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1. INTRODUCTION

1.1SCOPE. This discussion presents methods of analyzing stability of natural slopes and
safety of embankments. Diagrams are included for stability analysis, and procedures for slope
stabilization are discussed. This is not a design manual; this is an introduction only to the
topic. Additionally, some of the figures, tables and symbols in this course are not particularly

clear and easy to read but they are the best available.

1.2 APPLICATIONS. Overstressing of a slope or reduction in shear strength of the soil may
cause rapid or progressive displacements. The stability of slopes may be evaluated by
comparison of the forces resisting failure with those tending to cause rupture along the

assumed slip surface. The ratio of these forces is the factor of safety.

1.3 REFERENCE. For detailed treatment of some topics refer to the appropriate publications

of the Transportation Research Board.

2. TYPES OF FAILURES

2.1 MODES OF SLOPE FAILURE. Principal modes of failure in soil or rock are (i) rotation on
a curved slip surface approximated by a circular arc, (ii) translation on a planar surface whose
length is large compared to the depth below ground, and (iii) displacement of a wedge-
shaped mass along one or more planes of weakness. Other modes of failure include toppling
of rock slopes, falls, block slides, lateral spreading, earth and mud flow in clayey and silty
soils, and debris flows in coarse-grained soils. Tables 1 and 2 show examples of potential

slope failure problems in both natural and man-made slopes.

2.2 CAUSES OF SLOPE FAILURE. Slope failures occur when the rupturing force exceeds

resisting force.

2.21 NATURAL SLOPES. Imbalance of forces may be caused by one or more of the

following factors:
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e A change in slope profile that adds driving weight at the top, or decreases resisting

force at the base. Examples include steepening of the slope or undercutting of the toe.

¢ An increase of groundwater pressure, resulting in a decrease of frictional resistance in

cohesionless soil or swell in cohesive material.

e Groundwater pressures may increase through the saturation of a slope from rainfall or

snowmelt, seepage from an artificial source, or rise of the water table.

e Progressive decrease in shear strength of the soil or rock mass caused by weathering,
leaching, mineralogical changes, opening and softening of fissures, or continuing

gradual shear strain (creep).

e Vibrations induced by earthquakes, blasting, or pile-driving. Induced dynamic forces
cause densification of loose sand, silt, or loess below the groundwater table or collapse
of sensitive clays, causing increased pore pressures. Cyclic stresses induced by

earthquakes may cause liquefaction of loose, uniform, saturated sand layers.
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Table 1

Analysis of Stability of Natural Soils
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Table 1 (continued)
Analysis of Stability of Natural Soils
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Table 2
Analysis of Stability of Cut and Fill Slopes, Conditions Varying with Time
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2.2.2 EMBANKMENT (FILL) SLOPES. Failure of fill slopes may be caused by one or more

of the following factors:

2.2.2.1 OVERSTRESSING OF THE FOUNDATION SOIL. This may occur in cohesive sails,
during or immediately after embankment construction. Usually, the short-term stability of
embankments on soft cohesive soils is more critical than the long-term stability, because the
foundation soil will gain strength as the pore water pressure dissipates. It may, however, be
necessary to check the stability for a number of pore pressure conditions. Usually, the critical

failure surface is tangent to the firm layers below the soft subsoils.

2.2.2.2 DRAWDOWN AND PIPING. In earth dams, rapid drawdown of the reservoir causes
increased effective weight of the embankment soil thus reducing stability. Another potential
cause of failure in embankment slopes is subsurface erosion or piping (see Chapter 6 for

guidance on prevention of piping).

2.2.2.3 DYNAMIC FORCES. Vibrations may be induced by earthquakes, blasting, pile driving,

etc.

2.2.2.4 EXCAVATION (CUT) SLOPES. Failure may result from one or more of the factors
described in 2.2.1. An additional factor that should be considered for cuts in stiff clays is the
release of horizontal stresses during excavation which may cause the formation of fissures. If
water enters the fissures, the strength of the clay will decrease progressively. Therefore, the
long-term stability of slopes excavated in cohesive soils is normally more critical than the
short-term stability. When excavations are open over a long period and water is accessible,

there is potential for swelling and loss of strength with time.

2.3 EFFECT OF SOIL OR ROCK TYPE

2.3.1 FAILURE SURFACE. In homogeneous cohesive soils, the critical failure surface
usually is deep whereas shallow surface sloughing and sliding is more typical in
homogeneous cohesionless soils. In non-homogeneous soil foundations the shape and

location of the failure depends on the strength and stratification of the various soil types.
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2.3.2 ROCK. Slope failures are common in stratified sedimentary rocks, in weathered shales,
and in rocks containing platy minerals such as talc, mica, and the serpentine minerals. Failure
planes in rock occur along zones of weakness or discontinuities (fissures, joints, faults) and
bedding planes (strata). The orientation and strength of the discontinuities are the most
important factors influencing the stability of rock slopes. Discontinuities can develop or

strength can change as a result of the following environmental factors:

e Chemical weathering.

e Freezing and thawing of water/ice in joints.

e Tectonic movements.

¢ Increase of water pressures within discontinuities.

¢ Alternate wetting and drying (especially expansive shales).

e |ncrease of tensile stresses due to differential erosion.

3. METHODS OF ANALYSIS

3.1 TYPES OF ANALYSIS. For slopes in relatively homogeneous soil, the failure surface is
approximated by a circular arc, along which the resisting and rupturing forces can be
analyzed. Various techniques of slope stability analysis may be classified into three broad

categories.

3.1.1 LIMIT EQUILIBRIUM METHOD. Most limit equilibrium methods used in geotechnical
practice assume the validity of Coulomb's failure criterion along an assumed failure surface. A
free body of the slope is considered to be acted upon by known or assumed forces. Shear
stresses induced on the assumed failure surface by the body and external forces are
compared with the available shear strength of the material. This method does not account for
the load deformation characteristics of the materials in question. Most of the methods of
stability analysis currently in use fall in this category. The method of slices, which is a
rotational failure analysis, is most commonly used in limit equilibrium solutions. The minimum

factor of safety is computed by trying several circles. The difference between various
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approaches stems from: a) the assumptions that make the problem determinate and b) the
equilibrium conditions that are satisfied. The soil mass within the assumed slip surface is
divided into several slices, and the forces acting on each slice are considered. The effect of

an earthquake may be considered by applying the appropriate horizontal force on the slices.

3.1.2 LIMIT ANALYSIS. This method considers yield criteria and the stress-strain
relationship. It is based on lower bound and upper bound theorems for bodies of elastic -

perfectly plastic materials.

3.1.3 FINITE ELEMENT METHOD. This method is extensively used in more complex
problems of slope stability and where earthquake and vibrations are part of total loading
system. This procedure accounts for deformation and is useful where significantly different

material properties are encountered.

3.2 FAILURE CHARACTERISTICS. Table 1 shows some situations that may arise in natural
slopes. Table 2 shows situations applicable to man-made slopes. Strength parameters, flow
conditions, pore water pressure, failure modes, etc. should be selected as described herein.
Figure 1 illustrates one method of slope analysis (“Method of Slices — Simplified Bishop
Method [Circular Slip Surface]”).
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Considering the equilibrium of forces in the vertical direction but neglecting
the shearing forces between slices the factor of safety for moment equilibrium
becomes {neglecting earthquake forces):

izN

= [Gbi +(W; —ujbj) TAN $]/”ui
i=N
.}Zl W SIN a;
=

Fen =

TANg; TAN ¢
WHERE Mgz COSq;l1+ "8 77 7 ® )

m
The above equation is solved by successive approximations. Value of Mg is
obtained from Figure 1| (continued)} Graph for Determination of Mg for an
assumed value of Fp.

