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l. Abstract

Unconfined compressive strength (UCS) is a strong control on lava dome stability
and can be used to model domes and study the possibility of collapse. Connected porosity
measurements were taken on rhyolite cores from the Tarawera and Ngongotaha lava domes
and subsequent strength tests determined the UCS of each core. The data were then analyzed
to produce a negative exponential function relating UCS to connected porosity. This
function, along with data on the porosity, thickness and density of the Cordon Caulle
obsidian flow and Unzen lava dome, was used to generate models for lava dome collapse.
These models compare estimated UCS of the rock to the load of the lava dome and predict
the risk of collapse. Despite the exclusion of other relevant factors, e.g. tensile strength and

seismicity, it is concluded that porosity, via UCS, is a significant to provoking collapse.

. Introduction

A complete understanding of compressive strength requires a comprehensive
analysis of rock microstructures. Variables such as porosity, mineralogy, crystal content and
glass content will undoubtedly play a role in the determination of strength as they are part of
the fundamental framework that constitutes a rock (Sammis & Ashby 1986; Chang et al.
2006). When hardened rock is subjected to pressure and approaches failure, the points at
which cracks nucleate and grow depends on the relative size and placement of
microstructures within the rock (Sammis & Ashby 1986; Isida & Nemat-Nasser 1987). In the
case of volcanic rocks, these variables are partly dependent on the rate of magma cooling and
the rate of magma ascension (Heap et al. 2014b). Ascending magma experiences drops in
pressure as it travels upward. Lower pressure causes gasses in the magma to exsolve,
forming bubbles. The growth of and movement of these gas bubbles is controlled by the melt
viscosity and the diffusion of volatiles (Gardner et al. 1999). When the magma cools, the
bubbles are frozen in place as pore space. Porosity has been proven to be one of the most

important factors affecting rock strength (Sammis & Ashby 1986; Wimmer & Karr 1996).



When porous rocks are compressed, cracks originate at the pores and begin to grow in the
general direction of the compressional axis. The amount of pressure and size of the pores
decides how far these cracks travel. With closely packed pores, cracks will often connect,
creating a growing chain of cracks which ultimately leads to rock failure (Sammis & Ashby
1986; Baud et al. 2014). If a relationship between porosity and rock strength can be
established, it will be possible to incorporate the two variables into models that test the
stability of rock structures. This paper will attempt to specifically model lava domes.

To observe how porosity influences rock strength, we have performed uniaxial
compressive strength testing on a set of rock cores taken from the Tarawera Volcanic
Complex and the Ngongotaha lava dome. The Tarawera complex, one of the youngest
sections of the Taupo Volcanic Zone (TVZ), was built by five distinct eruptions from ~22 ka
to 1314 AD and consists of a series of overlying domes with accompanying lava dome collapse
episodes forming block and ash flows (Ashwell 2014). The Ngongotaha dome is a lava dome
in Rotorua Caldera, and is ~200 ka (Ashwell 2014). The cores were selected from different
areas in each dome. Through compressive strength testing, we are able to see relationship
between measured porosity and strength.

The majority of research on the role of porosity on compressive strength thus far has
been on concretes, sedimentary and non-volcanic igneous rocks, with not as much attention
given specifically to volcanic rocks. Some studies have examined the effect of porosity on
basalt strength (Al-Harthi et al. 1999) as well as a combination of porosity and vesicle size on
basalt strength (Heap et al. 2014b). Determination of strength in volcanic rocks is
particularly important to estimating the stability of volcanic edifices. Collapses often occur in
the weakest areas of the edifice and can be triggered by eruptions or seismicity (Vallance et
al. 1995; Heap et al. 2014a). Events like these are hazardous to humans in the surrounding
area and a sound understanding of the potential for collapse is crucial to assessing the risk
and deciding the proper safety precautions (Voight 2000). Establishing the control porosity

has on lava strength would greatly increase the accuracy of collapse predictions.

