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CHAPTER 2
IS GROUND IMPROVEMENT NECESSARY?

A number of analyses and decisions may be required to determine if ground improvement
is necessary. A series of flow charts to aid in this process are listed in Table 2 and in-
cluded as Figures 1 through 26. Each level of analysis, which is represented by a single
chart or a series of charts, requires progressively more detailed information. Figure 1
shows the overall evaluation process necessary to assess the need for ground improvement
for a facility. Figure 2 can be used for a preliminary evaluation of site conditions and de-
sign/performance requirements. If, based on the results of the preliminary evaluation,
more detailed analyses are required, Figures 3 through 8 are used. These charts include
evaluations for difficult soils, liquefaction potential, slope stability, bearing capacity and
settlement, and seepage instability. “Difficult soils” include collapsing soils, expansive
soils, sensitive clays and dispersive clays. These soil types are discussed below under the
heading “Difficult Soils Evaluation.” The evaluations for difficult soils, bearing capacity

and settlement, and seepage instability are complete after this step.

A further level of analysis could be required for liquefaction and slope stability evalua-
tions. These analyses are performed to estimate deformations for situations where the
factor of safety is inadequate. The steps necessary for gross deformation estimates are
shown in Figures 9 and 10, while the procedure for refined deformation estimates is shown
in Figure 11. Methods for determination of the properties and parameters listed in Figures

2 through 11 are described in Figures 12 through 26.
Preliminary Evaluation

The preliminary evaluation (Figure 2) can be performed for new or existing facilities. For

the preliminary evaluation, project performance requirements need definition and site
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characterization must be completed. The project performance requirements that pertain to
the potential need for ground improvement include loading conditions and allowable de-
formations for the facility, as well as an assessment of the impacts of natural hazards, such
as floods, earthquakes or hurricanes, and the performance required during these events.
For a new facility, the performance requirements should be determined during the early
stages of analysis and design. For an existing facility, the performance requirements may
be the result of an upgrade in the facility or deficiencies requiring remedial work to im-
prove performance during a flood or an earthquake. In addition, re-evaluations of haz-
ards, such as earthquake magnitude, peak flood and sustained wind velocity, often lead to

increased demands on structures and facilities so that retrofitting is required.

The site characterization step includes investigations to evaluate the soil profile, ground
water levels and soil properties. New projects will likely require a detailed geotechnical
investigation or series of investigations to obtain the information necessary to make
ground improvement decisions. Guidelines for planning these studies are presented in EM
1110-1-1804, Geotechnical Investigations. The geotechnical investigations can be per-
formed in stages, beginning with a preliminary subsurface investigation and proceeding to

more detailed investigations as more specific and detailed information is required.

At existing facilities, old records, such as geotechnical investigation reports and boring
logs, may provide sufficient information to make decisions regarding the need for ground
improvement. However, it is likely that supplemental information or investigations will be
necessary. Additional geotechnical investigations should be performed in accordance with

EM 1110-1-1804.

All available information should be used to aid in the decision-making process. Regional
geologic references can be consulted for general information about the soil composition,
fabric and structure. Experience with similar soils or nearby sites can be used to provide
guidance regarding the performance of a soil and the need for ground improvement.

Boring log data from adjacent properties can provide information about the stratigraphy
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and ground water conditions in the immediate vicinity of the site. Assessment methods for

design/performance requirements and subsurface conditions are presented in Figures 12
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5. potential for excess seepage, high uplift pressures, or erosion and piping.

The flow chart in Figure 2 requires a “Yes” or “No” answer for each of the five items
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iisted above. If the answer to one or more of the decisions is xes * then an additional
evaluation for each item with a “Yes” response should be performed before a decision can

be made regarding the need -for ground improvement (or aiternative corrective action).
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change in collapsing soils, soil composition is the usual culprit in expansive soils. Most

Sensitive clays lose undrained strength when remolded. Sensitivity can be formed by a
variety of factors, including metastable fabric, cementation, leaching, weathering, thixo-
tropic hardening, and formation or addition of dispersing agents. Dispersive clays are
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highly erodible because the clay particle associations are structuraily unstabie and easily
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methods for soil state parameters are shown in Figure 17. If difficult so

site, the need for remedial action depends on the type of facility under consideration. Dis-

and levees because they can initiate erosion and piping

through the embankment or foundation that may lead to failure. Numerous canals in the
west and southwest are constructed in collapsing soils or dispersive clay. Sensitive clays
can be a concern for natural slopes. Collansing and exnansive soils mav be more of a con-
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Liquefaction Evaluation

Loose, saturated sands are susceptible to liquefaction or lateral spreading if subjected to

O



spreading, and/or loss of foundation support. The potential liquefaction hazards at a site

can be evaluated by considering the foliowing questions:
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Is the soil susceptible to liquefaction?
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evaluate the liquefaction potential, which will address the second question. If the factor of

safety against liquefaction is above 1.5 and the anticipated settiement is iess than haif the
allowable amount, ground improvement is not required and the liquefaction analysis is

anticipated

The gross deformation estimates involve calculations to determine a bearing capacity fac-

tor of safetv and the amount of settlem

........... y and the amoun ettlement and lateral deformation anticipated. If the

bearing capacity safety factor is greater than 1.2, and the anticipated settlement and lateral
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probably be too high. Ground improvement or other mitigation methods will be required.

