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Abstract

Weathering degree is often estimated by methods requiring physical tests and expert judgments which
are time consuming and depend on accessibility of the targets.

In this study the radiant temperature variation of rock samples and rock masses with time over a day
has been looked into for possible quantification of weathering degree.

For this purpose temperature series images monitored over the duration of a day on artificial samples
mosaic of Granite, Slate and Mudstone with varying degree of weathering and temperature images
acquired from field sites of Slate rock mass slope and Granite rock mass slope were used. These are
evaluated using indices obtained from the temperature series for the different weathering classes and
compared with the weathering classes determined in the field following geotechnical guidelines.
Lowest morning temperature recor),( maximum temperature record before direct solar irradiance

(B), the temperatures after receiving 5, 30 and 80 minutes of direct solar irradiaitelj and the

days peak temperaturg)(of the rocks and their ratios were used as index .

F/C andE/C ratio images gave relatively consistent increasing trend with weathering degreBMxhile

and D/C gave less consistent similar trend. Higher degree of overlap between the range of values for
different lithologies were found suggesting possibility of transferable scale of measurement between
different sites in the case BfA andD/C ratios. The lack of overlap iIR/C andE/C ratios suggests

only a relative means of quantification for different sites requiring more reference information on the
target to calibrate. In the rock mass outcrops temperature series image a method to represent the
temperature inversion between morning and noon time images of weathered and un-weathered parts
gave fairly consistent result to the expected.

An attempt has been made to characterize the spectra features of the samples from the different degree
of weathering. Apart from the elevated overall emissivity of the samples with weathering no
significant change in spectral association could be found.

Key words: Temperature series, degree of weathering, Quantitative, terrestrial IR.
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Towards Quantifying Degree of Rock Weathering from TimeeSeFhermal Images

1. Introduction

1.1. Background and Problem statement

Weathering or geotechnical degradation of rocksearth materials at or near the earth surface is an
unavoidable process. This implies that all striegusuilt in or on the earth surface are also imfteel

as these are found on them. Several approachedbanadeveloped over the years to account for this
inherent natural process in the design of suclesires. The most common are based on standards for
a qualitative geotechnical classification of thgme of weathering. The classification is to adarg
extent subjective and heavily depending on the riiggeand experience of the individual in the field
Therefore, it is important to have quantitativebiased methods that help to determine the degree of
weathering in intact rock and rock masses (andmescases also for soil and soil masses, although
that is not the subject of this research).

In principle, a quantitative degree of weatheriag de established using any property that changes
unidirectional from fresh to completely weatherdttotigh the different levels of degrees of
weathering (Arikan, 2007). A previous work, (KekeB008), already indicates systematic patterns of
temperature changes between early morning and ejdtemperature values of rock outcrops with
varying degree of weathering. A strong relationwaein LIDAR intensity and radiant temperatures
was also found for units of same degrees of weiaiieNevertheless, the quantification aspect of the
degree of weathering was not addressed in the Warkuch, sequential record of rock outcrop radiant
temperature could be used to quantify its weathealiegree based on the thermal response of the rock
surfaces with time. Difficulties arising from reaat higher parts or hazardous parts of the target
outcrop (slope face), lack of means of continuoessarement in degree of weathering on slope face
are some of the other setbacks in the existing odetii weathering degree assessment that need to be

addressed.

1.2. Research formulation

The changes in physical properties of weatherettsr@e well understood from long history of
practice and laboratory measurements (Carmich@8B)1 (Gupta, 2000), (Hack, 1997). In general the
weathering of rocks is accompanied by looseningjrain to grain contact, increased porosity and
lowering of density, alteration of the minerals.e§b changes can in principle affect the heating and
cooling rate of the rocks. A high frequency of rackface temperature measurement can hence be use
to obtain the inherent difference brought abouth®y variation in the physical properties mentioned
above. Hence the objective of this research isgbpossibility of using the temperature differencé

weathered and un-weathered rocks as measured ilthinfstances over time with diurnal range.




1.2.1. Major Objective
To assess the possibility of developing quantigatiegrees of rock mass and intact rock weathering
from temperature images for geotechnical purpasehis regard the following specific targets are

formulated to address the overall objective.

1.2.2. Specific Objectives
« To analyze the change in radiant temperature witte tas a function of the different
weathering degrees, as observed in the field qaar sf a day.
« To assess the use of radiant temperature derigafroen time series measurements in the

form of image to predict the degree of weathering.

* To investigate the role of alteration of the rockterials in the surface temperature variation
between different classes of weathering degreevaesmled from the radiant temperature series
measurements in the field and reflectance speasurements of representative samples.

The questions that need to be addressed withabard are formulated in the following manner.

1.2.3. Research questions

1. Do different degrees of rock mass weathering shisi@rdnce in the rate of heating? If
yes, what causes the difference?

Hypothesis: Inhomogeneous rock mass show diffeet and magnitude of daily cyclic

heating and cooling depending on the thermal prgpef their in homogeneities and the way

they form the rock mass. Hence, materials of higivermal inertia tend to heat up slowly and

to lesser extent than those with lower thermaltiner

2. Can quantitative scales of weathering degree etraiube derived from the differences in
thermal response between weathered and un-weattoaiethasses?
Hypothesis: The variation in the pattern of the tirgaand cooling rate is proportional to the

extent of alteration or weathering of the matefralm the parent material.

3. Can temperature measurements made at far fewantash a day than the high frequency
of temperature measurements be used to deriveblaluigormation as those of the high
frequency?

Hypothesis: Methods which work for temperature roeasents of high frequency

measurements could be used by extrapolating thesume@ments to those only taken at

strategically practical times of the day.
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4. Can the variation in thermal response due to weathelegree be explained by a change
in materials composition?
Hypothesis: A relationship can be established betwdifferent weathering classes and
the dominant minerals.

1.2.4. Thesis Structure

The thesis is organized into six sections. The trse sets forth the research formulation,
where the background and objectives are preseRtthwing this a section on review of

related works is given. The third part deals wite methodology employed to collect the field
data, data organization and description of theystuida.

Analysis of the data in light of obtaining deriwegtifrom temperature series with time to infer
the degree of rock weathering is presented in @bethi section. Following this the results of
the analysis along with explanation and discussibthe analysis results are given. Finally,

conclusions drawn and identified recommendatioagpaesented in the sixth section.




2. Background

2.1. Introduction

Rock weathering process is a dynamic process tafiiage in response to physical and chemical
reactions which may or may not take place conctigreRhysical weathering refers to disintegration
of rock material by the action of water, thermaéss, freezing and thawing, and stress configuratio
change upon unloading or exposure to new envirohhem under which it was formed. Chemical
weathering on the other hand is decaying proces®ak material by humidity, moisture and hot
climate. Weathering brings about transformationcadour, fabrics, mineralogy, texture, sizes and
decomposition to regolith and soil of rock masdeence, under the influence of weathering, the
strength, density and volumetric stability of tlkek will be reduced, while deformability, porosapnd
weather-ability are increased.

Weathering assessment of rock material has evatvetllti disciplinary fields of study such as rock
art heritages preservation, building stones evimnaand geotechnical site investigation for civil
infrastructures. Several works are reported to Hasen undertaken in this regard, (Inkpen et al.,
2001) (McKinley et al., 2006). Nevertheless, most wofisus on felsic rocks such as Granites. It
could be the knock on effect from the coincidectadllenge encountered in earlier civil works sugh a
those in Hong Kong, which are situated on extemgiweathered Granite, leading to formations in
this area be given due attention. The earlier wofkRuxton and Berry in the case of the Hong Kong
Granites and other investigators are examples i hgard (Dearman, 1975), (Arikan, 2007),
(Baynes, 1978), (Annon, 1999)

2.2. Weathering description Standards

Various schemes have been adopted to assess ttee dégveathering which is still a problem lacking
a clear solution on its classification and deswipt(Annon, 1995). Various associations and
organizations took it up on themselves to devetair town system of geotechnical standards resulting
in various weathering degree classifications sclse(htencher, 2008). Generally the degree of
weathering is assigned for a geotechnical unihiexposure, or core samples from borehole, based on
a set of characteristic properties prescribedandards. But the lack of common agreed classifinati
system throughout posed often use of different iteslogy and inconsistency of classification
schemes.

Over the years these standards have been revisedalkéimes as more information is obtained
through experiences, (Annon, 1999), (Annon, 1999RM, 1981b), (Annon, 1981), (Annon, 2003).
They have been the basis of most of the subseguaks on the quantification of weathering degree.
The BS 5930:1981 standard has six (6) weatheringyede classes: fresh, slightly weathered,

moderately weathered, highly weathered, completadgthered and residual soil, (Annon, 1981). In

10
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the system, discoloration of the rock material amck to soil ratio are the main assessment criteria
used for the weathering classes determination.

Following BS 5930:1981, amendments were made aesitilting in the BS 5930:1999 standard.
Elaborate classification of weathering degree sasemere adopted in this standard. This includes
classifying the weathering degree of rocks haviifier@nt natural competence separately. Hence
rocks falling in the category of high competendeofsy) are classified based on different critehiant
those of weaker rocks. Nevertheless, the implententas reported to be cumbersome and also the
interpretation often misleading. This has beenndttd in the currently active standard introduced as
ISO 14689-1:2003.

In the ISO 14689-1:2003 standard the degree ofheeat is once again classified into six classes
similar to the earlier version of the BS-1981 stddfor the rock mass Only slight change in
description used for the slightly weathered clasgound in which in the recent classification the
extent of rock discoloration is not specified. Tloek massweathering grade (from the ISRM, 1978
standard) ranges between 0 for fresh and 5 foduakisoil, but runs from 1 to 6 in the BS-1981
version. On the other hand four descriptive classesecommended foock materialweathering as
fresh, discoloured, disintegrated, and decompaaéthugh no scale of weathering grade is given for
this scheme.

The standards development by individual countrigehrecently been integrated into a new system
called the Euro code 7, where the number 7 desigrthe part concerning geotechnical issues. This

has been sought to be the de-facto standard fapEwand worldwide in near future.