Example:

CENTER OF FAILURE CIRCLE

01-

el

RADIUS OF CIRCLE = B3O FT.

y=iZBLB/FT
Tso0LB/FL
¢ - 32°

- -
© TS L LR s A .

DRAIN SURFACE OF FIRM STRATUM

Find Fp for the trial slip circle shown.
Properties

= 90 pss, @ = 32° Yy = 125 PCF

Slope 1-1/2 horizontal to 1 vertical.

Flow conditions as shown.

Figure 1
Method of Slices — Simplified Bishop Method (Circular Slip Surface)
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Procedure (numbers in parenthesis corresponds to column in example):

l.
2.

3'

9-

10.

11.

Divide cross section intoe vertical slices,{l)}.

Calculate weight of each slice (W) using total unit weights, where
b; is the width of the slice and H is the average height of the slice,

(2),(3), (4).

Calculate Wy sin ¢y for each slice, where &y is the angle between the
tangent of the failure surface and the horizontal, (5)(6).

Multiply the cohesive strength (Z) times the width of each slice (by),
(7).

Multiply the average pore water pressure [(u;) = (hi)(,0624 KSF)]
along the failure surface of each slice, times the width of each slice.

(8).

Calculate (Wq - uibi)tanﬁ_for each slice, (9).

Add Tb; plus (Wi - uibi)tana for each slice, (10).

Select two factors of safety (Fp), and £ind Moy for each slice using
graph below (11). i

Divide cbj + (W4 — ujbj) tanfl by May for eack slice and sum
resultants, {12).

Divide {un . - i=n
y &bit (Wi- uiby) TAN® by “rwiSINGg to obtain caleulated Fp,

1=1 Mo 1=1

Compare to Fpr1o assumed in Step 8. Reiterate Steps &, 9, and 10 uncil
assumed Fp of Step 8 equals calculated Fp of Step 1C.

qucat ahove analysis varying center location and radius of failure
circle to establish least factor of safety.

NOTE. ¢ 18+ WHEN SLOPE OF FAILURE] ARC 18
M SAME QUADRANT AS GROUND |SLOPE

e o ——
. ///'_—-*:—:““M_
. /%"-; — :“\

> o — —~ T
— T~ ve

VALUES OF

pi

Ma =CnSe; (|

-
(ETY;

o -
-40° =30° =20° i0® [+ e 20° 30° 40° 50° [ {7
———— VALUES OF @ —

GRAPH FOR DETERMINATION OF Mg

Figure 1 (continued)
Method of Slices — Simplified Bishop Method (Circular Slip Surface)
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Figure 1 (continued)
Method of Slices — Simplified Bishop Method (Circular Slip Surface)
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3.3 SLOPE STABILITY CHARTS.

3.3.1 ROTATIONAL FAILURE IN COHESIVE SOILS (® = 0)

3.3.1.1 For slopes in cohesive soils having approximately constant strength with depth use

Figure 2 to determine the factor of safety.

3.3.1.2 For slope in cohesive soil with more than one soil layer, determine centers of
potentially critical circles from Figure 3. Use the appropriate shear strength of sections of the

arc in each stratum. Use the following guide for positioning the circle.

e |If the lower soil layer is weaker, a circle tangent to the base of the weaker layer will be

critical.

e |If the lower soil layer is stronger, two circles, one tangent to the base of the upper
weaker layer and the other tangent to the base of the lower stronger layer, should be

investigated.

e With surcharge, tension cracks, or submergence of slope, apply corrections of Figure 4

to determine safety factor.

3.4 EMBANKMENTS ON SOFT CLAY. See Figure 5 for approximate analysis of
embankment with stabilizing berms on foundations of constant strength. Determine the
probable form of failure from the relationship of berm and embankment widths and foundation

thickness in the top left panel of Figure 5.

4. TRANSLATIONAL FAILURE ANALYSIS. In stratified soils, the failure surface may be
controlled by a relatively thin and weak layer. Analyze the stability of the potentially translating
mass as shown in Figure 6 by comparing the destabilizing forces of the active pressure
wedge with the stabilizing force of the passive wedge at the toe plus the shear strength along
the base of the central soil mass. See Figure 7 for an example of translational failure analysis

in soil and Figure 8 for an example of translational failure in rock. Jointed rocks involve
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multiple planes of weakness. This type of problem cannot be analyzed by two-dimensional

cross-sections.

5. REQUIRED SAFETY FACTORS. The following values should be provided for

reasonable assurance of stability:

e Safety factor no less than 1.5 for permanent or sustained loading conditions.

e For foundations of structures, a safety factor no less than 2.0 is desirable to limit critical
movements at the foundation edge.

e For temporary loading conditions or where stability reaches a minimum during
construction, safety factors may be reduced to 1.3 or 1.25 if controls are maintained on
load application.

e For transient loads, such as earthquake, safety factors as low as 1.2 or 1.15 may be

tolerated.

© J. Paul Guyer 2012 16



DLFINTIONS .o g
1 et
[J f!_ 0
e T L
FACTOR OF SAFETY! "'""T«ch ; &)
WOPE CMOLE
AT WALUES OF 4y / f}; ‘! i : ;:
| ]
e N 717 . I.‘: Y ]
-‘1’ .l‘r /A / 'I " v
717 e v =
.4 {/:/ = “{"%Ze%'ﬁ'n :
’rz'”’ ol _:...n’ - & / .
- _/‘ CX S e L 33 c‘ L=
| 49 cmcLrs
# s

SLOPE ANGLE , S, DECREES

o8 | o | ‘o lﬁ'.:l &) & P . N . S

ASSUMED CONDITIONS :
NO OPEN WATER OUTSIOE OF SLOPE
MO SURCHARGE OR TEMSION CRACKS,
VL B HOMOGENEDS TO DEPTH D.
SEAR STRENGTH 1S DEMVED FROM
COMESION ONLY AND IS CONSTANT WITH
. DEFTH. e as o e
m"""u ROTATION Frr ISPCF C000PSF  $: 0
— d s O/H » 20/2S + 080, 8-m°
L} FOR LOCATION OF CENTER OF CRITICAL LY ] = L2
CMCLE SEE M3, Rl RHE’ ‘“ﬁr;
B. FOR MIDUCTION FACTORS PFOR SUBMERGENCE, FAILURE SURFACE 'S BASE CIRCLE .

