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FOREWORD

Colorado Geological Survey Engineering Bulletin 14,
Collapsible Soils in Coloraddescribes the geologic
setting, the geomorphic and soil conditions, locations
of potential susceptibility, and engineering properties
of collapsible soils in Colorado. This bulletin is the
result of a comprehensive and multi-year effort to
understand collapsing soil behavior and the geologic
and geomorphic conditions where they can form. In
addition, this report contains a 1:1,000,000-scale map
of Colorado that shows locations of soil collapse
compiled from soil test data and damage incidents,
climatic exclusions zones, and areas of the state where
collapse-prone soil may exist. Jon White was the
program manager and wrote this report with assis-
tance from co-author, Celia Greenman. Mary Eberle of
Boulder, Colorado edited the final manuscript. The
objective of the CGS collapsible soil program is to
increase the public and professional awareness of

Colorado Geological Survey

collapsible soils in Colorado; and to improve the
existing geological and geotechnical professional stan-
dard-of-practice through the discussion and evaluation
of the tools and techniques that are available to inves-
tigate and assess what is a widespread geologic
hazard, common in almost all semi-arid nhon-moun-
tainous areas of Colorado.

Funding for this project came from the Department
of Natural Resources Severance Tax Operational Fund.
Severance taxes are derived from the production of
gas, oil, coal, and minerals in Colorado.

Matthew Sares
CGS Deputy Director

Vince Matthews
State Geologist and Director
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Figure 3-2. SEM images of collapsible clayey-silt soil.
A and B, Void space is abundant between discrete soil
grains. C, Clay-encrusted “shells” (arrows) line void
pockets, and fragile bonds bridge between grains.
Scale bar for A (left) is in millimeters. Scale bars for B
and C are in micrometers (1 ym = 0.0001 cm). By
comparison, 1/32nd of an inch is 795 ym, and the no.
200 sieve openings (upper gradational boundary of
silt) are 75 Um. Boxes indicate close-up views shown
by arrows. Images courtesy of R. Luehring.

Porosity or void space can also be macroscopic,
visible as tiny pores in the soil sample (figure 3-3).
These macroscopic voids can be primary, that is, formed
as the geologically recent sediment was deposited.
Primary voids represent either large air bubbles
entrained in a “frothy” muddy debris flow that
quickly consolidated or sites previously holding
organic matter that has decomposed. Secondary voids
form later from animal burrows, vegetation roots, or
selective dissolution and removal of soluble soil
constituents in the soil.

Soil that contains high percentages of gravel- and
cobble-sized rock fragments can also be collapsible; such
soil is termed “collapsible gravel.” During the deposi-
tion, the larger rocks are dispersed in and supported
by the finer-grained soil matrix, which exhibits the
collapsible-soil structure. The larger rocks are not
touching each other as they would, for example, in a
tightly packed gravel. Typical gradations for collapsible
gravels are provided by Rollins and others (1994).

One of the criteria for collapsible soils is the pres-
ence of strong, but sensitive, soil-binding or cementing
agents to hold the soil fabric in its initially open
configuration, which becomes unstable upon wetting
and then fails such that the soil structure loses void
space (Barden and others, 1973). There are several
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types of water-sensitive, soil-fabric binding agents that
have been found to soften, disperse, reduce bond pres-
sures, or dissolve when wetted (Jennings and Knight,
1957; Bull, 1964; Dudley, 1970; Barden and others, 1973;
Clemence and Finbarr, 1981). The major ones are:

* capillary tension—also called soil suction,
which when high improves soil shear strength
at lower moisture contents because the water
meniscus that bridges soil particles becomes
smaller and holds the soil grains tighter as the
soil dries after its initial deposition,

e silt bridges (also utilizing capillary tension),

* clay bonds (clay bridges of clay agglomera
tions and flocculated clay that buttress silt and
sand grains), and

* chemical precipitate—either carbonate or
sulfate (gypsum)—as a cementing agent.

Figure 3-3. Visible, macroscopic voids in collapsible
soils. A, A sandy-silt soil in which the primary voids
were created at the time of deposition. B, A more
clayey soil with secondary voids formed by
microdissolution and biogenic activity.
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The soil-binding agents can be quite strong, but
weaken quickly in the presence of water. Houston and
others (1988) and Beckwith and Hansen (1989)
described the agglomeration of sand, silt, and clay
grains as being “tack-welded” in the loose honey-
combed state by the various binding agents. Upon
wetting, the “tack-welds” fail quickly, clay agglomera-
tions disperse, and grains shift so quickly that the
honeycomb soil fabric “collapses”; hence the term
“collapsible soil” describes any soil that is vulnerable
to this process. Figure 3-1 illustrates this phenomenon
at the microscopic level as well as how the phenom-
enon is manifested at the ground surface as subsidence
and settlement. This condition is diametrically
different from normal soil consolidation in the engi-
neering sense. For clay- or silt-rich soils, consolidation
implies expulsion of water and lowering of the soils’
intergranular pore pressure. Collapsible soils, on the
other hand, absorb water as they settle and compact,
which is why “hydro-" (denoting water) is used as a
prefix in the terms “hydrocompaction” and “hydro-
compression.” Chapter 4 provides information on
engineering properties.

Hydrocompaction results in a conical-shaped zone
of subsidence in the soil layer (fig. 3-1B). The
perimeter of the settlement depression may show
arcuate ground cracks, which define the wetting front
where the compacted and subsiding soil has pulled
away from the unaltered ground surface (figure 3-4).
These depressions can capture additional runoff that
can cause further wetting and progressive subsidence.
This mechanism is the predominant means of soil
collapse for most low-plasticity soils with higher silt
and sand content that are formed in eolian, alluvial-
fan, and hillside colluvial environments.

OTHER METHODS OF SOIL COLLAPSE
Dispersion and Piping Collapse

In another type of soil collapse, soil mass can be lost
by processes that physically remove sediment grains,
primarily through dispersion and piping erosion.
Overbank alluvial soils with high percentages of clay
and silt and high salt contents can be dispersive and
prone to piping. In many arid locations covered with
recently-deposited clayey-silt alluvium, pedogenic
gypsum soil horizons and heavy concentrations of
gypsum and (or) other salts may occur. Such soils are
commonly dissected by U-shaped gullies and arroyos
typical of erosion in arid environments.
Dispersiveness is the property that causes colloidal
suspension of clay particles in the presence of fresh
water. The soil mass and volume reduce as soil
disperses, particle by particle, in the water, which
causes the water to become cloudy. Dispersion is also
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test near Rifle. Hydrocompaction has created arcuate,
concentric ground cracks in the 10-ft-high test
embankment adjacent to the pond (see arrow).

Note collapse features in floor of pond due to piping
erosion. Photo courtesy of R. Barrett and CDOT.

referred to as colloidal erodibility. Dispersion of clay
and silt particles widens soil fissures and creates
subsurface channels called pipes. Dispersive soils can
appear dense and have a high clay content; they do
not necessarily have the appearance of a loose, highly
erodible soil.

Piping erosion (i.e., formation of subsurface soil
pipes) results when water is able to flow through sedi-
ments in subsurface channels. Piping passageways can
begin at holes or fissures formed from several
methods: the decay of plant roots, animal burrows,
eluviation (i.e., the passage of silt and clay grains
suspended in water through the interstices or
connected pore spaces of a soil), dissolution of soluble
constituents of the soil, desiccation cracks from
swelling and shrinking of clay-rich soil, and subsi-
dence cracks. Because the ground surface is often rela-
tively impermeable, runoff is directed down these
vertical macropores (cracks), and erosion is transferred
underground where large pipes and wide fissures
form. Piping is a common type of erosion of clay- and
silt-rich soils in dry lands (Parker and Higgins, 1990)
and thus is widespread in the Eastern Plains, Colorado
Piedmont, and Western Slope plateau regions of
Colorado.

Parker and Jenne (1967) described soil pipes in
association with soil stress cracks or fissures formed
from subsidence related to both hydrocompaction and
ground-water removal that is common in Arizona,
Nevada, and California. Parker and Higgins (1990)
made the following generalizations about places where
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soil dispersion and formation of soil pipes may occur:
(1) there is enough water to fill soil cracks and flow
through the soil pipes, (2) the soil has shrink-swell
clay-mineral constituents (e.g., higher smectite clay
percentages), (3) the soil is generally dry or desiccates
thoroughly on a seasonal basis, and (4) there is a topo-
graphically low outlet or discharge point for the water
flow, such as an arroyo, ditch, or cut slope. Parker and
Higgins also wrote that rates of piping erosion are
enhanced by high percentages of exchangeable sodium
ions and instability of the clay-agglomerated soil
grains (on the micro level) and minimal vegetation
cover and low slopes (on the macro level), which could
increase infiltration and flows toward areas of shallow
subsidence. These soils are generally unsaturated, fine
grained (clay and silt), and low density, and they have
moderate to good shear and bearing strengths when in
a dry state. Soil collapse occurs by soil-mass loss (i.e.,
enlargement of subsurface pipes and voids and subsi-
dence and failure of the bridged material into the
void).

After connected pipes form an outlet at an arroyo,
further piping erosion can also occur by corrasion (i.e.,
tunnel scour), which is the frictional wearing away of
soil by the mechanical action of turbulent water with
suspended sediment (Parker and Higgins, 1990). This
action accelerates the enlargement of pipes and voids
and can overtake dispersion as the primary erosive
tool. These pipes and subsurface voids can be quite
extensive, even cave-like, and can widen and migrate
laterally through the subsurface over time, with no
surface expression. At some point, failure of the soil
bridges above the voids and fissures leads to the spon-
taneous appearance of modest-sized sinkholes and
troughs. Livestock and farm equipment have been
reported to fall into voids when soil bridges at the
surface failed abruptly. Figure 3-5 illustrates the
complexity of forms of structural failure that can occur
(Parker and Jenne, 1967).

The landforms resulting from soil dispersion and
piping are called “pseudokarst” (figure 3-6). This term,
coined at the beginning of the twentieth century, is a
variation of “karst,” a term derived from the
geographical name of part of Slovenia in southern
Europe that contains terrain characterized by open
voids, caverns, subterranean flows, sinkholes, etc.,
formed by the dissolution of limestone. Whereas true
karst features result from the molecule-by-molecule
dissolution of soluble rock, pseudokarst features are
primarily a result of grain-by-grain removal of soil or
poorly cemented bedrock constituents (clay, silt, and
very fine grained sand particles) by suspension in
moving water.
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Figure 3-5. A, Terrain resulting from piping dissolution of geologically recent alluvial sediments and
the creation of pseudokarst morphology in an example along U.S. Highway 160 at Aztec Wash in
southwest Colorado. B, Cross section through the terrain. Illustration from Parker and Jenne (1967).
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Figure 3-6. Sinkhole and cavern formation due to
soil dispersion, piping, and void collapse along
Loutsenhizer Arroyo, north of Montrose.

Dissolution of Soluble Constituents

The third type of soil collapse is soil-mass loss by
dissolution. Dissolution of soluble soil constituents
results in soil-mass loss and settlement of ground
surfaces. In Colorado this type of dissolution occurs
where evaporite bedrock is exposed near the surface
and where soils contain significant percentages of
pedogenic gypsum, either dispersed in the soil or as
discrete Bk-By soil horizons. Any exposure to water
can cause dissolution of the gypsum. This process,
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although not triggering rapid collapse, can cause long-
term subsidence and settlement at the surface. Soil
scientists are aware of the problems with these types of
soils (Nettleton and others, 1982), and well-known
occurrences exist in the Colorado Four Corners region
(Doug Ramsey, personal communs., 2001, 2004). The
Soil Survey of Aspen-Gypsum Area, which describes a
region where Eagle Valley Evaporite bedrock is wide-
spread and exposed at the surface, also cautions about
building on potentially settling gypsiferous soils
(Alstatt and Moreland, 1992). A more in-depth descrip-
tion of the environments where these soils are found is
included in Chapter 5.

