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The urban development of Tabriz faces numerous geological and engineering
challenges due to the presence of Neogene argillaceous-marly rocks. These rocks
exhibit low mechanical strength and bearing capacity, as well as high
deformability. This study aims to analyze these rocks and establish practical
correlations among their petrographic, physical, and mechanical properties,
alongside ultrasonic test results. These correlationscan help estimate uniaxial
compressive strength (UCS), compression wave velocity (Vp), and elastic
modulus (E). The findings indicate that argillaceous-marly samples, classified as
very weak to weak rocks or hard soils with significant deformability, exhibit low
compression and shear wave velocities. These samples are predominantly found
in yellow, olive green, gray to dark gray, and brown colors throughout the city.
The study reveals significant linear relationships between physical properties,
mineralogical composition, UCS, and E with seismic wave velocity. Notably,
there is a strong correlation exists between compression wave velocity and
uniaxial compressive strength, shear strength parameters, cement content, and
mineralogical composition in these rocks. These relationships suggest that
mineralogy, porosity, density, and slake durability index are key factors
influencing seismic wave velocity. Additionally, the variations in textural and
microstructural diversity of argillaceous-marly-marly samples contribute to
unpredictable mechanical behavior, which can pose potential hazards.
Furthermore, a qualitative fissure index (lg) was developed usingthe P-wave
velocity of the samples to classify them into categories of high fissurability.

Introduction

consisting of silt and clay-sized particles, and

Argillaceous rocks are the most abundant type of
sedimentary rock, constituting about one-third of
all rocks on Earth. While primarily composed of
clay minerals, the term "argillaceous”
encompasses a broader range of rocks, including
lutite, mudstone, argillite, claystone, siltstone,
mudstone, shale, and marl (Kanji, 1998). These
rocks are mainly siliceous detrital formations,

contain significant amounts of cement, such as
carbonate, silica, and iron oxide. The mineralogy
of argillaceous rocks is influenced by the
sedimentary basin and the conditions of the
sedimentary environment. Soft argillaceous
rocks exhibit several undesirable properties,
including low strength, fracturing, subsidence,
high compressibility, and rapid weathering.
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They possess an intermediate strength between
hard soil and soft rock, which necessitates the
use of specialized equipment for detailed
examination in soft rock mechanics and soil
mechanics (Calcaterra and Parise, 2010).
Specifically, argillite is a fine-grained
sedimentary rock composed primarily of clay
particles, essentially classifying it as a mudstone.
These rocks contain variable amounts of silt-
sized particles, and their metamorphism can
produce slate, phyllite, and pelitic schist. Marl,
on the other hand, is a calcareous argillite that is
less perishable than shale and mudstone due to
its calcium carbonate content. The diverse
mechanical properties of argillaceous rocks—
such as uniaxial compressive strength, elastic
modulus, Poisson's ratio, and compressibility—
are a result of different cementation and
diagenesis processes during sedimentation and
lithification. These properties are also influenced
by the rocks' petrographic characteristics. The
mechanical properties of a rock are affected by
its  mineralogical  composition,  texture,
microstructure, moisture content, porosity,
density, and the conditions and history of
diagenesis and sedimentary environment
(Fereidooni et al., 2015). The strength properties
of soft rocks directly relate to their textural
parameters, making factors such as constituent
minerals, matrix type, cement type, degree of
cementation, porosity, grain boundary or type of
grain contact, and microcracks are crucial in
determining strength. In recent decades, many
researchers have explored the relationship
between textural and strength properties of
rocks. Studies indicate that the percentage of
quartz minerals and particle contact are
positively correlated with uniaxial compressive
strength (UCS). The strength of soft rocks relates
closely to microstructural data and can be used
for qualitative rock classification. Ultrasonic
wave velocity testing is commonly employed to
estimate the elastic modulus and fissure quality
index of various rocks. This non-destructive
testing method can be conducted on rock masses
and intact rocks, both in the laboratory and in the

