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ABSTRACT

This report contains geotechnical and geologic data from 62 CPT soundings and 29
hollow-stem auger borings performed at four sites of permanent ground deformation caused by
the 1994 Northridge, California, earthquake. Three of the sites were in the epicentral region
within the San Fernando Valley, the fourth site was in Potrero Canyon. All four sites experienced
high levels of ground shaking and ground cracking and were in areas where underground utilities,
gas transmission lines, and foundations were damaged. The subsurface investigations found
materials with a low resistance to liquefaction at three of the sites--Balboa Boulevard, Wynne
Avenue, and Potrero Canyon-- and a weak soft clay at the fourth site-- Malden Street.

INTRODUCTION

The January 17, 1994, M=6.8 Northridge, California, earthquake created an estimated
property loss of between $20 and 30 billion ( Holzer and others, 1996), and was responsible for
57 fatalities and more than 9,000 people injured (Gordon, 1994).

The earthquake occurred on a blind reverse fault beneath the San Fernando Valley. No
primary surface faulting was associated with the earthquake (Gordon, 1994). The widespread
damage to buildings, roads and life lines is attributed to the location of the epicenter within an
urban region and the unusually high ground motions for a California earthquake of this size. Peak
accelerations ranged from 1.8 g, at Tarzana (7 km from the epicenter) to 0.9 g at Sylmar (15 km
from the epicenter) to 0.5 g at several other sites within 40 km of epicenter (Peterson, 1994).

Ground cracks and ground failures in the alluvium underlying the San Fernando Valley were
extensive during the earthquake but the mechanism of failure at some sites was unclear. This
report contains subsurface data that we collected to help resolve the questions as to the
mechanisms of failure. A preliminary report was published by Holzer and others (1996). Holzer
and others (in press) present a comprehensive analysis of these data.

Investigations were conducted at four ground failure sites during 1995 and 1996. The
investigation consisted of cone and standard penetration tests, in-situ vane tests, and Shelby tube
sampling. Laboratory tests on samples included: grain size, water content, bulk density, Atterberg
limits, and laboratory vane tests. These investigations also were augmented with other USGS
investigations described in Holzer and others (in press).

METHODS
Cone Penetration Test (CPT)

Cone penetration tests were made at each of the four sites to define stratification and measure
penetration resistance for use in estimating liquefaction resistance. The cone used is a 10-ton
subtraction cone with a single element strain gauge in a 3.6 cm diameter housing. The 60-degree
conical tip has an end area of 10 cm®. The sleeve behind the tip has an area of 150 cm”. The cone
was advanced into the ground at a rate of 2-cm per second. The procedures and equipment follow



the requirements described in the American Society of Testing and Materials (ASTM)guidelines
D-3441-79 (ASTM, 1983).

Standard Penetration Test (SPT)

Following CPT soundings, SPT borings were made about 1.5 m away to measure dynamic
penetration resistance for liquefaction analyses and to obtain samples for soil index tests. The SPT
procedures follow the ASTM guidelines in D1586-67 (ASTM, 1983). These procedures were
modified (Youd and Bennett, 1983) for use with hollow-stem augers (25-cm outside and 10-cm
inside diameter). A Mobile? split barrel “ADO standard penetration sampler” (5 cm outside and
3.5 cm inside diameter) was used with liners. The sampler was driven into the soil with a Mobile
“In-hole sampling hammer” (64 kg) falling 76 cm. The hammer is raised and dropped using a
Mobile “Safe-T-Driver” hoist. After the hydraulic system has lifted the hammer the required
distance the winch is reversed and cable is thrown off the hoist allowing the hammer to fall freely.
The penetration resistance (N) is equal to the number of hammer blows to advance the sampler 30
cm after an initial seating of 15 cm. The measured overall efficiency of this system is 68 percent
(Douglas and Strutynsky, 1984). Samples were described in the field (including color), water
content samples were sealed in containers, and carbon samples for dating were also collected.
Undisturbed samples were taken with thin-walled Shelby tubes (7.6 x 91 cm and 8.9 x 76 cm).
Tubes were slowly pushed into the soil past the tip of the auger, the auger was then advanced the
sampling length, following which the tube was then rotated to shear off the sample from the
undisturbed soil.