DAMAGE THAT RESULTS FROM
SOIL COLLAPSE

All types of collapse, regardless of genesis, result in
subsidence and settlement of the ground. Severe subsi-
dence could cause adverse land impacts; if the strain
of differential settlement exceeds the strength of a
structure foundation, utility line, or pavement, then
structural distress and damage might occur. Examples
of land impacts and structural damage are shown in
figure 3-7.

Figure 3-7. A, Typical damage to foundation walls
and brickwork from settlement is visible on a school
in Canon City.
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B

Figure 3-7. D, Pseudokarst collapse from dispersion
and piping erosion has caused this agricultural field
to be abandoned near Olathe. The plateau in the
background is Grand Mesa.

Figure 3-7. B, Extensive settlement-caused brickwork
damage mars a downtown building in Montrose.

Figure 3-7. E, The wood flooring in a school in
Montrose has buckled because of compression
due to settlement of the underlying concrete slab-
on-grade. Photo courtesy of Tom Griepentrog,
Buckhorn Geotech.

Figure 3-7. C, Settlement has damaged the porch and
doorway of a home in Glenwood Springs.

12
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Figure 3-7. F and G, Large wetting events such as broken water mains will cause widespread settlements, ulti-
mately putting the soil of the surrounding area into tension (which is why arcuate cracks form around wetting
ponds). In these two photographs, soil is being pulled down and away from the foundation walls. Note the
gap along the foundation wall and the distress of the water line into the home. Dangerous conditions occur if
natural gas or buried power lines are pulled to the point of rupture.

H and I, Large-scale settlement due to a water main break in road (off picture) has pulled this driveway down
and away from the residence. This residence was previously underpinned, and a new leveling concrete pad
was poured in the garage. The pipe piles were of inadequate depth, and deeper wetting of the collapsible
soils caused further distress to the structure. (In I, a baseball hat shows the scale).

Colorado Geological Survey 13
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4. PROPERTIES OF
COLLAPSIBLE SOILS

This chapter describes some of the basic engineering
index properties of the various types of collapsible
soils and some of the soil-test criteria that are used to
determine the potential and severity of collapse.
Geotechnical engineers and soil scientists use standard
tests to classify soils; this chapter also presents the
range of test results that determine when soils might
be susceptible to collapse.

HYDROCOMPACTIVE SOILS

This subsection explains the engineering index proper-
ties, diagnostic analytical tests, and empirical methods
(based on certain soil-test results) that have been
developed to determine collapse susceptibility of
hydrocompactive soils. The information includes data
collected for the Colorado Statewide Collapsible Soil
Study.

Soil Classification—Gradation and Plasticity
For geotechnical engineering purposes, the Unified
Soil Classification System (USCS) is most commonly
used. The basic reference used in this publication is the
American Society of Testing and Materials (ASTM) D
2487-06, Standard Classification of Soils for Engineering
Purposes. Soils are classified on the basis of gradation
(i.e., the percentage breakdown of the size fractions of
soil constituents) and the plasticity behavior (i.e., how
easily the soil can be molded) of the fine-grained
fraction of the soil sample through a range of water
contents.

The gradation test involves the mechanical sorting,
by vibration or shaking, of soil using a set of sieves,
which are stackable circular trays with differing mesh
size openings. The soil sample is weighed and then
sieved through the stack; the part of the soil sample
retained in each sieve is then weighed, and the grain-
size percentage is calculated. A grain-size distribution
curve is then created to graphically illustrate the test
results.

Once the gradation is complete, plasticity tests,
known as the Atterberg limits, are performed on the
fine-grained (silt and clay) part of the soil. Two bound-
aries are determined. The liquid limit (LL) is the water
content (as a percentage) when the soil begins to
“flow”; the LL defines the boundary between plastic
and viscous fluid states. The plastic limit (PL) is the
water content (as a percentage) at which the soil stops
behaving plastically and starts to crumble. These tests
are standardized by ASTM in publication D 4318-00,
Standard Test Methods for Liquid Limit, Plastic Limit, and
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Plasticity Index of Soils. The plasticity index (PI) is
measured as the difference between the LL and PL and
generally defines the ability of a clay soil to retain
moisture. High LL and PI values indicate “fat clays” or
swelling soils that can hold high percentages of water,
generally with a corresponding increase in volume and
swell pressure. Lower LL and PI values indicate less
plastic “lean clays” that have a lesser ability to retain
moisture or a soil in which silt is the primary
constituent. Most collapsible soils fall into the lower PI
category.

Figure 4-1 is a simplified chart that explains how
to classify soils by using the USCS. The key points are
as follows:

1. The no. 200 sieve used in soil gradation
retains all gravel and sand and only passes the
silt and clay parts of the soil sample; the silt and
clay particles are <0.075 mm in size, or smaller
than the period at the end of this sentence. It is
important to emphasize that the size fraction
that passes the no. 200 sieve plays an important
role in both collapse and swell characteristics of
a soil. Although collapse is common in soils
with high clay and silt concentrations, collapse
can also occur in soils with as little as 15 percent
fine material that passes the no. 200 sieve.

2. The classification of the fine-grained part of
the soil that passes a no. 200 sieve (i.e., the clay
and silt) is based on the plasticity chart.

3. For the purpose of this study of collapsible
soils, organic soils are not considered and have
been removed from figure 4-1. Though organic
soils usually have significant settlement proper-
ties, they do not fall into the definition of
collapsible soils used here or in widely
published references.

4. Swelling soils have the ability to take in
large volumes of water when they swell; hence
they have high LL values (greater than 50) and
high PI values (generally from approximately 20
to 40 or higher). Referred to as “fat clays,” they
are classified into the CH and MH groups.

5. Collapsible soils generally have lower LL
and very low PI; they are mostly classified into
the CL, ML, and CL-ML groups. Coarser
collapsible soils (i.e., gravel and sand with a
fine-grained collapsible matrix) can be classified
as GM, GM-GC, GC, SM, SM-SC, or SC.

Colorado Geological Survey
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. Lo Group
Major divisions symbol Group name
GW well-graded gravel, fine

gravel clean grave| to coarse graVeI

>50 percent of coarse GP poorly graded gravel
Coarse-grained soils Zact‘ilon. retained on gravel with >12 S silty gravel

) 0. 4 sleve ercent fines

more than 50% is P GC clayey gravel
retained on SW well-graded sand, fine
No. 200 sieve sand clean sand to coarse sand

>50 percent of coarse SP poorly graded sand

fr.actlon passes No. 4 sand with >12 SM silty sand

sieve percent fines sC clayey sand

ML silt

silt and clay inorganic
Fine-grained soils liquid limit is <50 CL [clay
more than 50%
passes No. 200 MH silt of high plasticity,
sieve silt and clay inorganic elastic silt

liquid limit is 250 CH clay of high plasticity,

fat clay

1. Modifiers are used for specific gradation percentages to subdivide each group.
Example:
Clay with sand—more than 50 percent clay with 15 to 29 percent sand
Sandy clay—more than 50 percent clay with greater than 30 percent sand
Sandy clay with gravel—more than 50 percent clay, 30 percent or more sand, and the
remainder gravel—but not less than 15 percent.

2. Dual symbols are used for sand and gravel with 5 to 12 percent fines.
Example:
GW-GM indicates well-graded gravel with silt
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/
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E grained soils v . \>$<°
Z 40 S
S /
< 30
w s/
a / o
2 .
= Va MH
O L
7k -
< 4 | AcEML ML
_|
o 0 |

0 10 16 20 30 40 50 60 70 80 90 100
LIQUID LIMIT (LL), IN PERCENT

Figure 4-1. The United Soil Classification System (simplified). Organic soils classifications have been removed from
this simplified chart. The “A” line in the lower graph marks the separation of inorganic silt and clay based on the
relationship of PI to the LL. The “U” line is the upper limit of the relationship of the PI to the LL in fine-grained soils.
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Dry Density

Dry density (DD) is another important index property
for soils that can indicate a susceptibility to hydrocom-
paction. By definition, dry density is the density of a
soil volume that has been oven dried to remove all
pore water. Dry density is expressed in units of
pounds per cubic foot (pcf) and metrically as grams
per cubic centimeter (g/cm3), as used in Natural
Resources Conservation Service (NRCS) soil surveys.
A soil sample of a known volume is weighed, oven
dried, and then reweighed. The weight of the oven-
dried soil is then divided by the original volume and
expressed in the unit weight. This test is standardized
by ASTM as D 4254-00, Standard Test Methods for
Minimum Index Density and Unit Weight of Soils and
Calculation of Relative Density. Table 4-1 shows some
general values of different soil and rock types.

Table 4-1. Densities of Representative Rock and Soils.

MATERIAL DENSITY (pcf)
Granite (solid) 165
Moist sand and gravel with clay or silt matrix 125
Front Range high-plasticity clay soil 110-120
Highly collapsible, dry, nonplastic, clayey silt 70-95

Moisture Content

The moisture content (MC) is the percentage weight of
pore water in a soil sample. It is a ratio, expressed as a
percentage, that is calculated by dividing the weight of
water in a soil sample by the weight of the solids in the
soil sample. The weight of the water is the difference
between the measured weight of the soil sample in its
natural state and the weight after it has been oven dried
(i.e., the weight of the solids). The standardized ASTM
test is D 2216-05, Standard Test Method for Laboratory
Determination of Water (Moisture) Content of Soil and Rock
by Mass. The MC of dry soils generally ranges from 3 to
10 percent. By comparison, greater than 12 percent is
the typical MC of fat, high-plasticity clay soils and satu-
rated soils or soils within a ground-water table.

Methods to Determine Collapse
Susceptibility

Collapse potential (CP) is typically determined by a
laboratory testing method that is also used to deter-
mine swelling potential of expansive soils. In addition,
in situ tests and empirical methods use certain index
properties to quantify and qualify CP.

Although several tests are described in this section,
the consolidometer testing of soil samples in the labora-
tory and the field soil-saturation plate load tests will
generally provide the most accurate and site-specific
determination of CP and related hazard potential,
provided the precautions are considered.
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SWELL/CONSOLIDATION SOIL-TEST (OEDOMETER OR
CONSOLIDOMETER TEST

Soil collapsibility is commonly determined by one-
dimensional swell/consolidation tests (modified from
ASTM D 2435 and D 4546 soil-testing methods). In this
test, an “undisturbed” soil sample is collected, gener-
ally by driving a metal cylindrical sampler into the soil
mass. The samples, with their in situ moisture content,
are hydraulically jacked into a confining ring, trimmed,
precisely measured, and inserted into a test chamber
with porous inserts or stones at the top and bottom.

A dial gauge is placed on the top of the soil sample
container and zeroed (figure 4-2). The sample is then
incrementally loaded with weights to a specific surcharge
(that is, the load representative of the weight of the soil
or a residential foundation) pressure. After this, the soil is
flooded and allowed to saturate; the percent collapse
or swell recorded at that constant pressure is the ratio
of the change in height or thickness of the soil after
wetting to the original sample height. Collapse poten-
tial, expressed as a percentage, is defined as

CP = (AH,/Hy) x 100,

where AH. is the change in height, measured by the
dial gauge, of the sample after saturation and H is the
initial height of the original sample at its in situ mois-
ture content. The soil is then further incrementally
loaded to determine the compression curve.

