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THE EFFEGTS OF VEGETATION ON THE STRUCTURAL
INTEGRITY OF SANDY LEVEES

PART I: INTRODUCTION

Background

1. The effect of vegetation on the structural integrity of sandy levees
was investigated as part of the Repair, Evaluation, Maintenance, and Rehabili-
tation (REMR) Research Program. REMR is a comprehensive program to investi-
gate REMR problems associated with Civil Works Programs of the US Army Corps
of Engineers. This study was conducted as part of REMR research regarding
reduction of adverse envirommental impacts of REMR activities,

2. Current Corps guidelines for levee maintenance and operation limit
vegetation on the embankment to sod-forming grasses 2 to 12 in.* in height to
provide for the structural integrity, Inspectability, and unhindered flood
fight access to levees (Code of Federal Regulations [CFR], Section 208.1,
Title 33; US Army Corps of Engineers 1968). Sufficient vegetation to reduce
surface erosion on levees is allowed.** Finally, management to retain this
type of vegetation is to be carried at least 5 ft beyond the toe of the levee
or any associated seepage berm. The regulations assume that maintenance will
be dominated by mowing, with burning, chemical treatments {including herbi-
cides), and grazing also allowed. Exceptions to the sod-only policy are made
to allow willow (or similar) growth on riverward berms/foreshore/batture land
and overbuilt levee sections to provide additional erosion control in areas of
high wave or river current attack.

3. The Corps requires that non-Federal levees for which emergency
repair assistance is requested be maintained in accordance with Corps guide-
lines for Federal project levees. Maintenance according to Corps guidelines

typically is stipulated in assurance agreements between the Corps and the

* A table of factors for converting Non-SI units of measurement to SI
(metric) units is presented on page 7.

**% Herbaceous vegetation which is allowed to remain substantially taller than
allowable standards from year to year, and all woody vegetation, will be
called "additional vegetation" throughout the body of this report. Where
information is more specific, botanical classes (grasses, forbs, shrubs,
trees) or species names will be used.



local spomsor to whom the levee is turned over at the end of project construc-
tion. The agreements generally cover all aspects of operations and mainte-
nance responsibilities to be done by the local sponsor. This restriction also
holds for mnon-Federal project levees, although the Corps has fewer means of
enforcing their maintenance standards. For a more thorough review of perti-
nent Corps guidelines for vegetation control on levees, see Nolan (1984).

4. These standards are appropriate in the absence of data which clearly
establish the relationship between the properties of vegetation on levees
(size of individual plants, plant density, and rooting structure) and struc-
tural impairment of the levees. However, there are perennial maintenance
costs associated with these stringent requirements, ranging from a few to tens
of dollars per acre per year depending upon the physical maintenance activity
(Hynson, Elmer, and Shields 1985). Clearing of brush allowed to grow on
unmaintained levees is more costly, ranging in the Sacramento District from
nearly $100 to over $1,000 per acre per year. The other, less tangible ﬁrice
exacted by limiting vegetation on levees is lost riparian habitat, particu-
larly where the levee is located very near the river channel in an.area with
historically wooded riparian strips. Hynson, Elmer, and Shields (1985) Summa-
rize the wildlife issues associated with the placement and management of
levees.

5. Levee embankments are designed to retain seasonal high waters within
a limited overbank area. As such, they are subject to hydraulic loading for
short durations, generally less than a few weeks per year. Therefore, a levee
embankment usually is less intensively engineered than an earthen dam. Fur-
thermore, due to the constraints imposed on levee alignment by flood protec-
tion considerations, fouﬁdation material may be less than ideal. Levees may
fail by several means, e.g., overtopping, surface erosion, shear failure of
the embankment or foundation, and piping or seepage erosion (US Army Corps of
Engineers 1978). The presence of vegetation on levees can potentially influ-
ence all of these processes to varying degrees,

6. Underseepage.(i.e., seepage at the base of, or through, the levee
foundation) is locally a serious threat to levee integrity and must be guarded
against. Underseepage and the emergence of water on the landward side is
often manifested by localized upwellings or seeps that can result in sand
boils. Concentrated seepage streams emerging at these boils often carry with
them entrained fines. This loss of fines can result in subsidence and other

distress to a levee. The occurrence and severity of boils are controlled
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primarily by the relative permeability and stratigraphy of sediments on which
a levee is constructed. If the boil occurs close to the toe of the levee it
may undercut the toe and cause a slipout or mass stability failure of the
landward slope.

7. The possibility of an embankment failure by internal erosion as a
result of through-seepage is also a major concern in the case of earth dams
and levees. The problem is exacerbated under long-term hydraulic loading when
the phreatic surface can eventually reach the landward face of an embankment
unless intercepted by internal drains. Through-seepage can also result in the
formation of pipes or conduits which lead to a washout or piping failure, par-
ticularly if dispersive clays are present. Pre-existing macropores (cracks,
fissures, etc.) appear to be a necessary precondition for the initiation and
propagation of a washout failure involving clay fines (American Society for
Testing and Materials (ASTM) 1677). Cracks or macropores can be formed in
earth dams and levees by a variety of causes quite unrelated to faunal (bur-
rowing) and floral (rooting) activity. These causes include differential
settlement and internal stress redistribution. The latter produces surfaces
on which little or no normal compressive stress acts. These surfaces become
the loci for hydraulic fractures which can occur under very low hydraulic

gradients (Sherard 1986),

Purpose

8. The purpose of this study was to investigate the relationship
between vegetation and the structural integrity of river levees. A specific
objective was to determine the distribution of roots within levee embankments,
and how these roots alter soil properties and affect resistance to mass wast-
ing, surficial erosion, piping, etc. of levee embankments. With this informa-
tion, engineering criteria can be developed in the future which may allow
additional (particularly woody) vegetation to remain on levee embankments
where sufficient effort can be made for levee inspection.

9. A second objective, therefore, was to provide a summary of findings
that could serve as a basis for eventual development of vegetation management
guidelines that would allow maximum vegetation cover and biomass without
compromising the structural integrity of levees. As the study progressed, it

became apparent that the development of study methods to address these
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questions was itself a fundamental objective as well. Accordingly, this study

serves as a guide to future studies of this type.

Scope

10. A field investigation of a levee along the Sacramento River in
northern California was conducted. Data acquired in the field include above-
ground plant cover and the distribution of associated roots, and selected
geotechnical properties of the levee embankment (dry bulk density, BY0sSs par-
ticle size distribution, and in situ shear strength). Permeability tests of
levee sediments reconstituted to the same field density were made in the
laboratory.

11. These data were used in two primary analyses. First, slope stabil-
ity of a design levee embankment along the Sacramento River was analyzed for
both steady-state seepage and rapid drawdown conditions using representative
values of root density, soil strength properties, and permeability. Next,
gross seepage and hydraulic head distributions through a representative cross
section were analyzed assuming a permeable base, the phreatic surface inter-
secting the levee toe for steady seepage, and a skin or surface layer of wvari-
able permeabiiity to account for the possible effect of vegetation. Seepage
analysis was repeated for an approximate transient state as well. Unfortu-
nately, neither of these two-dimensional type seepage analyses can actually
predict piping potential. A transient, three-dimensional (3-D) analysis is
necessary to obtain point measurements of hydraulic head and exit seepage
velocity required to determine whether seepage forces are high enough to ini-
tiate piping or trigger seepage erosion. This will be the focus of future
research on this topic.

12. This study has not attempted to resolve the issue of vegetation and
levee inspectability. Corps project levees are to be inspected twice annu-
ally, before and after seasonal high water. The most common means of inspec-
tion is to visually observe the levee embankment for signs of piping,
sloughing, surface erosion, and animal burrowing while driving the levee crown
road. Such a rapid assessment of the levee surface demands that visibility on
the embankment be very good; this, in turn, suggests that the vegetation cover
be the minimum necessary to reduce surface erosion, i.e., short grass. How-
ever, the cost, level, and means of inspection are human resource issues,

rather than technical issues. It is not known at present how much additional
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inspection effort might be needed with a specified level of additional vegeta-
tion to achieve comparable results. The issue of levee inspectability and
techniques to facilitate inspection, e.g., careful selection and placement of
vegetation, are addressed elsewhere (California Reclamation Board 1967, 1982).
Finally, local sponsors may decide that this exXpense is reasonable for a more
aesthetically or biologically valuable levee.

13. Fundamentally, then, the issues of Inspectability and ease of flobd
fighting are separable from geotechnical considerations in determining the
extent to which vegetation in excess of current standards should be allowed to
grow on a levee. However, if geotechnical considerations do not warrant
allowing additional vegetation in a given situation, these human resource

issues become moot.
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PART 11: INFORMATION REVIEW

Levee Vegetation Guidelines and Repulations

USACE regulations and standards

14. The Code of Federal Regulationms (US Army Corps of Engineers 1967)
contains basic regulations governing the operation and maintenance of local
flood protection works. With regard to vegetation, these regulations require
that measures be taken to promote the growth of sod, exterminate burrowing
animals, and provide for routine mowing of grass and weeds, and removal of
wild growth and drift deposits. The Corps has several ancillary regulations
which further address vegetation and the operation and maintenance of levees,

Pertinent standards (US Army Corps of Engineers 1968) are excerpted below:

Maintenance Standards
falntenance Standards
The levees will be maintained as necessary to insure serviceabil-

ity against floods at all times. Standards for accomplishing the fore-

going are as follows:

A good growth of sod will be maintained where feasible with grass
height from 2 inches to 12 inches, substantially free of weeds.

All brush, trees, or other undesirable wild growth will be removed
from the levee embankment. Vegetation specifically planted for aesther-
ilcs or recreation purposes may remain.

15. Corps guidance for plantings on levees for aesthetic or environmen-
tal purposes is contained in a separate manual (US Army Corps of Engineers
1972). The guidance is to keep the basic levee structure free of roots and to
provide a buffer zone of at least 3 ft (1 m) between the deepest expected
penetration of plant roots and the face of the basic levee structure. If
trees and shrubs are desired on g levee, the levee section must be overbuilt
to accommodate the plant roots as depicted schematically in Figure 1. Alter-
natively, the woody vegetation may be placed in concrete tubs or planters
whose purpose is to limit and confine root penetration.

California Department of Water
Resources Reclamation Board guidelines

16. Concern about the envirommental impacts of removing or stripping
levee vegetation in the San Joaquin-Sacramento delta region spurred efforts by
both the California Department of Water Resources and the Reclamation Board to

seek alternative levee maintenance standards. This effort was directed at
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Figure 1. Cross section of an overbuilt levee

'evaluating and finding feasible means to plant/retain a controlled vegetative’
cover for wildlife, recreation, scenic, and aesthetic purposes.

17. Results of a 5-year study to test alternative methods of levee
maintenance were published in a Pilot Levee Maintenange Study (Davis, Ito, and
Zwanch 1967). The study concluded that native riparian as well as other plant
species could be maintained and propagated compatibly with the flood control
function. Coincidental with the Pilot Levee Maintenance Study, the California
Reclamation Board released a guide for encroaching vegetation on project lev-
ees (California Reclamation Board 1967) which was adopted by the Sacramento
District. The guide recommended that vegétation be maintained in a controlled
manner to ensure that it does not compromise levee integrity or interfere with
levee inspection, maintenance, operation, or flood-fight activities. The
guide required that the levee be oversized in order to provide for a root
zone. The guide also specified minimum spacing intervals for trees and shrubs
in order not to hinder inspection during low-flow and flood periods. Further-
more, the guide listed acceptable and unacceptable species of trees and
shrubs--from the'viewpoint of growth character, impairment of inspection and
maintenance, and potential hindrance during flood-fighting activities. In
recent years vegetation maintenance standards have been promulgated by the
State of California that are more tolerant than current Corps guidelines (Cal-
ifornia Reclamation Board 1982). These State maintenance objectives and vege-

tation characteristics for levee maintenance zones are listed in Table 1.
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Table 1

Maintenance Objectives and Vegetation Characteristics for Levee

Vegetation Management Zones {(California Reclamation Board 1982)

Zone Maintenance Objectives Vegetation Characteristics
A In areas where lands within Low-growing grasses or ground
Ten-foot 10 ft of the levee toe are covers which can tolerate but
maintenance used for levee maintenance, not impede periodic vehicle
access access for maintenance equip- passage are desired.
ment must be kept open.
B The integrity of the landside Perennial plant species with
Landside slope is critical during long-lived, extensive root
slope seasonal high water since it is systems adept at binding soil
the last line of defense particles and inhibiting erosion
against flooding of adjacent are desired. "Cocl season"
property. It is also the slope species which develop extensive
which remains visible during root systems with the onset of
high water and provides fall raing but whose top growth
opportunities for early remains low until early spring
detection of leaks, seeps, or meet the maintenance objectives.
boils. Clusters of taller growing
shrubs or trees which meet
The vegetation on the landside requirements set forth in the
of levees should be selectively Reclamation Board's Guide for
managed to maximize its-: Vegetation on Project Levees can
soil-binding rootmass, while also be desirable.
providing for visibility. This
will maximize both the
stability of the slope as well
as its visibility in case of a
flood fight.
c Crown roadways are usually It is desirable to keep crown
Crown road- surfaced with gravel, although roadways cleared of most
way and asphalt is sometimes used. vegetation. Plant populations
shoulders Vegetation is considered can be tolerated if they do not

undesirable when it creates
automobile catalytic converter
fire hazards, breaks up paved
surfaces, makes gravel recovery
or blading difficult, or
physically prevents access or
passage on the road surface.

impede road maintenance or
vehicle movement at any time of
the year.
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European practice
18. 1In European practice, vegetation is promoted as a means of stabi-

lizing streambanks and levee slopes. In Bavaria, West Germany, a common
design practice is to construct widely spaced, vegetated levees as shown in
Figure 2. A mixture of plants, including reeds, grasses, and trees, is used
with riprap and other standard engineering control measures to retard erosion

(Keller and Brookes 1984).

