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Abstract
Static and Seismic Performance of California Levees
by
Michelle Jennifer Shriro
Doctor of Philosophy in Engineering - Civil and Environmental Engineering
University of California, Berkeley

Professor Jonathan D. Bray, Chair

This study has two main thrusts. The first part of the study addresses static seepage and
stability of California levees as related to the presence of woody vegetation. The second
part of this study addresses seismic deformations related to California levees through
calibration, validation, and sensitivity analysis of a constitutive model implemented to
capture seismic embankment deformations.

Two field tests were conducted to investigate the effects of seepage in the vicinity of live
and decaying tree root systems to examine the effects of live and decaying root systems on
levee seepage and slope stability. The first field test involved the construction of parallel
trenches in the vicinity of a eucalyptus stump located along the landside of the northern
levee bordering the American River adjacent to the California Exposition and State Fair. A
live hackberry tree with healthy roots was present at the toe of the levee. A control set of
parallel trenches was constructed away from the eucalyptus stump. During the test, the
upslope trench was flooded and maintained at constant head to induce slope-parallel
seepage and the downslope trench was used to make observations and collect any
intercepted seepage. Piezometers and tensiometers were installed to measure positive and
negative pore water pressures within the zone of flow to describe the wetting and flow
patterns as they evolved within the levee. Instrumentation was installed to assess the
influence of the stump and its decomposing root system. Live roots, mammal burrows, and
other features added complexity to the system. In addition to instrumentation data, visual
observations were recorded during the 6 day flow test. During the flow test, wetting front
and water flow patterns appeared to be dominated by flow through a network of shallow
mammal burrows. Physical observation of the saturation front, as seen from the lower wall,
confirmed that the area below the stump was the last location to saturate during the
wetting test. Ground-based tripod light detection and ranging (T-LiDAR) was used to
complement traditional logging and for constructing a 3D model of the root system,
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burrows and stratigraphy. Preliminary computer simulations of the advance of the wetting
front support the basic patterns observed in the field test.

The second field experiment was conducted along the crown of a bypassed levee along an
oxbow segment of the Sevenmile Slough on Twitchell Island, Rio Vista, California. An 8-foot
deep crown trench was excavated into the levee crown to intersect the root system of a
land side live oak tree, a water side valley oak tree, and a control section. The test was
designed to evaluate the effects of seepage in the vicinity of live tree root systems. During
the test, the crown trench was flooded and maintained at constant head to simulate a flood
condition with water delivered from the center of the levee. Piezometers and tensiometers
were installed to measure positive and negative pore water pressures, respectively, within
the zone of flow to describe the wetting and flow patterns as they evolved within the levee.
Burrow networks, fracturing, and void space within the levee soil matrix, as well as
variability of stratigraphic conditions across the site added complexity. Visual observations
were made during the flow test to view surficial seepage and flow patterns from the surface
in addition to continuous monitoring of subsurface instruments. The site contained an
extensive network of muskrat burrows in addition to burrows by other species and the
initial advance of the wetting front appeared to be related to burrowing activity. With
increased time and saturation of levee soils, flow through macropores appeared to
diminish. The levee appears to have been founded on overbank deposits composed of
lower permeability soils than the overlying levee fill. Water appeared to accumulate on this
stratigraphic layer, driving seepage patterns on the landside of the levee. A discontinuity in
these low permeability overbank deposits affected flow patterns, while the slope of this
layer toward the discontinuity appears to have added a three dimensional aspect to flow
patterns. Cracking was observed in the crown road along the levee crest within the first 24
hours of the flow test. After approximately 40 hours of flow, the waterside oak tree, initially
leaning at an angle of approximately 44 degrees from horizontal, rotated an additional
approximately 20 degrees into the adjacent slough, creating cracks and deformation along
the waterside slope. A dye test was performed as a part of the experiment to better
understand the extent of the burrows, their effect on flow patterns, and to better evaluate
the role of these burrow networks in the deformations observed on the waterside slope
during the flow test. Ground-based tripod light detection and ranging (T-LiDAR)
technology was used to complement our efforts related and track deformations during the
test.

Based on calibrated numerical simulations, trees were found not to play a significant role in
seepage-induced rotational or block failure of the levee slopes. However, where trees
exhibit significant lean (center of mass extends beyond the fulcrum of the root plate),
horizontal roots extending into the levee may place additional loads on the levee
embankment. Loading of this type can be incorporated into two dimensional slope stability



analyses, using mass-averaging to capture the three-dimensional impact of the tree. Tree
overturning was evaluated at the waterside oak tree. Root forces were represented as a
single horizontal force and a single vertical force. Horizontally oriented tree root loading
increased faster than vertical loading in response to increasing slope angle, while the
reverse was true for tree lean where vertical root forces increased more rapidly with
increasing tree lean. The method was implemented and successfully captured the observed
landside and waterside tree responses during the Crown Trench Seepage Test.

The second part of this research focused on seismically induced permanent displacement
of earth levees, embankments, and earth-fill slopes resulting from liquefaction below these
earth structures. Deformations of this nature are not well captured in current seismic
design practice. Ground remediation can be employed to reduce the hazards resulting from
soil liquefaction for cases where the analytical tools predict poor seismic performance.
There are not sufficient funds to repair all vulnerable levees in the system. Thus, robust
analytical procedures are required to evaluate sections of levees where liquefiable
foundation materials may lead to significant damage.

Inertially driven ground movements of intermediate levels are the primary focus of this
study. In these cases, the post-liquefaction static stability of the earth slope is greater than
one, and seismically induced permanent displacements result primarily from earthquake
shaking after liquefaction is triggered. Limited lateral spreads involving liquefaction of
medium dense sand can produce seismic displacements on the order of several centimeters
to a meter or more. These levels of seismic displacements are sufficient to damage severely
levees. The most commonly employed simplified method for evaluation of seismic
deformation at these intermediate levels relies on the concept post-liquefaction residual
shear strength. For many practical cases, residual shear strength is ill-defined due to the
ever changing resistance provided by soils that undergo repetitive dilative responses
during cyclic loading. Where liquefied soils are sufficiently strong to resist flow failures,
engineers lack satisfactory tools to evaluate the seismic performance of earth structures
that overlie liquefiable soils.

A nonlinear soil constitutive model (UBCSAND), which was developed by Professor Byrne
and implemented in the finite difference program FLAC, is employed to evaluate seismic
deformations of earth structures resulting from liquefaction-induced lateral movements.
Analyses of one-element laboratory tests are performed first to develop trends within the
UBCSAND soil model calibration parameters. The basic model parameters are correlated to
(N1)60 values. The UBCSAND model also has four “fitting” parameters. Two of the four
model parameters are varied in this study to evaluate the sensitivity of the results to these
variations. Triggering is captured with values of the m_hfacl parameter with a typical
range of 0.5 to 2.0 depending on relative density, CSR, and initial static shear stress.



The trends identified are implemented in the back-analysis of several case histories, and
the ability of the UBCSAND model within the program FLAC to capture observed
deformations is evaluated. The numerical simulations of seismic performance at Moss
Landing Marine Laboratory and Monterey Bay Aquarium Research Institute during the
1989 Loma Prieta Earthquake and at the Juvenile Hall Facility during the 1971 San
Fernando Earthquake are shown to capture well the key features of these case histories.

The study was generalized through a broader sensitivity study to investigate the seismic
performance of earthen embankments built atop potentially liquefiable soils. Several
representative levee sections on differing foundations are analyzed, wherein key
characteristics, such as the thickness of the liquefiable layer and its relative density, are
systematically varied to develop useful insights. The thickness of the liquefiable foundation
layer impacted displacements in a non-linear pattern where displacement increased more
rapidly as the liquefiable material layer thickness increases. As would be expected,
combinations of thicker deposits of liquefiable foundation soils combined with higher
embankments yielded the maximum displacement of the cases analyzed in this study.

A suite of nine near-fault, forward-directivity, fault-normal soil earthquake ground motions
and seven intermediate-field soil earthquake ground motions are used to reflect the
seismic hazards most likely to control the design of levees within the San Joaquin-
Sacramento delta region of California. The intense forward-directive 1994 Northridge
Sylmar Converter Station motion yielded approximately twice as much displacement as the
lower intensity backward-directive 1992 Landers Joshua Tree motion. The rate of increase
of the calculated liquefaction-induced displacement with increasing Arias intensity was
roughly linear for these embankment configurations for the entire suite of earthquake
ground motions
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CHAPTER 1

Introduction

The devastating flooding of New Orleans resulting from Hurricane Katrina brought to light
the fragility of levee systems across the United States. The years following this disaster
have brought a renewed focus on public safety and a closer look at policies, standards, and
conditions of existing levee systems.

In California, there are approximately 1,345 miles of levees protecting 750,000 acres of
lowland in the Sacramento-San Joaquin Delta and the Suisun Marsh, about a third of which
are Project Levees (eligible for federal flood control funding). The remaining levees are
considered local levees maintained by local reclamation districts with supplemental
financing for maintenance and emergency response through the State of California. Given
the proximity of the Delta to the highly seismic San Francisco Bay Area, a major earthquake
in the region could have extensive consequences for California’s water supply as well as
impacts to the environment, recreation, agriculture, local residents and businesses and
other infrastructure.

In 2006, a statewide effort was initiated in California to evaluate levee risk, spawning the
ongoing urban and non-urban levee evaluations programs (ULE and NULE, respectively).
The California Department of Water Resources is evaluating 470 miles of urban and 1620
miles of non-urban levees as part of these programs (DWR, 2014).

In 2009, the United States Army Corps of Engineers (USACE) released the document
“Guidelines for Landscape Planting and Vegetation Management at Levees, Floodwalls,
Embankment Dams, and Appurtenant Structures”, ETL 1110-2-571, recently released an
update with minor changes (USACE, 2014). The guidelines show a vegetation-free zone
across the levee surface and extending 15 feet from the toe of both the land and water sides
(Figure 1-1). The vegetation-free zone is expanded where stability berms or other
structures are present near the toe. This policy has been the subject of debate in states
where levees were built close to adjacent to the rivers and as a result critical riverine
habitat shares space with structures providing flood protection (Harder et al., 2011).
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Figure 1-1. USACE Vegetation-Free Zone (Source: USACE ETL 1110-2-571).

1.1 SCOPE AND OBJECTIVE PART I: EFFECTS OF WOODY VEGETATION ON LEVEE
SEEPAGE AND SEEPAGED-INDUCED STABILITY

Consensus has not been reached with regard to the impact of woody vegetation on levee
integrity (Corcoran et al, 2010). The presence of woody vegetation can introduce
uncertainty in the reliability of levee performance. Trees and their roots have been
suggested to possibly undermine the integrity of compacted earthen levees by providing
enhanced and focused seepage through the levees. It is argued that tree roots could
potentially provide paths that water could more easily flow through which could bring the
full water pressure of the water retained by the levee to locations within the levee (Pierson,
1983). These high water pressures within the levee could produce piping and erosion of
the levee materials, which could undermine levee integrity and stability (ASDSO, 2002).
Further, windthrow of levee trees during large storms or hurricane events leading to
concentrated flow through the levee or erosion and scour present additional concerns
(ASDSO, 2002). Maintenance and access for inspectors is another stated reason for the
USACE policy on vegetation.

Alternately, live tree roots are believed to strengthen the levee and improve slope stability
in many cases (e.g., Shields and Gray, 1992; Ziemer, 1981). It is not known whether the
documented benefits of roots in terms of reinforcing earth slopes and strengthening the
slopes may more than offset the potentially damaging effects of any localized regions of
higher pore water pressure within the levee. The effects of roots of healthy woody
vegetation on seepage patterns through levees are not well understood. Additionally, the
removal of trees from levees may destabilize levees due to the decay of roots that remain
after the trees are cut down (Ziemer, 1981). Decomposed and decayed roots could provide
enhanced seepage that might degrade long-term levee performance.
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The above issues have spawned debate as to the hazards and benefits associated with
vegetation on levees. The agencies of the California Roundtable for Central Valley Flood
management (formerly the California Levees Roundtable) are conducting research that will
determine the extent to which woody vegetation, such as trees, may affect the safety and
integrity of levees in California’s Central Valley.

These studies include:

1. A national research program implemented by the U.S. Army Engineer Research and
Development Center (ERDC).

2. Parallel and complementary effort initiated in California referred to as the California
Levee Vegetation Research Program (CLVRP).

ERDC and the CLVRP have been collaboratively coordinating their research efforts. As part
of the CLVRP research effort, researchers from several universities along with expert
consultants and advisors were brought together to investigate the effects of woody
vegetation on levee performance. The overall objective of the CLVRP research effort is to
gain the technical knowledge needed for the development of sound vegetation
management policies.

The first part of this work is focused on developing and understanding of the effects that
live and decaying root systems have levee seepage and slope stability as part of the overall
research effort of the CLVRP. The research is funded through the Sacramento Area Flood
Control Agency (SAFCA) and the California Department of Water Resources (DWR). Two
field tests were designed and performed to evaluate the effects of live and decayed tree
roots on seepage through earthen levees and the resulting potential for seepage-induced
instability. The first field test was performed at the site of a decomposing tree stump
located on the landside of the north levee of the American River in Sacramento, California.

The second field test was designed around the roots systems of two oak trees (both live) on
the land and water sides of the south levee of the Sevenmile Slough on the northern side of
Twitchell Island in Rio Vista, California.

Flow tests were conducted where a flood condition was simulated over an instrumented
section of the levee embankment. Following the flow test, each field effort was modeled
using the Geostudio software package. Finite element seepage modeling was performed by
Cobos-Roa (2014) and Cobos-Roa et al. (2014). Transient and steady state seepage models
included in Cobos-Roa et al. (2014) were validated against test conditions and served as
inputs to limit equilibrium stability models presented herein.

1.2 SCOPE AND OBJECTIVE PART II: SEISMIC ASSESSMENT OF EARTH STRUCTURES
OVER POTENTIALLY LIQUEFIABLE SOILS

Another levee potential performance issue for California’s levee systems is vulnerability
under seismic loading. The liquefaction of soils presents a significant hazard to the built



environment. Whereas much attention has been devoted over the past four decades
towards developing liquefaction triggering procedures to evaluate the likelihood of
liquefaction occurring, relatively less attention has been devoted to understanding
liquefaction-induced ground movements. In particular, the seismically induced permanent
displacement of earth levees, embankments, and fill slopes due to liquefaction below these
earth structures is not well captured in current seismic design practice (e.g.,, EERI 2003,
Seed et al. 2003).

There are several levee systems that are potentially vulnerable to liquefaction-induced
ground failure. This project is particularly important to the new studies of the seismic
fragility of the levees in the San Joaquin-Sacramento delta region. This levee system
provides drinking water for over 66% of Californians as well as water for agriculture,
recreation, and environmental purposes (CADWR 2007). Unacceptable liquefaction-
induced deformations to this system could lead to devastating consequences. However,
there is not sufficient funding available currently to repair all vulnerable levees in the San
Joaquin-Sacramento Delta.

Many of the prevalent procedures for evaluating liquefaction are discussed in the
document “Recommended Procedures for Implementation of DMG Special Publication 117:
Guidelines for Analyzing and Mitigating Liquefaction Hazards in California” edited by
Martin and Lew (1999). This important guidance document separates liquefaction-related
slope movement hazards into two categories:

1. Flow slides wherein the post-liquefaction static factor of safety (FS) is below unity
so that large displacements that are greater than a few meters occur after the
cessation of earthquake shaking; and

2. “Limited” lateral spreads of the order of a meter or so triggered and sustained by the
earthquake ground shaking.”

Flow slides could potentially be the most catastrophic liquefaction-induced slope
movement. The expected range of displacement for a flow slide (i.e., post-liquefaction FS <
1) is typically large and current prediction methods are well suited to predict their
occurrence. Once identified, these levee or embankment sections would require
remediation in most cases as the amount of permanent ground displacement that could
occur would be too large. As summarized in Finn (1990), large liquefaction-induced levee
crest settlements on the order of several meters are possible as the post-liquefaction factor
of safety approaches a value of about 0.8. However, Finn also indicates that crest
settlements of a meter or so are possible when the post-liquefaction factor of safety is
slightly greater than one. Movements of a meter or so can produce significant damage to
earth structures, so reliable procedures for estimating seismic displacements within this
range of movements are also required.

“Limited” lateral spreads involving liquefaction of moderately dense clean sand or silty
sands can produce seismic displacements in earth levees, earth embankments, and earth
slopes on the order of several centimeters to a meter or more. These levels of seismically



induced displacements are sufficient to damage water retention structures in the following
ways:

e Deformations can cause cracking that can lead to piping of water through the
structure.
e Deformations resulting in a loss of freeboard can lead to overtopping.

The post-liquefaction static stability of the earth slopes for these cases are greater than
unity; therefore, significant deviatoric-induced seismic displacements are not expected
after the cessation of ground shaking. The seismically induced permanent displacement for
these cases occurs primarily during earthquake shaking but after liquefaction is triggered.
Hence, there are three important aspects of the problem to capture: (1) the point in which
liquefaction is triggered; (2) the seismic response of the sliding mass during continued
shaking; and (3) the post-liquefaction cyclic response of these soils.

These are not easy aspects of nonlinear soil response to capture. Robust analytical
procedures are required to evaluate sections of levees where liquefiable foundation
materials exist to evaluate:

1. Iflarge flow slides will occur, which will require relatively expensive remediation;

2. If negligible seismic displacements will occur, which will require no expenditures;
or

3. If intermediate seismic displacements will occur, which may require some level of
remediation depending on the consequences of the estimated level of seismic
displacement.

To meet this objective, a promising, popular nonlinear soil constitutive model (UBCSAND)
has been implemented in a widely available finite difference program (FLAC) for evaluating
seismic deformations of earth structures resulting from liquefaction-induced lateral
movements focusing on ground conditions that lead to inertially driven ground movements
of intermediate levels. The results of this research will also be applicable to earth
structures other than San Joaquin-Sacramento Delta levees. It is our hope that with these
improved analytical tools, earthquake losses can be reduced through effective screening
and remediation of those earth slopes that would likely perform poorly in a future seismic
event.

Part II of this research focuses on another potential hazard impacting California’s levees:
seismic vulnerability. This research, funded by the USGS, involved implementing a
promising soil constitutive model that is implemented in a widely used finite difference
program is employed to analyze seismic deformations of levees resulting from liquefaction-
induced lateral movements in foundation soils. It is important to note that the cases to be
analyzed will have post-liquefaction static slope stability factors of safety greater than
unity, so inertially driven “limited” lateral spreads is this study’s focus. An assessment of
this commonly employed advanced seismic displacement model is required to evaluate its
ability to capture inertially driven liquefaction-induced lateral deformation effects. One



such timely application is the high priority seismic vulnerability studies of the earth levees
in the San Joaquin-Sacramento delta region of California.

The scope of the study is divided into four phases: (1) perform analyses of one-element
laboratory tests to demonstrate proficiency with the FLAC/UBCSAND numerical
simulations; (2) perform back-analyses of key case histories to calibrate the numerical
model; (3) conduct a systematic numerical sensitivity study of a simplified case

Characterization of the seismic hazard and the geotechnical conditions at a particular site
will always remain critical factors. No amount of sophistication in the analytical method
employed can compensate for shortcomings in one’s understanding of the local site
conditions and the seismic hazard at a site. However, there are cases where advanced
analyses based on an enhanced characterization of the site will be required. The goal is to
advance a reliable numerical method for cases in which refined assessments are required
to evaluate seismic performance.

1.3 ORGANIZATION OF CHAPTERS

Chapters 2 through 4 are related to work performed as part of the California Levee
Vegetation Research Program. These chapters relate to the impacts of woody vegetation on
levee integrity. Chapters 5 and 6 relate to evaluating seismic vulnerability of California
levees. Chapter 7 presents conclusions of this research program. A detailed breakdown of
content by chapter is as follows:

PART I:

e Chapter 2: Methods and results of a full scale wetting front test are presented. The
test was performed at the site of a decomposing tree stump located on the landside
of the north levee of the American River at the California Exposition and State Fair
(Cal Expo) in Sacramento, California. The test investigated the impact of a
decomposing root system on levee seepage. The stump was excavated and the
conditions documented following the study.

e Chapter 3: Methods and results of a full scale seepage test are presented. The test
was constructed to study the impact of waterside and a landside oak trees, both live,
through simulation of a flood event via a trench through the levee crown. The test
was performed on the north levee of Twitchell Island on the Sevenmile Slough in Rio
Vista, California.

o Chapter 4: At the Cal Expo test site, two-dimensional limit equilibrium methods
were employed to investigate the impact of a decaying root system on slope
stability. At the Twitchell Island test site, observed levee performance deficiencies
under test conditions are explored using two-dimensional limit equilibrium
modeling, mass averaged to capture three-dimensional effects. Modeling of tree root
systems, static tree loading with variable lean, and wind loading are explored.

PART II:



e Chapter 5: A popular soil constitutive model, UBCSAND, is implemented within the
finite difference program FLAC. Single element laboratory tests are modeled to
demonstrate proficiency of the model and generate a series of calibration
parameters. Key case histories are then siumulated to validate the calibration.

e Chapter 6: FLAC/UBCSAND is implemented to analyze seismic deformations of
earthen embankments resulting from liquefaction-induced lateral movements in
foundation soils.

CONCLUSIONS

e Chapter 7: Conclusions of the study are presented.



CHAPTER 2

Parallel Trench Wetting Front Test, North Levee of the American
River at Cal Expo Sacramento, California

2.1 PARALLEL TRENCH WETTING FRONT TEST — SACRAMENTO, CALIFORNIA

The Parallel Trench Wetting Front Test was as part of an overall research effort with
the CLVRP. A conceptual sketch, prepared by Professor Jonathan Bray, illustrated a
conceptual design for a test to explore the effects that live and decaying root
systems have levee seepage and slope stability (Figure 2-1). The concept of the test
involves excavating small parallel trenches above and below the root system of a
tree on a levee slope. The upslope trench is supplied with water and held at a
constant hydraulic head, imposing a two-dimensional flow path from the upslope
trench to the downslope trench. Instrumentation installed within the zone of flow
captures positive and negative pore water pressures before, during, and after flow.
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Figure 2-1. Conceptual Sketch of Parallel Trench Wetting Front Test.

Conceptual sketches began to evolve into a design phase as site selection began.
Each site viewed possessed unique qualities with its own set of advantages and
disadvantages. The final was ultimately customized to adapt to the conditions of the
most suitable site.

2.1.1 Site Selection — California Exposition and State Fair (Cal Expo)

Selection of an appropriate site to study was an important element of the field effort
and involved the combined efforts of the UC Berkeley team, DWR and SAFCA to
contact reclamation and flood control districts within areas known to maintain



levees with vegetative cover. Individual districts provided information regarding
possible stump sites and promising sites were viewed and evaluated for suitability.

The primary considerations in selecting a test site were soil conditions, age of
stump, position of stump on slope, and proximity to ‘control’ conditions.
Additionally, the reclamation districts needed to allow access to the levees for a
large-scale excavation effort in the months just prior to flood season. A mid-slope
stump was important in order to accomplish the Parallel Trench Wetting Front Test
and keep both upper and lower trenches within levee soils rather than foundation
soils. Soils exhibiting no cohesion were determined to be undesirable for reasons of
temporary stability during the flow test. In terms of stump age, we were seeking a
stump that was likely to be undergoing significant decomposition, but without
having achieved complete decomposition within the root system at the time of the
study. Gray and Leiser (1982) provide a discussion of tensile resistance of roots
with time after felling. They cite the work of Burroughs and Thomas (1977) where
75 percent of root tensile strength for a 1 cm root is lost over 4 years after felling of
a Pacific Coast Douglas fir. The tensile resistance of this root was approximately a
tenth of its fresh strength at 10 years after felling. A Rocky Mountain Douglas fir lost
only 10 percent of fresh tensile strength in a 4 year period following felling and took
about 10 years for the root strength to drop to 70 percent of fresh strength. Based
on discussions with the CLVRP advisory panel, including Professor Gray, a target age
of stump was determined to be on the order of 5 to 10 years with an understanding
that this may vary based on a number of factors including tree species and size.
Other factors considered were tree species, observed animal activity, and proximity
to other trees and stumps.

Based on the criteria presented above, we selected a site within the American River
Flood Control District (ARFCD). The site is located along the landside of the
northern levee bordering the American River adjacent to California Exposition and
State Fair (‘Cal Expo’) and was selected due to the presence of the decaying
eucalyptus stump shown on Figure 2-2. The stump was well positioned on the slope,
appeared to be significantly decayed, and exhibited minimal signs of animal activity
in the immediate vicinity of the stump. The northern levee of the American River in
the vicinity of Cal Expo has a crest elevation approximately 16 feet above adjacent
grades with a landside horizontal to vertical slope gradient of approximately 2 to 1.



Figure 2-2. California Exposition and State Fair (Cal Expo) site. Source of base aerial
imagery: Google Earth.

2.1.2 Cal Expo Site Description

As previously discussed, the selected site is located along the landside of the
northern levee bordering the American River. A site walkover was performed to
evaluate site conditions from the surface. Professor Dirk Van Vuren of UC Davis
served as the CLVRP team expert on burrowing mammals. Professor Van Vuren
viewed the site with our team and burrow locations were flagged and categorized
based on his experience. A total of 17 surface expressions of burrows were found
within 20 feet of the test (to the east and west) on the landside slope face. Based on
Professor Van Vuren’s visual observations, the burrows consisted of abandoned and

some collapsed burrows of the California ground squirrel and the pocket gopher
(Figure 2-3).
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" “ 2-3. Aerial view of the site showing the scatter of burrows relative to the
study area. Base photo source: Google Earth, September 19, 2010.

The landside of the levee is inclined at approximately 2H:1V (horizontal:vertical).
The eucalyptus stump selected for study was positioned approximately 6 feet from
the crown and 10 feet from the toe of the levee, measured vertically (Figure 2-4).

A second stump was found just east of the study area adjacent to the lower trench.
The stump was observed by Professor Alison Berry of UC Davis, and determined to
be a eucalyptus stump. Trench construction revealed two additional stumps, both
north (downslope) of the control trench that were not previously visible from the
ground surface. Figure 2-5 shows the configuration of all stumps found within the
study area overlain onto a 1973 aerial photograph. A live hackberry tree with a 36
inch trunk diameter is located at the toe of the levee on an alignment 4 feet west of
the stump as shown on Figure 2-3 through Figure 2-5. Aerial imagery shows the

tree to have a canopy diameter of approximately 55 feet at the time of our study in
2010.

The history of trees and stumps within the study area was explored by examination
of aerial photography. Cal Expo has an extensive library of photography and
construction documents, including a planting plan showing trees proposed for
planting on the levee at the time of construction of Cal Expo between 1967 and
1968. Cal Expo retains aerial photos flown on a nearly annual basis, typically during
the state faire each year in late August. Many photos were not high enough quality in
the study area to identify individual trees with certainty.
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Figure 2-4. Photos of the study site at the Eucalyptus stump.

Figure 2-6 shows Cal Expo under construction in 1968 at which time trees has not
yet been planted along the levee. A planting plan prepared by Lawrence Halprin
and Associates and dated November 27, 1967 was provided by Cal Expo for our
review. Figure 2-7 shows an approximately 1500 foot stretch of the planting plan
aligned with an aerial photo taken in 1973. The plan shows many trees that do not
exist in the 1973 photograph, while trees actually seen in the 1973 aerial
photograph do not appear to have been planted in the precise locations proposed.
Nevertheless, a mass planting took place and many more trees are present in 1973
than in 1968. According to Ron King, the head of grounds maintenance for Cal Expo,
many of the initial trees planted at that time did not survive. This observation is
consistent with our review of planting plans as compared with aerial photography
in the years following construction.

Figure 2-8 shows a close-up of the aerial photo from 1973 with the tree identified as
the stump under study indicated. Four trees are shown within the study area and
street lights are used to pinpoint the location of our Eucalyptus stump. The planting
plan shows the two trees to the east are Eucalyptus rostrata, while the two trees to
the west are Pinus radiata. The position of trees does not seem to correlate exactly
with the plan. In general, the species of the trees onsite currently seem to match
those planted and consist primarily of eucalyptus and pine. Based on a visual
evaluation, CLVRP root architecture research expert, Dr. Alison Berry of UC Davis
identified the two stumps to the east as Eucalyptus. Stumps to the west were not
evaluated for species as they were not visible from the surface, were highly
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decomposed and generally downslope of the study area. Additional stumps were
found during trench construction and may have been remnants of the trees shown
on Figure 2-8.
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Figure 2-5. Plan view showing trench configuration and stump locations identified
during construction. Base photo provided by Cal Expo, 1973.

Figure 2-6. Aerial view of Cal Expo and the north levee of the American River in
1968 during the construction of Cal Expo. Aerial image provided by Cal Expo.
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Aerial image provided by Cal Expo.

Levee Crest

plan showing proposed planting for those trees. Aerial images provided by Cal Expo.
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Based on our review, we estimate the Eucalyptus tree studied was cut between
1994 and 1998. Figure 2-9 shows the site in 1975, 1979, 1983, and 1990. In 1975,
four trees can be seen at site. In 1979, a small shadow could be the hackberry tree.
In 1983, both the hackberry and the eucalyptus trees are clearly visible. In 1990, it is
clear that there is at least one tree with multiple main branches or possibly two
trees upslope of the hackberry tree. In Figure 2-9 and Figure 2-10, the Eucalyptus
tree(s) can be seen in 1990 and 1994 and appear to be two trees. The following year
in 1995, the aerial photograph appears to have been taken at a similar time of day
and the shadow of the Eucalyptus tree shown in 1994 is not present in 1995 (Figure
2-10). Trees may have been cut back or removed between 1994 and 1995.

Figure 2-11 shows the site in 1996, 1997, 1998, and 2010. The 2010 image shows
the hackberry tree during our flow test. In 1996 and 1997, the shadow patterns,
overlapping canopies, and poor image quality make it difficult to discern whether
the Eucalyptus trees are present. In 1997, leaves of the hackberry are beginning to
change color, while the uphill segment of the canopy appears a slightly different
shade of green, possibly indicative of a tree that does not lose leaves in the winter,
such as a Eucalyptus. Between 1997 and 1998, a number of trees, including those
just west of our stump, were removed. The removal was likely part of the 1998-
1999 American River Watershed Improvements project that involved construction
of a slurry wall within the levee crown. The eucalyptus trees upslope of the
Hackberry may have been removed between 1997 and 1998 in preparation for this
work. The USACE'’s plans approved in April of 1999 (USACE, 1999) and prepared by
the Sacramento District, Central Valley Section show the hackberry tree, the
eucalyptus tree(s) and other nearby trees to be present in the background aerial
photograph (Figure 2-12). Also shown is the water pipeline found during trench
excavation (N3-10 as shown on the plan) and further discussed in Appendix 2B.
Many trees are noted as requiring removal for construction, but the eucalyptus is
not specified, perhaps because it had already been removed.

A summary of information gained from our review of aerial photography follows:

e The eucalpytus stump under study was likely the remains of a tree removed
in 1998 prior to the installation of the slurry wall along the north levee of the
American River. It is also possible that the tree was aggressively cut back or
removed between 1994 and 1995, making the stump 12 to 16 years old at
the time of our study.

e The two trees west of the stump under study may be Pinus radiata, planted
around 1968 and removed between 1983 and 1990.

e The eucalyptus west of the stump under study was planted during or shortly
after 1968. This tree may have been removed in 1994 or 1998 with the
stump being studied.

e The hackberry tree at the toe of slope was not planted and appears in the late
1970’s and is clearly visible in a 1983 aerial photograph. The age at the time
of study is estimated at 31 years. This is consistent with estimates by Dr.
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Alison Berry of UC Davis based on her visual evaluation.

Figure 2-9. View of the site in 1973, 1979, 1983, and 1990. Aerial images provided
by Cal Expo.

Figure 2-10. Aerial photo comparison of the site in 1994 and 1995; In i994, a
distinct shadow of the eucalyptus tree(s) is seen. In 1995, the shadow is absent.
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Figure 2-11. Aerial view of the site in 1996, 1997, 1998, an 2010. Source: 1996-
1998, Cal Expo; 2010, Google Earth.
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2.1.3 Subsurface Stratigraphy

Soil conditions were an important factor in the selection of the site, in the
implementation of the test, and in the interpretation of test results. The site soils
were characterized using the Unified Soil Classification System (USCS) prior to and
during test construction. Test borings and instrument holes were augered and
conditions logged and summarized in Appendix 2A. We reviewed available regional
and local soil information in the American River Common Features General Re-
evaluation Report (URS, 2009), the American River Watershed Project Right (North)
Bank Levee Strengthening plans dated April 1999 (USACE, 1999), and the American
River Levee General Design dated June of 1956 (USACE, 1956). In Appendix 2B, we
included relevant plans, soil boring logs, cross sections and excerpts.