2.3. Intact rock versus Rock mass weathering

Two types of weathering assessment are used degeodithe intention of the assessment, rock mass
and intact rock assessment. The major differenda the case of intact rock weathering the pure
continuous rock matrix is considered. The evaluati® based on the core disintegration of the
materials making up the rock itself. In rock massathering assessment on the other hand emphasis is
given to the intact rock as well as the discontinum the rock. Both assessments are carried out
depending on the purpose. For engineering workishibavily depend on evaluation of the individual
rock materials for their integrity, intact rock vilkering is implemented. Examples are in assessing
cultural heritages, monuments, stones for buildilogks. On the other hand in engineering works that
require site specific evaluation such as tunnegimang wall, and foundation design, the weathering
assessment has to give account of the mass weathather than the individual blocks of rock.

Three aspects of weathering are prescribed as imgpgrtant for describing any rock mass for
engineering purpose by the British Standard (Anri®@®9): the degree, the extent, and the nature of
weathering. The degree indicates intensity of tkativering effect while the extent indicates theare
coverage of the weathered region. The nature hds twith expressing the volumetric regularity or

irregularity of the change in engineering propertié the rock material (Price, 2009)he fact that
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weathering progresses from discontinuity planesanaw(Price, 1993), (Fookes, 1989a) means that
weathering evaluation from the rock mass point @wis essential. This involves qualitative

assessment methods. With the trend so far, rocks rmad intact rock weathering evaluation is
undertaken qualitatively as well as quantitativétpllowing are given an account of each approach

with some applications in literature.

2.4.  Qualitative versus Quantitative Assessments

Change in some physical and engineering geologicaperties of rock mass take place upon
weathering. Some of these reported properties degldecrease in density, unconfined compressive
strength, seismic velocity, Schmidt hammer reboomehber, rock cohesion, higher moisture content
and porosity are just few to list, (Price, 2008juisman, 2006), (Gupta, 2000). These noted changes
in property have been utilized to assess the degfreeathering in general, (Ceryan S., 2008) (Gupta
2000).

Qualitative methods of weathering evaluation argebdaon the visual inspection of the physical and
engineering geological parameters. Some of thenidcbe inferred from index test while others
require mechanical tests. The visual evaluatiornvihedepends on judgment and experience of the
expert. The geotechnical standards are based ovighal observation of the outcrop or samples (in
the case of borehole cores samples) (Annon, 19B5RM, 1981b), (Annon, 1981), (Annon, 1999),
(Annon, 2003), (ASTM, D5878-05)These systems are mainly based on the visual tlefindf the
geological properties, the index properties ancbtisc mechanical tests, (Ceryan S., 2008)

Some rock mass classification systems incorpoi@te af rock mass weathering (Hack, 1997). For
example weathering rates have been incorporatech watng the rock mass for underground
excavations (Laubscheir, 1990) by reducing thengatif rock mass proportional to its weathering
susceptibility. The URCS incorporated the degreweéthering using descriptive terms Micro Fresh,
Visually Fresh, Stained, Partly Decomposed, and fetmly Decomposed for the first time
(KOLOSKI, 1989).

It is not uncommon to see different approaches ntake evaluate weathering degree from the
applications point of view. Hence special set afparties attributed to certain weathering degree ar
often used to evaluate the extent of weathering.if&tance, by interpreting light toned surfaces as
rain washed and are therefore identified as fréstcontrast, areas of deposition which appear as
darker surfaces were inferred as weathered proattcimulation sites (Inkpen et al., 2001). This
might not hold always as the case might be in sae@hered and dark toned rocks such as pentellic
marble and others that are lighter in colour oagjin

Four quantitative rates of weathering are summdrizg Ceryan (2008). These are single index,
relative change of index properties between fregh ameathered rock mass, empirical formula, and

statistical analysis of factors indicative of weathg.
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In the simplest case, any of the single indexused to quantify weathering on a scale such ag poin
load strength, seismic wave velocity bulk densityotherphysical and engineering properties of the
rock mass. The change however could well be dumther geologic processes than weathering. In
addition, these range of the engineering propeptiedicted for each weathering grade in the boyndar
often overlap in value (Ceryan S., 2008).
Second classes of quantitative weathering degreessament rely on relative changes in the index
properties between fresh and weathered rock masas been suggested (Arikan, 200iak:
“Simple quantitative degree of weathering scale lvarestablished for any
rock property or group of rock properties which i@ in unidirectional
throughout the weathering degree and whose valwaloes can be readily
established in the non-weathered state”.
A limitation with such methods is the need for tweoccurrence of fresh and weathered units, which
cannot be granted always. As a solution to the oaske absence of fresh outcrops, relative ratios
obtained from any other two weathering degreesrehten has been suggested to be used in deriving
the reduction of the weathering indicator index ¢ka1997).But still in the case of a single
weathering degree observation, it is unavoidald®lpm.
Based on beforehand knowledge of the expected ehangertain properties of materials, several
empirical relations have been formulated to predieqthering degree on quantitative scale. This
methods work well in conditions where the changepiioperties are well understood. In situ GRS
(Gamma Ray Spectrometry) measurements correlatdtd wvh the degree of weathering as
characterized by indices obtained from major eleésehemical analysis, (Chen, 2007). This method
has the limitation to be applied only in rocks a@idic composition which have relatively higher
proportion of the radio elements that can be aasetiwith depletion and dispersion characteristics
with progress in weathering.
Statistical analysis can be also applied to faaistslly involved in contributing to weathering buas
factorial analysis, multiple regressions. Althodljh methods can be applied elsewhere with litdes bi
the intensive data requirement makes it a mattéetaseful only to very important projects (Arikan,
2002).
In other studies increase in water absorption, gity@nd permeability due to removal of cementing
material and increase in microstructure and macastdring with weathering has been used to
guantify weathering degree (Gupta, 2000). Thesehoast have profound improvement over the
traditional rating of weathering by mere observatiand estimation of the weathering degree.
Nevertheless, the possibility of finding a quaniita scale that can be readily integrated into
geotechnical models calls for further work. Furtherquick look at the literature shows that the
guantification of the weathering degrees pertainshe environmental setting of the problem. The
methods developed are guided by the prevailingitiond in the field. This often leads to problenfs o

repeatability elsewhere in situations differentititfeey were originally developed for.
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In addition, most of the methods are either pemeasir require close or physical contact for the
assessment of the rock mass and/or intact rock.oReamnd non destructive methods of assessing
weathering of rock mass should be the next stéparfuture with what the advance in technology has

to offer.

2.5.  Thermal properties of rocks

The total radiant energy arriving at a surfaceplg mto three. Part of it is reflected part ofabsorbed
and the rest is transmitted (Sabins, 1996), wtidh agreement with the conservation of energy. The
proportion of each is different from material toter@al depending on the properties called refléigtiv
absorptivity and transmissivity. Nevertheless, oslyme of these parameters aenveniently
measurable to be used in determining the type démads. The interaction of materials with the
incoming radiation is often governed by few deriydysical properties. These are emissivity, thermal
conductivity, thermal capacity and density (Saldif86). These have been briefly discussed with the
implication of weathering on them.

Remote systems always register lower temperatune the actual surface temperature such as one
measured by contact thermometer. The differenpaiidy due to the property of the materials ability
to radiate the receive energy, which is measurgibdmtity. This quantity is called the emissivitydan

is used to correct for the differences in the remmoeasurements of infrared radiation to deterntfiee t
actual temperature of the body.

The role of thermal conductivity, thermal capaeityd density of materials on their thermal propésty
represented by thermal inertia (Schieldge J. , 198Be thermal inertia of surface materials are
reported to influence diurnal temperature excussiafi geologic surfaces (Plaut, 1992). Higher
thermal inertia indicates materials that tend tathg slowly and preserve it for longer time comntra
to materials of lower thermal inertia[J.m%k™.SY?. It is defined as

P= M ... (Equation 1)

Where,k is bulk thermal conductivity [W.thK™], p is bulk density [Kg.n, andC is specific heat
capacity [J.Kg.K7].

In Equation 1, thermal conductivity (k) is a paraenerepresenting rate of at which heat passes
through a material. It represents how well the mleconduct heat. While the thermal capacityiéC)
the measure of a materials ability to hold the leeatrgy stored in it.

Thermal inertia and being a function of the othrefeipendent thermal properties is very important in
application of delineating materials of varyingrilnal properties. Weathering of rock has more direc

implication to thermal conductivity and this hasabeen further reviewed.

2.5.1. Thermal inertia
Despite the simple appearance of the expressitiledhermal inertia, its determination often invedv
quite a few functions around it (Sabins, 1996). @ is fitting a model diurnal temperature profile
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to one acquired over a finite portion of the didrogcle at a given location. The albedo and thermal
inertia are then varied for the model outputs uhidly fit with amplitude and phase of the measured
(actual) diurnal temperature profile (references(Mellon, 2001)). The albedo is defined as the
proportion of the reflected radiation from a su€agon irradiance (Sabins, 1996). Another method
proposed to generate a lookup table of possibl@deature values and their corresponding thermal
inertia under the different combination of the paeters. These are then use to correlate and fand th
best fitting thermal inertia for the observed terapare. But the techniques involved require
sophisticated analytical computations making it bersome to apply.
Simplifying assumptions are hence employed foredéit studies depending on the objective. For
example (Hardgrove et al., 2009), thermal inert@s vgubstituted by similar parameter which can
easily be determined from the temperature range samfhce albedo of the target. A term called
apparent thermal Inertia (ATI) represented by tileWing equation is introduced:
ATI :1_—A ... (Equation 2)

AT
A is the surface albedo representing the brightoéfise surface in the visible band. It is measwasd
a percentage of the amount of light reflected fittvn total incoming radiation of the surface. Irsthi
context, high temperatures are typically causedither Sun-facing or low albedo surfaces, while low
temperatures are generally surfaces with a higedallor are in shadow.
In another case, night time temperature variatisnsed to infer relative differences in the ungiadg
thermal inertia, (THEMIS Public Data Releases, 300%is is because the temperature variation at
night are free of influence from topography ancedin Hence, it can be used for qualitative study of
materials having contrasting thermal inertia.
Thermal inertia has been used in various contexssudy geologic materials. Contrasts in the thérma
inertia have been used to delineate alluvial fasisguday and night time images alone. For example,
(Hardgrove et al., 2009) used the simple notionwérse relation between thermal inertia and the
change in surface temperature of the pre-dawn aitdday instead of the more sophisticated
modelling of the thermal response of terrestriafastes developed such as (Watson K., 2000) to map
alluvial fans in Carlin, Nevada.
Apart from thermal inertia albedo levels are shaarhave the effect of lowering the temperature
values, (Mellon, 2001). In studying the effect tfemlo on creating thermal stress among rocks (Hall
et al., 2005), conditions where bright rocks (hidihedo) experience rapid and higher temperature tha
dark (low albedo) rocks have been observed. Thisllys takes place in cases when the air
temperature is exceeded largely by the rocks hieraekng to rapid loss of heat to air. The dark sock
being the first to heat up primarily until they erd the ambient air temperature, would end up havin
the highest thermal gradient and hence lose enerlife the white rocks that are within much smaller
thermal gradient with the air temperature and heocginue to heat up instead of losing their heat.
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2.5.2. Thermal conductivity effects

