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ENGLISH-SI CONVERSION FACTORS

In accordance with the October 1970 action of the ASCE Board of Direction, which stated
that all publications of the Society should list all measurements in both customary (English)
and SI (International System) units, the list below contains conversion factors to enable readers
to compute the SI unit values of measurements. A complete guide to the SI system and its
use has been published by the American Society for Testing & Materials. Copies of this publication

: L1QUEFACTION CASE HISTORY *
(ASTM E-380-1972) can be purchased from ASCE at a price of ‘ 75¢ each; orders must be

prepaid.

All authors of Journal papers are being asked to prepare their papers in this dual-unit format.
Until this practice affects the majority of papers published, we will continue to print this

table of conversion factors:

By Schaefer J. Dixon,' M. ASCE and Jack W. Burke,2 A. M. ASCE

Multiply INTRODUCTION
To convert To by The Joseph Jensen Filtration Plant is located in the Granada Hills area of
inches (in.) millimeters (mm) 25.40 the San Fernando Valley near Sylmar, Calif. The plant is owned and operated
inches (in.) centimeters (cm) 2.540 by The Metropolitan Water District of Southern California. This $50,000,000
inches (in.) meters (m) e plant treats California Aqueduct water delivered by a pipeline from the state’s
feet (ft) meters (m) 0.305 Castaic Reservoir, terminus of the West Branch of the State Water Project.
miles (miles) kilometers (km) 1.61 The first units of the plant were designed to treat 400,000,000 gpd (1,500,000
yards (yd) meters (m) 0.91 m? /day).
square inches (sq in.) square centimeters (cm?) 6.45 At the time of the February 9, 1971 San Fernando Earthquake, the first
square feet (sq ft) square meters (m?) 0.093 units of the Jensen Plant were under construction and near completion. Extensive
square yards (sq yd) square meters (m?) 0.836 ground and structural damage was sustained by the plant as a result of this
e (L) ; Square meters (m) . g e earthquake. Major landsliding occurred along the eastern portions of the site.
square miles (sq miles) square kilometers (km?) 2.5 The cause of landsliding was liquefaction of a natural deposit of saturated alluvium
cubic inches (cu in.) cubic centimeters (cm?) 16.4 underlying a thick interval of compacted fill.
LR (Y cubic meters (m’) 0.028 This paper summarizes and presents the geologic, seismic and soil data, and
cubic yards (cu yd) cubic meters (m?) 0.765 analysis leading to the conclusion that liquefaction did occur during the February
pounds (1b) kilograms (kg) 0.453 9, 1971 earthquake.
tons (ton) kilograms (kg) 907.2
one pound force (Ibf) newtons (N) 4.45 Geotoay
one kilogram force (kgf) newtons (N) 9.81 . . .
AT Y Mewtons|per square The plant site,' loca}ted as shown in Fig. 1, was developed on a smal! alluvial
meter (N /m?) 47.9 plain formed primarily of outwash from the Santa Susana Mountains. The
pounds per square inch (psi) kilonewtons per square Note.—Discussion open until April 1, 1974. To extend the closing date one month,
meter (kN/m? 6.9 a written request must be filed with the Editor of Technical Publications, ASCE. This
. paper is part of the copyrighted Journal of the Soil Mechanics and Foundations Division,
gallons (gal) Qublc meters (m°) 0.0038 Proceedings of the American Society of Civil Engineers, Vol. 99, No. SM11, November,
gallons (gal) liter (dm’?) 38 1973. Manuscript was submitted for review for possible publication on April 13, 1973.
acre-feet (acre-ft) cubic meters (m?) 1233. *Presented at the April 9-13, 1973, ASCE National Structural Engineering Meeting,
gallons per minute (gpm) e (i) ) he&%?;esl??efrznnfilsél?f %allllgfr (Pé(e)l:l:/l::slwlglvis and Assocs., Pasadena, Calif.
newtons per square 28r. Engr., Converse, Davi; and Asso,cs., Pasadena, Calif.
meter (N/m?) pascals (Pa) 1.00
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perimeter of the alluvial plain is defined and the site is underlain by bedrocks
mainly of the Saugus Formation of Lower Pleistocene or Pleiocene age. This
formation comprises what is termed *‘soft”” bedrock, and it consists of poorly
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cemented sandstone, sandy siltstone, and conglomeratlc sandstone. The Saugus
Formation is underlain by several older rocks with depth to basement granitic
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rocks probably in excess of 10,000 ft (3,000 m).

