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Abstract The Alvand batholith is one of the largest
plutonic bodies in the west of Iran. In this research, several
physico-mechanical tests have been performed on grano-
diorite and porphiroid monzogranite consisting of five
degrees of weathering in Hamedan area, west of Iran.
Furthermore, weathering process of Alvand granitoid is
studied by chemical analysis and petrographical studies.
The results indicated that engineering properties of
weathered granodiorite and monzogranite vary over the
wide range depending on the degree of weathering. On the
other hand, this research is focused on the assessment of
relationship between weathering indices and uniaxial
compressive strength. For this reason, some of the most
important weathering indices are reviewed. It should be
noted that, application of these chemical, engineering and
petrographical indices are good quantitative indicators for
describing the degree of weathering. Using these indices
for the assessment of uniaxial compressive strength of
granodiorite and monzogranite rocks, yields suitable and
meaningful results.

Keywords Weathering indices - Granodiorite -
Monzogranite - Alvand granitoid

Introduction

Alavand granitoid is one of the largest plutonic bodies

located in the southwest of Hamedan, western part of Iran.
These granitic rocks are the widely used stones in
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construction of ancient buildings, ornamental elements and
movable stone heritage artifacts (e.g., statues, stone pave-
ments, altar pieces, benches, etc.) in the west of Iran, either
in monumental or vernacular architecture (Fig. 1a, b).

Weathering is generally defined as the process of
alteration and breakdown of rocks at near the earth surface
by physical and chemical effects and leads to a number of
changes on the rocks (Selby 1993). Weathering processes
alter mineralogical, physical and geomechanical charac-
teristics of rocks. The effects of weathering on the engi-
neering properties of rocks have been studied by numerous
investigators and in this regard various weathering classi-
fications have been proposed. Anonymous (1995) and
ISRM (1981b) suggested some classifications mainly based
on the field observations and determined six classes with
respect to the degree of weathering.

Chemical changes during weathering are quantified in
several ways including the normalized values of element
(or oxide) using their parent rock concentrations or
immobile element concentrations in the samples (Krauskopf
1967), ratio of elements to immobile elements (Guan et al.
2001), measurement and calculation of loss or gain of
weight based on immobile element (Huston 1993;
MacLean 1990) and chemical weathering indices (Duzgo-
ren and Aydin 2003; Price and Velbel 2003; Tugrul 1995).
Weathering indices have been devised to quantify the
changes in the index properties of rock materials, some of
which are relevant to the engineering properties. Some of
these weathering indices have been specifically developed
for granitic rocks. In this paper, the weathering grade of
Alvand granodiorite and monzogranite rocks is described
by both using laboratory and in situ tests. Furthermore,
some weathering indices are suggested for petrographic,
engineering and chemical considerations of granitic
rocks. Statistical correlations between uniaxial compressive
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Fig. 1 a Bu-Ali Sina Tomb, Hamedan, Iran. b A very famous inscriptions of Darius in Ganjnameh, Hamedan, Iran (2,550 years ago)

strength and chemical, engineering, petrographic indices in
the various degree of weathering have indicated some
important points.

Geological setting

The Alvand plutonic batholith is located in the west part of
Iran (Fig. 2a). It is one of the largest plutonic bodies in the
Sanandaj—Sirjan metamorphic belt (SSMB) (Fig. 2b). This
zone is characterised by the predominance of metamorphic
rocks, accompanied by the sedimentary and magmatic rocks
(Berberian and Alavitehrani 1977; Sepahi 1999). Alvand
batholith consists of gabbro, diorite, tonalite, granodiorite,
porphyroids granites and hololeucocratic granitoids. Pre-
vious studies have shown that S-type granite-granodiorites
are mostly per-aluminous and calc-alkaline, the gabbro-
diorite-tonalite suite is mostly metaluminous and tholeiitic
to calc-alkaline (Sepahi 2008).

The tectonic evolution of the Sanandaj—Sirjan belt
involved continental arc magmatism followed by collision.
According to Valizadeh and Cantagrel (1975) mafic to
intermediate plutonic bodies (olivine gabbro, gabbro,
gabbro-norite, diorite, quartz diorite and tonalite) are older
than crustally derived granitic plutons in the region (Alvand
plutonic complex), but all intrusions formed during Creta-
ceous-tertiary subduction and collision (Baharifar et al.
2004). The plutons, including the granites, are commonly
associated with contact aureoles defined by hornfelsic
textures and mineral assemblages that overprint earlier
minerals and fabrics.

