
primarily due to limitations in control system capabilities. More recent devicdslb&gk et al.,
2011) conduct both bevameter tests with a single, compact machine and relytricakfemver
and feedbdccontrolsfor all application and measurement of force and torque.

Bevameter presswsnkage devices in the literature use a hand crank (Spanski, 1966;
Dwyer et al., 1974) or piston (Wong, 1980; Apfelbeck et al, 2011; Edwards et al., 2017) to apply
vertical downward force in pressusinkage testing. Vertical motion considerations include
maximum applied force, maximum stroke (length of extension), and extensiorg&inate. If a
piston is used for force application, the device must be capable gireppl dynamic load for
pressuresinkage testing. Multiple sinkage plates should also be used and should contain a range
of sizes that are representative of vehicle loading. Taklsummarizes literature values for all
relevant pressursinkage parameter

In shear strength testing, normal foiseapplied to the soil surface using dead weight
(Spanski, 1966; Dwyer et al., 1974; Wong, 1980) or using a piston (Apfelbeck et al., 2011;
Edwards et al., 2017). If a piston is used, a single device can be used for prgage and
shear strength testing. However, this method requires programming @c&leontrol system to

maintain a constant normal force on the soil surfatmmal forces applied during pressure
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sinkage testing are typically greater thhe forces applied during shear strength testing, so the
design parameters discussed in the previous paragraph dictate piston considérat@ns
bevameter design that uses a single piston for both bevameter tests. Torque carddwap
a shear séngth test by manually turning a mechanism attached to the bevameter shadk{Sp
1966; Dwyer et al., 1974) or using a motor (Wong, 1980; Apfelbeck et al., 2011; Edwards et al.,
2017). Considerations for shearing the soil are maximum applied torquataraf rotation (i.e.
shearing rate). Shear plate properties should be representative of a thehan¢ank track, but
small enough to be practical for field and laboratory testing. Shear plag@lerations are inner
and outer radii of the shear annulus, grouser depth, and number of grousers. Table 4.2 contains all
literature values for relevant shear testing parameters.
4.3 Bevameter Design

Target operational parameters were selected based on the range of reported Valtss
(Tables 4.1 and 4.2). For the laboratémgused device, maximum normal force was selected to
remain low enough to be counterweighted by the weight of the machine and a modest guantit
additional dead weight (3600 N). The maximum normal stress corresponding to dlestsm
pressuresinkage plate (diameter=5.08 cm) is 1776 kPa and the maximum normal stress
corresponding to the largest pressure-sinkage plate (diameter=15.2cm) is 198 kPaxifrherm
normal stress applied in shear testing is 355 kPa based on the sdiecieflate dimensions (

r, 15.2cmy, 10.2cr). Maximum torque was selected using a similar reasoning as normal

force, by limiting torque to minimize likelihood of tripod feet slipping on soil serfiaceaction
to soil shearing. The maximum normal load and torque of the-fbeldsed shear strength
bevameter were selected to mimic the design parameters for the labéoatemyd device, while

accounting for limitations of dead weight and human effort.
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4.3.1 Laboratory Bevameter Device

Hydraulic, pneuratic, and electrical systems were considered to power the laberatory
focused bevameter. Hydraulic systems require a hydraulic motor and resexd/avere deemed
too cumbersome for efficient operation under manual transport. Pneumatic systenthena
potential to rupture under field use and require a compressed air source (e.g., air cmnpress
Therefore, an electrical system was selected to provide adequate force and toreuvemdiiiing
easy to transport. A tripod design was selected for Gefukblestructural efficiency.

Figure4.2a shows the laboratefgcused bevameter with parts labeled. Figu2é shows
the pressure sinkage testing plates and 4% and4.2d show theside andoottomof the shear
testing plate, respectivelAdditionally, Table 4.3 summarizes the mechanical and electrical
components with force and torque application and measurement capacities farisomwith
target design properties. Linear force is provided by a Parker ETH032MO5 meatHanear
actuator with parallel B233 motor (Parker Hannifin, Cleveland, QHiISA). Torque is supplied
by a Parker BE343J electric motor with integrated encoder paired with a Cérsorator 70:1
planetary gearbox to increase torque output and decrease rate of rotation (Carataciving,
Carson City, NV USA). Force and torque are measured using an Interface 2846 Zorsion
Load Cell (Interface, Inc., Scottsdale, AZSA). Vertical deformation is measured using Omega
LDI-128 LVIT sensor (Omega Engineering, Inc., Norwalk,, @ISA). All tripod legs and
structural members are constructed from commercially available alumirsiottéd framing.
Aluminum mounting plates, stainlesgeel load cell mounts, and stainksssel testing plates were
custom machined in Fort Collins, COSA; design drawings for these components are provided
in the Appendix. Force, torque, and deformation rate controls are provided using a Copley XE

