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PREFACE

This report is part of ongoing work at the U. S. Army Engineer
Waterways Experiment Station (WES) in the Civil Works Program, "Earth-
quake Resistance of Earth and Rock-fill Dams," CWIS No. 3114k, sponsored
by the Office, Chief of Engineers, U. S. Army. This report was prepared
by Dr. Arley G. Franklin and Mr. Frank K. Chang of the Earthquake FEngi-
neering and Vibrations Division, Soils and Pavements Laboratory (S&PL),
under the general direction of Mr. James P. Sale, Chief, S&PL, and
Dr. Francis G. McLean, Chief, Earthquake Engineering and Vibrations
Division.

Directors of WES during the period of this study were COL G. H.
Hilt, CE, and COL John L. Cannon, CE. Technical Director was
Mr. F. R. Brown.
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) CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (ST)
F UNITS OF MEASUREMENT
U. S. customary units of measurement used in this report can be converted
to metric (SI) units as follows:

Multiply By To Obtain
inches 2,54 centimetres
inches per 2.54 centimetres per

second second
3
!
p ¢
:
N
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EARTHQUAKE RESISTANCE OF EARTH AND ROCK-FILL DAMS

PERMANENT DISPLACEMENTS OF EARTH EMBANKMENTS BY
NEWMARK SLIDING BLOCK ANALYSIS

PART I: INTRODUCTION

1. In his 1965 Rankine Lecture, "Effects of Earthquakes on Dams
and Fmbankments," Newmarkl described simple concepts for computing the
disvlacement of a sliding mass in an embankment subjected to earthquake

accelerations. He also presented charts, based on a sliding block model,

“for estimating the upper bounds of potential permanent displacements

due to an earthquake with a given peak acceleration and peak particle
velocity. The calculations from which these charts were derived were
based on ground motions from four earthquake accelerograms. Since
Newmark's 1965 lecture, the Parkfield earthquake, with 0.5g recorded

on the San Andreas Fault, and the San Fernando earthquake, with 1.25g
recorded in the epicentral region, have occurred, and a large number of
strong-motion accelerograms have been collected from these and other
events. It was decided to use these records to extend the data base
for Newmark's charts.

2. Newmark yresented charts for the cases of symmetrical and non-
symmetrical resistance to sliding. The case of symmetrical resistance
can be of only infrequent occurrence, and leads to limited permanent
deformations. Tt was judged to be of minor interest, and only the second

case, that of a sliding block moving downslope, was dealt with in this

study.




3. A total of 169 horizontal and 10 vertical strong-motion records
from 27 earthquakes and 10 synthetic accelerograms were used with the
sliding block analysis, and the results are presented in Part III. List-
ings of the earthquakes and the ground motion data used are given in

Appendixes A and B, respectively, and Appendix C presents data on the

synthetic records.
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PART II: METHOD OF ANALYSIS

Concepts of Newmark's Method

L. A case of potential sliding of a portion of an embankment under
earthquake loading is illustrated in Figure 1. The effective force re-
sulting from the critical earthquake acceleration is the force NW in Fig-
ure 1. This force is the product of the weight W¥ of the sliding mass
and the fraction N of gravitational acceleration g that is required to
reduce the factor of safety to unity. The direction of the force, de-
fined by its angle of inclination to the horizontal, 6 , is the most
critical direction, or that which results in a minimum value for N. The
angle 6 1is normally no more than a few degrees. According to Sarma,2
both the factor of safety and the permanent displacements are insensitive
to 6 , and it can be taken as zero with little error. The value of N,
the critical acceleration or resistance coefficient, can be found by means
of conventional methods of stabiliity analysis, such as Bishop's Method,
the Morgenstern-Price method, etc., using appropriate undrained strength
values. Various trial values of N may be used so as to find the value
that makes the factor of safety equal to unity. Plane, circular, or
other forms of slip surface may be considered. The method of stability
analysis described by Sarma2 uses a slip surface of arbitrary shape and
determines the value of N directly.

5. The force polygon for the sliding mass is shown in Figure 2b.

* TFor convenience, symbols and unusual abbreviations used in this report
are listed and defined in the Notation (Appendix D).