Survey of Corps District Practice

Scope of survey

19. Variances and differences in vegetation management practice exist
between Corps Districts in spite of national guidelines, These differences
are driven by such factors as levee types, climate, money available for
inspection, and local environmental pressures. A limited study of Corps Dis-
trict practice was undertaken to obtain some idea of (a) major vegetation
maintenance issues or problems, and (b) reasons for differences in response to
these issues. The information was derived largely from site visits and inter-
views with District personnel.

Seattle District

20. The Seattle District has adopted minimum maintenance standards for
levees in their jurisdiction that differ from most other Corps Districts. The
standards explicitly address concerns about levee structural integrity while
including measures which consider the impact of levees on fish and wildlife.
The maintenance standards include variable standards for vegetation on levees
depending upon position along the river channel as depicted in Figure 3. More
extensive vegetation is allowed on riverward levee slopes located on convex
bends or in straight reaches on gentle bends. The standards limit tree and
shrub size to a main stem diameter of 2 in., or less. No trees or shrubs are
allowed on the landward slopes or crowns., Undesirable growth that hinders
inspection (e.g., blackberries and wild roses) must be removed annually.

21. The variance was approved by the North Pacific Division on the
basis of the unique circumstances of levee project settings along the Puyallup
River near Tacoma, WA. The variance was part of a local sponsor agreement
between the Corps and the Puyallup Indian Tribe. The Tribe made retention of
vegetation on the embankment a condition of construction. Since the levee is

maintained by the Corps, it was felt that all maintenance could be done in a
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MANAGEMENT QF LEVEE VEGETATION

@ Araas of HIGH potential damage, such as the outside of river bends, his-
torically floodad sreas, or levess adjacent to residences and critical ues
facilities should be cleared of trees and brush which could obstruct sccess
for inspection and repair. Io these laves ssctioos, only grass sud small
forbs would be permitted.

Areas of INTERMEDIATE dsmsge poteutial such as trelatively level, straight
@ raachee and gentle bends could be selectively cleared, leaving clumps or
stripe of vegetation while sllowing unimpeded access for inspection and repair.
The type, asount and distribution of this vegetation would be carefully coor-
dinated with the Corps of Foginears to inmsurs lavas integricy,

@ Ateas of LOW potential damage, i.s., the inside portion of river bends,
lavees which are seldom damaged or which protect large areas of undeveloped or
talatively lov value lsnd could ba maintained in a mannar which would leave
moat leves vegetation intact, removing only that vegetation which could con-
scitute a threat to the leves or impede levaa accesalbilicy.

Figure 3. Seattle District guidelines for management
of vegetation on Puyallup River levees

timely fashion, and that there was therefore a much reduced risk of levee
failure as a result of excessive vegetation growth.
Vicksburg District

22. The Vicksburg District has project levees on the Ouachita, White,
Red, Mississippi, Yazoo, and Pearl Rivers. Project levees are composed pri-
marily of fine-grained soils--silts and silty clays. Underseepage appears to
be the main problem of concern. Nomne of the Project levees are overbuilt,
although seepage berms are common. District personnel that were interviewed

could recall no levee failures directly attributable to vegetation; however,
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boils had been observed around trees growing hundreds of feet landward of
levees.

23. Vegetation management on project levees consists typically of mow-
ing, herbicides, and burning, in that order. The Corps encourages growth of
Bermuda rather than Johnson grass on these levees. Few problems with vegeta-
tion maintenance on berms and embankments were reported except on the Red
River, which was taken over from the New Orleans District about 1983. A
review of District files suggests that most vegetation problems on the Red
River levees are caused by (a) overhanging limbs from trees at the toe;

(b) encroachment of vegetation on levee toes; and (¢) woody vegetation growing
along fencerows. )

24, Different conditions and problems prevail in the case of nonproject
levees. Unlike the local, engineered project levees, these levees are very
sandy. The main deficiencies with non-project levees arise from overgrown
vegetation conditions, insufficient freeboard caused by post-construction
settling, and bank erosion, including some caving. Inspection of these levees

is less frequent and less thorough.

Potential Impacts of Vegetation on Levee Structural Stability

General considerations

25. The benefits and detriments, respectively, of vegetation on embank-
ment slopes and levees have been discussed in a number of reports, articles,
and books (Nolan 1984: Greenway 1987; Tscharntz arid Weaver 1988; Carter and
Anderson 1984; Gray and Leiser 1982). The role of vegetétion has been con-

sidered with regard to a variety of issues, which include:

4. Structural stability.

b. Inspectability.

¢. Flood fighting.

d. Recreation and wildlife.
2. Agricultural impact,

f. <Channel conveyance.

g. Burrowing animals,
26. Of necessity this report and review are restricted primarily to one
of these issues alone; namely, the influence of vegetation on structural sta-
bility and integrity. Admittedly, there are linkages between these issues.

For example, to the extent that vegetation actually hinders inspection and the
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ability to detect cracks, burrow holes, slumps, scour pockets, boils, and
other defects in a levee it indirectly affects structural stability as well,
Likewise, to the extent that vegetation attracts, or conversely discourages,
burrowing animals it also affects structural stability--particularly with
regard to the danger of Piping and internal erosion. Voids and tunnels
clearly attributable to burrowing animals were mapped during the field inves-
tigation which is the main subject of this report. The linkage between vege-
tation, burrowing animals, and structural stability is direct and significant
enough, therefore, to merit inclusion both in a literature review and later
discussion in the report.

27. The structural stability of a levee can be affected Oor compromised

by several processes in which vegetation plays a potential role, namely:

4. Mass stability (slipouts or slides).
b. Surficial (rainfall) erosion.

¢. Current/scour erosion.

d. Piping or internal erosion,

Each of these processes and the role/influence of vegetation will be reviewed
briefly.

28, Unfortunately, indictments reported in the technical literature
against vegetation, particularly woody plants, are often general and unspe-
cific in nature. It is difficult, therefore, to conclude in what way and how
vegetation adversely affected stability. The opinions of professional engi-
neers (Nolan 1984) regarding the undesirability of significant vegetation on
levees is characteristic in this regard. Tschantz and Weaver (1988) published
a highly negative report with regard to the presence of vegetation on earthen
embankment dams. Conclusions in the report were based mainly on an opinion
survey of state dam safety officials. The literature on beneficial effects of
vegetation on slope stability is dismissed out of hand in this report with a
single sentence. ., "However, same people do not agree that the beneficial
effects of trees on hill slopes are transferable to earth dams." Questionable
cause and effect relationships have also been cited occasionally as the basis
for indicting vegetation. & good example is the discovery of tree roots
exposed in a breached or failed section of a dam (Shaw 1978; Tschantz and
Weaver 1988),

29. The lack of specificity and carefully documented field evidence
demonstrating harmful effects of levee vegetation on structural stability have

been alluded to by Carter and Anderson (1984)., These authors note that causes
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of levee failure are difficult to document and they claim that no levee fail-
ure in the Central Valley region has been attributable directly to the
existence of riparian vegetation on unrevetted levee slopes. However, they
also caution that vegetation which hinders a local maintaining agency in the
performance of adequate inspection and maintenance increases the risk of faiil-
ure. In this regard, the Pilot Levee Maintenance Study (Davis, Ito, and
Zwanch 1967) developed some preliminary data and information which suggested
that native and other vegetation could be maintained compatibly with flood
control functions.

Vegetation and mass stability

30. Slopes fail by movement along a critical surface when the shear
stress exceeds the available shear strength along the surface. A mass stabil-
ity failure commonly consists of shallow, largely planar surface sliding in
sandy soils or along a deeper seated, rotational failure surface which tends
to occur in cohesive soils. Mass stability is strongly influenced by pore
vater pressures. Seepage patterns and the location of the phreatic surface
affect the landside slope of a levee or earth dam, whereas suddeﬁ drawdown
conditions, e.g;; quickly receding flood levels, affect the stability of the
riverward slope.

31. The effects of vegetation on slope stability are best documented in
the soil conservation and forest engineering literature. Greenway (1987) has
provided a good summary of the hydromechanical influences of vegetation as
related to mass stability. These influences are depicted schematically in
Figure 4 and tabulated'according to whether they exert a beneficial or adverse
effect. The most obvious way in which woody vegetation enhances mass stabil-
ity is via root reinforcement. Extensive laboratory studies (Gray and Ohashi
1983; Gray and Maher 1989) on fiber-reinforced sands indicate that small
amounts of fiber can provide substantial increases in shear strength, These
findings have been corroborated by field tests on root-permeated soils (Endo
and Tsuruta 1969; Ziemer 1981; Riestenberg and Sovonick-Dunford 1983).

32, Soil buttressing and arching action associated with roots and the
stems/trunks of woody vegetation are also important components of slope sta-
bilization. 1In addition, evapotranspiration by vegetation can reduce pore
Water pressures within the soil mantle on natural slopes, promoting stability
(Brenner 1973). The levee environment, which can experience saturation and l

rapid drawdown, and in which groundwater seeps nearly horizontally across the
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Rainfajl

Hydrological Mechanisms Influence

1

2

3

4

Foliage intercepts rainfall, causing absorptive and evaporative losses that B
reduce rainfall available for infiltration. .

Roots and stems increase the roughness of the ground surface and the A
permeability of the soil, leading to increased infiltration capacity.

Roots extract moisture from the soil which is lost to the atmosphere via B
transpiration, leading to lower pore-water pressures,

Depletion of soil moisture may accentuate desiccation cracking in the soil, A
resulting in higher infiltration capacity,

Mechanical Mechanisms

5
6
7

8
9

Roots reinforce the soil, increasing soil shear strength. B
Tree roots may anchor into firm strata, providing support to the upsiope B
soil mantle through. buttressing and arching. '

Weight of trees surcharges the slope, increasing normal and downbhill force A/B
components,

Vegetation exposed to the wind transmits dynamic forces into- the slope. A
Roots bind soil particies at the ground surface, reducing their susceptibility B
to erosion.

Legend: A - Adverse to stability

B — Beneficial to stability

Figure 4. Hydromechanical influences of vegetation on the mass

stability of slopes (from Greenway 1987)
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levee, presents a different case. It is not yet known whether the latter
observations might apply to a levee embankment. Evapotraﬁspiration effects
will be significant, for example, only if flooding coincides with the vegeta-
tion growing season.

33. The primary detrimental influence on mass stability associated with
woody vegetation appears to be the concern about external loading and the dan-
ger of overturning or uprooting in high winds or currents (Nolan 1984;
Tschantz and Weaver 1988). 1If a large soil mass is disturbed during uprooting
it could reduce the stability of a cross section depending upon a tree’s posi-
tion on the slope. This problem is likely to be more critical for large trees
growing on relatively small dams or levees. With regard to external loading,
levee embankment slopes are generally shallow enough that the main component
of the overburden weight may act perpendicular to, rather than parallel to,
the failure surface, thereby increasing stability. However, the location of
trees on the embankment must be considered in any slope stability analysis in
order to ascertain the extent to which their weight might affect the balance
of forces,

Vegetation and surfi-
cial rainfall erosion

34. Surficial erosion entails the detachment and transport of individ-
ual soil particles as a result of a fluid (air or water) flowing over a soil
bed boundary. Bare soils are particularly vulnerable to both wind and rain-
fall erosion. Rainfall erosion occurs in various forms ranging from raindrop
splash to'rilling and gullying.

35. Vegetation plays an extremely important role in controlling rain-
fall erosion. Soil losses due to rainfall erosion can be decreased a hundred-
fold on bare, fallow soil (US Department of Agriculture Soil Conservation
Service 1978) by maintaining a dense cover of sod, grasses, or herbaceous
vegetation. Regulations governing levee maintenance (Us Army Corpé of Engi-
neers 1968) recognize the value of a sod cover and recommend its use whenever
feasible.