digital servo drive (Copley Controls, Canton, MASA). The electrical design allows for the use
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of analog outputérom the multiaxis load cell (force, torque), motor encoder (shear rate), and
LVIT sensor (sinkage rate) to control the various testing parameters involvesssupsinkage
and shear testing.

4.3.2 FieldFocused Shear Strength Bevameter

Figure 4.3is a photograph othe fieldfocused shear strength bevameter with labeled
components. The only electrical component, an Interface TS12 Shaft StyleoReRmtque
Transduce(Interface Inc., Scottsdale, AZJSA), is shown in Table 4.3 to compare the torque
sensor capacity to target bevameter design torque. Thddmided shear strength bevameter is
powered by humanapplied forceand dead weight is used to apply normal stress. Therefore, the
need for hydraulic, pneumatic, or electronic force applicatiahcamtrol is eliminated. A tripod
design was also selected for the fidused shear strength bevameter for stability. A moment
arm at the top of the device is rotated by users to generate shear stresoih The moment arm
is connected to the torque transducer via a steel shaft. Another steel shaft ctirenemtgue
transducer down to the shear annulus at the soil surface. The shaft passes throlggveno s
bearings, which are connected to a structural frame and are incorporatelit® gropeshaft
alignment. The frame is constructed from commercially availaldpfied framing. The field
focused shear strength bevameter uses the same shear annulus as the labveatmter (Fig.
4.2c, 4.2d).

4.4 Materials and Methods

A solil referred to asFilter Sand” was used for bevameter laboratory validation. Sieve,
hydrometer, Atterberg limit, specific gravity by pycnometer method] standard Proctor
compaction testing were conducted to classify and characterize the soitsRédaboratory

classification are summarized in Table 4.4. Bevameter laboratory testingomdsicted in a 90
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cm diameter galvanized steel tank with a height of 58 cm. The target densalydiatory testing

was set to 85% of standard Proctor maximum dry density (TabléodsBmulate natural in situ

soil density (Goldsmith et al., 200A]bright et al., 2010). The typical standard Proctor curve is
approximately parabolic, but several factors such as grain size distnith#&ve been shown to
influence the shape of the gerand produce atypical behavior (Johnson and Sallberg, 1962). The
Filter Sand displayed a flat compaction curve with little variation in dry dewgityarying water
content. Thus, the sand was loosely deposited into the testing tank to achieveethdetasiy.

The testing setip was configured to elevate the laboratory bevameter above the steel tank and
vertically align testing plates with the soil surface (Fig. 4.4a). The-fiogldsed shear strength
bevameter was placed atop the soil within thertgsank (Fig. 4.4b).

Geotechnical shear strength testing was conducted on both soils for compattson wi
bevameter laboratory measuremermigect shear testingASTM D 3080/D 3080ML11) was
conductedhat 25% of saturation and at a fully saturated sitect shear testing was conducted at
normal stresses increments of 17.6 kPa, 33.4 kPa, and 49.Z&fa.4.5 summarizes the
volumetric and gravimetric water contents for the Filter Sand at the targetydmmdilevel of
saturation. Additionally, consiolatedundrained (CU) triaxial testing was conducted (ASTM D
4767-95) at a confining stress of 41.4 kBach test was prepared to the same target density used
in bevameter testing.

