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ABSTRACT

Structural damage to private homes and public
buildings in El Llano, New Mexico, prompted a geotechnical
investigation by the New Mexico Bureau of Mines and Mineral
Resources to study the possible causes. Ground subsidence
and cracking around the damaged structures were attributed to
collapsible soils--loose, dry, low density, fine to
medium-grained sediment that compacts appreciably upon wetting
either by man-induced or natural moisture intrusion.

El Llano rests on a low-gradient coalescing alluvial
fan surface above complexly interbedded Holocene sediments.
The principal processes of sedimentation on this surface are
braided and arroyo channel, sheetflow and mudflow
deposition., Silty and poorly graded sands interfinger with
minor amounts of silt, clay and gravel lenses.

Most collapsible soils have dry densities
ranging from 80 to 100 pcf, low moisture contents (1-10%),
low Atterberg limits, and are poorly graded to silty sands
with only minor amounts of clay (1-3%). Their soil structure
is characterized by delicate grain point contacts, clay and
silt aggregates that bond the larger sand grains together,
clay coated sand grains {(cutans), and high porosities from
30 to 40%.

Geologic.cross~sections and fence diagrams zcross
the study area reveal both the continuous and patchy -
nature of surface and subsurface collapsible soils. These
sediments can be delineated using depth profiles of blow
counts, moisture content and saturation, and dry density and
density at liquid limit. Seismic refraction velocities and
depth to the ground water table are also helpful in
outlining collapsible zones.

The collapse mechanism of collapsible soils is
evaluated on two levels: the "macro-mechanism®” of svrface
subsidence and cracking; and the "micro-mechanism" of grain
slippage and clay aggregate shear failure. Surface subsidence
and cracking are caused by a loss of vertical support beneath
the wetted area, soil hydrocompaction, the weight of the
injected water itself, and by a small amount of true
consolidation., Cracking around the subsidence area is
characterized by sets of concentric tensional cracks, with
offsets up to 15 inches, and by slight tilting of blocks in
between each set of cracks. Zones of tensional and
compressional strain develop around the cracks and l'locks
and cause differential settlement.

The process of collapse within the soil structure
involves a reduction of shear strength from saturation.

Clay and silt aggregates, loosely binding the sand crains,
also loose their strength when wetted which enhances grain
slippage and volume reduction. The dissolution of soluble
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salts and cements in the soil by intruding water may also
weaken the bonds between sand grains. A collapse mechanism
experiment, in which four specimens were loaded to four
different stresses and then wetted, showed the effect of
saturation on collapse decreases with increasing overburden
load. Another experiment demonstrated that these

s0ils need not be 100% saturated to collapse but car
exhibit large volume reductions at saturations less than
70%.

The collapse ratio, R, is used as the independent
variable in a multiple, stepwise regression analysis. A
logarithmic regression equation models El Llano soils the
best. Liquid limit, plasticity index, dry density ard per
cent fines (silt and clay) controll 9%6% of the variance in
the collapse ratio.

The results of the discriminant function analysis
show there is no significant difference between soil
properties and collapsibility between soils located east
and west of the El Llano acequia unless the level of
significance is raised to 0.10,
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1.0 ' INTRODUCTION

Late in November 1984 geologists from the New
Mexico Bureau of Mines and Mineral Resources (NMBM&MNR)
investigated utility and structural damage and grourd
subsidence in the community of El Llano, northeast of
Espafiola, New Mexico (Fig. 1). After considering mary
possible causes, it was concluded that the large suksidence
cracks around many of the houses and public buildings were
due to collapsible scoils. In response to Executive
Order B4-76 (signed by Governor Toney Anaya in Decerber
i984), which decléred southern Rio Arriba and northern
Santa Fe Counties within the Santa Cruz Grant a disaster area
due to the ground subsidence, the NMBM&MR and its
subcontractors began an extensive geotechnical investigation.
This NMBM&MR study lasted until June 28, 1985, when the final
report (Johnpeer and others, 1985b) was submitted to the
Civil Emergency Preparedness Division in Santa Fe, New Mexico.
The purpose of the NMBM&MR investigation was to make
data available for soil-stabilization recommendations
around the condemned houses and public buildings as well as
in areas yet to be developed. This study was not
site specific but attempted to describe the geologicsl,

geotechnical, hydrologic and seismic conditions as they
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pertained to colliapsible soils in the El Llano vicinity.

1.1 Scope of completed NMBM&MR project

Work conducted during the NMBM&MR study is described
by Johnpeer and others (1985b). It consisted of an extensive
literature review of existing maps, aerial photographs in
the study area and other collapsible soil reports around
New Mexico, the United States and the world. Detailed
aerial and infra-red photographs and topographic maps of
the study area were made. Geologic mapping of the
surrounding area was conducted with special emphasis given to
delineation of collapsible and non-collapsible units and to
suspected faults.

The subsurface investigation consisted of drilling
102 wells to depths between 10 to 125 ft. A total of 560
disturbed (split-spoon) and 397 undisturbed (Shelby tﬁbe and
continuous sampler) samples were obtained and later tested
for grain size distribution, moisture content, dry density,
Atterberg limits, consolidation; clay mineralogy and soil
structure under a scanning electron microscope (Section 9.2).

The first forty-two boreholes were drilled in the
El Llano area to investigate the subsurface conditicns, to
determine ground water levels and to monitor settlement
around selected areas (Appendix I, Plate 1l). The remainder
of the boreholes drilled were a part of the Geotechnical
Ground Stabilization Study (GGSS). In this separate study,
water was injected through injection wells into the soil to

induce subsidence at four different areas south of
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Espafiola High School (Appendix I, Plate 2). Boreholes

around these four areas served for monitoring settlement,
moisture content, and density and for identifying svbsurface
conditions and water injection.

Eleven trenches, ranging in depth from 7 to 12 ft,
were excavated, shored, gridded and logged in detail to
identify shallow subsurface conditions, soil type, &nd
subsidence cracks‘Zt depth (Appendix III, Figs. 1-11).

These trenches, all located in El Llano, served to rinpoint
the depth of man-induced wetting of the soils from leaking
septic tanks and broken water lines. Several soll and charcoal
samples were alsoc obtained from the trenches for age dating
using carbon-14 methods. All samples tested gave ages youngexr
than 3,000 years and confirmed the very young, Holocene age of
these collapsible soils,

Seismic reflection and refraction surveys were
conducted to enhance knowledge of subsurface conditions, to
locate the ground water table and to delineate deep, buried
faults in the Tertiary and older rocks. The locatioﬁs of
these surveys are shown in Plates 1 and 2. Identification
of near-surface low velocity layers that may correlate
with collapsible soils helped to outline critical areas of
possible future subsidence.

Topographic and cultural surveys using a Lietz TM20H
theodolite and stadia rod were performed at the subsidence
depression west of the Moya residence (Fig. 2). This area
was surveyed five times over a four-month period to detect

any elevation changes, GGSS Area 2 was surveyed in a similar
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FIGURE 2--Oblique aerial photograph of El Llano, New Mexico showing
area of most concentrated geotechnical activities. C=condemned house.
View to east (from Johnpeer and others, 1985b). Photograph by J.
Bawley, January 3, 1985. .
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manner. At GGSS Areas 1, 3 and 4 a string grid was established
across each subsidence pit so that elevations from a datum
could be more accurately recorded over time. Subsidence

cracks in each area were also monitored and drawn at
different times to see what effect water injection

had on crack dimensions and rate of propagation (Aprendix

IV, Figs. 1-7).

A separate study to predict soil consolidation from
consolidation observed in a controlled field experiment was
conducted by Dr. Dan Stephens and Robert Knowlton of New
Mexico Tech (Stephens and Knowlton, 1985). This experiment was
conducted at GGSS Area 3.

Charles Carrillo, a historian from Albuguercue, was
contracted to document the history and use of the aceguias
that transect El Llano. One active acequia runs rouchly
north-south through the study area (Fig. 2). Aerial
photographs of El Llano show a faint presence of a smaller
acequia located just east of the active one (Figs. 1 and 3),
(Carrillo and Mirabel, 1985, p. 15). Because water in the
acequias wets the soils to the west more than those
located to the east on the alluvilal fan surface, it
is suspected that soil collapsibility may be partially
dependent on the location and size of the acequias.

Dr. Robert McNeill and Mr. Robert Holt assessed the
structural damage of the nine condemned houses in El Llano.
For the most part, structural damage consisted of cracked
foundation slabs and walls, separations between the stem

wall and the rest of the building, corner-down-type
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FIGURE 3--Vertical aerial view of El Llano taken in 1343J. Note lack of
development east of El Llano acequia (arrow) and extensive irrigation
west of the acequia. The box represents the approximate location of

Figure 2.
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failures, and cracking near windows and doors where large
stress concentrations are located (McNeill, 1985).
Structural damage also occurred as upward heaving nzar the
middle of the walls, slight rotation of the stem walls,
horizontal translation outward and slight rotation of the
corners about a vertical axis. All housing damage was
photo-documented by Mr., Neil Hollander and the NMBM*MR staff.

Finally, monthly weather records over the past 90
years were compiled to assess the effect of rainfall on the
study area. Preliminary investigation suggested that the
increase in rainfall intensity and accumulation in the fall
of 1984 contributed to increased soil saturation and

subsidence in El Llano.

2.0 SCOPE OF THIS STUDY

The New Mexico Bureau of Mines and Mineral Resources
final report (Johnpeer and others, 1985b) and subsequent lab
testing of the remaining undisturbed scil samples released
an enormous amount of data. However, due to time contraints
and objectives of that emergency study, emphasis was placed
on determining causes of subsidence and possible renedial
measures. The main objective of this thesis, therefore, is
to describe the geologic and engineering properties of
collapsible soils in El Llano. This is done using

detailed cross-sections and fence diagrams and laboratory
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data statistical analyses., fhe collapse mechanism of
collapsible soils both on the micro-and macro-scales is
described using stereo scanning electron microscope
photogfaphs, clay mineralogy and content, consolidation
tests and from analysis of surface cracks and subsidence
at GGSS Areas 1, 3 and 4.

Finally, and perhaps most important, a collapse
criterion is generated from a stepwise multiple regression
analysis and compared with criteria of previous workers.
Discriminant function analysis and T-tests using laboratory
data from soils located both east and west of the El1 Llano
acequia are conducted to determine if there is actually

a difference in soil collapsibility between the two areas.

3.0 TOPOGRAPHIC SETTING

The study area 1s located in the central Espanola Basin
at elevations from 5600 to 5800 ft (Fig. 4). The Espanola
Basin is bounded by Precambrianjcored uplifts, the
Nacimiento uplift along with the eastward-sloping, dissected
Pajarito Plateau to the west and the southern Sangre de
Cristo Mountains to the east. The western half of the basin
is filled with volcanic rocks of the Jemez Mountains which
define the western edge of the topographic basin that is
only 20 mi wide. To the north and south, the Espanocla Basin

terminates near the basalts of the Servilleta Formation and
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the Cerros del Rio volcanic field, respectively.

The Espafiola Valley is about 25 miles long and
extends from Velarde to White Rock Canyon. The Rio Grande
flows to the south with an average gradient of 11 ft per
mi., The present Rio Grande floodplain is 1 to 3 mi wide.

The Rio Chama empties into the Rio Grande from the
northwest just below San Juan Pueblo., The Santa Cruz River
_ has an average gradient of 50 ft per mi and has most of
its water diverted for irrigation., The Rio Chama and Santa
Cruz River are the only perennial streams flowing into the
Rio Grande near the study area. Numerous arroyos are
tributary to the Rio Grande but these flow only a few
hours on a few days during the year when heavy
thunderstorms occur in the adjacent mountains. Large
quantities of sand and silt and some gravel from the
bordering alluvial fans and valley uplands are swept into
the Rio Grande by the flash floods of. sudden summer storms
(Galusha and Blick, 1971, p. 98).

On the eastern side of the Espafiola Basin are
dissected foothills sloping westward toward the Rio Grande.
A badland-type topography consisting of highly eroded
Chamita and Teésuque Formations (Miocene) extends frcm an
unconformable contact with the Precambrian granite cf the
Sangre de Cristos near Truchas and Chimayo to 2-3 mi
east of the Rio Grande. Between the most western edge of
these badlands and the Rio Grande floodplain are gently
sloping (55-125 ft per mi) coalescing alluvial fans.

The study area is located on the proximal and medial
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reaches of these fans. On this surface river terraces occur
discontinuously along both the Rio Grande and Santa Cruz
River from San Juan Pueblo to La Plaza south of Espafliola.
Numerous incised and broad arroyos extend from the valley
uplands westward across the study area.

The community of El1 Llano and GGSS Area 2 are
located west of Airport Road (NM-291), and GGSS Areas 1, 3
and 4 are located east of this rocad (Plates 1 and 2).
Acequias run subparallel to the Rio Grande from the north
of San Juan Pueblo through El Llano to the agricultuvral
areas of the Rio Grande floodplain. Two aceguias from the
Santa Cruz River, the Santa Cruz and El Llano acequias,

trend northwest from Santa Cruz to Ranchitos (Fig. 1).

4.0 CULTURAL SETTING

To assess the impact of human activity and cf the
increased use of irrigation water from the acequias on the
El Llano area two separate studies were conducted. The first
involved counting the number of structures over the past 50
years using aerial photographs taken since 1935 (Fig. 5). The
second study by Carrillc and Mirabal (1985) involved
researching the history of the acequia systems.

The first Spanish explorers in northern New Mexico
arrived in 1539 and their first settlement was estaklished

in 1598 on the west side of the Rio Grande across f£rom San
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Juan Pueblo. Although there are no indications of ary
settlements in El1 Llano, the Spanish population continued to
grow in the Espahola Valley during the 17th century. Both
Indian and Spanish irrigation systems were in use ir the
study area prior to the Pueblo Revolt in 1680
(Carrillo and Mirabal, 1985, p. 3).

As settlements grew along the semi-arid Espefiola
Valley, the people constructed an irrigation ditch
sufficiently large to convey water to their lands fcr
the irrigation of crops. Individuals owned and cultivated a
specific tract of land which was perpendicular to the
acequia. The development of the study area in recent years
may have contributed to the ground subsidence.
Individual tracts of land were divided among male and
female heirs according to Hispanic custom (Carrillo and
Mirabal, 1985, p. 16-17). Thus each strip of land became
narrower with time. Leaking septic tanks, broken utility
lines and other causes of local soil moisture now affects
many houses due in part to their close proximity.

Although the entire Santa Cruz acequia was lined
with concrete in 1964 {(Carrillo and Mirabal, 1985, p. 13),
most of the El Llano acequia remains unlined to allow water
infiltration. In addition to the Santa Cruz and El Llano
acequias, there are literally hundreds of small sangrias
(veins) that divert water to various fields. Water in both
acequias follows the contour of the land from the Santa
Cruz River to El Llano. Water is usually diverted into the two

acequias from spring through late fall.
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In addition to the two older acequias, another built
by the Mormons in the late 19th century extended from
Velarde southward along the talus slopes east of the Rio
Grande into El Llano. The remains of this abandoned acequia
are slightly visible on aerial photographs going back to
1935 (Fig. 3). This acequia was short~lived due to numerous
washouts where it crossed arroyos. Therefore soils east of
the main El Llano acequia on this westward sloping alluvial
plain are undisturbed. This is also the area where nost of
the reported structural damage and ground subsidence has
occurred. In contrast, soils west of El Llano acequia have
been irrigated and saturated for about 300 years.
Consequently, these soils have already largely collapsed.
The GGSS Area 2 water-injection study further supports this
assumption (Sec. 10.1). No incidences of structural
damage due to collapsible soils have been confirmed west of
the acequia.

The El Llano community water well was dug scmetime
between 1936 and 1949. A small reservoir tank is located just
west of one of the condemned houses (Fig. 2). Residents
report that the tank periodically overflows, allowirg water
to saturate the foundation soils. As a result, the tank has
settled and leaned significantly, rupturing water pipes
leading to and from it (Johnpeer and others, 1985b, p.

5-2). In borehole ESPDH-4, located just west of the tank,
soil-moisture contents were exceptionally high down to 56 ft.

Most houses in El Llano are adobe with conventional

slab foundations, have no rain gutters and downspouts, and
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are not landscaped to accommodate surface runoff well.
Ponding of water is common around many houses and some
residents sprinkle their lawns during the summer

months. Furthermore, several arroyos extending westyvard
down the alluvial fan surface intersect Airport Road
(NM~291) and occasionally cause water ponding in the study

area during summer cloudbursts,

4.1 Climatic precipitation

Rainfall data collected over the past five years
(Gabin and Lesperance, 1977) display a normal monthly
precipitation péttern increasing from January to Jure,
a sharp increase in July and August, and a gradual
decrease from September to December (Appendix II, Fig. 1).
However, in 1984 the wettest month occurred in Octoler
when 2.93 inches of rain were recorded (Appendix II, Fig.
2). On three days during that month precipitation wes
greater than 0.5 inches. Shortly therafter, in Noverber,
much of the structural damage due to differential settlement

from collapsible soils was reported.

4.2 Vegetation
| Although most of the study area is develope¢ and/or
cultivated, the surroun@ing alluvial aprons to the east
support native grasses, rabbitbrush, yucca, prickly pear and
other types of cactus. Cottonwood trees line the El Llano

and Santa Cruz acequias.
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5.0 REGIONAL STRATIGRAPHY

5.1 Pre-Santa Fe Group Rocks

El Llano is located in north-central Espafiola Basin,
one of a series of north-south aligned Cenozoic structural
and topographic basins comprising the Rio Grande rift from
central Colorado to southern New Mexico (Chapin, 1971;
Manley, 1978a). The southern Sangre de Cristo Range on the
east and Nacimiento and Jemez Mountains on the west border
the Espafiola Basin. Regional uplift surrounding the basin
has occurred over the past 10-12‘m.y. (Chapin, 1971).

The Sangre de Cristo Mountains consist of
crystalline rocks older than one b.y. They are overlain
by thick sequences of Paleozoic and Mesozoic sedimertary
rocks which dip gently westward beneath the Espafola
Basin. The Precambrian core of the Nacimiento uplift on
the western margin of the Espaficla Basin is covered with
volcanic rocks ranging in age ffom 9.1 m.y.to about

100,000 yrs (Fig. 6).

5.2 Santa Fe Group Rocks

In the vicinity east of the study area, lower to upper
Miocene rocks of the Tesuque and Chamita Formations (Santa
Fe Group) are exposed. The Tesuque Formation in the
north-central Espahola Basin is composed of three Members:
the Nambé, Skull Ridge and Pojoaque. These sediments were
deposited between 20 and 8 m.y. as basin-fill alluvial

deposits shed from the uplifting Sangre de Cristo
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Mountains. East of the study area the Pojoaque Member of
the Tesuque Formation and the Chamita Formation are
exposed in a badland-type topography and form high kluffs
and mesas that are dissected by numerous arroyos.

The Pojoaque Member is a salmon or pink to kuff, tan
to grey sequence of partially consolidated sandstone,
siltstone and mudstone with conglomeratic lenses. Numerous
white to grey ash beds derived from the Jemez Mountzins
provide good correlation markers in the Pojoague Mermber.

In general, these rocks are exposed in a great semicircular
belt of isolated groups from Chimayo, north of Santa Cruz,
Espanola, to Pojoaque, New Mexico {Galusha and Blick, 1971,
p. 64).

North and west of the study area the Chama-el rito
Member (which is a time eguivalent to the Pojoaque Member)
is exposed. This sequence consists of well-rounded pebble-to
cobble-sized volcanic clasts interbedded in buff to pinkish,
coarse to fine, soft sandstone and siltstone, These rocks
were derived from volcanic source terrain in northern
New Mexico and the San Juan Region in Colorado.

The late Miocene Chamita Formation unconformably
overlies the Pojoague Member and Ojo Caliente Sandstone of
the Tesuque Formation east and north of the study area. This
formation consists of coarse sands and gravelly sand<tones
interlayered with two distinct zones of tuffaceous beds.

The lower zone has 80 ft of coarse sand and gravel
layers with 4 to 5 dark ashy layers, while the

upper zone consists of 100 £t of white to pink tuffa-zeous
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beds intercalated with quartzitic sands and gravels (Manley,
1978a; Galusha and Blick, 1971).

Both the Chamita and Tesuque Formations strike
roughly northeast and dip 4° to 6° northwest. Nearly £000
ft of these Santa Fe Group basin-fill sediments have
been measured in the Espafiola Basin (Galusha and Blick,
1971; Fig. 7). Seismic reflection work done during the
NMBM&MR study revealed that these Santa Fe rocks are at

least 2700 £t thick beneath El1 Llano.

5.3 Post~Santa Fe Group sediments

Over the past five million yrs the Rio Grande and
its tributaries have shaped the present landscape in the
Espafiola Valley. The ancestral Rio Grande originally flowed
near the level of the high mesas where the Chamita and
Tesuque Formations are exposed around the outer rim of the
Espaflola Valley. The inner valley comprises the modern
Rio vrande floodplain and alluvial fans built by tributary
arroyos, mudflows and sheetflows. On the present alluvial
aprons are remnants of former valley-floor deposits of the
ancestral Rio Grande, These sands and gravels are located
north of the study area near San Juan Pueblo, beneath Black
Mesa and along terraces of the Santa Cruz River. The
tremendous erosive power of the ancestral Rioc Grande not
only left these elevated, remnant terrace gravels, but also
removed several cubic mi of sediment in the Espafola
Valley (Hawley, 1978).

Several boreholes in the study area penetrated
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the ancestral Rio Grande sands and gravels (Qrg) at an
average elevation of 5610 ft. These sediments dip 11

ft/mi to the south and c¢losely approximate the present

Rio Grande gradient. The sediments consist of sandy gravels
and gravelly sands (GP and SP-SW in the Unified
Classification System) with local lenses of silt and

clay. Blow counts (obtained from standard penetraticn tests
during drilling) are commonly greater than 50 in these
deposits. In addition, the deposits are near or belcw the
water table and thus are saturated (see Plates 3A, 4A and
5A) . A1l of these properties indicate these sands and
gravels have a high bearing capacity with little
susceptibility to consolidate further.

*The main geologic unit of concern in this study of
collapsible solls is the young {<10,000 yrs) Holocene
alluvium that supports most of the structures in El Llano.
These alluvial fan deposits were emplaced by ephemeral
streams, mudflows and sheetflows emanating from the high
mesas to the east. A discussion of these depositionatl
piocesses and the types of collapsible soils they produce

is_given in Section 8.0.
| Silty sands (SM) and poorly graded sands (SP)
interbedded with gravel, silt and clay lenses characterize
these alluvial deposits. Thicknesses of the young alluvium
range fr;m 100 to 125 ft beneath El Llano to as little as
8 £t near GGSS Areas 1, 3 and 4 (see Plates 3A-7A). Dips
vary froﬁ 1°to 2°following the present alluvial fan

surface. These sediments are well above the water tahle,
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which is located below the study area at elevations between
5600 and 5650 ft. Their porous, dry, unsaturated and loose
nature makes them highly vulnerable to consoclidatior upon

wetting and/or loading.

6.0 STRUCTURE AND EVOLUTION OF ESPANOLA BASIN

The Espahola Basin is a sagged and faulted syncline
with tilted fault blocks that are collapséd parts of a broad
area of the Laramide structural uplift (Chapin, 1971). The
western limb of the bésin is broken by the Pajarito fault
zone, a series of down-to-the~east faults concealed by
volcanic rocks of the Jemez Mountains, into eastward-tilting
blocks of Santa Fe rocks.

The eastern limb of the Espafiola Basin appears to
lack a graben-style border, but instead merges with the
west~tilted Santa Fe block of the Sangre de Cristo uplift.
In many locations Santa Group sedimentary rocks
nonconformably overlie Precambrian or unconformably overlie
Pennsylvanian rocks of the Sangre de Cristo Range
suggesting an onlap relationship; there is no thick deposit
of Tertiary sediment abutting the Sangre de Cristo uplift
{(Manley, 1978a, p. 12). Thus it appears that either the
eastern border is a series of step faults or is not a fault-
controlled border.,

High angle, normal, intrabasinal faults cutting
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Santa Fe Group rocks in the eastern half of the basin are
of limited extent (traces less than two mi} with
displacements less than 300 ft. Most faults strike north
to northeast, following the trend of the Espafiola Valley.
The average angle of dip is about 70° . Fault traces
show a marked sinuosity with dip directions both east and
west. This results in closely spaced horsts and grabens
within the Santa Fe Group rocks (Galusha and Blick, 1971).
In particular, the faulting just east of the study
area in the high mesas of Santa Fe Group rocks is mostly
post-Tesuque in age, Only two faults can be traced
northwest along exposures of bedrock east of Espafiola.
One well exposed fault trends northwest through the
Espafiola landfill. Dipping southwest, this fault has
offsets of 10 to 20 ft. Another fault east of the
landfill trends N. 20 W. and dips 65 to 85 to the
southwest with approximately 60 ft of displacement.
This eastern fault zone is 20 ft wide and actually
consists of a number of small faults. The fault .
surfaces are coated with clay or calcium carbonate miking
them more resistant to erosion than the surrounding beds.
Fault traces are associated with topographic highs
and adjacent eroded areas between these highs are
partially filled with Holocene alluvium that has not been
offset by the fault. This fault zone is buried by ancient
terrace gravels north of the Santa Cruz River (Johnpeer and
others, 1985b, p. 6-14). According to D. Love (pers. comm.,

1985) the last fault movement probably occurred more than
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one million years ago.

Two other fault zones intersect the Tesugque and
Chamita Formations east of Espaficla Municipal Airport. The
first, more prominent zone trends N. 41?W. and dips 73°
northeast to vertical with an offset between 10 and 30 ft.
The fault trace is buried by alluvium which it does not
offset, The second fault zone trends N. 38°E., dipping
between 51?and 86 to the southeast. Both fault zones form
part of a faulted monocline with a faul£ed syncline in
their downthrown blocks (Johnpeer and others, 1985b,
'p. 6-15).

A seismic reflection profile across the El Llano area
(Plate 1) indicates that the Santa Fe beds are located at
depths between 50 and 125 ft below the ground surface. The
major structural features affecting these Miocene rccks are,
from east to west: a shallow syncline overlying an apparently
deeper graben; a gentle anticline draped over a deeper horst
approximately beneath the center of seismic line ES-1; and
a slight rise centered beneath the end of seismic line
ES-1, which may be a buried hill or ridge. On seismic
line ES-2 and cross-section AA' (Plate 3A) there is
evidence of a minor east-dipping fault with offset less
than 25 ft and a second fault dipping west with slightly
greater displacement. Neither fault penetrates the
overlying Holocene ailuvium (Reynolds, 1985}.

If the faults east and west of the Espanola
landfill are projected northwestward towards El Llan», they

generally correspond to those faults interpreted on seismic
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reflection line ES-2. However, the sense of movement on the
eastern fault is interpreted seismically as being dcwn to
the east, whereas the fault, exposed to the south of the

study area, displays a down-to-the-~west direction.

7.0 PREVIOUS WORK ON COLLAPSIBLE SOILS

7.1 In the United States and abroad

Collapsible soils generally consist of loose, dry,
low density, medium~to fine-grained material that compacts
appreciably when wetted. They have long been known in the
San Joaquin Valley, California, Arizona, the midwestern
United States, South Africa, Romania, Bulgaria, Australia,
Russia and China. Bull (1961, 1964, 1972), Bara (1972,
1975), Curtin (1973), Gibbs and Bara (1967a, 1967b),
Johnson and Moston (1968), and Prokopovich (1963, 1975,
1984) have exhadstively studied subsidence due to
hydrocompaction along the San Luis Canal in the San Joaquin
Valley, California. Some of the first water injection
studies to induce soil collapse were conducted in this
area. Some workers developed collapse criteria to
predict the occurrence of collapsible soils,

Other workers who have studied collapsible snils
in Tucson and Phoenix, Arizona include Alfi (1984),
Anderson (1968), Crossley (1968), Platt (1963), and
~ Bultan (1969, 1971). Lobdell (1981) reported on the

collapsible Palouse loess in southeastern Washington.
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A water flooding study to induce soil collapse along
Interstate 70 in western Colorado was conducted by Shelton
and others {(1975). The U,S. Bﬁreau of Reclamation (1980)
and Arman and Thorton (1973) studied collapsible loessical
sediments in Missouri and Louisiana, respectively.

Internationally, collapsible soils have been widely
researched for over forty years in Russia by Denisov
(1946, 1951), Krutov and others (1984), Litvinov (1961),
Minkoy (1984), and Prinklonskij (1952). The Russians
pioneered some of the first chemical and thermal
stabilization methods for collapsible loessical soils, They
also devised a number of collapse index equations used for
evaluating the collapsibility of loessical and alluvial
deposits (Section 11.0). Feda (1966) did much of his work
in Bulgaria and Romania and also invented a useful collapse
index equation. In northern China, Lin and Liang (1¢79)
reported on the engineering properties and geographic
distribution of collapsible loess and alluvial fan
sediments. Finally, Hag (1976) researched the
hydrocompaction around the Chashma Right Bank Canal in
India.

Much of the work on the geology, engineering
properties, c¢ollapse mechanism, effect of clay,
microstructure and hydrology of collapsible alluvial fan and
residual granite soils has been done in South Africa by the
following authors: Aitchison (1973), Booth (1975),

Bishop and Blight (1963), Brink and Kantey (1961), Ingles

(1964) , Ingles and Altchison (1969), Jennings and Burland
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(1962), Jennings and Knight (1956, 1957, 1975), Knicht
(1959, 1961, 1963), and Knight and Dehlen, (1963).

7.2 In New Mexico

Only within the last 20 yrs have collapsible soils
taken on major importance in road and building construction in
New Mexico. One of the first discoveries of collapsible
scils occurred in the late 1960's at a maintenance patrol yard
in Alcade between Espafiola and Velarde, about 3 miles north
of E1l Llano. Several inches of differential settlement took
place at the west end of the maintenance building fcllowing
landscaping and lawn watering (Lovelace and others, 1982,

p. 2). Since this time several other cases of structural
damage due to collapsible soils have been reported in New
Mexico,

The paucity of literature pertaining to collapsible
soils in New Mexico clearly marks the need for more
geotechnical investgations and laboratory testing of these
sediments, Beckwith (1976) outlined the occurrence of
collapsible soils along the Rio Grande rift. He
described their deposition from mudflows emanating from the
bordering mountains., He also noted that other weakly
cemented dune éénds, sodium-rich dispersive clayey silts,
and residual granite soils weathered from the Sandia granite
also ccllapsed when wetted.

‘Clary (1980) and Clary and others' (1984) briefly
delineated the collapsible soils found around Albuquerque's

Northeast Heights. These sediments were derived from mud and
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debris flows originating from the canyon mouths of the Sandia
Mountains. More specifically, buildings in the area bounded by
Juan Tabo, Comanche, Morris and Candelaria Boulevarcds, Tanoan
Village and Montessa Police Park have experienced differential
settlement and structural damage apparently due to collapsible
soils.

Woodward-Clevenger and Associates (1973) performed
a geotechnical investigation on the Montessa Police
Park south of Albuquerque to determine the character and
extent of the collapsible soils and to try to stabilize the
buildings there. Augercast piles were first installed to 30
ft to underpin the cracking foundations but were
unsuccessful in arresting the differential settlement. The
firm recommended underpinning the foundation to a depth of
125 ft because borehole data indicated that collapsible
soils existed to well below 100 ft.

In 1979 the New Mexico State Highway Department
conducted a collapsible~soil compaction study on a three-mile
stretch of Interstate 25 near Algodones, New Mexico. This
part of the highway lies on loosely consolidated, dry
alluvial apron deposits ranging in thickness from 20 to 25
ft. Soon after the interstate opened in 1955 sags an?
wavipess developed on its surface. Subsurface soil
investigation revealed the sediments had a consolidation
potential of 31 inches throughout a 20 ft depth. The New
Mexico State Highway Department tested several
soil stabilization methods in the area: dynamic compaction;

vibrofloatation; ponding with reverse sand drains; and
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compacting and wetting the soils above their optimum

moisture content (Lovelace and others, 1982).

7.3 In El Llano and vicinity

Most of the geotechnical work done around El Llano
has been conducted at the Vista del Rio subdivision located
only a few hundred yards south of GGSS Areas 1, 3 ard 4. In
1979 Valdez Engineering & Testing drilled six exploratory
borings, collected soil samples and did standard
penetration tests in the proposed subdivision area. They
found the subsurface conditions consisted of silty to clayey
sands (SM, SC) and poorly graded sands (SP) to a
depth of 15 ft. The foundation and footing recommendations
stressed the importance of preventing any wetting of the
subsurface soils, which, if occurred, would lead to
consolidation and differential settlement underneath the
structures (Valdez, 1979}.

The most recent geotechnical work in the Vista
del Rio subdivision was in early 1985 by Albuquerque
Testing Laboratory, Inc. Engineers drilled thirteen 10 to
35-ft test borings, performed standard penetration tests
and took soil samples for laboratory testing. They also
found the subsurface soils to be silty to clayey sands
(SM, SC) and sandy silts (ML) which were very loose and
dry. They noted the extreme soil collapse potential from
any moisture intrusion. Recommendations for construction
included soil prewetting to 5 ft, proof rolling, positive

drainage and the use of continuous reinforced concrete
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footings (BRAB slab}, (Clary and Korecki, 1985).

8.0 GEOLOGIC CONDITIONS OF COLLAPSIBLE SOILS IN EL LLANO

8.1 Alluvial fan sedimentation

El Llano rests on Holocene alluvium consisting
mostly of silty to clayey sands (SM, SC)} interbedded with
poorly graded and gravelly sands (SP, SW); sandy grevels,
(GP); and silt and clay lenses (ML, MH, CL, CH). The
alluvium ranges in thickness from 30 to 120 ft in tite
vicinity of the study area. This wedge-shaped layer of
alluvium was deposited primarily as coalescing alluvial
fans by tributary arroyos, small braided channels, mudflows
and sheetflows.

The increase in precipitation and decrease in
temperature during the last glacial age (>15,000 yre)
augmented runoff from the bordering mountains into the
Espaﬁola Basin. Coalescing alluvial fans grew towarc¢ the
axis of the Espaflola Basin. During post-glacial times
runoff decreased and drainage channels aggraded and were
filled with mostly fine to medium-grained silty sands

derived from the Tesuque and Chamita Formations.

8.1.1 Mudflows
Intense flooding on the alluvial apron and c¢n the
valley uplands near El Llano caused numerous mudflows--

each layer was deposited by an individual flash flocd. One
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layer was largely dried before another layer was derosited.
Furthermore, each layer was buried by subsequent flcws
without ever being wetted or consolidated under its own
weight. This process produces a very porous, low density,
dry, under-conscolidated and moisture-sensitive soil that
when subject to water infiltration can reduce drastically
in volume.

Mudflows have been described by Blackwelder (1928,
p. 467) as "a thick film of muddy slim viscously rolling over
a gentle rolling plain" (Fig. 8). They are lobate in shape
with thin layers and steep margins commonly containing twigs,
shrubs, branches, and sometimes uprooted trees. Some of the
soil samples taken from shallow depths in trenches and
boreholes around El Llano contained decaying vegetative
matter. Some samples even displayed open root casts and
channels.