During surcharge loading, collapsible soils usually
compress only slightly, but when the sample is flooded
at constant stress (or load), such soils undergo consid-
erable collapse, which results in a reduction in the
volume of the sample. An example of a consolidation
chart (figure 4-3) shows an initial 2 percent collapse of
a sandy-silty clay soil sample, followed by significant
additional collapse (7 percent) upon wetting, and
further consolidation upon additional loading. The
shape of the postwetting curve on a consolidation
chart depends on the soil composition. For example, if
a soil has a high clay content, further consolidation
with additional loading can produce a very steep
curve. In a more granular hydrocompactive soil,
however, the collapse is essentially complete after
wetting, and the continuation of the curve on the
consolidation chart is flattened (i.e., less steep). A
representation of such a flattened curve is also shown
in figure 4-3.

The severity criteria for soil collapse, based on the
percentage decrease of a sample height before and
after saturation, were developed by Jennings and
Knight (1975) and are shown in table 4-2. The criteria
are based on a wetting load of 4,200 pounds per square
foot (psf) or 2 tons per square foot (tsf), with subsequent
flooding of the soil sample for 24 hours. This wetting
load is high and not generally representative of normal
residential loads for wood-frame construction.

Colorado Geological Survey
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Moisture content =
Dry density weight =

8.9 percent
81 pcf

Sample of sandy-silty clay
From Pit 1 at 8 ft

\\ Sample wettbed
N at 1000 psf load

Compression upon
wetting with no
additional loading

COMPRESSION, IN PERCENT
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Further compression of
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Figure 4-2. Four test apparatuses for swell/consolida-
tion soil testing. To load soil sample, weights are
hung through arm. The soil sample is hidden in a
steel confining ring shown with lettering in the insert
photo. Note that the confining ring within the trans-
parent cylinder is flooded with water. Insert photo
also shows dial gauge that measures the swell or
collapse displacement of the soil sample by deflec-
tion of the lever arm when it is wetted. After flooding
and a prescribed period of consolidation, the sample
is incrementally loaded by additional weights added
from the shelf below. Lab access courtesy of Yeh and
Associates.

5
0.1 1.0 10 100
APPLIED PRESSURE, IN THOUSANDS OF POUNDS PER SQUARE FOOT

Figure 4-3. Swell/consolidation chart from a geotech-
nical consultant’s report showing a Colorado test
sample of low-density (81 pcf) sandy-silty clay soil that
collapsed more than 7 percent after wetting at a constant
surcharge load of 1 ksf (= 1,000 pounds per square foot).
The dashed line is a typical consolidation curve of a
more granular soil after the initial wetting.

Mock and Pawlak (1983) established the criteria
shown in table 4-3 for collapse hazard potential based
on their own experience in west-central Colorado.
Their model follows the one proposed by Jennings and

Table 4-2. Severity Criteria for Soil Collapse with
test load of 4,200 psf (Jennings and Knight, 1975).

COLLAPSE POTENTIAL (%) Severity of Problem Knight (1975), but uses a reduced surcharge of 1,000
0-1% No problem Rsf When the test sample is sgturatgd. This load,
similar to that used for swelling soil hazard assess-
1-5% Moderate problem
. ments, has become the standard most commonly seen

5-10% Trouble in central, and Front Range, Colorado.

10-20% Severe trouble In a double consolidometer test, in addition to one
>20% Very severe trouble sample being wetted, an “identical” sample at its

Colorado Geological Survey

natural moisture content is also loaded simultaneously
but not saturated. The natural and wet consolidation

curves are plotted together to compare the natural and
wet conditions of the soil sample under the same load.
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Table 4-3. Criteria for Collapse Potential with test
load at 1,000psf (Mock and Pawlak, 1983).

COLLAPSE POTENTIAL (%) HAZARD
0-1% No problem
1-3% Low
3-5% Moderate
>5% High

Generally, a postconsolidation dry density is measured
afterward to determine the increase in density (loss of
void space) after wetting and loading.

Consolidometer collapse testing on “undisturbed”
soil samples under light loading and flooded condi-
tions is the most common method to determine the
collapse potential of soils. To sample a soil at its in situ
moisture content, drilling fluids cannot be used; test
borings are generally drilled by auger or various
hammer drill and rotary tri-cone methods using
compressed air to remove cuttings. The geotechnical
engineering community places strong emphasis on the
results of this test for foundation design. However,
there are limitations of swell/consolidation tests, as
described next.

One concern is the quality of the “undisturbed”
soil sample that is collected and whether the swell/
consolidation test results truly represent the in situ
conditions of the soil. Although it is possible to collect
subsurface samples by methods that produce very
little disturbance (e.g., by continuous sampling in
hollow-flight augers or by collecting a block of soil
from an excavation or test pit and then shaping the
block to insert into a test ring), most samples are
collected by driving a thin-walled metal tube into the
soil (a California tube or sampler is most common)
and then hydraulically extruding this sample from the
tube into the test ring. Driving a 2-in. outside-diameter
brass tube 12 in. into a soil with a drill-rig hammer can
disturb the soil being sampled by either compressing
or loosening it, and many geotechnical experts question
whether such samples can be called even “relatively
undisturbed.” Some engineers with experience in
collapsible soils prefer the 3-in. sample with brass ring
liners (Hansen and others, 1989). The sample does not
need to be extruded and potentially further disturbed.
The liner rings with sample can be placed directly into
the consolidometer apparatus. Even with this tech-
nique, some disagreement exists in the literature about
the level of sample disturbance and how it affects
consolidation results. Jennings and Knight (1957)
mentioned as much as 30 percent compression of
certain types of looser, low-density soil during
sampling by thin-wall sampling tubes, which would
densify the soil and skew the consolidation test results
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to lower CP values. Conversely, Dudley (1970) noted
that in some situations, calculated settlements would
be as much as twice the actual settlement. In support
of this conclusion, Day (1990) found that the driving
disturbance by a falling hammer tended to fracture the
sample. These fractures increase the volume and cause
higher CP values in samples, compared to testing of
shaped-block samples of undisturbed soil. However,
Houston and El-Ehwany (1991) stated the opposite,
that there is little difference in the quality of sampling
between thin-walled samplers driven into cemented
collapsible soil and shaping block samples to fit the
consolidation ring. Our experience is that driving a
sampler into very hard, very dry hydrocompactive soil
can result in fracture and breakage of the soil sample,
which could skew the swell/consolidation test results
to CP measurements that are higher than those of in situ
subsurface soil. Commonly, these types of soil samples
tend to break into thin cross-sectional disks as the drill-
rig hammer drives the sampler tube into the soil. A
somewhat moister, less cemented, or homogeneous soil
sample, such as windblown loess, might not behave
the same way and could compact further when tube
sampled, as reported by Jennings and Knight (1957)
and by Rollins and others (1992b) in their discussion of
the Houston and El-Ehwany (1991) work.

Another concern is the lack of assurance that the
particular soil sample is representative of the subsur-
face soil at that location. Client budgetary concerns
can result in fewer test borings and (or) less sampling
and testing. In Colorado, almost all subsurface
investigations by drill rig for residential foundation
design are performed with a split spoon or California
spoon and sampled every 5 or 10 ft, or only once for
the entire boring within what is assumed to be the
stress-distribution zone of a shallow foundation.
Although this sampling interval might be acceptable
where the soil is consistent, such as in a thick mantle
of loess, most collapsible-soil terrain in Colorado origi-
nated in depositional systems that can have significant
lateral and depth variability, and corresponding differ-
ences in soil properties. In many cases, including test
pits in addition to borings as part of the subsurface
soil investigation could be beneficial, as the near-
surface soil column could be observed. Sampling
intervals, by either block or manual tube sampling, can
then be selected at soil horizons or strata that would
best represent the overall properties of the subsurface
soil.

In gravelly and rocky collapsible soils, collecting
an acceptable sample in a thin-walled metal tube is
next to impossible. In such circumstances, only
samples from the finer-grained part or layer of a soil
deposit can be taken for testing, and the potential for
error, as already mentioned, would also be present.
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IN S1TU TESTING OPTIONS

Other methods to determine the potential for soil
collapse are in situ tests completed during preliminary
investigations prior to design and development. Most
in situ tests artificially introduce moisture to the soil,
and the subsequent behavior is observed and meas-
ured. The easiest method is to create a pond by exca-
vating a shallow depression and filling it with water.
By installing monuments or other instrumentation,
rates and magnitudes of settlement can be measured.
Ponding also allows a person to observe the physical
manifestations of soil collapse and ground settlement

Collapsible Soils in Colorado

(e.g., sags, arcuate soil cracks, piping holes, etc.)
(figure 4-4; also see fig. 3-4). However, ponding or
surface wetting is somewhat unreliable to determine
whether a complete, uniform wetting of the subsoils is
occurring. Case histories have shown that a saturation
front is rarely uniform. Forensic investigations of
damaged structures in Colorado have shown fully
saturated soils, which have settled, surrounding bone-
dry, uncollapsed soils at, or very near, their natural
low-moisture content. Ed Church, personal commun.,
1998). El-Ehwany and Houston (1990), in their work on
settlement and moisture movement in collapsible soils,

Colorado Geological Survey

Figure 4-4. Ground settle-
ment at test ponds along
the proposed Interstate 70
alignment west of Rifle
during preliminary studies
in the mid-1970s. Site is on
a large alluvial fan on the
north valley side of the
Colorado River. Note
arcuate cracks and subsi-
dence of test embankment.
During the test, the
ponded water sometimes
completely drained into a
network of pipes formed
in the subsurface soil.
Photos courtesy of

R. Barrett and CDOT.
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discussed similar observations of relatively sharp
wetting fronts that they attributed to soil suction
(which dominates over gravity as a control of water
flow) and soil type. They recommended procedures to
accurately determine depth and lateral extent of water
migration during field ponding tests.

A field plate load test is another analytical method.
This expensive and time-consuming test is rarely done
for residential development but
is commonly used in highway
and canal alignment studies.
Compared to a laboratory-based
consolid- ometer test, a plate
load test more effectively meas-
ures the actual, in situ field
behavior of collapsible soils
under load, excludes many of
the uncontrollable factors (e.g.,
soil disturbance, inability to
recover a sample, soil hetero-
geneity, etc.), and minimizes the
effects of the “scale” factor
(Reznik, 1992, 1993). There have
been studies to correlate plate
load and consolidometer
collapse testing, mostly in fairly
uniform soils such as loess
(Reznik, 1995).

In plate load tests, topsoil is
removed, and a skid or pad is
placed on the native subsoil. B
Weights, as simple as sandbags or
concrete blocks, are placed on the
pad to a predetermined pressure
uniformly bearing on the soil.
An initial ground survey is
performed, and the ground and
subsurface are then wetted. The
soil can be wetted by ponding
water within berms around the
load pad or introducing water via
borings that are drilled through
the column of soil that is
presumed to have the potential to
collapse. The drill boring is cased
with slotted pipe and serves as
an infiltration well through
which water is pumped or
allowed to free-flow into the
subsurface. Kyle M. Rollins at
Brigham Young University very

Collapsible Soils in Colorado

In practice in the State of Colorado, plate load testing to
determine collapse potential has been done on loess
soils in the Pueblo area (Lofgren, 1969), for irrigation
canal construction by the U.S. Bureau of Reclamation
(USBR) near Cortez (figure 4-5) (Luehring, 1988), and
for the Highway 82 Snowmass Canyon Project by the
Colorado Department of Transportation (CDOT) (CDOT
and others, 2000).

effectively illustrated the value of
plate load tests in his work to
evaluate six types of mitigation in
hydrocompactive soils in Nephi,
Utah (Rollins and Rogers, 1994).
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Figure 4-5. An inexpensive but effective load test by the USBR near Mesa
Verde, south of Cortez. A, Sand bags of known weight are placed on a
bearing plate above a well boring. B, Water from a plastic tank is allowed
to infiltrate outward from the well at a constant rate. Photos courtesy of
R. Luehring.