For major projects, if the resuits are between these limits, a refined deformation estimate

may be warranted before ground improvement decisions can be made. The parameter as-
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sessment methods required for the gross deformation estimates are summarized in Figure
22,

The refined deformation estimates require that settlement and lateral spreading be calcu-
lated using a dynamic deformation analysis. Figure 11 is a flowchart which outlines the
steps necessary for a refined deformation analysis. Assessment methods for the parame-
ters necessary for the refined deformation estimates are shown in Figures 24 through 26.
If the results of the deformation analysis indicate that the anticipated lateral deformation or
settlement are more than two-thirds the allowable, ground improvement or other mitiga-
tion methods will be required. Otherwise, ground improvement is not required. The lig-

uefaction analysis is complete after this step.
Stability Evaluation

For dams, levees and slopes, stability evaluations will usually be required. The most
common method for stability evaluation is a limit equilibrium analysis. Factors which must
be considered in the analysis include static loading conditions, earthquake loading, soil and
rock parameters, and site conditions. Figure 6 is a flowchart which outlines the factors
and parameters required to perform a limit equilibrium stability analysis. Limit equilibrium
slope stability analysis are discussed in EM-1110-2-1902, Stability of Earth and Rockfill
Dams. Methods for assessing the parameters necessary for slope stability analyses are dis-

cussed in that manual. Parameter assessment methods are also summarized in Figure 20.

If the site is located in a seismically active area, a pseudostatic limit equilibrium analysis is
the simplest and usually the first type of analysis used to consider the effects of seismi-
cally-induced motions. In a 'pseudostatic analysis, the earthquake shaking is represented
by horizontal and vertical inertial forces applied at the centroid of the failure mass
(Kramer, 1996). These forces, called pseudostatic forces, are calculated by multiplying
the weight of the failure mass by vertical and horizontal pseudostatic coefficients. The

effect of the pseudostatic forces on the factor of safety is then determined in a limit equi-

11
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librium analysis. If the analysis results in a pseudostatic factor of safety less than that re-
quired for the particular facility, which is often 1.0, the slope is considered to be unstable.
The vertical inertial forces usually have a negligible effect on the calculated factor of safety

and are often ignored in the analysis.

The most important factor in performing a pseudostatic analysis is selection of the appro-
priate pseudostatic coefficient. The selection of the coefficient should be related to the
anticipated ground motion in some way, because it controls the additional force applied to
the failure mass. The value .selected is often significantly less than the peak acceleration
for two reasons. First, the duration of the peak acceleration is usually short. Also, apply-
ing an inertial force equal to the product of the horizontal acceleration and the potential
sliding mass would be appropriate only for a rigid material. Since the slope can deform

under earthquake loading, the applied force will be smaller than this (Kramer, 1996).

In selecting a pseudostatic coefficient for design, Kramer (1996) recommends that the
coefficient correspond to some fraction of the anticipated peak acceleration. Since the
pseudostatic method was first used, many studies have been performed to evaluate appro-
priate values for the pseudostatic coefficient (e.g. Terzaghi, 1950, Seed, 1979a, Marcu-
son, 1981). Several of these studies are reviewed in Kramer (1996).

Hynes-Griffin and Franklin (1984) applied the Newmark sliding block analysis (Newmark,
1965) to over 350 accelerograms to predict permanent deformations using a yield accel-
eration and assuming a rigid slope material. The yield acceleration depends on the soil
properties and the geometry of the slope. When the induced acceleration is greater than
the yield acceleration, permanent deformation occurs along the failure plane. Hynes-
Griffin and Franklin (1984) determined that “dangerously large” deformations would not
develop in earth dams if the pseudostatic factors of safety is greater than 1.0 using k,= 0.5
am/g. Kramer (1996) suggests that this criterion should be appropriate for most slopes,

although engineering judgment is necessary in all cases.

12
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If the factor of safety is found to be inadequate using the pseudostatic method, a detailed
deformation analysis is required. A simplified method for estimating earthquake—induced

deformations for dams and embankments wags de
ations Ior dgar a emb fs was de
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eloped by Makdisi and Seed (1978).
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The method is based on the Newmark sliding block analysis, but accounts for the dynamic

behavior of the emhankment rather than assuming ngic_i body beh
makes several simplifying assumptions, including: (1) failure occurs on a well-defined slip
surface, (2) the soil behaves elastically at stress levels below failure, and (3) the soil be-
haves plastically at stress levels above the yield stress. The earthquake-induced accelera-
tions are represented by average time histories calculated using dynamic response analy-

Ses.

The factors and parameters required to perform gross deformation estimates by the Mak-

disi-Seed method are outlined in Figure 10. The earthquake parameters required for the
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23. Note that the procedure was developed for dams and embankments. Therefore, if it is
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If the results of the gross deformation analysis indicate that the anticipated displacement is

tolerable, ground improvement is not required and the stability analysis is complete.
However, if the anticipated displacement is greater than the allowable displacement, a re-
fined deformation analysis will be required before ground improvement decisions can be
made. The procedure for performing a refined deformation analysis was discussed above

under the heading “Liquefaction Evaluation.”
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able remedial measure. The procedures for the bearin

are outlined in Figure 7. The parameter assessment m

are summarized in Figure 20.

outlines the factors and parameters necessary to perform the seepage evaluation. Assess-
ment methods for the factors and parameters listed in Figure 8 are summarized in Figure
21

14
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Table 2 - Flow Charts for Determination of the Need for Ground Improvement

Figure Title Page

1 Evaluation of Site Conditions and Design/Performance 17
Reguirements to Assess Need for Ground Improvement

2 Preliminary Evaluation of Site. Conditions and Design/Performance 18
Requirements

3 Difficult Soils Evaluation — Collapsing or Expansive Soils 20

4 Difficult Soils Evaluation — Sensitive or Dispersive Clay 21

5 Evaluation of Liquefaction Potential 22

6 Slope Stability Evaluation 24

7 Bearing Capacity and Settlement Evaluation 25

8 Seepage Evaluation 26

9 Evaluation of Liquefaction Potential — Gross Deformation Estimates 27

10 Slope Stability Evaluation — Gross Deformation Estimates 29

11 Refined Deformation Estimates for Liquefaction and Slope Stability 30
Evaluations

12 Assessment Methods for Soil Classification and Experience 32
Parameters for Preliminary Evaluation of Site Conditions and
Design/Performance Requirements

