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Abstract: Residual soils are weathering products of 
rocks that are commonly found under unsaturated 
conditions. The properties of residual soils are a 
function of the degree of weathering. A series of index 
properties, engineering properties and geophysics 
survey examinations were performed on residual soils 
from two major geological formations in Iran. In the 
present research, the index properties of residual soils 
in the south of Mashhad city in Iran are investigated. 
Natural and artificial trenches were analyzed for 
evaluating the weathering profiles and collecting soil 
samples. Disturbed and undisturbed samples were 
obtained from each of the soil profile horizons 
resulting from weathering of different parent rocks. 
Subsequently, physical properties and mechanical 
properties of the soil samples were determined in 
accordance with ASTM standards. Also, the 
mineralogical composition, chemistry, and texture of 
the soil were evaluated in 51 profiles. The field 
observations showed the difference in the weathering 
profile of residual soils deposited on various rocks 
(igneous, sedimentary, and metamorphic). These 
profiles mainly consisted of two horizons including 

residual soil on top and saprolite at the bottom. The 
results of laboratory tests and geotechnical data 
showed that the properties of residual soil samples 
change by depth. Moreover, depending on the type of 
origin rock, the properties are different in various 
types of residual soils. In most of the samples, the 
moisture content of soil horizons was also increased 
by depth. Based on the unified soil classification 
(USCS), the soils of the upper horizons appeared to be 
classified as ML (Lean silt) and CL (Lean clay) while 
the soils of the lower horizons (saprolite zone) fall in 
SC (clayey sand), SM (silty sand), and SW (well-
graded sand) classes. Moreover, the results 
demonstrated that the particle size of the soil was 
increased by depth. Comparison of results of the 
geotechnical tests showed that properties of residual 
soils are changed by variations of depth, weathering 
level, and type of parent rock. Considering the 
concentration of the number of lines and the 
concentration of the points of intersection, the length 
and dimension fractal of lineaments in the 
southeastern part of the study area, it is evident that 
this zone possesses weathering severity and soil 
thickness. Fieldwork data from this zone have also 
verified the severity of weathering conditions. The 
analysis of lineaments trends in different parts of the 
study area indicated that the lineaments with the NW-
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SE trend have a strong effect on weathering 
development. The weathering depth depends on the 
orientation of bedding joints with respect to the slope 
in the study area. Slope inclination and soil thickness 
are controlled by weathering and erosion processes. 
 
Keywords: Residual soil; Rock weathering; 
Geomechanical characteristics; Mashhad City 

Introduction  

Soils, based on their genesis, are classified into 
three main groups including residual, transported, 
and organic types. Residual soils form via chemical 
rock weathering and remain on the surface of 
origin rock. Geotechnical properties of residual 
soils are different from transported soils such that 
the residual soils depend on weathering level, type 
of parent rock, climate, topography, and drainage 
conditions of the area (Huat et al. 2012a, b; 
Menéndez and David 2013; Lacey 2015; 
Bakhshipour et al. 2016; Cross 2019; Sokołowska et 
al. 2019). They are also classified as loose soils due 
to their high deformability, low strength, high 
permeability, and tendency to maintain moisture 
(Bello Yamusa et al. 2018; Snodi et al. 2018; 
Emmanuel et al. 2019). Residual soils are identified 
by chemical, physical, and biological weathering 
that change the structure and primary minerals of 
the parent rock. The physical and chemical 
weatherings often reduce the particles size and 
change the mineralogy of parent rock (Zhang et al. 
2017; Aung et al. 2018; Ghafoori et al. 2018; 
Rastegarnia et al. 2018; Wibawa et al. 2018; Saffari 
et al. 2019; Sun and Tang 2019). Also, they result in 
a decrease in bond strength between particles, and 
increase in porosity and permeability (Blight and 
Leong 2012; Ulamiş 2019; Viviescas et al. 2019), 
decrease in hardness and density (Wesley 2009b, 
2010; Blight and Leong 2012; Rahardjo et al. 2012), 
changes in physical and mechanical properties with 
weathering grade (Ng et al. 2004; Eberhardt et al. 
2005; Ahmad et al. 2006; Pineda et al. 2014; Ietto 
and Perri 2016; Ietto et al. 2016, 2018; Rocchi et al. 
2017; Vivoda Prodan et al. 2017; Snodi et al. 2018; 
Bogado et al. 2019; Poorbehzadi et al. 2019; Zhang 
et al. 2019; Francisca and Bogado 2019; Olofinyo et 
al. 2019). and also changes in soil texture (Gullà et 
al. 2006; Borrelli et al. 2007, 2012, 2014, 2016; 
Pineda et al. 2014; Sege et al. 2015; Francisca and 

Bogado 2019). Some distinctive features of the soils 
are as follows: 1) In terms of geotechnical 
properties, they are highly heterogeneous due to 
the vertical and lateral variations of weathering 
level (Dipova 2011; Regmi et al. 2014; Francisca 
and Bogado 2019), 2) They often have no specific 
lamination, 3) Their particles are often angular, 4) 
They often have good gradation and thus poor 
sorting  (Zurakowski 2008; Lacey 2015), 5) Their 
thickness differs from site to site, depending on the 
presence of soil forming processes and absence of 
erosion (Chandler 1969; Little 1969; Dearman et al. 
1978; Irfan and Dearman 1978; Lumb 1983; Getis 
et al. 1994; Dearman 1995; Knox and Pinch 2014; 
Zhai et al. 2016; Arjmandzadeh et al. 2019), 6) In 
terms of chemical composition, the composition of 
residual soils depends on parent rock since the soil 
is formed by weathering of the parent rock (Parker 
1970; Fookes 1997; Price and Velbel 2003; Huat et 
al. 2012a), 7) Given that the residual soils are 
formed in most parts of the world, they can be seen 
in a wide range of depth and expansion in areas 
with a hot and humid climate.  

Usually, the residual soils are considered 
homogeneous and to reduce costs of the project, 
results of the conducted tests in a specific area are 
generalized to other areas. Also, the complicated 
nature of the soils, mineralogical changes, and 
changes in physical, mechanical, and chemical 
properties at different depths are ignored. 
Therefore, ignoring changes in the index properties 
of residual soils with depth or laterally due to 
variations in source rock type in most cases leads to 
misleading results and consequently failure of the 
project (Zhai et al. 2016). 

Considering the ever-increasing expansion of 
large cities and constructions in margins of these 
cities, studying the geotechnical properties of 
residual soils on the slopes is of crucial importance. 
In this regard, determining the different 
geotechnical properties of the soil such as physical, 
chemical, and mechanical properties, as well as 
engineering geological properties such as source 
rock, material, thickness, and weathering could 
help civil project managers to make better and 
precise decisions on design and geotechnical 
parameters. The present study aimed to evaluate 
engineering geological and geotechnical properties 
of residual soils on the south slopes of Mashhad, 
Iran. The study area is important in terms of 
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lithological diversity since different types of rock 
including ultra-mafic igneous rocks (peridotite and 
granite), metamorphic rocks (schist, phyllite, and 
slit), and sedimentary rocks are observed. 
Therefore, the diversity of source rock has led to 
the formation of soils with various material, 
thickness, physical, chemical, and engineering 
properties, resulting in different soil behavior in 
the study area. Considering the increasing trend of 
construction projects in the study area, evaluating 
geotechnical and geological engineering properties 
of the soils to maintain the safety of the civil 
projects and their financial budget, as well as 
stability of the slopes and deep excavations seem 
inevitable. 

