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INTRODUCTION 

Chapter 13 - Seismic 
Design and Analysis 

13.1 

APPLICABILITY 

.1 The procedures contained in this chapter are applicable to 
the seismic design and analysis of embankment dams 
constructed or evaluated by the Bureau of Reclamation. 

DEVIATIONS FROM STANDARD 

.2 Deviations from this standard should be noted. Rationale for 
deviations from this standard should be approved and 
documented. If this Design Standard is found to no longer 
reflect current design and analysis procedures, the Assistant 
Commissioner - Engineering and Research (ACER) should be 
informed by memorandum routed through the appropriate Branch 
and Division Chiefs. 

SEISMOTECTONIC EXPOSURE ASSESSMENT 

.3 site-specific seismotectonic studies will be performed for 
existing dams and proposed damsites. These studies will 
identify earthquake source areas, maximum credible 
earthquakes, and estimates of the magnitude-recurrence 
interval relationships for each relevant source area. 
Potential for fault rupture in the dam foundation and in the 
reservoir will be assessed. 

If a dam lies within a zone of sporadic and random earthquake 
activity not associated with specific fault structure, the 
earthquake loading for the site wi-II be assigned in a 
probabilistic manner as a function of magnitude and distance 
from the site. For an equal likelihood of occurrence, the 
earthquake magnitude decreases as the epicentral distance is 
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specified nearer to the site. Events (magnitude and 
distance) with a probability of occurrence of less than 
0.00002 annually need not be considered. The estimates of 
recurrence interval for the seismic event are required as 
input data in cases where a detailed decision analysis is to 
be used. The required output from the seismotectonic study 
is the earthquake magnitudes and distances which are to be 
used in the next step of the dynamic analysis which is the 
selection of ground motion parameters. 

SELECTION OF GROUND MOTION PARAMETERS 

.4 Dynamic analysis of an embankment dam requires selection of 
appropriate earthquake ground motion parameters for the 
earthquakes provided by the seismic exposure study (peak 
acceleration, peak velocity, response spectrum shape, or an 
accelerogram). Most dynamic analyses used by Reclamation 
require an accelerogram (record of acceleration versus time 
during the earthquake). Accelerograms are obtained either 
from the catalogs of existing records, scaling or combining 
existing records, or from synthetic records that produce a 
specific response spectrum. Typically these accelerograms 
represent bedrock ground motions. The ground motion to be 
used in a dynamic deformation analysis and the shear stresses 
induced by dynamic loading to be used in a liquefaction 
analysis are obtained by conducting a dynamic response 
analysis in which the appropriately scaled bedrock outcrop 
motions are input to a response analysis computer program 
such as SHAKE, SHAKEM (one dimensional), or FLUSH (two 
dimensional). 

From the output of these programs, the acceleration record(s) 
at appropriate points are obtained as input to the dynamic 
deformation analysis to represent the ground motions along 
the base of the sliding surface. Also, for liquefaction 
analyses, the effective shear stress (0.65 times maximum 
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shear stress) in the materials suspected of potential 
liquefaction may be obtained. To accomplish a dynamic 
response analysis according to these procedures, in addition 
to needing the bedrock outcrop motion, one must know the 
shear wave velocity of the dam and foundation materials, the 
strain dependent (equivalent nonlinear) properties, the unit 
weight, and the location of the phreatic surface in the 
overlying materials (foundation and dam where appropriate). 
Data from cross hole shear wave velocity testing is required 
for an accurate understanding of the dynamic response of the 
foundation soils. The shear wave velocity in the dam (if a 
modern well constructed dam) may be estimated by analytical 
techniques. If the problem is limited to analysis of 
liquefaction potential of the foundation materials, 
approximation of the shear wave velocity of the dam is 
adequate. For simplified analyses of liquefaction potential 
Seed [15]' has provided a procedure which allows estimation of 
the effective dynamic shear stress on level ground by using 
only an estimate of the peak ground acceleration. This 
estimate, although judgmental and probably generally 
conservative in nature, is widely used. The estimate 
requires an assumption of an idealized soil profile which 
results in attenuation of the ground motion with depth. 
Although the estimate made may not conform to the true ground 
motion which the site would experience, it is interesting to 
note that the empirical procedure for liquefaction evaluation 
was developed using estimates for ground motion according to 
Seed's procedure. Despite the apparent contradiction in 
using alternative means for computing the effective shear 
stress for liquefaction analyses and then using Seed's 
empirical procedure for the analysis, this course of action 
is preferable to predicting an inappropriate estimate of the 
ground motion at the site. Appendix C includes a 
description, within an example problem, of the processing of 
bedrock ground motion to obtain the ground motions and stress 

'Bracketed numbers identify references listed at the end of this 
chapter. 
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in the dam and foundation. Appendix A provides a paper 
describing a means for determining the applicability of 
earthquake records selected to represent an earthquake 
magnitude at a given distance. 

TYPES AND METHODS OF DYNAMIC ANALYSIS 

APPROACH TO DYNAMIC ANALYSIS 

.5 Seismic analysis for embankment dams consists of deformation 
and/or liquefaction analyses performed to determine 
embankment and foundation stability under specific earthquake 
loading. The approach to dynamic analyses stUdies and the 
most common alternative methods for accomplishing these 
stUdies are shown in table 1. 

Deformation Ana1ysis 

Methods 

.5.1A. The methods of deformation analysis identified are 
described in the technical literature [6, 9, 18] and, in 
some cases, have been modified for Reclamation work [3, 
25]& Far a dam and foundation not subject to 
liquefaction, dynamic deformations2 should not be a 
problem and need not be analyzed for such if the 
following conditions are satisfied: 

1. The dam is a well-built dam (densely compacted), and 
peak accelerations at the base of the dam are 0.2g 
(gravity) or less; or the dam is constructed of clay 
soils, is on clay or rock foundations, and peak 
accelerations are 0.35g or less [19J; 

2Potential for differential fault displacement- or- reservoir 
seiche, if applicable, need to be considered separately from the 
deformation guidelines provided. 
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2. The slopes of the dam are 3:1 (H:V) or flatter; 

3. The static factors of safety of the critical failure 
surfaces involving loss of crest elevation (i.e., 
other than the infinite slope case) are greater than 
1.5 under loading conditions expected prior to an 
earthquake; 

4. The freeboard at the time of the earthquake is a 
minimum of 2 to 3 percent of the embankment height 
(not less than 3 feet (0.9 m». Fault displacement 
and reservoir seiches with regard to freeboard should 
be considered as separate problems. 

Newmark Approach 

.5.1B. If these conditions are not satisfied, a deformational 
analysis should be made using the Newmark approach [9]. 
The deformational analysis requires specification of the 
dynamic loading in terms of an earthquake magnitude and 
distance from which an appropriate accelerogram is 
established. Several procedures are available for 
carrying out the basic Newmark-type deformational 
analysis. Two steps in this analysis are required. The 
first is to obtain the response of the dam and foundation 
to the earthquake ground motion and the second is to make 
the displacement calculations on one or more potential 
sliding masses. The dynamic response of the dam and 
foundation can be determined by various methods (table 1) 
[2, 8, 13, 17]. The deformational analysis can be made 
by a simplified procedure [17, 18] which has been adapted 
for computer application by Reclamation under the program 
name SEDIKA or by more rigorous and site-specific 
procedures [3, 25] also coded by Reclamation under the 
program names DISP and DYNDSP, respectively. 
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Table 1. - Dynamic analysis of embankment dams. 

Given: Earthquake magnitude and distance; site ground motion 
parameters (at bedrock or ground surface) 

Find: 1. Potential for liquefaction of dam or foundation deposits 
(including amount of pore pressure rise if liquefaction 
does not occur). 