13 Assessment Methods for Boundary Condition Parameters for 33
Preliminary Evaluation of Site Conditions and Design/Performance
Requirements

14 | Assessment Methods for Loading Conditions and Settlement 34
Parameters for Preliminary Evaluation of Site Conditions and

_ Design/Performance Requirements

15 Assessment Methods for Earthquake Characteristic Parameters for 35
Preliminary Evaluation of Site Conditions and Design/Performance
Requirements

16 Assessment Methods for Flood Parameters for Preliminary 36
Evaluation of Site Conditions and Design/Performance
Requirements

17 Assessment Methods for Soil State Parameters for Difficult Soils, 37
Slope Stability, and Seepage Evaluations

18 Assessment Methods for Earthquake Loading and Liquefaction 38
Resistance Parameters for Evaluation of Liquefaction Potential

19 Assessment Methods for Strength Properties for Slope Stability and 39
Bearing Capacity Evaluation

20 Parameter Assessment Methods for Slope Stability, Bearing 40
Capacity and Settlement Evaluations

21 Parameter Assessment Methods for Seepage Evaluation 41

22 Parameter Assessment Methods for Evaluation of Liquefaction 42
Potential - Gross Deformation Estimates

15
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PRELIMINARY EVALUATION OF SITE
CONDITIONS AND DESIGN/PERFORMANCE
REQUIREMENTS
v Y A \ 4
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FIGURE 1 Evaluation of Site Conditions
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1. Assessment methods for parameters are given in Figures 12 through 16.

FIGURE 2 Preiiminary Evaiuation of Site Conditions and
Design/Performance Requirements

18




Evaluate 1.

1

(CONTINUE/
\]/
¥
/\
is the site sascepﬁ%

quuefacﬁon ?

\' """""" /
\/

]I\IQ

%

Is the site

stability

YES

>4 liquefaction

Evaluate

potential

---------- -y

T
P

Is the site susceptible

Evaiuate

eAONANO “—/

SSerSn~

conditions

YES

»< to bearing capacity or
\

settlement p.rgb!emy/ ' capacity and

~_ _—
Te
N

is the site N

enernantihla ¢tn eaa

YES

...... Py

bearing

settiement

SUSLSpumie W o‘.‘.page -
\ problems? /

FIGURE 2 continued

p—
0

W

(Y-}



Is there evidence of

Qoiiapsing or expansive soii’?/

|

1
| L 4
| Coliapsing Soi |

y

1 + 1
| Expansive Soil |

‘—1

-Soil structure | FACTORS l
-Grain size [
\ 4
-Soil state, i.e | PARAMETERS |
density, void ratio'
-Plasticity

y

-Determine void ratio needed to |
hold liquid limit water content |

Natarmina cnllanea natantial (0
=LSWECTMNIINT CORapsSe plidnua v I

per Clemence and Finbarr, 1981

| ANALYSIS |

|
/\
/ voud rat!o
larger than NO / Ground \

-Composmonal factors: types of minerals &

cauons, amount of each mlneral snape & size
distribution of particles, nore water

.............. SS9 V0 LA=185

composition
-Enwronmental factors water content. density,

DU"IIIIIIIQ PICOOUIG, u:mpelatuu:, IdDHC
availability of water

|
L 4
-Plasticity
-Percent clay
-Activity’
-Sweilling/shrinkage potentiai

v
-Use simple correlations to determine if
there is potential for swelling’

1£ anil io moana ba swrallinme masf [

-1t SOii IS prone o sweiing, penorm sweu
tests on undisturbed samples with
appropriate conditions of confinement and
water chemistry

|
/\
o N

12 uiete
<widence that the soi>

< imit water content of does, >——*|improvementle
\ CP suggest / \“Ot required/
: llapsible
%ﬁ:‘y

Is

N P H Y
llle Idhll“-y

susceptible to

e "~ NO [ Ground \

is expansive?

\/

YES 1

L
5..5.. TH E.\

O 7 susceptibleto

damage due to / ' ‘ 'Tn‘:riﬁ:?g‘:t , ¢ A damage due to

susceptible to

YES !

collapsin nolrequirec
I\!ES. { Ground \
' #{ improvement [«
\ required /
otes

no g

Arfnnht A= lDl:ehr:h: Indnv\llpnr

At ALY S AS vty viwaeng

@

FIGURE 3 Diffi

cult Soils

20

B e A o e cmimind o YR
ee rigure 17 17or assessment method

cent clay)
Percent clav. C= Percent by welqht of particles finer than 2 microns
Two correlations are discussed in Mitchell (1993), p 1

- £
S1

-~ LY PN - e~
L

- o~ f =~ o ~ba
T SOuI Stdl€ paranieers.
)

pp. 186-187

Evaluation - Collapsing or Expansive Soils




w0 0
w o

~ N
( Is there evidence of sensitive 3

\_ clay or dispersive clay? V4
v | ‘
: 4 . 4
| P iz ~ - . ~
| Sensitive Clay | Dispersive Ciay
¥ . 2
. . ?ACTORS -{:henicaumiﬁei'acug|u¢= wlllpvblu()ll
g:rtna:rt;:tl;:‘abnc l——-——l <Soil state, i.e. water content, density,
Weathering, leaching or ion exchange §t_ruct_uqe e e s s .
“Thixotropic hardening d -Eremistryut‘:f water to which clay will
-Formation or addition of dispersing agents 2€ eXposed

v ]

Sensitivity ' : | PARAMETERS | -Dispersivity
Sodium ausorpuon ratio (S R)

¥

A

-Evaluate sensitivity from{ | ANALYSIS | Evaluate dispersivity?
1. ‘.‘[‘“_f_“fr_‘f.d._ tmct I -Evaluate SAR and ESP?

