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Abstract:

Although attempting to consider the impact of freeze-thaw, the monitoring of
associated thermal conditions must, effectively, be context free. This is im-
portant for several reasons. First, although freeze-thaw is being evaluated, data
must be of a nature that also allows determination of the spatial and temporal
role of other processes. Second, by being ‘holistic’ rather than (assumed) ‘spe-
cific’ in character the data do not pre-determine the outcomes. Third, by being
able to be used for evaluation of multiple processes the data are, paradoxically,
of a nature that facilitates a more detailed understanding of freeze-thaw activity
itself. In considering freeze-thaw it is important to recognize that the process is
not a singularity but rather comprises a range of mechanisms, each determined
by an interaction between thermal and moisture conditions with the properties
of any given building material. In the absence of (the required) moisture data,
the thermal data need to be adequate to validate, or invalidate, specific me-
chanisms, as well as to offer indirect proxy information indicating whether or
not some form of freeze-thaw weathering indeed took place. Significant in this
regard are not just freeze-thaw amplitudes and durations but also the associ-
ated rate of change of temperature (AT/At). In addition, the record rate must
be fast enough to monitor (should they occur) ‘exotherms’ — the latent heat re-
leased as water turns to ice; this being a proxy identification that water was
present and did indeed freeze (the finding of ‘zero curtains’ can also be used as
a proxy for the existence of water that froze within the material). In reality,
the thermal data acquisition requirements for monitoring of both AT/At rates
and exotherms are effectively the same; namely high-frequency thermal moni-
toring at an interval of at least one-minute. Thermal monitoring at one-minute
intervals may have produced logistical problems in the past but modern data
loggers with multiple channels, long-life battery power and large storage capac-
ities can handle such requirements with ease. The resulting data are of a tem-
poral nature that allows for the evaluation of thermal stresses, especially those
associated with AT/At events >2 °C'min”. Equally, such data are able to
resolve the short-interval heat transfer associated with latent heat release at
phase transfer. Significantly, such data not only identify the occurrence of exo-
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therms but also show the temperature at which freezing took place. Further,
given sub-zero rock temperatures, the absence of exotherms shows when thermal
conditions may have been suitable but no water was available to freeze or de-
spite water being present it did not freeze. Thus, this approach provides objective
data allowing for the true counting of actual events rather than the subjective
counting based on the assumptions that (a) water was indeed present and (b)
that it froze within a certain thermal range. This latter approach (assumed count-
ing) has now been shown to suffer from potentially massive error, especially
within a spatial context. In respect of thermal monitoring, the key prime require-
ments are: large data capacity loggers with multiple channels, high resolution
loggers, high-frequency logging capacity, high resolution transducers, fast re-
sponse time transducers, large spatial distribution of transducers (including,
where possible, with depth within the material being monitored). In terms of
transducers, experiments have suggested that 40 gauge thermocouples satisfy
resolution (0.1°C) and response time (0.04 sec) while at the same time, due to
the almost invisible nature of the wire, not impacting on the aesthetics of a
site. If drilling of the building material (for the emplacement of transducers) is
possible, holes are less than 0.2 mm in diameter, or, if a predrilled block is
situated at the site, the visual impact is still very small. Where any form of
attachment or drilling is prohibited, infra-red (IR) sensors are now of a resolution
(0.1 °C), response time (0.002 sec) and monitored area (1 mm?) that can pro-
vide excellent data; but at an aesthetic cost during monitoring. The use of infra-
red sensors is ideal for monitoring of surface pigments (e.g. in cave art) or
fragile components unsuitable for direct contact sensors. Once collected, data
have shown that many pre-conceived notions, especially in respect of freeze-
thaw, are in error. Despite cold temperatures (the common “indicator” for the
assumed occurrence of freeze-thaw) data have shown that either water was not
present in the rock to freeze or it simply did not freeze at the available tempe-
rature; equally the temperature at which freezing occurs has been found to
often be colder than the assumed value. Sometimes the freezing of water was
found to be progressive with depth while at other times it was instantaneous
over the outer several centimetres of the rock. Spatial and temporal variability
of freeze-thaw events were both extremely large. Thermal stress events often,
in magnitude, frequency and spatial distribution, exceed freeze-thaw in terms
of number of occurrences. Further, moisture and thermal conditions show that,
in cold environments, chemical weathering can occur for long periods —
perhaps all winter. Finally, as much as these data help us to go forward in our
understanding of weathering, they still need to be directly linked to actual
breakdown — we cannot simply assume that because freeze-thaw may occur it
is (in the absence of proof) the cause of the damage we observe. This is the
next step — the connectivity of material failure with specific process.

freeze-thaw weathering; thermal conditions; processes; scale; monitoring;
building stone.

