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1. INTRODUCTION

Volcanic ash soils formed from the weathering of materials ejected during volcanic eruptions.
They are found in regions with intense volcanic activity such as the Pacific Ring of Fire.
Approximately 60% of the soils in tropical countries are volcanic ash soils (Quantin, 1986;
Shoji et al., 1993).

Volcanic eruptions have occurred during the last 20,000 years in the Andes Range in
Colombia (Pleistocene and Holocene — Quaternary period). The location of major volcanoes and
the correlated distribution of volcanic ash soils are shown in Figure 1. In the central region, they
coincide with the Coffee Zone and the departments of Antioquia, Caldas, Risaralda and Quindio.
In the southwestern region, they are found in the departments of Tolima, Huila, Cauca, Valle del
Cauca and Narifio. And in the eastern areas, volcanic ash soils are distributed in a random
pattern (Bogota and Llanos Orientales). These deposits play an important role in agriculture,
especially for upland crop production.

2. ENGINEERING GEOLOGY

2.1. Source of material — ““Volcanic Ash”

Volcanic eruptions start with the ejection of pyroclasts. The cloud of pyroclasts is formed by
volcanic ashes which are made of solidified magma or crust fragments that range in diameter
from 0.2 um up to 2mm. The primary mechanisms in volcanic ash formation include magma
vesiculation (i.e. gases expand rapidly and generate voids called vesicles), magma fragmentation
by very high thermal or mechanical stresses generated by the interaction with near-surface water,
and comminution or pulverization of lava or crust materials from vent walls (Wohletz &
Krinsley, 1982; Buttner et al., 1999).

The energy liberated during the eruption determines the size and elevation reached by the
dust cloud. Volcanic ashes can raise several kilometers into the atmosphere and can be
transported hundreds of kilometers away from the source by strong wind currents. Some ashes
can remain suspended for days or months in the atmosphere. Particle shape (sphericity and
roughness), size and specific surface, chemical composition and electrostatic charge determine
travel distance away from the source and settling velocities (Riley et al, 2003).

Volcanic ash particles have an initial blocky or vesicular shape. Blocky particles have planar
surfaces resulting from the brittle breaking of frozen lava. Vesicular ashes have drop-like shape.
Friction and abrasion during transport tend to reduce roughness and increase sphericity.

The particle size distribution in deposited volcanic ash is correlated with traveled distance:
coarser ashes are found at shorter distances. However, small particles (diameter < 20 um) are
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often lightly attached to each other or to the surface of the larger particles through electrostatic
forces and capillary forces generated by fluids within the cloud (such as sulphuric acid H,SOy).
Such an aggregation contributes to the wide variation of grain size distribution commonly found
in ash deposits, and the presence of fine particles near volcanoes (Gilbert et al., 1991).

The mineralogy of volcanic ashes determines the mass density and the development of
electrical charge before deposition. Both light (Gs<2.8-3.0) and heavy (Gs>2.8-3.0) minerals are
present in volcanic ashes; light minerals dominate and represent between 70% and 95% of the
mineral content (Shoji et al., 1993). Most volcanic ashes contain (Nanzyo, 2004): volcanic glass
(Gs=2.2-2.4), felspars (Gs=2.6-2.7), quartz (Gs=2.6-2.65), hornblend (Gs=3-3.4), hypersthene
(Gs=3.2-3.9), augite (Gs=3.2-3.6), magnetite (G;=4.5-5), biotite (Gs=2.9-3.4) and apatite
(Gs=3.1-3.2). Volcanic glass predominates among of primary minerals; it has a poorly ordered
structure and exhibits very low resistance to chemical weathering (Tazaki et al., 1992; Shoji et
al., 1993).

Volcanic ashes can be classified by composition, with emphasis on total silica content. In
descending order of total silica content, volcanic ashes are catalogued as: rhyolite, dacite,
andesite, basaltic andesite and basaltic (Shoji et al., 1993). Colombian volcanic ash soils are
derived from andesitic and dacitic ashes that were rich in plagioclase, volcanic glass, amphibole
and pyroxene and poor in quartz (Arango, 1993).

2.2. Post-depositional processes — “Volcanic ash soils”

Volcanic ash soils are residual deposits that evolve in situ from volcanic ashes. The diagenetic
processes include the dissolution of base minerals, the precipitation of new complexes such as
clay minerals, and the development of a new structure, fabric and particle arrangement. A
schematic representation of the formation of these soils is shown in Figure 2.

Time and climate (precipitation, temperature, humidity and air flow) determine the evolution
of diagenetic processes. Old and highly weathered deposits are fine and clayey, while young and
lightly weathered deposits are sandy and coarse. The original mineralogy of volcanic ashes
affects the weathering rate. Acidic rocks such as quartz, feldspars, hornblende and micas are
more resistant to weathering than basic rocks such as olivine, pyroxenes and calcium plagioclase
(Townsend, 1985). Water availability controls dissolution and reprecipitation, the rate of
chemical reactions, and the efficient leachage of soluble components (Townsend, 1984,
Chadwick et al., 2003).

As weathering progresses, Si, Ca and Na are leached away, and the Al left behind prevails in
the composition of new minerals (Nanzyo, 2004). In arid areas, soluble weathering products
such as Si and base cations are leached from superficial areas and less soluble components such
as Al do not move. In humid regions, all main elements are leached from the top of the layer;
base cations, Si and Al reduce in amounts that depend on the parent material (Ziegler et al,
2003). In such humid environments, the formation of gibbsite and aluminosilicate clays is
minimized when there are high levels of organic matter that can preferentially absorb aluminum
(Shoji et al., 1993). The recharge of cations on the exchange complexes increases as rainfall and
leaching intensity increase. Leaching determines the rate of loss of cations and hence the rate of
acidification. Even though leaching depends on rainfall, it is more directly dependent on the
effective moisture, which is the relation between water holding into pores and leaching intensity
(Chadwick et al., 2003).