Vegetation and current/scour erosion

36. Levee slopes are also susceptible to erosion by water currents
during flood events. The erosive power of flowing water increases with veloc-
ity. Slope vegetation can help to reduce this type of erosion in the follow-
ing manner: aboveground shoots bend over and cover the surface and/or reduce

flow velocity adjacent to the soil/water interface, while belowground roots
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physically hold soil particles in place. The extent to which vegetation pro-
vides these benefits depends upon the surface area of vegetation presented to
the flow and the flexibility of the stems (Kouwen and Li 1980). Dense grass
swards and low shrubs which extend numerous, non-rigid branches and leaves
into the flow are the most effective in this regard. Uniformly rooted grasses
{as opposed to tussocks) and supple, young willows have proven to be valuable
for erosion protection (Parsons 1963; Seibert 1968). In large, wide-leveed
rivers, this additiomal channel roughness will have a negligible effect on the
stage of the design flood. 1In the case of a grassed surface, the hydraulic
roughness depends upon the physical characteristics of the grass sward such as
its height, stiffness and density, and its interaction with the flow. This
interaction can be divided into three basic regimes (Hewlett, Boorman, and

Bramley 1987) as shown schematically in Figure 5.
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from regrme 1103

On steep slopes,
conditions tend towards

Grass interference
with fl/uw

1 Low hydraulic loading C o 3 High hydrautic loading
; (for FEO1 V> 005m/s)

.Figure 5. Effect of hydraulic loading on a grassed surface
(from Hewlett, Boorman, and Bramley 1987)

In flow regime 1, the flow depth is significantly less than the height of the
vegetation, which is not deflected, and the velocity at the soil surface is
low due to the interference effect of the vegetation. In flow regime 2, the
combined effect of increasing flow velocity and depth causes the vegetation to
deflect and oscillate in the flow. In regime 3, the velocity is high enough
to flatten the vegetation and a relatively smooth, stationary surface is pre-
sented to the flow. The effect of this laydown is to armor the surface and to
assist in reducing local surface irregularities which might otherwise be sub-

ject to high drag forces during floods.
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37. Large, isolated, rigid trees do not provide these benefits., They
do not significantly reduce water velocities and instead may behave much like
bridge pilings (Raudkivi and Ettema 1985). Scour around the trunk, both
upstream and downstream, may be sufficient to undermine the trunk and to
accelerate local bank erosion. Differential scour around large roots exposed
in the streambank has been cited as a contributing cause of bank erosion
(Nolan 1984}; but, in undisturbed river systems with low banks and well devel-
oped bank vegetation, bank erosion is minimized because of the protection
afforded by such root structures (Klingeman and Bradley 1976).

Vegetation and piping/internal erosion

38. Water seeping through an earth dam or levee can lead to a piping
failure. Piping is a form of subterranean or internal erosion in which soil
fines become entrained in a seepage stream. Piping can lead to washout of
soil particles, removal of underlying support, and eventual collapse of an
earthen structure that is subjected to hydraulic loading. Piping may pose a
greater threat to stability and integrity of low, earthen embankments with
gentle side slopes, e.g., levees, than mass stability failures such as slump-
ing or rotational slides (Sherard, Decker, and Ryker 1972).

39. The phenomenon of piping in scils and earthen embankments--its
causes, identification, and manifestations--has been the subject of a number
of studies and symposia (ASTM 1977; Sherard, Deckef, and Ryker 1972; Perry
1975; Jones 1981; and Sherard 1986). The critical role played by the presence
of dispersive clays in a soil during piping is now well recognized. These
clays, when present, can be easily entrained in a seepage stream, and under
the right conditions, be flushed out.

40. Except in the case of internally unstable soil gradations (Kenney
and Lau 1985) the consensus today is that some kind of internal fissure,
crack, or macropore is required to initiate and propagate piping. Sources of
quasiplanar macropores include dessication and syneresis cracks, settlement
cracks, and compaction lift planes. Vegetation management itself may influ-
ence the occurrence of significant macropores. Mowing and grazing decrease
macropore density because of associated compaction, while uneven, rapid sur-
face drying in the absence of significant vegetation cover can lead to dessi-
cation cracks in an embankment (Beven and German 1982),

41. Sherard (1986), after an extensive review of available evidence,
concluded that cracking in earth dams commonly occurs by hydraulic fracturing.

Hydraulic fracturing is a tensile separation along an internal surface in a
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soil mass or embankment on which the effective stress approaches zero; in
other words, where the neutral (pore water pressure) equals the total confin-
ing stress. This hydraulic fracturing is facilitated by differential settle-
ment and internal stress transfer in an earthen structure. Sherard also
showed that in some cases a surprisingly small head differential is sufficient
to "jack open" a pre-existing crack or propagate a fracture in a zone where
internal stress redistribution has reduced the minor principal stress to zero
or even to a tensile stress. Low, homogeneous dams without internal drains or
filters appear especially vulnerable to this action following the first
hydraulic loading. Channel levees fall into this category of earthen struc-
ture. One low earthen dam that Sherard inspected had developed a concentrated
leak, and erosion tunnels (pipes) 225 m long under a 50:1 hydraulic gradient
when the reservoir head of water acting on the upstream face of the dam was
not more than 4 m. This relatively low head and gradiént initiated the
hydraulic fracturing.

42. Biotic activity, i.e., the actions of plant roots and burrowing
animals, has provided a popular explanation for pipe development. Given the
fact that the presence of some form of macropore is a prerequisite for piping
in most soils, it is not surprising that biotic activity has been viewed as a
likely and indeed principal cause of piping. It is, after all, a lot easier
to envision relict root holes than it is to picture hydraulically induced
fracture planes in an earthen embankment. Numerous levees failed along the
Columbia River in 1948 when flood waters allegedly filled and spurted through
channels and conduits in the levees (Cedergren 1967). Channels left by either
rotted roots or burrowing animals were suspected as the cause. Root systems,
or more particularly, root holes left behind by decayed roots, are frequently
cited (Nolan 1981; Tschantz and Weaver 1988) as the probable cause and origin
of conduits and pipes in earthen structures. Unfortunately hard evidence with
regard to the penetration of roots across (or through) levees and their subse-
quent decay to form conduits is lacking in the published literature.

43. Much of the evidence with regard to the biotic origin and/or cause
of pipes appears to be inferential or anecdotal in nature. The relative
importance of animal burrows versus root holes does not seem to have been
weighed nor have other causes of piping failure such as hydraulic fractures

(Sherard 1986) been considered carefully,
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Relationship Between Vepgetation and Burrowing Activity

44. 1If burrow holes do indeed constitute a major threat to levee sta-
bility then it is important to ascertain to what extent vegetation either
encourages or discourages such activity. The fact that the basic regulations
governing the operation and maintenance of project levees (US Army Corps of
Engineers 1967) explicitly call for the extermination of burrowing animals,
suggests that animal burrows are a major concern, Corps levee maintenance
policy (US Army Corps of Engineers 1968) requires both backfilling of animal
burrows in levees and efforts to exterminate the animals by chemical and other
means.

45. Hynson, Elmer, and Shields (1985) describe the types of rodents and
rodent control programs associated with levees. Habitat modification is a
control technique that consists of understanding the requirements of pest
speciles and modifying vegetation types on and around a levee to produce condi-
tions that do not meet basic food and/or cover requirements of pest species
and modifying vegetation types on and around a levee to produce conditions
that do not meet basic food and/or cover requirements of the species.

46. The California ground squirrel (Spermophilus sp.) has been the
focus of much étudy with regard to its burrowing habits and methods to control
its population (Salmon, Marsh, and Stroud 1987; Fitzgerald and Marsh 1986;
Daar, Klitz, and Olkowski 1984). The California ground squirrel digs a com-
plex burrow system in levees. Burrows average 10 cm in diameter with varying
horizontal lengths of 1.5 to more than 9 m. Burrow depth varies but most are
less than 1.2 m deep. Several investigators (Owings, Borchert, and Virginia
1977; Dafr, Klitz, and Olkowski 1984) have noted that ground squirrels are
attracted to sparsely vegetated areas where they can readily observe their
surroundings for predators and communicate more easily with one another.

Based on their studies in California, Darr, Klitz, and Olkowski (1984) also
remarked that the traditional approach of annually burning levee slopes fol-
lowed by dragging to obliterate burrow openings unwittingly improves the qual-
ity of ground squirrel habitat. In contrast, a program of deliberately
maintaining certain vegetation on levee slopes may tend to discourage squirrel
colonization. Fitzgerald and Marsh (1986) are doubtful about the success of
this approach, however, in light of their experiment with special plantings of
tall grass and broad-leafed species which actually resulted in larger squirrel

populations in some grass plots. It appears from a review of the literature
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on this subject that differences of opinion exist on the connection or causal
relationship between vegetation and burrowing activity. Further studies are

required to resolve this issue.

Root Distribution and Architecture

47. It is considerably more difficult to obtain information about the
development and distribution of plant roots below ground than about stems and
foliage above ground. Nevertheless, quite a lot of information has been pub -
lished on this subject (Hermann 1977: Sutton 1980). Furthermore, there are
well-documented techniques and methods Ffor studying plant roots (Bohm 1979).

48. Roots can extend considerably beyond the width of the crown in some
species although rooting density decreases rapidly with distance from the stem
(Hermann 1977). Numerous studies have shown that most roots are found in the
upper 50 cm of soil, and most root activity and mycorrhizae in the top 20 cm,
depending on soil aeration and fertility (Fogel 1980; Hermann 1977). Roots
have been found at depths as great as 6 m in sandy soils where aeration
requirements are not as restrictive. Localized concentration of roots may
occur in decaying roots, channels formed by decaying roots, and in thick 1it-
ter (MeGinn 1963), These observations simply underscore the fact that roots
also tend to find and exploit pathways or channels of least resistance or
favorable rooting environment.

49. Field methods for studying root distribution and architecture can
be classified as follows:

a. Excavation methods.

b. Monolith methods.,

c. Auger method,

d. Profile-wall method,

e. Glass-wall method (rhizotron).

50. Bohm (1979) provides detailed information on each of the methods
and their relative advantages and limitations. Selection of the best method
depends upon the root parameter information of interest, site constraints,
available labor, level of accuracy, and detail required. Root parameters com-
monly used to express growth and distribution are number, weight, surface,
volume, diameter, length, and number of root tips.

51. The excavation method provides the clearest picture of the entire

root system as it exists naturally in the ground. The length, size, shape,
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orientation, and other characteristics of individual roots making up the root
system can be studied directly. In addition, the interrelatibénship between
competing root systems of other plants can be studied. On the negative side,
the excavation method requires large amounts of physical labor and is wvery
time-consuming. It also results in considerable site disturbance and does not
record much about relict roots or biopores, except as they may be exposed
during the excavation process.

52, The prefile-wall method is probably the method most suited for

studying the distribution of both woody plant roots and hiopores in earthen
levees. In this method, either tangential or radial trenches are dug at cer-
tain dist&nces from a tree or along specified transects and the tips of the
cut roots are mapped in one of the walls of the trench. This is done by first
carefully scraping, brushing, or spraying the surface to reveal the tips of
the cut roots. A gridded, acetate overlay is then placed over the vertical
face or wall of the trench. Roots are mapped according to their location and
size category. A different symbol can be used for each size category. The
overlay technique is appropriate for investigating not only reoot distribution
but also for determining root area ratios as a function of depth and the dis-
tribution of biopores and pedotubules,

53. The frofile-wall method can be adapted for nearly all kinds of
soils. Problems arise in soils of very high clay content or in very loose
soils. The method requires no expensive equipment; the trench is dug by hand
or with a backhoe. The combined so0il and root profiles obtained by this
method are good basic material for interpreting root data, especially if
results for different sites are to be compared (Bohm 1979). It also permits

observations and mapping of soil biopores and pedotubules.
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PART IIY¥: FIELD DATA ACQUISITION

Site Selection and Deseription

Selection criteria

54. 8ite selection was governed by both study objectives and practical
constraints. The main study objectives of the field work were to examine the
influences of additional vegetation on levee structural stability and to
develop techniques for determining the distribution of roots and bioporeg in a
levee cross section. The initial site was selected to meet these objectives
and to maximize useful information gained from the study. Inquiries about
possible field study sites were directed to all USACE Divisions. Candidate
sites for an initial study were narrowed down to the Sacramento District in
California and the Seattle District in Washington. Time limitations and fund-
ing availability eventually limited the field study to a single area.

53. The search for a suitable site was focused in the Sacramento Dis-
trict because this District has severely overgrown project levees and because
this condition has been an issue there since the publication of the Pilot
Levee Maintenance Study (Davis, Iteo, and Zwanch 1967). Selection criteria

used in locating a suitable site included the following:

4. Presence of a mixed, woody species vegetation community.

b. Roadway access and backhoe accessibility.

€. Availability of levee construction and channel hydrologic
records.

d. Permission and cooperation of local jurisdictions to trench and

excavate.
The availability of good levee management/maintenance records should be con-
sidered as a criterion in future studies of this type because this would
improve understanding of vegetation development or succession on the levee
over time.

