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LETTER

A low-load, high-temperature deformation apparatus for volcanological studies
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ABSTRACT

We describe a new experimental apparatus designed to perform high-temperature, low-load (<1136
kg) deformation experiments relevant to volcanology. The apparatus accommodates samples that
are up to 7.5 cm in diameter and 10 cm long, and can be used to run constant displacement rate and
constant load experiments. The rig is ideal for volcanological studies because it uses experimental
conditions that closely match those found in volcanic processes: temperature (25 to 1100 °C), stress (0
to >50 MPa), strain rates (107 to 1072s), and total strains of 0 to >100%. We present experimental data
that show how total strain (&) is distributed in pyroclastic material during welding. Our experiments
use cores of analogue (glass beads) and natural (ash and pumice) materials. Coaxial deformation of
the glass beads involves equal amounts of axial (g,; volume strain) and radial (¢,; pure shear strain)
strain until 40% strain where porosity is reduced to less than 10%. Radial strain dominates at this
point. Natural materials show a different pattern because both the matrix and clasts are porous. High
ratios of €, to €, are maintained until all porosity is lost (€ = 80%). The implication is that welding
in pumiceous pyroclastic deposits proceeds mainly by volume strain; in natural materials, pure shear
strain is minimal except in special circumstances.

INTRODUCTION

Experimental methods for studying deformation processes in
rocks at elevated temperatures (7) and high confining pressures
(P) are well-established (e.g., Handin et al. 1972; Tullis and Tul-
lis 1986). In particular, rock deformation presses have provided
an effective means of studying mechanisms of flow in both
crustal (e.g., Rutter 1993) and mantle (e.g., Karato et al. 1998)
environments. Despite the importance of rheology to volcanic
processes (e.g., Bagdassarov et al. 1994; Dingwell 1998), with
few exceptions, these experimental techniques have not been
exploited by the volcanological sciences. High-T deformation
experiments can supply data pertinent to the formation and col-
lapse of lava flows and domes (e.g., Spieler 2003), the transport
and fragmentation of magma in conduits (Tuffen et al. 2003),
or the high-T rheology of pyroclastic material (e.g., Boyd 1961;
Friedman et al. 1963; Yagi 1966; Bierwirth 1982; Quane et al.
2002, 2003; Grunder et al. 2003).

The purpose of this paper is threefold. First, we introduce
the volcanology deformation rig (VDR), which is designed for
high-T, unconfined, low-load deformation experiments (Quane et
al. 2002, 2003). The range of experimental conditions available
to this apparatus make it ideal for replicating conditions associ-
ated with volcanic processes (e.g., T, load, strain rate). Second,
we demonstrate its capacity for reproducible experiments that
return real material properties. Lastly, we demonstrate the data
that can be collected using a series of constant displacement
rate experiments on cores of glass beads, volcanic ash, and
pumice. Welding of pyroclastic deposits is an ideal process for
experimental study because the conditions attending welding
in natural systems, including timescales, stresses, strain rates,
total strain, and temperature, are all attainable experimentally.
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Consequently, the experimental results can be applied directly
to natural processes.

EXPERIMENTAL APPARATUS

The base unit of the VDR (Fig. 1) is a LoadTrac II loadframe manufactured
by Geocomp Corporation. The unit performs both constant displacement rate and
constant load tests. Displacement is achieved by controlling the position of the
bottom platen using an electronic stepper motor with a displacement speed range
from 5 x 10 to 2.5 x 102cm/s and measured using a built-in linear variable dif-
ferential transformer (LVDT) displacement transducer with a 7.6 cm travel range
and 0.00013 c¢m resolution. Load is measured using an S-type load cell attached
to a fixed crossarm (Fig. 1). Samples can be loaded at rates from zero to 1.9 kg/s,
and the maximum attainable load is 1136 kg with 0.086 kg resolution. The unit is
factory calibrated for apparatus distortion during loading. An internal processor
applies calibration factors for displacement (determined using a gauge block) and
load (determined using a proving ring), thereby converting raw data into corrected
output. Experimental output (e.g., measurements) can be collected every 0.01 s
throughout the experiment. This stand-alone base unit has been modified to allow for
running deformational experiments at magmatic temperatures on both consolidated
and unconsolidated material.