During construction and after the flow test, trench walls and excavations were
observed and observations were recorded onto field logs. These field logs are
provided in Appendix 2C. Our post-flow characterization effort included excavation
of the zone surrounding the stump with observations recorded through both
traditional field logging and tripod-based light detection and ranging (T-LiDAR)
imaging (Cobos-Roa et al.,, 2012). A cross section showing the stratigraphy in the
area of the eucalytus stump under study is provided as Figure 2-13. T-LiDAR was
used only in the area around the stump and root system. At the control section, a
backhoe test pit was excavated at instrument Line C in order to view the and log the
stratigraphy (Figure 2-14). Site soils consisted of interbedded silts, silty sands,
sandy silts, and lean clay.

The site soils generally consisted of clayey and sandy silts and silty sands. Pockets
and lenses of low fines content sands were observed during excavation and
characterization efforts. Relatively horizontal layering was found within localized
excavation areas. Based on our excavations, site soils consist of roughly continuous
layering of heterogeneous blends of materials where pockets of homogeneity are
encountered. Material 3 is comprised of materials 3a and 3b in a heterogeneous
blend. Material 4, lean clay with zones of clayey silt, is found to be about 1 foot
deeper in the control than in the stump section. Like all onsite materials, the layer is
heterogeneous and contains pockets of sands and silts. Additional information is
provided in Appendix D. In general, our findings are consistent with general levee
profiles for the region by URS (showing layered silts and lean clays to the west of
our study site and layered sandy silts and silty sands to the east) as well as available
boring and Cone Penetration Test (CPT) data for the American River Watershed
Project Right (North) Bank Levee Strengthening plans (USACE, 1999).
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Figure 2-13. Statigraphic section between upper and lower trenches at the eucalyptus stump.
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Figure 2-14. Stratigraphic section at control trenches, located just west of instrument Line C (see Figure 2-21).




2.1.3.1 Test Layout

As previously discussed, the flow test was designed to deliver water above the
decomposing root system of the eucalyptus stump, inducing a wetting front and a
flow net that could be monitored through observation and instrumentation. Water
was delivered to an upper trench, constructed above the stump, and held at a
constant head during the test (Figure 2-15 and Figure 2-16). A lower trench was
constructed below the stump for viewing the exposed trench wall face and to
capture seepage flowing downslope during the flow experiment. The walls of the
trench were braced with shoring to prevent collapse. The uphill side and base of the
upper trench as well as the base of the lower trench were lined with plastic sheeting
to minimize water losses outside the study area. Stockpiled gravel was available to
rapidly infill the lower trench in the event of instability prior to the equilibration of
flow patterns.
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Figure 2-15. Cross section between upper and lower trenches at eucalyptus stump
showing concept of proposed wetting front flow test.

Figure 2-16 shows the configuration of trenches constructed above and below the
stump. An approximate 30-foot long zone around the stump was deemed the ‘stump
zone’ and a ‘stump trench’ was constructed above and below this segment. The
water delivery trench above the stump will be referred to as the ‘Upper Stump
Trench’ while the viewing trench below the stump will be known as the ‘Lower
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Stump Trench’. As seen on the figure, the stump and control trenches were
separated by a small gap in excavation in order to control water flow and volumes
to the two trenches separately.
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Figure 2-16. Site plan with coordinate grid showing the stump and trenches under
study, and the location of hand auger borings HB1 and HB2.

A detailed site design began with development of a plan view layout consistent with
observed conditions. Three levee cross sections were surveyed with increasing
distance from the tree stump using handheld tools such as a compass, measuring
tape, and hand level with collapsible survey stick. Based on the sections, a decision
was made to align the trenches and coordinate system with the hinge point of the
landside slope at the levee crest and lay out the site from that line. This decision
minimized topographic differences between instrument lines. Figure 2-17 shows
the site in cross section with the root system as scanned with T-LiDAR after the
completion of the test. The T-LiDAR scan contains points throughout the study area
and the thickness of the point cloud in cross section is a measure of the topographic
variations across the site. The image shows that topographical variations between
cross sections are on the order of 6 to 12 inches. Layout of the site was completed by
establishing a grid of northings and eastings, beginning with an arbitrarily selected
station number at north 100 ft and east 100 feet (N100, E100) and with increasing
station numbers to the north and east. For the purposes of a practical coordinate
system, north was defined as the downslope direction rather than true north
(Figure 2-16). When not noted otherwise, station numbers used in this report are
eastings (i.e. along the reference line parallel to the levee hinge).

The separation between upper and lower trenches was 10 feet on center, measured

horizontally. Each trench was 2 feet wide, leaving an 8-foot wide mass of soil
(measured horizontally) from the downhill wall of the upper trench to the uphill
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wall of the lower trench. To the west of the stump trenches, a 15-foot long levee
segment was identified as a ‘control’ area. Both an upper and lower trench were
constructed spanning this zone. Measured trench dimensions and coordinates are
shown on Table 2-1. In Figure 2-18, the stump is shown in relation to the upper and
lower trenches. An as-built plan showing trenches, soil borings, stumps (those
visible from the surface and those found during trench construction), the hackberry
tree at the toe, surface expressions of burrows, as well as the top and toe of slope is
provided in Figure 2-19.

Figure 2-17. T-LiDAR image |

ooking east at the eucalyptus stump and root system.

Base T-LiDAR Image provided by Gerald Bawden of the USGS.

Table 2-1. Trench Dimensions and Coordinates

Uphill Downhill Width | Length Coordinates (ft)
Depth (ft) Depth (ft) | (ft) (ft)
Upper 3 2 2 155 (N107.5, E132.5),
Control (N109.5, E132.5),
Trench (N107.5, E117),
(N109.5, E117)
Upper 3 2 2 28.5 (N107.5, E133.5),
Stump (N109.5, E133.5),
Trench (N107.5, E162),
(N109.5, E162)
Lower 4 3 2 15.5 (N117.25, E132.5),
Control (N119.25, E132.5),
Trench (N117.5, E117),
(B119.5, E117)
Lower 4 3 2 28.5 (N117.25, E133.5),
Stump (N119.25, E133.5),
Trench (N117, E162),
(N119, E162),
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Figure 2-18. Eucalyptus stump is shown A) close in, B) from the east end of the trenches looking west, C) from below the
stump trench looking southeast, and D) from the west end of the stump trench looking east.
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Figure 2-19. Plan view of field test layout.



Photos showing an overview of the overall site are shown on Figure 2-20. As can be
seen in the photographs, the site design concept includes three instrument lines to
monitor the progression of the wetting front and pore pressures at increasing
distance from the stump center. Instrument Lines A, B, and C were placed a distance
of 0, 7, and 23 feet west of the stump center, respectively (Figure 2-21).

e ——

Figure 2-20. Field test layout looking west (upper left), east (upper right), and south
(bottom left). Lower right is a site overview looking east and showing the hackberry
tree in relation to trench excavations.

Piezometers and tensiometers were installed to measure positive and negative pore
water pressures, respectively, within the zone of flow to monitor the wetting and
flow patterns with increasing distance from the decomposing root system. A
complete instrument line consisted of 7 tensiometers with electronic transducers
installed to depths of 18 to 60 inches as well as two vibrating wire piezometers
installed to depths of 60 to 84 inches. Instrument Line A was located in the vicinity
of the decomposing stump (Section A of Figure 2-21). Instrument Line C was located
approximately 23 feet from the stump (Section C of Figure 2-21). Supplemental
instrumentation consisting of 5 tensiometers were installed a distance of 7 feet from
the stump, between Instrument Lines A and C. The supplemental line is referred to
as Instrument Line B and was installed a distance of 7 feet from the stump at Section
B as shown on Figure 2-21.
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Figure 2-21. Instrument layout plan showing the locations of piezometers and tensiometers.



Transducers continuously recorded suction values during the flow test. Piezometers
were read manually at varied intervals determined in the field based on the rate of
change of the data. Figure 2-22 shows a typical instrument line as well as a
photographic view of the three installed instrument lines. Tensiometer locations are
named to reflect the type of instrument, the row number, the section number, and
the depth in inches (i.e., T4A-18 is a tensiometer located in row 4 within Section A,
and was installed to a depth of 18 inches below grade). The naming convention is
illustrated in Figure 2-22. Figure 2-23 shows the layout of instrument Line A in
cross section relative to the upper and lower trenches. Instrument Line C, within the
control area, has an identical instrument layout.

Instrument Naming Convention:

e T2C-18
— T=Tensiometer
— 2 =InstrumentRow 2
— C=Instrumentline C
— 18 =Depthininches
* P2B-60
— P =Piezometer
— 2=InstrumentRow 1
B = Instruement Line B
60 = Depth in inches

CERARABT ¥ N\ L\ s L
Figure 2-22. Photographic instrument plan showing the locations of piezometers
and tensiometers as well as the naming conventions.
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Figure 2-23. Instrument layout at Line A at the eucalypu stump in photgraph and
cross section. Base T-LiDAR image provided by Gerald Bawden, USGS.

2.1.4 Site Construction

2.1.4.1 Trench Excavation

Upper and lower trenches were constructed to depths of 3 and 4 feet, respectively,
using primarily manual efforts to loosen soils (shovels, digging bars, and trowels)
and a vacuum trailer to remove spoils (Figure 2-24). Where decomposing roots
were found, manual excavation allowed them to be viewed photographed and
appropriately characterized. Where live roots were encountered, an air knife
operating with a compressor capable of compressing 375 cubic feet of air per
minute (CFM) was used to excavate around roots. Most areas were excavated with a
lower compressor setting in order to minimize disturbance to sidewalls and fragile
areas where decomposing roots were suspected.

Live roots were sketched onto logs and photographed prior to being gently cut with

hand tools to avoid disturbance in the vicinity of roots. Roots were more abundant
in the stump trenches relative to the control trenches (Figure 2-25 and Figure 2-26).
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Figure 2-24. Construction equipment used during excavation. A) hand excavation

with vacuum to remove spoils; B) a vacuum trailer; C) air knife used to excavate
around live roots; D) 375 CFM compressor to run the air knife.
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Figure 2-25. View of trenches, A) looking east at stump trench and; B) looking west
at control trench.

30



Figure 2-26. View of upper trenches, A) looking west at stump trench and; B)
looking east at control trench.

String was stretched across the trenches in 1 foot increments to facilitate plan-view
sketches and photographic documentation of the root system (Figure 2-27 and
Figure 2-28). Not all roots in the logs are visible in the photograph as shallow roots
were removed as needed to achieve depth. Appendix 2C provides a complete set of
similar plan view site logs and spliced photography. Roots are shown to be more
abundant in the lower trenches than the upper. The lower trenches are closer to the
live hackberry at the toe, which is the source of the live roots. Decomposing roots
also appear to be more abundant in the downhill direction than the uphill direction.

Decomposing roots were found in the upper and lower trenches in the vicinity of the
eucalyptus stump. Additional decomposing roots were found outside of the study
area at the periphery of the excavations. Figure 2-29 and Figure 2-30 show an
example of a segment of the control trench where a stump was uncovered on the
downhill side during excavation. As discussed in Section 2.1.2, this may have been
an original tree planted during Cal Expo construction in 1968 that was seen in aerial
photographs to have disappeared between 1983 and 1990. The stump would have
been decaying for 20 to 27 years at the time of our study there was no significant
trace of a root system found to be associated with this stump within the trench.

Figure 2-31 provides another example of field logs correlated to photographic
documentation of the roots encountered. When roots prevented excavation, they
were carefully logged and cut prior to proceeding with additional excavation and
documentation efforts. Figure 2-32 shows the same section of trench excavated to
full depth. The photo shows roots and a metal pipe that are not visible in the
photographs of Figure 2-31.
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Figure 2-27. Upper stump and control trench plan view logs (Stations 117-162).
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Figure 2-29. Lower control trench Stations 124-132. Spliced plan view photos (top)
during excavation of lower control trench and log of analogous segment below.
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Figure 2-30. Stump found on downhill side of control trench at Station 127 as shown
on Figure 2-29.
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Figure 2-31. Lower stump trench Stations 140.5-146 (increasing to left). Spliced
plan view photos (top) during excavation of lower stump trench and log of
analogous segment below. Excavation not shown to full depth.
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Material Transition
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Decomposing Root Pipe

Figure 2-32. View looking south of 4’ deep trench at Station 145. Upper left photos
are a cluster of live and decomposing roots and a 1” diameter pipe. Bottom right is a
larger view of the same trench segment.

35



Upon completion of trench excavation and plan view documentation, roots were cut
flush with the wall face, a grid with 1-foot contours was placed over the uphill wall
face in order to facilitate documentation (Figure 2-33).

Figure 2-34 shows a typical wall face field log including decomposing and live roots,
animal burrows, and the metal pipe shown on Figure 2-31 and Figure 2-32 above.
Complete trench wall logs are provided in Appendix 2C along with the plan view
logs previously discussed.

Flgure 2-33. A 1-foot by 1-foot square grld was constructed to ald 1f1 iogglng and
documentation of observations during the flow test. Source: Cobos-Roa et al. 2012.
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Figure 2-34. Field log of uphill trench wall of lower stump trench, Stations 144-155 with corresponding photos above.




During trench construction, consideration was given to grouting burrows onsite
prior to the flow test. Field logs of the lower trench wall revealed 15 burrows in the
uphill wall, while the downhill wall of the uphill trench did not reveal any burrows.
As previously discussed and shown on Figure 2-3 and Figure 2-19, surface
expressions of mammal burrows were observed across the site. The holes were
viewed by a member of the CLVRP team, Dr. Dirk Van Vuren, a burrowing mammal
expert from UC Davis. All of the locations were considered either abandoned ground
squirrel burrows, which were partially collapsed and had not been in use for some
time, or burrows of the pocket gopher.

Pocket gophers burrow day and night, using the burrow as a protective residence, a
base for foraging, for feeding on roots encountered and to pull vegetation into the
tunnel for food (Reichman et al., 1982). They may kick soil behind them as they dig,
push soil to the surface, or backfill old tunnels as they make new excavations
(Reichman and Smith, 1990). Holes are not much larger than the animal and are
relatively horizontal and paralleling the ground surface (Reichman and Smith,
1990). Based on field discussions with Dr. Van Vuren, the work of Reichman et al
(1982), and Reichman and Smith (1990), the pocket gopher leaves behind a shallow
network of holes (1 to 2 inches in diameter), often slightly oval shaped, and partially
filled with loose soil. On this basis, most holes in the trench walls were identified to
be gopher burrows.

California ground squirrels make use of burrows for essential protection from
predators, in inclement weather, for refuge at night, or for rearing offspring (Van
Vuren and Ordefiana, 2012). These burrows have the potential to penetrate the
width of a levee depending on burrow age and soil conditions, or could partially
enter from both sides and full penetrate the levee (Van Vuren and Ordefiana, 2012).
In the lower trench wall, Dr. Van Vuren was able to identifiy California ground
squirrel burrows by their diameter (3 to 4 inches as opposed to 1 to 2 inches for the
pocket gopher), as well as having a round, well-traveled appearance.

Of the fifteen (15) burrows logged in the lower trench wall, two (2) were considered
squirrel burrows and thirteen (13) were identified as gopher burrows. One squirrel
burrow extended back 10 inches into the uphill wall of the lower trench and the
other 18 inches. A firm end was felt in these holes. The gopher burrows were small
and exhibited many curves, making an accurate assessment of depth difficult. In
generating field logs of the upper wall of the lower trench, numerous irregular
features were documented, including:

e 1.5 to 2-inch holes (likely pocket gopher) in the shallow zones extending
back a distance of a few inches to a little over a foot (Figure 2-35 A).

e Two holes of approximately 4 inches in diameter (believed to be ground
squirrel burrows) extending back a distance of 10 and 18 inches from the
upper wall of the lower trench.

e Live roots as shown on Figure 2-35C and in Sections 3.5.1 and 3.7.
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e Decayed roots (of various levels of decomposition and some with small holes
bored in them) as shown on Figure 2-35A and B and in Sections 3.5.1 and 3.7.

e A 1.5 inch diameter metal pipe at a depth of nearly 4 feet in the lower trench
(pipe points downhill at approximately 11 degrees from horizontal) as
shown previously in Figure 2-32.

e Small holes of % to % inch in diameter. Based on observations with Dr.
VanVuren, we believe the holes may be related to ant activity at the site
(Figure 2-36). During excavation, worms were also seen creating and
traveling through small holes in the trench walls as shown on Figure 2-37.

o Differing material types ranging from loose sandy silts and discontinuous
pockets of clean sand to clayey silts and occasional lean clays.

Figure 2-35. Lower trench photos with A) burrows and decomposing roots, B) a
decomposing root, C) live roots, and D) a squirrel burrow and a material change.

With a range of irregular features present and no clear or unobstructed input
locations to provide a natural place for grouting, we elected not to grout. During Dr.
Van Vuren’s visit, we explored several locations along the northern levee of the
American River and found that gopher and ground squirrel activity would be
difficult to avoid altogether. At the time of trench logging, no one hole appeared to
act as a through pathway for seepage, or “pipe” from the top trench to the bottom
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trench. Accordingly, we decided to view the relative influence of the live and
decaying root systems in a real levee system rather than fill visible holes when
uncertain which would become preferred pathways.

1:;

]
Figure 2-36. Ants encountered during trenching activities (left). Small holes (1/2 to
¥ inch) found in trench wall could be related to ant activity (right).

Figure 2-37. Worm activity was observed to be responsible for some of the small
holes (<% inch diameter) encountered during trenching.

2.1.4.2 Preparation of Trenches for Flow Test

Upon completion of trench excavation, the upper trench was lined with a plastic
membrane along the upslope wall, base, and sides to minimize flow of water to
areas outside of the study area. The upper trenches were then filled with 34 inch of
clean crushed rock to maintain stability throughout the test. Lower trenches were
lined with plastic sheeting along the base and a thin layer of rock was placed to hold
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the sheeting in place. The upslope wall was left open for viewing during the test
(Figure 2-38). An effort was made to place hydraulic shoring such that key features
observed in the wall during the logging phase were not obscured from view.

Figure 2-38A shows the 1 foot wide band of soil that separated the ‘control’ and
‘stump’ trenches. The band of soil was not expected to fully prevent flow between
the zones. The upper trench was separated to allow the flexibility of inflow into the
two trenches separately in the event that one or the other needed to be shut off due
to unforeseen conditions. The lower trench was separated so that outflow volumes
from water entering the two trenches could be separately tracked. In photo B, the
lower trenches are shown shored for stability with hydraulic vertical shores placed
at intervals of 2 to 5 feet across the lower trench, taking care not to obscure visible
irregularities such as decaying or live roots or mammal burrows. Slopes and trench
walls were periodically moistened to aid in air knife excavation and prevent
cracking prior to the flow test as shown on photo C.

Figure 2-38. Trench preparation prior to commencement of flow. A) Upper trenches
lined with plastic sheeting (uphill and base walls) and permeable fabric (downhill
wall); B) shored lower trench lined with plastic sheeting and gravel (base); C) water
truck moistens site to prevent cracking prior to flow test.

Once trench excavations were complete, the water delivery and pumping systems
were installed to deliver water into the upper trench. A 2500-gallon polyethylene
tank was placed on the levee crown and filled prior to commencement of the test.
Figure 2-39 shows the water delivery and recycling system installed at the site.
Water was delivered into the upper trenches via a 15-inch well casing connected to
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a perforated pipe embedded in the gravel-filled upper trench. The pipes acted as a
water delivery manifold rapidly distributing the water throughout the upper
trenches (Figure 2-39A). Perforated riser pipes at the trench ends provided points
along the trench to confirm water levels. Fire hoses were used to deliver water
(Figure 2-39B and D) into a 15-inch diameter perforated pipe through a mechanical
float valve (Figure 2-39D). The float valve is shown mounted into the well casing
and used to maintain a constant head in the upper trenches during the flow test. The
water tank was refilled throughout the test and the level of water in the tank as well
as flow volumes of water into the tank were measured and used to approximate the
amount of water delivered into the upper trenches with time. Water collected from
the lower trenches was recycled into the delivery tank. All flows into the tank were
tracked using % inch flow meters (Figure 2-39C).

Figure 2-39. A) Upper gravel-filled trenches; B) Water delivery systm; C) 34" flow
meter for monitoring flows into water storage tank; D) Mechanical float to maintain
constant head in upper trenches; E) Control valves at tank

2.1.4.3 Instrument Installation

Tensiometers were obtained from Soil Moisture, Inc. and equipped with a
mechanical pressure gauge and a pressure transducer with maximum suction
capacity of 100 kpa (Figure 2-40). Tensiometers of 24, 48 and 60 inches were
installed to depths of 18, 36, and 60 inches, respectively. All instruments were
installed in accordance with the manufacturer’s specifications. Holes were advanced
with a gauge auger (provided by the manufacturer) with a diameter slightly larger
than the instrument diameter of 3 inch. The instrument holes were logged for soil
conditions prior to installation.
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Figure 2-40. A typical tensiometer is shown including a mechanical gauge and
pressure transducer. White silica sealing material is seen at the hole entrance.

Tensiometers were pre-assembled and saturated prior to installation. All
connections were cleaned, and the gauge and transducer ensemble were connected
to the tensiometer, taking care to properly achieve a seal on each connection. The
porous tips were pre-saturated and brought to the site in de-aired water. In a lab,
the porous stones that communicate with the soil were pre-saturated in a vacuum
with de-aired water and connected to the tensiometer onsite just prior to
installation. De-aired water was brought into each instrument through a suction
pump attached at the top. Once the tensiometer was filled, the suction pump was
used, along with tapping action, to remove trapped pockets of air from the gauge
and transducer connections.

With all seals checked and no observed leaks, a silica slurry was mixed to create a
seal between the soil and the tensiometer. This step is optional according to the
manufacturer if the hole is snug to the tensiometer, but proved helpful in our soil
conditions. A seal was established between the porous ceramic tip of each
tensiometer and the surrounding soil using a slurry of water and silica flour with
silt-sized particles (Figure 2-30). The tensiometer then communicates with the
surrounding soil by allowing water in the instrument to flow into the surrounding
soils until the tension in the instrument matches the tension in the surrounding
soils. The suction created by the column of water in the instrument is subtracted
from recorded suction values. Water is periodically refilled by opening the
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instrument, losing tension, refilling, closing the instrument, and allowing time for re-
establishment of tension.

During installation of instrument Line A in the vicinity of the Eucalyptus stump, 6 of
6 tensiometers encountered decomposing roots in the auger holes, 3 instruments
encountered live roots, and 2 instrument tips were placed partially within
decomposing roots. While augering holes for tensiometer installation at Line C, two
holes encountered live roots. See Figure 2-21 for instrument locations. A detailed
summary follows:

e T4A-18 and T4A-36 encountered live roots at their tip

e T1A-18, T3A-36, T4A-18, T4A-36, T4A-60, P2A-84 encountered decomposing
roots during augering

e P1A-60, T4A-36, P2A-84, T4C-18, P2C-84 encountered live roots during
installation

Instruments installed within row 4 of instrument Line A (below the Eucalyptus
stump) were among those encountering decomposing roots during installation
(T4A-18, 36, and 60). The tensiometers were located approximately 16 inches from
the uphill wall face of the lower trench (measured horizontally). Within 1 hour of
installation, silica slurry was observed trickling out of two exposures of one of the
decomposing roots. Photos were taken and observations were recorded (Figure
2-41). Excavation of the root system at the end of the flow test revealed a number of
locations where silica slurry flowed for distances of a few inches to approximately 5
feet along a decomposing root within a cavity observed between the decaying bark
and the inner woody core (xylem) of the root.

8y —IC J:
Figure 2-41. Silica flour migration pattern below the stump (red circle) following
installation of tensiometers.
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2.1.5 Flow Test

Following instrument installation, instruments were monitored for several days
with stable readings prior to the beginning of the flow test. On September 7, 2010 at
11:57 am, the valve from the 2500 gallon polyethylene water storage tank located at
the crown of the levee was opened and water was channeled via gravity flow into
the upper trenches via the input hoses connected to mechanical float valves located
at two input sites at the approximate centers of the upper stump and control
trenches (Figure 2-39). The flow test ran for approximately 6 days after which the
trench was allowed to drain and monitoring continued as measured soil suction
values began to increase with the drying of site soils. A detailed timeline showing
the duration of each phase of testing as well as key observations is presented as
Figure 2-42.

_ Flow Test ‘
Instrument Cheek ‘ Post-Flow Test
i - |
UPPER TRENCHES HELD AT 1.5FT CONSTANT HEAD
e le——{ BURROW STATION 138.25 FLOWING (LINE B)
| BURROW STATION 117 FLOWING (CONTROL)

Saturation of Instrument Line A (stump)

Saturation of Instrument Line B (7ft from stump)
Saturation of Instrument Line C (23ft from stump)

Time (Days) 0o 1 2 3 4 5 6 7 8 9 10 P P 13 1
1 1 1 s 1 1 1 1 1 1 1
—t— —t—— Tt
9/3/10
9/13/10 9/20/10
9/7/10 2:12 pm 10:45 am
11:57 am
Time (hrs)
i 146.25 311.9

Figure 2-42. Flow test timeline.

The upper trench was approximately 2 feet deep on the downhill side. The constant
head height in the upper trench was set to 1.5 feet above the base to avoid overflow
or failure of the trench wall. A constant head was held for 4 days after which a
nighttime malfunction caused the water to temporarily stop flowing. On the
morning of September 12, water in the trenches was brought back up to a constant
1.5 feet above the trench base and held for the remainder of the flow test. When
water in the lower trench reached 5 inches in depth, a pump recycled the water into
the storage tank. Visual observations and measurements of soil suction and pore
pressure between the trenches were recorded during the 6 day flow test.
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Upon the commencement of water flow into the upper trench, early observations in
the first 24 hours were primarily surficial seeps along the face of the levee slope
between the two trenches, and flow from animal burrows. When surficial seeps
were first observed, the location and time of seep was noted in field logs and then
photographed. If the seep was rapid or threatened to erode the slope surface, it was
slowed through use of a gravel bag placed over the seep.

On days 2 and 3 of the flow test, we saw seepage locations expanding and saturating
the slope face and by day 3 we saw a reduction and then stoppage of flow from the
gopher burrows. On days 2 through 4, our observations gradually shifted from the
saturation and seepage patterns of the slope face to the arrival of the wetting front
in the uphill wall face of the lower trench. The wetting front began to slowly move
up the trench wall from the bottom up. The uphill face of the trench wall saw the
wetting front climbing faster than the lower trench wall, indicating that the water
was not purely a result of capillary action from the standing water that had
accumulated in the base of the lower trench (from gopher burrow flows). This
capillary action from the standing water in the trench masked any arrival of the
wetting front in the lower 1 foot of the wall trench on day 1. By day 2, however,
wetting patterns began to climb above the wet zone at the base of the trench and
patterns were recorded.

Photographic timelines are provided below detailing levee slope face seepage and
wetting patterns, the seepage observed related to two gopher burrows that played
prominent roles in the flow test, and the wetting front patterns observed on the wall
faces of the lower trenches.

2.1.5.1 Levee Slope Face Seepage

Seeps along the levee slope face between the upper and lower trench were the first
sign of water movement between the two trenches and began happening within 30
minutes of turning on the water to the upper trench. The stump trench reached the
pre-determined constant head of 1.5 feet of water in the upper trench at 12:22pm
after the water had been turned on at 11:57am. Water was observed seeping out of
the slope face at 12:21pm (Time=0.45 hrs) at Station 140. A gravel bag was placed
over the seep within a few minutes of the initial seep and within seconds water
began flowing from the lower wall face through a gopher burrow at Station 138.25.
This burrow will be discussed in detail in Section 3.6.2. Figure 2-43 through Figure
2-45 follow the slope seepage patterns at instrument Lines B and C at 9.25 hours,
19.5 hours, and 55 hours into the flow test, respectively. A detailed timeline of slope
face seepage is provided below in Table 2-2.
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Figure 2-44. View of instrument Lines B and C looking south 19.5 hours into the flow test
spots) and gravel bags (covering seeps).

. Note wet zones in slope face (darker
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Figure 2-45. View looking west from instrument Line A at stump at 55 hours into the flow test. Note the outline (red) of the
growing wet zone observed at the levee slope face.



Table 2-2. Photographic Timeline of Slope Face Seepage

Time Observation Photo or Illustration
(hrs)
0 Water flow begins

0.45 Sta. 140 (Instrument
Line B) at 2.3 feet
upslope of lower wall
face, water seeping out
of slope near T4B-36,
P2B-24, and T3B-36;
water began pouring
down the face of the
lower wall threatening
to erode; gravel bag was
placed over each seep

0.60 Seep at Sta. 123, 125,
127 (Instrument Line C
- Control). Gravel bags
were placed

0.73 Seep Sta. 116 (west of
control and 7” uphill of
lower trench)
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0.9

Seep at Sta. 135, 1.8 ft
down from upper
trench

1.4

New seeps between old
seeps at instrument
rows 1 and 2 at Stations
121,122,125
(Instrument Line C).
Instrument rows
increase from top
trench to bottom trench.

2.3

Sta. 120-122 seeps
observed between
upper trench and
instrument row 2 (just
west of seeps at
Instrument Line C)

3.7

Sta. 120-128 existing
seeps expanding in size
while adjacent new
small seeps form
between gravel bags
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5.2

Sta. 141 a 7” diameter
seep southeast of
tensiometer T3B-36

10.3

Seep at Sta. 117 at
western limit of lower
trench and extending
down the western end
wall of the trench as it
grows

15.7

Sta. 117 to 125; Seeps
growing larger and pipe
placed at area of rapid
flow to prevent erosion

19.8

Moisture seeping from
eastern-most leg of
equipment table below
lower trench (outside of
study area)

No photo

23.6

New seep at Sta. 127 at
1 ft above tensiometer
T4C-18

No photo

54.4

New seep near Sta. 131
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54.4 Seep near upper trench
at Sta. 155 and greater

67.6 Pattern of small seeps
observed about 10 feet
west of western limit of
control trench,
following a line of
gopher burrows visible
from surface

As shown in Table 2-2, burrow patterns were found to have a major influence on
slope face seepage patterns and flows throughout the test. For this reason, burrows
influencing flow patterns are discussed in detail in Section 3.6.2.

2.1.5.2 Burrows at Instrument Lines B and C

During the flow test, wetting front and water flow patterns appeared to be
dominated by flow through a network of shallow gopher burrows in the vicinity of
instrument Lines B (7 feet west of the stump) and C (in the control trench). Figure
2-46 shows the alignment of the burrows. The burrow pathways were grouted,
excavated, and mapped after the flow test. The burrow at Line B extended all the
way from the upper water delivery trench down to the lower stump trench. The
burrow at instrument Line C began at the upper control trench but did not appear to
continue all the way to the lower control trench. Both burrows connected to the
upper trench and neither was detected prior to the flow test, despite careful
documentation. Figure 2-46 shows the excavated burrow alignments.

52




€S

- - - - - - ___ & ______ € <. _._.
Top of Levee Slope . - N
Section/ Section/ Section/
Inst.rument Instrument Instrument
Line A Line B Line C
105+
Upper Stump Upper Control
( Trench T1A-B6 T1B-18 C T1C-36 Trench
T1A-I§._i PIA-60 7

® ®T1B-36 T1C-13@@ A P1C-60 110+

T2A-18 AP2A-84 T281 T2C-18g | AP2C-34

T3A-36 3B-36 3C-36
T4A-18@ ® ®144-60 T4B-36 Tac-18@ 1 ® 14c-60 115-
‘ Lower Stump Trench T4A:-36 ) T4acl3e Lower Contro
Trench
@ ce0  Approximate location of tensiometer installation 120
A rcea  Approximate location of piezometer installation
. Eucalyptus stump
. ) . 125+
P—) As-built trench location (based on T-LiDAR
imagery by Gerald Bawden, USGS)
P Approximate location of hackberry tree
Alignment of gopher burrow 130
T T Tl s et — 0 = b e Toe of Levee Slope
< e e  — — — s —— — . — . -
E 165 160 155 150 145 140 135 130 < 125 120 117

Figure 2-46. Location of mammal burrows in relation to Instrument Lines A, B, and C.



