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Abstract: Squeezing is time-dependent deformation that can cause technical difficulties and financial conse-16 

quences in underground structures. This study employs electrical resistivity data to predict squeezing intensity 17 

along the Beheshtabad tunnel in the Sanandaj-Sirjan zone in Iran. For comparison analysis, a semi-empirical 18 

approach was correlated with numerical modeling to predict tunnel squeezing at the design stage. The squeez-19 

ing intensity obtained for the Beheshtabad tunnel was then compared with the instability observations along 20 

the Golab tunnel excavated in sedimentary rocks of the same zone. We developed a relationship between 21 
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electrical resistivity and strains and provided a new strain-based squeezing classification system. The cali-22 

brated electrical data produced more accurate results for predicting tunnel squeezing than the conventional 23 

methods. The results show that rock type, joint properties, and water saturation impact squeezing.  24 

Keywords: Squeezing; Electrical resistivity; Semi-empirical approach; Strain-based classification system   25 
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List of symbols 28 

ER Calibrated electrical resistivity  Ohm.m 

ER* Electrical resistivity  

CRP Continuous resistivity profiling - 

σcm Uniaxial compressive strength of rock mass MPa 

σv Vertical in-situ stress MPa 

𝜀 Normalized strain % 

𝜀cr Critical strain % 

RMi Rock Mass index - 

σϴ Tangential stress MPa 

BH Borehole - 

CRP Continuous resistivity profiling - 

AB The maximum flow line - 

RMSQ Root squared error % 

PPM Proton Procession Magnetometer - 

Q Quality Index  - 

GSI Geological strength index - 

Erm Rock mass deformation modulus GPa 

σci Uniaxial compressive strength of intact rock MPa 

Ei Elastic modulus of intact rock GPa 

ν Poison ratio of intact rock - 

Crm The cohesion of rock mass MPa 

𝜙rm Friction angle of rock mass ° 

νrm Poison ratio of rock mass - 

SI Squeezing index - 

𝛾 Unit weight kN/m3 

ua Radial closure m 

a The opening radius of tunnels m 

Ec  Conglomerate   

𝑲𝟒
𝒔,𝒔𝒉

 Siltstone & shale  
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𝑲𝟒
𝒔𝒉 Shale   

𝑲𝟒
𝒍𝒔𝒉 Limy shale  

PL-Q𝒃
𝒎 Mudstone  

PL-Q
𝒃
𝒄  Bakhtiary conglomerate  

OMa
l  Assemary limestone  

Mr
m Razak marlstone  

K  Stress ratio (s) - 

Kh Minimum stress ratio  

KH Maximum stress ratio  

KhH Equivalent stress ratio (KH⨯Kh)  

z Tunnel depth m 

D Disturbance factor - 

σH & σh Horizontal stress components MPa 

𝜌 Density  kg/m3 

FDM Finite difference method - 

N No squeezing state - 

L Light squeezing state - 

M Moderate squeezing state - 

S Severe squeezing state - 

VS Very severe squeezing state - 

1. Introduction  29 

Time-dependent rock deformations due to disturbance of the primary stress field can impose high pres-30 

sure on support installations, especially in deep tunnels excavated in soft rocks (Swannell et al., 2016). This 31 

type of deformation, called squeezing, can continue during the construction phase or even over a long period. 32 

This phenomenon is crucial for mechanized tunneling (Barla & Barla, 2008).  33 

Squeezing is more common in relatively deep underground structures excavated in soft rocks. However, 34 

this phenomenon can occur (due to topographic or tectonic conditions) for weak rocks at shallow depths 35 

(Shrestha & Broch, 2008) and in deep tunnels excavated in hard rocks (Malan, 1999). Predicting squeezing 36 
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potential around underground structures is a challenging task, especially in the design phase, and requires a 37 

deep understanding of rock mass behavior. 38 

Squeezing problems have been recorded in many tunnels, e.g., the San Bernardino and Gotthard road 39 

tunnels in Switzerland (Thut et al., 2000) and the second part of the water-supply Karaj tunnel in Iran 40 