The two major intersecting fault systems (Fig. 2) which dominate the structure
of the north San Fernando Valley area are: (1) The northwest-trending San
Gabriel fault, which is associated with the San Andreas fault; and (2) the
east-trending system of shorter frontal faults which includes the Santa Susana
and San Fernando Group.

The Santa Susana fault is a sinuous, north-dipping thrust fault that trends
east-west along its exposure on the Santa Susana Mountains north of the San
Fernando Valley. The fault has a total known length of approx 16 miles (26
km), and it exhibits evidence of late Quaternary movement (5).

The segments of the San Fernando Fault group that were demonstrably involved
in the February 9, 1971 San Fernando Earthquake (Magnitude 6.4) are for the
most part east-west trending thrust and left-lateral faults (7). The ground surface
ruptures occurred on little-known preexisting faults in a local area of low seismicity
and previously unknown ground displacements. Displacements, the maximum
of which were approx 3 ft (1 m) vertically, occurred in a zone having a length
of about 9 miles (14 km).

Seismicry

To develop basic data for liquefaction analysis, the statistical seismicity of
the site was evaluated from a consideration of past recorded earthquakes. A
compilation of earthquakes with a magnitude of 3.8 or greater during the 1934
through 1971 period was made for earthquakes within several different radii
from the site. Analysis of these data, by currently available methods (2,6,8,15,19),
resulted in the evaluation of site seismicity in terms of the expected number
of occurrences of various magnitude earthquakes. By this analysis the site was
found to have seismic activity comparable to the average of southern California.

The probability of occurrences of various levels of maximum ground accelera-
tion was evaluated from further statistical analyses and consideration of the
proximity of the faults to the site. A summary of the results of the analysis
is shown in Table 1, wherein the statistical data are related also to probable
fault events. The duration of shaking has been estimated from the probable
earthquake magnitude (12).

Inan attempt to evaluate the effects of the February 9, 1971 event, strong-motion
data (4,11,20,30) were evaluated. In general, ground records for the extended
Los Angeles basin showed about 10 sec to 12 sec of higher-frequency shaking,
followed by several cycles of longer-period waves. Some of the data were utilized
in Fig. 3 to show the effect of distance to the causative fault on accelerations.
In Fig. 3, curves for past earthquakes developed by Housner (12) are also
presented for comparison. These data indicate that maximum ‘‘firm’’ ground
acceleration at the site during the February 9 event was probably 0.30 g to
0.35 g if the fault break was within 5 miles to 10 miles (8 km to 16 km) from
the site.

Other studies (14) have shown that some areas of the site had fundamental
frequencies approaching that of arriving shear waves; therefore, the response
was probably amplified to about 0.4 g or more in such areas.

In summary, information on the San Fernando earthquake collected during
the course of the Jensen Plant investigation, related to liquefaction analysis,



924 NOVEMBER 1973 SM11

indicated that: (1) The site was subjected to a maximum horizontal “firm”’
ground acceleration of between 0.3 g and 0.4 g; and (2) the site was subjected

TABLE 1.—Seismicity at Joseph Jensen Filtration Plant Site

Probable
Maximum | Approximate earthquake | Duration
“firm”’ probability? Probable faults® magnitude | of strong
ground | of occurrence and their distances, to generate | shaking,
acceleration | per 100 yr, as in miles, to Jensen Site maximum in
level, g | a percentage to cause event acceleration | seconds
(1) (2) (3) {4) (5)
0.40 S San Andreas—26¢ 8-1/4 40+
0.30 25 San Andreas—26 7-1/4
Aftershock of large event—0 to 6-1/2 20 to 30
10
Local (Santa Susana, San Fernan- 6-1/2
do Group, etc.)—5 to 10
0.20 75 Local event or aftershocks (Santa 5-1/2 Sto 10
Susana, San Fernando Group,
etc.—0to 10
0.10 99 Local event or aftershocks (Santa 4-1/2 5
Susana, San Fernando Group,
etc.)—0 to 10

®Probability analysis excludes the effect of strain rates (1) (2) and past events on San
Andreas fault (i.e., 1857).