SURCHANGE OR TEMSION CRACKS SEE
ne. 4.

aum-

Figure 2

Stability Analysis for Slopes in Cohesive Soils, Undrained Conditions, i.e. ® =0
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Figure 3

Center of Critical Circle, Slope in Cohesive Soil
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Influence of Surcharge, Submergence, and Tension Cracks on Stability

© J. Paul Guyer 2012

19




BERM WIDTH ._%;_
EMBANKMENT WIOTH ' "D

5 1 \‘ CASE X A \‘ \ CASE IT
AR TN

. 24 F‘:’“‘ \ \

) \“\ fu}tb \ | "'\‘
AN \ \

3 g‘i AN | cAse 1 \
R\ BEER Y

zmsenb " \\\

FRILURES ~ N\

—

X T2 .
ALLOWABLE SHEAR  Cqy)
EMBANKMENT LOAD © P

[EANEE
| ol \’\\}\
. \\\
i W
§

| é”%' 1 ‘./

edaras

o, L :

PROCEDURE FOR APPROXIMATE DESIGN OF BERMS

2
3

GIVEN D, P,,D.  SHEAR STRENGTH =C
SAFETY FACTOR 2 Fy
ALLOWABLE SHEAR STRESS, Cq) = C/Fs
OETERMINE Pp: P2 2P -5.3 (Cq)
Pa MUST NOT EXCEED 5.5 (Cou)
COMPUTE AND B AND LoCATE 221N uppeR LEFT
b
GRAPH, b
{F CONDITIONS INOICATE CASE It RILURE,
(S DETERMINED FROM THIS GRAPH.
IF CONDITIONS INDICATE CASE X OR CASE X
FAILURE, ENTER APPROPRIATE GRAPH WITH

b b
fﬁlmo%m OETERMINE 6-OR —

© J. Paul Guyer 2012

. ;i I 175 X
ALE cn 6. FOR CASE I CNECK BY ncrsaum:;e 5
“EMBANKVENT (R ) X¢Dy FOR CASE I FAILURE. Az 5~ x b2
Figure 5

Design of Berms for Embankments on Soft Clays
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Figure 6

Stability Analysis of Translational Failure
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DEFINITION OF TERMS

RESULTANY HORIZONTAL FORCE FOR AN ACTIVE OR CENTRAL WEDGE ALONG
POTENTIAL SLIDING SURFACE a bec d .

RESULTANT HORIZIONTAL FORCE FOR A PASSIVE WEDGE ALONG POTENTIAL

SLIDING SURFACE @ 7 g .

TOTAL WEIGHT OF SOIL AND WATER IN WEDGE ABOYE POTENTIAL SLIDING SURFACE .
RESULT OF NORMAL AND TANGENTIAL FORCES ON POTENTIAL SLIDING SURFACE
CONSIDERING FRICTION ANGLE OF MATERIAL .

RESUITANT FORCE DUE TO PORE WATER PRESSURE OM POTENTIAL SLIDING SURFACE
CALCULATED AS - bw; + hwj;

FRICTION ANGLE OF LAYER ALONG POTENTIAL SLIDING SURFACE.
COHESION OF LAYER ALOMNG POTENTIAL SLIDING SURFACE .
LENGTH OF POTENTIAL SLIDING SURFACE ACROSS WEDGE,
DEPTH BELOW PHREATIC SURFACE AT BOUNDARY OF WEDGE.
UNIT WEIGHT OF WATER .

PROCEDURES

L)

2.)

3.)

4.)

S)

6.}

EXCEPT FOR CENTRAL WEDGE WHERE Q 1S DICTATED BY STRATIGRAPHY
USE o :45°+ —g— , B=a5°- + FOR ESTIMATING FAILURE SURFACE.

SOLVE FOR Pgq AND Pg FOR EACH WEOGE IN TERMS OF THE SAFETY FACTOR (Fg)
a B s

USING THE EQUATIONS SHOWN BELOW. THE SAFETY FACTOR IS APPLIED TO SO
STRENGTH VALUES (TAN ¢ ANDC).

MOBILIZED STRENGTH PARAMETERS ARE THEREFORE CONSIDERED AS $,, = TAN—! (L‘.“_t}
AND C,.= == . Fe
: ]

Pa g[w'-cmL SIN a - P, oosg Tan[a -gm | —[cmn. cosa-P,SINa]
Pp* [W+CmL SIN 8-P, cOS B][TAN (ﬁ++,,,aa-[cml. cos B+6, sinS]

N WHICH THE FOLLOWING EXPANSIONS ARE TO BE USED:

TAN ¢
TANG -0 TAN B + —ptm
‘ 3 TAN (B+Pem) = S

I +TAN a ————-i“::' I-TAN B8 -——,:——-T”: ¢

TAN (o~ . ) =

FOR EQUILIBRIUM Z ¢, = F P@. SUM Fg AND Pg FORCES IN TERMS OF Fy SELECT TRIAL Fyg,
CALCULATE Z Pa AND ZPg. If ZPqa # Zfg ,REPEAT. PLOT Pa AND Pg VS,

Fg WITH SUFFICIENT TRIALS TO ESTABLISH THE POINT OF INTERSECTION

(i.e., TPg= ZPg), WHICH 1S THE CORRECT SAFETY FACTOR,

DEPENDING ON STRATIGRAPHY AND SOIL STRENGTH, THE CENTER WEDGE MAY ACT
TO MAINTAIN OR UPSET EQUILIBRIUM.

NOTE THAT FOR -0, ABOVE EQUATIONS REDUCE TO:

Cm L Ce L

—~m =

SOt o . P‘awmu,sqr- —mTcos

THE SAFETY FACTOR FOR SEVERAL POTENTIAL SLIDING SURFACES MAY HAVE TO BE
COMPUTED IN OROER TQ FIND THE MINIMUM SAFETY FACTOR FOR THE GIVEN STRATIGRAPHY.

Pa= W TAN a —

Figure 6 (continued)

Stability Analysis of Translational Failure
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Figure 7

Example of Stability Analysis of Translational Failure
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FORCES Pg
WECGE 1' ¢ 225%,C 20,y #1012 KCF (SLIOING SURFACE ob)

@, 543 +9,/2+97.5°

wr -?—x 2O TAN 32.3°X 0427 1529 KIPS

Py s (252°) o2 x( gRyaw ) *3samirs

Pe) {W-P COSu, lfwl) P, SING

-usn-lui(—z?ufs)— osno-( r;*&n )4-&40

WEOGL 2§ #0,C * 080 KSF, )y +00B2 KCF ( SUDING SURFACE be)
ageas®
WAHZXOXOIZ+I12X0OX0IZ + —‘i—-nzxo.osz 235.42 KIPS

L

Papt WYAN a g = -o-o%-;; (FOR $:0)

3 ) Q-(m x 3543-!%-&

(ror)

WEDOE 3: ¢ 70,C*OSOKSF, ¥ 1 0.092 KCF [ SLIDING SURFACE ¢d)
ey :TAN" Q1=8.7®

p -?—suz xo.-z*-@-‘i!ag-xozxom-m.uxrs

Pay W TAN @y~ 3.}’7 (FOR $10)

b 4 \
5 <2371
: ||0qi xo.lo] : T10.49--52

> D20 Fs - 6.28 -
Zrg ST 0 ﬁ;‘;u

FORCES P,
-_ﬂfa 4. $30,C:080KSF, Y 20092 KCF (SLIDING SURFACE d o)
’. 2 48*
w i 4R x.2 x0.002 112,07 P

"a "W TAN B« :fdj:ﬂ' {(FOR ¢ *0)

11207 + Ii!l.;ﬁ] r1zo7 « Lp32

Ep, 1207« J}:&.

