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Abstract

The strength of lava crust and the role of that crust in determining lava flow dynamics and morphology are of
fundamental importance in modeling lava flow behavior. Great improvements to flow models have been made by
combining theoretical analysis with the results from analog experiments using polyethylene glycol (PEG 600) wax,
which solidifies just below room temperature and can be used to simulate solidifying flows. However, a paucity of
experimental data on the mechanical properties of solid PEG 600 has limited the quantitative interpretation of the
role of crust in these experiments. We have, therefore, conducted experiments to measure the mechanical properties
(tensile strength, shear strength, and Young’s modulus) of solidified PEG 600 at temperatures and strain rates similar
to those employed in analog experiments. The mechanical properties of PEG 600 can be modeled by a power law
function of temperature, with the tensile strength exhibiting an additional dependence on strain rate. At intermediate
temperatures, marked changes in the temperature dependence of the Young’s modulus and in the character of failure
surfaces indicate a transition from brittle to ductile behavior. We find that the strength of solid PEG 600 at
experimental temperatures and strain rates exceeds that inferred for the crust on active laboratory flows by four
orders of magnitude. This discrepancy is best explained by the presence of a thin visco-elastic layer separating the
solid surface from the fluid interior of PEG 600 flows, a model that has been suggested to explain the behavior of
some basaltic lava flows.
6 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Crust is an important parameter of lava £ow
emplacement that is both e¡ected by and a¡ects
physical processes during £ow. For example, the
rate of heat loss from crusted and crust-free lava

di¡ers dramatically (Crisp and Baloga, 1990,
1994), resulting in unique thermal (and resulting
rheological) histories for lava transport systems
with or without continuous surface crusts. How-
ever, complex feedback mechanisms among rates
of £ow cooling, crystallization, and £ow advance
rate directly in£uence the mechanical stability of
the crust. Understanding these complexities have
required that careful observations of active £ows
be supplemented by analog experiments per-
formed under controlled conditions (e.g. Hulme,
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1974; Blake, 1990; Fink and Gri⁄ths, 1990, 1992,
1998; Stasiuk et al., 1993; Gri⁄ths and Fink,
1992a,b, 1993, 1997; Gri⁄ths, 2000; Blake and
Bruno, 2000). Many of these simulations have
used polyethylene glycol (PEG 600) as an analog
to lava because it freezes near room temperature
(19^20‡C) and can thus be used to investigate
solidifying £ows. However, the physical properties
of solidi¢ed PEG 600 are poorly understood, lim-
iting interpretation of the nature and role of the
crust in £ow emplacement. Here we present exper-
imental measurements of the tensile strength,
shear strength and Young’s modulus of solid
PEG 600 at temperatures (4^13‡C) and strain
rates (0.005^0.05 s31) relevant to PEG 600 £ow
experiments. We then use the results to constrain
the role of solid crust in £ow emplacement, both
in the laboratory and, by inference, in lava £ows
and domes.

It has long been recognized that morphologic
and dynamic di¡erences among basaltic lava £ow
types can be related to variations in the rheology
of £ow interiors and the strength and thickness of
surface crusts. Dana (1849, 1888) ¢rst interpreted
PaPa formation to result from solidi¢cation and
subsequent crustal breakage at the £ow front
and hypothesized that the size of PaPa clinkers
re£ected the thickness of the cooled crust at the
time of their genesis. Since then, numerous studies
have addressed the relative importance of crustal
strength and internal £ow rheology in the devel-
opment of di¡erent surface morphologies and em-
placement styles. Flow crusts may deform by duc-
tile folding (Fink and Fletcher, 1978; Fink, 1980;
Gregg et al., 1998) or brittle failure at length
scales that re£ect both the lava rheology and the
thickness of the thermal boundary layer at the
time of failure (e.g. Wentworth and Macdonald,
1953; Rowland and Walker, 1987; Cashman et
al., 1999), resulting in a spectrum of surface mor-
phologies from smooth pahoehoe to blocky lava
£ows. Kilburn (1981, 1990, 1993, 1996) has gen-
eralized £ow models to argue that the distinct
£ow advance styles of pahoehoe and PaPa are de-
termined by rates of crustal growth vs. rates of
crustal disruption, with PaPa crusts experiencing
near continuous failure and pahoehoe crusts fail-
ing episodically.