While leaching has controlled the formation of Colombian volcanic ash soil deposits, erosion
affects its accumulation. Therefore, the most abundant and thickest volcanic ash soil deposits
are found in cold regions while deposits of moderate thickness are found in warm and wet
environments (Arango, 1993). Moreover, slightly undulating and planar topographies have
contributed to the formation of thick deposits, while steep areas are characterized by thin
deposits due to erosion and stripping. The thickness of volcanic ash soil deposits in the Coffee
Zone varies from less than 1 m on 45° slopes to 10-to-20 m in flat areas (Terlien, 1997).

Colombian volcanic ash soils exhibit high spatial variability in their physical properties, such
as color, consistency, moisture, mineralogy, and dry density. Coarser grained deposits are found
closer to Pereira, while finer grained deposits are closer to Armenia due to their relative distance
to active volcanoes (see Figure 1). Higher sand content is commonly present in shallower layers
(young deposits) and higher clay contents are found in deeper older layers. High pyroxene
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content is correlated with sandy textures, while the abundance of amphibole leads to silty and
clayey textures (Arango, 1993). A general soil profile is shown in Figure 3.

2.3. Stress history

These deposits have not been pre-stressed by overburden. However, seasonal wetting-drying
cycles and associated capillary effects are pronounced in the Coffee Zone. The water table is
usually found deeper than 10 m, within the fluvio-volcanic layer. Seasonal changes in water
elevation ranges between 2 m and 4 m. A reddish thin seam of iron oxide is often found as an
indicator of a prehistoric water table. A perched water table above the contact between the layer
of volcanic ash soil and the underlying fluvio-volcanic layer can be found during rainy periods
as a result of the marked difference in hydraulic conductivity between the two layers.

The mechanical properties of Colombian volcanic ash soils are determined by their
structural formation features rather than by their stress history. In particular, their inherent
cementation governs their mechanical behavior, as discussed in subsequent sections.

3. PHYSICO-CHEMICAL PROPERTIES

The mineralogical composition of volcanic ash soils is characterized by the presence of clay
minerals that are uncommon in sedimentary soils. These minerals include: allophane, imogolite,
halloysite, ferrinydrite or Al/Fe-humus complexes, and opaline silica. Al/Fe-humus complexes
and opaline silica form in acidic environments (pH < 5) which are rich in organic matter.
Allophane, imogolite, halloysite, and ferrihydrite form in environments with 5<pH<7 and low
organic matter content (Ugolini & Dahlgren, 2004).

Volcanic glass is one of the main primary components in volcanic ash. It is
thermodynamically unstable and weathers readily. During a typical weathering sequence,
volcanic glass transforms into allophane, halloysite, methahalloysite, kaolinite and
montmorillonite (Fisher & Schmincke, 1984; Murray et al., 1977). This sequence suggests the
predominance of allophane in young volcanic ash soils and of halloysite in older deposits - for
the same parent material and weathering conditions.

The mineralogical analysis of Colombian volcanic ash soils shows the predominance of
volcanic glass, feldspar plagioclase and quartz in the coarser silt and sand fractions (Table 1).
The clay fraction contains hydrated halloysite (> 50%), moderate amounts of cristobalite, some
traces of feldspars and material non quantifiable by XRD (Figure 4). It is anticipated that
allophane is present in the percentage of clay material non quantifiable by XRD since the
sodium fluoride test used to identify the presence of allophane returned a positive result
(procedure as in Fieldes & Perrott, 1966): the indicator paper treated with phenolphthalein
turned red when a small amount of soil was added indicating that pH exceeds 9 as the sodium
fluoride caused the release of hydroxyl ions from the allophane in amounts much larger than
from other clay minerals.

Grain size distribution analyses (sieve and hydrometer) show the predominance of silt and
clay size particles (see Table 2 and Figure 5). However these results need careful interpretation
since particle size distribution results are strongly affected by specimen preparation in these
soils. Drying produces irreversible changes in structure and the extent of grinding determines
the size of surviving aggregations. Additionally, clay minerals such as allophone have a strong
flocculating tendency at pH=~6, and sodium hexametaphospate is only partially effective in
dispersing volcanic ash soils (Wesley, 1973; Maeda et al., 1977, Rouse et al, 1986; Shoji et al.,
1993; Rao, 1995). Data in Figure 5 are gathered using sodium hexametaphospate (ASTM D422-
63 1998) and confirmed with tests run with different concentrations of a commercially available
dispersant (Colloid 260 made by Rhéne-Poulenc).

The specific surface and pore size distribution of Colombian volcanic ash soils are
investigated using N, gas adsorption and desorption experiments (Nova 1200 Quantachrome).
Specimens are placed into a cell and outgassed at 100°C for a period of 4 h. During
measurements, the temperature is maintained constant in a liquid-N, bath. The measured
specific surface ranges between S;=147 m?g™ and S,=177 m?g™ (BET method). Additionally, the
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methylene blue adsorption method was used to obtain the surface available under wet conditions.
The specific surface values vary between S;=245 m?g™ and S,=360 m’g™. Both wet and dry
results evidence the presence of very fine clay particles, in agreement with the detected
halloysite and allophane components.