2. Permanent displacement of dam as a result of earthquake 
shaking (including effects of No.1 where applicable). 

~~~~~~~~]~I~~~~~~~~~~~~~Il~~~;~~~~~~~~~~~~~~~~~~j~~~~;~~~lf~~~;l~~~~;~~;~~~~l;;~~~l;~;~~~~l~l~~~~;~~lf~llt~~~~~iiii~~'-:{:;;ill~~1111~~~t{~~:i!~m~=-~~l5~11~ff .. 1"tM~m:lI~~r~f:i~~~f~f~il~=l~~;ll~~ll;ll~l~l§ll~~lllll~l;lllll~llilllllllil~lll;l~l~lll~l~I!II~illl~~~l~~ttll 

Solution: 
Two basic Two basic Two basic alternative 

types of analyses 
Liquefaction analyses 
Deformation analyses 

steps in each analyses 
Dynamic response computation 
Pore pressure and deformation 

approaches 
Empirical 
Analytical 

response computations 

DYNAKIC RESPONSE COMPUTATIONS 
In preparation for a 
ligu~faction analysis Approach type 
Seismic potential (fig. I) Empirical 

T /a'=O.6S-tll Ig}-R'(ala t } 

In preparation for a 
d~fo-rma-tion- analyses

Performance of 
embankment dams 

~ y. ~~.. W vI' . d S1mp 1f1e Makadisi and Seed (1977) 

SHAKE, SHAKEM 
FLUSH, TWS-H 
DESRA, extended FEM 
3-D FEM, MASH 

I-D-analytical 
2-D-analytical 
Analytical coupled 
other analytical 

SHAKE, SHAKEM 
FLUSH ~ TLUSH 
DESRA, extended FEM 
3-D FEM, MASH 

PORS PRESSURE AND DEFORMATION RESPONSE COMPUTATIONS 
Deformation analyses 

Performance of 
embankment dams 

Liquefaction analysis Approach type 
Seismic potential (fig. 1) Empirical 

Seed (1981-86) 

Post liquefaction 
stabilit¥ (SPT 
correlat10ns for 
strenC]th) 
(a) D1lative -

contractive 
(b) Stability under 

steady state 
(c) Triggering 

analysis 

SPT simJ?lified 
empir1cal 

Analytical math 
model 

Makdisi, Seed, and DeAlba 
(1977) 

Newmark-site specific -
USBR-DYNDSP 

Field and lab testing for in situ void ratio 
vs. steady-state line 

Field and lab testing for steady-state 
strength 

Stress-strain properties under undrained 
cyclic loading 

Seed simplified, 1971 

Expanded FEM 

Cyclic triaxial 
testing 

Coupled procedures 

Seed-Idriss (strain 
potential) 

Expanded FEM 
"j '''''iU. 
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Alternatively, a deformational analysis using a finite 
element (strain potential) approach [6] may be used if 
such procedure is desired and appropriate material 
properties are available. 

DYNDSP Program 

.S.lC. The currently recommended procedure for most existing dam 
evaluations for which an analysis is required is the 
program DYNDSP. This program has the capability of 
considering time variations in load, pore pressure, and 
material properties. 

Further, it is convenient to use in that the same 
surfaces and input used for static stability may be used 
for the dynamic deformation analysis. In fact, the 
program DYNDSP operates as an extension of the static 
stability program using the basic output from the static 
analysis as part of the required input for the dynamic 
analysis. The deformation analysis accomplished in the 
Newmark approach assumes rigid block motion of a single 
slide mass. In actuality, deformation may occur along 
anyone of several potential slide surfaces at various 
times during the earthquake as a result of varying 
strengths throughout the cross section and variable 
amplification of the ground motion as a function of the 
dam height. Further, it may be noted that slide surfaces 
at higher elevations in the dam may be fully contained by 
slide surfaces at lower elevations thus isolating the 
upper slide surface from ground motions. For detailed 
studies, such a procedure may be used and its application 
is described in appendix C. 

DS-13(13)-7 - 12/22/89 7 ~I! 'Ii fw.daliia:iEili 
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Shear strength Tests 

.5.10. Post-cyclic, static shear strength tests on a number of 
different compacted cohesive embankment-type materials 
have indicated little loss in shearing resistance for a 
variety of loading conditions. For embankment dam 
deformation analysis by the Newmark procedure, minimal 
reduction in shearing resistance is an appropriate 
assumption for most compacted cohesive materials [26]. 

The fallowing guidelines are to be used for the 
evaluation of shear strength assumptions for earthquake 
deformation analysis. To determine the appropriate shear 
strength estimates for a given dam where post-cyclic 
laboratory strength tests are not available, the 
following criteria should be examined: 

1. For clayey embankment fill materials, where 
significant stress reversal due to dynamic loading 
is not anticipated, examine the following: 

a. Density (compactive effort and water content) 
b. Gradation 
c. Plasticity (Atterberg limits) 

In general, if the fill is clay, sandy clay, or some 
mixture of clay, sand, gravel, etc., compacted to 100 
percent of standard Proctor density or greater, no 
reduction in shearing resistance should be assumed. 
Drained (effective) shear strengths may be used 
because insufficient pore pressure buildup requiring 
dissipation is anticipated. For 95 to 100 percent of 
standard Proctor density in the fill, a 5- to 
10-percent loss in shearing resistance modeled as 
pore pressure increase or as reduced undrained 
strengths would be appropriate. 

DS-13(13)-7 - 12/22/89 8 
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2. For clayey foundation materials (natural materials), 
examine the following: 

a. Density 
b. Water content 
c. Gradation 
d. Plasticity 
e. Overconsolidation 
f. Sensitivity 

In general, for normally consolidated soils, use a 
20-percent loss in shearing resistance modeled as 
pore pressure increase or as reduced undrained 
strengths, unless there is good evidence to the 
contrary such as laboratory tests on similar 
materials. 

3. For cases where modification of the dam is indicated 
by excessive earthquake-induced deformations 
calculated using the Newmark procedure with a 
conservative assumption of loss in shearing 
resistance in the embankment or foundation materials 
(e.g., a 20-percent reduction), a field sampling and 
laboratory testing program on the materials involved 
would be justified to verify the assumption. 

Liquefaction Analysis 

.5.2 The evaluation of the potential for liquefaction of 
silts, sands, and gravels at a site also requires, as a 
first step, specification of the relevant earthquakes 
affecting the site in terms of magnitude and distance 
from the site. Earthquake magnitudes are now reported 
according to a variety of scales. In order to 
appropriately use the reported magnitudes with empirical 
methods, a standard means for defining their 
interrelationship is presented in appendix D. 

DS-13(13)-7 - 12/22/89 9 
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.S.2A. Liquefaction evaluation by a seismic potential evaluation 
of the site. - Prior to determining the dynamic 
resistance of the site deposits, a rapid evaluation of 
the possibility of liquefaction may be made by examining 
the record of liquefaction occurrence versus the seismic 
potential of the site [S, 7, 16] (fig. 1). The lower 
bound of these occurrences provides a reasonable limit 
for the potential occurrence of liquefaction for sites 
with poor soil conditions. The empirical record 
presented on figure 1 reflects the experience in three 
seismically active areas of the world (China, Japan, and 
western united States). If soil conditions or earthquake 
transmission characteristics at the site under 
investigation are considered not to be represented by 
these three areas, adjustments may be required in use of 
figure 1, or it may be judged inapplicable. Specific 
procedures have been developed to adjust for the 
recognized differences in earthquake attenuation between 
the western United States and the central united states. 
These procedures are presented in appendix E. If the 
magnitude and distance for the site fallon or above the 
boundary, then the seismic potential for liquefaction 
exists and an evaluation of the soil deposit's resistance 
to the seismic loading is required. If the magnitude and 
distance fall below the boundary the site may be judged 
as not subject to seismically induced liquefaction. 

Existing Dams 

.S.2B. Often evaluations at existing dams are done in an 
iterative manner with respect to earthquake studies and 
soil dynamic resistance studies. First, a rough, 
conservative estimate of the earthquake loading is made. 
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If such an assessment indicates that the seismic 
potential for liquefaction exists, then a first phase 
(limited) site exploration of the soils is made. If the 
latter indicates liquefaction is a possibility, then a 
choice must be made as to whether refinement of the 
seismotectonic evaluation or additions to the field 
exploration program or both will be most productive in 
resolving the question of liquefaction at the site. 

Alternative Methods 

.5.2C. Background on alternative methods for liquefaction 
evaluation. - The predominant means for evaluation of 
liquefaction potential for more than a decade, since the 
1971 San Fernando earthquake, has been what might best be 
described as an evolutionary procedure that has been 
developed and presented under the leadership of Dr. H. 
Bolton Seed. Although the procedure has changed markedly 
over the years (e.g., deemphasizing cyclic triaxial 
testing and emphasizing in situ testing and empirical 
correlations), the basic conceptual process, which 
compares the required resistance for the induced 
earthquake loading to the available resistance of the 
soil, has been maintained. Many other investigators have 
posed alternative procedures or parts of procedures for 
liquefaction evaluation or they have proposed 
modifications to Dr. Seed's procedures. Some of the most 
important contributions are the suggestion of the use of 
a strain criteria in cyclic triaxial testing by Yokel and 
others [27], the application of the concepts of 
steady-state strength testing by Poulos and Castro [10, 
II, 12], and the use of shear wave velocity in 
liquefaction evaluation by Stokoe [24]. By 1985, Dr. 
Seed's method [21] had evolved to an empirical procedure 
which compared SPT (standard penetration test) blow 
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counts corrected for energy input and overburden stress 
at sites that had undergone liquefaction for a calculated 
induced earthquake loading to the measured and then 
corrected blow count at the site under investigation. 
This method, referred to as an empirical method, still 
incorporates vestiges of the general results and 
knowledge gained from cyclic triaxial testing through the 
use of the correction factors, Ka and Ka' These 
corrections, in certain circumstances make sUbstantial 
changes in results. 

The Seed procedure is used extensively but has come under 
increasing scrutiny from other investigators. The 
variation in proposed procedures became known as the 
"East Coast versus West Coast" liquefaction analysis 
debate. In March 1985, the National Research Council's 
"Committee on Earthquake Engineering" sponsored a special 
symposium or "summit conference II to try to resolve the 
apparent differences in these procedures and present a 
more united front and common procedure to the engineering 
community regarding liquefaction evaluation. The 
resulting document from this conference ("Liquefaction of 
Soils During Earthquakes") which was written in large 
measure by Robert F. Whitman and published by the 
National Academy Press in 1985, is the current definitive 
work on liquefaction evaluation and provides an 
appropriate framework of understanding to enable 
liquefaction evaluation. 

Stress-strain Relationship 

.5.20. Framework of understanding for liquefaction evaluation. -
Central to the Reclamation liquefaction evaluation 
guidelines is the concept that the liquefaction 
phenomenon can best be understood in terms of the 
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stress-strain relationship for soils that are and are not 
susceptible to liquefaction. Indeed, all of the most 
prominent methods for liquefaction evaluation can be best 
understood in this manner. Figure 2a illustrates a 
postulated, in situ, stress-strain relation for a soil 
under rapid (undrained) loading that is not susceptible 
to liquefaction (dilative). This soil can develop excess 
pore pressure due to cyclic loading but will not undergo 
a loss of shearing resistance because upon straining 
under rapid undrained Joading, soil dilation would 
relieve the pore pressure and even create negative pore 
pressure that would increase shearing resistance. On the 
other hand, the stress/strain relationship shown on 
figure 2b is for a soil that is susceptible to a rapid 
loss of shearing resistance when strained under rapid 
undrained loading, beyond the peak strength strain. 
Liquefaction, as defined by these guidelines, is the 
occurrence of such a rapid loss of shearing resistance. 
Examination of these stress-strain relations in figure 2 
as well as the accompanying pore pressure versus strain 
relations which would result, enables understanding of 
the terminology related to liquefaction analysis as well 
as the basis for the various methods of liquefaction 
evaluation. The vertical axis represents the summation 
of the static shear stress and the earthquake shear 
stress. The horizontal axis represents strain resulting 
from the application of a certain stress level. The 
problem can also be thought of in the reverse, i.e., the 
vertical axis represents the resistance offered as a 
result of a given strain. The maximum resistance that 
can be developed is referred to as peak strength. If the 
soil is strained beyond the peak strength, the resistance 
offered decreases in accordance with the shape of the 
curve, i.e., rapidly for a steep curve beyond the peak 
and less rapidly for a gently sloping curve beyond the 
peak. The actual drop in shearing resistance that occurs 
is a function of the stress level maintained on the soil. 
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If the stress applied remains high (that is, no 
redistribution to more resistant elements of soil along 
the sliding surface), then the resulting loss is shearing 
resistance and additional strain is extremely rapid. 

steady-State Strength 

.5.2E. The minimum 
referred to 
strength of 
strength). 

value of shear stress beyond the peak is 
by Poulos and Castro as the steady-state 
the soil (or by Dr. Seed as the residual 
For undrained loading, this strength is only 

a function of soil type and the void ratio. For a given 
soil in a contractive condition, the higher the void 
ratio the greater will be the drop between peak and 
s~eady-state strength. Contractive soils that have 
stress/strain diagrams exhibiting a small amount of 
strain between the unstressed state and the strain at the 
point of rapid drop off from peak strength are referred 
to as strain sensitive (fig. 3a) as opposed to soils 
which can undergo considerable strain at or near peak 
without much loss in shearing resistance (fig. 3b). 

Stable static loading of a soil results in a certain 
amount of strain in the soil and represents the starting 
point (point A in fig. 4) for tracing the effects of 
cyclic loading. Each pulse or cycle of dynamic loading 
produces an increment of strain. The amount of strain 
produced in a given soil is a function of the amplitude 
of the cyclic load, the ratio of that amplitude to the 
difference between peak strength and static stress level, 
and the stiffness of the soil (slope of the stress-strain 
curve) at the current strain level. The resulting 
increments of strain for several hypothetical 
stress/strain curves, idealized cyclic loading, and 
static stress states are schematically illustrated on 
figures 5a through 5f. 
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"Triggering" 

.5.2F. Whether or not a contractive soil will undergo 
liquefaction can be understood as the problem of 
determining whether or not the loading applied to the 
soil (static or dynamic) will cause strain to pass beyond 
peak to the steady-state value. This occurrence is 
referred to as the "triggering" of liquefaction. The 
various methods of liquefaction evaluation attempt to 
predict this occurrence or lack of it by a variety of 
indirect or direct measures of soil resistance and 
earthquake load level. However, as stated previously, 
all of the relevant methods can be understood against the 
common framework of understanding of the soil 
stress-strain relations presented in section 13.5.20. 

Sequence of Studies 

.S.2G. After consideration of the current procedures, achieving 
the framework of understanding presented in the previous 
sections, obtaining experience through in-house 
application, receiving site specific review and problem 
discussion by conSUltants (e.g., Seed, Hendron, Marcuson, 
Peck, Poulos, Castro, Dobry, Stokoe), and reviewing the 
results of the symposium previously discussed, the 
following procedures for application of liquefaction 
evaluation methods are put forward for use in the Bureau 
of Reclamation. Included in these procedures is a 
suggested order of application of methodologies that, in 
general, should provide the most efficient definitive 
resolution for the least cost (time, cost, data 
collection, difficulty, etc.). The method employed 
depends to some extent on the amount of prior information 
available and the anticipated type of materials that will 
be encountered. Therefore, at the outset, the best 
possible anticipated geologic conditions should be 
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developed and updated as exploration proceeds. Given a 
general understanding of the geology, the investigation 
and analysis generally proceed as follows for the problem 
of determining the liquefaction potential of a soil 
deposit located under an existing dam. 

1. Conduct SPT tests [appendix G] only at the toe of the 
dam, if it is reasonable to conclude that materials 
at the downstream toe correlate to those under the 
dam and to the upstream foundation materials. If 
not, consider additional exploration to sample 
material characteristics of the materials under the 
upstream and downstream shells as well if these 
materials may be considered potentially liquefiable. 

(a) If gravel is anticipated in holes to be sampled 
by SPT, then blows per 0.1 foot of penetration 
should be taken. 

(b) If blow counts cannot be taken due to gravel, 
then conduct cross hole shear wave velocity tests 
in the materials. (Note: Cross hole shear wave 
velocity tests are also the primary backup 
procedure to verify SPT testing and are required 
if a meaningful dynamic response analysis is to 
be performed.) Appendix F provides information 
on the layout of these tests. 

,2. If SPT tests were successfully accomplished, perform 
an empirical SPT analysis of the soils at the 
downstream toe. If only shear wave velocities are 
available, then consider the following criteria for 
evaluating the liquefaction potential for clean 
sands: Vs < 800 ft/s potentially liquefiable; 800 to 
1,200 ft/s (244 - 366 m/s), likely not liquefiable, 
but requires some supporting evidence to rule out 
liquefaction; > 1,200 ft/s, not liquefiable. 
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These limits, which are discussed in greater detail 
in section 13.5.3C, are current estimates drawn from 
discussion and information presented by Dr. Stokoe 
and from Bureau of Reclamation experience but are not 
yet based on extensive correlation with SPT 
evaluations obtained at common sites. 

3. If evaluation from 2. indicates soil is 
nonliquefiable, end. 

4. If evaluation from 2. indicates soil is potentially 
liquefiable, then either: 

(a) Check continuity of deposits using an appropriate 
combination of CPT (cone penetration test), SPT, 
down-hole geophysical logging, and test pits. 

Based on these data, evaluate whether or not a 
significant enough portion of foundation deposits 
are potentially liquefiable to be of concern 
(i.e., yield a failure mode). 

(b) Determine the effect of the dam construction 
process and consolidation of dam on the materials 
by drilling into the foundation materials at 
midslope and crest (if possible) or at any 
convenient, representative location. 

Based on these data, conduct an empirical SPT 
liquefaction.evaluation. If a significant portion of 
the foundation is identified under (a) or (b) as 
potentially liquefiable, then conduct a post 
liquefaction static stability analysis of the darn 
(see fig. 6 for the typical failure mode to 
consider). Use SPT results with figure 7 or 8 [22] 
to obtain empirical estimate of shear strength to use 
for post liquefaction case. 
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5. If continuity, SPT considerations, and post 
liquefaction stability analysis still indicate 
potential liquefaction flow failure, then conclude 
problem exists or continue study by obtaining samples 
for one or more of the following purposes: 

(a) Determining in situ void ratio. 

(b) Determining steady-state strength ratio. 

(c) Determining stress-strain properties for analysis 
of strain produced by earthquake (triggering). 
Analysis of the in situ data should proceed 
according to the above order for resolution of 
the problem. 

Detailed Description of Each Liquefaction 
Evaluation Procedure 

Empirical Procedure 

.5.3A SPT Empirical Procedure [Seed's method]. - The Standard 
Penetration Test (SPT) provides the number of blows, from 
a 30-inch (760-mm) drop of a 140-pound (64-kg) hammer, 
required to drive a split-spoon sampler 1 foot (300 mm), 
under controlled conditions. Historically, the number of 
blows was correlated with relative density and depth 
which provided a measure of how loose or dense the 
material was (fig. 9). A common sense application of the 
SPT blow count information was the development of a 
correlation between the number of blows that were 
recorded in sands that had and had not experienced 
liquefaction (as evidenced by sand "blows" or sand 
"boils") during a specific earthquake. This correlation, 
of course, does not make a direct determination to define 
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contractive and dilative soils or to distinguish strain 
sensitive and non-strain sensitive soil. It does, 
however, provide a measure or symptom of those effects. 

For example, very high blow counts in clean sand could 
reasonably be expected to correlate with dilative soils, 
while progressively lower blow counts would correlate 
with soils that are more susceptible to liquefaction. 
The correlation made by Seed and Idriss has been 
developed over the years to reflect data and information 
from the united states as well as other countries. 
Specifically, in 1981, the correlation was updated using 
Chinese data and Japanese data for magnitude 7.5 
earthquakes (fig. 10). The good agreement of the data 
sets at this magnitude and the considerable body of data 
at the magnitude level led Seed to adopt this as the key 
relationship from which adjustments for other magnitude 
levels could be made such as shown on figure 11. 

It is important to note that development of this 
relationship·required the following assumptions: 

1. SPT results are independent of grain size 
distribution. 

2. Common SPT test procedures. 

3. Comparable epicentral area ground motions (e.g., 
spectrum intensity, peak velocity, acceleration, 
energy content, and duration) for common magnitude 
events. 

4. Common attenuation from source to site. 

5~ No significant effect on the tested soils before and 
after the events (many of the points on fig. 10 had 
no pre-earthquake SPT results). 
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6. The liquefaction condition identified is indicative 
of a potential for large strain liquefaction failure 
response (i.e., more than just the development of 
excess pore pressure that would exhibit itself in a 
sand boil but dissipate upon soil strain). 

In order to overcome the requirement for the first two of 
these assumptions, Seed and others reviewed the SPT data 
sources as a function of the energy delivered by 
equipment and methods used to obtain the blow count 
results and reviewed the results of the SPT testing 
as a function of the fines (minus No. 200 sieve). The 
outcome of these studies represents the current 
"state-of-the-art" relationship for application of the 
SPT method c, given on figure 12a [21]. To use this 
information for an earthquake other than a magnitude 7.5, 
an adjustment similar to what was done in going from 
figure 10 to figure 11 is required. Seed [21] has 
provided that correction in terms of the relative change 
in stress ratio (as a function of magnitude) required to 
cause liquefaction for a given corrected blow count as 
shown in table 2. 

By adjusting the curves on figure 12a by the scaling 
factors shown in the third column of table 2, boundary 
curves separating sites where liquefaction is likely to 
occur or unlikely to occur may be determined for 
earthquakes with different magnitudes. The results for 
magnitudes of 7, 6.5, and 6 are given in figures 12b, c, 
and d. 

Prior to the publication of figure.12a, correction for 
fines content was accomplished by adding the number 7.5 
to the corrected blow count for soils with at least 40 
percent passing the No. 200 sieve. Now a gradational 
approach is used as shown on figure 12a. However, 
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interpolation and extrapolation of the information shown 
on this figure are required for general application. For 
soils containing a clay fraction (i.e., less than 0.005 
mm), the criteria posed by Seed [15] as indicated below 
are still applicable; clay soils may be considered 
nonliquefiable if: clay content > 20 percent or water 
content < 0.9 LL. Clay soils are potentially liquefiable 
if: percent finer than 0.005 mm < 15 percent, LL < 35, 
or water content> 0.9 LL. 

Table 2. - Effect of earthquake magnitude 
in empirical SPT procedure (Seed et aI, 1983) 

Earthquake 
magnitude 

[M] 

8.5 
7.5 
6.75 
6 
5.25 

No. of representative 
cycles at 0.65 r~x 

26 
15 
10 

5 
2-3 

[r avgl0o' ] l for magnitude = M 

[r avg/Oo' ] l for magnitude = 7.5 

0.89 
1.0 
1.13 
1.32 
1.5 

The sub "l" for the variables in the third colum equation indicates the values 

represent those at which liquefaction occurs. 

Application of the SPT Empirical Procedure 

.5.3B. The following steps should be taken to carry out this 
procedure: 

1. Obtain SPT results. - The recommended procedures for 
obtaining SPT results are provided in new draft 
standards in appendix G. These new standards differ 
from the former Reclamation standard (EM-21) in that 
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they advise the use of an automatic triphammer and 
they require energy measurements to allow 
determination of N1 (60). The additional important 
considerations in collecting SPT data for 
liquefaction evaluations are: (1) if the deposit 
being sampled is known to contain or may contain 
gravel, SPT's may often still be useful to obtain and 
may produce useable data; however, the blow counts 
need to be recorded for each 0.1 foot (30 mm) of 
penetration: plotting of cumulative blows versus 
penetration at O.l-ft intervals should allow 
determination of whether or not erratic results are 
being obtained as a result of the presence of gravel: 
(2) Atterberg limits and laboratory gradation of each 
sample including identification of the clay fraction 
is necessary in order to use the current analytical 
procedures, thus arrangements should be made for that 
testing: and (3) initial SPT drill holes for 
investigation of liquefaction at existing dams 
shOUld, in most cases, be conducted at or near the 
toe of the dam in order to avoid drilling through the 
dam. If the results of these tests turn out to 
indicate that liquefaction is possible at the toe, 
then further SPT drilling at various locations under 
the embankment will generally be required. (See 
sequence of studies - section 13.5.2H). 

2. Correction of the SPT results. - The SPT blow count 
values represent the soil's resistance to dynamic 
loading. The empirical correlations developed 
required normalization or "correction" to a common 
standard. Thus, SPT's for a site under investigation 
require similar adjustments. The corrections 
required are described by Seed et ale in the paper 
"Earthquake-Resistant Design of Earth Dams" [20] but 
are described in the following sections as well in 
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order to provide discussion on the rationale, effect, 
and acceptance of these corrections. 

a. Correction for overburden stress at which SPT 
test was taken. - This correction is commonly 
known as the CN or N, correction. The SPT blow 
counts (N) are multiplied by the factor, CN' 

taken from figure 13 to obtain the N, value which 
is known as the "corrected" blow count. (Fig. 9 
is used to select correct line to use in fig. 
13.) 

This correction is made to account for the 
observation that SPT blow count values increase 
with effective overburden pressure at a more 
rapid rate than does a soils increase in 
resistance to liquefaction with increase in 
effective overburden pressure. This observation 
was based on sampling and testing (SPT sampling 
and cyclic triaxial testing) from controlled 
placement of material in tanks by the Corps of 
Engineers' waterways Experiment Station. The 
validity of this correction for actual field 
conditions depends on two things: 

(1) The commonality between the effective 
confining pressure versus depth in the 
idealized tank test placements and that same 
relation under field conditions. (Note: In 
Reclamation's experience, the shear wave 
velocity test results plotted vs. depth 
usually indicate that the idealized increase 
in confining pressure with depth often is not 
present. ) 

(2) The interpretation of the results of cyclic 
triaxial shear tests that indicated the need 
for the CN relation is valid. At the time 
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this correction was developed, "liquefaction" 
in the field was being correlated in the 
laboratory with either development of 100-
percent pore pressure (i.e., a3 developed in 
the sample = 100 percent of a3 applied) or 
the development of a specified strain level 
in the sample (e.g., 5 percent strain). It 
is therefore these properties, observed in 
cyclic triaxial tests, that show the 
diminishing effect of increase in confining 
pressure relative to the effect on SPT blow 
counts (i.e., these properties do not improve 
with depth as rapidly as does SPT blow 
count). 

b. Correction for energy in the SPT sampling 
process. - Seed et ale [21], after detailed 
examination of the variation and effects of 
energy delivered in the SPT test, corrected the 
empirical data set for energy delivered to a base 
60-percent effective energy delivery value. A 
linear correction to a base of 60 percent is used 
to multiply measured values. For example, if the 
energy delivered was 50 percent of ideal (30-inch 
drop of 40-lb hammer), then the blow counts 
measured are reduced by the ratio 50%/60% x N or 
50%/60% x N, to obtain N1 (60). 

Similarly, if the energy delivered was 70 
percent, then the blow counts would increase by 
the ratio 70%/60% x N, = N1 (60). This correction 
is straightforward and does not affect the 
underlying principle of the empirical procedure 
that. SPT results correlate with liquefaction 
potential. The only question is whether or not 
the correction is linear over the range of 
energies delivered in practice. This does not 
seem to be a question of major concern. 
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c. Correction for nonlevel ground conditions (Ka 

factor). - Cyclic triaxial tests performed on 
anisotropically consolidated specimens have shown 
an increased resistance to dynamic load (as 
indicated by less rapid pore pressure 
development) as shown by Seed on figure 14a. The 
presence of moderate static shear stress in a 
sample at the time cyclic triaxial shear 
representing the earthquake load is applied 
apparently prevents shear stress reversal and 
thus reduces the increment of strain and pore 
pressure buildup generated by each cycle of 
dynamic loading. For field conditions, such as 
presence of a dam, that produce shear stresses in 
the ground, a correction resulting in an increase 
in dynamic resistance is made. Figure 14b, 
developed by Seed, provides the results of the 
cyclic triaxial tests in a manner compatible with 
making corrections in the empirical SPT 
procedure. However, in order to determine the 
actual correction at any point in a dam or 
foundation, the static stress ratio prior to the 
earthquake loading must be determined. The 
static shear stresses for a dam result from the 
weight of the dam, the water pressure behind the 
dam, and the seepage forces throughout the 
structure. A two-dimensional finite element 
analysis with these applied loads provides these 
static stress results. The static stress ratios 
(horizontal shear stress to effective vertical 
stress) may be shown at the midpoint of each 
element or contoured for ease in determining the 
appropriate correction at any location where a 
drill hole sample interval is available. Because 
the static stress ratios for similarly shaped 
dams will be similar in magnitude, it is not 
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always necessary to perform a finite element 
analysis for the structure under study. However, 
it may be noted by examination of figure 14b that 
the effect of K« can be rather large. For 
example, if the shear stress ratio is 0.3, the 
correction factor indicates that the soil has 
nearly twice as much resistance to earthquake 
loading. Further, different structures may have 
different seepage force configurations as a 
result of cutoff walls or other seepage control 
measures which may require a specific analysis. 
Thus, in certain cases site specific analysis may 
be necessary. 

This correction is part of the accepted practice 
for application of the SPT empirical procedure. 
Reclamation has reservations about its use which 
are discussed in section 13.5.4B. "Commentary on 
liquefaction evaluation methods." 

d. Correction for effective overburden pressure. - A 
correction to the measured blow count (CN) to 
account for the effect of overburden on increase 
in SPT blow count was described earlier. Cyclic 
triaxial tests have shown that as the overburden 
stress on a soil increases, the cyclic stress 
ratio required to cause ru = 100 percent 
decreases. It was noted that most empirical data 
were gathered at an effective overburden stress 
of 1.5 t/ft2 (144 kPa). Thus, based on cyclic 
triaxial test results, a correction factor (Kq) 

normalized to 1.5 t/ft2 was developed as shown on 
figure 15 (personal communication from H. Bolton 
Seed) to account for the observation in cyclic 
triaxial tests. This figure shows that for large 
effective overburden pressures, resistance to 
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cyclic loading is substantially decreased. Like 
the Kq factor, this correction is considered 
standard practice for SPT empirical procedures 
but Reclamation likewise has reservations about 
its application. 

3. Applying and tabulating the correction factors. - As 
described earlier, the empirical procedure employs 
the technique of comparing the cyclic stress ratio 
estimated to be induced by the earthquake loading to 
the soil's resistance to the adverse effects of 
cyclic loading. This comparison for the SPT 
liquefaction evaluation is made graphically on a 
figure such as 12a with the vertical axis 
representing the induced loading (T/Gv ') and the 
horizontal axis representing the soil's resistance 
(corrected blow count) . 

All of the corrections described previously are 
corrections to the estimate of the soil's resistance 
to adverse effects of cyclic loading and thus may be 
applied to the blow count estimate. Seed, however, 
has usually applied the Ka and Kq corrections 
subsequent to entering a figure such as figure 12a. 
In order to appropriately track all of the 
corrections being applied to the estimate of soil 
resistance, the procedure described in these 
guidelines will make all corrections applicable to a 
soils dynamic load resistance to the measured blow 
count. 

4. Presentation and evaluation of empirical liquefaction 
analysis results. - Tabulation and calculation of 
blow count corrections and presentation of the 
liquefaction analysis for a sample interval or for a 
representative zone of soil are effectively done in 
tabular form as shown in table 3. Depending on the 
site and the use of correction factors, all of the 
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headings on this table may not be required or more 