While the de¢nition of crust is commonly me-
chanical (e.g. Wright and Okamura, 1977),
changes in the mechanical properties of solidify-
ing lava are directly linked to temperature and
consequently the thermal structure and history
of a lava £ow. For this reason, models linking
£ow dynamics to cooling rates predict many as-
pects of £ow morphology using a single dimen-
sionless parameter, 8, which represents the rela-
tive importance of quenching and advection
timescales (Fink and Gri⁄ths, 1990, 1992; Grif-
¢ths and Fink, 1993). Also important, however,
are both the rheology of the £uid interior (Hulme
1974; Gri⁄ths and Fink, 1998; Cashman et al.,
1999) and the development of a visco-elastic
boundary layer between the £uid interior and
brittle surface (Hon et al., 1994). For this reason,
we use our measurements to examine the relative
importance of these three thermo-mechanical
layers during £ow emplacement.

2. Methods

2.1. PEG 600

Polyethylene glycol is a crystalline, thermoplas-
tic, water-soluble polymer that is commercially
available in a wide range of molecular weights
depending on the number of monomers (n),

OH� ð�CH2 � CH2 �O�Þn �H;

in the polymeric chain (Bailey and Koleske, 1976).
This study uses PEG 600 (commercially produced
as Carbowax 600 by the Union Carbide Corp.),
the same material used in prior lava £ow simula-
tions (e.g. Fink and Gri⁄ths, 1990; Blake and
Bruno, 2000; Gregg and Fink, 2000). PEG has
numerous industrial applications and as a result,
a signi¢cant body of literature exists on the
material. However, most studies are restricted
to the properties of liquid, not solid, PEG
(see Harris and Zalipsky, 1997 for a review).
Measurements of the mechanical properties solid
PEG exist only for compounds with molecular
weights much greater than those used in £ow
experiments (PEG ns 4000; Al-Nasassrah et al.,
1997).
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2.2. Sample preparation

We prepare PEG 600 samples by heating the
wax above its solidi¢cation temperature (Ts) and
casting it in molds of the desired shape. For ten-
sile strength measurements, the mold consists of
two polystyrene cocktail cups with bottoms re-
moved, placed end-to-end and separated by a rub-
ber o-ring (Fig. 1a). The o-ring, which is removed
prior to testing, creates a necked region to be
fractured with a known cross-sectional area. We
allow ¢lled molds to equilibrate to experimental
temperatures for V12 h. The mold for direct
shear tests is formed by two V15-cm lengths of
polyvinyl chloride (PVC) pipe, again separated by
a rubber o-ring (Fig. 1b). A 2.5-mm-deep thread
cut on the inside of each pipe prevents the solid
PEG 600 from sliding during the tests. Volume
loss of the PEG 600 during freezing results in
holes through the center of the cylinder that occa-

sionally penetrated the necked fracture region.
Hole formation is limited, but not eliminated, by
insulating the tops of the cylinders during cooling.
We discard test results for samples with extreme
volume loss.

We determine the solidi¢cation temperature of
the PEG 600 with a concentric cylinder viscome-
ter. Temperature is decreased in 0.5‡C increments
until the viscosity increases dramatically (Fig. 2),
indicating the onset of solidi¢cation. To ensure
homogeneity in physical properties, we measure
the freezing point of small amounts of the wax
(V3 liters) prior to use, and discard the PEG
600 after one use.

2.3. The apparatus

We conduct tests within a thermally regulated
chamber at temperatures of 4‡C, 7‡C, 10‡C, and
13.3‡C, nearly spanning the range of temperatures
in PEG 600 £ow experiments (e.g. Fink and Grif-
¢ths, 1990; Blake and Bruno, 2000). A DC servo
motor with a linear actuator produces constant
strain at rates of 0.005, 0.01, 0.03, and 0.05 s31,
covering the range of strain rates achieved in sim-
ulations (Gri⁄ths and Fink, 1993).

For tension, two split ring clamps with inner
surfaces beveled to ¢t the taper of the cups hold
samples in place below the servo motor. The bot-
tom clamp is ¢xed to a superstructure and the top
clamp hangs freely from the linear actuator (Fig.
3). As the motor pulls, the sample self-centers
within the clamps, is stretched, and ¢nally fails.
A force meter constructed of oil-hardened tool
steel measures the applied stress. A wheatstone
bridge produces a potential proportional to the
stress that is collected by computer at 0.01-s in-
tervals. The temperature dependence of the resis-
tors in the wheatstone bridge requires that the
force meter be calibrated before each set of ex-
periments.