The gopher burrow at Line B produced water at the lower trench approximately 30
minutes following the beginning of water flow to the upper trench, about the time
needed to fill the trench. Flow began as a small seep at the levee surface and
proceeded to flow through a gopher burrow at the face of the lower wall upon
placement of a gravel bag at the location of the initial seep (Figure 2-47). Table 2-3
provides a detailed account of observations associated with the flow of water
through the gopher burrow at instrument Line B, Station 138-140. Table 2-4
provides a similar account for a gopher burrow encountered near instrument Line C
that extended down toward the western corner of the control trench. Based on post-
test grouting of the burrow adjacent to instrument Line C, the hole did not connect
directly to the lower trench. A preferred flow pathway appears to have been
established via another gopher burrow at the western extent of the lower control
trench. It is possible that the gopher burrow networks once connected and a
collapsed or plugged segment did not allow the grout to fill the full extent of the
burrow. Instrument test results presented later in this report will detail the arrival
of the wetting front in the vicinity of these burrows compared to the vicinity of the
eucalyptus stump.

Sheet Flow
of Water

3 A, g X \ ;- m
s A .‘:sqﬁh (i T T : Rl o1 —J—JS.— .&’_ P
Figure 2-47. Water seepage at lower trench wall near gopher burrow at instrument
Line B minutes after first water appeared on the levee slope face.
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Table 2-3. Summary of observations at animal burrow at Station 138-140 (Line B)

Time
(hrs)

Observation

Photo or Illustration (if available)

0

Begin water flow.

0.45

Water seeping out of
slope face at tensiometers
T4B-36, P2B-24, T3B-36.

No photo _

0.52

Gravel bag placed on
slope seep.

0.53

Water burst from gopher
burrow at Sta 138-139
and Sta 141 (both about
1.2 feet down from top of
wall). Station 138-139
produced the majority of
free water.

[
Pl

1.2

Measured 4.3 inches
standing water in lower
stump trench due entirely
to water flow through
gopher burrow at Sta 138-
139.

No photo

4.7

Water level in lower
stump trench at Sta 138 is
0.65 ft above bottom.
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5.85

Water seeping out of
saturated zone east of
gopher hole at Sta 138-
139.

55.1

Flow through gopher hole
at Sta 138-139 slowing
rapidly between 53.1
(rate = 2 gal/min) and
55.1 hrs (rate = 1.7
gal/min).

67.1

Flow has stopped and all
that remains is moisture
seeping through as seen in
the photo to the right.
This observation was
made early in the morning
and no observations were
made between the last
recorded observation at
time = 55.1 hours.

97.6

Left site for the night; tank
full and upper trenches at

constant head 1.5 ft above
trench bottom.

No photo

118.4

Arrived onsite in the
morning (Sept. 12) to find
the tank empty and upper
trenches below 0.5 ft.

No photo

122.1

Tank full and upper
trenches back to constant
head. Gopher burrow at
Sta 138.25 begins to flow
water.

See photo at 125.9 hours
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125.9 | Water seeping out of wall
face near burrows at
Station 138.25. Much of
the walls appear to be
saturated.

Table 2-4. Summary of observations at gopher burrow, Station 117 (control trench)

Time Observation Photo or Illustration (if available)
(hrs)
0 Begin water flow

0.73 Seep Sta. 116 (west of See photo at time = 10.27 hours.
control and 7” uphill of
lower trench). Original
seep location is under
the gravel bag in the
photo below (time
=10.27 hrs).

10.27 | Seep observed at the
western end of the

control trench at Sta.
117
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10.52

Water burst through
trench wall at Sta. 117
and began to flow
through gopher burrow
(< 2”in dia). Some
decomposed root
fragments came out of
the hole, likely from old
stump and root system.
Water begins ponding in
control trench.

22.6

Water stops flowing
through gopher burrow.
Seep continues to
produce moisture and
water wicks up the
lower trench walls
adjacent from the
standing water in the
base.

28.4

No water observed free
flowing through gopher
burrow but saturation
zone continues to
expand around zone of
seep.

97.6-
122.1

Left site with full water
tank and trenches at
97.6 hours. Trenches
nearly empty by 118.4
hrs and re-filled by
122.1.

No photo
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125 Small seep seen
producing a trickle of
water at squirrel
burrow in control
trench (Sta. 121.5).
Photo to the right is of
the squirrel burrow

2.1.5.3 Wall Surface Saturation Progression

As previously discussed, on the first day of the flow test, observations primarily
consisted of surficial slope seeps and flow into the lower trenches via conduits
identified as gopher burrows. In these initial hours, saturation patterns in the lower
trenches were mostly related to capillary action of water moving up the trench walls
from the standing water in the base delivered by the flowing burrows. On days 2
and 3 of the flow test, saturation patterns began to emerge on the uphill wall of the
lower trenches.

Figure 2-48 through Figure 2-52 show sketches of wetting front patterns in the
uphill wall of the lower trench beginning at 29.1 hours from the time of initial
inundation of the upper trench to 51.7 hours from inundation. Sketches were made
to support observations during this time window as changes in site conditions were
occurring rapidly. Figure 2-53 and Figure 2-54 show photographs of the site (both
stump and control trenches) at 67.9 hours and 140 hours, respectively. Some visual
changes can be detected between photos at 67.9 hours and 140 hours (the end of
the test), but the site had essentially achieved a steady state by 67.9 hours into the
flow test. These figures show only minor changes in the arrival of the wetting front
at the uphill wall of the lower trench.

59




09

Time =29.1 hrs

145 4o 35 132 % 125 120 n
e o ~——— ] [ —
* Flowing b os 1
burrow b : 1
CL— — —37+—- ‘ —— A

e : o Tsta 121 o'l
Figure 2-48. Saturatlon patterns in lower wall face at 29.1 hours after 1nundat10n of the upper trench w1th water The lower

stump (top left) and control (top right) trench wall seepage patterns are documented by station with corresponding photos
below.



19

Time =29.4 hrs
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Figure 2-49. Saturatlon patterns in lower wall face at 29.4 hours after 1nundat16n Note the appearance of seeps in permeable
zones near the trench bottom. The lower stump (top left) and control (top right) trench wall seepage patterns are documented
by station with corresponding photos below.
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Time =29.9 hrs

Figure 2-50. Saturation patterns in lower wall face at 29.9 hours after inundation. Note that seeps seem to be related to
permeable material types. The lower stump (top left) and control (top right) trench wall seepage patterns are documented by
station with corresponding photos below.
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Figure 2-51. Saturation patterns in lower wall face at 46.6 hours after inundation. Note the depression in the saturation
pattern in the area of the decomposed root at Station 147. The lower stump (top left) and control (top right) trench wall
seepage patterns are documented by station with corresponding photos below.
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Figure 2-52. Saturation patterns in lower wall face at 51.7 hours after inundation. Note the wetting front continues to rise near
the stump at Stations 145-150, though a depression is still visible indicating the stump is the last zone to saturate. The lower
stump (top left) and control (top right) trench wall seepage patterns are documented by station with corresponding photos
below.
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Figure 2-53. Wide angle view of saturation patterns at 67.9 hours into the flow test. The area below the stump has begun to
saturate.
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Figure 2-54. Saturation patterns in the stump and control trenches at 140 hours into the flow test, just before the end of the
test. Only small changes were observed in saturation patterns between 67.9 hours and 140 hours.



Figure 2-55 shows a direct comparison between the stump and control trenches
showing a delayed wetting front in the vicinity of the decaying stump. Possible
reasons include a reduced permeability in soils surrounding the stump, a physical
obstacle to saturation and flow is created by the stump and root system, or the
water is being redirected beneath the test through permeable layers or anomalies.
Adding further complexity, the saturation of instrument Lines B and C are
influenced by the presence of animal burrows, making a direct comparison between
the instrument results and observations increasingly complex. Observations were
made with regard to factors which may be influencing the pattern of the wetting
front.

Line A“Stump” Trench Line C “Control” Trench

=

the last to saturate.

Figure 2-56 combines approximate gopher burrow alignments, outlet locations and
wetting front patterns at 50 hours into the flow test to better understand the effect
of these burrows on the wetting front at the lower trench. During a post-flow test
site characterization effort, the gopher burrow at Line C was found to not connect
directly to the lower trench, while the gopher burrow at Line B connected directly to
both the upper and lower trenches. The influence of these gopher burrow patterns
on the wetting front at the lower wall is shown in Figure 2-57 and Figure 2-58.
Gopher burrows that did not connect directly with the upper trench, also did not
conduct water preferentially (Figure 2-59) - at least not until saturation was
achieved in surrounding soils. As shown in Table 2-3 at a time of 125 hours, the
squirrel burrow shown in Figure 2-59 did eventually produce water once the
surrounding walls had saturated. The small metal water pipe encountered during
trench excavation at Station 145 was found to extend beyond our study area on each
end and did not conduct visible free water along the zone of backfill (consisting of
gravel within a fine-grained soil matrix). The pipe can be seen on Figure 2-49, Figure
2-50, and Figure 2-51 at times 29.4, 29.9, and 46.6 hours into the flow test,
respectively.
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out of burrow
at Station 117

Water flowing out
= of burrow(s) at
& Stations 138-140

Figure 2-56. View looking west at the uphill wall of the lower tump trench 50 hours
into the flow test. Gopher burrow outlet locations at Stations 138.25 and 117 are
identified on the diagram as well as approximate alignments of burrows.
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_=“ Zone around
burrow satura

Figure 2-57. Control trench gopher burrow advances the wetting front (left) tracing
a pathway to the outlet location at Station 117 (right). The outlet flowed briefly.
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Figure 2-58. The wetting front is advanced by gopher burrow at Station 138.25.
Slope saturation patterns looking A) south; and B) east. Photo C traces zone of early
saturation due to the gopher burrow at a time of 12.7 hours into the flow test

Figure 2-59. Squirrel burrow extending at least 18 inches into the uphill wall of the
lower trench at A) the time of trench construction and B) 50 hours into the flow test.
No free water flows until a seep upon saturation at 125 hours (See Table 2-2)
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Neither live roots nor decomposing roots were observed to conduct water
preferentially during the flow test. Figure 2-60 and Figure 2-61 show how the
wetting front progressed in the vicinity of the decomposing roots. In particular, the
root shown on Figure 2-60 was initially observed to conduct silica slurry during the
installation of tensiometers. Preferential flow of water was not observed through
the annular space between the bark and the woody core of the root during the flow
test, despite an intermittent annular space which was found and explored in the
post flow test site characterization effort. As previously discussed, the area of the
stump was the last zone to saturate.

DAY 1 DAY 3

Figure 2-60. Progression of wetting at the decomposed root at Station 147.5.

Tra YT

Figure 2-61. Progression of wetting at decomposed roots showing no preference to
flow through the root zone or surrounding loose soil zones surrounding the roots.
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No impact on flow or wetting front patterns was observed to be connected with live
roots. No voids or annular spaces were observed in connection with the live roots
extending radially from the hackberry tree located at the toe of the levee. Figure
2-62 shows water preferentially flowing through the gopher burrow at Station
138.25 while no flow is observed through nearby live roots. Even as the wetting
front arrived, observations of numerous live roots during the duration of the flow
test show no preference for water to flow through or around these live root systems
(Figure 2-63).

Burrow

: ; 1

Figure 2-62. During the flow test water is shown flowing through the gopher burrow

and seeping out of permeable soils within the wall face, though no flow was
observed through the adjacent live roots.
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ng the flow test throughout the lower stump trench. At no time during the flow test
were live roots observed to conduct water.



2.1.5.4 Instrument Results

Tensiometers and piezometers measured negative and positive pore water
pressures before, during, and after the flow test. Complete results of all instruments
including a discussion of instruments used and their calibration are presented in
Appendix 2D. The results recorded by each tensiometer during the first four days of
the flow test are summarized by instrument line and presented below. This time
interval was selected because the wetting front had reached each instrument by this
time. All piezometer data is presented together on a single plot.

Tensiometers were installed one week prior to the flow test and were connected to
a continuously reading datalogger for several days prior to the inundation of the
upper trenches to establish baseline values in the instruments and to check
functionality. Initial moisture contents of surficial soils are presented in Shriro et al.
(2014) and results of initial testing is presented in Appendix 2D. These moisture
contents resulted in observed initial suction values of approximately 8 to 60 kPa.

Typical tensiometer results showing values of soil suction measured with time are
shown on Figure 2-64. An initial drop in suction and recovery is seen during refilling
of the instruments with water. Stable values drop suddenly indicating the time
corresponding to the arrival of the wetting front at the instrument tip. The drop in
suction values beginning at 30 hours indicates the arrival of the wetting front.
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Figure 2-64. Typical tensiometer result plot.

The saturation front in the vicinity of instrument Line A was observed to progress
more slowly than in instrument Lines B and C. In particular, Line A instruments in
the area below the stump showed the arrival of the wetting front at approximately
70 hours after the start of the test. In contrast, analogous instruments of Lines B and
C recorded no suction approximately 10 and 20 hours, respectively, from the start of
the test, indicating rapid saturation in comparison to Line A. Physical observation of
the saturation front, as seen from the lower wall, confirmed the area below the
stump was the last location to saturate during the wetting test.

Figure 2-65 through Figure 2-67 show tensiometer data by instrument line. Figures
showing comparisons of similarly positioned instruments across the various
instrument lines are provided in Appendix 2D. As discussed previously, gopher
burrows at Lines B and C appear to have accelerated the progression of the wetting
front and the stump at Line A appears to have retarded the progression of the
wetting front. Tensiometer T4A-60 (Line A) was observed to saturate more quickly
than surrounding shallower instruments. This is likely due to free water present in
the base of the lower stump trench flowing through the gopher burrow at Station
138.25. Tensiometers T2B-18 (Line B) and T2C-18 (Line C) were very proximal to
the path of the gopher burrow which likely acted as a water conduit with patterns
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extending radially from the burrow. This accelerated the arrival of the wetting front
at these tensiometers. The relative effects of these competing influences will be
evaluated in future seepage modeling.

Instrument Line A: Flow Test
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Figure 2-65. Tensiometer data for instrument Line A (at stump).
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Figure 2-66. Tensiometer data for instrument Line B (7 ft from stump).
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Figure 2-67. Tensiometer data for instrument Line C (23 ft from stump).
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Piezometers were installed into 4-inch diameter auger holes and grouted in place
with a mix of Portland cement and bentonite in accordance with the specifications of
the manufacturer (Slope Indicator). Due to initially unsaturated conditions and the
likelihood of low measured pressures throughout the flow test area, the Slope
Indicator 10 psi Low Pressure Vibrating Wire model was selected. The constant
head in the trench was held a maximum of 9 feet above the porous stone of the
deepest piezometer (84 inches from surface grade, installed at mid-slope) resulting
in a maximum possible pressure of 3.9 psi. The 10 psi low-pressure instrument was
the most sensitive available for this application. The instruments were pre-
saturated in a water bath and grouted into the hole upside down in order to
minimize loss of saturation in its porous element due to the unsaturated conditions.

Based on piezometer data, saturation of the instruments was achieved within 1 to 2
days of flow. Pore pressures of less than 10 kPa (1.45 psi) developed following
saturation (Figure 2-68) for 3 of the 4 instruments. High initial and final pressures
in Piezometer P2A-84 did not fit with physical observations and available data. The
piezometer was not able to be recovered for laboratory calibration testing and
therefore data from this instrument was excluded from our analysis.

Piezometers: Lines A and C
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Figure 2-68. Pore pressures measured during flow test at instrument Lines A and C.
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2.1.5.5 Water Volume Usage During Flow Test

During the 6-day flow test, approximately 45,000 gallons of water were released by
gravity into the upper trenches. Two flow meters were installed in total on the two
lines supplying water from a nearby source into the 2500 gallon reservoir. Two
additional flow meters were installed at the two electric pumps controlled by float
valves. The pumps were set up to recycle water back into the reservoir and volumes
were recorded for each. Initially, one pump was placed in the stump trench and one
in the control trench. Once the gopher burrow at Station 117 stopped flowing in the
lower control trench on Day 2, the pump in the lower control trench was relocated
into the lower stump trench to help control large flows coming through the gopher
burrow at Station 138.25. All flow meters were read at regular intervals and at the
same time. The water level in the reservoir was also measured at this time and we
estimated and recorded the volume of water flowing by gravity into the upper
trenches. Inflow volumes for water flowing into the trenches are therefore
combined volumes.

The volume of water that flowed from the gopher burrow at Station 117 was not
enough to actvate the control trench pump and the burrow stopped flowing before
the water in this trench was ever pumped. The total volume of water pumped from
the lower stump trench during the flow test was approximately 19,000 gallons,
virtually all of which flowed through the gopher burrow at Station 138.25. The
volume that flowed through this burrow was underestimated by the amount lost to
the surrounding soil of the lower trench. Figure 2-69 shows the balance of water
during the flow test. Approximately 23,000 gallons of water were lost outside of the
study section based on the assumption that the soil in the zone of study (assumed
unit weight 120 pcf and 17 to 22% moisture content) would take approximately
2,300 to 3,700 gallons to achieve saturation (calculation based on 3,000 gallons for
Figure 2-69).

19,000 gallons 45,000 gallons

LOST: 45k — 19k — 3k
=~23k gallons

--——

Figure 2-69. Calculation of flow volumes into and out of trenches. Note that a
significant fraction of the input water was lost to areas outside of the study zone.
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Figure 2-70 shows the cumulative volume of water delivered to the upper trenches
and cumulative water recycled/pumped from the lower stump trench as a function
of time during the flow test. Note the slope of the water delivery curve changes over
the course of the test.

Cumulative Volumes of Water Pumped and Delivered
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Figure 2-70. Plot of cumulative water delivered to the upper trenches from the
2,500 gallon reservoir and water recycled from the lower stump trench to reservoir.

Figure 2-71 breaks the curve into segments and the slope of each segment is
calculated with a linear regression. The slope of each segment is the rate of water
flow over that time period. Table 2-5 provides a summary of flow rates along with a
reminder of key observations relevant within each interval.

During field observations, at approximately 55 hours, we observed a rapid decline in
the rate of flow from the gopher burrow in the lower stump trench at Station
138.25. It appears that flow began slowing at 30 hours, though the decline in flow
rate became apparent after a time of 55 hours. The recycle rate refers to the number
of gallons of water pumped from the lower stump trench into the 2500 gallon
reservoir over a period of 1 hour. Virtually all of this water was delivered to the
lower trench via the gopher burrow at Station 138.25. This rate underestimates the
actual rate of flow through the burrow. Water lost through the lower trench due to
standing water percolating into surrounding soils arrived through the burrow and
was lost outside of the study area prior to being recycled into the reservoir. In the
first 30 hours of the flow test, a minimum of 367 gph flowed through the burrow,
while 321 gph was saturating soils between the trenches, or was lost outside of the
study zone.
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Figure 2-71. Cumulative gallons of water either delivered to the upper trench from
the reservoir or recycled from the lower trench back to the reservoir. Curves are
broken into segments with slopes representing the rate of flow.

Table 2-5. Flow Rate Breakdown

Water
Delivery Recycle Loss Rate
Rate Rate to Soils
Time (hrs) (gal/hr)  (gal/hr) (gal/hr) Notes
0to 30 688 367 321 Burrows flowing Sta. 138.25, Sta. 117
30to 55 387 254 140 Burrow flowing Sta. 138.25
55 to 67 - - - Burrow Sta.138.25 flow slowing; no data
67 to 97 105 4 101 Burrow Sta. 138.25 stopped flowing
97 t0 118 - - - Water tank ran dry; trenches ran low
118 to 142 256 70 186 Burrow Sta. 138.25 began flowing again

Between hours 30 and 55, the rate of recycled water pump, which flowed through
the gopher burrow at Station 138.25 decreased from 367 to 254 gph. The loss rate
for water declined from 321 to 140 gph. Between 55 and 97 hours into the flow test,
burrow flow slowed and then stopped and the loss rate for water dropped to 101
gph. When the reservoir ran out of water at 97 hours and was refilled at 118 hours,
the burrow at Station 138.25 began to flow again, but resulting in only 70
gph,available for recycle while the loss rate of water to surrounding soil was 186

gph.
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Two burrows were observed to stop flowing over the course of the test. A reduction
in macropore flow is expected as losses to surrounding soils rise with increased
saturation of surrounding soils (Figure 3-71). This is consistent with observations
by Beven and Germann (1982), who note that the rate of input into the hole must
exceed losses to the surrounding soils and continuity must be maintained for the
macropores to preferentially flow water. Collapse, siltation, or plugging may also
have occurred over the course of the flow test. The gopher burrows may have been
partially backfilled with loose soils, aiding in siltation or plugging of the burrows
during the flow test. The overall reduction in water losses from the beginning of the
flow test to the end is indicative of the reduction in flow through macropores as
hydraulic conductivity of soil is expected to rise with increased degree of saturation
(Figure 2-72), increasing rather than decreasing the flow rates.
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Figure 2-72. Relative permeability of water and air as a function of degree of
saturation during drainage (Freudlund and Rahardjo, 1993; originally from Brooks
and Corey, 1964). Note: Diagram intended for the illustration of concepts only.
Actual relative permeability is expected to vary by soil or rock type.

2.1.6 Post-Flow Test Site Characterization Effort

After completion of the flow test, the site was allowed to dry for two weeks prior to
the characterization phase that began on October 1, 2010. The work was overseen
by the UC Berkeley team, and excavation work was logged by Professor Richard
Evans of UC Davis and John Lichter of Tree Associates, Consulting Arborists. The
effort incorporated Ground-Based Tripod Light Detection and Ranging (T-LiDAR)
technology in order to capture the root architecture. The T-LiDAR imaging
(performed by Gerald Bawden of the USGS) was also adapted for use in capturing
the soil stratigraphy and mammal burrow locations (Cobos-Roa et al., 2012).

2.1.6.1 Written and Photographic Documentation of Stump Excavation
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Soil surrounding the eucalyptus stump was excavated in vertical slices extending
back from the upslope side of the lower stump trench wall face as shown on Figure
2-73. When the last segment of soil was removed and the stump was removed to
view the roots beneath. Segments of approximately 1.5 to 2 feet in thickness
(measured into the trench wall) were removed with an air knife (connected to a
compressor as described earlier). In the vicinity of delicate, decomposing roots,
hand excavation was necessary to observe and document the in-situ condition.
Areas of decomposing roots were carefully hand excavated, logged, photographed,
and shot with T-LiDAR. Original logs prepared by Richard Evans and John Lichter
are provided in Appendix 2E. The mammal burrow at Instrument Lines B and C
were grouted, uncovered, photographed, and shot with T-LiDAR.

’ I e B -
Figure 2-73. Excavation was completed around the stump in a series of vertical
slices from Stations 138 to 153 as shown.

Grouting of burrows was performed by the American River Flood Control District
(ARFCD) using a Chemgrout plant and trailer equipped with a moyno pump for
grout delivery. Jim Warner, PE was retained as a grout expert to consult with our
team on the grouting approach. At his recommendation, a grout mix was prepared
with 10 percent bentonite and blended to a consistency that maximized thickness
while remaining flowable. The mix was placed under low pressure (less than 10 psi)
and injected slowly with enough pressure to move the grout to maximize filling of
the hole while minimizing upheaval of the shallow surface soils covering the
burrow. Burlap gravel sacks were positioned near the burrow outlet and were used
to plug the burrows when grout began to flow from the lower trench wall (Figure
2-74).
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Figure 2-74. ARFCD grout plant and trailer combination is shown (left). To the right,
burrows are plugged with burlap sacks using a rod leveraged against the ground in
order to prevent loss of grout.

The mammal burrow in Lines B and C were grouted and the soil covering them was
excavated to expose the alignment extending from the upper trench. Figure 2-75
shows the exposed mammal burrows at Lines B and C.

p Y, f " |\: el : el ] L
Burrow at Station 138.25 Burrow at Control Trench
(Instrument Line B) (Instrument Line C)

Figure 2-75. Mammal burrows at instrument Lines B and C following post-flow
grouting and characterization efforts.

Excavation began by removing the downslope wall of the lower stump trench for
access and in doing so gently following the remains of a decomposing root extending
downslope of the lower trench from Station 155 (Figure 2-76). Careful excavation
around the root revealed no gap between it and the soil. The root was sufficiently
decomposed such that a distinction could not be made between bark and woody
center. Figure 2-77 shows a sandy silt soil matrix directly against the root.
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Figure 2-76. View of decomposing root encountered in the lower stump trench,
Station 155.

Figure 2-77. Close in view of decomposing root at Station 155. No gap was
observable around this friable and highly decomposed root.

Figure 2-78 shows the final excavation of the upper wall of the lower trench,

revealing the uphill wall to be scanned with T-LiDAR. Though field logs of this wall
had already been generated, the wall was labeled with a consistent system for
consistency and for the purposes of collecting T-LiDAR data (Figure 2-79). Visible
live and decomposing roots as well as burrows were given labels and a reflective
strip affixed proximally to aid in location of features that were difficult to isolate

with T-LiDAR data.
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Figure 2-78. View looking southeast at the trenches following excavation of the
downhill wall of the lower stump trench.
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Figure 2-79. View of the uphill wall of the lower stump trench between Stations 138

and 151 just prior to scanning with T-LiDAR.

Excavation of the first slice began with removal of overburden and soils
surrounding the stump using the air knife (Figure 2-80). As excavation proceeded, a
prominent root emerged between tensiometers T4A-36 and T4A-60 (Figure 2-81).
The excavation revealed this root to be the conduit for the silica seen flowing
through a decomposing root at Station 147 during installation of tensiometers in the
4th row of Line A. Figure 2-82 shows the location of that root relative to the
approximate installation position of tensiometers T4A-36 and T4A-60 and the seep
location. The figure also shows the completed the first slice —‘Slice 1’ - excavation
wall with roots exposed in the vicinity of the observed seep as compared with the
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initial lower trench wall. The silica slurry had traveled down the back of the root
and a small volume turned to the west following the bend in the root. The silica
traveled a tortuous path of approximately 5 feet in total length. Another prominent
root was revealed to the east and silica staining was also found on this root likely
originating from its connection with Tensiometer T4A-18. Typical decomposing
roots encountered are shown on Figure 2-83. Examples of annular spaces were most
common in larger roots, likely because these spaces were larger and more
noticeable. Figure 2-84 shows some examples of annular spaces and hollowed roots.

i if

Figure 2-80. View of air knife operation during post-flow test site characterization
effort.

Figure 2-81. View of uphill wall of the lower stump trench as excavation of Slice 1
began. The root that was a conduit for silica slurry to the face of the lower wall
during tensiometer installation is pictured.
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Figure 2-82.View of upper wall in lower trench below the stump A) during the flow
test, and B) following the completion of ‘Slice 1’ excavation.

igure 2-83. Typical appearance of decomposing roots encountered. Bark was
fragile and discontinuous in many places. Annular spaces are seen on larger roots.
Photos by Richard Evans.
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Figure 2-84. Examples of discontinuous annular space found in some decomposing
roots. Many decomposing roots did not display this gap

Figure 2-85 provides an overview of findings from the excavation of ‘Slice 1’. Live
roots smaller than about % inch in diameter were cut as they interfere with T-LiDAR
data collection. Figure 2-85B shows the excavation team exposing the decomposing
root system through manual excavation. In Figure 2-85C, the burrow can be seen
prior to removal of overburden soils. Portions of the burrow could not be grouted as
seen in the photograph.

Excavation of ‘Slice 2’ proceeded, revealing the entry points of the silica (used in
sealing tensiometers into the ground) into the decaying roots. Each instance of silica
observed within the annular spaces around decaying roots were traced to a
tensiometer instrument. The silica slurry generally did not flow far absent a direct
connection to a void space. Figure 2-86 shows that though both T4A-36 and T4A-60
were installed on either side of a prominent decomposing root, it was tensiometer
T4A-60 that was the conduit (or source) for silica that flowed that flowed out the
lower trench wall face. Likewise, T4A-18 was found to connect directly to another
prominent root and flow of silica was observed through annular spaces associated
with this root also.
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Figure 2-85. Slice 1 wall surface
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Throughout excavation, examples were uncovered of silica slurry flowing in animal
burrows, in burrows within the woody core of the root (Figure 2-87), and even for
short distances into loose soils (Figure 2-87A and C). With the exception of mammal
burrows, the annular spaces were generally not sufficiently continuous to permit
liquid silica slurry to flow far or to conduct large volumes. In general, the
decomposition process of a root was found to be heterogeneous and segments
where a clear gap was visible were followed by segments where the bark (Figure
2-88) or even the entire root (Figure 2-89) were so decomposed that all that
remained was a hole with a loose fill of organic matter and soil. Depending on the
stage of decomposition, voids may fill with surrounding soils and decomposed
organic matter. Figure 2-90 illustrates examples of decaying roots exhibiting a space
between the woody center and the bark and where sand has infilled the annular
space of these root sections.

In addition to sand infilling/occupying these gaps, live roots were present at the site from
the nearby hackberry tree located at the levee toe. Live roots observed did not conduct
fluid or function as a preferred seepage pathway during our flow test or during instrument
installation. Annular spaces were not observed between the bark and the woody core of
these roots or between the soil and the root. Live root growth within the decomposing
roots was very common (Figure 2-91). At times, the live root networks around the
decomposing roots held root fragments together as a single unit. Live roots seemed to
occupy the void spaces and thrive in the mixture of decomposed organic matter and soil.
Small live roots were growing ‘opportunistically’ through bark and the woody cores
of decomposing roots.
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Figure 2-86. Hardened silica slurry associated with tensiometers T4A-36 (left) and
T4A-60 (right) is discovered. Flow paths were observed showing that silica flowed
through a burrow or void when a direct hydraulic connection was present.

Figure 2-87. Silica slurry freely flowed in burrows (as shown in A) and void spaces
within roots (as shown in B) when a direct hydraulic connection was available (or
present).
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Figure 2-88. Bark fully decomposed with annular space between the woody core
and bark, loosely filled with decomposed organic matter and soil (A and B). White
silica slurry in Photos A and C are from a tensiometer intersecting loose organic
soils and the silica slurry permeating the void space for a short distance.

ichard Evans

Figure 2-89. Roots can leave a void where they become copletely decomposed and
surrounding soils and live roots have not yet in filled the void. The root in Photo D
has likely been subjected to decomposition from biological activity.
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Figure 2-90. Photos A through D are examples of sands in-filling void spaces present
between the decaying roots woody center and the bark. In Photo B, from right to left
we see the woody core, an infill sand layer, a layer of decomposing bark, a live root,

and then the surrounding soil matrix.

organic matter of old root systems.
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Figure 2-92 illustrates the final wall face following excavation of Slice 2. At this time,
the gopher burrow (grouted) at Station 138.25 has been revealed and the root
architecture of the stump has begun to take shape. Burrows were present in the
vicinity of the stump, though animal burrows were present in large numbers
throughout the site and did not seem to be more common at the stump than in other
areas of the site, as discussed in a subsequent section. Once uncovered, the gopher
burrow casting at Station 138.25 was cleaned and undermined slightly in several
places to capture its dimension with a T-LiDAR scan. The casting was painted
orange for photographs.

D

Figure 2-92. Final position of ‘Slice 2’ at the time of logging and before T-LiDAR
scanning. Note presence of burrow networks between the root system in Photo B
(indicated by vertically-oriented orange nylon strips). Photo C shows the newly
revealed burrow casting at Station 138.25.

Slice 3 more fully revealed the architecture of the stump. As excavation proceeded,
creating a ‘wall log’ became challenging as the wall became increasingly thin and
formed the support soils beneath the stump. For the last slice, logs were generated
on the sides of the stump. Below the stump soils were strategically left in place in
order to make a final T-LiDAR image before the stump was undermined and
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removed. A segment of soil was left behind (Figure 2-93A) and below the stump,
supports rods added, and additional soils were removed just prior to the final T-
LiDAR scan. Figure 2-93 shows the final slice from multiple angles. Figure 2-93D
shows the final wall face of Slice 3 and provides a perspective of the proximity of the
stump and root system to the burrow (cast painted orange) that allowed over
19,000 gallons to pass from the upper to lower stump trench during the 6 day flow
test.

Figure 2-93. View of stump excavation following removal of ‘Slice 3’ soils. Photo A is
a view of the stump from the crest of the levee looking down into the upper trench.
Photos B through D show the stump from varying angles. Photo D also shows T-
LiDAR scanning in progress.

Once the final logs and T-LiDAR scanning were complete, additional excavation was
performed behind the stump and then beneath the stump to reveal and photograph
more of the root system. The excavation effort behind the stump revealed few roots
extending into the levee uphill of the stump (Figure 2-94 and Figure 2-95). Figure
2-94 shows another example of a root that had been pierced by a tensiometer on the
uphill side of the stump. This root had begun to decompose inside the woody core of
the root. When a tensiometer installation pierced this friable root, the silica slurry
used to seal the instrument into the hole filled voids traceable to the tensiometer
(Figure 2-94).
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Figure 2-94. View root system of the decomposing stump looking north from the

upper trench (top). Note migration of silica flour through a path directly traceable to
a location where the installation of a tensiometer penetrated the root.
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Figure 2-95. View of the excavated eucalyptus stump looking A) southwest from the

former location of the lower trench, B) north from the upper trench, C) south at the

roots at base of stump, and D) west from between the upper and lower trenches as
Richard Evans, UC Davis, inspects the roots system from the uphill side.