Study site location

56. Several potential study sites were investigated along the Sacra-
mento River between Knight'’s Landing and Sacramento. The site ultimately
selected is located on the west bank of the Sacramento River between the con-
fluence of the Sacramento and Feather Rivers and the Interstate-5 bridge at
Elkhorn, CA (see Figure 6). The study reach is approximately 6 miles long and

is located in Reclamation District No. 1600. This reach was chosen because it
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met the selection criteria and afforded the best mix of vegetation on an
active levee. The levee reach in question contained monospecific clumps of
typical native and introduced riparian vegetation, some of which were cbjec-
tionable from the Sacramento District maintenance point of view, and were not
in compliance with levee maintenance engineering manuals (US Army Corps of
Engineexs 1972, 1978). The director of the local reclamation district, who
was a local landowner, gave his permission for the study. Logistical support
in the form of a backhoe with an operator and watertank truck was supplied by
the local office of the California Department of Water Resources.

Levee characteristics

57. The levee section in question was not engineered, having been built
of material dredged from tﬁe river and hydraulically deposited on the bank.
The levee was constructed between 1912 and 1916 at the height of hydraulic-
mining-induced flooding in the Sacramento-Feather River system. The levee
consists of a low embankment or dike approximately 12 ft high. An unsurfaced
road about 20 ft wide runs along thé crest. Seepage is locally a problem; a
filter cloth/gravel berm was recently placed along a 100-ft section of the
levee on the landward toe of the levee immediately upstream of the study loca-
tion. There is also a rock revetment bank protection project near the south
(downstream) end of the study site.

38. The levee embankment is composed primarily of sandy soils which
support mature, 30+-year-old cottonwoods and valley oaks. Black locust,
shrubby willows, wild rose, and poison oak make up the balance of the woody
plant community growing on the levee. Burning is used t6 maintain the levee
vegetation at its current levels, The fire environment can significantly
modify or change levee vegetation. Unfortunately, reliable information on the
frequency and timing of burning was not readily available. Only limited

information was gathered about the extent to which past burning practices

might have altered the vegetative spectrum and other conditions, e.g., root

structure and distribution, relative to that which would exist under natural
succession. California ground squirrel burrows are ubiquitous in the levee.
A general view of the levee illustrating some of the aforementioned features
is shown in Figure 7.

59. The steeper, xeric landward slope of the levee generally faces to
the west and receives not only the afternmoon sun but also the force of occa-
slonal strong winds. Additionally, this face of the levee is burned annually

to help prevent field fires (see Figure 7). Little grew in this harsh
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Figure 7. General view of levee at study site showing vege-
tation growing on riverward side and burned-over slope on
landward side

environment during most of the field sampling period (October through March).
During March, after the advent of winter rains and warmer weather, vegetétion
became lush here. This proved to be the best time to identify species on the
landvard slope. Valley oaks are the dominant woody species here. Under the
oak canopies, grasses and other ground cover, e.g., horsetails (Equisetum) are
protected from the desiccating sun into the early summer.

60. The level crest of the levee includes a frequently travelled crest
road and road shoulders. Most plants here are stunted and only hardy pioneers
survive. Most of the growth on this high, dry surface occurs in the early
spring when lupine (presumably hydroseeded) covers much of the area. During
most of the year, storksbill (Erodium) blankets the area.

6l. The generally east-facing riverward slope is less steep and more
mesic than the landward slope and supports plant growth over a broader tempo-
ral range. Valley ocaks and Fremont cottonwoods are the dominant species with
storksbill totally covering most of the areas that have no tree or shrub
canopy.

62. Hydraulic information for the reach of channel adjoining the levée
study was calculated from flood hydrograph data measured at the Verona gaging

station. Discharges of known duration from the post-Shasta Dam time series of
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daily values at the Verona gage were carried upstream using HEC-2 from known
stage-discharge relationships at the I-Street bridge discharge gage in down-
town Sacramento. HEC-2 cross sections were located at particular study loca-
tions along the levee reach in order to estimate the total durations of
hydraulic loading at various elevations and to determine the amount of free-
board during peak floods. At its lowest point the levee had less than 2 ft of
freeboard during the peak of the winter 1986 floods. The stage-duration esti-
mates were used in conjunction with transient seepage analyses, described
later in the report, to determine likely frequency for development of an equi-
librium or steady-state phreatic surface in the levee that would intersect the
landward toe.

Trench sites

63. The distribution of roots and biopores at various locations in the
levee was determined using an adaptation of the profile-wall method {Bohm
1979). This method requires the excavation of a narrow trench in order to
expose and map roots, pedotubules, conduits, and other inclusions that inter-
sect the vertical face of the trench. The trench sites were selected so that
the root architecture and distribution of the principal woody species of
interest growing on the levee could be mapped. Each trench site was located
in an area dominated by the following woody species: 1live and dead valley
oaks (Quercus Iobata) willow (Salix hindsiana) elderberry (Sambucus mexicana),
and black locust (Robinia pseudoacacia). In addition a control site consist-
ing of herbaceous cover and low shrubs was also trenched. A total of seven
sites were thus identified and selected for trenching; their location is noted
on Figure 8. Site No. 1 (cottonwood) was not trenched simply because of time

limitations.

Physical Data

Levee creoss-section surveys

64. The geometry and dimensions of the levee were determined by field
Surveys. A cross section was surveyed at each trench site location starting
from the landward toe, across the levee crown, to the closest proximity of the
edge of the active channel. The latter was usually the top of the riverbank,
although poison oak and blackberry bushes precluded this option at the willow

and elderberry sites.
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Soil information

65. Grain size analysis. GCrain size analyses were conducted in order
to classify and characterize the levee soils at each trench site location.
Samples for grain size tests were obtained at 6-in. intervals to a depth of
4 ft using a 2-in. bucket type auger. The auger holes or borings were also
used in connection with bore hole, direct shear tests. The borings were made
along the axis of each trench site prior to trenching. Samples were also col-
lected from suspected pedotubules. A pedotubule is a relict conduit or bio-
pore that has been infilled by soil that is ﬁashed in from the surrounding
area (Brewer and Sleeman 1963). 1In this case samples were taken from the area
of the suspected pedotubule and surrounding soil as well. Differences in
gradation between the two areas were interpreted as supporting evidence for a
pedotubule. An example of a pedotubule that was exposed in a trench at the
live oak site is shown in Figure 9,

66. Grain size distribution was determined using standard testing pro-
cedures as described in ASTM D422-58 (ASTM 1985). Most samples were predom-
inantly coarse-grained, so that a sieve analysis alone sufficed to determine
gradation,

67. Field density tests. Field densities were measured at different

depths and locations along the trenches in order to determine the influence,
if detectable, of plant roots on soil void ratio or porosity. Porosity is
inversely proportional to dry density. The field density of soils at the
trench sites was determined by means of a small tube sampler known as an Eley
volumeter. The volumeter consists of a tube with a piston that is pushed into
the soil a distance of approximately 3 in. The volumeter and its contents are
then excavated, and a calibrated volume of soil (usually 30 cm®) is extruded
from the sampler into a sample bag. The soil is later oven-dried and weighed
to determine the dry density. The dry density is determined by dividing the
dry weight of solids by the extruded volume.

68. Volumeter samples were obtained from the exposed, vertical faces of
the trenches as close to the bore holes used for grain size sampling and the
insitu, direct shear tests. Samples were also removed from areas of suspected
pedotubules. Contrasts in density between the suspected pedotubule and sur-
rounding soil were also used as supporting evidence for the existence of a
pedotubule at that location in the same manner cited previously.

69. Borehole shear tests. Effective shear strength parameters, i.e.,

friction (@') and cohesion (c ') were determined in situ using an Iowa
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Figure 9. Suspected pedotubule

exposed in vertical face of trench

at live valley ocak site (site 4) at

depth of 2 ft (pedotubule appears as

light-colored area with eliptical

cross section in center of
photograph)

borehole, direct shear device (Wineland 1975; Handy 1986). Shear strength can
be determined rapidly as a function of depth with this device without the need
to obtain samples. The borehole shear test consists of augering a pilot hole
and then reaming to a diameter of 3 in. in order to create a borehole with
smooth sides. A small pneumatic piston with serrated shearing heads at either
end is then lowered down the borehole to the depth of interest. The serrated
" heads are next expanded out against the sides of the hole with a known normal
stress. After an appropriate consolidation interval, the heads are pulled up
the hole, thus creating a shearing stress. The tangential or shearing stress
is recorded by means of a force platform at the surface which transfers the
tensile force in the pulling rods to hydulic cells which record the‘shearing
Stress at the serrated heads in the borehole as shown schematically in Fig-
ure 10. A photograph of a borehole shear test set up at a levee site 1s shown
in Figure 11,

/0. Some difficulty with the borehole shear method is encountered in

the case of very dry, cohesionless soils where the borehole tends to cave.
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Table 3

Species Composition and Plant Cover at Trench Sites

Species

Common
Name

Absolute Cover (percent)

Control Dead Qak

Grasses (various)
Sedges (various)

Rosa californica
Heterotheca grandiflora
Lotus purshianus
Glycyrrhiza lepidota
Sisymbrium officinale
Convolulus spp.

Salix hindsiana

LS

Sambucus mexicana
Ribes spp.

Robinia pseudoacacia

California rose
Telegraph weed
Lotus

Licorice
Mustard
Bindweed
Willow
Elderberry
Blackberry
Black locust

16.8

6.7

31.6

1.5
0.2

Burned

.Live Gak Willow Elderberry Black Locust
-- ‘Burned Burned ND
<0.1 Burned -- --
5.9 .- 3.7 2.1
13.3 - -- --
~b.7 -- -- 0.4
<0.1 -- -- --
-- ~10 - --
-- -- 72.0 --
-- -- 1.7 --
-~ -- -~ 72.4
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after trenching (site 2). The dead oak stump was located near the crest of
the levee adjacent to the road on the riverward side. The stump was visible
as a living tree in 1974 air photos and as a stump in 1982; therefore, it was
felled sometime during the 8-year period between 1974 and 1982. Accordingly,
the age of the stump when it was excavated in 1987 was somewhere between 5 and
13 years old. Based on a tree ring count, the age of the tree when it was cut
was at least 37 years.

103. The root architecture of the oak was characterized by a massive,
central tap root and a series of lateral roots radiating from the main tap
root at a depth below the ground surface of approximately 0.6 to 1.2 m. A
photograph of the excavated stump is shown in Figure 44. The most interesting
and significant feature of the laterals was the angle at which they radiated
away from the central tap root with respect to the ground surface. Most of
these lateral roots angled down sharply rather than growing out in a quasi-
horizontal attitude characteristic of lateral roots. This structure explains
in part the paucity of roots exposed in the vertical mapping faces of the
trenches around the oak trees at their drip lines. This structure is also
consistent with the adaptability of the oaks to the levee envirornment and

extreme droughtiness of the sandy soils that comprise the levee. The lateral
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Figure 38. Functional relationship between RAR and
depth in perpendicular and parallel transects,
respectively, elderberry site (site 7)
roots are angling down sharply in order to reach the groundwater table at

depth beneath the levee.

104. Vertical versus horizontal roots. Vertical or sinker roots are

more likely to be effective in directly resisting downslope shearing forces on
surfaces oriented parallel to the slope. The profile-wall method essentially
maps horizontal or nmear horizontal roots exposed in a vertical face of a
trench. The question that arises accordingly is, "Are RARs mapped on a
vertical surface also representative of RARs in a horizontal plane which would
be more representative of the vertical root system?" Reistenberg and

Sovonick-Dunford (1983) conducted extensive root mapping of ash and maple
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trees growing in a colluvial layer of soil on a steep, slide-prone slope.

They hand-excavated the root systems and measured root areas in horizontal
planes as a function of depth. Their root area ratio profiles were very simi-
lar to those obtained in the present study. This finding suggests that root
distributions obtained by the profile-wall method should provide reasonable
estimates of root area ratios (on horizontal surfaces) with depth as well.
Further study is required on this point, however, in view of the root struc-
ture revealed during the excavation of the dead oak stump.

105. Void and pedotubule distribution. Voids and pedotubules that were

exposed in the trench faces were also mapped along with roots. Unlike intact
roots, open voids or conduits in a levee represent a clear and immediate dan-
ger from the point of view of a piping or internal erosion failure. Voids or
holes created by burrowing rodents were easily identified in the trench faces
by their size, shape, and form. An example of a ground squirrel burrow
exposed in the trench face at site 4 is shown in Figure 45. These burrow

holes occurred at all depths. A burrow hole located at the bottom of the

67



DISTANCE BELOW GROUND SURFACE, IN.