We apply direct shear to the sample through a
linear bearing attached to the servo motor. Cylin-
drical samples are secured in a sheath, one side of
which is ¢xed to the superstructure, the other side
of which is attached to the linear bearing (Fig. 4).
As the motor pulls on the linear bearing, a shear
stress is produced in the sample. The shear appa-

Fig. 1. Molds for (a) tensile tests and (b) shear tests are con-
structed from polystyrene cocktail cups and lengths of PVC
pipe, respectively. Each is separated by a split rubber o-ring
that creates a necked region of known cross-sectional area to
be fractured. In shear molds, a thread cut on the inside of
the PVC pipe prevents the wax from sliding.
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ratus was tested to ensure that no bending mo-
ment was applied to the samples.

3. Results

3.1. Tension

The ultimate tensile strength of a material
(cUTS) is given (Jaeger and Cook, 1971) by the
maximum tensile force (Ft) attained during a
test to failure per unit cross-sectional area (a) of
the sample,

cUTS ¼ Ft

a
ð1Þ

(Jaeger and Cook, 1971). At each temperature we
conduct a minimum of ¢ve tests at each strain
rate, spanning the range of the servo motor (cf.
Section 2.3). Tests begin with an initial stress in-
crease as the sample self-centers and locks into
place. This is followed by a near-linear increase
in stress until the yield point (cy) is reached.
Achievement of the maximum tensile stress is pre-

ceded by a period of strain softening and followed
by sample failure (Fig. 5). The ultimate tensile
strength of solid PEG 600 (cUTS) increases sys-
tematically with decreasing temperature. Temper-
ature is described by the complement of dimen-
sionless temperature:

T�
c ¼ 13

T
Ts

ð2Þ

where temperature (T) and solidi¢cation temper-
ature of the PEG 600 (Ts) are measured in degrees
Celsius.

The increase in cUTS with decreasing temper-
ature can be modeled as the power law relation-
ship:

cUTS ¼ CðT�
cÞ1:25�0:04 ð3Þ

where strain rate (0.005, 0.01, 0.03, 0.05 s31) de-
termines the constant C (1.46, 1.86, 2.08, and 2.38
MPa) (Fig. 6). This model correlates well with the
data, with R2 = 0.98 to 0.99 for each strain rate,
and by de¢nition, dictates that PEG 600 has no
tensile strength at T*c =0.

Fig. 2. Plot of viscosity vs. the complement of dimensionless temperature (T*c) for PEG 600. A sharp rise in viscosity is observed
as the T*c approaches 0, the solidi¢cation temperature of the wax.
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A dependence of cUTS on strain rate ( _OO ) is ob-
served in tensile tests at all temperatures and
shows, on average, a 25% increase in cUTS from
_OO =0.005^0.05 s31 (Fig. 7). This dependence can
be modeled as the power law relationship:

cUTS ¼ Cð _OO Þ0:19�0:01 ð4Þ

where the constant C (0.97, 1.80, 2.24, and 3.20
MPa) is determined by T*c (0.31, 0.48, 0.63, and
0.79). This dependence, while greater than antici-
pated for a purely elastic material, is often present
in visco-elastic polymers (Ward, 1983). For time-
dependent mechanical properties, increasing _OO is
equivalent to lowering temperature (Jaeger and
Cook, 1971), which is consistent with our obser-
vations of greater cUTS at greater _OO (Fig. 6).

3.2. Shear

We measure the ultimate shear strength of PEG
600 (cUSS) at the same range of temperatures used
in tensile tests. Initially tests were conducted at a
range of strain rates, but as no detectable depen-
dence on strain rate was observed, most shear
strength tests were performed at _OO =0.01 s31.
Shear tests show an identical stress-strain evolu-
tion to tensile tests (Fig. 5).

The ultimate shear strength increases systemati-
cally with decreasing temperature (Fig. 8). The
relationship is best ¢t (R2 = 0.953) by the power
law model:

cUSS ¼ CðT�
cÞ0:44 ð5Þ

where C is a constant equal to 0.7 MPa. A linear
model (dashed line) ¢ts the data nearly as well
(R2 = 0.938), but de¢nes a shear strength of 0.3
MPa at T*c =0.