Colorado Geological Survey
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Research has also been done on down-hole
collapse tests whereby a load apparatus is staked over
an open boring, a steel pipe with a small circular load
plate is placed at the bottom of the borehole, and a
load platform is placed on top at the surface. A water
port is used to flood the boring through the steel pipe.
The load platform has a dial measurement gauge so
that deflection of the loaded pipe can be measured
after water has been introduced. More information on
this test method can be found in Bowers (1986) and
Houston and others (1995). It is not known whether
this method has been used in Colorado.

There is another simple field test known as a
“sausage” field test that requires no complicated
sampling or expensive in situ test setups (Jennings and
Knight, 1975). A block of material is sampled and
broken into two pieces about hand sized. Each is
trimmed until the observer considers they are of equal
volume. One is then placed in a plastic bag and wetted
and molded or packed by hand to form a damp ball.
The volume of this ball is then compared with the
volume of the undisturbed piece. If smaller, then
collapse is suspected. This field test is quite crude rela-
tive to the other tests described and should not be used
as a stand-alone determination of collapse potential.

EmPIRICAL METHODS TO DETERMINE COLLAPSE
SUSCEPTIBILITY

There are several empirical methods to determine
collapse susceptibility. Although some are generally
derived from the common soil-index tests, many are
rather complex and require special soil testing and a
fundamental understanding of soil mechanics (e.g.,
specific gravity, void ratio, porosity, degree of satura-
tion, shear, and strain). Some methods have been
developed into susceptibility charts that graph a rela-
tionship between different soil-index properties or into
equations that give collapse coefficients. Certain
methods have been developed as site-specific regres-
sion equations (Reimers, 1986), whereas others are as
simple as single indicators. For example, Feda (1966)
mentioned a simple collapse indicator—porosity; if
natural porosity is more than 40 percent, the soil
should be considered collapse susceptible. Many of the
methods were developed for blanket deposits of loess,
which have relatively uniform soil properties. These
methods are generally less reliable for highly variable
alluvial-fan and colluvial soil deposits (Beckwith and
Hansen, 1989) or for the more plastic swelling-clay
soils. It is beyond the scope of this publication to
discuss, in depth, the various soil-mechanics methods
that have been proposed over the years. The reader is
encouraged to review Reimers (1986), Luehring (1988),
Huang (1989), and Roullier and Stilley (1993), which
contain informative discussions on the various analyt-
ical, regression-based, and graphical methods.
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Collapsible Soils in Colorado

Three different collapse-susceptibility charts have
been reviewed for this publication: (1) the relationship
of dry density (DD) and liquid limit (LL), proposed by
Gibbs and Bara (1962) (figure 4-6); (2) the relationship
of DD and percentage of soil passing the no. 200 sieve,
presented by Mock and Pawlak (1983) (figure 4-7); and
(3) the comparison of DD and moisture content (MC),
proposed by Roullier and Stilley (1993) and
Karakouzian and Roullier (1993) (figure 4-8). All three
methods empirically compare collapse-potential test
results to common soil-index property tests that are
the least expensive and most commonly performed in
the normal course of a geotechnical investigation. DD
is inversely proportional to porosity and void space
(i.e., the lower the density, the higher the void space
and porosity); MC is a reflection of the degree of satu-
ration of a soil sample; the percentage of fines passing
the no. 200 sieve is a measure of the clay and silt
content in the sample; and the Atterberg limits—LL
and Pl—provide an indication of the composition of
the clay and silt.

120

110

: \

Gibbs and Bara
(1962)
\/ boundary

80 \
70 \
Susceptible to collapse \

“ AN

0 10 20 30 40 50 60 70
LIQUID LIMIT, IN PERCENT

Not susceptible to collapse

DRY DENSITY, IN POUNDS PER CUBIC FOOT

Figure 4-6. The relationship of dry density (DD)
versus liquid limit (LL) for collapsible soils, showing
the Gibbs and Bara (1962) susceptibility boundary.

Colorado Data Evaluated by Collapse-
Susceptibility Charts

Part of the Colorado study included the collection of
case histories throughout Colorado where collapsible
soils have been found. In addition to making interpre-
tations of the surficial geologic conditions, sediment
deposition, and geomorphology, this study also
included the compilation of soil-test data in which
collapse potential (CP) was measured from modified
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Figure 4-7. The relationship of dry density (DD) versus
percentage of soil passing no. 200 sieve for collapsible
soils, showing the Mock and Pawlak (1983) suscepti-
bility boundary.

swell/consolidation tests performed by geotechnical
consultants working in Colorado. The tests were origi-
nally conducted as part of investigations for residen-
tial development or as part of forensic investigations
where damage due to soil collapse and settlement had
occurred. The majority of the soil sampling was in the
3- to 6-ft depth range, where shallow footings would
be placed below the frost line. The deepest sample
tested in our database was collected at 40 ft. Most of
the consolidation data had associated MC and DD
measurements. Fewer data points also had gradation
measurements, showing the percentage of clay and
silt, and LL and PI measurements.

In addition to the statewide data on collapsible
soils, data sets from two other projects were used: (1)
the soil-test data compiled by Berry and others (2002)
from the far southern Denver metro area of Highlands
Ranch, which has a complex mix of alluvial, colluvial,
and eolian sediments and where the soils are both
expansive and hydrocompactive; and (2) for compar-
ison purposes, a data set compiled by Noe (2005) from
predominantly expansive clay soils of the Roxborough
area of Jefferson County in the far southwestern
Denver metro area, within the steeply dipping bedrock
zone. Only test results for soils were used; bedrock
samples from the Douglas County and Roxborough
studies were excluded.

The collapse-potential (CP) data collected for this
comparative study were generally compiled from
consolidometer tests where the samples were wetted
at a load of 1,000 psf. For certain tests, predominantly
from the western slope, some samples were wetted at
lower surcharge loads. In those cases, the percentage
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Figure 4-8. The relationship of dry density (DD) versus
moisture content (MC) for collapsible soils, showing
collapse-susceptibility boundaries. A, Modified from
Roullier and Stilley (1993). B, Modified from
Karakouzian and Roullier (1993), who proposed three
zones based on severity of collapse.
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of collapse was interpolated from the consolidation
curve at the intercept with the 1,000-psf load line.
These data were plotted by using the three suscepti-
bility graphical methods described in the previous
section. CP values were grouped on the basis of the
collapse-potential chart from Mock and Pawlak (1983)
that was shown in table 4-3.

DRy DENSITY VERSUS SAMPLE PERCENT PAssING No. 200
SIEVE

In figure 4-9, CP data points were plotted on a chart of
DD versus percentage of soil passing the no. 200 sieve.
The data points of test data where gradations were
available for both the statewide (fig. 4-9A) and
Douglas County data sets (fig. 4-9B) show reasonable
correlation with the designated collapse-potential
fields on each side of the Mock and Pawlak (1983)
boundary line on the chart, except for the statewide
data that have higher percentages of fines. For the
Douglas County data set, data points showing soil
swell generally plot within the low- to no-collapse
field. The pattern of the statewide collapse data

Collapsible Soils in Colorado

suggests that low dry density is the major factor in
collapse potential. At a density of about 105 pcf, a
near-horizontal line can be drawn that bounds the area
containing nearly all samples, independent of the soil
sample percentage that passed the no. 200 sieve.

DRy DEensiTY (DD) VErsus Liquip LimiT (LL)

Data-set plots of CP from test data where both DD and
LL values were measured are shown in figure 4-10.
High-CP soils and the lower-LL soils from the
Colorado statewide data set show some correlation by
plotting on the “susceptible to collapse” side of the
Gibbs and Bara (1962) boundary line (fig. 4-10A). The
data set plotted in figure 4-10A approximates similar
groupings shown in Owens and Rollins (1990) and
Rollins and others (1992a) for comparable soils in
Utah. Although those test samples with high CP values
fall easily below the boundary line, other samples with
slight to moderate CP values plotted within the stable
side of the graph. The correlation is very weak in the
data set of clay-rich, eolian—source collapsible soils of
Douglas County, which have higher liquid limits and
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reflect the presence of swelling clays (fig. 4-10B). For
that reason this method of determining hydrocom-
paction susceptibility should not be considered reliable,
especially in clay-rich collapsible soils, an assessment
shared by Prokopovich (1984).

DRy DensITY (DD) VERsus MoisTURE CONTENT (MC)

The relationship of dry density and moisture content
provides the best indication of collapse potential for
Colorado. Through the use of data from the Douglas
County study, the Roxborough study, and the statewide
study where test points showed either collapse or
expansion that exceeded 1 percent, two distinct plot
populations become apparent (figure 4-11A).

With further restrictions of the test range to soil
collapse or expansion greater than 3 percent, these plot
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70 80

Figure 4-10. Soil collapse-potential
test data with Gibbs and Bara
(1962) collapse-susceptibility
boundary. Data are from
swell/consolidation test results
when the soil is loaded to 1,000 psf
and then wetted.

A, Statewide case-history soil data.

B, Douglas County soil data from
Berry and others (2002).

populations become increasingly distinct; figure 4-11B
clearly shows the differences in dry density and mois-
ture content between moderately and highly
collapsible and expansive soils in Colorado. The
boundary between these two soil populations is
similar to the collapse boundaries discussed in
Roullier and Stilley (1993) and Karakouzian and
Roullier (1993) (fig. 4-8), which were based on
collapsible-soil data from the Las Vegas Valley in
Nevada. In figure 4-12, graphs of only Colorado
collapse data, superimposed on the Karakouzian and
Roullier (1993) and Roullier and Stilley (1993)
boundary lines, reveal that very few samples with
significant CP exceed an MC of 15 percent. Generally,
for collapsible soils in semiarid Colorado, the instances
in which moisture contents exceed 15 percent are
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usually reported from forensic investigations where the
subsurface soils already have elevated moisture, the
saturation threshold has been exceeded, and collapse
and settlement have begun.

There are two areas where Colorado data depart
from the Roullier and Stilley (1993) graph of dry
density versus moisture content. Roullier and Stilley
further differentiated the collapsible and noncol-
lapsible zones by three soil classifications; silt (ML)
showed the highest collapse, followed by clay (CL)
and sand (SM) (fig. 4-8A.) This categorization of
collapse potential by soil classification could not be
discerned for Colorado samples. Also, although there

Colorado Geological Survey

\
25

30 35

is generally very good correlation at the lower mois-
ture contents, the Roullier and Stilley (1993) boundary
lines define a collapse zone with moisture contents
that are too high (i.e., greater than 15 percent) to be
considered having collapse potential in Colorado

(fig. 4-12A).

Karakouzian and Roullier (1993) refined the
collapse versus noncollapse division based on the
sand, silt, and clay soil classification, with paired
boundary lines that differentiate three different zones
of collapse probabilities (fig. 4-8B). The chart in figure
4-12B shows the relationship of these proposed
collapse zones to the grouping of the Colorado data
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points. A number of conclusions can be made from this
chart:
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1. The boundary lines of the three collapse
zones correlate well at high DD and very low

MC.

2. Very few Colorado samples fall within the
higher MC part of the chart where the soil-type
boundaries of zone 1 and zone 2 are located.

3. For all three soil types, the high-collapse-
probability lines for zone 3 do not suitably
encompass all the high-collapse-potential test
data from Colorado and exclude those samples
having moderate DD values (about 90 pcf) and

Figure 4-12. The relation-
ship of dry density versus
moisture content in
statewide collapsible-soil
swell/consolidation data
with published collapse
boundaries from

(A) Roullier and Stilley
(1993) and

(B) Karakouzian and
Roullier (1993). Data are
from swell/consolidation
test results when the soil is
loaded to 1,000 psf and then
wetted.

Collapse Zones
Zone 1: 0to <1%
1 to <5%
<5%

Zone 2:

Zone 3:

elevated moisture contents (i.e., MC as high as
10 to 15 percent).