In-situ field vane tests were made through the hollow-stem auger to a maximum depth of
about 6.4 m. The hand held vane instrument is a Pilcon model DR 799. The vane was rotated at
90 degrees per minute. This is a faster than recommended rate, but because the device is hand
held and operated without a gearing system it was a rate that could be reproduced with
confidence. Justification for the high rate is described in Holzer and others (in press).

Laboratory Methods

Index tests conducted in the laboratory include; grain size (D422-63, ASTM, 1983), liquid
limit (D423-66, ASTM, 1983), plastic limit (D424-59, ASTM, 1983), and water content (D2216,
ASTM, 1983). Samples were classified using the Unified Soil Classification (D2488-69, ASTM,
1983) as modified by Howard (1984). Shelby tube samples were cut into 15 cm lengths for bulk
density and vane tests. The length of each subsample was measured and the tube and sample
weighed. A pocket penetrometer was then used to measure compressive strength at the end of the
sample. Next, shear strength was measured using a Wykeham Farrance laboratory vane shear with
the sample still in the tube. The vane (12.7 x 12.7 mm) was pushed into the sample 40 mm and
rotated at 90 degrees per minute. Peak strength, residual strength and remolded strength were
determined, then the vane was removed and a water content sample was taken from the area of
the vane test. The sample was then extruded and described. Results of the laboratory tests are
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shown in Table 2. CPT profiles, SPT data, median grain size and fines content, and brief field
descriptions are shown in the logs.

Radiocarbon Analyses

Radiocarbon dates were determined using the accelerator mass spectrometer (AMS)
technique. The reported dates have been adjusted by carbon-13 for total isotope effect generated
in both nature and during the physical and chemical laboratory procedures. The carbon-13 content
was measured concurrently with that of carbon-14 and carbon-12 in the accelerator beam,
allowing a precise correction.

These dates are reported as RCYBP (radiocarbon years before 1950 A.D.). By international
convention, the half-life of radiocarbon is taken as 5568 years and 95% of the activity of the
National Bureau of Standards Oxalic Acid (original batch) used as the modern standard. The
quoted errors are from the counting of the modern standard, background, and sample being
analyzed. They represent a one standard deviation statistic (68% probability), based on the
international convention, no corrections are made for DeVries effect, reservoir effects, or isotope
fractionation in nature, unless specifically noted (Table 4). Stable carbon ratios are measured on
request and are calculated relative to the PDB-1 international standard; the adjusted ages are
normalized to -25 per mil carbon 13 (Bennett and Tinsley, 1995).

Liquefaction Resistance

Liquefaction resistance (figs. 28 and 29) was calculated using guidelines developed in the
NCEER workshop on evaluation of liquefaction resistance held in Salt Lake City, Utah, January 4
and 5, 1996 (Youd and Idriss, 1997). These guidelines update the empirical work of Seed and
others (1985). The NCEER guidelines were incorporated into an Excel spreadsheet by Sam
Gilstrap of Brigham Young University (written communication, 1996). Liquefaction resistance is
shown in Table 3. Holzer and others (in press) discuss the levels of ground motion used in the
analyses (Table 3) and they also describe the overall approach used in the analysis.

SITES

The first phase of the investigation began in May 1995 when CPT soundings were obtained at
each site. Once the stratigraphy had been determined, SPT’s were conducted to obtain samples
and blow counts for liquefaction analysis. The first phase concluded in August 1995. The second
phase started and ended in June 1996. CPT’s and SPT’s were conducted in areas outside the
failure zones at Wynne Avenue and Malden Street to determine with more certainty the
subsurface conditions outside the failure zones.