Several conditions favor mudflows: steep slopes
in the source area to induce rapid erosion; unconsolidated
to loosely consclidated material that contains enough clay
to make the mass f£low when wet; short periods of intense
rainfall; and insufficient vegetative protection (Bull,
1964, p. A22). Some of these conditions prevailed in the
valley uplands and on the alluvial fan surface east of El
Llano over the past 10,000 yrs. The "ideal" material
for a mudflow is a gravelly, sandy mass containing enough
swelling clay so that when swelling occurs the internal
cohesion of the mass decreases to allow movement. Th=

loosely consolidated sandstones and siltstones of the
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Chamita and Tesuque Formations interbedded with
conglomeratic, clayey and bentonitic volcanic-ash layers
were good source rocks for mudflows east of the study
area.

If more than half of the solid fraction of a mudflow
consists of material larger than sand size (> 4.76 mm),
it is termed a debris flow (Bates and Jackson, 1980). An
insignificant number of gravel layers were encountered
either in the boreholes or in the trenches compared with the
abundance of fine-to medium~grained silty sand layers.
Stringers of gravel penetrated were probably buried arroyo-
channel bottoms consisting of lag deposits. The lack of
‘abundant coarse-grained material in the source area as well
as the lack of any steep gradient on the fan surface probably
inhibited formation of debris flows. Mudflows, streamn
channel and sheetflow deposits were probably the mos®
active depositional processes building the alluvial wedge
in the vicinity of the 'study area.

Even though conditions favoring mudflows may only
occur every several hundred years, mudflow deposits are
ubiquitous throughout the study area. Single mudflow units
often overlap and bury sinuous threads of stream sand and
gravel (Plates 32, 4A and 53a). Small amounts of poorly
graded stream sands and gravels are surrounded by fine-to
medium-grained silty and clayey mudflow sands. These
individual mudflow units vary from less than one ft to
several ft in thickness. Examination of trenches BH-1 to

BH-11 {(Appendix III) shows that most silty to clayey sand,
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silt and clay units are thin to very thick with
interstratification of gravel lenses.

The varied thickness of these mudflow deposits
indicates that flow viscosities changed during the
course of the alluvial fan construction. Viscosity
controls the competence and extent of the mudflow: the
thinnest flow is the most fluid; the least competent
transporting only clay, silt and fine sand; and the most
extensive reaching the distal parts of the fan surfcce.
Based on the overall fine-grained sandy nature of tle
sediments and their wide extent of deposition in the study
area, low-viscosity mudflows probably were the most common
type of flow during Holocene time, On cross-section
AA' (Plate 3A), which runs east-west from the medial to
distal parts of the fan surface, sediment layers gererally
become finer grained and thinner down-fan.

Fluid mudflows commonly follow the shallow arroyos
that already dissect the fan. Once the mudflow fills these
channels it spreads out onto the interfluve areas as
overbank deposits in a series of lobes that suggest a
pattern of cak leaves (Blackwelder, 1928, p. 475). Long,
thin stringers of these clayé and silts are common in
cross—-sections AA', BB' and CC' (Plates 3A-534).

Thicker, more viscous mudflows occur in the
proximal parts of the fan. Due to the lack of abundant
gravel~, cobble- and boulder~sized material in any of
the sediment around the study area, it is doubtful that

viscous mudflows occurred since the construction of the
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alluvial fan east of El Llano. Furthermore, the low clay
content (less than 10 %) of the source rocks and the
Holocene alluvium most likely restricted any viscous
mudflows. The most common mudflows emanating from the valley
uplands probably consisted of low viscosity, water-laiden
masses of silt, fine-~-to medium-grained sand with only small
amounts of clay as evidenced by the mean grain sizes of all

sampies tests in Table 2 (Sec. 9.2).

8.1.2 Textural characteristics of mudflows

It is the textural characteristics of mudflow
deposits which enable them to collapse upon wetting.
Large intergranular voids result from particles settling
into a low-density packing arrangement in which the grains
are held together by weak clay bonds after drying. Figure 9
shows some typical collapsible soil structures of muiflow
deposits. The clay bonds preserve the void space that would
otherwise be lost if no clay were present to resist the
increasing overburden load from subsequent deposition.
Similar collapsible soils derived from alluvial fan
deposition in the San Joaquin Valley, California, avzraged
12% clay. Bull (1964, p. A56) discovered that mudflow
deposits with large amounts of clay (»30%) were
non-collapsible because the abundant clay filled the voids.
Soils with less than 6% clay were also non-collapsible
because the lack of clay bonds between the grains
enhanced compaction from the overburden,

The textural properties of collapsible mudflow
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AGGREGATED CLAY

MENISCUS

CAPILLARY SILT " .AGGREGATED

CLAY
‘LUMPS
CLAY M. OLAY
' BUTTRESS J BRIDGES
FLOCCULATED MUD FLOW TYPE CARDHOUSE
CLAY BOND OF SEPARATION . .STRUCTURE

FIGURE 9—4Typical collapsible soil structures (adapted
from Barden, 1971). .



(38)

deposits in El Llano are different from those in California
because the former's intergranular bonds consist of only
minor amounts clay (1-3%) and silt delicately holdirg the
larger sand grains together (Fig. 10). Sieve and pipette
analyses of El Llano silty and poorly graded sands showed
mean clay percentages of only 3.3. However, the mean
percentage of fines (silt and clay) for all soils was 27.5
indicating that most of the fine fraction bonding between
sand grains is medium to fine silt. A more thorough
discussion on the effect of silt and clay on the collapse
mechanism is presented in Section 10.3.5.

Significant volumes of bubble cavities, formed when
air is trapped during and after mudflow deposition, also
creates a very loose, open~structured collapsible soil;
Mudflows pick_up air in two ways: during rapid movement
down the fan surface and by trapping air after the flow
stops. Air in the underlying scil moves upward and b=2comes
trapped@ in the mudflow deposit to form bubble cavities
(Bull, 1964, p. A31l). These cavities in El Llano soils tend
to be irregqular in shape and about 1/16 inch in diam3ter.

Buried cracks or open fissures in mudflow deposits
also contribute to their open structure and low density. As
the mudflow dries polygonal dessication cracks form at the
surface. Several cracks were encountered at or near the
surface during backhoe trenching in the study area. Most are
open or partially filled with sand. These buried cracks
commonly form in mudflow deposits which dried and cracked

with later sand deposition in the cracks before
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FIGURE 10-~Scanning electron micrograph of
a collapsible soil showing sand grains bonded
loosely together by clay and silt aggrégates.
Note the extremely porous and delicate structure.
(Mag. 400X, lmm = 2.5 microns, GGSSS-~17, 4-6 £ft.)
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the underlying mudflow dried. Since the sand has enough
dry strength to bridge the gap between the cracks it is
preserved in the mudflow deposit. In El Llano some cracks
extend 6 to 7 ft below the ground surface. They are
probably not related to mudflow deposition but to
post-depostional wetting and drying cycles and possibly to
pre-historic soil collapse. However, geotechnical stadies
of collapsible soils in Tucson, Arizona and in the San
Joaquin Valley, California revealed the presence of

large fissures resembling dessication cracks that ex“ended
10 £t from the surface (Sultan, 1969; Bull, 1972).

Other cracks, locally called "gbtanos” {Valdez,
pers. comm, 1985), were reported at widespread localities
in the study area and seemed to be related to dessication
and/or shrinkage of expansive clay minerals in near-surface
clay layers. As the clays become saturated by surface
runoff or by man-induced wetting they expand and cause the
cracks to clbse. During drier periods, the clays dessicate
and surface cracks appear. sdtanos have been widely
documented in other parts of New Mexico and the soutlwest
where similar c¢lay-rich expansive soils occur (Maker and
others, 1974; Soil Conservation Service, 1975). They are
not considered to be closely related to the collapse
phenomenon. |

Other large voids created in mudflow deposits are
formed from decaying vegetation that has been transpcrted
by the mudflow. Many of the scils within 15 ft of the

surface in the study area displayed both fresh and
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decaying vegetative matter. Where roots and grasses have
decayed there are fairly continuous channels and cavities in

several soil samples with diameters as large as 1/16 inch.

8.1.3 Water-laid deposits

Two types of water-laid sediments occur in the study
areas those consisting of sheets of sand and silt devosited
by a network of intermittent braided streams; and thoise made
up of clay, silt, sand and gravel deposited in arroy»os and
on overbank areas. Sheetfloods develop into shallow
sheetflows which generally develop under upper flow-vegime
conditions near the mouths of canyons. They deteriorate
into patterns of braided channels and bars which dissect
the alluvial fan surface. The resulting|deposit consists of
well-sorted sands and gravels with small-scale internal
lenticularity, scouring and cut and f£fill structures
(Collinson, 1978, p. 18). Some of these sedimentary
structures can be observed in trenches BH-5, 6, 9, 10 and
11 (Appendix I1III, Figs, 5, 6, 9, 10 and 11).

Braided channels on the fan surface east of El Llano
repeatedly divide and join. Most of these channels are less
than six inches deep and are separated by low bars or
islands. The sheets of sand in these channels have
no distinct margins; each individual deposit usually
decreases in thickness until it is a thin film that merges
with the underlying soil.

The water-laid sediments in the bottoms of arroyos

are usually coarser grained and more poorly sorted tlan the
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braided channel deposits. Fine material from subseguent
mudflows may f£ill the interstices of these arroyo seliments
to make them poorly sorted.

Sieve deposits are the product of sheetflows which
probably occurred in the study area as evidenced by the
thin interbedded gravel lenses detected in several
boreholes and trenches, The sediment load of sheetflows is
deficient in fine-grained material by the time the
sheetflow reaches the medial to distal parts of the
alluvial fan. Beneath the sheetflow a highly permeable older
deposit causes the sheetflow to diminish rapidly as
water infiltration occurs. This results in a
clast-supported sand and gravel lobe deposited amidst
other finer grained sandy and silty mudflow and braided
channel sediments. With burial sieve deposits are slowly
filled with fines to give the final sediment a markedly

bimodal distribution.

8.1.4 Eolian processes

Because most surfipial deposits on the El Llano
alluvial fan are loose and dry, the sand is probably subject
to eclian erosion, transportation and deposition. No actual
dunes exist on the fan surface but there is evidence of
eolian transport from the knolls and ridges. Wind
deposited sands and silts maintain their loose grain-
supported structure unless they are subsequently wetted by
intermittent flows. After burial these eclian deposits

retain their porous structure and can be very collapsible
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if later wetted.

Eolian transport carries only silt and sand-sized
particles and deposits them in a loosely packed
arrangement. Eolian collapsible scils have very little
clay. Compaction and soil collapse can take place with or
without wetting as there are no clay aggregates
supporting the structure. More petrographic analyses are
required to determine the abundance of eolian deposits in
the study area, They are most likely minor in abundance

compared with the mudflow and water-laid sediments.

8.1.5 S0il development
Some water-laid and mudflow deposits in the study
area have sand grains coated with oriented clay {(Fig. 11).
These coatings, or cutans, are probably the result
'of illuviation during pedogenic development of the Bt
horizon on the fan surface. Although it is beyond the scope
of this study to describe pedogenesis in El1 Llano, it
should be noted that some argillic and cambic horizors
were observed during trenching. However, most soil horizons
were very thin due to the young age of near-surface
sediments., Some soils have no pedogenic soil developrent.
The fact that most clay in these soils is costed on
sand grains and is not présent as clay aggregates between
the érains suggesfs that the clays are illuvial and are not a
product of chemical weathering. Formation of such clay
coatings requires prior disaggregation of the clay during

illuviation when the clay is brought into suspension and



FféURE il;¥Stereo SEM"phétographs of sand graing
with clay (cutans). {Mag. 1000X, Ilmm = 1 micron,
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moves through the soil as individual particles (Gile and
others, 1981, p. 72).

If chemical weatﬁering is present it is-at a very
early stage and is not apparent from scanning electron
microséope results. In thin section, however, many of the
feldspars and sedimentary and granitic rock fragments show
partial weathering to clay. In addition, many of the grains
display hematite rims (Fig.l12).

Calcium carbonate precipitation is present in many
of the soill samples collected and analysed under the scanning
electron and petrographic microscopes. Calcium carbonate
was also present in some of the near-surface soils exposed
in the trenches and probabiy acts as a cementing agent
between the sand grains. Subsequent dissolution may
contribute to the collapse of the soil structure., This will
be discussed more thoroughly in Section 10.3.7.

A buried soil horizon was penetrated just above the
Tesuque and Chamita Formation contact with the young
alluvium at GGSS Areas 1, 3 and 4 (see Plates 5A, 62 ).
Here the top of the Santa Fe Group rocks is difficult to
pinpoint because there is approximately 3-5 £t of buried
clayey and silty soil with calcium carbonate veins ard

nodules above the suggested Santa Fe contact at 35 ft.

8.2 Alluvial fan morphology
Gradients on the alluvial fan surface east of El
Llano range from 1°to 2°. The surface is dissected by

numerous arroyoc systems; some with wide and shallow channels



FIGURE 12--Thin section photograph showing
partial weathering of feldspars and rock .fragments

and hematitic staining. (Polarized light, mag. 200%,
lmm = 0.02mm, GGSSS-17, 4-6 ft.)
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and others with deep channels entrenched to 10 ft.

?ull {1964) examined the drainage area, relief ratio and
mean slope of several non-subsiding and subsiding alluvial
fans in the San Joaquin Valley, California. He found

that subsiding fans have smaller drainage areas and
greatet relief ratios and mean slopes than non-subsiding
fans. This indicated that subsiding fans have greate-x
overall gradients and drainage densities than non-subsiding
fans. The study showed that subsiding fans were
associated with clay-rich and acid-igneous rocks and with
sparse vegetative cover.

The El Llano drainage area covers approximately 10
square mi. The average relief ratio is calculated by
dividing the total relief of the alluvial fan by the
longest dimension parallel to the principal drainage line.
The relief ratio around El Llanoc averaged 0.110.

The mean slope of a drainage basin is the average
slope of all the land within the basin. It is calculcted by
measuring the area between two specific contour lines. Then
the length of this contour belt is measured by averacing the
length of the contour lines across the fan surface. 2 rough
mean width between the contour lines can be obtained by
dividing the area by the length of the contour lines. The
height of the area is the vertical distance between the two
contour lines., Thus the mean slope is the ratio of the
contour interval and the mean width of the contour belt. It
reflects the drainage density of an alluvial fan. East of El

Llano the area between two specific contour lines and their
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length were obtained to determine the mean width of this
contour belt. The mean slope here was 0.052 ft/ft using a
5~ft contour interval.

Comparing the drainage area, relief ratioc and mean
slope values with those of subsiding fans studied by Bull
{1964, Table 1) shows that both drainage areas are
relatively small (10 and 1l.4 sguare mi). Similarly,
relief ratios were fairly close: 0.110 for El Llano and
0.073 for the Californian alluvial fans. However, the mean
slope in El Llano was very low (0.052) compared with that of
subsiding fans in California (0.360). This suggests a very
low drainége density in the study area, which is apparent
from aerial photographs and topographic maps. Although these
results are not conclusive evidence for the collapsibility
of El Llano soils, they do confirm a typical subsiding fan
morphology according to Bull (1964).

Another useful method of identifying potential
subsiding fans is aerial infra~red photography. Different
s0ils and rocks can be identified based upon the vegetative
pattern they exhibit. Because of its high absorption of
photographic infra-red radiation, healthy vegetation has a
red signature. Rock outcrops of the Santa Fe Group appear as
shades of yellow. An advantage of this method is that damp,
subsiding areas with lush vegetation can be easily
recognized. Thicker vegétative cover usually outliners
older mudflows and water-laid deposits while younger flows
have little or no cover {Fuqua and Richter, 1960, p. 452).

Over the past several hundred years water has
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TABLE l--Quantitative geomorphic properties of alluvial fans
in California (Bull, 1964) and in El Llano.

Drainage area Relief ratio Mear slope

(sg. miles) (Et/ft) (Ft/ft)
Subsiding alluvial 11.4 0.073 0.360
fans of Bull (1964)

El Llano alluvial 10.0 0.110 0.052

fan
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deposited a thin fan-shaped blanket of silty sand in El
Llanc where most of the damaged structures are located

(Figs. 2 and 3, Plate 1). East of Airport Road (NM-291)

near this arroyo, several natural depressions have resulted
from water ponding and subsequent soil collapse. Carbon-14
age dating of these very young sheetflows énd channel
deposits revealed they are less than 3000 years old (Johnpeer

and others, 1985b).

8.3 General distribution and factors affecting the formation
of collapsible soils

Because of their diverse depositional origin
collapsible scils in El Llano occur from the proximal to
distal parts of the alluvial fan. Patches of collapsible soil
occur near the tops of knolls and ridges but seldom in
hollows or in arroyo bottoms. Generally they are neither
found on the Rio Grande floodplain nor, but with some
exceptions, west of the El Llano acequia because the river
and crop irrigation have saturated and collapsed these
s0ils, The deep water table in the study area has not
collapsed the overlying alluvial sediments east of the El
Llano acequia. Therefore as much as 85 ft of collapsible
sediment remains beneath El Llano.

Factors influencing the distribution and fornation
of collapsible soils in El Llano are: 1) the ratio of water
to solids; 2) metereologic conditions; 3) the time between
successive mudflows or water-laid deposits; 4) local

variations in topography; and 5) the amount of vegetation.
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Many ©f these factors are interrelated. For example,
landscape position, micro~relief and soil morphology

are all important factors affecting soil moisture which may
in turn either enhance or inhibit the formation of
collapsible soil. Landscape position affects runoff and
infiltration. Runoff from higher areas markedly increases
the depth of wetting in soils located in topographic lows
and in stream channels thus rendering them non-collapsible.
Conversely, such runoff decreases moisture in the soils
upslope and on topographic highs producing moisture
deficient collapsible soils.

Micro-relief can greatly affect moisture
infiltration. In small depressions the depth of moisture
infiltration is greater than in soils located on knolls
and ridges., Consequently, the depth of wetting to pr2compact
the soil can vary significantly within a few feet
laterally (Gile and others, 1981, p. 65). Therefore the
distribution of moisture-deficient, collapsible soils and
wetted non-collapsible soils is also variable.

The degree of pedogenic development on the alluvial
fan surface depends in part on the frequency of mudflow and
water-laid deposition. A high frequency (every few hundred
years) inhibits soil development and prevents the soil from
compacting under its own weight. This relatively rapid
soil burial preserves textural features such as bubble
cavities, mud cracks and vegetation casts and enhances
collapse potential. In contrast, a low frequency of

deposition (every several thousand years) gives the soil
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time to compact and to form soil horizons which redvces
collapse potential,

Mudflow and water-laid sediments with high water to
solids ratios in semi-arid to arid alluvial fan.
environments generally produce highly collapsible scils.
Some of these deposits may have initial moisture contents
as high as 60% with their clay, silt and sand grains
supported by water. As the deposit dries clay and silt
bind the larger sand grains (Figs. 9-11). This preserves
the initial high void ratio, and the loose, dry and delicate
structure of the soil.

Another factor possibly involved in collapsible soil
formation in the study area is freezing and thawing of
surficial soils. A "puffy" and loose character of the
surface sediments was noticed during the investigation,
especially after freezing temperatures. As these soils go
through several freezing and thawing cycles their structure
expands and contracts depending in part upon the amount of
expansive clays and the amount of moisture held in the soil.
Wet soils will exhibit this loose, puffy character
particularly well. This process has probably been operative
since the alluvial fans in the study area first bega=n to
aggrade. If this process was present, the result would be
many buried, loose layers of collapsible so0il throughout

the entire Holocene alluvial wedge (Love, pers. comm., 1985}.
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9.0 GEOTECHNICAL CONDITIONS IN EL LLANO

9.1 Description of laboratory and field tests

During and after the NMBM&MR investigation
laboratory tests were conducted on all of the 397
undisturbed and most of the 560 disturbed samples collected
during drilling activities. These tests included dry and wet
density, moisture content, Atterberg limits, sieve and
pipette analyses for grain-size distribution, consolidation,
and thin-section and scanning electron microscope (S7M)
énalyses for observation of soil structure, grain shape and
minerélogy. X-ray diffraction analysis was conducted to
idgntify clay mineralcgy. These tests are regarded as the
best indicators of collapsible soils.

Wet density of undisturbed samples was determined
by cutting off the bottom part of each Shelby tube, weighing
the tube and the socil, weighing the tube without the soil and
then measuring the length and the diameter of the tube to
obtain its volume., Densities could not be determined for
disturbed samples.

Moisture content and Atterberg limit tests were
conducted on all samples according to ASTM procedures D2216
and D423~424, respectively (American Society for Testing and
Materials, 1984). Disturbed samples were bagged and realed
at the drill site and were sent to the soil laboratory as
soon as possible.

Particle size analyses were performed using
U.S. Standard sieves No. 4, No. 10, No. 20, No., 40, Ko. 60,
No. 806, No. 100, No. 140, and No. 200. Most samples were

dry sieved but samples with appreciable clay and silt were
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wet sieved by first dispersing them in distilled water
overnight, mixing them in a blender, then pouring tlke

solution over a No. 200 sieve and pan. The material retained
on the No. 200 sieve was then oven-dried and dry sieved in the
normal manner. The clays and silts in the pan were

oven-dried and weighed.

Twenty-seven pipette analyses on the materiagl
smaller than the No. 200 sieve were performed according to
the method described by Folk (1980, p. 33-37). This test
was only done on the suspected collapsible silty and clayey
sands (SM, SC) and poorly graded sands (SP).

Modified and double consolidation teéts were
conducted on 35 undisturbed samples according to the method
described in the Army Engineering and Design Laboratory
Soils Manual (1965) and by Lambe (1951). A Soiltest Inc..
medium-capacity lever-type model C-280 conscolidation
apparatus with a model C-250 fixed-ring consolidometer and
an LC-9 strain gauge were used to test samples for their
consclidation properties (Fig. 13). During the Collavwse
Mechanism Experiment (Section 11.0) four undisturbed
samples from borehole GGSSS-17, 4-6 ft were saturatsd at
different loads to determine what the effect of load had on
collapsibility at 100% saturation. Next, three undis“urbed
samples from borehole GGSSS-21, 9-11 ft were tested under
the same load but at different moisture contents to
determine whether there was some moisture content and
degree of saturation.at which collapse was greatest.

Scanning electron microscope (SEM) analyses for soil
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FIGﬂRE 13--Photograph of Soiltest, Inc. medium-
capacity consolidation apparatus and fixed-ring
consolidometer. Photograph by G. Johnpeer.
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structure were conducted on six different soil peds from the
GGSSS5-17 samples for the Collapse Mechanism Experiment. The
first ped was left undisturbed and allowed to air-dry;
the second ped was saturated with distilled water and
allowed to air-dry. The other four samples were
incrementally loaded to 0.31, 0.63, 1.26, and 5.06 tsf and
saturated at theif respective loads, Each sample was then
air-dried and prepared for SEM analysis. A Hitachi HH-2R
scanning electron microscope with a Tracor Northern 5400
Energy Dispersive Spectrometer (EDS) was used. Steren SEM
photographs were_taken to better observe the soil structure.
To analyze clay mineralogy of the GGSSS-17 samples,
x-ray diffraction was performed using a Rigaku Geigevflex
x-ray diffractometer ﬁith a Cu fine-focused radiation
source and a graphic monochrometer. Clays were mountad
using the pipette-on-glass-slide method (Gipson, 1964;
Austin, written comm., 1985). The slide was run on the x-ray
diffractometer four ways: 1) no treatment, 2" to 35 20 at
2° 20 per min; 2) no treatment, 24 to 26 286 at 0.4 20 per
min; 3) after 24 hours in an ethylene glycol atmosphere,
2°t6 15° 28 at 2b 28 per min; and 4) after heating 30 min
at 375° ¢, 2°to 15° 20 at 2° 20 per min. Semi-quantitative
analyses using peak intensities for relative abundance of
various clay minerals were done using the method described
by Austin (written comm., 1985).
Petrographic thin-section analyses were conducted to
complement the SEM studies. Thin section analyses allowed

determination of mineralogy, grain shape, sorting,
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porosity, extent of diagenesis and nature of grain
contacts. This was done on the four GGSSS-17 samples: 1)
~undisturbed dry, 2) 0.31 tsf saturated, 3) 1.26 tsf
saturated, and 4) 5.06 tsf saturated. All of these camples
were impregnated with epoxy and then mounted on glass

slides.

9.2 Discussion of laboratory test results

All laboratory test values are listed in Appendix
VI. These test values were tabulated and means, standard
deviations and ranges for them were calculated (Table 2).
The same parameters were calculated for two groups of soil
samples based upon their loéation either east or west of
the El1 Llano aceguia (Table 3). All statistics were
calculated using SPSS-X (Statistical Package for the Social
Sciences, SPSS, Inc, 1983). In addition, regression analyses,
T-tests, Pearson correlations and discriminant function

analyses were run on the laboratory data (Sec. 12.0).

9.2.1 Dry density

Dry density is a partial indicator of soil c»llapse
potential because soils will increase in density as they
consolidate. A mean value of 96.9 pcf for all El Llano
soils tested denotes their overall loose and porous
character. As expected the mean dry density west of the
acequia (99.2) is greater than the mean east of the
aceguia (96.4). The data show enough evidence to

suggest there is a substantial difference in dry densities
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TABLE 2--Mean values, standard deviations, ranges and number
of samples analysed for El Llano soil properties.

SOIL PROPERTY

Dry density (pcf)
Moisture content (%)
Liquiad iimit (%)
Plasticity index (%)

$ passing No.4 sieve
(gravel)

% passing No.40 sieve
(fine sand)

% passing No.200 sieve
(silt and clay)

$ clay (< 0.002 nm)

% total consolidation
with wetting

Collapse potential (%)

$ total consolidation
without wetting

Blow counts

MEAN
96.9

9.3
28.1
13.4
97.8

87.1

27.5

3.3
14.8

10.8

19.9

S.D.
9.2
7.3
13.9
10.8
6.7

15.2

20.8

MIN.
72.0
1.0
12.0
0.0
37.0

14.0

MAX.
126.0
41.0
82.0
47.0
100.0

100.0

99.0

13.0
28.0

13.0
21.0

90.0

SAMPLES
370

630
258

124
478

478

478

27
24

21
9

256
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TABLE 3--Means and standard deviations of properties for
soils located east and west of the El Llano acequia.

2-TAILED
S0OIL PROPETY LOCATION MEAN S.D. PROBPBILITY*
Dry density (pef) Bast 96.4 3.1 0.014
West 99,2 9.1
Moisture content (%) East 8.5 6.6 0.C00
West 11.5 8.7
Ligquid limit (%) East 27.8 12.6 0.624
West 28.8 17.5
Plasticity Index (%) East 12.6 9.6 0.104
West 16.6 14.7
% passing No.4 sieve East 97.8 6.1 0.991
(gravel) West 97.9 8.6
% passing No.40 sieve East 86.9 5.1 0.586
(Eine sand) West 87.8 15.6
% passing No.200 East 28.0 20.6 0.326
sieve (silt and c¢lay) West 25.7 21.1
$ clay (< 0.002 mm) East 3.6 3.0 0.470
West 2.5 1.2
% total consolidation East 14.9 6.8 6.735
with wetting West 14.0 8.7
Collapse potential (%) East 5.1 3.7 0.218
West 2.8 2.5
% total consolidation East 9.6 4.2 0.221
without wetting West 15.0 8.5
Blow counts East . 20.8 13.7 0.036
West 17.¢9 T.7

*The two-tailed probability at a 0.01 level of
significance indicates whether each mean property value is
different or the same between the two areas. If the two-
tailed probability is less than the level of significance
then there is a difference in values between the two areas.
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between the two areas. This is true because the T-test
demonstrated their was a low two-tailed probability of
0.014 at a 0.01 level of significance (Table 3}.

Because soils west of the El Llano acequia tad
previously been collapsed (owing to irrigation practice)
their dry densities should be greater than the unirrigated
dry soils east of the acequia. However, their dry density
standard deviations and ranges (Table 3) reveal that some
collapsible soils with low densities do occur west cf the
acequia. Conversely, non-collapsible soils with very high
densities are also located east of the acequia.

Testing collapsible loess in Romania, Thortcn and
Arulanadan (1975) reported dry densities from 65-105
pcf with 35-45% porosity. Hag (1976) studied alluvial
collapsible soils in India and found a similar density range
of 85 to 100 pcf. In New Mexico Beckwith (1976, p. 5)
reported that most Holocene alluvial fan collapsible soils_
have dry densities less than 95 pcf while older, more
consolidated fan deposits ranged in density from 112-

117 pcf. This is also true in El Llano: the ancestral Rio
Grande sandy gravels and older alluvium below 100 ft
generally have dry densities over 110 pcf and are not

collapsible.

9.2.2 Moisture content and saturation
Soil moisture contents for the entire study area
averaged 9.3%; they were expectedly higher west of

the El Llano acequia (l11.5%) than east of it (8.5%).
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A two~-tailed probability of 0.001 at an 0.01 level of
significance from the T-test indicates there is a large
difference in soil moisture content between the two areas
(Table 3}.

Moisture content is a partial indicator of
pre~collapsed or post~collapsed conditions in the study
area. For ekample, some soils from boreholes east of El-
Llano acequia near known collapsed areas had an average
moisture content of 16.8% to a depth of 50 ft. This was
true for ESPDH-1 near Moya's leaking septic tank and broken
‘water line and for ESPDH-4 near the leaky water community
water tank (Plate 1l). In contrast, soils from borehales
ESPDH~18, 25, 35 and 37, all located near Airport Road
(NM-291) where collapse has not yet occurred, had average
moisture contents of 9.7%, 6.7%, 6.5% and 6.3%,
respectively, to a depth of 50 feet. Clearly these
uncollapsed soils east of the acequia are moisture
deficient.

Bull (1964) evaluated moisture deficient alluvial
fan soils in the San Joagquin Valley, California, by
calculating their moisture equivalents, or moisture field
capacities--the amount of water held by capillary action.
If the moisture content equals the field capacity the
addition of water should cause little or no compaction to
the soil. However, if the moisture content is much less
than the field capacity the so0il can absorb more water. This
process produces soil instability. Although no field

capacity tests were run on El Llano soils, their
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low saturations (see below) indicate that moisture contents
are well below field capacity values.

Jennings and Knight (1975, p. 100) empirically
derived critical saturations for South African alluvial
soils of varying grain size. Critical saturation (Sc) is the
saturation below which the soil will collapse if the soil is
flooded: for fine gravels Sc = 6-10%, for fine silty sands
S¢ = 50-60% and for clayey silts Sc = 90-95% On Plates
3C~7C are depth profiles of moisture content and
saturation for several boreholes across the study area. All
collapsible silty sands, poorly graded sands and even some
silts and low plasticity clays have saturations well below
their critical values. Even west of the acequia the mean
saturation for all soils tested was only 39.9% while east of
the acequia it averaged 22.3%. According to the abov:
critical saturations, only the high plasticity silts and
clays and fuliy saturated sediments below the water table

are non-collapsible.

9.2.3 Atterberg limits and liguid limit vs. dry density
criterion

Many of the samples are non-plastic with liguid
limits less than 20% indicating their very silty to sandy
character with very little clay content. However, the 258
samples tested for liquid limit over the entire study area
average 28.1%, while their plasticity indices average
13.4% (Table 2), The silty sands rarely had liquid limits

over 30% with very small plasticity indices. The clayey
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sands have liquid limits and plasticity indices as ligh as
40 and 20%, respectively. The low and high plasticity clays
and silts (CL, CH, ML, MH) are not as abundant as tle silty
and clayey sands and non-plastic poorly graded sandr.

East of the acegquia the liquid limit and plasticity
index averaged 27.8% and 12.6%, respectively. West cof the
acequia these values were only slightly greater {28.8% and
16.6%) as expected because of the more clayey sediments
farther down the alluvial fan. If collapsible and
non-ccllapsible soils can be separated by the El Llano
acequia then Atterberg limits alone are poor indicators of
collapsibility. The T-test showed that the two-tailed
probabilities for liquid limit and plasticity index were
0.624 and 0.104. This suggests that both mean values can
not be distinguished be;ween the two areas (Table 3).

One examplé of combining liquid limits with other test
data such as dry density to predict collapsibility is shown
in Figure 14. This technique, first devised by Gibbs and
Bara (1967a), divides collapsible and non-collapsible soils
with a line representing the specific limiting density when
the soils are 100% saturated. Specific limiting density is
the density at which the soil is at its weakest condition
when saturated at its liquid limit. Soils plotting a“ove
this line, or at dry densities less than their specific
limiting density, are considered collapsible. This is
illustréted in Case I {Fig. 14) where the void space in the
so0il is greater than the amount sufficient to hold the

liquid limit moisture content., When these soils are
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at their liquid limit they still are not saturated. A
further increase in moisture content to saturation vsually
results in the collapse of the soil structure.

In contrast, soils plotting below the line c¢f specific
limiting density (having dry densities greater than their
liguid limit densities) are non-collapsible as illustated
in Case IIl (Fig. l4). If the void space is less then the
amount necessary to hold the liquid limit moisture content,
the soil will already be saturated before it reaches
its liquid limit. Therefore the soil will always be in a
plastic state and will have greater resistance to
particle shifting even when saturated. Both the natural dry
density and the density at liquid limit (specific limiting
density)} are plotted with depth on cross-sections AA' to FF'
(Plates 3D-7D). As shown in Figure 15 there are no apparent
trends with soils located either east or west of the El Llano
acequia when they are plotted on the liquid limit vs. dry
density graph.

There are several disadvantages to the liquid limit
vs. dry density method; it is only applicable tc soils
with liquid limits of 20% or greater. Many of the soils in
El Llano have very low liguid limits or none at all. Also,
this criterion assumes the soils are uncemented and
fine-grained without considering soil structure and clay
mineralogy. Prokopovich (1984), in a study using this
method on alluvial sediments in California, found th=:re was
no correlation between collapsible and non-collapsible

soils in known unstable and stable areas. This can b=z
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compared to the results found east and west of the Fl Llano
aceguia (Fig. 15). It was generally assumed by Johnpeer and
others (1985b) that collapsible and non-collapsible soils
were located east and west of the acequia, respectively.
Results from Figure 15 refute this assumption.

The poor reliability of the dry density vs. liquid
limit criterion lies in the assumption that susceptibility
to hydrocompaction requires the soil pore volume to be more
than enough to hold the liquid limit moisture contert. Much
of the collapse in the alluvial soils in El Llano is caused
by irrigation and man-induced moisture increases which do
not saturate the soil below the root depth. (Even tlough
moisture contents are high in some boreholes down tc 50
ft, the so0lil densities are so low that saturations are
still well below 100%.) Therefore, most soil collapse occurs
even when the moisture content is well below the liguid
limit of the soils. Thus this criterion must be used
carefully in conjunction with other soil properties and
criteria in order toc be effective. In this study, depth
profiles of dry density and density at liguid limit are
used with moisture content, saturation and blow count
profiles and soil lithology to identify collapsible and

non-collapsible zones (Section 9.3, Plates 3E-7E).

9.2.4 Grain-size distribution and thin section analyses
The majority of soils tested are silty sands
(SM) and poorly graded to slightly silty sands (SP, SP-SM)

with minor amounts of clayey sands (S8C) and silts and
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clays (ML, MH, CL, CH). As shown in Table 2 the mear
percentages passing the No. 4, No. 40 and No. 200 sieves for
the entire study area were 97.8%, 87.1% and 27.5%,
respectively., The poorly graded character of most scils was
reflected in their relatively low uniformity coefficient
(Cu < 4} and their high coefficient of curvature (éc > 3)
denoting their generally steep grain-size distribution
curve. The effective grain-size diameter (Dyy) range?
between 0;02mm to 0.09mm for the silty and poorly graded
sands.