may be added to facilitate checking or to improve 
clarity on intermediate steps. 

The results of each interval of each drill hole with 
regard to liquefaction potential should be prepared 
in a table such as table 3 and should be presented on 
geologic cross sections and profiles to examine the 
frequency and continuity of those intervals 
indicating liquefaction susceptibility. From such a 
presentation of information a judgment is drawn as to 
whether or not the continuity of potential 
liquefaction intervals indicated is great enough to 
be of concern. If the judgment is positive then 
either modification is deemed required or further 
liquefaction analysis or exploratory investigations 
are undertaken. 

Shear Wave Veolcity Data 

.5.3C. Use of shear wave velocity data. - On occasion coarse 
grained cohesionless materials suspected of being 
potentially liquefiable cannot be successfully sampled 
using SPT. If cross hole shear wave velocity data has 
been obtained on the materials and these data accurately 
represent the deposits in plan and section then they 
provide a viable means for making a judgment on 
liquefaction potential. The principal guiding this 
judgment in that deposits that have high shear wave 
velocity would be dilative in nature while deposits 
exhibiting very low shear wave velocity would be 
contractive. On the basis of information and judgments 
rendered by Dr. Stokoe of the University of Texas at 
Austin (Technology Update Lecture, March 12, 1986, Bureau 
of Reclamation, Denver) materials, at shallow depths (~ 

50 ft, < 15 m), with shear wave velocity of 600 ft/s 
(182.5 m/s) or greater may be considered dilative 
(nonliquefiable). Further, exploration at sites where 
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both SPT results and cross hole shear wave velocities 
have been obtained indicate that adequately high SPT blow 
counts to preclude liquefiability correlate with shear 
wave velocities in excess of 600 ft/s. However, the 
procedure of using shear wave velocities to indicate 
dilative materials has not yet gained general acceptance 
in the profession. Therefore a conservative approach to 
its use is currently recommended as follows: if shear 
wave velocities in excess of 1,200 ft/s are obtained, the 
deposits may be judged nonliquefiable. If the shear wave 
velocity lies between 800 and 1,200 ft/s (244 to 365 
m/s) , then the deposits may be considered likely to be 
nonliquefiable but supporting evidence should be 
obtained. With regard to the validity of the cross hole 
shear wave velocity data as represented in full 
stratigraphic section, it should be recognized that 
relatively thin, lower shear wave velocity zones may not 
be detected. In order to evaluate liquefaction potential 
in the deposit the geophysical and in situ drilling and 
testing investigation should include complete sampling of 
holes across the zone of interest to accurately describe 
the stratigraphy and detect any changes in the material 
deposits and should include geologic description of the 
history of deposition of the materials. If finer 
grained, lower velocity materials are indicated by 
either of the above considerations the nature and effect 
of these deposits (i.e., minimum shear wave velocity) may 
be estimated by detailed analysis of the shear wave 
velocity results and examination of their thickness and 
continuity. 
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A description of each column in table 3 follows: 

Column No. 

1 

2 

3 

4 

5 

Description 

Depth - This should be the distance from the top 
of the ground to the midpoint of the sample 
interval. It is used for calculation of 
overburden correction factors as well as location 
identification. The depth to the water table 
should be noted in this column. The body of the 
report or the key to the table should give the 
unit weights (dry, moist, saturated) applicable 
to each soil type. 

Soil classification - This column provides the 
Unified Soil Classification from field or 
laboratory examination which should be noted in 
the column. Dual classifications (e.g., SM-ML) 
indicate that the sample was an interbedded mix 
of these materials. Two classifications (e.g., 
SP/CL) mean that the upper portion of the sample 
was SP and the lower portion was CL. 

Percent fines - This is the percentage of the 
material passing the No. 200 sieve. 

Percent clay - This is the percentage of the 
material less than 0.005 rom. The plasticity 
index of the material may also be appropriate to 
report for evauation of some sites. 

Gv ' - This is the effective overburden stress 
calculated for the midpoint of the sample 
interval. It is equal to the total pressure from 
the soil less the uplift pressure. 
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6 

7 

8 

9 

10 

11 

12 

13 

N - This is the actual blow count recorded in the 
SPT. If less than a full foot of penetration was 
achieved, then the depth of penetration should be 
shown (e.g., 28/0.7 means 28 blows for 0.7 ft of 
penetration). 

Dr = relative density - This value is taken from 
figure 9. It is only used in selecting which CN 
correction curve should be used. 

CN - Blow count correction factor taken from 
figure 13 using uv ' and N. 

ER = energy correction ratio = energy measured 
for the drill rig at site/60 percent - If no 
energy measurements were taken and Reclamation 
drilling equipment was used (rope and cathead), 
use 1 for ER• If automatic triphammer was 
used, a correction factor (> 1) is required and 
should be estimated on the basis of earlier tests 
on the rig. 

N1 (60) - Corrected blow count = N -CN -ER• 

Ka - Correction for initial static shear stress 
from figure 14b. 

Kq - Correction for overburden stress from figure 
15. 
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17 
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NA = N,(60)K - Correction of blow count corrected 
for Ka and Kq • This correction is determined by 
using the slope of the TavglG' versus N1 (60) line 
on figure 12a. For the usual f/G v ' range of 
interest, N1 (60)K is adequately approximated by 
N,(60)K = 0.8·Ka ·Kq ·N,(60). (See appendix I for 
the method of determining correction without 
linearity assumption.) 

f avg - The induced cyclic shear stress at level of 
sample interval (from SHAKE or SHAKEM analysis or 
from simplified Seed calculation): 
f avg ' = 0.65 'Amax/g'Rd'Gv (see fig. 16 for Rd). 

f avg/Gv' - Column 15/Column 5. 

NR - Blow count required from figure 12a with 
f avg/Gv' from column 16 taken at the appropriate 
fines content. 

Liquefaction - Yes or No based on comparison of 
NA to NR, or on clay content of specimen. 

Continuity of Deposits 

.5.3D. Investigation of geologic continuity of deposits. - If 
evaluation of SPT data indicate that sample intervals in 
the deposits under investigation are potentially 
liquefiable but these intervals appear to be isolated, it 
may be possible to rule out damaging liquefaction on this 
basis. To accomplish such a "continuity" evaluation it 
is necessary to obtain a reasonably close spacing of 
drill hole information (SPT, CPT, and sample holes may be 
used). 
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If CPT is used, it is advisable to make some site 
specific correlation with SPT in addition to or to verify 
correlations presented in the literature. Down hole 
geophysics should be used to strengthen the jUdgements on 
correlation or lack of correlation of the deposits. The 
drillhole information (material type, blow counts, 
geophysical data) should be presented on geologic cross 
sections and profiles with careful attention to elevation 
control and depositional bedding angle if any. Separate 
and combined interpretations of these data to establish 
stratigraphic correlation, if any, should be made. The 
sample intervals judged to be potentially liquefiable 
should be located on these same profiles and cross 
sections and a judgment rendered as to whether or not 
there are zones indicating potential liquefiability with 
enough continuity and extent to be of concern. Three
dimensional stability analyses may be required to support 
these judgments. 

Post Liquefaction Stability Analysis 

.S.3E. Post liquefaction stability analysis (two dimensional) 
using empirical correlations for steady-state or residual 
strength. - If foundation deposits are judged to be 
potentially liquefiable and of great enough extent and 
continuity to be of concern an analysis may be made to 
determine whether or not adverse effects of liquefaction 
(i.e., flow failure) may occur assuming liquefaction has 
taken place. To accomplish this analysis, a conventional 
static slope stability analysis is made using wedge
shaped and/or circular failure geometry as the situation 
dictates. However, the strength in the assumed liquified 
layer is given a cohesion value (Su)' taken from figure 7 

and 8. The strength assignment may take into account the 
variability of SPT blow count along the potential slide 
zone if applicable. A parametric study should be made 
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using the range of strengths for a given blow count from 
figure 8 and the strength from the lower bound strength 
line on figure 7. The strengths indicated on figure 8 
are intended to represent field conditions of failure in 
which incompletely understood effects (e.g., pore 
pressure redistribution during the earthquake) may be 
taken into account by using empirical observations and 
back analysis. Figure 7 on the other hand represents 
laboratory soils tests on materials which had not 
experienced a failure. It is interesting to note that 
the best case history from an empirical point of view 
(the lower San Fernando Dam) had a strength value from 
back analysis very similar to that obtained from the 
laboratory strength correlation (SFT blow count of 16). 

In general, three failure surface geometries should be 
examined. 

1. Failure surfaces (upstream or downstream) that 
would result directly in loss of reservoir. 

2. Failure surfaces at the U-S edge of the crest to 
indicate the sensitivity of failure surface geometry 
on the calculation made in 1. 

3. If failure surfaces in 1. and 2. indicate static 
stability then determine the maximum size of a 
potential failure surface at the toe and reanalyze 
static stability assuming a deformed shape for the 
toe failure mass. 

If all analyses indicate adequate stability of the 
structure following assumed liquefaction of suspect 
deposits then a judgment of "no dam safety problem due to 
liquefaction" may be made. If not, either a judgment for 
required repair or additional investigation is warranted. 
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Dilative or Contractive Determination 

.S.3F. Sampling and testing to determine dilative or contractive 
in situ state of materials. - Procedures are suggested by 
Poulos et ale [11] for careful sampling of deposits in 
which measurements are taken to obtain the in situ void 
ratio of the deposit. Soil testing of these deposits is 
then performed to establish the bounding line (steady
state line) between the soil in a dilative state and a 
contractive state on a plot of void ratio versus log in 
situ minor principal stress [10]. 

Based on experience with this procedure the Bureau of 
Reclamation recommends that the steady-state line be 
determined from testing of remolded specimens made from 
the materials used in the initial undisturbed test with 
the appropriate addition where required of materials from 
above or below the initial sample or from saved 
trimmings. In addition, Reclamation recommends that the 
in situ void ratio be based on the computed sample volume 
(from measurements during sampling) and the weight of all 
materials recovered from the sample. No materials snould 
be discarded. Water content(s) obtained from testing and 
trimmings should be appropriately weighed to obtain the 
correct adjusted ratio of the material tested and the in 
situ condition. 

Because of the difficulty in reproducing the test results 
for these types of tests at least three independent 
sampling and testing sequences should be used to 
establish that the deposit under investigation is 
dilative or contractive. 
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Site Specific Laboratory Testing 

.5.3G. Use of site specific laboratory testing to establish 
steady-state strength for post liquefaction stability 
analysis. - This liquefaction evaluation is made as 
described in section 13.5.3E except that the steady-state 
strength is estimated from site specific laboratory 
testing rather than from empirical correlations with SPT. 
Sampling and testing is performed as described in section 
13.5.3F except that results for the purpose of strength 
estimation are presented on a void ratio versus log shear 
strength relation. The critical step in the estimation 
of the in situ strength from laboratory testing is the 
correction of the results obtained after the sampled 
specimen has been consolidated to a lower void ratio (and 
higher strength) back to the in situ void ratio (and 
lower strength). To make this correction as accurately 
as possible, the following measures should be taken: 

1. The steady-state line should be obtained as indicated 
in 13.5.3F with the modifications suggested by 
Reclamation. 

2. The consolidation applied to the undisturbed specimen 
should be the minimum necessary to produce a 
contractive sample. 

3. If possible the sampling location should be chosen in 
an area of similar deposits but with less overburden 
than the area of interest such that the actual void 
ratio tested may approximate that in the zone of 
interest. Thus, although a correction would be 
required at the actual sample site the strength at a 
nearby site may be inferred without correction if the 
void ratio were the same (as estimated from one
dimensional consolidation tests or in situ sampling) . 
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4. At least three independent estimates of strength of 
the deposit should be made. These may be made for 
different locations (overburden pressures) in the 
deposit. 

cyclic Triaxial or Cyclic Torsional Testing 

.S.3H. Use of cyclic triaxial or cyclic torsional testing to 
determine whether the earthquake will trigger 
liquefaction in the deposit. - The concept of the 
triggering analysis evaluation is that the deposit is 
recognizably potentially liquefiable in situ (i.e., it is 
contractive) but in order for that liquefaction to take 
place there must be enough strain induced by the 
earthquake motions for the soil to pass the strain at 
peak (see figs. 3a and 3b). To answer this question, 
cyclic triaxial tests on the deposit are accomplished and 
the strain to produce liquefaction is noted. Although 
the concept is straightforward, the ability to accurately 
accomplish this testing to directly match field 
conditions is not currently possible. Undisturbed 
specimens after consolidation have much more cyclic 
strength (less strain per cycle and more cycles to 
liquefaction) than they do in situ and remolded specimens 
are not generally considered representative of the field 
conditions due to the recognized effects of structure, 
aging, etc., on cyclic strength. However, to make a 
reasonable estimate of cyclic strength or to determine 
whether the tests that can be made are representative of 
field conditions then one or both of the following 
procedures may be attempted. 
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Samples from a representative location of the deposit 
with less overburden may be taken such that after 
laboratory consolidation and loading in preparation for 
cyclic loading, they have the approximate in situ void 
ratio of another location of interest in the deposit. 
The estimations of void ratio as a function of overburden 
are made from one dimensional consolidation tests of the 
sampled specimen. A complete example of this technique 
is described in appendix H. If the above technique is 
not successful because consolidation and loading results 
in a sample void ratio lower than applicable for the in 
situ location of interest then an alternative approach 
may be tried as described in the following. 

Procedure 2 

This procedure establishes whether or not remolded 
specimens from the deposit produce different cyclic 
triaxial results than undisturbed specimens given all 
other factors remain the same. If no difference is 
observed then the materials may be remolded and tested 
under the in situ state conditions and triggering 
evaluated. To accomplish this comparison the undisturbed 
sample is consolidated and loaded as close to field 
conditions as possible. The final void ratio under which 
testing took place is noted. The sample is then remolded 
adding material from the same sample tube just above or 
below the original sample as required. Careful attention 
is paid to the starting void ratio before consolidation 
and loading such that the void ratio of the remolded 
specimen under exactly the same loading conditions as the 
undisturbed specimen has nearly the same final void 
ratio. The results of the tests are then compared for 
differences and action proceeds as described above. This 
method should only be considered for non-strain sensitive 
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materials (e.g., 10 percent strain or greater) and a 
factor of safety of at least 2 with regard to strain or 
10 percent additional strain prior to triggering should 
be required. 

Cyclic torsional tests are considered to be an equal or 
superior way to conduct the triggering analysis as they 
provide the loading in a mode more representative of the 
true failure mode. Reclamation is currently 
investigating the use of cyclic torsional testing for 
triggering analysis. 

commentary on Liquefaction Evaluation Methods 

seismic Potential 

.5.4A. The seismic potential procedure provides a truly 
empirical procedure for liquefaction evaluation. No 
theoretical analysis or inherent assumptions are built 
into the method. The major technical weakness in its 
application is that the empirical data base is limited to 
high seismic areas where energy transmission and the soil 
improvement effects of low level shaking may have a "site 
specific" non-conservative bias. On the other hand, the 
data should be somewhat conservative in that the 
liquefaction occurrences do not represent flow slides but 
rather sand boils. From an application standpoint the 
procedure is limited in that the majority of sites, 
especially in the western united States, have maximum 
credible earthquakes which fallon or above the boundary 
seismic potential line. 
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.S.4B The empirical SPT procedure of Dr. H. Bolton Seed remains 
the standard for the liquefaction evaluation procedure. 
However, the following considerations should be noted in 
its application: 

1. The method can be considered only partially empirical 
as laboratory testing provides the basis for 
correction factors which can have a major effect on 
results. 

2. The method does not explicitly recognize the 
dilative/contractive concept as it presents results 
which are earthquake intensity and magnitude 
dependent. However, the shape of the boundary curve 
between liquefaction and no liquefaction is 
asymptotic to a limit blow count at high shear stress 
ratios. This correlates to the concept of dilative 
materials being independent of the amplitude of the 
ground motion of the earthquake but, in Seed's 
procedure, not to the magnitude (number of cycles) of 
the earthquake as indicated on figure 11 and in table 
3. 

3. Accounting for the various magnitude levels as 
presented in Seed's earlier work (fig. 11) 
incorporates the concept of triggering strain into 
the basic data as a function of magnitude. 
Accounting for the various percentages of fines as in 
the most recent work (fig. 12a) incorporates 
triggering in the sense of recognizing greater strain 
requirements to induce liquefaction. A more 
fundamental interpretation of the empirical 
liquefaction evaluation problem would be to interpret 
the data for strain sensitive materials according to 
the dilative/contractive concept. That is a single 
"boundary" blow count would be used to represent the 
difference between contractive and dilative for a 
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given soil for all magnitude earthquakes. However, 
for the present the magnitude variations and 
corrections for fines content which inherently 
account for triggering as incorporated in the 
empirical SPT procedure should continue to be used. 

4. The corrections for Kg appear to be contrary to 
common sense in that very significant reductions to 
the corrected blow count are imposed as a penalty for 
greater confining stress. For example, consider a 
deposit of cohesionless sand extending from upstream 
to downstream beneath a 200-foot (60-m) high dam that 
had a pre-construction corrected (N1) blow count of 
20. Following construction of the dam and assuming 
an increase in uncorrected blow count under the dam 
due to overburden pressure only in accordance with 
the assumptions of the CN correction factor the 
corrected blow count f?llowing construction (N,) 
would still be 20 (assuming no additional 
densification due to construction equipment). Now if 
the Kg correction for overburden pressure is made to 
blow count, which is appropriate because dynamic 
resistance is being represented by blow count, this 
correction reduces the effective blow count N,Kq to 8. 
(This assumes M = 7.5, 5 percent fines, relav' = 0.22, 
Y = 133 Ib/ft3 (see appendix I for example 
calculation).) However, despite this large 
reduction, the calculated resistance to liquefaction 
remains nearly the same at center of the dam because 
the relav' ratio decreases which lowers the required 
blow count to resist liquefaction. The net result 
after all the corrections for overburden (or the 
presence of the dam) according to these procedures is 
no net effect due strictly to compressive loads. 
However, if densification due to construction 
processes takes place, the resistance to dynamic 
loading will increase. 
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Thus, for the present time, these guidelines 
recommend that the Kq factor should be used because 
it is based on a vast amount of data, it is 
specifically recommended by Seed, and leaving it out 
is unconservative. 

5. As with Kq , the correction factor for Ka' which is 
based on observations from cyclic triaxial tests, is 
appropriate to consider as a modification to the blow 
count as it is a modification to the measure of 
cyclic resistance. Also, Ka can have a significant 
effect on the results of liquefaction evaluation, but 
in this case greatly increasing resisting capability. 

As a practical matter this significant increase is 
typically only effected for relative shallow depths 
in the region of the downstream toe of the dam. 
Moderate effects of Ka are observed at intermediate 
foundation depths upstream and downstream except near 
the centerline of the dam. The Ka factor apparently 
accounts for the possible condition of strain 
reversal effects observed in cyclic triaxial tests. 
It makes sense that if a specimen is loaded in static 
shear to about 50 percent of its peak strength and a 
cyclic load equal to ±30 percent were added, the 
specimen in the laboratory would react more favorably 
than a specimen loaded from 0 to ±30 percent. This 
is because in the laboratory the reversal of shear 
stress direction in the specimen has a very 
debilitating effect. On the other hand, if a static 
shear stress of 70 percent of peak strength were on 
the specimen and a dynamic load equal to 30 percent 
were added one would expect the sample's performance 
to be inferior to that of a specimen which began with 
a static load of 40 percent peak shear strength. 
Whether or not the above explanation is indeed the 
phenomenon associated with the effect of initial 
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static shear stress effect in triaxial tests is not 
known but it provides a rational explanation. 
Application of Ka has generally been made without 
regard to the level of static shear stress with 
respect to peak; however, Seed [20] notes that the Ka 

factor is applicable only for Dr > 50 percent and in 
personal communication related to the review of this 
standard noted that for Dr ~ 40 percent, Ka should be 
considered 1 and for Dr < 40, Ka < 1. Recent tests by 
Kramer and Seed, indicate that the additional "static 
resistance to liquefaction" of a specimen decreases 
markedly with initial level of static shear stress. 
This would seem to be correct and would not seem to 
be different for cyclic loading. In fact, Kramer and 
Seed note the remarkable instability of such a 
system. Analytical adjustment to account for a high 
static shear stress to overburden ratio for such a 
case does not seem rational even if it might be 
appropriate for a case where the static shear stress 
is less. Thus, Ka would only be used for adjustment 
of blow counts for materials with relative density 
greater than 50 percent. Because the correction is 
on the positive side, it need not be done if the 
materials show no liquefaction without the 
corrections. 

6. Corrections for fines content. - As described 
previously, the apparent effect of fines with respect 
to liquefaction potential is to broaden the stress 
strain curve thereby requiring more strain to exceed 
the soil's peak strength and result in liquefaction. 
Again, this property is a measure of the resistance 
of the soil and may appropriately be input as an 
adjustment to the blow count in the empirical 
procedure. . The current relationship for the 
empirical procedure (fig. 12a) indicates variable 
relations as a function of fines content. The 
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difference required between the curves (e.g., blow 
count for fines at 5 percent - required blow count 
for fines = 35 percent) may be thought of as a blow 
count addition for the finer material. Note that 
this addition is not uniform with induced stress 
level. It does not seem necessary to have such an 
additional resisting ability be induced stress 
dependent. Therefore, although the current procedure 
(fig. 12a) is considered fully acceptable and 
appropriate to use, an alternate procedure in which a 
uniform addition of blow count is made as a function 
of percent fines is also considered rational. An 
appropriate estimate for that addition would be that 
taken from the midrange of flay' indicated on figure 
12a (i.e., flay' = 0.25). 

Shear Wave Velocity 

.5.4C. No additional commentary is provided for use of shear 
wave velocity data and use of geologic continuity 
information. Both of these methods while judgmental in 
nature are fully acceptable means for liquefaction 
evaluation. 

Post Liquefaction Stability 

.5.40. The procedure for evaluation of post liquefaction 
stability using empirical data or using steady-state 
shear strength test data is a reasonable yet somewhat 
uncertain approach. Questions related to deformation 
compatibility, strain to activate residual strength and 
cracking of the dam body are important considerations in 
this procedure. Studies using this procedure should show 
results indicating the percentage of total load taken by 
each of the contributing elements to the problem (e.g., 
zone 1, nonliquefied foundation, liquefied foundation). 
Future back analyses with liquefaction failures and 
additional steady-state strength testing on a variety of 
materials should improve both empirical relations with 
SPT and steady-state or residual strength. 
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Dilative or Contractive 

.S.4E. By far the most fundamental and direct procedure for 
liquefaction evaluation would be to directly determine 
whether or not a material is dilative or contractive. 
However, this problem turns out to be very difficult. To 
date, no Bureau of Reclamation study has achieved this 
goal. Attempts to show that a suspect deposit is 
dilative in situ using the steady-state line approach are 
promising but have not yet proven to be reliable and 
consistent enough on which to base a decision. 
Modifications to the process as described in these 
guidelines will hopefully increase the reliability of the 
method. It is considered that the basis of the 
method is sound, as it deals the most directly and 
straightforwardly with the stress strain curve. The only 
thing better or perhaps more enlightening would be 
production of and interpretation of shear stress/shear 
strain relations in the liquefaction and no liquefaction 
condition. 

Triggering Analysis 

.S.4F. Finally, the triggering analysis using laboratory tests 
is the last bastion of hope in the effort to disprove or 
prove liquefaction. It should only be considered for 
application to materials which have some cohesion and 
then should be used with considerable judgment and a 
comfortable margin of safety with regard to strain (e.g., 
a factor of safety ~ 2) because if the phased approach is 
employed as described previously, use of the triggering 
analysis as a basis for ruling out liquefaction implies 
post liquefaction instability. 
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other Considerations 

.5.5 In addition to analysis of embankment deformation and 
liquefaction, it is necessary to assess the potential for 
internal erosion should disruption of the embankment or 
its foundation be caused by deformation during earthquake 
shaking or fault rupture in the dam foundation. There 
are no analysis techniques that can be directly applied 
to this problem. Judgment must be used to decide whether 
or not erosion in zones of disruption would tend to be 
self-healing as a result of filtering. Concern about 
poor filtering properties of embankment and foundation 
materials may require construction of protective filters 
for the specific purpose of prevention of internal 
erosion following disruption. 

SEISMIC DESIGN FOR NEW DAMS 

GENERAL PHILOSOPHY 

.6 Seismic design analyses are to be directed toward the 
effective use of defensive design measures which will result 
in a final design that does not indicate borderline 
conditions so far as deformation, liquefaction, or internal 
erosion due to deformation or fault displacement are 
concerned. Seismic studies should be performed during site 
investigation studies so that seismic design parameters are 
available for use during final design. 
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DEFENSIVE DESIGN MEASURES 

.7 Design of embankment dams will include defensive measures 
that enhance their performance under seismic loading. The 
defensive measures include: 

transition and drainage zones whose gradations are 
controlled by processing, 

controlled compaction of all embankment zones, and 

removal or treatment of foundation materials that are of 
low strength or low density. 

Also, conditions 2., 3., and 4. that preclude deformation 
problems (13.S.1A) are to be met for all new designs. 

SEISMIC RESPONSE OF EXISTING DAMS 

PHASED ANALYSIS 

.8 The ability of existing embankment dams to resist seismic 
loadings must be evaluated using state-of-the-art 
assessments. The size of the task required to perform these 
assessments makes it necessary to direct available resources 
toward an efficient analysis of those structures where such 
an analysis will provide useful information. In order to 
provide direction, it is necessary to critically assess the 
state-of-the-art. 

DS-13(13)-7 - 12/22/89 48 



EMBANKMENT DAMS Chapter 13 - Seismic 
Design and Analysis 

.8.1 

13.8.1 

Definition of state-of-the-Art 

State-of-the-art is defined as the current level of 
sophistication of a developing technology. To provide a 
state-of-the-art assessment does not require that each 
component technology be.practiced to the limit of its 
knowledge as is frequently defined by research in narrow 
fields. What is required is a balanced program where the 
refinement in each step of the analysis is reasonably 
consistent with those parts of the analysis that are in a 
relatively unsophisticated state of development. For 
example, an extensive laboratory testing program may not 
be warranted if the extent of field exploration and 
sampling is the true limit on knowledge about the 
structure and its foundation. Prior to the initiation of 
an analysis of a given structure, it is important that a 
reasonable level of sophistication for each part of the 
analysis be determined. 

Order of Assessment 

.8.2 The assessment of the response of an existing embankment 
dam includes ·the following six basic steps. 

A. Determination of the magnitude and source of the 
earthquake or earthquakes that should be considered; 

B. Determination of the time-history or time-histories 
of the ground motions that would be associated with 
the earthquake or earthquakes; 

C. Determination of the properties of the embankment and 
foundation materials through study of the 
construction records, geologic studies, and/or 
exploration and testing; 
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D. Determination of the dynamic response of embankment 
and foundation materials by case history comparisons, 
comparisons with tests performed by others, and/or 
dynamic testing; 

E. Prediction of the extent of structural deformations 
resulting from earthquake shaking; and 

F. If predicted deformations are not tolerable, explore 
design alternatives that would provide a tolerable 
response. 

concept of Assessment 

.8.3 Based on current state-of-the-art, analysis of any 
structures located in Algermissen seismic zones 1 and 2 
[1J would not be expected to show intolerable 
deformations if full analyses were performed. For this 
reason, seismic analyses of these structures are not 
scheduled unless there exist strong indications of static 
stability problems or strong indications that 
low-density, cohesionless materials are present in 
critical embankment or foundation zones. 

Structures that might be subjected to intense shaking 
should be screened. This screening provides the basis 
for establishing the priorities for seismic analysis. 
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Factors that support a high priority include: 

1. Proximity to known active faults, 

2. Unconsolidated sediments in the foundation 

3. Indications of low-density materials in the 
embankment or foundation, 

4. Indications of marginal static stability, 

5. Paucity of construction records, 

6. High potential for losses in the event of 
failure, and 

7. Zones of high pore pressures or saturated 
cohesionless materials. 

Factors that support a low priority include: 

1. Bedrock foundation, 

13.8.3 

2. Good construction records indicating good quality 
of construction, 

3. No indications of stability problems during 
construction or operation, and 

4. Low potential for losses in the event of failure. 

Once priorities for analysis are established, each 
structure should be analyzed by a well-balanced program. 
The extent to which each part of the analysis is to be 
carried is established at the outset and reviewed 
periodically. The services of consultants with expertise 
in dynamic analysis of soil structures should be 
considered when the dam is in a highly seismic region, 
and/or stability of the damsite is sensitive to seismic 
activity. 
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Magnitude = 6 [21) (Section 13.5.3) 
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Abstract 

Earthquake Ground Motions 
for 

Design and Analysis of Dams 

J. Lawrence Von Thun 1
, Member, ASCE 

Louis H. Roehm2 

Gregg A. Scott 3
, Member, ASCE 

John A. Wilson4
, Member, ASCE 

Historical bedrock earthquake records are examined relative to index 
parameters corresponding to areas under response spectra, between spe
cified periods related to the natural periods of most dams. It is 
judged that this better accounts for the frequency content of the 
earthquake records than other parameters such as peak ground accelera
tion. Attenuation relationships are developed from the historical 
data for use in establishing or comparing ground motions used in 
analyses. These relationships are then compared to current practice. 

I. Introduction 

The earthquake loading for which a structure is designed or evaluated 
is specified in a general way in terms of magnitude and distance, and 
more specifically in terms of ground motion parameters. As more 
seismotectonic and geologic information has been gathered and used in 
the last 20 years, a tendency toward larger earthquakes for use in the 