Balbéa Boulevard

The Balboa Boulevard site is located in the northern end of the San Fernando Valley where a
5-km wide complex of ground cracks formed. This complex of cracks was the most damaging
ground failure to occur during the earthquake (Hecker and others, 1995). Foundations of homes



were damaged and buried utilities were ruptured. One very large gas main in the middle of Balboa
Boulevard was ruptured and the gas subsequently caught fire, destroying several homes.

Our investigation was conducted in an unnamed alley (parallel to Balboa Boulevard) about 40
m west of Balboa Boulevard. The alley is in the western section of the main zone of cracks. These
cracks run generally perpendicular to the regional topographic slope of 1.6%.

The Balboa profile line was about 570-m long, and included 17 CPT soundings and 13
borings. Borings were used for SPT’s, Shelby tube samples, field vane tests, and water monitoring
wells. The monitoring wells were used to check the stability of the ground water level. The
locations of the soundings and borings are shown in figures 1, 2, and 3.

Malden Street

The Malden Street site is located in a vacant lot that was intersected by a 0.5-km-long system
of cracks that broke lifelines and damaged the foundations of several houses. There the crack
system trends generally east-west; the most conspicuous cracks in the vacant lot form a 4-m wide
graben with 0.1 to 0.2 m of vertical offset. For a detailed description of the failure see Holzer and
others (in press). Two CPT sounding lines cross the graben, the first is a 50-m long line that is
perpendicular to the graben and parallel with the regional 1 percent topographic gradient. Two
SPT’s are part of this line, one SPT inside the graben and one outside. The second line consists of
closely spaced CPT’s (10-14) running north-south across the graben.

In phase one, four auger borings were conducted in the vacant lot. Two were conducted
within the graben (mal-3ab) and two outside the graben (mal-5ab). At sounding 3 and 5 the first
boring was used to conduct SPT’s, the second boring was used to obtain 7.6-cm diameter by 76-
cm long Shelby tube samples. Layers that were too dense to sample with tubes where sampled
with SPT’s. In addition, a boring (mal-3c) in the graben was used exclusively for field vane tests.

In phase two, in addition to the soundings and borings in and immediately adjacent to the
Malden failure two soundings/borings were made on Melvin Ave. (mal-15) and Cantara St. (mal-
16) to examine the subsurface conditions outside the failure zone. The locations of the soundings
and borings is shown in figures 1, 2, 4, and 5.

Wynne Avenue

The Wynne Avenue ground failure consisted of a 150-m-long by 12-m-wide zone of cracks
defining a graben (Holzer and others, in press). The failure zone trends northeast-southwest and is
oblique to the regional topographic gradient (1.3%). The vertical offset in the graben ranged from
0.1 to 0.2 m. The ground rupture damaged water and sewer lines.

Phase one of the investigation began with 11 CPT soundings running along the west side of
Wynne Avenue, from the northernmost part of the cul-de-sac to just south of Cantara Street, a
distance of 176 m. One boring was made at sounding 1 that combined SPT and Shelby tube
samples. Three borings were made at sounding 5. The first was for SPT (wyn-5a), the second
(wyn-5b) for Shelby tubes in the fine-grained material and 2 SPT in a sand unit. However, the
sample recovery was less than 10% in 5b between 1.5 and 4.5 m. A third boring (wyn-5c¢) was
made to resample the 1.5-4.5 m interval. In addition to the SPT’s and tube sample, field vane tests
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were conducted in 5c. The spacing between soundings wyn-5a-5b-5¢ was about 1.5 m. Two
borings were made at sounding 7, one (wyn-7a) was for SPT’s, the other (wyn-7b) was for
Shelby tube samples and SPT’s in the sand deposits.