Some of the most important primary (magmatic) and
secondary (tectonic) structures of granitic rocks in this
plutonic complex are as follows: the primary structures,
including orientation of feldspar phenocrysts (Fig. 3a),
mica, enclaves and primary fractures or joints. These
structures confirm an internal magmatic flow and syn-
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emplacement fractures inside the intrusive body. Figure 3b
shows two major joint systems in Alvand granitic rocks.
The secondary structures include tectonic fractures and
structural changes in rock bodies in the solid state after
solidification of the plutonic body (Sadr et al. 2004).

For the present study, two types of Alvand plutonic that
consist of granodiorite and monzogranite have been
investigated. These types are located in the southern part
and south and central part of the study area, respectively.

A review of the weathering indices

There are several weathering indices proposed by various
investigators for characterizing weathering degree of gra-
nitic rocks (Aires-Barros 1978; Irfan and Dearman 1978b;
Parker 1970; Hodder 1984). The most commonly used
indices have been derived from chemical and mineralogical
analysis and can be broadly categorized as petrographical,
engineering and chemical indices.

Petrographical indices

A number of petrographical methods have been suggested
to quantify the mineralogical properties of the weathered
rocks. Lumb (1962) defined a quantitative index (Xy),
related to the weight ratio of quartz and feldspar in the
decomposed granite of Hong Kong as Eq (1):

Nyq — N,
Xy= (-1 D (1)
1_NCI0

where Ny and Ny are the weight ratio of quartz and feld-
spar in weathered and fresh rock samples, respectively.
Furthermore, it should be noted that ratio of quartz to
feldspar (Q/F) can be considered as weathering index.
Based on comprehensive studies on the weathered
granites in UK, Irfan and Dearman (1978b) suggested the
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Fig. 2 a The Sanandaj—Sirjan
zone in Iran with location of
study area. b Location map of
the granitic rocks tested (after
Sepahi 1999 with modification)
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micropetrographic index (/) to characterize the degree of

weathering of rocks. The I, can be expressed by the Eq. 2:
SC%

I, = 2

p UC% ( )

where SC is sound constituents such as quartz, feldspars
and biotites. UC is unsound constituents such as sericite,
chlorite and iron-oxide.

Engineering indices

From an engineering geology point of view, indices based on
mechanical properties have more applicability than those
based on chemistry and petrology. A rapid test to obtain a
quick absorption index (QAI) has been proposed by Hamrol
(1961) for the assessment of weathering of granite and schist.
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Fig. 3 a Illustration of porphyry granite with oriented feldspars. b Illustration of two orthogonal joints system in Alvand granitic rocks. The
C joints are horizontal and formed later than the L joints which are vertical

The coefficient of weathering (K) was developed by
Tllev (1967) based on the velocity of compressional waves
of monzonitic rock materials (Eq. 3):

(Vo — Vw)
Vo

K= (3)
where K is the coefficient of weathering, V, is velocity of
ultrasonic waves in fresh rock and Vi, is velocity of
ultrasonic waves in weathered rock.

Chemical indices

Most chemical weathering indices which guess the
mechanical properties of weathered rocks regard only
chemical leaching such as Parker index (Parker 1970),
lixiviation index, mobiles index (Irfan and Dearman
1978a), mobility index (Guan et al. 2001), but only a few
consider the amount of the weathering products such as
product index (Reiche 1943). Additionally, the chemical
weatherability index (Hodder 1984) is used to characterize
the weathering state.

Chemical weathering indices are calculated using the
molecular proportions of major element oxides. The
molecular proportion of each oxide is calculated from the
percentage of the oxides based on their weight. Molec-
ular proportions may also be used to calculate weathering
indices for rocks, which have been affected by mechan-
ical processes. The chemical weathering indices calcu-
lated from molecular proportions are based on the
assumption that major oxides, including Al,Os, Fe,O3
and TiO,, considered to be “immobile”, remained con-
stant but some oxides including SiO,, Na,0O, K,0, CaO
and MgO, considered to be “mobile”, decreased and loss
on ignition (LOI) content increased in the weathering
processes.
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Chemical change during weathering and hydrothermal
alteration are quantified in several ways including the
normalized value of oxide using their parent rock con-
centrations or immobile element concentrations in the
samples (Krauskopf 1967), measurement and calculation of
loss of weight based on immobile element (Huston 1993;
MacLean 1990), ratio of elements to immobile elements
(Guan et al. 2001). Various researchers (Gupta and Rao
2001; Irfan and Dearman 1978a; Nesbitt and Young 1982;
Reiche 1943; Ruxton 1968) have proposed chemical indi-
ces for characterizing the weathering degree of rocks.
Summary of chemical weathering indices evaluated in this
study have been shown in Table 1.