The weathered ultra-mafic igneous rocks 
(peridotite and granite), metamorphic rocks (schist, 
phyllite, and slate), sedimentary rocks, residual 
soils and the instability phenomena were studied 
following multidisciplinary methodologies based 
on three main steps. The first step concerns field 
surveys to recognize the main features of geological, 
geomorphological and engineering geological and 
discontinuity characteristics, as well as to 
characterize the weathering grades of different 
types of rocks that outcrop on the cut slopes. 
Weathering profiles were defined based on visual 
descriptions and some simple index tests (e.g., 
progressive change of rock color, hammer tests or 
hand scraping on rock masses, Schmidt hammer 
test, etc.). Also field data analysis indicated that 
distribution patterns of the lineaments identified 
by remote sensing data match well with the field 
data collected in check-point stations. The second 
step was carried out by extensive subsurface 
investigations (test pit explorations and geoelectric 
surveys) and by minero-petrographical analyses to 
determine the characteristics and depths of 
weathering profiles developed in rocks. The third 
step concerned laboratory tests to recognize main 
properties such as physical properties (Atterberg 
limits, Density, Moisture content, Specific gravity, 
and Gradation), Mechanical Properties (Uniaxial 
and Triaxial tests, Direct shear test), Chemical 
properties (pH, EC and Anion and Cations 
concentrations) and minero-petrographical 
analysis.  

This study utilizes different and 
multidisciplinary methodologies to evaluate and 
characterize different types of rocks involved in 

weathering processes at each grade of weathering 
affected by geotechnical and engineering geological 
properties. These different methodologies aim to 
collect geological, geotechnical, engineering 
geological, geophysical and minero-petrographical 
data, to be used to define a discontinuity model of 
different weathered rocks involved in rocks and 
residual soils properties. 

1    Study Area 

The study area is located in the south of 
Mashhad (northeast of Iran) and within longitudes 
59°25′ to 59°36′E and latitudes 36°14′ to 36°20′N 
(Appendix 1).  

The climatic classification of Mashhad city 
using the Domartan Method is descriptively semi-
arid. The average annual climate data (from 1951 to 
2017) for the study area can be summarized as 
follows (from Iran comprehensive weather and 
climatology website):  

- Mean annual temperature: 15.4°C 
- The maximum recorded temperature: 43.4°C 
- The minimum recorded temperature: -24°C 
- Mean annual precipitation: 241 mm/year 
The study area is a part of the Alborz collision 

belt, which is created by the closure of the Paleo-
Tethys and collision of Turan plate in the north and 
a lithospheric segment of Iran in the south (Alavi 
1991, 1994). The fold and thrust belt have an NW-
SE direction and contain different rocks and 
sediments separated by a fault boundary. In terms 
of geology, the study zone has a high diversity 
which mainly includes ophiolite units, and mafic 
and ultramafic metamorphic rocks such as 
peridotite, gabbro, dunite, basalt, serpentinite, 
pyroxenite, and rock units consisting of meta-chert 
and marble with interlayered meta-basalt (Homam 
2006; Razavi et al. 2008; Karimpour et al. 2010; 
Shabani et al. 2010; Moghadam et al. 2015; 
Hosseini et al. 2019; Salehi Moteahd et al. 2019). 

Formations outcropping in the study area 
belong to the Upper Carboniferous to Quaternary 
period, with units including the C-Pup unit 
(including metamorphic igneous rocks with 
ultramafic and mafic composition such as 
peridotite, gabbro, dunite, split, basalt and 
serpentinite with upper Pennsylvanian-Lower 
Permian period), Pch.l1 unit (consisting of 
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alternations of chert and lime with layers of basalt 
that due to metamorphose have been changed to 
metachert, marble, and metabasalt with the 
Permian period), Pch.l2 unit (alternately seen with 
layers of chert and basalt), Ps.p.l unit (including 
the alternation of slate, phyllite, gray marble, 
elistostrom, and between layers of metamorphic 
conglomerate), Pph.sl unit (including phyllite, slate, 
and metamorphosed sandstone interlayers), Pmi 
unit (including micaschist, speckled schist, and 
metamorphic sandstone), Pan unit (including 
andalusite micaschist, garnet-andalusite micaschist 
and micaschist with metamorphic sandstones) and 
Gd unit (gray-white granodiorites consisting of 
minerals such as orthoclase, plagioclase, quartz, 
biotite and muscovite and by intruded into 
Permian rocks have caused metamorphism in them 
(Alavi 1991; Motagh et al. 2007; Razavi et al. 2008; 
Karimpour et al. 2010; Serikantappa et al. 2010; 
Shabani et al. 2010). 

Since residual soils are formed by in-situ 
weathering of parent rocks, their distribution 
depends on the dispersion of various types of rocks 
in the study area. Therefore, the geological map can 
be a suitable guide to study the distribution of soils 
derived from various parent rocks in the area. Due 
to the limitation of the geological map (1:100000) 
in representing the distribution of various rock 
types, geological units map of southern Mashhad 
were drawn in a 1:20000 scale (Figure 1). This map 
can provide a possibility for better evaluation of 
different residual soil distribution with different 
parent rocks in the study area.  

The topography of Mashhad is comprised of 
mountain morphological units, rough country, 
erosional slope, and slope plain. The maximum 
altitude in the mountainous area is 1380 m and the 
minimum elevation in the plain is 920 m. The 
general slope of the metropolitan area is to the 
northeast (Appendix 2). About 60% of the city has 
a slope of 0% to 2%, approximately 20% of it has a 
slope of 2% to 4% and other parts of the city have 
greater slopes (Appendix 2). 

Morphology of the area is affected by climate, 
rocks and tectonic activity in the region. In this 
area, the granite masses are mainly rocky and form 
highlands and metamorphic rocks such as slates 
and phyllites have a milder morphology due to less 
strength. Also, the lowlands are covered by present 
covenant alluviums. The rivers in the area are 

seasonal in general and flow only during rainy 
seasons and waterways are parallel. 

2    Methodology 

Study of slope stability and slope movement 
processes involving weathered rocks, usually, 
requires geological, geomorphological, minero-
petrographical, geotechnical, and structural 
parameters collection (Calcaterra and Parise 2005, 
2010; Borrelli et al. 2007, 2012, 2014, 2016; 
Pellegrino et al. 2008; Perri et al. 2012; Huat et al. 
2012b; Bakhshipour et al. 2016; Ietto et al. 2018; 
Ietto and Perri 2016; Ietto et al. 2016). 

To study and characterize different types of 
weathered rocks including ultra-mafic igneous 
rocks (peridotite and granite), metamorphic rocks 
(schist and phyllite) and sedimentary rocks and 
also the related slope movements processes, 
several geological investigations were carried out in 
the south of Mashhad city.  

Field investigations (Appendix 3)include (a) 
geological investigation; (b) preliminary 
characterizations by field survey, (c) structural 
studies, (d) geo-electric survey, (e) identifying the 
weathering profiles, (f) collection of several rock 
and soil samples for petrographic analyses and 
laboratory studies. 

Also, laboratory investigations (Appendix 3 
and Table 1) include (a) minero-petrographical 
studies, (b) Soil chemistry tests such as pH, EC, 
and concentrations of soil cations and anions, (c) 
determining the physical properties such as 
Atterberg limit, Density, moisture content, specific 
gravity, and Particle size distribution, (d) 
determining the strength properties such as direct 
shear, uniaxial and triaxial tests. 