INTRODUCTION

With respect to freeze-thaw weathering of building stone, the ‘freeze-
thaw’ attribute is usually discussed as if it were a singularity. That is to say,
the term is used in a manner that suggests the weathering (‘freeze-thaw’) com-
prises but a single mechanism as indicated by the descriptor used. Further, in



Monitoring of Thermal Conditions in Building Stones 375

many studies the action of ‘freeze-thaw’ appears to be assumed rather than
proven — the considered role being based on a climate that experiences “cold”
coupled with observed physical weathering of the stone. Equally, in many
studies where the building material resides in a zone of cold winter condi-
tions so the monitoring protocols, assuming the activity of freeze-thaw, are
set up in such a manner as to monitor just this and, in so doing, are inadequate
for determination of other processes. Thus, the “proof” of freeze-thaw be-
comes one of a self-fulfilling prophecy rather than scientific evaluation. In
truth, the proof (as opposed to assumption) of actual freeze-thaw events oc-
curring within the stone are almost non-existent and such proof connected to
actual weathering outcomes within a field situation even less so (Hall et al.,
2002). While some laboratory undertakings have linked weathering with the
freeze-thaw events, their veracity is questioned based on the unrealistic (to
the real world situation) simulation conditions (Thorn, 1992). Paradoxically,
the ability to show freeze-thaw events did occur while, at the same time,
being able to evaluate other weathering mechanisms comes from attempts to
monitor processes other than freeze-thaw — and in so doing also indicates the
data-bound weakness of most freeze-thaw directed studies.

Perusal of many building stone weathering studies suggests unqualified
assumption of both the freeze-thaw mechanism and the nature of the ensuing
damage. The examples in which process, especially freeze-thaw is assumed,
are too numerous to cite, and it would really be inappropriate as the goal is
not criticism of studies but rather to consider the way forward based upon
sound principles. To give an example, without prejudice, one could note the
discussion of Lawrence (2001, p. 26) regarding the deterioration of Canada’s
Federal Parliament Building, where it is stated that among the many causes
of breakdown some “Damage was attributed to .....penetration of water into
open joints and subsequent freeze-thaw activity...”. The key word in this
otherwise excellent review by Lawrence (2001), and this pertains to subse-
quent discussion, is “attributed”; this attribution, I would argue, is largely a
function of the cold climate and thus assumed role of freeze-thaw. Equally,
Mitchell, et al. (2000) calculate the number of freeze-thaw cycles affecting
Lichfield Cathedral (England) based on recorded temperatures and humidity,
but without actual evidence that the water did indeed freeze and, in so doing,
effect damage. Apropos later discussions, the study of Mitchell, et al. (2000)
recorded temperatures at 15-minute intervals and these were used for evalua-
tion of thermal stresses; it will later be shown that such a record interval is
inadequate for any such evaluation except in the broadest terms.

Indeed, from the perspective of the “bigger picture” a major stumbling
block to a realistic dealing with practical problems of building stone weather-
ing, is that of our application of discipline-specific knowledge and/or ap-
proaches. Sad to say but, despite our accessibility to literature, there is little
cross-fertilization between disciplines: engineers continue with their standard
techniques (whether or not those have any relationship whatsoever to actual
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processes), geomorphologists work in the landscape but frequently without
recourse to non-landscape studies, building conservation and asphalt road
studies stay within their topic-specific literature, and specialists such as rock
fracture mechanics scientists stay within their, often theoretical, sphere. Read-
ing of the literature within any discipline is often as if none of the others even
exist; sometimes with amazing conceptual outcomes or decisions. Obviously
there are exceptions across the board to this: the paper by Whalley and
McGreevy (1984) berating geomorphologists for not using the wealth of in-
formation from engineering studies being a classic example (however, nearly
20 years on the paper might not have existed!). Pragmatically, this is a serious
issue and one that hinders studies and, if I were allowed a personal note, it
would be a cry for researchers to look outside of their discipline for tech-
niques, theory, equipment, approaches etc. Failing that, the answer would be
to create multi-disciplinary teams to deal with the issues. Here, from my own
perspective, I hope to suggest some issues to consider within the context of
freeze-thaw affecting building stone. Obviously the discussion cannot be all
inclusive, but the ideas and approaches for the findings and data presented
were, in the first instance, derived from a wide range of literature. Here, rather
than a plethora of data and graphs, many of which may suffer from the very
ills noted above, the aim is to consider the underpinning issues, some of the
practical problems, and the complexities in dealing with freeze-thaw within
building materials — and only to use data to exemplify those issues.

2. FREEZE-THAW PROCESSES

As noted above, it is not a single process that comprises ‘freeze-thaw’ but
rather there are a range of possible mechanisms (Table 1). McGreevy (1981)
provides an excellent review of the multiplicity of mechanisms available
within the catch-all term of “freeze-thaw” (or any of its many synonyms)
and, despite its early date, subsequent to that paper the only significant ad-
dition to the mechanical aspect of rock breakdown due to the freezing of
water is that of the (theoretical) model by Hallet (1983). Combined, the
mechanisms require a range of different moisture conditions, freezing rates,
freezing temperatures and rock properties (Table 1). Further, dependent upon
mechanism, the spatial location within the material where the process may
operate can differ. Thus, it is indeed critical, to both obtain adequate data on
the controlling attributes and to determine the actual mechanism(s) operating;
noting that there can be temporal and spatial variability in mechanism for
any given site (Figure 1). The data shown in Figure 1 are simply surface tem-
peratures recorded on each of the cardinal aspects (on a vertical brick) for
one winter’s day (March, 2004). Consideration of this one day shows the
large spatial variability in respect of temperature and hence possible weather-
ing processes, including freeze-thaw. South experiences very high surface
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temperatures coupled with large short-term fluctuations while North barely
gets above freezing and has many crossings of 0°C during the day (probably
not effective in terms of freeze-thaw but may influence water availability
and/or thermal stresses). This spatial complexity is further exemplified by
Figure 2 which shows the surface temperatures of two South-facing bricks
but with one vertical and one at 45°. The vertical brick, being almost normal
to the low angle winter sun, experiences temperatures up to +20 °C while the
45° brick, although facing the same direction, never gets much warmer than
-10 °C (Figure 2); the low air temperatures (-16 °C) during that day clearly
influencing the angled brick more. Thus, not only can the vertical brick,
given available water, experience chemical weathering during that day but
also it would be the only one able to experience freeze-thaw action; any
water within the 45° brick remained frozen. While these two figures clearly
illustrate the spatial variability of temperatures, there is also a temporal in-
fluence insofar as, with the changing angle of the sun through the seasons, the
impact of slope angle changes — and hence the weathering potential.