®Smaller and more distant events occurring on the listed faults will produce lower
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°1 mile =
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to a duration of shaking of 10 sec to 12 sec with a predominate frequency

of 2 Hz.

In the analysis of liquefaction potential an assessment of probable future
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earthquake events was also necessary. Consideration was given to information
from the San Fernando earthquake and the data in Table 1. The following
summarizes the general conclusion as to the type of future events that can
be expected to affect the Jensen site:

SM11

1. A Magnitude 8 or greater earthquake on the San Andreas fault [26 miles
(42 km) from the site]. Such an earthquake would probably produce a maximum
ground acceleration of 0.35 g to 0.45 g and a duration of at least 40 sec.

2. An earthquake of Magnitude 6.5 (duration 10 sec to 15 sec) originating
within 5 miles to 10 miles (8 km to 16 km) of the site or an aftershock of
the previously mentioned earthquake. Such an event would probably produce
ground shaking similar to that of the San Fernando earthquake.

3. Another independent event, such as that of the February 9, 1971 earthquake,
within 5 miles to 10 miles (8 km to 16 km) of the site on the same or another
fault system.

Sire DeEVELOPMENT

The initial development phase of the plant area required considerable site
grading over a period of several years. Grading commenced in 1965 with the
relocation of roads and streets in the site area. The second grading contract
began in 1968 with the development of the site grade prior to plant facility
construction. In total, grading of the site consisted of placing approx 5,000,000
cu yd (4,000,000 m?) of material. In general, the west section of the site exposes
the Saugus Formation at the surface. The remaining areas contain up to 55
ft (18 m) of compacted fill overlying alluvium deposits.

The initial development phase of the treatment plant, which as shown on
Fig. 4 was about 90% complete at the time of the earthquake, involved the
construction of the first units of the plant structures.

FieLo Evibence oF LANDSLIDING

The field exploration program for the landslide areas, following the San
Fernando earthquake, involved drilling and sampling of over 20 borings. All
borings penetrated the compacted fill materials, the alluvium deposits, and at
least 30 ft (9 m) of the Saugus Formation bedrock. Slope indicators were installed
in 10 of the borings. In addition to borings, a geophysical refraction survey,
a detailed mapping program of ground cracking, and other observations were
performed within the plant site.

The major landslide occurred on the southeast portion of the site and had
a plan dimension of about 2,500 ft (760 m) by 800 ft (240 m) (see Fig. 5).
The slide was based, as shown in Fig. 6, in natural solids at 40 ft to 60 ft
(12 m to 18 m) below the general ground surface. Based upon observations
of ground surface cracking, as shown on Fig. 7, the north portion of the slide
apparently pivoted about its southern end with a total easterly movement of
3 ft to 5 ft (0.9 m to 1.5 m). A pressure ridge (see Fig. 8), about 5 ft (1.5
m) wide and 1 ft to 2 ft (0.3 m to 0.6 m) high, developed along a length of
1,000 ft (300 m) at the base of the slope.

Several sand boils (see Fig. 9) were observed at the toe of the slope in
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the vicinity of the pressure ridge. Water was also observed to be escaping
out of cracks on top of the compacted fill. These observations demonstrated
the degree of excess pore pressures that were relieved following the earthquake.
In addition to surficial evidence, a crack filled with ‘‘sand’’ was observed at

FIG. 4.—Aerial View of Site
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the compacted fill-alluvium contact in one of the large-diameter exploration
borings (see Fig. 10).