3.3. Young’s modulus

For an idealized elastic material, the magnitude
of externally applied stress (c) below its yield
point is proportional to strain (O) by Hooke’s
Law:

c ¼ EWO ð6Þ

where the constant of proportionality (E) is the
Young’s modulus, a characteristic material prop-
erty. The Young’s modulus of solid PEG 600 is
determined from the linear portion of the stress-
strain curve in tensile tests (b to c in Fig. 5). In
general, the Young’s modulus is not a function of
strain rate but is dependent on temperature. This

Fig. 3. Experimental apparatus for tensile tests. Samples are
held in place by two split-ring clamps, the lower of which is
¢xed to a super structure. The upper clamp is in-line with
the force meter and the servo motor. All tests are conducted
within an isothermal environment.
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relationship is well characterized (R2 = 0.924) by a
power law model of the form:

E ¼ CðT�
cÞ0:40 ð7Þ

where C is a constant equal to 5.2 MPa (Fig. 9).
Although E shows no systematic strain rate de-

pendence, tests at T*c =0.48 show an abrupt in-
crease in E between strain rates of 0.03 and 0.05
s31 (Fig. 9). The Young’s modulus at T*c =0.48
and _OO =0.05 s31 is 4.7 MPa, approximately equal
to the average E at T*c s 0.5. At strain rates of
0.01^0.03 s31, E=3.8 MPa, and falls on the
power law curve de¢ned by the experiments at
T*c 9 0.48. This step-like increase at T*c =0.48
and high strain rate reveals a threshold in T*c^ _OO
space above which the deformation shows little or
no temperature dependence.

3.4. Mode of failure

In tensile tests, the morphology of the PEG 600
failure surface varies with temperature (Tc*) and

Fig. 4. Front view (top) and side view (bottom) of experimental apparatus for shear tests. Peg 600 cylinders are placed in sample
sheaths, one of which is secured to a linear bearing. The other sample sheath is secured to a bottom plate that is in turn secured
to the superstructure. An upward force on the former sample sheath, guided by the linear bearing, produces direct shear in the
sample. All tests are conducted within an isothermal environment.

Fig. 5. A typical stress-strain curve for tensile and shear tests
shows an initial increase in force (a^b) as the sample is
locked into place. Stress then increases linearly (b^c) re£ect-
ing elastic deformation and allowing the determination of
Young’s modulus. After the yield point (c), a period of strain
softening occurs during which the maximum tensile stress (d)
is achieved. Brittle sample failure occurs at (d) and ductile
sample failure occurs at (e).
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strain rate ( _OO ). At high T*c and high _OO PEG 600
shows discrete conchoidal fractures, with plumose
structures indicating the location of fracture ini-
tiation (Fig. 10a). At low T*c and low _OO the fail-
ure surface has a conical form that propagates
through the necked region of the sample and
has a roughness that suggests ductile extension
rather than brittle fracture (Fig. 10b). At inter-
mediate temperatures and strain rates the failure
surface is mostly rough and irregular with some
areas of smooth fracture. We have classi¢ed fail-
ure surfaces as type I (conical, rough failure sur-
face), type II (a failure surface combining rough
and conchoidal features), or type III (purely con-
choidal fracture). Fig. 11 illustrates the location of
the transitions between the three types as a func-
tion of T*c and _OO . The onset of type III fractures
at T*c =0.48 and strain rate of 0.03^0.05 s31 is
coincident with a dramatic increase in the
Young’s modulus (cf. Section 3.3).

4. Discussion

The in£uence of solid crust on PEG 600 £ow
mechanics is evidenced by changes in £ow be-
havior with changes in cooling rate (Gri⁄ths
and Fink, 1993). Our experiments, which charac-
terize the mechanical properties of solidi¢ed
PEG 600 as a function of both temperature
and strain rate, permit us to evaluate the role
of solid PEG 600 in the emplacement of wax
£ows, and by analogy, the role of the brittle
crust in lava £ow emplacement. The measured
strength of solid PEG 600 is much greater (by
V104) than the strength of PEG 600 £ow crust
that has been inferred from experiments by
quantifying di¡erences in the geometry of crusted
and crust-free £ows. To explain this discrepancy,
we examine several models of the role of the
crust in solidifying PEG 600 £ows and natural
£ow examples.