Phase two was designed to investigate the area outside the zone of deformation. Three
additional CPT’s were made in line with the soundings from phase one. The northern most
sounding (Wyn-14) is located on Schoenborn, north of Roscoe Boulevard, and 43 m west of
Garden Grove Avenue. The southern most sounding (Wyn 13) was located on Wynne Avenue
about 30 m east of the intersection of Wynne, Nestle, and Lorne. Sounding 12 is located 114 m
south of Cantara Street on Wynne. SPT’s were conducted at soundings 13 and 14 and included
Shelby tube samples and field vane tests. The location of the soundings and borings is shown in
figures 1, 2, 6, and 7.

Potrero Canyon

Potrero Canyon is a 5-km-long east-west trending valley about 15 km to the northwest of the
San Fernando Valley. Ground cracks formed along the north and south margins of the canyon at
the contact between the valley fill and bedrock hills. The zone of cracking on each side was about
30 m wide, most of the cracks were extensional with overall displacement at least 10 cm. Vertical
displacement ranged from a few centimeters to 60 cm (Rymer and others, 1995).

Two lines of CPT soundings were conducted across the valley. The eastern line (pot-2-7) runs
along a north-south trending dirt road that entered a small opening on the south side of Potrero
Canyon. The western line (pot-1, 8-12) extends from a high point in the small opening northwest
across Potrero Canyon. Each of the lines of investigation consists of 6 CPT soundings and 2
borings where SPT’s were obtained, Shelby tubes were taken, and field vane tests were made.
Locations of the site, soundings and borings are shown in figures 1 and 8.

RESULTS

Results from the laboratory tests are shown in Table 2. Included in these results are grain size
measurements, Atterberg limits, liquidity index, activity, and strength measurements from field
and laboratory vane tests. Many of the index tests can be viewed in the figures plotted against
depth. Other index properties are plotted against each other to examine different relations. Figure
16 shows the relation between plasticity index/2-micron clay content or activity. Figures 17a and
17b show the relations between liquid limit and plasticity index, this serves as the basis for the
fine-grained Unified Soils Classification. The relation between liquidity index and shear strength is
shown in fig. 18. Liquidity index can be used to estimate strength, values greater than 1 indicate
low shear strength whereas values less than 0 indicate high shear strengths. The ternary diagram
in fig. 19 provides a quick and easy way to compare the hundreds of grain size tests and to
determine which of the samples have clay (0.005 mm) contents less than 15%.



Balboa Boulevard

The site is underlain by alluvium composed of lean and fat clay (CL and CH) with varying
amounts of sand to sandy gravel (GM) with all combinations in between. Grain size properties of
all Balboa samples are shown in Table 2.

The stratigraphy was divided into four informal units (Holzer and others, in press). From top
down they are: unit A is about 1-m thick and consists of road material, artificial fill, and
agricultural soil. Unit B consists of late-Holocene sheet flood and debris flow deposits. The clast
lithology changes from sedimentary north of sounding 13 to mixed sedimentary, crystalline, and
metamorphic south of sounding 13.5. No part of units A or B is below the water table. Unit C
consists of late Pleistocene to middle Holocene fluvial deposits. Unit D consists of dense and firm
sand, silt, and clay fluvial deposits of Pleistocene age. Based on lithology, cementation, and
pedogenic soil development unit D may be part of the Saugus Formation. The contact between
the Pleistocene and Holocene deposits is marked by a significant increase in tip resistance and
blow count. Except for soundings 9 and 14, all soundings were terminated in unit D because the
maximum reaction force of the sounding system had been reached.

The northern and southern extent of the ground failure in the alley coincides with the
intersection of the ground water and the Holocene units. Because of broken pipes and leaking
water we were concerned that the water levels measured during the summer of 1995 did not
reflect pre-earthquake conditions. Standpipes were placed in seven augered borings and
monitored about 18 months. Water levels over this time were stable indicating that the water
levels measured during the investigation probably represent pre-earthquake conditions.