FIG. 9.—Sand Boils (Top—Looking North Along Toe of Fill Slope)

ALLUVIUM

FIG. 10.—Sketch of Sand Filled Crack

The fill slope along the northeast perimeter of the site also underwent several
feet of movement. This secondary landslide extended along the slope about

e
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1,500 ft (460 m), but in general did not extend more than 100 ft (30 m) back
from the top of slope.

The areal extent of the two landslide areas was controlled by the existence
of the alluvium and level of the water table within the alluvium. As shown
in Fig. 5, ground cracking generally followed the plan trace of the contact
of the water table and Saugus Formation. Fig. 6 shows the contact in ¢ross
section.

Data collected from slope indicators installed in the landslide areas shortly
after the earthquake have shown no significant additional movements.

SussuRFACE CONDITIONS

The results of field explorations indicated the following subsurface conditions
in the landslide area (see Fig. 6).

From the finished ground surface to the top of the alluvium deposits, all
the borings encountered compacted fill materials that were up to 55 ft (18 m)
thick. These materials can be described as a mixture of silty sands, sandy
silts, and sands with gravel, and occasional zones of silt and clayey silt. The
compacted fill materials were generally in a moist and very dense to very stiff
in-situ condition with an N-value (i.e., results of the Standard Penetration Test)
ranging between 30 blows per ft and 80 blows per ft and a total in-situ unit
weight of 135 pcf (2,160 kg/m?).

Beneath the compacted fill materials and above the Saugus Formation, all
borings penetrated a thickness of alluvium deposits varying generally between
5 ft and 25 ft (1.5 m and 7.5 m). The alluvium deposits were silty sands and
sandy silts with occasional zones of clayey silt and silty clay materials. The
consistency of these deposits varied from moist to wet and soft to medium
dense, with an average N-value between 20 blows per ft and 25 blows per
ft. These materials were weak and compressible, and had an in-situ relative
density averaging 50% to 60% (9,10).

Underlying the alluvium deposits was the Saugus Formation bedrock. This
formation normally consisted of soft to moderately hard, slightly cemented
sandstones and siltstones, but at this location, it had softened and lost a degree
of cementation due to weathering and being located beneath the ground-water
level. The thickness of the softened or unsound surface portion varies, but
is at least 5 ft (1.5 m). The upper (weathered) portions of these materials
occasionally had an N-value of only 15 blows per ft to 20 blows per ft, but
normally after 10 ft to 20 ft (3 m to 6 m) of penetration, the N-values were
no less than 40 blows per ft and frequently over 100 blows per ft.

A static ground-water level was encountered in all borings drilled within the
slide area. The water level was generally located within the elevation interval
of the alluvium deposits.

LasoraTory Stupies

The bulk of the laboratory testing program (not presented herein) was composed
of consistency (natural water content, natural in-situ density, and grain-size
distribution), direct shear strength and compressibility tests on compacted fill,
alluvium and unsound Saugus Formation materials. Although the material was



931

"(¢w/3Y 91 = yod | pue W g0 = 1 [ :210N)
‘% paydeal utens [erxe ay) 1o payyonbi| sjdwes ayz uaym uo paseq s3[OAd Suipeo] Jo JaquInN o
*SSDIIS UIPINGIIA0 DAIIOIJJO PUR 1$3) IN[EA-N Iuddelpe uodn paseq A)susp sAne[dY .