Figure 7 (continued)

Example of Stability Analysis of Translational Failure
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SOLVE FOR Fg, FROM EPRS EP‘a

L3 v
A hear X
1O i74 315 .2 ,,’ \
Ll 21.7 207 , \\
12 253 283 w 4
'3 288 270 (NI S

P4

F 4

Fl.|'27 1.0 ’ Y 1

Figure 7 (continued)

Example of Stability Analysis of Translational Failure
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w * WEIGHT OF WEOGE

. 1 2
kw P*J * WATER FORGE ON THE JOINT n:ncfmn:;)g-h‘,
Pwy Pwn = WATER FORGE OM THE ASSUMED
1
FAIWURE PLANE 3 —7g-hy. L
£ “ETw
he — Fé a k : SEISMIC COEFFICIENT TO AGCCOUNT FOR
Yo' W \/ DYNAMIC HORIZONTAL FORCE .
P

cL + [w Cosa — kW Sina — Pyn— Py, St’nuj tan ¢
WSina + kW Cosa + Py, Cosa

Figure 8
Stability of Rock Slope

6. EARTHQUAKE LOADING. Earthquake effects can be introduced into the analysis by
assigning a disturbing force on the sliding mass equal to kW where W is the weight of the
sliding mass and k is the seismic coefficient. For the analyses of stability shown in Figure 9a,
k+s,W is assumed to act parallel to the slope and through the center of mass of the sliding

mass. Thus, for a factor of safety of 1.0:

Wb + k+s,Wh = FR

The factor of safety under an earthquake loading then becomes:

F+Se, = FR/( Wb + k+s,Wh)
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To determine the critical value of the seismic efficient (k+cs,) which will reduce a given factor
of safety for a stable static condition (F+So,) to a factor of safety of 1.0 with an earthquake

loading (F+Se, = 1.0), use

k+cs, = (b/h) (F+So, - 1) = (F+So, -1)(sin 0)

If the seismic force is in the horizontal direction and denoting such force as k+ch, W, then
k+ch, = (F+So,-1) (tan 8). For granular, free-draining material with plane sliding surface
(Figure 9b): F+So, = tan ¢ /tan 6, and k+cs, = (F+So, -1)(sin 8). Based on several numerical
experiments k+ch, may be conservatively represented as k+ch, [approximately] (F+So, -
1)(0.25).
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{a) CIRCULAR SLIDING SURFACE

{(b) PLANE SLIDING SURFACE

Figure 9
Earthquake Loading on Slopes

The above equations are based on several simplifying assumptions: a) failure occurs along
well defined slip surface, b) the sliding mass behaves as a rigid body; c) soils are not
sensitive and would not collapse at small deformation; and d) there is no reduction in soil

strength due to ground shaking.

7. EFFECTS OF SOIL PARAMETERS AND GROUNDWATER ON STABILITY

7.1 INTRODUCTION. The choice of soil parameters and the methods of analyses are
dictated by the types of materials encountered, the anticipated groundwater conditions, the

time frame of construction, and climatic conditions. Soil strength parameters are selected
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either on the basis of total stress, ignoring the effect of the pore water pressure, or on the
basis of effective stress where the analysis of the slope requires that the pore water

pressures be treated separately.

7.2 TOTAL VS. EFFECTIVE STRESS ANALYSIS. The choice between total stress and
effective stress parameters is governed by the drainage conditions which occur within the
sliding mass and along its boundaries. Drainage is dependent upon soil permeability,

boundary conditions, and time.

7.2.1 TOTAL STRESS ANALYSIS. Where effective drainage cannot occur during shear, use
the undrained shear strength parameters such as vane shear, unconfined compression, and
unconsolidated undrained (UU or Q) triaxial compression tests. Field vane shear and cone
penetration tests may be used. Assume [phi] = 0. Examples where total stress analysis are

applicable include:

7.2.1.1 ANALYSIS OF CUT SLOPES OF NORMALLY CONSOLIDATED OR SLIGHTLY
PRECONSOLIDATED CLAYS. In this case little dissipation of pore water pressure occurs

prior to critical stability conditions.

7.2.1.2 ANALYSIS OF EMBANKMENTS ON A SOFT CLAY STRATUM. This is a special
case as differences in the stress-strain characteristics of the embankment and the foundation
may lead to progressive failure. The undrained strength of both the foundation soil and the
embankment soil should be reduced in accordance with the strength reduction factors R+E,
and R+F, in Figure 10.

7.2.1.3 RAPID DRAWDOWN OF WATER LEVEL PROVIDING INSUFFICIENT TIME FOR

DRAINAGE. Use the undrained strength corresponding to the overburden condition within

the structure prior to drawdown.
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R'-l.“‘ FOR TYPE A FOUNDATION
STRESS™ STRAIN CURVE

1.0 — ——
Ry FOR TYPE 8 FOUNDATION
oskb= l el JTRESS- STRAN GURVE sTRESS

= --""h-_.

[-'d o_a G S S— ——

g N /

w07 L TYPE A

N Rg FOR TYPE A OR TYPE B /

- PN € cMBANKMENT STRESS-STRAN STRAN

« 06 t CURVE >

- | N

] ] \.

a 05 | \\

| al

5 a4 i \_‘ STMESS

5 03 i \\

2 = ‘\

¥, I - TYPE 8

x

- | STRAIN

g ol + N ' —

g : TYPE A
MEDIUM DENSE SANDS, OR NORMALLY

12 3 4 5 6 T 8 9 COMSOLICATED CLAYS
S AVERASE EMOANKMENT STREMGTH TYPE B
Sy AVERASE FOUNDATION STREMGTH OENSE SANOS , OVERCONSOUIOATED
OR  SENSITIVE,NORMALLY
CONSOLIDATED CLAYS
EXAMPLES !

FROM LAB: EMBANKMENT SOIL {5 TYPE A, UNDRAINED SHEAR STRENGTH =000 PSF
FOUNDATION SOIL IS TYPE B, UNDRAINED SHEAR STRENGTH = 400PSF

THEN SE _ K000 ..
Sy 400 -

RE « 0.67

'F = 0.9%

USE UNDRAINED SHEAR STRENGTHS Sg =670 AND SF:=372 FOR ANALYSIS
NOTE:UNDRAINED SHEAR STRENGTH IS INDEPENDENT OF TOTAL NORMAL STRESS

Figure 10
Correction Factors Re and Rr to Account for Progressive

Failure in Embankments on Soft Clay Foundations
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7.2.1.4 END-OF-CONSTRUCTION CONDITION FOR FILLS BUILT OF COHESIVE SOILS.
Use the undrained strength of samples compacted to field density and at water content

representative of the embankment.

7.2.2 EFFECTIVE STRESS ANALYSIS. The effective shear strength parameters (c', [phi]’)

should be used for the following cases:

7.2.2.1 LONG-TERM STABILITY OF CLAY FILLS. Use steady state seepage pressures

where applicable.

7.2.2.2 SHORT-TERM OR END-OF-CONSTRUCTION CONDITION FOR FILLS BUILT OF
FREE DRAINING SAND AND GRAVEL. Friction angle is usually approximated by correlation

for this case.

7.2.2.3 RAPID DRAWDOWN CONDITION OF SLOPES IN PERVIOUS, RELATIVELY
INCOMPRESSIBLE, COARSE-GRAINED SOILS. Use pore pressures corresponding to new

lower water level with steady state flow.

7.2.2.4 LONG-TERM STABILITY OF CUTS IN SATURATED CLAYS. Use steady state

seepage pressures where applicable.

7.2.2.5 CASES OF PARTIAL DISSIPATION OF PORE PRESSURE IN THE FIELD. Here,
pore water pressures must be measured by piezometers or estimated from consolidation

data.

7.3 EFFECT OF GROUNDWATER AND EXCESS PORE PRESSURE. Subsurface water
movement and associated seepage pressures are the most frequent cause of slope instability.

See Table 1 for illustrations of the effects of water on slope stability.

7.3.1 SEEPAGE PRESSURES. Subsurface water seeping toward the face or toe of a slope
produces destabilizing forces which can be evaluated by flow net construction. The

piezometric heads which occur along the assumed failure surface produce outward forces
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which must be considered in the stability analysis. See Table 3 below and the example of

Figure 1 above.

7.3.2 CONSTRUCTION PORE PRESSURES. When compressible fill materials are used in
embankment construction, excess pore pressure may develop and must be considered in the
stability analysis. Normally, field piezometric measurements are required to evaluate this

condition.