Materials and methods
Material identification

In order to evaluate the weathering process, two main
qualitative and quantitative methods can be used. The
qualitative methods of weathering are based on observa-
tional descriptions and index properties of rocks. These are
color changes (Lee 1987) and observational description of
physical weathering grade (Irfan and Dearman 1978a;
ISRM 1981a). Another method for weathering classifica-
tion is the quantitative which is based on weathering
classification schemes. For applying quantitative classifi-
cation schemes, some researchers such as Arikan et al.
(2007), Gupta and Rao (2001) and Irfan and Dearman
(1978b) have considered the petrographical, chemical and
index properties.

In this study, in order to determine the weathering
degree of these two types of the granites, the weathering
classification proposed by the ISRM (1981a) has been
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Table 1 Summary of chemical

L . Index Formula Trend of index by Reference
weathering indices evaluated in .
. weathering grade
this study
— 2 M Ci i
PI PI = [(ON_;S +o5+ ()KT + ﬁ) X 1()()} Negative Parker (1970)
CIA CIA = 100xALO; Positive Nesbitt and Young
AL 0;+Ca0+Na0+K,0
(1982)
CIW _ _ ALO: Positive Harnoiss (1988
CIW = ACN = 100 x |i(A1201+Nzazé)+CaO)] ( )
SA SA = Asli%z Negative Ruxton (1968)
23
WPI WPI = - K0+Nay0+Ca0—H, 0" x 100 Positive Reiche (1943)
(Si0; T AL O3 +Fe; 03+ TiO; + CaO+ MgO+Na; 0+ K, 0)
— _ Aveatered _ — K:0+Na,0 i Re
p p= (Am‘i ﬁ“%) — A= AL 032 Negative Rocha-Filho et al.
5 (1985)
LOI Loss on ignition Positive Sueoka et al.
(1985)

used. This includes six degrees of weathering W, (fresh
rock with no signs of weathering), W, (slightly weathered
rock with discoloration in discontinuity surfaces), W3
(moderately weathered rock with less than half of the rock
decomposed), W, (highly weathered rock with more than
half of the material transformed to a soil), W5 (completely
weathered rock with all the material transformed to a soil
but the original mass structure still largely intact) and Wy
(residual soil). To describe the qualitative weathering
classifications of the granitoid rocks, color changes, stain-
ing, textural changes, disintegration, altered/unaltered
minerals were considered.

Sampling and laboratory studies

The samples representing different weathering degrees
were collected from homogenously weathered zones.
Large size blocks were preferred which were capable of
providing a sufficient number of core samples. Weathered
samples that were highly prone to collapse by disturbance,
were immediately covered with plaster and safely trans-
ported to the laboratory. Suitable samples were prepared
in the laboratory. As coring was sometimes difficult,
cubical specimens were prepared for highly weathered
rocks. No sample was collected from residual soil (the
grade W) in the weathering profile and tests were not
performed on it.

In order to record mineralogical abundance and textural
features in each sample and their weathering, thin sections
were studied using petrological microscope. From each
degree of weathering three thin sections were prepared in
order to study and analyze the petrographical properties of
different weathering grades. The point-count method, as
described by Hutchinson (1974), was used to determine
modal composition. The contents of quartz, plagioclase,
K-feldspars, biotite and other minerals were distinguished

for each thin section. The mineral composition of each rock
type also was investigated by XRD analysis. As shown in
Fig. 3, the results of XRD analysis confirmed the mineral
composition of the thin sections of the study XRF analysis
of major oxides was performed using X-ray fluorescence
spectrometry (Philips PW 1404/10) on powder pellets.

The physical index properties such as specific gravity,
dry and saturated densities, effective porosity, ultrasonic
velocity and water absorption were determined on samples
which were prepared for uniaxial compressive strength
test(UCS) for each rock following the standard test pro-
cedures suggested by the ISRM (1981b).