2. vane shear test 1

T | X

Do th
/ i\ ﬁhoI: or 2rumb\

COmMpression west I
|

tests indicate unp\:umv‘
Y no [ Ground \ NO clay? N
IS Tnere eviaence
< that the clay Is >———————+]{improvementj¢—< OR

drovemen P
_sensitive? \(& readired \i“fé’!ﬁ‘liﬁt‘.‘l.’".,'&'i°,'§,‘§/
~ | KT R,
| \Is r-:sp > 2y
| Yes N

YEs |

" Is the facllity . : M\ ;:c;ii':v

susceptible to damage ™\ NO . l Irem Ground \ p / susceptlble to
H llll.-llv"v!ll\'ll‘ i d‘ t
\as a rest:!i ;)I :ensttive g '\ not required l \ dam:g:mt:le‘ (] /
wviayo 1 I {R-1 8 A
N - — \@

| YES ' / Ground \ YES l

:{ lmprovement

Ve
/
B

4
Q

<

2. Evaluate dispersivity from pinhole test (ASTM D 4647), SCS dispersion test (ASTM D 4221)
or crumb test (Sherard et al., 1976). Pinhole test is considered most reliable (Mitchell, 1993).

3. Evaluate SAR by chemical analysis of pore water. Calculate ESP from SAR (Mntchell 1993).
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Assessment methods for parameters are given in Figure 18.
Evaluation of liquefaction resistance by CPT is generally preferred because
penetration data is nearly continuous with depth and more reliable. Obtain
SPT and CPT correlations with CRR from NCEER (1997) for clean sands.
Correct SPT and CPT correlations with CRR per NCEER (19897) for: fines
cantent, influence of thin soil layers, earthquake magnitudes different than
M = 7.5, vertical effective confining stress using Ko, and static horizontal
shear stress using Ka.
Shear wave velocity can be used as a supplemental method to SPT or CPT for
evaluating cyclic resistance ratio (CRR) per NCEER (1997).

Liquefaction resistance of gravelly soils should be evaluated per NCEER (1997).

The Becker Penetration Test (BPT) may be required for soils with high content
of gravel and cobbles.
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-Pseudostatic -Structural loads -Classification -Boundary conditions, i.e.
earthquake -Hydraulic loads -Strength Parameters groundwater levels, stratigraphy,
coefficient ~D0i 10aas -Soil state parameters, Le. geometry of slope/dam
Surcharge loads | | consolidation history, unit | |.Geologic conditions, i.e. geologic
weight, relative density structure & faulting, joints & joint
-Fill compaction systems, weathering, slickensides,
"hﬂ'ﬂ"“‘ﬁsﬁ% Le. relative evidence of Iaiiu.ii‘lg & landslides
compaction, water content -Rate of fill placement
f———3
| ANALYSIS |
v
Perform slope stability analyses for the following cases:
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3, Dnnid draw down ‘n‘gn\
4, Earthquake (EQ)
|
X No .
ISEQFS>1.07 > Makedeformation )
/ \ CouUlnates /
JYES
A Eocrs> 137N YES® - -
ISLTFS > 1.5? \__{Groun | improvemen \
IS RDD FS > 1.072_~" \.___Notrequired /A
‘ NO
( Ground improvement required
\
Notes:
1. Assessment methods for parameters are glven in Figures 19 and 20.
2. Based on EM-1110-2-1902 (Stabiiity of Earth and Rockfill Dams). Criteria may be different

for different projects,
3. "Yes" response appropriate if it applies to all criteria. “"No" response appropriate if it
applies to any criterion.
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1Feb 9
What are bearing capacity andw
settlement estimates?
|
1
FACTORS
Y
Static Dynamic Soil/lRock Boundary
Loading Loading Parameters Conditions
| PARAMETERS' |
y < A 4 h
-Structural loads -Machine loads ~Classification -Groundwater/

-Hydraulic loads
-Soii ioads
-Surcharge loads

-Turbine loads

-Hydraulic loads

-Wind loads

-Earthquake, flood or|

Strength parameters
Soil state narameters, i.e.

consolidaaon history, unit
weight, relative density

other hazard loads

-Fill compaction

characteristics, i.e. relative
compaction, water content

seepage conditions

Stratinranhv
=sSuwatgrapay

haari

ing capacity

. Static loading
. Dynamic foading

] :
settiement calculations f

]
1. Static loading
2. Dynamic loading

Iculations for the

following cases:

Notes:

not required

. isBCFS> mm\ YES?
AND Ground improvement
‘2. Is settlement < allowable?

N

e

~

*NG

( Grou
-

nd improvement required \
-

1. Assessment methods for parameters are given in Figures 19 and 20.
2. If "Yes" answer applies to both decisions, ground improvement is not required.
If "No" answer applies to either decision, ground improvement is required.



/ Are the seepage factors of\

safety adequate?

|
|

[FAcTORS |
— ]

h 4 v - 4

Soil/Rock Site Seepage Boundary Seepage D
Parameters Conditions Conditions

| PARAMETERS'|

A 4

e -

4

-Permeability -Confined/unconfined flow | ! JImpervious -Seepage control measures,

~Joints or -Layers with high/low boundaries e.g. core, cutoff, filters
fractures permeability -Line of seepage -Allowable seepage quantity

Cmmcmmmcn Smma Allowahbla ||nl|ff nraccurae
-Hydraiiiic gradient -Seepageface | |-Allowable upl pressures
-Chemical composition of -Entrances/exits

4\

Perform seenage analyses to determine the following:
Seepage quantlty
Uplift pr&sures

[ =™ -~ -
l'db'(u( Ul lee y ay

1.
2
3.