design and analysis of major structures such as dams ha~ occurred. 
Selection of the design earthquake and associated ground Motion para
meters is in some cases critical to the ability of a dam to satisfy 
safety criteria. The selection of ground-motion parameters associated 
with a design earthquake both within the USBR (Bureau of Reclamation) 
and within the engineering profession, has been influenced by the per
ceived need for conservatism on a project and the recommendations of 
consultants. For design earthquakes of similar magnitude and 
distance, the ground motions have varied greatly. A more rational, 
consistent selection process should be used, assuming that uncer
tainities in the seismotectoAic environment and the importance of the 
proposed facility are accounted for in the selection of the earthquake 
magnitude and distance. 

ISenior Technical SpeCialist, USBR, Denver, Colorado 80225 
2Technical Specialist, USBR, Denver, Colorado 80225 
3Technical Specialist, USSR, Denver, Co·lorado 80225 
4Geotechnical Engineer, USSR, Denver, Colorado 80225 
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A review of current USSR practice in specifying ground motions from 
the viewpoint of earthquake engineering identified significant 
variations between the available data base and the ground motion 
selections being made by the profession, as well as by the USSR. To 
address this inconsistency. a procedure was developed which can serve 
as a check of the ground motions specified for a site to verify con
sistency with the available data base or to estimate the degree of 
conservatism. Alternatively, the procedure may be used as a guide for 
the development of motions for a site which would therefore be 
directly related to the existing data base. It is hoped that this 
paper will form the initial basis for more consistent selection of 
ground motions for the seismic design and analysis of dams within the 
USBR. Improvements to the proposed guidelines are anticipated from 
additional data, suggestions from outside reviewers, and experience 
gained in their application to current work. 

A number of parameters have been used to classify earthquake ground 
motions, including peak acceleration, peak velocity, peak displace
ment, and variations of these values, such as effective peak accelera
tion. However, the final evaluation of the effect of an earthquake on 
a dam should be measured in terms of its structural response. This 
must take into consideration the frequency content of the earthquake 
record. Response spectra provide a good representation of this fre
quency content; whereas, commonly used scaling parameters such as peak 
acceleration do not. The authors consider spectrum intensity to be a 
good representation of response spectra for comparison purposes, and 
it was selected as the parameter to be evaluated in these studies. 
Velocity spectrum intensity, as used in this paper, is defined as the 
area under the velocity response spectrum between periods of 0.1 and 
2.5 seconds (Housner. 1959). The parameter "spectrum intensity" as 
defined above was intended to represent the potential structural 
response of a wide variety of buildings. 

Earthfill and rockfill dams have been shown to have natural periods 
which, depending on their size, shape, or composition, may range from 
0.6 to 2.0 seconds (Makdisi and Seed, 1977.) Because design earth
quakes with significant amounts of energy concentrated in the periods 
of greatest interest are difficult to locate, design earthquakes are 
generally selected for embankment dams'without regard to the shape of 
the response spectrum. An appropriate scaling parameter for embank
ment dams should cover a broad range of periods; therefore, velocity 
spectrum intensity covering periods from 0.1 to 2.5 seconds has been 
selected. 

The use of spectrum intensity to define ground motions for the analy",:, 
sis of concrete dams is not a new concept (Tarbox et al., 1979). 
However, computations and field tests have demonstrated that the 
natural periods of concrete dams are generally less than 0.5 second 
(i.e., Rouse and Bouwkamp. 1967, and Rea et al., 1972). Therefore, 
"acceleration spectrum intensity," which is introduced and defined in 
this study as the area under the acceleration response spectrum bet
ween periods of 0.1 to 0.5 seconds, is an appropriate indicator of the 
potential response of concrete dams to a given earthquake record. 

2 Von Thun 



In recent years data on ground-motion records have been collected 
which indicate the possibility that earthquake events resulting from 
thrust faults produce a greater energy release (total elastic strain 
energy at the source and/or radiated strain energy at the site) than 
do normal or strike-slip fault events, for a comparable earthquake 
magnitude value (McGarr, 1982, Campbell, 1984, 1985, Weichert et al., 
1986). Campbell's empirical analysis (1984, 1985), found that reverse 
and reverse-oblique mechanisms are associated with ground motions 
approximately 30-40 percent larger than strike-slip mechanisms. 
McGarr (1982), using theoretical considerations to relate limits for 
peak accelerations to the state of stress in the earth's crust, com
puted much higher bounds on peak acceleration for a compressional 
state of stress (reverse and thrust faults) than for an extensional 
stress state (normal faults). Since the magnitude scales are a 
measure of the peak motion of the earthquake in a specific fre~uency 
range rather than a measure of the integral effect of the motion, suer 
a consistent bias by source mechanism is possible. It could be impor
tant to take this into consideration when selecting ground motions for 
design and analysis of dams. Verification of a general trend shOWing 
thrust fault events to be stronger than strike-slip or normal fault 
events is difficult because of the inherent variation in earthquake 
records, the scarcity of large magnitude events with local ground
motion records, the effects of local site conditions, and the incon
sistency in magnitude and distance reporting. However, the historical 
spectrum intenSity data were also examined to determine if such a 
trend exists. 

II. Earthquake Record and Parameter Selection 

Table 1 lists data for the historical earthquake records that were 
selected in this study. Conflicting and ambiguous information con
cerning existing earthquake records is found throughout the litera
ture. Therefore, the sources of information are listed and discussed 
in this section. The accelerograms of the historical records selected 
for evaluation were obtained from NOAA (Coffman and Godeaux, 1985), 
where possible. The spectrum intenSity values were calculated from 
the accelerogram records or from published response spectra using 
pseudo-spectral values at 5 percent damping. In establishing the 
spectrum intensity for an event, typically a value is available for 
each component of ground motion. The larger of the two horizontal 
components was used to describe the earthquake. The other parameters 
listed in table 1 are from the following published sources: 

1. Coyote Lake - Brady, et al. (November, 1980) 
2. San Francisco - Seed, et al. (1974) 
3. Imperial Valley - Joyner and Boore (1981), and 

Brady, et al. (April, 1980) 
4. Lytle Creek - Seed, et al. (1974) 
5. Mammoth Lakes - Turpen (1980) 
6. Friuli, Italy - TVA (1978), and Sabetta and Pugliese (1987) 
7. Irpinia, Italy - Sabetta and Pugliese (1987) 
8. San Fernando - Woodward-Clyde Consultants (1977) 
9. Parkfield - Seed et al. (1974) 
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Table 1. - Data for Earthquake Rock Records 
Ve locity Acceleration 
spectrum spectrum 
I ntens ity intensity 

Earthquake Richter Fault Recording Distance (0.1-2.5) (0.I-U.5) 
magnitude* mechanism station (km) ( cm) (cm/s) 

San Fernando, 2-9-71 6.4 Thrust A Lake Hughes No. 4 25 30 112 
B Lake Hughes No. 9 24 17 93 
C Lake Hughes No. 1 30 72 92 
U Santa Felicia Dam 2U 33 113 
E Fairmont Reservoir 30 24 66 
F Santa Anita Dam 2U 16 115 
G Griffith Park 18 51:! 157 
H CIT Seismology Lab 20 41 177 

Friuli. Italy. 9-15-76 6.0 Thrust I S. Rocco 5 58 I8H 
Frlult. Italy, 9-15-76 6.1 Thrust J S. Rocco 12 31 III 8 
Friul1. Italy. 9-11-76 5.9 Th rus t K S. Rocco 12 15 86 
Friull. Italy. 9-11-76 5.5 Thrust L S. Rocco 19 7 38 
Parkfield. 6-27-66 5.6-6.4 Strike-slip M Temblor 7 52 285 
Koyna. India. 12-11-67 6.5 Strike-s lip N Koyna Dam 3 87 364 

+=- San Francisco. 3-22-59 5.3 Strike-51 ip o Golden Gate Park 11 11 81 
Coyote Lake. 8-6-79 5.7 Strike-slip P San Mart in 0 69 230 

Q Gil roy No. 1 8 31 89 
R Gil roy No. 6 1 160 210 

Imperial 10-15-79 6.6 Strike-slip S Superstition Mt. (286) 26 21 135 
Va 11 ey 

Helena. 10-31-35 6.0 Norma I T Carrol College 5 45 126 
Oroville. 8-1-75 5.7 Normal U Oroville Dam 10 13 61 
Irpinia. Italy, 11-23-80 6.9 Normal V Sturno 19 169 262 

W Bagnol i Irpino Ii lld 102 
Irpinia. Italy, 11-23-80 6.3 Norma I X Sturno 19 20 63 

Y Bagno11 Irpino 8 15 31 
<: Lytle Creek. 9-12-70 5.4 Uncertain** Z Devil's Canyon 19 11 109 
0 
:l AA Allen Ranch 21 10 60 
-; Mammoth Lakes, 5-25-80 6.5 Uncertain** BB Long Valley Dam dIs 13 34 91 
::r Mammoth Lakes, 5-25-80 6.7 Uncertaln** CC Long Valley Dam ~/s 12 20 90 
c Mammoth Lakes, 5-27-80 6.3 Uncertain** DO Long Valley Dam dIs 14 49 148 :l 

* Use of the word magnitude throughout this paper refers to the Richter scale. 
** Local complications - assumed to be normal or strike-slip events for plotting purposes. 



10. Koyna, India - Woodward-Clyde Consultants (1977) 
11. Helena - Woodward-Clyde Consultants (1977) 
12. Oroville - Woodward-Clyde Consultants (1977) 

An attempt was made to utilize distances to the causative fault zone 
of energy release, rather than epicentral distances. However, only 
epicentral distances could be found for the Lake Hughes No. 1 (Chang, 
1978), Devil's Canyon (TVA, 1978), and Long Valley Dam (Turpen, 1980) 
recording stations. The reporting of causative fault distance, epi
central distance, or distance from zone of energy release in the 
literature is inconsistent and unclear. In many publications, the 
exact meaning of the reported distance is not provided, and attempts 
to determine the meaning have been unsuccessful. It is not uncommon 
to find the same earthquake record given various distances in dif
ferent publications. Seed, et ale (1974), list significantly larger 
distances for three of the San Fernando recording stations. 
Conflicting distances can also be found for the Carroll College and 
Temblor recording stations. A review of other reports indicates that 
the smallest reported distances are probably correct. 

An attempt was also made to utilize only earthquake records from rock 
sites. The Taft recording station (Kern County earthquake of 1952) 
represents about the only earthquake greater than M7 recorded, but was 
not recorded on rock (Chang, 1978). Conflicting information can be 
found concerning the geologic conditions at the Castaic Old Ridge 
Route recording station (San Fernando earthquake of 1971). However, 
in general, this appears to be a stiff soil site (Seed, et al., 1974, 
and Chang, 1978). There is also some question as to whether the 
Tolmezzo recording station (Friuli, Italy earthquakes of 1976) should 
be treated as a rock site (TVA, 1978 and Sabetta and Pugliese, 1987). 
Westaway and Jackson (1987) indicate that the Calitri recording sta
tion (Irpinia, Italy earthquake of 1980) may be on rock. However, the 
spectrum shape is not typical of a rock record and Sabetta and 
Pugliese (1987) indicate that it is a soil site. Other information 
concerning the Irpinia, Italy earthquakes is similar in both publica
tions. Although again conflicting information can be found, it 
appears that the Lake Hughes No. 12 (San Fernando earthquake of 1971), 
and Wrightwood recording station (Lytle Creek earthquake of 1970) are 
founded on shallow alluvium (Chang, 1978). It was suggested that the 
Logan, Utah, earthquake of 1962, and the Central Greece earthquakes of 
1981, might provide additional rock records for normal fault-related 
events. However, in both cases, the strong motion instruments were 
located on several hundred feet of soil (for example, Shannon and 
Wilson, Inc., and Agbabian Associates, 1980). The data corresponding 
to these nonrock sites are not included in this analysis. 

The Borah Peak, Idaho, earthquake of 1983 was also suggested as a 
possible source of earthquake records. However, no recording stations 
were within 90 km of the epicenter (Jackson and Boatwright, 1985). 
The Pacoima Dam record (San Fernando earthquake of 1971) is generally 
considered to be influenced by topography and local cracking of the 
instrument house foundation (Woodward-Clyde Consultants, 1977). Thus, 
the large recorded ground motion is not representative, and was not 
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included in this analysis. There is some question as to whether the 
Koyna record represents free field motions since the instrument was 
located in a concrete gravity dam. However. the response spectrum 
appears to be representative. and the record was included in the data 
base since it represents about the only close-in record for a large 
magnitude event. 

III. Development of Attenuation Curves from Historical Data 

Using acceleration spectrum intensity. the attenuation relationships 
for historical earthquake rock records were sketched as shown on 
figure 1. This figure includes the data from table 1 for all earth
quake mechanisms. Using the velocity spectrum intensity data from 
table 1. attenuation relations for historical events. independent of 
source mechanism. were sketched as shown on figure 2. 

These curves are intended to portray a IIreasonable design basis" esti
mate of spectrum intensity that could be experienced for a given 
magnitude event at a given distance from the causative fault. In 
establishing the IIreasonable design basisll estimate, observations of 
events that create a smaller spectrum intensity than that indicated by 
the curves would be anticipated, but there would be few observations 
at higher levels. However. due to the lack of significant amounts of 
data for various earthquake magnitudes. the curves sketched for this 
study were drawn on a strictly judgmental basis. Because conservative 
criteria are used by the USBR for the specification of MCEts (maximum 
credible earthquakes). selection of a ground motion to represent the 
MCE by establishing a relationship which envelops all of the ground
motion data would compound conservatism and may create an unrealistic 
loading. 

Further examination of the data on figures 1 and 2 shows that while a 
generalized relationship between earthquake magnitude and spectrum 
intensity may exist, there are clearly inadequate data to draw conclu
sions with regard to comparisons of thrust events. and normal and 
strike-slip events. 

It should be noted that most of the data used in developing these 
curves are from areas of the western United States and Italy. where 
surface faulting generally accompanies large earthquakes. Therefore. 
the recommendations of this paper are considered to be applicable for 
areas with a similar seismotectonic setting. Areas such as the 
central United States. the Pacific Northwest subduction zones. and 
many foreign sites may not show a similar response. 

IV. Comparisons With Current Practice 

A. Bureau of Reclamation 

In general. concrete dams have been evaluated for earthquake 
loading using linear elastic finite element techniques. For such 
analyses. the USBR has used synthetic accelerograms generated to 
match the frequency characteristics of a response spectrum selected 
for the site. 
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To date, synthetic accelerograms have been generated for seven 
response spectra representing earthquakes of Richter magnitudes 
from 5.5 to 7.5. Each spectrum was developed independently of the 
others, and in some cases included input from outside consultants. 
Consequently, consistency was not maintained in their development. 
Three of the seven independent spectra were subsequently scaled to 
estimate ground motions at other distances. 

In order to compare current seismic loading practice in the USBR 
to historical records, the acceleration spectrum intensity data for 
the synthetic accelerograms are compared on figure 3 to the curves 
developed from the historical data. This comparison shows that the 
synthetic records are conservative (especially for lower magnitude 
earthquakes) with respect to the sketched "reasonable design basis 
curves" except for one M7.5 record and one M6.5 record. 

Design earthquake ground motions for analysis of embankment dams 
have usually been obtained in the USBR by scaling historical earth
quake accelerograms according to published procedures (Seed and 
Idriss, 1982, Krinitsky and Chang, 1977). Scaling parameters for 
historical records may be determined by evaluating peak accelera
tion, peak velocity, and/or velocity spectrum intensity. These 
parameters are used to produce an earthquake ground motion on 
bedrock representing a particular magnitude event at a specified 
distance, with an appropriate duration of strong shaking. 

The first step in this procedure is to select existing natural 
earthquake records which are as close as possible to the given 
MeEts in magnitude, distance, and peak acceleration to minimize the 
amount of scaling. If the dam is founded on deep alluvium, an 
accelerogram recorded on alluvium (such as the 1940 El Centro 
record) may be selected. Once one or two records are selected, 
their characteristics (peak acceleration, peak velocity, velocity 
spectrum intensity) are obtained and compared with the desired 
values (Seed and Idriss, 1982, or Krinitsky and Chang, 1977). 

Scaling factors are then computed for peak acceleration, peak 
velocity, and velocity spectrum intensity by dividing the desired 
value by the recorded value. Frequently, though, if it is evident 
that the peak velocities and the velocity spectrum intensities will 
be reasonably close to or greater than the desired values after 
scaling, accelerograms are scaled by peak acceleration only. This 
is often done for earthquake records which are accepted as con
taining relatively large amounts of total energy, such as the 
HBS-M7.2-2K-81 accelerogram developed by H. B. Seed by combining 
and modifying the Taft and Pacoima accelerograms (Seed, persona'l 
communication, 1983). This earthquake accelerogram has been 
referred to as the Pacoima-Taft Modification II record during the 
last 4 years of use in the USBR. In some cases, the scaling fac
tors may cover a wide range indicating that, for example, peak 
acceleration may have to be unreasonably large in order to get 
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velocity spectrum intensities or peak velocities into the desired 
range of values. It may be appropriate in such cases to try to 
locate a more compatible accelerogram rather than to perform 
excessive scaling. Sometimes, however, this is not possible and it 
becomes necessary to separate the accelerogram record into several 
segments and scale each part by different amounts. 

If the duration of the record needs to be changed, it is done by 
deleting part of it to shorten it, or by combining records to 
lengthen it. Another alternative to lengthen a record is to repeat 
selected portions within a single accelerogram record. 

Figure 4 shows the comparison of the magnitude-distance atten
uation curves from figure 2 with representative records currently 
used in design and analysis of embankment dams. With the exception 
of one magnitude 6.0 event, the velocity spectrum intensity of 
records currently in use are conservative when compared to the 
curves developed from the historical data. 

In the case of near-field magnitude 6.5-7.5 events, the oesign 
earthquakes used for analysis of embankment dams are conservative. 
For example, the velocity spectrum intensity of the HBS-M7.2-2K-~1 
accelerogram record which is extensively used for large, near-field 
earthquakes is far greater than what has occurred in almost all 
historical cases. It is known to produce a large response in the 
1- to 1.S-second period range. Use of conservative ground motions 
has not created a hardship in design and analysis due to the fact 
that well constructed embankment dams have an acceptable calculated 
response to even very strong seismic shaking. 

The velocity spectrum intensity of a specific design earthquake is 
dependent on the velocity spectrum intensity of the recorded motion 
selected for use. This is shown on figure 4 in which design earth
quakes for Richter magnitude 6.5, 7.0, and 7.5 were developed by 
scaling the HBS-M7.2-2K-81 record, and accelerograms for Richter 
magnitude 5.5 and 6.0 were developed from the Koyna earthquake 
record. The difference in velocity spectrum intensity of these two 
records is the cause of the large gap between the Richter magnitude 
6.0 and 6.5 velocity spectrum intensities. The Richter magnitude 
7.5 earthquake at 30 km distance was generated by combining and 
scaling the Taft and Koyna records. 

Although the current USBR practice for specifying ground motions 
for concrete and embankment dams has generally resulted in 
reasonable or conservative earthquake spectrum contents, this has 
occurred more as a result of coincidence than by plan. Certainly· 
current practice does not require conformance of design response· 
spectra content with the historical data. Acceleration spectrum 
intensity appears to provide a valuable indicator of the range and 
level of earthquake motions important for the analysis and design 
of concrete dams, and velocity spectrum intensity provides the same 
for embankment dams. It therefore appears appropriate that for 
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consistency, design earthquake records should be selected so as to 
reasonably match the attenuation curves developed from these 
parameters. 

B. Seed and Idriss Method 

The spectrum scaling approach provided by Seed and Idriss (1982) is 
fairly widely used in the profession, and provides another basis 
for comparing the spectral content of actual earthquakes with a 
design approach. Thus, this approach was compared to the spectrum 
intensity attenuation curves developed from historical events for 
five earthquake Richter magnitudes at three distances. The Seed 
and Idriss spectra, for purposes of the comparison, were obtained 
as follows: 

1. The average peak acceleration was determined from figure 17 
of Seed and Idriss (1982). Values of peak acceleration were 
obtained for magnitudes 5.5, 6.0, 6.5, 7.0, and 7.5 at distances 
of 5 km, 15 km, and 25 km. 

2. Normalized spectral acceleration values for rock were 
obtained from figure 30 of Seed and Idriss (1982). Values for 
the mean and the mean plus one standard deviation spectra were 
obtained at 0.1 second intervals. 

3. The normalized velocity response spectra values were com
puted from the normalized acceleration response spectra values 
using the relationship Sv = Sa (T/2~) were Sv is the spectral 
velocity, Sa is the spectral acceleration and T is the period. 

4. The spectrum intensities were computed as the area under the 
normalized spectral velocity and normalized spectral accelera
tion curves from 0.1 to 2.5 seconds and 0.1 to 0.5 second, 
respectively. These spectrum intensities are for a zero period 
spectral acceleration value of 1.0. 

5. These spectrum intensities were then multiplied by the 
respective peak acceleration values for magnitude and distance. 
The results are spectrum intensities that represent a magnitude 
and distance for both the mean and mean plus one standard 
deviation spectra. The values are plotted on figures 5 and 6. 

The Seed and Idriss data, when compared to the idealized velocity 
spectrum intensity curves from existing records (figure 5), show 
that: 

1. The velocity spectrum content of the mean spectra proposed 
by the Seed and Idriss method matches the "reasonable design 
basis" cuves drawn on the basis of actual records well at the 
magnitude 6.0 level, but is significantly less for larger magni
tude events. 
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2. The velocity spectrum content of the mean plus one standard 
deviation spectra proposed by the Seed and Idriss method matches 
the "reasonable design basis" curves well at the magnitude 7.0 
level, but overestimates the lower magnitude events and 
underestimates the magnitude 7.5 events. 

3. The current records being used by the USSR for embankment 
dam analysis generally have velocity spectrum intensity values 
well in excess of the Seed and ldriss spectra for earthquakes 
equal to or greater than magnitude 6.5 (figure 4 compared to 
figure 5). 

4. The Seed and Idriss data are grouped together because of 
scaling by peak acceleration, which current attenuation rela
tionships show has a small variation as a function of magnitude. 
It follows then that scaling by peak acceleration would likewise 
not show significant distinction in spectral content between 
earthquake magnitudes. However, Idriss (1985) indicates that a 
spectrum shape that varies with magnitude is being considered. 
This approach may result in greater variation of spectrum inten
sity with earthquake magnitude. 

The same type of comparison was made for the acceleration spectrum 
intensity (figure 6). There is more separation for the Seed and 
Idriss data points at various magnitudes for the acceleration 
spectrum intensity plot than for the velocity spectrum intensity 
plot. However, the curves are still grouped together such that 
they overestimate the acceleration spectrum intensity for some 
magnitudes, and underestimate it for others using the mean spectra. 
The Seed and Idriss mean plus one standard deviation spectra 
overestimate the "reasonable design basis" curves for acceleration 
spectrum intensity in all cases. 

v. Conclusions 

The evaluation of the existing, usable ground-motion data charac
terized according to spectrum intensity concepts indicated that: 

A. There is considerable variation between what may be described 
as a reasonable design basis spectrum content for a given earth
quake magnitude as established from the data base of historical 
ground motions and the spectrum content of ground motions currently 
being recommended for analysis and design. 

S. There was insufficient evidence to conclude, for design basis .. 
purposes, that thrust faults produce predictably greater ground' . 
motion than strike slip and normal faults based on spectrum inte~
sity as a comparison parameter. 
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Scaling design earthquakes by acceleration or velocity spectrum inten
sity should better account for the frequency content of earthquake 
records. Therefore, it is recommended that ground motions for analy
sis of concrete dams be scaled such that the acceleration spectrum 
intensity approximates that given by the relation shown on figure 1, 
and that the bedrock ground motions for embankment dam analysis be 
scaled such that the velocity spectrum intensity approximates that 
given by figure 2. If historical records are selected for analysis 
based on figures 1 or 2, at least two records should be used in case 
one of the records contains low amplitude vibrations corresponding to 
the natural period(s) of the dam. This procedure is expected to pro
vide a better representation of the structural response of dams than 
scaling by peak acceleration or other less descriptive parameters. It 
should also be useful in determining how reasonable ground motions 
developed by other methods are. As discussed previously, the proce
dure is considered to be appropriate since conservative criteria are 
introduced in other parts of the seismic analysis procedure, and it is 
undesirable to compound conservatism. 
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EMBANKMENT DAMS 

APPENDIX B 

Chapter 13 - Seismic 
Design and Analysis 

NOTES ON INVESTIGATIONS FOR DYNAMIC 

STABILITY OF EMBANKMENT DAMS 

PREFACE 

These notes contain information to assist in developmental field 
programs for investigation of seismic stability concerns. 

BACKGROUND AND PURPOSE 

A large number of existing Reclamation dams have been or will be 
identified in dam safety evaluations as having dynamic stability 
concerns. These concerns usually relate to one, both, or parts 
of the following categories: 

Determination of the potential for liquefaction of dam or 
foundation materials. The typical case involves colluvial, 
eolian or alluvial materials left in place under the 
shells of the structure presenting a potential for a 
sliding failure of the embankment and foundation. 

• Settlement of the embankment or deformation along a 
potential sliding plane or multiple planes due to the 
seismic event or general settlement of the structure. 

The resolution of these concerns requires specialized collection 
of data and use of analytical techniques which are being updated 
by "state-of-the-art" advances including the accumulation of 
experience with the completed evaluation of these dams. The 
information provided here should not be considered "rules" but 
rather as factors that need to be considered noting ideas, 
experiences, or knowledgeable contacts concerning that item. It 
is anticipated that additions, changes, or improvements to these 
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notes will be made as more experience is gained with field 
programs; and as this is the first update set of the original 
notes, they are identified as version 2. 

FACTORS TO BE CONSIDERED" 

I. Primary Methods Currently Used for Resolution of These 
Concerns 

A. Evaluation of a potential liquefaction problem. Obtain 
seismic resistance estimate of material based on corrected 
SPT blow counts and compare the data to empirically derived 
published data which present required strength as a 
function of earthquake loading for the site. The procedure 
is currently being used for sands, silty sands, sandy 
silts, and silt. The most current applicable reference 
related to the collection and use of these data 
incorporates information on the energy used in obtaining 
the blow counts and the fines content of the sample [21]. 

The procedure described in "Penetration Resistance Testing 
and Sampling of Soil; Designation E-21" (draft revision and 
update of the same designation in the Earth Manual, 1974 
edition) which has been commonly used by Reclamation in 
recent years has recently been updated by the draft 
provided in appendix G. The information in appendix G 
should be followed for obtaining SPT blow counts. 

B. Evaluation of a potential deformation problem (Embankment 
Deformations without Liquefaction Occurrence). First it is 
necessary to obtain representative earthquake motion for 
potential slide masses from SHAKE or SHAKEM analysis. 
Initial shear wave velocity and dynamic properties (strain 
dependent) of soil are required. They may be obtained from 
field testing, laboratory testing, or published values of 
representative materials. Then an analysis of the 
potential slide surface(s) are accomplished using the 
SSTABII computer program in conjunction with the dynamic 
displacement calculation program DYNDSP. 
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II. Review of Background Information 

Chapter 13 - Seismic 
Design and Analysis 

Prior to proceeding with the formulation of the field testing 
program, the following should be accomplished: 

A. Read the safety of dams examination and analysis reports. 

B. Read, as necessary, pertinent portions of the 
specifications for dam construction and review the Final 
Construction Report noting any changes to specifications 
and design. 

C. The designer should request from the appropriate geologist: 

1. A review of existing geologic documents (geologic sections, 
exploration logs, etc.), including construction and 
preconstruct ion reports and studies. 

2. An evaluation of the geologic conditions beneath the dam. 

3. An opinion as to the adequacy of the geologic information 
for its intended use by the designer. 

D. Review, as necessary, Embankment Dams Branch files for 
pertinent information and note that relevant correspondence 
may exist in the files located in the Denver Office Records 
Management unit. 

E. Estimate the extent of potentially liquefiable materials in 
saturated locations - upstream foundation soil, upstream 
shell, downstream valley bottom, upstream and downstream 
homogeneous embankment zones, etc. 

F. Obtain an estimate of earthquake loading (preliminary or 
final) for which the analysis will be made. 
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III. Preliminary Evaluation - Information and Questions 

To guide the course of action on the development of the field, 
consider the following two questions: 

A. Is the embankment sufficiently strong and/or the slopes 
sufficiently flat such that loss of shearing resistance in 
the foundation soil will not result in failure of the 
embankment as a result of the required earthquake loading? 

B. Are the plasticity of core materials, width of the core, 
and length of the core material contact with the foundation 
rock sufficient such that the loss of the supporting shells 
upstream and downstream in an earthquake does not result in 
collapse of the dam? 

If the answer to either of these questions is affirmative or may 
be shown to be affirmative, a detailed field investigation may 
not be required. 

The information assembled as background followed by a qualitative 
assessment of the dam and foundation should be sufficient to 
choose one of the following two courses of action: 

A. It appears probable that the embankment will safely 
withstand the earthquake to which it may be subjected and 
it appears that sufficient information to evaluate the 
dynamic stability of the embankment is available. 
Therefore, perform the seismic evaluation without 
requesting a field program; or 

B. It appears that the embankment will not safely withstand 
the specified safety evaluation earthquake loading or the 
information assembled is insufficient to enable a safety 
evaluation. Therefore, proceed with the field program 
design to develop the required information to document, 
with certainty, the dynamic stability or instability of the 
dam. 
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IV. Embankment Drilling and Sampling Information 

The primary use or uses of the various types of drilling and 
sampling in liquefaction evaluation are described in the 
following: 

A. Standard penetration tests are required to determine 
liquefaction potential and strength estimates of embankment 
and foundation materials. The SPT blow counts may not need 
to be obtained throughout the embankment if placement of 
materials was uniform but should, in general, be as 
continuous as possible with SPT equipment in foundation 
soils. continuous sampling of a companion hole to the SPT 
is generally advisable to ensure that all zones are 
observed (see IV.C). If zones containing gravel are 
expected or encountered, the blows per O.l-foot penetration 
should be obtained in order to establish the validity of 
the blow count. 

B. Cone penetration testing (CPT) is not currently used as a 
definitive measure to resolve the question of potential 
liquefaction, but the data base on CPT testing is being 
developed for this purpose. The use of CPT for dam safety 
evaluations should be accompanied by site specific 
supporting justification (for example, CPT data may be used 
to efficiently locate the most critical areas for 
liquefaction evaluation at sites with extensive alluvial 
deposits along the downstream toe). 

c. Undisturbed embankment and foundation soil samples for 
testing. - Usually representative sampling of zones in the 
embankment and continuous sampling in foundation soil. 
Although this sampling will not provide a statistical base 
for evaluation, it does give some representation of 
material type and strength. Drilling problems, 
nontechnical complications, and special procedures should 
be anticipated with drilling through an embankment. Sample 
recovery problems should be anticipated with cohesionless 
or saturated soils and measures taken to obtain maximum 
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recovery. Careful measurements are required for 
determining in situ void ratio. 

D. Geophysical testing can be used to determine shear wave 
velocity data in embankment and foundation soils. Shear 
wave velocity determination provides an in situ measure of 
the condition of the material, may identify loose zones, 
may help verify the absence of loose zones, is required for 
a dynamic response analysis of the dam and foundation and 