7.3.3 EXCESS PORE PRESSURES IN EMBANKMENT FOUNDATIONS. Where
embankments are constructed over compressible soils, the foundation pore pressures must

be considered in the stability analysis. See top panel of Table 3 shown below.

7.3.4 ARTESIAN PRESSURES. Artesian pressures beneath slopes can have serious effects
on the stability. Should such pressures be found to exist, they must be used to determine
effective stresses and unit weights, and the slope and foundation stability should be evaluated

by effective stress methods.
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HTIALLY EXCESS PORE PRESPURES ARE BUILT UPAT THE CENTER
OF THE IMPERVIOUS COMPRESSIBLE STRATUM EQUAL TO TOTAL
PRESSURE OF APPLED LOAD. IF THE STRATUM i3S VARVED OR

WHTIAL EXCESS PORE PRE SSURE LENSED WITH GREATER MOMZONTAL THAN VERTICAL

WHTH HMORIDON TAL ORAINASE PERMEABILITY, ORI 20MTAL DRANAME CAUSES DECREASE OF
PORE FRESSURE UNDER THE LOAD AND AN INCREASE BE YOMD

POSSISLE FRILURE wEDSE——=. || | T M

COMPRESSIBE STRATUM | 2% Hx EXCESS PORE FRESSURE

Addsadsd 2AL LA Ldadda dadd

(1) CONIOLIDATION PORE PRESSURES DEVELOPED N COMPRESSIBLE FOUNDATION

PORE PRES SURE SUIARE DE TERSH NED FROM
FLOW NET FOR STEADY STATE SEEPAGE FROM

POSSIBLE MULLURE CIRCLE

MEIOMETRIKC LEYEL

FLOW LES

(&) STEADY STATE SEEMWE PRESSURES

PORE PRESSURES (U) BENEATH THE UPSTREAM
SLOME FOLLOWMNNG RAPD DRAWDOWNM ARE
HYDROSTATIC WITH SURPACE OF UPSTREAM
SLOPE . FORE PRESJURES IN THE CENTRAL
PORTION OF THE EMBANKMNENT DO NOT
EXCEED THOSE FOR STEADY STATE

EQUIFCTENTIALS BENEATH  pOSSIBLE FAILURNE CHVCLE
VPITREAM LOME

WATER LEVELS:
BEPORE DRADOWN
AFTER DRAWOOWN

(3) PORE PRESSURES NESIDUAL FROM RAPID DRAWDOWN

Table 3

Pore Pressure conditions for Stability Analysis of Homogeneous Embankment
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7.4 STABILITY PROBLEMS IN SPECIAL MATERIALS

7.4.1 CONTROLLING FACTORS. Primary factors controlling slope stability in some special

problem soils vary.

7.4.2 STRENGTH PARAMETERS.

7.4.2.1 OVERCONSOLIDATED, FISSURED CLAYS AND CLAYSHALES. See Table 2. Cuts
in these materials cause opening of fissures and fractures with consequent softening and

strength loss.

e ANALYSIS OF CUT SLOPES. For long-term stability of cut slopes use residual
strength parameters c' and ¢’ from drained tests (see Chapter 3). The most reliable
strength information for fissured clays is frequently obtained by back figuring the

strength from local failures.

e OLD SLIDE MASSES. Movements in old slide masses frequently occur on relatively
flat slopes because of gradual creep at depth. Exploration may show the failure mass
to be stiff or hard; but a narrow failure plane of low strength with slickensides or
fractures may be undetected. In such locations avoid construction which involves

regrading or groundwater rise that may upset a delicate equilibrium.

7.4.2.2 SATURATED GRANULAR SOILS IN SEISMIC AREAS. Ground shaking may result
in liquefaction and strength reduction of certain saturated granular soils. Empirical methods

are available for estimating the liquefaction potential.

7.4.2.3 LOESS AND OTHER COLLAPSIBLE SOILS. Collapse of the structure of these
soils can cause a reduction of cohesion and a rise in pore pressure. Evaluate the saturation
effects with unconsolidated undrained tests, saturating samples under low chamber pressure

prior to shear.

7.4.2.4 TALUS. For talus slopes composed of friable material, [phi] may range from 20 deg.
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to 25 deg. If consisting of debris derived from slate or shale, [phi] may range from 20 deg. to
29 deg., limestone about 32 deg., gneiss 34 deg., and granite 35 deg. to 40 deg. These are
crude estimates of friction angles and should be supplemented by analysis of existing talus

slopes in the area.

7.5 SLOPE STABILIZATION

7.5.1 METHODS. See Table 4 below for a summary of slope stabilization methods. A

description of some of these follows:

7.5.1.1 REGRADING PROFILE. Flattening and/or benching the slope, or adding material at
the toe, as with the construction of an earth berm, will increase the stability. Analyze using the

procedures above to determine the most effective regrading.

7.51.2 SEEPAGE AND GROUNDWATER CONTROL. Surface control of drainage
decreases infiltration to potential slide area. Lowering of groundwater increases effective

stresses and eliminates softening of fine-grained soils at fissures.

7.5.1.3 RETAINING STRUCTURES.

e APPLICATION. Walls or large diameter pilings can be used to stabilize slides of
relatively small dimension in the direction of movement, or to retain steep toe slopes so

that failure will not extend back into a larger mass.

e ANALYSIS. Retaining structures are frequently misused where active forces on wall
are computed from a failure wedge comprising only a small percentage of the total
weight of the sliding mass. Such failures may pass entirely beneath the wall, or the
driving forces may be large enough to shear through the retaining structure. Stability
analysis should evaluate a possible increase of pressures applied to a wall by an
active wedge extending far back into failing mass, and possible failure on the sliding

surface at any level beneath the base of the retaining structure.
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Schene

Applicable Mathods

Coamentn

Changing Geometry

EXCAVATICN

e
A~
_ w

l. Reduco slope height
by excavation at top
of slope.

2. Flatten the slope
angle.

3. Excevate a bench in
upper part of slope.

1.

Area hag to be
accessible to con=
slruction equipment,
Disposal site needed
for axcavated soil.
Drainage sometimes
incorporated in this
naethod,

2.

Esrth berm Fill

_£::::7”/r_“_-

l. Compacted earth or
rock bera placed “at
and beyond the toe.
Drainage may be
provided behind
bexre.

1,

Sufficilent width and
thickness of berm
required so failure
will not accur below
or through berm,

3.

Retaining Structures

RETANING STRUCTURES

_‘&/—
—

l« Retaining wall -
crib or cantilever
tywa

2. Drilled, cast=-in-
place vertical
pilas, founded well
below bortom of
slide plane. Gen-
erally 18 to 36
inches In diameter
and 4= to 8=foor
spacing. Laxrger
diamater piles at
closer spacing may
bée required in soae
cases to mitigate
failuras of cuts 1in
bighly fissured
clays,

)

2.

Usually expensive.
Cantilever walls
aight have to be
tied backe.

Spaciag should be
such that soil can
arch between piles.
Grade beam can be
ugsed to tie piles
togethar. Very
large diamecer (6
feet ¥) piles have
been uvsed for deep
slides.

© J. Paul Guyer
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Scheme

Applicable Methods

Comments

3.

b

5.

Drilled, cast-in~
place verticol piles
tied back with bat-
tered piles or a
deadman. Pillee
founded well below
slide plane. Geo
erally, 12 to 30
inches in dianeter
and at 4- to 8-foot
apacing.

Earth and rock

anchors and rock
I.'_)Olt..