/ 1. Is seepage quantity < \ _
allowable? YES
e AND NGV Ground improvement \
\ 2. |s uplift pressure < allowable? /_\ not required
AND
\\= FS(E&P) >

o

\

Notes:

N =

A sessment ethods fo

r
. .A- mrmemlian &
O

para meters are glven n Figure 21
Wwer appiiés 1 id i e

Py )

ai

round irp_nrmmmpnf or other mitigation strateav is reaui
ound improvement or other mrtigatuon st gy Is req

(<3
ﬂ)
2
2,

)

]

]

']

R

)
=
Nl
!

3

: 5

, L)

Y

3

)
-

]
Q

= GiS iV
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ETL 1110-1-1
4 Eala
1 Frev
~~ Wha
(" ofWhat are gross estimates ™\ _
Ul gluuuu uclUlllldllUll aue v /
Imupfactlnn?
Y e O s 4
Bearing capacity Lateral
and settlement deformation
l CAN~TADS !
l d I TMAVIVIRNGY
L 4
Earthquake Soil Earthquake Soii and slope
laadinea naramatare charantarietine naramatarc
Ivauiny PRI LW & WIHIATIAWVLICIT ID2UIVY MPRITiiviivi o
PARAMETERS'
y y A 4 A
'5.2'52%?:2? -Relative density -Moment Sgi-l\si'aiﬁ size
. Grain S magnitude -Eielan:egilenlsny
-Cyclic stress ratio -Grain Size - uefiable layer
m!:.uceu by -Distance th?gkness d
earthquake, CSR from site Clana
-Grade
-Geometry
! ANALYSIS T
4 1 1
-Evaluate bearing capacity safety. h 4

Smmbomn B. moamoidavi;me~m avensas

uu.qu' rbc, consider lllu CACESS
porewater pressures estimated per
Marcuson and Hynes (1989)

-Estimate settlements from Tokimatsu
and Seed (1987) or Ishihara (1993)2

Estimate lateral deformation using
Bartlett and Youd (1995)°

ol

N

7 Fbe<12 N\ Not/ Gromnd )

[} } 8 Na
< aterai 6é£>?rgil‘t)|?:ﬁ>6 , _>—{ improvement
e “emgnpggsnv;/ \not required/

7 Fe208 N NOT/ eoun e
(. mbaral .a.ﬁf?..’.?BA < 2Ds -H andl:r foundation )
U Settlement. ";'6"‘-'»V \cetrofitting required/
: —
Notes are on next sheet. \/7
lYES

/7~ Proceed with refined

estimates of deformati

~
on/

m
G

C
m
({o]
m
©
Q

-
’

rm
7]
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1 Feb 99

Tokimatsu and Seed (1 987v) and Ishihara (1993) procedures were developed
for "clean"” sands. For silty sands an equivalent "clean " sand (N1)so value

can be computed using the method described by NCEER (1997) for use with

~nhart
\'Ilul t:-

For other soil types susceptible to liquefaction, settlements can be estimated
using results from cyclic CU triaxial tests on "undisturbed" samples subjected
to cychc stress levels causmg ||quefact|on. Samples are reconsoiidated after

.......... hhénic somlecmmvndolion cnbvmicm falasmnd IA abtrnin in 6knn

liquefaction to obtain volumetric strain data. Volumetric str
lated to the factor of safety against liquefaction, Fy, ,and ther

Qi v L= A Vi SQITLy SPQitiSt it qwe iR ivas

penetration resistance of the soil.

- n
m
[
(‘l
(%]
[

fied by Bartlett

- cccoma m bl 4N ﬂE

cif
At A Y
g Newmark's (1965)

“No" response appropriate if it applies to both factor of safety and settlement/
‘aterai deformation criteria. “"Yes" response appropriate if it appiies to either

Estimated settlements should include densification settlements of cohesionless
soils above groundwater (per Tokimatsu and Seed, 1987) and settilements due
to deformations from lateral spreadmg and reduction in bearing capacity, as weli

Py S S .t _aT _.--z--AO-_ [N PRy m s am e tmammmcacmlhon s cemarmoammzoaem

om GISSIPEIIOH of uquetacu n-induced excess porewatler pressures

Dv.a and Dn.a are the allowable vertical and horizontal movements, respectively,
of the foundation as determined by the structural engineer.

FIGURE 9 (continued)

(Y]
(=]
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(r‘“hat are gross estimates ‘\

o1 si0ope deformation due to /
earthquake loading?
. earthquak
]
|
FACTORS
A A
Earthquake loading Soil parameters
PARAMETERS'

2 L
-Earthquake magnitude -Yield acceleration, ay
-Maximum ground -Fundamental period

acceleration at base of of embankment,To
embankment, amax
ANALYSIS

For critical failure surfaces from limit

equiiibrium anaiyses, estimate
permanent displacement using

slmpllfied procedure of Makdisi and
Seed (1978) 2

/\

- N

/ Is estimated \ NO / Ground \

< displacement > allowable >3 improvement )

\ displacement? / \not required/
e

Notes:

1.

2
e

Assessment methods for earthquake parameters are given in Figure 15.
Assessment methods for soii parameters are given in Figure 23.