Sample assembly

The piston and sample assembly have been constructed to facilitate high-T
experiments (e.g., >500 up to 1100 °C; Fig. 1) on large samples. The VDR accom-
modates cylindrical samples having maximum diameters and lengths of 4.95 and 10
cm, respectively (Fig. 1). The upper piston is machined from Rescor 960 alumina
(diameter = 4.95 cm; length = 17.75 cm) and is suspended from the load cell by a
2.5 cm length stainless steel threaded spacer. The lower piston is identical but shorter
(10.16 cm in length). The alumina is insulating and retains its high compressive
strengths (415 MPa) at temperatures up to 1650 °C. A tapered hole was machined
through the center of the lower piston to accommodate a type-K stainless steel
sheathed thermocouple. The lower piston is seated on a 15.25 cm diameter, 10 cm
high, stainless steel cylinder that has a notch for the thermocouple wire.

The experiments in this study were performed on non-jacketed cores of coher-
ent material (e.g., pumice blocks), however, the VDR can be used to experiment on
unconsolidated materials, such as unsintered volcanic ash. Unconsolidated material
is wrapped tightly in a jacket of 0.25 mm steel foil. Additionally, to ensure only
volume strain during the experiment (e.g., no bulging) the sample can be inserted
into a graphite-lubricated, type L copper tube.
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FIGURE 1. Schematic representation of the Volcanology Deformation
Rig (VDR). Base unit is a Geocomp Corporation Load Trac II load frame
with LVDT displacement transducer (1), and load cell with an 1136 kg
limit (2). Basic load frame is modified for high-7 experiments by adding
thermocouple (3), fiber-insulated furnace (4), and temperature controller
(5). The sample assembly comprises a steel spacer (a) attached to the
load cell and two high temperature ceramic pistons (b) located above
and below the sample (c).

Furnace assembly

High temperatures are required if experiments are to be pertinent to volcanic
processes. Temperature was attained by adding a factory built Zircar® -type FIH
fiber insulated heater tube furnace to the VDR. The furnace has helically wound,
Fe-Cr-Al alloy resistance wire elements embedded in a rigid body of high-tem-
perature refractory fiber, is 30.5 cm long, and has inner and outer diameters of 7.6
and 15.25 cm, respectively. It is seated on the steel base and surrounds the lower
piston, the sample and most of the upper piston (Fig. 1). The furnace generates
temperatures up to 1100 °C. A K-type thermocouple connected to a Fuji PXZ-4
PID temperature controller is used to monitor and control temperature during the
experiment. The basal steel cylinder and upper steel spacer are wrapped in 0.635
cm copper tubing through which tap water is run continuously to keep the load cell
and LVDT at the recommended working temperatures (<60 °C).

One attribute of this experimental design is that we can run experiments on
relatively large samples (e.g., 750 cm?). Using large samples, however, raises the
issue of temperature gradients within the sample during the experiment. To address
this issue, we prepared a set of pumice cores with center holes drilled throughout
their length. In addition to the regular VDR monitoring thermocouple (at the base of
the core), a calibration thermocouple attached to an external temperature-monitoring
device was inserted into the center hole. The calibration thermocouple was then
moved up the center hole to map the temperature profile from the bottom to the
top of the core (Fig. 2). This procedure was used to measure temperature profiles
(sampled at 0.5 cm intervals) for a variety of experimental configurations and as a
function of pre-experiment dwell time (0.5, 1.0, 2.0, and 3.0 h; Fig. 2).

Without insulation, convection of air causes a 40-50 °C gradient across a 6
cm core (Fig. 2; curve i). We dampened this effect by wrapping Cotronics Rescor
blanket insulation around the sample assembly to completely fill the space between
the assembly and inner furnace wall (Fig. 2). Temperature profiles are shown in
Figure 2 for five different baffle geometries (7'= 600 °C). By wrapping insulation
only around the upper piston (Fig. 2a; v) we produced a symmetric temperature
profile that reaches steady-state after a 1 hour dwell time, and shows a total varia-
tion of ~12 °C (Fig. 2b).

RESULTS

Data treatment

The VDR can perform isothermal experiments under the
conditions of constant displacement rate or constant load. Each
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FIGURE 2. Temperature profiles (in °C) in experimental cell as a
function of: (a) different insulation strategies (i—v; shown below), and
(b) dwell time (see labels in hours) for insulation model v. Shading
highlights the temperature profile used at the start of experiments after
adwell time of 1 hour; total temperature variation from top to bottom of
sample is 12 °C. (¢) Schematic of furnace and piston assembly to show
range of insulation strategies (i—v; gray shading).

experiment generates a nearly continuous set of raw measure-
ments including: time (s), load (kg), and displacement (cm) from
which we compute stress (MPa), strain, and strain rate (s™'). Stress
(o) is calculated from:

o = load/mr?