field, and is widely used in civil engineering,
geotechnical engineering, and mining projects
(Knackstedt et al., 2010). The ultrasonic test
pressure wave velocity (Vp) is valuable for
determining the elastic and mechanical
properties of rocks for various engineering
applications (Sharma et al., 2011; Nefeslioglu,
2013). In laboratory settings, seismic techniques
are frequently utilized to calculate the quality
index, physicomechanical properties, and elastic
and dynamic moduli of intact rocks, particularly
when cylindrical samples are available. The
microstructural analysis obtained through these
methods shows good correlation with the
petrographic  characteristics and  strength
properties of the rock (Mavko et al., 2009).
Ultimately, the petrographic and physical
properties of rocks such as mineralogical
content, density, water content, anisotropy,
temperature, and the presence of pores,
microcracks, and fissures are intrinsic properties
that fundamentally control the engineering
behavior of rocks. Consequently, the speed of
ultrasonic waves in rocks is determined by these
intrinsic properties. Tabriz city has long faced
challenges related to rock mechanics and
sustainability due to the prevalence of
argillaceous-marly rocks and various types of
modern and traditional construction (Fig.1).
Recently, some researchers have focused on
identifying the mechanical and physical
properties of Neogene rocks. For the first time,
this study, , aims to provide a more
comprehensive understanding of how clay
minerals affect resistance properties, as well as
pressure and shear waves, by considering the
geological properties of Neogene rocks in
Tabriz. A thorough program of rock mechanics
tests was conducted on 17 samples,
encompassing physical parameters, mechanical
parameters, and ultrasonic testing, along with
detailed petrographic studies. Furthermore,
univariate regression analysis was employed to
investigate the correlation between the
engineering properties and ultrasonic testing
parameters.
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Fig.1. Images of construction on soft argillaceous-marly rocks with unfavorable geotechnical properties: A)
Landslide in steep trenches in the calcareous mudstone unit in Mosalla town (view to the southeast). B) Loose
mud and gypsum layers on the route of the VVelayat Highway project (view to the north). C) Lignite, silt interlayers
with mudstone, calcareous mudstone, and argillaceous marl with high weathering potential and very loose in the
Marzdaran area (view to the southeast). D) The effects of weathering and cracking on slopes containing clay, silt,
and argillaceous marl in the Mirdamad region (view to the east).

Materials and Methods.

An experimental study was conducted involving
the collection of three samples from each drilling
core across 17 distinct regions. The cores, with
diameters of 95 mm, were extracted from depths
ranging from 10 to 56 meters, where varying
proportions of clay and carbonate minerals were
identified. Microscopic studies on thin sections
identified the petrographic and textural
characteristics of the argillaceous samples
(ISRM, 2007). Scanning electron microscopy
(SEM) examined the shape, size, and geometric
characteristics of voids within the samples. X-
ray diffraction (XRD) analysis determined the
major and minor minerals and the type and
content of clay minerals. The calcium carbonate
(CaCO3) content was assessed using the Bernard
method. The physical parameters evaluated

including dry density (yd), porosity (n), water
content (®), and durability index (Id)—were
determined according to ASTM D2216, ASTM
D4404, ASTM D2974, and ASTM D6444,
respectively. The uniaxial compressive strength
(UCS) of rock samples was tested under uniaxial
loading with natural water content, using the
axial load control method based on ASTM
D7012. The standard testing method for shear
strength (ASTM D5607) could not be employed
due to the low strength of the samples. Using a
direct soil cutting device based on ASTM D3080
was also challenging, as it required crushed
samples of 2 inches and risked damaging the
sample structure. To preserve sample integrity, a
cylindrical mold was designed to fit into the
square mold of the direct cutting device (Fig.2).
As well as, Ultrasonic testing was conducted on
several samples according to ASTM D2845.
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Fig.2. Images of the mold made and direct shear test of the samples

Results and Discussion

Microscopic examination of thin sections
revealed that the matrix between the grains
contained varying amounts of clay sludge,
primarily composed of sericite, as well as trace
guantities of quartz, calcite, and clay mud.
Notably, the samples had a high carbonate
content. These findings suggest that the samples
are predominantly composed of quartz, feldspar,
calcite, clay, and varying concentrations of
sulfur dioxide and iron oxide minerals (Fig.3).
Based on the results from X-ray diffraction
analysis, the primary mineral types present in the
samples were identified, including the specific
components of the clay minerals. Quartz,
carbonate minerals, clay minerals, and other
minor minerals. are predominant, which
elucidates the characteristic argillaceous
cementation observed in these samples.
Furthermore, the kaolin content within the
specimens ranges from approximately 4.2% to
11.3%, while montmorillonite content ranges
from 1.9% to 30.7%. The chemical composition