In general the thermal behaviour of rocks mateiglsined first of all by whether they are porous o
not, (Schon, 1996), (Carmichael, 1989). Non-por@atid rock materials have their thermal
conductivity controlled by the thermal propertidghe constituent mineral and the internal strugsur
Still, more variations follow depending on the asbtage of constituent minerals in them. Hence
rocks like quartzite, have wide range of thermaldietivity values while crystalline rocks in gerlera
have narrower range. Acidic rocks have higher lseatuctivity than basic rocks. Loose materials
would show the least thermal conductivity.

air, gas ail water
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Figure 2-1. Range of average thermal conductivitiesi(, [W.m-1.K-Y]) for various pore in fills on
logarithmic scale (Top). The role of porosity (lower left and water content (lower right) on the thermal
conductivity () of rock materials (adopted from (Schon, 1996)).

On the other hand thermal conductivity of porouskeoare governed by the porosity and the cavity
contents. According to references in (Schon, 1996rease in porosity lowers the overall
conductivity of the rock exponentially, (Figure R.1Pore constituents influence the thermal
conductivity differently depending on the type ohstituents. Water being most conductive increases
the thermal conductivity of rocks, followed by gas/and oil in that order. Further, abundance of
thermally conductive constituents in the solid parft porous rock material itself increases its riedr
conductivity.

The effect of moisture content on the thermal prgpef rocks emerges with two arguments. The first
is that due to the high thermal inertia of watex thoisture content would increase the overall @&tur
thermal inertia of the object. This results in loing the amplitude of temperature series over andiu
cycle than when they are dry. On the other hargperimental evidence has shown the contrary,
whereby in fact the temperature profile amplitusiéncreased in as moisture content increases. These
has been attributed to the cooling effect of théstaoe (water) instead of raising the overall thaim
inertia (Sabins, 1996). This method has been erepldp develop tools for mapping geologic
materials (Nasipuri et al., 2005).
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These are very important observations as they aaidléh using the change in temperature of surface
materials where weathering is very active. Conditgtof materials is directly proportional to theain
inertia which dictates the temperature fluctuatidlence materials with higher conductivity with all
other thermal parameters kept constant would teriteat up slowly and to lower extent than those of
higher thermal conductivity (Schieldge J. , 1980).

2.5.3. Studies on weathering by remote IR systems

Non destructive remote means of weathering assegsane subject of ongoing research utilizing the
different regions of electromagnetic spectrum. ®atmputed for intensity of the reflected lights at
1.8 um, 1.94um, and 2.1um wavelengths on masoidgéipiers made of sandstones which have
undergone long history of weathering have been tsddtermine the degree of weathering indirectly.
The ratios of absorbance intensity at 1.94 um & df the other two wavelengths is related to
moisture content which were then compared with élxéent of weathering in the bridge piers
(Matsukura, 2000).

Several examples exist in literature that usednhéimages in study of rocks and rock mass. Study
conducted by (Warke, 1996) shows the importancdfce temperature changes on weathering rate
of different rock types. Samples of sandstone anddtone variety which have different albedo were
used in their experiment to study the change ifasarand subsurface temperature under an artificial
radiation from infrared lamps. According to thekperiment the temperature fluctuations of the first
few millimetres were intense. They further suggedteat it can be applied to detection of material
behaviour resulting from heterogeneity including tacal and differential rock weathering and water
content difference.

A study on slope deterioration using thermograptetect caves behind shot-creted slope has clearly
shown possibility of using the method to assessgiitty of rock mass (Wu Jian-Hong, 2005). In
another case Kononov (Kononov, 2000) studied timpégature gradient measured over loose to solid
rocks for mine safety monitoring. Detached antiamging blocks of rock have been found to heat up
and cool down faster than the intact blocks thatsatidly attached to the background.

A detailed report by Senkowski (Senkowski 2008yegi account of the use of thermal images as
forensic tools for detecting subtle temperaturéediinces arising from different thermal propertiés

the underlying material. A new method of studyitgpe rock masses has also been suggested based
on a study conducted in Japan (Takashi, 2003bka@ra, 2003a). The study used terrestrial thermal
and visible-near infrared images of samples sinmgathe various degrees of weathering and
conditions. In another study rock piles from Molglbdm mine in new Mexico, have been studied
using thermal images for presence of heat ventirtge pile in relation to the oxidation of pyritader

the pile leading to intensified weathering (Shann2®05). In another attempt, infrared spectra has
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been to detect the moisture content of rock samiplése laboratory to quantify the degree of rock
weathering indirectly by inferring the quantitymbisture in hte samples (Matsukura, 2000).
Recently different weathering regimes have beenntified by deriving distinct chemical
compositional trend from thermal infrared specivlichalski, 2006), (Rampe, 2009). Use of thermal
spectrometer has been also utilized in monitorihgultural heritages such as masonry sculptures,
rock paintings, and historical buildings (Hall, Z900(Warke, 1996). An investigation in sedimentary
terrain on LIDAR intensity data and surface tempem of weathered outcrop indicated a higher
degree of correlation (Kekeba, 2008).

18



Towards Quantifying Degree of Rock Weathering from TimeeSeFhermal Images

3. Methodology

3.1.  Study Area

3.1.1. Location of the Area

This study is conducted in the north eastern pla8pain, in the Catalonian district near the toviin o
Falset. Two measurements are done on the actuhtrdaaslopes while as a third data set rock samples
were collected from the same area and measurerhtrg mosaic taken back at the camp in Cambirils,

the base camp.

Figure 3-1 Location map of the study area. The red stars are pldvar® live temperature measurements were
taken, including the camp on the Mediterranean coastal ®d@ambrils, Spain. Map after ( Husiman, 2006).

According to Huisman, (Huisman, 2006), the areanderlain by sedimentary sequence of Devonian
through quaternary age. Paleozoic formations ctingisnainly of slate inter-bedded with micro-
conglomerate. Shale and siltstone are also fouhd.slate underwent a low degree of metamorphism
with remnant bedding planes still evident. The oaiterous rocks are intruded by granodiorite and
have undergone a contact metamorphism.

The study was conducted on three lithologic umitenfthe Triassic and carboniferous formation. The
first one is the granitic intrusions of pre Triasperiod into the carboniferous formations. Thrgees

of intrusions are found in this group: granodigrigeanites and aplithik dikes. One of the inveséda
slopes (the granite slope) falls in the granoddoiittrusions. It is mostly light colure rock andels
morphology of a stock work.

19



The second site of investigation is located in dhebonaceous age formations of Slates, Sandstones
and Greywacke. They are well exposed in the monioites areas near Belmunt and east of Pradell,
especially along the road cut slopes. The temperaeasurement for the study was in fact conducted
on one such exposures of slate rock mass.

The third rock type used in the study falls in keeiper formation of the Triassic age which congi$ts
Shale and Siltstone inter-bedded with Limestone Botbmite. In this later case only intact rock
samples were used in the study.

3.1.2. Topography

The area of direct measurement in the field istextén a topographically undulating area with wider
valleys dominating. Elevation ranges between 300 Hd00 meters above sea level. The dominant
vegetation types are Vineyards and Olive treeso Asfair amount of forest and shrub is found
elsewhere.

The climate is dry, hot summer with temperaturegiiagy from (15°C to 35°C). Bimodal rainfall
patterns exist in the area in April-May and SeptembOctober. Nevertheless only in the Slate slopes
temperature measurements was a brief slight drezrteuntered.

For the month September, several information orol&®n (solar irradiance) conditions are
documented based on 22 years of data up to 208&) W.Stackhouse, 2010) by the Atmospheric
Science data Centre of NASA. Some of the paramétarsthe web site close to the time of field data
acquisition both temporally and spatially are afali. The monthly averaged insolation incident on a
horizontal surface is 4.55kWhfrday, the monthly average for midday is 0.59k\W/and it varies
with time from 0.43kW/rhat 9:00 GMT, to 0.59 at 12:00 GMT, and 0.38 aD0S3MT. The monthly
averaged downward long-wave radiative flux is amdther hand 8.50kWh/Afday. The average daily
temperature range is 7°C while the monthly averagetemperature at 10 m above the surface of the
earth averages 21.3°C ranging between 18.1°C arftP@5The following gives the average air
temperature at 10 m above the surface of the dartlindicated GMT times (°C) for the month

September when the field measurements were taken.

Average@00 GMT 15.0
Average@03 GMT 13.7
Average@06 GMT 14.2

|

|
Average@09 GMT \ 17.2

|

|

|

|

Average@12 GMT 19.7
Average@15 GMT 21.0
Average@18 GMT 18.3
Average@21 GMT 16.4
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3.2. Instrumentation

IRISYS 1011 thermal camera has been used to actherseries of thermal images. The camera is
recommended to be used reliably for measuring targaving temperature of 15°F to 570°F with
sensitivity of 0.3°K. The spectral response rarggdom 8 to 14 micrometer. It has a 20° horizontal
and vertical field of view with 16 by 16 arrays détectors behind the lenses to project the incoming
radiance image on and recalculate the temperagperdiing on the average emissivity set by user.
The dimensions of the scenes covered vary depemuairtge position of the camera from the target.
Generally the camera has a 16 by 16 sensor masdking it lower in spatial resolution.

Distance Image scene Pixel size Recolnmel_metl
(M) size (m) {cm) SMple 5z
{cm)
1 035 220 88
1.5 0.53 i 13.2
2 0.71 4.41 176
5 1.76 11.02 441
10 353 2204 862
11 3.88 24.24 97.0
15 5.29 33.06 132.2

Figure 3-2.Relationship between image size and camera distaooethe target (IRISYS 1011).