Variation in field blow count, peak vane strength, density, water content, median grain size,
liquidity index, and plasticity index with depth are shown in figs. 9-15, respectively. The Unified
Soil Classification (USC) for fine-grained soils is shown in fig. 17. A general ternary particle-size
classification is shown in fig. 19. A general cross section of the entire Balboa profile is shown in
fig. 20. Detailed cross sections of the extension and compression zones are shown in figs. 21 and
22, respectively. A detailed analysis of the Balboa Boulevard investigation is described in Holzer
and others (in press).

Malden Street

The site is underlain by two alluvial deposits which were divided into geotechnical units. The
first geotechnical unit consists of two parts; unit A is a compacted residential fill, and unit B,
Holocene alluvium composed of soft to very soft lean clay to sandy lean clay. The clay deposits
are inferred to be of overbank and sheetflood origin. The ground water level beneath the failure
was 3.9 m. No Holocene deposits with liquefaction potential were located beneath the failure
zone. At a depth of 4.3 to 5.8 m the lean clay with sand is particularly soft. Field blow count is 1,
field vane strength averages 26 kPa, and tip resistance is 0.2 MN/m>.

The second geotechnical unit consists of Pleistocene alluvial deposits; the age is inferred on
the basis of pedogenic soil profile developments. As at Balboa Boulevard, the contact between the
Holocene and Pleistocene deposits is conspicuous in terms of increased penetration resistance and
increased median grain size. The Pleistocene unit consists of very coarse silty sand to sandy lean
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clay. Bedding is generally irregular and graded. Although unit D contains sediment susceptible to
liquefaction, the factor of safety is greater than 1 at a peak ground acceleration of 0.51 g (Holzer
and others, in press).

Geotechnical properties of samples are shown in Table 2. Variation in field blow count, peak
vane strength, density, water content, median grain size, liquidity index, and plasticity index with
depth are shown in figs. 9-15, respectively. The Unified Soil Classification (USC) for fine-grained
soils is shown in fig. 17. A general ternary particle-size classification is shown in fig. 19. A general
cross section of the entire profile is shown in fig. 23. Logs of the soundings and borings, with
median grain sizes, fines content, and a short field description, are shown in logs mal-1-16.

Wynne Avenue

The site is underlain by Holocene and Pleistocene alluvial deposits composed of lean clay and
silty sand (Holzer and others, in press). Unit A (0-2 m) consists of road base material, fill and silty
sand to sandy lean clay. Unit B (2-6 m) consists of soft lean clay inferred to be flood basin
deposits similar to the B unit at Malden street. Unit C (6-15 m) is texturally similar to unit B
although Unit C is much firmer. Also, Unit C contains two subunits of silty sand, C, (6-8 m) and
C, (10-11.5 m). Subunit C, extends from sounding 8 northward to sounding 14, in general
coarsening towards the north. Subunit C, is thickest underneath soundings S and 11 (separation
only about 3.5 m) and disappears northward at sounding 2 and southward at sounding 8. Unit D
was only sampled in one boring (5a) and is inferred to be Pleistocene in age based on the
increased penetration resistance shown in the CPT and SPT.

Geotechnical properties of samples are shown in Table 2. Variation in field blow count, peak
vane strength, density, water content, median grain size, liquidity index, and plasticity index with
depth are shown in figs. 9-15, respectively. The Unified Soil Classification (USC) for fine-grained
soils is shown in fig. 17. A general ternary particle-size classification is shown in fig. 19. A general
cross section of the entire profile is shown in fig. 24. A detailed cross section of the graben is
shown in fig. 25. Logs of the soundings and borings, with median grain sizes, fines content, and a
short field description, are shown in logs wyn-1-14.