This procedure was developed using the dynamic response characteristics

A\ "]
of dams and embankments. If used for other type
must be used with caution.

m
-q
m
O
]
(1]
m
Py
:J‘
(1)
-
o
n (
o
-
(72}
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41 Fah QQ
e v
Kuh;; mrn rafinad anéimatacs ~nF \
ywilal al© ITIHITU Sotliniateco vi )
(\ around deformations? /
EANATADS
ravw ivinne
Y v v A 4 X Y
Earthquake Soil state Stress Strength Stiffness jjRecompression
loading narameters state nroperties properties properties
1 parameters prope prop prop
JE I —— |
PARAMETERS
s h 4 h 4 I 4 A 4
Strong-motion -gnlt \il:eightl -Vertical .fﬁli‘fetftive - s‘l;%a:‘rius -Volumetric
- - ens o
acceleration y -Horizontall arncg!e n strain
record -Void ratio confining R - Damping
-Residuai
-(I’Relat'itve -Shear strength
ens
y -Porewater
|
T A, 4
| ANALYSIS |
bre

Calculate settlement and/or lateral

deformation using 2D or 3D dynamic
deformation analyses

|
b 3
/ \
e N
~ nt NO— Ground N
.~~~ Lateral deformation > 0.67Dh.a \_J improvement not \
\ Settlement > 0.67Dva ? / \ " required j

\ /
\ /
\/

|yes?
¥

7~ AN
(Ground improvement)

_ required -

Notes are on next sheet.
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2. Estimated settlements should include densification settlements of cohesionless
soils above groundwater (e g. Toklmatsu and Seed, 1987) and settlement due to

deformations from iaterai Spf’ ead ll'lg ana reaucuo

ni
ac thnean froam diccinatinn nfli ction_induced axcagg norawater nregsuras
A LIIVOSY 1) Vil ulaalvu‘lvll Ve 18 weiwv L - WEHM VAVLIS PUYIWITRLIVYEI MIVOOTUIVO

of saturated soils.

3. "No" response appropriate if it applies to both lateral deformation and

settiement. "Yes"” response appropriate if it applies to either lateral

AnfAarmatinn anttla né Arbhath
ucivil al.IUII Vi °c|‘lclllclll' Vi WULll.
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FACTORS:

PARAMETERS:

ASSESSMENT:

Notes:

Classification'

Experience

4

Past performance and
known properties of

SVIl

y A 4
Grain size 2
Plasticity distribution Geology
A 4 A
In-Situ Geological
Laboratory Laboratory References
1. Visual Part "
Atterberg limits classification arliclr size 1. Maps
of samples analysis
2. Depositional
2. CPT classification history
chart?

4

Local Information

4. Case history
information

2. Knowledge of

ent]l neanartias
SV pPIVPpClLLaIGOo

and implications

for liquefaction

1. Refer to EM 1110-1-1804 (Geotechnical Investigations) and EM 1110-2-1906 (Soil Sampling) for
COE procedures.

2. Geologic information provides some general insights regarding soil composition, fabric, and structure.

3. Use chartin accordance with NCEER (1997). CPT should only be used for classification after verification

of its suitability by soil sampling adjacent to some CPT soundings.

FIGURE 12 Assessment Methods for Soil Classification and Experience
Parameters for Preliminary Evaluation of Site Conditions and

Design/Performance Requirements

664d3d |
S8i-1-0LLL 113
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FACTOR:

PARAMETERS:

ASSESSMENT:

Boundary
Conditions

A 4 y
Groundwater levels -Soil stratigraphy Geometry
-Presence of low/high i
permeability layers
A A A v
In-Situ In-Situ Records -For proposed

-From groundwater level
measurements obtained
from:

1. boreholes
2. CPT, if
piezocone used

-From surface water
levels where applicable

-Penetration tests -Existing boring data

1. SPT samples (may

include laboratory
index tests)
2. CPT interpretation

-Borehole permeability
tests (if deemed
necessary)

s for Boundary Condition Paramete
onditions and Design/Performance

structure, from plans

-For existing structure,
from as-built plans or
survey

66424 |

S$81-1-0141 113
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S

Settlement
Limits

FACTOR: ]
Loading
Conditions
+
4 Dynamic loading:
PARAMETERS: Static Loading: 1. Machine loads

1. Structural loads
2. Hydraulic loads
3. Soil loads

4. Surcharge loads

2. Turbine loads

3. Hydraulic/flood loads
4. Earthquake loading
5. Wind loads

8. Other hazard loads

Total settlement l

Differential
settlement

ASSESSMENT:

A

-For proposed structure, from

h

-For proposed structure,
from design calculations
or structural engineer

-For existing structure,
from original plans/specs,

66 qod |

§8i-i-0iii i3

~nm

design engineer or from plans
and specifications
-For existing structure, from
as-built plans or proposed
upgrades

performance records,
design calculations for
proposed upgrades or
from structural engineer

FIGURE 14 Assessment Methods for Loading Conditions and Settlement Parameters for Preliminary
Evaluation of Site Conditions and Design/Performance Requirements



FACTOR: ' Earthquake

characteristics
. 3 A L 4
PARAMETERS: .
E.arthc;;;la:te Distance from OR Maximum ground
magnitude site acceleration, amax
L 4 b v
SSESSMENT: '
. . Obtain using: "
Refer to Youd and E:::Lal:: :;s:‘:?::n ter sing:
9 I ;
ﬁigggbrd!gt?‘asz; for of design earthquake 1. Design earthquake along with
o cerning design source published attentuation relationships
cf:ntci,enn r':g“ g for given solil conditions
“ earthquake
b : 2. SHAKE or equivalent computer
analyses
3. Same as 1 but using attenutation
relationships for bedrock along with
soll amplification ratios.
4. Published maps of amax values
by NEHRP
Notes:

1. From NCEER (1997): Option 1 is the preferred method when such relationships are available for the given
soil conditions. Option 2 should be used if attenuation relationships for given soil conditions (Option 1)
are not available. Option 3 is least desirable because of magnitude and potential frequency dependancy

of amplification. Option 4 is not discussed.