Figure 1. Potential sliding mass
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The same force polygon can also represent the forces on a rigid block
that is about to slide down an inclined plane, as shown in Figure 2a.

In the condition illustrated, the base is undergoing an acceleration Ng
to the left and upward, the shearing resistance S has reached its limit-
ing valug, and slippage of the block relative to the plane is imminent,
or, in other words, the factor of safety is unity. The force P is the
resultant of the normal forces, and S the resultant of the distributed
shear resistance, on the slip surface of Figure 1. The angle B8 , the
inclination of the plane surface, is found as the inclination of the
force S. The resistance to sliding is assumed to be rigid-plastic, as
shown in the force-displacement diagram in Figure 2c. The resistance to
sliding is unsymmetrical, because the block can slide downslope more
easily than upslope. For the computations of permanent displacement pre-
sented in this report, it is assumed that the resistance to sliding up-
slope is sufficiently large that upslope sliding never occurs. This
assumption results in the greatest permanent displacement, and thus rep-
resents the worst case.

6. For an embankment that suffers a slope failure due to seismic
ground motions, the total permanent displacement of a sliding mass rela-
tive to the base is the sum of the increments of displacement occurring
during a number of individual pulses of ground motion. Consider a
single rectangular acceleration pulse, with ground acceleration Ag last-
ing from time zero until time to (Figure 3a). The instantaneous veloc~

ity of the ground, which is given by

10




ACCELERATION

VELOCITY, v

b.

Ag
Ng f— — —
g
0 t
TIME, t
a. Rectangular acceleration pulse
[
RELATIVE
DISPLACEMENT C .
—a V - Agt,
e

TIME, ¢

Relative displacement due to rectangular
acceleration pulse

Figure 3. Newmark's displacement concepts




<
]

ngdt,(Oitito) 1
(1)

g

vg = Agto

» (£ 2t))

follows the path OBC in Figure 3b. The acceleration of the sliding
block is limited to the value Ng by the limit of the shearing resistance
that can be mobilized at the contact. If the acceleration Ag is less
than or equal to Ng, the block and the base will move together; but if

Ag is greater than Ng, the absolute velocity of the sliding block fol-

lows the path OC in Figure 3b, which represents the relation
= ng at (2)

Relative motion between the base and the block continues until both at-
tain the same absolute velocity, which occurs at time tm. From that

time on, the base and block move together, without slippage. Since the
absolute displacements of the base and block are given by the areas

under their respective velocity versus time curves, the relative dis-
placement, um, is given by the area between the two curves, the triangle
| OBC, which is shown hachured in Figure 3b. From the geometry of the dia-

gram, the value of the relative displacement is given by

3 2
| el 8 (3) ‘

m - 2gN A

where V is the maximum ground or base velocity, which is equal to Agto.

If nothing happens to produce further relative motion, or reverse it,
the relative displacement will be permanent, and will thus be called

permanent displacement.

2




Computation of Permanent Displacements

N/A.

T. The computation of the permanent displacement, um, from an
earthquake record can be visualized from the plot shown in Figure L.
plot of this type can also be used to perform the computation graphically.
The curve vg(t) represents the ground or base velocity (the velocity of
the ground beneath the sliding mass), while the critical acceleration
for the sliding mass is represented by a slope, dv/dt = Ng, on the velocity
versus time plot. Wherever the ground acceleration (slope of the ground
velocity curve) exceeds the critical acceleration, the velocity curve of
the sliding mass departs from that of the ground and follows a linear
path, vb = Ngt, until the two velocities again become equal, at which time
relative movement ceases. The total permanent displacement, uos is then
given by the sum of the areas between the two velocity curves.

8. In Newmark's 1965 Rankine Lecture, results were presented for
scaled permanent displacements computed from four strong-motion records
which were available at that time. The four earthquake records were first
scaled to a maximum acceleration of 0.5g and a maximum ground velocity of
30 in./sec* by adjusting the acceleration and time scales. The resulting
scaled values of relative displacement, called standardized maximum

displacements, were plotted against the ratio N/A on a logarithmic plot,

and upper bound curves were proposed for various ranges in the value of

units of measurement is found on page L.