Fig. 6. Ultimate tensile stress (cUTS) increases systematically with increasing T*c. Strain rate ( _OO ) is indicated by symbol shape
(7=0.005 s31, a=0.01 s31, E=0.03 s31, and O=0.05 s31). The symbol R denotes an inferred tensile strength for tests that ex-
ceeded the capacity of the apparatus. Error bars show 95% con¢dence interval. Power law models ¢t to the data indicate no ten-
sile strength at the solidi¢cation temperature.
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Fig. 7. Ultimate tensile stress (cUTS) increases systematically with increasing strain rate. T*c is indicated by symbol shape
(7=0.31, a=0.48, E=0.63, and O=0.79). The symbol b denotes an inferred tensile strength for tests that exceeded the ca-
pacity of the apparatus. Error bars show 95% con¢dence interval. Solid lines indicate power law models ¢t to the data.

Fig. 8. Shear stress (cUSS) increases systematically with T*c. Error bars indicate 95% con¢dence interval. The dashed line repre-
sents a linear model, which indicates a shear strength of V0.3 MPa at the solidi¢cation temperature. The solid line represents
the favored power law model.
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4.1. Mechanical properties

Solidi¢ed PEG 600 increases in strength with
decreasing temperature. Ultimate tensile strength
(cUTS) is best modeled as a power law function of
dimensionless temperature (Tc*) with cUTS K

T� 1:25�0:04
c . Tensile strength also shows a depen-

dence on strain rate, although cUTS varies little
over the order of magnitude _OO increase in our
experiments (cf. Section 3.1). Ultimate shear
strength (cUSS) and Young’s modulus (E) can
also be modeled as power laws with cUSS K

T� 0:44
c and E K T� 0:40

c .
A power law dependence of mechanical proper-

ties on temperature is commonly observed as
rocks approach their melting temperatures. Exam-
ples include the fracture strength of micrograno-
diorite (Murrell and Chakravarty, 1973) and the
Young’s modulus of olivine tholeiite (Ryan and
Sammis, 1981). In the latter, a rapid decrease in E
is observed as olivine tholeiite is heated through

the glass transition temperature. In PEG 600, sim-
ilar behavior in E is observed around T*c =0.48
(Fig. 9). At smaller T*c, dE/dTc is large, suggest-
ing plastic behavior (i.e. ductile deformation),
while at greater T*c, dE/dTc is small, suggesting
elastic behavior (i.e. brittle deformation). Further
evidence for a brittle^ductile transition is found in
the onset of conchoidal fracture surfaces at the
same temperature that marks the change in E
(T*c =0.48) (Fig. 11).

Considering the combination of elastic and
plastic deformation observed in solidi¢ed PEG
600, a suitable rheological model would be that
of a Maxwell body with a characteristic Maxwell
time (relaxation time) of:

dm ¼ R

E
; ð8Þ

where R is the viscosity of the solidifying PEG 600
(Jaeger and Cook, 1971). At timescales greater
than dm, the PEG 600 deforms plastically and at

Fig. 9. Young’s modulus (E) shown as a function of dimensionless temperature (T*c) shows no systematic dependence on strain
rate which is indicated by symbol shape ((7=0.005 s31, a=0.01 s31, E=0.03 s31, and O=0.05 s31). The solid line represents
the power law model which ¢ts E accurately at T*c 6 0.5 and reasonably well for E at T*c s 0.5. The dashed lines indicates the
location of a step-like increase in E at T*cV0.5 and _OO =0.05 s31, after which average E remains nearly constant.
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timescales below dm, it deforms elastically.
Although di⁄culty in measuring R at high T*c
and E at low T*c limit a quantitative assessment
of dm, we can qualitatively constrain dm for solid
PEG 600 based on our experiments. The inferred
transition from elastic to plastic behavior at
T*cV0.5 and _OO =0.05 s31 suggests dmV500 s at
this temperature. Purely elastic deformation at
T*c s 0.5, implies that dm increases as the temper-
ature decreases.

4.2. The role of solid PEG 600 in crust strength

The behavior of the two-component system of
solid crust and molten PEG 600 is mechanically
controlled by a balance between the forces driving
£ow (buoyancy) and the forces retarding £ow
from both the interior (e.g. viscosity) and from
the crust. Of these, the retarding forces from the
crust are the least understood. Gri⁄ths and Fink

(1993) discuss three possibilities for the nature of
the crustal retarding forces: (1) an e¡ective New-
tonian viscosity (Rc) much greater than that of the
interior, (2) a plastic yield stress (shear strength),
or (3) an elastic tensile strength (cc). By setting
the buoyancy forces equal to each retarding force,
imposing conservation of mass, and assuming
scaling relationships for crustal growth and strain
rate, it is possible to quantify the time-dependence
of extrusion geometry expressed as radius (R)
and depth (H) (see Gri⁄ths and Fink, 1993 for
derivations). Here we show solutions for buoy-
ancy balanced by a Newtonian shear stress in
the crust,