Reinforced earth.

3.

4

5.

Space close enough
80 80il will arch
botween piles.
Piles can be tied
together with grade
beam,

Can be used for high
slopes, and ia very
restricted areas.
Conservative design
ghould be used,
especlally for per-
manent support. Use
may be essencial for
slopas in rocks
where joints dip
toward excavation,
and such jJoints
daylight in the
glope. '

Usually expeasive,.

e PILES OR CAISSONS. To be effective, the piles should extend sufficiently below the
failure surface to develop the necessary lateral resistance. Figure 11 shows how the
effect of the piles is considered in calculating the factor of safety. The distribution of
pressure along the pile can be computed from charts shown in Figure 12. This

assumes full mobilization of soil shear strength along the failure surface and should be

Table 4 (continued)

Methods of Stabilizing Excavation Slopes

used only when the safety factor without the piles is less than 1.4.

See Figure 13 for example computations. Note the computations shown are only for one of

the many possible slip surfaces.

7.5.1.4 OTHER METHODS. Other potential procedures for stabilizing slopes include grouting,

freezing, electro osmosis, vacuum pumping, and diaphragm walls.
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7.6 SLOPE PROTECTION

7.6.1 SLOPE EROSION. Slopes which are susceptible to erosion by wind and rain-fall
should be protected. Protection is also required for slopes subjected to wave action as in the
upstream slope of a dam, or the river and canal banks along navigational channels. In some

cases, provision must be made against burrowing animals.

~ %0

POTENTIAL SLIDING SURFACE

SAFETY FACTOR (Fg) FOR MOMENT EQUILIBRIUM FOR METHOD OF SLICES WITH
CIRCULAR POTENTIAL SLIDING SURFACE (WITHOUT SEISMIC LOADS, SURCHARGE
LOADS ,OR PARTIAL SUBMERGENCE OF SLOPE) IS TYPICALLY ODEFINED AS:

Fos EEER+I(P-uL)RTAN ¢’
. T WX

WHERE: ¢ = EFFECTIVE COMESION.

¢' = EFFECTIVE FRICTION ANGLE .

W = TOTAL WEIGHT OF SUICE .

P = TOTAL NORMAL FORCE ON BASE OF SLICE .

L = LENGTH OF POTENTIAL SLIOING SURFACE ACROSS SLICE.

v = AVERAGE PORE WATER PRESSURE ON POTENTIAL SLIDING
SURFACE ACROSS SLICE.

R = RADIUS OF MOMENT ARM FOR POTENTIAL SLIDING SURFACE

X = HORIZONTAL DISTANCE FROM CENTROID OF SUICE TO CENTER
OF ROTATION.

Figure 11

Influence of Stabilizing Pile on Safety Factor
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TA - POTENTIAL FAILURE SURFACE

STABILIZING PILE

SAFETY FACTOR FOR MOMENT EQUILIBRIUM CONSIDERING THE SAME FORCES
AS ABOVE PLUS THE EFFECT OF THE STABILIZING PILE IS EXPRESSED AS:

T LR+ E(P-u) R TAN ¢'+TZ
T WX

Fo =

WHERE : T =AVERAGE TOTALTHRUST (PER UN. FT HORIZ.)RESISTING SOIL
MOVEMENT.
Z =OISTANCE FROM CENTROIO OF RESISTING PRESSURE (THRUST) TO
CENTER OF ROTATION.

Figure 11 (continued)

Influence of Stabilizing Pile on Safety Factor
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LATERAL STRESS ON PILES (cr._)
0) SOIL WITH C aNO ¢, o = 3, Ke+CXe -1
D) SOIL WITH G ONLY (¢:0), o =&, +cKZ  —(2)

&, » EFFECTIVE VERTICAL STRESS AT DEPTH 2

K§ =EARTH PRESSURE COEFFICIENT K¢ FOR ¢ 20
SEE (B) AND {C) BELOW FOR OEFINITION OF Kq AND K¢

R
SN X

Kasazs v fr;:)
Kqs® c®
400
:: ¢ !’-’g.",
-
<o _// __‘;2:__..—-" [ N wo /ﬂ_’ﬁ_’_ sve
20 e ME L] 33.3 .o " g ne
XP L el IT.T
e //" R 1. Y <0 AA,..— 3ﬂ: ::.c
f‘- 4 -—
b 7 3.80 e =S
- 3.2
" 7"” 10 = 10,2
[+ hd 1L93 014
Lo s
3° ——a 0.02
| ——"1 Ko OFOR ¢ :Q* 2 -
c4g ) 73] ) 20 N s zu/c; i e
EARTI PAES Z/gcu e ron :3::» PRESSURE COEFFICIENT FOR
SURE FICIE COMESION
OVERBURDEN PRESSURE
( (<)
Figure 12

Pile Stabilized Slope
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STABILIZING PILE S

7 -~
B=|SFY, / S~
_-% S=4SFT /
¢

PLAN
"g = 0.080 KCF
C' = 0.200 KSF
¢ sI8°

STABILIZING PILE

A. PRESSURE DIAGRAM ON STABILIZING PILE

Figure 13

Example Calculation — Pile Stabilized Slopes
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B. For trial slip Surface s~a compute
lateral .resistance, generated by
presence of pile 1f factor of safety
wvithout piles 1s less than 1.4.
Compute pressures using Figure 12.

G, 13, Kq* K} SEE FIGURE 12 FOR OEFINITIONS

Lateral

Depth Below Vertical EBffective Resistance to
Top of Pile Stress 9y So1l Movement

20 BB Ky X (kips/£t2) R KSF

0 0 1.5 4.0 0 0.8

) 2 2.1 10.8 0.15 2.48

6 4 2.4 12.8 0.30 3.28

9 6 2.6 14,0 0.45 3.97

C. Compute centroid of lateral resistance (i.e., location of force T)

Resultant Resistance (f)

Depth Range Over Depth Range 2 f2
0-3 3 (2.-3_.:2.3.-_5&) B = 4,928 1.5 7.388
3~6 8.64B 4.5 38.888
-9 10.878 745 81.538

ZT 25,433 127.798

Z = 127.79/24.43 = 5.23 ft

D. Lateral reaistance per linear foot of slope
Ty= I/S = 24.43 x 1.5/4.5 = 8.14k

Note that T accounts for three dimemsional condition and need not be
corrected.

E. Use T] in Step D and Z in Step C to compute additional stabilizing

nonen™ for evaluating safety factor including effect of piles (see
Figure 1I).

Figure 13 (continued)

Example Calculation — Pile Stabilized Slopes
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F. <Compute +.L., &t depth corresponding ©o 2/8 = 29 (2 = 39} in oxder <o
gompate average Increase ¢of positive resistances wieh depih:

Ky, = 3.1, E+c,

[}
—
=1}

{sigma’+L, = 2.2 % 30 =2 0.95 + 16 x 0.2
Average increase n lateral zesistance beldew D+s,:
{sigma.+Ll+avg,, = {7.85 = 3.97) /{30 = %) = 0_18E X57/=<

Assumse that the direction of lateral resistance changes at devth 4+1
beneath Zfailure surface, Then:

G. Ca.culate depth of penesraticon d by solving the following eguations
and iacrease d by 3% far safezy:

T +

"]

+2, - T+l, = 2 {1
Fol L+l = F42,.5+2, 2
Compute forces per unit pile widsh:
T = 2&4.43.%-
F+l. = 3.587d+], = 0.0%2c+L..2-

F+Z.

(3.97 + C.1%a5d+1.) {d-d+1.}) + D.0%2 {d-d+1l.).