The bevameter shear plate has an outer diameter of 15 cm and an ine¢erdidrh0 cm
(Fig. 4.2c, 4.2d). The plate contains 12 grousers at a depth of 1.6 cm (Fig. 4.2c, 4.2d). For
laboratory testing of the fieltbcused shear strength bevameter, the three legs were set on the soil
surface and were adjusted to align the botbthe shear plate with the soil surface. The legs were

fixed to the soil surface using stakes (8 mm diameter, 248 mm length). Tleerdests must be
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conducted at different normal stresses for each set of shear strength pararhetérst normal
loadincrement applied by the fieliicused shear strength bevameter corresponds to the weight of

the shear plate, shaft, torque sensor, and moment arm and results in a normal stress of 19.2 kPa
based on the dimensions of the shear plate. The second load increment is agulcéddog plate

weight with a mass of 20.4 kg, resulting in a normal stress of 38.9 kPa. Another identeca pla
added for the final load increment, corresponding to a normal stress of 58.7 kPa. For math nor
load, the user shears the soil by pushing horizontally on the moment arm to induce rotation at
constant rate of 1 rpm. Torque sensor data are recorded on a laptop computer and processed to
produce plots of shear stresB)(versus angular displacemen€) for each normal stressi). An

example plot is shown in Fig.5a. For each plot, shear stress at failugeis determined at 60

degrees of angular displacement. As shown in Fig. 4.5a, 60 degrees is the appraxgukte

displacement at which the soil transitions from elastic to plastic behavior (i.e. tlo¢ gfiovs.
changes slope). Finallyl4 is plottedversus V and a linear function is fit to the data using linear

least squares regression (Fig. 4.5b). Friction angle and cohesion are deteronmibe fslope and
intercept of the linear fit, respectively. An equation from Red&&&4) is used to consider the

effects of grouser deptth) on measured cohesive strength:

2h (ro r.i )§

cz tan (4.3)

To ensure repeatability of measurements, a set of nine measurements was catducted
each normal stress on the Filter Sandbat25%. These tests were used to ensure that repeated
measurments with the fieldocused shear strength bevameter on the same soil produce similar
results. Shear strength parameters were fit from the nine replicate measurements & ensur

repeatability as well as for comparison with geotechnical strength datae replicate
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measurements were conducted at each normal stress in the saturated state fosacomiri
geotechnical data. For the saturated case, three sets of measurements were chiodel¢hed in

the unsaturated stateS( 25%), measured cohesion is moistwariable cohesion d),

combining capillary and effective cohesion. In the saturated state, measursidrcahequal to
effective cohesiond').
4.5 Results and Discussion

Figure 4.6 summarizes the repeatability investigation conducted on the FilteraSand
S 25%. The nine curves of shear stress versus angular displacement corresporeiinf to
normal stress increment are shown in Fig. 4.6a. The curves for each norasatispéaygeneral
agreement, as similar shear stresses are measured in each set of testseShatfashure ranges
from 13.7 kPa to 16.8 kPa for the first normal load increment (19.1 kPa), 21.2 kPa to 26.8 kPa for
the second normal load increment (38.9 kPa), and 28.8 kPa to 34.9 kPa for the third normal load
increment (58.7 kPa). No outliers or unusual curves exist to indicate that thindiebed shear
strength bevameter measurements are not repeatable. The linear fits forf éaehnme
measurement iterations are shown in Fig. 4.6b. The linear fits also show accagtablaent.
Cohesion ranges from 3.98 kPa to 8.02 kPa with a mean of 5.93 kPa, and friction angle ranges
from 18.2 degrees to 25.6 degrees with a mean of 22.8 kPa. Bareither et al. (2008) showed that
direct shear testing on identical sands could yield variability in cohesion up to 460kkBa & 18
degrees in friction angle when conducted using the same procedure at diffeveatories. Based
on this documented viability in geotechnical testing, repeated tests by the-fmidsed shear
strength bevametevere deemed to provide acceptable bounds of variability between tests.

A comparison between bevameter and geotechnical measurements is preseabdd in T

4.6. Resented in Table @areminimum, mean, and maximum shear strength parameters measured
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in the multiple test replicates. Bevameteeasured friction angle and cohesion are compared to
companion values measured by direct shear and CU triaxial testingthdoteiaxial testing is
conducted in a saturated state, so no values are available for direct comparison tduheteshsa
(S 25%) case. Additionally, only one CU triaxial test was completed so the singbé Sle¢ar
strength parameters are presented as the mean values. Filter Sand shows tabpetemen
friction angle measured using direct shear, CU triaxial, and bevameter sietitodhean friction
angle ranging from 25.6 degrees to 35.2 degrees. As discussed previousliieBaireit (2008)
showed that shear strength parameters of identical sands can vary by as m8afegeeds
between direct shear tests conducted using the same procedure at differenbriaborat
Additionally, effective friction angles measured by triaxaald direct shear testing on the same
soil with identical preparation have been shown to vary by approximately 5 degreesageave
with variation in excess of 9 degrees (Superfesky and Williams, 1978; Macd®93). This
inherent variation between texj methods indicates that some variation between bevameter shear
strength parameters and geotechnical loboratory testing shear straragtiefers ignticipated
Further testing is required to analyze the relationship between ririatigle measured ugin
traditional geotechnical methods and the fieldused shear strength bevemeter, but the general
agreement is observed in this study validates the-fogldsed shear strength bevameter for field
testing.The lack of direct agreement between bevameter and geotechnical laboratesys/also
the reason that fiellbcused methods such as the bevameter, and not geotechnical laboratory
testing, are used in terramechanics.