where r is the radius of the sample core. This relationship
between core geometry and stress can be exploited to extend
the upper and lower ranges of the VDR even though the load
cell has an upper limit of 1136 kg. In natural systems, weld-
ing typically operates under stresses of <5 Mpa, however, the
VDR can achieve stresses as high as ~150 MPa by using 1
cm diameter cores (Fig. 3a). We mainly used 4.4 cm diameter
cores because they provide abundant material for post-experi-
ment analysis.
Strain is calculated as:

e=Al/l

where Al is the experimental displacement and [ is the original
length of the sample. The VDR allows a total displacement of
7.6 cm; this means that a wide variety of sample lengths can be
used for relatively high strain experiments (Fig. 3b). A 10 cm
long core, for example, can undergo 75% shortening. Most of
our experiments used 6 cm length cores.

Cumulative (or incremental) strain rates are calculated from
values of time and displacement:

€= (Alll)] At

where At is the measurement time interval.
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Experimental results

Below, we explore the rheological behavior of pyroclastic
materials at elevated temperatures using a set of isothermal (600
°C), constant displacement rate (5 X 10~*cm/s) experiments. The
experiments use fabricated (e.g., sintered) cores of 2 mm soda
lime glass beads (see Table 1). Figure 4 shows cores and thin
section images of the starting material (Fig. 4a) and run products
that sustained different amounts of strain (Figs. 4b and 4c).

In these experiments on sintered glass beads, strain is mani-
fested in several ways, including (1) reduction of core length
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FIGURE 3. Ranges of stress and strain that are achievable with the
VDR using different core geometries. (a) Load (kg) vs. stress (MPa)
relationships showing stress limits for cores that are 1 to 7.5 cm in
diameter (see labels) given the maximum load of apparatus (1136 kg). (b)
Displacement (cm) vs. strain (%) relationships showing corresponding
limits on strain for cores between 2 and 10 cm in length (see labels).
The rig has a maximum displacement of 7.5 cm.

(e.g., shortening); (2) change of core geometry (e.g., barrelling);
(3) reduction of primary porosity (e.g., volume loss); and (4)
deformation of original spherical beads (e.g., flattening). These
indicators of strain represent the combined effects of axial strain
(e,) accommodated by porosity loss (volume strain) and radial
strain (g,), which conserves volume and requires geometric
changes (pure shear strain). One attribute of these experiments
is that independent post-experiment measurements (¢, A/, r) can
be used to show how strain is being accommodated (e.g., volume
vs. pure shear).

In Figure 5a, we have compared the total strain implied by
machine displacement (er,,) against the total strain based on
shortening of the sample (€r,). Here, over the full range of strain
explored by these experiments €r,, is essentially equivalent to €
(Fig. 5a). The shortening of the sample records the total strain
accumulated in the sample, however, we express this deforma-
tion in terms of two separate components. These components are
calculated independently: Axial strain is calculated from:
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TABLE 1.

€

Summary of experimental conditions used for constant
displacement rate experiments illustrated in Figure 4, in-
cluding temperature, displacement rate (AL/At), and total

strain (ep)
No. T(°C) AL/At(cms) €r o O €, €
5q0804b 600 - 0 0.311 0.311 0 0
sq0717a 600 5x10* 0.377 0.331 0.123 0.22 0.21
sq0627a 600 5x10* 0.625 0.343 0.053 0.27 0.48

Note: Other parameters include the initial (¢) and final (¢¢) fractional porosity,
as well as, the computed axial (¢,) and radial (¢,) strain.

FIGURE 4. Photographs and photomicrographs of run products from constant displacement rate experiments. (a) Starting materials are cores
made by sintering of 2 mm soda-lime glass beads. Run products are shown at (b) 40% and (¢) 60% strain. Strain is accommodated during experiment
by porosity loss (axial strain) and changes in core radius (radial strain). Photomicrographs show how originally spherical beads (B) progressively
track strain by deforming (coaxially) to form to ellipses. Porosity, represented by colored epoxy (E) is also reduced simultaneously.
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FIGURE 5. Analysis of strain in high-7" deformation experiments
of cores of glass beads, pumice, and volcanic ash. (a) Comparison of
strain computed from machine displacement (€r,,) to strain recorded by
samples as shortening (er,). Data are distributed evenly along 1:1 line
for full range of strains (see text). (b) Comparison of axial strain (g,)
and radial strain (g,) for experiments involving soda lime glass beads
(open circles) including the 2 experiments summarized in Table 1 (solid
circles). Axial strain is calculated from the reduction of porosity and
represents volume strain. Radial strain is calculated from the geometry
of the core (barreling) at the end of the experiment and represents pure
shear strain. Dashed lines are iso-strain contours. (¢) Comparison of
axial strain (g,) and radial strain (€,) for experiments on natural materials
(solid circles) and compared to data from glass beads (e.g., b). See text
for discussion.