Potrero Canyon

The site is underlain by 12-13 m of Holocene lean clay (CL) with varying amounts of sand and
layers of silty sand (SM) and sandy silt (ML) (Holzer and others, in press). The Holocene deposits
can be divided into 2 units. Unit A is 1.8-3.5-m thick and consists of lean clay (CL) to sandy lean
clay (CL) and silt with sand (ML). This unit is almost entirely above the water table, which ranges
from 2 to 5.6 m below the ground surface. Unit C ranges from 7 to 14.9-m thick and consists of
lean clay (CL) with varying amounts of sand with 0.3 to 1.8-m thick discontinuous layers of sandy
silt (ML) to silty sand (SM). Unit D is inferred to be Pleistocene in age based on pedogenic soil
development and penetration resistance. Not all soundings penetrated into unit D; those that did
penetrated 0.2 to 3.8 m into the unit. The unit consists of dense silty sand (SM) and firm lean clay
(CL) with varying amounts of sand.

Geotechnical properties of samples are shown in Table 2. Variation in field blow count, peak
vane strength, density, water content, median grain size, liquidity index, and plasticity index with
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depth are shown in figs. 9-15, respectively. The Unified Soil Classification (USC) for fine-grained
soils is shown in fig. 17. A general ternary particle-size classification is shown in fig. 19. Cross
sections of the east and west profile lines are shown in figs. 26 and 27, respectively. Logs of the
soundings and borings, with median grain sizes, fines content, and a short field description, are
shown in logs Pot1-12.

Liquefaction Resistance

The liquefaction resistance of samples below the water table and with 15 percent or less clay
(0.005 mm) is shown in Table 3. Samples were not evaluated if the beds the samples came from
were less than 20 cm thick and if the sample interval contained more than 8 cm of clay. This last
restriction occurred frequently because many beds were thin and the sampler penetrated first sand
and then clay. Fines content (<0.075 mm) of the evaluated samples ranged from 8 to 82 percent.
Field blow counts ranged from 4 to 220 blows per foot.
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Table 1. Soundings, borings, and tests.

Sites Soundings Tests
Balboa Boulevard 1 CPT
(Bal) 2 CPT, SPT, Tubes, Vane
3 CPT
4 CPT, SPT, Tubes, Vane, Well
4.5 SPT, Tubes, Vane
5 CPT
6 CPT, SPT, Tubes, Vane, Well
7 CPT
8 CPT, SPT, Tubes, Vane
9 CPT
10 CPT, SPT, Tubes, Vane, Well
11 CPT, SPT, Tubes, Vane
12 CPT, SPT, Tubes, Vane, Well
13b CPT, SPT, Tubes, Vane, Well
13.5 CPT, SPT, Tubes, Vane
14¢ CPT, SPT, Tubes, Vane
15 CPT, SPT, Tubes, Vane, Well
16 CPT, SPT, Tubes, Vane
Malden Street 1 CPT
(Mal) 2 CPT
3a CPT, SPT
3b Tubes, SPT, Well
3c Vane
4 CPT
S5a CPT, SPT
5b Tubes, SPT
6 CPT
7 CPT
8 CPT
9 CPT
10 CPT
11 CPT
12 CPT
13 CPT
14 CPT
15 CPT, SPT, Tubes, Vane
16 CPT, SPT, Tubes, Vane
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Table 1 continued

Sites

Soundings

Wynne Avenue
(Wyn)

Potrero Canyon
(Pot)

QLG n -

7a
7b

10
11
12
13
14

PV IUEWN—

Tests

CPT

CPT

CPT

CPT

CPT, SPT

Tubes, SPT

Tubes, SPT, Vane

CPT

CPT, SPT, Tubes
Tubes, SPT

CPT

CPT

CPT

CPT

CPT

CPT, SPT, Tubes, Vane
CPT, SPT, Tubes, Vane

CPT
CPT
CPT, SPT, Tubes, Vane
CPT
CPT
CPT, SPT, Tubes, Vane
CPT
CPT, SPT, Tubes, Vane
CPT
CPT
CPT
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