One unexpected statistic was the low mean percentage
(3.3%) of clay-size material (< 0.002mm) in the silty,
clayey and poorly graded sands. However, there 1ls a lack of
clay-rich rocks in the source area of these alluvial fan
sediments so clay percentages should be low. .

Visual examination of the coarse sand and gravel
Eraction of these scils indicated that many of the
sedimentary rock fragments from the Tesuque and Chamita
Formations were expectedly well rounded. In contrast, the
individual quartz grains and other more durable rock
fragments were subangular. Although it is beyond the scope
of this paper to do detailed point counts of these snils,
further examination in thin section revealed similar grain
shapes and moderate sorting.

There is little difference in mean grain size
percentages between soils located east and west of the
acequia (Table 3). The mean percentages passing the No. 4

sieve are virtually the same at 97.8%. Similarly, mean
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percentages passing the No, 40 sieve for east and west of
the acequia are 86.9% and 87.8%; while those passinc¢ the
No. 200 sieve are 27.9% and 25.7%, respectively. The clay
content of the silty to clayey sands and poorly graced
sands is also a little greater east (3.6%) than west of
the acequia (2.5%). The T-test showed that all mean grain-
size percentages have high two-tailed probabilities (Table
3). This suggests there is little difference betweer mean
values east and those west of the acequia.

Several other workers have attempted, with only
limited success, to correlate grain-size distribution with
s0il collapsibility. Feda (1966, p. 208) found no
correlation between collapsible soils of different origin
(Fig. 16). The effective grain-sigze diameter, uniformity
coefficient and coefficient of curvature varied greatly.

Holtz and Hilf (1961) plotted grain-size
distribution curves for collapsible soils with those of
non-collapsible soils and found that they overlapped
significantly. Bull (1964, p. A25) plotted average grain-
size distributions for mudflow and water-laid deposits.
Although there was an obvious difference, with the midflow
sediments being much finer grained and better graded, both
s0il types were equally collapsible; no concrete
grain-size distribution criterion was determined.

In the El1 Llano,area soils with enough fines to have
a liquid limit of at least 15 were evaluated for their
collapsibilty using five collapse index eguations dexived

by previous workers (Section 11.0). One of these criterion,
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the collapse ratio, R, (Gibbs and Bara, 1967a) was chosen
to evaluate collapsibility of El Llano soils with grain
size distribution (Fig. 17). This ratio is defined kv the
moisture content at saturation divided by the liguid limit
moisture content. No significant differences are noted
between collapsible (R > 1.0) and non-collapsible (F < 1.0)
soils on Figure 17. Both exhibit a wide range of grein
sizes from gravel to clay. However, El Llano collapsible
soils have less clay and have slighcly more gravel &nd
coarse to fine sand than the non-collapsible soils.

The collapsible soils also tend to exhibit higher uniformity
coefficients (Cu) and lower coefficients of curvature (Cc)

than non~collapsible soils.

9.2.5 Modified and double consolidation test and collapse
potential

The modified consolidation test ig a good test to
identify collapsible soils because it simulates in situ soil
conditions. In the method used for this study an
undisturbed sample was incrementally loaded to its
overburden stress or to stresses up to 2.2 tsf (depending
on the simulated structural load). The sample was th-=n
flooded for 24 hrs. Afterwards, each sample was
incrementally loaded to the limit of the consolidation
machine. Twenty-one samples were loaded to stresses
between 0.31 and 2.2 tsf, saturated and then loaded
up to 10.12 tsf. Figure 18 shows a typical El Llano

collapsible soil consolidation curve plotted on a void
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ratio vs. log stress scale, From these curves a collapse

potential can be calculated:

cp Ae (1)

1+ e,

where A e is the change in void ratio during the 24-hr
flooding period and e, is the initial void ratio of the
soil. This criterion only gives a qualitative evaluation of
the soil conditions and does not indicate the amount of
collapse (Jennings and Knight, 1975).

Collapse potentials for samples tested are presented
in Table 4. The average collapse potential for all samples
was 4.5%. Samples east and west of the acequia avereged
5.1% and 2.8%, respectively. Thus the data suggest that
soils west of the acequia are collapsed but soils or the
east side are not collapsed. However,. the T-test indicated
the data did not provide enough evidence to suggest there
was a difference in collapse potential between the two
sides of the acequia. There was a high two-tailed
probability of 0.218 at a 0.01 level of significance
(Table 3).

Double consolidation tests were also run on nine
samples both east and west of the acequia. The results are
shown in Tabie 4. For this test two samples from the same
borehole and depth interval were loaded incrementally to
their overburden stress. Then, one was flooded while the

other was left in its natural moisture condition. Each
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TABLE 4--Consolidation test data (collapse potential and
total per cent consolidation with and without wetting)
combined with moisture content, so0il type and location east
or west of the El Llano acequia.

(%)} (%)
DRILL HOLE DEPTH MOISTURE SOIL ILOCA- CP TOTAL TOTAL
(Et.) CONTENT(%) TYPE TION (%) COMS. CONS.
W/WET W/O WET

GGSSI-1 9~11 6.3 SM East 4.7 10.2 -
GGSSI-2 9-11 2.2 SP-SM East 2.5 6.5 -
GGS55-1 9-~11 7.3 SM East 13.1 24.9 -
GL8s8s~2 2-4 11.0 SM East - - 3.8
GGSSS-3 19-21 5.2 SM East - 9.5 -
LGSS5-4 9-11 7.0 sC East - 17.8 12.1
GGSS88-5 9-11 5.6 SM East 3.8 12.2 -
GGSS55-7 9-11 8.0 SM Bast 0.9 16.4 11.4
GGSSS5-8 9-11 4.0 SM West 2.0 11.2 -
GGS55-12 2-4 11.0 MI, West 7.0 25.9 -
GGSS8S8~17 4-6 6.0 SM East 6.0 21.3 -
GuS558-21 9-11 7.0 SM East 2.8 11.7 -
ESPDH-5 9~11 4.1 SM East g§.0 11.0 -
ESPDH~5 19-21 2.7 SP-SM East 6.0 27.5 14.0
ESPDH-7 10-12 8.8 SM Bast 11.5 20.0 -
ESPDH-9 5-7 5.2 SM East 7.0 22.0 10.0
ESPDH-9 1l4-16 2.5 SP-SM East 1.0 4.5 -
ESPDH~9 29-31 2.0 SP-S5M East 2.5 9.0 -
ESPDH-10 14-16 3.8 SM East 4.0 11.5 4.5
ESPDH-11 5-7 21.2 ML Rast 0.5 7.0 -
ESPDH~12 11.5-14 2.9 SM East 4.5 5.0 -
ESPDHE-14 1l4-16 33.6 ML East - - 7.5
BSPDH~16 9-11 11.4 SM East 5.0 1l1.0 -
ESPDH~17 l4-16 7.9 SM West 1.0 5.5 -
ESPDH-17 29-31 23.1 MI, West - - 8.5
ESPDHE-35 8-10 10.0 SM East 0.9 17.7 -
ESPDH-38 19-21 34.0 CH West 0.3 20.3 20.7
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sample was then loaded to 10.12 tsf. The mean consolidation
without wetting and with wetting was 10.8% and 14.8%,
respectively. Samples tested east and west of the acequia
had nearly equal mean total consolidation percentages with
wetting (14.9% and 14.0%). In contrast, their mean total
consolidation percentages without wetting varied from 9.6%
east of the acequia to 15.0% west of the acequia. Tte high
standard deviation of 8.5% for the mean value west c¢f the
acequia suggests that consolidation percentages here were
quite variable. The lower percentage on the east

side supports the assumption that most of these soils
require both wetting and loading to collapse substartially.
The effect of load alone possibly will not suffice to fully
collapse some of these soils to the east.

Based on the consolidation data it is concluded
that'soils east of the acequia aré, in general, collapsible
where they have moisture contents below 10%, are silty or
clayey sands to sandy silts and consolidate more than 10%
with wetting, The more poorly graded to slightly silty
sands with similar moisture contents located east of the
acequia had a wider range of total consolidation
percentages with wetting (4.5 to 14.5%) and therefore
cannot be classified according to consolidation data alone.
Many of the poorly graded sands were too loose and too
coarse to place in the consolidometer ring for the
consolidation test and therefore were not considered in the
statistics. It is suspected that some of these poorly

graded sands are also collapsible.
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Some soils east of the acequia near damaged
structures yielded anomalously low consolidation pevcentages
because they were probably already totally or partially
collapsed. These samples were: ESPDH~10, 14-16 ft.; ESPDH-9,

14-16 ft.; and ESPDH-11, 5-7 ft.

9.3 Analysis of cross-sections AA' to FF'--surface and
subsurface distribution of collapsible soils

To examine the subsurface conditions around the
study area four geologic cross-~sections and one fenrce diagram
were drawn (Plates 3A, 4A, 5A, 6A and 7A). Each cross-section
has derivative sections showing depth profiles of blow counts,
dry density and density at liquid limit, and moisture
content and saturation. The ground water table is indicated
on the cross—-sections with boreholes that penetrated it.
Approximate seismic-refraction-velocity boundaries are drawn
on each cross-section. The ancestral Rioc Grande sandy
gravels and the Santa Fe Group rocks, where present, are
also shown. Finally, subsidence cracks at GGSS Areas 1 and 4
and at Moya's subsidence pit are drawn on both the fence
diagram and the cross~sections. The approximate wetting
front from water injection was also shown at GGSS Areas 1
and 4, The cross-sections of collapsible and non-collapsible
zones were drawn based on the previously mentioned
derivative geologic cross-sections, depth to ground water,

seismic velocity and soil type.
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9.3.1 Cross—~section AA' (Plates 3A-3E)

This section extends in an east-west direction from
a few hundred feet east of Airport Road (NM-291) through El
Llano, across the acequia, to ESPDH-23 (Plate 1l). The
cross—section roughly parallels the gentle gradient of the
alluvial fan. Observation of Plate 3A reveals the complex
interbedding of 8P, SP-SM, CL, CH, ML, CE and SC leases with
the dominant SM lithology. Silty sand is interbedded with
gravelly, poorly graded sand lenses toward the east:rn end
of the cross—section. Silty sand is interbedded more with
silt and clay lenses at the western end.

The ancestral Rio Grande sandy gravels were
encountered in ESPDH-25, 31, 9 and 17. This unit, ranging in
thickness from 10 to 20 £t, is the aquifer for the
El Llano community. The water table lies between elevations
5615 and 5620 ft. Perched water tables occur at 5625,

5630 and 5635 ft. The sediment below or near the water

table is generally not collapsible (Plate 3E). The Chamita and
Tesuque Formations were not penetrated by any of the wells.
These semi~lithified sediments are not collapsible,

Seismic velocities, although not a key indicator of
collapsible soils, can be useful when interpreted along
with other soil properties. El Llano soils with seismic
velocities less thanllOOO ft/sec are considered collapsible
(Reynolds, 1985 and McNeill, 1985). However, as shown in
Plate 3A, collapsible s0ils are also present locally even
in soils with seismic velocities of 2000 ft/sec. Velocities
greater than 5000 ft/sec (as in the Santa Fe Group rocks or

in saturated deposits) denote non-collapsible units,
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Standard penetration tests (SPT) were conduzted at
depths ranging from 4 to 125 ft in various boreholes
around the study area. The depth profiles of blow counts
(or N-values) from standard penetration tests for
cross~section AA'indicate the unconfined compressive
strength, or bearing capacity, of the subsurface soils.
Blow counts averaged only 19.9 while east and west of the
acequia their means were 20.8 and 17.9, respectively (Table
3).

Some workers believe N~-values below 25 denote a
collapsible soil (Beckwith, 1976; Johnpeer and others,
1985a, 1985b). However, Reginatto {1971), in a collapsible
soil study in Argentina, showed there was little correlation
between blow counts and soil collapsibility. He noted the
governing factor for collapsibility was the sensitivity of
the intergranular cement in the scil to water dissolution
Thus it could hardly be expected that-the standard
penetration test relates in any way to collapsibility. In
working with N-values moisture content amd depth to the
water table should be considefed because some saturzted
non-collapsible soils below the water table exhibit very low
blow counts. Conversely} some dry collapsible soils will
display very high N-values if the standard penetration
tester encounters a hard gravelly lense. This fact is
further supported by the higher average blow counts east of
the acequia\as compared with those west of the acequia
{(Table 3). Surprisingly, the T-test showed a low twc-tailed

probability of 0.096 which suggests there might be a
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difference in mean blow count values between the two areas.

Several SPT test refusals (N > 50) were encountered
in the ancestral Rio Grande sandy gravels (Plate 3B)
indicating this unit's high bearing capacity and
non-collapsibility. N~values in the young alluvium ranged
between 5 and 55 with the poorly graded sands generally
having higher values than the silty and clayey sands, clays
and silts.

Depth profiles of the natural dry density and the
density at liquid limit for cross—-section AA' (Plate 3D) also
reveal the variability of collapsible soils. When the
density at the liquid limit (specific limiting density,
Fig. 1l4) is greater than the natural dry density, the soil
is probably collapsible. These soils were encountered in
ESPDH-10, 17 and 31. Non-collapsible soils are more
prevalent in QSPDH—Zl located west of the acequia.

Moisture content and degree of saturation depth
profiles (Plate 3C) show the relatively moisture-deficient
soils east of the acequia (ESPDH-3, 10, 25 and 31). In
contrast, soils on the west side are much wetter with
saturations close to 100% (ESPDH-17, 21 and 23).

Composites of the derivative sections can be used to
show the distribution of collapsible and non-collapsible
soils (Plate 3E). In general, the collapsible zones
partially mimic the complex interbedded alluvial sediments
but also quite often cross different soil types. One
noticeable trend in cross-section AA' is that the vclume

of collapsible zones increases toward the east into the El
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Llano community. No collapsible soils were encountered

below 60 ft in any of the boreholes.

9.3.2 Cross—-section BB' (Plates 4A-4E)

This section extends from ESPDH-14 to about 200 feet
south of ESPDH-25 (Plate 1). The cross-section shows
intertonguing of sediments along the strike of the
alluvial fan. A predominance of silty sand is present% at
the southeastern end of the cross-section near ESPDH~11, 18
and 25. Toward the north-northeast coarser, poorly gr-aded
sands and clay and silt lenses are present. This gradual
change in sediment type might indicate a variation in
depositional procesées along the strike of the fan. More
stream-channel and overbank deposition may have occurred to
the north while sheetflows and mudflows may have been more
prevalent to the south during the alluvial fan deppsition.

The ancestral Rio Grande sandy gravels were
encountered in ESPDH-25 and 39 at elevations of 5614 and
5611 ft, respectively. The water table was encountered
at elevations of 5621 ft in ESPDH-39 and 5615 ft in
ESPDH-25. Seismic velocity boundaries are also shown with
the 1000-ft/sec boundary generally decreasing from
20 ft below the surface at the northern and southern ends
of the cross-section to only 5 to 10 £t below tﬁe surface
near the Moya residence. In this vicinity moisture ccntents
and saturations were abnormally high down to 50 ft.

The excess moisture could have elevated the 1000-

ft/sec boundary near Moyvya's. The 2000-ft/sec boundary is
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generally horizontal but with a slight downward trend to the
north. In contrast, the 5000-ft/sec boundary, nearly
coinciding with the water table and the sandy gravel unit,
displays a definite downward trend to the south.

Blow counts (Plate 4B) ranged from 1 to 78 with
highest values in the ancestral Rio Grande sandy gravels.
Sands and clayey sands had a high range in N~values which
appear to be related to contrasts in moisture contens
{(Plate 4C)..The sands in ESPDH-14 and 13 have high moisture
contents and saturations throughout most of their profile
These are two places where blow counts were correspondingly
very low. In contrast, toward the El Llano community to the
southeast, moisture contents are generally lower and blow
counts are higher for the silty sands. In El Llano most
soils are moisture deficient, and, even though blow counts
are high, the soils are still collapsible.

This important observation is further supported by
the density data (Plate 4D). In boreholes ESPDH-5, 11, 18,
25, 30 and 39 most densities at liquid limit are gredter
than the corresponding dry densities which denote
collapsible soils. To the north the opposite appears to be
true with the dry densities greater than the densities at
ligquid limit.

Plate 4E shows that the area of collapsible zones
increases to the southeast. However, a collapsible zone
exists along the near-surface of this section and suggests
the danger of future subsidence and possible structural

damage. The general pattern of the collapsible and
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non-collapsible zones is continuous with only minor
discontinuous patches. Collapsible zones do not exist below

elevations of 5645 ft.

9.3.3 Cross—-section CC' (Plates 5A-5E)

Cross-section CC' extends from the south end of the
airport runway to about 250 feet west of the El1 Llann
acequia. The section approximately parallels seismic
refraction line 2 (Plate 1). The purpose of drawing this
section was to study the stratigraphic relationship of
soils that had been collapsed due to a ruptured watex line
near the Moya residence. Even with the good subsurface
control along this profile it was still difficult to
correlate soils (Plate 53). Complex interbedding of both
fine-and coarse-grained sediments is associated with the
predominance of silty sand, especially in the upper 50 ft
of the cross-section. Finer grained material interbedded
with silty sand is more prevalent at the western end of the
profile toward the more distal end of the fan. Thick clay
and silt lenses, located underneath the Moya subsidence pit
at 10-20 £t, may represent levees or overbank deposits
adjacent to buried stream channels. They could also
represent mudflow deposits.

The ancestral Rio Grande sandy gravels were
encountered in ESPDH-~39 and 24 at elevations of 5615 and 5609
ft, respectively. The water table is at elevation 5621
ft in ESPDH-39 and at elevation 5619 ft in ESPDH-24. It

dips slightly toward the Rio Grande. Three seismic velocity
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boundaries (9200, 2000 and 5000 ft/sec) deepen tco the west.
The 2000-ft/sec boundary is noticeably elevated under

the subsidence pit where saturation occurred. Increased
moisture contents to a depth of 50 £t could account for
the increased seismic velocity there. The 5000-ft/se~x
boundary approximates the water table and the more dense,
saturated, ancient Rio Grande sediments.

Blow counts from SPT tests ranged f£rom 1 to 55 in
boreholes along cross-section CC'. The blow counts in
ESPDH-1 exhibit fairly low N-values indicative of th» low
density and saturated character of the subsurface soils.
Blow counts greater than 30 commonly correspond
to deeper, more consolidated sediments.

The saturation and moisture-content depth profiles
{(Plate 5C) further demonstrate the large volume of s»2il that
was wetted below the subsidence pit near the Moya residence.
Moisture contents as high as 35% with saturations hovering
near 100% are not uncommon down to 50 ft as seen in
ESPDH~-1 and 29. To the east and west of ﬁhe subsidence pit
values are much lower, clearly denoting the moisture-
deficient character of the soils. There is still potential
for more soil collapse both east and west of the depression
should additional soil wetting occur.

Future subsidence is again supported by the density
profiles of ESPDH-24, 25, 37 and 39 (Plate 5D). Densities
at liquid limit are still greater than natural dry
densities beneath Moya residence and the subsidence pit.

This indicates a potential for further soil coilapse still
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remains along some portions of cross-section CC',

Plate 5E shows the relatively thick and continuous
area of collapsible soils that remain., Some zones are labeled
non~ccllapsible because they have already at least
partially collapsed. The thick clay and silt lenses beneath
the pit were probably non-collapsible, due to their high
Atterberg limits, even before the moisture infiltration
occurred. The clay and silt units could have limited most
of the soil collapse in the upper 20 ft even though
deeper sandy soils were saturated., It is unknown whether
the collapse of the deeper soils affected the surfac:

subsidence,

9.3.4 Geotechnical Ground Stabilization Study (GGSS)--
fence diagrams of GGSS Area 4 (Plates 6A-~6F) and
cross—-section FFP' (Plates 7RA-T7E)

Both these geologic cross-sections and their
derivatives were drawn to examine the soil properties and
the nature of the subsidence beneath GGSS Areas 1 and 4. The
GGSS demonstrates the possible relationship between
s0il wetting and subsidence, tests a possible
stabilization technigque {induced hydrocompaction), and
examines the performance of cdntrqsting concrete foundation
designs.

GGS8 Areas 1, 3 and 4 (Plate 2) are situated
approximately 800 feet west of the valley bordering
uplands. This area was chosen for the water injection

exper iment because of its known thickness of collapsible
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soils (30-40 £t) above the Santa Fe rocks. All three areas
are located east of the El Llano acequia. GGSS Area 2 1is
located west of the acegquia (Plate 2), where the gromd has
been irrigated for three centuries and where it is
suspected that most subsurface soils are either
pre~collapsed or non~collapsible. Therefore, this area was
used as a control for the wateruinjection'experiment. No
subsidence occurred at GGSS Area 2 even after 84 days of
water injection {Johnpeer and others, 1985b, p. 12-3).

The fence diagram at GGSS Area 4 was constructed
with two cross-sections intersecting at the center of two
experimental foundation slabs (Plate 2). Cross-section DD
is oriented N.68°W.and crogs—-section EE' is oriented
N, 42 E. Compared with the previous cross—-sections, which are
more regional, this fence diagram displays more
homogeneous soil types owing to its very local extenp and
large scale. The tight well control with ten boreholes
surrounding the foundation slabs provided reliable soil
correlations,

As shown on Plates 6A and 7A subsurface soils
consist mostly of thick silty sand and poorly graded to
slightly silty sand units with stringers of well-sorted
sand. It is difficult to pinpoint the exact contact
between the Holocene alluvium and the older underlyirg
rocks because there is 3 to 5 ft of clayey sands and
8ilty clays (buried soil ?) covering the top of the fanta Fe
Group rocks. Borehole samples from this interval have

abundant calcium carbonate along ped faces and they zre
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semi-conscolidated. The top surface of the buried Santa Fe
Group rocks is not flat but sustains a modestly undulating
topography.

Seismic refraction lines 5, 9 and 10 cross GGSS
Areas 1, 3 and 4 (Plate 2). The 800-ft/sec velocity
boundary deepens to the northwest and ranges from 12 to 25
ft deep. This boundary also deepens from GGSS Area 4 to
Area 1 in a southwesterly direction (Plates 6A and 7A).

The low velocity boundary deepens toward the El Llano
acequia in all the other cross-sections and possibly
sqggests a thickening wedge of collapsible soils toward the
west. The 1750-ft/sec boundary between Areas 1 and 4
approximates the Santa Fe contact at 30 to 35 £t below the
surface.

Blow counts with N~values ranging from 6 to 43
(Plates 6B and 7B) reflect the generally soft and lonse
character of the alluvium. High N~values were encountered
in the Santa Fe rocks. However, blow counts were low=r
directly above the Santa Fe contact which may suggest the
presence of a semi-consolidated buried soil.

Density data profiles suggest collapsible soils
exist in the top 25 to 30 ft of alluvium {Plates 6D and
7D). Dry densities range from 80 to 100 pcf while densities
at liquid limit range from 100 to 115 pcf. Many of these
s0ils had no liquid limit and thus could not be evaluated
using this criterion. Moisture contents and saturations are
less than 10% and 50%, respectively (Plates 6C and 7). They

both increase in the clayey sands and silty clays near the
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Santa Fe contact.

Based on the above criteria, collapsible and
non-collapsible zones were drawn {Plates 6F and 7E).
Non-collapsible zones represent only a very small vclume
of soils at depth. A thin gravelly sand stringer (SW)
beneath the foundation slabs is probably non-collapsible
as is the thicker and more laterally extensive gravelly
sand lense beneath GGSS Area 1. The clayey sands, silty
clays and silts covering the Santa Fe rocks are alsc
non-collapsible as inferred from their high blow counts,
high moisture contents and saturations, and low density

values at their liquid limits.

10.0 COLLAPSE MECHANISM

A collapse mechanism experiment was conducted on
several undiéfurbed samples from boreholes GGSSS-17, 4-6
ft and GGS55-21, 9-11 £t around GuUSS Area 4. The purpose
of the experiment was twofold: to explain the
"macro-mechanism" of subsidence of collapsible soils by
studying the cracks and depressions in GGSS Areas 1, 3 and
4; and to describe the "micro-mechanism" of collapse
within the soil structure. A series of modified
consolidation tests on each sample was also conducted to
test the effect that varying load, moisture content and

saturation had on the amount of collapse., Detailed
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procedures of this experiment are described in Section 9.1.

10.1 GGSS Areas 1-4 water—injection experiments

Controlled water injection was performed at GGSS
Areas l1l-4., The extent and changes in topography and the
growth of subsidence cracks were monitored closely.
Appendix IV, Figures 1-7, show the propagation of cracks
in GGSS Areas 1-4 during water injection. Table 5
illustrates the amount of water injection and amount of
surface subsidence in each area,

At GGSS Area 1 the injection well was 30 ft deep
with two shallow 10-ft wells close by. Water injected into
the deeper well saturated the deep =s0ils rather than the
near-surface soils. As shown on c¢ross-section FF' (Plate
7a), the "bulb" of wetting here is much deeper and less
laterally extensive than that at GGSS Area 4 {Plate 6E),
where a different method of well construction was uszd.
Because the deeper soils at Area 1 were saturated first,
surface subsidence did not occur initially. However, after
water was injected into the shallow wells, subsidence did
lake place. This indicated -that the entire 30-foot section
of alluvium was collapsible (Johnpeer and others, 1985b,
p. 12-3), Figure 2 in Appendix IV shows the very limited
surface extent of the concentric cracks produced. The
center of the depression was ponded with water from the
shallow well injection. Most cracks had scarps 0.5 ft
high.

At GGSS Area 2, located 550 £t west of the



GGSS Max. "+ No. Water Amount of  Total water Duration

Area depth -days” reguired surface =~ 7 injected of
of to to subsidence (gal) experiment
injection induce induce _ (days)
wells(s) settle- settle- (ft) .
(ft) ment ment (gal)
A 30 42 21,294 . 0.5 _ 42,996 63
2 30 NA NA . None 24,567 g4
3 10 7 7,000 2.2 16,880 ) 16
4 10 i3 19, 881 1.4 107,691 28

TABLE 5--Water-injection and settlement data for the GGSS Areas
{(from Johnpeer and others, 1985b, p. 12-2).

(06)
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acequia (Plate 2), water was injected into a 30-ft well
in an attempt to cause surface subsidence. Moisture and
density monitoring with a CPN depthprobe indicated there
were no significant increases in moisture content or dry
density in the subsurface soils even after 84 days ¢f
wetting. In addition, no surface subsidence or cracking
oceurred,., Clearly, the soils at GGSS Area 2 are
non~collapsible.

Dramatic subsidence and cracking occurred at GGSS
Area 3 where 2.2 ft of collapse took place within 16 days
(Fig. 19). Water was injected into a shallow 1l0-ft well.
The near-surface soils absorbed most of the water which
led to a rapid soil collapse. This area best models the
situation found around the damaged structures in El Llano
where a point source of water leakage occurred at fairly
shallow depths (less than 15 ft). The volume of water
(7000 gal) required to induce subsidence at GuGSS Area 3
is approximately eqgual to the amount used by a family of
four in one month (Johnpeef and others, 1985b, p. 12-3).

At GGSS Area 4 waﬁer was injected into five
10-ft wells around experimentél concrete slabs (Figs.
20 and 21). The purpose of this experiment was to sez if
soil collapse from water injection c¢ould be controlled to
induce uniform settlement without foundation crackiny.
Another objective was to test the performance of the two
types of slabs. Both slabs began to subside uniformly without
cracking within 13 days after 19,881 gal of water weve

injected (Fig. 22). A total of 107,691 gal was injected
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R s Y L S 1 ﬂ.‘.'.w S o L .
FIGURE 19-~Photograph of GGSS Area 3 showing
extensive cracking and surface subsidence. Also
note the tilted blocks between each set of cracks.
View to south (from Johnpeer and others, 1985b).

e . R

FIGURE 20--Photograph of GGSS Area 4 before
collapse occurred. View to west (from
Johnpeer and others, 1985b).
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over a three week period and resulted in 1.4 ft of
subsidence (Fig. 23). The fence diagram of GuUSS Area 4 and
cross—-section FF' (Plate 6E) shows the wetting front
extending down 30 ft to the approximate depth of

the non-collapsible clayey sands and silty clays.

Two types of foundation slabs were constructed at
GGSS Area 4: a conventional model and a highly reinforced,
continuous footing model (BRAB slab). Each foundation
measured 10 X 15 feet and was constructed with Type III
3000 psi concrete. The conventional foundation had a footing
depth and width of 16 and 8 inches, respectively. Two
continuous pieces of 1/2-inch rebar were placed in the
footings before the cement was poured. In addition, a
6 X 10-inch wire mesh was laid down in the interior of
the foundation. The BRAB slab was constructed with 6 1/2
cubic yards of cement and had a continuous footing d:pth
and width of 24 and 18 inches, respectively. Two sets of
two rows of 1/2-inch rebar were placed in the footings.
Rebar was also laid down in a one foot square mesh
pattern in the interior of the foundation.

In GGSS Areas 1, 3 and 4 CPN depthprobe monitoring
indicated a dramatic increase in moisture content and
density of the soils down to 30 ft. This simulated the
conditions in El Llano where leaking septic tanks, bxoken
water lines and excess runoff soaked the subsurface soils
which significantly increased their moisture contents and

densities.
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FIGURE 22--Photograph of GGSS Area 4 showing incipient
surface subsidence and ground cracks on May 29, 1985.

View to west (from Johnpeer and others, 1985b).
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FIGQREEZ3-~Photograph of GGSS Area 4 showing near-to-
maximui surface settlement and ground cracks on June
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10.2 Macro-mechanism

Why do subsidence cracks or large scarps on the
surface occur from wetting collapsible soils? Several
workers have studied this phenomenon (Bull, 1961, 19354, 1972;
Bara, 1972, 1975; Curtin, 1973; Barden and others, 1973;
Hall and Carlson; 1965; Lofgren, 1969; and Platt, 1953}.
As shown in the previous photographs and crack maps
(Appendix IV) of GGSS Areas 1, 3 and 4, most of the c-acks:
form around the point source of water injection_in a
somewhat circular and concentric manner. With continned
water injection other sets of cracks create a stepped
.topography as additional bands of scarps form around the
subsidence area. The downthrown side of each crack is
nearest the depression. Some scarps at GGSS Area 3 and
outside the corners of the foundation slabs at
GGSS Area 4 were as high as.lS inches with as much as 6
inches of horizontal separation (Figs, 19, 23 and 24).
Other less prominent cracks toward the outside of the
depressions had no scarps and only 1l- 3 inches of
horizontal displacement. Though not abundant, radial cracks
were aligned perpendicularly to the main tensional cracks
in GGSS Areas 3 and 4. Radial cracks relieve the tensile
stresses bétwgen the concentric cracks usually at their
greatest radius of curvature (Fig. 24).

At the subsidence pit near the Moya residence
cracks formed concentric ellipses. Here the area of
collapse measures more than 150 £t in diameter with depths

rangihg up to 5 f£t. It includes a subsided volume of
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FIGURE 24--Photograph of crack scarps and
radjial cracks at GGSS Area 4.
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approximately 4000 cubic ft (Johnpeer and others, 1985b,
P. 6-6). Around the depression there were point sources of
water leakage from a septic tank, a broken water line and
infiltration from surface runoff and water ponding in the
vicinity. This increased the volume of wetted collapsible
soils over a much wider area than that modeled at

GGSS Areas 1, 3 and 4.

The amount of subsidence and the size and extent of
cracks are largely dependent on how deeply water is
absorbed and the homogeneity of tne soil. Generally,
collapse occurs within the upper 15 ft., Deep water
injection at GGSS Area 1 collapsed the soils at 30
£t depth bqt only caused gentle downwarping at the
surface. Substantial cracking occurred when water wa< later
injected into the shallower soils,

Based on the preceding observations it appears that
the ratio of collapsible socil thickness (Tc) to the depth of
water injection (Dw) could control the total amount and
character of surface subsidence. At GGSS Area 1 T¢/D+ is 0.5
since the thickness of collapsible scoils averages only 15
ft (according to the estimate shown on Plate 7E), while the
depth of water injection is 30 ft. In contrast, if the
entire wetted column consists of collapsible soils as is the
case at GGSS Areas 3 and 4 (Plate 6F), then Tc/Dw approaches
unity. This situation is usually characterized by
discontinuous subsidence with step bracking. Values of 0.5
or less for this ratio as in Area 1 are characterizeqd by

only gentle downwarping and few cracks.
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Beneath Moya's subsidence pit the depth of wetting
reached 50 ft but also probably extended laterally well
beyond the area beneath the depression. As shown on
Plate 5E, the collapsible zones represent only about
two-thirds of the 50-ft wetted column. Therefore Tc/Dw is
0.67. Although there are large cracks around the depvession,
they are only slightly stepped with little vertical
displacement, The most dramatic feature of this depression
is the broad downwarping. Thus it appears Moya's pit has an
'subsidence character intermediate between GGSS Area 1 and
GGSS Areas 3 and 4,

In using the Tc/Dw ratio to predict the character of
surface subsidence the relative heterogeneity of the soils
should be considered. The fact that El Llano soils are so
heterogeneous and complexly interbedded usually makes them
homogeneous as a unit down to the depth of wetting (/lcNeill,
pers. comm., 1985}.

The formation of subsidence cracks and depressions
is related to the decrease in the volume of deposits as the
water front moves downward and outward. The amount of
collapse is the sum of compaction caused by the weight of
the overburden, the wéight of the injected water, the
soil compaction occurring at the wetted front, and a small
amount of true consolidation. Most of the compaction occurs
as the water front advances through the soil. The rate of
compaction generally decreases after the water has passed
through the soil and as equilibrium conditions are met

{({Bull, 1964, 1972; Curtin, 1973). This was true for GGSS
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Area 4 where the rate of settlement was 3 inches per day
for the first 7 days. Thereafter it decreased to less than
0.5 inches per day until the end of the experiment
(Johnpeer and others, 1985, p. 12-9).

Any process that explains the formation of cracks
and depressions, such as those outlined above, must conform
to the following:

1) Most cracks are essentially open fissures and are
arcuate to vertical in shape. They may extend to derths of 10
ft. Some cracks were detected as anomalously low readings
during depthprobe monitoring.

2) Vertical displacement on opposite sides cf cracks
range from 0 to 15 inches (Figs. 19, 23 and 24).

3) The surface of the blocks between adjacent cracks
typically slopes toward the wetted area at less than 10°.
This is especially evident at GGSS Area 3 where three or
four sets of blocks between cracks slope gently towards
the injection well (Figs. 19, 23 and 26).

4} As new cracks farther from the wetted are=
open, older cracks closer to the center of the depression
close (Fig. 25}.

Figure 25 presents a possible process for crack
formation at GGSS Area 3 and 4. The process is different
from the "circular~arc" type of slope failure because
vertical instead of lateral support is being removed. In
Figure 25A crack 1 has already opened and closed, crack 2 has
opened and crack 3 has started to open. The wetted front has

intruded past the lower part of crack 2 and has been
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Foundation 1 2 3
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FIGURE 25--Diagrammatic sections showing a

possible explanation of subsidence cracks:

1, 2 and 3_are progressively younger cracks

(modlfled from Bull, 1964, p. A22). See text
for dlscu531on.
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accompanied by soil collapse within the wetted area. The
left side of the block between cracks 2 and 3 is not fully
supported by the collapsed underlying soils. This csuses
the block to rotate inwards close crack 2 and further

open crack 3 (Fig. 25B).