(Khanlari et al., 2012). Some previous studies also included comprehensive databases for various squeezing 41 

cases (Feng and Jimenez, 2015; Sun et al., 2018; Chen et al., 2020).  42 

Geotechnical equations and exploration approaches can provide a comprehensive perception of rock 43 

mass conditions and evaluate deformations of excavated tunnels. Geotechnical (conventional) methods are 44 

classified as empirical and semi-empirical equations (e.g., Hoek & Marinos, 2000; Palmström, 2001) and 45 

physics-based numerical modeling (Hasanpour et al., 2014). These equations are usually obtained based on 46 

a few geotechnical parameters that can affect squeezing. For example, the Aydan approach was derived from 47 

some tunnels excavated in Japan (Aydan et al., 1996). Applying geotechnical equations can provide errone-48 

ous results when geotechnical parameters are uncertain (i.e., in the design phase). 49 

Empirical equations are developed based on rock mass classification indices (Singh et al., 1992; Goel et 50 

al., 1995), while semi-empirical equations are provided based on deformations. Empirical equations deter-51 

mine squeezing occurrence based on rock mass indices, e.g., using the Norwegian rock mass classification 52 

index (Singh et al., 1992). Thus, their results cannot be compared to semi-empirical approaches, which pre-53 

dict the squeezing intensity. Semi-empirical equations employ different ratios: e.g., the uniaxial compressive 54 

strength of rock mass to vertical in-situ stress (Jethwa et al. 1984), the calculated strain to critical strain 55 

(Aydan et al., 1996), the rock mass index (RMi) to induced tangential stress (Palmstrom, 2001) and the 56 

uniaxial compressive strength of rock mass to strains (Hoek & Marinos, 2000).  57 

Physics-based numerical modeling can cover a large-scale medium. However, a proper numerical ap-58 

proach is required that can simulate coupled processes to predict squeezing potential. Numerical modeling 59 

was previously used to evaluate deformations and squeezing, e.g., by incorporating elasto-viscoplastic mod-60 

els into numerical tools to simulate time-dependent deformations (Barla et al., 2012; Hasanpour et al., 2014). 61 
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The accuracy of numerical models can be affected by uncertain geotechnical data and modeling simplifica-62 

tions, particularly at the design stage.  63 

The exploration approaches (including laboratory experiments, in-situ tests, and geophysical prospect-64 

ing) can also be used to evaluate squeezing. In-situ tests can cover larger areas comparing laboratory exper-65 

iments, i.e., the tested area is excavated galleries instead of drilled boreholes. However, laboratory experi-66 

ments and in-situ tests can cover the study site partially.  67 

Geophysical data can be a practical approach to determining the rock mass condition at a large scale. 68 

This approach has been employed to assess site characteristics of roads, dams, offshore installations, slopes, 69 

and ancient sites (e.g., Akinrinmade et al., 2013; Whiteley, 2006). Geoelectrical data have not been consid-70 

ered as an index to detect underground deformations. Geoelectrical prospecting (i.e., relying on electrical 71 

resistivity contrasts of different geomaterials) was frequently used (Ammar & Kamal, 2018).  72 

The geotechnical and geophysical parameters (especially ER) are usually momentary and time-inde-73 

pendent. However, the main difference between the ER and geotechnical data is the coverage area; i.e., 74 

geotechnical properties are based on drilled boreholes and can be uncertain at the design stage. Complemen-75 

tary geotechnical data at the production phase usually alter the initial geotechnical data.  76 

One challenging task in predicting squeezing was the time-dependent behavior of rock mass. All previ-77 

ous studies used indices such as rock mass classification systems (Jimenez & Recio, 2011; Dwivedi et al., 78 

2013) or geotechnical parameters (Aydan et al., 1996; Hoek & Marinos, 2000) as an indirect scale of the 79 

time-dependent behavior. The driving force behind this indirect application was the possibility to define 80 

time-dependent deformation using fractures properties (e.g., weathering, orientation, spacing, filling materi-81 

als, roughness, and water inflow) and geotechnical characteristics (including rock mass uniaxial compressive 82 

strength and overburden). Using joint properties and geotechnical conditions to predict squeezing at the de-83 

sign stage was limited to numerical modeling, e.g., correlating a simple numerical model and a semi-empir-84 

ical equation to predict the squeezing (Khanlari et al., 2012).  85 
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The squeezing intensity is substantially related to rock composition and structure, and rocks with sig-86 

nificant clay minerals (e.g., claystone, shale, siltstone, mudstone, marlstone) and a water-bearing porous 87 

medium are susceptible to tunnel squeezing (Kovari & Staus, 1996; Aceh, 2019; Arora et al., 2020).  88 