analysis indicated that the calcium carbonate
(CaCO3) content ranged from 12.5% to 63%. In
terms of mineralogical composition, clay
minerals such as illite, smectite,
montmorillonite, kaolinite, and mica were
predominant, alongside other mineral phases
including feldspar, calcite, and quartz. These
mineral phases, especially the clay minerals, can
be analyzed using SEM images. Yellow and
green samples show a discrete structure with
weak bonds, also evident in weak gray samples.
The abundance of montmorillonite clay
minerals, characterized by weak van der Waals
bonds, significantly increases porosity, leading
to severe subsidence when exposed to water.
Gray samples exhibit a discrete aggregate
structure, influenced by fibrous illite and, in
some cases, kaoliniteThe SM1 sample exhibits a
flocculate aggregate structure. Additionally,
chlorite minerals in yellow, green, and some
gray samples reduce their strength by preventing
quartz cementation under incomplete diagenesis

(Fig.4).
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Fig.3. Microscopic images of thin sections of some Tabriz argillaceous -marly samples: A) Yellow sample
(SY2). B) Green sample (SC). C) Gray sample (SA1). D) Gray sample (SA3). E) Dark gray sample (SM1). D)

Dark gray sample (SM3).
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Fig.4. SEM images of some Tabriz argillaceous-marly samples: SEM images of some Tabriz argillite-marl
samples: A) Dark gray sample (SM1). B) Dark gray sample (SM3). C) Yellow sample (SY2). D) Sample (SC):
The regular interlayered chlorite/smectite (Corrensite) structure dominates the clay assemblage. The sample has a
"honeycomb" morphology, which is characteristic of the smectite containing flat, blade-like plates similar to
chlorite. E) Gray sample (SAL). F) Gray sample (SA3).

Analysis of the physical and mechanical MPa. The density (v 4) of the samples varied
properties of the samples is indicated that the between 11.0 and 20.0 kN/m3, while the
uniaxial compressive strength (o c) of the soft maximum density (v m) ranged from 12.0 to

rocks ranged from approximately 0.05 to 1.3 23.7 kN/m3. A comparison of these density
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values reveals significant differences attributed
to variations in porosity, which ranged from
6.3% to 48%. According to the classification
(Anon, 1979), all the samples studied fall into
the very weak category (Vs<2500m/s) in terms
of shear wave velocity. The mechanical and
physical properties of soft argillaceous rocks are
greatly affected by the distribution of clay
minerals as cements and structural particles.
Research indicates that a higher clay content in
the matrix is associated with a lower P-wave
velocity (Yang and Hu, 2020). The distribution
of clay particles significantly affects the elastic
properties  of  argillaceous  formations.
Consequently, clay minerals in these rocks—
unlike calcite and carbonate cements—exhibit
lower strength. A high percentage of clay
minerals can significantly influence diagenesis
and reduce cementation in argillitic sediments
that have not undergone complete diagenesis or
consolidation (Sams and Andrea, 2001). Similar
calculations indicate that microstructural
features have significant effects on P-wave
velocity. The elastic wave velocity decreases
with an increase in microcracks and pores in the
rock (Saxena et al., 2024). Microscopic analysis
shows that dark gray samples (SM1 and SM3),
with soft rock particle bonding and high calcite
cement content, exhibit fewer microcracks and
pores, resulting in higher seismic wave velocity
and uniaxial strength. Shear strength parameters
in these samples trend higher compared to
yellow and green samples. Petrographic and
mineralogical studies demonstrate that gray
samples have higher dry density and greater
ultrasonic wave velocity, attributed to a higher
presence of calcium carbonate and lower
amounts of montmorillonite. A strong, direct,
linear relationship was found between seismic
wave velocity, porosity, and dry density, with a