In the present study, first and foremost, the 
1:20000 geological map of the area was taken into 
account to select the sampling locations and 
evaluate the weathering profiles. Then, to obtain 
comprehensive field information, the residual soil 
profiles on different parent rocks outcropped in the 
roadside trenches were evaluated. To characterize 
the residual soil horizons identified in profiles of 
various parent rocks, disturbed and undisturbed 
samples were collected based on the texture and 
humidity of the soil from trenches and transferred 
to the laboratory. To maintain the humidity, the 
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samples were kept in plastic bags. It should be 
mentioned that due to the dryness of the soil in 
some stations, obtaining an undisturbed sample 
was impossible. Appendix 3 represents the process 
of evaluating in-situ soils properties. 

2.1 Field investigation 

The field investigation was carried out by the 
following steps: (a) characterization of different 
weathering profiles outcropped on the cut slope, (b) 
surveying the discontinuity characteristics in each 
weathering zone identified. The weathering profiles 
have been studied and characterized through the 

 
Figure 1 Dispersion map of rock units in southern slopes of Mashhad city (Modified according to Geological Map 
Report of Mashhad, Ghaemi 2013) (Hosseini et al. 2019). 

 Table 1 Tests conducted in this research and their 
corresponding standards 

Standards Test 

ASTM D2216-90 Moisture content 
ASTM D854-87 Specific gravity of soil particles 
ASTM D422-63  
ASTM D421-63 Particle size distribution 

ASTM D423-66 Atterberg Limits 
ASTM D1556-82 Dry unit weight and wet unit weight 
ASTM D698-70 Standard Proctor test 
ASTM D3080 Direct shear test 

ASTM D2850 
Triaxial compression (unconsolidated, 
undrained compressive strength) 

ASTM D2166 The uniaxial compressive strength 
(UCS) test 

BS 1377  
ASTM D4972 

Chemical properties 

 



J. Mt. Sci. (2020) 17(9): 2179-2202 

 2184 

same method and classification proposed by many 
authors in worldwide (Gulla and Matano 1997; 
Borrelli et al. 2007, 2012, 2014, 2016; Perri et al. 
2012; Ietto et al. 2016, 2018) and tested in several 
weathered profiles in the south region of Mashhad 
city. This classification scheme divides the 
weathering degrees into six different classes (I to 
VI), from the fresh/unweathered bedrock to 
completely weathered rock/residual soils 
(Appendix 4 and Figure 2) which agrees with the 
main standards used for weathered rock masses 
(Dearman et al. 1978; ISRM 1985; GCO 1988; 
Dearman 1995; Ulusay 2014). The applied 
methodology allowed recognizing the main 
engineering – geological features of the different 
weathering classes in both rock mass and rock 
material (Appendix 3 and Figure 2). Simple index 
tests based on visual recognition of mineral 
alteration, rock and soil ratio, presence of original 
texture and structure, joint staining, change of rock 
color, hammer tests or hand scraping on rock 
masses, estimation of RQD and Schmidt hammer 
test were checked during the weathering field 
survey. The weathered rocks and residual soils 
were identified through both satellite images 
interpretation and field surveying. Since slope 
instability and landscape evolution of an area are 
highly influenced by the discontinuity features of 
the rock masses (Pantelidis 2009; Conforti and 
Ietto 2019), a careful discontinuity survey was 
performed. The discontinuity survey was carried 
out at 23 measurement stations (Appendix 5 and 
Appendix 6) falling in different identified 
weathering zones. The scanline method was used to 
obtain the joint characteristics in each 
measurement station, providing more detailed data 
in comparison to other survey methods (Şen 1993, 
2014; Gumede and Stacey 2007; Alavi Nezhad 
Khalil Abad et al. 2016). Following 
recommendations of Priest and Hudson (1976, 
1981); Prist (1993), ISRM (1985) and Ulusay (2014), 
the length of the scanline was set between 6 and 10 
m. The joint characteristics (including orientation, 
Schmidt hammer rebound, spacing, roughness, 
aperture, persistence, infilling material, and 
ground water) were described according to ISRM 
(1985) and Ulusay (2014) in each measurement 
station. The joint orientation data were analyzed by 
the Dips 6.0 software package (Rocscience 2012), 
to obtain the dominant joint sets. The other joint 

characteristics in each measurement station were 
analyzed by simple statistical methods (Appendix 
5). 

2.2 Geophysics survey 

Since weathering conditions play an important 
role in slope stability and rock drilling studies, the 
present study aimed at evaluating the effect of 
weathering on roadside trenches in the southern 
slopes of Mashhad city. For this purpose, the 
tranches with an outcrop of weathered bedrock 
were selected. In this process, the possibility of 
sampling from bedrock to petrographic studies was 
also considered. Also, to investigate the different 
effects of weathering on various types of parent 
rock, the distribution of stations in different 
lithologies of the study area was taken into 
consideration. Since the determination of the 
boundaries between soil horizons (especially 
boundaries between weathered rock and saprolite 
zone) is not an easy task, the Schlumberger Geo-
electric method was implemented to study the 
underground condition of weathering profiles. For 
this purpose, 12 single-point soundings were 
performed on the slopes of roadside trenches. The 
location and distribution of soundings are shown in 
Appendix 6. 

The weathering profile of the trenches was 
drawn by analyzing the data of sounding points for 
different depths using X2ipi software and matching 
the data with field observations of different soil 
horizons in each trench.  

2.3 Laboratory test 

The laboratory investigations (Appendix 3 and 
Table 1) were based on the following: (a) minero-
petrographical studies, (b) Soil chemistry tests, (c) 

Figure 2 A simplified view – a typical in situ soil 
profile (Little, 1969; Huat et al. 2012b). 
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determining the physical properties, (d) 
determining the mechanical properties. 

Tests were performed in accordance with 
ASTM standards. Table 1 presents the performed 
tests with their corresponding standards.  

3    Results and Discussion 

3.1 Description of the weathering profile 

 Evaluating the results of soundings in each of 
the sections showed that soil layers of each trench 
have different properties. In each sounding, the 
maximum studied depth was 25 m. The significant 
differences between electrical resistivity at various 
depths revealed the presence of the boundary 
between two different layers in the study profile. 
Results showed that in stations 4 and 11, the 
minimum depth of bedrock is 0.6 and 11.5 m, 
respectively (Figure 3). 

Conditions of various horizons of the 
weathering profile based on field observations and 
geological studies are presented in Table 2. This 
table also describes soil profile based on USCS 
classification along with the textural properties of 
each horizon. As can be seen (Figure 3 and 
Appendix 7), the soil profiles on most of the rocks 
are composed of two A and C horizons (saprolite 
zone). Saprolite protects the parent rock structures 
such as foliation and joints. The contact between 
saprolite and weathered rock is irregular (O 
horizon is also seen at the upper part of weathering 
profiles that is not important in engineering). In 
horizon A, the gradation was determined as ML 
(Lean silt) and CL (Lean clay), while in horizon C 
(saprolite zone), it was SW, SM, and rarely SC. 
Since the soil profiles are not completely mature in 
the study area, not all soil horizons were observed. 
The topsoil of weathering profile (depth of 0-25 cm) 
contains plant roots while the underlying layer is 
composed of weathered soils with weathering levels 
of VI (residual soil) to V (saprolite). Topsoil is 
mainly composed of silty-clay with a soft texture 
and any trace of parent rock is not observed on it. 
Also, in some stations, traces of gypsum are 
present on this horizon. After residual soils, it has 
been observed that the saprolite zone has protected 
the structural properties of the parent rock and its 
strength is the same as the soil. Worth mentioning 

that on this horizon, the color and texture of the 
soil vary by depth. At lower parts of the weathering 
profiles, the weathered parent rock is observable.  