Consideration of Table 1 shows that the two key elements in freeze-thaw
are the moisture and temperature conditions (and their spatial and temporal
variability); material properties, especially with building stone, may be well
known or even able to be controlled. Regarding the two attributes of tempe-
rature and rock moisture, thermal conditions have dominated data in most
studies while that for moisture are highly limited. However, with regard to
the thermal conditions, data of the critical AT/At (rate of change of tempera-
ture) have been inadequate as a result of low-frequency data collection (Hall,
2003). This low-frequency data acquisition, partly as a result of process pre-
sumption, has meant that other possible processes could not be evaluated.
Available data are actually inadequate to “prove” freeze-thaw, but with the
assumption of freeze-thaw activity the data become a self-fulfilling prophecy
as to its existence and role (see Hall, 2004 for a discussion).

Table 1. Freeze-thaw mechanisms and their controls

Person(s) Date | “Process” Moisture Temperature | AT/At
Bridgeman 1912 | Water freezing | >90% sat none
Powers 1945 | Hydrofracture Low % sat none
Taber 1950 | Capillary action | >90% sat Slow
Battle 1960 | Volumetric >90% sat -5t0-10°C Fast
Dunn & Hudec 1966 | Ordered Water | Any' >-40°C none
Mellor 1970 | Freezing rate >50% sat V. fast
Connell & Tombs | 1971 | Crystal Growth | Low % sat V. slow
Hallet 1981 | Ice lenses >90% sat -10to-15°C | V.slow
Grawe’ 1936 | Questions How much? | How cold?

! Rock properties play a larger role as the available water must be in pores <5 microns in size.
% Grawe (1936) is included here, but put last, as he questioned the components of the freeze-
thaw system from the perspectives of physics and reality rather than introduced a new me-
chanism (see text).
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Figure 1. Temperature data for the surface of bricks facing the four cardinal directions to
show the large spatial and temporal variability in temperatures, especially for the day-time.
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Figure 2. To show the impact of slope angle on building brick temperature in northern
Canada.
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The paper by Grawe (1936) is cited within Table 1 insofar as it questioned
the many held beliefs with regard to freeze-thaw weathering, notably the
possible stresses that can be exerted by freezing water, and despite being
published over 80 years ago the questions raised are no less valid today.
Indeed, the veracity of freeze-thaw might be less strong had greater
recognition been given to this paper in many studies. Grawe (1936) raised
the questions surrounding the greater-than-any-rock-can-withstand pressures
that freezing water can generate, and thus, in principle, the overall possible
effectiveness of the process. To generate the high potential pressures, the
rock body needs to be totally saturated, have a temperature of -22 °C, and to
comprise a completely closed system; of course, to attain the maximum
possible pressure the body would also have to be able to withstand that
pressure. Thus, as effective as freezing water can be in generating destructive
pressures, there are significant constraints and limitations. The pressures are
temperature dependent and thus values less than -22°C have commensurately
lower possible maximum pressures, and this is lowered more still by less-
than-saturated conditions, and, if extrusion can occur because it is not a closed
system, so the pressures may then be negligible. Thus, even though the water
may indeed freeze, there need not be any weathering taking place. Hence
Table 1 shows variations on a theme to try and overcome some of these issues
to exploit the destructive potential of freezing water.