[I. Methods

i Porosity Measurements
As porosity has already been shown to be relevant to rock strength (Sammis & Ashby
1986; Wimmer & Karr 1996), tests for porosity were performed on each rock sample.
Connected porosity measurements were obtained via gas pycnometer at Massey University

using an ultrapycnometer 1000 with nitrogen gas.



ii. UCS Testing

Tests for the uniaxial compressive strengths (UCS) of the rocks were performed using
the standard method for UCS testing outlined by the American Society for Testing and
Materials (ASTM 1984). In preparation for testing, the rock samples were cored to a
diameter of 23 to 25 mm and a height of 55 mm. The equipment used was a Clifford
Tecnotest L1-112-EQ08 machine. The Clifford has a self-contained loading apparatus that
holds the core and applies and increasing load along the vertical axis of the core until failure
occurs. Tecnotest data acquisition software was used to continuously collect data on the load,

stress and strain of the cores throughout the testing.

iii. Modeling

The data on porosity and the data from the strength testing were collated in the
statistical software R. A nonlinear function was then fit to the data in order to interpret UCS
as a function of connected porosity. This function was then applied to two existing lava
domes: Cordon Caulle in Chile and Unzen in Japan. The Cordén Caulle obsidian flow is a
laterally-extensive, compound lava flow (Schipper et al. 2015). Unzen is a volcano composed
primarily of lava domes and their collapsed debris. Dome-forming eruptions have occurred
every 4,000 to 5,000 years for the past 500 ka (Nakada et al. 1999). Cordon Caulle and
Unzen were chosen because they represent two end members of the types of lava dome/flow
eruptions, i.e., thin, expansive flows to thick, top-heavy dome structures. Porosity
measurements were gathered from previous studies on these domes and used to predict their
UCS. This calculation used the nonlinear function generated from the core testing. Data on
the domes’ thicknesses and densities were collated and used to predict the load of the
overlying dome on its base rock. If this load were to exceed the predicted UCS, we would
conclude that it is in danger of collapsing and if it were under the UCS, we would conclude
that it is stable.

IV.  Results

I UCS and Connected Porosity Function

A negative, nonlinear relationship has been shown to exist between the connected
porosity and the uniaxial compressive strength of the rhyolite cores. The function generated

to describe this relationship, shown graphically in Figure 1, is

Eqg.1 s =—7.797 + 53.721e0:032P,



where s is the unconfined compressive strength and p is the connected porosity. Prior
research has shown that strength as a function of porosity tends to follow a negative
exponential form (Chang et al. 2006). The lowest porosity rocks have the highest UCS, with
UCS decreasing rapidly and then gradually slower as porosity increases. At mid to high levels
of connected porosity, about 20% and upwards, the functions change in UCS becomes

significantly smaller.

il. Cordoén Caulle Model

The values for the thickness and porosity of the Cordén Caulle obsidian flow were taken
from Tuffen et al. (2013) and Schipper et al. (2015) . These values are averages of the
estimated range of thicknesses and porosities in the flow. The thickness is estimated at 35
meters and the porosity at 26.5 percent. With a density of 2.5 g/cm3, and using the
acceleration of gravity at g=9.81 m/s2, the load of the flow would be 0.63 N/mmz2. The
estimated UCS from Eq.1is 15.3 N/mmz2. Since the UCS is higher than the load, this flow is
classified as stable. Cordon Caulle has experienced no large collapse events in its history.

This model is shown in Figure 2.

iii. Unzen Model

The values for the thickness and porosity of the Unzen lava dome were taken from
Yamamoto et al. (1993) and Scheu et al. (2006) . The model was set up in the same way as
the Cordon Caulle model and the values used for thickness and porosity are again averages of
the range of thicknesses and porosities in the dome. The estimated thickness is 450 meters
and the estimated porosity is 29 percent. Using a density of 2.5 g/cm3, the load of the dome
is 7.83 N/mm?. The UCS function calculates UCS as 13.5 N/mmz2. The values for the load and
strength are closer than those in the Cordén Caulle model, however the strength is still
greater than the load and the dome is considered stable. This is contradictory to the multiple
collapses of the Unzen lava dome in its 1991 eruption; however this contradiction is

addressed in the discussion section. This model is shown in Figure 3.

V. Discussion

These models only looked at the effect of the load of lava domes and their UCS, and
therefore they are very simple models. Lava dome collapses can be caused by a large number
or combination of factors. These include water saturation, topography, tensile strength,
seismicity, erosion and dome shape. More realistic models would incorporate these
variables, however in this case where we were only interested in the role of UCS in the dome,

these variables were not necessary.