The relationships between rock strength parameters and squeezing were studied (Aydan et al., 1996; 89 

Vrakas, 2017; Wood, 1972). Under high overburden pressure, the ratio of rock strength to in-situ stress 90 

decreased, and the squeezing potential increased (Gutierrez & Xia, 2008; Jethwa et al., 1984; Hoek & Ma-91 

rinos, 2000). Field observations revealed the direct effect of groundwater conditions and stress on squeezing 92 

(Arora et al., 2020; Sun et al., 2018).   93 

In the case of fracture effects, a few squeezing approaches were developed based on the frequency and 94 

properties of discontinuities (Singh et al., 1992; Goel et al., 1995; Jimenez & Recio, 2011; Dwivedi et al., 95 

2013). Saturated weak rocks can deteriorate over time. This weakening process can also be related to weath-96 

ering. Similar to weathering, the initiation and development of cracks can increase the squeezing intensity 97 

(Agan, 2015).   98 

Other factors that can affect squeezing, albeit to a lesser extent (Sun et al., 2018), are the installed support 99 

system as well as methods and rates of excavation, mainly related to decisions at the production phase (Sun 100 

et al., 2018), and are out of the scope of this research.       101 

The prementioned factors can alter ER. The ER value of rocks with high clay compositions or porous 102 

rocks (with high water content) is low (Kovari & Staus, 1996). Laboratory experiments, field data, and nu-103 

merical modeling confirmed the relationship between parameters affecting ER and squeezing (Ammar & 104 

Kamal, 2018) (Figure 1). For example, the fluid-bearing capacity (Bhatt & Jain, 2014), fluid pressure, 105 

weathering, fracture characteristics, faults activations (Backstrom, 2004; Laszlo, 2011), porosity, and lithol-106 

ogy of rock matrix (Aceh, 2019) can influence ER, similar to tunnel squeezing. For saturated rock specimens, 107 

alterations of ER are related to high vertical stress during experimental studies in plastic deformation zone 108 

(Brace & Orange, 1968; Dayuan et al., 1988). However, lower ER values show a higher squeezing intensity.   109 

Water exploitation by geoelectrical prospecting is a frequently-used method (Ammar & Kamal, 2018; 110 

Rolia & Sutjiningsih, 2018). At the deformation zone, ER changes are due to the volume increase under 111 
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shear deformations and micro-crack development (Chen & Lin, 2004). The decreasing trend of ER due to 112 

fracture propagation, including the effects of crack frequency, was also detected (Li et al., 2015; Sandler et 113 

al., 2009). 114 

The higher the overburden, rock strength, and fracture density are, the lower the ER is. Therefore, the 115 

relationship between these parameters and squeezing intensity is direct. Water saturation can also decrease 116 

ER. A combination of porosity, water-bearing capacity, structure, and mineralogy affect ER (and rock 117 

squeezing).  118 

 119 

Figure 1: The factors controlling (before excavation) ER and squeezing are presented. The factors decrease 120 

ER while increasing the squeezing intensity.  121 

This study aims to predict the time-dependent behavior of rock mass based on ER, which may provide 122 

remarkable insight into the general situation of joints and rock mass. The in-common factors affecting 123 

squeezing and ER confirmed the correlation between rock squeezing and ER. 124 

The chainage of 7.6-16 km of the Beheshtabad tunnel in the Sanandaj-Sirjan zone is prone to the squeez-125 

ing phenomenon. We compared the predicted squeezing with observational data (obtained from chainage of 126 

0-8.8 km of the Golab tunnel excavated in the sedimentary rocks of the same geological zone). Then we 127 

developed a relationship between ER and squeezing based on in-situ strain measurements of strain during 128 

the excavation of the Golab tunnel. This research also compared the prediction accuracy of the combined 129 

semi-empirical and numerical modeling to the ER-based approach.  130 



 