3.3.  Data acquisition

The field work commenced, on September 21, 200®xpjoratory assessment of the potential slopes
that show as much variation in weathering degrepaassible over a short distance. Those slopes
which have been the subject of the previous studitgisman, 2006, Kekeba, 2008) were visited so
that sufficient information could be available dre tphysical characteristics (nature) of the slopes.
Hence the three mono-lithologic slopes, which hlagen called by previous researchers as Bellmunt
(Slate slope), a Granite slope and Hostal sloped@tne unit), have been chosen. The necessary
observation of all the slope exposures attributeeweoted and recorded. Nevertheless, actual
measurements were made only on the first two Ilgaoeut the Mudstone outcrop. Samples of the
different degrees of weathering have been colleaciadthe same day for laboratory spectral
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measurement to assess the compositional relatibmebe the parent materials and the altered
products. Hence samples representing differentedsgof weathering from three different lithologies
and their respective three consecutive degreeseatthering (slightly weathered, SW; moderately
weathered, MW; and highly weathered, HW) were olet@difrom the selected sites. In the process,
temperature time series measurements have beemreataiternating between slope exposures and
samples mosaic, throughout the field work time.

There is difficulty in the visual recognition ofrggets due to the lower spatial resolution of thermal
camera. Hence the view extent and spatial resolitarl to be estimated for the target based on the
camera’s field of view (20°) and assuming a minimainfiour pixels (for the case of mosaic) to cover
individual samples. This has been done for theingrglistance of the camera from the targets (table
Figure 3.3).

The samples were carefully selected, labelled autkgrl separately in Polyethylene bags and stored
for measurement back at the camp. Two types of lesmyere required one for the night and day time
temperature acquisition and another for Laboragpgctra measurement. The latter required only a
minimum of 3 cm by 3 cm dimension of rock chips.likethem, the previous samples required fairly
sized dimensions of 10 to 15 cm since the resalutibthe camera was not high enough to have
sufficient number of pixels covering individual sales of the weathered rocks. As the intension was
to assess only surface weathering degree of slepedace, it was sufficient to only consider the
surface area alone, instead of the bulk size, @ddey on the size of samples. Next an accountiohe

of the measurements made in the field is givehénarder they were made.

5

Coverage of temperature image acquisition in time
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10:59:19
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19:59:19
21:00:00
22:00:00
23:00:00
0:00:00
1:00:00
2:00:00
3:00:00
4:00:00
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6:00:00
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Time

— Slate Slope — Granite Slope — Sample Mosaic 2 — Sample Mosaic 1

Figure 3-3Temperature imaging coverage of the tlwpes and the sample mosaics

3.3.1. Sample mosaics
Temperature measurement of the rock samples was atothe camp, on 23f September 2009, by
laying rock samples on a balcony. Measurement&dtat 07:15 AM local time (GMT+2), right

before sunrise. The samples were spread out onpeguer on the balcony floor and their temperature
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was continuously acquired. The relevant irregusitn the acquisition of the temperature profilesw
documented such as light posts casting shadows samtples as well as samples shadowing each
other for a short while. The measurement contirthedwhole day until mid night and then well into
the morning of the nexday, on September 24, 07:00 AM (GMT+2) local time witmger major
interruption during the florescent lighting time ihe evening. Concurrent logging of the ambient
temperature was also taken. The samples layoubdws described in the experimental setup section
along with the pictures. Also, snapshots of the liveasurement of the temperature of sample mosaics
and photographic image of the samples spread ofiabewere taken to document how the relative
position of the samples appears in the temperanage (Picture 3.1).

Figure 3-4 Sample mosaics prepared for temperatomaging at the camp (A) and corresponding
temperature image (B) in grayscale at time of hileentrast between samples at 04:52 PM.

3.3.2. Slate slope

The first temperature profile measurement was cotediuon September 22, on the Slate slope which
is located in the carboniferous formation. It detssof slates of variable degree of weatheringe Th
slope is located north-west of the town of Fal$eh@ the TP7101 road leading to town of Bellmunt,
(0°48'25.22” east, and 41°808'42.82” north). Tengiere profile measurement was started well
before sun rise at 06:57 AM local time (GMT+2) vehsun rise arrived at 07:45 AM local time
(GMT+2).

In the Slate slope the camera was set oppositsltpe which faces to the north east. Orthogonal
blocks of 20 cm to 50 cm dimension make up theesligze, which according to the 1SO Standard
classification of rock mass structures and blockpsis is qualified as Prismatic Block (ISO 14689-
1:2003(E)). These make the slope highly variable¢him illumination angle of the slope face. The
camera was setup 11 meters away on the opposéeo§ithe slope across the local road, giving it a
coverage of 3.8 meters by 3.8 meters at a resnolofi@4 cm. Along with retrieval of the temperature
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image, concurrent measurement of the rock surlropérature was taken by contact thermometer at a
single point to assist the reliability of the temrgtare measurement. The slope is a recent road cut
composed of Slates that are part of the Meta samestSandstone and Greywacke formation of
carboniferous (Huisman and references therie ifje Exposure is relatively short lived which
otherwise could not have given the opportunitydoy differential weathering of the slope face to be
seen. The area of the slope investigated has dittle vegetation except few dried shrubs due ¢o th
prevailing dry season at the time especially ineqart of the mostly weathered part of the slope.
Temperature log of the slope surface was taken wothtact thermometer at variable time interval
throughout the acquisition time of the surface terapure with the thermal camera (Annexed). The
measurement was interrupted few times for signitidengths of time due to shortage of power
supply. Slight drizzle took place around 02:00PMtiteg just at the second major interruption of the
temperature measurement due to battery power gigordl the coverage of images with time is
shown in Figure 3.3. The weathering degree of tlea @overed by the thermal camera scene has
already been assessed with respect to the BS 1&8®asd (1999) and SSPC which is based on the BS
1981 version, giving emphasis to the weatheringhef rock mass rather than the intact rock. Also
additional samples were obtained from the differemathered units of the slope to check the
repeatability of the temperature profile measuranwérthe weathered samples by comparing them

with the previous set of samples already obtaingthd the previous day.

Figure 3-5 Slope cut exposure of the Sates near Belrhafi},(orthogonal blocks make up the slope face giving
it systematic lighting by sun as in the snap shot fronpitieire on the right.

3.3.3. Granite slopes

The third temperature series measurement conduwasdhat of the granite slope. The measurement
lasted from 09:33 AM until 06:15 PM on September @&luding interruptions due to shortage of
power supply and other technical problems.

The slopes in the Granite rock mass slope areqfagarly Triassic granitoid intrusive (Huisman,
2006). The slopes were imaged from a distance ohéters, which would mean that the scene has a
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resolution of 30cm and scene coverage of 5m by Bne images are acquired continuously and
retrieved on Laptop computer. The temperature wss measured with contact thermometer to
compare with the overall measurements of the carmarthto get the ambient temperature. The
measurements from the thermometer are read atarequtervals. The weather condition on the
measurement day was sunny. Nevertheless, due togher slope height and south facing aspect, the
slope face in the granite unit hardly receive aingal solar irradiance; at least for that particulay.
Temperature logging with contact probe as well @sroents about irregularities in the acquisition

were maintained.

Gramise outcrap on read cut shge

Figure 3-6 Outcrop of the Granitic slope (Left).eTfigure on the right is approximate scene area of
temperature image.

3.4.  Sample spectra Analysis of VIS/NIR and TIR

The spectral measurements taken for the VIS/NIlilf{ésand Near Infrared spectra) and Ti&ge
were analyzed for two purposes. First is the sigeatmatching to identify most probable mineral
groups which has been done with the help of TSG®e(Bpectral Geologist, © 2007), a tool
developed by CSIRO (Common wealth Scientific artliBtrial Research Organization) for matching
the spectral profile of rocks with existing datas®&aSecondly the Tl reflectance spectrum was used t
infer the difference in emissivity between differgnades of weathering in the same lithologic unit.

3.4.1. VIS/NIR observations

The spectral profiles of the samples are shownigurg 3-7. The samples from the Granite rocks
showed clear difference in degree of weatheringibyal and physical inspection. They are generally
light coloured in the fresh state but become gteyigown on weathering. The interpreted result of
TSG indicates the presence of lllite, chlorite &ttbngite in all the measured spectra of the samples
ranging from fresh to highly weathered.

The slate samples have dark grey colour when fhbeshhe weathered samples have light brownish
crust. The highly weathered types show soil likeperty but with intact original structure. The
spectral signature of the fresh samples shows itbgepce of Kaolinite, Muscovite and Fe-chlorite.
The moderately weathered samples spectra haveapsghatures of Montmorillonite, Halloysite and

25



dry vegetation probably due to plant roots as thmpes are weathered. The spectral signature
interpreted for the highly weathered rock samptengtd the presence of Halloysite only.

Spectral measurements of the mudstone samplesdigvatures mainly of Dolomite and Ankerite.
Montmoillonite and lllite signatures are also iratied in all the measured spectra.

Wethed Granite Somples

05 fresh
hodarately

hodarataly

Completely

04
0.2

'i‘III|III|III|III|I

1/ T Ty -

Weatherd Slate Somples

Jfresn
0.5 ]

iahty
04 —Modercte

Completely
0.3

500 1000 1500 2000 7500

Weqtherad Mudsttme Samples

resh

Complete

=2
S IS
o
—

500 1000 1500 2000
Figure 3-7 VIS/NIR spectral profile of granite, slateand mudstone samples.
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3.4.2. The TIR observations

The temperature variations of the intact rock sasplith the emissivity of their surface mineralogy
as obtained from the spectra measurements wereacethf-or this task, sindbe spectral response
curve of the camera was not available, the emtgsifithe spectral measurements for the whole range
of the &m to 15um was used.