Thus we see a range of possible freeze-thaw mechanisms requiring vary-
ing degrees of moisture, different rates of change of temperature, and each
finding its own way to overcome the necessity for a closed system. Hidden
within this are also the attributes of the material itself and, in respect of
freeze temperatures, the period to which the material is subject to sub-zero
temperatures. In respect to the latter, Battle (1960) showed that, for
effective freezes, temperatures had to be between -5 °C and -10 °C, figures
not greatly dissimilar to those suggested by Hallet (1983). Along the same
lines, studies from France (Lautridou, 1971) have shown that to be effective,
freezing temperatures had to be maintained for periods of at least 10 hours.
Later studies (Lautridou and Ozouf, 1978) also showed that the rate of
change of temperature was important, with rapid freezes negating water loss
from the rock; conversely, Hallet (1983) suggested that, for his model, very
slow rates of freeze were required to allow continued water migration to the
freezing location. At the same time, the properties of the material are also
important in influencing thermal changes; for example, permeability as well
as the pore sizes and shapes can influence freezing (note Dunn and Hudec,
1966 re pore size and shape). Clearly, rocks with very low porosities and
permeability are going to respond to available water, and hence the effects of
freezing, in quite a different manner to the more porous and permeable
rocks; note Trenhaile and Mercan (1984) and Hall (1986) have shown that
even under conditions seemingly conducive to high moisture contents some
rocks remain with very low degrees of saturation.
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Thus, despite the almost casual application of the freeze-thaw concept, it
is actually a very complex mechanism dependent upon an association of cri-
tical levels of moisture with specific temperature conditions, all mediated (in
part) by the rock properties themselves. Thus, for any evaluation, particular-
ly of damage actually ensuing from a freeze-thaw mechanism knowingly
taking place, it is essential to obtain data in respect of thermal and moisture
conditions in the material under study. At the same time, to assess the actual
role, if any, of freeze-thaw it is imperative to monitor any other processes
occurring at the same site through the annual cycle. Fortunately, many of the
other processes, including chemical weathering, are (at least in part) able to
be evaluated by the same combinations of temperature, moisture and rock
property data as are required for an effective study of freeze-thaw. Thus, in
monitoring adequately for freeze-thaw it is possible to gather a better picture
of the weathering synergies and the place of freeze-thaw within this bigger
picture; a more scientific approach than the ill-founded attempt to monitor
just freeze-thaw.
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Figure 3. Example of two consecutive days with comparable freeze temperatures but only one
shows evidence of water freezing (an exotherm).

3. MONITORING

In most field situations where freeze-thaw has been assumed to be active
the weathering protocols were of a nature that, ironically, were unable to
validate this process except by recourse to gross assumptions. Paradoxically,
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it has been the attempt to prove processes other than freeze-thaw that have
generated data sufficient to validate the freezing and thawing of water within
building stone (Hall, 2003, 2004). Freeze-thaw has usually been assumed
operative based on geographic location — a site where cold conditions occur
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Figure 4. A. Example of all levels (surface, lcm depth and 3cm depth) freezing simultaneous-
ly. B. Example of a progressive freeze down to 1 cm depth in the brick.
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during the winter. In such studies, the general approach has been to assume
the presence of water within the building material and thus when sub-zero
temperature conditions (usually below a threshold of such as -3 °C: Matsu-
oka, 2001) could be monitored so each such event was thought to generate a
freeze cycle. However, as will be discussed below (see Figure 3), where data
are available, it has been shown that despite the sub-zero thermal conditions
no transformation of water to ice took place; presumably (simply) because
no water was present to freeze. Thus, it becomes critical that, in the case of
freeze-thaw, monitoring procedures are such that it can be clearly shown that
water did indeed freeze.

Thus, in ‘monitoring’ for freeze-thaw there are a number of attributes that
need to be considered. With respect to solely thermal conditions there needs
to be recognition of the large spatial and temporal variability (Figures 1-2).
For the evaluation of freeze-thaw weathering impact on buildings, so the
spatial variability in freeze-thaw operation, including as a function of slope,
must be taken into account. To further help evaluate the spatial effectiveness
of freeze-thaw so there needs to be monitoring of temperature at different
depths within the material (see Figure 4 below). The rate of change of tem-
perature is critical for evaluating the freeze-thaw mechanism itself as well as
for studies of thermal stress. In the absence of moisture data, so it is import-
ant to have thermal data at a sufficient frequency that exotherms can be re-
solved (Figures 4-5), thereby providing proxy information of both the pre-
sence of water and that it actually froze. As building material albedo can influ-
ence thermal conditions (see below and Figure 7) so monitoring should also
take this into account where there is variability in the brick and/or stone used.
Lastly, as with any study, recognition must be given to processes operating at
a range of scales and, where possible, an attempt made to monitor accordingly.

3.1 Monitoring suggestions - The ‘holistic’ approach

To monitor freeze-thaw weathering is to monitor weathering — not, in
reality, to monitor just ‘freeze-thaw’. There is no singular attribute that needs
to be monitored that is not a requirement of some other process — even the
freezing of water indicates when, for example, chemical weathering is not
taking place. It is quite a different thing to monitor the pressure exerted by
the freezing water, but no less so than the pressure exerted, at the same loca-
tion but during the summer, by hydration of salt. The pressure exerted by the
freezing water is an attribute within the freeze-thaw mechanism and is not a
factor controlling whether freeze-thaw takes place or not; it may only control
the effectiveness of freeze-thaw as a weathering mechanism, not its occur-
rence. Thus, to set up an effective monitoring system, the attributes of rock
properties, rock moisture and rock temperatures need to be ascertained - and
how these change in both space and time. The monitoring protocols need to
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be able to evaluate all of the weathering mechanisms and thus data acquisition
times need to take this into account. In other words, if the data acquisition
for monitoring thermal conditions in respect of thermal stress are adequate to
evaluate freeze-thaw then they can be used; the corollary (hypothetically)
that the basic data for freeze-thaw are inadequate for evaluating thermal stress
thus prohibits their use. This becomes quite a complex issue, but then
weathering is complex!