may allow a quantitative evaluation of the liquefaction 
potential of the soil. In general, shear wave velocity 
measurements should be obtained as part of the field 
program. 

E. Piezometer installation for determining phreatic surface 
elevation is advisable. 

v. Drill Hole Location Factors 

A. Consider testing and sampling of certain embankment 
materials (zones). 

B. Testing and sampling should be accomplished in foundation 
soils outside the cutoff trench where they have been left 
under the embankment. (Holes from the crest often do not 
accomplish this objective.) 

C. Consider locations of unusual embankment or abutment 
contact features. 

D. Locate structures within embankment (outlet conduit, toe 
drain, etc.). 

E. Locate existing instrumentation. 

F. Anticipate access problems on drill hole location. 
Coordinate locations with region or project personnel 
familiar with dam. 
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EXAMPLE APPLICATION OF DYNAMIC ANALYSIS AND 

DYNAMIC DEFORMATION CALCULATION 
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Do not fail to contact these personnel early in the development 
of the field program as they can provide useful information that 
may be highly beneficial to the testing program 

VI. Laboratory Testing of Samples 

A. Determine standard properties (including clay content) for 
SPT and undisturbed samples. 

B. Perform static and dynamic strength testing and resonant 
column testing for shear modulus on undisturbed and/or 
remolded samples. 

VII. Geophysical Testing 

A. 

B. 

C. 

For drill 
chloride) 
or 6-inch 
or slope 

Need two 

holes, use 4-inch-inside-diameter PVC (polyvinyl 
casing, grouted into the drill hole; thus, a 5-
drill hole is required. Drill from crest, berm, 

of embankment (reservoir may interfere upstream). 

holes if testing the embankment only. 

Need three holes if foundation soil layer data are obscured 
by high-velocity contract from rock. The third hole should 
be 10 feet (3 m) from one of other two. (See appendix H 
for current standards on geophysical testing.) 

D. Testing should be continuous if the deposit is 
nonhomogeneous and there is interest in defining a loose 
deposit. 
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Chapter 13 - Seismic 
Design and Analysis 

VIII. Piezometer Installation 

EMBANKMENT DAMS 

A. Anticipate problems with piezometer installation, 
especially seals between influence zones. Two drill holes 
may be preferable for obtaining piezometric levels at two 
depths. 

B. Simple, reliable piezometers are preferable for the short
term requirements of a liquefaction evaluation. 

C. The piezometric installations should be located such that 
both the embankment phreatic surface and the water level in 
the relevant foundation deposits are defined. 

IX. Earthquake Considerations 

Obtain relevant seismotectonic reports or information from the 
Seismotectonics and Geophysics section (0-3611) and determine: 

A. How might the liquefaction or deformation problem(s) be 
affected on the basis of the seismotectonic study? 

B. Is there little change expected in the loading 

C. Is there a big potential for resolving the problem based on 
a low level of seismic loading? 

D. Is there a high potential for a condition which appears to 
be no problem to actually become a problem when the 
seismotectonic study is completed? 
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I. Purpose 

The purpose of this memorandum is to present the results of a dynamic 
deformation analysis of the Casitas embankment dam. This analysis has 
been performed for the embankment to determine what amount of freeboard 
may be lost due to permanent deformations of the embankment caused by 
earthquake loadings up to the MCE (maximum credible earthquake). 

II. Introduction 

A. The dam 

Casitas Dam, the main feature of the Ventura River Project, was 
completed in 1959 and is located on Coyote Creek about 6.5 miles 
northwest of Ventura, California. The dam is a zoned earthfill 
embankment with a structural height of 335 feet, a crest length of 
2,000 feet, and a crest width of 40 feet. The dam has an impervious 
clay core and pervious upstream and downstream shells. The 
foundation of the dam consists of alluvial deposits of sands, silts, 
clays, and gravels overlying bedrock. The average thickness of the 
alluvial deposit is approximately 40 to 45 feet. A cutoff trench was 
excavated through the alluvial deposits to bedrock and filled with 
zone 1 core materials (see fig. 1). 

B. Seismicity 

Casitas Dam is in an area that is seismically active. Numerous 
faults capable of generating large magnitude earthquakes are located 
close to the damsite (table 1) [1].1 A 6.5 to 6.75 magnitude 
earth-quake along the Red Mountain fault located 3 miles from the 
damsite was considered the most critical MCE for the dynamic analysis 
of Casitas Dam because it could generate the highest peak bedrock 
acceleration of all the postulated events affecting the damsite. A 
typical bedrock acceleration based on consideration of attenuation 
relations for all types (sources) of earthquake events for this 
magnitude earthquake is on the order of 0.55 g (gravity). The Red 
Mountain fault, however, is a moderate to high angle, active reverse 
fault. The possibility of the generation of greater ground motions 
on these types of faults relative to strike-slip and normal fault 
events of comparable magnitude has been postulated both empirically 
and theoretically [2]. Thus, it is likely that a peak bedrock 
acceleration higher than 0.55 g may occur at Casitas Dam. 

The position of Casitas Dam with respect to the Red Mountain fault is 
remarkably similar to that of Pacoima Dam in relation to the San 
Fernando fault, causitive fault of the 1971 San Fernando earthquake. 
The 1971 San Fernando earthquake is one of only a few reverse fault 
events recorded on bedrock in the Uriited States. The accelerogram 

1Numbers in brackets refer to references listed at the end of this 
memorandum. 
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from the Pacoima site was modified by adding the acce1erogram from 
Taft-Lincoln school record of a magnitude 7.6 Kern County earthquake 
on the White Wolf fault (also a thrust fault). This modified 
accelerogram was used to model the bedrock ground motions for this 
analysis. The peak acceleration for the Pacoima-Taft Modification II 
earthquake record, intended to model a magnitude 7.2 earthquake at 
2 km, is 0.75 g. However, considering only frequencies that affect 
an embankment dam, those less than 15 cycles per second, the 
effective peak accEleration is 0.59 g. Since the Pacoima-Taft 
accelerogram contains ground motions greater than those that would be 
expected from typical strike-slip and normal fault events, it was 
used without reduction to model the bedrock ground motions beneath 
Casitas Dam due to the possibility of a severe thrust fault event of 
magnitudes 6.5 to 6.75. 

C. Types of deformation 

During an earthquake, an embankment dam may deform generally in three 
ways: 

1. Elastic deformation. - This is movement within the elastic 
range of the soil material. Fine-grained material has a larger 
elastic range and, therefore, may have more elastic deformation 
than coarser grained material. 

2. Permanent deformation. - This is movement beyond the elastic 
range of the soil material. Deformations of this type are caused 
by accelerations within a soil mass exceeding a yield acceleration 
such that the factor of safety drops below 1.0 momentarily. 
Permanent deformation may also be the result of settlement of the 
embankment, and/or surface raveling of soil material. 

3. Large deformations. - This movement may be due to liquefaction 
within a significant portion of the embankment or foundation such 
that the slope stability factor of safety drops below 1.0. 

This study for the safety of Casitas Dam is concerned with the type 
of deformations that could result in a loss of freeboard and a sudden 
release of the reservoir. Elastic deformations would not cause such 
a problem. Large deformations due to liquefaction of foundation soil 
for shear surfaces that involve the crest would affect the dam's 
freeboard. However, this deformation mode was not considered because 
the study for the "Liquefaction Analysis of Casitas Dam" [3 and 4] 
found that not enough of the foundation would liquefy to cause a 
slope failure involving the crest. Raveling of soil material is the 
limiting condition of the permanent deformations of a soil mass 
exceeding its yield acceleration. This will occur but will not 
result in a significant loss of freeboard since only a small amount 
of rock (or soil) particles near the surface of the dam are likely to 
move. Permanent deformations caused by settlement or accelerations 
exceeding the yield accelerations of soil masses involving the crest 
will lead to a reduction in freeboard that could be a concern to the 
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safety of the dam. The following sections of this technical 
memorandum address these two failure modes. 

III. Methods of Analyses 

A. Settlement analysis 

Two approaches were used to estimate the settlement that could be 
expected on the crest of Casitas Dam during an earthquake. The first 
approach was an empirical analysis of the performance of existing 
embankment dams during earthquakes. The data were obtained from a 
Berkeley report by Seed, Makdisi, and DeAlba [5]. The second 
approach was more theoretical, using relationships between cyclic 
shear stress and volumetric strain [6]. 

The empirical method evaluated the performance of embankment dams 
during six major earthquakes: 

1. The San FranciSCO earthquake of 1906 

2. The Ojiha (Japan) earthquake of 1947 

3. The Fallon (Nevada) earthquake of 1954 

4. The Kern County (California) earthquake of 1952 

5. The Tokachi-Oki (Japan) earthquake of 1967 

6. The San Fernando (Californi~) earthquake of 1971 

Over 250 embankment dams were evaluated and only 10 to 15 were 
determined to have settled significantly due to earthquake shaking. 

The theoretical approach to the settlement analysis was separated 
into two parts; the settlement that occurs during the earthquake due 
to the earthquake dynamic loads and the settlement after the 
earthquake due to pore pressure dissipation and reconsolidation. An 
MSHAKE analysis which accounts for the shape of the dam was performed 
on a column of soil beneath the centerline of the dam to obtain the 
average cyclic shear strain through the embankment. Figures 2 and 3 
were used to estimate the strain of this column of soil 310 feet 
high. 

B. Permanent deformations of soil masses within the embankment 

The computer program, DYNDSP [7], which applies the Newmark concept 
of a sliding block to compute displacement was used to determine the 
permanent deformations that can be expected at Casitas Dam. Input 
for the DYNDSP program was developed by the use of SHAKE [8] to 
determine the elastic response of the embankment and SSTABII [9J to 
determine the slope stability and related yield accelerations. 
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All of the shear surfaces selected for study in these dynamic 
analyses incorporated the dam crest as part of the failure mass. 
Dynamic deformation studies for safety of dams purposes are concerned 
with loss of freeboard. The failure surfaces must shear through much 
of the embankment material in order to incorporate the crest. 
Table 2 lists the strength properties assumed for the embankment 
materials in the slope stability analyses. However, the shear wave 
velocities through the dam indicate that the embankment material is 
quite dense, probably due to the compactlve effort applied during 
construction by modern machinery. Thus, the embankment material is 
actually considered to be dilative and would become even more 
resistant to movement at large strains should movement begin under 
undrained conditions. Even though foundation so11s may be locally 
contractive, any shear surfaces that involve the crest would need to 
shear through a significant amount of embankment material that would 
tend to reSist movement with strengths greater than what has been 
assumed in this analysiS. (In other words, as movement begins, 
shearing resistance changes. Soil strength probably will increase 
within the embankment and may decrease in some of the foundation near 
the toe. The overall effect would be a net increase in strength to 
resist dynamic deformation (undrained condition). This effect was 
not accounted for in this analysis. Near the toe of the embankment, 
however, as mentioned in the liquefaction analysis [3 and 4], small 
local slope failures may occur.) 

Four SHAKE columns were used to estimate the response of the 
embankment dam to the earthquake motions in the bedrock. An 
additional column at the dam centerline was analyzed with MSHAKE to 
observe the effects of the shape of the embankment. Acce1erograms 
and response spectra were calculated for 13 locations within the 
embankment. Calculations were performed twice for the locations at 
the dam centerline; once using SHAKE and a second time using MSHAKE. 
Therefore, 15 acce1erograms and response spectra were calculated. 

The computer program, MSHAKE, was used to compute the elastic 
response of the col umn of soil beneath the dam crest. Thi s program 
accounts for the dynamic response associated with shape (flexibility) 
of the dam and the narrowing and decreasing width of the layers 
within the column from the bottom to the top of the dam. This was 
the only column to which MSHAKE was applied. The computer program, 
SHAKE, was used to compute the elastic responses of columns of soil 
upstream of the crest where the top of the columns is sloped but soil 
layers are not necessarily narrower than lower layers. The program 
SHAKE does not account for the shape of the dam and assumes level 
ground at the top of the column. It can be assumed that the lack of 
upper soil downslope of the column is counteracted by the surplus of 
upper soil upslope of the column, thus creating a condition Similar 
to level ground. This assumption is more app-ropriate for columns of 
soil halfway up the slope of the dam than it would be for columns 
near the crest or the toe. All of the columns of soil used in this 
analysis upstream of the crest were appropriately analyzed with the 
use of SHAKE. 
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Acce1erographs saved from the SHAKE analyses were input into the 
DYNDSP computer program as both positive and negative horizontal 
loadings. It has been shown that the net effect of vertical dynamic 
loads in defonmation analyses is small, so they were set equal to 
zero for this study. The accelerations from the saved acce1erographs 
were compared to the yield accelerations generated by the stability 
analysis of the most critical shear surfaces. 

To compute the penmanent defonmation of the embankment that would 
result in a loss of freeboard, dynamic loads to be imposed on each 
shear surface were carefully selected. Ground motions from pOints 
within the dam (see fig. 4) were used to model the cyclic loading 
along a shear surface. 

Two approaches were used to estimate the dynamic defonmation of the 
embankment. The first was a fairly traditional approach that 
computed the total defonmation along a deep failure surface through 
foundation soil material that has lost most of its strength during 
the earthquakes. A second, separate approach was different in that 
it computed the total defonmation that may occur throughout the 
entire dam height without any loss of foundation or embankment soil 
strength. 

Three deep shear surfaces, one (A) downstream and two (8 and C) 
upstream (see fig. 5) were used in the first approach to delineate 
the initial mass of material defonming during the earthquake. The 
stability analysis for these surfaces was perfonmed in a previous 
study [4]. The downstream shear surface (A) was the one with the 
lowest factor of safety after all of the liquefiable foundation 
material was converted to steady-state strength based on the 
corrected b10wcount. The longer upstream surface (8) was the more 
critical upstream surface if all of the upstream foundation material 
liquefied. Since liquefaction is not expected to occur beyond 470 
feet from the upstream toe, upstream, a third failure surface (C) was 
studied incorporating only this 470 feet of foundation material 
before heading up toward the dam crest. 

The steady-state strength of the foundation material was correlated 
from a corrected b10wcount equal to 19 blows per foot. This 
represents the lowest average corrected b10wcount of the liquefiable 
foundation soil. The soil strength, in tenms of total stress, was 
set equal to 1,210 1b/ft2 throughout the liquefiable foundation 
material. 

Point I of column C was used to represent the cyclic motions along 
these surfaces during the earthquake. The accelerations expected at 
point I (see f1g. 4) were mu1t1p1iedby 1.532 so that the amax along 
the shear surfaces would be equal to 0.38 g (see table 6). 

The second approach recognized the change in dynamic behavior of an 
embankment dam with depth. Near the top of the dam (i.e., shear 
surface X fig. 4), static stability factors of safety, yield 
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accelerations, and accelerations due to the earthquake loadings are 
all higher than they are for surfaces passing near the bottom and toe 
of the dam (i.e., shear surface Z). That usually means that 
calculations for the penmanent dynamic defonmation of the dam would 
result in more movement along the shear surfaces at the top of the 
dam. In reality, this is not necessarily true because deformation 
cannot occur on the upper shear surfaces while there is movement 
occurring on a lower surface. Accelerations that would cause 
movement on the upper surfaces cannot pass through a shear surface 
that is moving. Therefore, the only amount of displacement along the 
upper shear surfaces that would really occur to contribute to the 
loss of freeboard would be movement that occurs when movement on the 
lower surfaces stops. The occurrences of displacement are plotted 
with respect to time for all shear surfaces and loading conditions on 
figure 6 to determine what portion of the total deformation computed 
for each surface actually applies. Depending on when most of the 
deformation occurs on each surface determines whether this method of 
analysis results in more or less deformation as computed by analyzing 
a single shear surface as was done in the first approach. 

Selection of the three shear surfaces used for the stability portion 
of the second approach was one of the most important steps. The 
objective in choosing shear surfaces for this approach was to find 
three unique surfaces through the upstream portion of the embankment. 
Each haa a different radius, sliced through the dam at a different 
depth, incorporated a different amount of crest, and exited at the 
upstream fac~ at a different elevation. The center pOints of all of 
the circles formed a line nearly perpendicular to the upstream face 
high above it. Circular shear surface searches were performed to 
analyze many shear surfaces within the deSired region of the dam such 
that a critical one could be selected meeting the requirements of 
uniqueness. Thus, it is assumed that surfaces X, Y, and Z represent 
the most likely location for displacement to occur should the 
embankment begin to deform in that area of the dam (see fig. 4). 

The accelerations expected at pOints G. E, and I (see fig. 4) were 
multiplied by 2.156, 1.754, and 1.532 so that Amax along shear 
surfaces X, Y. and G are equal to 0.80 g, 0.50 g, and 0.38 g, 
respectively (see table 6). 

The amount of settlement and permanent deformation computed by both 
approaches were compared to the amount of freeboard at the normal 
water surface to evaluate if the deformation would affect the safety 
of the embankment dam. Deformation greater than the normal freeboard 
threatens the safety of the embankment dam which may result in a 
sudden release of the reservoir and would require a modification to 
prevent such an event. Defonmation less than normal freeboard would 
not be considered a threat to the safety of the dam unless it is of 
such a magnitude to create disruption of the embankment cross section 
such that piping and erosion through cracks could occur. 
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IV. Results 

A. Settlement 

The evaluation of the perfonmance of embankment dams during 
earthquakes showed that only 10 to 15 out of more than 250 dams may 
have measurably settled due to earthquake loading. Dams that have 
settled are quite varied in embankment and foundation material type 
and age. The amount of defonmation due to settlement of the 
structure is not well documented and, thus, cannot be used to render 
a reasonable correlation between settlement and dam height. 

The theoretical relationships between volumetric strain and cyclic 
shear strain were used for a better estimate of possible settlement. 
Maximum cyclic shear strains for layers of the embankment fill were 
computed using MSHAKE, and the results are presented in table 3. The 
weighted (according to layer thickness) average of the maximum cyclic 
shear strain experienced by this column of soil is 0.40 percent. 
Figure 2 shows that this amount of strain corresponds to 0.2 to 
1.1 percent volume decrease that could be expected within the 
embankment. Assuming that volume decrease is equal to vertical 
defonmation and that all portions of the dam settle comparably 
according to height, then the maximum amount of settlement that may 
occur during the earthquake through the dam, represented by a soil 
column 310 feet high, is computed as follows: 

Smaxcyc = 1.1/100 x 310 = 3.41 feet 

This is the maximum amount of settlement that may occur during the 
cyclic loads applied by the earthquake. The settlement due to pore 
pressure dissipation and consolidation after the earthquake was 
detenmined using figure 3. At 0.4 percent cyclic shear strain, the 
volumetric strain after reconso1idation ranges from 0.15 to 
0.30 percent. Additional settlement of the embankment amounts to 
0.47 to 0.93 foot. The total settlement of the dam, including 
settlement during and after the earthquake that would result in 
lowering of the crest and loss of freeboard, may be as much as 
4.5 feet. For a modern, well-compacted embankment dam, the amount of 
settlement that may actually be realized would probably be much less 
than this maximum. 

Settlement of well-constructed embankment dams that have experienced 
earthquake shaking seems to be rare. Slope failure and cracking seem 
to be the predominate type of damage that occurs due to an 
earthquake. This suggests that should there be enough dynamic loads 
to cause the amount of settlement that would result in loss of 
freeboard, a slope stability or liquefaction failure would probably 
occur first. 
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B. Penmanent defonmation of soil masses within the embankment 

Penmanent defonmations of this type are estimated from the results of 
computer analyses using the programs SSTABII for slope stability, 
SHAKE and MSHAKE for the elastic response of the dam, and DYNDSP for 
displacement calculations. 

The results of slope stability analyses are given in table 4. The 
wedge type shear surfaces A, B, and C were used in the first approach 
to calculate defonmation. Circular shear surfaces X, Y, and Z were 
used in the second approach. The deeper the shear surface, the lower 
the factor of safety and the lower the yield acceleration. 

Though the yield accelerations are lower near the bottom of the dam, 
there is no greater tendency for them to move during an earthquake 
because the accelerations produced by the earthquake are lower there 
also. The elastic reponse to the earthquake having a maximum 
acceleration of 0.75 g was detenmined by using the computer programs 
SHAKE and MSHAKE. Accelerations immediately above the bedrock were 
less than 0.75 g. Accelerations seemed to decrease at higher 
elevations within the midheights of the dam but then increased again 
near the surface of the embankment. Accelerations along the surface 
of the embankment increased toward the crest. The results of MSHAKE, 
accounting for the shape of the embankment, were considered for the 
evaluation of the response of the soil column beneath the crest of 
the dam. These results were higher than were produced by the SHAKE 
analysis of the same soil column and significantly higher at the 
crest. Maximum accelerations produced by the earthquake for selected 
pOints within the embankment are shown on figure 4. The elastic 
response of the embankment dam according to SHAKE and MSHAKE for 
these pOints are given in table 5. The entire acce1erograms and 
response spectra for each of these pOints are included in the 
appendix. 

The dynamic behavior of the entire embankment dam had to be evaluated 
with a limited number of models. Six shear surfaces and five elastic 
columns of soil were used. More precise results may have been 
obtained by using more surfaces and columns, but the accuracy of the 
conclusions reached in this memorandum would have been no different. 
A sufficient number of models were used to definitively support these 
conclusions. 

Accelerograms were combined with the slope stability analysis in 
DYNDSP to compare the yield accelerations to the accelerations 
produced by the earthquake for the computation of displacement. An 
accelerogram was selected to best represent the motion on a shear 
surface and then multiplied by factors to produce a maximum 
acceleration appropriate for the region of the embankment being 
analyzed. These loads and the resulting total displacements are 
shown in table 6 and represent the movement that can be expected if 
the deformations were to occur for the entire earthquake duration. 
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The maximum displacement along the longer upstream shear surface 
(surface B) through liquefied foundation soil is equal to 12.0 feet. 
However, it is unreasonable to think that liquefaction would occur 
beyond a distance 470 feet from the toe, thus, failure surfaces such 
as the shorter one upstream (surface C) would be more likely to 
represent maximum deformation. Surfaces such as this would head up 
toward the crest at about X-coordinate 950 feet and result in total 
maximum deformation equal to 5.8 feet. Maximum deformation on such a 
surface downstream (surface A) would result in total movement equal 
to 2.5 feet. 

The above results assume that liquefaction occurs at the moment the 
earthquake starts and soil strengths are reduced in the liquefiable 
foundation s011 instantaneously. In addition, it is assumed that 
deformations begin at the beginning of the earthquake, as soon as the 
first earthquake acceleration exceeds the yield acceleration. 
Actually, deformations would begin sometime after the first 
earthquake movements for pore pressure generation to take place. 
Pore pressure generation in the downstream foundation would be 
delayed even further because that soil starts out unsaturated and 
would have to first densify to saturation, then develop higher pore 
pressures to liquefy, then begin to deform. Deformations would 
probably be delayed 5, 4, and 3 seconds along shear surfaces A, S, 
and C, respectively. This results in less deformation than reported 
above, as shown in table 7. 

According to the second approach, when displacement occurs on a deep 
surface, earthquake motions will not pass through this shear zone to 
produce movement along upper shear surfaces. When displacement does 
not occur on lower surfaces, movement can occur along the upper shear 
surfaces. Therefore, the displacement on the lowest surface, Z, was 
the total calculated, i.e., 1.78 feet. The only displacement along 
the next surface above I, (Y), that contributed toward the total 
deformation of the embankment was that which occurred while there was 
no movement along I. That amounted to only 0.015 foot. Likewise, 
the only displacement along the shallowest shear surface, X, that 
contributed toward the total deformation of the embankment was that 
which occurred while there was no movement on any other surface, 
which amounted to 0.415 foot. Table 8 shows the accumUlation of 
maximum deformation by the contribution of displacement along each of 
the three shear surfaces analyzed, occurring during unique periods of 
time. Shear surface I, the deepest surface, contributes to most of 
the deformation within the first 15 seconds of the earthquake. The 
midheight shear surface, Y, does not contribute much deformation. 
Shear surface X, the shallowest surface, has many occurrences of 
displacement between movement on surfaces Y and I and contributes a 
small amount of deformation. 

Contribution to total deformation (that was computed by determining 
when movement could occur as deformation stops on lower surfaces) 
from areas within the midheight (surface Y) of the dam was minimal as 
compared to the contributions from deeper within the dam (surface Z) 
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and near the top of the dam (surface X). This is due to the fact 
that accelerations within the midheight of the dam are lower than 
they are at the bottom or near the surface and the top of the dam. 

The maximum amount of permanent deformation due to liquefaction of 
the foundation soil considered to be liquefiable beneath Casitas Dam 
and accelerations produced by the earthquake exceeding the yield 
accelerations of failure wedges above the foundation is about 
6 feet. This corresponds to movement of the center of gravity of 
each mass considered in a direction approximately equal to the 
average slope of the appropriate shear surface (i.e., 37°). Thus, 
about 3.5 feet of freeboard is lost during such an event. 

C. Summary of computed deformation and comparison to freeboard 

It is unreasonable to assume that the MCE would occur simultaneously 
with the PMF (probable maximum flood). Therefore, the normal water 
surface elevation of 567.0 feet, which is the highest that the water 
surface may be during normal reservoir operations without a flood, is 
assumed to be appropriate to associate with the MCE. Given that the 
design crest elevation without camber is 585 feet, the normal free
board computes to be 18 feet. 

The expected range of total deformation due to settlement is less 
than 4.5 feet and masses of soil exceeding their yield acceleration 
is about 3.5 feet. Less than 8 feet of freeboard would be lost 
during the maximum credible earthquake. Modern, well-compacted dams 
would be more likely to experience deformation much less than these 
maximums. Even if the maximum total deformation were to occur, there 
would be still greater than 10 feet of normal freeboard remaining. 

v. Conclusion 

Casitas Dam will not undergo enough permanent deformation during an 
earthquake up to the MCE to threaten the safety of the structure. 
Analyses show that more than 10 feet of normal freeboard would remain 
after the earthquake to prevent a breach of the dam and sudden loss of 
its reservoir. 
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Table 1. - Hypothetical maximum credible earthquakes for 
the Casitas Dam site 

Maximum Shortest distance 
credible from Casitas Dam 

Fault earthquake si te to fault 

San Andreas 8-1/4 34 mi (55 km) 
Rinconada 7-112 25 mi (40 km) 
Big Pine 7-1/4 20 mi (32 km) 
Santa Ynez 7-114 8 mi (13 km) 
Southern Boundary Faults 7-114 27 mi (43 km) 
San Gabriel 7 34 mi (55 km) 
Pitas Point-Ventura 7 * 6 mi (10 km) 
Oakridge 7 9.5 mi (15 km) 
Mission Ridge-Arroyo 
Parida-Santa Ana 6-3/4 * 5 mi (7.5 km) 
San Cayentano 6-3/4 10 mi (16 km) 
Red Mountain 6-112 * 3 mi (5 km) 
Sulphur Mountain 6-114 * 6 mi (19 km) 
Lion Canyon 6 * 7 mi (11 km) 

*Distance is to the estimated center of energy release 
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Table 2. - Soil properties of the embankment dam materials 
used in the static slope stability analysis 

Zone 1 

Zone 2 

Zone 3 

Foundation 

Table 3. 

Layer 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Unit weight 
(lb/ft2) 

120 

130 

135 

125 

c 
(lb/ft2) 

300 

300 

o 
o 

29 

30 

35 

30 

- Elastic response to the earthquake in a column of soil 
beneath the centerline of Casitas Oam (MSHAKE) 

Thickness Max. strain Max. stress 
(ft) (%) (lb/ft2) 

15 0.01857 933 
15 0.04667 1,859 
50 0.20768 4,371 
50 0.54411 6,210 
10 1.17119 6,444 
10 1.24559 6,529 
30 0.46645 6,795 
30 0.45333 6,743 
55 0.43153 6,647 
10 0.62812 5,672 
10 0.18656 5,792 
10 0.10429 5,977 
15 0.0683-1 6,125 

Total 310 ft 
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Table 4. - Results of slope stability analysis for the computation 
of permanent deformations due to an MCE at Casitas Dam 

Label Center Intersect Factor of Yield 
coord. coord. safety acceleration 

A 1.5 0.13 9 

B 1.3 0.05 9 

C 1.5 0.08 9 

X (1150, 800) (1350, 585) 2.5 0.27 9 

Y (935, 1050) (1365, 585) 2.3 0.21 9 

Z (610, 1550) (1395, 570) 2.2 0.18 9 

Table 5. - Elastic response to the earthquake at selected points 
within Casitas Dam 

Column Point Max. Max. Max. 
acc. shear stress shear strain 
(9) (lb/ft2) (%) 

SHAKE results 

A A 0.383 2,525 0.330 
B 0.252 4,184 0.341 
C 0.234 4,927 1.600 

B D 0.345 2,452 0.085 
E 0.285 4,362 0.340 
F 0.440 5,981 1.392. 

C G 0.371 1,688 0.432 
H 0.355 2,711 0.950 
I 0.248 _ .. 5.,054 ··0.294 
J 0.625 6,679 0.113 

D K 0.389 373 0.007 
L 0.426 6,279 0.365 
M 0.588 6,902 1.023 

·MSHAKE resu 1 t! 

MD N (K) 0.918 933 6.0186 
o (l) 0.569 6,795 0.466 
P (M) 0.635 5,672 0.628 
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Table 6. - Dynamic loads applied to shear surfaces through Casitas Dam 
and defonmation results assuming defonmation 
occurs for the entire earthquake duration 

Shear Representative Maximum Qenmanent deformations 
surface Qoint 

A 

B 

C 

X 

Y 

Z 

Shear 
surface 

A 

B 

c 

Motion A max A max Mult. factor ~ def. distance 
(g) (g) (ft) 

I 0.248 0.38 1.532 2.2 
-1.532 2.9 

I 0.248 0.38 1.532 12.0 
-1.532 8.5 

I 0.248 0.38 1.532 5.8 
-1.532 5.6 

G 0.371 0.80 2.156 3.4 
-2.156 5.1 

E 0.285 0.50 1.754 1.4 
-1.754 2.6 

I 0.248 0.38 1.532 1.1 
-1.532 1.8 

Table 7. - Defonmation expected on shear surfaces through 
the foundation of Casitas Dam assuming some delay time 

before defonmation begins, to allow for foundation 
densification and pore pressure buildup 

Delay 
time Amax 

(s) (g) 

5 0.38 

4 0.38 

3 0.38 . 

16 

Mult. 
factor 

1.532 
-1.532 

.1.532 
-1'.532 

1.53Z 
-1.532 

~ def. 
distance 

(ft) 

0.7 
0.9 

9.4 
6.2 

5.2 
4.6 



Table 8. - The occurrences of maximum displacement on 
shear surfaces within Casitas Dam 

Shear Time period Maximum disQlacement 
surface during earthquake Interval Cumulative 

(location) (s) (ft) (ft) 

Z (deep) 3.44- 4.33 1.374 1.374 
5.27- 5.81 0.286 1.660 
6.85- 7.01 0.004 1.664 

12.11-12.25 0.017 1.681 
12.41-12.60 0.049 1.730 
12.84-13.00 0.026 1.756 
13.92-14.08 0.022 1.778 

Y (midheight) 4.33- 4.35 0.005 1.783 
5.12- 5.27 0.005 1.788 
5.81- 5.84 0.005 1.793 
6.83- 6.85 0.000 1.793 

12.39-12.41 0.000 1.793 

X (shallow) 4.35- 4.42 0.063 1.856 
5.10- 5.12 0.000 1.856 
5.84- 5.94 0.089 1.945 
7.01- 7.16 0.010 1.955 
8.77- 9.08 0.090 2.045 

12.25-12.39 0.032 2.077 
12.60-12.66 0.001 2.078 
13.00-13.32 0.143 2.221 
13.64-13.86 0.018 2.239 
15.55-15.68 0.004 2.243 
17.03-17.25 0.028 2.271 
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Deformation of Casitas Dam 
Under Earthquake Loading 
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in Foundation Deposits 
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by 
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I. Introduction 

Upon review of TM-CAS-4, the deformation analysis of casitas Darn, 
the consultant board requested that additional studies be made 
that incorporated potential noncircular slide surfaces through 
the layer in the foundation that had been studied for 
liquefaction susceptibility. The rationale and concept for these 
studies was as follows: 

1. Although the Seed empirical SPT procedure had shown that 
liquefaction would not occur, it could be anticipated that fairly 
large strains would occur in the sand and silty-sand layer just 
beneath the dam. The large strain would indicate the likelihood 
that the pore pressures in the material would be driven to nearly 
100 percent r . 

u 

2. Since the blow counts of the bulk of the material 
indicated dilative behavior once significant movement began, 