-38

ROOTS/SQ FT

(site 4)

68

1000

Figure 42. Root size frequency distribution, parallel trench, live oak site
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Figure 44. Photograph showing root structure and
architecture of dead oak stump excavated in sandy
levee, site 2

Figure 45. Photograph of ground squirrel
burrows exposed in trench face at live
oalk site (site 4)
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parallel trench face at the live oak site (site 4) is shown in Figure 46,
Smaller diameter voids or holes caused by insects, e.g., ants, were also
observed. These were very abundant in the parallel trench at the elderberry
site (site 7).

106. No voids clearly attributable to decayed or rotted roots were
observed. In a few cases voids were observed with residual root bark linings.
However, these voids were all infilled with soil and hence, are more appropri-
ately classified as pedotubules. An example of an infilled root hole is shown
in Figure 47,

107. Void versus depth profiles were plotted for each site. The void
density versus depth is shown plotted in Figure 48 for the elderberry and live

oak sites. The average void count for all sites is also plotted on Figure 48.

Figure 46. Photograph of ground squirrel burrow exposed at
bottom of trench parallel to levee crest at live oak site
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Photograph of infilled root hole that has evolved

Figure 47.

into a pedotubule
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The number of voids per square foot reaches a maximum at a depth of 6 in. and
then decreases with depth to some minimum value. The number of voids per
square foot tends to exceed the average at the elderberry site, and drops
below the average at the live oak site. This finding can be explained as
follows: wvoids at the elderberry site are smaller and more numerous as a
result of insect activity, whereas the voids at the live ocak site tend to be
larger and less numerous as a result of animal (ground squirrel) burrowing.
An examination of the total area ratio profiles--which include void area
ratios-reveals that the live oak site had a total or combined void area ratio
of 4.7 percent versus 1.3 percent for the elderberry site. This finding also
supports the position that voids are less numerous but much larger on average
at the oak site compared to the elderberry site.

108. Good examples of pedotubules were observed in the perpendicular
trench face at the live oak site, Some of these pedotubules had approximately

circular or slightly elliptical cross sections with roughly the same diameters
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as the squirrel burrows also observed in the same trench face. The pedotub-
ules could be distinguished visually from the surrounding soil by differences
in color and texture as shown in Figure 49. The soil from these pedotubules
was analyzed further to determine if other soil properties might serve to
distinguish them as well. One pedotubule (No. 1) was located approximately

9 m from the levee crest at an approximate depth of 2.2 ft, and the other

(No. 2) at a depth of 0.5 ft approximately 13.5 m from the crest.

Figure 49. Example of pedotubule (No. 1) exposed in the perpen-
dicular trench face at the live oak site (site 4)

109. The results of gradation analyses and field density tests per-
formed on soil from the two pedotubules and the surrounding soil is summarized
in Table 5. There is a pronounced difference in both gradation and demsity
between the soil in the pedotubule and the surrounding soil at pedotubule 1.
The lower density in the pedotubule suggests that this material was washed in
and hydraulically deposited during a flood. The contrast in gradation and
density for pedotubule 2 is marginal; only a visual or textural difference
exists in this case. In any case, these findings indicate that voids do not
persist long in these sandy levee soils; instead they evolve into pedotubules
with time. Only rapidly formed holes of recent origin, namely, animal burrows
or inmsect holes, are likely to be seen and mapped as voids at any given
instant. Root holes form more slowly as roots gradually decay and are more

likely to evolve directly into pedotubules and not persist long as voids,
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Table 5

Gradation and Density Characteristics of Pedotubules

Pedotubule D30 Unified Dry Density
No. Location _mm Glassification pef
1 In pedotubule .200 SP-SM or SC 71.2
Around pedotubule .069 SM or SG 80.1
2 In pedotubule .07 SM or SC 81.8
Around pedotubule .10 SM or SC 78.7
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PART V: GEOTECHNICAL AND HYDRAULIC ANALYSES

Seepage Analyses

110. Predictive approach, One of the goals of the study reported

herein was to determine the likely influence of vegetation on the hydraulic
flow regime in a levee. This goal essentially entails determining the distri-
bution of hydraulic head and the location of the phreatic surface in a levee
cross section, i.e., constructing a flow net.

111. The location and spacing of flow lines and equipotential lines in
a flow net is particulérly important with respect to the internal stability of
a levee and its resistance to piping and seepage erosion, Closely spaced
lines translate into high gradients and seepage velocities. If this condition
occurs near the discharge face of the levee, piping and seepage erosion can
occur,

112. Possible ways in which vegetation can influence the hydraulic

regime of the levee include:

a. Modification of the hydraulic conductivity of the near-surface
layer (top 3 ft) as a result of root permeation and

disturbance.

b. Alteration of the hydraulic conductivity via changes in soil
moisture content as a result of transpiration.

c.

Creation of gross void volume defects such as pipes and con-
duits that pass or partially penetrate through a levee as a
result of lateral root growth followed by decay.

113. Standard techniques are available to construct 2-D flow nets and
determine hydraulic head distribution in earthen embankments., Permeability
discontinuities and unusual embankment geometries complicate the analysis, but
these techniques are adequate to investigate Items a. and b. cited above. An
iterative, finite difference approach using an engineering spreadsheet was
adopted for this purpose in the present study.

114. Suitable techniques are not presently available, on the other
hand, to construct 3-D flow nets which are required to investigate Item ¢.,
namely, the influence of void volume defects or macropores in a pervious
levee. In principle, an iterative, finite difference approach that links
together spreadsheets in the third dimension could be developed. A total of
six flow inputs, as opposed to four in the 2-D case, would be required at

interior grid or nodal points in such an analysis.

76



Iterative finite difference solution

115. Steady state seepage flow through an earthen levee must satisfy
the equation governing the distribution of hydraulic potential, viz., the
LaPlace equation, at every point., The finite difference method essentially
consists of subdividing the flow region into a series of nodes or grid points
and determining the appropriate finite difference equation for the hydraulic
head at each point. The head at each point can be expressed in terms of the
heads at surrounding or adjoining nodal points. Typical nodal relationships
or rules for calculating the head at interior nodes, nodes adjacent to or on a
boundary, and nodes on an interface between material of different permeabil-
ity, are summarized in Figure 50.

116. These equations can be solved simultaneously by an iterative
relaxation technique (Kleiner 1985; Das 1983) using an engineering spread-
sheet. The spreadsheet program EXCEL was used for this purpose in the present
study. Calculated values of the hydraulic head at the node points were in
turn used to plot the equipotential lines by means of an isopotential or con-

tour pletting program.

Influence of entrance,

? discharge., and transfer conditions

117. The orientation of the phreatic surface in unconfined seepage

through an embankment or levee depends upon a number of factors. The influ-

ence of entrance, discharge, and interface transfer conditions relevant to
seepage flow through a levee are summarized in Figure 51.

118. The effect of a permeability discontinuity upon the change in
direction of phreatic surface at the interface depends upon both the perme-
ability ratio (K;/K,) and the orientation of the interface (W) as shown in
Figure 51. The direction of the line of seepage must satisfy the Forcheimer

relationship, viz.,

Tan (&) _ X
Tan (B) K, (2)

where: A and B are angles of incidence and departure, respectively, of the
seepage line with respect to the interface. In addition to the Forcheimer
relationship, the direction of the line of seepage must also satisfy the con-

dition B = 270 - A - W for the cases noted in Figure 51.

77




F A B C
Sﬂfeadshaelj
1 column
B1 B1
Use urit dimensign
Spreadsheet : Impericus
P o { " lor compulaliont houndany
pase
z e () 9
cz A2 A 82 (#4
|
G2 gl A2 281 g2 AZ
= = = R = - -5 -
4 4 [ 4 4 d
3 . Imaginary Ty
B3 noge \_133
2. Typical interior node b. Made on imparvious boundary
A
Impervious ™
liregulac boundary.
baundares 1 -~ Pheeae e
X Surtace, enirance
of drscharge face
)
———
a2 c2
i )| 202 !
Imagirary rodes : B2 = g%_ + _(2 3+ - ¥
) 1
Oy -8.9
22 to 1 1
(z+r +-) B2 = - BI" + - (27-B3+&2
x ¥ X y
¢. Node at intersection of ¢. Node adjacent to
impervious boundaries irregular boundary
-
19 g1
Permeatyitty. k. Equpalentat
inlena P e
— O WeR ,
Tnal Iree surface,
Permeatilly. k -3+ potentizl equai [0
elevalion above
23 daium
_ A E3 4(B1) - i R 5
R . R = (3‘1) o= 872 -8R
Whete b = k. k Potennial al O = B1" x(1--cos U :
Value computed ler 82 should equat @
e. Node un_ime_riace between zones adjus! freg surface unld duflerence !
ol differing permeability Between B2 and G s acceplably smal
1. Technique ko adjust trial
free surlace H

Figure 50. Summary of typical hydraulic head
relationships for interior nodes, nodes
adjacent to or on a boundary, and nodes on an
interface between materials of different
permeability (after Kleiner, 1985)

Equilibrium hydraulic head distributions

119. Standardized levee peometry. A standardized levee profile or

geometry was adopted for the seepage analyses, as shown in Figure 52. The
same side slopes and crest width specified in the standard levee sections
shown in Figures 17 through 20 were retained for the seepage analyses. The
embankment height was set at 20 ft. A 20-ft levee height with the use of 1-ft

nodal spacings facilitated calculations in the seepage simulation. The actual
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ENTRANCE/EXIT CONDITIONS

—

Seepage line tangent
to discharge face

V4
9255\\“
Entrance Condition (G>90) Exit Condition (G<90)

INTERFACE_TRANSFER CONDITIONS (W<90)

Gently sloping interface Steeply sloping interface
K < K, K,< K,

Figure 51. Entrance, discharge, and transfer conditions for phreatic
surface during seepage flow through a levee
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Figure 52. Standardized geometry adopted for seepage and stability analyses

m_b

levee dimensions (height) are less important if the main purpose of the seep-
age analysis is to compare behavior with and without a modified surface layer
or skin.

120. The free water level on the channel or riverward side was set at
90 percent of the levee height for the seepage analyses. This level insured
that the equilibrium phreatic surface intersected the landward face of the

levee, and represents "worst case" scenario conditions.

121. Homogeneous cross _section. Hydraulic head distributions for a
homogeneous levee cross section were calculated on a spreadsheet using evenly
spaced nodes with the iterative, finite difference method described previ-
cusly. The phreatic surface or line of seepage was located with the aid of
the rules and relationships shown in Figure 51 and according to procedures
originally recommended by Casagrande (1938). The upstream face of the levee,
up to its intersection with the free water surface, is considered an equipo-
tential surface with a hydraulic head of 18 ft in the seepage analyses. This
equipotential surface extends along the horizontal upstream boundary in front
of the riverward toe of the levee. The discharge face of the levee, below the
emergence point of the phreatic surface, is also treated as an equipotential

surface with a hydraulic head value of zero. This equipotential surface like-

wise extends along the horizontal downstream boundary beyond the landward tece

of the levee.

122. The spreadsheet output was converted to a data file that was used

as the input to a contour or isopotential plotting program. The resulting

equipotential map is shown in Figure 53 together with the location of the

phreatic surface and the free water surface.
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Figure 53. Equipotential lines and hydraulic head distribution for a
homogeneous levee cross section

Composite levee with
modified surface laver

123. The impact of a modified surface layer or "skin" on either the
riverward or landward slope with a different hydraulic conductivity (K,) than
the central core of the levee (K;) was modelled by replacing the surface of a
homogeneous levee with a I-ft-thick modified layer. Most of the root biomass
of plants is located very close to the surface, as shown in Figures 35 to 38.

124. The first task was to determine the influence of a surface layer
or skin on the location of the phreatic surface as shown schematically in
Figure 54. This was accomplished by following the transfer condition rules
summarized earlier in Figure 51. The "skin" was assumed to be either more or
less permeable than the core by a factor of 10. The subsequent influence on
the location and orientation of the phreatic surface as a result of this per-
meability contrast is depicted schematically in Figure 55.

125. The location of the phreatic surface is not greatly influenced by
a modified surface on the upstream slope. Nor are the consequences of the
change very significant. This is not the case, however, on the downstream
side. A less permeable layer elevates the phreatic surface and increases the
area of discharge on the downstream face whereas a more'permeable layer
depresses the phreatic surface and lowers the emergence point relative to the
homogeneous case. A detailed view showing the influence of a permeability
contrast between a surface layer and core at the upstream and downstream
faces, respectively, is presented in Figure 55.