RðtÞ ¼ bg0

R c
U

31=2Q3t1=2ð6Kþ1Þ
� �

1
7 ð9Þ

HðtÞ ¼ R c

bg0

� �
2=7 ðUQÞ1=7t1=7ðK31Þ ð10Þ

Fig. 10. At cooler temperatures and greater strain rates, PEG 600 fractures conchoidally (a) and shows plumose structures indi-
cating the location of fracture initiation and is classi¢ed as type I. At warmer temperatures and lower strain rates, the failure sur-
face has a conical form that penetrates through the necked region of the sample. The surface is rough and suggests ductile rather
than brittle deformation and is classi¢ed as type III. A spectrum of failure surfaces that contain characteristics of both end mem-
bers are classi¢ed as type II.
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and by a yield strength (either plastic shear or
elastic tensile strength) in the crust,

RðtÞ ¼ bg0

c c
U

31=2Q2t1=2ð4K31

� �
1
4 ð11Þ

HðtÞ ¼ c c

bg0

� �
1=2 ðU tÞ1=4 ð12Þ

(see Table 1 for description of terms). Di¡erences
in the time exponents are used to determine that
buoyancy forces balanced by a yield strength in
the crust (Eqs. 11 and 12) most accurately de-
scribe the observed changes in £ow geometry
(i.e. R(t) and H(t)). This model can then be used
to infer an e¡ective shear or tensile strength (cc)
in the crust of 40^100 Pa (Gri⁄ths and Fink,
1993), more than four orders of magnitude lower

than the measured tensile strength of solidi¢ed
PEG 600 (Fig. 6).

4.3. Crustal models

The discrepancy between the measured and in-
ferred PEG 600 strengths can be explained in a
number of ways. One explanation is that the
crust, where failure occurs, is considerably thinner
than predicted (Fig. 12a). In PEG 600 £ow experi-
ments, crust is assumed to thicken by 1-D heat
conduction (proportional to kt ; Gri⁄ths and
Fink, 1993) but crust may be modi¢ed due to
deformation during £ow (Gregg et al., 1998).
We can test whether a thinned crust can account
for the strength di¡erence with a simpli¢ed, brit-
tle-shell mechanical model that has been applied
to lava dome growth by Iverson (1990). This
model describes a static balance between buoy-
ancy-driven £ow and a continuous crust with
known thickness and tensile strength. Using our
measured tensile strength of solid PEG 600 and
crust thickness of 1^10 mm observed in PEG 600
experiments (Fink and Gri⁄ths, 1990), this model

Fig. 11. PEG 600 failure surfaces change systematically with
T*c and _OO . The fraction of failure surfaces of each type at a
given T*c and _OO are indicated by the proportion of color in
the pie chart (black= type III, gray= type II, and white =
type I). Fields of white, gray, and dark gray in the back-
ground suggest qualitative divisions between the dominant
failure surface type.

Table 1
Symbols used

c stress (Pa)
Ft tensile force (N)
cc e¡ective crust strength (Pa)
cPt tensile stress at crack tip (Pa)
cUTS ultimate tensile strength (Pa)
cUSS ultimate shear strength (Pa)
cy yield point (Pa)
O strain
_OO strain rate (s31)
E Young’s modulus (Pa)
T temperature (‡C)
Ts solidi¢cation temperature (‡C)
T*c complement of dimensionless temperature
Rc viscosity of the crust (Pa s)
a cross-sectional area (m2)
r radius of curvature (m)
c crack length (m)
t time (s)
Q e¡usion rate (m3 s31)
H extrusion height (m)
R extrusion radius (m)
U emissivity (m2 s31)
g gravity (ms32)
b density (kg m33)
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predicts dome heights of 0.5^1.5 m, heights that
greatly exceed those observed in experimental
PEG 600 £ows (0.01^0.1 m; Fink and Gri⁄ths,
1990, 1992; Gri⁄ths and Fink, 1993). For these
observed £ow heights, this model predicts a static
balance with a crust V4U1035^4U1037 m thick,
too thin to be considered reasonable.