PROPOSED COLORADO COLLAPSE-SUSCEPTIBILITY CHART

On the basis of the results of the Colorado statewide
study, we propose another collapse-susceptibility
version of the DD versus MC graph (figure 4-13). This
new susceptibility chart for soils in Colorado is parti-
tioned to indicate two zones—one of low-to-moderate
collapse potential and one of moderate-to-high
collapse potential—by using the collapse-severity cate-
gories of Mock and Pawlak (1983). These new
boundary divisions are not adjusted for different soil
classifications, but utilize a qualitative, best-fit curve to
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encompass 96 percent of the test values that fall within
the two susceptibility zones. The population scatter of
Colorado test data was less than that of the Nevada
data in Roullier and Stilley (1993) and Karakouzian
and Roullier (1993), so the Colorado boundaries of
collapse prediction show fewer data outliers and more
realistically indicate levels of collapse probability. The
limitations of consolidation testing that have been
previously mentioned apply to this graph. Quality
consolidometer test results are generally only available
for finer-grained soils. It should be understood there is
a scarcity of results from more granular sandy soils,
and no results exist from gravelly soils, as sampling of
these types of materials with thin-walled tubes is
impractical or impossible.

The collapse predictions in figure 4-13 only reflect
the behavior of dry, low-density soils that collapse
upon wetting, as typically shown in the consolidometer-
test chart in figure 4-3. Certain other types of lower-
density but saturated clay and silt soils may plot to the
right of the boundary lines and, although not
exhibiting collapse as defined in this publication, may
be highly compressive. Such examples of compressible
soils include quick clays, organic soils, and lacustrine
(lake) deposits not discussed in this publication. The
important distinction is that collapsible soils, as
defined and used here, settle quickly when water is
added to the soil, which triggers the collapse of the
soil skeletal structure. Soft and saturated compressible
soils typically settle only under load when the addi-
tional weight causes the soil to expel or squeeze out
the excess water, a process called soil consolidation.

Colorado Geological Survey

Considerations with Coarse-Grained
Collapsible Soils

Certain collapsible soils are very coarse grained; such
soils can consist of greater than 75 percent gravel- and
cobble-sized rocks. These soils occur in higher-energy
depositional systems. Close examination of these grav-
elly soils reveals that the disseminated rock fragments
are supported in a clayey-silt matrix, which could be
collapsible. Geologic environment and geomorphology
are key to determining the collapse susceptibility of
coarse-grained soils (Rollins and others, 1994).
Standard engineering index tests might not be very
helpful, as these gravelly soils could have a dry
density as high as 120 pcf. It also becomes very diffi-
cult to retrieve an “undisturbed” sample by using thin-
walled tubes in these types of soils for typical
swell/consolidation tests. Rollins and others (1994)
stated that the CP may be lower, 1 percent to 4 percent,
upon wetting at 1,000 psf, but collapse would be rela-
tively rapid because of the permeability of the soil. A
wetting front would propagate rapidly and deeply
through the soil column in this case. Test pits or
trenches would be best for observing near-surface soil
structure (i.e., the spatial arrangement of the clasts in
the finer-grained matrix), but the thickness of the
collapsible gravel must also be known. For these types
of soils, a more accurate assessment of future settlement
would be obtained by in situ, field-wetting tests.

The Paradox of Expansive and Collapsible
Soils
It is possible that a high-clay-content soil could exhibit

both swell and collapse behavior. Many areas of
western Colorado and along the Front Range are
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underlain by Cretaceous claystone, which is generally
expansive. The derived alluvial silty-clay soil can have
high expansive (smectite) clay percentages while still
being quite dry and exhibiting the soil-fabric proper-
ties diagnostic of collapse. Unique to collapsible soils
containing smectite clay is that they are expansive at
very light loads upon wetting but have high shear
strengths in a dry state (Bull, 1964). Lofgren (1969)
noted that certain soils briefly expanded when wetted
and then collapsed substantially. Barden and others
(1973) described certain flood-plain alluvial clay soils
in the Tucson, Arizona, area that had

swelling-clay characteristics with high LL

and PI properties; these soils expanded
+2

Collapsible Soils in Colorado

consultants have recognized this phenomenon and
have adjusted their consolidation testing to wet the
sample either at the onset of load or at light loads of
100 psf, 250 psf, or 500 psf. Figure 4-14 is an example
of a swell/consolidation test of a hydrocompressive
soil that, when wetted, heaved at light loads. If this
same sample were initially loaded to 1,000 psf and
then wetted, substantial collapse would have occurred.
Regional differences in swell/consolidation testing in
Colorado are further discussed in Chapter 8.

when wetted under low pressures (load),

but then collapsed under higher pressures.
+1

Jennings and Knight (1975) mentioned
this phenomenon and discussed a “region

Sample slightly expansive
when wetted at 250 psf

of heave” and a “region of collapse” at
various overburden pressures when

ym
AN

double consolidometer tests are
conducted for the same soil. Wetting

experiments of entire columns of
collapsible soil by the New Mexico

Bureau of Mines and Mineral Resources
near Espanola, New Mexico, have

Compression upon
wetting and loading

revealed that as the wetting front moved
laterally through the soil, the initial

wetting of expansive clays could cause
compressive forces, and the ground

surface actually swelled up before it
collapsed (Love and others, 1987, 1995).

From the overburden pressures of the
weight of the soil alone, collapse might

not occur from simple wetting if the
degree of saturation were less than what

is required to disperse the agglomerations
of clay platelets and allow the soil grains

COMPRESSION, IN PERCENT

to shear and reorient in a denser configu-
ration. However, applying load could

induce collapse upon wetting and cause a
very steep consolidation curve at further

incremental loads in consolidation
testing. As a result, clay-rich soils with

these contrasting behaviors have been
called hydrocompressive or hydroconsoli-

datible soils because they are subtly
different from hydrocompactive soils.

There are case histories in western 0.1
Colorado involving clay-rich alluvium
substrate where heave occurred in a very
lightly loaded concrete sidewalk and
settlement occurred at an adjacent, more
heavily loaded structure foundation when
the area was wetted. Local geotechnical

28

1.0 10 100

Figure 4-14. Swell/consolidation test example of a clayey soil
that, when wetted, is expansive at very light loads but
collapsible at higher loads.

Colorado Geological Survey
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Vertical soil
cracks

Piping starts with water
finding vertical passages
into the soil

Horizontal channels
enlarged by corrosion,
dissolution, etc.

Continues by a horizontal
channel to some outlet by

seams of porous materials,
dissolution, and other passages

Soil above channels
sloughs in forming
gullies or sink holes

Collapsible Soils in Colorado

Figure 4-15. The
evolution of soil
pipes. Illustration
modified from Cline
and others (1967). A
more detailed illustra-
tion of this erosional
process and resultant
land forms is shown
in figure 3-5.

(pseudokarst landforms)

DISPERSIVE SOILS

Soil dispersion and piping are common in dryland
areas. The process is considered such a serious
problem in the Montrose area that the authors of the
Soil Survey of Delta-Montrose Area commented at length
about the phenomena and included the illustration
shown here in figure 4-15 (Cline and others, 1967).
Dispersion susceptibility is a function of the clay
mineralogy and the weakness of the electrochemical
bonds of mostly smectite (montmorillonite) clay parti-
cles, which is governed by the higher ratios of sodium
ions to calcium and magnesium ions (Heede, 1971;
Parker and Jenne, 1967; Sherard and others, 1976a,
1976b; Parker and Higgins, 1990). Clay agglomerations
with high sodium content more easily deflocculate in
fresh water; in this process, the chemical bonds break
and the clay particles disperse, to be washed away in
suspension, even in low-velocity water. A number of
dam failures, including one in Colorado, have been
attributed to dispersion (Sherard and others, 1976b).
The standard tests for soil identification commonly
seen in geotechnical reports (e.g., moisture content,
density, sieve gradations, and Atterberg plasticity
limits) are not capable of identifying dispersiveness in
clay soils. Four tests for dispersive soil, investigated by
Sherard and others (1976b) and found in NRCS (1991),
are discussed here: (1) crumb test, (2) pinhole test, (3)
double-hydrometer test, and (4) soluble salts in pore
water and calculation of the sodium-absorption ratio
(SAR). Most of these now have ASTM test guidelines.

Colorado Geological Survey

Crumb Test

The crumb test is one of the easiest tests for making a
qualitative determination of dispersion. A small
sample, or crumb, of soil (% to ¥s in. in size) is
preserved at its natural moisture content. The sample
is placed into a beaker of distilled water and observed
for 5 to 10 min. The following interpretation guide is
from Sherard and others (1976b):

* Grade 1. No reaction: Crumb may slake and
develop as a flattened pile on the bottom of
the beaker, but there is no sign of cloudy
water (e.g., no clay colloids in suspension).

* Grade 2. Slight reaction: Just a hint of
cloudy water near the surface of the crumb.

* Grade 3. Moderate reaction: Easily recog
nizable cloud of colloids in suspension,
usually spreading out in thin streaks from
the crumb on the bottom of the beaker.

* Grade 4. Strong reaction: Colloidal cloud
covers nearly the whole bottom of the
beaker, usually in a very thin skin. In
extremely dispersive crumbs, initial
streamers of colloids can be seen, at times
arcing from the crumb, and the entire water
in the beaker can become cloudy.
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Sherard and others (1976b) cautioned that the
crumb test is a very good indicator of dispersive soils
if the test is positive. The converse was not always
true, however. In their work, 40 percent of the known
dispersive soils that they sampled in their study had a
nondispersive reaction in the crumb test. The crumb
test is standardized by ASTM D 6572-00: Standard Test
Methods for Determining Dispersive Characteristics of
Clayey Soils by the Crumb Test.

Pinhole Test

In a pinhole test, a pinhole (1-mm diameter) is punched
through a sleeved cylindrical clay soil sample that is
placed in an apparatus through which a constant flow
of distilled water is passed (Sherard and others, 1976a).
If the water becomes colored and the hole rapidly
enlarges, the soil sample is considered dispersive. If the
water flow is clear and the hole does not enlarge, the
sample is considered nondispersive. For more informa-
tion on interpretation, the reader can review NRCS
(1991) online. This test has been standardized by ASTM
D4647-93(1998)el: Standard Test Method for Identification
and Classification of Dispersive Clay Soils by the Pinhole Tes

Double-Hydrometer Test

In this test, a particle-size distribution by hydrometer
is performed on two equal-weight samples of the same
soil that are placed in equal volumes of water. Sample
A is considered the natural dispersed sample whereas
sample B is subjected to strong mechanical agitation
and a chemical dispersant. The dispersion of sample A
will be smaller, so the difference in the percentage of
fines between the two samples after the test procedure
is called the percent dispersion. As the percentage of
clay fines (0.005 mm or smaller) in sample A
approaches that in sample B, the natural dispersion of
A increases and the percent dispersion will increase
(See figure 4-16). For example, if, after the test, the
percentage of remaining fines in a hydrometer test of
both A and B is equal, the percent dispersion is 100
percent, which is full dispersion with or without
dispersants or strong agitation. The double-hydrom-
eter test has been standardized by ASTM D4221-99:
Standard Test Method for Dispersive Characteristics of Clay
Soil by Double Hydrometer. The guidelines on interpre-
tation of the double-hydrometer test are shown in
table 4-4 (NRCS, 1991).

Table 4-4. Interpretation of Double-Hydrometer Test.

Dispersion (%) Interpretation

>60 The soil is probably dispersive.

<30 The soil is probably not dispersive.

Between 30 and 60 Other tests are needed.
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Figure 4-16. Sample double-hydrometer test result
and calculation of percent dispersion (note log scale
for x-axis). By definition, the percentage dispersion
equals the ratio of A to B times 100%. Percentage A is
the amount of clay released by the sample without
dispersant or agitation. Percentage B is the percent
clay indicated by the hydrometer test.