13

* A table of factors for converting U. S. customary units to metric (SI)
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9. Since 1965, many additional strong-motion records have become
available. The study reported herein was made to determine whether these
additional records materially affect the upper bounds for permanent dis-
placement proposed by Newmark. For this study, the ground velocities,
ground displacements, and permanent displacements were computed numerically,
using the trapezoidal rule, by means of a simple computer program written
in Fortran IV for the G. E./Honeywell 635 digital computer. The ground
motion records used were 179 digitized, baseline-corrected accelerograms
of the California Institute of Technology (CIT) Volume II series.3 The
four earthquake records used by Newmark were included. Agreement in
computed permanent displacements for these records was close, but not
exact, probably because of some differences in the form of the earthquake

records used.

Scaling

10. All of the strong-motion records used were scaled to obtain a
maximum ground acceleration of 0.5g and a maximum ground velocity of
30 in./sec, in order to obtain results of the same form as Newmark's.

11. The purpose of the scaling of the earthquake records is to
permit direct comparison of permanent displacements computed from records
with a wide range of peak accelerations and velocities. The process
can be illustrated graphically with a hypothetical example including
numerical values, as shown in Figure 5. Suppose that a portion of an
earthquake record is represented by a velocity versus time plot (which
is normally obtained by integration of the acceleration record) as shown

in Figure 5a, and that the peak acceleration has been identified by a

15
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GROUND VELOCITY

VELOCITY OF
SLIDING MASS

a. Hypothetical velocity record at natural scale

Ag=12

ts

b. Hypothetical velocity record scaled to
v,/v =3 and A/A = 1.5

Figure 5. Hypothetical velocity records, showing
scaling to arbitrary peak acceleration and peak
velocity values, for A/N = 4
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tangent BC to the velocity curve at the point of maximum slope. It can
be seen that the peak velocity V is represented as 5, and the peak accel-
eration A as 8. (The values have been chosen for numerical convenience
and simplicity, rather than realism, and units of measurement have been
dispensed with). Suppose also that the geometric construction has been
made on the record for the computation of the permanent displacement of
a sliding mass whose critical acceleration N is 2; the ratio A/N is thus
4. The relation between these acceleration values is also illustrated
by the diagram ODEF at the right-hand side of the figure. In the diagram,
if the base OF of the triangle represents unit time, then the altitude
DF, measured along the velocity axis, represents the peak acceleration A,
and the altitude EF represents the critical acceleration N. Just as
previously described for Figure 4, the shaded areas between the curves
represent increments of permanent displacement of the sliding mass relative
to the ground or base, and the sum of these increments is the total
permanent displacement, u -
12. Scaling this record to arbitrarily chosen standard values
of peak velocity and acceleration is done by adjusting the accelerations
and the time scale; however, it is equivalent to performing the following
two operations:
a. Transforming the ordinate (velocity axis) by scaling it
so that the highest peak on the velocity curve corres-
ponds to the desired peak velocity. The value chosen

for the example is 15 (see Figure 5b).

17




ﬁ b. Transforming the abscissa (time axis) by scaling it so
that the slope of the line representing the peak accel-
eration has the desired value. In the example, a peak
acceleration of 12 was chosen. In other words, the
acceleration diagram is scaled so that the distance
DF equals 12 units on the new velocity axis; the distance
OF then represents one time unit.

Another way of looking at this scaling is to note that it is dimensionally

correct to write a velocity as the product of an acceleration and a time,

or
v = at (L)

Therefore,

vs "s ts

e e (5)
which gives

f§.= XE.' A (6)

t v As

in which the subscript s denotes scaled values. For the example, the

required time scaling is

-2 Lo (7)

<+|<+
w

1
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13. The resulting transformed velocity record, as shown in Figure 5b,
is identical with the original except for the scaling of the coordinate axes,
and examination of the figure will show that the desired relationships
among accelerations, velocities, and displacements are all present. Note
particularly that in the transformation of the peak acceleration A to a
scaled peak acceleration As, the critical acceleration of the sliding
mass, N, is scaled in the same proportion, so that the ratio Ns/As is
the same as N/A.