Problems, practical, aesthetic and technical, can arise in determining quite
what to monitor, where and at what rate. This becomes a much bigger issue
when scale attributes are taken into account. However, outside of data man-
agement, consideration of most attributes at the micro-scale will provide
much data also suitable for macro-scale determinations of weathering. Prag-
matically, many building stone studies will not be able to monitor at all
scales, or with regard to all attributes, or with spatial or temporal variability
in an adequate fashion. This is just a reality. However, it becomes less of an
issue if the inadequacy is recognised and thus weathering evaluations take
this into account. That said, most building construction, considering the thick-
ness of the brick or stone, may well be impacted mainly by micro- or meso-
scale weathering. Indeed, that very recognition may suggest specific types of
measurement that can be requested for future studies or might be able to be
simulated in a laboratory situation. The key is to monitor as extensively as
possible the moisture and thermal attributes affecting the various building
materials and, where possible, to have as much data as possible on those
building materials — both the initial nature of the material and its present
condition. Then, with an understanding of process and hence what inform-
ation is needed to truly determine specific process operation (or not), it is
possible to evaluate the available data in an objective manner.
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Figure 5. To show an example of an exotherm from the south-facing, vertical brick.
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3.2 Monitoring techniques and technology

Recognizing the importance of both scale and aesthetics, a number of
recent studies (Hall, 2003, 2004) have used ultra-small, ultra-responsive 40
gauge Type-T thermocouples with a precision of 0.1 °C. With a diameter of
less than 0.15 mm the units are almost invisible to the naked eye and so can
be used in aesthetically sensitive situations. The small size also allows for im-
planting of the sensors within materials without any significant damage; this
facilitates the opportunity to monitor thermal conditions at different depths.
The fast response time (>0.02 secs) also allows for high-frequency data
logging sufficient for monitoring of both exotherms and rates of change of
temperature that will facilitate meaningful evaluation of thermal stress.
High-frequency data from such sensors (Figure 6) are ideal for evaluating
processes at the micro-scale (granular disintegration) while the long-term
data can still provide information suitable for macro-scale determinations (e.g.
seasonal thermal variability). There is no reason why freeze-thaw cannot be
happening at the micro-scale (“microgelifraction”) so such data may be im-
perative for an understanding of rates and timings at this level; indeed, much
building damage due to frost action may be at this surficial scale.

Where it is not possible to affix transducers to the building material it is
still possible to obtain the same high-quality data by use of infrared thermo-
meters. Measuring over an area of <0.5 mm with a resolution of 0.1 °C and a
response time of 0.05 seconds the resulting data are almost comparable to
those from the thermocouples. The distinct advantage is that the infrared sys-
tems can be used to monitor such as frescoes or components of a mosaic
without any contact with the materials being studied. Such monitoring may
be critical for evaluation of thermal differences between components with
different albedos. Technological advances are now beginning to bring ever
better degrees of resolution to thermal imaging systems that will soon be ad-
equate for thermal monitoring of extensive areas (e.g. a whole wall with
multi-point display of chosen areas within that) through time. The trade-off
is that infrared monitoring is not so aesthetically acceptable and is, currently,
more expensive.

In essence, logger and transducer technology are now such that long-term,
high-frequency monitoring with adequate resolution (0.1 to 0.4 °C) and large
storage capacity is now readily available at relatively low cost. Some units,
such at the ACR TrendReader from Canada, can monitor eight channels at
intervals down to 0.01 seconds with 12-bit precision, an internal battery pro-
viding 10 years of continuous operation and storage for one million data
points — and the unit will fit in a shirt pocket! There are also practical attributes
in that the units have a small aesthetic impact and, in many situations, the
small size can make for easier security. Thus, outside of the overall costs rami-
fications, there are few technological reasons to inhibit thermal data collection
of a quality commensurate with that required for process evaluation.
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Figure 6. Surface temperatures collected at 20 second intervals on a south facing, vertical
brick to show the short term thermal variations.

Data collection regarding rock moisture is substantially behind that of the
thermal conditions and almost negligible with respect to such as rock moisture
distribution and chemistry. The reality is that monitoring of moisture has
been technologically far harder than thermal conditions. That said, this too
has benefited from technological changes, and the work of such as Sass
(2004, 2005) shows what can be done, particularly within the context of
freeze-thaw evaluations. Moisture really is a critical factor and one so often,
and in a variety of ways, ‘taken for granted’ within freeze-thaw studies. Not
only is it necessary to understand the temporal and spatial variability of mois-
ture, but it is also required that some understanding of the chemistry be
known. The chemistry not only affects the freeze temperature (Hall et al.,
1986) but can also be important in respect of other weathering processes
occurring when the water is not frozen. Data on rock water chemistry are,
however, all but non-existent (Hall et al., 1986; Thorn, 1988). In terms of
moisture distribution within the building stone, this is critical for a number
of reasons. In respect of freeze-thaw, if the mechanism is controlled (at least
in part) by the degree of saturation then this is key to understanding process.
While, for instance, a brick may have only 20% saturation when viewed as a
whole, it is possible that the outer zone of that brick is 100% saturated while
the inner part is dry. Equally, in such a scenario, this would imply the location
of weathering by wetting and drying is at the inner boundary of the outer
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wetted zone — inside the brick. As wetting and drying can change pore pro-
perties (Hall and Hall, 1996) so this may be the precursor to freeze-thaw or it
may be working synergistically with freeze-thaw.