Soluble Salts in Pore Waters

There is a correlation between high sodium ion levels
and increased dispersivity and piping of soils (Brown,
1962; Parker and Jenne, 1967; Heede, 1971). Soil scien-
tists at the NRCS use standard laboratory tests that can
be performed in a laboratory setting or in the field by
using commercially available field soil-chemistry kits
to measure soluble salts in the pore waters of soil
samples. A soil saturation extract is prepared (i.e., a
soil is crushed and saturated, the salts dissolve in the
water, and this water is then extracted), and the water-
soluble ions sodium, calcium, and magnesium are
chemically measured in milliequivalents per liter
(megq./liter). A sodium-absorption ratio (SAR) value is
calculated by using the formula

Na

+ 5 (Ca+Mg)

As the ratio of sodium to the other salt ions increases,
the SAR value becomes larger. Much of the research by
Sherard and others (1976b) compared experimental
crumb tests, pinhole tests, and double-hydrometer
tests (yielding percent dispersion) of samples of
known dispersive clay soil to the respective measured
sodium-absorption ratios and total dissolved salts in
the saturation extract. By plotting pore-water chem-
istry data and the respective severity of dispersion of a

SAR =

Colorado Geological Survey



Engineering Geology 14

particular soil, they developed an empirical, three-
zoned chart based on the measured salts in sample
pore waters (figure 4-17). The following are the
descriptions for their three zones:

*  Zone A. Almost all soils that fall in zone A

are dispersive. This zone includes soils sampled
from embankment dams that were damaged or

failed because of dispersion and piping.

e  Zone B. Soils with pore-water salts that fall
into zone B are considered nondispersive and
fall in the ordinary, erosion-resistant clay soil
category. However, this zone can include very
silty (ML) soils that can be erodible in a pinhole
test. A low-density, hydrocompactive silt could
fall into this category.

e  Zone C. Soils in zone C can range from
dispersive to nondispersive. Pinhole tests can
indicate colloidal dispersion but at very low
rates.

For most new NRCS soil surveys—such as the Ute
Mountain area soil survey in Montezuma County,
Colorado, and New Mexico—SAR is a standard index
that is measured and listed in tables of soil properties
(Doug Ramsey, personal commun., 2001).

GYPSIFEROUS SOILS

The collapse potential of gypsiferous soils in the
Western United States has been known for some time
by soil scientists at the NRCS. Nettleton and others
(1982) described the subsidence of gypsiferous soils

Collapsible Soils in Colorado

and damage to foundations, irrigation canals, and
roadways. Actual properties of these types of soils
were researched in-depth in Russia, where distress to
structures occurred in certain arid to semiarid terrains
of southern Russia and the former Soviet republics.
Petrukhin (1989, 1994a, 1994b) and Mikheev and
others (1977) described properties and soil types that
are similar to those seen in southwestern Colorado and
concluded that gypsiferous soils in their native condi-
tion are characterized by (1) negligible compression
and very high strength in the original dry state, (2)
decreasing strength during short-term wetting, and (3)
different types of deformation depending on the type
of soil (i.e., sand, sandy silt, sandy clay, or clay).

The literature record of collapsible soils in Russia
made the distinction between settlement properties of
(1) typical hydrocompactive soils with lower percent-
ages of gypsum as a soil-cementing agent and (2) soils
with higher percentages of gypsum exposed to longer-
term leaching and suffosion (micropiping), which can
show soil-porosity increases and longer-term settle-
ments upon prolonged wetting. Referencing his earlier
collaborative work in Mikheev and others (1977) meas-
uring load-test settlements after experiments lasting as
long as 160 days, Petrukhin (1989) wrote, “subsidence
of sandy loams is occasioned by partial destruction of
cementation links owing to the softening and
dissolving of gypsum in the places of its contact with
insoluble particles of soil.” He made the distinction,
though, between ground deformation from typical
collapse, a short-term process, and the much longer
term suffosion. Suffosion can result in the formation of
macropores when the soils have undergone long
periods of heavy wetting without any appreciable
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loading. The presence of both gypsum cement and
suffusion-caused soil-porosity increases has been iden-
tified in previously irrigated areas of clay-rich, gypsif-
erous soils in western Colorado. Consolidation testing
of these types of soils can yield greater than 10 percent
collapse at 1,000-psf loads (Laurie Hauptmann,
personal commun., 2002).

Although a consolidometer test provides measure-
ment of collapse due to softening and dissolving of
gypsum cement, it does not provide any indication of
the long-term risk of settlement caused by continued
wetting. Only a measurement of percent gypsum in
the soil can assist in evaluating that potential hazard.
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NRCS soil scientists use a fairly simple field chemistry
method developed by the Hach Company to measure
percent gypsum in a soil (Nelson and others, 1978). In
the ethylenediaminetetraacetic acid (EDTA) titration
method, each drop of EDTA solution needed to change
the color of an extracted solution is approximately
equal to 1 percent gypsum by weight. Thus the
method provides an approximation of total percentage
of gypsum by weight of a sample. Gypsum-rich soils,
with their high sulfate content, are also corrosive to
normal concrete and can be evaluated by sulfate tests
commonly performed by geotechnical laboratories.

Colorado Geological Survey
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5. GEOMORPHOLOGY
AND SOIL
DEPOSITION

Much of Colorado has the necessary climate, source
rocks, and topography for the generation of collapse-
prone soils: (1) a semiarid environment characterized
by windy conditions and intense thunderstorms,
which quickly erode weak rock; (2) wide expanses of
clay- and silt-rich, poorly indurated rock formations;
and (3) adequate topographic relief above the deposi-
tional areas (e.g., the valley floors, basins, swales,
drainageways, and other low-lying areas where sedi-
ments can accumulate) to allow rapid deposition in
environments dominated by water processes. Wind
deposits tend to blanket flatter areas, such as the
leeward side of low hills, mesa tops, open plains, and
Pleistocene pediment surfaces.

Arid to semiarid climates generally have much
higher erosion rates and, subsequently, higher sedi-
ment yields (Langbein and Schumm, 1958) (figure 5-1).
Semiarid areas have low vegetative cover, but are still
exposed to episodes of intense thunderstorms capable
of generating sufficient runoff to transport large
amounts of sediment as debris flows. The peak sedi-
ment yields occur in areas where annual precipitation
ranges from 8 to 18 in., which is typical for most areas
of Colorado that are not in higher-elevation, moun-
tainous zones. High sediment yields have created thick
accumulations of Holocene deposits in many parts of
Colorado.
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As can be seen in figure 5-1, sediment yield drops
off radically in very arid areas. Intense thunderstorms
rarely occur in these areas, so sediment yield is
minimal, even with a lack of vegetation. Conversely,
sediment yields decrease gradually with increasing
rainfall, as the climate becomes more moderate and
erosion is reduced because of thicker vegetation
covering the ground surface. The map of Colorado in
figure 5-2 shows the State’s physiographic regions and
the areas that exceed 18 in. of annual precipitation.
Overlaying the case-history sites clearly shows a trend
of collapsible-soil occurrences where annual precipita-
tion is less than 18 in.; most locations fall into the 12-
to 16-in. range. Although the location and concentration
of case histories are somewhat skewed by topographic
constraints and the abundance of information from
populated or fast-growing areas of the State, this
generalization is still basically sound—collapsible soils
do not occur in high-elevation areas with annual
precipitation greater than 18 in. In many areas of
Colorado, gypsiferous or salt- or sulfate-rich shale
bedrock is exposed at the surface, and plant cover is
minimal (figure 5-3). Such sparsely covered terrain,
much of which could be called badlands, is even more
prone to erosion.

The surface or near surface of many areas of
Colorado outside the central mountains is underlain
by geologic formations that are of Late Cretaceous and
Cenozoic age (pl. 1). During that geologic time frame,
the paleoenvironment in Colorado transitioned from
predominantly nearshore marine to terrestrial as the
Rocky Mountains formed. The rock formations are
mostly shale, mudstone, and sandstone. These
younger formations are often poorly indurated, that is,
they are not “hard.” For example, crumbly claystone is

Figure 5-1. Annual sediment yield (erosion) based
on annual precipitation, modified from Langbein
and Schumm (1958). Shaded area is the range of
annual precipitation typical for Colorado except
for the high mountain regions.
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Figure 5-2. The State’s physiographic regions and the areas of Colorado where the average annual precipitation
exceeds 18 in. The locations of collapsible-soil case histories compiled for this study are plotted.

more common than hard fissile shale. Generally, the
abbreviated burial diagenesis (the long-term
compaction, cementation, and recrystallization
processes as buried sediments become sedimentary
rocks) of these formations has resulted in softer and
easily erodible rocks. Figure 5-4 shows an Interstate 70
highway cut in the highly erodible Tertiary Wasatch
Formation of western Colorado. The two photographs
illustrate the degree of rilling, gullying, and piping
erosion that has occurred in the bedrock since the cut
slope was excavated in the mid-1970s.

The research for this Colorado study included
examination of the local geology, geomorphic terrains,
and soil deposits at Colorado-specific case-history
locations where collapsible soils were known to occur.
This compilation verified that certain types of geologi-
cally recent (Holocene) surficial deposits are prone to
soil collapse. This publication primarily examines
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Holocene and late Pleistocene deposits, generally no
older than Late Wisconsin (or Pinedale) Glacial ages
(generally younger than 15,000 yr). The following
geomorphic settings, deposits, and rock types are asso-
ciated with various forms of collapsible soils:

e alluvial fans and debris-flow fans,

e colluvial slopes,

¢ fluvial flood-plain and overbank deposits,
e eolian deposits (loess),

*  gypsiferous soils and soils derived from
evaporite bedrock, and

* near-surface weathering and alteration of
gypsiferous Mancos Shale.

Colorado Geological Survey
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Figure 5-3A, Bare hills of Mancos Shale between
Montrose and Delta. Grand Mesa is in the back-
ground. B, Poorly vegetated hills of evaporite
bedrock in the Roaring Fork River Valley between
Carbondale and Basalt; almost all the buildings at
the base of the slope have been damaged by ground
settlements.

Figure 5-5A is a conceptual block diagram illus-
trating the various landforms and surficial deposits
that are mentioned in this publication. An actual
digital elevation model from the Roaring Fork Valley
near Glenwood Springs (figure 5-5B; White, 2002) also
illustrates the topography and geomorphology that
can result in the formation of collapsible soils.

ALLUVIAL FANS AND DEBRIS FANS

Alluvial fans and debris-flow fans are very common in
western Colorado, as they are in most Western States.
Most mature river systems have their lower valley
walls mantled by individual and coalesced fans at the
mouths of ephemeral tributary streams.

Alluvial-fan morphology has been recognized as
one of the primary landforms associated with
collapsible soils in the Western United States (Lofgren,

Colorado Geological Survey
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Figure 5-4. Extensive erosion in weak rock forma-
tions. This road cut, excavated in the late 1970s, is in
the Tertiary Wasatch Formation, a series of poorly
indurated claystone, siltstone, and sandstone widely
exposed in western Colorado. Note extensive rills
and piping voids and formation of micro-alluvial
fans on the ditch floor. A baseball cap is shown for
scale in A; the width of the ditch floor in the broader
view shown in B is approximately 20 ft.
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Holocene alluvial or debris-flow fan

Pleistocene terraces
Pleistocene loess cap

- Holocene hillside colluvium

- Piping fissures and pseudokarst
collapse

- Early to mid-Pleistocene pediment
or terrace gravels

Holocene alluvium
Early to mid-Pleistocene pediments
and debris fans
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Figure 5-5. A, Geomorphologic landforms typical of western Colorado. Modified from Beckwith and Hansen (1989).