The slake durability index (I3) was devised by Franklin
and Chandra (1972) to assess the durability or weather-
ability of clastic sedimentary rocks such as shale, particu-
larly useful for rocks with significant clay content. Lee and
Freitas (1988) observed that the I is quite useful in the
quantification of higher degrees of weathering in Korean
granites.

The uniaxial compressive strength is the most common
performance measure used by engineers for the quality
assessment of rocks. For certain applications of natural
dimension stones minimal values for the compressive
strength are requested (Siegesmund and Snethlage 2011).
Mechanical properties achieved from core samples inclu-
ded the uniaxial compressive strength (UCS) and the ten-
sile strength (o). The uniaxial compressive strength test for
fresh and slightly weathered rocks has been carried out on
20 cylindrical specimens (L/D = 2.5) under dry and satu-
rated conditions, following the recommendations of the
ISRM (1981b). For moderately, highly and completely
weathered granititoid, 30 cubic specimens with the size of
(H/D < 1) were prepared and tested according to ASTM,
(C170). The results were converted into cylindrical sam-
ples strength by a multiplying factor after testing of the
cubic specimens.
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Fig. 4 Photomicrograph of a slightly weathered monzogranite b highly weathered monzogranite ¢ slightly weathered granodiorite d highly
weathered. Qz quartz, Or orthoclase, P! plagioclase, Mus muscovite, Bt biotite, Ch cholorite, Hb hornblend

Results and discussion
Mineralogical characteristics

The results of site investigations show that for the grano-
diorite and monzogranite in the earlier stage of weathering,
the color of feldspar and biotite changes from the olive
black in fresh rock to the yellowish brown in the saprolite
and soils. All samples were subjected to mineralogical
analysis in order to characterize their composition. The thin
sections were examined under a petrographic microscope
for mean grain size and modal composition. Photomicro-
graphs of slightly and moderately weathered samples are
presented in Fig. 4.

Petrographical studies of monzogranite show anhedral
granular texture to anhedral rectangular plagioclase,
K-feldspar, coarse grain, anhedral quartz, biotite and
microcline. It should be noted that the slightly weathered
samples contain various amounts of medium to coarse-
grained feldspar crystals but, in completely weathered
monzogranites, sericitization of feldspars is developed.

The petrographical description of slightly weathered
granodiorite shows a small part of sericitized subhedral,
large tabular feldspar, biotite, medium grained and anhe-
dral quartz. K-feldspar is slightly altered to clay minerals.
Muscovites and biotites are chloritized and dark minerals
are partly altered. Granodiorite generally have medium
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grain size distributions and the grain boundaries are
straight. In highly weathered granodiorite, the degree of
sericitisation of feldspars is high, and it filled the micro-
cracks within the feldspar crystals. Finally, results from
thin section studies and mineralogical features of all rocks
collected from Alvand granitoid are summarized in
Table 2.

Chemical analysis

The results of XRD analysis are shown in Fig. 5. These
results confirmed the mineral composition of the granitic
rocks which obtained by thin section studies. For the whole
rock analysis, the X-ray fluorescence (XRF) was performed
to obtain the oxides contents of samples having different
weathering degree (Table 3). Elemental composition was
obtained by XRF of the samples at various weathering
states from the Alvand granitic rocks. As shown in the
Table 3, the weathered samples show decreases slightly in
Si0, concentrations, with increasing degree of weathering.
The amounts of CaO, K,0 and Na,O decrease during the
early stages of weathering for two types of rocks. Ceryan
et al. (2008) show that the k-value of granitic rocks
decrease with increasing weathering and the k-value has
the potential for being applied in investigating the engi-
neering lifetime of building stones. It can be seen that the
amount of Na,O and CaO decreases from grade W; to Wy
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Table 2 The modal .
compositions of the Alvand Rock type Weathering grade Qtz Or PI Mus Bt Oth
granodiorite and monzogranite Granodiorite w, 26 10 37 3 3 17
rocks
W, 24 7 33 3 6 27
(0)74 qua'rtz, Or orthoclase, . W, 24 4 77 ) 6 37
Pl plagioclase, Mus muscovite,
Bt biotite, Oth other minerals Wy 24 2 22 1 4 47
[that mainly included Ws 22 2 17 0 2 57
hornblende (in granodiorit Monzogranite w, 30 25 27 1 14 3
samples), garnet, seresite and
clay minerals], W; fresh, W2 £ 22 21 2 14 1
W, slightly weathered, Ws 29 20 17 3 12 19
W3 moderately weathered, W, 29 17 14 4 13 23
W, highly weathered, Ws 28 14 10 ) 11 35
W5 completely weathered
a 5000 7 above results, it can be concluded that these changes are
predominated for granodiorite samples.
4000 1
£
£ 3000 1 8 é Physical and mechanical properties
3 - 3 5
O 2000 4 == .
¥ 2 The results of the physical tests performed on the monz-
1000 § & ogranite and granodiorite samples, are presented in
5 L L X AT B Table 4. As can be seen in Table 4, for all samples, with
0 10 20 30 40 50 the increasing grade of the weathering, effective porosity
2 0 (degree) increases because the amount of micro cracks and voids
increases. These observations correspond to those records
b 3000 & earlier by Irfan and Dearman (1978b). The porosity has a
@ o . . . . .
2500 3| E é direct and indirect effect on most of the physical properties
w 2000 = 5-: = of rocks and is therefore considered the most important
st o = :’ .
2 isood £ 2 g5 rock parameter Ruedrich et al. (2010). Between two gra-
S 1000 4 g nitic rocks types, granodiorite shows the highest increase in
. & porosity with 1.08% in fresh rock to 12.75% for completely
weathered rocks. Similar trends have also been observed
0- . L .
(] 10 20 30 40 50 for the quick water absorption index. The comparison