Thus, for any meaningful evaluation of freeze-thaw it is imperative that
data regarding moisture be available. Failing that, then the proxy information
provided by such as exotherms (Hall, 2004) becomes all the more critical for
without it there can be no way of discerning whether there was any water
available to freeze and, if water were present, whether it did indeed freeze
(Figure 3). This, in turn, leads to the last attribute — to monitor whether any
weathering (i.e. the actual breakdown, in situ, of the material) took place as a
result of the process occurring. Again, it is often assumed that because
freezing of water did occur then weathering resulted. This need not be so.
Perhaps the ice simply extruded or there was space available for the volu-
metric expansion to be accommodated and so no stress was exerted on the
rock; even if there was a stress exerted, it may have been far less than the
strength of the material. Thus there needs to be connectivity between the
weathering process and the effect — an attribute missing in almost every
study. Even where blocks are shown to be moved by ice wedges during the
freeze event (e.g. Matsuoka, 2001) this need not, as noted above, imply
weathering per se but rather may simply be movement of the already freed
block by the ice (i.e. transport). That said, quite how to monitor, especially at
an aesthetically sensitive site, is another question. Strain gauges may help
and can be kept small, and non-destructive ultrasonic monitoring may be
viable in some situations. As difficult as it may be to undertake monitoring
of the linkage between weathering process and their effect, it is crucial for
building studies if a realistic appraisal of process spatial and temporal vari-
ability is to be obtained.

33 Use and Interpretation of the Data

In broad terms, if the protocols outlined above have been implemented,
the resulting data are essentially unconstrained by process, but can be used
to deduce process. The data are holistic and can be used to evaluate thermal
stress as well as to discern exotherms; they are also adequate for evaluation
of chemical weathering processes. In other words, the data should be viewed
from the perspective of “what processes are occurring” rather than “this proves
what I thought” — although the latter can clearly be an outcome of the former.
Essentially the call is for obtaining data that are not simply a self-fulfilling
prophecy because they are inadequate to do otherwise, but rather the data
show freeze-thaw occurred because they are able to prove other processes
could not have occurred. The reality is that, the most likely outcome is a
variety of weathering processes that, in both series and parallel, change
through time and as a function of aspect. Thus, when evaluating the data, give
due consideration to all processes and anticipate some degree of spatial and
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temporal variability in these. In other words, while freeze-thaw may certain-
ly occur, the questions might be as to its timing, extent, location, and its re-
lationship to the other processes taking place through the year. Where freeze-
thaw is clearly an operative process, so the data might be able to suggest the
mechanism(s) and this, in turn, may lead to effective remedial or
preventative measures.

A brief example of the importance of considering data regarding freeze-
thaw in respect of other processes illustrates the points above. In essence,
freeze-thaw is a function of thermal cycling that, because the thermal changes
cross a threshold that causes available water to freeze, may produce stresses
in excess of the strength of the material. Thus, in terms of recognizing the
action of freeze-thaw and determining the specific mechanism it is critical to
obtain high-frequency thermal data. Thermal stress and thermal shock (Yatsu,
1988) are also the product of thermal cycling, but here the threshold is a
function of the rate of change of temperature (AT/At); the rate needing to be
> 2° min™'. Thus, both mechanisms require thermal cycling, it is primarily
the ‘thresholds’ that differ. However, and extremely important in the context
of building materials in cold environments, it is a rapid fall in temperature
that is more stressful than a rapid rise in temperature (Mavorelli et al., 1966).
Thus, in cold climates where solar radiation warms a wall, possibly trans-
forming water into an unfrozen state and readying it for another freeze-thaw
cycle (and providing a short-term opportunity for chemical weathering), so
as the heat source is removed the resulting values of AT/At can be very high
due to the cold air; thermal stress/shock can result and be particularly effective
as it is a falling temperature AT/At event. The thermal stress precedes the
freezing of water and any subsequent freeze-thaw effect; the scale (depth) of
effectiveness depends on the specific thermal conditions and the nature of
the building material(s). In essence, the two weathering mechanisms are
operating in series and, depending on the situation, the overall weathering
impact may be misinterpreted as solely freeze-thaw; equally the thermal
stresses may help enhance the freeze-thaw impact and so exacerbate its ef-
fectiveness. Thus, the data need to be considered from several perspectives,
including in a temporal context, to fully comprehend the weathering en-
vironment and process relationships.

4. SCALE

Scale is a significant issue and one often ignored — both in terms of mo-
nitoring protocols and with respect to the actual process (Hall, Subm). The
considerations with respect to monitoring have been dealt with above —
sensors and monitoring frequencies appropriate to the scale under investiga-
tion. In respect of the process(es) themselves, the level at which they operate
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and the temporal variability within this, less empirical recognition has been
given; the best has been qualitative recognition that scale differences may
exist. This is a very important consideration as, by the time damage (osten-
sibly due to freeze-thaw) has been identified there may already have been a
process - scale change. Equally, if identification of freeze-thaw can be made
at the micro- or nano- scale, then damage may be able to be inhibited before
if becomes an aesthetic or remedial issue. As recently discussed by Inkpen
(2005 p. 129-130), scale need not be an absolute quantity but rather re-
lativistic — varying as a function of the entities being studied. Here, the scale
attribute would be that of processes causing breakdown of the building
material at the nano- and micro- scales, and the relative and temporal role of
freeze-thaw within that.