[ (8]

]
L]
L)
(¥l
R4
¥
F

[
+
]
LY
E |
0

1

3.5%7+d. . 1- - 0.0%24+L,

[

d. Use Zg (1) in Stew > to calculate d+l, for given wvalues of d.

[l

24,43 + 0.0%2d.2- = 3.5%7d ~ 7.94d+2., = 0.183d+1,.2- =

24,43 + 2.05%24.2- + 2 974

J.158
Les d = 18.%8", then d+l., = 11.&¢

Step G {consider e=ach sectian of pressure diagram broazen
ol

Figure 13 (continued)

Example Calculation — Pile Stabilized Slopes
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L0 0.18% 2 zxuoj
f, L,=E9? xnox(3.27 —2—)]+[2 xno? x (3174 2% )—'

: 5291 FT-KPS
d-¢,148

Fply® [(397 +0.183 X 11.0) X 4.8 X (377 o.nmiof-a

* [9";“' X 4.82 x(s_rn 10 + .253*_!3_)]

T 9382
fl=Rlyr -4l
a¥i58’ 0K,

1. Design
Increase d by 30% to obtain the practical driving depth

d:=158%X1,32205%"

LOCATE POINT OF 2ERO SHEAR
24.4313.97 X +0092 X%

X2 443.15X =265.34:0

_-a3u5s Vay 152 +4x265.54

~ 2

35,46
COMPUTE MAXIMUM BENCING ON PILE (B:19")

3
ume“sxcs‘?ns.«)-( 5‘9”5‘5‘“’2 s DX )-Em

2 X3

22419 Kp-FT
QUECK PILE SECTION VS Mpqx

NOTES :
a. Higher embedment may be required to ninimize slope moverents.
b. Use residual shear strength parameters i{f appropriate.
€. Analysis applicable for safety factor £ 1.4 without piles.

Soil movement assumed to be large enough to justify assumption
on rupture conditions.

Figure 13 (continued)

Example Calculation — Pile Stabilized Slopes
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7.6.2 TYPES OF PROTECTION AVAILABLE. The usual protection against erosion by wind
and rainfall is a layer of rock, cobbles, or sod. Protection from wave action may be provided
by rock riprap (either dry dumped or hand placed), concrete pavement, precast concrete

blocks, soil-cement, fabric, and wood.

7.6.2.1 STONE COVER. A rock or cobbles cover of 12" thickness is sufficient to protect

against wind and rain.

7.6.2.2 SOD. Grasses suitable for a given locality should be selected with provision for

fertilizing and uniform watering.

7.6.2.3 DUMPED ROCK RIPRAP. This provides the best protection against wave action. It
consists of rock fragments dumped on a properly graded filter. Rock used should be hard,
dense, and durable against weathering and also heavy enough to resist displacement by

wave action. See Table 5 below for design guidelines.

7.6.2.4 HAND-PLACED RIPRAP. Riprap is carefully laid with minimum amount of voids and
a relatively smooth top surface. Thickness should be one-half of the dumped rock riprap but
not less than 12". A filter blanket must be provided and enough openings should be left in the

riprap facing to permit easy flow of water into or out of the riprap.

7.6.2.5 CONCRETE PAVING. As a successful protection against wave action, concrete
paving should be monolithic and of high durability. Underlying materials should be pervious to
prevent development of uplift water pressure. Use a minimum thickness of 6". When
monolithic construction is not possible, keep the joints to a minimum and sealed. Reinforce
the slab at mid depth in both directions with continuous reinforcement through the

construction joints. Use a steel area in each direction equal to 0.5% of the concrete area.

7.6.2.6 GABIONS. Slopes can be protected by gabions.
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Table 5

Thickness and Gradation Limits of Dumped Riprap

Slope Nominal Gradation, percentage of stones of
thickness, various weights, pounds (1)
inches Maximum 40 to 50% 50 to 60% 0 to 10% less
size greater than from-to than (2)
3:1 30 2,500 1,250 75-1,250 75
2:1 36 4,500 2,250 100 — 2,250 100

(1) Sand and rock dust shall be less than 5%, by weight, of the total riprap material
(2) The percentage of this size material shall not exceed an amount which will fill the voids in larger rock.

© J. Paul Guyer 2012
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9. GLOSSARY

Activity of Clay - The ratio of plasticity index to percent by weight of the total sample that is
smaller than 0.002 mm in grain size. This property is correlated with the type of clay material.

Anisotropic Soil - A soil mass having different properties in different directions at any given
point referring primarily to stress-strain or permeability characteristics.
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Capillary Stresses - Pore water pressures less than atmospheric values produced by
surface tension of pore water acting on the meniscus formed in void spaces between soll
particles.

Clay Size Fraction - That portion of the soil which is finer than 0.002 mm, not a positive
measure of the plasticity of the material or its characteristics as a clay.

Desiccation - The process of shrinkage or consolidation of the fine-grained soil produced by
increase of effective stresses in the grain skeleton accompanying the development of
capillary stresses in the pore water.

Effective Stress - The net stress across points of contact of soil particles, generally
considered as equivalent to the total stress minus the pore water pressure.

Equivalent Fluid Pressure - Horizontal pressures of soil, or soil and water, in combination,
which increase linearly with depth and are equivalent to those that would be produced by a
heavy fluid of a selected unit weight.

Excess Pore Pressures - That increment of pore water pressures greater than hydro-static
values, produced by consolidation stresses in compressible materials or by shear strain.

Exit Gradient - The hydraulic gradient (difference in piezometric levels at two points divided
by the distance between them) near an exposed surface through which seepage is moving.

Flow Slide - Shear failure in which a soil mass moves over a relatively long distance in a
fluid-like manner, occurring rapidly on flat slopes in loose, saturated, uniform sands, or in
highly sensitive clays.

Hydrostatic Pore Pressures - Pore water pressures or groundwater pressures exerted
under conditions of no flow where the magnitude of pore pressures increase linearly with
depth below the ground surface.

Isotropic Soil - A soil mass having essentially the same properties in all directions at any
given point, referring directions at any given point, referring primarily to stress-strain or
permeability characteristics.

Normal Consolidation - The condition that exists if a soil deposit has never been subjected
to an effective stress greater than the existing overburden pressure, and if the deposit is
completely consolidated under the existing overburden pressure.

Overconsolidation - The condition that exists if a soil deposit has been subjected to an
effective stress greater than the existing overburden pressure.

Piezometer - A device installed for measuring the pressure head of pore water at a specific
point within the soil mass.
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Piping - The movement of soil particles as the result of unbalanced seepage forces produced
by percolating water, leading to the development of boils or erosion channels.

Plastic Equilibrium - The state of stress of a soil mass that has been loaded and deformed
to such an extent that its ultimate shearing resistance is mobilized at one or more points.

Positive Cutoff - The provision of a line of tight sheeting or a barrier of impervious material
extending downward to an essentially impervious lower boundary to intercept completely the
path of subsurface seepage.

Primary Consolidation - The compression of the soil under load that occurs while excess
pore pressures dissipate with time.

Rippability - The characteristic of dense and rocky soils that can be excavated without
blasting after ripping with a rock rake or ripper.

Slickensides - Surfaces with a soil mass which have been smoothed and striated by shear
movements on these surfaces.

Standard Penetration Resistance - The number of blows of a 140-pound hammer, falling 30
inches, required to advance a 2-inch O.D., split barrel sampler 12 inches through a soil mass.