In summary, careful excavation around the decomposing elements of the root
system of the eucalyptus stump led to a number of observations as follows:

e Discontinuous annular spaces found within some decomposing roots
between bark and woody core.

e Bark that was completely decomposed with an intact woody core.

e Entire roots completely decomposed.

e Void spaces loosely filled with sand.

e No annular spaces or voids observed associated with decomposing root.

e Decomposing roots exhibit small, discontinuous voids and holes throughout,
likely a result of biological activity.

e Live roots opportunistically growing around and through decomposing root
systems.

e Silica slurry/flour flowed into burrows and voids in roots, but only where a
direct hydraulic connection existed with the silica source.

e Stratigraphic layering of soils were found to be essentially horizontal.
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2.1.6.2 Post Flow Test Site Characterization — Analysis of Data

The site excavation phase revealed qualitative data that was used to better
understand the state of decomposition of the root system as well as the discernible
root architecture. Qualitative data in the section are analyzed to gain insights to
stability and seepage implications of a complex, decomposing root system at a
snapshot in time.

As previously discussed, the site characterization effort consisted of excavation
around the decaying stump in a series of slices/soil segments. Root conditions were
photographed and logged at 4 wall faces as shown on Figure 2-73. Detailed logs
were created through a collaborative effort of our team with Professor Richard
Evans of UC Davis and John Lichter, consulting arborist with Tree Associates. The
logs are provided in Appendix 2E and are examined herein.

The soil ‘slices’ were placed in the coordinate system developed for the site (Figure
2-96) and radial distances from the stump center were calculated for each of the
decomposing roots logged in each slice. The data was merged into a single database
and categorized by root size, radial distance from stump, degree of weathering and
presence or absence of void spaces creating a potential hydraulic conduit through
the root.

Surface evidence of mammal burrow . __ . Vertical Slice Excavation
(based on site walkover with Dr. Dirk Boundary
Van Vuren, UC Davis)

Surface evidence of collapsed squirrel (based on T-LiDAR imagery by
burrow (based on site walkover with Dr. Gerald Bawden, USGS)
Dirk Van Vuren, UC Davis)

1 Animal Burrow Alignment

D Stump and Root System (T-
Decomposing stump (identified during LiDAR image by Gerald
initial walkover or during site excavation Bawden, USGS)

fe) As-Built Trench Location (based

Hand Auger Soil Boring on T-LiDAR imagery by Gerald
Bawden, USGS)

Figure 2-96. As-built site plan showing T-LiDAR scans of root system and burrow
(provided by Gerald Bawden, USGS) at Station 138.25.
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Annular spaces or voids, as shown on Figure 2-84, were observed in some form in
approximately 39% of the roots intersected. This included roots hollowed or cored
in sections by biological activity as well as spaces between the woody root center
(xylem) and the bark, or the bark and the soil. In general, annular spaces were not
noted in roots smaller than 1 inch in diameter. These spaces can be difficult to
positively identify for smaller roots. Annular spaces were noted to be absent in 24%
of the roots intersected. while for 37% the presence or absence of these spaces was
not clear and therefore not noted.

Root size was found to be an important factor in degree of decomposition. An
estimated 22% of roots 2 inches in diameter and smaller were described as very or
completely decomposed, while 18% of roots in this range were described as 'intact'.
In the category of roots larger than 2 inches in diameter, 8% were described as very
or completely decomposed while 25% of roots in this range were described as
'intact’. In general, smaller roots displayed a greater degree of weathering than
larger ones. These observations are consistent with the findings of Gray and Leiser
(1982).

Our final analysis examined total root area with distance from the center stump.
Total root area is calculated for each root based on diameter and an assumption that
the root is circular. The area of all roots intersected within a given radius is summed
and plotted with increasing radius from the stump center. The total intersected area
of root as a ratio with total area of soils being studied is a commonly used measure
of root density within a soil (Bischetti et al., 2005; Shields and Gray, 1992).

Root area was calculated for all roots within a given radius and the areas were
summed and plotted. Roots were then segregated into three size categories:

1. Roots with a diameter larger than 2 inches
2. Roots with a diameter larger than 1 inch
3. Roots with a diameter larger than % inch

Figure 2-97 provides a plot of the total root area with distance for each size
category. It should be noted that roots smaller than about % inch were not logged.
Removal of all roots down to % inch in diameter would require excavation of up to
twelve (12) feet in diameter around this Eucalyptus stump. Removal to a radius of
eight (8) feet is estimated to remove 98% of root matter, while a removal radius of
five (5) feet would result in a 92% removal of root matter. These estimates assume
an excavation depth of six (6) feet.
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Root Area vs. Radius from Stump Center
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Figure 2-97. The area of each root intersected was calculated and sorted by distance
from the stump center. The chart shows the cumulative sum of root area from the
center of the stump extending radially outward

In addition to decomposing roots, the flow test site characterization effort
documented burrows encountered during excavation. Burrows were counted for
each soil segment, or ‘slice’, excavated and compared to the number of burrows
recorded along the uphill wall of the lower control trench. A summary of results is
provided as Table 2-6.

Table 2-6. Burrow density at excavated stump and control trenches.

Average
Burrow Burrow
Numberof Wall Density Density
Station (ft) Burrows Area (ft) (burrows/ft’) |(burrows/ft’)
Control Trench 117-131.5 6 58 0.10 0.10
Stump Trench, uphill
138-153 8 60 0.13
wall of lower trench
Stump Trench, 'Slice 1' 138-153 5 60 0.08 0.10
Stump Trench, 'Slice 2' 138-153 6 60 0.10
Stump Trench, 'Slice 3' 143-153 3 40 0.08
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Five burrows were initially identified along the control trench, while an additional
burrow appeared during the flow test at Station 117, bringing the total count to 6
burrows in 15 feet stretch as shown on Table 2-6. Based on average burrow
densities, it was concluded that burrowing occurred onsite at a similar rate adjacent
to and away from the stump.

2.1.6.3 T-LiDAR Applied to Flow Test Characterization

T-LiDAR scans were taken to generate a three-dimensional model of the pre-test site
condition, excavation walls and flow test site, and throughout excavation efforts to
expose the root system. Reflective targets were placed next to roots and burrows
(Figure 2-98) and metallic paint was used to highlight the different stratigraphic
contacts, thus allowing the T-LiDAR to capture these features given the reflectance
contrast between the reflective strips, metallic paint and moist soil (Cobos-Roa et
al,, 2012).

Figure 2-98 shows a comparison between a T-LiDAR image and a photograph of the
site at the same time, following removal of the first segment of soil - 'Slice 1'.
Stratigraphic contacts, live and decomposing roots, and reflective targets are visible
in the T-LiDAR image. The points gathered can be digitally processed into 3D images
of the entire root system. In addition the technology facilitates taking measurements
or making calculations that would be difficult to capture using other methods. Data
can be managed in a 3D environment in the KeckCAVES at University of California
Davis shown on Figure 2-99. Personnel from the USGS-Sacramento Western Remote
Sensing and Visualization Center and the UC Davis KeckCAVES were able to use the
center’s facilities to isolate decomposing roots, burrows, and geologic layers so that
they may be viewed separately.
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Figure 2-98. Slice 1 compariso between T-LiDAR image (left) and photograph
(right). Note reflectors in T-LiDAR image indicating burrows (vertically oriented)
and decomposing roots (horizontally oriented). Source: Cobos-Roa et al. 2012.

Figure 2-99. T-LiDAR data is viewed in 3D at the UC Davis KeckCAVES. Point clouds
are selected and isolated, separated, relocated, and rotated through this user-
friendly 3D interface. Gerald Bawden of the USGS gives the UC Berkeley team a tour.
Photos courtesy of Mick Klasson.
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Figure 2-100 provides a view of the completed excavation looking south with a
corresponding T-LiDAR scan and a view where the live and decomposing root
systems, pipe, and burrow are isolated for easier interpretation. Figure 2-101 is
useful to visually understand the extent (in plan-view) of the decomposed root
system. Fully decomposed roots are not included in this image. Scans were viewed
in the KeckCAVE as a means of enhancing field documentation, sketches, and
measurements. In Figure 2-102, the root system of the stump is isolated and this
plan view image is useful in illustrating the path of silica flow during installation of
tensiometers. Figure 2-103 and Figure 2-104 are additional T-LiDAR images
generated from different vantage points to illustrate the different geometric
characteristics of the root system. The T-LiDAR image in Figure 2-105 shows a view
of the stump looking west as compared with a vectorized version of the root system
generated from the data.
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Figure 2-100. T-LiDAR images provided by Gerald Bawden of the USG (top) looking south compared with photograph of root
system (bottom) and burrow at Station 138.25.
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Figure 2-101. T-LiDAR scan of root system and burrow at Station 138.25 (provided by Gerald Bawden of the USGS). View is
from the top. Most roots are decomposing roots related to the eucalyptus stump, but live roots are present, particularly in the

vicinity of the burrow.
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Figure 2-102. View of the decomposmg eucalyptus root system from above as scanned Wlth T-LiDAR. The i image is used here
to show the path of silica flow from the tensiometers and instrument positions within the root system. Photographs show
silica flow through the root intersecting with tensiometer T1A-36 (upper right) and a south-facing frontal view of the stump
and root system. T-LiDAR image courtesy of Gerald Bawden of the USGS.
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Figure 2-103. A south-facing view of eucalyptus stump and root system (right) and the corresponding point cloud image (left)
derived from combining data from a series of T-LiDAR scans. T-LiDAR image courtesy of Gerald Bawden of the USGS.
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Figure 2-104. A west-facing view of the Eucalyptus stump and root system stitched together from a series of T-LiDAR scans
(provided by Gerald Bawden, USGS).
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Vectorized Root System

Figure 2-105. A view of the Eucalyptus root system asa point cioud generated from T-LiDAR scans (left) and a vectorized
plot of the root system to aid in modeling efforts. Base source: Gerald Bawden, USGS.



2.2 DISCUSSION OF FINDINGS

The parallel trench wetting front test subjected the levee site to an imposed flow of
water over a period of 6 days during which time positive and negative pore
pressures were monitored within the study area. As noted, the test site was
generally composed of silty soils and the test was focused around a decomposing
eucalyptus stump and root system. The tree was cut sometime between 1994 and
1998 and the stump left decomposing for 12 to 16 years prior to the field test.
Decomposing roots, excavated following the flow test, displayed varying degrees of
decomposition with voids or annular spaces in 39 percent of roots intersected by
the excavation. Annular spaces were continuous over short distances, and many
were partially or loosely filled with organic matter. Some roots had voids that were
partially filled with both organic matter and soil. Live roots growing from a
hackberry tree located at the toe of the levee, mammal burrows, ant and worm
holes, and a water pipeline added complexity to the system and the study. Small live
roots were observed to be concentrated in the decomposing root channels. The field
test benefited from the complexity of this site as these diverse conditions represent
the reality of a levee system.

Tensiometer installation revealed the sealant materials (a silica slurry) could flow
through a gap between the bark and woody core of a decomposing root at the lower
trench wall face downhill from the stump. Silica slurry was found in several other
roots as well as in loose soil pockets and cracks, but only where the tensiometer
hole made a direct hydraulic connection with the void space.

Beven and Germann (1982) assert that for a macropore to flow, the supply of water
must be in excess of the lateral losses to the surrounding matrix and the macropore
must be sufficiently connective to transport the water downslope. Absent a direct
hydraulic connection, pore suction would prevent flow from smaller pores into
larger macropores or voids. However, eventual saturation of smaller pores allows
flow into larger pores as pore suction is eliminated and pore pressure is generated,
driving flows. As full saturation is achieved in the surrounding matrix, however,
lateral losses are increased and supply must keep pace for flow to continue. Further,
continuity of void space is also necessary for flow. We observed that where voids
are shallow, seeps can form at the slope surface. Burrow networks, including gopher
burrows (which are often partially backfilled as gophers excavate new tunnels)
were found to be sufficiently continuous to flow once water enters the
macropore/burrow. In this case, water entered the macropore through a direct
hydraulic connection to the water source. During the flow test, these influences
dominated flow and wetting patterns.

Initially, the burrow at instrument Line C resulted in observed seeps at the levee
slope face. For a window of about 12 hours, water supply was sufficient and the
burrow was sufficiently connective to allow for slow flows emerging through the
upper wall of the lower control trench at Station 117. After that time, flow stopped,
possibly due to collapse of the hole or saturation patterns causing the lateral losses
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to exceed inflow. Even though burrows dominated flow patterns and brought
seepage to the slope surface in many locations, flow eventually diminished and
stopped in the burrows. Rapid flow was initially observed through the gopher
burrow at Station 138.25. Flow eventually slowed, then stopped, and began to flow
again following a brief period of drying (when the water delivery system
malfunctioned). A decrease in permeability of the burrow walls, and therefore
infiltration volumes, following drying could cause inflow volumes to exceed lateral
losses to surrounding soils. Alternatively, a blockage developed within the burrow
during the study may have cleared upon re-establishment of flows. The presence of
two gopher burrow greatly impacted flow patterns during the test and both were
hydraulically connected to the water source.

The two (2) ground squirrel burrows encountered did not exhibit a direct hydraulic
connection with the water source (the upper control trench). Flow can, however,
concentrate into a macropore but only at the rate that the surrounding soils can
deliver water to the hole. At approximately 125 hours into the flow test, a small
amount of water was seen seeping from the ground squirrel burrow at Station 121.5
of the lower control trench.

Similarly, excavation of the root system revealed intermittent annular spaces or
voids in about 39 percent of decomposing roots intersected during the site
characterization effort. These voids were found to be discontinuous, at times loosely
filled with decomposed bark or sand, or simply not present in segments of the root.
Flow was not observed through these known voids during the flow test, though flow
of silica slurry was observed when a direct hydraulic connection was made by
intersection of a root with a tensiometer installation. The 6 day flow test, however,
did not result in visible flow through the voids. A direct hydraulic connection did not
exist between the upper and lower trenches via root conduits and the system of
voids associated with the decomposing root system lacked sufficient inflow of water
and continuity of void spaces to flow water. The soil segment between the stump
and the uphill wall face of the lower trench was the last to saturate, despite the
presence of voids associated with decaying roots in that segment.

2.3 RESULTS IN THE CONTEXT OF PREVIOUS STUDIES

A better understanding of our findings can be gained by viewing our results in the
context and findings of similar studies. In 1971, Aubertin performed field and
laboratory scale seepage testing on forest soils within Tuscarawas County, Ohio.
Trees primarily consisted of white oak, beach, and hickory. Field scale testing
occurred at two sites - a sandy loam and silt loam site - where simulated rainfall
was introduced to an undisturbed soil surface just above an observation pit. Water
was observed to flow through many root channels (macropores remaining following
the decomposition of roots) and burrows, though the author noted soils
immediately around the root channels were very low permeability, proposing a
theory that vertical macropores (possibly from earthworms) may have influence the
introduction of water into the macropore. Macropores observed by Aubertin (1971)
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were primarily shallow with the number and diameter of open channels decreasing
at depths greater than 12 inches. Mitchell et al. (1995), discusses how, in expansive
soil conditions, smaller macropores such as those associated with earthworms
tended to close as soils swelled under saturation. Beven and Germann (1982)
suggest that undisturbed forest environments are more conducive to the
preservation of macropores than sites experiencing more intensive land use.
According to Whipkey (1965), leaf litter covers the forest surface and acts to
maintain permeability in forest soils.

Aubertin (1971) observed lower flow through channels in a sandy loam site as
compared to a silt loam and found that ‘channels’ tended to fill with soils at the
sandy loam site. Similarly, an abundance of root channels were discovered in a
coarse textured test site studied by Gaiser (1952), though most were found to be
loosely filled with soil. Beven and Germann (1982) conclude that channels tend to
persist in soils with clay contents greater than 30 percent, but could be destroyed by
the in-washing from one large rainstorm. Similarly, in an agricultural context, Green
and Askew (1965) found that macroporosity had a significant influence on hydraulic
conductivity where soils had clay content greater than 40 percent. Our study
consisted of lean clays, various silts, and silty sands where annular spaces around
some decomposing roots were discontinuous and loosely filled with sands while
others were not filled.

Beven and Germann (1982) assert that the volume of water entering the pore must
exceed the volume lost laterally for flow to occur. In a study by De Vries and Chow
(1978), disturbance of a surface layer, where macropores were initially open to the
atmosphere, resulted in a shift of flow to the soil matrix over the macropores.
Similarly, Beasley (1976) found that for channels to flow, the channel needed to be
open to the environment and offer a depression as a means for water to gather and
be channeled into the macropore. Aubertin (1971) demonstrated, through dye
testing, the need for a direct hydraulic connection to a water source for through flow
and for advancement of a wetting front through a pore. Channels without a direct
hydraulic connection did not flow as indicated by an absence of dye. Similarly, our
field study found that a direct hydraulic connection to a water source facilitated
advancement of the wetting front through a network of gopher burrows.

Barley (1954) asserts that roots decrease permeability of the soils around roots by
compacting them as they grow. According to Aubertin (1971), this compaction can
result in a decreased permeability of soils directly around root channels. Barley
(1954) also found that decaying roots can increase overall soil permeability but this
depends on which of the opposing processes of growth and decay tend to dominate
based on seasons and conditions. Where live roots continue to grow, studies have
shown that these roots tend to grow preferentially within the organic matter and
void spaces of decomposing roots, often filling those voids (Parker and Van Lear,
1995; McKee, 2001). Similarly, live roots of a nearby hackberry tree were observed
growing preferentially within the decaying root system of the eucalyptus stump that
was excavated.
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The fraction of water flowing through a macropore network is expected to be
reduced as the soils surrounding the macropore become saturated and later losses
to the soil matrix are increased (Beven and Germann, 1982). This behavior was
observed in our study as flow rates decreased with time and burrow flow either
slowed or stopped as the soil matrix approached saturation.
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CHAPTER 3

Crown Trench Seepage Test, Northern Levee of Twitchell Island in
Rio Vista, California

3.1 CROWN TRENCH SEEPAGE TEST — TWITCHELL ISLAND, CALIFORNIA

A second field test focusing on achieving saturation of levee embankment soils through the
root systems of live trees was conceived to further explore the effects of these root systems
on the integrity of a levee. The concept of the Crown Trench Seepage Test involved
excavation of an 8 foot deep trench through the levee crown and supplying the trench with
water held at a constant head, simulating a flood condition where water is delivered from
the center rather than the side. Instrumentation installed within the zone of flow captures
positive and negative pore water pressures before, during, and after flow. A conceptual
sketch of the second field test is provided as Figure 3-1. While the focus of the first field test
was on the study of decomposing tree roots, the second field test was modified slightly to
focus on the effects of live, native root systems to levee seepage and stability under
conditions approximating steady state flow.
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Figure 3-1. Conceptual sketch by Professor Jonathan Bray illustrating concept of crown
trench seepage test.

3.1.1 Site Selection

Conceptually, the crown trench seepage test (Figure 1-1) is quite simple and elegant.
However, the large scale and depth of the crown trench test combined with the destructive
nature of the work involved in the experiment presented concerns for many reclamation
districts maintaining active flood control levees. As a result, inactive or bypassed levees, or
those with low consequences of failure were sought in site selection. Further, during the
parallel trench wetting front test at the California Exposition and State Fair site in
Sacramento (‘Cal Expo’) the majority of water was lost outside of the study area. Large
water demands expected for a test of this size established a need for a water source near the
test location. To minimize losses of water outside of the study area, a shallow water table or
a low permeability layer below the study zone was sought in order to meet the objective of
developing saturated flow within the study area. A site with soils sufficiently cohesive to
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allow for construction with vertical shores was sought, allowing safe entry and while
maintaining trench wall visibility for logging and data collection. Tree species, position, and
site configuration were also considered important factors. Valley Oaks (Quercus lobata) and
cottonwoods (Populus fremontii) were sought out as the most appropriate species to
include in our study as they are native to California and occur in abundance on levees
throughout the State.

After a review of candidate sites, a site was selected within Reclamation District 1601 along
an oxbow segment of the Sevenmile Slough, on the northern levee of Twitchell Island
(Figure 3-2). This site lies within the Sacramento San Joaquin Delta. The paved levee served
as the primary access road along the northern border of the island until a segment of levee
about a third of a mile in length (including the study site) was bypassed in 2008. The levee
is no longer maintained but retains water, protecting an approximately 8 acre stretch of
unimproved land between it and the new flood control levee (Figure 3-3). The Sevenmile
Slough is a gated channel used for irrigation of the island. Gates are operated from the
neighboring Brannan Island at the eastern end of the slough at high tide and closed at low
tide to allow farmers to siphon water for irrigation. Water levels within the slough are
relatively stable, typically fluctuating only a few inches to a foot day-to-day. The slough was
deemed suitable as a water source and the candidate levee segment had a suitable landside
oak tree near a control segment with no trees on the land side and small trees and bushes
on the water side (Figure 3-4). The site was selected primarily for the landside tree and
uniform appearance of the landside levee. A waterside oak located between the landside
oak and the control was included in the study due to a favorable site configuration that
could easily accommodate the study of both, though topographic non-uniformity and
limited access of the waterside levee made the landside tree the focus of the study design.

Figure 3-2. Site Vicinity Map.
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Figure 3-3. Location of the study site along the Sevenmile Slough.
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3.1.1 Site Description

A 2001 topographic map of the selected site (KSN, 2001) showing the landside and
waterside oak trees is provided as Figure 3-5. An additional, site specific topographic map
was shot with a surveyor’s level on June 1, 2012, just following the flow test. This map
provides a higher degree of topographic detail for interpretation of site data. The limits of
the topographic map are provided on Figure 3-6 and a detailed view of the study area
topography is provided as Figure 3-7.
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Figure 3-5. Topographic map of the site as shot by KSN in 2001.
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Figure 3-6. Topography of the study area following the flow test was captured with a
surveyors level and outlined in red and inset over 2001 topography by KSN.
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Figure 3-7. Topography following the flow test shot on July of 2012.

Figure 3-8 shows cross sectional topography of three identified sections across the site
representing the landside oak tree, the waterside oak tree, and the proposed control area.
The landside of the levee is inclined at a relatively consistent gradient of 4:1
(horizontal:vertical) with a total vertical height from crown to toe of just over 10 feet. The
waterside slope has a variable gradient ranging from 4H:1V near the top and steepening to
1H:1V near the base. Section C is flatter than Sections A and B near the top with a larger
portion of the slope inclined at a gradient of 1H:1V or steeper. Section C topography was
difficult to capture due to access constraints associated with dense vegetation and overly
steepened slopes.
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Figure 3-8. Cross-sectional topography at the landside oak tree (Section A), the waterside
oak tree (Section B), and the proposed control section (Section C).
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Historic topography and available historical documents were reviewed to provide an
understanding of the age, construction methods, and materials used to construct the site
levees. A historical account of reclamation of Twitchell Island and surrounding islands is
provided by Thompson (2006). Twitchell Island, originally marshland, was reclaimed in
1869. Due to the presence of peat soils and high flows in the San Joaquin River at the
southern border, the island suffered frequent floods between 1869 and 1875 and was
temporarily abandoned. Levees were originally constructed to a height of 3 % to 5 feet with
a 2 to 4 foot crown width. When this was found to be inadequate, levees increased in height
by about 3 feet with a crown width of at least 6 feet and a base of 12 to 20 feet. Levees to the
south were more problematic due to construction on peat foundation soils. Reclamation
began again in 1894 and portions of the island were being leveed through 1904. Flooding
problems continued in 1906, 1907, and 1909. In a 1910 topographic map, the levees appear
to be in their current configuration. Flood impacts to northern levees, on firmer soils than
southern levees, are not detailed. Figure 3-9 shows topographic maps of the site in 1932
and 1952. The Sevenmile Slough has been gated within this time window. High waters
occurred in 1937 and 1950 (Paulson, 1988-89). Based on discussions with Mr. Rick Carter
of RD1601, the gate was installed in part due to problems with scour. According to URS
(2011), their engineer noted during a field reconnaissance interview that gate structures
were constructed around 1950. The URS summary document also states that data related to
levee segment improvements occurring between 1920 and 1960 were not available for
review.

Figure 3-10 shows mapped soil conditions for Twitchell Island based on USDA mapping
(1935), which indicates the site is underlain by alluvial soils, specifically Columbia silty clay
(Co) with nearby deposits of Ryde silty clay loam (Rd).

Inel-cnsw

| 1932

Figure 3-9. Historic topographic maps: USGS (1932) and USGS (1952). Note the position of
structures have changed along the Sevenmile Slough between 1932 and 1952. A flow
control gate has been installed by 1952 and the oxbow section appears to be wetland.
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Figure 3-10. Sol conditions at Twitchell Island as mapped by the USDA in 1935.




The landside vegetation consisted primarily of low grass cover with patches of mowed and
returning blackberry and included one oak tree (Figure 3-11), while the waterside was
found to be densely vegetated, as shown on Figure 3-12. During the site reconnaissance,
rustling sounds and moving vegetation were indicators of animal activity just north of the
control site within a patch of blackberry brush.

Dr. Dirk Van Vuren of UC Davis visited the site as the CLVRP team expert to evaluate the
potential for burrowing mammals at the Twitchell Island study site. During a site walkover
on May 2, 2012, Dr. Van Vuren identified evidence of vole activity on the landside (Figure
3-13A and B) and noted that pocket gophers are likely present at this site as well. He
suggested both are likely to dig shallow burrows with exits on the landside of the levee.
Blackberry makes for a protected burrow entrance as well as a food source (Ordefiana et al.,
2012). Evidence of gophers appeared during trench construction (Figure 3-13C).

Land Side Oak

Blackl:i'ei'r.v

121



Figure 3-12. Waterside vegetation looking: south from the water (left); south from the
waterside oak tree (top right); and north from the waterside oak tree (lower right).

Access to the waterside was limited due to dense vegetation and because trimming of
elderberry was not allowed within the conditions of our permits. Access became somewhat
easier when water levels in the slough were lowest. On the day of Dr. Van Vuren’s walkover,
access was possible from the waterside oak tree. Several locations of likely abandoned
muskrat burrows were identified during the reconnaissance (Figure 3-13D and E). Based on
our discussion, muskrats typically enter their burrows below the water and excavate their
burrows up from the water to create a dry den above the water line. Mr. Rick Carter, in
charge of maintenance for RD1601, confirmed that muskrats had been a past problem, but
had not been seen in that area in recent years.
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Figure 3-13. Evidence of burrowing animals on the landside consiting of oles (A ad B)
and gophers (C) and evidence of muskrats found on the waterside (D and E).

The type, size and location of onsite vegetation was noted prior to commencement of
construction. Professor Alison Berry of UC Davis assisted in vegetation identification. The
landside oak tree was determined to be a Coast live oak based on its leaves and bark (Figure
3-14), native to California (Cooper, 1926). Based on our review of aerial photographs, no
trees existed on the landside of the levee in 1978. By 1993, a small but established landside
oak can be seen, along with several other landside trees. The even spacing and apparent
simultaneous appearance on the levee suggests the trees were planted between 1978 and
1993. The landside oak tree has a canopy diameter of approximately 40 feet and is likely to
have been approximately 25 years old at the time of our study.

Waterside vegetation within the study site consisted primarily of a blend of willow and
elderberry. Just north of the waterside oak tree was a small Coast live oak amongst dense
willow and elderberry. Figure 3-15 shows examples of typical waterside vegetation found
within the study area. The waterside oak tree was identified by Professor Berry as a Valley
Oak based on its leaves and bark (Figure 3-16). The tree was leaning at an angle of about 44
degrees from the horizontal with a large branch extending out over the water as shown on
Figure 3-16 and Figure 3-17. The tree age was estimated at 60 years at the time of our study
based on historic aerial photography and a growth ring count following the removal of the
tree at the end of the project. The tree canopy had a diameter of approximately 80 feet in its
maximum direction, however, the width of the canopy along the levee road was estimated
at 60 feet.
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Figure 3-14. Lsie Coast live oak tree bark (left), leaves (top right), and from a distance
looking south (lower right).
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Figure 3-15. Waterside Vegetationconsisting of primarily elderberry (A and B) and willow
(E and F) with north-facing views of dense waterside vegetation (C and D).
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Figure 3-17. Vlewof waterside oak 1001ng west (left), north from a dlstance (top right), and
north from close in (lower right).

The waterside Valley oak can be seen in the 1993 aerial image as shown in Figure 3-18. The
tree appears to extend farther into the levee road in 1993 than in subsequent years which
may indicate an increasing lean angle or pruning. Figure 3-18 shows the construction of the
bypass levee in 2008, serving as both flood protection and a paved primary access road
along the north side of Twitchell Island and diverting traffic flows from the site under study.
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In September of 2008, an irrigation ditch interrupted by the bypass levee can be seen
abandoned. Figure 3-19 shows the ditch intact in 2010 and overgrown or possibly removed
by July of 2011. The site appears to have undergone minor re-grading by September of 2011
with the toe ditch completely removed in this photograph. The ditch was located at the toe
of the landside levee within our study site.
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Figure 3-18. Image of the study site in 1993 showing a small, but present, landside oak.
Images between March and September of 2008 show the construction of the levee bypass.
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Figure 3-19. Aerial imagery in the years before the flow test show minor re-grading in 2011
to remove a toe ditch abandoned during the bypass installation.
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3.1.2 Test Layout and Design

As discussed, the conceptual test design intended to simulate a flood condition where water
is delivered into a trench through the levee crown rather than from the side. Upon site
selection, the team modified the test concept slightly from that shown on Figure 3-1 to
account for differences between waterside and landside site conditions. A control section
and a study tree, the landside oak that was the focus of the study, exhibited the uniformity
appropriate for a reasonable comparison to be made. As previously mentioned, given the
layout of the site, with a waterside tree existing between the landside oak tree and a control
section, the experiment was extended to include study of a waterside tree to be evaluated
against a waterside control section. With the landside as the primary study site, the trench
was shifted from the levee centerline toward the landside. A location was selected where
the wall of the trench would be positioned approximately 3 feet from the hinge point of the
landside slope. The new configuration allowed the ‘tree trench’ to intersect the root systems
of both land and water side levee trees. In addition, a separate ‘control’ trench was
constructed north of the tree trench, as shown on Figure 3-20.

The trenches were excavated to a width of 2 feet and a depth of 8 feet. The as-built length of
the control trench was approximately 31.5 feet while the as-built length of the tree trench
was 95 feet with an approximate 5 foot separation between them. Water was pumped from
the main channel of the slough and delivered to the trenches via gravity from a 4900 gallon
polyethylene water reservoir placed at the highest location at the southern end of the
trenches (Figure 3-21).

May, 19, 2012
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Figure 3-20. Layout of Twitchell Island Crown Trench Seepage Test. Aerial photos (top)
taken on May 19, 2012, capture the flow test setup.
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Figure 3-21. Pump and tank system (A and B). Image C shows valves used to control rate of
flow into the trenches.

The water supply pump was a model DV-100c diesel unit with a minimum pump rate at idle
of approximately 500 gallons per minute. The pump was activated by an automatic switch
installed in the water tank that indicated when the water reached a maximum level. The
reservoir was equipped with an overflow pipe with an outlet to the slough in the event of

switch malfunction. Flow meters were installed on the water tank inflow pipe as well as th
delivery lines into the trenches (Figure 3-22).

Figure 3-22. Typical flow meter (left) as installed on plpes flowing into and ot of the 4900
gallon reservoir. Water delivery pipes and hoses are pictured to the right.

The trenches were filled with clean crushed gravel for stability during the experiment. A
manifold of perforated pipes was installed to encourage rapid delivery of water throughout
the trench and vertical risers were used to monitor water levels (Figure 3-23). Delivery of
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water into the trenches was via a 4-inch diameter fire hose. The hose was equipped with 2-
inch diameter removable adapter hoses connecting to mechanical float valves to maintain a
constant head in each trench once flow volumes were sufficiently reduced (Figure 3-23D
and E).

An instrumentation layout was designed to monitor positive and negative pore pressures in
the vicinity of the landside and waterside oak trees and the control section. Sections A, B,
and C represent the landside oak tree, the waterside oak tree and the control zones, the
primary areas of study for this test. In the interest of evaluating the effect of distance from
the tree center on seepage through a root system, supplemental instruments were placed at
Lines D and E. Line D is placed at approximately two-thirds of the canopy radius to the
north of the landside oak trunk. Similarly, Line E is placed at an approximate distance of %
of the canopy radius to the south of the waterside oak tree as shown on Figure 3-24.