For Granites the thermal infrared spectra measuramef fresh, highly weathered, and slightly
weathered samples were made. In general the sahmgpleshigher emissivity and the common trough
of emissivity near the Reststrahlen absorption baetiveen 8Bm and 12m due to the (Si-Al)-O
stretching vibration. This is probably associatéthyeresence of minerals like plagioclase feldspar
the fresh samples while its depletion in the wet spectra duo alteration lead to reduction én th
absorption. The trough is noted to shift towards shorter wavelengths with increasing degree of
weathering. The slightly weathered samples have 8rfissivity value as the highest most common
while in the reststrahlen band the depression glo@m to 0.75. One features noted in the granite
samples is that the spectra of the sample whichdads colour causing it to have a slightly higher
overall emissivity. In all the spectra, a deflentfoom the smooth curve occurs at the left loweneo

of the depression (Figure 3-7, Granite) which igengrominent in the darker sample aroundu86
The moderately weathered sample closely matchespbetral feature from the slightly weathered
samples with slight increase in overall emissivithe highly weathered sample shows higher overall
emissivity of 0.97.

The spectral measurements of slate samples cahsidtefresh, moderately weathered, highly
weathered and completely weathered. Similarity he spectral feature is observed with clear
absorption feature in the reststrahlen band. Teetsgim on the shorter wavelength side is flat. Wide
and shallow absorption feature also occur on thgdo wavelength side of the reststrahlen band. In
the highly weathered slate samples spectra twimrpbsn features occur around Qb area and
8.2um wavelength. The overall emissivity is lower ire tiveathered slate samples. With increasing
degree of weathering the depth of the absorptiatufes decrease and the overall emissivity incsease
consistently (Figure3-7, Slate).

The spectra feature obtained from the Mudstorecimock samples show no significant difference
among the different weathering degrees. The ordgathible difference is the slight increase in the
overall emissivity. All spectra show carbonate apgon feature around 6.25 wavelength. (Figure
3-7, Mudstone)
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3.5. Temperature data analysis

3.5.1. Temperature data pre-processing

The live image displays on the computer can beéosetaximum of 128 by 128 pixels which can also
be saved automatically along with the temperateagl outs as snap shots. The temperature read outs
are retrieved as comma delimited text file in seoérows representing an instant. Although the liv
display and saved snapshots are as high as 128&pigels resolution, the actual resolution of the
readout temperature stored is that of the 16 byid€ls corresponding the to the sensor matrix en th
camera. Hence, a scene that is made up of 16 rpvi$ lzolumns is stored as a single row of 256
temperature values read starting from the topdefter to the 16th value to the right, and continue
doing the same, along the same row, for the suieeesews of temperature values. This is repeased a
many times as the frequency of the images with yevew indicating the time elapsed between
successive retrievals.

In order to reconstruct the image for analysisithages which came as rows of text file had to be
rearranged in to series of 16 by 16 matrices (fgmEhis has been done using Matlab code which
would read throughout the series of lines and ba&dn into 16 by 16 matrices of frames as many as
temperature image instants (Annexed). The filestagr stored as ASCII files and read into ENVI as
an external data by specifying the number of instémages) expected which is perceived as number
of bands in ENVI. This would create stack of imagesch representing its respective time of
acquisition. The images are then stored once agamative data format in ENVI, and used for further
analysis.

During the acquisition of the images, interruptidra/e occurred due to technical issues. Especially
the measurements from the slope outcrops havgea feoportion of measurement gaps. Hence for the
image, to be analysed with change in temperatuee time, it has to be compensated for the times the
measurements were not taken by offsetting the wikersequentially stored vales. This was done in
relative way by stretching (distributing) the imageame (individual images) over the range of a day
by the corresponding laps of time between measureimstants. This has been explained more in the

next section (Data Analysis) as shown in figure 3-7
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Figure 3-9 A flowchart for followed to reconstrube time series images from the temperature
readout records of the camera.

3.5.2. Data preparation for analysis

As such there is no direct analytical method deuedofor the analysis of temperature profile as a
characteristic of materials property. Most techegueal with the derivation of the overall mass
property or the temperature profile with depthheatthan the surface itself (Mellon et al., 2000;
Schieldge J. , 1980). In the light of the limitatimon no known existing methods, exploratory
parameters were derived from the temperature peoéf the outcrops and samples of varying degrees
of weathering. These parameters were then comparedossible systematic variation as per the
various states of weathering degree as obtained fiedd observation.

Before deriving the parameters, the acquired ramptrature profile data were first smoothed out for
removing the noise with out lose of information.isTtwvould make the extraction of parameters from
the profile manageable. A Savitzky-Golay (SavGaijosthing was applied in such a way that the
temperature profile data closely matches the raa.da
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Savitzky-Golay approximates the underlying functisithin a moving window by a polynomial of
higher order, typically quadratic or quartic (\Wakin H. Press et al., 1993). A polynomial is fit torjs
inside a moving window of symmetrical span on gitside of the data points to find a new value for
the central point. This is repeated by moving thedew with unit increment for all the other points
creating a whole new polynomial fit at every instdfor the data sets at hand the window size was se
to 30 points on either side of the central datafp@nd with third order polynomial to preserve the
temporal nuisance in the original raw data. Theerihg was done by using the SavGol function
available in IDL environment.

In addition to the smoothing, the time reference whanged to linear units for ease of computation
and plotting the data. The temperature profilesewtaken continuously every 30 seconds over the
diurnal range with some gaps mentioned earlier.ceen 24 hour window of acquisition time was
divided into 30 s units. The new time series rummr0.000000 at mid night (0:00 local time) to
24.000000 at the end of that day with incremer@t.0083333 (equivalent to 30 seconds).

The analysis was first applied on the more cordtbllata acquired from the continuous temperature
measurement on mosaic of samples from varying degrfe weathering and lithology. Since
measurement was planned in such a way that eaghles@ésrepresented by at least 4 pixels, sample
temperature profiles were taken from the four Eadrresponding to locations of individual samples.
These sample profiles were then characterized aatyzed for indices which can be relate to the
samples degree of weathering. In the mosaic dasatlsese rock types with three different states of
weathering were represented.

Following the analysis of the sample mosaics coaigarindices were applied on the image acquired
from the Slate slope outcrop and Granite sloperoptcThis is because the fact that the measurements
from the sample mosaic were more complete and alyattontrolled than those on the situ
measurements. Hence methods which work on the owrolled sample measurements are thought
to be applicable to those with limited measurenveintow, i.e. in the situ measurements. First the
analysis of the data from the sample mosaic isepitesl followed by the two datasets of measurement

from the slope outcrops in the following sections.

3.5.3. Analysis of the data

A. Temperature series of intact rock samples mosaic
The relative positions of the reference times fatracting index temperature values and ratios are

shown in figure 3-10. Some of the index temperaturensidered are obtained at different but
relatively equal interval since the samples wetdhithe sun at different times and shaded byl# lig
post at different time as well.

As can be inferred from the curve of temperaturgesethe rocks show lowest temperature in early
morning as expected and reach maximum around nbbe. variations are not only due to the

materials properties as there are various extdatabrs that caused varying solar irradiance which
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contribute to offset the natural heating procesndé these effects can’t be considered in the sisaly
as they are variable depending on the configuratfdargets from which the temperature is acquired.
Several indices were derived from the temperateres which could be used to infer the class of the
samples degree of weathering. The indices werarauteby employing the temperature readings at
selected common times. The times are selected lmasédo major considerations. The first one is
temperature values that can give indication onhtb&ting process as a function of thermal property
changes. The second is based on the inherent thréstics of the temperature curve itself. Theseeti
intervals are the lowest morning temperature re€éi)d maximum temperature record right before
direct solar irradiance (B), the temperatures afemeiving 5, 30 and 80 minutes of direct solar
irradiance (B, C, D) respectively and the day’skpiesmperature (F). The beginning of the directisola
irradiance is defined by maximum curvature of #mperature series curvature for each measurement
independently. The figure shows the relative posgiof the considered temperatures in the series
(Figure 3-10).

Temperature

; Direct illumination
sunrise |

74

A B cC D E F J 06:50AM
07:15AM 02:20PM 03:20FPM 12:00PM Nextday

Figure 3-10 Relative position of the times index temperataeding were taken to compare the difference in
heating process between samples of different weathedsged. The letters are explained in the text.

The reason for selecting those times for inferrthg indices/parameters is to have the rate of
temperature increase which is a function of theenels thermal property. Nevertheless the varying
rate of heating up observed is different dependingthe environmental conditions such as the
occurrence and absence of direct solar irradiatioegularities due to irregularities in orientatiof

the measured targets. Especially in the later ¢heesffect is removed by considering the cooliag p
of the temperature series curve where the mates@éing process is governed only by its thermal
property and not by their irregular orientationsrtRer an attempt was done to enhance the indices b
rating some of them.

In the following section the temperature seriesadsgts from each intact rock samples of varying
degree of weathering are dealt with by consideindices. The samples aireated separately for each
lithologic group with three classes of weatheriegme. The indices considered are

= The temperatures at the selected times

= Ratios of the temperatures at common selected times
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In each case the times used to readout the temperfar the obtaining the indices were fixed to be
same throughout the slate samples except for thémmen temperature occurrence times which
differs slightly between the samples temperatuedilps. Hence for the earliest minimum temperature
record the time was fixed at a common time wheridivest temperature was recorded in the group of
the temperature series. Corresponding to thisgdine trend was more or less linear, the time ef th
earliest sample to be hit by the sun directly wetsas the morning highest temperature referenad.poi
The next temperature indices used to compare thedef weathering were the temperature after 5
minute, 30 minute, and 45 minute after the directdiance and at time of maximum temperature
occurrence for the individual samples. Finally tieenperature at the end of the measurement is
considered.

In addition to the direct comparison of the tempee gradients ratios of some of the indices were
derived to enhance the variability between theedéfiit weathered units. The ratio of prior and post
direct solar irradiance were gradient was derivedepresent the behaviour of the materials in both
conditions in one expression.

The part of the temperature profile correspondinthé cooling stage was used to infer the variation
the rate of cooling. Hence comparison was madedmtthe steepness of the temperature series curve
in the cooling phase and compared with the rateoofing of each weathering grade. Nevertheless
lack of fitting to any model with least residualsae interpretation difficult and has been left out.

B. Temperature series of the Slate slope rock mass
The measurement at the slope site started befareisaiat 7:00AM. Nevertheless, the measurements

were interrupted two times for reasons accountaderannexed comment logs. An attempt was made
to test the comparable indices of temperature gahtespecific times as those from the samples
mosaics on the images.