The equivalent particle dimension calculated from specific surface values varies between 6
and 9 nm for spherical particles (diameter=6/(S;pGs)), 4 nm and 6 nm for prismatic particles
(length>>width, width=4/(S;pG;)) and, 2 and 3 nm for thin platy particles (thickness=2/(SspGs)).

The pore size distribution is evaluated by applying BJH method to the N, gas desorption
isotherm data. Results show a peak for pore diameters ~25 nm and ~170 nm (Figure 6).

Scanning electron microscopy SEM provides further insight into structural features and the
distribution of particles and pores in undisturbed specimens. SEM images in Figure 7 show
clusters of particles with an equivalent diameter ranging between 2.5 um and 75 pum. Individual
particles become visible at submicron resolution and consist of randomly oriented halloysite
cylinders derived from volcanic glass weathering; they connect their extremes in a finger-like
pattern. The length of individual cylinders varies between 0.46 and 0.66 um and their mean
diameter is 0.1pum.

The large pores observed in SEM images (Figure 7a) have an equivalent diameter ranging
from 4.5 um to 10 um. Pores between clusters have an equivalent diameter of ~0.5 um to ~2 um.
At the particle level, pores are controlled by the arrangement of individual particles and are
smaller than 500 nm.

The in situ pH is 6.5, in agreement with allophane, imogolite (pH=5 - 7, Wada, 1989) and
halloysite formation (pH=5.7 — 7.1, Wada, 1990). The cation exchange capacity CEC is
determined by Na exchange at the in situ pH. The CEC increases as the clay content increases
with depth: CEC=11.9 cmol(+)/kg for the z=5.5 m specimen, and CEC=38.7 cmol(+)/kg for the
z=7.0 m specimen. These results are similar to those reported for volcanic ash soils in Costa
Rica (CEC=20 - 50 cmol(+)/kg — Wada, 1989) and Honduras (CEC=50.0 cmol(+)/kg —
Fassbender, 1987). Halloysite, the most abundant clay mineral in these soils, is responsible for
the measured cation exchange capacity.

The water retention properties reflect the interaction between the mineral, the fabric and
water. The filter paper, salt solutions and porous plate techniques are used to determine the
water retention curves of Colombian volcanic ash soil specimens. Results are presented in
Figure 8 for specimens gathered at two depths. The pronounced differences between these
results confirm the high variability in soil properties with depth.

The characteristic curve for the shallower, coarser and denser specimen (z=5.5 m) is in a
narrow range of water content (w,= 10%-t0-43%). The characteristic curve for the deeper, finer
and more porous specimen (z=7.0 m) covers a wide range of water content (w,= 46%-t0-110%).
Both specimens exhibit moderate changes in suction when the moisture w>wp. The high water
retention capacity in these soils is associated to the high specific surface, pore structure and pore
size distribution, and the presence of allophane minerals that may retain water inside the hollow
spherules (Lu & Likos, 2004; Ranst et al., 2002).

4. STATE AND INDEX PROPERTIES

Volcanic ash soils are characterized by very high void ratio, water retention and high plasticity.
Reported index properties of volcanic ash soils around the world and in Colombia are
summarized in Table 2, including values gathered as part of this study.

Drying and remolding alter the properties and behavior of volcanic ash soils and render the
traditional soil classification methods inadequate (Knight, 1986). In the undisturbed state,
volcanic ash soils appear as a low water content silty sand with little or no plasticity. However,
they lose particle bonding when remolded, their moisture becomes apparent and they exhibit a
highly plastic behavior (see also NZ Geotechnical Society, 2003).

Drying alters plasticity and water retention. The high plasticity in the natural condition
decreases after either air or oven drying as is shown in Table 3. The loss in plasticity depends on
the initial water content, drying temperature, and the duration of desiccation (Warkentin &
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Maeda, 1974; Maeda et al., 1977; Wada & Wada, 1977; Lohnes & Demirel, 1983; Wells &
Northey, 1984; Townsend, 1985; Moore & Styles, 1988; Wells & Theng, 1988; Wesley, 1996;
Pandian et al., 1993; Shoji et al., 1993; Wan et al.,, 2002; Wesley, 2003). The extent of
irreversible plasticity loss remains unclear.

Plasticity data for Colombian volcanic ash soils are plotted in Figure 9. The data fall below
the A-line. While halloysite renders low liquid limit and plasticity, the presence of allophane
increases the Atterberg limits of these soils (Rao, 1996).

5. ENGINEERING PROPERTIES

5.1. Zero lateral strain k, loading (Constrained modulus)

The constrained modulus of Colombian volcanic ash soils is measured in oedometer tests
carried on undisturbed and remolded specimens made of material extracted as block specimens
(Coffee Zone — Manizales). Undisturbed specimens are carefully hand-trimmed to minimize
disturbance. Remolded specimens are formed with oven-dry, crushed material. Tests are
repeated with different size fractions to explore the effects of the degree of remolding.
Undisturbed specimens are tested at their natural water content and under saturation condition.

Undisturbed specimens are saturated before loading by submerging them in water while
monitoring changes in specimen height; no volumetric changes are registered as capillary forces
vanish. Remolded specimens are saturated at o,’=72 kPa which corresponds to the in situ
vertical stress.