these pore pressures would drop and then rebuild with 
continuation of the earthquake. 

3. In order to model this behavior using the Newmark method 
of computing dynamic deformation, it was decided to assume that 
the first portion of the earthquake energy would be used in 
driving the material to high pore pressure values; and for the 
remainder of the earthquake, the materials would take on the 
post-liquefaction strength of a soil according to Seed's 
relationship of SPT blowcount to residual strength. The minimum 
average corrected blowcount both upstream and downstream is 
19 blows per foot, which correlates to a residual shear strength 
equal to 1210 Ib/ft2 • The minimum "post-strength reduction" 
static factor of safety for upstream sections under the above 
assumptions was 1.3 (see surface B, figure 5). A second surface, 
surface C, was considered exiting out of the sand-silt material, 
200 feet sooner (farther upstream) with a factor of safety of 1.5 
in order to examine the sensitivity of the surface geometry 
chosen. A more detailed explanation of the post-earthquake 
stability analysis is available in TM-CAS-230-6 [9]. 

4. The same concept was applied to the sand and silty-sand 
layer downstream of the cutoff, except that a slightly longer 
period of time of earthquake shaking was assumed for the buildup 
of pore pressures necessary to reach 100 percent r since this 
material was above the water table but was near saturation. 
Also, only that portion of the downstream for which the 
blowcounts indicated that it was reasonable for this process to 
occur were included. The high shear wave velocities, high 
corrected blowcounts, and low cyclic shear stress to overburden 
ratio in DH-12 (beneath the crest) and DH-l1 indicated drastic 
strength loss would not occur in this region. Thus, the dynamic 
deformation model for the downstream limited the residual 
strength assumption to the region from the downstream toe of the 
buttress fill to 340 feet upstream. The minimum "post-strength 
reduction" static factor of safety for the downstream section was 
1.5 (see surface A, figure 5). TM-CAS-230-6 [9] offers more 
information on the post-earthquake stability analysis of casitas 
Dam. 



II. Methods of Analysis 

The permanent deformations along the shear surfaces are determined by 
using the results of the slope stability analysis (TM-CAS-230-4-6 [9]) 
and the SHAKE [7] analysis (TM-CAS-230-4) as input to the computer 
program OYNOSP [6] which performs the displacemnt calculations. 

According to the assumptions stated in the Introduction, deformation 
along the shear surfaces would not start at the beginning of the earth
quake. There would be some time delay before the foundation material 
reached 100 percent ru and its strength was reduced to steady state. 
The consultants general recommendation was to move the material to a 
lower strength after the "first good jolt" from the earthquake. 
Examination of the input earthquake record shows that the first major 
cycle of load ends at about 4 to 5 seconds into the record. Thus analy
ses for the upstream surfaces were made assuming strength degradation at 
4 seconds for the surface with the lowest factor of safety. To study 
the sensitivity of the timing and the factor of safety on deformation, 
the shorter upstream surface was analyzed (surface C) which had a higher 
F.S. but may reach 100 percent ru sooner due to greater cyclic stress 
ratio at the location of its exit point from the foundation. A time of 
3 seconds into the earthquake to initiate high foundation pore pressures 
was used for surface C. 

The strongest motions of the earthquake were from 2.5 seconds to 18 
seconds {see figure 7}. Thus, only 3 and 10 percent of the strong 
motion were used for the 3- and 4-second delays, respectively. 

For the downstream surface, another 1 second was assumed to be required 
to initiate the high pore pressure-lower shear strength condition. 
Examination of the earthquake record used for the dynamiC deformation 
analysis shows that the motions during this 1 second were of moderate 
magnitude. 

I II. Results 

Table 8 shows the slope stability analysis results of surfaces A, S, and 
C assuming steady state strengths in the liquefiable foundation soil as 
reported in TM-CAS-230-6. The results of the permanent deformation of 
the embankment along these surfaces assuming some delay between the time 
the earthquake started and the time the foundation soil liquefies is 
given in table 9. The crest drop is approximately the vertical component 
of movement in the direction of the shear surface. The amount of crest 
drop under the assumptions of this analysis is about 5 to 7 feet which, 
although Significant, is less than ttte 18 feet of normal freeboard 
available. 

2-



IV. Conclusions 

Under the assumption that liquefaction would occur under the upstream 
shell of the dam, the minimum factor of safety under postearthquake con
ditions is 1.3 and the loss in crest elevation is 7 feet. Similarly for 
the downstream, assuming liquefaction can occur from the downstream toe 
to 340 feet upstream, the minimum postearthquake factor of safety is 1.5 
and the loss in crest elevation is 0.5 feet. These factors of safety 
and deformations for the assumed condition of liquefaction indicate the 
dam would survive even if liquefaction or sustained high pore pressures 
were to develop during a large earthquake. 

3 
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Table H - Results of the slope stability analysis of Casitas Dam assuming steady 
state strengths in the liquefiable foundation soil. 

Shear surface 

A 

B 

C 

location 

DIS 

U/S 

U/S 

Factor of safety 

1.5 

1.3 

1.5 

Yield acceleration 

0.126 g 

0.046 g 

0.080 g 

Table 9 - Results of the deformation analysis of Casitas Dam assuming some delay 
time before deformation begins to allow the liquefiable foundation 

soil to reach 100 percent ru and steady state strength. 

Shear Time A max appl ied Permanent deformation Approximate 
surface delay to shear surface after time delay crest drop 

(seconds) (g) (feet) (feet) 

A 5 0.38 0.7 - 0.9 0.4 - 0.5 

B 4 0.38 6.2 - 9.4 4.7 - 7.2 

C 3 0.38 4.6 - 5.2 2.7 - 3.0 

5 
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Technical Memorandum No. 222-TS-3 

Evaluation of Magnitude Scales 
and 

Policy For Their Use in Design and Analysis 
Bureau of Reclamation 

Larry Von-Thun 
April 5, 1983 

Earthquake magnitudes are based on the relative comparison on a logarithmic 
scale of selected, very specific characteristics of the ground motion produced 
by earthquakes. The original magnitude scale was developed by Richter in 
the 1930s and was based on short period ground motions (over the range of 
about one to ten cycl es per second) as recorded on a Wood Anderson sei smograph. 
The magnitude scale was considered applicable for earthquakes of shallow focus 
within 600 km of a seismograph station and up to magnitudes of about M 6.5. 
This magnitude measurement is now called Ml or local magnitude and it also 
forms the basis for the common term Richter magnitude or M up to magnitudes 
of about 6.5. Other scales were developed shortly thereafter by Richter 
and Gutenberg for earthquakes measured at long distances from a seismograph 
(MS or surface wave magnitude) and for deep focus earthquakes (rnb or body 
wave magnitude) to take advantage of the predominant type of wave being 
transmitted. Gutenberg. who worked closely with Richte~ reported body wave 
magnitudes (based on long-period motions) in his publications while Richter 
reported either Ml or MS [1]. Richter's magnitudes became accepted in common 
practice and were referred to as simply M. USing the re1ations developed by 
Richter, ML and M, were basically equivalent in the range of M 6.0 to 7.0 [1.2], 
but begin to deviate sharply near these limits [3]. Based Oi; geographic 
considerations and other factors, it is probable that in the past most earth
quakes reported as Richter magnitude by various seismographic centers in the 
United States and thr.Qu.9hout the worl d and then used in earthquake engi neeri ng 
studies were as follows: 

- At or below M = 6.5 were computed as ML 
- From M 6.5 to 7.0 were computed as either or both Ml or MS [some 

difference resulting near the upper limit probably resulted in 
the larger value (MS) being selected] 

- Above M = 7 were calculated as MS 

Modifications to the magnitude scale for recording of earthquakes in regions 
outside of California (especially east of Rocky Mountains) were suggested by 
others. As a result, most earthquake magnitudes for central and eastern 
United States are given in terms of a "modern" body wave magnitude scale 
which di ffered from that proposed by Gutenberg. The "modern" mb scal e uses 
short period amplitudes as opposed to long period amplitudes used by 
Gutenberg. Most central and eastern earthquakes (as well as many mid-plate 
earthquakes in the western United States) are given in the mb scale although 
Nutt1i, a prominent worker in seismic studies in the central and eastern 
United States, also uses an mb (Lg) magnitude scale which measures short 



period 19 waves (around one cycle per second). These waves are referred 
to as channel waves in the crust and are considered more closely related 
to ~b than to MS [4]. Magnitude according to the mb {lg} scale are not 
used for seismicity analysis in the Bureau because they have not been 
in use long enough • 

. Recent studi es and correl ations have been made to rel ate western United 
States local magnitude earthquakes with eastern and central United States 
body wave magnitude earthquakes of equal energy at around one cycle per 
sec?nd. These studies indicate that Ml west and mb east are essentially 
equlvalent over the range 5.5 to 6.5 [4]. 

The above discussion while providing pertinent details for the purpose of this 
report only scratches the surface of the history of the variations and 
postulations developed to establish or correlate earthquake magnitude scales. 
Variations as a result of specific types of waves, specific types of instru
ments, specific types of earthquake source and specific characteristics of 
the land masses transmitting the earthquake energy create a tortuous path to 
the absolute truth about the magnitu~e for a given earthquake. It;s 
impractical, unrealistic, and unnecessary to become entwined in the details of 
the earthquake magnitude scales for the seismic evaluation of each of our dams. 
What ;s required is a basic understanding of the scales to avoid misuse and a 
policy for the application of the term "magnitude" in each phase of the seismic 
evaluation such that the body of empirical data can be used for engineering 
purposes. 

Discussion 

The phases of seismic evaluation requiring common treatment for magnitude are 
as fa 11 ows : 

1. Specifications cjf earthquake loading for the site in the seismic 
study (magnitud~ and distance) 

II. Use of the magnitude in developing accelerograms for use at the site 

III. Use of the magnitude in empirical correlations for peak ground 
motions as a function of distance 

IV. Use of the magnitude in empirical correlations for liquefaction 
eva 1 uations 

Maximum credible earthquake magnitude determinations rely on the use of 
historic records of earthquakes and postulated relationships correlating 
geologic features (e.g., fault displacement, rupture length, etc) with 
earthquake magnitude. In general, the estimates of earthquake magnitudes 
and the correlations with geologic data (including correlation with intensity 
information) for the western United States were made in the context and frame
work of the Richter magnitude scale. Inherent in understanding of the past us 



of the scale by geologists and seismologists developing empirical 
relationships is the belief that mag~itudes in excess of M = 6.5 were 
accQrding to the MS scale and 6.5 and below were the Ml scale. The 
historic seismicity and regional evaluations for the areas east of the 
Rocky Mountains have been for the most part based on the body wave 
magnitude scale~ Thus, it is reasonabl~ .and practical that (1) all 
_ea.rthqua~es in the western United States be specified as Ml up to 
magnitude 6.5 and as MS above magnitude 6.5 which corresponds to the 
Richter scale of the past but removes the uncertainty for the future, 
and (2) earthquakes for the. central United States would be specified in 
terms of mb values. Further it should be recognized that seismotectonic 
reports published by the US Bureau of Reclamation prior to adoption of 
the above terminology should be interpreted in the context of this report 
[e.g., an MCE in the western United States given as M 7.25 or Ml 7.25 
should be considered as an MS 7.25 and an earthquake in the central United 
States given as an M 6.0 should be considered as an mb 6.0]. 

Standard response spectra and accelerograms, attenuation relationships, and 
empirical formulations for earthquake response were all developed basically 
from western United States informatio~ under the framework of the Richter 
scale. Therefore, if earthquake information is supplied from the 
Seismotecton;c Section as suggested above, the empirical data base becomes 
available for general direct use for the western United States. Further, use 
of the correlations which indicate ML west is equivalent to mb east over the 
range of values from 5.5 to 6.5 allows the empirical data base to be applied 
to the central United States since this range emcompasses Richter maonitudes 
on which the empirical relations were developed and covers the usual~ranoe of 
maximum credible earthquakes for the central United States. Appropriate~ 
correction for variation in attenuation between California (plate margin) 
relations and other parts of the country are required before direct application 
of empirical relationships which depend upon acceleration levels can be made. 

It should be apparent from the above discussion that introduction of a new 
magnitude scale which may more accurately reflect earthquake energy does not 
facilitate the process of engineering analysis of the effect of that earth
quake until such time as correlations enabling accelerogram development, 
acceleration alternation relations, and other empirical relationships have 
been developed. 

Summary of Suggested Policy 

1. Earthquakes for the western United States are given in terms of ML through 
magnitude 6.5 and in terms of MS above magnitude 6.5. 

2. Earthqu~kes for the central United States (east of Rocky Mountains) are 
given in terms of mb' 

3. Earthquakes in the range mb east 5.5 to 6.5 and Ml west·S.S to 6.5 are 
considered to have equivalent energy content. 

4. Past seismic evaluations which have not specified magnitude according to 
1 and 2 above should be interpreted as provided in this report. If it is not clear 
whether or not the magnitude scale has been used in accordance with this memorandum 
the head of the seismotectonic section should be consulted. 
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I. Introduction 

The Embankment Dams - Seismic Design and Analysis Design Standard [1] 
recommends a rapid evaluation of the possibility of liquefaction at a site 
by examining the records of liquefaction occurrence (figure 1). It also 
recommends that if the soil conditions or earthquake transmission 
characteristics at the site under investigation are considered different 
than those used to develop the figure, adjustments should be made. The 
energy transmission characteristics of earthquakes in the central United 
States have been recognized to be different than those in the highly 
seismic areas from which the correlation given by figure 1 was developed 
[2]. This memorandum outlines a generally applicable procedure to adjust 
for the attenuation of central United States earthquakes so that this 
figure may be used in determining their seismic potential for liquefaction. 

II. Discussion 

A. General 

Figure 1 was developed to show the relationship between seismic events 
and the occurrence of liquefaction. The data presented come from highly 
seismic areas in Japan, China, and the western United States. The soils 
which showed liquefaction at the boundary between the occurrence and 
nonoccurrence of liquefaction, indicated by the dashed line, are 
considered to be soils that are the loosest and most susceptible to 
liquefaction. Thus, if the earthquake loading at the site in question 
falls below the boundary line, it may be assumed that there is 
inadequate seismic potential from an earthquake at that distance to 
produce liquefaction, regardless of the condition of the soils at the 
site. On the other hand, if the earthquake plots above the line, then 
adequate seismic potential is considered to exist and a site-specific 
evaluation of the soils is required to determine whether or not 
liquefaction will take place. 

As with any empirical procedure, the application beyond the data set 
used to establish the correlation requires that the new data are similar 
to the base data set. When applying this relationship to other 
locations, there are three main concerns with regard to similarity: 

• Are the soils similar? 
• Are the earthquake magnitudes similar? 
• Is the attenuation of energy similar? 

Soil similarity may be questioned on the basis of variation in 
deposition (e.g., wind-blown silts may not be prevalent within the data 
base) and on the basis of different loading or aging histories. 
low-level seismic shaking in highly seismic areas may produce soils 
which become less susceptible to strong seismic shaking than do soils in 
"aseismic" areas. A site-specific judgment on the importance of these 
factors is requi red in order to determi ne if and how the empi ri ca 1 
relation can be used. 



2 

Earthquake magnitude scales provide an approximate means for 
categorizing the load level of an earthquake. Different failure modes 
have different earthquake parameters that are important in the 
evaluation of stability against that mode which is not specifically 
characterized in the magnitude scale (e.g., peak velocity, spectrum 
intensity, number of equivalent cycles loading, etc.). 

Further, there are several different magnitude scales. The empirical 
relation represents an average condition for Richter magni~ude. A study 
of the effect of magnitude scales (3] indicates that for maximum 
credible earthquakes of relevance in the central United States (MB 6 to 
7] given in terms of MB or body wave magnitude are comparable to 
Richter magnitudes at those same levels for purposes of liquefaction 
evaluation. Thus, no adjustment for this factor is considered to be 
required. It should still be recognized that for any two magnitude 6.5 
earthquakes there can be very large differences in energy 
characteristics. 

The attenuation of energy from the earthquake source to site is 
recognized to be different in the central United States than in the 
highly seismic areas of the western United States. This characteristic 
does need to be corrected for and can be done in a generally applicable 
way rather than requiring a site-specific adjustment (although 
site-specific adjustments would be superior if they could be 
determined). 

B. Adjustment Procedure 

Earthquake motions in the central United States tend to attenuate less 
than do those in the western United States (and presumably China and 
Japan). Therefore, to use the empirical relationship in figure 1 for 
central United States earthquakes an adjustment of the distance 
(attenuation) relationships needs to be made. The following steps 
should be used to adjust the proposed MCEls for a central United States 
site. An example adjustment for Davis Creek Dam is illustrated for each 
step. 

1. Using the given MCE magnitude and epicentral distance determine 
the estimated mean peak bedrock acceleration at the damsite using 
central United States relationships (Nuttli 1982, figure 2) [an 
example is illustrated on figure 4, mag 6.0 at 24 km + a = 0.21 g]. 

2. With the given magnitude and peak ground acceleration determined 
in step 1 obtain the equivalen~ epicentral distance for a western 
United States earthquake (Seed and Idriss, 1982 figure 3) [an example 
is illustrated on figure 5 mag 6.0, a = 0.21 g + distance = 17 km]. 

3. On figure 1 plot the given ma~nitude versus the distance 
determined in step 3 (completed adjustment is illustrated in figure 
6). 
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Adjustments are not necessary for magnitudes less than 5 since there are 
no recorded occurrences of liquefaction for magnitudes less than 5. 

As the epicentral distance approaches near field, the adjustment should 
become smaller because differences in attenuation characteristics luca", 
to the earthquake should be minimal. Somewhere in the near field rJr,ge 
the adjustment becomes zero. Limits of the near fi el d of earthquakes in 
the western United States are shown in the following table developed by 
the Corps of Engineers [4]. 

Magnitude Maximuffl Intensity Radius of Near Field (km) 

5.0 VI 5 
5.5 VII 15 
6.0 VIII 25 
6.5 IX 35 
7.0 X 40 
7.5 XI 45 

I II. Conclusion 

The proposed procedure should be used when evaluating the potential for 
liquefaction at sites in the central United States. This procedure 
accounts for the differing energy attentuation characteristics of central 
United States earthquakes and those of highly seismic areas (China, Japan, 
and western United States. Site-specific adjustments may be used instead 
when more detailed study warranted. 
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the boring in contact with embankment materials, solid, sands, or 
gravels shall be grouted with a mixture simulating the average 
density of the medium (about 110 to 120 Ib/ft3 (1.76 to 
1.92 g/cm3

) by premixing 1 lb (0.45 kg) of bentonite and 1 Ib of 
portland cement to 6.25 lb* (2.84 kg) of water. Pump the grout 
using a conventional, circulating pump capable of moving ths 
grout through the grout pipe to the bottom of the casing upward 
from the bottom of the borehole. Using this procedure, the 
annular space between the sidewall of the borehole and the casing 
will be filled from bottom to top. water or mud and debris 
should be displaced with minimum sidewall disturbance resulting 
in good sidewall casing contact. The grout pipe shall be removed 
and the grouted casing shall be capped. All boreholes shall be 
surveyed for location after the casing is installed. The survey 
shall include northing and easting grid coordinates. Borehole 
deviation survey will be conducted in each boring to determine 
accurately the horizonal distances at depth between borings. 

* 3 quarts 
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Chapter 13 - Seismic 
Design and Analysis 

Procedures for Preparation of Boreholes for 
Geophysical Crosshole Testing 

The method for preparing a set of boreholes for in situ cross
hole testing incorporates three boreholes in line and spaced 10 
feet (3 m) apart, center-to-center, on the ground surface, as 
illustrated in figure 1. The boreholes shall be drilled with 
minimal sidewall disturbance at a minimum diameter of 6 inches 
but not exceeding 8.S inches and to a depth of 20 feet below the 
deepest zone of interest. After drilling is completed, the 
borings should be cased with 4-inch (100-mm) inside-diameter PVC 
pipe (flush joint). Before inserting the 4-inch PVC pipe, the 
bottom of the pipe shall be closed with either a cap or should 
have a one-way ball-check valve capable of accommodating 1.S-inch 
(38-mm) outside-diameter grout pipe. The 4-inch PVC casing shall 
be filled with water and then grouted in place for the entire 
length of the borehole by inserting a 1.S-inch pipe through the 
center of the casing contacting the one-way valve fixed to the 
end cap, or by a small diameter grout tube inserted to the bottom 
of the borehole between the casing and the borehole sidewall. 
For holes drilled in concrete, competent rock or other material 
where casing is not required to maintain the integrity of the 
hole, casing need not be installed (Note: If no casing is to be 
installed, the hole diameter should be 4 inches); however, if 
casing is used, grout must be injected between the casing and 
sidewall of the borehole to ensure good contact. 

The grout mixture shall be formulated to closely approximate the 
density of the surrounding in situ material after solidification. 
When grouting through a pipe along the outside of the 4-inch 
casing, the portion of the boring that penetrates rock should be 
grouted with a conventional portland cement which will harden to 
a density of about 140 Ib/ft3

, (2.34 g/cm3
), and the portion of 
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UNITED S E INTERIOR 

PROCEDURE FOR 
USER 7015-89 

PERFORMING PENETRATION RESISTANCE TESTING 
AND SAMPLING OF SOIL 

INTRODUCTION 

This procedure is under the jurisdiction of the Geotechnical Services Branch, code D-3760, Research and laboratory Services 
Division, Denver Office, Denver, Colorado. The procedure is issued under the fixed designation USBR 7015. The number immediately 
following the designation indicates the year of acceptance or the year of last revision. 

1. Scope 

1.1 This designation outlines the procedure to obtain 
a record of the resistance of in-place soil to the penetration 
of a standard sampler driven by a standard energy and 
to obtain representative disturbed samples of the soil for 
identification purposes. 

1.2 Test results and identification information are used 
to estimate subsurface conditions for foundation design. 

1.3 Penetration resistance testing is typically per
formed at 5-foot intervals or when a significant change 
of materials is observed during drilling, unless otherwise 
specified. 

1.4 This designation is limited to use in nonlithified 
soils and soils whose maximum particle size is approx
imately less than one-half of the sampler diameter. 

2. Auxiliary Tests 

2.1 In some instances penetration resistance testing 
can be combined in a single borehole with undisturbed 
soil sampling, field vane shear testing, and borehole 
permeability testing performed in accordance with USBR 
7105, 7115, and 7310, respectively. 

2.2 When site specific correlations are to be developed, 
penetration resistance testing may be accompanied by cone 
penetration testing, undisturbed soil sampling, and vane 
shear testing performed in accordance with USBR 7020, 
7105, and 7115, respectively. 

2.3 The soil sample obtained is visually classified in 
accordance with USBR 5005 and a moisture content 
determined in accordance with USBR 5300. In some cases, 
the sample may be laboratory classified in accordance with 
USBR 5000. 

3. Applicable Documents 

3.1 USBR Procedures: 
USBR 3900 Standard Definitions of Terms and 
Symbols Relating to Soil Mechanics 
USBR 5000 Determining Unified Soil Classification 
(Laboratory Method) 
USBR 5005 Determining Unified Soil Classification 
(Visual Method) 

USBR 5300 Determining Moisture Content of Soil and 
Rock by the Oven Method 
USBR 7020 Performing Cone Penetration Testing of 
Soils - Mechanical Method 
USBR 7105 Performing Undisturbed Soil Sampling by 
Mechanical Drilling Methods 
USBR 7115 Performing Field Vane Shear Testing 
USBR 7310 Constant Head Hydraulic Conductivity 
Tests in Single Drill Holes 

3.2 USBR Document: 
Driller's Safety Manual 

4. Summary of Method 

4.1 After an initial seating of 0.5 foot, a standard 
penetration resistance sampler is driven 1.0 foot into soil 
below the bottom of a drill hole using a 140-lbm hammer, 
dropped 30 inches. Penetration resistance is expressed as 
the number of hammer blows required to drive the sampler 
the l.O-foot distance. 

5. Significance and Use 

5.1 This test is used extensively for a great variety 
of geotechnical exploration programs. Many widely 
published correlations, as well as local correlations, are 
available which relate penetration resistance to the engi
neering behavior of earthwork and foundations. 

5.2 This method provides a soil sample for identifica
tion and for laboratory testing. The classification infor
mation is used to develop site stratigraphy and to identify 
zones where further, more detailed investigations may be 
required. 

6. Terminology 

6.1 Definitions are in accordance with USBR 3900. A 
term of particular significance is: 

6.1.1 Standard Penetration Resistance, N.-The 
number of blows of a 140-lbm hammer falling 30 inches 
required to produce 1 foot of penetration of a standard 
2-inch outside diameter, 1-3/8-inch inside diameter 
sampler into soil, after an initial O.5-foot seating. 
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6.2 Terms not included in USBR 3900 specific to this 
designation are: 

6.2.1 Anvl1.-That portion of the drive assembly 
which the hammer strikes and through which the hammer 
energy passes into the drill rods. 

6.2.2 Automatic Hammer.-A hammer drop system 
which uses mechanical means to lift and drop the hammer. 

6.2.3 Cathead.-A spinning sheave or rotating drum 
around which the operator wraps the rope used to lift 
and drop the hammer by successively tightening and 
loosening the rope turns around the drum. 

6.2.4 Cleanout Depth.-Depth which the bottom of 
the cleanout tool (end of drill bit or cutter teeth) reaches 
prior to termination of cleanout procedures. 

6.2.5 Cleanout Interval.-Interval between successive 
penetration resistance tests from which material must be 
removed using conventional drilling methods. The 
minimum cleanout interval is 0.5 foot. 

6.2.6 Cylinder Hammer.-Drive weight assembly 
consisting of a guide pipe, jar coupling, and an open 
cylindrical hammer; also referred to as donut or casing 
hammer. 

6.2.7 Downhole Hammer.-A hammer which is 
lowered down the drill hole and attached a short distance 
above the sampler. 

6.2.8 Donut Hammer.-See cylinder hammer. 
6.2.9 Drive Interval.-Interval from 0.0 to 1.5 feet 

below the cleanout depth which consists of the seating 
and the test interval. 

6.2.10 Drive Length.-Total length of the drive 
interval penetrated during testing. 

6.2.11 Drive Weight Assembly.-An assembly which 
consists of the hammer, anvil, hammer fall guide system, 
drill rod attachment system, and hoisting attachments. 

6.2.12 Hammer.-That portion of the drive weight 
assembly consisting of the 140-pound mass impact which 
is successively lifted and dropped to provide the energy 
that accomplishes the penetration and sampling. 

6.2.13 N Value.-The sum of the hammer blows 
required to drive the sampler over the test interval of 
0.5 to 1.5 feet below the cleanout depth. 

6.2.14 Number of Rope Turns.-The number of 
times a rope is wrapped completely around the cathead. 
Penetration resistance testing is performed using twO 
nominal rope turns on the cathead. Depending on operator 
position, direction of cathead rotation, and the angle .at 
which the rope leaves the cathead, actual number of turns 
typically varies from 1-3/4 to 2-1/4 turns (fig. 1). 

6.2.15 Rope-Cathead Method.-Method of raising 
and dropping the hammer, which uses a rope strung 
through a center crown sheave or pulley on the drill mast 
and turns on a cathead to lift the hammer. 

6.2.16 Safety Hammer.-Drive weight assembly 
consisting of a center guide rod, internal anvil, and hammer 
which encloses the hammer-anvil contact (fig. 2). 

6.2.17 Seating Interval.-Interval from 0.0 to 0.5 foot 
below the clean out depth. 

6.2.18 SPT.-Abbreviation for standard penetration 
test or penetration resistance testing. 

(O~~~ATOR 
~RE 

r---~ c==~~ 

HERE 

TOP VIEW SIDE VIEW 

3 COUNTER CLOCKWISE ROTATION (14 Turns) 
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r--'-'--__ _ 
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CLOCKWISE ROTATION (2t TUl'ns) 

Figure L - Number of rope turns on cathead. 
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Guide rod 
mark 

Center guide 
rod 

Figure 2. - Internal anvil safety hammers - typical designs. 

6.2.19 Test Interval.-Interval from 0.5 to 1.5 feet 
below the cleanollt depth. 

6.2.20 Trip Hammers.-Hammers which are hoisted 
by rope-cathead method and mechanically released for drop 
without rope attached. 

7. Apparatus 

7.1 Drilling Equipment.-Any drilling equipment is 
acceptable that (a) provides a reasonably clean hole prior 
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to insertion of the sampler, (b) ensures that the penetration 
test is performed in undisturbed soil, and (c) permits 
driving the sampler to obtain the sample and penetration 
record in accordance with the procedure described in 
subparagraph 14.6. The drilling equipment must provide 
power-operated cathead and a crown sheave-pulley centered 
over the borehole to perform penetration resistance testing 
using the rope-cathead method. 

7.1.1 Drag, chopping, and fishtail bits may be used 
in conjunction with open hole rotary drilling or casing 
advancement drilling methods. To avoid soil disturbance, 
only side discharge bits are permitted. 

7.1.2 Roller cone bits may be used in conjunction 
with open hole r~tary drilling or casing advancement 
drilling methods if fluid discharge is deflected. 

7.1.3 Hollow stem.continuous flight augers, with or 
without a center plug assembly, may be used to advance 
the boring. 

7.1.4 Solid continuous flight, bucket, and hand augers 
may be used if the soil surrounding the boring does not 
cave onto the sampler or sampling rods during sampling. 

7.2 Drill Rod.-Flush joint steel NW drill rods having 
a mass of 5 to 6 lbm/ft are to be used for all penetration 
resistance testing. 

NorE I.-Flush joint BW or AW drill rods may be used in 
special cases. However, approval for their use must be obtained 
from the exploration team responsible for the investigation. 

7.3 Sampler.-The sampler is to conform to the 
dimensions and materials shown on figure 3. Split barrel 
samplers or solid barrel-split liner samplers may be used. 
The solid barrel sampler is recommended for use in hard 
driving conditions. The sampler must be made from steel 
of a type and hardness suitable to resist wear. The driving 
shoe must be made of hardened steel. Samplers meeting 
these requirements may nor always be available from all 
manufacturers of drilling equipment. Use of samplers 
differing from these requirements may be approved in 
special cases by the exploration team responsible for the 
investigation. 

7.3.1 Basket traps or other devices, for retaining core, 
restrict the inside diameter of the sampler and may increase 
the penetration resistance.· These devices are not 
recommended for use if reliable pen~tration resistance data 
are required. If soil retrieval and ider.6fication are required, 
they may be used and their effect on p..:netra.:;on resistance 
evaluated through site spcl.tFic COffii-'r.!!SOtc;. 

704 Drive Weight Assembly.-·A:~ ';;\cermd anvil safety
type hammer is to be useci (fig. 2). The assembly consists 
of a 140-lbm (±2 Ibm) h:lmrr~;!r, 1ft inter :: .. 1 anvil, and 
a guide system which per;:nits a low !r!cti)[t free-fall of 
30 inches. Total mass of ,he assembiv must be less than 
250 Ibm. The assembly must ai.low i~r an ;;pward stroke 
in excess of 30 inches to prevent backtapping of the 
sampler. A 30-inch drop-height ma:k (guid.e rod mark) 
should be maintained on the guide red fo:: ::::curate drop. 
The drive weight assembly must t;e made imiil steel oi 
a type and hardness suitable to resist "fear n(l,) ddormatiou. 
The hammer-anvil contact must be ~t.;t( ,:,'! "'0'':1. 

704.1 Downhole hammer systems are not recom
mended for use in penetration resistance testing. 

NorE 2.-Cylinder weight (donut) type hammers are not 
recommended for use in penetration resistance testing due to 
poor efficiency and to safety aspects. These hammers may be 
approved for use in special cases by the exploration team 
responsible for the investigation. 

NorE 3.-Trip and automatic hammer systems are preferred 
for use to eliminate operator influence and to provide increased 
safety. Prior to use of these systems, they must be calibrated 
and tested for reliable operation. Some hammer systems have 
already been tested and can be readily approved or disapproved. 
Calibration services can be obtained from the Geotechnical 
Services Branch, 0-3760, Research and Laboratory Services 
Division, Denver Office, Denver, Colorado. 

7.5 Rope.-Hoist rope should consist of a 3/4- to 
l-inch-diameter manila rope, sized to fit the crown sheaves. 
The rope should be stiff, dry, and clean. Replace rope when 
it becomes excessively frayed, oily, limp, or burned. 

7.6 Cathead.-The cathead should have a diameter 
ranging from 6 to 10 inches. The cathead should rotate 
in excess of 100 revolutions per minute and must be clean 
and free of paint, rust, oil, grease, or other contaminants. 