The lowest temperature was recorded in the morairte beginning of the measurement about 13.7
°C. Then it starts to heat up with rapid increaséemperature at a rate of about 0.04°C/minute. The
major difference noted due to the effect of vatigbin orientation of aspect is the shape of the
temperature series curve. The areas exposed eaHms convex upward in the time series in contrast
to the concave upward concave shape of the fadested towards the north. The third major
discontinuity pane faces north east and shows miatiten from linear increment in the morning
measurement until 12:00 AM. This time coincideshwtie occurrence of the shadow of the parts of
the slope blocking the sun at that time, causirtig leat more slowly than the parts of the slope th
blocked it.

To characterize the change in temperature ovecdhese of the measurement four (4) time were
selected from the temperature series to derivesati temperature change between them. These are
selected to allow as close temperature indiceh@sohes from the sample mosaic measurements.
Hence, thermal images at four different intervagéfobe noon and were used to inspected patterns

resembling the distribution of weathering in thekronass wit in the scene (Figure 9).
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Figure 3-11Relative position of the times index temperature readiage taken to compare the difference in
heating process on the Slate slope rock mass. Thesletfgresent temperature read outs at comparabledime
the corresponding letters in the sample mosaic time series

In addition, temperature series variances overcthase of the measurement duration were made for
selected regions from weathered and un-weatherdd phithe rock mass. Slope faces with similar
orientation but different states of weathering wesed to sample this time series and the variances
temperature within the regions were compared wattheother. This is used to indicate how the spatial
correlation of the temperature variation is witivgathering state.

Previous works emphasise the presence of inversiolemperature between weathered and un-
weathered rocks in the morning (pre-dawn) tempegadnd noon temperature. Hence, the weathered
rock mass shows higher temperature as comparduktart-weathered one in the morning while the
reverse holds in the afternoon. Making use ofrtbigon the following approach was used.

First an appropriate time of the lowest temperatwaurrence was chosen for the entire data ses. Thi
occurs around 07:50 AM, in Slate rock mass outclidpen the highest temperature was also chosen
likewise which was at 01:24 PM. The difference lestw the two gave the daily range of temperature
for the data set. On the other and the ratio ofloheest predawn temperature of each pixel in the
thermal image to the mean temperature of the eatieme at the same time was computed. Similar
ratio was obtained for the scene at a later tinoaired 12:15AM when the slope being measure has
reached the first peak. This was chosen rathertttabsolute highest temperature of the day becaus
of the complications due to periodic shadowing aff&aking the ratio obtained for the morning and
afternoon scenes, a second ratio was obtained \iglirdj each with the daily range. The notion
followed in this case is that materials which héweer thermal capacity, as would be the case in
weathered rock mass, would heat up faster. Sucleriabt also tend to have higher temperature
fluctuation. Hence the final ratio would give highalue for weathered rock mass where as it would
be lower for less weathered rock mass. The rat@srade consistent by switching the placement of
the devisor and dividend in A and B so that highelue are obtained for weathered rock masses in

line with the assumption.
X= (To Morning) / (To Morning meaa => [A] / (14-45°C)
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Y = (T° mean Nood / (T° Noor) => (25.96°C) / [F]
Z=AT°=>[F] - [A]
Where, F and A are of temperature images shoeatetbpective times as the letters in the temperatur
profile. Finally, images of Z/X and Z/Y in [°C] aproduced to infer the degree of weathering.

C. Temperature series of the Granite slope rock mass
The temperature measurement from the granite quedrogeneral give no indication of feature s to
associate with photographic image. This provedeta drawback to perform the analysis effectively.
The slopes are composed of granitic rock mass wdmehather well situated for studying the
differential weathering conditions. However, duaechnical problems measurement in the area only
started later than sun rise at 04:47AM.
The slope is more or less uniform unlike the S&d@e outcrop. The orientation of the slope fatmg
the north causes the slopes to be irradiated icitlirlhroughout the day. The thermal image was
acquired from a scene covering moderate to higlelgtinered rock mass sections of the slope.
Approximate correlation of the photographic imagd the thermal image was made making use of
faint linear features that demark the contact betwaoderately weathered and slightly weathered
parts of the rock mass. These appear to be dewkefopa original joint planes up on the progress of
weathering sideways.
Close indices of temperature are extracted thdtdmeicomparable to the sample mosaic
measurements. Hence four reference times weraeglatthree different intervals before noon and
two intervals after noon to read out index temperatvalues from the temperature series (Figure 3-
12). The ratio of temperature values were then egetpwhich are comparable with the first two

ratios from the sample mosaic measurements.
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Figure 3-12Relative position of the times index temperature readieige taken to compare the difference in
heating process on the Granite slope rock mass. Thesleggresent temperature read outs at comparabledime t
the corresponding letters in the sample mosaic tiniesser
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4. Results

4.1. Temperature series analysis of slate intact ro  ck samples

Following is the results obtained by inferring tesmgture of the samples at comparable times.
Nevertheless the actual time differ slightly as tinge of direct exposure and lowest temperature are
different in each of the group of the samples.

4.1.1. Temperature indices

The predawn temperature is lower in the highly Wwead sample than the fresh and moderate
weathered ones (Figure 4-1). This trend persisthénsubsequent times of temperature readings.
Nevertheless the moderate and fresh samples haveatine temperature throughout the series of

records. No variation in temperature occurs in plost noon record where all sample have equal

temperature.
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Figure 4-1 Trend of the temperature indices of intact ock samples of Slate. f stands for fresh, mw for
moderately weathered, and hw for highly weathered. The @mpanying numbers represent the different
samples of each class.

In the Granite samples, the lowest morning tempegais significantly lower in the weathered rocks
whereas slightly weathered and moderately weathevells show no difference at all. This is
enhanced further in the temperature of the sangitamed after 30 minutes of direct solar irradeanc
The pattern persists in the subsequent temperaattamed by the samples. In most cases the
moderately weathered samples have the lowest teuperinstead of the expected fresh samples
(Figure 4-2).
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Tempereatrue Index of Granite Samples
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Figure 4-2 Trend of the temperature indices for intactrock samples of granite, from Table 1.5

Among the samples of the Mudstone, highly weathesaahples start with the lowest minimum
morning temperature among the three weatheringe$ad he trend persists for the later on records of
temperature in all the samples (Figure 4-3). Rearkthe trend starts to take place as the weather
rock starts to peak upemperature fastethan the moderate and fresh samples. All the petter
observed in the Mudstone intact rock samples arsistent unlike those of the slate and granite
samples.
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Figure 4-3 of the temperature indices for intact rock amples of Mudstone, from Table 1.7
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4.1.2. Ratio of temperature indices

The ratio of the temperature after 80 minutes cdatisolar irradiance to that after 5 minute ireadie
shows direct relation with the increasing degreeveathering. The same feature occurs in the ratio
between the temperature readings between the pelathat after 5 minutes of direct solar irradiance.
The last ratio, (B/AY (D/C), is used to represent the variation in #magerature gradient before and
after the direct illumination of the samples by siihis has been included to utilize the combined
temperature gradient in the two heating conditiohdirect and indirect solar irradiance, and enleanc
the differentiation between the different weatheredks. Nevertheless, no persistent systematic

variations are observed in the values.

Temperature Ratio of Slate samples
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Figure 4-4 Trend of the temperature ratios of intact ro& samples of Slate from Table 1.2.

In the ratio of the temperature of the Slate sampfeer 80 minutes of direct solar irradiance drat t
of after 5 minute shows a consistently increasaipwith degree of weathering (Figure 4.4).

On the other hand the ratio of the temperaturdigna in the morning to the afternoon, (B/A)D/C),
relates inversely to the degree of weathering (feigus).

The situation is reversed in mudstone and almads$iowt any trend in the case of the slate samples.
The earlier trend is further enhanced in the refithe temperature indicated and Figure 1-7In
general the weathered samples show faster rateatdiniy. The trend in the mudstone samples ratio
depicts a clear picture of increasing trend in ehére temperature ratio with degree of weathering
(Figure, 4-6).
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Temperature Ratio of Granite Samples
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Figure 4-5 Trend of the temperature ratios of intactrock samples of Granite from Table 1.5
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Figure 4-6 Trend of the temperature ratios of intact ock samples of Mudstone from Table 1.8

4.1.3. Parameters from the cooling rate

4.2.  Analysis of temperature series from the Slate  slope rock mass

A. Temperature indices
The weathered parts of the Slate slope are higelijiby the index temperature ratio to certainrexte

In almost the three index ratio images the middié lwer right area of the image corresponding to
the higher degree of weathering gave higher vahat &ppear as brighter region than the areas
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corresponding to the darker slightly weathered &Fégure 4-7). The times of the temperature shots
from which the ratios are derived in this case @mmparable with the times of temperature readout
used to derive the index in the sample mosaics uneaent. Especially, in the D/BC ratio, the overall

diagonal alternation of light and dark regions figjtts the similar pattern of weaethering degee
variation in the photographic picture.

Figure 4-7 Images of temperature ratios B/A, D/BC, and E/BGalong with a picture of approximate
coverage of the Slate rock mass slope. The weathering degris designated from field observation where F
stands for fresh, SW for slightly weathered, MW for modeately weathered and HW for highly weathered.

B. Inversion in temperature
The results of the parameters used as indicatorsngberature inversion between noon and morning

temperature of the Slate slope clearly highlightedboundaries of different weathering classes.

The higher values indicate regions that have appigreigher temperature in the morning and lower
in the afternoon when compared within the sceneglative sense. This could be associated with the
high degree of weathering where highly weatherederizds appear warmer than the fresh
counterparts during the day due to their fastetihgaThe reversédnappens in the morning image
where the weathered parts, having less thermatianewrould cool faster and attain the lowest
temperature, and hence the inversion in the reatiarmth with the fresh counterparts that sustan t

heat for longer time. The coupled higher than s@rerage values of the two indicator parameters,
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C/A and C/B, would most probably qualify as verljaiele means of determining different weathering

zones with higher values representing weatheredaavet values indicating un-weathered parts.