K Y

photo by Roy Kroll, DWR |3 : |
Figure 3-23. Gravel filled A) Control trench and B) Tree trench. The water delivery manifold
(photo C), the constant head mechanical float (photo D), and the delivery hoses (photo E)
are shown.
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Figure 3-24. Location and topography of instrument lines showing supplemental lines D and
E at a distance from the tree center of approximately half to two-thirds of the canopy radius.

Instrumentation was placed in rows with similar configuration at each primary line for ease
of comparison. Instruments consisted of vibrating wire piezometers and tensiometers with
electronic transducers. Piezometer Rows 1, 2, and 3 were placed earlier than other
instruments as these borings provided early stratigraphic soil data needed to make
modifications to the final instrument plan. Remaining piezometers - in Rows 4 through 6 -
and all tensiometers were installed after construction of both trenches to minimize damage
to the instruments. Figure 3-25 and Figure 3-26 show the position of instruments as well as
the naming convention which calls out the row and line number for each and the depth for
tensiometers. Piezometer depths are provided in Table 3-1.

The intent of Lines A and D was to understand the effects of the landside oak tree on levee
seepage and stability, therefore waterside instrumentation was limited at these lines. Lines
A and C had matching instrument layouts on the land side. Lines B and C had matching
instrument layouts on the waterside and Line E was established to supplement data for the
zone around the waterside tree. A nearly complete landside instrument line was placed at
Line B as redundancy to the control Line C. All instruments were wired into continuously
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reading recorders, as shown on Figure 3-27 and discussed further in a subsequent section

of this report.

Row 3

10 ft.

10 ft.

A Piezometer
* Tensiometer

N

—

Line Line Line Line Line
A D E B C
Tensiometer Naming Convention: Piezometer Naming Convention:
(T) (Line#) (Row#) — (Depth in Inches) (P) (Line#) (Row#)

Ex: TA5-36 is located in Line A, Row 5 at a depth  Ex: PC2 is located in Line C, Row 2
of 36 inches from the surface

Figure 3-25. Instrument layout and naming convention.
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Figure 3-26. Instrument location plan.



Figure 3-27. Instruments (photos A through C), once installed, are wired into readout boxes
(D) for continuous readings during the flow test.

Table 3-1. Piezometer model numbers and depths.

Instrument Instrument
MNumber Instrument Model Depth (ft)| MNumber Instrument Model Depth (ft)
PAL Geokon 4500AL (70 kPE) 59 FDda Geokon 45004L (70 kPg) 24
PB1 Geokon 4500AL (70 kPE) &5 PO Geokon 45004L (70 kPg) 57
PC1 Geokon 4500AL (70 kPE) 62 PB4 Geokon 45004L (70 kPg) 57
PE1 Geokon 4500AL (70 kPE) 65 PC4a Geokon 45004L (70 kPE) 24
PA2 Geokon 4500AL (70 kPE) 150 PCab Geokon 45004L (70 kPg) 57
PB2 Geokon 45004L (70 kPg) 1589 PAS Geokon 45004L (70 kPg) 3.0
PC2 Geokon 4500AL (70 kPE) 124 PO5 Geokon 45004L (70 kPg) 3.0
PAZ Geokon 4500AL (70 kPE) 75 PBS Geokon 45004L (70 kPE) 3.0
PB3 Shope Indicator (150 kPa) 135 PCS Geokon 45004L (70 kPE) 3.0
PC3 Geokon 45004L (70 kPg) 85 PBE Geokon 45004L (70 kPg) 34
e Geokon 4500AL (70 kPE) 24 PCE Geokon 45004L (70 kPg) 34
PAdb Geokon 4500AL (70 kPE) 57 PEG Slope Indicator (150 kPa) 3.4
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3.1.2 Subsurface Stratigraphy and Groundwater Conditions

Soil conditions are a critical part of the implementation of the test and interpretation of
results. The site soils were characterized using the Unified Soil Classification System (USCS).
Our exploration of the site included drilling nine soil borings with a conventional auger
drilling rig (equipped with 8 inch diameter hollow stem augers) advancing 3 cone
penetration tests (CPT) with frequent pore pressure dissipation readings, and hand auger
borings at each instrument location. Test borings and instrument hole logs are summarized
in Appendix 3A with associated laboratory testing presented in Appendix 3B. CPT logs and
pore water pressure dissipation tests are presented as Appendix 3C. We reviewed available
regional and local soil information in the Reclamation District 1601 Twitchell Island Five
Year Plan (KSN, 2010) and the Sevenmile Slough Sites 1, 2, & 3 Levee Improvements report
prepared by Neil 0. Anderson and Associates (NOA, 2007). In Appendix 3D, we included
relevant plans, logs and excerpts of these reports. During construction, trench walls were
logged and are summarized in Section 3.1.3.2 and Appendix 3E.

Levee soils generally consisted of clayey and sandy silts and silty sands. In many locations,
the silts were found to be thinly bedded with randomly oriented and variable bedding
angles. These silts appeared to have retained much of the structure of a native deposit of
fluvial soils, however the heterogeneity of the deposit and variable bedding angles would
imply a method of construction that did not involve the proper blending and compaction,
such as placement by a clamshell dredge. As such, voids were apparent in a number of
locations, likely associated with construction techniques no longer meeting modern
standards. Detailed photographs of soils and conditions encountered during trenching are
provided in a subsequent discussion of trench construction in Section 3.1.3.2. Deposits on
the waterside slope were found to be loose. A piece of old farming equipment was seen
protruding from the waterside slope at Station 70 as if the material was either dumped
there or arrived in a flood (Figure 3-28). The waterside oak tree was rooted within these
loosely dumped deposits and had developed a lean of about 43 degrees prior to
commencement of our work onsite.

At deeper elevations, about 4 to 6 feet within the levee, a layer of stiff to very stiff clayey
plastic silt was encountered, which was relatively homogeneous and consistently present
throughout most of the site. This deposit was named Material 4 during trench logging and it
may be the Columbia clay silty clay deposit mapped by the USDA (1935) and shown on
Figure 3-10. This soil is encountered in foundation soils and forms the shape of a small
levee within the existing levee, as shown on the detailed stratigraphic sections at A, B, and C,
provided as Figure 3-29, Figure 3-30, and Figure 3-31, respectively. According to the
Twitchell Island 5-year plan:

“The peat accumulations eventually formed peat islands, with river
channels and sloughs established around them and within some of the
larger islands. During floods, rivers would overtop the banks of the
peat islands, and as the water receded, would leave deposits of sand
and silt that formed natural levees along the edges of the islands. Many
of the levees currently in the Delta are founded on these natural levees,
including most of the levees on Twitchell Island”. (KSN, 2010)

Based on field observations of Material 4, the material is certainly older than overlying fills
and may indeed be a natural deposit. This irregular layer is consistently present throughout

134



the trench up to Station 37 at which point the layer dips below the bottom of the trench. The
layer reappears at Station 42 and angles sharply up (shown on trench logs presented in
Section 3.1.3.2). The discontinuity in the Material 4 layer was filled with a loose mix of
alluvial soils suggesting the discontinuity may be related to past excavation activity (e.g. -
pipeline installation) or it may be the result of past scour during a flood or a small break in
the old levee.

Foundation soils encountered generally consisted of silts of low and high plasticity with
some zones of lean clay overlying sands at depths of 20 to 30 feet below the crown of the
levee. Sands ranged from relatively clean and poorly sorted (USCS classification SP) to silty
sands (USCS classification SM).

The water table was encountered during exploration at a depth of approximately 24 feet
below the crown of the levee at an approximate elevation of -16 feet. Pore water pressure
dissipation tests performed during cone penetration testing provided an initial estimate of
the groundwater table onsite (Appendix 3C). The water table was encountered during
installation of piezometer PB3 and was consistent with the pore water pressure dissipation
data. The elevation of water in the slough was found at an approximate elevation of 1 ft
during testing (Figure 3-29 through Figure 3-31). It was determined that the low
permeability plastic silt (Material 4) or the sediment within the base of the slough may be
consistently present and functioning as a limiting layer allowing for a perched water
condition above. This condition was considered beneficial for the purpose of achieving
saturation within the root zone of the landside oak tree.

Surface soils extending into the water are loose silts, not strong enough to support the
weight of a human without sinking. The depth of the oxbow section adjacent to the sites is
generally on the order of 2 to 3 feet away from shore, shallowing to about 6 inches near
shore for the typical water levels encountered during the flow test. The depth to the base of
the slough is about 25 feet at the center of flow, about 9 feet at the entrance to the oxbow
section, and shallowing quickly with distance into the oxbow. As shown on Figure 3-9, prior
to installation of the flow control gates within the slough, the oxbow section was still part of
the primary flow channel. The section is shown as wetland by the time the flow control gate
is installed (shown in 1952 topographic map), implying that the shallow sediment currently
present had arrived either via filling or via a flood in that timeframe.
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Figure 3-28. The wheel of what appears to be horse-drawn farming equipment protruding
from the waterside of the levee (Sta TT 70). The axle and possibly the other wheel extend

into the levee slope.
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Figure 3-29. Levee section view of Instrument Line A (landside oak) showing instrument locations and generalized soil stratigraphy.
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3.1.3 Experiment Construction

Construction for the proposed flow test began with excavation and logging of the trenches,
followed by backfill of each trench with clean crushed rock for stability during the flow test.
The water delivery system was then assembled and tested for functionality and the
instruments were installed. Observations were made throughout construction and during
instrument installation consisting primarily of the logging of test borings and the generation
of the cross sections detailing the stratigraphic conditions discussed in the previous section.
These observations made during trenching provide a unique and broad picture of the
heterogeneity of levee soils that cannot be made from soil borings or cone penetration
testing.

3.1.3.1 Method of Trench Construction

Determining an appropriate method of trench construction was a challenge and critical to
the successful execution of the experiment. The objective was to avoid disturbing roots and
facilitate accurate mapping to better understand the nature of the root systems under study.
Disturbances to the root system during excavation with heavy equipment could create void
space between the root and surrounding soil. This type of disturbance could affect the
natural relationship between the soil and the root, potentially affecting flow patterns and
flow test results.

At our first flow test site near Cal Expo on the American River in Sacramento, where live and
decomposing roots were encountered, an air knife operating with a compressor capable of
compressing 375 cubic feet of air per minute (CFM) was used to excavate around live roots.
In this manner, live roots were revealed, logged, and then cut prior to the flow test. It was
elected that this method would used at this site where possible and safe, given the trench
depth of 8 feet.

Prior to trench construction, the trenches were stationed with Control Trench stationing
(CT) or Tree Trench stationing (TT). The control trench was stationed from CT 0 to CT 31.5.
The five-foot separation zone between the tree and control trenches was stationed as CT
31.5 to CT 36.5 where CT 36.5 is equal to TT 0 at the northern end of the tree trench as
shown on Figure 3-32.
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Figure 3-32. Field site plan showing stationing associated with control trench logging (CT) and tree trench logging (TT). Approximate

instrument locations are shown as triangles (piezometers) and circles (tensiometers) for reference.




3.1.3.1.1 Control Trench

The control trench was completed prior to the tree trench to test and develop a suitable
excavation technique prior to entering into a zone with abundant roots. Excavation began
by excavating a segment from the northernmost end of the control trench (Station CT 0 to
5) with an excavator. This step was required as a pit was needed to blow the spoils of the air
knife. Once the segment was excavated and no significant roots were found, slow excavation
to a depth of 4 feet proceeded throughout the trench (Figure 3-33). The land side and water
side walls of the upper 4 feet of the control trench were carefully cleaned and logged (logs
provided in Appendix 3E).

Rl L e D i 1 s
Figure 3-33. A) The control trench excavated to 4 foot depth; B) Walls are logged; C) Walls
are sampled ahead between 4 and 8 feet; D) Excavation of small segments proceeds to 8

feet.

The walls were then shored, cleaned, and logged to a depth of 8 feet in the first segment.
Additional control trench segments of 5 feet long were excavated to 8 feet in depth using
the excavator and encountering only small isolated roots near the base of the excavation
(Figure 3-34A,C, and D). Each 5 foot segment was mapped first in plan view for roots (when
applicable), and then the walls were mapped for soil conditions.
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The last 5-foot increment of the control trench (station CT 25 to 31) encountered a cluster
of large roots requiring manual excavation (Figure 3-34B). Upon close inspection, some of
the roots had been broken in excavation and the area was carefully evaluated for damage to
the walls from the root breakage. The location where the root entered the trench was
revealed and found to be undamaged. The remainder of the segment was shored and hand
excavated to reveal the root cluster (Figure 3-34B).

Figure 3-34. A) The control trench is shored for logging; B) Station 26 to 31.5 is shored for
manual excavation and logging of first large roots; C) and D) Smaller roots are logged and
trimmed from above prior to proceeding with excavation.

Once completed, the entire trench was backfilled to a depth of 4 feet with 34 inch clean
crushed rock. The manifold of perforated pipes was installed at a depth of 4 feet to facilitate
even water delivery throughout the trench (Figure 3-35). No compaction efforts were made
other than light tamping and smoothing with the excavator bucket. From start to finish, the
control trench was excavated and backfilled between April 12 and April 17 of 2012.
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Flgur 3-35. The control trench is partially filled with gravel, a manifold installed, and
backfill with gravel is completed.

3.1.3.1.2 Tree Trench

An air knife was selected as the most appropriate tool for the excavation of the tree trench
and was incorporated where possible, preserving the root systems of the waterside and
landside oak trees for logging and avoiding disturbance to trench walls. A procedure for
excavation was developed that evolved based on conditions encountered.

Beginning at north end of tree trench, an ‘initial pit’ was cut with an excavator prior to use
of the air knife such that spoils could be aimed into the pit and then removed by excavator,
revealing intact roots in adjacent segments. The ‘initial pit’ encountered some significant
roots near the base and these roots were revealed through manual excavation. A root was
broken during this excavation (Figure 3-36), the walls were carefully inspected for evidence
of disturbance or void spaces, and none were not found (Figure 3-36C and D). The segment
was completed to a depth of 8 feet, shored and logged prior to the placement of spoils.
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Figure 3-36. A) Root encountered during excavation of initial spoils pit at Station TT 0 to
TT5; B) Trench is shored; C) and D) Roots damaged by excavation are carefully inspected at
walls and found to be intact at connection to the wall.

Roots from the ‘initial pit’ were trimmed flush with the walls and spoils generated by air
knife from the upper 4 feet of the adjacent 20 foot segment were directed into the pit
(Figure 3-37). Spoils were periodically removed by excavator to make room for new spoils
(Figure 3-38). The 4 foot deep segment was logged in plan view for roots. The roots were
then cut flush and the walls cleaned to log soils on the landside and waterside walls.

The 20 foot segment (excavated to 4 feet deep) was deepened to 8 feet in 5 foot increments
to minimize the length of open trench. Each segment was logged in plan view for roots, then
shored, roots cut, and walls cleaned and logged for soil conditions and other observations
(e.g. - burrowing activity). Once logged, each segment became the spoils pit for the next
segment under excavation. It was possible for the air knife operator to stand on the ledge of
the 4 foot trench and excavate to a depth of 8 feet by blowing the soils into the spoils pit as
he backs up, removing the ground where he was previously standing (Figure 3-38A).
Excavation permits required that no trench or segment deeper than 4 feet remain open
overnight. Each evening all trench segments were temporarily backfilled with loose spoils
for safety and preserve moisture in the trench walls.

Excavation proceeded in a similar manner for the entire 100 foot trench. The tree trench
excavation was completed over a three week period between April 17th and May 7t of 2012.
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Initial
Spoils Pit

Figul:g”3:—”37.- Initial spoils p1t (left) and air knife operation revealing the upper 4 feet within
Stations TT 5 to TT 15.

Rock backfill and manifold installation proceeded on May 8, 2012, beginning with
excavation of temporary spoils placed within the trench, then placement of 4 feet of rock
throughout the trench. A single perforated pipe was installed to the full trench depth (at the
southern end) to view water levels and provide a way to pump water from the trench if
necessary. A perforated manifold delivery system similar to that used in the control trench
was installed at a depth of 4 feet and the trench backfilled with 34 inch clean crushed rock to
the surface.
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Figure 3-38. A) Air knife operator stands in 4 foot deep trench excavating to 8 feet; B) and
C) New roots revealed as air knife spoils are blown in the previously logged segment; C)
Spoils are used to stabilize previously excavated sections as new excavation proceeds.
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Figure 3—39.‘A) Large root at Station TT 17; B) Logging; C) Burrow found during air knife
excavation; D) Burrow patched prior to flow test.
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3.1.3.2 Observations during Trench Excavation

Given that post-flow test excavation of the site was not planned, the excavation of the
control and tree trenches provided an important window into the heterogeneity of site
conditions. In addition to providing insight into the nature of the soils and the structure of
the levee, this type of logging sheds light on the strengths and limitations of the common
practice of geotechnical characterization of a heterogeneous system.

3.1.3.2.1 Materials

Soils encountered during excavation were categorized into 7 material types to aid in logging
(Figure 3-40). In general, all of the material types found within the levee were sandy and
clayey silts. Materials 1 through 3 generally represented the shallower soils within the levee
(Figure 3-41, Figure 3-42, Figure 3-43, and Figure 3-44), typically within the upper 4 feet
but extending deeper in some areas.

Material 4, a plastic silt, is an important soil as it is believed to have acted as a low
permeability barrier to flow during the flow test (Figure 3-44 and Figure 3-45). Further, the
consistency, density and apparent age of the material imply that the soil may have been a
natural overbank deposit, as already indicated.

Material 5 was a lighter colored and lower plasticity silt layer that was found typically as a
thin sublayer (less that about 6 inches to 1 foot thick) within the Material 4 soils near the
base of the tree trench (Figure 3-47 and Figure 3-48).

Material 6 represented changes in Material 3 as trenching extended to the south. Materials 6
and 3 frequently occurred together in heterogeneous pockets of light brown and olive
colored sandy silts.

Finally, Material 7 represented a variable but at times loose, unstable or unpredictable
blend of Materials 2, 3 and 4 (Figure 3-46). This material was encountered between at
depth between Stations TT 37 to 42, but pockets were encountered between Stations TT 37
and TT 85 (for reference the landside oak was at Station TT 70 and the waterside oak was at
Station 20).

Materials 2 and 7 are the most notable of the surficial silts as these deposits seem to have a

potential for sloughing, void space, and heterogeneity, while materials 4 and 5 tend to be
more stable and consistent soils.
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SOIL TYPES:

@ Clayey silt (ML), olive mottled with oxidation staining, moist, blocky structure with light cementation.

@ Clayey silt (ML), light brown, moist, thinly bedded, easily cleaves along bedding of variable orientation,
gaps and cracks observed, prone to sloughing and instability, bed thickness 1-5mm (typ.) .

@ Sandy silt (ML) with pockets and lenses of silty sand (SM), light brown, moist.

@ Clayey silt (MH), dark olive brown with oxidation staining, moist.

@ Clayey silt (ML), reddish brown, moist

@ Sandy silt (ML), olive brown with oxidation staining, occasional silty sand pocket.

@ Sandy silt with clay (ML), pockets of olive with oxidation mixed with pockets of reddish brown with
fine sand at cleavage planes in structure, material is highly unstable and consists of a mixture of soil
types 2, 3, and 4.

Figure 3-40. Description of materials encountered during trenching. USCS classification and
description of Materials 1 through 7 are provided.

fca. .

e
L
Material 2 "

-

149



Material 2

Figure 3-42. Photographs of Material 2, the thinly bedded silt. Notice variable bedding
angles (upper left) and occasional voids within the material (lower photos).

Material 2 _
i Material 2

Material 4

Figure 3-43. Materials 1 and 2. Material 2 was prone to sloughing (right and lower left).
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Material 3

Material 3

Figure 3-44. Material 3, a light brown sandy silt (USCS ML) with pockets of silty sand, is seen
overlying Material 4, a plastic silt (USCS MH). Material 4 contains pockets of decomposed
organic matter (lower left).

Figure 3-45. Pockets of Materials 3 and 6 (light brown and olive sandy silts, respectively)
frequently occur together (left) and underlain by the plastic silt layer, Material 4.
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Figure 3-46. Material 7, encountered between Station TT 37 and TT85, as highly unstable
when encountered at depth and was comprised primarily of Materials 2, 3 and 4.
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Figure 3-47. Near Station TT 70 to 75, Material 4 became slightly lighter in color (left). A
thin lift of Material 5 (USCS ML) commonly occurs between zones of Material 4. Photo to the
right shows typical layering with variable low plasticity silts (Materials 1, 2 and 7) overlying

the plastic silt (Material 4) near the base of the 8 foot trench.
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Figure 3-48. Typical layering with low plastic silts overlying plastic silt (aterial 4) with a
thin lense of Material 5 shown within the Material 4 layers.

Figure 3-49. Materials 1 and 3 (left) and Material 2 (right) exhibit manganese oxide staining
on what appear to be fractures within the levee soils.

3.1.3.2.2 Control Trench

The control trench excavation began with excavation of the shallow zone between 0 and 4
feet below grade. Complete trench logs are provided in Appendix 3E. A 1 % inch diameter
burrow was discovered between Stations 11 and 12 at a depth of about 2 % to 2 % foot
below grade (Figure 3-50). A single %2 inch diameter root was encountered. The size and
depth were consistent with either gopher or vole activity based on discussions with
burrowing animal advisor to the CLVRP Dr. Dirk Van Vuren of UC Davis. Surficial evidence
of both animals was found in the vicinity as previously discussed.
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Figure 3-50. Notable features of control trench 0 to 4 foot depth: A burrow at Sttion CT11
to CT 12 (diameter 1 %2 inch) and a single %2 inch diameter root at CT 12 (lower right).

Figure 3-51, Figure 3-52, and Figure 3-53 illustrate that Stations CT 0 to 27 of the control
trench had very few roots or other anomalous features with the exception of one burrow. As
discussed previously, the thinly bedded silt (Material 2) was found to be sloughing on the
waterside Stations CT 0 to 5 (Figure 3-43).

Figure 3-51. A single %2 inch diameter oak root is found and cut when excavating to full
depth of 8 feet within the control trench Stations CT 1 to 15.
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Figure 3-52. A 1” diameter root is encountered at Station CT Station 19. The inner core of
the root is not woody and is assumed not to have originated from either oak tree.

Figure 3-53. A cluster of roots ranging from about 34 inch to 1 % inch diameter are
encountered at Stations CT 27 to CT 30.

Trench logs for the land and water side walls of the control trench are provided on Figure
3-54. The figure is based on material types outlined in Section 3.1.3.2.1 titled Materials.
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Figure 3-54. Landside and waterside trench log for Stations CT 0 to 30. Hollow circles are burrows, while solid dots represent roots.




3.1.3.2.3 Tree Trench: 0 to 4 Foot Depth

The maximum root diameter found within the upper 4 feet of the tree trench was 1 % inch.
In general, roots smaller than about %2 inch in diameter were not logged. Root and burrow
locations are shown on plan view logs discussed below and provided as complete field logs
in Appendix 3E. Plan view field sketches were logged in depth categories of 0 to 4 feet, 4 to
6 feet, and 6 to 8 feet. Stations TT 6 through TT 17 encountered abundant roots ranging
from about % inch to about 1 % inch in diameter (Figure 3-55 and Figure 3-56). The
directionality of the roots was not readily apparent, but roots in the 4 to 6 foot depth range
in the same segment had branching indicative of a waterside origin and no other trees were
nearby other than the waterside oak tree. Between Stations 33 and 49 (Figure 3-57 and
Figure 3-58), two roots on the order of %2 inch diameter were logged. Again, the origin of the
roots was unclear but deeper roots in the vicinity originated from the waterside. Stations TT
62 to TT 86 (the vicinity of the landside tree) encountered abundant roots smaller than 1
inch in diameter (Figure 3-60 and Figure 3-61). Branching of these roots indicated a
landside origin. Roots were not found at stations TT 0 to 6 (Figure 3-55), TT 19 to 33
(Figure 3-56 and Figure 3-57), TT 49 to 62 (Figure 3-58 and Figure 3-59), and TT 86 to 95
(Figure 3-61). No burrows were found in the upper 4 feet of the tree trench during logging.

Roots encountered were cut after logging. Some live roots wept upon cutting. No void space
for flow around the root was observed, but the weeping occurred from the inside of the root
(Figure 3-62). When reviewing logs below landside is always facing up and station numbers
increase to the right (or to the south).
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Figure 3-56. Root log at 0 to 4 foot depth Station TT 15 to 30.
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Figure 3-58. Root log at 0 to 4 foot depth Station TT 45 to 60.
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Figure 3-60. Root log at 0 to 4 foot depth Station TT 75 to 81.
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Figure 3-62. Some live roots wept from the inside of the root upon cutting. No void space
around the root was observed.
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3.1.3.2.4 Tree Trench: 4 to 8 Foot Depth

In general, the root zone for the waterside oak tree (Station TT 20) extends from Station CT
27 to Station TT 50 (30 feet on either side of the trunk) with a few small (< % inch
diameter) roots extending 7 feet beyond this zone to the south to Station TT 57. Root size in
the upper 4 feet was never larger than 1 % inch in diameter. Roots became larger with
depth. It should be noted that the tree is located at an elevation approximately 7 feet lower
than the levee crown and so roots encountered at a depth of 7 to 8 feet in the tree trench are
growing approximately horizontally from the tree. At depths of 4 to 6 feet below grade, the
root system of the waterside oak extended from Station TT 9 to 42 with root sizes typically
on the order of %2 to 1 % inch in diameter but growing as large as 2 %2 inches between
Stations TT 15 and 26. Detailed logs and photographs of roots associated with the waterside
oak tree at depths greater than 4 feet are shown on Figure 3-63 through Figure 3-73.

The deeper roots from 6 to 8 feet in depth were the most extensive, beginning at Station CT
27 and extending to Station TT 57. Roots were generally larger to the north (typically up to
2 inches in diameter) with the largest root being 3 ¥ inches at Station TT 17 to 18 (Figure
3-66 and Figure 3-67). This larger root was slightly below the 8 foot base of the trench but a
decision was made to excavate it out to prevent the excavator from pulling on it when
preparing the final trench. The bottom was locally excavated to a depth of 8 foot 9 inches at
this location, which is below the surface water level in the adjacent slough. The root
appeared to originate from the waterside tree whose root system extended from the
waterline of the slough to the trench. It was noted that the conditions around the root did
not differ from surrounding conditions and water was not observed traveling around the
roots.

The largest roots were found in the vicinity of Stations TT 17 and 18 (up to 3 % inches in
diameter). Root sizes between Stations TT 18 and 45 were on the order of 1 to 2 inches with
many smaller than 1 inch (Figure 3-68 through Figure 3-71). Between Stations TT 45 and
and 57, roots were on the order of %2 inch or smaller (Figure 3-72 and Figure 3-73).

Burrowing activity began at Station 57 (Figure 3-74) and was extensive in the zone between
Stations TT 64 and 81 (Figure 3-75 through Figure 3-82). Burrow diameters ranged from
tiny holes on the order of % to % inch, to moderately sized holes of 1 to 1 % inch, up to
holes 2 to 3 % inch. Based on discussions with Dr. Van Vuren of UC Davis, the 1 to 1 % inch
diameter holes were likely due to gopher or vole activity originating on the land side, but
the depth of 6 to 8 feet was unusual. The larger holes were suggested to be related to
muskrat activity originating on the water side. Dr. Van Vuren suggested that perhaps the
smaller rodents were taking advantage of pre-existing abandoned burrows created by the
muskrat, explaining the range in size of the burrows as well as the unusual depth of the
smaller rodent burrows.

The root system of the landside tree (centered at Station TT 70) was found to extend from
Station TT 62 to TT 89 (Figure 3-77, Figure 3-79 through Figure 3-84). All roots extending
from the landside oak tree that were encountered in the tree trench were 1 inch in diameter
or smaller. Unlike the waterside oak tree roots, the larger roots were found between 3 and 8
feet deep and did not show a notable increase in size at any particular depth but rather
were distributed throughout the depth profile. Roots were generally not found at depths
above 3 feet.
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The last 5 feet of trench from Station TT 90 to 95 were devoid of roots (Figure 3-85). Trench
wall logs for the tree trench show the material types (from Section 3.1.3.2.1, Materials)
encountered on the waterside and landside walls of the tree trench. These logs are provided
as Figure 3-86 through Figure 3-89. Of note is the sharp dip of the Material 4 layer at
Stations 37 to 42 on the land and water side of the trench. This material is believed to be an
older, possibly natural levee as discussed previously. The surface of Material 4 dips along
with Material 5, implying that perhaps this was a low point, or a point that settled to
become a low point, in the overbank deposits. This depression is filled with the loose, highly
variable Material 7, suggesting later infilling. The observations in this area are consistent
with an old excavation or possibly a deep scour or breach location, backfilled with loose
fills. Poor performance records were kept prior to the 1950s. A deep scour or breach may
have occurred during one of the flood events in the late 1800s or early 1900s, possibly
breaching from the landside from the flooding on the San Joaquin River.

Station TTOto 5 \Em

Branching Indicates Ng\M}
Waterside Origin

Station TT 4
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Flgure 3-65. Roots at depths of 4 to 8 feet at Statlon TT 10 to 15.
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Figure 3-66. Root logs at 4 to 8 foot depth Stations TT 10 to 17.
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diameter root for constructability concerns (upper right, lower left). Void space was found
in the soils at Station TT17 waterside (bottom center).
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Figure 3-69. Root logs at 0 to 8 foot depth Stations TT 30 to 35. Plan view log compared
with view from above and inside trench. The difficulty of capturing three dimensional
aspects of a root system in plan view logs is illustrated.
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Figure 3-71. Root logs at 4 to 8 foot depth Stations TT 40 to 45.
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Figure 3-72. Root logs at 4 to 8 foot depth Stations TT 45 to 50.
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Figure 3-73. Root logs at 4 to 8 foot depth Stations TT 50 to 60. Note the first burrow of the
tree trench was encountered at landside Station TT 57 at a depth of 7 feet.
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Figure 3-74. Burrow on landside of Station TT 57 at 7 foot depth. Vegetative debris and live
root growth found inside 2 %2 diameter hole (left, top right). A plug of grout is placed
(bottom right).

- ¥
Station TT 64 to 65/ {looking 'south)
[N
A B
Figure 3-75. A burrow is encountered during air knife work. The burrow is painted pink in
photographs. Burrow diameter varies from 2 to 2 % inches.
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Figure 3-76. Views of burrow network extending south from Station TT 66 (right). Burrows

ranging from 1 inch to 2 inches in diameter.

Station TT 67 to 70 (looking south)
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Figure 3-77. Root and burrow log at depth of 6 to 8 feet at Stations 70-71. Live root growth
in burrows of 2 to 3 % inch diameter.
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Statlon TT71 to 75 {looking south)
Figure 3-79. Root log for Statlons TT 71 to 75 including plan view photo (bottom left) and
trench view (right).
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Figure 3-80. Close in view of mammal burrows with root growth and vegetative litter left by
mammals (A, C, D) and an overview of extensive burrowing activity between Stations TT 70

and TT 75 (B). Burrows range in diameter from 1 to 2 % inches.

Branching Indicates
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- < Stauaﬁ‘ %0 80 {looking south)
Figure 3-81. Burrowing activity and live root logs between Stations TT 75 and 80.
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Figure 3-82. A) Overv1ew of roots and burrowing act1v1ty (dlameters from 1 to 3 inches)
from Stations TT 77 to 80. B) View of 1 to 1 %: in diameter holes at Station TT 81 waterside
wall; C) View of 3 inch diameter burrow at Station TT 81.

By 185 |
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Flgure 3- 83 Root logs at depths 4to8 feet at Statlons TT 82 to 85 showinga 1 inch
diameter root originating from the land side of the trench.

173



¥4

v5

=a 185 3 81 8l EA | 90
B 4
------ sy
& t06 v _ /- Branching s i
Indicates

6’ to 8’ /

Figure 3-84. Root logs at depths of 4 to 8 feet at Stations 85 to 90 showing the last cluster of
roots (approx. %2 inch and smaller) that appear to originate from landside oak tree.