= 9% vLI'0 o Lo1 69 137
m uonewioy sngneg €01 pLLO sT'0 i 9
® Lyl L0 800 €01 1L
I 81 PLIO Lo £01 €9 144
..& uonewoy snneg I LIZ'0 $5°0 i 29
< 14 LIT0 (3] 801
© € LITO SE°0 01 b6 w
8 L0 0s°0 (sjdures paqanisipun 10} FAR
8 LIT0 05°0 aneA o) [enba pawnssy) F4 R 39 oy
sajdureg papjoway (q)
=
wn
W Aqjaae1n 06 ¥LIO 0sI 0S 97 wl SL
€S [ZAN(] %o 9¢ i4! L01 69
£9 [ZAN(] $8°0 19 6€ 811 9
Aoaern 9< (AN 0£°0 £9 w 121 9 [$4
uonewoj snineg 091 jZAN(] sT0 6y [Y4 111 9L
i LIT0 80°0 IS LT £01 Il
92 1 ZAN)] Lo €S LT €01 €9 144
uopewoy snineg 9% {ZAN(] 080 6¥ [44 911 9
uorewio} snineg 9T LITO [SY(] 9< i€ i 9
uoneurioy snineg 0T (AN 60°0 19 13 66 9¢
14 LITO SE°0 %9 9T 801 143 [44
4! LI1T’0 050 (43 [ 14 11 sS (114
€ L9T°0 600 144 SI sol 19 14
= 8 961°0 610 (113 6 0z1 9¢
- € 8LT0 170 0¢ 6 611 59 [ 14
o« uojeurioj snineg A 062°0 €0 sS [¥4 (411 9< 0z
% T 81£°0 &0 LS Lz ¥l 9¢
= € 9€T°0 170 194 Sl Lot IS
W Afjoae1 81 Lig'0 01°0 [14 S So1 Ly
o € 10 91°0 [Y4 9 1181 134 6l
= Ajpae1n £l 61€°0 0T 19 1€ LIl 14 vi
1 e ] 80°0 8¢ 9T 611 LS 8
sojdwieg paqimisipu) (p)
(6) (8) (£) (9) (s) () (€) (2) (1)
sjuawiwo) N "o7/*o0 siajawi||iw abejuassad j00y Jad 1004 199} ut Jssquinu
‘uonoejanbi| ‘103084 u ‘%qg ese‘'¥q SMO|q W) o1qnd 1ad ‘yydaqg Buuog
0} ¢S8j0Ad Buipeoy ‘azis-ulesn) o'A3Isuap ‘anjeA-N spunod ui
peoj jo o119AD aAiejey “yBiam
JaquinN nun Aip
|eamenN

930

sj)|nsay 1s9) uondejenbr—Asewwng—yg 31avVL




932 NOVEMBER 1973 SM11

somewhat variable, Fig. 11 shows the predominate range in grain-size distribution
for the alluvium deposits.

In addition to the conventional lab tests, cyclic (liquefaction) triaxial shear
tests were performed on samples of alluvium deposits and weathered Saugus
Formation materials. The cyclic testing equipment consisted of an air-operated
cyclic loading device, a triaxial test chamber, a four-channel strip chart recorder,
and measuring transducers. The loading device consists of a double-acting piston
that is actuated up or down by air pressure. The frequency of loading can
be varied from static loading to 5 Hz.

The general cyclic testing procedure (16,17,18,25) for test specimens was to
set up and saturate (by back pressuring) in the triaxial chamber. The specimens
were then subjected to an effective consolidation pressure equivalent to the
average effective overburden pressure in the field. At the end of consolidation,
the specimens were subjected to undrained cyclic loading and unloading computed
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FIG. 11.—Grain Size Distribution—Alluvium

to be equivalent to selected, earthquake induced, stress in the field. The applied
loads and the resulting variations in the pore-water pressure and axial deformations
were recorded throughout the tests. Tests were stopped when the sample liquefied
or the axial strain exceeded 4%.

Several of the undisturbed test specimens, following initial testing, were
remolded in the laboratory to their approximate natural dry density and retested
in a similar manner for the undisturbed samples.

A total of 31 liquefaction tests were performed on samples of alluvium deposits
and Saugus Formation materials. Of the total, 22 tests were on undisturbed
samples and nine tests on remolded samples. In addition, five of the 22 undisturbed
samples tested were on Saugus Formation materials.