7.7 Miscellaneous.-Airtight sample containers, labels, 
data and log forms, and other necessary tools and supplies. 

8. Precautions 

8.1. Safety Precautions.- Performance of the test usually 
involves use of a drill rig; therefore, safety requirements 
as outlined in the Driller's Safety Manual, or in other 
applicable safety standards, must be observed. 

8.2 Technical Precautions: 
8.2.1 The rope-cathead method is both an operator 

and a mechanically dependent procedure. The measured 
penetration resistance of soil is dependent on the energy 
delivered to the sampler. Since both operator performance 
and equipment condition can affect the test, any deviation 
from standards should be noted. 

8.2.2 Special precautions shall be taken to ensure 
that the energy of the falling mass is not significantly 
reduced by friction between the drive weight and guide 
system. Perform maintenance to avoid friction buildup; 
periodically check the hammer mass and assembly mass. 

8.2.3 The sampler must be dean at the beginning 
of each test and should be smooth and free of scars, 
indentations, and distortions. The driving shoe should be 
repaired or replaced when it becomes worn, dented or 
distorted. 

8.2.4 Soil deposits containing gravels, cobbles, or 
boulders typicaHy re~ult in penetratior. refusal and damage 
to the equipment. 

8.2.5 Plugging of the vent portS and ball chec~ 
syst~rn of the sampler results in unreliable penetration 
resistance values. 

8.2.6 D;:-:liing disturbance of the L5-foot drive 
intcrv:;;\ resdcs :r; i.iDreliable pe~e,ratio!i resistance values. 

22.7 Dr.iJ.!ing fluids may t~ f::!')I\;red for testing (see 
subpar, 13.2.1). 



1.0- 2.0" Split barrel 24" min. 

33" Min. (open) 
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Figure 3. - Sampler requirements for penetration resistance testing. 
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8.2.8 Under adverse weather conditions such as 
heavy rain or snow, the results of penetration resistance 
testing using the rope and cathead method may be affected 
due to a change in rope-cathead friction. This effect should 
be evaluated in the field, and testing should cease if 
significant changes are evident. 

9. Sampling, Test Specimens, and Test Units 

9.1 Moisture content samples and, in some cases, 
samples for laboratory soil classification are obtained from 
recovered material. Care must be taken to minimize 
contamination. The mass of sample obtained for testing 
should be sufficient to ensure representative specimens 
(see USBR 5000 and 5300). 

10. Preparation of Apparatus 

10.1 Drilling Equipment.-Lubricate crown sheave(s), 
and replace cathead rope as necessary to maintain low 
friction travel of rope. 

10.2 Penetration Resistance Apparatus: 
10.2.1 Check drive weight assembly for compliance 

with requirements in subparagraph 7.4. Lubricate and clean 
the guide cap area and the area between the internal anvil 
and hammer (fig. 2) as required to minimize friction. Mark 
guide rod at 30-inch drop height. 

10.2.2 Clean sampler ball check and vent ports 
(fig. 2) prior to each test. 

11. Calibration and Standardization 

11.1 Tentative calibration procedures have been 
developed for penetration resistance testing. The method 
consists of measuring the force-time histOry of a hammer 
blow on the drill string during actual testing. Calibrations 
are only performed for special studies. It is anticipated 
that conformance to equipment and procedural details given 
here will result in an acceptable range of energy delivered 
to the sampler. 

12. Conditioning 

12.1 Not applicable, special conditioning requirements 
are not needed for this procedure. 

13. Hole Preparation Procedures 

13.1 Hole Preparation Procedures - General: 
13.1.1 Penetration resistance testing is typically 

performed at 5-foot intervals or when a significant change 
of materials is observed during drilling, unless otherwise 
specified. 

13.1.2 The cleanout depth is measured to the nearest 
0.1 foot and recorded on the "Penetration Resistance Daiiy 
Data" form (fig. 4). 

13.1.3 Minimum penetration resistance interval is 
2.5 feet with a 1.5-foot drive interval and 1.0-foot cleanout 
interval. Special attention to drilling methods is required 
to avoid disturbance at such close intervals. 

13.1.4 The hole diameter should be rfstricted to 4 
inches. It is recommended that penetration resistance 
testing and large diameter sampling not be combined in 
the same drill hole. 

13.1.5 If an obstruction (such as coarse gravel, 
cobbles, boulders, debris, or a lithified layer) is encountered, 
it should be noted and can be removed by drilling through 
the interval of ,the obstruction. Do not use ;:he sampler 
as a chopping bit. If disturbance below the obstructions 
is anticipated, it should be noted. In some cases, it may 
be necessary to abandon the boring. 

13.1.6 Any drilling procedure is acc(:ptable that pro
vides a suitably clean, stable hole before insertion of the 
sampler and ensures that the penetration test is performed 
in essentially undisturbed soil. Each of the following 
methods has proved acceptable for some subsurface con
ditions. The subsurface conditions anticipated should be 
considered when selecting the drilling method to be used. 

13.1.6.1 Open hole rotary drilling methods. 
13.1.6.2 Hollow-stem continuous flight auger 

methods. 
13.1.6.3 Wash boring methods. 
13.1.6.4 Solid continuous flight auger methods. 

13.1.7 Several drilling methods produce unaccept
able borings. The process of jetting through an open tube 
sampler and then sampling with the penetration sampler 
when the desired depth is reached is not permitted. Also,. 
it is not permissible to advance the boring for subsequent 
insertion of the sampler solely by means of previous 
sampling with the penetration resistance sampler. 

13.2 Rotary Dr1lling With Drilling Fluids: 
13.2.1 The use of drilling mud is required for all 

penetration resistance testing when the investigation is 
performed to evaluate liquefaction potential. Use of water, 
air, and air-foams is unacceptable for these studies. In 
special cases, use of water can be approved by the Denver 
Office staff responsible for the investigation (e.g., when 
environmental conditions preclude use of polymer muds). 

The function of a drilling fluid is to aid in lifting 
the cuttings, to lubricate the bit, and to stabilize the walls 
of a drill hole. These functions are accomplished by mixing 
bentonite or synthetic polymers with water to form a fluid 
of higher density and viscosity than water. The bentonite 
or polymer is held in colloidal suspension within the water 
and interacts in such a manner as to increase the viscous 
drag on larger soil particles. This increase in viscous drag 
enables the fluid to lift large particles of cuttings that 
ordinarily would not be removed from the drill hole by 
water only. Wall stabilization is accomplished as the fluid 
penetrates the surrounding soil by the combination of the 
formation of an impervious filter cake and the increased 
density of the fluid acting on that cake. The lubricating 
effect is an added benefit due to introduction of a fluid 
at the cutting face of a drill hole. The fluid wets the cutting 
surface, cools the bit, and results in an increased advance 
rate and longer bit life. 

Because of a large number of suppliers, the varying 
grades of drill fluid products, and the varying requirements 
of each project, it is impossible to provide an exact 
procedure for the design and mixing of drill fluids within 
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7·2.08 (12·80) 
Bureau of ReClamation 

PENETRA TlON RESISTANCE DAll V DATA 
Dos.gn.".on USBR 70t~ . 89 _ 

PROJECT 
Example I FEATURE 

Example I HOLE NO. 
DH-S02 

GROUND ELEVATION 
67S0.S II. 200' DIS Sta. 9·S0 

LOCATION 

FOREMAN I DRillER LOGGED BY 1 DATE 

DRILLING METHOD 
Rotary, NX casing, 3-inch rockbit, Bentonite 

CtEANOUT DEP TH 

DEPTH TO SAMPLER TIP 

NO. OF BLOWS FOR 

ST ANDARD 0.5 ft. 

SEATING PENETRATION 

(~O CIOwS max.-) 

NO. OF BLOWS FOR 

ST ANDARD 1.0 tt. 

PENETRA TlON TEST 

(SO CIOwS max •• 1 

DEPTH TO SAMPLER TIP 

DRIVE LENGTH (ml (1) 

RECOVERY LENGTH (ml (2) 

RECOvERY l RECOVERY } ('I.I (3) 
DRIVE , 

ROLL 

VISUAL CLASSIFICATION 

AND DESCRIPTION OF 

SAMPLE 

PHOTO NO. 

MOISTURE SAMPLE 

TEST t TEST 2 

40.3 II. 43.3 ft. 

SEATING PENETRATION (0.5 ft. max.mum) 

40.1 II. 43.2 It. 

NO. OF BLOWS PENETRA TlON- NO. OF BLOWS PENETRATION-

6 O.S IS O.S 

TEST PENETRATION (1.0 ft. max.mum) 

NO. OF BLOWS 
PENETRATION-

0.5 • 1.0 • 
1.0 ft 1.5 It N 

8 II 19 1.0 

41.8 II. 
(1) (2) 

/ 
(3) 

I.S 1.2 80% 

POORL Y GRADED SAND' About 
90% fine sandi about 10% 
nonplastlc fines, molst,grey, organic 
material; maximum size, medium 
sand, no reaction with HCL. 

(SP) 

JAR #48 

NO. OF BLOWS 

0.5· 1.0· 
PENeTR A TION-

1.0 It 1.5 ft N 

S 0.8 

44.S ft. 
(J) (1) 

(2) / 

0.9 69% 1.3 

TOP' SP, Same as 40.3-41.8 
BOTTOM' SANDY SIL T'Aboul 
60% low plasticity fines; quick 
dilatancy; about 35% fine sand; 
S% fine subanguiar gravel. 

JAR #4C ( Irom ML ) 

REMARKS: _....;T-=e:::s:.:.t....;I~._0=.2=-.:1~t.:.......::s;.:lo:.::u=Qlh_p!:.:'r:...:.lo:::r'--'I.=.0~te:::s:.:;t.'--.;:0:..:.n!!.iv~2=-..!b::.l;:.ow=s....!..!lo::.r--::0:.:. • ...!4-.!..!fI~ • ....Ij:)~le::.:.n!!:e:.!Ctr~a~t~lo!!.n:.....!!ln.!...-.::O~.""S:--!..!I.~O~I!.!t.--I 

intervals. 

TEST 2 • 0.3 ft. slough, drove on coarse gravels or cobbles. Gravels must have 

lell out. Had to stop lest at O.S It. penetration and remark rods. 

-IF 50 BLOWS DO NOT YIELD MAXIMUM PENETRATION. RECORD PENETRATION FOR 50 BLOWS AND DISCONTINUE TEST. 

DRILLER _____________________ _ FOREMAN ___________________ __ 

<Sianaturel (SIQnature) 

i 
Figure 4. - Peneuration resistance daily data - example. 
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the scope of the procedure. For more information on 
specific drill fluids, consult with local manufacturers or 
suppliers representatives. 

NOfE 4.-ln some areas, certain types of drill fluid products 
are not allowed by state and local environmental authorities. 
Before using any drill fluid produCt, check with the local authorities 
to determine its acceptability. 

13.2.2 If ground water and/or saturated soil are 
encountered, use of drilling fluid is preferred rather than 
casing the drill hole. Stabilizing drilling mud is preferred. 

13.2.3 The drilling fluid level within the borehole 
must be maintained at or above the in-place piezometric 
water level at all times during drilling, removal of drill 
rods, and sampling. When drilling in unstable soils at close 
testing intervals, it is also necessary to maintain fluid levels 
during extraction of the sampler. Withdraw the drill bit 
or sampler and rods slowly and maintain fluid level in 
the borehole. Maintaining the fluid level at ground surface 
is recommended as this provides the maximum beneficial 
effect and provides a constant and easily observable fluid 
level. 

13.2.4 Record any loss of circulation of drilling fluid 
as an indication of voids in the soil or possibly very high 
permeability layers. Also, record any increases in circulation 
as an indication of possible layers with artesian pressure. 

13.2.5 Record fluid circulation rates and any 
occurrence of excessive bit pressures. 

13.2.6 Cleanout depth is to be determined to the 
nearest 0.1 foot. After removal of cuttings, slightly raise 
the drill bit and rods and cut off fluid circulation. After 
several minutes have elapsed, lower the drill bit and rods 
to check cleanout depth. If an excessive amount of cuttings 
(slough) is present in the drill hole (0.2 to 0.4 ft), continue 
circulation to remove this material and recheck the drill 
hole depth. Record the cleanout depth as the depth that 
the drilling bit initially reached and not when resting on 
the thickness of cuttings. 

13.2.7 Casing And Rotary DriIling.-If casing is 
required, care must be exercised when driving the casing 
to avoid disturbance to the test interval. Casing should 
be kept as far above the test interval as possible through 
proper use of drill fluids. Keep detailed casing records. 

13.3 Auger Methods: 
13.3.1 The solid continuous flight auger method shall 

not be used for advancing the boring below a water table 
or below the upper confining bed of a confined cohesionless 
stratum that is under artesian pressure. 

13.3.2 Do not advance augers into the test interval. 
13.3.3 Cleanout depth is recorded on figure 4 as the 

depth to the end of the cutter head fingers. 
13.3.4 Special precautions are required for use of 

auger systems in soft or loose deposits (less than 5 blows 
per foot for clays and less than 15 blows per foot for 
clean sands) and in soft or loose deposits below the water 
table. In soft or loose deposits below the water table, rotary 
drilling methods using drilling fluids are recommended. 
If auger systems are used in these conditions, follow the 
precautions in subparagraph 13.3.5. 

13.3.5 In all cases, in soft or loose deposits, it is 
necessary to slow the feed rate of the augers as the test 
interval is approached. When using hollow stem augers 
in soft or loose deposits below the water table, the hollow 
stem must be filled with drilling fluid or water. Use 
procedures given in subparagraph 13.2.3 when using drill 
fluids. After the test interval is reached, it is necessary 
to remove solid augers from the hole or to raise slightly 
the hollow-stem augers and suspend the augers with a 
fork to prevent downward pressure on the test interval. 
If disturbance is evident when testing under these 
conditions, it may be necessary to raise and suspend the 
hollow-stem augers from 4 to 6 inches above the cleanout 
depth and to use thin wall drive tubes or other methods 
for clearing the final 4 to 6 inches of the hole. 

14. Test Procedure 

14.1 All data are to be recorded on the "Penetration 
Resistance Daily Data" form as shown on figure 4 or on 
a similar form. 

14.2 The sampler is attached to the drill rods, with 
each rod joint securely tightened, and slowly lowered to 
the bottom of the hole. Do not drop the sampler and 
rods onto the soil to be sampled. 

14.3 Determine and record the depth to the nearest 
0.1 foot at which the sampler tip rests. Compute and record 
the thickness of slough. If excessive slough or cave (about 
0.2 to 0.4 ft) is encountered at the bottom of the drill 
hole, remove the sampler and reclean the hole. The total 
amount of cuttings and slough should not exceed 0.4 foot 
(see subpar. 13.2.6 for cuttings). 

14.4 Attach the safety hammer center guide rod 
assembly securely to the drill rods. Using light hammer 
blows, advance the sampler through slough, cave, or 
cuttings to the cleanout depth which is the beginning of 
the 1.5-foot drive interval. 

14.5 Mark the drill rods in three successive 0.5-foot 
increments so the advance of the sampler under the impact 
of the hammer can be easily observed for each O.5-foot 
increment. 

14.6 Drive the sampler through the drive interval with 
blows from the 140-lbm hammer falling 30 inches, using 
the rope-cathead method with two nominal rope turns 
on the cathead. The operator should use approximately 
1-3/4 to 2-1/4 rope turns on the cathead depending on 
whether the rope comes off the top or bottom of the cathead 
(fig. 1). The rope is thrown into, but not completely off 
of the cathead to minimize rope friction. Apply hammer 
blows at a rate of 20 to 40 blows per minute. The portion 
of drill rod above the hole collar should be held in a vertical 
position. Care must be exercised in obtaining an accurate 
3D-inch drop during the test as variations directly affect 
penetration resistance. 

14.7 Count the number of blows applied in each of 
the 0.5-foot increments, and discontinue the test when one 
of the following occurs: 

14.7.1 A total of 50 blows is applied in a l.5-ft drive 
interval at depths of less than 100 feet. For depths of 
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greater than 100 feet consult the exploration team 
responsible for the investigation. 

14.7.2 There is no observed advance of the sampler 
during application of 10 successive hammer blows. 

14.7.3 The sampler is advanced the complete 1.5 
feet without limiting blow counts as described in subpar
agraphs 14.7.1 or 14.7.2. 

14.8 If the sampler penetrates part of the 1.5-foot drive 
interval under the static mass of the rods or the rods and 
hammer assembly, record the penetration distance on the 
data form (fig. 4). Drive the sampler through the remainder 
of the 1.5-foot drive interval using the procedure in 
subparagraph 14.6. 

14.9 If the sampler penetrates the complete 1.5-foot 
drive interval under the static mass of the rods or the 
rods and hammer assembly, attempt to retrieve the sample. 

14.10 Record the number of hammer blows for each 
0.5 foot of penetration or fraction thereof. The first 0.5 
foot is the seating interval. The sum of the number of 
blows to penetrate the 0.5- to 1.5-foot test interval is termed 
the penetration resistance or N value. If the sampler is 
driven less than 1.5 feet (as permitted in subpar. 14.7.1 
and 14.7.2), the number of blows to penetrate each complete 
O.5-foot increment or each partial increment is to be 
recorded. Determine partial penetration to the nearest 0.1 
foot and record with the appropriate number of blows. 
Note any irregularities in penetration. (For example: If, 
within a 0.5-foot interval, only twO blows result in 0.4-
foot penetration but six additional blows are required to 
drive the remaining 0.1 foot, the variation should be noted 
and recorded.) Record the drive length as the sum of the 
distances penetrated in the seating and test intervals. 

NOfE 5.-When performing penetration resistance testing for 
liquefaction potencial evaluation in gravelly alluvium, the number 
of blows per 0.1 foot of penetration will be recorded. The purpose 
of this is to obtain extrapolated sand N values so the influence 
of gravel on the N value can be evaluated. 

14.11 To remove the sampler, apply twO clockwise 
turns to the rods to shear the soil at the bottom of the 
sampler. The hammer can be used to backtap the drill 
string to free the sampler. Withdraw the drill string slowly 
and detach the sampler from the drill rods. 

14.12 Determine and record recovery length of the 
sample to the nearest 0.1 foot. Do not include slough and 
cuttings in the recovery length. Calculate and record the 
percent recovery. 

14.13 Calculate and record the N value. Calculate the 
N value only if penetration of the complete 1.0-foot test 
interval was achieved. 

14.14 Perform a visual classifcation and description of 
the soil(s) obtained from the sampler in accordance with 
USBR 5005 and record. If the sample mass is insufficient 
for a representative classification, the sample is still to 
be classified and this fact noted on the data form. 

14.15 Determine and record the moisture content of 
the sample in accordance with USBR 5300. If the sample 
mass is insufficient for a reliable moisture content 
determination, this should be noted. If the sample is 

homogeneous, the moisture content sample can be obtained 
from the driving shoe. If more than one type of soil is 
encountered, perform separate moisture content determi
nations for each soil. A void contamination by drilling fluids. 
Obtain samples as promptly as possible and seal in airtight 
containers. Record moisture content information. 

14.16 Laboratory Classifications.-If required, classifi
cations will be performed in accordance with USBR 5000. 
If the sample mass is insufficient for representative 
classification, this fact should 'be noted on the data brm 
and drill log. Indicate location of samples under the 
Remarks section on the data form. 

14.17 Preserve the remaining sample to retard mois
ture loss, and mark the sample container with the following 
information: 

• Sample number • Location 
• Date • Project 
• Depth • Feature 
• Drill hole number 

Protect the core from breakage. Note the presence of slough 
or contamination in retained samples. 

14.18 Ground-water Information.-For holes drilled 
with bentonite mud, ground-water information is of 
questionable reliability; however, it should be monitored. 
Monitor ground-water levels before and after removal of 
protective casings or augers. Obtain ground-water levels 
at time periods suitable for the material encountered during 
drilling and after hole completion. Ground-water elevations 
should be measured daily and recorded on data forms. 
Where possible, a sufficient number of holes should be 
left open and vented caps provided to allow observations 
to be made over a period of days. In clean coarse-grained 
soib, shorter monitoring times may yield stabilized ground
water information; while in fine-grained soils longer time 
periods-24 hours or greater-may be required. If ground 
water is not encountered or if the level is of doubtful 
reliability, such information also should be reported. Note 
if hole caving or closure occurs during observations. 

15. Calculations 

15.1 Calculate the N value (standard penetration 
resistance) using the following expression: 

N = (No. of blows from 0.5 to 1.0 ft) (1) 
+ (No. of blows from 1.0 to 1.5 ft) 

The N value is calculated only if penetration was achieved 
for the complete 1.0-foot test interval. 

15.2 Calculate percent recovery. 

P _ 100 (recovered length, ft) 
ercent recovery - d' I h f rive engt , t 

where 100 is the conversion to percent. 

16. Report 

(2) 

16.1 The report is to consist of the following completed 
forms: 
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16.1.1 Penetration Resistance DaJ1y Data (fig. 4).
The daily data form is not submitted routinely as design 
data but should be available for review if more detailed 
examination of data is required. 

16.1.2 Log Forms.-For continuity of data presen
tation, the log format should follow those shown in 
appendix Xl. The format is established with the 
"Subsurface Exploration - Penetration Resistance and 
Log" form as shown in appendix X1.l. Penetration 
resistance value N should be plotted in graphical form 
in the center portion of the form. Notes from the daily 
data form (such as those which indicate reliability, irregu-

larities, and equipment used) should be included on this 
form. 

16.1.3 SpeciaJ Cases.-In special cases, penetration 
resistance testing is combined with other testing which 
must be included on the log form. In these cases, log forms 
may be modified to show pertinent data. 

17. Background Reference 

AnnuaJ Book of ASTM Standards, Designation D-1586 
Standard Method for Penetration Test and Split Barrel 
Sampling of Soils. 

APPENDIX 

Xl. EXAMPLE FORMS 

The example log shown on figure Xl.l was generated 
by computer using the program NGEOSUB. This program 
uses the Bureau of Reclamation CYBER computer and 
provides 35-mm microfilm using COMp80 microfilm 
equipment. The program generates logs of other testing 
in addition to standard penetration tests. The program 
was developed and is maintained by the geology staff in 
the Bureau's Lower Colorado Region and the Geotechnical 
Engineering and Geology Division (Denver Office). The 
primary benefit of using the computer-generated log is 
the ease of making editorial revisions as required during 
review. Logs can be constructed also on the "Subsurface 
Exploration - Penetration Resistance and Log" form as 
shown on figure X1.2. 

When laboratory classification data are obtained on 
penetration resistance samples, these data should be shown 
separately on the log. The right column of the boring log 
is used to report visual classification and description of 
materials as observed in the field. Soil classification infor-

mation in this column should not be supplemented or 
revised to reflect laboratory test results except for obvious 
omissions or errors. Use of laboratory test data to improve 
visual classification skills is encouraged. It is recommended 
that laboratory data be shown in a tabular form within 
the center column portion of the log form after sample 
interval information similar to the example log figure Xl. I. 
This table should provide information on sampling interval, 
laboratory soil classification symbol, percentages of gravel, 
sand and fines, and liquid limit and plastic limit. 

The example log on figure Xl.I exhibits several pene
tration resistance testing situations which require notes 
and precautions concerning nonstandard test results or 
possibilities of unreliable data. This example log can be 
used as a guide on how to note such occurrences. It is 
important that the conditions, such as shown on the 
example log, are included on the actual logs to caution 
users as to reliability of data. 
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STANDARD PENETRATION TEST HOLE NO. OH-IfOO SH[[! or 

PRO,JEC T .. E.XAt9l( .. 

COOROS. N .. I ~~5.3 ... 

. . HA TURE. [X'P1Pt~ 

E .. 10~~3 .... 

BEGUN .. 0~-1.6:8'. fINISHED .. 06.-"9~8' .. DEPTH TO BEDROCK .80 .. '. 

DEPTH TO WATER SE(. NO!ES .. ... LOGGED BY. . .. .JOK-; 00£. 

.., STANDARD PENETRA T ION TEST 
0: fQ[SIGHUIOH [-2'1. £ARU4IUN)AlI 
e~ 

'" '" ~.., BLOWS PER fOOT NOlES 
~.., 

'" " ~~ z> ..,0 
"'0 eo .. uu reo l;!", '''to LB. "'.., :> ..,-
11'''' z:; "\1 10 

P\IIPOSE , 
rOlJlDAf ION INVEST IG-
AT ION FOR P\.I'PING 
PLANT ·x· 
DRill £OUIPt'lENJ: ~ 13 138.1 • I10BIL 9 .. O-l IRUC~ 
~T[O DRill WI TH 
8£AN 20 WAT[R Pl..t1P 

fg.-
DRILL[A, 10 bS.7 
.lACK 00£ f--=-

OAllllNO J"IETHOO: 
f-g;-0.0-80 ... f1 : 

3 34.3 DRILLEO WI TH iI'-7/BIN ~ • TAICON[ AOl.L(R ROCk 
BII USING 9(NIONIIE 
At«) WAtER AS CRILL ING 

fg;;-fLUID WI TN 50 5[C AVG 
2 34.3 n.N€l VISCOSITY. I-"-'- • PErORl'£O SPY'S APPROX 

!IF! IHT[RVAlS USING 
A I-J/8IN 10 SPlI T 

f-g,-BARREL SAtFl[A ON Nlo4 
* 45.6 DRILL ROOS WI TH A ' .. a ~ 19J1 DOf1 5AfTTY H ... .....:R 

I TOTAL ",ASS Z15 l8f11 
4JrC) A 30lN OROP.NX 

f-;;-CASINO AOVANCED ON 
* 46.4 51"1 INTERVALS ~ OllOW- r-=- 0 

ING SPY'S ANO Cl[AN[O 
OUT WI TH ROCK BIT 

S""'L[ fHT[RvAl NOTES: ~ 27.7 11 
15.0-16. 5I"T :ORlll 
STRING SAN( Tt4tOUCiH 
O.2rT or THE SEAtiNG 

~ INTERVAL \HXR l€ fOHT 
1S.4 OF HAl'l'£R AN:) ROOS 21 

zO.O~i'I.5fT: DRill 
STRING SAN< 0.7fT 

Ie;-!HIIOO""'" DRIVE INT[R~ 

2S 32.! VAl.O.2J"T IN)[R ROOS !-=-A>Cl O.!IF I lHJI.A RO!lS 
A>Cl HAmrA 

i'5.0·2'6.5rT: DRILL 70- 17 2S.~ STRING 54N< 1.C'f r r-=-IHROUGH DR, VE tNT[R-
VAl.O.'frT·ROOS.n.~t . 
RODS A>Cl HAPK:R. 

~ CRILL ING D'SIIJl9ANCE * 25 21.3 NOT APPARENT 

10.0-31. 71"1, DRILL 
STRING SANIC I. 7r T 

fee BELOW CL£ANOUI D£PIH 14 2S.E 0.5I"1-ROIlS.I.zr! ROIlS f--!=!-AJrC) HAf'I'o£R. DRILL INC 
DISTRUBANCE NOt APPA-
REN! 

~ *23. 
!5.0-16.!lFI, Lfi(VEN *50/1. 
P£N£TAATION. i!BI.OWS IN 
O.~-I.orr INT •• 9BLOWS 
INT.O·I.yr INI.PEN[-

~ *24. TRAT ION OCCH[ASEO AT *50/1. 1.lrT 

"5.0·'f6.5I'"T: lKV[N 
p[P«TRATIQN·8BLOWS fN r= 0.5·I.or1 INT. eo *50/.4 a.ows IN 1.0·1.5I'"T 
(NT. P[fi€TRAT ION oc-
CREASED A' 1.lrt 

55.0·S6.sr': O.ltrt or r- *10/.1 
SLOUGH.SAf'FL[R V[NT 
PORT PlUGGED W,TH 
SAN) POSSJ9I..£ \.HttliA 
Bl£ N vAUX 

65.0-66.11"1, REACHED 
50810WS IN THE" DRlvr 
fNT£RV4l AT 1..3 f'. 
5 BLOWS IN SEATlN(; 
INfrRV\L. es BlOWS 
IN 0.5-1.0rf .ZO 
BLOWS IN l.a-I.3rT. 
DRIVING IN GRAVElS 

70.0-71.zrr: STOPPED-
t(Sf ArT£R SOBlOWS. 
POSSIBLE .JE!IING DIS-
IIJl9ANCr. I 0 BLOWS IN 

COIKN!S, 
·-~XT fO N VALU£. 5£( NOT[S COlUMN 
'-fo£xr 10 HO;S.URE. 5££ CLASS OESeR/PJ ION eOL~ 
- INClAS5-OESCHIPt ION COl......, IP«)ICAIES OESCRfP-

riCH or IN'l.ACE CONJIJ JON WIll rOllOW 

INT -lNJPtVAl 
CiR[)-CiROlN) SURf" Ace 

• 

• 

H4I'91(R-30 IN. DROP 

20 30 '0 

• 

• 

AREA . EX~lr 

GROUND EL E V .. 

. .10TAL DEPTH. 

STATE .. [xAI1PL.£.. 

.. 67''',!>. ANGLE FROM HORIZ .. ~~ .. 0 .... 1Xl!'N 

. .... 80 .. ' .. BEARING .. 

REV (EWED BY ."A.N£. DOl; . 

CLASSI' fCAT ION AIr«) 
PHY3JCAl CON)JTlON 

0.0-36.5 OUATERNARY LACUSTRINE SEOIHENTS IOL I 

0.0-5.0: ROCK BIf INTERVAL: LEAN TO) rAr CL\Y 

I-- 6737.!> 
WI TH OJtGANIC "AT[RIAL. VEGAUTION ......, ROOTS. 
DESCRIPTION BASED ON DRILLING COII)"lo." A>Cl 
CUTTINGS REr~ 

10 

30 

5.0-6.5: SPT SAt1PL[ 
5.0-5.8: LEAN CLAY ICLI: APPROX. 85<: fiNES 

WITH M[OILl'1 PLASTICITY. P1[OttA1 TOl.JGMC:SS. 
HIGH DRY STRENGtH; APPROX. 15' PR£DOf'IfNANtLY 
rIP€' SAND; MA)(If'1lJ'1 SIIE. COARSE SAt.(). 14:AJ< 
REACf ION WI fH HCl .• f"IOIST. UN. rrRM.HOf1O
G£t€OUS. ROOrs At«) ORGANIC PUT[RIALS PRtS£t.'i 

i.8-6.S: fAJ CLAY to.u: APPRox. 95t flNtS WITH 
HIGH PtAST Ie I ty. HIGH r~ss. VeRY HIGH 
DRY 5rRrNGIH: APPROX. 5t PRtDOf1INANTl Y r INt 
SAN): MAXIt1Uf1 SllE. r' .... SANO: WEAK REACTION 
wiTH HCL .• MOIST. TAN. rlR", TO 50Ft. HOf'IC)
G(N£OUS. SOf'1[ Roors PJft:SENT 

b.5-10.O: ROCK 81T Ito,;TERVAl: SilTS A~ CLAYS. 
O[SCRlP{ ION 8ASEO ON VriILL ING CONOI T ION N«) 
CUll lNOS RE TURN 

10.0-11.5: spr SAHPL£ 
ClAY(Y SIL I (f'I. -Cl J: APPRoX. 90t F"lP€s W(TH 
LOW PLASTICity. LOW JOUGtKSS. LOW CRY 
srRENGIH: APPROX. lOt PA[OOt'llNANTLY rtNE S......,; 
""AX:PftJP1 SIZE. r IN[ SAND: wtAK R£ACTION WJlH 
HCl •• 1'10151. GREY. SOF'T. lA.UNArEO 

I-- 6706.0 
11.5-15.0: ROCK BIT INTERVAl. LEAN TO r.ll CLAYS 
BAsrO ON DRILL tNO CONOI T ION AI«) CUfT INGS 
RETlRN 

itO ~ 6702'.5 
15.0 '16.5: SPT SAHPl£ 
LEAN 10 fAr ClAY let -eH'! APPROX. 95t rtf€S 

~o 

60 

70 

uo 

90 

[XPl ANAT IONS: 

BLOWS/fOOT 

WI rH f'1£OItl'1 ro HIGH PLASTIC! TY. I1EOlll1 TO HIGH 
lO\.JGl-KSS. VERY HIGH DRy sr[NGTH: APPROX. 5' 
PRE"OOMINANfl Y r IN£ SAN[); PUX!MUM SIIE. FlNE 
SAND; '-€AK ReACt ION WITH HCL. - wrr. GREV-TAN. 
SOF't. 1 AP1INA fCo 

16.s-eo.o ROCK 01 r INTCRVAl: LCAN TO ru CLAYS. 
orSt:RIPTlON BAS£D ON DRILLING CONDr TlON ANO 
cUfT INGS R£ TURN 

i'O.0-?1.5: SPf SAHPtf 
fAJ CLAV lOll: APPFfOX. lOOt rlNts WITH HIGH 
PLAStiCIty. Ii!GH I ()lJUHN[SS. vrRY HIGH DRY 
STRFNGtH: WfAK HI ACTION WITH HCl. • wrr. CRfY. 
V[RY sor 1 TO sor 1. l AMINAtEO 

('1.5-('5.0: ROCK HIT INfCRVAl: fAT CLAYS. VERY 
Sorl. orSCRIPflON ~ASED ON DRIlliNG CONC)ffION 
ANO CUI I I NC.S R£ TUHN 

C?!J.O·C6.5: SPT SAMPle 
rAT CLAY COli: APf~X. lOOt rlNES wtfH HIGH 
ptASflCifY. ulGH fOUGlKSS. VERY HIGH ORy 
STRlNGtH: WfAK 'U ACtiON WIIH HCl. VERY wrr. 
VAry. vrRY SorT. lAf'1INAI£O. 

c?6.5-:SO.0! ROCK BIT INTlRVAl: fAT CLAYS. VERY 
!ior T. BAsrO ON DRILL ING CCNlI T ION JJt) CUlt :NGS 
nr 'URN 

30.0':51.',: ~"I SAro9l'L.( 
fAr CI AY .CHI: APPRaX. lOOt ftf€S WITH HIGH 
PlASTICITY. HIGJ; TOUGI-KSS. VERY HICik ORy 
srRfNOTU: WfAJ( REAcrlON WITH HCl. - V!.H'Y 1-![T. 
GRfY ·BlACK. V£~Y sor r • ...ot1OG£P£OUS 

.~1.·'·35.0: ROCK RI r tNJ£RVAl: fAr Cl4YS. VrRY 
Sorl'HIGH PL.\SflClrv. 8A5£0 ON DRilLING 
COt-l)l r 1!1N ANO CUI! IN:iS ReTURN. 

.5~.O 36.5: ~PI SAMPlE 
3~.O·.36.0: F AI CI AY tOil: APPROX. 1001 f INl"~; 
wllH IIlGH PLAstICITY. HIGH TOUGUNrss. \'!~). 
HfGH QffY StRLNGHt: WfAK RfACTION ,""HI Hel. 
wrr, GREY-IAN. ~jOft. lAMINAt£O."!'IOlsr:.JHi "d.: 

_i6.0·.lS.!l: (lAYlY SANO ISCI: 4PPHOX. '/Ot f !NE 
TO P1rOIUM. lIARD. SUflANGUL AU SAND: APPRO'( :ilJt 
rlNl'J WIll HIGH PI AStlUTV. HIGH rO!JGHNl.S~). 
HIGH ORY slm NG:H: HAXII'1UP1 517!. CO.\:tS~ ~;;\ND: 
W£Ak.IUACIION "'lInt .. n. MOI':iI. t>HlY. OfN51. 
UOHOOl"NEOIJ5. f Ir..afS CONHNl 15 HICHfH :,' 
CONIACI.·HOISrUH[ _l"r.-'t 

.~f;'!l-"O.4: QUAHHNAHY At LV\"ILIM (flAil 

".,G.~ 40.0: HOrl< HI! INIf"T',,",\l; (., AYI Y 10 S~; 'y 

RrcoRO NUMHFH O. OlOW5. RrOUIH! D 'OH ON( loor Of P!N( :tt.\' 10..:". 
If ~O AlOWS RfSUl r IN l£<;t; HMN 'JNt loor Of PlN: !H.\~ !~\i. 
R(CORD QU-"H PlNl IRArtD; IHUt). ~O' .'f IN!)lCArrS o.~ I G;): 
f'£NftrlAf[D WITH ~O HlOWS. 

Figure XLI. - Subsurface exploration - penetration resistance and log - example. 
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L USBR 7015 

STANDARD PENETRATION TEST HCLE NO. OH-ItOO SJ.£[T ? or 

PRO.JECT.[x....,t 

COORDS. N .. 10.653 .•. 

... 1"('" TURE .. E.X .. "'Pt.[ . 

. .... E .. "QQQ~ .. 

AREA .. ~x~.[ 

GROUND ELE V .. 6,"~,5 ANGLE ,ROM HORIZ. .g~ .. O ... D!».'. 

tJEGUN . Q5~1.6.-!I':' .. VlNISHED .. ~6.-.'~,'1' ... DEPTH TO BEDROCK . 8~ .. ' ...... TOTAL DEPTH. .80. .. , .. BEARING. 

DEPTH TO WATER .5£t NOltS . 

N)TES 

SEATING IN1[RYAL.IO 
!LOWS IN rlRSY 0.5 
-I.orr INf[RYAL ]0 
aows IN 1.0-I.2"T 
DRIVING ON CoaLE 
CIA COAR$[ GRAVELS 

75.0-75 ... n: ~O BLOWS 
rOA G.ltn IN SEATING 
INTERVAL .DRIVING ON 
C08llLtS. 

aO.o-eo.lff: STOPPEO 
T[ST AF'J[R 10 El..CIlS 
A[su.. TEO IN LESS. TMAN 
O.IFT P£fr€TRATION 
DRIVING ON CC&k.ES 

DRILL INO CClN)1 T IONS: 

O.O-'t5.0F'T: ORILlING 
SI'IOOTH.CASING DRIVES 
[ASlt y 

.. 5.0-5~.OF'T: OAtLLING 
SfC)OTH. TO CHOPPY 
CASING CROVE rAIRLY 
EASY, 

I5!LO-80 ... rT: DRILliNG 
HARD AND CHOPPy. 
CASING CI'OVC HARD 

FLUID A[n. ... : 
O.O-""OrT 95' 
B.O-'t'5.0rr 701 
"'5.0-55.0"r el 
M.O-eO.on 151 
&Q.O-80 ... rT "0' 

CASINO RECORD: 
1-fOL[ CASING 

OA T[ SZ DEPTH DEPTH 
6/16 NX 15.0 .".0 
6117 NX 33.0 32.0 
6/18 NX 70.0 70.0 
6119 NX 80." GAO 

WAltR LEVELS Ot.RING 
ORILLING: 

t«)l[ WAl£R 
OA T£ DEPT,.. DEPTH 
6/16 15.0 1t.0 
6117 33.0 3.0 
15118 70.0 GAD 
6/19 80.'t ORO 

WATER LEVELS ArT[A 
DRILLING: 

HOl[ WATER 
DATE DEPTH LEVEL 
6/19 80.'t ORO 
6/19 ·75.0 ORO 
6/21) ·65.0 ORO 

·ArUR CASING PU..l[O. 
HOLE CAVING.WAT[R 
fLOWING .U ORO.'SlA
fACE. EST I"-,T[ 3F"'T 
HEAD. fl~ AT 10GAl! 
"IN 

HOLE COf'Fl.[TlON: 
pl.ure eOfI or NX 

CASING. GROUT[O fHOl"l 
65.0 TO St.AfAC[ WITH 
CEt£NT-BENTONI T[ 
SlURRY I28AG C£P£NT.Z 
9"'0 BENTON I T£ TO SO 
GAl. WATER1 

COf'l1ENTS: 

. .LOGGEO BY. ~.~. 

STANDARD PENETRATION TES! 
IQ(SIGH,uION [-~1. [ .... oM JIIot.NJAlI 

--J€XT 10 N VALL(". SH NOTES COlUHN 
·-N£XT 10 11015"..I~['. SEl eLAS'; orSCRIPI ION eOlll'N 
- INCl4SS-I)£SCRIPrJON tOll .... IN>ICAT£S O[SCRIP-

T ION or lNP1..4C[ CeN)! T ION Will rOllOW 

INI -lNTrrw4l 
ORO~OROI..N) St.A" 4C£ 

U," 
-:I: 
:I:~ 

~~ 

110. 

130 

140 

"0 

160 

170 

190 

rXPlANAT IONS: 

REVIEWED BY .. J ..... OO[ 

<I> 
a: 
00 z ~z 

0 
'"~ .... ..... ~ ... 

~~ 
.. ~ 
!i .. 

CLASSlrlC ... "ON ANJ 
PHYSICAl.. CONlI TION 

S.u()S. "' ... x I HUH Silt. CO ',RS[ S"'ND. (ESCR I PT ION 
8"'5£0 ON CHILLING CONOI I IONS ... t«) CUrT UCIS 
R£1l'.N 

'to.0-'t1.5: SPY SAl'PLr 
POORLY GrtAOED SAN) ISP-5I11; "'PPRQX. gal rlN£. 
10 COARS(. HARD. Sl.IIANGU.. ... R to S\AIROUNO[O SAl«) 
; APPAQX. 101 NQt.pLASTfC r\N£S; mxl ...... SIZE. 
COARS[ SA~: ~ $0£ Y, GAE V. DENSE. HJftI)(;(N(OUS 

1t1.5-'t5.0: ROCk SIT INT[RV"'L; POOALv GRACED 
SAN). SillY SoUl) .tJ«) SCATT[R[O GRAvELS. OES
CRIPf ION e ... sro ON DRill tOO CONCU liON ... ..., 
CUll I NOS RETl,MN 

't5.0-1t6.'5: spy SAl'PL£ 
'tS.0-'t6.Q: Sil ty SAN) ISHI: APPROX. 701 rtN[ 

to COARS{. H ... RD. SUBAf«ill.AR TO st.&lOlH)[O 
S"'NJ: APPROX. ?SI NONPlASTfC rlNEs: "'PPRQX. 
51 PREOOf1INANTl Y r IN£'. HARD. 5UiIAHGU. ... R 
QR ...... il: MAXII'U1 SIZE. nM: GRAVEL .• V[RY'-€T 
• GRry. DENS£. STRAT Ir 1£0 LAveRS •• '1OIST~E 
CONTiNT-ZI.71 

't6.0-1t6.3:·SllTY CiR"'V[l I~I: APPROx. 1t01 PRE· 
0011 I NANTl Y r IN('. HARD. SlIiANGl.LAR GR ... VEL; 
"'PPROx. l51 COARSE TO r IN[, HARD. St.eAHGc..l..AR 
TO SlJ8ROl.N){O SAND; APPROX. 251 ~Asr IC 
rit«'S: PU,Xlf1I..I'I SIZ£. FIN[ GRAVEL. - V[RY Io€T. 
GREY. DENSE. HOf1OCi£t€OUS. ·"ICHSTl.R CONTENT 
-3i'.51 

-NOTE: INStKFICI[NT SP£CIt1[N PUSS HlP AEPA£
S[NTAJ IVE VISUAL CLASSIF ICAr ION AI«) :1OISTlA[ 
orr£AI1INAT ION. OE'T[RtUN ... T IONS PERf'ORt1£D ON 
AVAILABLE """'T(RIAl. 

1t6.S-50.D: ROCK 91T INTERVAL: POORLy GRACED 
SAf«) WITH SCATf£R£O lEN5[S ar SILlY SAN) AN) 
SillY GRAVEl. DESCRIPTION BASED ON ORllllNG 
CCHlI y I~ AN) ("UTT I fiGS REflRN. 

50.0-~1.5: spr S"'P9'l[ 
50.0-50.6: POORLY MAcrO SAN) tSP-Sf1J: "'PPROX. 

901 PR[OOf1IN"'NTl Y F IN[ SAN); APPROX 101 NON
Pt. ... ST IC F It€'S: H"'Xlf'I../f"I SIZr. t'lEOH.I"l SAN.). 
VERY WE'T. BlACK, DENSE. HCIPtOGI::NEOUS 

50.6-51.0: SILTY SAN[) (5I1-f'l...': APPROX. SOl 
PRE'OOf1fNANTl V f IN[ SAND: APPROX. Sal NON
PlAST Ie f'IN£S WI TH OUICK OILAT£NCY: UO 
Rf4CIION WITH HCl. - wrT. CiRE'Y. sorT. 
I..."'HINAT[O. -MOISTURE CONtENT-n. n 

51.0-51.5: POOR!. Y GRACE~ SAt«) ISP-Sf'U: SAtt: AS 
INTERVAL 50.0-50.6 

51.5-55.0 ROCK 01 t INtERVAL: POORt.. y GRADf!) SAND 
• SIL TV S"'ND WI rH SCAl T[REO GRAV(l S. DESCRIP· 
TION a ... Sl.O ON DRIllING CONDITIONS At€) CUTTINGS 
R£J~N 

55.0-56.5: SPI SAI'Pl[ 
sa TY SAND (S"U: APPROX. 60l PRtOOH:NANfL Y 
r INt SAND: APPROX. 'tal NON~PLASTIC FIN(S. 
OVtCk OllAT£NCY; NO REACt ION WI YH HCL. - VeRY 
wry. GREY. LOOS[. LAHlt-oAT[O L .... Y[RS WITH SlIGHT 
VARIAIION IN FIN[S CONTENf 

56.5-1"0.0: ROCK 8ft INrrRvAL: SII... TY SAN). ms
CRIPT ION a"'5£O ON CRllllNG CON[) [ T tONS AND 
curr INGS RE'YIJtN. 

60.0-61.S: spy SAfoF'lE: STRATIFI[O lAY£Re; or 
StL TY SANJ At«) SIL r. AVER .... G£ L .... yER THICJO€SS 
IS 5f'I1 SIL r A~ 10"'" Sll Ty SAND 

STl TV S"'N.) 15I1-K): SAf'£ AS INTERV"'l ~0.6 ~o 
51.0 

Sil r n1l): APfJROX. 601 r INES WI TH tOW 
PlASTICITY. NO tOl..JGl-N:SS. SlOW TO ¥lRV 'SlOW 
DllATfNc.:y: APPROX. ItOl PRtOOHINANtLY flNl 
S"'ND: f"I,\XlI't...,.,SIlE. fiN[ SNAO: NO Ri:AcrIQr': 