Total Stress - At a given point in a soil mass and equals the sum of the net stress across
contact points of the soil particles (effective stress) plus the pore water pressure at that point.

Underconsolidation - The condition that exists if a soil deposit is not fully consolidated under
the existing overburden pressure and excess hydrostatic pore pressures exist within the
material.

Varved Silt or Clay - A fine-grained glacial lake deposit with alternating thin layers of silt or
fine sand and clay, formed by variations in sedimentation from winter to summer during the
year.

10. SYMBOLS

Symbol Designation

A Cross-sectional area.

A+c, Activity of fine-grained soil.

atv, Coefficient of compressibility.

B,b Width in general; or narrow dimension of a foundation unit.
CBR California Bearing Ratio.
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C+c,

CD

C+r,

C+s,

CU

C+u,

C+z,
C+[alphal],

Cc

c+h,
ctv,
D,d Depth,
D+r,

D+10,

D+5,, D+60,
D+85,

E

E+s,

e

e+,

e+o,

© J. Paul Guyer 2012

Compression index for virgin consolidation.
Consolidated-drained shear test.
Recompression index in reconsolidation.
Swelling index.

Consolidated-undrained shear test.
Coefficient of uniformity of grain size curve.
Coefficient of curvation of gradation curve.
Coefficient of secondary compression.

Cohesion intercept for Mohr's envelop of shear strength based on total
stresses.

Cohesion intercept for Mohr's envelope of shear strength based on
effective stresses.

Horizontal coefficient of consolidation.
Vertical coefficient of consolidation.
diameter, or distance.

Relative density.

Effective grain size of soil sample; 10% by dry weight of sample is smaller
than this grain size.

Grain size division of a soil sample.

percent of dry weight smaller than this grain size is indicated by subscript.
Modulus of elasticity of structural material.

Modulus of elasticity or "modulus of deformation” of soil.

Void ratio.

Final void ratio reached in loading phase of consolidation test.

Initial void ratio in consolidation test generally equal to natural void in situ.
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e+tr,

F+s,

H,h

h+c,

H+t,

H+w,

K+A,
K+p,
K+v,

K+v*,

k+H,
k+m,
ksf
ksi
k+V,
L,1

© J. Paul Guyer 2012

Void ratio existing at the start of rebound in a consolidation test.

Shape factor describing the characteristics of the flow field in
underseepage analysis.

Safety factor in stability or shear strength analysis.
Specific gravity of solid particles in soil sample, or shear modulus of soil.

In general, height or thickness. For analysis of time rate of consolidation,
H is the maximum vertical dimension of the drainage path for pore water.

Capillary head formed by surface tension in pore water.

Depth of tension cracks or total thickness of consolidating stratum or
depth used in computing loads on tunnels.

Height of groundwater or of open water above a base level.

Influence value for vertical stress produced by superimposed load, equals
ratio of stresses at a point in the foundation to intensity of applied load.

Gradient of groundwater pressures in underseepage analysis.
Coefficient of active earth pressures.

Coefficient of passive earth pressures.

Modulus of subgrade reaction for bearing plate or foundation of width b.

Modulus of subgrade reaction for 1 ft square bearing plate at ground
surface.

Coefficient of permeability in general.

Coefficient of permeability in horizontal direction.
Mean coefficient of permeability of anisotropic subsoil.
Kips per sq ft pressure intensity.

Kips per sq in pressure intensity.

Coefficient of permeability in vertical direction.

Length in general or longest dimension of foundation unit.
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LI
LL

m+yv,

n+d,

n+e,

n+f,
omMC
P+A,
P+AH,
pcf
P+c,
P+h,

P+o,

Pl

PL
P+P,
P+PH,
P+v,

P+w,
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Liquidity index.

Liquid limit.

Coefficient of volume compressibility in consolidation test.

Porosity of soil sample.

Number of equipotential drops in flow net analysis of underseepage.

Effective porosity, percent by volume of water drainable by gravity in total
volume of soil sample.

Number of flow paths in flow net analysis of underseepage.
Optimum moisture content of compacted soil.

Resultant active earth force.

Component of resultant active force in horizontal direction.
Density in pounds per cubic foot.

Preconsolidation stress.

Resultant horizontal earth force.

Existing effective overburden pressure acting at a specific height in the
soil profile or on a soil sample.

Plasticity index.

Plastic limit.

Resultant passive earth force.

Component of resultant passive earth force in horizontal direction.
Resultant vertical earth force.

Resultant force of water pressure.

Intensity of applied load.

Intensity of vertical load applied to foundation unit.
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q+u, Unconfined compressive strength of soil sample.

g+ult, Ultimate bearing capacity that causes shear failure of foundation unit.
R,r Radius of pile, caisson well or other right circular cylinder.
R+o, Radius of influence of a well, distance from the well along a radial line to

the point where initial groundwater level is unaltered.

r+e, Effective radius of sand drain.

r+s, Radius of smear zone surrounding sand drain.

r+w, Actual radius of sand drain.

S Percent saturation of soil mass.

Sl Shrinkage index.

SL Shrinkage limit.

S+, Sensitivity of soil, equals ratio of remolded to undisturbed shear strength.
S Shear strength of soil for a specific stress or condition in situ, used

instead of strength parameters ¢ and [phi].

T+o, Time factor for time at end of construction in consolidation analysis for
gradual loading.

T+v, Time factor in consolidation analysis for instantaneous load application.
tsf Tons per sq ft pressure intensity.

t,t+1, t+2,,t+n, to  Time intervals from start of loading
the points 1, 2, or n.

t+50,,t+100, Time required for a percent consolidation to be completed indicated by
subscript
U Resultant force of pore water or groundwater pressures acting on a

specific surface within the subsoils.

U Average degree of consolidation at any time.
u Intensity of pore water pressure.
uu Unconsolidated-undrained shear test.
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V+a,

V+s,

V+yv,

V+w,

W+s,

W+,

W+w,

w
[gamma]+D,

[gamma]+MAX,

[gamma]+SAT,
[gamma]+SUB,
[gamma]+T,

[gamma]+W,

[epsilon]
[epsilon]+a,
[W-DELTA]e

[W-DELTA]p.
conditions

[delta], [delta]+v,

[delta]+c,

[phi]

[sigma]
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Volume of air or gas in a unit total volume of soil mass.
Volume of solids in a unit total volume of soil mass.
Volume of voids in a unit total volume of soil mass.
Volume of water in a unit total volume of soil mass.
Weight of solids in a soil mass or soil sample.

Total weight of soil mass or soil sample.

Weight of water in a soil mass or soil sample.

Moisture content of soil.

Dry unit weight of soil

Maximum dry unit weight of soil determined from moisture content dry
unit weight curve.

Saturated unit weight of soil.
[gamma]+b, Submerged (buoyant) unit weight of soil mass.
Wet unit weight of soil above the groundwater table.

Unit weight of water, varying from 62.4 pcf for fresh water to 64 pcf for
sea water.

Unit strain in general.
Axial strain in triaxial shear test.
Change in void ratio corresponding to a change in effective stress,

Magnitude of settlement for various conditions

Angle of internal friction or "angle of shearing resistance," obtained from
Mohr's failure envelope for shear strength.

Total major principal stress.
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[sigma]+3,
[sigma]®.
[sigma]+3,
[sigma]+x,,
directions.
[sigma]+y,,
[sigma]+z,
[tau]
[tau]+MAX,

[upsilon]
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Total minor principal stress
Effective major principal stress
Effective minor principal stress.

Normal stresses in coordinate

Intensity of shear stress.

Intensity of maximum shear stress.

Poisson's Ratio
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