The summary of pertinent data for the liquefaction tests is tabulated in Table
2.
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LIQUEFACTION ANALYSIS

The basic analysis of the laboratory cyclic testing results is shown in Fig.
12. The plot shows cyclic loading factor [odc/(2o +), one-half of the cyclic
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deviator stress divided by the effective consolidation stress] versus the number
of load cycles to cause liquefaction. As might be expected, as the cyclic loading
factor decreased, the number of cycles to cause liquefaction increased. There
was also limited evidence that for a constant cyclic loading factor and relative
density, the required number of load cycles to cause liquefaction for the remolded
test samples was approx 50% to 75% of the cycles required for the undisturbed
test samples. The scatter in test results, shown in Fig. 12, was primarily influenced
by the variability of the alluvial materials. Also, several of the tests were on
samples of highly weathered Saugus Formation materials and alluvium containing
gravel. The Dy, size of the material tested ranged from less than 0.1 mm to
in excess of 1.0 mm.

For engineering purposes, the liquefaction test results were plotted and
evaluated for the Jensen Plant, as shown in Fig. 13. This figure is based upon
a relationship (27) between the maximum ground acceleration and the cyclic
loading factor. As can be seen in Fig. 13, there is a relationship between the
maximum ground acceleration and the number of load cycles which cause
liquefaction. The data indicate that an acceleration of about 0.25 g will be
required to achieve liquefaction for any duration of shaking. Note that the
curves shown in Figs. 12 and 13 were the optimum relationships developed
by the method of least squares.

Finally, since the values of maximum ground acceleration and duration of
shaking can be related (12) to earthquake magnitude and fault distance, liquefaction
potential for the existing site alluvium was plotted in Fig. 14 as a function
of earthquake magnitude and fault distance. The San Fernando earthquake,
with a magnitude of 6.4 and located less than 10 miles (16 km) from the Jensen
Plant, plots just within the liquefaction zone. A major event (M = 8*) on
the San Andreas fault at a distance of about 26 miles (42 km) would be well
within the liquefaction zone.

SumMMmARY AND CONCLUSIONS

The phenomenon of liquefaction occurred at the Joseph Jensen Filtration
Plant site from the February 9, 1971 San Fernando Earthquake. This liquefaction
developed primarily in the zone of alluvium deposits which underlie the final
site grade, and resulted in major landslides along the east sections of the site.
Although liquefaction cases have been reported in the past (22,23,24,26,28),
this occurrence is believed to be significant due to the liquefying soil being
located at a depth of up to 55 ft (18 m).

This investigation was concerned with comparing field evidence of an actual
landslide with laboratory testing and analysis. A summary of the conclusions
of this investigation is as follows:

1. It is estimated that during the San Fernando earthquake, the Jensen Plant
site was subjected to a maximum horizontal ‘‘firm ground’’ acceleration of
between 0.3 g and 0.4 g, and a duration of shaking of 10 sec to 12 sec.

2. Field evidence of a landslide was an extensive pattern of ground surface
cracking and displacements on the surface of the compacted fill and heaving
of the toe area.

3. Surface explorations within the landslide area revealed a 5-ft to 25-ft (1.5-m
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to 7.5-m) thick layer of saturated alluvium sandwiched between bedrock and
up to 55 ft (18 m) of site compacted fill. Field evidence of subsurface liquefaction
in the alluvium observations of several sand boils at the top and toe of the
compacted fill and discovery of a crack filled with ‘‘sand’’ at the compacted
fill-alluvium contact.

4. A cyclic triaxial laboratory testing program, on undisturbed samples of
the site alluvium, indicated that the deposits did liquefy during the San Fernando
event. Analysis of these and other data indicate that substantially more liquefaction
and greater landslide movement will occur during a major (M = 8+) earthquake
on the San Andreas fault.

During plant site investigations following the February 9, 1971 earthquake,
design data were developed which assisted in the evaluation of damage, and
could also be utilized for evaluating liquefaction potential during future earth-
quakes. Of particular interest are areas immediately adjacent to the more important
structures. The importance of certain structures may warrant stabilization of
the ground against future earthquakes which could cause strong and long duration
ground shaking. Evaluations are in progress (3) in regard to the feasibility and
costs of such stabilizations.
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