6'to 8"

Figure 3-85. Root logs and photographs of the 4 to 8 foot depth range at Station 90 to 95
show an absence of roots and burrows. A clean transition from low plasticity silts (Materials
2, 3,5, and 7) to plastic silts (Material 4) is seen visible as a shift to darker material midway
down the trench (right).
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Figure 3-86. Tree trench landside and waterside wall logs, Station TT 0 to 30. Material types are described in detail in Section 3.1.3.2.1.
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Figure 3-87. Tree trench landside and waterside wall logs, Station TT 30 to 60. Material types are described in detail in Section 3.1.3.2.1.
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Figure 3-88. Tree trench landside and waterside wall logs, Station TT 60 to 90. Material types are described in detail in Section 3.1.3.2.1.
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Figure 3-89. Tree trench landside and waterside wall logs, Station TT 90 to 95. Material types are
described in detail in Section 3.1.3.2.1.

3.1.3.3 Installation of Instrumentation

[nitial instrument equilibration and additional installation details are provided in Appendix F.
Tensiometers were obtained from Soil Moisture, Inc. and equipped with a mechanical pressure
gauge and a pressure transducer with maximum suction capacity of 100 kPa. They were pre-
assembled and saturated prior to installation (Figure 3-90). All connections were cleaned, the
gauge and transducer ensemble connected to the tensiometer, taking care to properly achieve a seal
on each connection. The porous tips were pre-saturated in vacuum with de-aired water and
brought to the site in de-aired water. They were connected to the tensiometers onsite just prior to
installation. De-aired water was brought into each instrument through a suction pump attached at
the top. Once the tensiometer was filled, the suction pump was used, along with tapping action, to
remove trapped pockets of air from the gauge and transducer connections.

Tensiometers of 24, 48 and 60 inches were installed to depths of 18, 36, and 60 inches, respectively.
All instruments were installed in accordance with the manufacturer’s specifications. Holes were
advanced with a gauge auger (provided by the manufacturer) with a diameter slightly larger than
the instrument diameter of 3% inch. The instrument holes were logged for soil conditions prior to
installation.

With all seals checked and no observed leaks, silica slurry (a mixture of water and silica flour with
silt-sized particles) was used to create a seal between the soil and the tensiometer. This step is
optional according to the manufacturer if the hole is snug to the tensiometer, but proved helpful in
our soil conditions. De-aired water was periodically refilled by opening the instrument, losing
tension, refilling, closing the instrument, and allowing time for re-establishment of tension. For
convenience, many of the instruments were equipped with a reservoir cap to facilitate refilling
(Figure 3-90B), however the effect on soil tension was the same. The functionality of the
instruments was checked after each refilling.
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Figure 3-90. Tensiometer is leak-checked, saturated (A) and sealed into t gound (B and C).
Grout is mixed (D) and piezometers are grouted into the ground (E).

Vibrating wire piezometers were pre-saturated and grouted into place upside down to prevent
desaturation of the porous stone in accordance with the recommendations of the manufacturer,
consultation with Mr. Eric Mikkelson, and available literature (Mikkelsen 2002; Mikkelsen and
Green, 2003; McKenna, 1995). Piezometers were read continuously with two 16 channel Geokon
LC-2 Series Model 8002-16 dataloggers. Frequency of readings was determined based on the
observed rates of change in recorded pore pressures. Table 3-5 and Table 3-7 provide summaries of
recorded piezometer data on the land and water sides. Data results are discussed in Section 3.1.4.4.

Approximate alignments of instrument lines are shown overlain onto site photography in Figure
3-91. Figure 3-92 through Figure 3-95 show photos of installed instrument lines on the landside
and waterside. Piezometers are difficult to see in photographs as the only visible element is a wire
protruding from the ground unlike tensiometers which have an above grade mechanical gauge and
transducer.
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Line B
Line C

Photo by Mick Klasson

Figure 3-92. Instrument line A looking west from toe (left) and east from top of slope. (right)
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Figure 3-93. Instrument Line B at waterside oak tree looking west (upper left, right) and north
(lower left).

Figure 3-94. Waterside instrument line B (top images) and line E (bottom images).
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Figure 3-95. Instrument line C from the toe of slope looking west (left) and from the crest looking
west at waterside instruments.

3.1.4 Flow experiment

Following instrument calibration and monitoring, the flow test experiment was initiated by filling
the levee crown trenches with water on May 21, 2012. The experiment ran for approximately 4
days after which the water was shut off to the tree trench while the control trench continued to run
for 6 additional days. Some instruments were not fully saturated in the control trench, yet
instruments showed that seepage in the vicinity of the tree trench had achieved steady state
conditions. On May 31, 2012, approximately 10 days after the start of the flow test, a dye test was
introduced to better understand where water was being lost during the test, particularly on the
water side. Following the dye test, water to both trenches was shut off and suction was allowed to
build within the tensiometers as soils dried. All working instruments were monitored through June
5, 2012, approximately 15 days after the start of the flow test. Some instruments were no longer
functioning for a portion of this time period due to vandalism and theft of some of our equipment. A
detailed timeline showing the duration of each phase of testing as well as key observations is
presented as Figure 3-96.

On May 21, 2012 at 1:47 pm, the valve from the 4900 gallon polyethylene water storage tank
located at the crown of the levee was opened and water was channeled via gravity flow into the
control and tree trenches via the input hoses connected to mechanical float valves located at two
input sites at the approximate centers of the tree and control trenches. Shortly after turning the
water on, the 2 inch hoses were disconnected from the mechanical float valves to increase flow
rates during filling of the trenches. Trenches seemed to be losing significant water and the level at
one point was not rising. Ultimately water as delivered directly from the 4 inch fire hose. A constant

182



head of water was reached in 3 hours from the start of the test in the control trench, and after
nearly 5 hours in the tree trench.

D
Instrument Check  Flow Test Dye Tost Post-Elow Test
| |< ‘l Flow Test; Control Only ]‘_’1' |
| l | |
EARLY SEEPS
LINES CAND D WATER OFF
BETWEEN y : WATER OFF BEFORE
TRENCH | Waterside ggi,ETL’:,ELNT;i SZ::, oN DYETEST; BACKON
CRACKING | oak fell ' 11:55 AM WITH DYE
Time (Days) gl |1 l 2 3 4 5 6 7 8 9 |1l 1 12 13 14 15
' I I i I I I i I I | I | . . — i
5/31/12
5/18/12 6:51 pm
5(25/12 I 6/5/12
5/21/12 1:45 pm 5/31/12 12:15 pm
1:47 pm 9:15 am
Time (hrs)
0 96.0 235.5 245.1 358.4

Figure 3-96. Timeline for Twitchell Island crown trench seepage test.

The constant head water surface elevation was set to approximately 9 inches below the edge of the
pavement, or about 7 % feet from the base of the trench to avoid overflow. The water level in the
control trench, once full, was maintained using the mechanical float valve, as planned. The water
volumes required to maintain constant head in the tree trench in excess of the capacity of the valve
to deliver water under the available head. Water was delivered via the 4 inch hose while
mechanically adjusting the volumes using valves on the delivery tank. At night, fine adjustments
were made and visits were made every 4 to 6 hours to maintain water levels and make brief site
inspections during the primary flow test.

Upon the commencement of water flow into the upper trench, a crack occurred between the control
trench and the tree trench within about 2 % hours of the test start. The crack was monitored for
changes throughout the duration of the flow test as discussed in a subsequent section. The first
seep occurred at the waterside oak tree about 9 hours into the flow test. Seeps began to appear on
the landside near the control line C in the middle of the night, about 13.3 hours into the flow test. By
morning, more seeps were appearing in this area and also near instrument Line D, downslope from
the extensive burrowing activity that was encountered during trenching. Within a few hours, large
seeps were appearing under instrument line D and also instrument line A below the landside oak
tree. The area of seepage correlated well with the area of extensive burrowing encountered in the
tree trench between Stations TT 56 and 82. Upon post-flow test inspection of the seepage areas on
the slope, the surface expressions of the burrows were not apparent. The water at the slope face
was observed to be exiting the slope through % inch to %2 inch diameter macropores.. These holes
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were later inspected and are believed to be associated with a very active earthworm population.
The earthworm burrows appear to have allowed for concentration of flows in the near-surface
soils. It is not known whether these small holes were interconnected with mammal burrow
networks.

Within the first 25 hours of the test, a pattern of seepage began to develop in a linear alignment
extending across the slope at a vertical elevation about 2 feet higher than the toe of slope. This
pattern continued throughout the test, where seepage and flow seemed to appear either along this
alignment or from areas known to be riddled with burrows.

After a little over 39 hours of testing, and the monitoring of a growing seep at the base of the
waterside oak tree, the tree rotated approximately 20 degrees and came to rest with the long
branch of the tree providing support within the shallow oxbow section of the slough. Cracking and
deformation was monitored around the tree, the waterside slope, and the pavement at the crown
throughout the duration of the test. T-LiDAR scans were performed by Gerald Bawden and his team
at the USGS to document deformations at the site. A pre-flow scan was taken as well as a scan
following the primary flow test, and a scan following the final dye test. His results and deformation
analysis are summarized in Bawden et al. (2013).

The constant head was held for 4 days at which time water flow to the tree trench was turned off.
Steady state appeared to have been achieved in the area of the tree trench, based on instrument
data, and Rows 3 and 5 of the control trench had not yet saturated. It was not clear if these
instruments in the vicinity of the control trench would saturate or if steady state had been achieved
without the wetting front reaching all of instrument line C. Flow to the control trench was allowed
to continue. The tree trench was found not to drain completely upon turning the water off on the
tree trench, while flow rates pumped into the control trench increased during this time period. The
morning of May 31, 2012, water in both trenches was shut off for a few hours to allow levels to drop
prior to a dye test. Blue Cole Parmer tracer dye was mixed into the tank and delivered into the
trenches to determine the path of water losses, particularly those on the waterside. A series of land
and waterside observations were made. Water levels in the slough were kept low by the operators
of the gate in order to facilitate our inspections of waterside burrows. These burrows were difficult
to access up close during the primary test due to soft soil conditions, high water levels, and dense
brush, including Elderberry bushes that could not be cut for access due to permit restrictions.

Visual observations were made over the 4 day primary flow test and during the dye test. Limited
observations were made during the 6 days when water was delivered only into the control trench.
The instruments were disconnected on June 5, 2012 and removed shortly thereafter. The site was
allowed several weeks to dry out prior to the repair phase.

A photographic timeline is provided below detailing the primary events that occurred throughout
the test (Table 3-2). Detailed discussions and photos of landside seepage patterns, waterside
deformations and monitoring, the waterside oak tree, the dye test, and the findings of the T-LiDAR
survey are summarized in the following sections. Instrument data is presented and discussed in the
context of these observations. Detailed instrument data is presented in Appendix F.

184



Table 3-2. Overview Chronology of Observations

Time
(hrs)

Date

Time

Observation

Photo or Illustration

0

5/21

13:43

Water flow begins at
1:43pmon 5/21/12.

Mechanical float
introduces bottleneck
and is removed.

1.32

5/21

15:02

2” diameter hose
(connection to float)
removed to allow flow
through 4” diameter
delivery hose. Flows
were not sufficient to
fill the trenches with 2”
diameter hose.

2.6

5/21

16:16

Noticed crack between
Control and Tree
Trenches. Nails
installed to monitor
separation.

(also see Figure 3-112
through Figure 3-117).

3.0

5/21

16:45

Control Trench nearly
to target water surface
elevation. Cannot
maintain sufficient
flows with float.

No photo
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4.3

5/21

18:01

Crack between trenches
grows and begins to
develop vertical offset .

4.8

5/21

18:30

Flows in Control Trench
have stabilized and
reduced to where the
head can be maintained
with the float.

4.8

5/21

18:30

Tree Trench nearly to
target water surface
elevation, but capacity
of mechanical float
insufficient to
maintanin constant
head. Must use valve on
tank to maintain target
water surface elevation.
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7.3 5/21 | 21:00 | % inch vertical offset
measured at crack
between the trenches.

9.0 5/21 | 22:40 | A seep was noticed at
the waterside oak tree.

13.3 5/22 | 03:00; | Seep at oak had grown;

photo | Traced with string for
at photograph at 5:30am
05:30 | (shown)

Seep recorded on the
landside at Control
Trench (CT) Stations 7
to 10 (no photo). Gravel
bags not needed to
contain.
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15.3

5/22

05:00

Seeps open at CT Sta 6
and 8 mid-slope
landside; confirmed
burrow (possible vole
or gopher). Gravel bags
placed.

Two gravel bags added
to seep at Stations 7 to
10.

SeepStabto8 .-
at5 am5/22; -

15.5

5/22

05:15

Sta CT 5 opened when
gravel bag placed on
seeps at CT Sta 6 and 8
midslope (at Time =
15.3 h); wattles and
gravel bags required to
prevent erosion.

Seep Sta 5 at
., 5:15@m 5/22
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15.8 5/22 | 05:30 | Seep atSta TT 57 to 59
(Instrument Line D); no
gravel bags placed.

16.6 5/22 | 06:20 | Crack width reaches a

maximum; vertical
offset continues to
grow.
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19.3-
20.0

5/22

09:00-
09:45

Seep below landside
oak Sta TT 68 to 77;

Landside Sta 50 to 63
also seeping and
expanding to the north.

25.5

5/22

15:10

New cracking in
pavement near landside
oak tree. New monitor
installed at Sta TT 58.5.

26.3

5/22

16:00

Three new seeps
between Sta TT 34 and
44 on the landside mid-
slope.
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279

5/22

17:35

New seep landside Sta
24 to 27; mid-slope in
line with seeps at Sta
TT 34 to 44.

28.3

5/22

18:00

Visible flow is
observable in waterside
seeps, Sta TT 13 to 24.

28.3

5/22

18:00

Cracks opening in
pavement near Sta 82
to 88.

L
L
1
i
¥
1.
¥
3
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28.6 5/22 | 18:20 | Seeps on landside Sta
TT 55 to 58 are flowing;
suspect macropores.

28.9 5/22 | 18:34 | Widening Pavement
Cracks at Sta TT 82 to
88.

Gusting winds.

38.5- | 5/23 | 04:15- | New seeps Sta TT 17 to
38.8 04:30 | 21 landside;

Moderate wind no
gusts.
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38.8- | 5/23 | 04:30- | Waterside seep at oak

39.0 04:45 | grown somewhat;
photo taken shortly
before departing site at
4:45 am.

39.25- | 5/23 | 05:00- | Based on instrument

39.75 05:30 | data, waterside oak tree
likely fell within this
time window.

42.2 5/23 | 08:00 | Inspected landside

prior to discovering
tree failure on
waterside.

Noticed seeps near
control line on land side
(StaCT 5 to 10) had
stopped flowing.
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43.5

5/23

09:15

Noted flow in seeps in
vicinity of Instrument
Line D, Stations 57 to
59.

Flow seemed to be
coming from small
holes from % to % inch
in diameter.

43.5-
43.8

5/23

09:15-
09:30

Waterside oak tree
observed to have fallen;
photographed site.
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51.8

5/23

17:30

Visit from team advisor
Dr. Les Harder.
Additional cracking
observed beneath an
erosion protection
wattle and leaf litter.
Cracking was mapped,
photographed and
further explored.
Monitors were installed
to track movements.

54.3

5/23

20:00

New crack monitors
installed between
Stations TT 11 and 25.

57.3

5/23

23:00

Small seep at landside
TT 10; in line with
seeps at Stations TT 20
to 85.

62.9

5/24

04:35

Mid-slope landside
seeps have spread
across the site all
beginning at the same
elevation on the slope.
The seep at Station TT
10 is beginning to
connect together with
other seeps.
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92.3 5/25 | 10:00 | Onsite meeting of the £ P ORI S
CLVRP funders and B TR
advisory team prior to
completion of the flow
test.

96.0 5/25 | 13:45 | Turned off water on
tree trench while
leaving the control
trench running.

235.5- | 5/31 | 09:14- | Dye Test.
245.1 18:51

245.1 | 5/31 | 18:51 | Water off; begin falling
head test.

3.1.4.1 Landside: Surficial Seeps and Macroporosity

As shown on Table 3-2, observations on the landside of the levee consisted of mapping the locations
of seeps on the face of the slope and noting those that appeared to exhibit flows through
macropores. Figure 3-97 through Figure 3-109 show sketches and associated photographs of
wetting front patterns on the face of the landside slope between 15.8 and 92.8 hours from the time
of initial inundation of the trenches. Sketches were made to support observations and photographs
during this time window as visual changes were occurring rapidly, particularly over the first 48
hours.

Early seeps appeared to be related to macroporosity and likely burrowing activity. The earliest
seeps were just north of the control instrument line C and by late morning (10 am on 5/22/12), the
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mid-slope seeps were rapidly flowing. Gravel bags were piled on to slow down the flow and an
erosion control wattle was installed beneath the zone of rapid flow to prevent rilling of the slope.
This rapid flow had begun to slow later in the afternoon and stopped by 8 am the following
morning on May 23.

Another early seep was encountered just after those found north of instrument line C in the vicinity
of instrument line D just north of the landside oak tree. The seeps started small and grew
throughout the day on 5/22/12, the second day of the flow test. Later that morning flow from the
seeps began and gravel bags were placed. By 9 am that same morning, another seep had appeared
under the landside oak tree along instrument line A. By 3:40 pm (26 hours into the flow test),
gravel bags were added to these seeps to control water flows. Shortly after, at 4 pm (time = 26.3
hours), three new seeps were discovered at Stations TT 34, 39, and 44. By 5:35 pm, another seep
appeared at Station TT 25. All seeps appeared in a linear alignment about 2 feet (measured
vertically) from the base of the slope (Figure 3-100 and Figure 3-101).

Figure 3-110 shows a sketch of seepage patterns observed plotted with a simplified log of the
contact between the older levee (lower permeability clayey silt named Material 4 in Section
3.1.3.2.1) and the higher permeability, heterogeneous and sometimes loose and more recent silt
fills above. Instrument data show that saturation occurred in deeper instruments before shallower
ones. Further, the linear pattern of seepage that occurred implied that water may was traveling
along this low permeability layer and flowing out the face along that contact. The Material 4 contact
dips to the east as we saw in Figure 3-29 through Figure 3-31, but also dips from the control trench
toward Station TT 37 where the layer disappears and reappears at Station TT 42. In general, there
is also a dip from Station TT 50 to Station TT 42. Localized but distinct dips in the Material 4 contact
were observed where water accumulated and was channeled out to the surface, especially where
burrow networks accelerated flows. Such response was observed between Stations TT 70 and 85
and TT 50 and 65, which corresponds to early seeps as shown on Figure 3-99. The spatial gap
between these seeps and those appearing to the north in Figure 3-100 may be related to the sudden
drop in elevation or lack of a Material 4 contact. Figure 3-111 shows the 5/25/12 seepage patterns
overlain with the original location of blackberry at the site. Locations where macroporosity was
observed correlate well to these areas. Though an extensive burrowing area was near the landside
oak tree, the tree did not appear to play a significant role in the flow test.
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Figure 3-97. Sketch of landside seepage patterns: Time=15.8 hrs (5:30 am on 5/22/12). Time of seep appearance listed next to seep.
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Figure 3-98. Time = 15.8 hours (5:30 am 5/22/13): Seeps at Line D (let), macropore ﬂw near Line C (top right), and active gopher
activity to north of control line (lower right).
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Figure 3-99. Sketch of landside seepage patterns: Time=20 hrs (9:45 am on 5/22/12).
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Figure 3-100. Sketch of landside seepage patterns: Time=26.3 hrs (4:00 pm on 5/22/12); Seep to the north of control line C has begun to

produce less flow.
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Figure 3-101. Sketch of landside seepage patterns: Time=28.3 hrs (6:00 pm on 5/22/12); Rills from seep to the north of control line C
have begun to dry up.
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Figure 3-102. Time = 28.3 to 29.8 hours. Seeps continue to expand slowly, growing closer together with a small amount of free water flow
from the newer seeps at Sta. TT 20 to 40 (right) as well as continued steady seepage from larger seeps at Sta. TT 45 to 80 (left).
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Figure 3-103. Sketch of landside seepage patterns: Time=43.8 hrs (9:30 am on 5/23/12).
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Figure 3-104. Time = 43 hours (8:45 am on 5/23/12) Seepage on the landside Line C has significantly slowed in concentrated flow at
macropores. Notice the waterside oak looks different in this series (top right, lower left) - it had rotated 20 degrees into the slough and
was discovered just after this series of photographs was taken.
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Figure 3-105. Time = 43 hours (8:45 am on 5/23/12). In the vicinity of Stations TT 45 to 60, seeps are observed to be flowing from tiny
holes on the order of % to % inch in diameter (lower photos). Later exploration revealed worm burrows in these locations as discussed in

subsequent sections.



L0¢

> Seep * Tensiometer »  Piezometer ® Llandside Oak Tree
T'[‘\O Treo e, TiGo TTSo TTuO TT30 TT20 TTio T6 €T €120 €TI0 ¢T0
1’1!‘15 c!ran.s ;
T —— )
r
N )
Top of Slope . a %
- . 4 c
Toe of Slope
'y i

Figure 3-106. Sketch of landside seepage patterns: Time=92.8 hrs (6:30 am on 5/25/12).
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Figure 3-107.

Time = 93 hours (6:45 am on 5/25/12); Small new seep near Station T3 while seeps to the south expand.
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Figure 3-108. Time = 93 hours (6:45 am on 5/25/12). View west of Stations TT 45 to 90 (top) and Stations TT 60 to CT 10.
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Figure 3-109. Time = 168.9 hours (5/28/12 at 2:35 pm). Tree trenh was turned off on 5/25 at 1:45 pm and site has begun to dry up
despite the fact that water has not fully drained from the tree trench. Note the blackberry vegetation beginning to grow back around the
seepage areas north of instrument line C (lower right).
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Landside Trench Wall: Location of low permeability layer
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Figure 3-110. Simplified trench wall log showing the pattern of Material 4, the plastic silt that may be acting as a low permeability layer.
The contact begins to dip to the south at Station TTO0, disappears below the trench bottom between TT 37 and 42, and dips from Station

TT 50 toward Station TT 40.
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Figure 3-111. Seepage patterns at time = 92.8 hrs as compared with patterns of blackberry growth in the pre-test condition in July of
2011. Blackberry was dense in the locations indicated prior to our testing. Burrowing activity in areas north of the control instrument line
C could be heard during the construction phase. Burrow activity was observed in both locations during trench construction.



3.1.4.2 Waterside: Seepage, Macroporosity, and Deformations

Deformations were observed at the site within the first 3 hours of flow and the first seep on the
waterside, at the waterside oak, was observed about 9 hours into the test. Deformations consisted
of those observed in pavements and slopes through observable cracks. Seepage records include
those observed during the primary flow test. Access to the water side was limited due to high water
levels during the flow test. Water levels were lower during the dye test (Section 3.1.4.3), allowing
for a closer examination of seepage patterns and flow through macropores.

3.1.4.2.1 Pavement Crack Development and Monitoring

Figure 3-112 shows the location of a crack that appeared between the tree trench and the control
trench less than 3 hours into the flow testing program. The crack continued to grow throughout the
first day and began to develop a visible vertical offset by the end of the first day, about 9 hours into
the flow test (Figure 3-113). Overnight, crack growth continued, reaching a maximum width of just
under 0.6 inch and a vertical offset of 3/g inch at 13.3 hours into the flow test (Figure 3-114 and
Figure 3-115).
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Figure 3-112. Cracking was observed in the pavement between the trenches (between Station CT
31.5and TT 0) at 4:16 pm on the first day of the flow test (Time = 2.6 hours)
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Figure 3-113. Cracing between tre trenh on the first day of the field test (Time = 2.6 hours to
7.3). The crack grew and the waterside began to drop relative to the landside
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Figure 3-114. Crack between trenches on the second day of the field test (Time = 16 to 30 hours).
The crack achieved maximum size early in the morning and began to shrink throughout the day
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Figure 3-115. The size of the crack between the tree trench and the control trench was monitored
as it grew to a maximum size and then began to get smaller. The crack peaked in size at about 13
hours into the flow test.

It was determined through analysis of photographs taken during construction that the crack may
have been pre-existing. In Figure 3-116, the lower right photograph, taken after a rain, shows a
dark spot appearing to be water in a crack in a location corresponding to the area moving during
the flow test. The photo to the left shows the pavement, which looks like it may have an old crack in
the appropriate location. Figure 3-117 shows a view of the cracking during the repair phase in July
of 2012, after the flow test, as compared to the same section of pavement during trench
construction. Based on the photo, the crack is more apparent on the control side than it is on the
side of the tree trench. Further, in the photos, it appears as if the pavement has been overlain with a
thick (approximately 6 inch) overlay. This type of overlay implies that the original pavement
section was distressed, though implies nothing of the locations of the distress.
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Figure 3—11. A rack may have existed betwen the trenches (left) prior to the flow test. Photos

during trench construction show a clear crack on the control trench side (right middle and bottom)
but it may not have extended to the tree trench side (upper right).

Sta. TTO (looking
ing co

post-flow ; b - O AR * T :
Figure 3-117. A close-in view of cracking in the asphalt between the trenches before (top) and after
(bottom) the flow test. The pavement appears to have been overlaid as evidenced by the horizontal

splitting of the lower section from the upper section (lower right).

In the afternoon of 5/22/12, a little over 25 hours into the flow test, a series of fine cracks opened
up in the vicinity of Station TT53 to 73 ranging in size from hairline to 1/g inch (Figure 3-118).
Monitors were installed (Figure 3-119) but did not yield measureable movements after the cracks
were observed. The cause of the cracking was not entirely clear, as discussed later.
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Figure 3-118. Cracking was observed in the pavements at approximate Stations TT 53 to 73 at 3:10
pm on the second day of the flow test (Time = 25.5 hours).

Figure 3-119. View of Stations TT 57 to 62 where cracking was observed in pavement 25.5 hours
into the flow test. A monitor was installed at Station TT 58.5.

Figure 3-120 highlights cracking in the vicinity of Stations TT 70 to 95 first observed at 6 pm on
5/22/12, a little over 28 hours into the flow test. Cracking along the west side of the crown road
appeared that it may continue into the waterside slope. Once the flow test was over, pipelines
moved, and vegetation trimmed to allow for access, the area was inspected and a trace of the crack
could not be found located (Figure 3-121).

217



The crack adjacent to the trench within this zone was first noticed during construction (Figure
3-120 and Figure 3-122). The crack may have been pre-existing, but grew during trench
construction to have an offset of about 3/s inch before the flow test began (Figure 3-123). At the
time of construction, there was a question as to whether the pavement had slid on the soils under
equipment loading or if a segment of soil had moved with the pavement. Walls were cleaned and
inspected along this segment of trench with special focus placed on the zones extending down the
wall from where the cracks intersected the trench. Cracking extended a few inches into the soil and
soils beneath appeared to be intact (Figure 3-123D and E). At a time of 28.3 hours into the flow test,
signs of fresh movement were observable, though it was unclear whether movements were
occurring towards the trench or whether the waterside block of soil was moving to the west.
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Figure 3-120. Cracking was observed in the pavements at approximate Stations TT 70 to 95 at 6 pm
on the second day of the flow test (Time = 28.3 hours).
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Figure 3-121. Waterside Station TT 85 to 90 on 6/8/12 after the tank, pipes, and wattles had been
removed. Vegetation was locally cleared and the crack was not found extending outside of
pavements.

Figure 3-122. Crack at Stations TT 70 to 95 seen through wide angle lens on 5/31/12 facing south.
Cracking observed during original excavation but grew slightly (<1/8") during flow testing.

-~
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Figure 3-123. During trench construction Stations TT 70 to 95. A) Original crack appeared during 0
to 4 foot excavation but showed no offsets; B) During backfill with rock, 3/8” offset visible; C)
Cracking may have been present before construction as it is seen on landside and waterside at

Station TT 80-81; D) and E) Wall inspection at Station 70; crack not continuous down wall face.

Though the cause of movements between Stations TT 70 to 95 during the flow test is difficult to
determine, Figure 3-124 shows this section during site repair after equipment loads collapsed the
segment between Station TT 65 and 88. A clear failure plane is visible and in many locations the
failure followed weak zones within the thinly bedded silt material (Material 2 as described
previously) and along zones with dark staining appearing to be manganese oxides, commonly
indicating previously existing fractures. Manganese oxide staining along fractures was discussed in
an earlier description of materials encountered during trench construction. These stains were
encountered throughout trenching activities, particularly in the most unstable wall sections. Dark
staining can be seen in the overall wall failure photographs on Figure 3-124 with a close-in view on
Figure 3-125.
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Figure 3-124. Station TT 65 to TT 88 failed under equipment loading during repair. Dark staining appearing to be manganese oxides

appear along the failure plane in numerous locations indicating possible pre-existing fracturing within the leve
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Figure 3-125. Trench wall failure at Stations 65 to 88. Close in view at Station 75 shows fractures
focused within weak zones of Material 2, thinly bedded sandy silt (top), and zones stained with

manganese oxide, indicating previous fractures (bottom).

A crack of about /g to 1/4 inch in size opened between the water delivery pipelines between
Stations TT 40 and 52 on 5/31 in the afternoon of the dye test just a couple of hours before the end
of the test (Figure 3-126 and Figure 3-127). A crack monitor was installed and the crack was

inspected several times post-flow, displaying no additional movements.
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Figure 3-126. Cracking was observed in the pavements at approximate Stations TT 40 to 52 at 4:30

pm on 5/31, the last day of flow (Time = 242.8 hours)
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Figure 3-127. Crack discovered on 5/31/12. No additional movement was recorded on the
monitoring device (Stations TT 40 to 52).

3.1.4.2.2 Water Side Oak Tree, Slope Deformation, Seepage, and Burrows

On 5/23/12, the third day of the flow test, between about 4:45 am and 8:00 am (39 to 42.3 hours
into the flow test), the waterside oak tree rotated approximately 20 degrees toward the oxbow
section of the Sevenmile Slough, leaving a set of slope cracks that were apparent upon morning
inspection of the site (Figure 3-128 through Figure 3-130). The likely time of the fall is somewhere
between 5 and 5:30 am based on instrument data (discussed in subsequent sections). Figure 3-131
shows the study site from a distance before and after the tree fell.
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Figure 3-128. On 5/23, the third day of flow, the waterside oak tree was found to have fallen
between 4:45 and 8 am (Time = 39 to 42.3 hours). Based on instrument readings, this may have
been at about 5:00 to 5:30 am.
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Figure 3-129. The waterside oak rotated just under about 20 degrees to rest the long waterside
branch in the shallow oxbow section of the Sevenmile Slough.
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Figure 3-131. View o the site from a distance showing the waterside tree before (top) and after
(bottom) it had fallen.

A stake was placed in the slough just north of the waterside oak tree prior to the beginning of the
flow test and was photographed periodically to track small variations in water level throughout the
test. Based on discussions with the operator of the gate structure controlling flows into the
Sevenmile Slough, the water levels typically vary not more than 2 feet but are based on tides and
water uses of the local residents (as discussed under section titled Site Description). Gates are
opened at high tide and closed as the tide retreats, trapping water for use by residents and farmers
of Brannan and Twitchell Islands. As seen on Figure 3-132, the water level was relatively constant
on5/21/12 and 5/22/12 with an approximate water depth at the stake of 6 to 7 inches. The water
level appears to have risen 5 inches to a depth of 11 inches by 4:30 am the morning of 5/31/12, just
before the tree failure. The role that water level may have played is unclear, but saturation of the
slope can soften soils and reduce strengths (Duncan and Wright, 2005), as discussed later.
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Figure 3-132. The water level in the sloligh had been about 6-7 inches deep prior to the failure. In
the last photograph taken before the tree fell, the water level in the slough has risen 5 inches
overnight.

Figure 3-133 through Figure 3-135 detail the deformation of the waterside slope that are believed
to be directly associated with the movement of the waterside tree. Large cracks, one displaying
about 12 inches of vertical offset, were present in the loose soils on the pathway leading down to
the waterside tree, directly around the root ball (Figure 3-133). Figure 3-134 shows a view of these
cracks taken from the fallen tree looking east at the levee access road, including a sketch of cracking
found to the south of the tree. Figure 3-135 provides a detailed view of this cracking as well as a
sketch of the approximate location. As shown on Figure 3-128 as well as Figure 3-134 through
Figure 3-138, a crack was uncovered at the top of slope, running parallel to the levee just off the
paved crown road. A small blackberry bush marked the end of the fresh crack and where an old
crack extended along the same alignment, not displaying movement in this event (Figure 3-137).
The fresh crack intersected the grout of a piezometer that was installed prior to testing (Figure
3-138).