 9 

2. Methodology  131 

Two approaches were chosen to predict the squeezing potential along sedimentary rocks of the Behesht-132 

abad and Golab tunnels: (1) a combination of numerical modeling and a semi-empirical approach and (2) 133 

geoelectrical prospecting. The observational data obtained during the excavation of the Golab tunnel were 134 

also employed for the comparison analysis. A relationship was defined between calibrated electrical data 135 

and in-the-field measured strains recorded in excavating the Golab tunnel, and the squeezing intensity along 136 

the Behehstabad study site was predicted by the developed approach. 137 

2.1. Description of the study sites 138 

The Beheshtabad tunnel is located in the Chaharmahal-Bakhtiari province in Iran, planned to convey 139 

water from the Beheshtabad dam to the Central Plateau of Iran. The tunnel has a northeast trend and ends in 140 

the Zayanderoud River upstream of Cham Aseman dam. The length (total) and diameter of the Behehstabad 141 

tunnel are 64.97 km and 6.8 m, respectively. 142 

The Beheshtabad study site, chainage 7.6-16 km, is located in the Sanandaj-Sirjan zone, in the Zagros 143 

and Naien-Baft Orogen of Gondwanan provenance (Fergusson et al., 2016; Ghasemi & Talbot, 2006). This 144 

zone (as a metamorphic belt) is affected by several geological and tectonic events: continental collision (late 145 

Eocene-early Miocene), Pan-African orogenesis, Late Palaeozoic rifting forming Neo-Tethys, Mesozoic 146 

convergence, and ophiolite obduction (Fergusson et al., 2016; Ghasemi & Talbot, 2006). Figure 2a shows 147 

the location of the Beheshtabad tunnel as the dashed blue line and the study site as the red rectangle. The 148 

topographic and geophysical profiles of the study site are shown in Figure 2b. 149 

The Sanandaj-Sirjan zone (with a width of 150-200 km) extends 1500 km from Sanandaj (in the north) 150 

to Sirjan city in the south. Paleozoic volcanic rocks, including Silurian, Devonian, and Permian rocks with 151 

intrusions of Mesozoic rocks and the metamorphism due to Cimmerian movements, are the main features of 152 

this zone. The zone is evolved dynamically by the Neotethys Ocean movements at the northeastern margin 153 

of Gondwana (Ghazi & Moazzen, 2015). It is mainly composed of sedimentary rocks, including limestone, 154 

marlstone, siltstone, mudstone, shale, and conglomerate (Zayandab, 2006 & 2010). 155 
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To estimate the behavior of the Beheshtabad study site during excavation, a chainage of the Golab tunnel 156 

(0-8.8 km), excavated in sedimentary rocks of the Sanandaj-Sirjan zone, was evaluated. Several instability 157 

failures, tunnel collapses, and squeezing damages were recorded in this tunnel; these observations were em-158 

ployed to predict the squeezing along the study site of the Beheshtabad tunnel (planned to be excavated).  159 

The total length and diameter of the Golab tunnel are 17.02 km and 4.6 m, respectively. The support 160 

system was installed 1 m away from the face. The temporary and permanent support systems of the Golab 161 

tunnel were a 5 cm shotcrete layer reinforced with wire mesh and a 25 cm lining, respectively. In sections 162 

with severe squeezing problems, steel sets were also added to the temporary support system (Zayandab, 163 

2006). The mechanized tunneling using an open-shield TBM was planned for the Beheshtabad tunnel. The 164 

suggested support system was a 10 cm shotcrete layer reinforced with wire mesh as the temporary and a 25 165 

cm lining as the permanent support system (Zayandab, 2010). Therefore, the support systems of both study 166 

sites were designed almost similarly.  167 
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 168 

Figure 2: (a) The location of the Beheshtabad tunnel in the central plateau of Iran. The red rectangle depicts 169 

the study site, i.e., 7.6-16 km. (b) The tunnel route (pink line) and geoelectrical profiles (black lines: C, D, and 170 

E) are shown by the black arrow (Zayandab, 2010). 171 
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Figure 3 illustrates geological profiles and drilled boreholes along the Golab and Beheshtabad tunnels. 172 

The axis of both tunnels is located below the water table. Eight boreholes were drilled along the Golab tunnel 173 

(Figure 3a) and four boreholes along the Beheshtabad tunnel (Figure 3b).   174 

 175 

Figure 3: The geological profiles of the study sites: (a) the Golab tunnel (0 to 8.8 km). (b) the Beheshtabad 176 

tunnel (7.6-16 km). The blue and brown lines are symbols of the tunnel axis (Zayandab, 2006 and 2010). BH-177 