1960; Bull, 1964; Beckwith and Hansen, 1989; Rollins
and Williams, 1991; Rollins and others, 1992a; Reimers,
1986; Luehring, 1988; Mock and Pawlak, 1983). Lofgren
(1960, 1969) studied shallow subsidence due to wetting
of alluvial-fan soils in California’s San Joaquin valley.
The following conclusions from that work are also
applicable to Colorado:

1. Collapsible soils are found at arid margins
of valleys where average annual rainfall is
insufficient to penetrate below the root zone

2. The collapsible terrain seems to be only in
Holocene alluvial-fan deposits.

3. Deposits are characteristically derived from
short, steep ephemeral drainage systems that
produce rapid runoff and low moisture pene
tration.
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4. Mudflow deposits are the overwhelming sedi
ment type, but more sandy and gravelly
deposits and interdepositional eolian deposits
may also occur.

5. Alluvial-fan deposits that collapse upon
wetting are typically of low moisture content
and low density and have never been exposed
to appreciable postdepositional wetting or
saturation.

6. Collapse of these soils from wetting typically
results in a volume decrease and density
increase.

In a compilation and analysis of work in Utah,
Rollins and others (1992a) summarized the geologic
conditions conducive to formation of collapsible soils
in alluvial fans: (1) arid to semiarid climatic conditions;
(2) drainage basin composed of shales, mudstones, and
siltstones; (3) relatively small drainage basin with poor
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Figure 5-5 B, Block diagram generated from a 10-m digital terrain model with collapse-susceptible soil units
mapped with tan shading and labeled. Blue and violet zones are areas underlain by evaporite bedrock, which
will be discussed later in this chapter. Location is in the Roaring Fork River valley approximately 6 miles upriver

from Glenwood Springs. Image from White (2002).

vegetal cover; (4) high ratio of alluvial-fan area to
basin-source area; (5) mud- and debris-flow deposi-
tional environment on a Holocene to late Pleistocene
alluvial fan; (6) significant depth to ground-water table
so soils remain unsaturated and of low moisture
content; and (7) derived soils composed of silts, sands,
and low-plasticity clays. These conditions also pertain
to Colorado.

Alluvial fans have a highly variable and complex
stratigraphy. Each stratum, ranging from only inches
to several feet in thickness, records one flooding event
onto the fan. Because a flooding event and resultant
sediment deposition might cover only a small part of
the fan, the stratigraphy can be highly irregular, and
individual strata or deposits might be lobate or
sinuous in shape, having only limited areal extent.
Sediments within each stratum can range in size from
silt and clay to sand or very coarse debris. Individual
flow characteristics can vary widely because they are
dependent on rainfall intensity and duration as well as
the combination of basin and slope geometry factors
that, in turn, affect the hydraulics and the size fraction
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of sediments eroded from the slope. The alluvial fan is
created by the slow accumulation of random sediment
deposition that spreads from the mouth of an
ephemeral stream onto a flatter slope area. Thicker
and more granular deposits lie at the apex of the fan,
in the steeper-gradient areas near the mouth of the
upslope drainage channel. Finer sediments occur at
the distal parts of the fan where accumulations are
thinner. Fans in western Colorado can range from
many tens of feet thick to well over a hundred.
Examples of alluvial fans that might contain
collapsible soils along the Colorado River corridor are
shown in figure 5-6. In investigations of hydrocom-
pactive soils that were encountered in broad alluvial
fans and interfan deposits along the planned Interstate
70 alignment west of Rifle, Colorado, Shelton and
others (1977) made some important observations:

1. The soils most susceptible to hydrocompaction

were the interfan deposits of finer-grained
materials
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Figure 5-6A, A large
alluvial fan in the
wide Colorado River
valley between Rifle
and Parachute. The
bluffs are the Roan
Cliffs, composed of
Wasatch and Green
River Formations. B,
A smaller alluvial fan
near Dotsero, just
below the confluence
of the Eagle and
Colorado Rivers in
the Eagle Valley
Formation. The rail-
road alignment skirts
the distal edges of
several fans before
entering Glenwood
Canyon shown in the

background.
Individual fans are
shown by dashed
line.
/ol
2. Mudflow deposits in semiarid climates are source area) are more likely to collapse than
likely to collapse when wetted. those materials farther down the drainage.
3. Older deposits (predating Holocene and late 5. The most reliable test is the plate load test
Pleistocene deposits) are less susceptible to during in situ flooding and saturation.

collapse than younger deposits.
For the most part, Colorado does not have active
4. Those deposits nearer to the change in gradient  tectonism along mountain faults where alluvial-fan
that causes the deposition (i.e., nearer to the sediments accumulate (such as the Wasatch Range east
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of Salt Lake City and the interior mountain ranges in
south-central California). Where such active tectonic
regimes do exist, for example, in the Rio Grande Rift
System, the Arkansas Rift Valley, and the eastern
boundary of the San Luis Basin (Widmann and others,
2002), the sediments in the alluvial fans along the
range fronts are either in higher elevations and wetter
climates or are generally not derived from clay- and
silt-rich sedimentary rocks. The resulting coarser-
grained sediments do not appear to be susceptible to
collapse.

In arid environments, debris-flow and mud-flow
deposits quickly dewater and then desiccate. The
subsequent flooding and desiccation of the area do
not allow deeper-seated wetting and the mechanical
resorting and consolidation of the material that would
happen in a fluvial (river) system. This condition
leaves a series of deposits that have porosity
composed of both microscopic and macroscopic-type
voids. Bull (1964) recognized that voids are created in
alluvial-fan sediments by many methods:

1. Quick cessation of vigorous flow causes the
chaotic and randomly placed soil particles to
remain in an open and precarious skeletal
framework after the deposit has desiccated

2. Bubble cavities from entrained air in vigorous
debris flows remain after drying of the mate
rial (see SEM image in fig. 3-2).

3. Interlaminated voids are trapped in the
roughly layered sediments.

4.  Buried and unfilled mud cracks and soil
fissures remain (figure 5-7).

5. Voids left in the soil from the decay and disin
tegration of buried organic debris within the
flow (figure 5-8) are subsequently covered by
later debris or mudflow sediments.

Another major factor in the formation of collapsible
soils in alluvial-fan deposits is the inherent stratig-
raphy of the deposit, both with regard to sediment
type and thickness. Interbedded lenses and thin
cobbly and gravelly layers commonly occur in finer-
grained alluvial-fan deposits. These coarse deposits
are formed from higher-energy single-event debris-
flow floods and are never laterally continuous or
homogeneous along the alluvial-fan surface. The
coarser fraction of the flow settles out either as lobate
debris-flow toes or sinuous lateral levees and channel
fill. Upon further burial by succeeding finer mud-flow
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Figure 5-7. Mud cracks formed shortly after a 1997
debris flow in the Roaring Fork River valley. Red
beds in middle background are the Maroon

Formation. Basalt Mountain is indicated by an arrow.
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Figure 5-8. Two alluvial-fan lobes of more viscous
debris in another location of the same flow shown in
figure 5-7. Note amount of vegetation debris in the
lobes and the extent of ground cover that was buried.

sediments, the gravel deposits stratigraphically pinch
out down gradient into the surrounding finer-grained,
less permeable, classically hydrocompactive sedi-
ments within the alluvial fan. These more permeable
gravelly deposits can then act as down-gradient
conduits for ground water during abnormal wetting
episodes, actually creating a hydraulic head and a
plume of subsurface water. This hydraulic condition
allows further longer-term saturation, and deeper,
more extensive migration of a wetting front into the
dry collapsible soils in the vicinity. On high and dry
alluvial fans, deep-seated wetting from broken water
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mains or sewer systems can induce settlement several
hundred feet down the slope if water moves within
buried, more permeable, gravelly layers.

Alluvial-fan morphology can create thick deposits
of potentially collapsible soils toward the apex of the
fan, near the mouth of an ephemeral stream. With a
thicker collapsible-soil column, even small percentages
of soil collapse (i.e., a collapse potential of less than 3
percent is considered low hazard) can result in adverse
and potentially damaging settlement at the surface if a
suitable column of soil were to saturate.

Western Colorado has abundant areas that are
underlain by clay- and silt-rich rock formations,
predominantly poorly indurated, friable Mesozoic and
Cenozoic formations (see pl. 1). Bull (1964) stated that
generation of alluvial-fan sediments with hydrocom-
pactive properties occurs from basin source areas with
clay-rich lithologies and indicated that soils with 12
percent clay content had the highest compaction upon
wetting under a simulated overburden load. Very
coarse, rocky debris materials in alluvial fans can
collapse or settle when wetted and loaded if the soil is
matrix supported. Work by Rollins and others (1994)
revealed that collapsible rocky soils can even be
derived from igneous rock. Rollins and others (1994)
stated that the general requirements for potential
collapse are dry soils with 5 to 30 percent fine-grained
(silt and clay) material and matrix support of the
larger soil clasts. No case history compiled for this
publication indicates a collapse occurrence in soil
derived from igneous rocks in Colorado, but that nega-
tive evidence may be due to igneous rocks’ being more
prevalent at higher elevations where the annual
precipitation is higher.

Alluvial fans in western Colorado in arid to semi-
arid areas should always be suspect for collapsible
soils. Several towns of western Colorado lie
completely, or partially, on alluvial fans, including
Glenwood Springs, Meeker, Rangely, Gypsum,
Edwards, and Basalt. These towns all have experi-
enced damage to structures due to collapse and settle-
ment in alluvial-fan soils. More discussion on those
specific areas is in Chapter 7.

COLLUVIAL SLOPES

Colluvial sheetwash and the slopes and soils that are
created by these processes are closely related to allu-
vial fans. These slopes are formed at the base of hills
or valley walls and drainage swales in response to
erosion. If the highlands are steep and rock exposures
are prevalent, talus slopes or gravelly colluvial soils
can occur. Where the bedrock is fine grained and
poorly cemented, slopes of fine-grained soils will
develop. Colluvial sediments can be deposited as
sheetwash, which is a blanket deposit eroded from a
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slope but not confined to a drainage channel. Beds
may be roughly stratified but are generally poorly
sorted, with gravel- to cobble-sized rock fragments
that are matrix supported. Even very coarse colluvium,
if matrix supported, can be collapsible (figure 5-9).
These soil aprons or wedges can connect individual
alluvial fans along the base of valley walls or mantle
the interior swales of ephemeral drainage basins.
Colluvial soils have many of the characteristics of
finer-grained alluvial-fan soils and also have similar
engineering properties.

Figure 5-9. Excavation in a colluvial slope in
Glenwood Springs. This soil deposit is still consid-
ered susceptible to collapse because the gravel- and
cobble-sized rocks are dispersed in a fine-grained
collapsible matrix.

RECENT (HOLOCENE) FLOOD PLAINS

Holocene flood plains are created by the recent (less
than 10,000 years before present ) aggradation of allu-
vial sediments in river valleys and tributaries (figure
5-10). In earlier geologic mapping along the flank of
the Front Range in the Colorado Piedmont (discussed
in Chapter 7), these resulting Holocene sediments have
been named the pre-Piney Creek, Piney Creek, and
post—Piney Creek Alluviums. The interpretation of
very young ages is based on the deposits’ elevation
above the current stream and their immature soil
development. Where the older late Pleistocene
(Pinedale) (older than 10,000 yr) glacio-fluvial gravelly
and cobbly terrace surfaces are present, the Holocene
deposits are located at a lower elevation, near the
existing creek level. More often, in the dissected
plateau or plains regions of Colorado, the Holocene
deposits exist as the only terrace along second- and
third-order tributaries and shallow washes. In these
areas, the sediments are often derived from local clay-
rich bedrock and sediment sources. Some of the fine-
grained alluvium may be composed of reworked
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arid to semiarid Colorado; Oblique aerial view of
North Mamm Creek flood plain.