In the field survey, the borders between 
different horizons of the soil in each profile were 
determined based on parameters such as color, 
gradation, strength, resistance, and texture 
(distribution of soil particle size, the shape of the 
grains, size of the grains) and their properties were 
described based on the field observations, also the 
approximate thickness of each horizon was 
measured (Figure 4). Study of the profiles showed 
that soil layers of each profile vary and changes in 
the number of the soil layers, thickness, and color 

 
Figure 3 The extracted layering model from soundings 
at S4 (a) and S11 (b) stations. The vertical axis 
represents the value of apparent resistivity and the 
horizontal axis shows the spacing of electric current 
electrodes A and B, both in the logarithmic scale. Black 
circles are the filed sounding values, the Blackline is a 
smoothing spline on the filed values, the Blue line is the 
line to present the model parameters for the current 
sounding points (the resistivity, the thickness, and the 
upper boundary depth and altitude), and the Redline is 
the theoretical sounding curve for the current model 
parameters values. 
 
Table 2 Proposed values for the weathering severity in 
the study area 

Soil thickness (m) Weathering intensity
<1 Very Low 
[1-3) Low 
[3-6) Medium 
[6-9) High 
>9 Very High 
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are observed.  
The relationship between parent rock and 

topography of in-situ soil of the study area is 
presented in Table 3. The in-situ soil profiles 
derived from peridotite had the maximum and the 
in-situ soil profiles derived from lime and 
granodiorite had the minimum distribution in the 
study area.  

3.2 Discontinuity characteristics and rock 
mass classification 

The discontinuity characteristics have been 
considered as one of the main causes in weathering 
rock masses and, sometimes, they control the slope 
stability and geomorphic development (Calcaterra 
et al. 1998; Ehlen 2002; Gumede and Stacey 2007; 
Pantelidis 2009). The discontinuity survey 
consisted of a detailed study concerning joint and 
fault characteristics in the study area (Figure 5). 
Faults and relative kinematics were identified and 
mapped through field investigation and aerial 

photo interpretation. Appendix 5 shows the 
presence of normal fault systems mainly oriented 
NW–SE, N–S, and, secondarily, NE–SW. The 
entire study area was divided into four equal parts 
to realize the trend of lineaments distribution, 
exclusively (Figure 5) (Hosseini et al. 2019). 

One of the methods for determining 
weathering conditions according to Appendix 6 is 
the rate of changes in rock mass quality, GSI, and 
RQD. Analysis of these parameters shows that 
changes in them can affect the weathering index 
and intensity at each station (Tables 2 and 
Appendix 8) (Hoek et al. 1998; Marinos et al. 2000; 
Marinos 2019). 

Filed data analysis indicated that the 
distribution patterns of lineaments identified by 
remote sensing data match well with the field data 
collected in check-point stations. The weathering 
intensity is increased in the stations containing the 
density of lineaments interception (Figure 6). 
Results revealed that there is a close relation 
between distributions of lineaments and soil 

 
Figure 4 Evaluating the weathering and development of soil horizons on parent rock a) weathering along the joints 
and low thickness of the soil horizons on granite parent rock; b) insignificant thickness of soil of the steep slopes 
consisting of ultramafic parent rock; c) almost high thickness of soil horizons on the slope consisting of phyllite 
mother rock with a gentle slope; d) considerable increase in the thickness of saprolite zone in the area with a high 
density of lineaments. 
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thickness with intersection point with high density. 
The resultant map for intersects point density of 
lineaments indicated that maximum intersects 
point density of lineaments is concentrated in the 
southeastern parts of the region.  

This means that despite the frequency of 
lineaments in other parts of the study area 
probably many of the lineaments with similar 
trends did not intersect each other (maybe short or 

parallel). Therefore, their intersection points in 
these zones are low, which results in weak 
weathering conditions. However, in the zones with 
high intersecting points, weathering severity is 
high due to high permeability. The southeastern 
parts of the study region show a high concentration 
of intersection points and weathering severity, 
which is verified during fieldwork (Figure 6). 

Table 3 The relationship between the parent rock and topography with in-situ soil  

Gentle topography Steep topography Type of bedrock
The cohesive silty-clay soil has been seen in the 
upper horizon (A) and the saprolite with a sandy 
texture and some traces of parent rock’s 
structure is observed in the lower horizon.  

No in-situ soil; in most of the slopes, the saprolite 
zone is observed on the bedrock; in a limited 
number of the stations, clastic sediments are 
observed on the saprolite zone.  

Metamorphosed 
ultrabasic rock 

- 

There is a light gray saprolite horizon with 
granular texture (gravel, sand, and silt size) on 
the weathered granodiorite. The thickness of the 
saprolite horizon is increased around the 
fractures 

Acidic igneous 
rock 

In A horizon, clay silt or sandy clay and in 
saprolite zone, the clay sandy with the gravel-
sized parent rock fragments are observed; the 
slopes consisting of the phyllite have gentle 
topography and the soil thickness formed on 
them are higher.  

- Meta-plate 

In the saprolite zone, clay silt, sandy clay, clay 
sandy, and gravel-sized parent rock fragments 
are observed. 

The saprolite horizon consists of gravel and sandy 
soils with different amounts of sand, clay, silt, 
and weathered rocks on the bedrock. In these 
slopes, no in-situ soil horizon is observed. 

Slate 

 
Figure 5 (a) The lineament map of the southern slopes of Mashhad city, which is divided into four equal sections (A–
D); (b) Rose diagrams showing the trend of lineaments in the corresponding sections (A–D) (Hosseini et al. 2019). 
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3.3 Petrographic analyses 

Mineralogy controls the size, shape, and 
surface characteristics of soil particles. These 
properties in interaction with the fluid phase 
determine the plastic behavior, swelling, 
compressive strength, and hydraulic conductivity 
of the (Voight et al. 1973; Fityus and Smith 2004; 
Bello Yamusa et al. 2018). Therefore, mineralogical 
composition (with structure) is an important factor 
in understanding the engineering characteristics of 
soils (Borrelli et al. 2012; Ietto et al. 2016). 

To study the minerals, particle size, soil origin, 
and weathering, thin sections were prepared from 

the bedrock with a weathering grade of II to IV. 
Study of the thin sections using polarized 
microscope in two simple and polarized light 
showed that source rocks of the in-situ soils are 
different and include igneous (granodiorite), 
metamorphic (slate, phyllite, and schist), 
metamorphic ultramafic (peridotite, and 
metamorphic pyroxenite), and serpentinite. 
Moreover, the weathering process is evaluated 
through the thin-sections considering any changes 
in mineralogy and texture (Figure 7). The 
mineralogy and the images of the thin sections are 
shown in Figure 7 and Appendix 9, respectively. 
The study of the thin sections indicated a 

 
Figure 6 a) Contour diagram map for the density of lineaments in the study area (based on the number of fractures 
per unit area (count)); (b) Contour diagram map for intersect points density of lineaments in the study area per unit 
area; The yellow circles on the map represent the stations location and their sizes are attributed to the intensity of 
weathering in the zone. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)(Hosseini et al. 2019)    
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relationship between mineralogy of the in-situ soil 
and parent rock. Moreover, the clay minerals (due 
to weathering of potassium feldspars) sericite, 
epidote, zoisite, and clinozoisite (due to plagioclase 
weathering), serpentine (due to olivine and 
pyroxene weathering), chlorite (due to biotite and 
hornblendes weathering) (Figure 7 and Table 4), 
and opaque have been formed by the hydrothermal 
activities and chemical weathering, in such a way that 
the increase in weathering has led to an increase in 
the number of these minerals in thin-section.  