In terms of mechanical weathering processes, it has been argued (Hall and
Andre, 2003; Hall, Subm.) that little or no recognition has been given to either
the processes or the measuring of attributes influencing the weathering pro-
cesses, at the micro-scale, let alone the nano-scale. Although the qualitative
judgement regarding the occurrence of “granular disintegration” or “flaking/
scaling” may be made, and sometimes attributed to frost action (Matsuoka,
2001; Ballantyne, 2002; Curry and Morris, 2004), data on this are rare (Hall
and André, 2003). Thus with the increasing recognition of chemical processes
at the nano-level (Butenuth, 2001; Hochella, 2002), coupled with develop-
ments in technology that facilitate measurement at smaller and smaller scales
(spatial and temporal), so it is really incumbent upon us to start considering
the role of mechanical weathering (including freeze-thaw) at the micro-scale;
as Van der Giessen and Needleman (2002, p. 141) state, “...fracture spans
several length scales from the atomistic to the macroscopic scale”. This is
important at two levels other than that of simply process recognition. First,
because of the ever-progressive damage to buildings that can occur from
flaking and granular breakdown itself, and second, because the activity of
micro-scale weathering may change material properties in a manner that al-
lows macro-scale weathering processes to occur. The first of these two attrib-
utes (flaking/granular disintegration) is a practical (and aesthetic) issue and
one that can impact some sites/lithologies in a detrimental manner such that
knowledge of the process is imperative in order to effect inhibiting or remedial
action. The second may be more significant. By identifying the macro-scale
breakdown as due, for instance, to freeze-thaw activity, this may misinterpret
the initial causative processes and possibly suggest remedial or inhibiting pro-
cedures that could actually exacerbate the true initial weathering process(es).
In some low porosity/low permeability materials, initial weathering processes
causing changes to those properties may be other than freeze-thaw; the ob-
servable breakdown from freeze-thaw is a later stage in the weathering con-
tinuum and was only able to occur because those changes had taken place.

In respect of changes to material properties through time, and the result-
ing process transitions, this may be a key factor not adequately considered in
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building stone weathering. For example, studies (Hall and Hall, 1996) have
shown that wetting and drying can cause changes to the pore size distribution
within sandstone as well as granular disintegration itself. In many environ-
ments, the number of wet-dry cycles may significantly exceed effective
freeze-thaw events. Further, under some conditions the wet-dry weathering
effects may be sub-surface in location (Hall and Hall, 1996) such that later
freeze-thaw events may be misinterpreted as the actual causative mechanism.
These are important considerations. If a better understanding of the processes
initiating weathering can be obtained then it may be possible to inhibit the
latter, perhaps more detrimental, processes. Equally, because a block of build-
ing material, of whatever size, is seen to be “moved” (released) by freeze-
thaw this does in no way imply that the freeze-thaw caused any actual
weathering sensu stricto. The block may already have been weathered ‘free’
(i.e. all boundaries had been disassociated) by other processes and the block
was only moved by the effect of ice growth within the building material —
thus it was transport not weathering. Further, while the block may have been
viewed as the product of macro-scale action by freeze-thaw (macro-geliva-
tion), the actual weathering and disassociation along the boundaries may
have been the product of micro-scale processes (micro-gelivation) - the pro-
duct of which was a block (Hall, Subm). Again, misinterpretation may lead
to the wrong remedial methods.

S. A FEW LAST THOUGHTS

In recognizing the bigger picture and the need to consider freeze-thaw
within a spectrum of processes that operate within a spatial and temporal
framework, a framework that is itself to be considered as a function of scale,
so a number of practical problems may arise to confound. Based on recent
studies it is germane to indicate a few things for consideration. First, studies
(Hall, 2004) have shown that even in ‘cold’ climates, the rock surfaces on
the equator-facing aspect may achieve high (+30 °C) temperatures during
the day, despite air temperatures of -20 °C. A significant implication of this
is that, given the presence of water, so, within the heated zone, chemical
weathering can continue throughout the winter in high latitudes that still
receive winter sun. Obviously there is a spatial aspect as well as a scale one
(the depth of thaw), but these too will vary through the seasons and as a
function of latitude. Nevertheless, the significance is that, processes other
than mechanical may have to be considered.