2 0 (degree)

Fig. 5 Typical results of XRD analyses for the Alvand granitic rocks
samples. a Monzogranite. b Granodiorite

(except for amount of CaO from W; to W, in the grano-
diorite samples). The decomposition of feldspar would
result in a direct loss of NaO, CaO and SiO,. During the
weathering process, FeO is oxidised and changed into
Fe,05, then the amount of Fe,Os; increases with the
increase of weathering degree. This result indicates that the
oxidation is an important weathering process for iron-
bearing minerals such as biotite commonly found in Alv-
and granitic rocks.

The amount of TiO, and loss on ignition (LOI) increases
from grade W, to W5 because of increase of clay minerals.
LOI appears to be a good indicator of chemical weathering
as it reflects the content of altered minerals. Tugrul and
Gurpinar (1997) reported that LOI increases with the degree
of weathering in the natural environment. According to the

between the values of the ultrasonic wave velocity mea-
sured in fresh and weathered granitic rocks are shown in
Table 4.

From the results, it can be concluded that the higher
values of the V}, belong to the low weathered rock samples.
Among the all samples, the higher decreasing values of the
V}, in granodiorite samples are 3039.40 and 960.80 m/s for
fresh and completely weathered, respectively. Slake dura-
bility index (1) is generally accepted as a good indicator
for weatherability of rocks. For different samples, the
results of the slake durability test after the second cycle
(I13>) are shown in Table 5. In each case, the reduction in /4,
is minimal at the initial stages of weathering, but is very
high towards the end of the weathering sequence.

Based on Gamble (1971) and Franklin and Chandra
(1972) classifications, the slake durability index is medium
for completely weathered monzogranite and low for the
completely weathered granodiorite, respectively. These
results can be depended on amounts of quartz in samples
because the quartz remained relatively unaltered throughout
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Table 3 Elemental composition obtained by XRF of the samples at various weathering states from the Alvand granitic rocks