14. The relationship between the permanent displacement L and its
representation on the scaled plot, which is shown as Ugs is apparent from
a comparison of Figures 5a and 5b. The scale relationship between the

areas is equal to the product of the horizontal and vertical linear scales;

thus,

S W (8)
u v t
s s s
Substituting for the time scaling the expression derived earlier,
..tizzi'!-\—- (9)
t v A
s
gives
S
= S (10)
s VA
s
‘i‘
19 é
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For the relation between the standardized maximum displacement u, and the
unscaled permanent displacement um’ Vs = 30 in./sec and As = 0.5g

are used, which gives

2
4 =q . Y(0.52)

T el
v2
= Y - 800k =

where V is the maximum ground velocity, in inches per second; A is
the maximum ground acceleration, as a fraction of g, in the unscaled

record; and us and um are in inches.




PART III: RESULTS

15. Representative results from the analysis of a total of 169

horizontal and 10 vertical accelerograms from 27 strong earthquake events
of the western United States are plotted in Figures 6 through 10, and
discussed in the following sections. In addition, computations were made
for the Jennings et al.h (CIT) and Seed-IdrissS synthetic accelerograms,
and for a synthetic record developed to fit the Nuclear Regulatory
Commission Regulatory Guide 1.60 spectra.6 Total displacement was also
correlated with Richter magnitude, duration, and distance.

16. Figures 6 through 10 show the standardized maximum displacement,

R
A

about half of the earthquake records analyzed, and include those that

us, versus the value of (where A and N are as previously defined) for
yielded the highest values of displacement. Figure 6 shows results from

9 accelerograms of the Kern County, California, earthquake of 21 July 1952,
at distances of 43 to 126 km and at soil sites. Figure 7 contains the results
from L7 accelerograms of the San Fernando earthquake cf 9 February 1971 at
distances of 22.4 to 185 km, at soil sites. Figure 8 presents the results
of 15 records of western United States earthquakes of magnitudes M 5.2 to
6.0, at soil sites. Figure 9 represents 10 vertical components of the

1971 San Fernando earthquake. Figure 10 represents 10 records of various
western United States earthquakes at rock sites. To permit comparisons
with the records not shown in these plots, Appendix B lists the values of

3 standardized maximum displacement for three values of N/A for all records

analyzed.
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Upper Bounds of Permanent Displacements

17. Figures 6 through 10 show, in addition to the values of ug
versus N/A, three curves chosen by Newmark to represent upper bounds for
u_ as computed from the four earthquake records used in his 1965 paper.
In Figures 6 through 9, there are several points, the highest belonging
to the 1971 San Fernando earthquake, lying above Newmark's upper bound
curves. It can be seen from these figures that in order to envelope the
permanent displacements computed from the present data, the bounding
curves must be raised.

18. Figure 10, while based on only 10 records from three earth-
quakes, suggests that permanent displacements at rock sites will be
appreciably lower than at soil sites, for earthquakes of equal magnitude
and peak motion values, and for all of the values shown are conservatively

bounded by Newmark's upper two curves.

Correlation with Magnitude and Duration

19. The computed values of standardized maximum displacement, when
plotted against duration of shaking, as shown in Figure 11 for the soil
site records of the San Fernando earthquake, can be seen to be approxi-
mately proportional to the duration. The duration for this purpose was
considered to be the period lasting until the last acceleration peak with
at least 0.25 times the peak acceleration. Plots of values from other
earthquake records (nol shown here) are similar. Because duration of
shaking correlates positively with earthquake magnitude, the standardized
maximum displacement values can also be expected to increase with magnitude.

This tendency is illustrated in Figure 12, in which mean value curves
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for the earthquakes of Figures 6, 7, and 8 have been plotted. The sys-
tematic variation with magnitude, as reflected by the mean values, is
small compared to the scatter band for a single earthquake, however; and

for N/A values approaching unity, the relation is obscure.

Correlation with Epicentral Distance

20. The records of the San Fernando earthquake of 9 February 1971
were examined for & relation between the standardized maximum displacement
and epicentral distance. A weakly defined positive correlation was found,

probably reflecting the dominance of long-period motion in the far field.