Vertical displacements between the blocks indicate
that the block nearer the wetted area has subsided and
rotated more than the outer block due to the loss of support
underneath (Bull, 1964, 1972; Curtin, 1973). Vertical
offset without block rotation is probably caused by their
geometry; the blocks between cracks resist tilting
toward the wetted area because of their arcuate shage.

In places, blocks nearer the wetted area will rotate
inward without slumpimg as was seen in GGSS Areas 1 and 4.
This elevates the outside upper lip of the rotated block .
slightly above the outside crack. After the blocks have
formed other types of failure may occur as material
slumps into the open cracks.

Parallel sets of primary cracks open first and
roughly parallel the boundary of the wetted area.
Secondafy cracks, or intercepting and en echelon cracks,
form because the blocks between the primary cracks dn not
have enough strength -to withstand rupture (Fig. 26). At
GGSS Area 4 these secondary cracks developed within a week
after the outermost primary crack started to open.

In GGSS Area 4 the vertical displacement between
cracks was the greatest at the corners of the foundation

slabs (Figs. 23 and 24) where stress concentrations are
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FIGURE 26--Photograph of primary and secondary
cracks at GGSS Area 3.
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greatest. At GGSS Area 4 the cracks seemed to conform to
the general outline of the foundations whereas in GGSS
Areas 1 and 3, with no controlling structure, the cracks
formed a more circular, concentric pattern.

The mechanics of subsidence and surface c¢racking
" sheds light on the reason why the foundation slabs at GGSS
Area 4 settled uniformly without any damage. Surface
subsidence alone is not damaging to surface structur=zs; it
is the differential settlement, or tilt, arising from the
shear, tensional and compressional strain around the cracks
which causes the most damage. Figure 27 shows the rejions
of tensile and compressive stresses and strains in the
soils around the outer edge of a subsidence pit. Hera both
horizontal and vertical displacement (tilt) occurs. At the
center of the depression there is little strain and only
vertical displacement.

The near-surface soils around GGSS Area 4 are mostly
silty sand. The structure of the soil in the tensional zone
opens horizontally and is reduced in thickness by the
amount H1 (Fig. 28) In the compressional zone the soil is
compacted. One or more additional layers is formed bw
grains forced between others, thereby'increasing its
thickness by the amount H2 (Fig. 28; KRratzch, 1983,

p. 338). Each tensional/compressional zone is present in
the cracks and subsided blocks around the wetted area.

Because the GGSS foundation slabs were located in
the middle of the wetted area where there was only

vertical displacement and no strain, no differential
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settlement or concrete cracking occurred. An alternztive
experiment to demonstrate the destructiveness of the shear,
tensional and compressional strains near the cracks would
be to inject water in shallow drillholes cutside only one
edge of a foundation. This would place the edge of the
wetting front beneath the edge of the foundation. Stvrface
cracking as well as concrete cracking from differential
settlement would likely ensue because the region of maximum
strains and horizontal and vertical displacements wculd

be located directly under the foundation.

10.3 Micro-mechanism

The processes of collapse in the soil structure are
extremely variable and depend mostly on the amount and type
of clay, concentration of soluble salts, cementing agents,
amount of water and/or load added to the soil, and soil
type and structure. These variables must be addressed in any
attempt to explain the micro-mechanism of soil collapse.

To explain the collapse mechanism in E1l Llano soils six
undisturbed samples from GGSS Area 4 were extensively tested
in the laboratory. All six samples were highly collapsible
(Table 6).

Four samples from borehole GGSSS5-~17, 4-6 ft were
incrementally loaded in a consolidometer to 6.31, 0.63,
1.26, and 5.06 tsf and then saturated at thelr respective
loads. As shown in Figure 29 the effect of saturation
decreases with increasing load. The overburden stress on

this soil is approximately equal to 0,31 tsf. At increasing
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TABLE 6-~S0il properties of the Collapse Mechanism
Experiment samples.

SAMPLE DRY MOISTURE LL  PI % PASSING %
DENSITY CONTENT (%) (%) No.4 No.40 No.200 CLAY
(pct) (%) -
GGSSS-17 94 6.0 21 1 95 93 24 2.5
4-6 ft.
GGSss~-21 90 7.0 22 1 99 90 21 -

9-11 ft.
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stresses up to 5.06 tsf most of the compaction occurred
without saturating. Water addition caused very little
additional collapse at the higher loads.

To observe the effect of moisture intrusion alone
and of varying load with saturation on the soil
structure, each sample was examined with the SEM and
petrographic microscope subsequent to the consoiidation
tests. Two other samples from GGSSS~17, 4~-6 ft were also
mounted: one in its natural, undisturbed condition and the
other in a saturated, but unloaded condition. The
undisturbed sample was used as a control to observe the

delicate and porous character of these collapsible soils.

10.3.1 Undisturbed, dry sample

_Figure 30 is a scanning electron micrograph showing
the sub-rounded to rounded grains with point contacts and
the high porosity of this soil. Many of the grains are
either coated with clay or have clay flakes attached to
them. Most silt and clay particles rest in the interstitial
areas and weakly bind larger sdnds grain together. Thin-
section analyses (Fig. 31) also indicate the presence of
point contacts with a thin film of clay or calcium
cement {?) around most sand grains, This is especially true
for the feldspars and rock fragments. The soil consists of
approximately 55% quartz, 20% plagioclase and potassic
feldspars, 10% granitic and sedimentary rock fragments, 5%
clay, 10% calcium cement and a trace of mica and other

accessory minerals. The soil is moderately sorted in thin



(110)

5 microns)

Jmm

200%,
Note porous structure with point grain contacts.

(Mag.

FIGURE 30--Stereo SEM photographs of the undisturbed, dry
4-6 ft.

sample from GuS58-17,
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FIGURE'3¢~—Th1n section pnotog:anh of

same sample
as in Figure 30 (Mag. 50X, lmm = 0.02mm, polarized
light). '
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section with well-rounded feldspars and rock fragmen+-s and

subangular quartz grains. Porosity is at least 30%.

10.3.2 Undisturbed, saturated sample

The saturated sample exposed to no load expevienced
significant grain slippage during collapse (Fig. 32) and
now exhibits line and overlapping grain contacts. The
clay and silt flakes, located on the sand grain surfaces
and in the interstitial areas, were reoriented at high
angles to the grain'surface. Most of the clays and silts
in the dry, undisturbed sample are flat. The negative
charges from the water repel tﬁe negatively charged clays
and cause them to become oriented at high angles to the
grain surface. Some of the silts and clays are arranged in
loosely fit rows. As water enters the soil structure clays
and some fine silts are suspended. As the soil
dries these particles are possibly redeposited
preferentially. As pore water evaporates the remaining
water retreats into the narrow passages between
sand grains and carries the clays and fine silts with it
(Dudley, 1970, p. 936). Grain slippage probably occurs
during the time the clays and silts are in suspenslon.

At grain contacts a normal force (P) and a
shear force (T) may be transmitted to the soil grain (Fig.
33). When partially saturated soils are wetted several force
changes occur: the friction between the grains decreases;
the shear force increases; and the normal capillary force

of the grain menisci decreases (Fig. 34; Moore and Millar,



FIGURE 32--Stereo SEM photograph of the undisturbed,
saturated sample (GGSS3~17, 4-6 Zt). Notice the effect
of water has moved the grains into line and overlapping

contacts. Alsc note the clay flakes "standing on end"
{(Mag. 400X, Imm = 2.5 microns).

(€TT)



between two sand grains and the forces transmitted
between them (Mag. 2100X, lmm = 0.47 microns,
36885-12, 2-4 ft.). P = normal force, T = shear
force. Photograph by M. Hemingway.

{ N
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SAT S
!
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A B

FIGURE 34--Model of a fine -silty sand: (A) initially
partially saturated soil with grain menisci placing
the water under tension to create a stabilizing normal
force, P, between the grains; (B) fully saturated soil
with increasing shear force, T, and decreasing nowmal
force from the lack of -capillary tension between the
grains. Grain slippage .follows (modified from Burland,
1965, p. 274).
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1971; Burland, 1965, p. 272). For stability the ratio

T/P must be less than or equal to the friction between the
grains, f . With saturation T increases slightly while P
and f decrease to make the ratio great enough to overcome
the frictional force that inhibits grain slippage. The
resultant displacement of the grains is either a rotation,
a translation or both.

A safety factor for grain slippage can be computed
for partially saturated soils under specific conditions
using Mbhr Circles and fallure envelopes (Eq. 2; Fic.

35). In partially saturated soils the effective stress equation
{ G‘= T~ ) no longer applies because all the pores are not
filled with water {(Blight, 1967; Jennings and Burlard,

1962) ., The pore-water pressure,.qﬁ,here is the sum of the '
pore~air pressure r M, and the capillary pressure, M, ,
resulting from the curvature of the grain menisci at the
air-water interface.

In the drained consolidation test the air ir
the pores of unsaturated soils is at atmospheric pressure
(4,=0) .Thus the pressure in the water films around the
grains must be negative (;%z‘u%) and AL, is actually a

tensional stress., Hence the safety factor eguation kecomes:

LN R

Capillary pressure increases to zero as the
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saturation rises to 100%. Thus when a collapsible partially
saturated soil is saturated under constant load

the capillary pressure vanishes, thereby decreasing the
safety factor. This is illustrated by Circle 1 being
translated toward the origin by an amount equal to the
value of i, (Circle 2, Fig. 35). Grain instability

and soil collapse occur when Circle 2 intersects the Mohr
failure envelope (Holtz and Hilf, 1961, p. 678).

The process of collapse by saturation is more
related to a shear failure rather than a classic
consolidation process in which the air and water are squeezed
out of the void spaces. Jennings and Knight (1975, p. 102),
concluded after a series of direct shear tests on a
partially saturated soil that there was on average 31%
reduction of shear strength between sand grains when wetting

occurred,

10.3.3 0.31 to 5.06 tsf, saturated samples

With increasing load the sand grains appear to be
more and more compacted. This is especially apparent in the
samples exposed to the greatest loads where micas are bent
around quaréz grains., Parallel alignment between elongate
grains also occurs perpendicular to the normal stress
during consolidation., As the sand grains form line or
overlapping contacts a "honeycomb" structure appears
(Pig. 36). All the clays and silts are squeezed out of the
interstitial areas like tooth paste and are deposited

either on the surface of the sand grains or occur as



(117)

T A
A
ST T
Circle 2 l
saturatsd.
o Circle -1
dry soil
\ \ s
1 I { 1
= ! A i s
: t l\\\ |
! ‘
: — |
l%-A&+ﬁ§¢. |
gy !
‘ € -== — 0 = =
;-4- —————— L —}_;
SYMBOLS:
g, and T3 = major and minor principal normal stresses
v = shear stress
u, = capillary tension
¢’ = angle of internal friction

FIGURE 35--Mohr circles and failure envelope
for a dry, partially saturated scoil (Circle 1)
and a saturated, collapsed soil (Circle 2),
{modified from Holtz and Hilf, 1961, p. 678).
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FIGURE 36--SEM photograph of the 5.06 tsf, saturated
sample showing a honeycomb structure. Notice clays
and silts are squeezed out of interstitial areas like

"tooth paste” (Mag. 200X, lmm .= 5 microns, GGSSS-17,
4-6 ft.).
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isolated blebs.

The effect of saturation on collapse lessened with
increasing load (up to 5.06 tsf). At the higher loads most
of the collapse occurred without wetting because there were
very few clay and silt aggregates to hold the sand grains
together., This is in contrast to collapsible soils studied
in California by Bull (1964) and many others who found
much greater clay contents (up to 12%). In these soils,
clay aggregates hold the sand grains together even under
large loads because of their high dry strength. When
saturated, however, the clay aggregates lose their
strength and grain slippage ensues. El Llano
collapsible soils are unusual because of their very low clay
content of 1-3%. This allows any appreciable load to
compact the sand grains to their densest configuration.
Except under very light loads of 0,31 tsf (the approximate
overburden stress of this soil), where the collapse
potential was 5.96%, the greater loads needed no water to

collapse the samples.

10.3.4 Effect of varying moisture content and saturztion at
constant load:

The second part of the Collapse Mechanism Ewxperiment
consisted of three modified consolidation tests witt
undisturbed samples from borehole GGSSS-21, 9-11 ft (Table
6). Each sample was loaded to 0.31 tsf and then wetted with
varying amounts of water in an attempt to correlate collapse

potential with the final moisture content and saturetion of
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each sample. Each sample was uniformly wetted and was
allowed to equilibriate for one day. Results are shown in
Figure 37. The greatest collapse potential occurred in the
sample that was only 70% saturated. Preliminary results
from this experiment suggest that E1l Llano collapsible
soils do not have to be 100% saturated to collapse, but
can be unstable at much lower moisture contents just above
their natural moisture condition. This is true partly
because the soils have low dry densities between 80 and 95
pcf. Fully saturating a low density soil requires
incgeasing its moisture content to its liquid limit or
greater. Here the dry density vs. liquid limit criterion
again applies (Sec. 9.2.3): low density collapsing soils .
at their liquid limit may still not be fully saturated due
to their large void ratios.

The‘critical saturation, Sc¢, (the saturatior below
which collapse will occur) for this particular silty sand
(SM) of 70% is close to the values given by Jennings and
Knight (1975, p. 100) for the same soil type (Sec., ¢.2.2).
Booth (1975, p. 61) found a similar relationship between
varying moisture content and amount of collapse. Sterting
with a constant density for all scils, each sample was
compacted at moisture contents equivalent to 16.7%, 33.3%,
50.0% and 66.7% saturation. They were then loaded tc
440 KN/m (4.5 tsf)., Figure 38 shows there was less goil
collapse in soils compacted at higher than at lower
moisture contents. Particles of fine soil tend to aggregate

in clumps at low compaction moisture contents, and
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presumably this gives less resistance to compressior.

10.3.5 The role of clay and silt sggregates

Loss of clay-aggregate shear strength between sand
grains from wetting has long been regarded as the primary
micro-mechanism of collapse (Bull, 1964, 1972; Beckwith,
1976; Dudley, 1970 and Lofgren, 1969). .In alluvial
sediments near Tucson, Arizona, Barden and others (1973,
p. 57) discovered samples compacted above their optimum
moisture content (OMC) showed no collapse while samples
compacted below their OMC all collapsed. This is due to
the open-structured and flocculated nature of the clays in
collapsible‘soils compacted below their OMC. Fine clay
Platelets flocculate to form bulky peds grouped in a loose
"cardhouse" structure between sand grains (Fig. 39). The
mechanism governing collapse in clayey to silty sands is
not found in the flocculated arrangement of the clays and
fine silts at the microscale but rather in the effec.ive
granular macrostructure formed by their aggregates
(Barden and Sides, 1969, p. 319). These aygregates
themselves act as whole grains binding the larger sand
grains together.

In El Llano collapsible soils these aggregates
consist mostly of silt and a little clay. They do not
support the s0il structure very well during compaction.
Volume reduction seems to be more related to actual
grain-to-grain slippage with each grain moving into an

adjacent void space, rather than collapse from the loss of



FIGURE 39--Stereo SEM photograph of clay and silt particles
in a loose "cardhouse" structure flocculated.between,tws..,; ..

sand grains

(Mag. 2000X, Ilmm

0.5 'microns, GGSSS-17, 4-6 ft).

(vZT)
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clay-aggregate strength. Still the collapse micro-mechanism
may be discerned in the internal structure of the silt and
clay aggregates. Many of these aggregates are interlaced
with air-filled channels and macropores (Fig., 39). Their clay
content is so low that even when dry the aggregates can only
weakly bind the sand grains together, With applied

load alone all the aggregate macropores are reduced because
there are few clays to resist the normal force. Subsequent
wetting then disperses the fines and the sand graine slip

by one another into vacant void spaces. Overall, the cause
of collapse is not only the result of a change from a
flocculated to a dispersed structure, but also to a
reduction of interpedal channels and pore volume within

the clay and silt aggregates.

10.3.6 The role of c¢lay mineralogy

Even though El Llano collapsible soils have a low
clay content it is still relevant to discuss |
how clay mineralogy and content affect the collapse
mechanism. X~ray diffraction analyses on the GGSSS-17
samples were semi-quantitative (parts in 10) for the
contained c¢lay mineral groups (Austin, written comm., 1985).
The clays in the samples contained an average of 4 parts
kaclinite, 2 parts smectite, 2 parts illite and 2 parts
mixed-layer clays.

It was thought originally there were more
expansive clays (smectite and mixed-layer clays) in these

soils and that they partially controlled the strength
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behavior of the clay and silt aggregates. Because
expansive clays have such high surface area per unit
volume, it gives them a greater ability to hold water
(Borchardt, 1977, p. 319). Montmorillinite holds water more
tightly and is thus appreciably strongér at low moisture
contents.The dry soils in El Llano probably have some of
their pore water absorbed in these clays. As water is
evaporated from the pores a pressure difference

develops across the air-water interfaces which occur

where water bridges the particles. These interfaces, or
menisci, become more concave with evaporation and hcld the
sand grains tightly together.

At low moisture contents of 1-8%, as in El Llano
soils, smectite clays have the greatest shear strength
followed by illite and then kaolinite (Brown, 1977, p. 696}.
At high moisture contents near saturation smectites have
the lowest shear strength. Bull (1964, p. A54) found that
for a given decrease in clay content there was a
corresponding decrease in sheér strength of the clays in
collapsible soils in California. Hence, upon saturation,

El Llano collapsible soils should exhibit little shear
resistance to the forces exerted by the excess water and
applied load.

The role of expansive clay minerals in swelling the
aggregates may be one of a "ball-bearing" effect between
sand grains that enhances grain slippage and volume
reduction, With wetting under light loads, the aggregjate

initially expands and loses its binding capacity;
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slippage then follows. However, according to Burland
(1965, p. 275) it is also quite possible that soakirg
under light loads will first result in a rapid reduction
in soil volume from the removal of intergranular bords.

A slow volume increase may occur later after collaprce

due to the absorption of water in the expandable clecy
lattices. Surface subsidence followed by soil expancion has
been reported around Tucson, Arizona (Sultan, 1969). It is
not clear whether the expansive clay minerals in El Llano
collapsible soils occur in amount sufficient to play a
significant role in the collapse mechanism.

The micro-structural arrangement of clay and silt
aggregates is characterized by a network of small clusters
connected by links of particles, or domains (Fig. 40). Domains
partially break down upon consolidation and congeal to form
groups of cluster-oriented particles. This process is
inversely related to the amount of expansive clay minerals
present because, when dry, these clays will resist movement.
The Collapse Mechanism Experiment showed that most of the
soil collapse occurred without water addition even with high
consolidation stresses up to 5.06 tsf. Presumably the
small amount of expansive clays in these consolidation
samples was insufficient to resist this load.

The mechanism of collapse within the clay and silt
aggregates is a shearing process that involves the movement
of the aggregate as a unit; This c¢ccurs in conjunction with
deformation of domains and clusters (Rieke and

Chilingarian, 1974, p. 214). Under small loads, domains and
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Domains and,
SAusters with

micropores

Enlargement

FIGURE 40--Schematic diagram of a soil microfabric
and macrofabric: l=domain; 2=cluster; 3=ped; 4=silt
grain; S5=micropores; and 6=macropore {from Holtz
.and Kovacs, 1981, p. 98). .
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clusters become oriented parallel to each other. Initial
collapse is represented by micro-fissures through tle

entire clay aggregate. With increased load and/or mcisture,
the clay aggregates tend to orient themselves in a rreferred
failure plane, or micro~shear plane (Barden, 1971, p. 162).
This is illustrated in Figure 41 where the clays are
oriented in aligned groups after having been loaded,
saturated and then sheared.

The degree of clay aggregate orientation in the
failure plane becomes high only after large shear
displacements occur and after the formation of a Coulomb
slip plane. This evidence suggests that the reorientation
of the failure zone is a result rather than a cause of
collapse. The governing factor for failure is
proportional to the defect density in the aggregate--the
ratio of the area of defects such as micropores, channels
and fissures to the total cross-sectional area
(Barden, 1971, p. 162). Apparently a high defect density
within the clay and silt aggregates encourages the
development of these micro-shear railure zones, Clays and
clay aggregates should be viewed with the scanning
electron microscope at different stages of deformation in
the consolidometer to monitor and better describe this

collapse mechanism,

10.3.7 The influence of soluble salts and cements
Soluble salts, oxides, silicates and calcium

carbonate also have a significant effect on the wet and dry
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FIGURE 41--Dynamic study of the failure of a clay
aggregate. Note failure plane where slippage occurs
with increasing load and moisture content {from
Smart and Tovey, 1982, p. 32).
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strength of collapsible soils. Although no soil chemical
analyses were done, it is known that most near-surfa-e
soils are alkaline and commonly exhibit calcium carb-onate
filaments and nodules. Soils containing natural soluhble
salts and calcium carbonate, which are in equilibrium with
their climatic and hydrologic environment, persist
throughout cycles of wetting and drying and cement s»il
grains, If environmental conditions change such that these
salts and cements are eluted from the soil, or are dissolved
far beyond their normal seasonal dilution, then a lessening
of the soil bonds occurs (Ingles and Aitchison, 1969, p.
345). This enhances collapse.

The dissolution of salts and cement from irrigation
in El Llano is probably very low because the water is already
charged with salts. Soils in the study area, at least
in the upper 10 ft, bave some gypsum fibers present.
However, dissolution of gypsum is probably not a cause of
collapse since it does not support the grains within the
soil structure. Bull (1964, p. A6l1l) also suspects that
gypsum has no effect on soil subsidence.

Replacement of cations in the clays from percolating
waters may weaken particle bonds. Sodium in irrigation
waters can replace the calcium in montmorillinite and
thus lower its strength and increase swelling. Alkaline
soils are the most vulnerable to dispersion. If the soils'
acidity increases, either by saturation from leaking septic
tanks or from.rainwater runoff, the total exchangeable

cations for the clays are reduced but the percentage of
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exchangeable sodium is inéreased (Weaver and Pollard, 1973).
An interesting test would be to compare the amount
and rate of consolidation in El Llano soll samples soaked
with regular distilled water and with sodium-charged water,
Bull (1964, p. A62) performed a similar test and found a
doubled rate of consolidation with soils scaked in s-dium

saturated solution.

10.3.8 The hydrodynamic effect

The disturbing force which destroys the metastable
equilibrium in a collapsible soil may also be a
hydrodynamic force from the intruding water (Ingles, 1964).
This is especially true for silty to clayey sands in
semi-arid to arid environments which have not been
previously wetted. The hydrodynamic effect of the water
front moving through the socils causes collapse withont any
applied load (e.g. GGSS Areas 1 and 3.and Moya's
subsidence pit). In this situation the perturbation arising
from the gross dissolution of salts in the electroly-es at
points of particle contact may also be sufficient to cause

s0il collapse.

11.0 EXISTING COLLAPSE PREDICTION CRITERIA

The purpose of this section is to outline five
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collapse index criteria of previous workers and use them to
predict collapse for soils in the study area. Becausz every
criterion requires at least moisture content, dry density
and liquid limit values for the soils, not all samples

could be evaluated. Approximately 200 samples located around
the study area at various depths were used. The average
values of all five criteria for soils in the entire study
area and for soils east and west of the acequia are given in
Tables 8 and 9.

A considerable amount of work has been done in the
past toward quantifying parameters that describe set*lements
associated with collapsible soils, particularly those
concerned with an increase in moisture content. These
include laboratory tests such as the double oedometex methbd
(Jennings and Knight, 1957), triaxial and shear tests .
(Grigorian, 1967), and in situ field tests like the "sausage
test" (Jennings and Knight, 1975; Clemence and Finbarr,
1981), the "coke bottle test" (McNeill, pers. comm,, 1985)
and the soil dispersion test (Sultan, 1971). The main
disadvantage with these types of collapse prediction in the
laboratory is that they are specialized and time-consuming,
and may not be time or cost effective in a large
geotechnical investigation. The field tests are quick and
simple but do not quantify collapsibility. Methods of
predicting soil collapse from simple, readily available

index parameters are therefore more appropriate.
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TABLE 7--Means, standard deviations and ranges of other
workers' collapse criteria applied to El Llano soils.

CRITERIA MEAN 5.D. MIN. MAX. C2SES

Coefficient of 1.008 0.497 0.495 4.011 199
Subsidence, K
{(Denisov, -1951)

Coefficient of -0.004 0.220 -0.932 0.977 199
Collapse, &

{(Beles and

Stanculescu, 1961)

Collapse Criteria, .2.802 2.297 .0.000 9.500 91
Kd (Prinklonskij, '

1952) -

Subsidence Index, 1.353 2.131 -2.560 '9.081 91

Kl (Feda, 1966)

Collapse Ratio, R 1.141 0.357 0.250 2.537 199
(Gibbs and Bara,
1%67a)

TABLE 8--Means, standard deviations and two-tailed
probabilities at a 0.0l level of significance of other
workers'collapse criteria applied to soils east and wecst of
the El Llano acegquia.

: 2~-TAILED

CRITERIA LOCATION MEAN S.D. PROBABILITY CASES
Coefficient of East 0.9928 0.471 0.455 149
Subsidence, K West 1.0537 0.573 50
Coefficient of East -0.0054 0.212 0.282 149
Collapse, v West -0.0334 0.243 50
Collapse Criterion, East 2.7538 2.266 0.700 72
Ka West .2.9837 2.470 19
Subsidence Index, - East 1.4032 2.083 0.667 72
Kl West -l.1645 2,356 .19
Collapse Ratio, East 1.1455 0.340 0.779 " 149

R West . 1.1290 0.408 50
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11.1 Denisov's (1951) coefficient of subsidence, K

Denisov (1951) was among the first to suggest that
the potential subsidence of soils is controlled by their
natural porosity. He based his criterion on the ratio of
the void ratio at the liquid 1limit (eg) to the natural void
ratio (e,). He called this ratio the coefficient of
subsidence, K.

This criterion was developed for loessical soils in
Russia and Eastern Europe. It does not account for the
applied stress level on the soil structure but only
considers whether a soil is capable of absorbing enough
water to elevate it to or past its liquid limit. Denisov
therefore suggested that a soil may be collapsible if
K < 1.0. The mean value of K for El Llano was 1.008 with
a standard deviation of 0.497 (Table 8). East of the
acequia, K averaged 0.9928 and west of the acequia it
averaged 1.0537. Both means had fairly high standard
deviations indicating a considerable variability in
K values. Also, the T-test showed that there was a high
two-tailed probability of 0.455 at a 0.01 level of
significance. Thus there was not a significant difference

between K values east and west of the acequia (Table 9}.

11.2 Beles and Stanculescu's (1961) coefficient of
collapse, T
The coefficient of collapse predicts instability in
soils that are less than 60% saturated. Thus it should work
well with the partially saturated soils in El Llano. It is

similar to Denisov's criterion in that the coefficient of
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collapse only compares parameters related to the porosity

{or void ratio) of a soil., Soil collapse will occur if:

T = e,~ey > -0.1 (3)

lie,

The mean value for the entire study area was
~-0.004. East and west of the acequia the averages weve
0.0054 and -0.0334, respectively, indicating that bo*h areas
are collapsible according to this criterion (Tables 8 and 9).
However, the relatively high standard deviation for both
areas again suggests high variability. The T-test did not
provide enough evidence to suggest a significant difference
in values east and west of the acequia. The 0.282
two-tailed probability carries only a 0.01 level of

significance.

11.3 Prinklonskij's (1952) collapse criterion, Kd, £for
saturated soils '
Prinklonskij (1952) was the first to suggest a
criterion including parameters related to the strength of a
soil. His criterion, K4, is limited to collapse of soils

upon saturation. For subsidence:

Kd = (Wl-Wo)/Ip < +0.5 (4)

"

where W1 the liquid limit moisture content;

I

Wo the natural moisture content;
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Ip = the plasticity index.

The mean Kd value for the entire study area is 2.802
{Table 8), too high to render a realistic prediction of soil
collapse. Similarly, east and west of the acequia Kd4d is
equally as high (Table 9). Because natural moisture contents
and plasticity indices are so low for most unsaturated El
Llano soils and because collapse generally occurs at
saturations well below 100%, the Kd values are always too

high and far too conservative (predicts collapse the least).

11.4 Feda's (1966) subsidence index, Kl

FPeda (1966) invented probably the most
comprehensive criterion and based his research on ev2lving
a parameter related to the sensitivity of a soil. Th=
sensitivity is defined as the ratio of undisturbed and
remolded soil strengths under similar conditions so that
a highly sensitive soil would therefore be structurally
unstable (Darwell and Denness, 1976, p. 546). Feda used the
ligquidity index, I1 [I1l = (Wo-Wp)/Ip]l, which predicts
instability for saturated scils, to invent a new criterion
for unsaturated soils. With increasing porosity of a
saturated soil the ligquidity index increases and so does
its sensitivity. For unsaturated soils one can use the

relation:
Sose0 = Wo-Gs {5)

where So, eo, Wo and Gs are the natural degree of saturation,



(138)

void ratio, moisture content and specific gravity of the
grains, respectively.
Then, based on equation (5) a subsidence index, K1,

for unsaturated soils may be defined:
Kl = (Wo/So)~Wp/lp (6)

Based on correlations between liguidity index and
this subsidence index it was determined that any soils with
values of Kl greater than 0.85 were collapsible. Feda
imposed two constraints on his criterion: the soil should
have a natural porosity of 40% or greater and the soil
should be subjected to a high enough external load for
structural collapse to occur upon wetting.

The mean subsidence index, K1, for the entire study
area was 1.353 with a very high standard deviation of 2.131
indicating the high variability of the values (Table 8). East
and west of the acegquia K1 values are 1.4032 and 1.1645,
respectively (Table 9). According to this criterion even
the average K1 value west of the acequia is collapsible
(> 0.85), which suggeéts that K1 renders a fairly liberal
evaluation of collapsibility in El1 Llano. The T-test showed
a high two-tailed probability of 0.667 indicating there is
no substantial difference between mean K1 values east and
west of the acequia.

Darwell and Denness (1976) modified Feda's
subsidence index to include dry density and specific

gravity of the grains in the equation.
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Since

Wo/So = pw/pd - 1/Gs (7)
then

pw/pd - 1/Gs -~ wp > 0.85(wl-wp) (8)
or

wl + 3/17wp < 1/0.85(pw/pd - 1l/Gs) (9)
where pw = density of water

pd = dry density of the soil.

This expression can be represented as a series of
parallel lines on a graph of liquid limit against plastic
limit; each line is given a unique combination of dr
density and specific gravity (Fig. 42) and runs from a
point where wl = wp {(i.e. Ip = 0) to the horizontal (ligquid
limit) axis where wp = 0. A collapsible soil with Kl values
greater than 0.85 plots to the left of the line given by its
dry density and specific gravity. A specific gravity of the
grains of 2,60 was assumed for all soils in the study area.
A stable so0il with a K1 value less than 0.85 plots to the

right of its dry density and specific gravity line.

11.5 Gibbs and Bara's (1967a) collapse ratio, R

The collapse ratio, R, is defined by the moisture
content at saturation divided by the liquid limit moisture
content. Presumably, if a soil is at its liquid limit and it
is still not saturated the soil probably has a high void
ratio and is very unstable. Any increase in moisture

content past the liguid limit would lead to collapse. Thus
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FIGURE 42--Metastability evaluation graph (from
Darwell and Denness, 1976, p. 548-549).
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collapsible soils generally have R values greater than 1.0.

Since

R = wsat/wl _ (10)

the moisture content at saturation;

It

where wsat

wl = the liquid limit
and
wsat = (pw/pd)-(1/Gs) (11)
then
R = (pw/pd)-(1/Gs)/wl (12)

This collapse index does not account for the type
and nature of the bonds between the grains, nor does it
account for the applied load on the soil. The mean R value
over the entire study area is 1.141 with a standard
deviation of 0.357 (Table 8). East and west of the acequia R
values are 1.1455 and 1.1290, respectively, indicating this
criterion is somewhat liberal in its evaluation El Llano
s0ils. The data do not show significant differences between
the mean R values in soils east and west of the aceqiia
since the two-tailed probability is 0.779 at a 0.01 level
of siqnificance. However, because the collapse ratio only
requires dry density and liquid limit, it was calculated
fér the greatest number of samples in the study area (1992).
Therefore this collapse index will be used in the following
regression analysis as the dependent variable to predict

collapsibility.
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11.6 Comparison of criteria

Excluding Prinklonskij's (1952) collapse criterion
because it only applies to saturated soils, Denisov's (1951)
coefficient of subsidence appears to be the most
conservative, or predicts collapse the least, of all the
criteria, It can also be shown from Table 8 that Fed2's,
(1966) subsidence index is the most liberal, or predicts
collapse the most. Beles and Stanculescu's (1961)
coefficient of collapse and Gibbs and Bara's (1966)
collapse ratio appear to be equally biased and fall

between the other more conservative and liberal criteria.

12.0 REGRESSION AND DISCRIMINANT FUNCTION ANALYSIS--

SUGGESTED CRITERION FOR COLLAPSIBLE SOILS IN EL LLANO

One of ;he ultimate goals of this study is t»
generate linear and logarithmip regression equations
to predict soil collapsibility in El Llano. Using th-=
collapse ratio, R, as the dependent variable and dry
density, moisture content, Atterberg limits, and per cent
passing the No. 4, No. 40, and No. 200 sieves as the
independent variables, a stepwise multiple regression
analysis was conducted. Other variables such as per cent
consolidation with and without wetting, collapse pot=ntial,

per cent clay and blow counts were not used in the
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regression analysis because they had too many missing

values in the data file.

12.1 Pearson Correlations

A table of Pearson correlation coefficients, number
of cases analyzed and the two-tailed probabilities at a 0.0l
level of significance among all variables including the
collapse ratio, R, is presented in Appendix V (Table 1).
The naturai log of R (1lnR) was calculated and was similarly
correlated with all the other independent variables
(Appendix VI, Table 2). Both R and 1nR have strong n=gative
correlations (< ~0.5) with liquid limit, plasticity index,
per cent fines (silt and clay); per cent clay and total per
cent consolidation without wetting. The Pearscn corrzlation
coefficients between 1nR and these variables are slightly
better than those with R and suggest that R varies
logarithmically instead of linearly with the independent
variables. This is illustrated in the scatterplot of R vs.
liguid limit (Fig. 43).

Pry density, per cent passing the No. 4 (gravel) and
No. 40 (fine sand) sieves, total per cent consolidation with
wetting and collapse potential all have poor correlations

(between -0.5 and 0.5) with both R and 1lnR.

12,2 Stepwise Regression Analysis
This stepwise regression analysis is based on the
' Pearson correlations with R and 1lnR and the independeant

variables. In stepwise regression the strongest single



FIGURE 43--Scatterplot of collapse ratio, R, vs. liquid limit
for El Llano soils showing their relation to lnR = 0.61114-0.02039LL.
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independent variable, or one with the greatest Pearson
correlation coefficient, is first obtained; this is then
"held constant" statistically to identify the second
strongest variable. This process continues until no
variables in the regression equation need to be removed

and no variables not in the equation are eligible for entry
(Krumbein and Graybill, 1965; SPSS Inc., 1983).

Redundant independent variables, or those that in
large part restate what some other variables have already
measured, are commonly excluded from the regression
equation., For example, because liquid limit and plasticity
index have a high correlation of 0.9643 (Appendix VI Table
1), they both are varying equally with changes in R oOr
lnR. Thus, in the linear regression equation, plasticity
index is excluded while in the logarithmic regression
equation PI is included but has a very small coefficient
(Eq. 14). Other variables having a poor correlation with R
and 1lnR, notéd earlier, are also omitted from the
regression equations because they have relatively little
effect in varying the dependent variable.