To approve the petrographic observations, 
completing the mineralogy description, and 
identifying the minerals of the soil, especially clay 
minerals, the X-Ray Diffraction (XRD) test was 
employed (Al-Jaroudi et al. 2007; Perri et al. 2016; 
Scarciglia et al. 2016). Accordingly, three soil 

samples (A horizon) with different parent rocks 
from three stations were analyzed. The results of 
the test are presented in Table 4. The clay minerals 
such as illite, kaolinite, and montmorillonite were 
observed in the in-situ soil horizon with grade VI 
weathering. The increase in depth and decrease in 
weathering degree has resulted in a reduction in 
the number of clay minerals. Considering the 
nature of the parent rock and weathering 
conditions, the type of mineral clay in the in-situ 
soil horizon can be changed (Irfan and Dearman 
1978; Aydin and Ceryan 2012; Perri et al. 2015; 
Scarciglia et al. 2016). In evaluating the weathering 
process, the clay minerals of the in-situ soil horizon 
should be fresh and not present in parent rock 
(before weathering). The existence of the clay 
minerals in bedrock indicates their hereditary 

 
Figure 7 Evaluating the weathering process in thin-sections of different parent rock under xpl (Crossed Polarize 
light); a) weak weathering in granodiorites of Tp25 station; b) strong weathering of granodiorite feldspars in Tp22 
station compare to Tp25 station; c) weak weathering of peridotites in Tp31 station; d) strong weathering of peridotites 
in Tp29 station compared to Tp31 station, where the pyroxenes are completely decomposed. Act, Hb, Pyx, Plg, Sr, Qt, 
Orth, Bio, and Mo represent actinolite, hornblende, pyroxene, plagioclase, sericite, quartz, orthoclase, biotite, and 
muscovite, respectively. 

 
Table 4 The results of XRD analysis on three soil samples (passing through sieve #200) related to residual soil 
horizon 

Minerals in the order of their frequencyWeathering level Sample 
Nontronite > Kaolinite > Quart > Zeophyllite VI TP1 
Illite > Calcite > Quartz > Montmorillonite VI TP7 
Illite > Kaolinite > Montmorillonite > Halloysite > Quartz >SylviteVI -V TP16 
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origin and their presence in soil has nothing to do 
with weathering. 

3.4 Physical properties 

3.4.1 Moisture content 

The moisture content of the samples was 
determined based on ASTM 2216-90 standard. In 
this process, in addition to a moisture content of 
different horizons in each profile, the average 
moisture content of soils with different parent 
rocks was determined. The results showed that the 
moisture content of soil horizons was increased by 
depth. In general, since the soil of the study area 
was dry, undisturbed sampling in some stations 
was infeasible.  

3.4.2 The specific gravity of soil particles 

Specific gravity of soil mass was determined 
based on ASTM D854-87 and using gas 
pycnometer to be used in weight and volume 
equations. The specific gravity of residual soil mass 
depends on mineralogy and weathering levels of 
soils (Tuncer and Lohnes 1977). In general, this 
parameter increases with depth. In turn, the soil 
mineralogy also depends on the type of parent rock 
and weathering process. The specific gravity of soil 
mass composed of granodiorite, mafic, slate and 
phyllite, and ultramafic (serpentinized) rocks are 
obtained to be 2.65-<2.70, 2.75-<2.79, 2.7-<2.75, 
and 2.50-2.54, respectively. 

The results show that the specific gravity not 
only changes with the soil texture but also this 
change is in correlation with the particle size 

distribution. The specific gravity content is also 
associated with the clay content and with 
increasing clay content, the specific gravity content 
decreases. Find out. Specific gravity is also used as 
an indicator to measure the maturation degree of 
the soil (Brenner et al. 1997; Wesley et al. 1997; 
Blight and Leong 2012; Biswal et al. 2016). 

3.4.3 Particle size distribution 

The gradation test was carried out using the 
wet mechanical method and hydrometry according 
to ASTM D422-63 and ASTM D421-63 standards, 
respectively. Then, the uniformity coefficient and 
coefficient of curvature were calculated for each 
sample by the grading curve. The mean variations 
of coefficients of uniformity and curvature were 
between 3 and 182 for uniformity coefficient and 
between 0 and 0.5 for the coefficient of curvature, 
respectively. Results show that these soils have a 
relatively high density. As seen in Figure 8a, 
topsoils (A horizon) fall in ML and CL classes such 
as TP1, TP7 and TP8 and the soils of lower horizons 
(saprolite zones) are classified in SC, SM, and SW 
classes such as TP 31, TP 18, TP 16, TP 5 and TP 26. 
The soils of both horizons have almost good 
gradation and poor sorting, due to the presence of 
various particle sizes. In various horizons of a 
weathering profile, the comparison of the particle 
size of residual soils with depth can be used to 
determine and compare the weathering level of 
residual soils (Figure 8b). The results show that an 
increase in depth and a decrease in weathering 
levels leads to an increase in particle size.  

The results show that soil properties, such as 
grading, change in soil profile due to changes in 

      
Figure 8 Particle size distribution diagrams of the residual soils (a) and Particle size distributions of residual soils at 
different depths (b). 
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weathering degree, so it can be expected that soil 
samples of a profile with similar grading diagrams, 
might have engineering and chemical specifications 
and also the same chemical composition. 
3.4.4 Atterberg limits 

To determine the Atterberg limits, plastic limit 
(PL) and liquid limit (LL) tests were taken into 
account (according to ASTM D4318-84). In most of 
the studied profiles, the soils of the saprolite zone 
showed non-plasticity behavior due to the lack of 
clay minerals. The evaluation of soil texture 
through the UCSS method revealed that the 
topsoils fall in CL-ML class and the lower horizons 
(saprolite zone) are classified as SC and SM-SW 
classes. Besides, particle size in soil profiles 
indicates an increase with an increase in depth and 
a decrease in weathering levels. The comparison of 
horizon A with the saprolite zone in profiles 
containing both of them confirms this issue (Figure 
9a). 

Results of the liquid limit test showed that 
most of the soils are feeble with their LL being less 
than 35% (Figure 9b). Based on the obtained PI 

values, these soils have low plasticity, suggesting 
that their properties vary by increasing soil 
moisture content. As shown in Figures 9c, 9d and 
10 by increasing depth and reducing the clay 
content of the soils, LL and PL of the soils decline 
(Ogunro et al. 2008). Variations in LL and PL of 
residual soils depend on the composition of their 
parent rock, their minerals, and the chemical 
weathering level. In weathering profiles, the 
residual soils of the top horizon are CL and are 
around the A-line. Since the activity level of these 

 
Figure 10 Plasticity index versus percent of fine grains. 
 

 
 

    
Figure 9 Plasticity chart of the studied soil samples (a); Variations of Atterberg limits with the fine-grained 
percentage of the soils in CL and ML classes (b); Variations of Liquid limit (c) and Plasticity index (d) versus depth. 
plastic limit (PL) and liquid limit (LL) tests, Plasticity Index (PI). 
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clay soils is low, the expected high swelling and 
shrink by absorbing and losing water for these soils 
is negligible. In Figure 10, the fine-grained soils are 
shown on the activity curve. As seen, the soils fall 
in the region with low activity and are kaolinite and 
illite type. The results of XRD approved the 
presence of kaolinite and illite in fine-grained soil 
samples. 

3.4.5 Dry unit weight and wet unit weight 

To determine the dry unit weight of the soil 
horizon in bulk samples, the bulk density method 
was used. Moreover, in soil horizons that the bulk 
sampling was not possible, the in-situ density method 
was performed (according to ASTM D1556-82). 

Comparison of the results indicated that the 
dry density of a profile is increased by increasing 
the depth and size of the particles. The mean 
variations of the density are between 1.24 and 2.1 
gr/cm3, suggesting the effectiveness of weathering 
degree and parent rock in determining the in-situ 
soil density (Figure 11). 