The crust of both analog and natural £ows is
generally fractured (e.g. Fink and Gri⁄ths, 1992;
Anderson et al., 1998), which will a¡ect crust
strength. In mechanical tests, small (sub-micro-
scopic) £aws can reduce the functional strength
of glass, another brittle, homogenous material,
by up to three orders of magnitude (Scholze,
1990). This strength decreases results from stress
concentration at crack tips, a phenomenon recog-
nized by A.A. Gri⁄ths in the early 1900’s and
formalized by Inglis (1913) as:

c
0
t ¼ 2c t

c
r

� �1
2 ð13Þ

where cPt is the tensile stress at the crack tip, ct is
applied tensile stress, c is crack length, and r is
radius of curvature (Fig. 12b). Eq. 13 predicts a
two order of magnitude increase in tensile stress
at the crack tip over the applied tensile stress for a

2-mm-long crack with a 50-Wm radius of curva-
ture. However, a crack would have to be either
unreasonably long (s 10 cm) or unreasonably
narrow (6 5.0U10311 m) to account for the ob-
served 104 di¡erence between measured and in-
ferred strength. Thus, while stress concentration
at crack tips may play a role in crustal failure,
it cannot by itself explain the observed strength
discrepancy.

Although individual fractures decrease solid
strength, £ow surfaces may be so fractured that
the strength of individual crustal fragments plays
no role in £ow emplacement except thermal insu-
lation. If the crust were composed of a collection
of discrete, solid fragments its strength would
arise from cohesion between the fragments (Fig.
12c; Gri⁄ths and Fink, 1993; Fink and Gri⁄ths,
1998), a phenomenon most likely to be important
at the edges of £ows and domes where piles of
talus collect. Although our experiments cannot
be used to address this model, it seems unlikely
that this mechanism can explain the observed
strength di¡erence for all £ows. For example, ex-
periments performed under laminar £ow condi-
tions still exhibit retarding forces from the crust
despite the absence of abundant crustal fragments

Fig. 12. Four models explaining the di¡erence between the inferred strength of PEG 600 crust and the empirical strength of solid
PEG 600 are shown schematically with liquid PEG 600 indicated by dark gray and solid PEG 600 by light gray. Arrows indi-
cated direction of tensile and shear stresses. The four models are a thinned, but continuous crust (a), a cracked crust (b), a layer
of solid PEG 600 pieces (c), and a thin visco-elastic layer underlying a cracked solidi¢ed crust (d). To the right of each model is
a temperature pro¢le through the thermal boundary layer.
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(Fink and Gri⁄ths, 1990; Blake and Bruno,
2000).

Finally, where the crust (fractured or continu-
ous) is connected to the molten interior by a vis-
co-elastic layer, the rheological properties of this
intermediate layer may dominate the emplace-
ment process (Hon et al., 1994). In this model, a
partially solidi¢ed sub-surface layer controls the
£ow dynamics, and observed brittle behavior in
the crust occurs as a passive response to deforma-
tion of this visco-elastic layer (Fig. 12d). An ap-
pealing aspect of the visco-elastic layer model is
that it acknowledges a continuous temperature
pro¢le through the mechanical and thermal
boundary layer.

The presence of a visco-elastic layer can be used
to reconcile di¡erences in the inferred and mea-
sured PEG 600 strengths if we extrapolate our
strength measurements to temperatures near the
solidi¢cation temperature (T*c =0) of the PEG
600. Tensile and shear strengths approach the val-
ues inferred from experiments (40^100 Pa, Grif-
¢ths and Fink, 1993; 10^15 Pa, Blake and Bruno,
2000) at temperatures of 19^19.5‡C depending on
the Ts of the PEG 600. At such low T*c (0.001^
0.01), crust thickness and strength would be very
sensitive to the solidi¢cation temperature (Ts),
which can vary among batches of PEG 600.
This may explain the order of magnitude di¡er-
ence in PEG 600 £ow crust strength inferred from
the experiments of Gri⁄ths and Fink (1993) and
Blake and Bruno (2000). Our analysis indicates
that PEG 600 would have a very long dm at these
temperatures (E500 s), and thus would deform
plastically at the range of strain rates achieved in
£ow experiments (0.001^0.01 s31 ; Gri⁄ths and
Fink, 1993).

Failure can still occur within the plastic regime
as evidenced by our experiments at T*c 6 0.5. On
a molecular level, plastic failure of the PEG 600
results from stretching of individual polymeric
chains beyond either their stress or strain limit
(Ward, 1983). Macroscopically, when the rate of
chain breakages becomes large enough, a rupture
propagates and sample failure occurs. Conse-
quently, the strength of this visco-elastic layer is
directly related to the tensile strength of the indi-
vidual polymeric chains, a property that will vary

with temperature and strain rate (Bueche, 1955)
as observed in our experiments.