Characteristic results are presented in Figure 10. The e-c,” trend for the undisturbed
specimens starts at a high void ratio (e= 3.7). The yield stress is reached at o,’= 200-to—300
kPa; following from previous discussions, it is anticipated that this yield stress is not due to pre-
loading but to the physical-chemical formation history (see also Wesley, 1973 and 2001).

The low stress o,"'<c,” compressibility is low (C.= 0.19-t0-0.29) as inherent cementation
inhibits compression (there is not suction in saturated specimens). The application of a high
vertical stress o, >c,” damages interparticle bonds, and the sediments gain the high
compressibility (C.= 1.11-to-1.22) expected for high void ratio clayey soils. Unloading and
reloading follow similar paths and the recompression coefficient varies between C,= 0.08 and
Ci=0.12.

Remolded soil specimens are prepared to attain the highest possible void ratio in order to
resemble the open structure in undisturbed specimens. However, it is not possible to repack soil
grains at a void ratio higher than e=2.2-to-2.7 (Figure 10). The e-c,” behavior is stress
controlled in all the stress range and remolded specimens exhibit high compressibility (C.=
0.35-t0-0.61).

The role of stiffness on the time-rate of consolidation is highlighted in Figure 11 where the
value of C, for each loading stage is plotted versus o,” (undisturbed specimens). At low stress
o, <oy, consolidation occurs fast and the C, coefficient varies slightly with stress; its value
C,=2.0-t0-2.4 cm?s? is similar to silts. Beyond the yield stress o,>c,", the cemented soil
skeleton deteriorates and the consolidation rate becomes markedly slower approaching values
similar to clays (C,=0.022-t0-0.056 cm’s™).

5.2.  Small-strain stiffness — Shear wave velocity

The oedometer tests reported above are performed in a cell instrumented with bender elements
to study the evolution of stiffness in both undisturbed and remolded specimens during loading,
unloading and reloading. Characteristic results are summarized in Figure 12.

Saturated undisturbed specimens show very low Vi (;psitivity to effective stress at low stress,
o, <oy . Assuming a power equation V, = a\o, kPaS) , the B-exponent is very low ($=0.059),
in agreement with particle cementation (in the absence of suction). When the vertical stress
exceeds the yield stress ,">c,’, the B-exponent increases to 3=0.28. This denotes the sudden
structural decementation and decisive volume change with increased stresses. For comparison,

5/13



the remolded specimens exhibit high B-exponent (=0.50) within the applied range of vertical
stress.

In spite of the cementation in undisturbed volcanic ash soil specimens (high void ratio), their
shear wave velocity is lower than the shear wave velocity of remolded specimens (lower void
ratio) in the typical stress relevant for engineering applications (c,">100 kPa). It is important to
note that cemented sands and silts have higher shear wave velocity than their uncemented
counterparts at all stress levels. This unique characteristic of volcanic ash soils remarks their
exceptional formation history.

5.3.  Shear strength

The shear strength of Colombian volcanic ash soils depends on the degree of diagenesis. The
drained shear strength of saturated undisturbed specimens is studied using direct shear and
undrained triaxial compression tests. These silty specimens (location: Manizales; depth: 5.5 m)
have a void ratio e=1.34, and a high amount of primary minerals such as volcanic glass and
plagioclase feldspar which denote a young soil.

Direct shear test results are shown in Figure 13. The peak shear strength shows a friction
angle ¢=32°-34°. For comparison, published friction angle and undrained strength data are
summarized in Table 4.

Consolidated undrained triaxial test data gathered for saturated undisturbed specimens are
shown in Figure 14 (location: Manizales; depth: 5.5 m). The first yield is observed at £,~0.2%.
The brittle strain-stress response reaches the peak at an axial strain of £,22%. The critical state
line has a slope of M=1.2 which corresponds to an axial-compression friction angle of ¢=30°.

5.4. Insitu testing: penetration resistance

In situ SPT data provide further information into the peculiar properties of Colombian volcanic
ash soils. In general, SPT values are lower than N=10, and they usually range between N=4 and
N=8. The interpretation of SPT results needs careful consideration for volcanic ash soils: the
SPT induces a high strain level that is not representative of common engineering conditions and
fails to sense the low compressibility of volcanic ash soils. Maeda et al. (1977) proposed the
following correlation between the N-value of allophanic soils and the bearing capacity g.=(2 to
2.5)N. The coefficient is higher than that found for non-volcanic soils at the same water content
(i.e. 1t01.3).

5.5. Hydraulic conductivity

A wide range of hydraulic conductivity values has been reported for Colombian volcanic ash
soils (Table 4). In general, volcanic ash soils tend to be more permeable than it is expected for
soils with such a high specific surface (Wesley, 1977). This is related to the intercluster porosity
(Figure 7).

The hydraulic conductivity values inferred from consolidation data range between k=7x10%-
to-13x10® m/s for undisturbed specimens at low stress oy’ <o,". The hydraulic conductivity
appears stress-dependent beyond the yield stress, and it decreases markedly, reaching k=1.9x10
®m/s at 5,’= 636 kPa.

It has been observed that environmental changes modify conduction properties in volcanic
ash soils. In particular allophonic soils develop positive surface charge at low pH and tend to
swell; this causes a decrease in large pores and a reduction in hydraulic conductivity (Ishiguro &
Nakajima, 2000). Wet-dry cycles can have an important effect on hydraulic conductivity of
shallow layers through the formation of fracture networks.

5.6. Electrical conductivity

The electrical conductivity of the pore fluid determines the electrical conductivity of the
sediment, yet reduced by the porosity and the degree of saturation (Archie’s law). lonic
concentration and valence define the pore fluid conductivity. The double layer around minerals
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adds surface conduction: the higher the specific surface of the soil the higher the contribution of
surface conduction.