Synthetic Earthquakes

21. Jennings et a.l.h generated four different types of synthetic
accelerograms to represent ground motions for a variety of earthquakes.
Type A represents the accelerations in a magnitude 8 earthquake and
Type B motion is expected with magnitude 7. Type C is for the epicentral
area of a magnitude 5 or 6 earthquake and Type D represents the motion
close to the fault for a shallow earthquake of magnitude 4 or 5. Com-
puted values of standardized maximum displacement for these artificial
accelerograms are plotted in Figure 13. Newmark's upper bound curve is
exceeded here by a factor of about 1.7 for the Type A (magnitude 8)
earthquake. The synthetic earthquake of magnitude 8-1/4 modeled by Seed
>

and Idriss” (Figure 1k) also exceeds Newmark's bounding curves, but by a
lesser amount for most values of N/A.
22. The standardized maximum displacements obtained from a synthetic

accelerogram developed to fit the response spectra given in the Nuclear

30




1000
i i I I ‘ 1] ITI | el
- o o
5 \ CIT SIMULATED EARTHQUAKES a
500 DURATION ___|
7 MAX. ACCEL. MAGNITUDE SEC
i ® A-l 0.39g gt 120 =
L_ 0 A-2 0.45¢ gt 120 4
'y A B-1 0.31g Al 50
g A B2 0.44g 7 50
L O C-1 0.07¢g 6t 12 =
'] ® c-2 0.06¢ 6+ 12
2 o 0 D-1 0.48g 5t 10
z @ D-2 0.50g st 10
SCALED TO A =0.5g, V = 30 IN./SEC
~ 100 8 HOIRI ZONTAL COMPONENTS |
z - =
z et
b3 | =]
w
(9] B —
<
-4 SO
a
) L. =
o
x i —
4
3 s
[a] — —
w
N
1 o
L [ 4
<4
o
z
b < 10
3 - — —
0 L. —
— . B —
- N p—
5
— —
NONSYMMETRICAL RESISTANCE |- v2 (._ ﬁ) 2
= 2gN A/ N =
i A
. | { A ¥ 11 S " 1 1 1 ]
00! 005 0.10 05 0 s

N MAX. RESISTANCE COEFFICIENT
VALUES OF — JAE T
A MAX., EARTHQUAKE ACCELERATION

Figure 13. Permanent displacements due to CIT simulated
earthquakes by Jennings et al.

31




b v Skl ) (6 B NN B R @ S e
= \ —
— \ \ SYNTHETIC EARTHQUAKE (SEED-IDRISS) :
s 5 MAGNITUDE = 8l4
®
— \ A =0.42g i
L DURATION = 75 SEC
SCALED TO MAX. ACC A=0.5g
— MAX.VELOCITY V =30 IN./SEC —
z
~ 100
- = —
z — Al
w
E‘ . —
Q - |
<
4 80 N
o
o) e s
' \
> —
3 62
a 2 \ #gh o
w
N
2 1 N
<
e @
< 10
- = =
w R e
15 \"/-—— VE A =
— \ 23N N —
s \
- 1P \ —4
NONSYMMETRICAL RESISTANCE R N\ A
e 2gn =218 "
-
®
: | IS i) 5 | 1 Il 1 dlat sl
001 0.05 0.10 0.5 i s
N _ MAX. RESISTANCE COEFFICIENT
VALUES OF o = AX. EARTHQUAKE ACCELERATION L
Figure 14. Permanent displacements due to synthetic earthquake

of magnitude 8-1/4 (Seed-Idriss?)




Regulatory Commission Regulatory Guide 1.606 are shown in Figure 15. The

curve is close to the average curve of the San Fernando earthquake of
magnitude 6.5 on rock sites, as shown in Figure 10, but falls far below
Newmark's limiting curves and the higher values computed in this study.

23. Upper bound curves for all natural and synthetic earthquake

records analyzed in the present study are shown in Figure 16.
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PART IV: SUMMARY AND CONCLUSIONS

24. In 1965, Newmarkl presented the results of calculations of
scaled permanent displacements (standardized maximum displacements) of
earth embankments under earthquake loading, on the basis of a sliding
block model and four earthquake records. Upper bound curves were given
for the purpose of earth and rock-fill dam design. Since that time, many
more strong-motion earthquake records have been obtained, and it was
decided to extend the data base for Newmark's plots using the available
new strong-motion data.