WI TH HCl. - -W[ I. GREY. sor T. HOMOG£N£OUS. 

°NOTE- MOISIURE CONr£NT ON lOG 15 AN AViRAGf 
v ... t lIf FROM aDTH HAtfRIAt s. 

61.~-f't.·.o;,: HorK UII INltRVAl: SfL TV SJoNf). mo:;· 
C~IPT ION BAS! 0 ON OHIl L INC ceNOI r tONS .\N~ 
CUrT INOS R£ tUHN. 

6?5-6";;.O: ROCk HI! INHRVAI: 'lltly 'RA\'£I(;. 
o[SCRIP! ION RASlO ON OHIt lING C'JNtl:: tON'2:> .VL 
cur lINuS R£ tURN. 

BlOWS/C""OOt RrCORO HUHBfR 01 OL OWS RfOUlH1 0 Ion ONf fOOT Of PI Nl ~PA' [C'~. 
If 50 SLOWS RfSUll IN LESt; !HAN ~JNI fOOl Of PIN! !H.\':~-...:. 
RfCORO Dl"PtH PLNfTRATlD: !HUS. ~O'.'I IN~)!CAf[S D ... '.:;C" 
r'fN[r£)Af[O WIHI 50 HLOws. 

Figure Xl. I. - Subsurface exploration - penetration resistance and log - example-continued. 



USBR 7015 

STANDARD PENETRATION TEST HOLE NO. OH-'+OO St-irET or 

PROJEC T. .rxA!f't~ . 

COORoS . N .. 1065.3... . 

. FEA TURE .EXAMPl[. 

.E. .10003 ... 

BEGUN .. 06~1.6.-8'. FINISHED. 06.-19:8' .. DEPTH TO BEDROCK .80.4 

DEPTH TO WATER. 5£[ NOTE:S . .LOGGED BY. .)()H.'.CX)[ 

... STANDARD PENETRATION TEST 

'" 1000SIGH4fION [-COl. [A'UN ".lNUAlI 0 
v> 

'" '" lr BLOWS PER FOOT NOtrs ~ ... 
'" '" z> ... 0 :0 ... 0 "'-' vu ;;, "", ,'to LB . HAP'I'1[R-JO IN. ..... CROP ..... ~~ (; .. " 

COt<t£NIS, 
--!o£XT 10 N VALIJ£. sr[ NQf[S cOtUP1N 
-·NEXT TO HOJS.UR£. SE£ C1..4S5-[)[SCRIPTfON COl,""" 
- INClASS-[)[SCRIPTlON COLI,H./ INl'C'Ar£S Q£SCRIP, 

TlON or IfA..AC£ CONJIJION Will rOllOW 

IJrrH -INl'rQYiL 
ORO·~ SlA"AC[ 

10 ?O 30 40 

AREA [ .. tnr. STATE . [XA""L[ 

GROUND HEV 

TOT "L DEPTH 

W .. 
v 
"'- VV' 

x::' 
~ ... 
e;~ 
C 

-x x_ .... ..... 
l!jc 

ZIO 

Z3D 

no 

zeD 

rXPlANAIIONS: 

RO.4. BEARING 

REV I EWED BY JAt£ ocr 

.. 
V' 00 

" "z 0 .. :: 
wV' ..... 
~~ >w 

~~ !i 
V'..,-

Cl ASS IF" ICA.T ION 4NO 
PHY3ICAl C~f T ION 

65.0·66.3: 5PT SAf'Pl[ 
·SH TY GRAvLL IGI1· SHI: APPRoX. 'tOt PR£OOf1INANT-

1.. Y r I Nt. HARO. SI.8ANGU..AA TO SUB ROI..N)(:l 
GRAV[L: A,PPRQx. 'tal COARSE TO fiNE. HA~. Ste
ANGU-AR SAN). A,PPROX. ZOI NON-PlAST Ie r INES; 
"'AX ff1lJM 51 Zt. i"'!II'I'1. - VERY WE'r. ~Y. looS£. 
HE T[ROGEN£OUS. 

-NOl[: INStlT Ie I[NT SPECU1[N MASS rOR A REP
R[S£NUIIV( VISUAL ClASSlf lCATION ANO 
MOISTUR( OEr[RHINATION 

66.3-70.0: ROCk BfT INTERVAL: F1)()RlY GRAO£O 
GRAVElS Ar.() Sil tv GRAVELS. O(SCRIPJ ION eAS£f' 
ON DRILLING CON()ltIONS AN) CUTtiNGS R£TURN. 

70.0-71.e: SPf SAP1Pt.(: 
·Sll ty GRAV(l fGH-SMI: SAto£ AS INT£RVAL 55.0-
66.3 

-NOT(: INStSr IC I£Nt SP[CtP1£N ,..ASS TO ASSUR[ 
RrPR[S£NuT IVf VISUAL ClASSlf ICU ION ANO 

"'OISt~£ CONtENT OET[Rf1INATltNS 

71.?-75.0: ROCK 8fT INh.RVAl: POORLY ORAC[O 
GRAVElS WII~ COB8LrS ANO Sll h GRAVElS. O[S
(RIPT ION eAsrD ON ORllllfoU; COf.()I t IONS ANO 
cun • NOS RrTURN 

75.0-7~1.'t: SPT SAfoPL[: 3~ PlfCE or GRAv£L 
WEOGED IN SHOf. 1N'""'~rICI[Nr SA~r. 

75.,,-80.1): ROCK 91T INTERVAL: SILTY GRAvEL WJfH 
CCABl[S AI«) 9OLI..0ERS. OESCRIPT ION BASrO ON 
DRILLING CCN:)I r IONS At«) CUlT INGS R[TURN. 

eO.O-BO.I: SPT SA.I'1PLE: NO RECOVERY 

RrcoRO NUt1BfR m OLOWCj R£aVIHfO fOR ON[ fOOT Of PiN! THA!I(;~. 
If 50 BlOWS R[SUl T IN l £..,<;. THAN 'JNi f oor 01 PI N1 !HAT IUN. 
R[CORD O[prH PlNftRAllO; 'HU~). ~O'.'t IN01rA!£S D.1t ; SO: 
J"'£M::TflAt(O WI HI 50 Hl.OW~,. 

Figure XLI. - Subsurface exploration - penetration resistance and log - example--<:ontinued. 
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Figure X 1.2. - Subsurface exploration - penetration resistance and log. 
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INFORMATION FROM SAMPLE POINT TO A POINT OF INTEREST 

[This is taken from TM No. CAS'230-1, liquefaction Analysis of Casitas Dam by Robert l. Dewey.] 
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A triggering analysis compares the number of loading cycles that it 
takes to liquefy the soil to the number of cycles expected from the 
earthquake. 

In a postearthquake stability analysis it is assumed that it is possible 
for the foundation soil to liquefy, reach its steady-state strength, yet 
still maintain stability. The applicable slide geometrics to examine 
for such an analysis are those that involve the crest since other 
failures would probably not result in breaching of the dam. Such other 
failure modes may be a significant maintenance problem, but are con
sidered tolerable for the purpose of the dam safety evaluation. In 
other words, if loss of the crest and sudden breaching of the dam is 
not likely in the event of foundation liquefaction during maximum earth
quake loading, then no remedial action is required to mitigate the 
safety of dams concern regarding liquefaction. 

The stability analysis results showed that if the entire foundation 
beneath Casitas Dam were assumed to liquefy, upstream slope instability 
could involve the crest. However, the analysis also showed that if 
liquefaction occurred only up to a certain distance, then the factors of 
safety on all possible surfaces involving the crest would be greater 
than or equal to 1.0. The stability analysis performed· to locate this 
point consists of analyzing many segmented shear surfaces running 
through this foundation such as shown on figure HI. The point or 
distance from the upstream toe to which liquefaction can be tolerated is 
found by locating the shear surface whose factor of safety equals 1.0 
where it exits the foundation and enters the interior of the embankment. 
The point where the failure surface crosses the embankment-foundation 
contact is labeled POINT A (refer to figures H2 and H3) [lH].l 

For this analysis, a refinement in the use of steady-state concepts in 
slope stability analysis was made. Variable undrained steady-state 
strengths were used along the dam foundation contact. Steady-state 
strength varies according to the position and slope of the steady-state 
line with respect to void ratio. One-dimensional consolidation tests 
were performed in order to estimate the applicable void ratio as a frac
tion of the vertical stresses which vary significantly along the foun
dation contact from the embankment toe to the cutoff trench. Further 
discussion regarding the use of the one-dimensional consolidation and 
steady-state triaxial test results in the slope stability analysis will 
be presented with the results. 

If it can be shown that liquefaction will not occur beyond POINT A, then 
the argument can be made that the dam will not breach due to liquefac
tion. If it appears that liquefaction may occur beyond POINT A, then 
the dam has the potential of failing due to liquefaction during seismic 
loading. In order to evaluate whether or not the foundation soils in 

1Numbers in brackets refer to references at the end of Appendix H. 

1 



the vicinity of POINT A would undergo liquefaction due to the MCE earth
quake loading, a triggering analysis was performed. To make this eval
uation, the in situ consolidation and shear stresses had to be 
estimated at POINT A. In addition, cyclic consolidated undrained 
triaxial tests were performed during the laboratory program to determine 
how much strain resulting from cyclic loading that the soil could 
undergo before being "triggered" to liquefaction, i.e., drop to its 
steady-state strength. Based on the character of the stress-strain 
curves for the soil and the results from the cyclic triaxial testing, 
the criteria was established that if more than 20 percent strain 
occurred in the soil in less than 20 cycles of effective cyclic stress 
from the MCE, then the soil was judged to be likely to liquefy. 

Benefiting from the results of the testing and analyses performed on the 
downstream soils, directives given to GEl's laboratory during the 
testing of the upstream samples were very specific. Soil from each tube 
of soil was divided into thirds to allow for the possibility of per
forming three different laboratory tests, consolidated undrained 
triaxial (R), one-dimensional consolidation (1-0), and cyclic con
solidated undrained triaxial (CR), all requiring undisturbed specimens. 
Tubes of soil were selected for the R tests based on their position with 
respect to the expected location of the most liquefiable soil. The R 
tests were consolidated to stresses not greater than 100 1b/in2 and not 
less than those expected at steady state (to ensure contractive 
behavior), but as close as possible to the steady-state line (to mini
mize the effect of disturbance caused ~ structural changes likely at 
higher stresses). The results of the R tests and the different steady
state lines are given on figure H4 of this memorandum. 

Consolidation tests were performed for the most accurate understanding 
possible of the compressibility of the foundation soil. Field virgin 
compression curves were developed from GEl's laboratory recompression 
curves for each of the samples tested R (see figures H5-H8). All but 
one of the field virgin compression curves passed through a point repre
senting the in situ void ratio (based on field measurements) and precon
solidation stress (based on a graphical method near the point of 
greatest curvature of the laboratory recompression curve). The only 
field curve that did not conform to this check occurred on the soil 
sam~le which contained the coarsest material, sample No. 22B-509 tested 
as R9 [2H]. The point representing field conditions for this sample 
plots on the laboratory recompression curve rather than on the field 
virgin compression curve. This suggests that sample 22B-509 may have 
been disturbed during sampling. During pushing to obtain this sample, 
all of the available hydraulic capability of the drilling equipment was 
used. The soil proved to be very incompressible in the consolidation 
test, resulting in a field virgin compression curve far to the right 
(fig. H8). The soil in situ is probably much looser than that contained 
in the sample tube, so the position of the field virgin compression 
curve for sample 22B-509 is more likely to be to the left of where it 
plots, actually closer to the point plotted representing in situ con
ditions. These inconsistencies plus the fact that sampling was dif
ficult, lead one to be suspicious of test results using sample 22B-509. 
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On the other hand, if we would assume that the field virgin compressi·m 
curve for sample No. 228-509 is in its correct position, then it is not 
likely that the steady-state line for R9 is plotted correctly. The 
distribution of grain shape not only controls the slope of the steady
state line, but it also controls the compressibility of the soil. Thus, 
if this sample is truly much less compressible than the other samples 
tested (compare figure H8 to figures H5, H6, and H7), then it is not 
appropriate to plot its steady-state line parallel to the other steady
state lines (fig. H4). Rather, the slope for the test labeled R9 should 
be quite a bit steeper. Therefore, due to the uncertainties concerning 
the sampling, consolidation and triaxial tests for sample No. 228-509 
and test R9, this sample was not used to model the liquefied behavior of 
the foundation soil. 

For the other samples, the 1-0 consolidation field virgin compression 
curves and the steady-state lines were used to develop the "failure 
envelope" relating the undrained steady-state shear strength (Sus) to 
the normal vertical effective stress (av). As mentioned earlier, this 
relationship is derived using the vertical normal effective stress and 
the undrained steady-state strength associated at a common void ratio 
(see table HI). The effective stress steady state "failure envelopes" 
were developed for the upstream samples from the information shown in 
table HI and presented in tabular form in table H2. 

The two most critical soil samples (other than sample 228-509 which was 
discounted) were 228-500 and 228-501, tested as R6-CRll and R8-CR13 
respectively. The samples were the two uppermost samples taken from 
OH-UFP-21. Adjacent SPT's performed in OH-SPT-21 relate an N-value of 
11 to the upper sample, 228-500, and an N-value of 28/0.8' to the lower 
sample, 228-501. Since blowcounts tend to be lowest near the top of the 
foundation, these samples were always con-sidered to be the most criti
cal during sampling and testing. The steady state "failure envelopes" 
of these two samples are nearly the same and do, indeed, appear to be 
the most critical. 

The slope stability analysis was repeated using steady state "failure 
envelopes" of the upstream soil samples to refine the location of 
POINT A. The results of the stability analyses using the "failure enve
envelope" for the soil tested as R8 are listed in table H3. Of the four 
possible locations where the shear surface may exit near the crest, the 
point up to which liquefaction can be tolerated nearest the toe 
(POINT A) is X-coordinate = 868 feet. Using this "failure envelope" for 
the soil tested as R6, POINT A moves slightly downstream to X-coordinate 
= 880 feet. 

If liquefaction could occur between the upstream embankment toe and 
POINT A without losing the crest of the dam, then the next step is to 
determine if the maximum credible earthquake is capable of triggering 
liquefaction at this point. Cyclic triaxial tests were required for 
this evaluation. The specimens tested in the cyclic triaxial chamber 
were set up to duplicate the stresses at POINT A. Prior to knowing that 
the exact coordinate for this point is X = 868, steady-state strengths 
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taken from tests on the downstream foundation soil resulted in the ini
tial estimate for the location of this point to be at X = 950 feet. 
Thus, lateral and vertical consolidation stresses, driving shear 
stresses and cyclic shear stresses were derived for use in the cyclic 
triaxial tests modeling X = 950 feet rather than X = 868 feet. A com
parison of the differences is given in table H4. 

There are a number of important factors that may be noted in our attempt 
to model the triggering of liquefaction (steady-state deformation) in 
the cyclic triaxial test. 

• The driving shear stresses at POINT A need to be higher than the 
undrained steady-state shear strength of the foundation soil at 
POINT A to have any hope of triggering liquefaction. 

• There would be a different POINT A for each soil type possessing 
different "failure envelopes," but since cyclic testing is 
requested before this is known, only one POINT A derived from the 
soil appearing most critical is used to derive one set of cyclic 
triaxial testing parameters. 

• The driving shear stress that was modeled in the cyclic triaxial 
test was for the pre-earthquake condition, before any liquefaction 
or dynamic deformations could occur. Actually, if any portion of 
the foundation should liquefy and lose most of its strength during 
the earthquake, the driving shear stresses will redistribute such 
that it will increase at POINT A. This redistribution would take 
place some time after the onset of the earthquake and may even 
occur after the event; but when, how, and how much the driving 
shear stress changes is not known. Therefore, the cyclic triaxial 
tests performed for these analyses included no change in driving 
shear stress during the cyclic loading. 

o The primary testing parameters chosen to model POINT A in cyclic 
triaxial tests are the consolidation stresses, driving shear 
stress, and cyclic shear stress. Other parameters that are very 
important to the cyclic behavior of soil, such as void ratio and 
dilativeness index, are expected to be duplicated as near as pos
sible in the triaxial cell once the stresses are applied. 
However, sample recompression during the consolidation phase of 
the cyclic triaxial test follows a curve similar to the laboratory 
recompression curves shown on figures H5 through H8. Thus, at the 
end of consolidation, the void ratio of the sample is less than 
the void ratio in situ by the amount shown in the separation of 
the field and laboratory compression curves. This means that the 
samples in the triaxial test have high steady-state strengths and 
are more resistant to cyclic deformations than the soil under the 
dam at POINT A, even though all the stresses are the same. One 
cyclic triaxial test cannot simultaneously model all of the param
eters in situ with such highly overconsolidated samples. 

o Major California earthquakes are often followed by significant 
aftershocks. It is believed that the empirical analysis offered 
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by Or. Seed using SPTts includes many cases that occur with 
aftershocks. Thus, a consideration for aftershocks is built into 
the empirical analysis. The analysis using steady-state concepts, 
however, does not consider additional stresses due to aftershocks. 
The dynamic loading of the cyclic triaxial test would have to be 
altered to reflect: (1) the exact magnitude, number of frequency 
of the cyclic stresses expected from the MCE, (2) the time esti
mated between seismic events, and (3) the magnitude, number and 
frequency of cyclic stresses expected from various aftershocks. 
Considering the number of uncertainties that would be associated 
with such an estimate along with those that are associated with 
the cyclic triaxial test, such a model is far fetched, at best. 
Rather, careful examination of the results shown on figure H9 may 
allow a better understanding on how the soil may behave during 
aftershocks. According to Or. Seed [H3], an M = 6.5 earthquake 
should not exceed 10 cycles at 0.65 Tmax. According to figure H9, 
it took 44 cycles before any of the specimens reached 20 percent 
strain. Therefore, if the most critical foundation sample could 
resist the dynamic loading expected from more than four consecu
tive MCEts, the deposit should be able to resist the dynamic load
ing from aftershocks whose magnitudes, durations, and time between 
events would be much less severe. 

Future laboratory testing programs which are designed to evaluate the 
cyclic behavior of soil samples should strongly consider cyclic tor
sional shear tests rather than cyclic triaxial shear tests [H4]. Among 
many problems inherent in the cyclic triaxial shear test (previously 
mentioned in numerous publications), the test does not simulate an 
earthquake very appropriately. Cyclic torsional shear may be preferable 
because it is a much better simulation of earth-quake stresses (the 
entire sample is being loaded rather than just one slip plane upon which 
there are many unknowns during triaxial shear), and pore pressures can 
be measured during torsional shear with a high degree of credibility, 
among other things. 

Future analyses should also consider the use of three-dimensional slope 
stability analyses. 
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TABLE H1 . - Steady-state strengths and one-dimensional consolidation 
results associated at selected void ratios from laboratory 

tests on the upstream soil samples 

R6 R7 R8 R9 

av Sus av Sus av Sus CIv Sus 
e (lb/in2) (lb/in2) (lb/in2) (lb/in2) (lb/in2) (lb/in2) (lb/in2) (lb/in2) 

0.75 34.4 1.0 25.1 2.3 25.0 0.57 140.6 2.4 

0.70 54.5 2.2 41.9 4.4 43.8 1.3 215.4 5.2 

0.65 86.4 4.8 69.9 8.4 76.8 2.8 330.0 11.6 

0.60 136.9 10.7 116.6 15.9 134.7 6.2 505.7 25.6 

0.55 217.0 23.6 194.6 30.2 236.2 13.7 774.3 56.7 

0.50 343.9 52.2 324.6 57.2 414.2 30.3 1186.0 125.4 

0.45 545.0 115.5 541.4 108.4 726.2 66.9 1816.6 277 .5 



TABLE H2 . - Effective stress "failure envelopes ll for steady state using 
laboratory results from the upstream soil samples 

R6 R7 R8 R9 
e - e. oma) e ama ) e ifma) c oma) c c c 

e (PSF) (PSF (PSF) (PSF (PSF) (PSF (PSF) (PSF 

0.75 1.67 0 4953 5.24 0 3614 1. 31 0 3600 0.98 0 20246 

0.70 3.42 -151 7848 7.13 -120 6034 2.22 - 57 6307 2.14 -412 31018 

0.65 4.66 - 322 12441 8.13 -228 10066 2.60 -99 11059 3.20 -983 47520 

0.60 6.66 -762 19714 9.12 -406 16790 3.36 - 246 19397 4.56 -2116 78281 

0.55 9.15 -1634 31248 10.40 -788 28022 4.23 - 540 34013 6.61 -4745 111499 

0.50 12.70 - 3644 44522 11. 73 -1471 46742 5.33 -1199 59645 9.47 -10441 170784 

0.45 17.47 -8071 78480 13.29 -2802 77962 6.69 -2634 104572 13.56 -23135 261590 
P4 

Note: Negative values for c indicate that this would be the y- intercept if the IIfallure envelope" e)(tended to the 
y-ax is. Values for c used in the stability analysis are taken beyond .ma)( where they are all positive. 



TABLE H3 - Stabil ity results assuming 1 iquefied foundation 
on shear surfaces involving the dam crest using 

steady-state strengths from upstream soil samples 

X-coordinate 
where 

shear surface Factors of safety on shear surfaces 
exits involving the various amounts of crest 

steady-state (exit point X-coordinate, exit point 
strength vertical elevation) 

Cft) (1325,585) (1350,585) (1365,585) (1395,570) 

600 1.607 1.710 1.765 1.966 

650 1.495 1.595 1.646 1.816 

700 1.385 1.488 1.523 1.652 

750 1.212 1.298 1.330 1.480 

800 1.126 1.191 1.224 1.368 

850 1.033 1.092 1.125 1.263 

875 0.987 1.046 1.078 . 1.213 

900 0.943 1.000 1.033 1.165 

925 0.900 0.956 0.989 1.119 

950 0.859 0.914 0.947 1.073 

975 0.820 0.874 0.907 1.030 

1000 0.781 0.834 0.866 0.980 

1025 0.739 0.789 0.820 0.927 

1050 0.704 0.753 0.783 0.888 

1075 0.675 0.722 0.750 0.853 

1100 0.762 0.696 0.724 0.823 



TABLE H4. - Compari son of stresses for eyel;e triaxa 1 tests 
intended to model different points under Casitas Dam 

Upstream foundation X-coordinate 

X = 868 feet X = 950 feet 

~v 68.9 lb/in2 72.2 lb/in2 

(73 34.5 lb/in2 36.1 lb/in2 

ldrive 18.2 lb/in2 20.9 lb/in2 

C11drive 70.9 lb/in2 77.9 lb/in2 

G1max 70.9 lb/in2 77.9 lb/in2 

Gdeviator consol 36.4 lb/in2 41.8 lb/in2 

teycave 13.9 lb/in2 16.0 lb/in2 

(71eyc 62.3 lb/in2 68.1 lb/in2 

Gdeviator cyc 27.8 lb/in2 32.0 lb/in2 

tcyc/av 0.20 0.22 
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EMBANKMENT DAMS 

APPENDIX I 

Chapter 13 - Seismic 
Design and Analysis 

EXAMPLE CALCULATION OF BLOW COUNT ADJUSTMENT FOR Ka AND Kq 

After the static shear stress ratio is determined, the correction 

to N1 (60) in terms of effective increase in blow count can be 

made for a clean sands as follows using figure 12 (main report) 

and figure 14: Enter figure 12 with the N1 (60) value on the 

horizontal axis (for example, use N1 (60) = 15); go vertically 

until the curve representing clean sand (percent fines S 5) is 

intersected; read the associated stress ratio 

For this blow count off the vertical axis 

= 0.16 

DS-13(13)-7 - 12/22/89 



30 / / 

// / 

j' 

, J 

/ / / / / 

/ 
/ 

/ 
/ / 

25 
, / 

/

' //// LlQUEFACTIO N 

,/ ' 
/ " / 

20 I /,' 

I 
I 

/ ,I 
/1 

. -- .j 

-lfIl -z -
<&: '5 Q: 
t-
(/) 

...J 
<[ 

>< 
c:[ 10 

5 ' -

o 
2 

5 00 

~\ ... c. C 
~RQ' 

~~;;;
cC'~:f 
'~ 
'--

,,' 228-506 
( -) O~ (R 7.CRRI~t)~"~O\; 
\ ~&~'\ i 

\~~ .. 

" .J_________.L_ .1 __ . __ J. I 
3 4 5 10 20 30 40 50 

J 
100 

NUUBfR Of CYCLES 

CASITAS DAM 
DYNAMIC DEFORMATION CHARACTERISTICS DURING CYCLIC TRIA.X/AL 

MODELING UPSTREAM FOUNDATION SOIL AT X-COORDINATE = 950 ft. 

FIGURE He 



Chapter 13 - Seismic 
Design and Analysis 

EMBANKMENT DAMS 

For the static stress ratio for the location of interest, obtain 

the factor Ka from figure 15. (For example, a = 0.1, Ka, using 

midpoint of data, = 1.35.) Multiply the 

= 0.16 

crv 

obtained from step 1 by Ka. 

new 

cr' v 

= 0.216 

(1.35 x 0.16 = 0.216) Using this 

value, proceed horizontally to the intersection with the curve 

representing the clean sands value and read from the horizontal 

axis the blow count value (20) corrected for existing static 

stresses. An identical process is used to obtain a blow count 

correction for the effect of Ka. 
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EMPIRICAL RELATIONSHIP BETWEEN THE STANDARD PENETRATION 

TEST N,-VALUE AND STEADY-STATE SHEAR STRENGTH 
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I. Introduction 

The Bureau of Reclamation conducted liquefaction studies of five dams 
using steady-state shear strength concepts as described by Castro and 
Poulos [1]1. The five dams are Casitas Dam and OINeill Dam in 
California, W1ckiup Dam in Oregon, Anderson Ranch Dam in Idaho, and 
Jackson lake Dam 1n Wyoming [2, J, 4, 5, and 6]. Actual undisturbed 
sampling and laboratory testing was perfonmed under contract by GEl 
(Geotechnical Engineers Inc). Data from these studies and other recent 
studies by GEl were used to detenmine the feasibility of developing an 
emp1rical relationsh1p between the penetration resistance N-value of a 
so11, as measured by the SPT (Standard Penetration Test), and the soil's 
1n situ undrained steady-state shear strength as detenm1ned by 
procedures outlined in reference 1. 

Using the data from these studies, it becomes apparent that various 
uncertainties in the actual in situ conditions encountered during the 
SPT and void ratio changes which occur during sampling and handling of 
soils, limit the reliability of a strong dlrect correlation. However, 
the data can be used to obtain an estimated lower bound value of 
undrained steady-state shear strength forpostearthquake stabl1ity 
analyses. Use of this proposed relationship should provide a reasonable 
estlmate for results in postearthquake stabl1ity analyses when expensive 
and time-consuming ln situ sampllng and laboratory testing ls not 
feasible. 

II. Purpose 

During the course of liquefaction studies of Jackson Lake Dam foundation 
and dynamic analyses of varlous modiflcation options, numerous ln situ 
tests were performed. Included in these tests were over 100 SPT holes. 
Due to the highly interbedded and variable nature of the fluvial and 
lacustrine depOSits in the foundation, the evaluatlon of postearthquake 
strengths for use ln stability analyses required lndexing field tests to 
laboratory tests. Studies showed that selsmic shaking from the MCE 
(Maximum Credible Earthquake) could induce sufficlently large inelastic 
strains in some foundation mater1als to reduce shear strengths to at or 
near steady-state values. Since the lowest strength values would 
control postearthquake dynamic stability and subsequent foundation 
treatment design, the importan~ task became the identification of the 
weakest foundation zones susceptible to liquefaction and corresponding 

, shear strength values for use in analyses. To undertake the required 
undisturbed sampling and laboratory testing program to answer these 
questions would have been prohibitively expensive. Therefore, a few 
crltical soil intervals were selected for undisturbed sampling and 
undrained steady-state shear strength test1ng based on SPT data, ECPT 
(Electronic Cone Penetrometer Test) data, and so11 type. The results of 
this work were combined with slmllar studies at the four other Bureau 

INumbers in brackets refer to reference. 
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dams listed, In an attempt to develop a relationship between corrected 
blowcount N1, measured from the SPT, and undrained steady-state shear 
strength. A reliable correlation would enable a more economical and 
rapid evaluation of postearthquake stability by using the SPT N-value to 
1dentlfy critical zones within the foundation and to ass1gn 
postliquefact10n shear strengths to these zones. 

III. Considerations 

The Standard Penetrat10n Test was selected for correlation with the 
in situ undra1ned steady-state shear strength based on a number of 
considerat10ns: 

A. An existing large data base of Standard Penetration Tests at the 
above-named Bureau Dams with corresponding undisturbed in s1tu 
sampling and laboratory consolidated undrained triax1a1 tests for use 
in detenmining 1n situ undrained steady-state shear strengths. 

B. Similar SPT field and laboratory test data from stud1es perfonmed 
by GEl for the Corps of Engineers and research purposes [7]. 

C. Characteristics of the SPT which potentially make a correlation 
feasible; i.e., the fact that the cutting shoe actually shears the 
s011 as 1t is driven by the hammer and that th1s occurs 1n an 
essentially undrained state. (This latter condition may be 
questionable as w1ll be seen in section VI.) 

O. Recent studies by Seed [8] which relate the residual strength of 
a soil, based on back calculations of known sliding failures, with 
in Situ corrected blowcount value, Nt-

E. Both parameters are influenced by void ratiO and both have been 
used to evaluate susceptibility to liquefaction. 

IV. Development of the Data Base 

A. Standard Penetration Test Data. - Although the name implies a 
standard test, the procedures for the SPT have historically been 
qu1te variable. Various d1ameter s1ze samplers and drill rods, 
different types of hammers and hammer weights, and drop heights have 
been used. In addition to this, studies have found significant 
variability in automatic hammers versus the hand-operated rope and 
cathead (pulley) assembly and the personnel perfonning the test [9]. 

Seed [10] has studied the variability in the Standard Penetration 
Test both in the United States, Japan, and China. Others such as 
Kovacs, et al. [9] have measured rod energy ratios for drill rigs and 
operators In the United States. These studies have shown that, on 
the average, the mean energy ratio (percent of theoretical assuming 
free-fall of the hammer) delivered to the anvil 1s 61 percent and 
45 percent for a safety hammer and donut hammer, respectively. This 
Is using 2 wraps of the rope around the pulley. Other types of 
hammers deliver differ1ng amounts of energy. 'r 
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Seed has recommended a new SPT standard N-value based on the mean 
60 percent theoretical free-fall energy delivered by the 140-pound 
safety hammer falling 30 inches. using 2 wraps of the rope around the 
pulley. He has termed this N-value the (Nl)60 value. This has 
generally been the most common procedure used in the last few years 
and is the current procedure in use by the Bureau of Reclamation [11]. 

For these reasons, the (Nl)60 value was chosen for this study. It 
removes some of the uncertainties when comparing blowcounts from one 
site to another. Standard Penetration Tests perfonmed at Jackson 
lake, Casitas, O'Neill Forebay, Wickiup, Barkley, and Anderson Ranch 
generally followed these procedures. 

B. Undrained Steady-State Shear Strength. - Undisturbed sampling and 
laboratory testing, in most cases, was performed by GEl for the 
Bureau. Some sampling was performed by the Bureau. Sampling 
procedures, handling of samples, recorded measurements, and 
laboratory testing (isotropically consolidated, monotoniC, undrained 
triaxial shear tests) were carried out according to standard 
procedures followed by GEl. Determination of in situ steady-state 
strength was estimated by GEl using the results of consolidated 
undrained triaxial shear tests on remodeled batch samples of similar 
material to determine the steady-state line. The in situ 
steady-state strength was estimated for each specimen from the 
measured laboratory void ratio and the slope of the steady-state line 
for the particular type of soil. This correction procedure is 
schematically illustrated on figure 1 and described in more detail 1n 
Poulos et al. [12]. 

v. Results 

Tables 1 through 6 contain the summary data for those dams used 1n this 
study. Figure 2 is a plot of the corrected blowcount values Nl and 
corresponding undrained steady-state shear strength values. The 
scattered nature of the data does not lend itself to a good direct 
correlation. However, the available data does appear to provide what 
can be termed as a reasonable lower bound relationship as represented by 
the curved line on figure 2. This lower bound line is similar to that 
developed for work on Jackson lake Dam [13]. Consideration of material 
type (i.e. fine-grained versus coarse grain) does not appear to 
influence significantly the location of the lower bound curve. 

The dashed line on figure 2 shows the lower bound curve developed by 
H. Seed [8] for comparison of residual strength and equivalent clean 
sand blowcount (Nl)60. This curve is based on a few case histories of 
known l1quefaction failures 1n which the residual strength of the soil 
in the failure plane could be back calculated from stability analyses 
based on the known slide geometry. This curve compares well with the 
Bureau lower bound curve between residual strengths of 200 to 
800 lb/ft2 (1.40 - 5.60 lb/in2). 

For corrected blowcounts (Nl)60 below 5, the Bureau data show a 
wide-scatter of strengths. In this range, pore pressure and density 
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redistribution may playa significant role in the behavior of the soil. 
Recent studies by Gilbert and Marcuson [14] have shown that density 
redistributlon as a result of cyclic and monotonic loading does occur 
and appears to lncrease with strain level. This effect apparently 
beglns at pore pressure responses less than 100 percent but does not 
become significant until nearly a 100 percent pore pressure response is 
reached. Soils with lower blowcounts are more likely to behave in a 
contractive mode during cyclic and monotonic shearing and generate pore 
pressures. The study by Gilbert and Marcuson also indicates that, at 
least for small strain levels, there appears to be more density 
redistribution in monotonically loaded specimens than in cyclically 
loaded specimens. These changes could have influence on the in situ 
strength determined from the Castro and Poulos procedure which uses the 
calculated laboratory void ratio and steady-state shear strength. 

VI. Conclusions 

At this time, a unique relationship between the field measured SPT 
corrected blowcount (Nl)60 and undrained steady-state shear strength 
does not appear reasonable. However, a lower bound relationship 
developed on figure 2 appears to have some validity for use as a 
reasonable estimate of a soil's undrained steady-state shear strength 
in lieu of undisturbed sampling and laboratory testing. This 
relationship agrees favorably with the lower bound relationship 
developed by Seed [8] for residual strength and equivalent clean sand 
blowcount (Nt)60, based on limited known slope failures and back 
calculations of residual shear strengths. 

The curve probably gives reasonable estimates in the range of corrected 
blowcount between 5 and 15. Soils with corrected blowcounts above 15 
may be dilative and the undrained shear strength may be higher than the 
drained strength. Materials with corrected blowcounts less than 5 have 
been shown to have very low and highly variable undrained steady-state 
shear strengths which may be attibutable to density changes during 
shearing. 

Good correlation between corrected b10wcount (Nl)60 and undrained 
steady-state shear strength appears unlikely for the following reasons: 

A. Uncertainties in correlating in Situ blowcounts with nearby 
sample locations where undisturbed sampling has occurred; especially 
in highly variable alluvial and fluvial deposits which have been 
deposited with various energies and have been shown to vary 
significantly in void ratio, particle size, etc., over short 
distances. 

B. Nonstandard procedures and equipment used when performing the 
Standard Penetration Test including variability of a particular 
operator. 

C. Inability of the SPT to differentiate small zones of low density 
material which may have a dominating influence over cyclic and 
monotonic shear response. 
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In the studies ot Gilbert and Marcuson, it was tound that the 
cyclic-strength versus number-ot-cycles relationship of a moderately 
dense specimen containing a thin, low density layer was very close to 
that of a complete specimen of low density material. This suggests 
that minor geologic details could have a controlling effect on the 
cyclic strength of field deposits. 

D. Uncertainties in determining void ratio changes during samplirg, 
handling, and testing of specimens. 

E. Possible pore pressure and density redistribution which has been 
shown to occur during cyclic and monotonic loading of laboratory 
samples and which could influence the estimated in situ undrained 
steady-state shear strength. 

F. The required assumption that the SPT occurs in undrained 
conditions. Except in those cases in which the soil is fully 
saturated, is quite loose so that the magnitude of blowcount is low, 
and is relatively impervious, say less than 10-4 cm/s~ so that 
drainage during penetration is negligible, is the test probably 
undrained [15]. 

As additional sampling and data becomes available, the lower bound curve 
may change slightly. However, at this time it appears to offer a 
reasonable estimate of undrained steady-state shear strength in lieu 
of laboratory testing if careful attention is paid to SPT procedures and 
geologic conditions in the soil deposit in question. 
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