In terms of freeze-thaw, studies have shown that the temperature at which
freezing begins (Hall, Submitted) can vary significantly (between -1.8 °C
and -9°C for the same point in this study) such that any approach that uses
counting of thermal events across a given threshold may be in error. Further,
by identifying freeze events within building stone by means of exotherms
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(Figure 5) it was possible to show the number of times when thermal
conditions were suitable but no freeze occurred as there simply was no water
present to freeze. Thus, the situation is clearly not ‘simple’. The available
data (Hall, 2004) have shown that sometimes there is a progressive freeze
from the rock surface downwards and sometimes freeze occurs simulta-
neously from the surface to a specific depth (Figure 6); in some cases freeze
begins sub-surface first. All of this has significant spatial and temporal vari-
ability, not the least as also a function of slope (Hall, 2004). Again, this sort
of information may have ramifications for protective/remedial approaches,
particularly to large buildings that have variation in building materials and
extensive exposures, at varying slopes, on each aspect (e.g. Lawrence, 2001).
Dependent upon the scale under consideration, there can be a significant
difference in process perception. For example, at the micro-scale the thermal
regime is significantly different to that at the macro-scale and, despite the
macro-level operation of freeze-thaw, there may be micro-level granular
disintegration resulting from thermal stresses. Data (Hall, 2003; Hall and
Andre, 2003) have shown that that the grain scale there can be thermal
fluctuations >10 °C in intervals down to 20-seconds. These create thermal
stresses at the grain boundaries and/or within the outer shell of the rock to
cause fatigue leading to flaking or grain release. Even here, this can be further
complicated by albedo effects (Hall et al., 2005) with dark-coloured stones
being hotter than the light-coloured; however, under some circumstances the
lighter-coloured minerals or building stones that can be hotter than the dark
(Figure 7). Thus, again, the simple assumptions we all often apply, without
testing, may be false and so generate erroneous data. Finally, while preoccu-
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Figure 7. Example of the white brick being hotter than the black brick on a day when solar
radiation heated the bricks to temperatures higher than the air.
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pation has been with the thermal conditions, the reality is that much more
data are required regarding moisture conditions — amount, spatial and temporal
distribution, and chemistry. Very few studies have attempted to consider any
of these attributes but the recent work of Sass (2004, 2005) suggests that
techniques are available and that we should be applying these with the same
spatial and temporal variability, and considering data across the same range
of scales, as have been applied to the thermal conditions.

6. CONCLUSIONS

It seems, in some ways, that the study of the role of freeze-thaw on building
stone is at a ‘crossroads’, or perhaps a ‘roundabout’ is a better metaphor. We
have theory upon which the mechanisms of freeze-thaw are founded but that
theory is, in part, the outcome (or, at least, affirmed by) the available data.
At the same time, data acquisition technology is improving and becoming
cheaper such that there should now be data better able to test the theory.
However, the notion of ‘freeze-thaw’ is so entrenched that rarely is it felt
necessary to obtain truly adequate data. As a corollary, the idea of thermal
shock has been so discounted (at least in geomorphological literature) that
data to test whether it does actually occur or not are rarely seen as necessary.
Thus the ideas regarding what weathering ‘is taking place’ remain entrenched,
affirmed by data that can do no other, and rarely is the weathering of the
building stone ever truly researched without prejudice — i.e. in an objective
manner. And so the roundabout continues to go round, stopping only to let
on those who have bought in to the concept, and thus it never actually gets
anywhere (scientifically). To quote the recent discussion by Inkpen (2005, p.
25): “An important point, however, is how do you select which theories are
the most coherent? What criteria do you use and who has the final say? The
scientific community seems to develop and agree theories, but this is not
necessarily a guide to how true those theories are”. This then extends in to
the applied aspects associated with the preservation of building stone where
he states (Inkpen, 2005, p. 26): “The success of a theory is judged on how
successful it is in its practical implementation. Success...lies in its successful
implementation. Functionalist pragmatism is not concerned with the truth of
reality, but with how truths about reality are thought to be identified, with
the processes of scientific endorsement. Success is defined by how well those
practices provide answers to our particular goals”. Thus, if it is assumed
freeze-thaw is the causative mechanism for breakdown and the only available
data support this, then it must be so. If, at least in the short-term, remedial or
restorative practices work, then this only but affirms that the theory must
have been correct. Sadly, however, this means neither do we ever get a pro-
per appraisal of the weathering processes and their effects at a given site —
we just think we have. As Inkpen concludes (2005, p. 26): “...goals and pur-
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poses are important and can be matters of taste, evaluation is not. Evaluation
requires a rationale, it requires rules and procedures that permit comparison
of ‘truths’ between individual”. We need to ‘get off of the roundabout’,
having enjoyed the ride, with the goal of looking at things anew, of asking
ourselves quite what are we measuring and what does it really tell us?
Following the metaphor of the ‘crossroads’ — we are now in a position to
change direction, to truly evaluate processes, their connections and inter-
actions, and their individual and combined effects. Whether we see fit to do
this remains the question. Nevertheless, the technology is now available.
True, to carry out a comprehensive study is daunting and requires a substantial
undertaking of time and effort, but why should we do less? Pragmatically we
are not always able to do all that which we may wish as resources are often
an issue. However, recognition of the limitations regarding the data we are
able to collect are imperative if our deductions are to be meaningful; consider
what the data can really tell us, not necessarily what we would like it to say.
It may also be beneficial to a better understanding for us all to look outside
of our narrow disciplines and consider comparable theory and studies in
other fields. And so, with thermal evaluation of weathering and freeze-thaw
in particular, as McCarroll (1997, p.1) states: “We do not improve our theories
or models by admiring them, or by proclaiming how well they seem to fit our
observations. The only way to improve them, and therefore to make
progress, is actively to seek conflict between our models and the real world.”
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