The coefficient of determination, R squared,
for the linear regression equation is 0.873. This
indicates that 87% of the variance in the collapse ratio is
accounted for by the independent variables: ligquid limit,
dry density and per cent fines (Roscoe, 1969). The
logarithmic regression analysis has an even better
R squared value of 0,959 suggesting that almost 96% of

the variance in 1nR is accounted for by liquid limit,
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dry density, per cent fines and the plasticity index.

is:

and the

where R
InR

LL

DEN
FINES

PI

The linear regression equation for El Llano soils

R

= 3.47131-0.01416LL~0.02035DEN-

0.00308517FINES (13)

logarithmic regression equation is:

InR = 2.8235-0.01438LL-0.02405DEN~

(]

0.0025958FINES-0.00812944PI (14)

collapse ratio (wsat/wl);

natural log of the collapse ratio;
liguid limit (%);

natural dry density {(pcf):

per cent fines (silt and clay);

plasticity index (%).

These regression eqﬁations apply specifically to

soils in the study area. Using this criterion in oth=2r areas

is not advised unless it is used with caution and with other

criteria.

Anderson (1968) performed a similar stepwise

logarithmic regression analysis for collapsible soils in

Tucson, Arizona using collapse ratio, R, as the dependent

variable. His equation follows:

R = 5,5-3.8210o9(wl/wp)-1.631og(wp)-1.24l0g(Cu)}-0.918(P10)

+0.465(D60/D40)-0.45(D99/D50)~-0.303(P200) (15)
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where wl ligquid limit (%);
wp = plastic limit (%);
Cu = uniformity coefficient;

Pl0 = fraction passing the No. 10 sieve;

P200 fraction passing the Mo. 200 sieve;
D99, D60, D50, D40 = soil grain diameters at 99%, 60%,
50% and 40% finer by weight {(mm).
Anderson's work indicated that the plastic limit and
the uniformity coefficient are apparently related to the

collapse ratio.

12.3 Discriminant function analysis

The final objective of this study is to ultimately
determine if there is a difference in soil properties and
collapsibility east and west of the El Llano acequia. To do
this a discriminant function analysis was conducted using a
SPSS, Inc. (1983) computer program. The unstandardized
canonical discriminant function coefficients are listed in

Table 9,
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TABLE 9--Unstandardized canonical discriminant function
coefficients for soils located east and west of the acegquia.

DISCRIMINATING VARIABLE CORFFICIENT
Dry density -0.036
Moisture content -0.043
Liquid limit -0.006
Plasticity Index +0.039
% passing No. 4 sieve (gravel) +0.224
% passing No. 40 sieve (fine sand) -0.201
% passing No. 200 sieve (silt and clay)} +0.046
Collapse ratio, R +4.072
Constant -12.30

Two-tailed probability: 0,087

The above canonical discriminant function evaluated
with the discriminating variable means yielded the following

discriminant scores for soils east and west of the a~equia:

East of acequia 0.207

West of acequia -0.809

There is a slight difference between the two soils.
However, if the the level‘of significance is 0.01 th=n the
two-tailed probability of 0.087 (Table 9), calculated in
the discriminant function analysis, indicates that there is‘
not much difference in the soil properties and
collapsibility bewteen the two areas. One could say there is
a difference only if the tolerance is increased to 0.10.

Nevertheless, according to Table 10, 29.7% of the
samples located east of the acequia were misclassified
(according to the discriminant function analysis) to be
located, based on their soil properties, west of the
acequia. Conversely, 21.1% of the soils on the west side

were misclassified as being located on east of the acequia.
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TABLE lO--Classification results of soils located both east
and west of the El Llano acequia showinG percentages of
correctly classified and misclassified cases.

ACTUAL LOCATION NO. OF PREDICTED LOCATION MEMBERSHIP

CASES EAST WEST

East of acequia 74 52 22
70.3% 29.7%

West of acequia 19 4 15
21.1% 78.9%

Per cent of "grouped" cases classified correctly: 72.04%
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These very high misclassified group percentages suggest the
relative difficulty in separating these soils by their soil
properties and collapsibility. For this reason caution
should be exercised when delineating collapsible and
non-collapsible soil areas in El Llano; the acequia may not

represent the actual dividing line.

13.0 CONCLUSIONS

Collapsible soils still are somewhat enigmatic and
cannot be consistently identified all the time in th=2 study
area. Their extreme variability in soil properties,
sedimentological origin, areal and subsurface distribution,
and their collapse mechanism makes collapsible soills
difficult to locate. The safest stabilization method for
structures in the study area would assume all surrounding
soils are collapsible and proceed to pre-collapse th=m by
water injection as was done in the GGSS Areas. This process
should be continued before, during and after construcztion., It
should be done in conjunction with soil compaction
techniques to ensure all soils have lost their collapsible
soil structure. Although stabilization and preventive
methods for collapsible soils are beyond the scope of this
study, they have been thoroughly researched in other works.,
by Aitchison (1973), Bally and others (1984), Bhatia and

Quast (1984}, Bara (1972, 1975), Clemence and Finbarr
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(1981), Crossley (1968), Gibbs and Bara (1967b), Hall and
Carlson (1965), Jennings and Knight (1975), Johnpeer and
others (1985a, 1985b), Litvinov (1961), Lovelace and
others (1982), and Williams and Marais (1971).

The following conclusions are based on the
preceding field and laboratory tests and statistical
analyses on El Llano soils:

1) El1 Llano is located on a low-gradient (1-2%)
coalescing alluvial fan surface consisting of complex
interbedded tongues of mostly unconsolidated, Holocene, silty
to clayey sands and poorly graded sands with minor lenses of
clay, silt and gravel. These sediments were probably
deposited by mudflows, sheetflows and ﬁater—laid processes
consisting of braided stream and arroyo channel deposition.
This is based upon grain-size distributions, stratigraphic
and lithologic relationships and sedimentary structures.

2) Averages of soil dry density, moisture content,
Atterberg limits, grain-size distribution, per cent
consolidation and blow counts reveal that most suspe~ted
collapsible soils in El Llano are loose, moisture deficient,
non-plastic to slightly plastic, silty to clayey sanis and
poorly graded sands. Most of the gravelly sands and low to
high plasticity clays exhibit little collapsibility.

3) Analyses of cross-sections in the study area
demonstrate the complex subsurface distribution of
collapsible soils. Collapsible and non-collapsible z7ones may
be delineated by using a combination of field and

laboratory data and collapse criteria such as depth profiles
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of blow counts, moisture content and saturation, and natural
dry density and density at liquid limit. Seismic velocity
boundaries and location of wetting fronts can be used

in conjunction with the above criteria. Collapsible 2zones
tend to follow soil type boundaries but may also

display a more random and "patchy" distribution.

4) Surface subsidence and cracks from wetting
collapsible soils are produced by the loss of underlying
support caused by soil hydrocompaction. Cracks form on the
surface and exhibit vertical displacements of 0 to 15
inches with horizontal seperations of 0 to 6 inches. Cracks
are generally linear to arcuate in shape and are genzrated
outward in sets from the wetted area in a concentric
pattern, The zones of tensiqnal and compressional strain
around the cracks produce the differential settlemen* and
structural damage to buildings.

The micro-mechanism of soil collapse in E1 Llano is
best described by the decrease in friction between sand
grains, the decrease in normal force between the grain
menisci, and the increase in shear strength across the
grain contacts which all result from wetting the soil. The
micro-shearing within the clay and silt aggregates, which
loosely bond the sand grains together, is caused by loading
and wetting the scil. Thus sand grains lose their
intergranular support and slip by one another into vacant
void space.

Expansive clays probably enhance the failure of

clay and silt aggregates by swelling them and thus lifting
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the once supported sand grains into unstable slip
positions. Soluble salts and cements also bond the larger
sand grains together. When they are dissolved a collapsing
soil structure results.

5) After evaluating five collapse criteria of
previous workers it was found that the collapse ratio, R
{Gibbs and Bara, 1967a), best represented El Llano soil
conditions. All five criteria failed to show a significant
difference in collapsibility values east and west of
the El Llano acequia. It was originally thought by J»hnpeer
and others (1985b) that the acequia was the dividing_line
between collapsible and non-collapsible soils. This was
further supported by the lack of subsidence at GGSS Area 2
after water injection and by the dramatic subsidence and
cracking at GGSS Areas 1, 3 and 4. However, only one water
injection study was conducted west of the acequia, Water
injection should be performed at several different areas
west of the acequia to better outline any differences.

| Except for dry density, moisture content and blow
counts there were no obvious mean soil property differences
between the two sides of the acequia. Because
s0ils on the west side have been irrigated for over 300
years it was thought they were non-collapsible soils that
had already compacted. The extreme variability of these
collapsible soils makes it almost impossible to say without
question whether they will not occur in one area as opposed
to another.

Discriminant analysis showed there was little
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difference in soil properties and collapsibility between
soils located east and west of the acequia unless the
tolerance level of significance was increased to 0.10.
Still, a high percentage of soils were misclassified into
the wrong area based on their discriminant scores from the
canonical discriminant function. Overall, it should be
assumed collapsible and non-collapsible soils exist on both
sides of the acequia.

6) The collapse ratio, R, was used as a dependent
variable in linear and logarithmic stepwise regression
analysis. The logarithmic regression equation models El
Llano soils the best and indicates that 96% of the
variance in 1lnR is accounted for by the independent
variables (dry density, liquid limit, per cent fines, and
plasticity index). The linear and logarithmic regression

equations are:

R 3.47131-0.01416LL-0.02035DEN~0.00308517FINES

1nR 2.8235-0,01438LL-0,02405DEN~0,0025958FIN3S~

0.00812944P1I. ‘

These equations.strictly apply to El Llano soil
conditions, If used elsewhere they should be complementéd
with other criteria and used with caution.

The complex mechanism of collapse in these problem
soils necessitates more research on the role of
clay, soluble salts and cement, and water chemistry in
creating instability. Different stages of collapse should be
observed under the scanning electron microscope and in thin

section to study the micro-fissures in the clay and silt
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aggregates. More consolidation testing is required ¢n
identical soil samples with varying final moisture contents
and saturations to better examine their effect on ccllapse.
Finally, and most important, by more thoroughly
understanding the "macro~mechanism" of surface subsidence,
cracking and the strain distribution that causes structural
damage, homeowners and developers should be able to

effectively stabilize buildings and retard soil collapse,
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PRECIPITATION (INCHES)

) /MY = 1g80-1985 Oct. 1684 ——] - April 1\9_85)

N A
VYV = Meonthly mean * Aug. 1984 ——

—~ M~ = Missing

Jan. June Jan., June Jan. June Jan. June Jan. June Jan. May

l—'—1980—l-——-—1981———“‘"“1982_ — 1983 —|— 1884 l 19856

FIGURE 1\-—- Monthly preéipit_ai'ior? 1980~1985, the dashed line represents the mean monthly
precipitation 1895-1976 (Gabin'and Lesperance, 1977). 28 JUNE 1985
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“'FIGURE 2--Monthly precipitation for 1984, the
dashed line represents the mean monthly

precipitation1895-1976 (Gabin and
Lesperance, 1977). 28 JUNE 1985
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Trench logs
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]
~
-3

NORTH

el - ]
-
(=3
-
N
-
»
-
-]
-t
o
N
o

NOTES

1) 3M-3Q, FINE-MEDIUM JRAINED, ABUNDANT ROOTS, MASSIVE, MOIST TO VERY HOrsT,

MEDIUM DEMSE, LOW PLASTICITY.

27 3M, DIBSEMINATED CARBONATE GIVING LIGHTER COLOR, SCATTERED ROOTS, MA3ISIVE,
SLIGHTLY MOIST, MEDIUM DENSE TO DENGBE, LOW TO NO PLASTICITY, WEAKX TO

MODERATE DAY 3TRENGTH.

3} SP-8M, FIME GRAINED, SCATTERED ROOTS, MASSIVE, DRY TO SLIAHTLY MOISY. LOQSE

TO MEDIUM DENSE, NO PLASTIGITY.

NOTE: VERTIGAL CRAGK SIX FEET NOARTH OF PIT.

Figure 1

NEW MEXICO BUREAU OF MINES
AND MINERAL RESOURCES
EL LLANG SUBSIDENCE PROJECT

LOG OF TRENCH ESBH-1
FINAL 23 JUNE 13485

Fo o Py

2) SILTY
LTy 34

£ SILTY SAND

.h\ #0IL SAMPLE LOGATION
(SEE LAB DATA tN APPENDIX OT)

— TAANCH FLOOR
LOGGED BY @. JOMNPEER .
12-4-84
SEE AQTIVITY LOCATION MAP FOR TRENCH LOCATION

- 10

-12



HEAST

ROUND LEVEL

1 FEET
- O
- 2
NOTES:
-k
1) ML-CL. 8ILT TO CLAYEY SILT, MAESIVE, MOIST TO VERY MOIST, SOFT TO
FIAM, LOW TO MODERATE BLASTICITY. .
2) BU-8P, BILTY BAND, MASSIVE, MOIST, NO PLASTICITY, LOOBE TO MEDIUM DENSE,
- 8
3) 8P, FINE TO MEDIUM GRAINED SAND WITH GRAYEL, MOIST, LOOSE,
4) BM, SAME AS LAYER 2 ABOVE.
NOTE: GREEN GRABS FROM MOYA LEACHFIELD 81X FEET TO EAST OF TRENCH. -8
® TAz BAMPLE LOGATION
(BEN LAD DATA IN APPENDIX OD
— 30
F—THENGH FLOOR
~12

Figure 2
NEW MEXICO BUREAU OF MINES
AND MINERAL RESOURCES LOGOED BY: @. JOHNPEER .
EL LLANO SBUBSIDENCE PROJECT 12-4-84
L0G OF TRENCH ESBH-2 BEE ACTIVITY LOCATION MAP FOR TRENGH LOGATION

FINAL 28 JUNE 1988




NORTH WEST

GROUND SURPACE ————————
[+] -] 4 ] 8 10 12 14 16 18 20 22 FEET
1 I I ] 1 1 t t 1 1 1 t
e -0
R
-2
NKOTES —4
13 ARTIFIGIAL FILL, SAND TO SILTY S8AND, MEDIUM DENSE,
VERY MOIST.
£) GL. CLAY, FIRM, MOI3T TO YERY MOIST. .
3) 8w-8F, SANO WITH GRAVEL AND COBELES, LOOBE TO
MEDIUM DENSE, DRY
-8
-10
TRENCH FLOOR
-2

(BEE LAS DATA IN APPENDIXTI }

. LOGGED BY Q. JOHNFEER
Figure 3 1g-a-84

SEE ACTIVITY LOCATION MAP FOR TRENCH LOCATION

NEW MEXICO BUREAU OF MINES
AND MINERAL RESOURCES -
EL LLANO SUBSIDENCE PROJECT

*LOW OF TRENCH ESBH-3
FINAL 28 JUNE 1938




HORTHWEST

) R et
GROUND BURFAGE
0 2 4 6 8 10 12 14 16 18
1 I H f I 1 1 I 1 1
T o = S soiennionls i S 2

e
¢

1) ARTIFICIAL
SERnacns

NOTES:

1) ARTIFIGAL FRL, SILTY CLAYEY SAND WITH CHARCOAL, METAL, AND
QLASS FRAGMENTS, MEDIUM DENESE. MOIAT TO VERY MOIBT, SCATTERED

ROOTS, MABSIVE LOW PLASTICITY.

2) SM-8P. BILTY SAND, FINE TO NMEDUM GRAINED. MEDXIM DENSE, DAY, FEW
ROOTR, MASSIVE, NON-PLASTIC.

8) CL. GLAY, BOFT TO FIAM. MOIAT.
NCOTE: TREHNGH I8 |IN CENTER OF A SEQONO, APPARENTLY OLDER, SUASIDENGE FEATURE.

@ 4A: BAMPLE LOCATION

{BEE LAB DATA IN APPENDIX TID [ tpheligrlind dglepuleguliyuligliogsingriogalegrebayuiepaioy
I8 CLAY S s m e

LT M TRENGH FLOOR

Figure 4
- LOGABD BY @. JOHMPEER
NEW MEXICO BUREAU OF MINES 12edmgd .
AND MINERAL RESOURCES SEE ACTIVITY LOCATION MAP FOR THENCH LOCATION

EL LLANO SUBSIDENCE PROJECT

LOG OF TRENCH ESBH-4
FINAL 28 JUNE 1985

20
I FEET
-0



_NOTES:

1) ARTIFICIAL FILL, SBLIGHTLY MOIST TO MEDIUM MOIZT, LOOSE, BCATTERED CRACKS, BYBDIVIDED
AB FOLLOWS:

A) 8M-ML, BILTY BAND TO SAKRDY SILT, SURFICIAL DIBTURBED LAYER, GLASS FRAGMENTS.

B) SM-BC, BILTY TO GLAYEY BAKD.

€) TRASH WITH GLASS FRAGMENTS.

D) TRASH, INCLUDING GLABS FRAGMENTS, CLOTH, STOVE PIPE, AND A PLASTIC BAG CIRCA
DECEMBER, 1869.

E) BM, S8ILTY BAND.
2) BC-8M. CLAYEY TO BILTY SAND, SLIGHTLY MOIST, LOOBE, S8CATTERED CRACKS.
3) BP-SM, VERY FINE-~GRAINED CLEAN TO BILTY SAKND, SLIGHTLY MOIST TO MEDIUM MOIST, SCATTERED CRACKS.

4} SM, SILTY BAND, BLIGHTLY MOIST TO MEDIUM MOIST, LOOSE, SCATTERED CRACKSE, NOTE BINGLE 3 tNCH CAYITY
ALONG CRACK. ; l

£) CL-8C, S8ATY CLAY TO GLAYEY BAND, VERY MOIST, SCATTERED CRACKE, NOTE SINGLE 1.5 INCH GRAVEL CLAST E
AT BASE.

€) SM-BF, BILTY TO CLEAN SAND, MEDIUM MOIST, LOOSE, SCATTERED CRACKS, NOTE SINGLE GRAVELLY BAND LE.NB
AT BASE AND SINGLE CLAY LENS.

7) BP-8M, VERY FINE-GRAINED CLEAN TO S8ILY SILTY BAND, MEDIUM MOIST , LOOSE, SCATTERED CRACKS AND
LENSES OF GRAVELLY BANDMNOTE BINGLE 2 INCH GRAVEL GCLAST.

-8) ML, BILT. MEDIUM MOIST, FIRM, LOW PLABTICITY.

) 8P, VERY FINE-GRAINED CLEAN SAND, MEDIUM MDIST, LOOBI-E. SCATTERED CRACKS AND LENSES OF GQRAVELLY :BAND.
10) EM-ML, BILTY SAND TO BANDY BILT, VERY MOIST.
11) BW, GRAVELLY SAND, MEDIUM MOIST, LOOSE. r
123 ML, BANRDY SBILT TO BT, MEDIUM MOIST, FIRM, LOW PLABTICITY. ,

'

13) &P, VERY FINE-GRAINED CLEAN BAND, MEDIUM MOIST. LOOSE, NOTE BINGLE lBILT LENS .

14) 8P-EM, VERY FINE-GRAINED CLEAN TO SILTY CLAYEY BAND, MEDIUM MOIST, LOOSE, BCATTERED FIRE-CRACKED
GRAVEL AND GHARCOAL (CHARCOAL G14 AGE 233¢ § 70 YEARS).

15) 8P, VERY FINE~-GRAINED GLEAN BAND , MEDIUM MOIST, LOOSE,

Figure 5

NEW MEXICO BUREAU OF MINES

AND MINERAL REBOURCES LOGGED BY:J, HAWLEY

EL LLANO SUBSIDENCE PROJECT 1-24-85
. LOG OF TRENCH ESBH- & BEE ACTIVITY LUOA'_"ON
FINAL 28 JUNE 1885 MAP FOR LOCATION,
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1} ARTIFIGIAL PILL, MOIMT (FROZEN), LOORE, ARUNDANT AODTE, SOATTENED FORGELAIN, QLARN, AMO UETAL FRAGMEWTS,

SCATTERED CRAGES,

2} SR-aM, SLKINTLY 2LTY BAND, HOIAY. LOGRE TO MRDIUM OENSE. POORLY LAMINATED, 3CATTERED CRAGKS, FiNE-
TO COANSE=GNAMED GRAVEL AND PINE—ORAINED .CONSLEN, AND LENSES OF BANDY GAAVEL AMD GMAVELLY SAND.

31 3P, CLEAM SAND, MEDUIS WOIST, WEDMM OENSE, MOTE MINGLT PLATTENED CLAY LiNS ANO BCATTERED CRACKSE.
4} CM, CLAY, MOIST, FIAM, HGH PLASTIONTY, T INCHRES THICK.
§) SMoML. JILTY 3AMO TO ST, MEDHIM UOMT TO DAY (NOTH MGISTURR NOUNOARYY, MEQIUM OENSE ILIGHTLY PLATY

AND FOCGALY LAMINATED SCATIEAND FINE=-QRAINED GRAVEL, CRAGKI, DRFORMND CLAY STRAINGEIAS, HOTE 3INGLE
LEND OF MOIST ANMTY JAND WITH AN UNDULATORY UFFER SUmFAOL.

2} AP=8N, ILIGNTLY 3N.TY SAND, UEODUM HQIET TO ORY (NOTE MOMTUAR SOUNDARYY, MEDRIM DAMBE, FAINTLY
LAMIHATED. 3CATTERED CRAGKS AND OLAY STRINOERA.

71 3C, CLAYEY JANOD, OAY, MEDNM ONNEE, LAMINATED, 30ATTERED ORAGKS.
4) 3P-8M, SLIGNTLY ILTY SAND, DAY, MEDNMHA DENSE. CROBS~LAMINATED. SCATTENED GRASKE.

) OF, CLEAN SAND, ORY, MEDHIM DEMSE, DHICAONTINUOUS, SCATTEALD CGRACKS AMD FINE~IRMAMED ANAVEL.

10} i, ST, DAY, FIRM, LOW PLASTICITY, WELL~LAMINATHD, SCATTANNED CRACKS AND 1 MGH THICK INTERNEDS OF
CLEAM SAND.

11} 8P, CLEAM $AMD. DAY, MEDUN DENSE. ACATTIRED CRACKS,

T1) AP=aM, JLIANTLY SA.TY TAKD, DRY, MED/UW ONMESE, ACATTEAND CRACKS, GAAVELLY SAND LENSEE, AND
SLAY STAWQEAS, MOTE WMGLE 3 DIGH DIAMETER CLAY-FHLED XMOTOVINA.

T3} WP, CLEAN SAND, ORY. MEDHIM DEMBE, WELL-LAMINATED. ARUNOANT CLAY STRINAEAS. BCATTEAED CRACKS
AND GAAVELLY BAND LENSES, NOTE IMGLE & INCH DIAMETER CLAY=FILLED XNOTOVINA,

14) GL=ML, CLAY, ORY, FIRM, LOW FLASTICITY, MASSIVE, SCATTERED CRACKS.

Figure 86 i

HEW MEXICO BUREAU QF MINES
AND MINERAL RESOURGCES
EL LLANO SUSSIDENCE PAOJECT

LOG OF TRENCH E3BH- &
FINAL 28 JUNE 1988

LOQARD 8Y M. HEMINGWATY
1=24,28=88
ARE AGTIVITY LOGATION WAP
FOR TRAENCH LOGATION

-
et
e T T A
TY_SAND 7.3

— s LINS™
s

WEST 1006 OF DESCRISED PORTION GF TRENCH

S148Y GLAY £

BTty &

L =Ty T e

A 1
BABY NRGE OF CEUCAINLD PORTION OF TAEHGH

FEET

-9

-2



WEST

: QROUND BURFACE —————
0 2 4 -] 8 10 12 14
I 1 1 | I | 1 i
NOTES:
= eticias i, = 2o
1) ARTIFICIAL FILL, WET TO VERY MOIST, MEDIUM s’ £ it % 1 IFICI
DENSE, SOATTERED METAL FRAGMENTS. T e T o

a3, el o . e e s S e . 2 3

. E o Dot ar e i S VR, ks sl

[ S R e g 2 el

2) GL-CH, CLAY, SATURATED TO VERY MOIST, BOFT,,
LOW TO MODERATE PLABTIOITY, S8CATTERED LIVE,
ROOTS.

3) GL=-ML, CLAY TO BiLT, MEDIUM TO SLIGHTLY MOIST,
FIRM TO HARD, LOW PLASTICITY, ABURDANT CRACKS.

4) 8P , CLEAN MEDHM~QRAINED SAND WITH GRAVEL AND
COBBLES, DRY, LOOBE TO MEDIUM DENSE.

NOTE: TRENCH DUS OVER "B8OTANO" REPORTED BY
F. VALDEZ AT WEBTERN END OF HIB
PROPERTY. IRRIGATION WATER WOULD ENTER
THE 80TANO ARD DRAIN OFF, APPARENTLY
THROUGH THE CRACKS N LAYER 3. THE FILL IN
LAYER ' WAB EMPLACED BY F. YALDEZ IN AN
ATTEMPT TO PFLUG THE SOTANO.

AT L S T
:8Y CLAY iy

® 7A BSOIL BAMPLE LOCATION
(GEE LAD DATA IN APPENDIX IT)

Figure 7

NEW MEXICO SUREAU OF MINES
AND MINERAL RESOURCES . -
EL LLANC SUBSIDENCE PROJECT LOGGED BY 0. JOHNPHER .

P 1-28-08
Fl";i.oa OF TnENO:'Eng’:E?‘"s SEE ACTIVITY LOCATION MAP FOR TRENCH LOCATION

18
| FEET

-10



i

L3 04 w3
I
Sy

EAST

30 40 50 a9 70
| | l
Line E3-2 Btation 30

h .'.c'.'...:'.','f-"-i.-p..q-f-‘bf.'i_y}-

BT S,
;ate:th- AR

P :
gty
s T GRAVELLY SAND :._g_ug::?‘-"::_':'.':‘.':'.’;".':'. O S

NN RN A I ) .é“-ﬁ--‘et‘@}‘}ﬁ-ﬁ.a—u’_FLT‘L?.T‘:.T
L o

_/ " 2w xm ma  n
TRENCH FLOGR

kﬂ CLEAN SAND TO SILTY S8AND

ssssenssess BMOISTURE BOUNDARY, DISTINGUSHING BETWEEN MOIST TO VEAY MOIST ABOVE, AND DRY TO SLIGHTLY MOIST BELOW

NOTES:

1} BM-8C, SLTY SAND TO CLAYEY SAND, MOIST TO VERY MOIST, LOOSE TQO MEDIM DENSE, SCATTEAED SILTY CLAY TO SANDY SILT ZONKES, GRAVEL, GRAVELLY 3AND LENSES,
NOTE SNGLE BURROW INFILLED WITH CLAY.

2) SM, SILTY SAND, DRY TO YERY MOIST(NOTE MQISTURE BOUNDARY), LOOSE TO MEPIUM DENSE, POORLY STRATIFIED TO MASSIVE, SCATTERED FINE-GRAINED GRAVEL AND
GRAVELLY SAND LENSES.

2} ML, VERY FINE-GRAINED S8ANDY ST TO SILT, DAY TO VERY MOIST(NOTE MOISTURE BOUNDARY), LOOSE TO MEDIUM DENSE, LOCALLY LAMINATED AND PLATY, 3CATTERED
BILTY SAND LENSES

4) 80-8M, FINE-QRAINED OLEAN SAND TO BILTY SAND, DRY TO S8LKAHTLY MOIBT, LOOSE TO MEDIUM DENSE..

MOTE: TRENGH EXCAVATED OYER TRACE OF GEQPHYSICALLY MTERPRETED FAULT.

EL

FINAL 28 JUNE 1588

Figure 8 LOGGED BY J. HAWLEY
1-25—-80
NEW MEXICO BUREAU OF MINES SEE AGTIVITY. LOCATION MAP FOR TRENGH LOCATION.

AND MINERAL REIOQURCES
LLANG SUBSIDENCE PROJECT .
LOG OF TRENCH E3S8H-8

10



. . . e WEST ’ -

GROUND SUAFACK

0 4 8 12, 18 20 24 28 32 38 40 44
1 I i 1 ! | | I 1 i ) 1 FEET
— Line E&-2 Station B2~y

SRS EE1) CLAYEY :"

—.‘h,-"i,—n;_ap

‘?"_,,-r&)-’..‘. R i
) 2’ TIY SAND
ﬂ-“'-"ii'.,.":!;-s
u..n.:..-. *;:;':“_;?--'a. A '
e g . A "-.—_‘?-'-‘_"
W | I3 - , h e
' PLANK Y R S g* T g",’.,,i.fa_; su.'rv
T d -'l' i ‘r Sy Y e

Y
Lx SR

NOTES:

1) 8C, CLAYEY SAND, VERY MOIST, LOOSH, ABUNDANT CHARGOAL SLOUGRH

FRAGMENTS AND ORGANICS.

2) SM, SILTY SAND. DRY TO MEDIUM MOIST {(NOTE MCISTURE BOUNDARYH,.

‘LOOSE TO MEDIUM DENSE, 8CATTERED LENSES OF BANDY. GRAVEL. ORAIGINAL TRENCH fLAOR

{BEFORE CAVINQ)

®9B= 80IL SBAMPLE LOCATION
(SEE LABORATORY DATA
IN APPENDIX I}

3) SP-8M, SLIGHTLY SILTY SAND, MEDIUM MOIST, LOOSE.

4) 8C-CL, GLAYEY SAND, DAY TO MEDIUM MOIST (NOTE MOISTURE BOUNDARY), MEDIUM DENSE.. .

8) BW-GW, GRAVELLY SAND, GRAVEL FRACTION FIHE-—TQ MEDIUM~QARAINED, RQUNDED TO -
SUBAOQUNDED, DRY, MEDIIM DEMSE.

6) 8M, 3ILTY BAND, DRY, MEDIUM DEHBE?‘

NOTE: DUE TO INSTABILITY OF TRENCH WALLS, TRENGQH EAST OF PLANKS WAS LOGAED FROM THE SURFACE. ;
TRENCH EXCAVATED ACROSS TRACE OF QEQPHYSZICALLY INTERPARETED FAULT.

Fiqure 9

LOGAGED BY: G. JOHNPEER, M. HEMINGWAY, -

AND D. BOBROW

NEW MEXICO BUREAU OF MINES .
1-30-86

AND MINERAL RESQURCES
EL LLAN
O SUBSIDENCE PROJECT sEE AGTIVI‘I’Y‘ LOCATION_MAP{

LOA OF TRENCH ESBH-8 FORM TRENCH LOGATION.
FINAL 28 JUNE 1988

-12
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1) SAND WITH GHAVEL
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TEEml) CLAY oo meenorea
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T DA

TR
LA et

3 4 [ e
T R D T T
AT e R s e T e A
SN OETT

S FLAME~LIKE STRUCTURE S—o-

T

NOTES:

= S

=

'

BY CLAY ==

1) GL=CH, GLAY.-WET (FROZEN), ABUNDANT ROOTE, BOFT, MODERATE PLAKTICITY.

3) ML~CL, SILT WITH BCATTERED GRAVEL. MOIBT, SOFT TO FIRM, PLATY AND LAMIHATED,
CGONTAINS § INCH DIAMETER CAVITY FILLED WITH WORM CABTINGS.

3) SM, SILTY BAND, SCATTERED DISCORTINUOUS INTERBEDE OF &P, 3L, AND OL,
LOOSAE YO MEDIUM DEMSE.

MOIBT,
4) CL. CLAY. 1 INCH THICK, NOIST, FIRM, LOW PLARTIONTY.

$) CL-ML, OLAY. MDIST, FIRM, LOW PLASTICITY.

4) 8P, BAND WITH FINE TO MEDIUM GRAVEL A& BASAL LAGE, MOIBT, MEDIUM DENSE.

T) CL, CLAY, WOIST, FIRM, LOW PLABTICITY, FLAME=LIKE STRUGTURES ON UPPER BURFACE,

8) CL=L, CLAY, MOIST, FIRM, LOW PLABSTICITY, SCATTERED ZONES OF REDDIAH-BROWN MOTTLING,

FLAME~LIKE STRUCTURES ON UNDULATORY UPPER BURFACE, PORTIONS OF LOWER BURFACE ALBO
UNDULATORY.

-8} @M~8C, SILTY SAND, MEDIUM MOTBT, MEDIUM DERSE, MABBIVE WITH SCATTERED ‘LENEES -
QF SP, FINE TO MEDIUM GRAYEL, AND CL. 21 INCH VERTIGAL BOOT AT EAST EMD OF TRENGOH.

>

NEW MEXICO BUREAU OF MINES
AND MINERAL RESOURCES
EL LLANO SUBSIDENCE PROJECT

tLOG OF TRENGH ES8BH-10
PFINAL 28 JUNE 1985

Figure 10

®10A BSOIL SAMPLE LOGATION
 BEE DATA 1M APPENDIX )

0.5 CRACKS INFILLED WITH CL.

LOGOED BY G. JOHNFEER, M. HEMINGWAY AND . LOVE
1~2d=28
SEE ACTIVITY LOGATION MAP FOR TREMCH LOCATION

BASE OF TRENCH

40

—10

FEEl



HOTES:

LI} ARTIFIGIAL L, MOIST(FROZEN), LOGSE, ACATTERED LIVE TREE ROQTE, WODD, AND FRAGMENTS OF
QRGANICE, SUARCOAL, METAL, PORCELAIN, AND GLASS.

2) sM, SOLTY SAMD, SLIGHTLY MOIST TO CRY(ROTE HOISTURE BOUNDARYY, MEDOIUM DENSE, ARUNDANT
CRACKS AMO CLAY-FILLED KHOTOVIMAS, SCATTERED LENBES OF GLAY, QLAYEY AT, COARAE~GRAINED
SILTY SAND. AHO SAHOY GRAVEL WITH GORBLES. ACATTERED GLAY STRINGEARS, FINE-GRAINED
ARAVEL, WOOD FRAGHEXTZ{POAIIELY ROGTS), NOTHE SINGLE CIMGULAR HOLE IMFILLED WITH CLEAN
SAMDT

a) SP, GLEAN SAND. DRY, MED(UM DENSE, ABURDANT FINE LAMINATIONS OF SILT, 3GATTERED CRAAGKS.

%) SM-3P, SHTY 3AMD, DAY, MEDIIM JEHBE, MBCONTINUOUS, SCATTERED 1 YO 2 INCH INTERBEDS OF
SLUGHTLY SILTY SAND, SCATTEAED CRAGKY

_8) 8@, CLEAW 3AND, DRY, NEDIUM DENSE, DISCCHTINUDUS. WELL-LAMIMATED, SCATTERAD CRAGKXS.

' 8) GL-ML. GLAY. ORY, FIRW, LOW PLASTICITY. DIBCONTINUCUS,
13 SM, JILTY SAND, ORY, MEDIUK DENBE. MABSIVE, SCATTERED CRAGCKS AHO ELAY~FILLED KROTOVINAZL.
91-8P, GLEAN SAND, DRY, MEOWM DEHEE, BINGLE GLAY LENZ ON UBRPER SUAFACE. SCATTERED CRACKS.
) SL-ML, CLAY, ORY, FIRM, LOW PLAATICITY, SOATYERED CRAGKE,

10) au-ML, SILTY SANO, DAY, MEDIUM DEKSS, MASBIVE, SCATTEREDG CRAGCKS AND OLAY-FLLED KROTOVINAY,
NOTE SINGLE BLONGATE CUT-ANO~FRL SYAUCTURE INFILLED BY BILTY AAND WITH GRAVEL.-

13) 8P, CLEAN 3AND, DRY, MEDQUM DRENSE. SCATTERED CRACHD,

123 8M; SLEAN SAND, BRY, NEDIUM DEMAE, ABUHDANT t INGH INTERBEDS OF BIETY SAND, SCATTERED GRACKS,
HOTE SINGLE CLAY-FILLED KRGTOVINA.