FIGURE 15 Assessment Methods for Earthquake Characteristic Parameters for
Preliminary Evaluation of Site Conditions and Design/Performance

Requirements
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FACTOR:

PARAMETERS:

ASSESSMENT:

Flood
characteristics'

»

Meteorological data:
. Storm

. Precipitation
Snowpack
Temperature
. Moisture
Winds

. l:vaporauon

w?u»@»*

A 4

Topographic data:

. Mapping

Stream patterns and profiles
Lakes and swamips

Soil and geology

Vegetal cover

Existing improvements

Phawpa

NOAA Storm Data?
NWS Hydrometeorological
Reports 3

SCS Watar Sunntv O f\ek‘

PGS TR WUy Luile

. NOAA Climatology of U.S.

5 6, 7. NOAA Local

Climatological Data

-

-Streamflow data

-

Notes:

Nonhkwn

-t

. USGS topographic maps or
digital mapping 8

. Avaiiabie maps

. SCS Soil survey reports

. USGS maps, USFS maps, BLM
maps ¢

. Existing maps

AN

]

. Field surveys/aerial photography

Obtain using:’
1. Measurement

2. USGS Water Data Report
‘l \MATQTnDE7

WEIE &5 § W\

Refer to EM 1110-2-1420, Hydrologic Engineering Requirements for Reservoirs
NOAA - National Oceanic and Atmospheric Admisistration

NWS - National Weather Service
SCS - Soil Conservation Service

USGS - United States Geological Survey

USFS - United States Forest Service; BLM - Bureau of Land Management

WATSTORE - National Water Data Storage and Retrieval System

FIGURE 16 Assessment Methods for Flood Parameters for Preliminary Evaluation of Site

Conditions and Design/Performance Requirements

66 q3d |
S81-1-0L11 113



FACTORS: Soil state

parameters
PARAMETERS: >
-Unit weight/density
-Vold ratio
-Relative density
-Consolidation history
A 4
ES : : Y
“ ASSESSMENT: InSitn A Laboratory
Correlations with: 1. ASTM tests
1. SPT (NAVFAC, 1982) 2. Correlations with index
T ‘ roperties, e.q. Atterber
2. C:P.l (Mayne et .ﬂl.,‘ 1995) ﬁm ts (N\A\}FA‘%, 1982) g
3. Shear wave velocity
tests
Notes:

1. Correlation of shear wave velocity with void ratio, relative density or unit weight is not well
established. Therefore, CPT or SPT tests should be used in conjunction with shear wave velocity

tests to help evaluate these parameters.

FIGURE 17 Assessment Methods for Soil State Parameters for Difficult
Soils, Slope Stability, and Seepage Evaluations

66494 1

i3
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FACTORS:

PARAMETERS:

Earthquake
loading

h 4

Earthquake
magnitude

Maximum ground
surface acceleration

<

4

ASSESSMENI:

Refer to Figure 15

Refer to Figure 15

Liquefaction resistance
of deposit

<

Relative density
Structure

y

Grain size

P37
-

IN-DIIU

Correlations with:

4
e

2,

X

Refer to Figure 12

1. Correlation of shear wave velocity with relative density is not well established. Therefore,
CPT or SPT tests should be used in conjunction with shear wave velocity tests to help
evaluate this parameter.

FIGURE 18 Assessment Methods for Earthquake Loading and Liquefaction
Resistance Parameters for Evaluation of Liquefaction Potential

6634 |
S81-1-0L11 113



FACTOR:

PARAMETERS:

)
O

ASSESSMENT:

FIGURE 19 Assessment Methods for Strength Properties for Slope Stability and Bearing

Strength Properties

A

<
Cohesive Solls Cohesionless
Soils
p
v y
Undrained Drained Drained
Strength Strength Strength
A
4 9 \ A 4 A 4 4
In-Siitu latoratory In-Situ Laboratory [n-Situ

1. Vane shear test

2. Correlation with:

- CPT (Robertson and
Campanella, 1983b or
Mayne et al., 1995)

- SPT (Terzaghi et al.,
1995 or NAVFAC, 1982)

1. CU tests

2. Correlation with
index properties,
e.g. Atterberg limits
(Mitchell, 1993 or
Duncan et al., 1989)

1. Correlation with:
-CPT (Mayne et al., 1995)
-SPT(Terzaghi et al.,
1995 or NAVFAC, 1982)

Capacity Evaluations

1. CD tests

2. CU tests with pore:
pressure measurements

3. Correlation with index
propetties, e.g.
Atterberg limits, grain
size (Mitchell, 1993 or
Duncan et al., 1989)

1. Correlation with:
-CPT (Robertson and
Campanella, 1983a)
-SPT(Terzaghi et al.,
1995 or NAVFAC, 1982)




Earthquake ioading

Static Loading

Soil/rock parameters

Parameters

Pseudostatic
aarthmuralkka
Caruijuanc

coefficient

St‘ruct’urai loads
sl wman lomon sl

ny\.u dullh 1vaus
Soil loads

Surcharge loads

Classification
Soii state parameters
Strenath narameters

MPrI Wiyl prRs Rinne

Fill compaction
characteristics

Rate of fill placement

Refer to Figure 14

er to Figure 12

AR
('D [ ]
gy amy gy,

(1]

-

-

o

'|

X~}

[

-

@

3

I er to Figure 19
From Iaboratorv tests

FIGURE 20 Parameter Assessment Methods for Siope
Stability, Bearing Capacity and Settlement
Evaluations