The other factors determining lava dome collapse are worth discussing in depth. Rainfall
is one factor shown to have a strong relationship with collapses. A seven month period of
dome growth and little rain over the Soufriere Hills dome in Montserrat was followed by a
short period of extreme rainfall in 2001 (Matthews et al. 2002). A few hours after the rainfall
began, dome collapse events occurred along with pyroclastic flows. Matthews et al. (2002)
have shown that rainfall is indeed a factor that can contribute to collapse. While direct
observations were not possible, it is thought that rain seeps into cracks in the hot dome and
vaporizes into high-pressure steam which destabilizes the dome. The limitation to this is that
rainfall must be high enough that there is enough rain available to enter the dome without
vaporizing at the surface. In this case hazards are somewhat preventable, as meteorologists
can easily predict storms of the magnitude necessary to produce collapses and send out
warnings beforehand.

Topography of the land beneath the dome could possibly affect collapse as well. Our
models assume the land beneath the dome is flat. However in reality it is more likely to have
some slope. If the dome is built on ground that is sloping downwards, gravity would
contribute a greater force to pulling it down. It could also increase the tensile strain on the
rock which could create fractures. Dome shape could also play a role. Changes in shape could
lead to varying thicknesses and varying loads throughout the dome. Low tensile strengths in
lavas have been shown to produce wider, flatter domes (Iverson 1990). It is possible that in a
situation where a dome is thin enough and on a slope that the effect of tensile strain could be
greater than the compressive strain of the overlying weight.

Some limitations existed in the data used in the models. The connected porosities in
Cordon Caulle and Unzen were both taken from the carapace. However the model assumes
that the rock that is failing is at the bottom of the dome. This rock would very likely have a
different porosity than the rock at the carapace. A greater knowledge of how porosity varies
within domes would greatly increase the accuracy of the model.

The role that temperature plays should also be brought into question. The UCS
measurements taken with the strength testing apparatus were performed at room
temperature. The Cordon Caulle obsidian flow only just erupted in 2012. The flow is likely
still very hot, especially on the inside. This could change the dynamics of the compressive
strength. Because of the lack of a temperature variable, our model works best with flows that
have cooled sufficiently to the point where heat is no longer a factor.

One more assumption the models make is that collapse is a result of the failure of the
rock at the bottom of the flow. The exact mechanics within flows are not completely known
and it is possible that failure could have many causes. Perhaps failure begins in the middle or

outside of the dome and not at the bottom. In this case the model would be very similar to



the models in this study, however the weight of the overlying rock would be less if the failure
zone were higher up in the dome.

Despite their limitations, the models did yield some interesting results. The difference
between estimated load and UCS of Unzen (5.7 N/mmz2) was considerably smaller than that
of Cord6n Caulle (14.7 N/mm?). Unzen could be interpreted as having a higher risk of
collapse in this case. The other factors previously discussed could add to the probability of
the dome collapsing. In the case of Unzen’s 1991 collapse, it was triggered during a violent
eruption where there was considerable shaking (Yamamoto et al. 1993). The added effect of
the eruption to the effect of the UCS and any other variables most likely created the failure

necessary to induce collapse.

VI. Conclusions

Porosity is shown to have a direct, negative exponential relationship with lava
unconfined compressive strength. UCS is an important factor in the cause of lava dome
collapses and therefore porosity is a control on dome collapse. The function relating porosity
and UCS produced from strength testing allows the modeling of lava dome stability using
real world data on thickness and porosity of domes. There are limitations to these models
including the reliability of porosity data and the exclusion of other variables contributing to
dome collapse.

An improved model would incorporate a better understanding of mechanics within lava
domes as well as other factors in dome collapse besides UCS. Knowledge of dome mechanics
would allow us to accurately portray how failure inside a dome begins. Other factors such as
rainfall, seismicity and tensile strength would make a more accurate and comprehensive

model.
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IX. Figures

Porosity vs. Strength
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Figure 1. Scatterplot and function relating connected porosity to UCS. Some data points are
grouped together based on relative crystallinity/glassiness determined through visual

analysis.
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Figure 2. Cordon Caulle model showing connected porosity and flow thickness.
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Figure 3. Unzen model showing connected porosity and dome thickness.
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