The size of the crack along the top of slope was initially 1 to 1 % inches in width at the time of
discovery and was monitored for changes in size throughout the remainder of the flow test and
repair effort with results presented as Figure 3-139. The crack grew throughout the primary flow
test (ending at about 96 hours from the start of flow) and either retreated slightly or stayed the
same size once the water to the tree trench was turned off. The crack began to grow again during
the dye test, but all segments of the fresh crack had reduced in size at the time of repair in July of
2012.
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Figure 3-133. The fallen waterside oak as seen from the crown road (left and upper right) and the
access path to the water at instrument line E.
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Flgure 3-134. View of from the fallen waterside oak showing cracking pattrns at the base of the tree and at the top of the slope.
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Figure 3-135. A view of the cracking within the loose waterside soils surroundlng the fallen tree (rlght) Surficial excavation did not reveal
a connection between this crack and cracking at the top of slope (upper and lower left).
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Figure 3-136. In the afternoon of 5/23, during a visit from Dr Les Harder of HDR, a fresh crack was
revealed along the top of slope, previously concealed by leaves and an erosion control wattle.

Flgure 3-137. A blackberry bush is the transmon point betwee the fresh crack (left) and an older
crack (right).
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Flgure 3- 138 The grout of plezometer PB1 is mtersected by the crack at the top of slope at the
waterside oak.

Top of Waterside Slope: Crack Size During and Post Flow Test
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Figure 3-139. The crack at the top of the waterside slope was discovered on 5/23/12, the day the
tree fell. The size of the crack was monitored throughout the flow test and just prior to repair.

An old crack was discovered extending along the top of slope just south of the actively moving top
of slope crack as shown on Figure 3-140. The crack began at the southern end side of the blackberry
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bush shown on Figure 3-135 and Figure 3-137. Dead vegetation was found growing out of portions
of it (Stations TT 49 to 55) as shown on Figure 3-141. Crack widths ranged from % to 34 inch on this
segment. Other segments appear to be little more than distressed pavement at the edge of the road
(Figure 3-141), but showing small amounts of lateral offset toward the waterside (on the order of
% inch or less). Fresh movement was not observed in these cracks during or in the weeks following
our flow test.
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Figure 3-140. A crack at the top of slope (Stations TT 30 to TT 55) was found on 5/25. The crack did
not exhibit signs of recent movement but rather is evidence of past deformation.

; e T ol
Figure 3-141. An older crack at Stations TT 30 to 55. Note dead plants rooted into the crack.
Seepage at the waterside oak tree was the first location that moisture was observed coming out of
the slope at approximately Station TT 20. The seep was first spotted at 10:40 pm on 5/21/12, 9
hours into the flow test, at the location shown on Figure 3-142. By 6 pm the following day, nearly 29

Se. . - | Station54to55
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hours into the flow test, seeps were encountered at Station TT 13 (just north of waterside oak) and
TT 24 (just south of waterside oak). These seeps were coming from burrows that had been
identified as likely muskrat burrow entrances during a visit by Dr. Van Vuren. Photographs of these
burrow entrances are shown on 5/2/12 (the day of the walkover with Dr. Van Vuren) and on
5/23/12 at 1:40 pm, 48 hours into the flow test (Figure 3-143). The rate of flow within the burrows
had slowed from the day prior, particularly the burrows to the south of the tree at Station TT 24.

Figure 3-144 shows the first seep, located at the waterside oak tree, just prior to the movement of
the tree, as compared with photos of that location approximately 12 hours after the tree failure. The
seep at that location appears to have subsided or the path of water outlet changed due to the tree
movements. Water was not observed to seep from that location for the remainder of the
experiment.
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Figure 3-142. Cracking and seepage locations at the end of the flow test (Time = 245.1 hrs). Details
for landslide seeps were presented previously.
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Figure 3-143. Top photos show locations of suspected muskrat burrows identified by Dr. Dirk Van Vuren on 5/2/12. Phots below show
corresponding locations (Station TT 13, left and Station TT 24, right) seeping during the flow test.
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Figure 3- 144. Location offlrst sep (fund at 10:40 pm on 5/21) at the base of the ater51de oak tree before (522 at 1:44 pm) and after
the oak tree fell (6 pm on 5/23). Seepage at this location had ceased and begun to dry 12 hours after the tree fell.



3.1.4.3 Dye Test

The flow rates during the test were on the order of 7300 gallons each hour during the primary flow
test. These rates were higher than expected for the 100-foot long 8-foot deep trench. In an effort to
better understand the water losses at the site, a dye test was devised to improve our ability to
identify locations where large water losses were occurring. Two gallons of Cole Parmer blue dye
concentrate were used to perform the test. The water was turned off to both trenches between 9:15
am and 11:55 am on 5/31/12. The dye was mixed slowly into the water reservoir, one cup at a
time, and the dye-tinted water was released into the trenches at 11:55 am. Figure 3-145 shows the
location of seepage observed throughout the day. Generally, landside seepage patterns during the
dye test mimicked those encountered during the primary flow test (Figure 3-146). Blue tinted
water emerged from the landside at the locations and times indicated on Figure 3-145. Each of the
locations correspond with burrowing activity observed within the trench excavation or at the slope
surface, as further discussed in a photographic timeline of the dye test included as Table 3-3 at the
end of this section.

Waterside seeps observed between Stations TT 13 and 24 during the primary flow test began to dry
up following the fall of the waterside oak tree, as previously discussed. Figure 3-147 shows an early
seep location, drying after the waterside oak has fallen and almost completely dry 4 hours into the
dye test. The seeps surrounding the waterside oak tree did not flow during the dye test, while
seepage was observed away from the tree. The water level in the Sevenmile Slough was held low
during the dye test, by request of our team to the gate operator at Brannan Island. Access was
possible with waterproof boots and careful footing. A boat was also made available by Mr. Rick
Carter of RD 1601. Given these factors, we were able to make observations of seepage during the
dye test in areas that were inaccessible during the primary flow phase. Seeps were photographed
between Stations CT 15 and TT 0 as well as from Stations TT 45 to TT 70. Seeping burrows could be
seen north of Station CT 15 and south of Station TT 70, but the locations could not be accessed.

Figure 3-148 provides photographic examples of seeping waterside burrows observed during the
dye test. Blue dye was not observed flowing from the majority of the burrows during the limited
timeframe of our dye test. Figure 3-149 shows a burrow at Station TT 70 that flowed blue-tinted
water at a rate of approximately %2 gallon per minute. The burrow flow rate was measured with a
graduated cup and timer at 6:30 pm (5/31/12). This burrow displayed the fastest flow rate
observed in any burrow that was seen during our inspections, while the majority of burrows were
found to slowly weep. Figure 3-150 shows burrows along the waterside slope toe on 6/1/12, the
day after the dye test. Weeping of water had stopped. The photographs indicate the density of
burrows along the toe of slope, typically out of view due to higher water levels. According to Dr. Van
Vuren, muskrats prefer entry under the water. A detailed photographic timeline is provided for the
events and key observations associated with the dye test on 5/31/12 (Table 3-3) while dates are
provided for previously observed features.
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Figure 3-145. Cracking and seepage plan showing findings of dye test on 5/31/12. Dye began at 11:55 am (Time = 238.2 hours).
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Figure 3-147. Several hours into the dye test, early seep discovered at waterside oak ceased flowing once the tee fell [eft) and did not
begin flowing again during the dye test on 5/31 (right).
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Table 3-3. Observational timeline during the dye teston 5/31/12

235.5 | 5/31 | 09:14 | Turned off water to
control trench in an
effort to concentrate the
pulse of dye injected into
the test

238.2 | 5/31 | 11:55 | Turn on water to both
control and tree
trenches using visible
range blue dye to help
determine locations of
concentrated water flow

239.7 | 5/31 | 12:38 | Trenches filled with dye-
infused water
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239.9

5/31

13:35

Seep observed with blue
dye at Stations CT 3 to 7
in area where gravel
bags were placed during
the primary flow test

169.6

5/31

15:17

Seep Station TT 70
appears blue (photo
right) while Stations TT
75 to 84 are running
clear. Stations TT 48 to
84 appearing wet and
Stations TT 20 to 48
appear to have
moistened

2448

5/31

18:30

Blue dye is found in
water seeping from a
waterside burrow at
Station TT 56.

245

5/31

18:43

Flow rate is measured at
% gallon per minute in
burrow at Sta. TT 70.

245.1

5/31

18:51

Water off; begin falling
head test
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3.1.4.4 Instrument Data

Tensiometers and piezometers measured negative and positive pore water pressures before,
during, and after the flow test. For this discussion, results are broken into landside instruments and
waterside instruments. Complete results of all instruments including a discussion of instruments
used and their calibration are presented in Appendix F.

3.1.4.4.1 Llandside

Landside tensiometer results during the 4-day primary flow test and the complete 15-day flow test
with post flow period are summarized by instrument line and presented below. The primary flow
test represents the time when both trenches were filled to a constant head. Figure 3-151, Figure
3-152, Figure 3-153 and Figure 3-154 show results of instrument lines A, B, C, and D, respectively,
during primary flow. Some instruments experienced problems retaining water and sustaining
suction, possibly due to an imperfect seal. Tensiometers TC3-36, TB5-36, TA3-36, TC4-24, and TA5-
24 began to drop water levels and suction potentially while the instrument is still re-gaining
suction after the instrument was opened for filling. In many cases, the data are sufficient to
determine the arrival of the wetting front, but the peak values of suction may not have been
reached and, therefore, reported values may not be reliable other than to provide a lower bound on
the suction value.

Landside piezometer results are presented as analogous rows plotted together beginning with row
2 at the top of the levee (Figure 3-155) followed by row 4, just above the landside oak (Figure 3-156
and Figure 3-157), row 5, just below the landside oak (Figure 3-158), and row 3 at the toe of slope
(Figure 3-159). For ease of comparison, summaries of time of arrival of the wetting front and
saturation are provided for each landside tensiometer on Table 3-4. Similarly, time to wetting front
arrival, the value of and time of steady state pore pressure for each piezometer are provided on

Table 3-5.

Instrument line C, at the control trench, began with saturation of the 36 inch deep instrument at
row 2 and the 60 inch instrument at row 4. Looking at Figure 3-31, these instruments are in close
proximity to one another. They may be connected by a sand lens, a burrow, or fracture as they
saturated at close to the same time. TC4-24 is the only shallow instrument on site that saturated
before the adjacent instrument at a depth of 36 inch. This 24 inch deep tensiometer was positioned
closest to the burrow encountered during trenching as well as those discovered in post-flow
exploration, as will be discussed in a subsequent section. In row 4, the 60 inch deep tensiometer
saturates at 3.9 hours, the 24 inch instrument saturates in 9.8 hours, and the 36 inch instrument
between them saturates in 11 hours. This is an indication of non-uniform flow, likely related to the
burrowing activity that we have seen evidence of. Burrows seen at this location have been shallow,
in the upper 3 feet of the control trench.

In comparison, row 2 of instrument lines A and B takes 2.5 to 3 times longer to arrive at TB2-36 and
TA2-36 than TC2-36. Arrival of the wetting front is again faster at line C for Row 4 at 24 inch and 60
inch depths. Arrival times at row 4 between all three instruments are comparable at 36 inch depth.
Comparison of piezometer PA4a and b, PD4 a and b, and PC4a and b show pore water pressures at
steady state to be increased by about 40 percent in the zone behind the landside tree root system.
This was calculated by averaging the steady state pore water pressure for instrument lines A and C
and comparing it against analogous instruments of Lines B and C.
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Within a few hours of saturation at row 4, instrument line A sees a progression of the wetting front
to row 5, below the landside tree. Wetting front arrival times and pore water pressures are very
consistent between lines A and D. All line A and D instruments show an arrival of wetting about
12.5 hours into the flow test. Three hours later, water was seen seeping from the slope below row 5
instruments.

Row 5 of instrument lines B and C exhibited different behavior. Although instrument Line C
saturated at Rows 2 and 4 ahead of line A, row 5 never saturated and took nearly 6 days for the
wetting front to arrive at TC5-36 and over 8 days to arrive at TC5-24. As discussed previously,
stratigraphic sections show a low permeability layer that appears to be an original levee, or
possibly a natural levee (Material 4), beneath loosely placed, more recent silt fills. A steeply dipping
gap in the otherwise consistent Material 4 is shown on trench logs (Figure 3-87) dipping toward
this gap segment (Station TT 37 to 42). The shape and loose backfill of this feature are indicative of
a possible historic breach or scour event or excavation at this location. The older levee embedded
within the existing levee may have features and contours that affect flow patterns, possibly
developed and erosion rills from past flooding. The water may be re-directed through such a
feature, or through macroporosity within the shallower soil layers. There does, however, in viewing
trench logs (Figure 3-86 to Figure 3-89) seem to be a general tilt in the material 4 layer toward this
possible breach, which could be affecting flow patterns at instrument lines B and C. Steady state at
instrument line C was not a saturated condition for rows 5 and 3, indicating that stratigraphy may
have added a three dimensional effect to data interpretation.

Row 3, at the toe of slope, yielded little in the way of results at the tensiometer instruments as
instrument line A shows zero suction throughout the test and seems to not be able to maintain
suction. TB3 eventually saturates at 65 hours, while TC3 maintains the same suction throughout the
test.

Piezometers located in row 3 at the toe of slope are not all the same depth. PB3 was installed
deeper and under the groundwater so that effects on the groundwater table could be monitored.
The instruments were building pore water pressure steadily and had not achieved steady state. PB3
predictably begins to build water pressure before PA3 and PC3. PA3, however, begins to build pore
pressure prior to the arrival of hydrostatic water pressures as measured by PB3.

It should be noted that there is a gap in the data of some of the piezometers between 72 and 99
hours into the field test due to an equipment difficulty. Most instruments have reached steady state
before this data gap, but pore water pressures at piezometers P3B and P3C were still rising. The
comparison of total head provided in Table 3-5 is based on the readings at 99 hours for PA3, PB3,
and PC3 rather than 96 hours (when the water was turned off) for best comparison between the
instruments.
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Figure 3-151. Tensiometer data for the primary flow test at instrument line A.
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Figure 3-152. Tensiometer data for the primary flow test at instrument line B.
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Instrument Line C: Flow Test
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Figure 3-153. Tensiometer data for the primary flow test at instrument line C.
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Figure 3-154. Tensiometer data for the primary flow test at instrument line D.
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Figure 3-155. Piezometer data for the 10-day flow test and post flow at instrument row 2 (at the top
of the slope) at depths of 15, 15.9, and 12.4 feet for lines A, B, and C, respectively.
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Figure 3-156. Piezometer data for the 10-day flow test and post flow at instrument row 4 (elevation
just above the landside oak) at depths of 2.4 feet below grade.
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Figure 3-157. Piezometer data for the 10-day flow test and post flow at instrument row 4 (elevation
just above the landside oak) at depths of 5.7 feet below grade.
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Figure 3-158. Piezometer data for the 10-day flow test and post flow at instrument row 5 (elevation
just below the landside oak) at depths of 3 feet below grade.

250



— PA3
PB3 ||
— PC3

40

Pore Pressure (kPa)
N
o o

l{)
o
T
|

401 ]

0 50 100 150 200 250 300 350
Time from Start of Flow (Hours)

Figure 3-159. Piezometer data for the 10-day flow test and post flow at instrument row 3 (at the toe
of slope) at depths of 7.9, 13.5, and 8.5 feet below grade for lines A, B, and C, respectively.
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Table 3-4. Landside tensiometer result summary table.

Steady State Suction for
Instrument  Wetting Front Arrival Time to Saturation Unsaturated Instruments  Saturation Achieved? Time of Steady State

[4°74

Name (hrs) (hrs) (kpa)* (y/n) (hrs)
TA2_36 11.5 12.5 Pressure Y -
TA4 24 11.0 17.4 Pressure Y -
TA4 36 9.7 10.4 Pressure Y -
TA4_60 6.4 8.3 Pressure Y -
TA5_24 16.8 20.9 Pressure Y -
TA5_36 12.4 13.1 Pressure Y -
TA3 36 Not Reached - - - -
TD4_36 24.1 33.0 Pressure Y -
TD5_36 11.9 12.4 Pressure Y -
TB2_36 10.2 13.6 Pressure Y -
TB4_36 13.9 21.2 Pressure Y -
TB4_60 7.0 8.8 Pressure Y -
TB5_24 32.5 51.5 Pressure Y -
TB5_36 27.3 30.9 Pressure Y -
TB3_36 65 82.7 Pressure Y -
TC2_36 3.8 7.2 Pressure Y -
TC4_24 9.8 11.6 Pressure Y -
TC4_36 11.0 - 0.2 n 51
TC4_60 3.9 6.6 Pressure Y -
TC5_ 24 195 Not reached lowest suction: 24.7 n not reached
TC5_36 133 Not reached lowest suction: 7.5 n not reached
TC3_36 Not Reached - - - -

*Some instruments indicated pressures which are not reported. Instrument calibrations do not support pressures
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Table 3-5. Landside piezometer result summary table.

Instrument Wetting Front Time to Steady Steady State Pressure Elevation of
Name Arrival (hrs) State (hrs) (kpa)* Instrument (ft) Total Head (ft)
PA2 1.5 45.6 31.3 -8.2 2.2
PA4a 11.9 24.7 5.9-6.3 3.2 5.2
PA4b 6.5 20.2 12.7-13.4 -0.1 4.2
PAS 12.3 37.9 6.7-6.9 -0.6 1.7
PA3 24.1 Not reached - -11.2 -6.1
PD4a 25.9 32.9 2.7-3.3 3.2 4.2
PD4b 3.3 27.9 14.1-14.8 -0.1 4.7
PD5 12.4 38.9 6.1 -04 1.7
PB2 1.6 45 37.6- 38.6 -9.6 3.2
PB4 3.9 33.7 13.4 -0.5 4.0
PB5 27.7 62 4.2 -0.6 0.8
PB3 6 Not reached - -16.3 -8.9
PC6 Not reached - 3.8-4.3 4.3 5.7
PC2 2 60.1 25.2 -6.0 2.5
PC4a 10.7 47.2 2.1 2.9 3.6
PC4b 34 35.8 8.8-9.6 -0.4 2.6
PC5 Not reached - 0 -0.6 -0.6

* Data not corrected for barometric pressure



Figure 3-160, Figure 3-161 and Figure 3-162 show the entire 10-day flow test (including 4 days of
primary flow, 5 % days of control trench flow only and % day of dye testing) and 5 days of post-
flow readings as site soils begin to dry and rebuild suction.
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Figure 3-160. Tensiometer data for 10-day flow test and post flow at instrument line A.
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Figure 3-161. Tensiometer data for 10-day flow test and post flow at instrument line B.
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Instrument Line C
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Figure 3-162. Tensiometer data for the 10-day flow test and post flow at instrument line C.
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Figure 3-163. Tensiometer data for the 10-day flow test and post flow at instrument line D.

3.1.4.4.2 \Waterside

Waterside tensiometer results during the 10-day flow test with post flow period are summarized by
row and instrument depth and presented below on Figure 3-164 and Figure 3-165. Waterside
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piezometer data are plotted by row (1 and 6) and provided as Figure 3-166 and Figure 3-167. For
ease of comparison, summaries of time of arrival of the wetting front and saturation are provided
for each waterside tensiometer on Table 3-6. Similarly, time to wetting front arrival, the value of
and time of steady state pore water pressure for each piezometer are provided on Table 3-7.

At line E, tensiometer TE1-36 appears to have problems maintaining suction, however sufficient
suction is able to be maintained to estimate the time of saturation as evidenced by the low (below
zero) value following re-filling of the instrument and regaining of suction. This instrument
saturates at 6.8 hours as compared to analogous instruments at line B (9.6 hours) and line C (16.4
hours). Piezometer time to wetting follows the same pattern where line E experiences wetting at
1.5 hours (PE1), line B in 4 hours (PB1), and line C in 9 hours (PC1). Row 6 displays a different
pattern where PB6 is wetted by 6 hours, and PE6 is wetted in 9.2 hours. A number of factors could
be at play here including higher permeability through the possible breach zone backfilled with
loose soils at Stations TT 37 to 42, fractured levee soils, and burrowing activity (particularly
muskrat). Water arrived later to PA1, and PC1. The path of macroporosity in unknown and the
degree to which each factor affects flow is not clear.
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Figure 3-164. Tensiometer results for Row 1, 36 inch depth, for the 10-day flow test and early post-
flow.
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Row 1, Depth = 24 inches
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Figure 3-165. Tensiometer results for Row 1, 24 inch depth, for the 10-day flow test and early post-

flow.
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Figure 3-166. Piezometer data for the 10-day flow test and post flow at instrument row 1 (top of
waterside slope) at a depths of 5.9, 6.5, 6.2, and 6.5 feet below grade for lines A, B, C, and E,
respectively.
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Figure 3-167. Piezometer data for the 10-day flow test and post flow at instrument row 3 (middle of
waterside slope) at depths of 3.4 feet below grade.
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Figure 3-168. Piezometer PB6, at the waterside oak, shows a notable dip in pore pressure. The time
of the dip is 39.7 hours, or 5/23/12 at 5:25 am and could be the time of tree failure.
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Table 3-6. Waterside tensiometer result summary table.

Steady State Suction for
Instrument  Wetting Front Arrival Time to Saturation Unsaturated Instruments Saturation Achieved? Time of Steady State

Name (hrs) (hrs) (kpa)* (y/n) (hrs)
TC1 24 140 - 28 n not reached
TC1_36 16.4 - 2 n 69
TB1_24 77.3 - 20-21 n 95
TB1_36 9.6 12.1 Pressure Y
TE1_36 6.8 7.1 Pressure %

*Some instruments indicated pressures which are not reported. Instrument calibrations do not support pressures

Table 3-7. Waterside piezometer result summary table.

6S¢

Instrument Wetting Front Time to Steady Steady State Pressure Elevation of
Name Arrival (hrs) State (hrs) (kpa)* Instrument (ft) Total Head (ft)
PA1l 3.7 23.3 16.5 14 6.9
PE1 1.5 15.5 15.9-16.6 -0.1 5.3
PE6 9.2 41.4 5.4-6.0 1.2 2.8
PB6 6 25 7.5 3.2 5.7
PC1 7 42.8 15.2 15 6.6
PC6 - - 3.8-4.3 4.3 5.7

* Data not corrected for barometric pressure



3.1.4.5 Flow Volumes

During the 10-day flow test, a total of 1,212,500 gallons of water was pumped into the reservoir
and released by gravity into the control and tree trenches (Figure 3-169). As previously described,
flow monitoring devices were installed on the inlet pipeline into the reservoir as well as both outlet
lines into the control and tree trenches.

Monitoring gauges were designed so as not to be a limiting factor in water delivery into the
trenches. Delivery lines were somewhat oversized and as a consequence, flows into the trenches
were not high enough to turn the volume-tracking wheel within the meter reliably. As a result, the
inflow meter from the pump to the tank was considered the most reliable meter for estimation of
total water delivered. Based on the first day of data, the mechanical flow meters (which track total
flow volume through each meter) showed that about 82 percent of the total water was going to the
tree trench and 18 percent to the control trench. The problem with the flow meter not having
enough water to turn the meter is exacerbated in the control trench, which is smaller and requires
less water than the tree trench. Flow gauges showed flow rates to be 80 gallons per minute to the
control trench and 200 gallons per minute into the tree trench, a breakdown of 71 percent to the
tree trench and 29 percent to the control trench. A simple ratio based on the size of each trench
would yield a breakdown of 76 and 24 percent for the tree and control trenches, respectively. This
estimate seems reasonable in the absence of better data. The control trench delivery line volume
trip meter and flow rate gauge stopped functioning completely after the first day of flow. Given
inaccuracy issues, it was not replaced. Volumes were calculated from the total inlet volume
readings, read periodically, and combined with levels of water in the tank at the time of the
readings. A detailed plot of flow rates and cumulative volumes of flow into the trenches is provided
with time on Figure 3-169. A volume breakdown of flow into the control trench and tree trench
during the primary flow test, when both trenches are full, is assumed to be 76 percent delivered to
the tree trench and 24 percent delivered to the control trench.

Total flow during each test phase is broken out in Table 3-8. Best estimates are provided for the
breakdown of flow rates between the control trench and the tree trench in Table 3-9. During trench
filling, flow rate estimates to each trench were not made. In the primary flow phase and during the
dye test, the breakdown discussed above was assumed. Flow to the tree trench was turned off after
4 days of flow while water continued to be delivered to the control trench for over 5 days until the
beginning of the dye test. During the timeframe when only the control trench was running, delivery
volumes to the control trench increased, as observed by the fact that the mechanical float valve
could no longer maintain a constant head in the trench. The valve was bypassed and controlled
manually until the morning of the dye test. When we returned for the dye test, the control trench
was about 4 inches low and the water in the tree trench contained about 3 feet of water at the base
that had not drained.

Reviewing Figure 3-169 and Table 3-9, flow rates are seen to decrease at about 40 hours into the
flow test. This corresponds to the failure of the waterside oak tree. Observations of reduced
seepage to this area following the tree failure could mean that the tree falling introduced
discontinuities in the previously active flow pathways leading to a reduction in overall flow through
the network of macropores at the site. The flow rate into the trenches was higher at the beginning
of the dye test after water to the tree trench had been cut off for several days and then restarted.
Once the test had run for several hours, the flow rate decreased to a similar rate observed at steady
state during the primary flow phase, a little over 100 gallons per minute.
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During post-flow inspection of the trenches (Section 3.1.4.6), a burrow was found to have opened
between the tree trench and the control trench, allowing the trenches to share flows during this
phase. If the control trench is assumed to have a constant flow once the tree trench is turned off, it
the flow through the burrow can be approximated. The total flow rate increased over time, possibly
due to the growing size of the hole between the trenches allowing for increased delivery of water
from the control trench into the tree trench. The most reliable value for understanding volumes is
the total flow volumes and rates, while breakdowns between trenches are best estimates based on
available data.

Based on assumed unit weights of onsite soils of 110 to 115 pounds per cubic foot, and measured
moisture contents ranging from about 20 to 40 percent, the fraction of void space in the materials is
estimated to be on the order of 40 to 45 percent with 10 to 15 percent capacity to take on moisture
to reach saturation. If all soils within 5 feet of the levee toe on land and water side and extending to
the depth of the water table were to become completely saturated, the total volume of water
require to accomplish this saturation is estimated to be just under 150,000 gallons of water. If site
soils had been completely dry at the beginning of the project, the volume to accomplish saturation
would be about 660,000 gallons. The volume of the trench is about 13,700 gallons. The volume of
water that flowed through the site was 1,212,500 gallons of water, with estimated water losses
offsite of 1,062,500 gallons.
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Figure 3-169. Water flow cumulative volumes over time (top) and corresponding flow rates (below).
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Table 3-8. Flow volume breakdown by flow phase

Flow Volume Time
Flow Phase Interval
{(gallons) (hrs)
Primary Flow 699,500 96
CT on, TT off 462,600 139.5
DyeTest 50,400 10

Table 3-9. Flow rate breakdown with flow phase

Time Interval {hrs)
from start of flow

Estimated Water
Delivery Breakdown

Calculated Flow Control Tree
Flow Phase Start End Rate (gpm) Trench Trench Comments
0 0.95 150 - - Trench filling, 2" delivery pipe
0.95 5 368 - - Trench filling, 4" delivery pipe
; 5 25.2 123 30 93 CT and TT filled
Primary Flow
25.2 43.7 121 31 100
43.7 68.4 92 22 70
68.4 96 105 25 20
CT on, TT off 96 118.5 53 25 28 TT receiving water through burrow
118.5 235.5 56 27 29 between CT and TT
2355 238.2 0 0 0 Water turned off before pulse of dye
2382 238.9 169 - - Filling trenches
Dye Test 2389 239.7 167 - - Filling trenches
239.7 243.3 108 26 B2 Trenches are full
243 .3 245.5 89 21 68 Water turned off at Time = 245.5 hrs




3.1.4.6 Post Flow Test Observations

After completion of the flow test, instruments were left in to monitor the beginning of the drying
phase as pore pressures dropped and soils began to dry and rebuild suction. On June 5, 2012, the
instrument monitoring phase ended. Tensiometers were removed on June 8, 2012. During this visit,
gravel bags were removed and zones of high flow were inspected in an effort to determine what
caused the concentrated flow.

On the landside slope of the control trench, between Stations CT 6 and 10, mid-slope and top of
slope gravel bags were placed to prevent erosion of the slope under concentrated flows. Near the
top of slope, at Stations CT 7 to 10, two seeps were encountered at 3 am on 5/22, a little over 13
hours into the flow test. A photograph of the findings at that location is provided as Figure 3-170.
Two burrows were encountered (1 %2 inch diameter each) consistent in size with gopher or vole.
Similarly, Figure 3-171 shows the mid-slope burrow beneath the pile of gravel bags at Station CT 7.
Upon lifting the gravel bags, worms and traces of worms were found through the soils under the
bag. Armadillidiidae, also known as pill bugs, were abundant and disappeared into the burrows and
worm traces when the gravel bags were lifted.

Figure 3-170. Two burrows (left) encountered at Station CT 9 near the top of slope (upper right).
The burrows were about 1.5 inches in diameter.
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Figure 3-171. The gravel bags were parted (lower right) and a single burrow was revealed at
Station CT 7. The burrow was about 1 % inch in diameter and the top of the burrow extended into
the slope.

The seep areas at instrument lines A and D were inspected and no traces of mammal burrows could
be found in this area. Similar to the burrow at instrument line C, however, earthworms and pill bugs
were observed to be in abundance as shown on Figure 3-172 through Figure 3-174. Occasional
holes on the order of % inch diameter and traces of earthworms, some still occupied by a worm,
were seen under each gravel bag. These were noted, as no other mammal burrow could be located.
Further, water had been recorded about 19 hours into the flow test flowing from small holes (% to
% inch diameter) at the location of these seeps near Station 56 at instrument line D. The small holes
were found beneath gravel bags at all locations where gravel bags had been placed, but it is unclear
whether the holes had been present during the flow test or were created post-flow.
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Figure 3-172. Station TT 57 to 59 seepage location upon lifting gravel bags. Worm traces were
abundant and % inch diameter holes entering into the slope were occasional.

Figure 3-173. View beneath gravel bags at Station TT 50, 8 days post-flow. Note earthworm traces
and pill bugs in abundance.
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Figure 3-174. Gravel bag Station 73 below landside oak tree. Pill bugs seemed to disappear into a
cavity that, upon excavation, did not seem to extend anywhere or resemble a burrow. Worm traces
were found to be abundant as in other locations.

After the site had been allowed one month to dry, the restoration phase occurred between July 2
and July 6, 2012 to remove the gravel in the trench and refill with compacted backfill. A decision
was made not to repair site cracking and slope deformations as the levee is not considered a flood
control structure due to the bypass levee constructed in 2008. The fallen waterside oak tree was
slated for removal following the backfill work and at the convenience of RD 1601 and DWR.

During the removal of gravel, an effort was made to preserve the condition of the walls and base of
the trench so that key observations could be made. Gravel was carefully removed with a vacuum
truck or backhoe bucket centered such that the walls were not disturbed within zones to be
inspected. All walls were inspected to a depth of 4 feet and selected sections were viewed to 8 foot
depth looking for holes, fractures, roots of interest, or other anomalies that may have affected flow
patterns. Features were logged and photographed.

The crack between the trenches was explored. White paint was funneled into the crack prior to
excavation of the gravel in an effort to reveal the pattern and depth of cracking. The crack had
partially closed by the time of repair as discussed previously and shown on Figure 3-115. The crack
did not follow a clean path as the soils are heterogeneous and may pull apart along several planes
rather than forming a single clean crack. Figure 3-175 and Figure 3-176 show the trench wall at
Station CT 31.5 looking south, while Figure 3-177 shows the trench wall at Station TT 0 looking
north. A burrow was encountered connecting the trench walls positioned a distance of 43 inches
from the top of the asphalt at Station CT 31.5 and a distance of 24 inches from the top of pavement
at Station TT O (size = 2.5 inches high, 3.5 inches wide). A crack was seen on the control trench end
wall extending down to a depth of 82 inches from the surface, beginning at the crack between the
trenches (Figure 3-175 and Figure 3-176). In some places the crack becomes very visible and in
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other places concealed within looser deposits. On the tree trench endwall at Station TT 0, the visible
crack extends down to the burrow location and then transitions into as deposit of Material 2, the
thinly bedded silt material, which cleaves readily along predefined planes. Figure 3-177 shows
cracking at the end wall of Station TT 0 with the lower right photo showing Material 2 with vertical
bedding, exhibiting small separations along beds of fine sand between silt layers. Evidence of soil
deformation could not be found at depths below 43 inches as the stratigraphy transitioned into
Material 4, a plastic silt material discussed previously.

oo b Ay

Figure 3-175. View looking south at the upper 4 feet of control trench end wall at Station CT 31.5
(left) with close-in views of cracking near the top of the trench (upper right) and just above and to
the left of the burrow.
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Figure 3-176. View looking south of 8 foot deep trench at end wall of control trench t Station CT
31.5 showing cracking to a depth of 82 inches.