126. The spreadsheet program EXCEL was again used to obtain the hydrau-
lic head distribution for a levee with a modified surface layer or skin with a
different permeability, The resulting equipotential lines and hydraulic head
distribution for the two cases of "more" and "less" permeable skin, respec-

tively, are plotted and compared with the results for the homogeneous case in
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a) levee with constant permeability , k2

=

b) levee with a 1-ft layer of permeability , k4 and k1/ k2=10

=

c) levee with a 1-ft layer of permeability , k4 and k1/ k2= 0.1

_/N

d) levee with 1-ft layer of permeability , k4 and kKy/ky=10

e) levee with 1-ft layer of permeability , ky and ky/ ky = 0.1

Figure 54. Schematic illustration showing influence of a modified
surface permeability on the line of seepage
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ENTRANCE
FACE

(B) LESS PERMEABLE "SKIN" (K1 = 0.1 K2)

Figure 55. Influence of permeability contrast between facing or "skin"
and core of levee on line of seepage
Figure 56. The feollowing tentative conclusions can be drawn from the results
of the comparison shown in Figure 56:

2. A less permeable skin elevates the phreatic surface and
increases the discharge area or seepage zone on the downstream
face,

o

A less permeable skin results in considerably higher exit
gradients (closely spaced equipotential lines) at the dis-
charge face near the toe.

127. Some distortion of the equipotential lines resulted from the rela-
tive coarseness of the grid or nodal spacing used in the spreadsheet analysis.
A nodal spacing of 1 ft was used in the present study. The fidelity of the

equipotential lines and hydraulic head distribution could be improved by using
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HOMOGENEOUS LEVEE

MORE PERMEABLE SKIN (K1 = 10 X K2)

LESS PERMEABLE SKIN (K1 = 0.1 X K2)

Figure 56. Equipotential lines and hydraulic head distribution for
homogenous levee and levees with a surface layer having a different
permeability on the landward face
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more closely spaced nodal points or more cells in the spreadsheet. This
improvement can be achieved, however, only at considerable expense in comput-
ing time due to the large number of iterations required for an equilibrium
solution.

Unsteady state flow

128. Both the seepage and stability analyses described herein are based
upon steady seepage. In other words, it was assumed that elevated free water
levels (FWL) on the channel side would be present for sufficiently long times
to develop an equilibrium phreatic surface. Furthermore, the FWL in the chan-
nel was purposely set high in the analyses so that the phreatic surface or
line of seepage would intersect the downstream face of the levee above the
toe. The FWL was set at 80 to 90 percent of the levee crest elevation in béth
the seepage and mass stability analyses. Both these conditions, i.e., assumed
level and duration, are part of a worst case scenario that may never occur in
practice.

129. Flood stage duration records for the reach of levee in question
along the Sacramento River indicate that (a) the peak flood levels have not
risen more than 6-7 ft above the base of the levee, and (b) the duration of
the near peak levels is not more than a few hours. A typical flood stage
duration record is shown in Figure 57.

130. Huang (1986) has presented a simple method for locating the
unsteady state or transient phreatic surfaces in an earth dam or levee. The
phreatic surface progresses over time from the upstream to downstream face,
with the upper end fixed at the pool (free water) elevation and the lower end
moving along the base of the levee. Huang derived an equation to predict the
distance (x) from the heel of the levee as a function of time (t). A plot of
dimensionless distance (x/h) versus dimensionless time (T) is shown in Fig-

ure 58. The dimensionless time T 1is defined as follows:

T = (k t)/(n, B) (3)

where

=
I

hydraulic conductivity, ft/min

fl

elapsed time, min

n, = effective porosity
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Figure 57. Typical flood-duration record for a levee site, Sacramento River

channel levee (percentages represent the amount of time during the 1986

winter period during which these stages were equalled or exceeded, based on

daily discharge values and supplemented by hourly values for the 1986 flood
above 0.1 percent)

h = free water elevation above base of levee, ft

131. At any given time, t , the distance x can be determined from
Figure 58 and the phreatic surface located. The relationship in Figure 58 is,
strictly speaking, only valid for cases involving an upstream slope of 2:1 and
an impervious horizontal base. Flatter slopes can be handled using a proce-
dure described by Huang, and the presence of a permeable foundation beneath
the levee leads to conservative estimates.

132. Huang's method was used to plot the location of the transient
phreatic surfaces for both a "low" (6-ft) and "high" (12-ft) flood stage. The
results are shown in Figure 59. The time required for the phreatic surface to
reach the toe of the levee under a low and high flood, respectively, are
approximately 20 and 12 hr. Accordingly, not only are actual, maximum FWLs

less than those assumed in the analyses described herein, they are also of
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Figure 58. Plot of dimensionless time (T) versus dimen-
sionless distance (x/h) for determining location of
transient phreatic surface (from Huang 1986)

insufficient duration to develop an equilibrium phreatic surface under normal
conditions, i.é., a levee having a relatively homogeneous cross section con-
sisting of a uniform, medium sand with a hydraulic conductivity of 0.05 cm/sec
measured at an average dry density of 90 pcf. The same conclusion would not
hold for other conditions such as a vastly different average hydraulic conduc-
tivity or the demonstrable presence of gross hydraulic nonhomogeneities, e.g.,
a greatly modified surface layer (e.g., K1 >> K2) or conduits/pipes which
penetrate through the levee. Little or no evidence was observed in the pres-
ent field study to indicate that vegetation growing on the levee led to either

of the latter conditions.

Mass Stability Analyses

General considerations

133. The relative security or factor of safety of an earthen slope is
normally expressed as the ratio of the shear strength to the shear stress
along a critical surface. A slope fails when the shear stress on this criti-

cal surface exceeds the shear strength.
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(A) HIGH FLOOD STAGE - 12 FT ABOVE BASE OF LEVEE

(A) LOW FLOOD STAGE - 6 FT ABOVE BASE OF LEVEE

Figure 59. Development of transient phreatic surfaces with time in a
sandy levee for two different flood stage elevations (assumed
permeability = 0.05 cm/sec)

134. The type of failure (slide or flow) and failure mechanism (planar
or rotational movement) depends upon a number of soil, slope, and hydrolegic
variables. Different types of mass stability analyses have been developed
(see Huang 1983) to predict the factor of safety. These analyses take into
account the influence of these variables.

135. The so-called infinite slope model is appropriate for analyzing
planar slides in which the failure surface is planar and parallel to the slope
over most of its length. The infinite slope model is generally applicable for
sandy slopes subject to shallow sloughing and for slopes in which strati-

graphic or geologic controls restrict sliding to a plane of weakness parallel
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to the slope, e.g., a colluvial soil layer overlying an inclined bedrock
contact,

136. A circular arc analysis is appropriate to rotational sides in
which the failure surface is curved and can be modelled by the arc of a cir-
cle. Uniform clay slopes generally fail by deep-seated movement along a
curved surface. More sandy slopes, on the other hand, tend to fail along
shallow curved surfaces passing through the toe of the slope,

137. Both types of failure modéls, infinite slope and circular arec, are
depicted schematically in Figure 60. 1In the case of a levee embankment or
dam, both the upstream and downstream slopes are vulnerable to a mass stabil-
ity failure. The upstream slope can fail as a result of rapid drawdown, e.g.,
a rapidly subsiding flood crest, and the downstream slope as a result of
steady seepage (either parallel to or emerging from the face of the levee).

138. The stability of the levee described herein was determined for
both the steady seepage and drawdown cases, respectively. Both infinite slope
and circular arc analyses were employed. The influence of vegetation was
investigated by introducing a thin surface layer or skin with different shear
strength properties as a result of root permeation and modification of the

soil.

Effect of plant roots
on soil shear strength

139. The main effect of the presence of fibers (roots) in a soil, inso-
far as shear strength is concerned, is to provide a measure of apparent cohe-
sion. This fiber or root cohesion can make a significant difference in the
resistance to shallow sliding or shear displacement in sandy soils with little
or no intrinsic cohesion.

140. A number of studies have been reported in the technical literature
on the contribution of woody roots to increased shear strength or root cohe-
sion (cg). Results and findings of these studies are summarized in Table 6.
Contributions to increased shear strength can be estimated from either root
biomass concentrations or from RARs. Actual shear tests in the laboratory and
field on root/fiber permeated sands (Ziemer 1981; Gray and Ohashi 1983) indi-
cate a shear strength increase per unit fiber concentration ranging from
7.4 to 8.7 psi/lb root/cf soil. This translates into an average value of
3.2 psi/percent RAR (assuming a root unit weight of 40 pcf),

141. RAR-versus-depth curves shown in Figure 38 for the elderberry site

were used to estimate the likely root cohesion (cg) as a function of depth,
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SLIDING MASS WITH
PLANAR FAILURE
SURFACE PARALLEL
TO SLOPE

L/H > 20

\u

(A) INFINITE SLOPE MODEL

SLIDING MASS WITH
ROTATIONAL FAILURE
SURFACE

(B) CIRCULAR ARC FAILURE MODEL

Figure 60. Slope failure models for mass stability analysis
((a) = infinite slope model; (b) = circular arc model)
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The perpendicular transect data were used as representative of a "high" root
concentration and the parallel transect, a "low" root concentration. These
root concentrations and corresponding root cohesions were used in the stabil-
ity analyses to investigate the likely influence of levee vegetation on the
mass stability of a sandy levee with the Properties and characteristics
described previously.

Infinite slope analvses

142, Infinite slope analyses were conducted on both the upstream (3:1)
slope and downstream (2:1) slope. Factors of safety were computed as a func-
tion of vertical depth (H) and seepage direction (#) with respect to a hori-
zontal plane. The static factor of safety is given by the following

relationships (Huang 1983):

F =2 [Tan($) /Tan(B)] + Bc + cp/yH)] (4a)
A=[t-r,/cos?(P)] (4b)
B =[1/Cos?(B) Tan(B)] (4c)
Tu =[¥/¥.) {1/(1 + Tan(P) Tan(0) }] (4d)
where: ¢ — angle of internal friction

B = slope angle
¢ = soil cohesion
€y = root cohesion
Y = soil density -
Y = density of water
143. The infinite slope equation was programmed inte a spreadsheet.
The results of the analyses are tabulated in Tables 7 and 8 for a 2:1 slope
and different assumed values of soil friction (&), and amounts of root cohe-
sion (cg). Root cohesion was computed as a function of RAR which, in turn,

varied with depth as explained in the previous section. The intrinsic soil
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TABLE 7. EFFECT OF PLANT RCOTS ON STABILITY AGAINST SLOUGHING
(SHALLOW FACE SLIDING) IN LEVEE SLOPES AS A RESULT OF
SEEPAGE OR SUDDEN DRAWDOWN (2:1 SLOPE, PHI = 38 DEG)

2:1 SLOPE (26.6 DEG)
NO ROOTS (Ar/A = 0)

DEPTH To| sATD SOIL SoIL ROOT FACTOR OF SAFETY FOR VARIOUS

FAILURE | SOIl. | COHESION | FRICTION | COHESION SEEPAGE DIRECTIONS - THET,

SURFACE | DENSITY c ANGLE Cr  [THETA { THETA =| THETA =| THETA =| THETA =

H e 0 26.6 30 60 90

(ET) {(PCF) (PS1 {DEG) (eS| OEG) | (OEG) | (OEG) | (DEG) | (DEG)
0.5 118 0 a6 0 049 | 068 | 071 0.94 | 1.46
1.0 118 0 36 0 049 | 068 | 0.71 0.94 | 1.46
1.5 118 0 36 0 049 | 0.68 | 0.71 0.94 | 1.46
2.0 118 0 36 0 0.49 | 0.68 | 0.71 0.94 | 1.4
2.5 118 0 36 0 0.49 | 068 | 0.71 0.94 | 1.48
3.0 118 0 36 0 0.49 | 0.68 | 0.71 094 | 1.46
3.5 118 0 36 0 0.49 | o.68 | 0.71 0.94 | 1.46
4.0 118 0 a6 0 0.49 | 0.68 | 0.71 0.94 | 1.46

2:1 SLOPE (26.6 DEG)

LOW ROOT CONC (Ar/A = 0.1333 - 0.03 x H)

DEPTHTO| SATD SOIL SOIL ROOT FACTOR OF SAFETY FOR VARIOUS

FAILURE | SOIl. | COHESION| FRICTION{ COHESION SEEPAGE DIRECTIONS - THEL

SURFACE | DENSITY c ANGLE Cr  [THETA </ THETA =( THETA =| THETA =|THETA =

H ) 0 26.6 30 60 90

(ET) {{(PCF) {PS1) (REG) (PSh | ©EG) | (OEG) | (DEGY | (DEG) | (DEG)
0.5 118 0 36 0.38 2.80 | 3.00 | 3.02 | 325 | a.78
1.0 118 0 36 0.33 1.50 | 170 | .72 | 1.95 | 2.47
1.5 118 0 36 0.28 .| 1.07 | 126 | 120 | 1552 | 2.04
2.0 118 0 36 0.23 085 | 105 | 1.07 | 1.30 | 1.82
2.5 118 0 36 0.19 0.72 | 092 | o094 | 1.17 | 1.89
3.0 118 0 36 0.14 0.64 | 083 | 085 | 1.08 | 1.61
3.5 118 0 36 0.09 057 | 077 | 079 | 1.02 | 1.55
4.0 118 0 36 0.04 053 | 072 | 074 | o098 | 1.50
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TABLE 7 (CONTINUED)