Filter Sandalso show similar cohesion between bevameter and geotechnical meassiremen
(Table 4.6). Like friction angle, Bareither et al. (2008) showed that cohesion in sand can vary

substantially (nearly 40 kPa) depending on individual laboratory testing. Symilaaccarini
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(1993) measured cohesion values varying by up to 20 kPa betiveet shear and consolidated
drained (CD) triaxial testing. The slight variations observed between direat, CU triaxial, and
bevameter testing are interpreted to demonstrate the ability of thddioeised shear strength
bevameter to measure neanface soil strengths in the field. Mean moisture-variable cohesion in
unsaturated Filter Sand ranges from 5.93 kPa to 7.03 kPa and mean effective cohtson i
saturated condition ranges from zero to 4.81 kPa. Additionally, cohesion is measuredaseincr
with decreasing soil moisture, as is observed in direct shear testing. Téese@ments capture
the phenomenon of moistuvariable cohesion, which combines effects of capillary cohesion and
effective cohesion. The change in measured cohesion frersaturated to unsaturated state is
small because coarggained soils are known to develop low suction stress (Lu et al., 2010) and
therefore low moistur@ariable cohesion. These data illustrate the potential of thef@eldsed
shear strength bevamete measure moistuneariable cohesion.
4.6 Summary and Conclusion

An automated laboratoffipcused bevameter andrenually poweredield-focused shear
strength bevameter were introduced. Both devices were designed and construetiednbas
comprehensiveeview of existing bevameter literature. The automated laboratory bevaraaeter
conduct both bevameter tests (pressim&age and shear strength) in a controlled manner and the
field-focused shear strength bevameter is designed for field shear stramgiing. The field
focused shear strength bevameter was first tested in the laboratory foalépgaNine replicate
measurements of shear stress versus angular displacement gieoweglagreement, as did the
cohesion and friction angle values fit from the corresponding shear stressratvi@rsus normal
stress data. Results from the fidtdtused shear strength bevameter were also compared to

traditional geotechnical shear strength tests for validation. Friction andleohesion values were
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shown to agree with values measured in direct shear and CU triaxial testingrisaaurated and
saturated state.

The bevameter devices should be further tested and evaluated in the laboretprhe=i
laboratory bevameter should be validated in a simikmner to the evaluation of the fidiocused
shear strength bevameter in this study. Repeatability should be examishetiear testing should
be compared to geotechnical strength parameters. Presskmge test results should also be
compared to tratlonal geotechnical compressibility measurements. Various testing varsadues
their respective effects on bevameter shear testing should also be ekantheling shearing
rate, grouser depth, applied normal stresses, and number of grousers. Thetfimtiage rate
and plate diameter on pressgiakage results should also be examined. As part of the laboratory
evaluation of these devices, a comprehensive database of soil sparsgtieterpaired with soil
texture, Atterberg limits, water reteoti parameters, and other relevant soil properties should be
developed. Finally, a fielfbcused pressurginkage bevameter should also be designed,

constructed, and validated.
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4.7 Tables and Figures

Table4.1. Pressursinkage literature values and CSU bevameter design parameters. Note thatrthermmiean, and maximum
corresponding to the plate diameter/side length column considers both side leegtargdular plates and diameter of cliacplates.
Either dimension can be used as tbledracteristic dimension” in the Bekkéfong pressure-sinkage equation.