correlation coefficient of R2=0.92. These linear
equations indicate a strong influence of porosity
on wave velocity due to their high correlation
coefficients. Relationships between mineralogy
and seismic waves showed an R? value of
approximately 0.70, suggesting an inverse
relationship between clay mineral percentages,
specifically montmorillonite and illite, and
seismic wave velocity. Kaolinite, on the other
hand, has a minimal impact, with a correlation
coefficient of R? = 0.19. Increased calcium
carbonate enhances particle bonding, thereby
improving strength, physical properties, and the
velocities of P and S waves. In these samples,
mineralogical composition, porosity, and dry
density significantly influence compression
wave velocity.. Linear correlation analysis of
engineering properties and seismic wave
velocities identifies the parameters that have the
greatest impact on seismic waves. Compressive
strength, internal friction angle, cohesion, and
elastic modulus exhibit strong correlations with
seismic waves. Additionally, the slake durability
index, which is critical to the strength of
argillaceous and clay-rich rocks, correlates
highly with seismic wave velocity. Porosity, dry
density, and mineralogical composition
(montmorillonite, illite, and calcium carbonate)
are the most influential parameters on seismic
wave velocity. Given the relationships between
seismic wave velocity and strength parameters,
these correlations are logical. Consequently,
seismic wave velocity can be predicted based on
these  parameters, which enhances our
understanding of the engineering and geological
characteristics affecting the strength and stability
of soft rock engineering structures. This
improves predictive capabilities in geotechnical
applications (Fig. 5).
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Fig.5. Correlation diagram between engineering parameters and seismic wave velocity of Tabriz argillite-marly
samples: A) Correlation diagram of porosity percentage and seismic wave velocity. B) Correlation diagram of dry
density and ultrasonic wave velocity. C) Correlation diagram of illite percentage and ultrasonic wave velocity. D)
Correlation diagram of montmorillonite percentage and ultrasonic wave velocity. E) Correlation diagram of
plagioclase percentage and ultrasonic wave velocity. F) Correlation diagram of calcium carbonate and ultrasonic
wave velocity. G) Correlation diagram of UCS and ultrasonic wave velocity. H) Correlation diagram of adhesion
and ultrasonic wave velocity. I) Correlation diagram of internal friction angle and seismic wave velocity. J)
Correlation diagram of second cycle durability index and ultrasonic wave velocity. K) Correlation diagram of

elastic modulus and ultrasonic wave velocity.

Conclusions
The analysis of experimental results revealed

that several mineralogical, physical, and
mechanical parameters of Neogene Tabriz
argillaceous samples affect their mechanical
properties, particularly seismic wave velocity in
ultrasonic testing. The findings suggest that clay
minerals (montmorillonite and illite) and
calcium carbonate are significantly related to
wave velocity and strength  properties.
Correlations between engineering properties and
S and P wave velocities show that mineralogical

indices, porosity, durability indices, and dry
densities  greatly influence  mechanical
properties, which significantly affect seismic
wave velocities. Specifically, compression wave
velocity increases with a higher percentage of
calcium carbonate and a lower percentage of
montmorillonite, illite, and feldspar.
Additionally, denser samples exhibit higher
wave velocity, highlighting the impact of density
on wave propagation. However, these
relationships are specific to Neogene rocks of
Tabriz and cannot be generalized to all
argillaceous rocks.
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Fig.1. Images of construction on soft argillaceous-marly rocks with unfavorable geotechnical properties: A)
Landslide in steep trenches in the calcareous mudstone unit in Mosalla town (view to the southeast). B) Loose
mud and gypsyum layers on the route of the Velayat Highway project (view to the north). C) The effects of
weathering and slaking on slopes containing clay, silt, and argillaceous marl in the Mirdamad region (view to the
east). D) Lignite, silt interlayers with mudstone, calcareous mudstone, and argillaceous marl with high weathering
potential and very loose in the Marzdaran area (view to the southeast).
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Q: River channel deposits
Q¢! Tabriz plain deposits mainly clay and marl
PLQ¢: Conglomerate, poorly consolidated

layers

M-PIt Ash-tuff (Fish Beds) tuffaceous sandstone, marl, conglomerate with diatomite and pumice

Ms¢: Red conglomerate with alternation of sandstone and red marl
M™: Gypsiferous marl, mudstone, sandstone, fresh-water limestone, (Lignite Beds)
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SP: Spilitic basalt, dolerite, gabbro

Ms™: Thick to medium bedded sandstone with marl beds
M¢s: Conglomerate, sandstone, interbedded with siltstone and marl
MP": Breccia, tuff-breccia, violet and purple red beds of conglomerate, sandstone, mudstone and marl

.(National Geological and Mineral Exploration Organization, 1993)\:\« .-

Fig.2 The geological map of the study area, scale: 1:100000 (National Geological and Mineral Exploration

Organization, 1993)
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Table 1. General characteristics of important formations of study region.
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Table 2. Geographical location and physical characteristics of the samples
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Fig. 3. Images of the site and excavated samples from different areas of Tabriz city
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Fig. 7. Microscopic images of thin sections of some Tabriz argillaceous -marly samples: A) Yellow sample (SY2).
B) Green sample (SC). C) Gray sample (SAL). D) Gray sample (SA3). E) Dark gray sample (SM1). D) Dark gray
sample (SM3).
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Table 3. Major and minor minerals based on XRD analysis