2:1 SLOPE (26.6 DEG)
HIGH ROOT CONC (Ar/A = 1.1746 X 10A(-0.3696 x H))

DEPTHTO| SATD SOIL SOIL ROOT FACTOR OF SAFETY FOR VARIOUS

FAILURE SOIL COHESION | FRICTION | COHESION SEEPAGE DIRECTIONS - THETA

SURFACE | DENSITY c ANGLE Cr THETA 5 THETA =| THETA =| THETA =| THETA =

H 0 26.6 30 60 90
(FT) {PCF} {PS]) (DEGY (PSh (DEG) | (DEG) (DEGL (DEG) | (DEG)
1 2 3
0.5 118 0 36 2.48 15.48 | 15.67 | 15,70 | 15.93 | 16.45
1.0 118 0 38 1.60 5.39 5.58 5.61 5.84 6.36
1.5 118 0 36 1.05 2.63 2.82 2.84 3.08 3.60
2.0 118 0 36 0.69 1.54 1.73 1.76 1.99 2.51
2.5 118 0 36 0.45 1.04 1.23 1.26 1.49 2.01
3.0 118 0 35 0.29 0.79 0.99 1.01 1.24 1.76
3.5 118 ¢ 36 0.19 0.66 0.85 0.88 1.11 1.63
4.0 118 0 36 0.12 0.59 0.78 0.81 1.04 1.56
~NOTES:

1. ﬁ (deg) = 36 - 3.82 x C (psi). Correlation from levee BHS test results

2. Cr {psi) = 3.2 (Ar/A) (%). Correfation based on direct shear tests on root/fiber/
soil composites {Gray & Ohashi, 1983; Ziemer 1981)

3. Sespage paraliel 10 slope and “sudden drawdown" cases
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TABLE 8. EFFECT OF PLANT ROOTS ON STABILITY AGAINST SLOUGHING
(SHALLOW FACE SLIDING) IN LEVEE SLOPES AS A RESULTOF

SEEPAGE OR SUDDEN DRAWDOWN({2:1 SLOPE, PHI = 28 DEG)

2:1 SLOPE (26.6 DEG)
NO ROOTS (Ar/A = 0)

DEPTH TO| SATD SOIL SoIL ROOT FACTOR OF SAFETY FOR VARIOUS

FAILURE | SOIL | COHESION | FRICTION | COHESION SEEPAGE DIRECTIONS - THET

SURFACE | DENSITY c ANGLE Cr THETA - THETA =] THETA = THETA =| THETA =
H ] 0 26.6 30 60 90
(FT) ((PCE) (PSl) DEG) iPSl} oea) | oecy | (pEG) | (DEGH | (DEG |
0.5 118 0 28 0 0.36 0.50 0.52 0.69 1.07
1.0 118 0 28 0 0.36 0.50 0.52 0.69 1.07
1.5 118 0 28 ] - 0.36 0.50 0.52 .69 1.07
2.0 118 0 28 o 0.36 0.50 0.52 0.69 1.07
2.5 118 0 28 0 0.36 0.50 0.52 0.69 1.07
3.0 118 0 28 ] 0.36 0.50 0.52 0.69 1.07
3.5 i18 0 28 0 0.36 0.50 0.52 0.69 1.07
4.0 118 0 28 0 0.36 0.50 0.52 0.69 1.07

2:1 SLOPE (26.6 DEG)

LOW ROOT CONC (Ar/A = 0.1333 - 0.03 x H)

DEPTHTO| SATD SOIL SOIL ROOT FACTOR OF SAFETY FOR VARIOUS

FAILURE solL | coHEesION | FRICTION | COHESION SEEPAGE DIRECTIONS - THETA

SURFACE | DENSITY c ANGLE Cr THETA = THETA = THETA =| THETA =| THETA =

H ‘ ) 0 26.6 30 60 90

(FT) {{PCF) (PS1) {DEG) (PSh DEG) | DEG) | meG | (DEGY | (DEG
0.5 118 0 28 0.38 2.67 2.81 2.83 3.00 | 3.38
1.0 118 0 28 0.33 1.37 1.51 1.53 1.70 2.08
1.5 118 0 28 0.28 0.94 1.08 1.09 1.26 1.65
2.0 118 0 28 0.23 0.72 0.86 0.88 1.05 1.43
2.5 118 0 28 0.19 0.59 0.73 0.75 0.92 1.30
3.0 118 0 28 0.14 0.50 0.64 0.66 0.83 1.21
3.5 118 0 28 0.09 0.44 0.58 0.60 0.77 1.15
4.0 118 0 28 0.04 0.39 0.54 0.55 0.72 1.11
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2:1 SLOPE (26.6 DEG)
HIGH ROOT CONC (Ar/A = 1.1746 X 104(-0.3696 x H))

TABLE 8 (CONTINUED)

DEPTHTO| SATD. SOIL SOIL ROOT FACTOR OF SAFETY FOR VARIOUS

FAILURE SOIL | COHESION | FRICTION | COHESION SEEPAGE DIRECTIONS - THET

SURFACE | DENSITY c ANGLE | ¢r THETA < THETA ={ THETA ={ THETA =| THETA -

H 0 26.6 30 60 90
(FT) ({PCE) (PSN {DEG) {PSl) (QEG) | DEG) | MEG | (DEGY | (DEG
1 2 3
0.5 118 0 28 2.46 15.35 | 15.49 § 1550 | 1567 | 15.06
1.0 118 0 28 1.60 5.26 5.40 5.42 5.59 5.97
1.5 118 ] 28 1.05 2.49 2.64 2.65 2.82 3.21
2.0 118 0 28 0.69 1.41 1.55 1.57 1.74 2.12
2.5 118 0 28 0.45 0.91 1.05 1.07 1.24 1.62
3.0 118 0. 28 0.29 0.66 0.80 0.82 0.99 1.37
3.5 118 0 28 0.19 0.53 0.67 0.69 0.86 1.24
4.0 118 0 28 0.12 0.46 0.60 0.62 0.79 1.17
—NOTES;

1.

2.

3.

"Worst case” scenario...minimum friction angle and negligible cohesion

Cr (psi) = 3.2 (Ar/A) (%).

Correlation based on direct shear tests on reotfiber/

soif composites (Gray & Ohashi, 1983: Ziemer 1981)
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cohesion was assumed to be zero, and the friction angle set to either 36° (the
maximum value measured on the levee) or 28° (the lowest recorded value). The
latter represents a "worst-case" scenario, i.e., combination of lowest
recorded friction coupled with absence of any cohesion. The average friction
and cohesion values measured from in situ borehole shear tests were 31.6° and
1.16 psi, respectively,

144. Sudden drawdown in an infinite slope analysis is equivalent to
saturated, steady seepage when the seepage direction is parallel to the slope,
i.e., (# = B). A factor of safety for this condition was computed in every

case.

145, Results from the spreadsheet analyses are presented graphically in
Figures 61 through 64 for the case of soil friction angle equal te 36°. Fac-

tor of safety is plotted as a function of depth and seepage direction for the

case of no root cohesion (cy = 0) for the 2:1 and 3:1 slope, respectively, in
Figures 61 and 62. The factor of safety drops below one when the seepage
either parallels or emerges from the slope face for the 2:1 slope. The corre-
sponding factor of safety for the case of low root concentrations is plotted
in Figures 63 and 64. The factor of safety exceeds unity for all depths and
seepage directions in this case (except for low seepage angle directions in
the 2:1 slope).-

146. The results show that both the seepage direction (#) and presence

of root cohesion (cz) have a significant effect on the factor of safety. Even

a small amount of root cohesion can increase the factor of safety substan-
tially. This influence is very pronounced at shallow depths where root con-
centrations are highest and reinforcement effects, therefore, greatest. In
this regard grass roots appear to be just as effective as tree and shrub
(woody) roots because of their high concentration at shallow depths. The RARs
measured at the control site, for example, exceeded all other sites at depths
under 6 in. (see Figures 35 and 36) because of the abundance of grasses and
herbaceous ground cover at this location. In the presence of root cohesion,
even for low root concentrations, the factor of safety exceeds unity at all
depths up to 2.0 ft even for worst case scenario conditions of low friction
angle (¢ = 28°) and seepage emerging from the slope (4 = 0°).

147. One effect of the roots is to displace the critical shear surface
(surface where F = 1.0) downward. The further downward the critical surface
is displaced, the less prone the slope is to surface sloughing or ravelling.

If the critical surface is displaced too far, however, the infinite slope
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Figure 61. Infinite slope analysis of saturated (2:1)
downstream slope of levee without roots (friction
angle = 36°)

model is no longer valid. This analysis assumes that the length of the slid-
ing mass is large relative to its thickness (L > 20 H) as shown in Figure 60.
For a 15-ft-high sandy levee, this criteria translates to a thickness of 1.7
and 2.4 (or vertical depth to the sliding plane of 1.9 and 2.5) for 2:1 and
3:1 slopes, respectively. At sufficiently large depths (H > 4 ft) the root
concentrations and reinforcement will decrease to zero. At these depths the
sliding mass will not have the dimensions or aspect ratio required by the
infinite slope model. When this condition is no longer observed, then another
type of analysis, either a circular arc or log spiral failure analysis, should

be used as well.
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Figure 62. Infinite slope analysis of saturated (3:1)
downstream slope of levee without roots (friction
angle = 36°)

148. The effect of seepage direction (8) on stability deserves some
comment. Downward seepage (f =~ 90°) greatly increases the factor of safety.
This condition, in fact, yields the same factor of safety as a dry slope.
Accordingly, to the extent that slope vegetation and plant roots promote down-
ward seepage and infiltration, they also enhance stability.

Circular arc analvses

149. Curved failure surfaces in sandy slopes are log spiral shaped and
pass through the toe of the slope. A circular are analysis was used to simu-

late this failure condition. Critical circles in sandy slopes are generally

99



i
¢
I
al
|

5
2:1 SLOPE
LOW ROOT CONC
4 -
P
mosf
L
<
o | SEEPAGE DIRECTION - DEG
5 (WITH HORIZONTAL)
G
2 -
5 90
|
60
26.6
1 -
0
0 ‘ 1 1 2 [] L 1 M 1 L
0 1 2 3 4 5

DEPTH TO FAILURE SURFACE - FEET

Figure 63. Infinite slope analysis of saturated (2:1)
downstream slope of levee with roots (friction angle =
36°)

quite flat and shallow; this is one reason that the infinite slope model with
its assumption of a planar failure surface is also a good approximation.

150. There are several variants of circular arc stability analyses.
One approach is to subdivide the failure mass, defined by the intersection of
a trial failure circle with the slope, into a series of vertical elements or
"slices." The factor of safety against rotational sliding is determined by
calculating the static force and moment equilibrium of the slices. The Modi-
fied (or Bishop) Method of slices was used in this study. This method assumes
that the vertical forces of the sides of the slices are opposite and equal,

which in turn means that the resultant of the side forces on a slice acts
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Figure 64. Infinite slope analysis of saturated (3:1)
downstream slope of levee with roots (friction angle =
36°)
horizontally. The assumption of equal and opposite vertical side forces on
the slices is reasonable if sufficiently narrow slides are used in the
analysis.
151. The factor of safety computed by the Modified Method of slices is

given by the following equation (Huang 1983):

p o Dl-eAx v (W, - uAxy) Tand] (2/my).
E W, Sinw ;

(5a)
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m, = [Cosa {1 +(1/F) (Tan$'Tana)}] (5b)

Where: «c¢', ¢' = effective shear strength parameters
Ax, = slice width
Wy = slice weight
u; = pore water pressure at base of slice
a@; = inclination of base of a slice

152. This equation must be solved by iteration because the factor of
safety (F) appears on both sides of the equation. The usual procedure is to
Select several trial circles until the critical circle with the lowest factor
of safety is identified. The calculations are tedious and best performed on a
high-speed computer. The program SB-SLOPE (distributed by VonGunten Engineer-
ing, Fort Collins, CO) was used for this purpose.

153. The factor of safety was computed¥for several trial circles for
both steady seepage (2:1 slope) and sudden drawdown (3:1 slope) conditions,
Tespectively, as shown in Figures 65 and 66. Successively deeper circles
Passing through the toe (or heel) were selected. The most eritical circles
Were the shallow ones in both cases.

154. The influence of root cohesion was investigated by assigning a
cohesion value as a function of depth as described in the previous section.
Results of safety factor calculations for the steady seepage and sudden draw-
down cases are shown graphically in Figures 67 and 68, respectively, for the
Same failure circles used previously in Figures 65 and 66. The thin soil
layers (6 in. thick) shown in the cross-section diagram of the slope represent
Soils with different cohesion based on a "low" root concentration in the soil.

155. Results of the circular arc analysis show that in the unreinforced
(no root) case, the critical failure circle (F < 1) is quite shallow. The
Presence of roots, even at low concentration, completely reverses this trend.
Now the shallow circles (where root concentrations are highest) have the high-
€St factor of safety, whereas the deeper circles are relatively unaffected.
Since the deeper circles are not critical in the first place (F > 1), the
influence of plant roots is less important.