&
& = xnoTOVINA, FiLLED

NEW MEXICO BUREAU OF MINES
AND MINERAL RESQURCES
EL LLANO SUBSIDENGE PROJECT

£aBt EDGE OF DEBCAIGED PORTION OF THENOH

anrOUND SURFACK

- -

-—
-
—_
-
-

= o o
1) AR
e v

b T
&E‘,coansu—_amm
o viue mem.

3,

WITH GLAY.

LOG OF TRENGH ESBH-11 LOGQED AY G. JONNPESA AMD M. HEMINGWAY.

FINAL 28 JUNE 1985 1-81-68 ,
SEE AGTIVITY LOGATION MAP FOR TRENGH LOCATION .
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APPENDIX IV

Contour and crack maps of GGSS Areas 1-4



... = Figure 51 Contour map of QGSS~

I Area 1.

) Contours represent depth below
* datum slevation of 5733 feet,

28 JUNE 1988
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MAPPED BY MARK HEMINGQWAY AND DANKY BORROW 5-1-08
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L Figure ~ 2 Crack location map
of GASS-Area 1,

28 JUNE 1985
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Reduged from aurvey data obtalned on 3-21-85.

See Appendix Xl for locatlon of QG35 Areas,
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"7 - ;. iFigure 4 Contour map of GGSS—Area 3.
Contours represant depth below
datum elevation of 5733 feet.

28 JUNE 1986
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Reinforced Foundation (
(BRAB)

Contour Intervai 0.1 feet

- § Contour map of GGSS-Area 4. .
- -- Contours represent depth below

datum elevation of 5,734.5 feet

28 JUNE 1985 ® Drin Holes
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APPENDIX V

Pearson correlations of soil properties
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TABLE1--Pearson correlations of the collapse ratio, R, and all oth_er soil property values.
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Laboratory data compilation tables



Laboratory data compilation tables

Tesr Deprh Tesrved Sarple Lensiry Attar- .
" Hole  of BY Type {pcf} Morsrure berg Siava Analysis (1 Paasing) -]
No. Sarple BS=Hureau Undigrurced ©Ory  Conrenr  Limirs 8. N0, Ko, No. HO. Mo, No. Mo, No. Mo, Clay 5011
{Se.) Fafox Disrurbed (3} IL pI 3/4* /2% e~ 4+ 0 20 30 60 45 80 100 150 200 <24, DescTiprion
H=ibey Dept
GOSSP-10 4 -] v 3 - slignrly silty
- sand (SP-34)*
14 a o H -  Slighcly stlty
~ sand {(SPe5M)
24 B 0 5 = clayey gand (SC)*
oosmP-1l 4 B 3] 3 -~ alighrly ailty
sard (SBe3d)v
13 2 ] 5 =  wilry eand (SM)*
24 B o 5 ~ mlry cla
sard {5C-134)*
oEp-12 3 ] D 5 = slignely siley
gand (SP=sM)v
14, B ] 8 - clavey sand (SC}*
24 a Is] 5 ~ <clayey sand (5C)°
COSSHP-1d 4 B ] 5 - sligntly ailty
sand {SB-3M)*
14 B o 4 = arlty sand (S4)*
24 B ] ] = clayey sand ()°
COSSuP-14 4 1 o 3 - sand (5P)*
14 B D 5 = siley sand (Sq}*
4% B D 6 = silty sard (S4)°
COSREP-15 4 B D 4 = slighry silry
-  mand (SP-q)*
14 a8 o 4 = silty sand (R4)°
24 8 D 5 = sty sand (S4)°

* = USG5 Soil descriprion is based on field classificaricn of soil sampla: oot on the lamitsd laborarory daca ghown hers.

!



Laboratory data compilation tables

Test Depth  Tested Sample Densicy Abture
Hole of By T (2} Housture berg Sleve Analysis (V1 Passing) . ustg
Bo.  Swple BaBursau  Undisturbed Cry Content  Limits W, Bo. LMo, No. Ha. Mo, Mo ol No. bo. .Clay So11
(.} Fefox Dsturned (%) L P 3/3° 1/2" 3/8~ 3 10T 20 40 e 65 @0 100 140 200: <Zsm. Descriperion
Hattwy Dept
ESBH=-1A 0.5 B 2] 2] s1lty clayey
sand {SM-SZ)*
18 1.9 B 1] 10 . silty mand (5M)*
s B D 10 alicnely siley
=ANa (5P~ T
ip 6 B D 8 slightly mley
Sand [SP—ad)v
e 12 ] D n aligntly siley
- aand {S5P-3M4)*
ESBH=-2A 1 B B 20 211t iMLe
s 5 B D 5 sand [S7)*
X & 8 D 13 - silty sand {SM)”
oD un B D 2% slley sano {24)*
S 2.5 B o 6 qraveilly samt
. (5w~
3B 5.8 e o 2 gravelly sand
. (S
X 6 8 o 9 gravelly sand
- L . (W)
o 1 B o) 19 . gravelly sand
. (SH)=
ESBH-4A 4 B D 5 ailty sand {SM)*
48 6.5 B D 4 s1lty sand {SM)*
4 11 B D 24 ~ clay (CLi*
ESHR-7A Q.5 B D 17 arcificial Fl11v
| 2,2 B D 29 clay ()~
* 9.5 B D 7 ] sand (5P)*
BSBE~9A ) B D 20 ) anlty sard {SM}*
% 8 B D 2 gravelly samd
{S)~
ESBH=~I10A (L5 B D 7 clay ()
108 1 8 D 16 . Bilty sand (S4)*
oc 2,5 B D 2 clay [T)»
0D 3 B D 18 silty sand [SM}*
10E 4 B o 31 clay (L)
0P § B B 13 silty sand {4)"
106 7 B D i 13 silty sanmd (SM)*
5t 8 a D 30 siiey sand (S4)¢

g
£
g
5
§
iy
E
8
g
B
g
§
:
g.
:
,a
g
]
3
E
8
g
5
:s'



Laboratory F-t- comzilatici. iables

Tesc Depth Tasted Sarple  Demsity Arter= .
tiola of Ty T/pe fpef) Mouature peryg - Sieve Analysis (% Pasging) uscs
Mg, Saaple Defurean Undisturted [y Comtenc Lumitg Ho.  MNo. Yo, po., No. No. Mo, fo. MNo. Moo Clay So1l
{fr.) FwFax Disruroed (1) LL PI 3/4= L/2= 3/8® 4 10 W 40 60 A5 Bd 00 130 200 < Descriprion
Huthwy Dept
GaSs5-1T 416 a u ] a 2 1 100 0 100 95 95 54 93 86 77 68 45 23.70 2.5 silry sand (SH}
4~16 B u 97 L lé6 ¥v» 100 100 10 88 84 80 T3 &2 527741 26 11.60 - silry sand (SM)
23~26 8 U 101 6 NV NP 81 - - 70 87 &3 13 27 20 15 9 435 -  samdt {5P)
ESS=18 =g B u 88 b 3B 5 100 W0 1C0 D0 99 %A 95 @v 78 67 4% 23.58 3.1 silry-clayey sand
: {50
9 B D = sard {SP)*
316 8 u % & 0 NP 100 100 100 U0 10 9B 94 as 75 64 42 N.78 1.8 silry sand {SM)
19 B D "= gilty sapd (M)
2931 B ¢ 95 a B 7 160 100 100 00 100 99 97 @y 274 63 45 .Y 6.9 clayey sand (SC)
3 B D - sanrdy clay (Q)*
OEES-13 o B u 91 6 21 1 100 100 100 00 100 99 97 90 ar N1 47 438 -~ silvy samd (SM)
9 B D : ~ sand (SP}*
li~lo & 1] 92 a8 24 6 D0 M0 IGO0 160 98 9 93 87 8l T4 55 35.66 L6 silry-cClayey sand
2. {=-50)
2326 B u 92 5 16 NP 100 100 100 93 91 88 T 66 $5 43 23 10.64 - siignhrly silty
sand (SP-sM}
3 B s} - clayey sand (SC)*
» 8 o ] =  clayey sand (5C)*
QRS2 J=5 B i) 101 4 L Hr 100 100 100 86 &2 77 WM 6l 53 43 23 11.05 - slightly ailry
. sargd (SP-24)
-] B D - sand {5P)*
14-46 B U 93 L] 19 NP 00 00 100 100 99 98 97 87 75 62 35 17.58 - silry sand (SM)
24-26 =1 u Ee 4 NP 100 160 U p 99 97 8 T2 58 46 27 13.35 = silty samg (SM)v
) B o - sandy clay (CL)*
39 :1 D = sandy clay {CL)*
=SS 5 B D - ~  silty sand (SM]*
9=11 B o 0 7 2 1 100 100 0 99 9% 94 %) Bl n 61 39 21.35 ~ gllty sand (SM)*
14~16 B 0 98 ] 2D v = slightly silty
s [SP~5M)*
2436 B g H 5 9 1 0 100 0 ¥ % 92 | & 56 45 26 I13.80 2.1 ailty sand (SH)*
9 B D - aflty sasd (SH)*
19 B ) - clayey sand (SC)*
sl 4 B D 6 = silty zand {sM}+
g B D 5 = alightly silcy
- aand (SP-S)
14 8 o 8 - silty samd {SM)*
19 B o] i3 ! = ailry sand (sM)*
24 B o] 18 = allty sand (2H)*
ocsRE-2 4 B 3 4 =~  ailty sand (M)
9 B B 4 -  milty sand {SM)*
13 B D 6 - =and (SP)*
19 B D 8 = slightly silty
sand [SP-gM)*
24 B o [ =  allry sand (84}
COSSMP=3 4 B D -] = silty sand {SM4)*
9 B D H -  wilty sand {SM4)"
14 B D L3 - ailty sand (SH}*
19 B D 6: =  ailty sand (SM)*
24 8 D 3 = siity sand (SM)*
oS4 § B ] 7 - siightly silty
eand {SP-3{]*
9 B o} 7 - slightly silty
sand (SP-34)*
14 8 B 19 -  silty sand (24}
19 8 D 17 = clayey sard {SC)*
24 B D . 12 - = cleyey sand (SC)*
wCESHP-5 4 B D 5 =  silty sand {54)*
9 B o 6 -  =ilty sand {®1)*
14 B o & - zandy silt (MC)*
19 B ) & - =  samdy clay {CL)*
24 B o 7 - sandy clay {cCL}*
o6 4 - - silty sana {(SH}*
4 g g & =  aflty sand (SM4)*
14 B P 6 - - sandy silr (ML)*
19 g o - b =~  sandy clay {CL)*
74 8 o 18 ‘ =  sandy clay {CL)*

* = USCS 5oil descriprion is based on fleld classificarion of soil sample: not on the limired lavoratery date shown here.



Laboratory data compilation tables

Tust Deprn  Tesred Sarwle Censiry Atrer= .
Hole  of BY Type [ped}  Moiscure  berg Sievw Analysis {\ Payang} . . uses
¥, Sample SeBuremy OUndistuzoad Ity Costenr  Lipits No. Ne. Ne. Ne, ¥ B, Mo, Ho. No. Moo Clay So1i
(££.} EwFox Disturbed Y] L PI 3/4" 1/2* 3/B 4 10 30 40 6065 B0 100 130 200 <2.. Descriprion
Hethy Depe . : .
ESS-10 23 ] U 91 8 19 NP 100 100 100 100 100 100 %8 RN k2l 65 41 25.1B = silry sand (SM)
3 B D 6 - = slignrly silety
.- . sand {SP-31)*
=11 ) U 100 3 18 WF 100 100 100 100 10O 100 S8 93, 7% 6l 32 13.253 = smity sand {8M)
14 B 4] k! -  sand (SP}* .
15-21 B u 103, 2 NV NP 100 100 100 99 97 B9 77 6l a7 37 2 9.11 -~ alighcly slley
sand (SP-3)
rl B ] 8 - slignely silry
. sand {SP=-3M)*
25-31 a u 103 9 18 ¥ 100 100 100 160 100 100 97 B9 76 6) 3B 21.15 = silty sand [SM)
E B D 3 - zand (SM)* .
£ B o 8 - silty sand {SM)* -
4 B D 7 = sand (SP)*
GSSS-11  2-4 B u 9“4 3 23 3 100 100 100 100 -100 100 98 90 78 67 45 30,95 - gilty sand {SM)
4 8 D 9 - siley sand (3M)*
S=11 B u 101 kS le ¥F 100 100 100 100 99 93 91 &7 70 54 25 10.44 - sligntly ailty
sand [SP-54)
14 ] D 4 -  sand (SP)*
1%-11 8 v 8s a 21 §P OO 00 100 99 98 97 9% B4 69 5L 24 7.B6 ~ slighrly siley
~ sand (SP-5M)
24 B j+d 4 . =" sand l(sW)"
29-11 B u NV NP MDD 200 100 100 1000 9% 94 82 68 55 30 138) - silry sand (SM}
M B :] 1 . =  xand (SW)*
19 B D 12 ) = elaysy sand [S2)°
GES=-12 2= B u ki) n 2 3 106 100 lob 100 100 100 SE 93 86 BOd 65 54.47 ~ sandy sile (L}
4 B bl 8 - clayey sand (SC)*
9=11 8 g 101 + 18 ¥P 100 100 100 100 100 100 97 86 70 5 31 16.18 = silty samt {5M)
14 B D % = slightly silty
sarct {SP-SM}"
1931 B u 105 4 NV NP 100 100 100 85 T35 62 40 18 10 6 5 2.44 = sond {SP)
24 B D & - sand (SP}*
29-1L g ¢ pie: 7 NV NP 10D 100 100 100 00 99 97 a2 T2 57 29 14.23 1.4 silty sand (8M)
- sand {SP-SM)*
M B D ] . - sand (SPYT
I3 8 u % 10 20 1 100 10 100 100 100 99 97 87 73 &0 36 A.11 - silty sand ()
44 B o 8 - sand (3P)*
GGESS-13  2=% - o) 93 4 19 ¢ 100 100 100 99 98 S 91 T8 &2 41 23 9.5 -~ slightly silty
~ sami (SP-s)
4 B 4] 9 = slightly »silry
: . sand (SP-2)*
Ow=ll B 1] 96 7 20 N 100 100 10G 100 100 100 93 90 k3 6l 33 17.51 - slilty sand {M)"
14 B 27 3 - sand (SP}*
19=21 B u % 5 WY WP 55 - 52 49 46 43 M 2 - 15 1 6 21.79 - gravael (GP)
24 B 3] B - sand {SP)*
29=-1 B U 92 18 17 WP 100 100 103 93 97 95 94 81, &8 5 2% 10,71 -~ slignrly silry
. sand (SP=24}
A B b 10 = mlighrly silty
sand {5P-SM)*
® B D 14 - sand {SP}*
Y B D 7 - - sand (SP)*
55514 4 B D 3 -  silry sand (S4)*
- 9 B B H = wiity sand (SM)*
14 B | +] & -~ samd (SP)*
19 8 D 9 - silty sand {24)}*
24 -] D 9 =  silty sand {SM)*
29 B D 7 =~  silry aamd {4)*
34 B D 7 -  sandy silt (ML}*
sS55-15 4 B o 3 - sand (SP)*
9 8 D [ « milty sand (84)*
14 B D 6. -  sand {SP)*
12 B 1] 8 - silty sard (SM}*
24 B ] 8 = sandy silr {ML)*
) B D 6 - silrty sand (S4)*
M B D 11 = silty sand (SM)*
GOESS=16 4 B D 3 -  sand (SP)*
9 E b 3 ~ =ilty sand (SH)*
14 B D |- -  wilty sang (M)
19 B 2] 7 =  milty zand [(S4)*
24 8 +] 8 =  sandy silt (ML)*
29 B D kA -  silty sand (24)*
M B D ] -  =ilty sand (2H)*

* = USGS Soll description is based on field classification of soil sarple: not on the limired laborarary date shown here.



Laboratory gata Qompuat:on 1ables

Testod

Test Degpch Sarple Density AtTar—
bHole  of 8y Ty (pcf} PMoasture  berg Slove An bysis {t Passing) s
B.  Serpla PePureau  Undistetced  Dry Coxrtent Limyes Lo, HNo. - No. Hao. do.  No. No. No,. bNo. No.o Clay So:l
(fc.) FaFox scurbed (v) L PI 3/4~ Lf2" 3B~ 4 10 20 30 60 &5 T80 100 10 2200 cLu Cescriprion
Hathwy Cepr .
COESS—4 23 8 u 88 7 . Lo - allty sand {tM}*
EX B ) . n I - slighriy ailey
sand (SP-SM}*
=11 B u ] ? . - slighrly ailey
-  sand {SP-EM)*
14 -] [+} & - gravelly sand
- (g‘,l‘
E8-21 B u 92 [ -  ailry sand (SM)e
- 29=31 B u 9 8 -  clayey silr (ML}"
3 B ] 10 =  silty sand (SM)*
I B D 23 ~  ailty clay (CL)*
R B D 16 - sanay clay (CL)*
a=s5-3 =4 B v 26 7 - silty send (SM)*
4 8 D 7 - clavay sand {5C)*
911 B u 104 & 20 NP 0 100 100 99 99 98 9f 8T 18 68 44 21,30 - miry sand (SH)*
14 8 o 3 - : - sand (SH)*
1921 B u o9 [ 20 2 100 100 100 100 100 100 9% 85 74 T84 45 27.69 1.1 silry sandy {SM4)
FZ) B b [ .. = silry samd (M)
931 B v B? 7 = piley sand (SM}*
H B ] 3 . - clayey ailt (ML}*
39— B o 88 11 33 4 100 100 100 QO 99 %A 95 9L 86 81 70 58,80 -~ smansy aile (ML)
4a 8 o 15 . : -  sanay clay {CL)*
44 B b 17 ! -  sandy clay (CL)*
omEs-s 4 -] u B4 8 = alicnchy silty
sarci {SP-SMI*
4 B o 11 - clayey sand [5C)*
9=11 B v 95 3 - gsand {ST)*
14 B o 7 - gard (SP)*
19 B D 3 - gravelly samd
{S)*
19.7 B D 7 - =ilty sard {24)*
24=26 B u 92 [ 20 NP 100 100 300 100 108 100 98 90 =] 0 A B0 - milry sand (M)
-} B D 7 - silty sand (SM}"
34~36 B u a3 10 - uL‘Lw sand {5M)~
39 a D 9 -  sandy amile {ML)*
24 B D 14 - giley clay ()"
49 B D 12 =  sardy clay (CL)*
aTTC-T 2wk B u ] 5 -  siiry sand (2M)*
4 B o 13 - clayey sant {SC)*
911 B U 94 8 20 NP 100 100 100 100 93 99 97 0 B2 T2 48 28.7T7 3.9 silry sand (SM)
-  sami (SP-3H)*
) I B D 7 - giicy sand (SM)*
19-21 B u 92 ] - silty sand (SM)*
24 B D 5 -  siley sand (4)*
] B D 7 : - sand (SP)*
3436 B i gr 7 19 P K0 100 100 100 100 100 %9 W 78 68 48 131.52 -  siley sand (S4)
x a b 8 . . - sanay sile (ML)*
44 B D 18 =  milcy clay (CL}*
49 B [+] 14 = sandy clay (&U)*®
oSS58 2 a u 94 3 15 NP -100 100 100 100 100 93 S8 89 T4 58 30 12.95 1.5 mlry sand (54)
4 B D 4 - siignrly silty
. - sand (SP-3M)*
9=11 8 i} 102 4 13 ¥F 100 100 100 100 100 100 98 88 n 5% 28 1L.75 J..B siivy samd (54}
14 B M 3 gravelly sand
(S}
19-21 8 i} 101 7 1S NP 1C0 100 00 % 93 2 & N 54 41 21 9.52 - slighely siley
sand {SP-24)
24 B o 12 - sllty sand (24)*
29-31 B u 110 3 HY NP 100 100 100 100 100 %4 76 &0 45 A3 15 6.09 - slighrly salry
sard (SP-84})
k) B . D 12 ~  pilry sand {@4)*
39=-i1 B u 107 7 17 ¥ 100 00 10D 100 100 99 9% 85 &9 51 24 10.51 = slignrly silry
sand (SP-534)
44 B D [ -  slightly siley
sand{SP=aM)*
GCSS9-9 2-4 B ts 95 4 a0 9 100 00 100 100 100 100 99 92 bl 66 37 18.19 = claywy sand (SC)
4 8 D 4 - sand {SP)*
sand (SP-SM)
il i v 104 3 17 NP 100 100 OO 99 %9 9B 9% B% &8 52 24 8.89 ~ slighrly ailry
T4 B D 2 sand (5P}
19-21 B U 108 6 18 NP IO 100 100 100 99 97 92 80 67 55 34 1B.44 2.0 silty sand (SM}
H B o 6 « sand (SP)*
29-31 B U 102 9 18 NP 100 100 100 102 100 98 0 8 €3 4% 26 12.80 - sllrty sand (SH)
kL B [v] B - - wlightly cClayey
~ - saml (SP-sC)Y
3941 ] 1y 106 8 24 4 100 100 100 100 00 99 % 66 T3 59 33 16,91 ~ silty-cClayey
sand {SM-5C)
44 B D 6 - - wand (SP)*

* » USCS Soil descriprion is based o field classificarion of soil sarple: not on the limited laboratory dara shown hers.



——

Laboratory data compllatlon tab!es

Test Cepch  Tasrad Sarple. Demity’ Attror= -
Hola of By TYpe {pef]  Mousrura  berg Siave Analysis {i paum;} uses
No. Sample Befureau Lhdi:turbad Dry Conrent _Limics 0. No.  Ho. No. he. No. No, do. Ho. Mo, Clay Soil
{fe.) Fefox (%) L PL 3f4* 1f2" i/8® 4 10 W 0 60 65 B0 100 130 W0 <. Descriprtion
Hethwy Der-vt H
Gos=-T 1.5 B ] 7 =  silty sand {SM)*
4 B o 5 = .ty sana (SM}*
6.5 8 [s] 7 - -  miry sand (SH)*
g a B 6 =  #siiry sand (SM)T
- 1L.5 B D 7 - silfy sanc {SH)*
14 B D s - #Miry sand (SM)*
16.5 8 ] [3 - sand (5P}*
19 B D 3 . « gravelly sand
. (Sw)"
B ¥ o] g . - -  Silty sand (SM)"
n 8. D 3 - -  milrv sand {S4)*
25 877, D 1 . . =  silry sand {SM)*
25 8 - +] 14 - -~  mtlty sand (5M)*
26.5 B o} 9 . - gravelly sand
- ’ (W)™
28 B D 13 = silrty sand {SM)*
13 B D 2 =  cluaywyr sand (SC)°
38 B =] 3 - gLty sapa {SM)*
. 42 B »] 16 = sancy ciay {(CL)}*°
cossM-8 1,5 1 D 13 -  siltr sand [SM)*
4 B ») 7 ~ sanay ailv (ML)Y
6.5 B D 7 =  ailty sard (2)°
9 8 ] ] -  slicncly siley
sand {SP-3M}*
11.5 8 2] 8 - sard (SP)*
14 B D 5 -~ alignriy silry
. sand (SP-SH)*
16.5 B B 5 - mlcy sand (SM)*
19 B 3] 6 ~ siley sand (24)*
2.5 B D 5 ~ sand {SW}T
R 8 4] e - sand (SP}*
2.5 B D 3 - gand (5P)*
2% B D 4 - ganct {SP)*
2.5 B D 7 - pand (S5P)*
-1 B b 17 =  s1lty samd (SM)*
36.5 B D 13 -  silty sand (SM}*
I B D 15 -  silry sard {SM)*
4L.5 B D 7 = silzy sand (8M)*
CESS-1 24 B u 83 ] 21 4 100 100 100 100 100 100 99 92 B 74 2 /Tl 3.6 silty-clayey sand
(S=-32}
4 B o] 13 - silry sapd (SM}®
911 B u 82 7 25 6 100 100 100 100 100 99 97 &7 T9 T2 55 678 - z(n.lrr-c.&ayuy sand
-5T)
14 B D 14 - slry sand (SH)*
15 B D 15 -~ clay (CH)*
24 B D 16 - clay (G)*
<] B D 20 -  clay (C)*
3 - B D 15 -  clay (Gi)*
) B D 2 = sandy gravel (GW}*
4 B D 15 - - sty clay {CL)*
42 B b 15 =  sllry clay ()"
acsss-2 24 B i} 95 n = silry aand (SM)%
4 B o ? - - sancry silt (HL)*
9-11 B u 9% 5 19 Nf 100 100 100 100 100 00 97 86 15 64 40 19.87 - milty sard {SM}
14 B ] 7 = sand {5P}*
19-21 B u 92 6 - giley sand (S}
24 B D [ =  milty sand (SM)*
%310 B v - silry sand {S4)*
34 B ] 5] =  sandy stlt {ML}*
k] 8 [+ 13 -  gancy clay (CL)Y
44 B 2] 15 « s:lty clay (CLi*
GESSS-3 2= B u a5 3 - slightly silry
. sand (Sp-gM)*
4 B D 11 -  sancy alle {»L)*
9-11 8 4] 91 8 - sand (SP)*
14 B D S - samd {SW)*
1%-21 ] v 90 S - salty sand [SM}*
24 a p 7 =  sLlty sand (SM}*
2331 a [} a5 10 - clayey silt (ML)*
34 B D 10 - sancy silt (ML)*
39 B D 16 - sandy clay [CL)*
44 B D 18 « aligntly silty
- clay (CH<CL)*

* = USG5 501l description is based on Eicld clasaification of =0il sample: nct an the linired laboracory dara shown hete.



Laboratory data compilation tables

Test Depth  Tested Saple  Densiry Atrer< :
wis o By Type °  {ped) soisruzre  barg Sieve Anatysia (Y Pasging) uscs
Ho. Sarple BeBurean Undisturced Dry Correant [imts S0. No.  No. Ho. Mo, No. Mo, No. No. Mo Clay So1l
(fr.) F=Fox Discurped %) WL, PI 3/4* 1/2 ;3 3 10 ¥ 0 0 &5 a0 100 130 200 €2m.  Descripricn
Hetlwy Depr
1 N -
GoSSM-2 3 B . B = mllty sand (s4)*
2 B oo 3 =  slightly silry
R . sand (SP-54)*
13 B o 4 - sand (5P})*
19 - B8 0 T8 i = sand (SP}*
2 . B D = =  sand (Sp)*
29 8 o - 7 -  slightly allty
sbru) [SP-2)*
M B D 6 : = milty sand (SM)®
M3 . B D 6 ~  silty sand (24)*
GSSH=3 1 B o] 14 = silty sand (SM}*
2.5 ] B 3 = #ilry sand (SM)*
4 B D 6 : = silry sand (SM)*
3.5 B D 7 = =ilty sand {gM)*
7 B ) 7 - silty sand (S)*
4.5 B 2} T =  silty sand {SM)*
10 a D 7 - siity sand (SM}*
1.5 B D [ = silty sand (S4)*
px] B b." 3 = silty sand (sM)*
14.5. B D 5 = slightly silty
{SP~sM)*
16 B D 7 = silty sand{oM)*
17.5 B n 7 = slighrly silry
sand {EP-5M)*
19 8 D 5 = silty sand {sM)*
0.5 a o 5 -  sllty sand (SH}*
pr} B B 7 = silty sand (M)
3.5 -} D 2 =  =miity sand [ sM)*
% B D 0 -  clayey sand [SC)*
26.5 a8 o 2 = silty sand (SM)*
23 B 3] 2 =  ailey sand (SM)
9.5 B o} =0 = sllty sand (om)*
i B o) pos] = clayey sand [SC)*
32.5 B D pat: | = glayey zand (SC)*
X B8 D i g = clayey sand (SC)*
5.5 4 B 2L = allty sand {sM)*
37 8 -] 3 =  sandy clay {(CL)*
8.5 B D it] -  clay (CH)*
CGSSM—-4 4 B b 1 = silty sand (3H4)*
9 B D 5 =  silty sand (sM)e
14 B a] 5 - sand (SP)*
13 B D 7 ~ alightly sility
sard (SP-gu)*
2.5 -] b 7 = silty sad (SM)*
3 8 D 6 = silty sand (M)*
26.5 1 D € ~ silty sand (SM)*
3 : B T = silty sand (SM)e*
1.5 3 D 3 = clayey sand (5C)*
M B D p5 1 = sandy clay (CL)*
S-S5 4 B ) 7 - ~  silty sand (34)*
-3 B D 7 ~ silty sand {SM)*
14 B D 6 = silty sand {34)*
19 :} D 2 T = gravelly samd
(5w}
19.2 B D < = slightly siley
=  sand (SP=sri)*
2.5 8 D p =  silty sand (S4)*
23 a D a8 -  silty sand {SM)*
24,5 8 D 24 = silty sand {SH}*
2 B D 2 ~  ailry sand (SM)*
27.5 8 b 2t -  silvy sapd (SM)*
29 B 2] 23 . - = silrty sand [SM}*
30.5 B D ] = silty sand (SM)*
2 a8 2] 24 = silty sand {sM}*
ESo-6 4 B D 3 = sandy ailr (ML)*
14 B D 5 - = milty sand (S4)¢
24 a D 7 = silty sand {sM)*
e ] B o a -  sandy silr {ML)*
k1 B D -] = silty sand {SM)*

® = USGS Soil description is based cn fisld classification of =0i)l sarpler not on the limited latozatery data shown hete.



Laboratory data compilation tables.

Test  Deprh  Tesrad Sample Denmary Arter=
Hole of By Type [pef) oisrure  berg Sieve Analysis (1 Passing) uscg
No., Sample B=Hur tindiaturced Dry Conranr Limizs 5 Ho. No. Mo, No, NO. No. HMHo. No. No. Clay So1l
(fr.} FwFox Disturzed (%} LL PL 34" L2 3/8* 3 10 XL 0 6 85 B 100 140 200 <Zan  Deacriprion
Heitwy Cept .
COSSI~L 23 3 t al 3 2 2 10 100 100 160 100 93 98 97 -~ 92 86 68 44.40 -  amilry sand (M)
3 8 D 3 100 o0 00 00 97 93 86 19 - 1% 14 8 %% - sam (5P}
S=11 u B3 & N NP - - - - 0 .~ = = = = - = 3.6 = silty sand (S
13 B D 7 20 i 160 100 100 93 98 95 92 9 - A 19 4 1.7 = sand (5M)
19-21 a u s 6 NV NP . =~ aflry sand (SM}*
24 B [} a 100 100 100 00 100 92 95 68 - 42 38 16 N9 =~ slignrly silry
sard {SE-SH)*
28=31 8 u BS a NV NP sand (5P)"
RE ] a D 9 100 100 100 100 100 98 8 W - 61 53 30 14.8 silty sand (SM)*
GSRE=-2 2=} B U 92 3 NV NP ' = silty sand (SM)*
3 B [+ 3 100 100 100 100 100 100 98 90 - 74 35 234 1.7 = clayey sand {SC)*
=11 u %6 2 5P - - =~ 100 - ¥ = = &4 “ ~ 63 = alightly silty
=  sand (SP-3rt)
1% B D 6 8 -83 67 82 72 5% 45 31 - 21 15 7 2.2 = gravelly sand
{s1)
19-21 8 u =] 9 -  clayey sand {SC)*
24 =1 D 10 -  silty samd (20)°
29-31 a3 U 105 7
H a D & 00 100 9 B4 % 64 49 IO - 19 13 & 2.6 = gravelly sand
(s}
o=g-3 02 ar v -~ silty sand (S4)*
2.3 gew u ~ gapd {SP)* )
5 3w u - gravelly sad
- (sw)=
] - Ll u - =ilty sand (SH)*
B-10  B** U ~  slignrly silty
sand {SE-94)
OSSI-4 2 B D = silty clayay eard
(-50)
4 a D =  silty sand (SM)*
9 3 ) ~ slightly silty
sand (SP-SM)*
ESSI-5 2 8 D = silcy samt (Sm)*
4 B D - gravelly sand
(Sd)"
9 B 0 = sand (SP)}*
GoSSI-6 2 8 D = silry sand (M)
4 -] o = sand {5P)*
9 8 D - sand (SP)*
oos5I-7 2 B ] =  silty sand {M)*
4 B D ~ slightly ailty
sand (SP-SM)e
g 8 D -~ ailty sand (S4)*
SSI-8 4 8 D = silty sand (SM)*
9 8 D =  silty sand (5M4)*
sl L B D 10 . =~ wilty samd (EM)*
2.5 B ] 5 = alightly silry
. - sand (EP-GM}*
4 8 D 4 - slightly silecy
sand (SP-24)*
5.5 3 D 4 -  sllty sand (24)*
7 24 o - - sard {SP)*
8.5 B D [3 -  silty mand (sM)*
10 B D 18 =  milry sand {SH)*
11.5 B 3} 7 -  silry sand {sM)*
13 B D H - sand [SW)*
14.3 B D K -  silry sand {(BM)*
16 B D 4 - sapd (Sd)*
17.5 B D 4 -  silty sand {)*
2.5 B D 12 = #ilty sand ()¢
b ] B D 10 ~  silty sand (SM)*
23,5 B 0 ] =  giley sand [SM)*
25 8 p 11 -  silty sana (S4}*
26.5 B D 17 - clayey sand {£3)*
28 B8 D 1 = slightly silty
sand (SP-34)°
29.5 B 4} n - siley sani (4)*
aL B D 0 = sandy clay {CL)*
3.8 B D s = sand (SW)*
32.5 B D 17 - gapdy clay {CL)*
£ B D ] - papd (SW)"

* = USGS Soil descriprion is based on field clessiffcation of soil sarple; not on the limited latoratrory datra shown hefe. -

** = Aralyzed by Dan Stephens ard Aggoc.



Laboratory data compilation tables =~~~

Tast Deprth Tested Sarple  Dansity ) Attar- . . . ’ .
tole  of By Type {pef) Morsrure barg ) Sieve Analysis {1 2aguing} uscs *
Mo,  Sample Be=fursaun Undisrurbed DOty Conrent Limirs Mo, No.  Mo. Ho. No. No.o Mo, Moo No. Mo, Clay Sorl
{fr.) FwFox Disturhed 1) LL PT /5" 1/2° /8™ & 10 20 40 60 65 80 100 140 W0 <Za  Cescriprion
Hviwy Depr . - )
ESPI=34 23 P u 80 8 2% 8§ 100 100 100 00 % - 97 = - @3 - = 42,0 =~ clayey sand (SC)
7 B D - 7 . = milty sand (SHM)"
12 B ] - - 1 = gravelly sand
- - (Sw)*
17-1% F u 92 4 NV NP 57 as 9 B& 79 « 7 - - 52 - = 1%.1 -~ asilty sand (5M)
22-24 B u lo¥ 4 la §p 100 100 100 00 100 99 90 75 &0 47 27 14.19 -~  silry sand (SM}
27-29 £ u k] -3 16 P 100 100 10D W00 100 - 98 - - 18 - = 23.] = smilty sand (84
32 A D - 4 -  mlity sand (SM}*
37 B D - -] = allcy sand {SH)*
42 B D - 6 = silty sand (SM}"
ESPE-4AS 4 B D - 4 = slichtly silry
~  sand {SP-3M)¥
14 a o - 4 =  sLlty sand {SM)*
4 B D - 6 - gand {5P)"
M B8 o] - 13 - ailty sand (SM)"
44 a2 b - B - sand (SP)*
54 B ] - 7 ~ gravelly aand
(&) "
64 B o - 15 ~ xlignhrly aiiry
-  sand (SP-2)*
74 B D - 17 - gilty sand (gM)*
a4 | o - 2 -~ silry sand (S0)7
99 B D - 2 -  silty sand (SH)*

* UCS Soil Descriprion is based on fleld classificarion of soil sampie; nor on rhe limired laborarery data sho.m here.