Rock type Weathering grade SiO, Al,O3 Na,O MgO K>0 TiO, MnO CaO Fe,03 P,0s5
Granodiorite \ 68.07 13.21 2.04 1.55 6.00 0.69 0.08 0.88 5.78 0.13
W, 68.01 13.27 1.98 1.50 5.60 0.71 0.10 1.83 6.23 0.17
W3 68.01 13.52 1.94 1.46 5.20 0.94 0.12 1.55 6.55 0.11
Wy 66.57 13.72 1.87 1.36 5.05 1.00 0.09 1.55 6.65 0.09
W;s 66.49 13.98 1.80 1.35 2.78 1.22 0.18 0.56 7.00 0.11
Monzogranite W, 63.67 14.63 2.62 2.29 5.42 0.70 0.11 2.26 7.32 0.15
W, 63.42 14.82 2.45 2.08 5.20 1.05 0.12 2.17 7.48 0.12
W, 63.15 15.23 242 1.70 4.88 1.13 0.09 2.15 7.50 0.16
Wy 63.13 16.65 2.34 1.63 4.81 1.25 0.11 2.13 7.51 0.15
Ws 63.02 16.70 2.12 1.52 4.40 1.26 0.16 1.98 7.53 0.11
Table 4 Physical properties of Alvand granitic rocks at various degree of weathering
Rock Weathering  y4 (g/cmS) Vsat (g/cm3) QAI n (%) Vp (mfs)
type grade - - - - -
Min. Max. Mean Min. Max. Mean Min. Max. Mean Min. Max. Mean Min. Max. Mean
Monzogranite W, 265 274 271 267 276 272 040 050 046 096 1.61 136 2,820 3,670 3,039
W, 265 273 268 267 274 271 037 099 0.51 1.25  1.57 145 2346 3,079 2,757
W 262 265 263 263 266 265 045 066 0.53 1.34  1.64 153 2415 2,730 2,584
Wy 258 262 262 261 269 266 086 1.69 1.11 232 310 2.80 1,760 2,354 2,154
Ws 212 217 215 224 226 225 274 462 371 8.78 11.44 10.11 640 1,094 960
Granodiorite ~ W) 259 263 261 260 264 262 032 036 033 0.58 1.28 1.08 2,721 3,257 2,903
W, 257 260 258 260 263 261 0.82 208 1.24 223 336 2.66 2483 3,079 2,782
W 249 255 253 255 260 258 156 225 181 450 579 503 1,641 2352 1,841
Wy 239 248 244 244 253 249 194 235 209 447 697 513 1,084 1,321 1,254
Ws 217 222 221 230 235 233 376 7.62 559 12.69 13.09 1275 7,864 1,106 967
M monzogranite, G granodiorite, y, dry density, Yy, saturated density, QAI quick absorption index, n porosity, V,, ultrasonic velocity
Table 5 Mechanical properties of Alvand granodiorite (T) and monzogranite (M) rocks at various degree of weathering
Rock type Weathering grade Durability index Uniaxial compressive strength (MPa) Tensile strength (MPa)
Min. Max. Mean Min. Max. Mean
Monzogranite W, 99.55 104.45 158.19 125.64 8.02 13.21 9.49
W, 99.71 52.90 87.55 74.45 8.49 12.82 10.04
W; 99.42 51.98 146.86 69.59 4.18 9.76 6.77
Wy 98.74 45.58 67.94 52.06 2.98 8.14 5.48
W;s 73.97 9.10 25.78 14.81 1.13 3.08 2.08
Granodiorite W, 99.73 83.51 135.68 117.25 10.56 12.95 11.43
W, 98.81 54.28 70.26 63.36 7.13 11.19 8.63
W; 97.93 44.73 56.60 50.66 3.30 6.94 5.37
Wy 93.58 24.14 34.23 30.79 1.26 242 1.91
W;s 38.77 7.675 12.37 9.25 0.35 0.65 0.46

the slake durability test. In addition the effect of environ-
mental factor such as pH has been studied by Ghobadi and
Momeni (2011) on Alvand granitic rocks and their results
show that these types of granitic rocks are resident to the
this environmental disturbing factor.
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As a result, the UCS of all samples decreases while the
weathering grade increases (Table 5). Decreasing values
of UCS is in the range of 108-110.83 MPa for grano-
diorite and monzogranite in sequence of weathering,
respectively.
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::;Li:nzﬁ;:rrﬁegigzl??onte Rock type Weathering Q/F Xa I, QAI K
chemical and engineering grade
indices values Monzogranite W, 057 0.00 54.00 0.46 0.00
W, 0.69 0.28 8.10 0.51 0.09
W3 0.78 0.49 4.26 0.53 0.15
W, 0.93 0.84 3.37 1.11 0.29
Ws 1.16 1.39 1.85 3.71 0.68
Granodiorite W, 0.55 0.00 49.00 0.33 0.00
W, 0.57 0.05 5.66 1.24 0.04
W, 0.77 0.49 3.76 1.81 0.36
W, 1.00 1.00 2.12 2.09 0.56
Ws 1.15 1.35 1.56 5.59 0.66
CT;J’I:]‘;C; iTnhdei:eV:ﬁzeszor Rock type Weathering ~ WPI PI LOI  SA B CIW CIA
Alvand granitic rocks grade
Granodiorite W, 10.00 77.60 0.53 5.15 1.00 77.10 57.10
W, 9.50 77.10 0.63 5.12 0.94 77.67 58.49
W 8.84 76.10 1.61 4.96 0.90 79.48 60.88
Wy 8.65 75.70 2.05 4.85 0.87 80.05 61.85
Ws 6.38 75.00 3.35 4.75 0.58 80.62 69.50
Monzogranite W, 10.41 73.80 0.84 4.35 1.00 74.99 58.69
W, 9.96 73.10 1.18 4.28 0.95 76.20 60.13
W 9.92 72.60 1.39 4.15 0.91 76.90 61.71
Wy 9.33 71.30 1.62 3.79 0.89 78.82 64.20
Ws 8.62 71.20 1.68 3.77 0.81 80.30 66.29