The electrical conductivity og of the pore fluid in Colombian volcanic ash soils varies
between o¢=0.21 dS/m and o¢=0.23 dS/m for specimens at z=5.5 m and z=7.0 m, respectively
(Location: Manizales). These values indicate low ionic concentration which may be a
consequence of good drainage conditions. The equivalent osmotic pressure derived from
electrical conductivity values is n=7.6 kPa and n=8.4 kPa (according to McBride, 1994) and
7©=6.0 kPa y 1=6.6 kPa (according to USDA, 1950).

The high resolution electrical profile shown in Figure 15 is measured from the top towards
the bottom of the specimen (height=4 cm) using an electrical needle probe (diameter: 2.18 mm,
Lee et al. 2005). The uniform profile suggests high homogeneity at the meso-scale.

5.7.  Thermal conductivity

The thermal conductivity of dry soils is related to porosity, contact quality, and degree of
saturation. The thermal conductivity k; of undisturbed Colombian volcanic ash soils is measured
using the thermal needle probe technigue (Yun & Santamarina, 2005). Results show an average
value of k; =0.71 W/mK for a water content w,=115%. The volume fraction of air for this
specimen is V/V~0.13, and the trend by Tang et al. (2005) predicts k~0.85. Results reported
for other volcanic ash soils include: Japanese allophanic soils k; =0.5 — 0.7 W/mK, Japanese
andisols k; =0.6 — 0.8 W/mK (Maeda et al., 1977), and Chilean andisols k; =0.84 — 0.94 W/mK
(water content ranging between w,=30% and w,=33% — Antilen et al., 2003).

6. ENGINEERING PROBLEMS

6.1. Degradation due to drying and wetting cycles

Dessication effects depend on climatic conditions (evaporation rate, temperature gradients,
precipitation, etc.), water table and vegetation (Naser & Drobroslav, 1995). Colombian soils in
the Coffee Zone are subjected to frequent drying and wetting cycles. Typically, a long rainy
period occurs during April-May, and a second one in October-November. Each of these wet
periods is followed by a severe dry period.

These sequential dry-wet periods lead to dessication crack formation as it is readily observed
in all exposed cuts (Figure 16). The desiccation of a saturated soil and the development of
desiccation fractures progresses in stages:

o First, water evaporation increases suction and the soil contracts while the surface remains
saturated (Aitchinson & Colmes, 1953). During this stage, the volume change equals the
moisture loss, and it is determined by the clay content, mineralogy, texture and structure
(Aitchinson & Holmes, 1953; Baer & Anderson, 1997).

o As the soil gets denser, the resistance to contraction increases and air finally enters into the
soil structure, and desiccation propagates into the soil volume at almost constant volume; this
is the upper limit of residual contraction (Aitchinson & Holmes 1953; Bronswijk, 1991;
Colina & Roux, 2000). Particle aggregation due to drying transforms microspores into
macrospores and results in a reduction of the water-holding retention capacity.

o During the last stage of the desiccation, the soil volume remains constant and water loss
equals air volume entering into the soil. The transition between the residual contraction and
the null contraction stages is defined as the lower limit of residual contraction (Bronswijk,
1991; Colina & Roux, 2000).

o The spatial variability of moisture content produces differential suction stresses and local
contraction leading to crack formation. Cracks grow in length as well as in depth until the
contraction is insufficient to cause further crack propagation.

o New cracks propagate towards preexistent cracks intersecting them at ~90°. Secondary
cracks are usually initiated at the middle of the longest side of a preexistent block where
contraction is highest (Morris et al., 1992; Jagla, 2004).
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Therefore, dessication cracks form a pattern of polygonal blocks (with 4 — 6 sides) with a size
that is proportional to the width of the drying layer (Colina & Roux, 2000; Jagla, 2004).

Large cracks are more prone to form than shorter ones because larger cracks need lower
contraction to propagate. The contraction across a crack is inversely proportional to the square
of the crack length [L]®. Moreover stresses redistribute in the presence of adjacent cracks
(Morris et al., 1992).

Dry conditions cause irreversible aggregation and crack formation on slopes in volcanic ash
soils. In fact, altitude and slope orientation towards the sun are the main factors influencing the
deterioration of slopes in the Colombian Coffee Zone (Imeson & Vis, 1982).

Drying (11 hrs) and wetting (1 hr) cycles are imposed Colombian volcanic ash soil specimens
to corroborate the effect of dessication cycles on slope deterioration. Specimens are 50 mm
large cubes trimmed from undisturbed block samples. Results are summarized in Figure 17. The
data in Figure 17-a show the controlling effect of temperature on water loss. The data in Figure
17-b show the effect of temperature and cycles: no cracks are observed after 9 cycles when
drying cycles take place at T=20°C, 30°C or 40°C. However specimens show large fractures
after the second drying cycle when T=45°C, and after just the first drying cycle when T=50°C.

6.2. Compaction and collapse upon saturation

Figure 18 shows the compaction curve for a relatively young and dense specimen (e,=1.3 —
location: Manizales, depth: 5.5 m). Older, finer and more porous volcanic ash soils tend to
exhibit even more elusive peaks. In fact, an old volcanic ash soils that have not experienced
severe desiccation may not display a distinct maximum dry density or an identifiable optimal
water content. However, even in this case, the compaction response becomes more conventional
after drying and rewetting. Apparently, suction induced aggregation renders a less plastic
material made of silt-size clusters. The natural moisture content in the field is typically wetter
than the optimum water content obtained in the laboratory with previously dry material.
Therefore construction procedures require drying before compaction.