J is representative of the boreholes excavated along the Golab tunnel, while BH and TB depict the boreholes 178 

for the Beheshtabad tunnel. The symbols of the geological units (e.g., Ec) are defined in Table 1. The profiles 179 

along the boreholes (Figure 3a) present the RQD values along their lengths.    180 

For chainage 0-8.8 km of the Golab tunnel, various squeezing problems were mainly recorded for for-181 

mations with a high amount of clay, including siltstone and shale. A comprehensive set of data was recorded 182 

during the excavation of this tunnel along 2 m sections, including the joint properties, fault activations, 183 

groundwater condition, weathering, electrical resistivity, and squeezing intensity. The water table is about 184 

150 m above the tunnel axis.     185 

At the chainage of 0-1120 m, a conglomerate formation (Ec) (good rock based on RMR index) and 186 

hydraulic flux of 1.5×10-7 to 1×10-6 m/s was detected. The squeezing was limited to light cases (from the 187 
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tunnel inlet to about 500 m). This squeezing was mainly tectonic-based, related to the branches of Fault 188 

Abrizan-Kamason. Water penetration (due to relatively high hydraulic conductivity) was also recorded (Za-189 

yandab, 2006).   190 

Light squeezing phenomena occurred in chainage 1210-1550 m, mainly related to fracture zones at limy 191 

shale. The squeezing in K4
lsh (in sections 3050-6570 m, 6800-8100 m, and 8570-8800 m) was also recorded, 192 

especially at 6312-6570 and 7560-8100 m moderate squeezing cases were mainly related to fault activations 193 

(Zayandab, 2006).  194 

The most challenging squeezing problems occurred in 1550-2730 m in a rock mass with high clay con-195 

tent (i.e., K4
sh,s

); numerous cases of M (moderate) to VS (very severe squeezing) were observed. The hydrau-196 

lic flux was measured from 1×10-9 to 2×10-8 m/s (Zayandab, 2006). 197 

Shale rock mass (K4
sh) was detected in sections 2730-3050 (light squeezing), 6570-6800 (moderate 198 

squeezing), and 8100-8570 m (severe squeezing problems due to the activation of faults). The hydraulic flux 199 

of K4
sh and K4

lsh was measured between 3×10-9 to 2×10-7 m/s (Zayandab, 2006).          200 

Along the Beheshtabad tunnel, chainages 7600-8120 m and 9630-10790 are Razak marlstones (Mr
m) 201 

with relatively low flux (1×10-8 to 1×10-10 m/s). The RMR class is fair to good. Possible risks of squeezing 202 

can be related to weathering of marlstones and the fault activations. At 7700 m, a fault was detected. Fault 203 

K2 can impact its surrounding marly rock mass at 9600-10000 m (Zayandab, 2010).  204 

From 8120 to 9630 m, Asmary limestone (OMa
L) (fair to good rock mass) is affected by a branch fault at 205 

8400 m and Fault K2 at 9200-9600 m. Other parts of the rock mass do not show symptoms of weathering 206 

based on boreholes, and the flux of rock mass ranges between 1×10-9 to 1.7×10-7 m/s (Zayandab, 2010).    207 

10790-12110 m chainage mainly consists of Bakhtiary conglomerate (PL-Qb
c ), including sandstone (Qb

s ) 208 

at 10790-11100 m. The rock mass condition is fair to good, with no sign of weathering. The hydraulic flux 209 

of rock mass is relatively higher, 6×10-8 to 1×10-6 m/s, and water penetration can be possible. The most 210 

squeezing-prone part of this section is around 12100 m, where a branch fault was detected (Zayandab, 2010).  211 
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The remaining chainage (12110-16000 m) of the Beheshtabad study site is mainly composed of mud-212 

stone (PL-Qb
ms) with a flux of 1.5×10-7-2.7×10-7 m/s. At 15600-16000 m, conglomerate rock mass can in-213 

crease the permeability. Fault Zagros impacts the chainage of 15500 to 16000 m (Zayandab, 2010).  214 