XRD Jloss g 3525 bl 2 (5058 5 (ol leadlS Y Ju

ol sl ls

=2 slsls iged

S P55 g (oo w0) oomedlS Sl S (3518
Magnesium Carbonate Calcium, Quartz,
Kaolinite.

oS g Sl jgeciige ok

SM1, SM2, SM3, SM4, SM5
SM6, SM7, SM8, SM9

Illite, Montmorillonite, Chloride

S (i Pl (g s gecige) CoiSamsl 1S

Ol STy (cagiseie
Quartz, Smectite, Kaolinite, Magnesium and
iron mica, Montmorillonite.

5l 5 okl ms  SAL SA2,SA3, SA4, SA5

Gypsum, Illite, Chloride

Sodalite, Quartz, Montmorillonite, Kaolinite

CaCOs oyl (o gsSuwgn ¢y
CaCQOs, Gypsum, Illite, Muscovite

SC

S5 g 35,155 ciSanl
Smectite, Quartz, Kaolinite.

Colil g S gsSavgo s SY1, SY2

Gypsum, Illite, Muscovite

Ladiges (ow) S Glyre 5 oS 5 g s Sl S e g gll T Jou

Table 4. Types and amounts of important minerals and composition and content of clay minerals in the samples

() o SIS oo 5 ¢
Types and contents of minerals (%)

(1) gy S S (ord Sl5ime
Relative content of clay mineral composition (%)

S Sl S B o G 3k S gls gy gelige bl g
CaCOs Quartz Clay mineral  Plagioclase Kaolinite Montmorillonite  Illite  Sample
38 14.9 40.0 7.1 7.9 20.4 11.7 SAl
40 22.9 304 6.7 2.2 20.4 7.8 SA2
18 249 47.0 10.1 5.0 249 8.1 SA3
30 24.1 39.2 6.7 8.3 20.2 10.7 SA4
38 18.5 38.9 4.6 2.3 24.9 11.7 SAS
63 26.9 10.1 0.0 7.9 1.9 2.3 SM1
58.5 18.5 19.0 4.0 6.4 8.3 43 SM2
58 30.3 11.7 0.0 5.0 4.1 2.6 SM3
56 249 18.7 0.0 8.1 6.7 3.9 SM4
53 20.5 32.5 0.0 7.0 18.7 6.8 SM5
54 254 26.6 0.0 8.1 9.4 10.1 SM6
40.5 14.0 36.5 0.0 34 243 2.8 SM7
55 29.8 11.2 4.0 5.6 32 2.6 SM8
38 39.5 22.5 0.0 6.1 9.4 7.0 SM9
29 19.5 48.0 3.5 52 30.7 12.1 SC
13.5 22.0 59.9 4.6 2.1 43.1 14.7 SY1
20 22.1 47.8 10.1 6.4 28.1 13.3 SY2
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Pyaty Sise slajld osd oo canlie (Biddulphia)
BB SEM pglas 5l ooliiul b ow, sla 5 sl

> ol sl saalice LB bdiges 10 S 55, 1989 o
SEM 095wy Sun mwlide 10 00 9 9,5k ulidie ;o oo
53 ol yon (6l Livia b aseine (slocdls 5 595 o 030
soba Sl 25 @Sy slead L (Anhedral) mlaves

sl S s & lge DByl u;“lf 5 il i o 4 o]
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Corrensite

*Mnt: Montmorillonite; KIn: Kaolinte
(C (SM3) o ,.5 (5S> dgai (B (SM1) 6,5 (5 5SS  diges (A 15,5 Jle- culss,] sloaiges 5 SEM jglas A S
Slyls digad el LIE sy degomme p cslasY oy (COITENSItE) CoiSonsl [ IS plaio i3l : (SC) diges (D (SY2) o, diges
(SAL) (7S5 diges (B el 2o IS @ s (sla35 5 Blo slocSy (55l CoiSonsl dasuivn o5 Sl " (55005 4Y" (53595950
(SA3) 5S> diges (F
Fig. 9. SEM images of some Tabriz argillaceous-marly samples: SEM images of some Tabriz argillite-marl

samples: A) Dark gray sample (SM1). B) Dark gray sample (SM3). C) Yellow sample (SY2). D) Sample (SC):
The regular interlayered chlorite/smectite (Corrensite) structure dominates the clay assemblage. The sample has a
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"honeycomb" morphology, which is characteristic of the smectite containing flat, blade-like plates similar to
chlorite. E) Gray sample (SAL). F) Gray sample (SA3).