Figure 5-10B. Typical tributary-creek alluvium in arid
to semiarid Colorado; Oblique aerial view of arroyo
incising Holocene flood-plain terrace east of Delta.

windblown loess, especially where Pleistocene loess
remnants mantle some of the nearby mesas and pedi-
ments. In many locales these fluvial surfaces slope
gradually up to colluvial pediments at the base of the
hillsides that flank the drainage. In addition to
aggraded alluvial-valley fill, recent flood plains also
include broad mud flats, called “playas,” and topo-
graphically subdued, but very broad, incised, alluvial
fans of silty clay that blanket wide areas of low-lying
ground between eroded and subdued hills of claystone
and shale.

Recent flood-plain deposits characteristically have
high clay and silt content and high salt and sulfate
content (Soule and Stover, 1985; Cline and others,
1967). The vegetation is generally sparse. Recent allu-
vium and overbank deposits are commonly prone to
dispersion, piping erosion, and formation of arroyos
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Figure 5-10C. Typical tributary-creek alluvium in
arid to semiarid Colorado; Stinking Water Creek
arroyo near Rangely.

Figure 5-10D. Typical tributary-creek alluvium in
arid to semiarid Colorado; Arroyo behind business
park near Pueblo Memorial Airport.

and pseudokarst landforms. Heede (1971) made impor-
tant geomorphic observations about these arroyos:
Nonpiping side slopes have a more gentle gradient and
are well covered by vegetation. In contrast, piping gully
side slopes are steep, unstable, have a “sugary” soil
surface, and usually have no or sometimes very sparse
vegetation.

Pseudokarst-type soil collapse is a very serious
problem for development near arroyos where addi-
tional moisture can be introduced and water flow
might not be controlled. In these types of soils, sponta-
neous formation of sinkholes and fissures is a common
problem in roadways and irrigated fields, as well as in
residential yards and lawns that are sited too close to
an arroyo. Water runoff from impermeable pavements
and culvert crossings can generate concentrated flows
that accelerate soil dispersion and piping erosion. This
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is a real concern for maintenance of highways and
control of headward gullying and erosion into road
grades. Several sites from the Delta-Montrose, Silt-
Rifle, and Cortez areas have piping problems that have
affected, or are affecting, engineered works (figure 5-11).
Figure 5-12, a photograph of severe piping erosion
from poor control of field irrigation, shows an excellent
example of the type of terrain that can quickly develop
in these types of soils. The broken ground, open
fissures, and soil sinkholes at the surface typify
pseudokarst morphology, illustrated in figure 3-5 from
Parker and Jenne (1967). Immediate soil collapse into
large voids formed by piping, without warning, can be
dangerous. Animals have been found dead in small
collapse features similar to that shown in figure 3-6.
Reportedly, heavy agricultural and construction equip-
ment has suddenly, without warning or indication,
dropped into such voids after their operators inadver-
tently drove onto a thin soil bridge capping an
unknown subsurface void (figure 5-13):

Figure 5-11. Dispersion and piping of soil near
Loutsenhizer Arroyo led to this collapse hole along
the shoulder of a Montrose County road.
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Figure 5-12. Erosion damage caused by piping that
may occur from uncontrolled flows of water. This
pseudokarst terrain was the result of irrigation runoff
from an adjacent field near Loutsenhizer Arroyo,
north of Montrose.

Figure 5-13. Soil dispersion and piping voids may
create soil bridges. North of Montrose, progressive
collapses of a large piping void, which had become
essentially a subterranean drainageway, has created a
tributary of Loutsenhizer Arroyo that is spanned by
the soil bridge, which is about 8 ft long.
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In arid areas, the soils found in recent flood plains
also have the ability to hydrocompress if the clay
content appreciably exceeds the silt content. Upon
wetting and additional loading, consolidation of the
saturated soils may be long term, such that settlement
is not completed immediately but is continual. Soil
strength may be reduced to the point that there is an
actual loss of bearing capacity as the soil fails and
begins to shear.

EOLIAN DEPOSITS

Eolian deposits are sediments that have been
deposited by wind. Dune sand is composed predomi-
nantly of sand-sized grains. Windblown silt and clay
deposits are called loess, from a German term for
“loose” soil, which was first recognized along the
Rhine valley. Eolian sediments are derived primarily
from wind scour and deflation of river flood plains
and secondarily from direct ablation of exposed rock
formations, especially those that are softer. For a flood
plain to be a significant source of eolian deposits, it
must be wide relative to the depth of the valley and
(or) carry a large sediment load. The particle size of
eolian deposits is dependent on the source material
and the processes that were prevalent in the recent
geologic history. Eolian sand dunes (hills) and related
wind-scour deflation structures are oriented according
to the prevalent wind pattern. Windblown loess sedi-
ments generally are deposited in homogeneous blan-
kets that can cover the countryside and are best
preserved on flat topographic surfaces and the
leeward side of hill slopes.

By the nature of its grain size, dune sand is rela-
tively well sorted and clean. The sand grains are
generally noncohesive but packed in an orderly
arrangement with abundant point-to-point contacts.
As such, dune sand locations in Colorado [dune
coverage from Madole and others (2005) is shown in
figure 5-14] are rarely susceptible to hydrocompaction
when wetted. Older dune deposits are even less
susceptible because pedogenic, illuvial clay has further
bound or cemented the grain contacts as soil horizons
begin to develop.

Loess, composed predominantly of silt and clay
with lesser amounts of fine-grained sand, tends to be
deposited as very dry dust. Where clay particles
bridge the larger silt and sand grains, the resulting
tenuous skeletal contacts create the collapse-prone
low-density, metastable, soil fabric that was discussed
in Chapter 3. The index properties of loess are
dependent on the source materials, which can range
from low-plasticity silt that is hydrocompactive to
predominantly smectitic silty clay with swelling-clay
characteristics.
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Worldwide, most hydrocompaction has occurred
in loess soils, and there are many references on this
topic. A major symposium emphasizing loess soils, the
NATO Advanced Research Workshop on Genesis and
Properties of Collapsible Soils, was held in the United
Kingdom (Derbyshire and others, 1994). Rogers and
others (1994) reviewed studies from China, Russia,
North America, and Europe. The literature records
occurrences in Israel (Zur and Wiseman, 1973), Libya
(Anagnosti, 1973), and eastern European areas such as
Poland (Palka and Naborczyk, 1985; Grabowska-
Olszewska, 1988), Bulgaria (Minkov and others, 1985),
and the former nations of Czechoslovakia (Feda, 1966)
and Yugoslavia (Milovic, 1988). In Asia, loess is found
in Thailand, in addition to the huge expanse of loess
deposits in China (Phien-wej and others, 1991). Major
U.S. loess deposits occur in the Midwest and in dry
upland areas of the Columbia Plateau in southwest
Idaho and eastern Washington and Oregon.

The majority of Colorado eolian deposits are in the
Great Plains Province (fig. 5-14). Madole (1995)
analyzed soils derived from eolian sediments and
compiled coverages based on NRCS soil series descrip-
tions. He stated that 60 percent of Colorado east of the
Rocky Mountains is covered in windblown deposits;
about 30 percent is sand, and the remaining 70 percent
is loess. Eolian sediments approach 200 ft in thickness
in certain areas of eastern Colorado. Arroyos and trib-
utaries of the Arikaree River near the Beecher Island
battlefield expose some of the thickest eolian deposits,
predominantly loess, in Colorado (figure 5-15). There
are no other significant dune sand deposits in central
or western Colorado except for the Great Sand Dunes
National Monument in the San Luis Valley and some
smaller dunes near Walden in North Park. There are
scattered small, but significant, loess deposits in the
west-central river valleys and the Wyoming Basin and
Colorado Plateau physiographic provinces.

Loess soils are responsible for most of the hydro-
compactive settlement problems along the urban
corridor of the Colorado Front Range. In western
Colorado, because of their age and relative thinness,
loess deposits generally do not have a high potential for
collapse upon wetting, unless they have been reworked
and laid as a more recent soil deposit or if they contain
large concentrations of pedogenic gypsum.

GYPSIFEROUS SOILS AND SOILS DERIVED
FROM EVAPORITE BEDROCK

Gypsiferous soils occur in semiarid terrains of
Colorado and can be either authigenic (formed in
place, also termed “pedogenic”) or allogenic (trans-
ported). Authigenic gypsum is chemically precipitated
and is present as dispersed grains or crystals as a soil-
cementation agent; clast coatings, filaments, or
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Figure 5-14. Areas of Colorado with Holocene and Pleistocene surficial eolian deposits. Compiled from NRCS

SSURGO data and Madole and others (2005).

Figure 5-15. Thick loess exposed along the tributary
of Black Wolf Creek near the confluence with the
Arikaree River, 2 mi north of Beecher Island
Historical Monument in northeastern Colorado.
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nodules; or, ultimately, as a more massive accumula-
tion of an easily identifiable, gypsiferous soil horizon
that is part of the soil-formation process (pedogenesis).
Allogenic gypsiferous soils are formed when gypsif-
erous bedrock is eroded and sediment with a high
concentration of discrete gypsum grains is deposited
and subsequently forms soil. Both types of gypsiferous
soils can be collapsible.

Authigenic gypsiferous, silty-clay soils are commonly
found in alluvium and mud flats derived from Mancos
Shale in western Colorado, specifically in the Rangely
area; the Grand Valley; the Uncompahgre Valley near
Montrose; southeast of Trinidad; and in loess caps on low
mesas in the Four Corners region in the Ute Mountain
Indian Reservation, south of Cortez. NRCS soil scientists
at the Cortez NRCS field office have reported soil hori-
zons that are as much as 40 percent pedogenic gypsum
(Doug Ramsey, personal commun., 2004).
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Allogenic gypsiferous soils are derived from
exposed evaporite rock, which is composed of
predominantly evaporite minerals and fine-grained
clastic rocks. The leaching of dissolved minerals from
exposed evaporite rock can leave a thin crust of
residuum that erodes easily and becomes transported
sediments in alluvial fans and colluvial slope wash.
Evaporite rock formations in several areas of Colorado
(figure 5-16) have been mined for gypsum historically
to make plaster of paris and more recently to make
sheet rock for the construction industry. Evaporite rock
is composed of the common evaporite minerals
gypsum (CaSO,*2H,0), anhydrite (CaSO,), and halite
(rock salt—NaCl), which are usually associated with
thinly interbedded fine-grained sandstone, mudstone,
and black shale layers. These evaporite minerals
precipitated from seawater during cyclical evaporation
of shallow seas and formed thick deposits. Millions of
years of burial, plastic deformation, mountain building,
and erosion have exposed the evaporite bedrock at or
near the present ground surface.

Collapsible Soils in Colorado

Evaporite minerals easily dissolve in the presence
of fresh water. Rock salt is so soluble it will dissolve
before ever being exposed at the surface, even in the
semiarid climates of Colorado. Gypsum, the more
common mineral seen at the surface, is five times more
soluble than limestone (Brune, 1965). It is this dissolu-
tion of the evaporite rock that creates caverns, open
fissures, depressions, breccia pipes, subsidence
troughs, and sinkholes—landforms that exemplify
karst morphology. Classic karst-subsidence collapse
features, although a hazard in many parts of Colorado,
are not addressed in this publication.

Evaporite rocks are pertinent to the research of
collapsible soils because of the soil-development
processes and the soil types derived from these rocks.
In populated areas of west-central Colorado, evaporite
bedrock is present within the drainage basins and is
the sediment source of alluvial fans and colluvial
slopes. Soils in these depositional settings have high
percentages of gypsum, as both allogenic detrital
grains and authigenic precipitates, which can form soil

Figure 5-16. Areas of Colorado with thick evaporite bedrock near or at surface and sites of historic gypsum mining,.
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