3.4.6 Standard compaction test 

To determine the compaction of soil samples, 
the ASTM D698-78 standard was used. Then, the 
results were plotted on a curve and the maximum 
dry density and optimal moisture percentage of 
each sample were determined.  

Results of the compaction test showed that soil 
horizons of the study area have almost high 
compaction and their dry density is increased by 
increasing the depth and size of the particle, as well 
as decreasing the weathering degree. The 
maximum and minimum dry density were related 
to gravel in-situ soil (with an average of 2.1 gr/cm3) 
and clay soil (with an average of 1.37 gr/cm3), 
respectively.  

3.4.7 Studying the residual soil corrosivity 
rate (evaluating the specific electrical 
resistivity of the soil)   

Soil corrosivity depends on chemical 
composition (i.e., material, parent rock, weathering 
type, and the soil formation environment), 
moisture content, soil texture, electrical resistivity, 
acidity, and microbial activity (Li et al. 2001; Rim-
Rukeh and Awatefe 2006; Saffari et al. 2019). 
Among several methods available for evaluating 
the soil corrosivity rate, the specific electrical 
resistivity-based method is the most common one. 

The conductivity of soil layers varies by changing in 
their material. Certainly, the soil compaction, its 
saturation level, temperature, the concentration of 
salts dissolved in it, the pore volume of the soils, 
and their particle orientation affect the resistivity 
of the soil layers (Ziegler et al. 2004; Samouëlian et 
al. 2005). To determine the specific electrical 
resistivity of the soil samples, Wenner Tester was 
used and the corrosivity of various horizons of soils 
was evaluated according to Table 5. 

According to the results of the study and based 
on the corrosivity standard of the soils, the studied 
residual soils (horizons A and C) have a resistivity 
higher than 200 Ω.m and are classified as 
noncorrosive soils. Worth mentioning that due to 
the low weathering, the resistivity rate of saprolite 
zone soils between 500 and 3500 Ω.m is higher 
than horizon A soils.   

3.4.8 Evaluating the dispersivity of 
residual soils 

Dispersive clays are cohesive soils that 
disperse in water in colloid form and settle quickly. 
The erosion mechanism of dispersive soils depends 
on soil structure and interactive properties 
between the pore fluids and soil. Over the past 

 
Figure 11 The variations of the density of the soil with 
depth and change in the size of the particle in in-situ soil 
profiles. 
 

Table 5 The classification of soil corrosivity based on 
specific electric resistivity (Escalante 1995)  

Soil corrosivity rate Specific electric 
resistivity of the soil (Ω.m) 

Severe <10 
Very high [10-30) 
High [30-50) 
Medium [50-100) 
Low [100-200) 
Very low >200 
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years, researchers have proposed different direct 
and indirect methods for assessing the dispersion 
potential of clay soils (Sherard et al. 1976 a, b; Bell 
and Walker 2000; Maharaj 2013). In the present 
study, we aimed to identify and approve the 
dispersivity of soil based on the field observations 
(grooves on some slopes) using geotechnical tests 
to pave the way to present new and proper 
methods for reducing possible damages caused by 
dispersivity. To investigate the dispersivity of the 
soils, double hydrometer, Crump, Pinhole, and 
Sherard (Figure 12 and Table 6) methods were 
used. Tests performed on CL and ML soils showed 

that they are in weak to medium dispersivity range 
(Table 7). 

3.5 Mechanical properties 

3.5.1 Shear strength parameters (Direct 
shear test) 

The weathering processes produce chemical 
and physical transformations of several types of 
rocks (sedimentary, magmatic, and metamorphic) 
with a significant decay of the mechanical 
properties of the original rock (Olona et al. 2010; 

 
Figure 12 Determination of potential dispersivity of residual soil samples using Sherard chart (Sherard et al. 1976a, b) 
 
Table 6 The amount of sodium relative to the other cations (calcium, magnesium, potassium) present in the residual 
soil samples 

Sample 
No. 

Total dissolved salts (TDS) (meq/lit) Sodium (%) Dispersivity 
condition 

Sodium adsorption ratio 
(SAR) Na K Mg Ca Na + K + Mg + Ca (Na+/TDS)×100 

Tp1 29.61 0.26 4.75 8.40 43.0 68.8 Dispersive 11.55 
Tp7 57.69 0.36 10.55 16.90 85.5 67.5 Dispersive 15.57 
TP16 4.47 0.20 8.25 14.05 27.0 16.6 Non-dispersive 1.34 
TP6 58.00 0.27 11.05 18.00 87.3 66.4 Dispersive 15.40 
 
Table 7 The comparison of the results obtained from the evaluation of dispersivity in fine-grain soil horizons (ML, 
Lean silt; CL, Lean clay classes) using different tests 

Soil dispersion potential based on other methods Soil dispersion potential by double hydrometer method 
Sample 
No. Pinhole 

method Sherard method Crump method Dispersivity  
condition 

Dispersion  
% 

% (particles <0.005 mm)  
Double 
hydrometry 

Simple 
hydrometry 

ND1 Dispersive No-reaction No-dispersive 11.76 17 2 TP1-1 
ND1 - High reaction High dispersivity 69.39 9.8 6.8 TP1-2 
ND2-ND3 Dispersive Medium reaction Medium Dispersive 40 12.5 5 TP7-1 
- - No-reaction Non-dispersive 21 9.5 2 TP13-2 

- - 
Medium to weak 
reaction Medium dispersivity 35 18 6.3 TP7-2 

- - Weak reaction Non-dispersive 28.5 8 2.2 TP28-2 
ND2-ND3 Dispersive Medium reaction Medium dispersivity 48 12.5 6 TP6-1 
- - Weak reaction Non-dispersive 37.6 9.3 3.5 TP8-1 
ND3 Non-dispersive Medium reaction Completely dispersive 77 7.5 5.8 TP16-1 
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Ietto et al. 2012). Considering the presence of 
residual soils in tropical and semi-tropical areas 
and mainly with semi-dry climate, the effect of soil 
unsaturation on their engineering properties has 
been evaluated. Accordingly, to determine the 
cohesion (c) and internal friction angle (ϕ) for each 
sample, the simple shear test under 
unconsolidated-undrained (UU) condition was 
performed (according to ASTM D3080) on dry and 
saturated soil samples remolded at 95% density at 
optimal moisture content with the strain rates of 1 
and 0.6 mm/min, respectively. The residual 
genesis of the soil, faulty region, lack of soil 
particles transportation, and sharp and angular soil 
particles are among the factors that increase ϕ of 
these soils  (Fredlund et al. 1978; Gan and 
Fredlund 1992; Fredlund and Rahardjo 1993; 
Lacey 2015, 2016; Vivoda Prodan et al. 2017; Snodi 
et al. 2018; Arango et al. 2019; Ulamiş 2019). The 
results of the test performed on dry samples 
indicated that an increase in fine-grain content of 
soil leads to an increase in C and decrease in ϕ of 

soil (Figure 13 and Table 8). It has to be noted that, 
apart from the fine-grained content of the soil, the 
type of clay mineral also affects the cohesion values 
of the soils. 

Comparison of results (Table 8 and Figure 13) 
represents the followings: 

• Shear strength parameters (C, ϕ) and shear 
strength varied with changes in water content. 

• The angle of shearing resistance decreased 
with an increase in water content (Figure 14a). 

• The undrained cohesion increased as the 
water content increased up to the optimum water 
content, thereafter the undrained cohesion started 
to decrease with an increase in water content 
(Figure 14b). 

• The shear strength decreased with an 
increase in water content. 