Figure 3-177. View north of tree trench end wall at Station TT 0 showing a burrow (2 feet deep) and
a series of vertical tension cracks along bedding planes of Material 2 (thinly bedded silt).
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The area at Station TT 17 to 18, particularly the waterside wall, was inspected for the condition of
roots and the condition of the trench bottom. The trench bottom was inspected looking for cracks
extending below the trench (Figure 3-178). No cracking was found along the walls or base in this
area. Large roots had been encountered and cut prior to the flow test. These roots were viewed and
nothing abnormal was discovered. The roots did appear to have begun to decay between the time of
excavation and the post-flow repair (about 2 months), but did not show clear signs of pullout or
deformation due to falling of the waterside tree (Figure 3-178).

Figure 3-178. Roots at Sta 17; and bottom inspection for cracks at base of trench.

Burrowing activity is believed to have played a key role in influencing the flow patterns during the
flow test. Inspections determined whether additional burrows had opened or whether plugs that
had been placed during construction had held up over the 10 day flow test. Figure 3-179 shows the
locations of two new burrows within the control trench that were not found or plugged during
trenching operations. Both burrows were on the land side at Station CT 10 (depth 18 inches,
diameter 1 %2 inch) and at Station CT 3 (depth 3 feet, diameter 3/g inch). Figure 3-180 shows a zone
of burrow patches located within Stations 70 to 73. For reference, the landside tree is centered at
Station 70 with the canopy spanning from approximate Stations TT 50 to TT 90. Three burrows can
be seen in the photo and all are intact following the flow test. All burrow patches are found intact
except one waterside burrow at Station 11 within the control trench. At this burrow, the burrow
patch was missing and the hole had grown in size since initial discovery during the trenching phase
(Figure 3-181).
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Figure 3-179. New burrow landside Station CT 10 at 18 inches deep (left) and new small burrow at
landside CT 3 (right).

C ) D PR o A

Figure 3-180. Patched burrows Sation TT 70 to 73. A) overvie o ached bu, B) and C)
Initially intact burrow patch is removed and viewed; D) intact landside burrow patch; E) intact
waterside burrow patch.
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Figure 3-181. Open burrow at watersie Station CT 11 (top images) and intact patch on burrow a
landside Station CT 12 (bottom images).

Once the site repair had been completed, temporary fencing was removed and photographs were
taken showing the site after vegetation returned several weeks following the flow test (Figure
3-182). Patterns of aggressive blackberry growth within the zones of highest burrowing activity are
apparent in the photographs.
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Figure 3-82. Veetaion patterns post-flow o lackbr gowingback aggressively and
coinciding with areas of observed burrowing activity.

3.1.4.7 T-LiDAR Findings

Baseline scans with tripod-based light detection and ranging (T-LiDAR) equipment were performed
prior to trench construction. This work was performed by Dr. Gerald Bawden and his team with the
USGS. The USGS team subsequently scanned the site following the primary flow phase of the test
and the dye test for the purpose of improving upon standard field data gathering methods to
monitor deformations associated with the flow testing at the site. The USGS team has compiled
their findings and published a report summarizing their work under separate cover (Bawden et al,,
2013-DRAFT). Figure 3-183 shows a T-LiDAR image from the pre-scan condition shot on April 9,
2012 before trenching began overlain with an image shot on May 29th, 2012 following the primary
flow test and failure of the waterside oak tree. The image shows the rotation of the waterside oak
tree.
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Figure 3-183. T-LiDAR images shot and analyzed by Gerald Bawden and his team from the USGS.
The image shows the rotation of the waterside oak tree between April 2012, prior to construction
of the trenches, and May 29, 2012, after the failure of the tree on May 23.

Figure 3-184 shows the vertical deformation across the study area as determined by the USGS T-
LiDAR study (Bawden et al, 2013-DRAFT). Subsidence on the order of 6 cm (2.5 in) is seen in a
semi-circular pattern on the waterside between trench Stations TT 20 and 50. Smaller
deformations on the order of 1.5 cm (0.6 in) are visible on the landside of the trench between
Stations TT 35 and 45. The unstable trench zone that eventually failed during trench backfill
(Figure 3-125) can be seen on Figure 3-184 and Figure 3-185 to have undergone subsidence on the
order 3 % cm (1.4 in). These deformations appear to be moving in the direction of the trench. Given
that the T-LiDAR study has captured these as total deformations that occurred between scans
before and after the study, it is unclear when exactly these deformations occurred. Surface
expression of the deformations was not visually apparent as these deformations were apparently
occurring over the span of the entire road.

Figure 3-185 is a similar figure to Figure 3-184, but limits the scale to 2 cm of displacement to focus
in on areas of smaller displacements. A subsidence of 1 %2 to 2 centimeters (0.6 to 0.8 inch) of the
waterside trench wall is seen relative to the landside wall in the vicinity of the crack located
between the control and tree trenches. Field measurements found the crack to have a vertical offset
of 0.5 to 0.6 inch, relatively consistent with determinations by the USGS team.

Cracking was noted on the west side of the crown road during the dye test on 5/31/12, the last day

of flow (Figure 3-126 and Figure 3-127). It can be seen on Figure 3-184 and Figure 3-185 that this
cracking is just on the outer edge of the movement area and may be associated. During trench
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construction, the zone between Station TT 37 to 42 was noted to have a zone of highly unstable
soils where the most stable competent soils (Materials 4 and 5) were found to dip below the trench
bottom (Figure 3-87). While other deformations onsite were visually apparent and measured in the
field, the discovery of subsidence within this zone by the USGS team will provide aid in the
interpretation of the study, as this deformation was very gradual, over a broad area, providing few
visual clues to be detected by eye in the field.

Additionally, the USGS team noted that a small rotation of the landside oak tree, on the order of 5
cm (2 inches) at a height of 2 meters up the tree (about 6.5 feet), was detected in the study. For a
mid-slope tree experiencing saturation of its root system and gusting winds (as were observed on
May 22, 2012), a rotation of this nature is not unexpected given the softening of soils within the
root zone and the existing lean angle of the tree, slightly off vertical in the downhill direction. With
pruning and the tree’s natural ability to maintain balance in response to small deformations, this
type of deformation may be considered tolerable, depending on the situation, with proper
maintenance and inspection. The rotation could not be visually detected, nor were there any signs
of distress in the zone around the landside oak tree.
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Figure 3-184. Image showing vertical deformations along the length of the trench. Settlements of up to 6 cm (2.4 inches) were observed at
Stations TT 20 through 48 through comparison of T-LiDAR scans (4/9/12 and 6/4/12). These movements were not visually apparent
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3.2 DATA INTERPRETATION

3.2.1 Discussion of Observations

Observations and data collection were made before site construction, during trenching,
throughout the 10-day flow test, after flow, and during restoration of the levee and backfill
of the trenches. Data collected included:

e A 130 foot stretch of a delta levee logged in detail to a depth of 8 feet (10-foot levee
height). Logs include detailed sketches of the root systems of nearby trees, burrows,
and variable soil conditions.

e Pre-flow test inspection with Dr. Dirk Van Vuren of UC Davis to look at burrowing
animal activity at the site.

e Soil borings and logging for each instrument location as well as 3 cone penetration
tests along the levee crown.

e Continuous monitoring of positive and negative pore water pressures before,
during, and after the flow test using a network of 48 instruments, including
piezometers and tensiometers.

o Field observations of time and location of observed seeps along the surface of the
levee.

o Field observations and monitoring of cracks and their progression throughout the
test. This included observations associated with a fallen tree on the water side of the
levee.

e Deformations associated with the studied trees and the crown road, analyzed
through T-LiDAR analysis by Dr. Gerald Bawden and his team with the USGS.

e Manual monitoring of flow volumes through reading of a mechanical gauge
connected to the pump system.

e Observations of seepage and preferential pathways during a 1-day tracer dye test.

e Post-flow site inspections to evaluate conditions that may have affected flow and to
evaluate the age (60 years) of the fallen waterside tree.

Figure 3-186 summarizes the most notable site observations including the profile of the old
(possibly natural) levee on which the existing levee is founded, cracking associated with the
failure of the waterside oak tree, zones of discontinuity in the old levee and loose backfill of
the void, zones within the trench where burrowing was abundant, landside and waterside
seepage areas, delineation of T-LiDAR-detected subsidence between 1.5 and 6 cm, and
extent of blackberry vegetation. Information is presented in the context of the test layout,
including locations of the landside and waterside oak trees, the position of the trenches, and
the limits of the levee slopes, and crown road (at top of slope).
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Figure 3-186. Overlay of relevant features of the crown trench seepage test. Includes site
layout and instrumentation, relevant vegetation, burrow and stratigraphic data recorded
during trenching, cracking and seepage observed during the entire 10 day flow test.

In addition to data collected during the test, available reports and soil data, historical
records, aerial photography, and historic topography were reviewed and incorporated into
the analysis of the crown trench seepage test. The documents revealed:

o Twitchell Island was first reclaimed in 1869 (Thompson, 2006). Many of the levees
at Twitchell Island were founded on natural levees (KSN, 2010). The southern
levees, bordering the San Joaquin River are vulnerable due to their peat foundation,
while northern levees more stable due to their foundation on alluvial soils
(Thompson, 2006). Twitchell Island is reported to have flooded repeatedly between
1870-1875, and 1894 to 1909, while the island was temporarily abandoned
between 1875 and 1894.
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o The oxbow section of Sevenmile Slough flowed as part of the slough as of 1932.
Around 1950, the Sevenmile Slough was gated. Topography in 1952 shows the flow
channel of the oxbow section at the study site as a wetland. Two structures and an
access road are present in the vicinity of the study area in 1932 and gone by 1952.
Poor records exist for the period between 1920 and 1960 (URS, 2011).

e Aerial photography shows that the levee under study was bypassed in the summer
of 2008. A toe ditch at the study site was rendered inactive at that time and appears
to have been filled by 2011.

e Aerial images were used to date vegetation and determine extent. The approximate
age of the landside oak tree is estimated to be on the order of 25-30 years old.
Blackberry groundcover corresponds well to where burrowing was most abundant
at the site and aerial images helped to delineate the limits.

Figure 3-187 shows the study area overlain on 1932 topography in order to create
interpreted stratigraphic sections of the levee for the purposes of seepage and slope
stability modeling. Sections are shown extending across the former flow channel. Depth to
sediment within the main channel of the slough was measured at 25 feet below the water
line at the time of study, while shallow, loose sediments were found at depths of 2 to 3 feet
from the water line within the oxbow section of the slough. Exploration to define site
stratigraphy and geotechnical conditions did not extend into the slough. Interpreted
stratigraphic sections are shown on Figure 3-188 through Figure 3-190. Where geologic
contacts are bounded by exploratory points, solid contacts are shown, while queried
contacts are shown in areas where contacts were approximated. It is unknown whether the
current depth of the slough represents the original depth of the oxbow section, but it was
considered to be an upper bound on the depth for the purpose of our analysis. The natural
levee and sand deposits were extended in the stratigraphic sections based on available data.
The natural levee clays and clayey silts may disappear beneath the channel, but a low
permeability layer exists, separating the flow of water in the slough from the groundwater
at depth, and so the layer is shown beneath the sediment.
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Figure 3-187. Section locations and oak trees under study overlain onto 1932 Jersey Island Quadrangle to estimate waterside channel
geometry for interpreted sections.
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3.2.1.1 Landside Flow Patterns

Landside flow patterns were found to be heavily influenced by (1) macroporosity
associated with burrowing activities, and (2) site stratigraphy and heterogeneity.

Early seeps on the landside were observed to flow rapidly in the vicinity of Stations 8 to 10.
Active mammal populations were observed just north of this area before construction
began, and burrows were found at the slope surface at these locations following testing.
Gravel bags placed on the seeps slowed flow, and the burrow flow slowed with time as
permeability of the burrow walls increased with increased wetting which allowed the water
to be absorbed by levee soils faster than it could flow into the burrow, consistent with
Beven and Germann (1982).

Early seeps in the vicinity of instrument Lines A and D produced flows less rapidly than
near the control instrument Line C, but they seemed to advance the wetting front over a
broad area. In general, the primary seepage areas correlated well with where burrows were
encountered in the trenches and with areas of blackberry groundcover (Figure 3-186).
Based on flow observations, seeps in the vicinity of instrument Lines A and D, are likely
influenced by burrows (intersected by the tree trench and plugged but not seen to outlet at
the slope face) that do not form a direct pipe between the water source and the seepage
points. The only holes that were found to outlet to the slope surface in this zone are worm
holes. These small and relatively shallow holes were seen to concentrate flows within the
shallow, surficial levee soils.

At the landside oak, pore water pressures were found to be elevated in piezometer PA4a
relative to comparable instruments on other lines. This instrument is at a depth of 3 feet
and located between the water source and the root ball of the landside oak tree. PA4b at a
depth of 6 feet was not elevated. It is unclear whether there was a local effect from the root
ball or from another anomaly, such as one of the numerous burrows in the vicinity.

Numerous researchers have found that the influence of macropores on flows through a soil
matrix are greater in soils with higher clay content than in soils that are more granular in
nature (Beven and Germann, 1982; Green and Askew 1965). Macropores require inflows
into the pore that exceed lateral losses through the walls of the pore for flow to occur
(Beven and Germann, 1982). Unless saturation is achieved, capillary forces within the soil
matrix tend to hold water within the pores of the soil rather than allowing for flow into a
macropore. Upon saturation of the area around the macropore, inflows into the pore are
limited by the permeability of the pore walls. Rapid flows were observed north of the
control instrument line C (Station CT 6 to 10) where a burrow was found to be rapidly
flowing, likely connected directly to the control trench. In general, the landside of the levee
performed well despite burrowing activity that appeared to advance the wetting front in the
vicinity around instrument lines A and D. Flood fighting efforts were effective and, though
water seeped from the levee slope face, visible signs of distress were not apparent during
the test.

The water delivery trench was located within the crown of an early, and possibly natural,

levee of lower permeability than soils used in raising the levee (Figure 3-29 through Figure
3-31 and Figure 3-188 through Figure 3-190). A discontinuity in the natural overbank
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deposits (Material 4 of Section 3.1.3.2.1) extends below the explored depth of the 8 foot
deep trench at Stations TT 37 to 42, between the landside and waterside trees. This gap
suggests a possible old breach or an area that was locally excavated and then loosely refilled
(Figure 3-186). The old levee appears to slope toward this discontinuity from the north and
south between Stations TT 2 and TT 50. The slope of this material may divert water from
the control instrument Line C, providing a possible explanation for instruments failing to
saturate in this area.

The limits of this loose zone were well defined by the subsidence zone detected by T-LiDAR
between Stations 22 and 47 (Figure 3-184 and Figure 3-186). To the south of this possible
breach or previously disturbed area, burrowing activity within the old levee soils was found
beginning at Station TT 56 and extending to Station TT 82 (Figure 3-186). The reason for
such active burrowing activity at this location is unclear as is the role of the landside
vegetation, both the landside oak tree and the blackberry groundcover around and below
the tree. Smaller burrows within the 8 foot deep zones of the tree trench are consistent in
size with those of voles and gophers, but not in typical behavior according to Dr. Van Vuren.
These rodents enter from the landside and may have taken advantage of existing burrows,
but in Dr. Van Vuren’s opinion would be unlikely to themselves have burrowed to these
depths. Muskrats enter from the waterside and inactive muskrat entrances were found in
abundance along all accessible and visible areas we were able to inspect. Loose backfill of
the gap in the old levee may have affected muskrat burrow patterns, since burrows were
observed to occur preferentially in more stable soils where collapse is less likely. Given that
the evidence of burrowing within the trench was only found within the old levee soils in this
area and burrows had roots growing through them and were deemed inactive, it is possible
that these burrows predate the tree. The age of the burrowing activity at this location is
unknown and, according to Dr. Van Vuren, burrows can persist in stable cohesive soils for
many years, and can be re-activated by animals over generations.

3.2.1.2 Landside Slope Stability

In general, signs of slope instability or distress were not observed on the landside of the
levee during trench construction, the 10 day flow test, or repair of the site. T-LiDAR scans
noted a small rotation of the landside tree, on the order of 0.12 degrees (or about 2 inches
measured 6.5 feet up from the base of the tree). Given the deformations that occurred
onsite, lining up the various T-LiDAR scans involved significant judgement, as spheres used
to align scans fell within areas that had experienced deformation. Additional analysis may
be required to resolve whether these deformations, as well as upward movements at the
waterside top-of-slope, could be related to these challenges in data alignment.

3.2.1.3 Waterside Flow Patterns

Patterns of water flow and saturation on the waterside of the levee show that water arrived
at the waterside oak tree to instrument line E (Stations TT 38 to 40) before arriving at
instrument line B (Station TT 20 to 25). Burrows may have played a role in these flow
patterns, as burrow entrances were observed all along the waterside toe. A single individual
burrow could skew saturation results, however burrows were not found in these zones
extending to the trench. As discussed previously, burrows that outlet to the slope face and
are not connected to the water source may concentrate seepage but are less likely to
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advance the wetting front. Waterside flow patterns may have been advanced by the zone of
loose soil filling the gap in the old levee between Stations TT 37 to 42 and subsidence was
observed in the T-LiDAR scans (Figure 3-186 and Figure 3-184). These loose and relatively
more permeable soils may have allowed the wetting front to arrive at piezometer PE1
before other nearby instruments. Instruments at the control line were slower to saturate,
with muskrat burrow entrances observed along the shoreline but without knowledge of
how deeply they penetrate into the site. The control line is more uniform in soil conditions
than the tree trench, without obvious pockets of loose soils or rapid changes in stratigraphy
like those observed in the tree trench.

Pore water pressures in row 6 instruments (at the toe of the waterside oak tree as shown
on Figure 3-188 through Figure 3-190) were evaluated to determine whether elevated
values could be found upslope of the waterside oak tree, and no discernible pattern was
found. Seepage was observed at the waterside oak tree at about 9 hours into the flow test.
Water appeared to be seeping out of burrow entrances all along the waterside toe, and the
area adjacent to and upslope of the tree trunk. When the tree fell, the pore water pressure
dropped by about 0.25 feet of head at PB6 (Row 6 of Figure 3-189). Seepage stopped from
the areas around the oak tree and pore pressures never returned to the level previously
achieved prior to the fall of the tree. The fall of the tree seemed to render previously
preferred macropore pathways inactive, possibly by introducing discontinuities. During
they dye test on the tenth day of flow, seepage was seen flowing only from burrow sites
outside of the area of the waterside oak tree (Figure 3-145; discussed in detail in Section
3.1.4.3). The complexity of preferred pathways created by muskrat burrow networks along
the waterside slope seem to have a larger effect on pore water pressure accumulation than
the presence of the root ball of the waterside oak tree.

3.2.1.4 Waterside Slope Stability

A series of deformations were observable during the 10 day flow test. These deformations
are discussed in detail in Section 3.1.4.2 and summarized on Figure 3-186. The following
primary areas of deformation are of interest:

e Cracking between control and tree trench: This crack began opening a little over 2
hours into the flow test, before trenches were full. The crack peaked in size 13 hours

into the test and began to shrink after 15 hours. It is unclear whether these early
cracks were connected to movements associated with the waterside oak tree prior
to failure. The waterside oak tree fell 39 hours into the test.

e QOlder and fresh cracking observed at the top of the waterside slope: The cracks
were buried under a wattle and leaves and were not discovered until after the tree
fell. Once discovered, the fresh crack continued to move during the flow test

e Pavement cracking (Stations TT 55 to 90): Minor cracking was observed near
southern end of tree trench. Crack patterns appear to outline movements toward
the waterside, though T-LiDAR data shows upward movements of 1 to 1.5 cm. Thick
pavement overlay (6” on a 4” original section) provides evidence of past poor
performance and cracking. A localized section of the trench wall failed into the tree
trench upon repair (Stations 65 to 88), revealing manganese oxide staining on a
possible pre-existing fracture planes within the levee fills.
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e Subsidence of up to 6 cm between Stations TT 20 and 50: An area subsided up to 6
cm (observable in the T-LiDAR scans but not noted during testing), coincident with
loose soils associated with the dip in the natural levee (Material 4) and the gap at
Stations TT 37 to 42 (Figure 3-186). Timing of deformation is unknown, but a crack
at Stations TT 40 to 50 opened late in the test (day 10 of flow). The crack lies near
the zone of subsidence captured by analysis (Figure 3-186). The subsidence could
be caused by settlement of the loose materials at this location toward the trench, as
implied by the semicircular patterns on both land and water sides. Lateral offsets of
pavement at the trench was not observed at this location, and trench walls did not
collapse during the repair phase as they did at Stations 65 to 88 (Figure 3-124).

e (Cracking in the area of the tree rootball after failure of the tree (Stations TT 16-28):

Observed at 9:30 am on 5/23/12, coincident with the discovery of the tree failure

Cracking in the localized area of the root ball of the waterside tree between Stations TT 16
to 28 appeared when the tree fell and is considered attributable to the tree failure.
Movement was seen in the embankment prior to observable tree movements. The extent to
which deformations of the embankment (cracking at the top of slope and cracking between
the control and tree trenches) were influenced by the presence of and movement of the
waterside oak tree is unclear and will be discussed below and explored further through
modeling. Waterside fills were observed to be loose, with farm equipment embedded into
the levee in one location (Figure 3-188 and Figure 3-28) and buried barbed wire fencing at
the control section. The waterside tree is 60 years old (by ring count on the fallen tree that
has since been cut), indicating that the tree did not appear on the loose soils of the
waterside edge until after the slough was gated in 1950. As discussed above, historical data
in combination with exploratory data were used to arrive at interpreted sections for
modeling. These sections are presented on Figure 3-188 through Figure 3-190. The sections
show the extent of the loose silt fills as well as a zone of weak clay within the old levee that
was found in boring and CPT data.

The instability of loose soils along the waterside slope as well as potential sliding along the
weak clay seam will be considered to explain the cracking observed at the southern end of
the tree trench. A photograph taken just following a rain at the beginning of trench
construction is shown on Figure 3-191. The photograph shows zones of water ponding in
linear patterns west of the centerline of the levee crown road and tapering toward the
waterside pavement edge near the southern end of the tree trench. Cracking patterns
observed in the field follow a similar pattern. Subsidence may have occurred at pre-existing
crack locations from past movements along the waterside slope. An old crack was found at
the top of the waterside slope at Stations TT 28 to 55.

Vertical deformations on the order of 1.5 to 2 cm (0.6 to 0.8 inch) were captured by T-
LiDAR (Figure 3-184) along the entire length of the control trench and extending to the
previously discussed deformation zone at Station TT 20 to 50 (Figure 3-186). These
deformations were tracked as they were able to be monitored at the gap between the
trenches. The deformations began early in the flow test and grew as the wetting front
progressed through the waterside instruments (TC1-36 saturated at 16.4 hours into the
flow test). After about 13 to 15 hours of flow, deformations tapered and the crack began to
stabilize and then decrease in size (Figure 3-115). In this same timeframe, piezometer P2B
was recording a sharp dip in recorded pressure, consistent with a sudden event opening a
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new avenue for water flow and causing a rapid loss in building pore water pressures
(Figure 3-155). Perhaps a previously blocked avenue for water flow suddenly opened at
that time, such as a burrow or a crack. We do not know the time when the top of slope crack
opened (Figure 3-136 through Figure 3-139) and if it was before the tree was observed to
have fallen or in the same event. A seep was observed at the waterside oak at 9 hours into
the flow test which may have relieved some pore water pressures. Other waterside seeps
could not be inspected at that time as the water surface elevation in the slough was too high
to allow for the type of access available during the dye test. The tree did not fall until about
39 hours into the flow test, after the deformations along the control and tree trench had
occurred and stabilized. A progressive failure scenario will be considered in our modeling
efforts where the influence of the tree (including both the static loading as well as root
reinforcing) is evaluated under the following scenarios:

1) Alarge failure plane extending back to the control and tree trenches using transient
pore pressures at 2.5 hours into the flow test when movements were first observed.

2) A smaller failure envelope extending from the crack at the top of the waterside slope
at a time 13 hours into the flow test (the time when this crack would have to have
opened in a progressive failure scenario)

3) A failure scenario including only the root ball at 39 hours into the test versus a
scenario extending to the top of the waterside slope

4) A failure scenario of the embankment movement without the presence of a tree or
reinforcing elements at 2.5, 13, and 39 hours into flow as well as at steady state

289



Figure 3-191. Pattern of pavement cracking (right) is similar to pattern of ponding in the
pavement just following a rain event and prior to trench construction. Asphalt sections
show evidence of a thick overlay, an indication of previous pavement distress.

The conditions of an individual tree can impact the stability as well. The overall
embankment stability is a key factor to be considered as well as the health of the tree and
root system. The waterside oak tree is a valley oak. Cooper (1926) states that “It is plain
that the oaks are excluded from the subaqueous soils because of saturation and consequent
lack of aeration”. Valley oaks are, however, the most tolerant of the oak species to wet
conditions (Cooper, 1926; Jacobs et al., 1997). Low oxygen, or hypoxia, can decrease tree
vigor (Kozlowski, 1985) and pre-dispose the tree to disease, insect pests, and root rot
(Heritage and Duniway, 1985; Miller and Burke, 1977). The health of the waterside valley
oak tree prior to the study was not known, but given the lean and the loose fills upon which
the tree was founded (uncompacted soils along the waterside slope along with thick, soft
sediments within the slough), this tree was not likely to have been supported adequately on
this levee.
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CHAPTER 4

Modeling the Effects of Woody Vegetation on Levee Stability

4.1 INTRODUCTION

Chapters 2 and 3 presented observations during the construction and implementation of
two full-scale field tests performed on California levee sites. Field test conditions at each
site were simulated using the Geostudio software package to gain additional insight into
the impacts of levee trees on levee seepage and stability. The results of modeling
simulations of the parallel Trench Wetting Front Test (‘Cal Expo Site’) and the Crown
Trench Seepage Test (‘“Twitchell Island Site’) are presented.

4.1.1 Limit Equilibrium Method with the Geostudio Software Package

Modeling was performed using the General Limit Equilibrium Method (GLE). The method is
based on two factor of safety equations balancing moments and forces over a range of
potential slide masses. For each potential slide mass, the software divides the mass into a
series of slices, taking a ratio of: 1) resisting moments divided by driving moments, and 2)
resisting forces divided by driving forces. To solve this otherwise statically indeterminate
system, an assumption is commonly made with regard to the angle of the normal force
between slices. Side force assumptions are based on Morgenstern and Price (1965).

With the limit equilibrium method, the shear strength of site soils is estimated at the base
and sides of each slice. For this study, the Mohr Coulomb method was implemented to
arrive at a linear failure envelope defined by:

T=c+o,tan¢

where 7 is shear strength, g,is normal stress, and c is the intercept of the failure envelope
axis of shear stress, and ¢ is the slope of the failure envelope. For drained conditions,
effective stress parameters, ¢p'and ¢’ are specified for each material type.

4.2 SLOPE STABILITY MODELING - CAL EXPO TEST SITE
4.2.1 Approach

Two and three dimensional transient and steady state seepage modeling of the localized
zone of study during the Parallel Trench Wetting Front Test at Cal Expo was performed by
Cobos-Roa (2014). Available soil boings, cone penetration tests and nearby interpreted
sections were reviewed and summarized in Appendix 2B. Nearby interpreted sections were
prepared by URS (2009). These sections were modified slightly based on available soil
information near the site (Figure 4-1), and stratigraphic information summarized in
Appendices 2A, 2B, and 2C. The slurry wall that exists at the site was omitted from the
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seepage and slope stability analysis to view the impact of the decomposing root system for
a levee without a slurry wall.

The site was evaluated under steady state seepage conditions under simulated flood
conditions. Steady state seepage conditions with water surface elevations of 40 feet and 50
feet were simulated for input into stability models. The model geometry is presented as
Figure 4-2. The root system was modeled either as a zone with lower hydraulic
conductivity than surrounding soils or as a zone with voids. The models were performed in
two dimensions, though the problem is three dimensional. Where three-dimensional
effects are important, mass averaging of slide sections across the potential slide area, as
presented in subsequent sections, or the use of three-dimensional models could be
implemented to improve the analysis.

Drained friction angles for similar soil deposits at nearby locations modeled by URS (2009)
were adopted to model stability at the site. Selected parameters and are summarized on
Figure 4-2. Design parameters forced a failure plane to avoid intersecting the stump
through use of a high friction angle. The loose nature of decomposing roots, partially in-
filled with loose soils, was estimated based on an assumption that the decomposed roots
may be about two-thirds filled with loose frictional soils and organic matter. A typical
effective stress friction angle for a very loose sand is ¢’ < 30°. An effective stress friction
angle of 20 degrees was selected to represent the very loose infill soil and void space.

the American River Watershed Project. Our study site is at Station 9+100
on the plan. Source: USACE, 1999.

o :
Figure 4-1. Excerpt from
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Drained Parameters
Unit
Weight

(ppef) c ¢’
silt (ML) D 120 0 33
silty Gravel (GM) [ 135 0 45
siltyleanClay(cl) [ ] 110 0 33
siltysand(sm) [ ] 130 0 a0
Stump I o0 0 60
Decayed Roots _ 85 0 20

Figure 4-2. Conceptual levee section representative of the test site.

4.2.2 Results

The effect of a decomposing root system was explored based on the conditions noted
above. Figure 4-3 presents factors of safety at a cross section extending through the root
system of the decomposing stump as well as a similar section without a stump. Steady state
seepage conditions were generated based on a waterside flood condition at a constant head
of 40 feet and these conditions were input into the slope stability model. The water surface
within the levee embankment has not risen to the level of the root system and therefore
pore water pressure differences between the two models are minimal within the slide
circle. Both show factors of safety of 1.34 for similar slide circles.

In Figure 4-4, the levee section is modeled with a root system acting as a barrier, acting as a
drain or absent. Results show factors of safety are lowest (FS = 1.16) when the root system
acts to block flow. Pressures build behind the blockage, reducing frictional strength due to
decreased effective stress. In the case where the stump acts as a drain, the water surface is
drawn down, reducing pore water pressures, increasing frictional shear strength, and
increasing the factor of safety (FS = 1.33) against slope instability. When no stump is
present, the factor of safety against instability was calculated to be 1.26. Other mechanisms
of failure, such as the change in exit gradients due to the stump, were not evaluated as part
of this effort. When the root system acts as a series of voids, high seepage exit gradients
may present a more important failure mechanism than slope stability.
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Figure 4-3. A comparison of simulations with and without a stump yields factors of similar factors
of safety for similar slide circles.

H =50 ft FS=1.16 _Stump

H =50 ft FS=1.26 No Stump

Fully Decomposed

H =50 ft FS=1.33 Roots Acting as a Drain

Figure 4-4. Total hydraulic head is held at 50 feet on the waterside. Three models are compared
showing factor of safety with a low permeability stump and root system, no root system, or a fully
decomposed root system acting as a series of voids.
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4.3 SLOPE STABILITY MODELING - TWITCHELL ISLAND TEST SITE

As described in Chapter 3, cracks indicative of levee deformation were observed at
numerous locations along the levee crown and waterside slope during the Crown Trench
Seepage Test at Twitchell Island in Rio Vista, California. Based on the patterns of cracking,
four possible waterside slide and two landside scenarios were identified for analysis and
discussed in Chapter 3. Figure 4-5 illustrates the failure scenarios selected for modeling.

Section A Section B Section C
LEGEND: -~ Subsidence> 1.5 cm EVALUATED FAILURE SCENARIOS :
- (from LiDAR scans by USGS)
Fresh Crack e Waterside A --—- Waterside B2
i Piezometer Crack Monitor :
_ — — landside A - Waterside BC3
Tensiometer ® OakTree Waterside B1 —. Erdadae
Station (ft) me Tree e Tiee 50 O T30 TT20 o o cre e ctio 1o
TTas crus T
s T
el = § i
W\t Gt ’ i
,l\ Waterside TreeT ’ N
T o ' o o’ .'.
A T_ ———— i
e g
e )
7 < % S
- / z \
',’ Control \
& ! - l’
\
\ /
\ /
R — — — — - .
Toe of Slope
—> — —>

Figure 4-5. Four waterside and two landside failure scenarios are delineated for analysis.

Slope/W, the slope stability module of the Geostudio software package, is capable of
analyzing two-dimensional cross sections for slope stability with limit equilibrium analysis.
I[solated levee trees and their root systems are three dimensional problems. Mass averaging
of 2D FS values of multiple 2D sections provides a reasonable approximation of the 3D FS
(e.g., Seed et al,, 1990). A simplified method is explored through mass averaged factors of
safety over the slide mass as follows:
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