1V el 090 )b Cot it A sl iles]
Oladlas 45 a5 b sl ouls plosl JWLKS /Y 9 -/ 0
JE L N e baiged S i Glid LS
oot Sy b Jlac poe oy 180l e JISblSs
S Sy Dl pd 3)l9e s )3 ¢ oenSou iy L
Sodsed odalive (php Cwglie byl polie s
slodiges 5,90 4o (Priyamali and Priyankara, 2023)
SR el S ke i (5SS
VW oom s Sl 4l Jlade 5 009 JWLEe < /)Y
G S sladises o polie pl.oyle [ 8 a0 YY U
e s VAL YY o L lo Sasl aygl; jlade 55 polas
ol o] sy JSWb e +/OF B o NY o Sares
S Sl aygl; Jlade 50 S5 o sbdiged 3,90 50
DAY B Y G Stz Slde 5 VY LS
s SBlasl aygl5 o) 0,5 sladiges gl 5 JSKwb Ko
JSGb e +/+F sgum 5 (S oo 5 Y-V sg0>
S99 Sl 0 hp Cwglie Gmb polie adlie
LT YL ol Sy ((oalid G oS 5 5 Lo s
Lo 25 B 6 pd KD s g (oD Ceeglie o
baiges Gond sbaYole Culns 5wz Grizes

R R BU B LR PRSP
S gy e Ojpa SR 5 (ol I 5L
(Kim et al., 2012) il oo puiins e joky P zgo
S oaid JSas Dl )3 S8y a5 a0 oo lid Dldlae
29 s Bl fleg Se Vo FN00 0dgazme )0 g SS
By a5 Cowl cpl el el Jdo casl 0L P zge ey
g Cawl 00,28 S el sl S5 @l ol
@live job 4 .)ls d8lie slad p o5 b (ST Lad
102l (S wled OIS el S5 )3 oslal aS Sl
o ie g o)l Mlie o5 Sl pST5 s 5wl
Sebso Pzse oy S0l o g S Sllugs
Gawed, 4 4a>¢ L (Chen and Zer, 2001)

obe — by 55T oS ot oS3
s S (Sl 5 (S05ed) (smiten Slo S
il lislags 5 (ol G5 oS5 4 calises 00,950
E9 9 Shd o s o ewlis SB Slgiome oyl (S
) 2 ol b lo SoaSisgay 9 OIS deil wles
S DA Ay G S (58 Sla Sy WIS (st
- oo K snins LS55 sla SIS g5 5 oo 0 el 36
sl S a4 bs e zls (Shalabi et al., 2007) aib
5 bt Cenglin i o anlllae cladiga; i
ol SIS gl oSt 5 Canglie 5 e
97 90 Jolz o Jl5S g plgo pald (Sas ails
Ol Y Jgozr o beaisad 5l (S Dol Ghalojl @l
Jso § JSaslEa VY SMI digas Cnglivn .cansl o0 o0l
IVESYT Wiyl Canglie ol JKulEe ¥Y )] StV
2l g5 ol JSublSe 4 SLaw¥l Jsos 5 JIaliSs
S 3 Dld A )3 Wl oo Saeglie (oS polie
et GBSy ik aises JiSlug ) g wld SIS
Hlade § cwliis SIS slgime cojlail ciges (5 jlwoslel sl
S5 soled Cglie g BB jsbar Wl oe Cusb,
@Bl rizres wind a5 1) o5 S (55950
Gl ) (Gore o5 S 52 Conglitae 8 5 5 el wile
vy LS ol b Xw (lp Ll ol oo e
ol o Cuaglie 1) (ol b elush, il pliins (e
lS ol ey G SIS 51 L s slaKins ;5 Lol ]
Olyae 45 05,5 o alam Do wdy o0 D 5l Liow 4 Canglite
B A1) o 9 55 0,5 slodiged ;o SVl Joue
Sldises ly jlade cpl Jg el paie JSWLIKs VYO
Yo b A0 5l ol Olss g 009 yiin K, S
59 9 (olon SVl Jodo dlio bl oo JWL B
0o, VO-Ye (pwlon Jgdo polie a5 col T 51 Sl

DSl oo § 55 Jge 5l s



Vooyles VA 0,90 o cmdige (owlid (pue)

¥

Vp
Vp.