3.5.2 Tri-axial compression (unconsolidated, 
undrained compressive strength) 

To determine the undrained unconsolidated 
(UU) compressive strength of the soils, the triaxial 

 
Figure 13 The effect of fine-grained content on the cohesion and the friction angle of the residual soils in some of the 
studied profiles. 

    
Figure 14 Comparison of shear strength parameters, cohesion (a) and friction angle (b) of unsaturated and saturated 
simple shear tests. 
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compression test was performed on dry and 
saturated soil samples remolded at 95% density at 
optimal moisture content with the rates of 1 and 
0.76 mm/min following ASTM D2850 standard. 
The samples used in triaxial tests were collected 
from topsoils (ML and CL classes) of the selected 
profiles. The Undrained unconsolidated 
compressive strength is performed when the 
loading rate was high and there is no time for 
draining during the loading process. The results of 
triaxial tests are presented in Table 9. 

From Table 9 it can be seen that while the 
degree of saturation increased with an increase in 
water content, the angle of shearing resistance 
decreased. At a degree of saturation of around 
100%, the angle of shearing resistance became zero. 

Comparison of the results obtained from direct 
and triaxial shear tests (Appendix 10) shows that, 
despite the differences in the values of shear 
strength parameters obtained from each test, the 
shear strength values obtained for the samples in 
both experiments are almost similar. 

Curves of changes in principal stresses - strain, 

and shear strength parameters of several samples 
are shown in Figure 15. The main stresses – strain 
curve of conducted tests in undrained 
unconsolidated conditions in most of the samples 
show that in the early stages of stress, the principal 
stress differences at high confining pressures are 
lower than that of low confining pressures. 
Tibeobu's based on his research on in-situ soils of 
the Wolayita-Sodo region of southern Ethiopia 
claimed that this decrease in the principal stresses 
differences in high confining pressures in the early 
stages of stress is related to soil structures (Tibebu 
2008) 

The behavior of in-situ soils due to their 
formation, being in-situ and very little changes in 
stress history differs from transported soils. The 
same is true for the behavior of a slope consisting 
of in-situ soil compared to the behavior of a slope 
composed of transferred soil. Progressive strain 
softening and fracture failure are two major factors 
that must be taken into consideration when 
evaluating the behavior of in-situ soils, and in 
particular, assessing the stability of slopes of these 
soils (Tibebu 2008). 

The strain-softening behavior is not found in 
all in situ-soils and strength of the in-situ soil 
samples in the triaxial test decreases after 
maximum strength point and then becomes steady 
(Figure 16). Caution should be exercised in 
generalizing this behavior to any soil type, only 
conducting precise triaxial tests on in-situ soil 
samples confirms their stress-strain behavior 
characterized by strain softening. 

As can be seen in Figure 16, the rapid increase 
in changes in principal stresses up to a peak of 
about 2500 kPa is followed by a decrease in 
strength until they become steady at about 1300 
kPa. 

The question of which of these strengths can 
be used in the design is still unclear to engineers. 
The peak value in the design may not be safe 
because if this value is changed locally, the load 
capacity in the area will be reduced and progressive 
failure across the entire region will occur very 
suddenly. However, the use of minimum strength 
leads to the stability of the slope at very low slopes, 
which is not only economically viable but may be 
completely unnecessary (Dounias et al. 1988; 
Eberhardt et al. 2005; Vivoda Prodan et al. 2017). 

Strain softening behavior is found in 

Table 8 Shear strength parameters obtained through 
unsaturated and saturated simple shear tests 

Parameters of the simple shear test
Type 
soil

Sample
No.

unsaturatedsaturated
ϕ (°)C (kg/cm2)ϕ (°) C (kg/cm2)

390.03260.02MLTP1
370.03340.1MLTP3
290.05270.03MLTP8
340.26330.12MLTP11
230.27210.25CLTP16
290.03260.16MLTP48
340.23270.13CL- MLTP35
250.32220.11MLTP22
320.39230.12CL- MLTP10
330.03270.1MLTP29
320.03260.12MLTP30

Note: Cohesion (C) and internal friction angle (ϕ). 
 

Table 9 The results of triaxial tests under saturated 
and unsaturated conditions 

Parameters of triaxial compressive strength test 
Sample 
No. 

Saturated Unsaturated 

ϕ (°) C (MPa) 
Saturation  
degree (%) 

ϕ (°) C (MPa) 

0 0.38 96.6 6.9 1.4 TP1 
0 0.34 97 25.9 0.59 TP3 
0 0.27 95 30.4 0.55 TP8 
0 0.49 97 31.5 0.78 TP11 
0 1.08 98 27.1 0.48 TP29 

Note: Cohesion (C) and internal friction angle (ϕ). 
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Scandinavian sensitive clays and parts of Canada 
and many hard and pre-consolidated clays. 
Skompton showed that fracture development could 
be due to increased water content leading to clay 
softening and soil volume change under induced 
shear stress (Gregersen 1981; Skempton 1984; 
Mesri and Shahien 2003). 

3.5.3 Unconfined compressive strength  

This test was carried out on soil samples from 
various horizons and soil samples remolded at 95% 
density and optimum moisture content (according 
to ASTM-D2166). The unconfined compressive 
strength (UCS) of soils can be used as an index for 
defining weathering stages. In this test, the 
undrained shear strength (su) was considered to be 
half the UCS (Table 10). 

In some profiles, the samples with a higher 
fine content had lower uniaxial compressive 
strength compared to other samples of the same 
profile with less clay content (the clay sample of 
Tp1 station) due to a higher percentage of moisture 
content in the sample. The shear and simple failure 
patterns were observed in most of the samples, 
while in some of the clay samples the failure 
pattern was along with bulging. The results 
demonstrated that the uniaxial compression 
strength of the soil is affected by their mineralogy 
and moisture content. Besides, since the inter-
particles cohesion of the clay is higher than other 
sediments, the uniaxial compression strength of 
the soil with lower soil content (saprolite horizon) 
is less than other in-situ soil horizons. The results 
are classified in stiff and very stiff soils class, 

  

  

 
Figure 15 Diagram of principal stress-strain changes and shear strength parameters of samples at confining 
pressures of 1, 2, and 3 kg/cm2 (a), (b) and (c) Diagram of changes in principal stresses-strain of Tp6-1, Tp7-2 and 
Tp13-2 samples- (e), (f) and (g) Shear strength parameters of samples Tp6-1, Tp7-2 and Tp13-2.  

 

 
Figure 16 Strain softening behaviour in the principal 
stresses-strain diagram at minimum confining pressure. 

Table 10 The comparison of UCS of the studied 
residual soils with their weathering degree and 
texture 

Weathering 
degree 

Undrained shear 
strength (su) 
(N/m2) 

Unconfined  
compression 
(N/m2) 

Soil  
type 

V 8 - 110 16 - 220 Sand 
V-VI 35.5 - 181.5 71 - 363 Clay- Silt 
VI 63 - 296 126 - 592 Clay 
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according to Das (2002). 

3.6 Chemical properties 

To study the chemical properties of these soils, 
the following tests were carried out on 4 samples 
from topsoils on peridotite, chert, and slate parent 
rock: determination of chlorine and sulfate 
concentration (according to BS1377 (BSI 1990)), 
PH and EC (according to ASTM D4972), and 
cations concentrations (according to Soil and 
Water Research Institute) (Appendix 11).  

The higher exchangeable sodium content 
indicated the abundance of smectite clays in 
comparison to other clay minerals in the studied 
soil. Although high divergence potential is 
observed in illite, the high exchangeable sodium 
and divergence are rarely seen in kaolinite clays 
(Maharaj 2013). Results of the chemical tests 
indicated the alkaline pH and low sulfate content of 
the soils in the study area so the soil was 
categorized in the mild environmental condition in 
terms of sulfate classification. 