Distinct construction techniques have been developed for these soils to control the
compaction effort and the extent of drying. The compaction energy has an important effect; as
the number of blows increases or heavy machinery is used in field, soil strength reduces
markedly during compaction as the soil structure is progressively destroyed and water is
released (Wesley, 2003).

These observations suggest that conventional compaction specifications are not applicable to
these materials. Dr. Millan (Personal Communication — Pereira) has successfully demonstrated
through numerous case histories an alternative approach that consists of excavating the borrow
material and placing it with minimal disturbance. Low energy, light compaction equipment is
used to attain a density similar to the original one in situ and at the same natural water content.

This methodology is experimentally evaluated using oedometric tests. Figure 19 shows the e—
o, response of the specimen compacted to the in situ density and water content. The structural
stability of an identical specimen is evaluated by enforcing saturation at ,” =100 kPa. The load-
deformation response is very similar for both specimens and there is only a small volume
reduction upon saturation at o,” =100 kPa (collapse index I.=Ae/(1+e,)=0.33%).

Additional tests are run to determine the collapse potential of intact soil (ASTM: D5333,
1996). Several undisturbed, unsaturated specimens are loaded to preselected values of vertical
effective stress (o,'=100-t0o-1600 kPa). Then, specimens are saturated. Results in Figure 20
show contraction in all cases, with a small collapse index I, <1%. This low collapse potential
confirms the presence of insoluble cement bonding.

6.3. Slope stability

Cementation and suction are important contributors to slope stability in volcanic ash soils.
Natural slopes in these deposits tend to be much steeper than those in sedimentary soils. In fact,
natural and man-made slopes in Colombian volcanic ash soils may exceed 20 m with slopes
angles higher than 60° (Forero et al., 1999; Redondo, 2003) even thought, friction angles are
lower than @~34°. However these slopes and cuts are susceptible to gradual instability and
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surface degradation depending on the climatic conditions and vegetation cover. The orientation
of the slope with respect to the sun has a decisive effect.

Freguent landslides in the Coffee Zone have produced many deaths and economic losses. The
most common trigger mechanisms are: heavy rainfalls and earthquakes, aggravated by loss of
forest cover, non-planned land use, and poor waste water management. The annual precipitation
in the Coffee Zone ranges between 1500 mm and 2250 mm. Rainfalls higher than 70 mm in one
or two days (Terlien, 1997; Cuadros & Sisa, 2003) triggers shallow landslides with depth<1.5 m.
Deeper landslides are triggered by precipitation higher than 200 mm during 25 days followed by
a low daily rainfall (< 50 mm - Terlien, 1997). Slope failures also occur after a heavy rainfall
during a very dry period (January-February and July-August).

Shallow slope failures in Colombian volcanic ash soils develop a planar, translational slide.
Deeper failures (3-to-10 m) present more irregular slide surfaces. The sliding surface is
commonly formed along the contact between the volcanic ash layer and the underlying fluvio-
volcanic deposit (Forero et al., 1999; Cuadros & Sisa, 2003). Dramatic permeability differences
between these layers lead to an increase pore pressure in perched water tables (Ng et al., 2003).
In addition, the network of dessication fissures fills during rainfalls and prompts failures.

High magnitude earthquakes have high recurrence in the Coffee Zone. Manizales is 15 km
away from seismotectonic zone capable of generating earthquakes at depths ranging between 10
km and 13 km and Richter magnitudes greater than 6 (Valencia, 1988). In this region,
earthquakes have triggered slides in steep slopes in both residual and colluvial materials (Terlien,
1997). The distance from the epicenter, frequency and event duration determine the earthquake
effect on slope stability. Rodriguez (2002) shows that slope failures in volcanic ash soil deposits
are triggered when the seismic peak velocity of 0.09 m/s for earthquakes originate in the
Subduction Zone, or when the seismic peak velocity exceeds 0.23 m /s for earthquakes that
originate in the Earth’s crust (Redondo, 2003).

7.  CONCLUSIONS

e The evaluation of volcanic ash soils for engineering applications demands a rigorous
understanding of their structure, mineralogy, and formation history.

« Volcanic ash soils result from the in-situ diagenesis of volcanic ashes. The main processes
involved are the dissolution of original minerals, selective leachage, and re-precipitation of
new minerals.

« Diagenesis produces changes in particle size (from silt and sand size to clay-size), increase in
void ratio (from e<1 in volcanic ash, to e>2 in volcanic ash soils), and changes in mineralogy
(from initial volcanic ash minerals, to allophane, imogolite and halloysite).

« Volcanic ash soils have a cemented, highly porous granular structure, with low stress
dependent stiffness and low compressibility below the yield stress. Inter-particle aggregation
imparts a misleading silt-like soil appearance.

o The unique formation history affects all forms of conduction, including hydraulic, thermal
and electrical.

o Stress-strain behavior varies considerably when soils are disturbed (i.e. overloading, drying,
etc.). Geotechnical problems and construction technigues associated with these materials are
directly linked to the magnitude of the disturbance produced.

o Traditional classification methods are inadequate for volcanic ash soils. Drying and
remolding practices modify plasticity, stiffness, strength. Likewise, data from in situ tests
require careful interpretation.

o The water retention potential of volcanic ash soils reflects the formation history. Mature
volcanic ash soils have inter-aggregate and intra-aggregates porosity and high clay content,
and develop high suction.

o High and steep natural and man-made slopes in the field manifest the contribution of both
cementation and suction to soil strength.