The existence of faults and rock masses with a high amount of clay shows that squeezing problems can 215 

be significant along the Beheshtabad tunnel. The groundwater level ranges between 40 and 60 m below the 216 

land surface (about 200 m above the tunnel axis).  217 

2.2. Geophysical studies  218 

Geophysical evaluations are essential for geoengineering projects, especially for deep tunnels. The ge-219 

oelectrical surveys provide several advantages: (1) Detecting geological, hydrogeologic, and geotechnical 220 

obscures. (2) Preparing electric resistivity maps. (3) Exploring tectonic factors and recognizing relations 221 

between physical and geological conditions. (4) Detecting faults/fractured zones.  222 

In-common effective parameters decrease ER while increasing the squeezing intensity, considering the 223 

literature review. Before defining a relationship between these two parameters, we should respond to two 224 

main challenges: (1) Can we trust the accuracy of ER? (2) How a quantitative relationship can be defined 225 

between ER and squeezing?  226 

We considered a novel idea: predicting tunnel squeezing based on ER variations. Nevertheless, the ac-227 

curacy of this approach can be affected because the structure depth (especially for deep tunnels) can affect 228 

the resolution of electrical prospecting (Bernabini et al., 1988). A long electrode distance can also undermine 229 

the efficiency of geoelectrical data for deep structures. Meanwhile, subsurface electromagnetic interferences 230 

(including conductive mineral masses, underground caves, and water-bearing layers) can influence the data 231 

quality due to being detected as sharp resistivity anomalies (Militzer et al., 1979; Rolia & Sutjiningsih, 2018). 232 

A single geophysical method can recognize all these anomalies as potential squeezing areas. Therefore, some 233 

actions were required to evaluate the data accuracy and to cover the disadvantages of electrical prospecting 234 

before predicting squeezing.        235 
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Geoelectrical mapping of the Golab site includes a Schlumberger array (Figure 4a) along three main 236 

profiles and continuous resistivity profiling (CRP) along seven directions. For the main profiles, the maxi-237 

mum flow line was 1000 m, the number of electrodes on each profile was 173, and the electrode distance 238 

was 50 m. The multi-electrode method with three electrodes was used for CRP at a 50 m distance (Zayandab, 239 

2006).   240 

At the Beheshtabad study site, the Schlumberger array was performed along three main profiles (C, D, 241 

and E) in Figure 2b; the CRP profiles, along eight directions. The distance of the main profiles was 250 m, 242 

the maximum flow line was 1000 m, and the electrode distance ranged from 50 to 100 m. The three-electrode 243 

array was considered for 75 locations for each CRP (Zayandab, 2010).                  244 

The inversion method was used to obtain geoelectrical mappings. Res2DInv (a finite element software) 245 

inversed the data (Geotomosoft, 2014) based on the Gauss-Newton approach (Sasaki, 1992), and the appar-246 

ent resistivity data built a two-dimensional model of the study sites. The ground layers were divided into 247 

rectangular blocks with constant resistivity values. Block thickness was smaller near the ground surface as 248 

the influence of the block thickness on results was lower in terms of the root mean squared error (RMSE) 249 

(Loke, 2002). 250 

In the Schlumberger array, the thickness of the first layer of the model is equal to half of the electrode 251 

space, i.e., 25 m and 50 m for the Golab and Beheshtabad tunnels, respectively. The thickness of each layer 252 

increased by 10 % compared to its top layer (Figure 4c). RMSE values for all profiles were almost constant 253 

and lower than 7 % after eight iterations (Figure 4b). Figure 5 illustrates the geoelectrical mappings of the 254 

study sites.  255 
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 256 

Figure 4: The geoelectrical model of the Golab study site: (a) Schlumberger electrode array where a and na 257 

depict the electrode distance and maximum flow line, respectively, (b) RMSE [%] for the main profiles, and 258 

(c) Block discretization scheme used in Res2DInv software. The thickness of each layer increased by 10 % 259 

(1.1x) compared to its top layer (x). 260 

In section 7.6-16 km of the Beheshtabad tunnel (from the south in 7.6 km toward the north in 16 km), 261 

Asmari limestone (brownish color) was detected in about 400 m, overlaid by Razak marlstone with low 262 

resistivity values (the green areas in Figure 5a). The resistant zone (the brownish color in chainage 10 to 12 263 

km) is sandstone and Bakhtiary conglomerate, up to deeper than 400 m. A fault in the interface of Razak 264 

marlstone and the conglomerate was visible (12 km). Toward the north, the Bakhtiary conglomerate is cov-265 

ered by low-resistant formations of marly-limestone and mudstone between 11500 to 15500 m. ER varies 266 
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due to fault activations and material contacts toward the outlet. The geoelectrical data were also compared 267 

with geological observations on the surface and geotechnical data of the boreholes (Zayandab, 2010). 268 