Max Cylinder Stroke/

Plate Diameter/Side Applied Allowable Penetration Rate
Data Source Plate Shape Length (cm) Load (N) Sinkage (cm) (cm/s)
Wills 1964 nr nr 4450 nr 0.151
Liston et al. 1966 Circular 5.08 489 15.2 2.54
Hegedus and Liston 1966 Rectangular 2.54 x21215.34, 50X nr nr nr
Spanksi 1966 nr nr 2220 15.2 nr
Dwyer et al. 1974 Circular 20.0, 25.0 14700 nr nr
Wong 1980 Circular 5.00, 7.50, 10.0 8000 30 nr
Wong et al. 1984 Circular 5.00, 7.50 600 nr nr
Apfelbeck et al. 2011 Circular 2.54,5.08, 7.62 nr nr 0'0468436240'
Apfelbeck et al. 2011 Rectangular  1:1, 1:3, 1.5, 1:7 nr nr 0.48
Edwards et al. 2017 Circular 7.62,12.6 500 nr 0.1
Minimum - 2.54 500 15.2 0.048
Mean - 9.25 4423 20.1 0.58
Maximum - 25.0 14700 30.0 2.54
Lab-Focused Device Circular  5.08,7.62,10.2,152 3600 20 Max - 33.3

Parameters
nr = not reportec
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Table4.2. Shear testing literature values and CSU bevameter design parameters

Max Max

Outer Inner Grouser  Number Applied Applied

Radius Radius Depth of Shearing Normal Torque
Data Source (cm) (cm) (mm) Grousers Rate (rpm) Load (N) (Nm)
Wills 1964 nr nr nr nr 1.20 nr 288
iggis' and Hanamoto 8.90 7.00 nr nr 10.0 nr nr
Liston et al. 1966 9.30 6.40 nr nr nr nr nr
Dwyer et al. 1974 30.0 20.0 25 25 nr 10000 600
Wong 1980 34.0 27.0 2.50,10.0 12,24 nr 1100 822

.00, 5.00, 0.10, 0.20,

Apfelbeck et al. 2011 150  5.00, 10.027_50, oy 6,812 UMD 30 1.7
Edwards et al. 2017 34.0 27.0 15.0 24 0.5 500 nr
Minimum 8.90 6.40 2.50 6 0.10 30 1.7
Mean 21.9 14.6 9.62 16 2.05 2908 428
Maximum 34.0 27.0 25.0 25 10.0 10000 822
Lab-Focused Device 5, 10.2 19 12 Max-709 3600 280
Parameters
Field-Focused Device 5, 10.2 19 12 Max-15 3600 200
Parameters

nr = not reportec
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Table4.3. Mechanical and electrical laboratdocused bevameter components with comparison

to target parameters

Bevameter Desired
Device Component Function Capacity Capacity
Parker Vertical force
ETH032MO05 application 3600 N 3600 N
Linear Actuator Stroke 20 cm 20 cm
Parker BE343J Torque 12.05 Nm 280 Nm
Electric Motor application
Carson Eliminator Increases
, Increase torquef .
70:1 Planetary motor by a factor maximum motor 280 Nm
Laboratory Gearbox 736 output to 844
focused Nm
bevameter - i
InFerface.2816 2 Vertical force 29240 N 3600 N
axis Torsion Load measurement
Cell Torque 339 Nm 280 Nm
measurement
Omega LD4128 Vertical
LVIT displacement 25 cm 20cm
measurement
Field-focused Interface TS12
shear Sha_lft Style Torque 200 Nm 200 Nm
strength Reaction Torque measurement
bevameter Transducer
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Table 44. Laboratory soil properties

Soil Property ASTM Method Filter Sand
USCS Classification D 2487 — 17 SM
USDA Classification N/A Sand
Liquid Limit D 4318 - 17el N/A
Plastic Limit D 4318 -17el N/A
Specific Gravity D 854 - 14 2.73
Max. dry unit weight (KN/rf) D 689 — 12e2 16.3
Target dry unit weight (KN/f) N/A 13.8

N/A = Not Applicable

Table4.5. Target volumetric water conteni)(and gravimetric water contenv( for Filter
Sand shear strength testing at corresponding values of satui@jion (

S 25% S 100%

12% 8.6% 48% 34%

95



Table 4.6 Bevameter and geotechnical shear strength comparison for Fitter San

S 25% S 100%
c(kPa) /(°) c(kPa) /(°)
Min. Mean Max. Min. Mean Min. Mean Max. Min. Mean Max.
Direct Shear 5.96 7.03 8.14 305 31.8 184 261 338 349 352 356
CU Triaxial N/A N/A 0 N/A  N/A 27.1 N/A
Bevameter 3.98 5.93 8.02 18.2 228 3.80 481 6.19 218 265 289