« Drying and wetting cycles cause dessication cracking and soil deterioration. The effects
depend on temperature and the duration of the drying period. Dessication cracking is the
prevailing mechanism in the degradation of slopes and cuts.
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« Compaction causes desegregation, the release of water in pores, and the manifestation of the
soil as a high specific surface clayey sediment. Alternative compaction techniques have been
suggested for volcanic ash soils, including minimal compaction to preserve the in situ soil
structure.
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Table 1. Mineralogical composition (Location: Manizales. Depth: 7.0 m)

Fraction | Test Mineral z=15m z=55m z=7.0m

Halloysite — 10A > 50% ~ 74% ~ 65%
~—~ C .
< 3 8 Mica - ~ 9% ~12%
Q . -

g9 S Critobalite 15— 30% Traces ~ 20%

s Y £

pgp= o Feldspars Traces - -

= e ) :

o g ; Minerals 2:1, 2:2 - ~14% Traces
= Non quantifiable material by Present but non i i
XRD guantifiable

S Volcanic glass 18% 20% 22%
[<5]
§ Feldspar plagioclase 51% 45% 17%
c g Hornblend 21% 24% 8%
s 8
B Ei i = Hyperstone 4% 4% -
£3 £9
s N =g Magnetite Traces 4% 49%
— @ D
§ 3 S = Biotite Traces 2% 3%
E Lamprobolite Traces Traces Traces
‘D
? Tuff fragments 6% - -
< Lithic fragments Traces - -

Note: See similar results in Arango, 1993.



Table 2 Volcanic ash soils in Colombia and around the world - Index properties

Properties Colombia Other countries
6 India [19]
46-52 USA [5]
pH gi _ gg E} 36-8 Japan [18]
5'1 _ 5.8 [4] 48-72 New Zealand [14]
' ' 57-6.2 Java [22]
58-6.7 Hawaii [23]
2.47-2.65 [4] | 258-2.59 Ecuador [13]
G; 1.92 -2.67 [1] | 2.67-2.74 Japan [11]
2.50 - 2.67 [28] | 2.28-2.65 Fiji [7]
2 -1 50 - 250 Japan [18]
Sa[mg’] 170-340 [28] | 5g Allophane (N, adsorption) - [17]
20-7.0 [3] 24-53,15-8 Indonesia [25, 27]
11-19 (211} 19 _ 41 allophane predomi i
: . phane predominant India [20]
¢ 20-217 [411 30-57,10-6.1 Ja
. 7,1 . pan [6, 9]
0.88 - 3.62 (11 1866 Java [22]
1.3-38 [28] | )
80 — 200% [3] | 50— 300% Indonesia [27]
W, 16 — 90% [1] | 50 - 100% India [19]
29-119% [28] | 102 — 205%, 40 — 50%, 27 — 184% Japan [6, 11, 9]
70 — 110% halloysite predominant Indonesia [25]
85 — 190% allophane predominant Indonesia [25]
52 — 64% [4] | 95— 107% halloysite predominant New Guinea [10]
W 60 — 70% [12] | 156 — 165% allophane predominant New Guinea [10]
L 120 - 250 % [15] | 179 - 187% Indonesia [26]
37 -117% [28] | 80-213% India [19]
72 —159%, 31 — 40% Japan [18, 11]
105 - 107% Ecuador [8]
55 — 75% halloysite predominant Indonesia [25]
27 - 33% [4] 65 — 150% allophane predominant Indonesia [25]
45 — 50% [12] 65 — 73% halloysite predominant New Guinea [10]
Wp 119 - 129% allophane predominant New Guinea [10]
70-150% (151 | 139 _ 1499% Indonesia [26]
25-90% [28]
40 - 100%, 17 — 20% Japan [18, 11]
~ 60% Ecuador [8]
50 — 80% India [16]
St 65-85% (28] | J 95% Japan [6]
8.70 (sandy silt) [21]
10.7 (silty sand) [21] | 40-7.2,38-12.7 Japan [6, 9]
Yary [KN/mM?] 7.0-84 [4]79-98 Fiji [7]
45-1338 [1] | 43-76 Java [22]
5.7-138 [28]
15.1 (sandy silt) [21] | 13.3-149 India [19]
Yeat [KN/M®] | 16.1 (silty sand) [21] | 11-14 Ecuador [13]
12.8-13.1 [28] | 21.8-25.7 Japan [9]
s | Sand | 5-40% 0-30%  25-59% * New Zealand [20]
3 Silt | 55-70% [28] | 52-76%" 23-51%" ** \West Indies
L | Cly | 5-25% 21— 42% 17— 19%" and Japan [24]
References: [1] Arango, 1993, [2] Benavides, 1982, [3] Forero et al., 1999, [4] IGAC, 1996, [5] Johnson-Maynard et

al., 1997, [6] Kitazono et al., 1987, [7] Knight, 1986, [8] Mendoza, 1985, [9] Miura, 2003, [10] Moore
and Styles, 1988, [11] Moroto, 1991, [12] Olarte, [13] O’Rourke and Crespo, 1988, [14] Parfitt and
Kimble, 1989, [15] Rivera J.D., 2003, [16] Rouse et al 1986, [17] Shoji, 1993, [18] So, 1998, [19] Rao,
1995, [20] Rao, 1996, [21] Terlien, 1997, [22] Van Ranst et al., 2002, [23] Wada, 1990, [24] Warkentin

and Maeda, 1974, [25] Wesley, 1977, [26] Wesley, 2001, [27] Wesley, 2003, [28] This study.