Laboratory data compilation tables

a _compilation tables

Test Deprh Tesred Sarple Dengiry Atrar= -
Hole of By Type (pefl  “oisture perg Sieve Analyxis {3 Passing) uscs
o, Sample BsBureau Undisturoed Dry Coarent Limirs - No. No. Mo. No. o, Na. Mg, No. Mo, Clay Soil
{fr.) FsFox Msruroed (%) L PT 3/4% 13 3/8* 4 10 20 40 &0 &5 80 100 140 200 <2« Deseripriocn
Herdwy Copr

ESPOH-39 24 F U 99 3 NV NP O100 100 100 100 100 - 99 - - 77 - = 2.9 <« gty sand (sS4}
G5 F U 32 6 8 NP 100 e ) 100 100 100 - 94 - - 87 - = 3.4 =  gilry sana (S4)
B-10 B ] 95 3 L NP 100 1c0 00 9 90 @7 737 &0 3 3 24 1312 - silry sand (5M)
13-15 F [+ 74 13 46 19 100 100 100 100 100 - 100 = - 97 - - 86.4 = aslr (M)

18-20 8 U 97 -] 0 NP MO 100 100 100 OO 100 97 T8 .82 50 2 L243 - gilry sang (5M)
23=25 F u 86 10 37 14 100 100 100 100 GG - 95 - - a3 - -~ 52,3 = sargy clay (QL)
28=-30 _F u 78 12 35 13 100 100 100 100 100 - 95 - - 93 - - 1 - wilty clay [CL)
3 B D - 1 = silry sand {§M)*
38 B ] - -1 = oilty sand (4]
49 B D - 1 = alichrly ailry
sand [Sp-guie
48 B D - 2 ~ silky sand (SM}*
. 58 B D - 8 = mlry sand (SM)*
“+ 68 B o - 1 - slignrly sfiry
. sand {SP-SM)*
2 <] B 3] - 14 ~ sand {SP)*
90 B o] - L2 . = sand (SP)*
100 B o - - - sard (SP)*

ESPIY—40  2-4 F u 95 6 WoNP 100 100 MO 100 100 - 4. = -~ 57 - - Wb - silty sand {SM)
-7 3 g 103 25 48 28 100 97 97 95 94 -  B7 - - 70 - = 50.8 - samdy clay ()
9-11 ) U a9 o) 59 26 100 100 100 100 100 100 100 100 100 100 58.51 = clay (CH)
14-+16 P u 99 10 24 NP 100 100 100 100 100 -~ B8 - - 48 - = 25.9 = eilty send (SM)
19=-21 B u % 19 13 NP 100 100 100 100 100 95 7L 57 42 2 1 A3 - alightly saitry

sard (5P-5M)

24-26 F u =] L) 82 47 100 100 100 100 100 - 100 - - 93 - = B8 « pclay ()

29-31 3 u 92 a2 61 30 100 100 100 100 100 - 100 - - 99 - ~ 9.8 - clay (an

34 8 D - 18 - clay {ci)

5 B D - 26 =  clay (1)

44 ] 1] - 7 =  clay (cH}v

49 B ] - 18 = claysy sand (S2)*
50.5 B ] - 23 ~ sand (SP)*

ISPTH-41 2=} -] Uy 96 4 18 NP 100 100 100 100 100 97 98 84 65 2 » 13.02 - ailty sand (S5M)*

8-10 a u 1G5 2 21 NP 100 BO - 7B 74 & 55 42 33 8 19 .60 - slignrly a1lry
sarct (SP-SM)*
18-20 B u 9L 5 32 4 100 100 100 100 100 100 98 &9 [:v] 77 63 5815 - sandy silty (ML)
20 B D - 17 =  sandy clay (CL]*
28-+30 B o 35 7 18 NP 100 100 100 100 100 99 94 77 63 52 23 16.70 -  ailty sand [sM)*
3840 B u 87 15 3@ 11 10 100 100 100 100 100 99 91 as B 71 55.81 - silty sand (ML)
48 B b - 3 = silky sangd (M)
58 B D - 3 = silty sand (sM)®
68 8 ) - 4 =  allcy sand (S4}*
78 B b - 11 ~ slighriy siley
sard (SP-3)*
88 B o - 1s = silty sand [SM)"
92 B D - 16 = silty clay (CL}*
108 E D - - - sacy
- - {m)-
ESPO42 2+ F u 101 7 NV NP 100 100 100 99 9B - B8 - - 19 - = 12,3 = silry sand (SM)
57 B u 90 8 21 NP OI00 100 100 100 J00 100 95 75 L4 A 18 7.4 - slightly ailry
sand {SP=5M}
=11 F u 9 3 N NP 100 100 99 93 W8 - T - - 22 = = 5.8 =~ slightly siley
sand (SP~5M)
14-16 B u 109 2 1S NP 100 100 100 100 99 94 74 41 27 19 10 4.67 - sand (SP)
19=-21 F u 93 5 NV NP 100 100 100 100 100 - 8| - - 73 =~ = 2.6 = smiley sand {SM}
24-26 F u 105 3 NY NP 100 100 100 100 00 - 97 = - 49 ~ = 10.0 - slightly silcy
sand (SP-3¢)
29 a D - 13 = sardy clay {CL)*
3-36 P u 103 < NV 100 100 100 100 100 - - - 10 - = 15.3 = silry sand (M)
39=41 B u 107 2 20 100 100 too 100 100 98 19 34 25 15 g.88 - slightly siley
sand {SP-54)
=35 F u 9% e 2. NP 100 100 100 100 100 ~ 85 - - 6% - - -4 = silty sand {SH)
49 B o - 20 - - _slightly sardy
clay {CH)*
59 a8 D - 26 -~ clay {(CH)*
&4 B D - 25 = sand (S5P)*

ESP 43 2 P i) R 9 NV NP 100 100 100 99 99 - 97 - - 1 - = 25.9 = silty sand [SM}
46 F u 91 5 16 NP 100 100 100 100 100 - 92 - - &8 - = 24.B = gilry sand (M}
B~10 B u 333 4 17 NP 100 100 100 100 100 99 98 &4 66 51 28 14.34 - silty sand {SM)
13-15 F u 9B 7 NV NP 100 100 100 100 100 - 9% - - 7N - = 16,7 = silty sand (M)
18=-20 P u 103 4 BV NP 100 100 100 100 100 - g3 - - 50 - - 10.5 = slighrly allty

sand {SU-50)
242y bi] u w 4 16 Mp w5 - o Wy %% B T &0 443 2 14 6.40 - slightly silry

sard {SP-34)
26-30 F U 95 9 17 NP 100 100 100 100 99 - 9% - . 64 = = 2.2 « siley sard {4)
3=3% F u 9 6 N NP X0 100 100 w00 99 - 9 - - - = 19.9 = »ilty sand (24)
38-40 B i 98 7 23 3 100 100 i00 100 100 3 97 @7 74 62 41 27.66 - silty sand (SM}*
a0 B D - [ =  sliry sand (5d)*
41 B D - - 2 = sand (SP)*

* U S0il Doweription is based on fleld classificarion of s0il sarple: oot on rhe limited larorarocy data shown hare.



Laborat-ry datz ccuupilatict tables

Tedt Deprh Tearaed Sam.le Gansty Atrec- .
Hola of Typa (cf)  Moiature  berg Si1eve Analysis (3 Passing) uses
to. Saple Befuresu Undiscurbad Cry  Contenc  Limd Ho. NO.  Ho. Mo. Mo. Ho. MO, He. HNO. Ho. Clay Sa1l
{fe.} F=fox Inaruroed %) L PT 3fq~ L2 8" 4 10 20 A0 &0 65 80 100 140 200 <2 Cescriprion
Hetiwy Degr.
ESPOH=-313 24 F u il 11 37 10 00 00 100 00 MO0 - 43 - - % - - Bl.2 - alighely sargy
' silr (ML)
5=7 F g 80 15 49 12 100 100 100 0 D0 - a7 - = B8 - = 66,2 -~ mandy sile (ML}
911 B u B8O 10 27 2 o0 00 o0 ) Wo 100 %8 a5 B 60 40.13 - srlty sand {M)
14-16 b u 91 ] NV NP 100 100 100 00 99 - 90 - -~ 5 - = 2.1 = milty sand {SM)
19=-21 F uU 9 4 MY WP 100 100 10 W00 W0 - 9% - - 41 - = 9.9 = slignrly asilry
’ sard {SP-3}
24-26 8 u 105 1 20 NP 100 IO0 100 00 100 100 97 84 70 57 34 17.55 = silty sand (M)
23-31 F u 110 7 MY NP OO0 100 00 M0 99 - MW, - = 37 = = 9.2 = slignrly silty
sand (SP-IM)
xr a ] - 2 = sand (SP)* .
ESPIH-34 74 F u 92 18 2 10 100 100 100 00 100 - 98 = - -33 = = 40.4 = clayey sand (5}
5«1 3 u 106 15 2 4 100 100 W0 ¥8 %% % ¥ 17 &6 57 41 29.61 - slignrly clayey
sand (Sp-503
911 ¥ u 88 17 NV NP 100 100 100 100 100 - 9 - - 88 - - 42.6 « mlty sard {8H). -
14~16 7 u 94 8 19 NP 100 98 97 % 94 - §4 = - €9 - = 3.4 = gilry sand (S4). -
19=-21 B u 96 9 27 3 100 100 100 GO 100 10O 96 B9 a2 76 58 15.54 =  silty send [SM) . .
24 B 2 - 14 - clayey sand (S2)* -
29-1 3 u 101 9 17 ¥ X 100 100 W00 99 - 9 - - 59 - - 22.6 = wilty sand {SM)
191 F u 94 20 31 11 100 100 00 0 10 - 95 = = 384 - = 62.2 =~ sandy clay (@) -
ESPOM-15 24 P u 54 + 23 NP M0 100 W0 100 100 - 92 - - 36 - - 16.6 = silry sand {SM)
L) g u 103 3 NV NP ID0 100 100 100 100 - BB - - 45 - = 12.5 = silry sand (@2)
8-10 B u 93 ) 22 ) 100 100 100 100 100 100 96 A3 71 62 42 26.57 5.0 silry sard (SM).
13-15 P u 75 15 40 15 w0 W0 100 W0 100 - 100 .- - 98 - - B8.2 « clay {) -
19 B D - 1 = slighrly ailtry” -
sanct (SP-24)*
24 B i - 10 . . =  siley clay (cL)*
28-30 F u 96 3 20 ¥P 100 100 100 100 100 - 97 - - 73 - - .3 = allty sand {sM)
33-315 B i} 100 3 19 MF I00 100 100 00 W0 0 98 84 &9 4) 34 15.42 - ailvy sand {5M)
3E-30 F u 86 9 31 7 wo U 100 100 100 - 93 - - 95 - = 63.) « mapdy zilr (ML)
43=33.5 P u 93 4 24 NP 97 97 9% 95 94 - Bl - - & - - 23.5 =~ ailty sand (S4)
43 B )] - 4 = slightly aflty
sand {SP-SM4)*
ESPOH-36 2-4 P u a5 3 NV MNP 100 100 100 100 9 = 8 - ‘= a2 - = 152 =« sllty sand (54}
57 a u 91 1, 38 12 100 100 100 10 100 10 99 96 92 & 77 58.42 - Qlay (@)
9=11 F u 92 S 0 s 100 100 100 100 100 - 97 - - T2 - - 25.1 = =ilty sand (SM)
Li=16 B u 105 3 2] NP 100 100 100 100 100 % B89 63 58 33 42 25.06 4.2 silty sanrd (5M}
15-21 F U 94 13 27 HP 100 100 100 100 11X - 91 - - 73 - - 3.7 = silty sand (M}
24=26 F u 99 15 28 NP 100 100 100 100 100 - B3 - - 60 - - 37.1 = silty sand {SM)
F) :} o} - 3 =  eclay ()
34=36 F u 93 b | NV HP 100 100 100 100 100 - 98 - - B0 - = 0.3 = allty send [54)
39 B D - 17 -  clay {Qi)*
44 B o - 12 =  ailty sand [sM)*
49 8 D - 16 = silvy samd {3+
ESPOF-37 -4 F u 102 4 i8 100 100 MO0 100 99 = 87 « ~ 62 = = 25.8 =~ silry sand (SM)
4-6 P i 91 5 NV NP IO0 IO0D 100 99 98 - 86 - ~ 58 - - 24.8 = ailty samd (M)
& B D - 10 = ajlty sand [SM)*
8 B ) - 3 - - .silty sand (S4)*
1315 B u 96 7 24 3 0 100 100 100 100 98 92 76 6) 5 3% 2.5 ~ silty sand ()
18-20 F U 93 6 NV NP 100 IGO0 100 100 100 - 100 - - 87 = = 2.7 = ailty sand ()
Faj B D - 1 ; - slightly siity
- sarg {SBeSM)e
z B ] - 4 - mand (SP)*
ESPLE=38 2-4 F u 93 18 77 45 100 100 100 100 100 ~ 99 = - @ ~ = 6l.4 = silty clay (Cu)
5=7 P u 86 27 72 43 100 100 100 1% 100 - 95 - - &9 - = 48.0 =~ clayey sand (ST)
9-11 B [H 105 & NV NP 100 100 100 10O 100 98 87 57 k) 37 13 515 -~ slignrly silty
sand (SP-5M}
14-16 v u 107 6 MY NP 100 100 100 OO 100 - 89 - - 38 -~ = 57 - slighrly siley
sand (SP-24)
19-21 B g a7 k2 7@ 37 100 100 00 100 100 100 100 100 100 100 99 95.0 4.3 clay (CH)
24=26 £ u 103 12 W N W I 10D 100 100 - T - - 7 - = 17.0 =~ sllty sand {SM)
3 B D - 3s = slighrly silry
. sand (SP-SM)*
M B D - 1z = clay {cH)*
39 B p - 23 - elay (O
43 B D - a3 - clayey mand (SC}*

* USCS Soil Descriprion is bosed on fisld claswification of soil sarples nor on the limited laborarory dara shown here.



Laboratory data compilation tables

Tesc Duprn  Tesred Sarple Densary Artar-
Hole of By Vpe (pc?}  rowstrure  bery Sleva Analysis {x Pauu:g] uses
bo. Sarmple 3=Butsau Undisturced  Dry Conrent Limrs Ho. No. Mo, Moo No. Mol . No. No. Clay Scii
{fr.) FwFox Draruroed (1) L PI 3/4" 1/2* /8" 4 10 20 W & 65 0 u:n 140 200 <2 Pescziprion
Hethoy Dupt
ESPIH-28 2% e 3} 103 4 Y NP 100 100 100 100 99 - T - - 35 - = 93 = slgnrly silry
. sand {SP-Sd}
5=7 F u 101 2 NV 6P 100 100 180 100 98 - 351 - - 1B - - 56 = sligntly silry
. = sand [SP-3M}
S=tl E] u 93 9 20 NP 100 100 {00 100 100 99 91 73 63 56 40 23.77 - silry sard [SM)
14=15 F u ar 1 Y M 100 100 100 100 100 - 9% - 81 - - 5.1 =  ailty sand {s4)
19-21 8 u 104 2 19 NP 100 100 100 100 100 99 &8 57 43 34 20 10,08 - slignetly eiley
sand {5P—sM)
24-26 £ u 106 3 NP 100 100 100 100 9 - 74 = = = 78 - susntly smilry
sand {SP-gM}
9 B b] - 23 ~ clayey silr ()
34 8 o - 28 = sandy clay (o)
9 ] ja) - 8 =~ slichrly a:lty
sand {SP-SM)*
B ] F u 93 0 37 16 100 160 100 100 100 - 100 - - 99 - = Bl - giley clay {CL)
49 -] ] - 29 = clay {CH)"

ESPIE=-29 [=-2.5 F g b ) 2 NP 100 100 100 100 100 - 57 - - B4 - = 49.9 -~  allry aand (M)
5=7.5 B IH - =  silry sand (sM)*
10 8 o 7 -  =ilvty sand (SM}*
~13.5 F u 100 12 23 NP 100 100 100 100 95 - 9% - - T2 = = X -~ ailey sand {sM)
15~i7.5 3 u - = sandy clay {CL)*
o] 8 D - 13 = sandy clay {CL)*
W.5=23 F u 105 17 2% 9 100 100 00 W00 100 - BI - - &7 = = 40.6 = ailry sand (SM)
25-27.5 B u - ~ sligntly silry

sand (SP-SM}*

J0=-32.5 F u 108 18 19 NP 100 100 100 100 10O - 57 - - 73 n « J3.8 = silvy sarct (5M)
kL] 8 D - 13 =  silty sand (SM)e
35.5-38 F u 111 1 SV P 00 9 98 o3 97 -~ 88 - - &5 = = 30.6 = gilty sand (sM)
40-32.5 8 u - ~ sflry sand (SM)*
45-37.5 © u 106 1 HV NP IDO 100 100 100 100 - 87 - = B - 123 - silty sand (R4)
37.5 B D - + = sard (SP)*

50 B D - % « sarddy clay (cL)*
S1=53.5 F u 110 11 N NP 100 97 87 91 9 - % - - B0 €9 - 2.0 - silty sand {sM)

ESPTH-30  2=i F u a2 3 NV NP 100 IO 100 100 100 - 92 - - &0 - = B2 - silty sand (S4)
57 B o |8 a 13 WP 100 100 100 100 99 93 96 a8s 70 56 .23 15.03 ~ silty sand (SM)
=11 ¥ u 84 19 ST 2% 100 100 100 100 100 - %M - - 7P = = 5L.% = gsandy clay {CL}
14~16 B u 29 6 24 NP 100 100 100 100 100 - 99 - -~ 89 = o= 49,1 = pilty sand (SM)
19~-21 a u 97 3 18 NP 100 9% 93 87 B84 BL 75 62 51 42 24 11,51 - slightly silty

sand {SP=-24)
24 B D - 2 = silry samd (SM)*
29-31 F u 83 13 40 17 100 100 100 100 100 - P - - g = = 7.8 - siity clay (@)
J4-3g 4 u 103 3 17 &P 100 100 100 99 63 « B5 - = 61 - = 183 = ailty sand (=M)
39 B ) - 1 _ ) = gravelly sand
(Se)*

ESPESAL 1-2.5  F u 8 21 55 27 100 100 100 100 100 - 100 -~ -~ %6 - = 8.1 « asilry elay (L)
=7.5 o 4] - - sllty sand (sM}*
10=-12.5 F 4] m -3 NV NP 100 100 1060 100 100 - 97 - - 70 = = 209 - silty sand (94}
15-£7.5 § u 113 2 N OMP 100 97 97 91 B6 - 50 = - - = B3 = slichrly ailty

sand (SP-5M)
0-22.5 F U 105 17 44 22 100 100 100 100 100 - 9 - - - g3 = = 667 = silty clay (CL)
5=-27.5 1 u - = silty sand (sM)*
¥=-32.5 F u 107 s NV MNP M0 10 M0 99 9B - % - - 3 = = ] - silty sand (SM)
a B o - 4 N/ NP 100 100 100 100 100 100 95 @0 - &4 = = 3.9 = lilty sand (SM)
I9=i1 F u 103 & 8V NP 100 100 100 100 99 - P = - = =~ 11l = silty sand (SM)
49-5), P u 105 s W WP 100 97 95 94 91 = &7 -~ - 3 = = B4 ~ slighrly silty

sand {SP-SM)
59 B o - - =  slty samd (SM}*
9 B D - 6 KV NP 100 100 100 I00 100 93 71 50 - 3 32 20 1.9 - slighrly silry

-  sand (SpesM}

T9 B ] - 4 32 12 100 100 100 100 100 98 9% T2 - 55 S0 3 1 - clayey sard {5C)
89 B D - 18 KV NP 100 100 100 100 100 93 95 8c - 74 6l 36 18,5 - slity sand (5M)
99 8 - B - 17 20 NP 100 00 00 100 98 53 83 T0 - 6l S5 42 30.6 - allry sand (SM)
109 ) ] - 29 . = sancy clay (CL)*
109.5 8 D - 15 NV WP 6 66 & 45 35 29 22 15 - 12 10 8 838 - gravelly samd

(5w}

ESPM~]2 2=4 P it 83 3 2B 4 100 100 100 100 100 - 98 - - 93 = = 5.6 -~ sandy silr (ML}
=7 B u 93 4 19 NP 100 100 100 100 100 98 94 Ta &5 54 )5 18.87 - silry sand {S4)
9=11 F u 86 5 2 N 100 100 100 100 100 - 94 - - 62 = = 215 =~ sllty sard (SM)
1i-16 F u 98 3 NV NP IO 10D 99 9B 97 - B9 - . 56 = = 160 = ilry sand (S4)
19-21 B u 9 2 A 2 100 83 - B ™ 7 72 sa 4% 42 30 18.54 3.0 silty wand (S4)
24~26 F ] 93 4 17 P 100 200 100 200 100 =~ & < . g2 = = 252 ~ silty sand {34)
29 B o) - 5 - ~ slightly silty

. sand (S5P=54)*
34-35 F u 92 H MY P 00 100 10O 100 100 - 57 - - 81 = = 30 ~ =ilty sand {8M)

* USCS Soil Descxriprion is based on field classificarion of soil sarpler mot on the lisired laboratesy data ahown here.



Laboratory data compilatioh tables

Test Deprh Tearad Sarple  Dermity Arter= L i L
tole  of Py Type {pcf) Moisture bt rg Sieve A lysia (Y Passing) uscsE
Ho. Sampie B=fursas Undisrurbed Dy Conrent  Limita No. Ho. Ho. Ho, NOo. No. No. No. No. Ho. Clay soil
{fr.) Fsfox Disturped %) W eIl 3/4" 1/27 Bt 4 10 20 40 60 65 B0 100 LW X0 <2a  Descriprion
Hethwy Lept !

ESFTH=24 2=% ¥ u a2 10 28 7 100 160 100 100 100 - 10’ - = 58 - = 68.9 = samdy s1lt {ML)
5=7 B [H 93 4 18 ¢ 100 100 100 99 99 99 9 80 & 51 25 15.52 - siiry sand {SM)
9=1L -4 ) 2 18 58 B 100 100 100 10 00 - 99 ., - - 92 - - 67.7 = mlty sand (CL)
14~16 | 4 u 9 3 KV NP 100 100 100 100 9 - B - - 27 - = 5.6 = alionrly silty

sard {SP=-5M)
19-21 -] u 87 13 29 W0 100 100 100 100 100 10C 100 &3 T2 63 435 26.77 -~ clayey sand (5C)
2426 13 u 103 2 NV NP 100 98 98 97 % - 8 - - 49 - ~ 13.7 =  smilry sand (SM)
i1 a [+ - 1 - sand (SP}
=36 3 U 95 4 NV NP 100 100 100 100 99 - 8 - - & - = 23,7 = silry sand (SM)

ESPIE-25 1 8 D - 14 = silty sand (SM)*
5 -] D - 4 -  silry sand (SM)*
8 B D - 1 - sand (SP)"

13 B ] - 2 = alaghrly ailry
sard {SP-sM)”
15-17 3 1] 17 3 N HP 97 95 93 8@ 73 - 88 - - 22 20 = 0.7 = slighrly silty
= sand {SP-SM)
17 B D - 1 = silcy sapd {SM)*
A0-2.5 B g - = ailey sard (SM)*
n.5 :} 0 - 1 =  muircy sand (SM}*
x-27.5 F u 102 4 0 2 100 100 99 98 9% - B4 - - 80 - - 22.2 « silty sapd (84)
27.5 8 D - 3 - mand {SP}*
p-32.5 F [H 96 4 HY ¥ 100 100 100 100 100 - 95 - -  Bo - - 2.8 =~ gilry sand (SM)
2.5 B D - 1 = ailry sand (S5M)*
537.5 B U - - msiley sand (24"
37.5 B D - 1 -  mlty sand (M)
40.42.5 F u 114 3 NY NP 98 97 97 85 92 - 14 - - 43 - - 17.4 = ailry sand (84}
42,5 B D - b3 . - silry sand {24)*
45=-47.% F u 105 7 W OMP 100 106G 100 100 100 - 100 - - B& 67 - 22.9 = smilry sand (3M)
47.5 B D - 4 = alignriy siley
sand (SP-5M)*
S=52.5 B U - = afiry sand (SM}*
52.5 B D - 4 - slichrly silry
sand (SP-34)*
60-62.5 F U 15 3 WV NP 100 100 100 100 100 - 91 = = @l - = 23.5 = silty sana (SM)
62.5 S 2] - 3 - #ilty sand (SM)*
65+67 F u 115 2 KV NP 100 100 100 IDO 100 - 86 = = 47 = = 1B.9 = silty sand (M)
&7.5 B D - 2 -  silty sand (54}
80 B D - 10 ~ pilty sand {SH)*
90 B 2] - 2 = sand (SP)*
100 B D - 12 - sand (SP)*
110 B D - 15 = slighely siley
sand (EP-Si}*
120 B D - 13 = sandy gravel
(Ge)*
ESPOH-26 2 P U 95 9 20 NP 100 100 100 100 100 - % - = 78 ~ e 294 - gilty sand (M)
=7 B u 86 16 24 5 100 100 100 100 100 100 98 90 82 73 54 .11 - silry clayey sand
(45T}
Swil P u 93 8 32 11 102 100 100 100 100 - 97 - - 87 - = 53.3 = sandy silc (ML)
J4-16 B u a8 2 17 WP 300 100 D0 96 9% 90 72 43 - 9 2 12 57 = slighrly silty
sand (SP-5M}
19=21 -F v 96 5 18 w100 %8 97 94 92 -~ B4 - - &4 - - 30.3 =~ silty sand {24)
24=26 F u 103 2 R oM 100 160 100 99 98 - W . « 26 - = 5.5 = oslighrly silty
. sand (SP-54)
29 B D - 1 =~ gilty sand {SM)}"
- sandy clay {QL)*

BSPH-27  1-2.0 P u 90 6 2 % 100 100 100 MY 10 - 95 - - 58 49 - 3.7 = siley sand (SM)
4.5 P u 94 2 NV NP 100 100 100 100 100 - 9 - - 67 - - 20.0 = silty sand (S}
5-7.5 B u - =  ailcy sand {(SM)*
10 B D - ] = ailt (ML)

10.5-12 P u 88 i) NV NP 100 99 88 9§ 93 - B - - 3B 1 = 10.3 = slighrly siley

-  sand (SP-SM)
16-18.5 . 8 u - - silry sand (M)
18.5 B o - 9 = silry sand (SM)®
0 8 D - 10 -  ailty sapd (94)°
20.523 F u 108 13 20 NP 10D 100 100 100 89 9~ 92 - = 71 - = 36,0 = =milty sand ()
23 B D - 1 = slightly silty
. sand (5P-oM)*
25-28 r u 20 2 11 10 100 00 100 99 - 9 - - &6 - - 58,1 =~ sandy clay (CUL)
n B D - 5 © = silty samd (5M)*
30-31.5 B u - =  silty sand {(S94)*
.S B D - 6 -  ailry sand (SM)*
35.5 B o - 11 = clayey sand (5C)*
e=-38.5. F u 102 5 NV WP 103 100 100 100 100 - 91 - - ¥ - - 18.6 = silty sand (34)
8.5 - ) - 3 . = alightly silty
= sand (SP-3M)*

s0-42.5- F U 110 3 K NP 100 100 100 @ 97 - 19 - = 45 - = 16,4 = silty sand {SH)
42.5 B D - 3 =  silry sand {SM)*
45 - B D - 3 - siley sad ()"
45.5-48 F u 106 3 HY NP 1D0 100 100 100 100 - - 93 - ~ 52 - - 18.8 = ailry sandt (SM}
48 B D - 4 -

* USCS Soil Descriprion is based on field clagsification of aoil sasple: not on the limited laboratory data shown here.

silty sand (S}



Laboratory data compilation tables

Test Deprth Testad Sample Dens1ty Arrer- L . .
fole  of By Tyre {pct)  Moigture  berg " Sieve Analymis (3 Pagmaipg) e
Ho. Serpla Paforean  Undisturbed Dry Conrene  Limirs No. hNo. No. No, No. Mo. MNo. wno. No. Mo, Clay Soil
{ft.) FeFox Duseuroed (%} L PI 3/a™ /2~ 3/B” 4 B 20 40 B0 65 80 100 M0 X0 Descriprion
Heihy Dept .
ESPLH=-18 2= 4 u 87 9 31 12 100 W00 100 99 B =« W -~ = T . = 42.0 - very
sard {SC)
5=7 3 u 162 2 19 M 100 100 100 ™ 93 92 &5 70 5 49 31 16.00 2.3 mlry sand {54}
9 B o - 12 10 100 100 10 9 91 H4 73 - & ) 53 sl < claywy sand {5C)*
=14 3 u 94 9 ¥ NP 100 100 100 10O 100 - 97 - - B2 - = B4~ silty sand (M}
1% B o - 7 100 100 300 100 100 100 9% & - 65 5§ 32 15.5 =~ clayey sand (SCI®
24-26 F u 95 a 3V 3P 100 100 100 MM 00 = 99 - = T8 o - 0.0 = sylry sand (5M)
29 B D - 13 00 100 00 100 00 100 @9 7 - 6 553 33 0.1 -  ailry zand {S4)*
ESPCH~19 1,54 F u 112 14 7 7 10 100 100 100 100 = % - = 69 o = 3.5 - clayey sand (5C)
7.5-10 a i - - mlty sand {SM)*
12.515 F U e 3 v owr - - ~ 100 18 - % ~ = 64 - - 20,7 = silty sand {5M)
17.520 F [ 112 5 18 ap 100 100 IO 100 99 - g8 - - 54 - - H.]) = silry sand {SM)
22.5-25 B u - = siley send {SH)%
Z7.5-30 F u 98 5 WoMp 100 100 W0 M0 1M - 9 - - &7 - =~ 1338 = gilcy sapd (SH)
32.5=35 F U 113 5 NY xp - - -, = 100 - 97 - - - - 0.1 - siler sand (24)
37.5-~30 8 u - -, ~ slignrly milty
. ) sand [SB=34)*
42.5-45 F u 107 7 NV NP 100 100 100 100 100 - 94 - - a2 - - 1.7 <« alightly silty
- = samd (SP-ad)
‘47.5=-50 u 115 17 ¥ M - - - 100 99 - B - - - -~ 130 = silty samt {SN)
£2.5-55 EF i} 124 1% NV NP 10D 53 9 93 97 - 7t - - 35 - = U.4 = alpghtly silry
sand (SP~3M}
55 B b - 13 BOMF 100 10 100 &5 80 69 53 38 - 27 2 15 9.7 - glighrly smilry
’ N sand (SP-34}
ESFOH~2) 2=4 F ) 108 21 MV NP 100 100 MOO 100" 99 - 94 - - 65 - - 0.1 ~ silty sand (SM)
51 F g % 12 v NP 100 100 100 100 100 - 99 - - m - -~ 6.8 =  axlity sand (M)
9=11 B g T3 37 3B 14 100 100 100 100 OO 100 99 7 92 9 57T 92 Ti.86 ~ aligntly sandy
clay (CL)
14~16 F U 102 8 MV NP 100 100 9% 99 88 - 8 - - 4 - =~ 87 -~ slignely ailty
- sand (SP-5M)
19-21 B ] 101 13 16 Mp 100 100 100 100 100 98 91 72 57 46 2/ 12.45 -~ silty sand {SM}
24 B B - 9 100 100 100 100 oo 98 92 79 - & 56 3 19.1 « ailty sard {2M)*
J4~36 F u 1048 7 NV NP 100 100 100 100 B9 - & - - § - = 1.2 ~ milcy sand (M)
45-51 F u 09 4 NV NP 100 10 9 B -~ 8 - = 2B = = 7.7 - slgitly siley
sand {SP—2M)
ESprH-21 1 - D - 13 2% 9 100 100 100 00 100 98 92 84 - 76 6 52 M.l - clayey sad (<)
5 B o - 16 ¥ 1z 100 100 100 100 00 98 90 77 -~ 70 &4 52 8.0 =~ siity sand {34)
8 B D - 2 ¥ oMp 100 00 100 55 81 82 77 6l = 47 31 23 13.3 = silty sard (84}
14 B [+] - 15 100 100 o0 w0 9 9 LB w - B3 B0 67 45.2 = ailcy samd {SM)}
14.5 F o - - ; - sandy clay {(CL)*
I15-17.5 B 3] - - = ailey sand (SM)*
22,5-25 £ u 107 3 NY NP 100 100 100 100 100 - 96 - - Ta 57 =~ 7.8 = aflcy sapd IR}
21,5310 P u 108 7 16 NP 100 100. 100 100 99 - 94 - - T - - 2.9 -~ siley sand (SM)
3=32.5 B - u - -  silry sand (SM)*
37.5-40 F u 108 6 WV NP 100 100 100 100 100 - 95 - -~ &0 45 - 14.3 =~ mlry sand {SM)
4415 F u 102 14 B M 100 100 ¥ %8 % - B5 - - 47 - = .l ~  miley sand (S4)
47 B B - 24 i8 NP J00 100 100 98 98 97 87 64 - 48 3@ 23 1.1 - silry sand (M)
42.5=50 F u 125 5 NY NP 100 200 100 100 99 - 8BS - - a0 34 - 12.5 = silry sand (SM)
ESPIH-12 2-4 P o o0 8 N NP 100 100 100 100 100 - 9 - - 74 - - 3.0 = wilry sapd [5M)
57 B .U 93 6 J0 NP 16D 100 100 100 100 100 99 91 87 T4 47 15,62 = silty samd (M)
=11 F 1] 94 4 My NP 100 100 100 100 100 - B - - 55 - = 2.2 = silry sand (S}
14-16 B u 86 17 32 L 100 100 100 1OD 100 9 9 e 5 49 18 B/.75 = clayey sapd (SO}
19-21 F u ) 11 32 13 100 100 100 100 100 - 95 - - B4 - - 43.2 = clayey sand {5C)
24 B D - 1L 100 100 w00 100 100 98 91 At - 7% T 3% 46,2 = ailty sand {SM)*
29=31 F v ] 6 Ny MNP 100 100 100 100 M0 9~ 99 =~ - B = = 3.9 -~ silty sand (M)
ESPrH=23 B D - 26 41 13 100 100 100 00 9% 86 T 53 - 44 M 2B 19,9 - sapd {SC)
5 B D - -4 29 6 100 100 100 100 100 99 86 69 - 55 51 39 /.0 - silvy sand {34}
8 B o - 3 B P 100 100 100 100 100 96 83 56 - 33 B 18 = alightly silty
sand (SP-2M)
14 F D - - = sand (SP)*
14.% B D - 10 2 MP 00 100 100 100 00 95 % 84 - 79 ™ 51 1.1 « silty sand {(34)
15-17.% F u - = slightly ailey
-  sand (SP-s)*
22.5-25 B u - ~ smiightly silry
-  sand (SP-5)*
2527 F u 103 k| NV §P 100 100 100 100 100 - 88 - - 42 M~ 93 - slightly silty
sand (SP=sM)
22.5-35 - u 104 23 18 NP 100 100 100 100 100 - - - 77 - = 19.5 =~ ailty sand {5M)
k] B D - 24 24 NP 100 100 100 100 100 100 99 96 - 91 B& 64 39.6 - silty sand (M)
40 B D - » 54 11 100 100 100 MO0 100 95 T8 63 - 47 40 30 2.9 = claysy sand (SC)
50 B D - 33 56 32 100 100 100 100 100 95 BL 65 - 56 S50 41 3. - claysy sand (S}
60 a8 <} - 8 BV NP 100 100 100 B 73 61 53 47 = 42 3B 31 24.5 - silty sand (24}
65 B D - 3 - -?ndy;.qnwl.
Gl

* USC Soil Descriprion is based on field classificarion of sofl sarpler not on the limired laboratory dara ghown here.