The cation exchange capacity (CEC) of in-situ 
soils derived from peridotite was higher than that 
of soils derived from other rocks; however, all soils 
showed very low CEC values. In these soils, the 
CEC value was associated with the clay content 
(Mustapha and Alhassan 2012; Alhassan and Alhaji 
2017). 

Potassium concentration in soils with a slate 
parent rock is significantly higher than that of 
other soils. The magnesium concentration in the 
slate derived soils also was significantly higher in 
comparison to the peridotite- and chert-derived 
soils. Finally, the calcium concentration of 
peridotite-derived soil showed a low concentration 
compared to other soils. 

4    Conclusions 

According to the results it can be said that: 
The in-situ soils are classified A based on the 

mineralogical composition and structure according 
to (Jones Jr and Holtz 1973; Wesley et al. 1997; 
Wesley 2009b, 2010) classification. These soils are 
not affected by mineralogy and have fine-grained 
clay soils with low activity (or inactive) and coarse-
grained soils containing fine-grains. In these soils, 

the structures play an important role in 
understanding their behaviors. According to 
Hosseini et al. (2019), the relationship between 
discontinuity density and weathering degree was 
considered an important factor in the formation of 
the soil profile. In areas with high density and long 
lineaments, the possibility of lineaments 
intersecting with each other is higher. Which 
increases the fractures network conductivity and 
subsequently allowing fluid penetration and 
development of chemical weathering. So in these 
areas, development of weathering and soil horizons 
are more likely. 

Considering the topography of the area, the 
weathering degree of the bedrock is variable and is 
classified as VI-V according to AS1726:1993 
standard. The increase in weathering level in 
bedrock leads to an increase in the fine content of 
the soil and based on the Unified Classification the 
soils of upper horizons in CL, ML, and Saprolite 
zone soils are classified in SW, SM, SC. Based on 
the results of the plasticity index, in-situ soil and 
saprolite horizons are classified as low plasticity 
and non-plasticity soils, respectively. The specific 
weight of the soil mass consisting of granodiorite, 
serpentinized rocks, as well as the soils derived 
from peridotites, slate, and phyllite, are 2.65-<2.75, 
2.70-<2.84, 2.62-<2.78, and 2.68-2.54, respectively. 
Given the weathering condition of the studied soils 
and considering the uniformity and curvature 
coefficients of the grading curves, the soils have 
good grading and poor sorting. Also, the fine 
content of in-situ soils decreases by an increase in 
depth and a decrease in weathering. 

Results of the XRD analysis indicated that the 
main clay minerals of the study area are illite and 
kaolinite, which show the VI-grade weathering. The 
existence of these minerals confirms the plastic 
properties and activity of these soil, as well as the 
effect of macrostructures. Moreover, considering 
the divergence tests performed on the soils of the 
study area, they put in non- dispersive soils or 
weak-dispersive soils class that approves the 
importance of the clay minerals and effect of the 
structures considering the weathering degree. It 
should be noted that the presence of the clay 
minerals reduces swelling of the studies soils.  

Weathering the source rocks of the studied 
soils has led to the formation of different types of 
soils in the study area so that the gradation of 
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granite and serpentinite in-situ soils has the 
maximum gravel and sand content while metaplate 
and ultramafic in-situ soils have the maximum silt 
and clay content.  Therefore the in-situ granite soils 
have higher coarse and medium-grained sand 
content than phyllite and peridotites in-situ soils. 

Furthermore, evaluation of the soil corrosion 
based on the specific electrical resistance in south 
slopes of Mashhad city showed that in coarse-
grained soils of saprolite zone (gravel and sand), 
the soil washing happens easily because of high 
permeability, so the soluble sodium of the soil is 
low and the electrical conductivity of these soils is 
less than fine-grained soils. Also, they have less 
corrosion potential compared to soils of the upper 
horizons. Generally, in-situ soils (A and C zones) of 
the study area are classified as non-corrosive soils. 

Results of the Atterberg tests and comparing 
them with the grain size distribution of the in-situ 
soil particles represent a good agreement between 
weathering type, parent rock type, and fine content 
and Atterberg limits.  

Undrained shear strength (τ′) of the remolded 
samples decreased with an increase in their 
moisture content. An increase in the moisture 
content resulted in a decrease in ϕ and an increase 
in the c′ of the in situ soil specimens. However, 
exceeding the Optimum Water Content (ωopt ) c′ 
started to decline. Shear strength parameters of 
these soils vary with an increase in their 
weathering level, which may be attributed to the 
increase in the fine content of these soils.  

The internal friction angle (ϕ) of the in-situ 
soils is affected by their texture and grain size 
distribution. In-situ soils, due to the angularity of 
their constituents, have higher ϕ values compared 
to the transported soils with a similar texture.  

The weathering conditions of the study area 
indicate that the cohesion of in-situ soils is affected 
by their fine content and clay mineral types. It was 
also observed that the soils with a serpentinite 
origin, despite having a coarse-grained texture, 
typically show a small ϕ, which may be associated 
with the nature of bedrock and lubricating effect of 
serpentine. Furthermore, it was noticed that the in-
situ soils with a peridotite origin have a higher 
moisture content and thus high liquid limit 
compared to the ones with a granite origin. 

According to the results of triaxial tests and 
stresses-strain (σ-ε) curves of the studied soil 

specimens (Figures 15, 16), in the early stages of 
applying the stress, derivative stresses are lower at 
high confining stresses, probably due to the 
existing structures at low stresses.  

In each soil profile, the uniaxial compressive 
strength of the in-situ soils in the saprolite zone 
with lower clay content was lower compared to the 
soils of the higher horizon with higher clay content.  

Soil thickness in the study area is at most 8 m. 
Since the saprolite horizon and the weathered 
bedrock are exposed to weathering due to drilling, 
deep excavation, and slope stability projects, these 
soil zones might be problematic in the future; 
because during time and weathering development, 
properties of saprolite zone and weathered bedrock 
may change.   

According to field and remote sensing studies, 
generally, the thickness of in-situ soil in the area 
was less than one meter to a maximum of about 8 
meters; and the highest weathering intensity was 
observed in profiles on metamorphic peridotites 
and metapelites where the lowest weathering 
intensity was observed in profiles on acidic igneous 
rocks. And it was found that, apart from the 
chemical composition, factors such as density of 
discontinuities, slope, slope direction, discontinuity 
slopes being in line with slope or not also affect 
weathering. Depth of weathering progress 
increases with increasing density, longitudinal 
density and intersection of discontinuities (faults, 
joints, fractures, and foliation) and weathering 
products properties are mainly controlled by 
bedrock mineralogy and weak surfaces (foliation, 
Joints, faults, and shear zones) that allow water to 
pass through. So that the maximum soil thickness 
is at fault crossing and fault boundary between 
lithological units. 

Considering the concentration of the number 
of lines and the concentration of the points of 
intersection, the length and dimension fractal of 
lineaments in the southeastern part of the study 
area, it is evident that this zone possesses 
weathering severity and soil thickness. Fieldwork 
data from this zone have also verified the severity 
of weathering conditions (Figure 6; yellow circles). 
The analysis of lineaments trends in different parts 
of the study area indicated that the lineaments with 
the NW-SE trend have a strong effect on 
weathering development. The weathering depth 
depends on the orientation of bedding joints with 
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respect to the slope in the study area. Slope 
inclination and soil thickness are controlled by 

weathering and erosion processes. 
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