25. A total of 169 horizontal and 10 vertical strong-motion earth-
quake records of the western United States were scaled to 0.5g peak
acceleration and 30-in./sec peak velocity and processed with a computer
program written for this study. Additionally, the synthetic earthquake
records of Jennings et al.h and Seed-Idriss,S and a synthetic record
developed to fit the response spectra of the Nuclear Regulatory Commission
Regulatory Guide 1.606 were processed. Only the case of nonsymmetrical
resistance to sliding was considered.

26. The findings of this study are summarized as follows:

a. New upper bounds of standardized maximum displacement for
actual earthquakes were established by records of the San
Fernando earthquake of 1971 (magnitude 6.5), which produced
values about 1.5 times higher than those obtained from the

four earthquake records used in 1965 by Newmark.

[=2

The greatest standardized maximum displacements found in
this study were produced by the Jennings et al. and Seed-

Idriss synthetic earthquakes of magnitude 8+, and were
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about 1.7 times higher than Newmark's upper bounds.

On the basis of comparison of 10 records from rock sites
with 47 from soil sites, computed permanent displacements
at rock sites are about T5 percent of those at soil sites
for earthquakes of equal magnitude, peak acceleration, and
peak velocity.

Standardized maximum displacement was found to be pro-
portional to the duration of shaking, and consequently to
be positively correlated with magnitude, but the trend is

weak and considerable scatter exists.
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APPENDIX B: STRONG-MOTION DATA, EARTHQUAKES OF
WESTERN UNITED STATES, UNIFORMLY PROCESSED AT
CALTFORNIA INSTITUTE OF TECHNOLOGY
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APPENDIX C: SYNTHETIC EARTHQUAKE RECORDS
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S
8

Subscript s

Maximum ground acceleration as a fraction of g

Maximum displacement

Acceleration of gravity
Earthquake magnitude

Ground acceleration, as a fraction of g, required to make
factor of safety unity

Resultant of normal stress on slip surface
Normal stress on slip surface

Resultant of shear stress on slip surface

Shear stress on slip surface

Scaled value

Time

Time at cessation of relative motion

Time at end of acceleration pulse

Displacement of sliding mass relative to ground

Standardized maximum displacement; i.e., scaled permanent
displacement of sliding mass for A = 0.5 and
V = 30 in./sec

Velocity

Instantaneous velocity of sliding mass

Instantaneous ground velocity at time t

Maximum ground velocity

Weight of sliding mass

Inclination of the resultant of shearing resistance,
S, with respect to horizontal

Inclination of critical earthquake acceleration to
horizontal

D2




In accordance with letter from DAEN-RDC, DAEN-ASI dated
22 July 1977, Subject: Facsimile Catalog Cards for
Laboratory Technical Publications, a facsimile catalog
card in Library of Congress MARC format is reproduced
below.

Franklin, Arley G

Earthquake resistance of earth and rock-fill dams; Report 5:
Permanent displacements of earth embankments by Newmark
sliding block analysis / by Arley G. Franklin, Frank K. Chang.
Vicksburg, Miss. : U. S. Waterways Experiment Station ;
Springfield, Va. : available from National Technical Information
Service, 1977.

38, 22{3 p. ¢ i1l. ; 27 cm. (Miscellaneous paper - U. S.
Army Engineer Waterways Experiment Station ; $-71-17, Report 5)

Prepared for Office, Chief of Engineers, U. S. Army,
Washington, D. C., under CWIS No. 31144.

References: p. 38.

1. Dam stability. 2. Displacement. 3. Earth dams. 4. Earth-
quake engineering. 5. Earthquake resistant structures.

I. United States. Army. Corps of Engineers. 1II. Series:
United States. Waterways Experiment Station, Vicksburg, Miss.
Miscellaneous paper ; S-71-17, Report 5.

TA7.W34m no.S-71-17 Report 5