where @, is the initial sample porosity and ¢, the porosity of
the run product determined by image analysis (Table 1). Radial
strain is given by:

where 7, is the radius of the core before experiment and r, the
mean radius of the run product. Calculated values of €, and €,
for 32 experiments on glass beads performed at different ex-
perimental conditions are plotted in Figure 5b. For the analogue
experiments, there is a 1:1 relationship between ¢, and €, until
~40-45% strain is attained. At this point porosity is reduced to
~10% and €. becomes dominant.

APPLICATION TO WELDING

The glass beads serve as an excellent analogue material for
investigating aspects of welding processes in volcanology. The
material is effective because the beads are compositionally ho-
mogeneous: they have a uniform, well-defined glass transition
temperature (7'g; 440—460 °C), and they have a regular (e.g.,
spherical) geometry thereby providing another strain marker.
As shown in Figure 4, the spherical beads accommodate strain
by flattening to form oblate spheroids. Indeed, measured values
of oblateness for these strain markers fall on the theoretical cur-
vilinear relationship for constant volume coaxial strain (Quane
and Russell, in review).

In this regard, the analogue experiments do not capture
the full essence of welding in pyroclastic deposits. In natural
systems, starting porosities are higher (~50-75% e.g., Smith
1960; Ross and Smith 1961; Smith & Bailey 1966; Sheridan
and Ragan 1976) and comprise matrix porosity as well as the
porosity in individual pyroclasts. As strain accumulates, clasts
will deform (flatten) but their deformation is not limited by a con-
stant volume constraint (e.g., Sheridan and Ragan 1976; Quane
and Russell in review) as is the deformation of glass beads. The
consequence of this difference is shown by experiments on cores
of pumiceous rhyodacite (N = 7) and sintered cores of rhyolite
ash (N = 6). These data are plotted in Figure 5c. In every case,
€, (e.g., volume strain) dominates over €, until very high values
(~ 80%) of total strain. At this point, presumably all pore space
has been lost and, thus, further strain is dominantly radial (g ;
Fig. 5¢). One implication is that welding of pyroclastic deposits
is controlled by volume strain processes and, therefore, welding
in pyroclastic deposits is most likely limited by porosity loss.
Our welding experiments indicate that in natural systems, pure
shear strain (g,) contributes only a minor (<10%) component to
the total strain during welding as long as there is significant po-
rosity. We suggest that pure shear strain is, in fact, not important
to welding processes in most pyroclastic deposits except under
extraordinary circumstances.

Pure shear strain may be important in situations where (1) the
deposit’s residence time in the welding window (e.g., T>T,) is
great relative to the average timescale of deformation, or (2) the
deposit is on a substantial slope. The former situation might be
realized in very thick deposits or in deposits emplaced at 7>> T,.
Higher strain rates would result from increased load (thickness)
or because of the very short relaxation timescales associated with
the high emplacement temperatures (e.g., Dingwell and Webb
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1990). The higher strain rates allow for attainment of near-zero
porosity before the system is quenched thermally. In the remain-
ing deformation interval, pure shear strain would dominate.

In the latter situation, where the pyroclastic deposit is on a
substantial slope, the overburden load may be resolved into shear
stresses that induce non-coaxial strain that is not necessarily
coupled to porosity loss (e.g., pure or simple shear). Therefore,
the €, contribution to total strain could be substantial (e.g., theo-
morphism; Wolff and Wright 1981).

CONCLUSIONS

The experimental device presented here is capable of explor-
ing a unique portion of experimental space (e.g., 7, stress, and
strain rate). The VDR provides a vehicle for exploring relation-
ships among temperature, load, and strain, and the extent of
compaction, sintering, and flattening of hot pyroclastic mixtures
(e.g., ash and lapilli). Such experimental results are required to
(1) constrain the mechanisms of deformation that control weld-
ing processes, and (2) develop constitutive relationships for the
rheology of pyroclastic materials. This basic science is needed
to address volcanological issues such as predicting the distri-
bution of welding in ignimbrites, or establishing timescales of
cooling, welding, and compaction of ignimbrites, or estimating
the paleothickness of partly eroded ignimbrites.
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