Laboratory data compilation tables

Tesir Deprn Teared Sample Tansity - Arter=- . .
bale  of By Type {pef) rMolsrure berg Sieve Analysis {3} Pzising) uses
Na. Sample Befureau Undisturbed Oy Conrenr Lizirs Na. Na.  No. No. . Na. o Ne. wo. Noe Neo Clay Seil
{fr.) F=Fox msturbed [£}] LL PI 3/4" L/3* 3/8* & 10 20 30 60 65 80 100 140 200 <2.. Descriprion
Hetbwy Dept
ESPIH-12 1.5=% P u 99 2 NV NP 100 100 100 99 99 - 6§ = = 23 . = 4.8 = psam (5P)
6.5=3 B u - - silty clay (QU)*
11.5-14 F u 105 k| NV NP 100 100 100 100 100 100 9% = = B7 = = 3J6.3 =~ salty sand (M}
16.3-13 F u &3 12 61 32 100 100 100 100 100 0 98 = = 91 - = 78l = sancy clay (CH)
21.5-24 B u - -  sangy silt (ML)}*
25,529 F u uz 1 N NP 97 93 8BS 72 6 = 30 - = 15 = =« 6.6 =~ slicnely silty
sand {SP-SH4)
i1.5-34 F u 106 3 NV NP 100 100 100 9% 99 = 95 = ~ W = = 2854 = mnlty sad ()
ESPI-13 Z— B o 103 10 23 NP 100 100 00 100 LOO 100 93 76 62 53 35 2047 -~ milry sand (SM)
=7 -4 i a2 3L 62 30 100 100 100 OO 100 W0 99 - - 9 - - 89%4 = samdy silec (M}
9=11 F u - - W NP M0 100 100 LOD 100 - - - - - - - 57.5 =~ sanay silt {ML)
14-16 4 u 91 28 37 14 100 100 100 X 100 100 98 = =~ 91 . = 2,2 = sandy clay (CT)
19-21 g u 110 7 NV NP OICO 100 100 100 100 100 83 - = 48 = = .17.5 = slry sand (SH)
P B D - 3 = mand {SP)*
=31 4 u - - sand {SP}*
33-36 B 1] 99 2 £7 1B 10D 100 i00 100 100 100 100 99 98 9T 95 90.64 = clavey silt (M)
9=l P u 9% 25 P MP 100 100 100 100 100 100 99 - = 96 = = 67.3 =  sapay silt {ML)
49=51 4 u 107 9 NV NP 100 00 00 100 100 100 B8 = -~ 45 = = 13.9 = silry sand {SM)
594l -3 u 108 3 NONP OIO0 O 97 95 87 - 4 - = 15 = = 1,7 = gand (5P
6l 8 /] - - S - - 95 8 - 6 61 55 42 2 - 13 9 §5 2.4 = gravelly sand
{5d)
ESPCH~-14 2: -4 u B2 17 28 NP 100 100 1GD 100 100 -~ 98 2+« @« 92 - - 54,0 - sandy silt (ML)
5=7 a8 u a7 3 1 12 100 00 D0 100 00 W00 93 T 5 W 29 18.81 - clayey sand {&C)
9-11 4 u 105 4 Nv NP 100 100 100 100 100 100 85 - ~ 27 - = 4,2 = sand [5P)
14~i6 F u 80 k) SV NP 100 100 10O 100 100 100 - - = = = = 8.1 = sandy siir (ML)
1921 -] 4] 93 2 21 NP 100 100 100 100 100 99 91 79 50 & 30 18.17 = silty sand (M)
24=16 P 1] 106 6 NV NP 100 100 100 100 99 = 6% = = 21 -« = 68 = sligarly siley
R - sand (SP=-54)
2 a D - P - = clavey sand (SC)*
336 ¥ U 92 A 41 15 100 100 100 100 100 100 99 - - 83 - = &£5.8 = sancxy cimy (CL)
39=10 B u 92 a1 76 3% 100 100 100 100 OO 100 100 100 99 98 97 .05 - clay (OH)
4031 :] u us 4 2y NP 100 100 100 100 OO 100 93 &8 55 46 30 18.70 = siity sand {3M)
4336 F g 80 2 42 18 100 106 100 100 100 100 99 = = 98 = = 9.1 = sandy clay (CL)
49=51 P u 109 3 NV NP 100 100 100 99 %8 - 78 = = 33 = = 52 = slignrly silrty
- r? sard {SP-8M)
ESPOB~1S 2+3 -4 U 10t 5 NV WP 100 o8 95 88 8l - 8 - - 26 - - 10.4 =~ slightly eilry
saed (SP-84)
5=7 B u 100 7 2% S5 100 100 100 100 10 9% 93 79 67 5% 42 26,78 - silty-clayey sard
{2+53)
911 F u piles) -] NV NP 100 100 100 100 100 - 93 - - B& - = H.3 = silty sand (3}
14-16 P u a5 15 A 10 100 100 100 00 100 100 95 - - 8 - - &30 = samdy clay {CL}
19-21 B [H] 93 6 27 5 100 100 100 99 99 93 9% B4 T2 683 46 31.68 =~ ?ilcyocluyw sand
4-5C)
23-26 P a a7 10 28 5 100 100 100 100 100 100 100 - - 97 - - 5.1 = sandy silt (ML)
253~30 F 1] - 3 Ny yp 100 100 93 %8 97 - 9l - - 57 - - 16,9 -~ silry sand (54)
24-35 F u 98 k| NV NP 100 100 100 10D 100 100 87 - - 53 - - J4.9 <~ ailty sand (SM)
39=11 F v 104 2 NV NP 100 100 100 98 96 = T3 9= = M = = 8.1 = slightly silty
sand {SP-24}
41 ] D - 1 NV NP 100 100 100 92 B4 69 51 22 - 19 14 B 4.5 - sand (SP)
ESPI-16 2-3 F u £9 a1 74 37 100 100 100 100 100 100 98 = = 85 = = 59.4 - santy silt (M)
5=7 21 U 103 7 40 11 10 100 100 100 100 100 99 99 93 98 94 ©9.89 12.0 sancy silt (ML)
9=11 F u a 11 NV NP IO0 100 100 100 100 100 9B = o« 93 = o« 46,7 = silty sand (S}
14=-16 F u 108 3 NV NP 100 00 93 99 95 - 60 = = 24 = = 62 = aslighrly stlty
sand {SP=9M)
19 B D - B8 100 100 100 100 100 %% 85 66 ~ 53 44 27 14.2 ~ clayey sand (SC)*
2426 F u 101 8 MNP OO0 100 100 100 99 = 9% ' - = T3 = = 21.9 = silty sand (M)
29%-21 F u 99 9 42 19 100 100 100 100 100 = % = = 87 = = 8.0 « clayey sand ()
k2 B D - 12 I00 100 10 160 99 93 8 T - &1 51 33 18,9 = clayey sand (SC)*
4346 F u jivr) < NV NP 100 10Q 99 95 9N - 75 - - 2 - - 6.9 = slignrly allty
. sand (SP-8M)
54 B D - 9 100 100 100- 100 100 94 76 67 - 48 41 29 171 -~ clayey sand (5C)°
ESPO-17 2=4 F u 99 6 Y NP 100 100 100 99 99 - 92 = - 65 = = 196 - silry sand (M)
45 B |+ 101 6 20 NP 100 100 1G0 100 100 93 96 86 75 64 42 24.18 ~  silty sand (M)
S=11 F u 102 3 BV NP 100 100 100 100 100 - 98 - - &9 - - 17,2 =  silry sad (SM)
14=-16 F u a9 8 NV NP 100 100 100 100 100 - B3 - = 5% = = 20.3 = ilty sand {84)
19=-21 4 u 92 23 21 NP 100 100 IGO0 100 99 2~ 98 2~ = 92 = = 67.4 -~ sandy silt {ML)
24=26 B U 101 14 25 3 100 100 100 100 100 100 98 A7 73 62 40 23.78 -~  silty sand (M)
28-31 F u 92 23 17 NP 100 100 100 100 100 - = = - = = = 555 -~ sady silt (ML)
3941 P v 112 12 7 6 100 10 99 99 99 - 97 - 8 = = 3.6 = silry-clayey
. sand (SM-5C)
49=51 P u 97 19 8V NP 100 10C 100 100 99 - 91 - - T8 = = 45,6 -= silty sand {8M)
S=ul B u 84 12 18 NP 100 100 100 100 59 SR B89 &8 55 47 34 21.52 .= ellty sand (@)
69-71 | 4 u 109 18 MY NP 100 100 100 100 9% = 95 = = 68 « = 29,4 = aslty sard (34}
7 B o - 19 NV MNP 100 100 100 98 95 78 55 38 - M 25 17 1.2 "~ sligntly silty
sard {SP-34)
a9 B D - 25 100 100 100 100 99 91 B 64 - 57 51 431 .3 "= clayey sand (5C)*
100 B o - 1n MY NP B0 46 46 37 24 18 14 10 - 8 T S 3.4 =~ sandy gravel (G}

* USCE Soil Descripticn is bassd on field classification of soil sarple: noc o the limited laboratory data shown hers.



Laboratory data compilation tabjes

Test  Duprh  Tested Sampla  Denatty Artaz= :
Hole  of By Type {pcz}  Mowsvrure  berg Siwve Analysis (L Passing) uscs
HO.  Saple Bebureay Undiaturted Doy Contenc  Lamits o, No. Ho. No. Mo, NO. No. Na, No. Be. Clay Sarl
(fre} Ferox Dmtuched [t }] L P 3/4% 1/2° 3/ 3 10 20 40 50 65 B0 o 10 20 <2 Descripticn
Hinthey Lept
ESPOH=-H  2—3 F u 78 16 6L 30 100 100 100 00 0 - 99 = = 83 . - 866 - glayey aile (M)
57 F U 92 2 TS0 100 100 W0 W0 0 - W - - B5 . = £9.8 = clayey slt {H)
10 B o - 1 NV NP 100 100 100 9 76 €8 52 W - 26 12 6.8 0.9 slignrly silcy
: zand (5P-5M)
14~16 a t 108 L 16 X 100 100 100 100 1cO 100 97 18 60 49 29 15.03 - silty sand {SM}*
18 ] o - L NV 2 100 10 10 98 65 47 33 24 - 14 1 6 3.8 0.5 gravelly sand
{sW)
2526 F u 96 [ 24 3 100 100 100 100 D0 =~ %4 - = T3 o - 39 = gilty sand (M)
26-31 F i 95 8 26 WP 160 100 100 100 100 2~ 95 - - B4 e = 3801 ~ gilty sand (54}
34=36 F u 5 9 I3 W0 0 100 100 100 - 55 - - B0 - = S&l =  gancty silv (ML)
39=3i1 F u 599 4 ¥ONP 100 100 100 %9 o6 - 7N - - 50 - = 18.3 = silry sand [SM)
& B D - 1 MV NP 100 100 100 93 95 B6 67 45 - M 23 18 1.2 2.4 alighrly ailry
e sand {SP-SM)
ELY 8 D - 17 NV NP 100 100 100 88 83 7L 57 3% = 30 24 14 B.0 =~ siighrly siley
- sarct (SP-5M)
HPUH~9  2wd 3 u bG 5 2L NP 100 W 9 97 987 - 682 ‘= = 7 e = 3.9 = ailry sam [34)
=T 13 ¥ &5 S ¥V NP MO 100 100 97 g5 - B8 - - &6 - - .0 - ailey sand (SM)
14~16 £ u 95 2 NV NP 100 160 100 100 100 =~ 96 -~ 5% <« = 82 = slightly silty
sand (SP-3H}
19221 a u 1 2 19 ¥ 90 - 83 19 £ 5 4 2% 1% 13 B.16 -  slighryly silty
sand (SP-SM)*
34=26 F u 101 5 BV ¥P 100 100 100 100 100 - 52 -~ - 583 - - 28,4 - ailey sand (SM)
-1 F u EX] 2 MV NP 100 100 100 100 99 - B4 - =~ 35 « =~ L0 = lightly silry
. sard {SP=5M)
Ja-36 g Q 197 3 MV NP 100 10O 9% 99 99 - B4 - - 48 - - 16,2 = gilry sand (5d)
] ] D - 1 NY NP 100 100 100 95 BY 68 46 2% - 17 13 7 4.0 = sandt {SP)
44 B b - 2 NV NP 10O 160 00 100 100 99 91 &8 - 51 3» 0 8.8 1.0 slightly silty
- sard {SP-34}
<9 B D - 2 KY NP I00 100 100 9% 92 B6 74 S - 31 28 15 7.0 0.8 sligntly silty
. sand (SP-34)
54 | 2} - 2 B NP 100 100 100 99 9% 92 B3 63 - W 38 21 9.7 -~ slightly siley
sand (SP-24)
59 8 o - 3 HY MP 100 100 100 94 90 BS 75 48 - 34 26 14 6.9 - slighrly silty
- sand (SP-SH)
64 8 D - 4 BV NP 100 100 100 100 99 91 73 48 - 35 27 16 6.6 - siighriy silvy
sand (EP-5M)
69 8 ] - 7 13 8P 100 100 100 100 100 98 92 77 -~ 67 60 47 32.0 4.9 silty sand {EM)
69.5 B o - 20 44 17 100 100 100 100 93 94 @2 T2 - 68 64 56 459 7.6 clayey sand (5C}
74 B D - s 19 &P 100 100 100 99 98 94 £ 58 - 45 36 23 14.2 -  silty sand (S9)
™ B 0 - 17 2% 7 100 100 100 100 100 9 93 &) - 75 &8 55 4l.0 =~ silry clayey
A sand (SM-SC)
a4 B o - 15 24 8 100 W0 100 93 S0 8 71T 59 - 46 I8 25 15,7 =~ clayey sand (50)
Es [:] D - 12 18 5P 100 I00 100 100 100 97 86 R - 62 54 39 26.6 = ilty sand {SH}
.5 2 2 - 7 NV NP 83 2 72 &6 57 46 38 27 - 19 15 8 4.7 = gravelly sand
(S9)
103.5 B | +} - 25 48 21 100 100 100 100 99 S8 W0 74 - 6 61 51 42.8 = claysy sand (SC)
114 B D - 2 - gravel {GW)*
12s B D - 5 100 100 " 100 100 100 97 79 S1 - 3 31 A 124 =~ allty sand (M)}~
ESPOU-10 2= 3 u a2z 9 % 5 100 180 100 100 100 - 98 - - 86 - ~ 5.7 = sandy silt {ML)
5-7 T u 87 13 25 8 100 100 100 100 98 - Bb - >~ 7 = = 63,3 = silty clay (C)
9 B D - 1 NV NP 100 100 100 100 100 99 9% 71 - 51 3 20 8.8 = slightly siley
sand [SP-34)
1416 r u 86 4 N NP 100 100 100 100 100 -~ 97 - = 80 « = 187 -~ silty sand (S}
19 a8 D - b3 Y OMP 100 M0 M0 97 93 Bl &7 44 - 29 0 10 4.9 - sand (SP)
24=376 b4 u 96 4 BV HP 100 100 100 100 100 - S = = 74 = = 22,5 ~ silty sand [SM)
29-30 g u ] 6 25 MNP 300 100 100 100 100 = 97 = « 85 = = 3.7 = silty sand (SM}
1 8 s] C - 6 24 5 100 100 100 100 100 100 96 S0 - 82 75 S8 3.6 -~ silry sand (SM)
I3 B o - 1 MY WP 100 10 100 88 BS B2 T S50 - 3 X 18 8.0 = slightly ailty
sand (SP-2M)
ESPOH-It 2% P u 92 18 2 7 100 100 100 J0 9 - 8 - - & = = 356 = silty-clayey
sand {S4~5C)
5=7 F U 95 21 22 NP 100 100 100 100 100 -~ 98 - .« 95 = = 53,8 - sandy silt (ML)
9=11 F u 10 S 21 NP 100 100 100 100 99 - 05 - - 75 - « 5l.9 = sandy silt (ML)
14=16 P 4] gg 7 Ny NP 100 100 100 100 100 - 99 - - 77 - - W2 = mlry sand (34}
1520 b3 o 105 B 22 HP 9% 94 94 92 92 - o - - 7 - ~ 30.4 =~ silry sand {SM}
2436 B 4] 105 6 lg NP 0 100 100 100 100 100 95 75 57 4 23 10,95 - oligh:l.y}-ury
- sand (84}
29=11 F u 112 3 28 NP 100 100 100 100 100 100 W00 - - 97 = = 73,1 = sandy silr (W)
3836 F ] 112 a 69 41 100 100 100 100 G = 98 = - B9 = = 68.7 =~ sandy clay {Qi)
5=t F u as ) By NP 100 100 100 93 95 =~ S84 « = 15 « = 2.3 - sard (SP)
4] ] D - 5 100 100 100 100 99 %4 83 62 - 51 43 29 16.7 «~ silty sand (8M)*
4415 F 1] 58 3 MV NP 100 100 100 100 94 = 49 - - I3 = = 105 .« gilty sapd {84)
493 B u 9 19 20 NP 100 100 100 100 9 97 @@ 71 59 50 M 20.05 ~ silry sand (SM}
$3-36 r [} 107 7 BV NP 100 100 100 99 %9 - B6 -+ = 54 =~ = 19.2 = wmilty sand (SM}
59=51 F u 104 3 HY NP 10O 100 99 9@ 57T - B6 - 4 =~ = 9,1 = slightly silry
sand {SP-3M)
€1 B ] - 4 BV MP 100 100 100 100 9 91 7B 55 - 41 1 18 9.0 = slighrly silty
- sard (SP-5M}
65=57 ? 1] 107 6 NV NP 100 100 9% 9 92 = 79 2~ = 47T ~ = 16,6 - silty sand (SM4)
&7 B D - 1 NY NP 100 95 95 84 V5 58 38 18 - 11 7T & 2.0 - gand ts®)
70 B D - 12 NV NP 100 100 100 100 99 9L 77 55 - 41 32 19 10.3 ~ slightly silty
. sand [SP-2M}
% B [+ - B 100 100 100 100 98 9 M 5S4 - 43 3 24 154 -~ silty sand (M)

TS Soii descriprion is baged on fleld classificarion of soil sazple; not on the limited laboratory data shown here;



Labor

1

v

atory data compilation tables

Test  Deprh  Tested Sarnla Density” ALtor- . .
Hole  of By Type {pct) Molsrure terg * Si1ave Analysis (¥ Passing) s
NHo.  Sample BeBureau Ondisturbed Dry Content Limits - Mo,  No, No. MO, No. Mo, Mo, No. Mo, Clay Soil
{&.} Fsfox Msturped 4] LL PY 3/4" 1/2* 3/B* 4 10 20 40 60 65 B3 100 i WO <2 DeacTiprion
Habiwy Dept
ESPIH=-3 2.5 [} 3} - 0 - - - - - - - - - - - - - - = =  sandy milt [ML}"
5 B D - a 32 NP 100 100 00 100 300 100 97 8% - S0 70 %0 3L6 - mlty sana {SM)
7.5 B D - a 2l NP 100 100 100 100 100 100 99 M - 36 73 62 42.6 -~ sility sang (5H)
10 B b} - L1 MY NP IO 100 100 98 98 93 W0 4. -~ 3 2 1 063 - sand (5P)
12.5 B ) - 5 BV NP 100 100 3100 10O 10 97 24 & 0= 2 2 1L 0.2 - sand {SP)
15 ] D - 3 W NP 100 100 100 100 97 89 & 45 - B 27 16 T.9 = gugnely milry
. Barg {SP=-34)
17.5 ) D - [ AV NP 100 100 100 100 99 9% 91 T2 - 55 a6 13 47 -  gand (SP)
X B 1] - 17 S 23 100 100 100 100 100 93 % T - 73 69 &2 527 - sandty 3t (M)
22,5 8 o, - 10 2 ¥ 100 100 100 100 97 BS 74 63 -~ S5 SL 4L Xu9 = milty sand {SM)
5 ] [+ - - 10 00 100 100 100 98 W &9 - 32 41 23 1.6 ~- alignrly mlry
sand (SP-gM)v
27.5 B -] - - MV NP 100 100 100 100 99 97 93 T7 = 62 53 14 4.3 -  sang (SP)
0 8 D - - 00 100 100 100 99 97 94 BB - Bl 74 5 3.6 - ailry sana ()¢
n.s B D - - 100 100 00 9% 99 97 B 67 - 52 41 W li.4 = miry sand ()
is 8 B - - 100 100 100 100 10 %4 8) T2 - 63 64 56 4.l -  silty sand ()€
37.5 B D - - Ny NP 100 100 00 100 98 86 69 40 - 18 1§ 3 1.5 - sand (S57)
40 B b} - - 00 100 100 100 96 77 53 3 - B 2 16 L.4 - sligntly silry
R sand (SP-2)*
45 B D - - Ny NP 100 100 100 100 99 B89 76 48 - 132 23 10 4.2 =~ sand (59}
50 B D - - 0 100 00 100 9 %4 85 T -~ &3 58 47 354 -  evlry sand ()€
ESPLH-4 57 B u 102 15 20 NP 100 100 100 100 99 98 W 63 5 44 W 1575 - silry sand (S4)
8=10 F u 101 7 NV P 100 100 9 98 98 - 87 = = B2 = = .2 = siity send (SM)
14 B D - 12 26 6 100 100 100 100 100 97 B9 T¥ - 6 &0 42 290 = slity ciayey
. ) sand {2450}
19-21 F u 1c0 9 NY MNP 100 100 100 100 100 = 88 - = T2 - = 3B - silty zand (24}
-6 -8 u 9 14 2l NP 100 100 100 100 100 100 95 79 65 85 35 20.2¢4 = silry sand (M)
9-11 F ] 9 7 HV NP 100 100 100 100 M0 0~ 98 - - T3 -~ - 160 - siley sand {24)
34~36 F u 9% 17 28 1, 100 100 100 00 100 ~ 97 =~ = 85 = = 57,4 = sudy clay (CL)
39—l F U 109 8 BV NP 100 100 100 100 100 =~ 80 = - 49 ‘.= - 161 =~ silty sacd (2w
H4mis ¥ u 100 8 W NP 100 100 00 100 M0 - 89 - «~ 55 - = a5 = gilzy sand (SW)
4951 P ] a5 9 NV NP 100 100 100 100 99 -~ B = = 45 « = 185 =~ silry sand (24}
53-56 F U 102 10 N NP 100 100 99 58 9% = 79 - = & - = 2.2 = oailry samd (M)
59-61 F u 107 5 N OMP 100 95 93 86 7?7 0~ 49 = = 21 « = 7.1 =~ slignrly siley
sand {SP-5M)
6466 B u 117 6 2 2 100 W0 00 87 8 W e 37 4 17 8 384 = sant (SP)
66 B D - 7 15 ®Wp 100 100 200 93 87 71 51 M4 - 27 2 13 7.5 ~ slighely ailey
sard {SP-5M)*
ESPO-5 -4 B u 20 6 21 NP 100 100 100 100 100 96 89 T2 53 50 32 19.05 - silty sand (Sa)
63 F U 97 . S ¥V NP 100 100 100 99 98 - 77 - - 35 -~ = 0.8 = alightly silry
) -  sand {S5P—M}
911 F v 85 4 NV NP 100 100 100 9 % - 97 - - T - =~ 19,0 = silty sand [SM]
14-16 b3 o 83 11 3B 14 100 100 99 99 %9 - 8 - - 93 - = 7.4 =~ samdy clay (CL}
19-2t 3 U 84 3 BV HP 100 100 00 59 99 - B4 0~ =~ 45 - = 1.3 = slighrly silty
sand (SP-534)
24-25 F V] 82 12 39 16 100 100 100 MK W -~ S8 = - 93 - = &0 ~ sandy clay (CL)
29-31 F u - - 23 NP 100 100 99 93 9 -~ 97 ~ . B8 = = 518 =~ sandy silt (ML)
-3 F i 100 3 NV NP OIOO 100 100 93 98 - 84 = - 53 - = 175 = silty sand {sH)
3931 F u 126 3 NV MNP 100 100 100 0D 99 - 5 = - 45 - = 27.0 =~ silry sand (SM)
ESPTH-6  1-3 b u -] 10 31 11 100 100 100 100 100 -~ 97 - o~ 82 - = 57,5 = sandy clay {(CL}
S-7 B u 105 5 WWONP 0 %9 BH. 87 84 77T 60 0 17 12 6 2.82 - sad (SP)

T B0 F v 101 5 Y NP 100 98 %8 93 a7 - 44 - - N - = 14.6 = silty sand (5M)
14-16 F u o4 10 NY NP 100 100 100 100 100 - %@ - - g7 - = J2.3 = silty sand {SM)
19-20 8 u 120 3 NV NP B4 - ~ B2 78 73 &5 46 019 7 229 - sand (5P}
D=2t B v 108 15 28 9 100 100 100 100 100 100 100 97 93 99 B2 69.17 ~ sandy clay (CL)
24-26 F U 04 5 W NP 100 100 100 100 100 = 90 0= = 55 - = 148 = silty sand (54)
3416 F u 96 n 64 13 100 00 100 100 100 - 97 - - @ - = 62 = (=]
39-41 F U m 5 NV HP 100 200 100 100 100 =~ .88 = = 47 =~ = 13.8 = silty sand (SH)
44 B ] - 6 BV NP 100 100 100 100 100 99 B3 6 - 47 36 19 8.8 - slightly clayey

sand {(5P-SC)*

ESPIN=7 2.4 e 4 100" ) BV NP 100 100 100 M0 97 - 97 = - 74 = = 19.6 =~ =ilty sand (94}
57 B u w02 8 22 NP 100 100 100 100 100 100 98 92 84 TS 49 29.14 =~ silty sand (M)

16-12 P u 74 9 NV NP M0 100 100 98 97 - 91 = - 65 - = 271 =  allty sand ($4)

15-17 ) u 104 7 18 NP 100 100 100 100 100 99 %% 76 60 48 28 13.46 - silty sand (34)

21-23 P U 106 4 KV NP 100 100 100 9 9% - 77 - =« X0 - = 9,5 = slighrly silty

. . sand (SP-5M)

24 B /] - 3 BV NP 95 B 7@ 74 65 53 37 0 - k& U 6 3.8 = \;.nywﬁ
)

29-31 F v 103 3 B HP 100 100 99 58 9 - 89 -~ - 60 - = 191 = silty sand (=)

34-36 4 U 98 7 2 NP 100 100 100 DO 100 - 972 -~ .- 79 = = 457 = silry sand (M}

. 3931 P u 2 4 FV NP J00 100 100 100 100 =~ 9 = . 52 - = 16,9 = wilry aand (&M}

T -4 ¥ u L1 4 WV ONP U 10 I M0 0D = 95 - - &7 - = 2.6 = sllty san] (5}
49 B D - 4 16 NP 100 100 100 100 100 %8 91 ¢ - 62 531 37 2.8 ~ silty sand (SH)

* USCS S0il description is based en field clagsificarion of soil samler not on the limjred laboratory dara shown here.



Laboratory data compilation tables

Test Depth Tested Sarple Danaity Accar- - .
Hole of By Type {pct) Mousture  berg Sieve Analysis {3 Preming) uscs
Mo. Saple BesBuresu Undiscurbed Doy Conterrc Limica No. do. No. HNo. Ho. No. No. No. NO. Bo, Clay Soul
{ft.) PwFox Diatucted [§2] WL PL 3f4 Lf2" yE* 4 1o 20 40 60 65 80 100 140 200 <2m Descripricn
Hsthwy Cept
ESPO-L 2.5 F b} - 12 19 %W 100 9% 9% % 9% - 9 - — & = = 233 - silcy sand {34)
3 F 4 - w0 P NP 100 10 100 $9 % = S = = & = = 7.1 - srlcy sam (SN)
7.5 £ 2] - 15 20 Np 100 100 LO0 %8 98 = 92 = = &8 . = M5 = silty sand (M}
10 4 D - 2 19 4 100 100 100 100 W00 - 97 - = T8 = « 37.6 = siley sand (5M)
10,5 F D - 39 69 34 100 100 100 100 100 - 10 = - @7 = = 65.9 =~ sanay silt (MH)
12.5 F D - 3t 12 12 100 100 W0 100 0 - %M = = T = = 44,6 - cloyey sand ()
15 F o - 6 45 20 100 100 100 00 D0 -+ ¥ 2~ = 8l = = 551 =~ samy clay (C)
171.% F D - b 28 6 100 D0 100 00 0 - 9 - = 8 - =~ 538 - sandy silt (ML)
20 F o] - 16 22 ¥ W B "M MW MW - T = = & = = 1.4 - opilty sand {4)
.5 F D - 17 45 20 W0 100 100 00 99 - 9% - - B = =~ 0.4 - claysy aand {0)
5 F D - W0 NV NP 100 100 100 9% 9% = %4 =~ = 61 = - 16.8 - mlcy saxt (S4}
7.5 F [} - 13 26 6 100 100 00 100 W ~ 9 9~ - 5 ~ = 24,2 - silty—clayey
. zand 1RA=-3C)
30 F o - 15 20 NP 100 100 100 10 9 0 9- 93 = = T = = 3L = sgilty sand {S4)
2.3 F |+ - 7 NV NP 100 100 10O 98 95 - W - - 3 - - 9.0 «+ sligncly siley
sand (SP—}
35 4 o - 10 NV NP 100 100 00 99 97 - T3 - ~ 3B -« = 9.5 -~ aligunely silty
sand {52~}
37.5 F D - 24 NV NP W0 100 100 IOD MO - 99 = = S0 o~ = 347 - siley sand (SH)
38 F D - 13 19 8¢ 100 100 100 00 W - 91 - - 56 - = 24.7 - allty sand {SM)
40 F D - 10 BV NP 104 100 100 00 99 0« T3 = = 40 = = 10.9 - alignely siley
sand (SP-34)
42.5 F D - 10 NV NP 10 100 37 93 9 - 69 - = 19 - = M3 = silcy sand (5]
45 F ] - 10 Y WP Ol %8 93 80 #87 - & 9~ - I = = 153 - silvy sand {84}
47,5 P D - 13 NV NP LOD 100 IGO0 100 99 - 83 = = 45 =~ = 255 -~ silcy sand (34)
50 P o - 3t 33 013 100 WO 100 100 9 9~ 9 - = 85 = = 93,6 =~ sandy clay {CL)
55 F D - n NY NP 100 100 100 99 99 = 90 = = gl = = 261 =~ gilcy sand (M)
57.5 ¥ 7] - ] 22 NP 100 100 00 100 100 - 99 - = 85 = = 3.1 =~ silty sand ()
60 P D - 9 35 13 100 100 98 97 97 = W = = T = = #4.6 - clayey sand (50)
62.5 3 ] - - - - - - - - ' sandy olay {CL}*
63 P 2] - -] NV NP 100 100 100 100 100 - 96 -~ = 6 = = 30,9 -~ ailry sand (84}
&5 F D - 3 NV NP 100 100 IOD 200 100 -~ % = = & @~ = 175 ~ silvy sand {S9)
67.5 F b - 5 Hv NP 100 100 100 100 160 - 8 -+ =~ 36 = = 10.4 - alighcly siley
sand (SP-34)
ESPIH-2 2.5 2 D - B 28 MNP 100 100 100 100 W00 - 96 - =~ B ~ = 47,5 = siley sand (M)
F o - 7 25 4 100 100 100 100 i) 2~ 99 - - B3 = = 496 « wsilty sand (SM}
1.5 F p - 4 NV NP 100 100 100 100 100 - 92 - - 83 = = 251 - silty serd (24}
10 F 0 - 7 29 8 100 100 100 100 00 - 98 - = @9 = = 456 ~ clayey sand {5C)
12.5 F D - 4 17 w¢ 100 100 100 10 200 - 92 = - &7 = = 2.6 -~ silty sand (M)
15 F p1] - & NV NP 100 100 100 100 100 - 9 - - g2 - - .2 = silwy sand {3M4)
17.5 F D - 7 27 10 100 100 100 160 10 - %5 - = T = = 341 = clayey sand {SC)
20 F ] - a 26 NP 100 10 99 9 99 - 5 - = 93 = = &4.5 = sandy silt (ML}
g.s P [ - 14 54 26 100 100 100 IO0 100 - 100 - = 92 = - 68,5 = sandy clay {(H)
F D - - - - - - - -
25 F D - 6 24 NP 100 100 100 IDd I 0= 99 -~ « 92 = = 350 -~ silty sand {2¥)
27.5 £ p - k) NV M 100 100 M0 9 99 - 32 = - §2 = = 19.4 - silty sand (54}
0 £ 0 - 3 B ONP 100 200 100 100 100 - 99 = = T 9~ - .4 - allty sand ()
32.5 F D - 6 24 KNP 100 9 96 95 S - 91 = - §2 = =~ 47.1 =~ silty sand {SM)
35 £ b} - 6 31 10 100 (00 100 100 % - 97 = = 91 = = 342 = clayey sand {SC)
37.5 ¥ 1] - 3 NV ORP 100 100 100 100 100 - 97 @~ = 77 = « 23.0 - oilty sand (M)
4D F [} - 1 BNV NP 100 100 100 100 9% - T2 « - 28 = = 7.4 =~ slightly silty
. sand (SE-sM)
42.5 . F o - 2 HY NP 83 -x) Al 73 68 - 4% - - 9 - = 10.2 = oslighciy siley
sard (SP-SM)
45 F p - H HV NP OIOD 100 100 100 99 - 92 - - 72 = = 20,9 = silty sand (24)
47.5 F D - 2 MY NP 100 100 X 99 % 09- €8 - - 23 = - &8 - allghely silvy
pard (S-S}
50 F ] - 2 NONP OB6E T 77 TL 62 = 46 = = 32 = = 134 =~ silty sand (3¥)
52.5 F ) - 8 30 10 100 100 100 W0 ¥ - % - = 8§ = = 55,1 « sady clay (CU)
55 F [} - 16 55 26 100 100 100 100 100 = 99 = = 92 + = 9.2 = gsamdy olay (M)
571.5 F ] - 4 17 M 100 100 100 100 99 - 8 - =~ 6 = = 261 =~ silty sand (24}
80,5 B /] - - 100 100 100 93 8% 77 61 3% - 19 18 & 1,3 = sand (5P}
62.5 B ] - - ' silty ciay {CL}*
65 8 7] - - 100 100 100 100 9% B9 75 40 - 25 20 7 1.6 = samd (SP}
0 B D - - - - - - - 2 = e = & o « = = - = slightly silty
sand (SP-3M)*

* USCS Sofl deseription is based on field classification of soil sample; not on the limited laboratoty data shown heres
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