Table 3 Drying-induced changes in Atterberg limits

Properties Condition Colombia Ecuador 2 New Guinea !
117% 5]
81-94%  [4]

Halloysite predominant: 95 — 107%

— 0, — 0,
Natural 112-183%  [1] 105 -107% Allophane predominant: 156 — 165%

104-200% [1]
97-111%  [1]

W 59% 5]
74 - 76% [4] . N 0
ovnars | sToaws [} | swe | Heloveveconnnt oo
51-66%  [1] phane p :
64 — 70% [1]
90% [5]
45 - 50% ﬁ | ]
1 Halloysite predominant: 65 — 73%
- 0, ~
Natural 82 - 113% [1] 60% Allophane predominant: 119 — 129%
57 - 98% []
— 0,
We 73-76% []
46% [5]
42 — 45% [4] . e 70
Oven dried 46 — 80% [1] 46% Halloysite predominant: 46 — 47%

o
49 — 64% [1] Allophane predominant: 42%

56-58%  [1]

References: [1] Arango, 1993, [2] Mendoza, 1985, [3] Moore and Styles, 1988, [4] Rivera,
2003, [5] This study



Table 4 Engineering properties of volcanic ash soils (Colombia and worldwide)

Properties Colombia Other countries
5
8.1x107-16x10°  [3] 20107 Ecuador [4]
8.1x107 (sandy silt)  [10] 3,0x10 Costa Rica [4]
k [m/s] 44510 (il ian o [o] 1.0x10°° - 1.3x10°® halloysite predominant Indonesia [11]
o Oxlgxg [6] 0.8x10° - 2.7x10® allophane predominant Indonesia [11]
' 1.4x10°-5.6x10° Dominica [8]
26-43 [5]
o 29 — 39 (silty sand) [10] 30-40 Indonesia [12]
0[] 2229 (sandy silt)  [10] 29 - 41 Dominica 7]
30-38 [6]
65 — 200 Indonesia - NZ [12]
26 — 309 1
qu [Kpa] 25 _ 135 EG} 100 - 230 Japan [4]
20 - 160 Japan [5]
100 - 210 [2]
Vs [m/s] 100 — 180 [13] 135-175 Japan [9]

References: [1] Arango, 1993, [2] Forero et al., 1999, [3] Imeson and Vis, 1982, [4 ] Maeda et
al., 1977, [5] Moroto, 1991, [6] Olarte, [7] Rao, 1995, [8] Rao, 1996, [9] Sahaphol
and Miura, 2005,[10] Terlien, 1997, [11] Wesley, 1977, [12] Wesley, 2003, [13]

This study.
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Figure 1 Spatial distribution of volcanoes (A) and volcanic ash soils (shaded area) in
Colombia (modified from IGAC, 1995). About 12% of the national territory is
covered with volcanic ash soils.
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0.0m

Pale yellow soil, apparently formed by sand and silt
size particles. It exhibits plasticity upon remolding. A
red stiff and thin seam of iron oxide may be present
as a marker of an old w ater elevation.

few meters
Dark yellow soil mainly made of high plasticity

clay, formed from volcanic ash deposited

betw een 4,000 and 6,000 years ago. The deeper
layers w ere formed from materials ejected

betw een 6,000 to 8,000 years ago.

10-to-30 m

Residual layer originated from w eathering of fluvio:
volcanic materials. It has nodules w hich are
remanents of pyroclasts (diameter > 64 mm).

Figure 3 Typical profile of volcanic ash soils in Colombia. General rule: deeper and older — finer and
more clayey
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Figure 4  X-ray diffraction patterns for different specimen preparation methods (Location: Manizales.
Depth: 7.0 m)
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Figure 6 Pore size distribution of Colombian volcanic ash soils (Location: Manizales. Depth: 7.0 m)
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Figure 7 SEM images obtained at different magnification (Location: Manizales. Depth: 7.0 m)
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Figure 8  Characteristic water retention curves for Colombian volcanic ash soils (Location: Manizales.
Depth: z=5.5 m and z=7 m). Results using filter paper technique FP are interpreted following
the different listed authors.
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Figure 9 Plasticity of Colombian volcanic ash soils (Data for Pereira gathered by Uniandes, 2001)
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Figure 12 Shear wave velocity vs. effective stress. a) Undisturbed specimen saturated at zero
confinement. b) Remolded specimen prepared with ground material passing sieve No. 200
and saturated at o”,=72 kPa (specimen from: Manizales. Depth: 7.0 m)
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Figure 14 CU triaxial test data — Saturated specimens (Location: Manizales. Depth: 7.0 m)
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Figure 16 Gradual degradation of slopes (Pictures taken at Pereira — Armenia road)
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Figure 17 Drying and wetting cycles — Damage. (Location: Manizales. Depth: 7.0 m). (a) Moisture lost in
once cycle. (b) Multiple cycles and crack formation
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Figure 19  Oedometric test for remolded specimens prepared with grains passing sieve #40. One
specimen is loaded at the in situ water content w,=31%. The other is loaded to ¢,"=100 kPa
and saturated before further loading. (Location: Manizales. Depth: 5.5 m)
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Figure 20  Collapse potential — Undisturbed specimens (Location: Manizales). For comparison values
of collapse index I, are shown for remolded specimens formed with different size fractions.