40



Soil/rock parameters

Site boundary

conditions

Seepage boundary
conditions

e design

* Finite element

Permeability

Confined/unconfined

TiIOW
Layers with high/low
permeability
Hydraulic gradient
Chemicai composition

nf watar
Vi vwwaler

Impervious boundaries
Line of seepage

Seepage face
Entrances/exits

Seepage controi
measures

Allowable seepage
quantity
Allowabie uplift pressures

From laboratory or field
tests
From geostechnical

o~a
investigation report

Refer to Figure 13

Refer to Figure 13
From fiow net or FE* analysis

ce
From flow net or FE analysis

From flow net or FE analysis

- [ PR
rrom 1afns

(5]
(o]
=
o
-»
-
C.
lIlb
)
=1}
‘CI

From performance
requirements
From design requirementis

FIGURE 21 Parameter Assessment Methods for

Seepage Evaluation
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bgs
Eactors Parameters Assessment
Earthquake loading Earthquake magnitude Refer to Figure 15
Cyclic Stress Ratio (CSR) Refer to Figure 15 fora,,,;
CSR = 0.65(amax/g)*(cvo/ove')ra
Soitl parameters Reiative density Refer to Figure i8
Grain Size Refer to Figure 12
Earthquake Moment magnitude Refer to Figure 15
characteristics Distance from site Refer to Figure 15
Qnil
Soil and slope Grain size Refer to Figure 12
parameters Relative density Refer to Figure 18
Liquefiable layer Soil borings or CPT
Slope i. Construction pians
Grade and geometry 9 Eiald racnnnaiceanncn
&. TICIV ICLUIIIIAQIOOAlIVLE
FIGURE 22 Parameter Assessment Methods for
| toassnfantéinnm Euvalitatinn . RrAace
LI\.‘ cliaLilvil LLyailuauivil = UiIvoo
[ o P SR & L . P I iy Ry
perormdtuion csiliimale
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FACTORS:

PARAMETERS:

ASSESSMENT:

ELN
W

FIGURE 23 Assessment Methods for Soil Parameters for Slope Stability Evaluation - Gross
Deformation Estimates

Soll Parameters

h

Yield
acceleration, ay

A

A

Fundamental period of |
embankment, To

A 4

. The yleld acceleration is defined as the

average acceleration producing a horizontal
inertial force that results in a factor of safety
of 1 for the particular failure plane.

. For solls that do not develop large shear

strains, calculate yleld acceleration using
limit equilibrium methods and assuming the
dynamic shear strength of the materlal is
equal to 80% of the static shear strength
(Makdisl and Sieed, 1978).

. Approximate methods for shear

modulus increasing with depth:
a. First approximation: To= 4H/ivs
b. For other approximate methods see

Gazetas (1982) or Dobry et al. (1976).
. QUAD4M analysis
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FACTOR:

ASSESSMENT:

Notes:

Earthquake
ioading

Stress State

r 4 h 4
Strong-motion p
acceleration Vertical stress Horizon:tarlégts:nfining Shear stress p(::\:z::
record
p p v < v
Computer analyses Calculations In-Sitn Analyses In-Situ

for resgonse spectrum
and su sequent
modification

of available strong-
motion record, if

necessary?

-Existing ov' from
soil unit weights
and groundwater
level

-Previous maximum
ov' and OCR from
consolidation tests
on samples of clay
layers in strati-
graphy or geologic
history

-Correlation of
: l"DT 00 K €~

e fer
0h12

-Stress history

-Analyses of stress
state for existing
condition

-From groundwater
measurements
obtained from:

1. borehole
2.CPTHf plezo-

cone uheu

-From surface
water levels
where
applicable

66 Q94 |
S8i1-1-0LL1 113

1. Computer analyses to determine response spectrum from strong-motion bedrock record can be performed using SHAKE,

QUADA4M or equivalent analysis. Modify strong-motion record as necessary to obtain desired design response spectrum.

2. Reference Kulhawy and Mayne (1990).
FIGURE 24 Assessment Methods for Earthquake Loading and Stress State Properties

for Refined Deformation Estimates for Liquefaction and Slope Stability
Evaluations



Sy

FACTOR:

PARAMETERS:

Effective friction

y

Undrained (steady state)
residual shear strength

ASSESSMENT:
In-Situ
Correlation with:

1. SPT (Terzaghi et al., 1995

or NAVFAC, 1082)

2. CPT (Robertson and
Campanella, 1983a)

Notes:

Laboratory
1. Static CU tests

2. CD tests (for ¢' only)

1.

"
L.

In-Situ

Correiation with:

SPT (Seed and Harder, 1990)

AT 2 dlommbles oo lom e
O inairecuy using
correlation between qc1
and (N1)so

. Effective overburden pressure

for loose, silty sands!

1. Recommended Su/p ratio per Baziar et al. (1995): Su/p ~ 0.145 or Su/p = 0.11 + 0.0037(PI)

FIGURE 25 Assessment Methods for Strength Properties for Refined Deformation
Estimates for Liquefaction and Slope Stability Evaluations

66 a4 |
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FACTORS:
PARAMETERS:
ASSESSMENT:
-bn
(o))
Notes:

Stiffness
properties

Shear modulus
and damping !

Recompression
properties

Volumetric strain

3

\ 4

ln-Situ

1. From shear wave
velocity tests
and G,,, = pv;

max

2. CPT (Mayne et al., 1995)

L.ahoratory
1. Resonant column tests
2. Cyclic direct shear tests

3. Cyclic triaxial tests

Literature?

Tokimatsu and Seed
(1987) or Ishihara and
Yoshimine (1992)

Laboratory?

Cyclic CU triaxial tests
or cyclic simple shear
tests

1. Variation of shear modulus and damping with shear strain for "clean” sands can be determined using curves
by Idriss (1990). Curves by Vucetic and Dobry (1991) can be used for plastic soils.

2. Tokimatsu and Seed (1987) and Ishihara and Yoshimine (1992) procedures developed for "clean” sands. For
other soil types susceptible to liquefaction, volumetric strains can be estimated in the laboratory using results

.

from cyclic CU triaxial tests on "undisturbed” samples subjected to cyclic stress levels causing liquefaction.
Samples are reconsolidated after liquefaction to obtain volumetric strain data.

FIGURE 26 Assessment Methods for Stiffness and Recompression Properties for
Refined Deformation Estimates for Liquefaction and Slope Stability

Evaluations

66994 )
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