Figure 4-8 equally sliced classes of th&/X parameters for the Slate slope rock mass, as indicator of
temperature inversion. The interpretations are consignt higher values indicating higher degree of
weathering (color code red = 9.28-12.58, green=12.58-15.89d315.89-19.19 all in °C)

Figure 4-9 equally sliced classes of th&/Y parameters for the Slate slope rock mass, as indicator of
temperature inversion (color code red = 10.53-13.06, greeh3.06-15.59, blue=15.59-18.11 all in °C)

4.3.  Analysis of teh temperature series from the Gr  anite slope rock mass

A. Description
The temperature measurement from the granite quedrogeneral give no indication of feature s to
associate with photographic image. This provedet@ lirawback to perform the analysis effectively.
The slopes are composed of granitic rock mass whighrather well situated for studying the
differential weathering conditions. However, duadohnical problems measurement in the area only
started later than sun rise at 04:47AM. The slepmare or less uniform unlike the Slate rock mass
outcrop. The orientation of the slope facing to tloeth causes the slopes to be irradiated indyrectl
throughout the day. The thermal image was acquirech a scene covering moderate to highly
weathered rock mass sections of the slope.

B. Temperature indices
The weathering degree coincides with this trendeasing from the lower right corner of the thermal

image scene towards the top left corner (Figuré)-Overall temperature range is higher for the
weathered part of the rock mass than the slighésthered ones. In the earliest lower temperatuge wa

not available for this slope as the measuremenysstarted at 10:40 AM.

41



Figure 4-10 Images of temperature ratios D/C, F/C and /B along with picture of the approximate
coverage on the Granite rock mass slope. The weathegindegree is designated from field observation
where SW stands for slightly weathered, MW for moderatly weathered and HW for highly weathered.

C. Temperature Inversion
The results of the parameters used as indicatomsngberature inversion between noon and morning
temperature of the Slate slope clearly highlightee boundaries of different weathering classes.
Rounded zones signifying the similar patterns ef weathering degree showed in the photographic
image (Figure 4-12).
=

Figure 4-11 equally sliced classes of tt#X parameters for the Granite slope rock mass, as inditor of
temperature inversion (color code red = 1.28-1.34, greef.34-1.4, blue=1.4-1.45, yellow=1.45-1.51 all in
OC)
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F

Figure 4-12 equally sliced classes of ti#Y parameters for the Granite slope rock mass, as indicatf
temperature inversion (color code red = 1.19-1.28, greef.28-1.36, blue=1.36-1.45, yellow=1.45-1.54 all in

OC)

It is noted that the range of the indicator paramsevalues are very close in the couple of thewstp
while they differ greatly differ between the diféett lithologic groups as reported in the slice €las
values in the figures (Figure 11 and 12), the valoé the Granite slope are higher by 10’s of
magnitude than the Slate slope.
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5. Discussion

Exhaustive study has been made and is still gomgegarding the effect of thermal fluctuation as
cause of weathering in rock mass. The aim of thidyshas been in close proximity but on a reverse
process. Whereas the first one deal with effectenfperature variation on rock weathering and/or
decay, this study considers the impact weatheragydn changing the thermal response of the rock
mass and use it to find means of quantifying thgreke of weathering.

This has been tested in the context of temperatanations observed on artificially arrange samples
and rock mass outcrops over the course of a fyll dae daily thermal response of rock samples has
been intended to be used as indicator of the difteweathering degrees. The results of the
observations are discussed in the following sect&parately for the sample mosaic and the rock mass

slope.

5.1. Interpretation of the Sample mosaics temperatu  re indices

The argument followed to differentiate weathered an-weathered rocks from temperature series
measurements is based on the notion that rapiceatndme fluctuation would be dominant in the
weathered rock record than the fresh. The selgieaimeters in the analysis section were hence used
to rate this property and compare the above prtposiThe temperature series measurements are
carried out for only one complete cycle of a dayalhthe cases. Hence, no information can be
obtained on the seasonality of the series. Ratherethodology was adapted to be able to infer
information from the characteristics of the singégly trend.

The reason for measurements of the samples masafetature series is for inferring the parameters
in a more controlled condition than the naturalconys of rock mass. In the artificial mosaic of the
samples, external factors such as variation towiaradiance and vegetation cover are either avoided
or kept to the minimal. This can enhance the imgtgtion by avoiding the uncertainties in the spati
distribution of the different weathering degregsresented as well.

The orientation has an influence on the heatingrempd, even under controlled conditions. Hence, to
have a method that is replicable without the eftédhe external factors; ratios of the temperatae
certain instants of time are used.

The lowest morning temperature and temperature bigfore the start of direct irradiation have been
used to compare the heating rate in the indireatliation condition. The temperature values taken a
relatively equal interval after the beginning of tiirect irradiation of the samples are used toparm

the variation in trend of heating rate under diitbgtination. The ratio of the temperature is inbéd

in the analysis to minimize those temperature dbfiees arising from variation in illumination

condition alone.
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5.1.1. Performance of the indices

A. Indic temperature
When considered separately, no significant trenobiserved between the earliest index temperature

values in the different degrees of weathering. differences appear only in the temperature records
after about 30 minutes of direct solar irradiatidine index temperatures of the highly weathered
samples are more spread apart than the moderatiemhdones. This could give a first indication to
the difference in thermal response related to tliterdnce in the degrees of weathering. The
temperature indices of the completely weatheredobzsrare generally shifted lower which could be
due to their lower morning temperature they stath whan the other samples. Such irregularities in
the observation are to be expected, as the théristary of the samples would have an effect on the
subsequent processes.

B. Ratio
Apparently, the direct use of temperature valuesniwe prone to external factors such as the

brightness of the day. This was overcome by udiegrélative values of the temperature, assuming
that the change in temperature is at least unaffaatlike the absolute value.

Some of the ratio of the index temperatures from ithitact rocks experiment have reasonably
consistent trend with the degree of weatheringsTéinoted in the ratios E/C, F/C, (Figures 5-1).

(B/A) / (D/C). In all ratios the fresh samples steaiMower values than the highly weathered ones.
This trend is not maintained when the moderatehathered samples of the granite rocks are
considered, having values that are higher or Ialvan of the fresh and the highly weathered samples
by value. This is contrary to expectation thathbuld have a moderate value. These are note&in th
ratios B/A, F/C (Figures 5-1), and (B/A)/(DI/C).
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mosaic samples (B/A, D/C, E/C, and F/C) plotted
against the three states of weathering for each
lithology; F stands for fresh, MW stands for
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In all the samples, the ratios of highly weathesadhples show relatively higher values than their

respective values in the moderate and fresh samfsttesipward trend is shown by the ratios with
increasing degree of weathering except the graaiteples where the moderate samples have majority
of the ratio lower than both the fresh and highbatihered samples. Considering the first order,ratio
i.e., excluding (B/A)/(D/C), the lowest ratio isathof D/C, in all the samples, while the highed¥/G.

5.1.2. Implication of the indices on use for weathe  ring degree

In all the discussions that follow, referenceshie index temperature are made by symbols for glarit
Hence, the following nomenclature is assigned.

A: the minimum morning temperature

B: the temperature right before the beginning ofaiselar irradiance

C: temperature after 5 minutes of direct solar imtidn

D: temperature after 30 minutes of direct solar iatoh

E: temperature after 80 minutes of direct solar iatioin

F. measured peak temperature

These references are in line with the schemeswielioto address the times in the earlier sections
(Section 3.5.3).
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An upward trend is noted in tH&C andF/C ratios with increasing degee of wethering. In¢hse of
the F/C, the moderate samples of granite showed sligbthet than the expected intermidiate value
between that of the fresh and highly weathered .orlé®e close similiarity between the moderately

weathered and fresh samples is also noted.

B/A D/C
150 1.35
—&— Mudstone
—&— Mudstone|
1.45 4 —a— Granite
—=a— Granite 1.30 4 a— Slate
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—a— Slate
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1.30 1.20 4

1.25

1.15
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115 T T 1.10
f_avg mw_avg cw_avg f_avg mw_avg cw_avg

5-2 The average ratio of the index temperatures indicatedn top averaged for each state of weathering
degree in each lithology. The bars correspond to the rang# values in each case indicating the degree of
overlap in each case.
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5-3 The average ratio of the index temperatures indicatedn top averaged for each state of weathering
degree in each lithology. The bard represent the rangef values to indicate the degree of overlap.

The mean values of tH#&/A ratio in the Granite and the Mudstone samplesvanadi increasing trend
is observed. The moderately weathered granite ssmpi the other hand had the lowest value than
the fresh and highly weathered class, which isnsistent with the expected trend.
In the plots of average values for each of the mpatars, the range has been used to infer possible
replication of the range of values between theedifft lithologic classes. THR'C parameter although
less consistent in the trend throughout the differeck types, has more overlapping values between
the different weathering classes of all the litlgddogroups (Figure 5-2). If not for the factorseaffing
the trend of the value with the weathering degegegeasily transportable model of quantifying the
weathering degree is suggested by the high dedgrem/evlap between the ranges of values for
different weathering classes of the three lithasgisted in this study. The degree of overlap detw
the values of th®/C parameter in similar unit of weathering degreenfidifferent lithologic groups is

significantly higher than that of the other paraenet
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This suggests the possibility DfC scale to be transferable to various situatiorggutantifying degree
of weathering in situation without requiring furtheformation on the type of rock. Neverthelesg, th
problem of lower variability in values between soofethe samples from the same lithologic group
with different weathering degree should be overcbefere using the parameter.

On the other hand, in tH&/C andF/C parameters, although they have better consistiertteir value

in distinguishing the degree of weathering witreach of the lithologies, they have almost no oyerla
in value between the different weathering degrdethe three lithologic rock types (Figure 5-3).
Hence, there is less possibility for directly imfieg the weathering degree in cases where theme is
information on the type of rock. However, the pllairend in the values suggests a possibility of
relative quantification. This indicates that frohetdifference in the values &/C andF/C alone the
degree of weathering cannot be estimate, unlesstedlsites are referred on the outcrop or the lsamp
to calibrate the parameters.

In the case of the parame®@#A, the trend is moderately consistent as compar&dgoE/C, andD/C
parameters. It takes into account the long-ternpaature change unlike the latter ones that involve
short-term temperature gradient. The responseseketvthe different weathering groups when
considered separately for each litholgic group hboxger differentiation. The degree of overlap
between the values of the same weathering unit fiidfarent lithologic groups is noted only in the

moderate and highly weathered samples (Figure 5-2).