The four models described above ^ involving
thinned crust, cracked crust, crustal fragments,
and sub-surface visco-elastic layer ^ can be used
to explain the observed di¡erence in the strength
of crust inferred from PEG 600 £ow experiments
and the measured strength of solidi¢ed PEG 600.
The ¢rst three models rely on a purely mechanical
de¢nition of the crust. Thinned and cracked crusts
fail to adequately explain the di¡erence. Cohesive
strength in a layer of crustal fragments cannot be
ruled out for many £ow types, but does not ex-
plain the discrepancy for £ows with largely con-
tinuous crusts. The ¢nal model, a sub-surface,
visco-elastic layer, recognizes both mechanical
and thermal de¢nitions of the crust. Such a layer
would deform plastically, but would still fail at
stresses equivalent to those inferred from £ow ex-
periments.

4.4. Application to lava £ows

Hon et al. (1994) suggested that a visco-elastic
layer provides the strength that allows the in£a-
tion of pahoehoe £ows. The top of the visco-elas-
tic layer is identi¢ed by incandescent lava
(V800‡C) that cannot be penetrated by brittle
fractures in the solid crust (Hon et al., 1994).
The base of the visco-elastic layer is identi¢ed
by a transition from lava with a ¢nite strength
to lava without strength, and has been observed
in Hawaiian lava lakes at T=1070‡C (Wright and
Okamura, 1977). In addition to its ability to con-
strain the lateral advance of lava, this layer is able
to maintain overpressures of V1 bar within the
£ow core, as evidenced by elevated dissolved vol-
atiles and low vesicularity in breakouts from the
primary £ow (Hon et al., 1994) and excessive de-
creases in vesicularity beneath the £ow surface
(Cashman and Kauahikaua, 1997).

While the presence of a visco-elastic layer was
identi¢ed on pahoehoe £ows, the applicability of
this model extends to PaPa £ows as well. Stalled
PaPa £ow fronts will often rupture allowing £uid
lava to escape. Dragoni and Tallarico (1996)
model the timing of this failure by considering a
visco-elastic layer at the base of the brittle crust
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that deforms ductiley before failure in response to
pressure from the hydraulic head of the £uid lava
core. Assumed rheological properties of the visco-
elastic layer partially solidi¢ed basalt suggest
times of 24^72 h to accumulate excess stresses in
the crust, times that are broadly consistent with
those observed for failure of Etnean PaPa £ow
fronts (Pinkerton and Sparks, 1976). By de¢ni-
tion, a sub-surface, visco-elastic layer should be
present on all types of lava £ows that display sur-
face crusts, and the examples described above
show that it can account for many aspects of
£ow emplacement.

5. Conclusions

Experiments on solidi¢ed PEG 600 reveal tem-
perature-dependent mechanical properties that are
best described by power law models. A transition
between ductile and brittle behavior of PEG 600
at a dimensionless temperature (T*c) of V0.5 and
strain rate of 0.05 s31 is evidenced by a change in
the dominant fracture style from type I to III and
a step-like increase in Young’s modulus (E) that
yields a relaxation time of V500 s. The relaxation
time is an inverse function of temperature.

The strength of the PEG 600 £ow crust inferred
from analog experiments is four orders of magni-
tude smaller than the measured strengths. We can
reconcile the strength discrepancy between mea-
sured PEG 600 strength and inferred crustal
strength by the presence of a thin visco-elastic
layer beneath the brittle crust (e.g. Hon et al.,
1994) that is capable of retarding £ow. Near the
solidi¢cation temperature PEG 600 is well within
the observed ¢eld of ductile deformation. Ductile
failure, controlled by the strength of polymeric
chains, is sensitive to both temperature and strain
rate, as has been observed in PEG 600 £ow ex-
periments. Brittle deformation observed in the
crust of analog experiments and natural £ows is
a passive expression of deformation and failure of
the underlying visco-elastic layer. While the pres-
ence of a visco-elastic layer has been used to ex-
plain the emplacement of pahoehoe and PaPa
£ows, results of PEG 600 dome emplacement
experiments (Gri⁄ths and Fink, 1993) suggest

that this model may apply to more silicic £ows
as well.
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