Breaking of intergranular bonds while the weathering
grade increases and occurrence of microfractures, reduce
the tensile strength significantly (Table 5). This means that
analysis of the brazillian tensile strength tests indicates
obvious trend.

Weathering indices

For Alvand granodiorite and monzogranite rocks, petro-
graphic and engineering weathering indices were evalu-
ated. The results are presented in Table 6. It can be seen
that the Xy and Q/F indices increase with the increase of
weathering degree. From the results, it can be concluded
that decreasing I, leads to increasing of the weathering
degrees. It is well known that quartz is very resistance to
chemical weathering, whereas feldspar (including plagio-
clase and K-feldspar) and biotite are more vulnerable to
weathering. As the percentages of transformation of sound
feldspars and biotites are closely relative to degree of
weathering, it is reasonable to include feldspar and biotite
rather than quartz in the index.

The coefficient of weathering index (K) and quick
absorption index (QAI) values show a successive increase
with the increasing of weathering grade for each sample.

The chemical weathering indices for various weathering
grade samples have been calculated using the molecular
proportions of major element oxides. The chemical
weathering indices for the samples are presented in
Table 7. It can be seen that the weathering potential index
(WPI) values decrease with the increasing of weathering
degree. This index provided a good indication of weath-
ering state for the Alvand granitic rocks. This may be due
to the fact that the WPI index includes alkaline earth metals
as mobile elements and these are dominant in the feldspars
of granodiorite and monzogranite rocks. As this index
includes many chemical components, it may be more
reliable than a simple index, which only relies on one or
two components. The parker index (PI) indicates the extent
of weathering in terms of alkali metals remaining after
weathering. The PI index value decrease with the
increasing of weathering in the rocks samples.

According to the test results, the LOI index increase
with the increasing of weathering degree. This can be
explained by the fact that LOI is related to secondary
mineral formation such as clays, iron oxides and chlorites.

The silica—alumina ratio (SA) is affected by the SiO,
and Al,O3 content in the parent rock and hence is suitable
for determining the weathering degrees of granitic rocks.
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Table 8 The best correlations between weathering indices and uniaxial compressive strength

Monzogranite rocks

Granodiorite rocks

Variables Formula R?>  Variables Formula R?
X, vs. UCS UCS = 97.46e~ 192X 89 X, vs. UCS UCS = 130.87¢ 1:44Xd 94
IP vs. UCS UCS = 29.776 Ln(IP) + 11.57 92 IP vs. UCS UCS = 29.538 Ln(IP) + 6.14 97
Q/F vs. UCS  UCS = —144.64 Ln(Q/F) + 36.46 94  Q/F vs. UCS  UCS = 641.07¢>405@h 89
K vs. UCS UCS = 112.84¢ 29720 98 K vs. UCS UCS = 102.67¢ 2881200 81
QAI vs. UCS  UCS = 48.874 (QAI) ™78 93  QAIvs. UCS UCS = —39.221 Ln(QAI) + 71.19 97
PI vs. UCS UCS = 9.712 (P)> — 1,374 (PI) + 48,619 87 PIvs. UCS UCS = 7.3148 (P1)>—1,080 (PI) + 39,864 92
CIW vs. UCS UCS = —18.095 (CIW) + 1,468.6 91 CIW vs. UCS UCS = —24.753 (CIW) + 2,009.4 86
WPI vs. UCS  UCS = 0.001e'"-1?7° WPD 95 WPIvs. UCS UCS = 0.1167¢*67 WPD 96
B vs. UCS UCS = 552.31 () — 436.39 95 B vs. UCS UCS = 0.3044¢>%¢ P 94
CIA vs. UCS  UCS = 0.6451 (CIA)? — 93.061 (CIA) + 3,355.1 90 CIA vs. UCS UCS = 5e + 23 (CIA)~'23¢7 97
SA vs. UCS  UCS = 294.33 (SA)? — 2,251 (SA) + 4,338 80 SAvs.UCS  UCS = 4e — 14 (SA)*?16 88
LOI vs. UCS  UCS = —110.81 (LOI) + 216.02 90 LOIvs. UCS UCS = 143.23¢07°83LOD 94