5.1.3. Implications of the VIS/NIR and TIR

The difference in the 0.3- 2.5 um reflectance spestas used to infer major variation between the
signatures to relate the weathering to mineratatitens that have influence on the thermal behavior
Only certain minerals were identified with the helpthe TSG. No major difference in the spectral
signatures were observed. Overall reflectanceanatbathered samples usually had higher reflectance
suggesting a high albedo. Nevertheless this iscapsistent in all the cases where some times the
highly weatherd samples behave more like the foess while the moderate weathered samples have
a rather higher reflectance in most cases.

The average emissivity over the range of 8 to 15gshows similar trend where the values are lower
for the fresh and the moderately weathered samplés.could be one of the reasons for the relativel
similar radiant temperatures of the two weathediagses, especially in the Mudstone samples (Figure
5-2)
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Figure 5-4 average emissivity of the sample spectra ouvbe 8-15 microns wavelength.

5.2. Interpretaion of the slope outcrops temperatur e indices

Despite the effort made to acquire the data froensdime time range as that of the sample mosaics, it
was only possible to get certain part of tempeeaggries from the outcrops (for both the Granig an
Slate). In addition, the measurements had to legrimited for some interval in both cases. This part
mostly coincided with the temperature series ssurthat was selected for most of the analysikén t
sample mosaics. Hence only limited comparison can nade between the observed index
temperatures from the sample mosaics and the sbgzanass outcrops.

Further In the case of the Slate slope, the measemts after noon are heavily affected by shadow
overcastting from the slope face irregular featuhesnselves and hence were also left out from the
analysis. A possible solution could have been dsdigital surface model of the slope to simulate
hourly or higher frequency of solar irradiance 24 hour cycle and correct the effect of the s@rfa
irregularities by matching it with the temperatueeord from the same location. Although the DSM
(Digital Surface Model) was available for the Slatepe the coverage of the temperature image was

outside the range of the DEM extent on the slope.

5.2.1. Indices

A. Slate slope
The Slate rock mass slope is a road cut outcroplynaf meta-sandstone slate rock mass. One of the

difficulties in the measurement is the orthogoriatks of the slope face giving various orientatibtms

the slope face. Three orientations are prominenthenslope faces, which are lighted differently at
different times of the day due to their varying exsg. The temperature values sampled from
weathered and un-weathered faces of the slope dpasimilar orientation showed significant
differences (Figure 5-5). When closely examined images during the time of near constant
temperature in the steps show a more or less umiftarker tone (and hence temperature) than those
immediately after the individual cooling steps. §lbke cause could be the effect of the orientatibn

the faces making up the slope.
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Comparison of the temperature series with its waBaseries per selected regions from weathered and
un-weathered parts of Slate slope rock mass showa#led variation between the two classes than
within. The high frequency variations are shortrteemperature fluctuations common to many high
resolution temperature measurements. The impoodaservation from this curve is the fact that the
variability between the weathered and un-weatheoe#t mass is apparent in the time before and
beyond about 09:00AM and 05:00PM respectively, whbere is a wider spread in the temperature
series variance between them.

16

” 10 per. Mov. Avg. (diff between
' means)

1.2 4
—10 per. Mov. Avg. (Stdev)

1 4
0.8 - —10 per. Mov. Avg. (Stdev)

0.6

i,

0

09:00AM 05:00PM
Figure 5-5 sample temperature series and variance ohé temperature series per selected regions from

weathered and un-weathered parts of Slate slope rock res.

The indices E/C and D/C showed close resemblaniterpaf weathering distribution. This is in line
with the observation in the sample mosaic measurerii@e relative differences are especially higher
in the D/C. The absolute values of the ratio affedint from those of the values in the sample ricosa
but at least comparable in relative difference leetwthe weathered and un-weathered parts of the
slope outcrop.

B. Granite slope
The temperature measurement from the granite quedrogeneral give no clear indication of features

to associate with photographic image. This proviicdlty in performing the analysis effectively.
The slopes are composed of granitic rock mass, hwhre rather well situated for studying the
differential weathering conditions. However, duetéchnical problems, measurement only started
after sunrise at 04:47AM. The slope morphologyrifarm unlike the Slate rock mass outcrop. The
orientation of the slope facing to the north caubesslopes to be irradiated indirectly throughttet
day This can partly explain the lower radiance terature of the granite slope than the slate slope.
The thermal image was acquired from a scene cayarinderate to highly weathered rock mass
sections of the slope. Hence, the central anddfigphrt of the scene is warmer than the lowertrigh
part throughout the measurement, which is from 208 to 06:30 PM. The weathering degree
coincideswith this trend increasing from the lower right wer of the thermal image scene towards the
top left corner. The effect of core intact rockstliire highly weathered rock mass is evidenced by
higher temperature of the intact rocks in the loteenperature background.
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Similar argument as the representation of invergiotemperature as the Slate rock mass slope is
applied in the Granite slope as well. The resudt good replication of the observed weathering eegr
distribution.

The D/C and F/C temperature indices ratio showhsliggsemblance of the weathering pattern
distribution from visual inspection. Hence, brighteegions highlighting higher values of ratio
correspond with higher degree of weathering. Thisiline with the observation from the sample
mosaics where the comparable indices show highkrevaith increasing degree of weathering.
Nevertheless the values of ratio are not the savheh is to be expected as the uncertainties and
difference in the distance of measurement in tleedases.

5.2.2. Inversion indicator parameter

The indices of inversion in temperature highlighted weathered and un-weathered sections of the
Slate outcrop. The basis for relating the highdeinto increased degree of weathering is basedon t
plausible assumptions. The first is that weathedagses rocks to fluctuate in temperature more in
than the un-weathered ones. Secondly, the higletuition leads to lower temperature in the
morning and higher temperature at noon.

Based on two assumptions the index can be usedntistently relate with the degree of weathering
as shown below.

The three images A, B, C are derived using the leimpthmetic

A = [Image at Morning] / (T° Morning mean) => [Imagt Morning] / (14.45°C)

B = (T° Mean Noon) / [Image at Noon] => (25.96°(Q)niage at Noon]

C =AT° =>[Image at Noon] - [Image at Morning]

The following ratio images would tend to give higlalue for higher degree of weathering according
to the assumptions made at the beginning. Hence,

C/A, higher => weathered.

C/B, higher => weathered.

Although other changes that could give similar teste unavoidable, at least regions that havedrigh
value in both the derive ratio images (C/A and CHave higher probability of representing the
weathering degree. The term “high” is applied dnlyelative manner, referring to range of values in

each of the image, which are divided at equal watler
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6. Conclusion and Recommendation

6.1. Conclussion

The results of the analysis show some comparalsenmers which can be related to the weathering
degree. The inconsistency of the expected trersbine of the cases could be a matter of artefact. It
should also be noted that the variation in the &mapire measurements are also influenced by the
previous heating history of the samples in additorthe state of materials thermal property as the
measurements were done only for one cycle.

The results in the direct comparison of the tentpegarecords at the specified times is more
consistent in the case of the mudstones samples. dduld perhaps be the result of the non
complexity of the material composition which is fanm in colour, brightness, and mineralogy. In fact
the major difference between the weathering deigrdee size

of individual blocks which decreases with highergbe of weathering. On the other hand, the
mineralogy, porosity and moisture content variagiomthe samples are far more complex in the case
of the Granite and Slate. These could have a n@liyssupplementary effect on the thermal property
with each other.

There is a close similarity between the thermapprty of the samples from the fresh and moderately
weathered class in most of the instants. This ctelchn indication to the lower difference in the
thermal property of lower grades of weathered intacks. Any little difference left is further mask

by art effects external factors making it impossitd infer the difference unless in a very con¢abll
situation. Temperature variation is very sensitisesmaller and even short-lived cast of shadow
causing rapid cooling and heating as can be obdenvthe temperature series of the taken from the
intact rock samples experiment.

The ratio of temperature read after 30 minutes, &@hdninutes of direct irradiation, and the peak
temperature for the day to that of the temperatessl after only 5 minutes of direct irradiation
(designated as D/C,E/C, and F/C respectively) gaveore consistent upward trend of values with
increasing degree of weathering. Despite the highrek of consistency in values throughout the
different lithologic groups, the lack of overlaptlveen the range of values, especially in E/C a@] F/
implies limitation of the parameter to cases of enmformation availability. Nevertheless, the sub
parallel trend in the values can be used to redbtigvaluate the weathering degree.

The ratio of the temperature read right before lleginning of direct irradiation to that of the
minimum temperature recorded for the day, desighateB/A, gave promising result to be used as
guantitative evaluating index of degree of weatigeriThe high degree of overlap between the values
in the different lithology have a good potentialige be as a scale that can be transferred intoomli

where there is limited information about the roghe.
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As observed in the thermal spectral profile, thecs@m from the fresh samples showed lower
emissivity than the weathered rocks. They tendaeehiower absorption of thermal irradiance and
consequently lower radiant temperature. This cpaldly explain the persistent brightest scenesh(hig
temperature) observed in most of the thermal imagess in the weathered section of the granitk roc

mass

6.2. Recommendation

= Measurements should cover more than one cycle ¢ouat for heating history, in the case of
sample mosaics. This will help to overcome accutedldifference due to earlier thermal history of
the samples or the rock mass

= More controlled experimental setting is cruciabtthieve a result that is consistent throughoutesinc
the temperatures are very sensitive to slightesiati@n in incoming radiance. This required
concurrent logging of the weather to incorporate #ifect of wind direction, cloudiness, and
moisture variation.

» The use of thermal camera with accompanying vigsualge is important if it is not included to
reference the observed temperature image with histexpretation. In addition finding a solution
to address the variation with respect to aspect slode is needed to further the research in
controlled manner. Photogrammetric techniques DAR measurements could be applied to model
the surface variation which can be used to anifigiradiate the slope and obtain variation caused
by geometry of the slope.

» Physical parameters and thermal properties shaulthdasured and used to model the heat transfer
to fully understand the variation on temperaturs.ti#e results from the spectral measurement did
not suggest any significant compositional diffeesnemphasis should be on the determination of
some of the physical properties. Especially theigsbetween moisture content, porosity, and
density should be correlated to understand thé#ceind accordingly design a quantitative means

of measuring the difference from the predicted biha in the variation of the temperature.
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