N/A = Not Applicable
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a) Pressure-sinkage test ~ b) Shear strength test

Vertical force
<«+— applicaton —p

(Cylinder/Piston Toquu_e
in both tests or application
dead weight in [ ] (Motor or
shear) / manual rotation)
3
s o5
b, Force Sensor
A/ g,
: 4 : | Torque _—» | =¥ e
Sensor s
il Shear
Sinkage & annulus 7,
a

O N D] S

»
«
v\ Plan view of
i
shear annulus

underside

Fig. 4.1. Bevameter operational schematic includa)grofile view of pressursinkage test
procedure, (b) profile view of shear strength test procedure
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ha. [ Linear Actuator ,
with Parallel g
: Motor -

Electric otor ;
W
\

Multi-Axis
Force-Torque

Fig. 4.2. Laboratory bevameter device and testing plates incl(aitgboratory bevameter
device (b) pressure sinkage plates, (c) shear annulus side view, (d) shear anmartusiblott
grousers
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Laptop, battery, and
DAQ components

4——— Torque Sensor I ;

\
:.’_5;‘

| Shear Plate /

Fig. 4.3. Field-focused shear strength bevameter with laptop and data acquiskidn (
components
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Fig. 4.4. Bevameter laboratory testing setup including (a) labortdonged bevameter elevated
above the testing tank to align testing plate with soil surface, and (bjdeided shear strength
bevameter shear device placed atop soil surface
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Fig.4.5. Example bevameter shear data for (a) shear stress versus angular desyilatémee
normal stresses, and (b) shear stress at failure versus applied naessahdtn linear fit (Mohr-
Coulomb failure envelope)
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Fig. 4.6. Fieldfocused shear strength bevameter repeatability results. Plots of (ajtsbssr
versus angular displacement and (b) shear stress at failure versus n@ssar&t shown for
nine replicate measurements on Filter San8 a5%. Linear Mohr-Coulomb fits are shown in

(b).
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APPENDIX

This appendix contains AutoCAD design drawings prepared for cust@chined
components for the laboratefgcused bevameter. All items were constructed logal machinist
in Fort Collins, CO, USA. The items are presented from bottom to top of bevametery stéth
the shear plate components and pressineage plates and ending with the top guide plate which

supports shafts used to ensure linearityartigal motion.
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Fig A.1. Shear ring bottom component
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Fig. A.2. Shear ring cylinder component
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Fig A.3. Shear ring top disk component
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Fig. A.4. Sinkage plate 1
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Fig. A.5. Sinkage plate 2
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Fig. A.6. Sinkage plate 3
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Fig. A.7. Sinkage plate 4
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Fig. A.8. 2-Axis torsional load cell bottom mount
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Fig. A.9. 2-axis torsional load cell top mount
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Fig. A.10. Bottom motor mounting plate
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Fig. A.11. Top motor mounting plate
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Fig. A.12. Bottom actuator mounting plate
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Fig. A.13. Top actuator mounting plate
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Fig. A.14. Top guide plate

134



	ABSTRACT
	ACKNOWLEDGEMENTS
	1. INTRODUCTION
	2. EMT+VS MODEL DEVELOPMENT
	2.1 Introduction
	2.2 Methods and Materials
	2.2.1 Pre-existing EMT+VS Methodology
	2.2.2 EMT+VS Model with Runoff
	2.2.3 EMT+VS Model with Residual Water Content
	2.2.4 EMT+VS Equations with Runoff and Residual
	2.2.5 Test Site Description and Available Datasets
	2.2.6 Model Application

	2.3 Results and Discussion
	2.4 Conclusion
	2.5 Tables and Figures

	3. STRESS MODEL DEVELOPMENT
	3.1 Introduction
	3.2 Background
	3.3 Methods and Materials
	3.3.1 STRESS Model Development
	3.3.2 Data Collection and Model Evaluation

	3.4 Results and Discussion
	3.5 Summary and Conclusion
	3.6 Tables and Figures

	4.    BEVAMETER DESIGN
	4.1 Introduction
	4.2 Background
	4.3 Bevameter Design
	4.3.1 Laboratory Bevameter Device
	4.3.2 Field-Focused Shear Strength Bevameter

	4.4 Materials and Methods
	4.5 Results and Discussion
	4.6 Summary and Conclusion
	4.7 Tables and Figures

	REFERENCES