Comparison of safety factors

156. Safety factors computed by the circular arc and infinite slope

analyses, respectively, were compared for steady seepage and sudden drawdown
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Figure 65. Circular arc stability analysis of (2:1) landward slope of

levee under steady seepage conditions. No roots are present (friction
angle =
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Figure 66. Circular arc stability analysis of (3:1) riverward slope of
levee under sudden drawdown conditions. No roots are present (friction
angle = 30°)
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Figure 67. Circular arc stability analysis of (2:1) landward slope of

levee under steady seepage conditions. Low root concentration
(friction angle = 30°) :
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Figure 68. Circular arc stability analysis of (3:1) riverward slope of

levee under sudden drawdown conditions. Low root concentration
(friction angle = 30°)
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conditions. The results of this comparison are shown in Tables 9 and 10 for

both the "no root" and "low root" concentration cases, respectively, The
presence of roots, even at low concentrations, more than doubles the critiecal
factor of safety in both cases.

157. The circular arc analyses were conducted with ¢ = 30°, whereas the
infinite slope analyses were run at 28° and 36° -. the minimum and maximum
values measured in the borehole shear tests. The average friction angle for
all tests was 31.6°. The agreement between circular arc and infinite slope
analyses is excellent for the steady seepage case--both with and without root
cohesion. Factors of safety computed by the circular arc analyses lie within
the values computed by the infinite slope method for 28<¢<36 and 0<fd<b.
Agreement between the two methods for the sudden drawdown case is less satis-

factory, with the infinite slope method giving lower estimates.
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TABLE 9. COMPARISON OF FACTORS OF SAFETY - NO ROOTS

METHOD FACTOR OF SAFETY
oF
ANALYSIS STEADY SEEPAGE [SUDDEN DRAWDOWN
(2:1 SLOPE) {3:1_SLOPE)
CIRCULAR ARC:
(CRITICAL CIRCLE) 0.65 0.72
PHI = 30 DEG
INFINITE SLOPE:
PHI =36 DEG THETA =0 DEG 6.76 N/A
THETA = BETA 0.94 1.27
PHI =28 DEG THETA = 0DEG 0.56 N/A
THETA = BETA 0.68 0.93

TABLE 10. COMPARISON OF FACTORS OF SAFETY - LOW ROOT
CONCENTRATION, SHALLOW FAILURE SURFACE

METHOD FACTOR OF SAFETY
OF
ANALYSIS STEADY SEEPAGE |SUDDEN DRAWDOWN
(2:1 _SLOPE) (3:1_SLOPE)
CIRCULAR ARC:
(SHALLOW CIRCLE, H = 1 FT) 1.75 3.4
PHI = 30 DEG
INFINITE SLOPE: (H=1 FT)
PHI=36 DEG THETA =0 DEG 1.87 N/A
THETA = BETA 2.00 2.62
PHI =28 DEG THETA = 0 DEG 1.64 N/A
THETA = BETA 1.78 2.28
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PART VI. SUMMARY AND CONCLUSIONS

Summary

158. Woody vegetation growing on the side slopes of levees modifies the

top surface layer and this in turn can affect the hydraulic regime and stabil-

ity of the levee. A field study was conducted to determine the distribution

and concentration of roots, voids, and pedotubules along transects both per-

pendicular and parallel to the crest of a4 sandy levee. The results of the

field study together with the findings of seepage and stability analyses

described herein lead to the following conclusions:

Levee vegetation
composition and distribution

a.

I

c.

An analysis of random vegetation transects showed that the
dominant tree species growing on the 6-mile study reach of
channel levee along the Sacramento River are valley oak
(Quercus lobata) and cottonwood (Populus fremontii), Valley
oak appeared well adapted to all levee environments and was

‘the only arboreal species found growing on both landward and

riverward slopes of the levee in addition to the levee crest.

The principal shrub species were licorice (Glyclyrrhiza sp.),
rose (Rosa californica), elderberry (Sambucus sp.), and willow
(Salix sp.). Among the shrubs, licorice appeared to be par-
ticularly well adapted to all levee environments and vegeta-
tion management practices. This pPlant has an extensive root
system and thrives on burning.

Apart from valley oak, rose, and licorice, all other tree and
shrub species were found on the riverward slope only,

Root distribution in
sandy channel levees

a.

=

e}

The profile method was adapted successfully to determine the
distribution and concentration of roots and biopores in a
sandy channel levee.

Lateral plant roots are restricted to and modify mainly the
first few feet beneath the surface of a levee. Root area
ratios did not exceed 2 percent and generally decreased
approximately exponentially with depth. Most of the root
biomass is concentrated in the top 2 ft.

The only valley oak that was fully excavated had a deep, ver-
tical, central tap root. ILaterals radiating away from this
central tap root tend to angle down sharply in order to reach
moisture in a sandy, and hence droughty, levee. This root
architecture means that lateral roots are much less likely to
penetrate across or through a levee.
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All tree/shrub species investigated had similar lateral root
area ratio profiles., A comparison of root area ratios at
different depth intervals indicated that no one species exhib-
ited a higher root area ratio than another over the entire
rooting depth. An exception was the "control" or grass and
herbaceous ground cover site, which exhibited high root area
ratios at very shallow depths (less than 6 in.).

Occurrence, probable cause, and
influence of voids and pedotubules

a.

jlogt

lg]

o

[o]

I

Voids and pedotubules (infilled holes or conduits) were mapped
in the vertical faces of the trenches at each site. The aver-
age number of voids per unit area reached a maximum at a depth
of 6 in. and then decreased with depth to a minimum value.

Voids or holes were created by burrowing animals or insects.
Voids created by burrowing animals, namely the California
ground squirrel, were easily identified by their size, shape,
and form. These burrow holes occurred at all depths including
one hole which was exposed at a depth of 4 ft.

No voids clearly attributable to plant roots were cbserved.
Only rapidly formed holes of recent origin, namely, animal
burrows or insect holes, are likely to be observed at any
given instant. Root holes which form more slowly, as roots
gradually decay, are more likely to evolve directly into pedo-
tubules and not persist long as voids.

Pedotubules could be distinguished visually from the surround-
ing soil by differences in color and texture and in some cases
by differences in gradation and density as well, These pedo-

tubules appeared to form as a result of soil washed in during

overbank flows or floods.

Unlike intact roots, open voids or conduits in a levee repre-
sent an immediate danger from the point of view of a piping or
internal erosion failure. These features could affect inter- .
nal stability as a result of high seepage velocities and gra-
dients associated with them,

Other factors in addition to the presence of biopores are
responsible for internal erosion or piping failure in a levee.
The role of hydraulic fracturing, which can occur indepen-
dently of the existence of such macropores, must be considered
as well,

Influence of roots on hydraulic regime

a.

=g

The influence of a modified surface layer or skin (with a dif-
ferent hydraulic conductivity) om hydraulic head distribution
and line of seepage was determined for both the case of a
less- and more permeable skin. A less permeable skin resulted
in enlargement of the exposed seepage area and greater exit
gradients near the toe.

There was no evidence in the field study that vegetation
affected the hydraulic conductivity one way or the other
either by modification of microscopic or macroscopic porosity.
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The results of a transient seepage analysis showed that the
maximum flood of record was of insufficient magnitude, in
stage elevation and/or duration, to cause the line of seepage
or phreatic surface to reach the landward toe of a design
levee with a homogenous cross section. The presence or
absence of vegetation should not alter this conclusion pro-
vided the vegetation does not greatly change the hydraulic
conductivity of the levee soils (see preceding conclusion).

A 3-D seepage analysis should be developed to study the influ-
ence of pipes or pedotubules that penetrate or partially pene-
trate through a levee. There was little or no evidence from
limited excavation and trenching conducted during the field
study itself to indicate that fully penetrating conduits actu-
ally exist,

Influence of roots on mass stability

a.

=

[0

[aN

Roots reinforce the soil and increase the shear strength in a
measurable manner. A shear strength increase or root cohesion
can be estimated from the root biomass per unit volume or
alternatively from the RAR. A value of root cohesion (cR) of
3.2 psi/% RAR was calculated in the study. This root cohesion
can greatly improve the mass stability, particularly in a
sandy loam with little or mo intrinsic cohesion.

Both infinite slope and circular arc stability analyses were
performed on the landward and riverward slope for steady seep-
age and sudden drawdown conditions, respectively. These anal-
yses showed that even low root concentrations as measured
along selected transects in the sandy levee sufficed to make
the slope more secure under "worst case® scenario conditions
(i.e., high free water level, low shear strength, ete).

Results of the circular arc analyses show that in the unrein-
forced (no root) case the critical failure circles (F < 1) are
quite. shallow. The presence of roots, even at low concentra-
tions, completely reversed this trend. Shallow circles {(where
root concentrations are highest) now have the highest factor
of safety whereas deeper circles are relatively unaffected.
Since the deeper circles are mot critical in the first place
(F > 1) the influence of plant roots is less important. in this
instance.

Grassed slopes exhibited relatively high root area ratios at
very shallow depths (under 6 in.) compared to woody sites,
Consequently, grass or herbaceous cover appears to be just as
effective in preventing shallow sloughing or surface ravel-
ling. Woody plants, on the other hand, are more deeply rooted
and therefore more effective in preventing deeper seated slid-
ing. Shrubs and bushes provide the benefits of woody roots
without the possible liabilities associated with large trees
such as wind-throwing.
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Conclusions

159. Based on the results of preliminary field studies conducted on a
sandy channel levee, it does not appear that woody vegetation adversely
affects the structural integrity of a levee. No open voids or conduits
clearly attributable to plant roots were observed. The presence of plant
roots reinforced the soil and increased the shear strength of the surface
layers in a measurable manner.

160. Grasses and herbaceous ground cover provided greater amounts of
roots at very low depths (under 6 in.) than did woody plants. Consequently,
this type of vegetation appears to be just as effective as woody plants in
preventing shallow sloughing or surface ravelling. Woody roots, on the other
hand, are stronger and tend to penetrate more deeply; therefore, they are more
effective in preventing deeper seated slope failures. Low-1lying shrubs and
bushes provide the benefits of woody roots without possible liabilities asso-
ciated with large trees growing on a levee,

161. The profile wall method and other techniques described in the
report can be adapted successfully to determine the distribution and concen-
tration of roots and biopores in a levee structure., These techniques should
be used to investigate the effects of vegetation on other types of levees and

in regions with different climatic conditions,
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PART VII: RECOMMENDATIONS FCR FUTURE RESEARCH

162. As a result of the research described herein, the following topics

have been identified as useful areas for future research:

a.

o

{e]

Root architecture and distribution.

1.

Conduct additional full excavations around trees to deter-
mine if vertical rooting is the predominant orientation in
sandy levees. Very few large, lateral roots were exposed
in the trench faces at the live oak site.

Conduct gravimetric root biomass assays in conjunction
with the profile-wall surveys to see if the latter ade-
quately accounts for the presence of root fibers less than
1 mm in diameter. The latter size class is probably
underestimated in the profile-wall survey method.

Hydraulic studies,

1.

Conduct in situ hydraulic conductivity testing with large,
double ring infiltrometers in order to determine if near
surface portions of a levee are modified by the presence
of vegetation. Permeability/density tests on small volume
samples do not adequately reflect macroscopic hydraulic
properties of levee soils, i.e., the influence of large
void volume defects such as animal burrows, pedotubules,
root holes, ete.

Develop a 3-D seepage analysis technique to model ade-
quately the effects of pipes, holes, large voids, etc., on
the seepage regime and the danger of internal erosion.

General .

1.

Conduct similar field studies in levees made of cohesive
soils and compare results with those obtained for sandy
levees,

Conduct studies in regions where climatic conditions are
more humid and the vegetation spectrum is different from
the semi-arid conditions of central California.
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AFPENDIX A: TOTAL AREA RATIO HISTOGRAMS FOR LEVEE TRENCH SITES
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APPENDIX B:

ROOT AREA RATIO PROFILES FOR LEVEE TRENCH SITES
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APPENDIX C:

ROOT SIZE DISTRIBUTION PLOTS FOR LEVEE TRENCH SITES



Explanation of Three-dimensional Plots

X axis--log of number of roots per square foot.
Y axis--root size class.
i > 30 mm
20-30 mm
10-20 mm
5-10 mm

2-5 mm

B oW N

1-2 mm
7 < 1 mm

Most of the Y scales range from O to 8, but a few have smaller ranges. Scales
were set automatically by the plot package.

scales. Note that all plots have Z axes scaled from +2 to -38, except site 2
(parallel) and site 3 (perpendicular),

To use all of the plots in the report, the software could probably be forced
to use uniform scales, with a little more effort. The authors are not advo-
cating inclusion of these plots in the report, however. They were produced
only to facilitate examination of the data.
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