Sialesl 5l eael Cavss Jobo T Sy VP dolas ol 5o
«((Fourmaintraux,1976) (s ks Job zge cus o Mp* 4
Lo Bl bdiges ples e JSS ululyy adlios

510 LB 0k sl (59,955 5 03, 50 (59,955 5

S5l aslllas 90 sladiges ples «(Anonymous, 1979)
I8 )8 (VS<2500M/S) s s 03, 45 oBp zse
Voio! wolfilesT & bdiges Jl o alesl ol o
3y eyd sg2g el 0ad 3)l5 adiges 4 placcwl
Dol glyel Sy S g S SRS Sl Bl el
ola b (S0,658 5 aslis acubre (oplply 040 oo
5 ESlen, pee SVl Wl (S90S 5
() doles) WS )li.:ﬂ Iy Ldigad ;0 3920 slo Sl

1Q (%)

(Fourmaintraux,1976) _5s,55S 5 Lasli (sames, 10 lodiges Coumge N+ JS

Fig. 10. Position of samples in the fissureg index classification (Fourmaintraux, 1976)
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Table 5. Results of physical tests of argillaceous-marly samples

n% b Cashy b als S b 1% (b5 plys a3l g
JHlss w% YN yakN/ 1 2 3 4 5 Sample
19.0-19.5 20.5-20.8 17.6- 18.5 145-15.5 58 33 85 0 - SAl
21.0-35.0 15.0-15.5 15.0- 15.8 13.0-14.0 54 21 55 0 - SA2
28.0-36.0 20.0-20.5 14.6-15.0 13.0-13.5 27 14 0 - - SA3
19.5-23.5 24.0-28.0 15.0-15.5 13.5-13.8 53 31 0 - - SA4
18.0-19.1 18.0-19.0 15.2-15.5 143-14.5 3 120 - - SAS
6.5-6.8 20.0-22.0 22.0-22.5 19.0-19.5 75 60 40 25 12 SM1
11.5-14 24.0-25.0 18.0-18.5 15.0-15.5 52 34 19 0 - SM2
10.4-12.1 20.0-21.0 21,5220 18.0-18.2 63 46 12 0 - SM3
13.0-14.0 18.0-19.0 19.0-19.2 17.0-17.2 73 52 23 6 0 SM4
32.0-33.0 20.0-23.0 19.2-20. 5 16.0-17.2 58 28 20 0 - SM5
303-33.7 16.0-17.0 16.5-17.4 15.0-15.5 27 14 0 - - SM6
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19.0-19.5 21.0-22.0 18.0-18.5 15.0-15.5 53 3 0 - - SM7
9.5-14.0 28.0-30.0 18.0-18.2 14.2-15.2 58 30 12 0 - SM8
25.0-28.0 17.0-19.0 16.0-16.5 13.2-14.0 38 15 - - SM9
20.5-28.0 30.0-33.0 17.5-18.0 13.5-14.0 23 - - SC
33.0-48.0 20.0-21.0 14.5-14.8 12.0-12.5 28 - - - SY1
25.0-38.0 25.0-28.0 12.0-16.0 11.0-13.0 24 0 - - SY2

Sole syl gladiges (Sle sl alojl b # Jgu
Table 6. Results of mechuical tests of argillaceous-marly samples

oles Jgoe

S5y Jge

6)Las Caaglie

Slas! a5

[Cadd C"'"ﬁu'"

TN 5,

(MPa) (MPa) (Mpa) ols C (MPa) @) L5l (MPa)
19.0-20.0 15.6-17.7 0.34-0.41 0.17 23 0.14-0.30 SAl
16.5-17.8 15.0-15.6 0.38-0.43 0.13 23 0.16-0.30 SA2 )
22.0-23.0 15.9-16.9 0.23-0.35 0.19 18 0.07-0.30 SA3 \1
9.5-10.5 5.4-6.5 0.20-0.24 0.17 20 0.10-0.20 SA4 9
11.0-11.8 5.4-6.9 0.33-0.37 0.11 17 0.08-0.2 SAS
31.5-31.6 18.0-24.5 1.1-1.3 0.53 39 0.73-1.5 SM1
27.0-30.0 19.2-21.0 0.80-0.85 0.40 33 0.45-0.80 SM2
26.0-30.0 18.0-20.0 0.60-0.71 0.27 33 0.28-0.70 SM3 -4
28.6-30.0 16.0-23.0 0.67-0.69 0.17 33 0.35-0.50 SM4 \’i‘
22.0-23.0 14.9-15.0 0.58-0.68 0.20 30 0.35-0.50 SM5 ‘\0
27.0-28.0 20.0-21.0 0.46-0.50 0.17 33 0.24-0.40 SM6 %
9.5-10.6 6.0-6.5 0.46-0.48 0.13 24 0.20-0.30 SM7 °
18.2-23.4 12.5-15.0 0.48-0.55 0.16 26 0.22-0.45 SMS8
28.0-29.0 19.0-20.0 0.58-0.68 0.33 32 0.35-0.68 SM9
16.5-17.5 12.0-12.5 0.38-0.42 0.11 17 0.09-0.20 SC 1\