Fig. 6 Relationship between
UCS and petrographical indices
al, b Xy cQF

Fig. 7 Relationship between
UCS and engineering indices

a K, b QAI
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Fig. 8 Relationship between A
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The silica—alumina ratio (SA) values decrease with the
increasing of weathering degree. This trend was also
observed by Tugrul and Gurpinar (1997). The lixiviation
index (ff) was also determined and the results are summa-
rized in Table 7. This index shows a relatively consistent
variation for weathering of granodiorite and monzogranite
samples. Chemical index of weathering (CIW) and chemi-
cal index of alteration (CIA) increase from fresh samples to
completely weathered samples.

Correlation between UCS and weathering indices

Statistical analysis was applied to explore the possible
relationship between the proposed weathering indices and
the uniaxial compressive strength of the weathered rock
materials from selected weathering profiles. The results of
these correlations are presented in Table 8 and Figs. 6, 7,
and 8. Coefficients of determination (R?) and best-fit curves
were obtained by the ‘least squares curves fit’ method.
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It should be noted that the results shown on the Figs. 6, 7,
and 8, are derived as the average of at least ten tests on
each sample.

According to these results, all of petrographical, engi-
neering and chemical weathering indices show a valuable
relationship with uniaxial compressive strength. As can be
seen in Fig. 6a, a good relationship with best-fit lines
between I, and UCS for two types of rocks has been
obtained. Correlation between the I, index and mechanical
properties of rocks has been recorded in the literature (Arel
and Tugrul 2001). As it is clear from Fig. 6b and c, the
relationship between UCS with Q/F and X4 index for
granodiorite and monzogranite samples reveals that there
are good and relatively good nonlinear correlations,
respectively.

Based on the results, K index as an engineering index is
strongly correlated with UCS for monzogranite and rela-
tively good correlated for granodiorite (Fig. 7a). But quick
absorption index (QAI) shows a good nonlinear correlation
with UCS for two rock types (Fig. 7d).

As can be seen from the coefficient of determination, there
are statistically significant correlations between these
chemical indices and UCS of the weathered rock materials
studied. For granodiorite samples, the correlations between
CIA, LOI, B, WPI, CIW and PI indices show strong clear
correlations with uniaxial compressive strength value
(Fig. 8a—e) whereas the SA and CIW indices show relatively
good correlation with uniaxial compressive strength (Fig. 8f,
g). Furthermore, for monzogranite samples the correlations
between CIA, LOI, 5, WPI and CIW indices show valuable
correlations with uniaxial compressive strength value while
the SA, Pl and LOI indices shows relatively good correlation
with uniaxial compressive strength.

Conclusions

An attempt was made to investigate the weathering
mechanisms and to describe quantitatively the degree of
weathering for Alvand granodiorite and monzogranite
rocks in the west part of Iran. The weathering character-
istics of the Alvand granitic rocks are described by various
methods such as field observations, petrographic analysis,
physical, chemical and mechanical tests. The conclusions
obtained from this study can be summarized as follows:

1. Weathering has important effect on geotechnical
properties of these granitic rocks. In this research,
acceptable relationships were found between the
weathering degree of the granitic rocks and their
physical and mechanical properties.

2. The effective porosity and quick water absorption of
the all samples increase while the weathering grade

@ Springer

increases, whereas wave velocity, dry and saturated
density, UCS, tensile strength and slake durability of
samples decrease.

3. As the weathering increases, the percentage of Fe,Os,
LOI, TiO; increases, but the percentage of SiO,, Na,O,
K,0 and CaO decrease.

4. Based on the results from the application of many
existing quantitative weathearing indices on granodi-
orite and monzogranite rocks in Hamedan, it can be
concluded that all indices are good quantitative
indicators for describing the degree of weathering.
Application of these indices in the assessment of
uniaxial compressive strength of the granitic rocks
yields to suitable and meaningful results.

5. The study has shown that I, as a petrographic index,
QALI as an engineering index and CIA as a chemical
index exhibit the best correlations with UCS for
granodiorite samples and can also be good indicators
of this granite rock weathering.

6. For monzogranite rock samples, O/F as a petrographic
index, K as an engineering index and WPI as a
chemical index, exhibit the best correlations with UCS.
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