9.09.5 3.54.0 0.14-0.17 0.06 13 0.03-0.08 SY1 )
11.5-13.5 6.0-7.9 0.20-0.23 0.06 7 0.03-0.08 SY2 2

dalllas 350 gyle sl glodigas | (S gl p Jlalel @l ¥ Jsozr
Table 7. Ultrasonic test results of some of the studied argillaceous-marly samples

S E Vs Vs ypme by VP Some oy VP sk k8 Cusb, e
1% sl (Mpay — (m5) (sx107%) (e/s) (s*107%) Wgel  Aged  diged  diges  Hged
) (cm) () (m)
038 050 228 6863 0.128 1171.4 0.128 15 0094 .1 28 SAI
038 048 223 5429 0.329 947.4 0.189 18 0094 .1 15 SA3
030 037 218 5018 0.468 959.2 0.245 235 0094 .1 17 SC
030 036 1269 4053 0.567 784.6 0.293 23 0095 _.L 10 SYI
040  0.56 470 1200.0 0.137 2001.7 0.0824 165 0094 .1 45 SMI
050  0.50 395 8143 0.208 1408.9 0.121 170094 L 48 SM3
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Fig. 11 Correlation diagram between engineering parameters and seismic wave velocity of Tabriz argillite-marly
rocks: A) Correlation diagram of porosity percentage and seismic wave velocity. B) Correlation diagram of dry
density and ultrasonic wave velocity. C) Correlation diagram of illite percentage and ultrasonic wave velocity. D)
Correlation diagram of montmorillonite percentage and ultrasonic wave velocity. E) Correlation diagram of
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plagioclase percentage and ultrasonic wave velocity. F) Correlation diagram of calcium carbonate and ultrasonic
wave velocity. G) Correlation diagram of UCS and ultrasonic wave velocity. H) Correlation diagram of adhesion
and ultrasonic wave velocity. I) Correlation diagram of internal friction angle and seismic wave velocity. J)
Correlation diagram of second cycle durability index and ultrasonic wave velocity. K) Correlation diagram of
elastic modulus and ultrasonic wave velocity.
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Table 9. Correlations and regression coefficients (univariate) of physical, mineralogical and mechanical
parameters with seismic wave velocity of Tabriz argillite-marly rocks

ol Vp R? Vs R2

n % Vp= - 40.38n+2100.6 0.93 Vs=-26.089 n+1265.7 0.92
Ya(kN/m3) | Vp= 166.44y4 — 1595.1 085 | Vs=107.64yq— 1123.7 0.84
Mnt % Vp= - 25.37 Mnt+1825.2 0.75 | Vs=-17.42 Mnt+1825.2 0.70
11t % Vp= - 71.42 1It+1091.8 070 | Vs=-714211t+1825.2 0.70
CaCOs3 % Vp=21.28 CaCO3+410.58 0.85 Vs=13.66 CaCO3+177.01 0.83
1d2 % Vp =18.58 1d2+707.23 0.90 Vs=12.18 1d2+360.76 0.92

¢ (deg.) Vp =36.09 ¢+388.14 0.89 | Vs=23519 ¢p+154.74 0.89

¢ (MPa) Vp =2583.1c+318.6 005 | Vs=168.42+318.6 0.95
E (MPa) Vp =53.08 E+0.027 0.78 | Vs=34.97 E-106.84 0.80
UCS (MPa) Vp =1282.7 UCS+602.93 0.95 Vs=820.52 UCS+302.02 0.93
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Table 10. Correlations and regression coefficients (multivariate) of physical, mineralogical and mechanical
parameters with seismic wave velocity of Tabriz argillite-marl rocks
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