For the Golab tunnel, in high elevations of the first kilometer of the tunnel route (from the east towards 269 

west), ER was lower than the value of conglomerate near the tunnel elevation, which was due to the activation 270 

of Fault Abrizan-Kamason and the presence of marly layers. The resistivity of siltstone and shale was low 271 

(shown by the blue color), and the resistivity of shale was typically lower than limy shale. In Chainage 7.5-272 

8.5 km, ER decreased due to fault activations (Zayandab, 2006).  273 

 274 

Figure 5: The geoelectrical profiles: (a) the Beheshtabad tunnel, 7.6-16 km (Zayandab, 2010), and (b) the 275 

Golab tunnel (0 to 8.8 km) (Zayandab, 2006). For (b), BHi and BH-Ji depict the boreholes.    276 

Before utilizing geoelectrical mappings for predicting squeezing, the efficiency and accuracy of electri-277 

cal data were evaluated. Influences of the electrode distance on geoelectrical outputs were measured by a 278 

sensitivity analysis. The effects of depth on the accuracy of electrical prospecting were also calculated. The 279 

multiple geophysical approaches were considered to cover the inability of the geoelectrical method to detect 280 
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unrelated anomalies. Gravimetric and magneto-metric methods were performed for Golab and Beheshtabad 281 

tunnels to detect misleading anomalies, e.g., conductive minerals, caves, and water-bearing layers (Za-282 

yandab, 2006 and 2010).   283 

The sensitivity analysis was performed based on data collected from different maximum flow lines, i.e., 284 

80, 140, 200, 300, 400, 600, and 800 m. We also used data with an electrode distance of 10 m to determine 285 

the effects of electrode distance, depth, and saturation on electrical resistivity. The geoelectrical data were 286 

recorded for two sections: the 0-24 km of the Golab tunnel and 0-64.9 km of the Behehstabad tunnel (Za-287 

yandab, 2006 & 2010). 288 

The geological units in Figures 3 and 5 were also detected at other parts of the tunnels (i.e., 8.8-17 km 289 

for the Golab tunnel and 0-7.6 km for the Beheshtabad tunnel). The range of ER for geological units was 290 

evaluated for the whole lengths of both tunnels to compare the electrical data based on water saturation, 291 

depth, and fracture properties. Rock mass classification indices, overburden depth, electrical resistivity, 292 

weathering, and water saturation conditions were recorded for all sections. An example of such an analysis 293 

is shown for a 2 m section (Figure 6) (K4
sh,s

in 1550-2730 m of the Golab tunnel).  294 

 295 

Figure 6: The considered methodology to estimate the accuracy of ER values. An example of the results 296 

provided by this method is presented. All rock masses were saturated in the studied parts. A lower permeability 297 

can also reduce the squeezing potential.  298 
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According to Figure 6, the factors were sorted from unfavorable to favorable conditions for squeezing 299 

potential. The range of ER* (Table 1) was considered for the whole section, and ER value was estimated 300 

based on each factor. The average value was calculated for 2 m sections with slight weathering (Figure 6), 301 

e.g., GSI = 57 (30 Ohm.m), rock strength of 1.9 MPa (30 Ohm.m), overburden 275 m (145 Ohm.m), perme-302 

ability 2×10-8 m/s (30 Ohm.m), which was impacted by joints (30 Ohm.m), the average value of ER was 303 

calculated 68 Ohm.m. We compared this estimated value with the ER profile for the section and calibrated 304 

ER* values. We prepared similar charts for all 2m sections and geological formations along the tunnels. 305 

This method assumes linear relationships between ER and the factors (Figure 6). Some of these factors 306 

were qualitative parameters. During the design phase, many qualitative scales (such as rock mass classifica-307 

tion scales) are usually used based on some assumptions (accepting some errors). We utilized this method-308 

ology to control if the ER value was reasonable for each section or if it was required to modify ER*.  309 

The measurements based on a 10 m electrode distance were compared for the chainage 0-3050 m of the 310 

Golab tunnel and 8120-15360 m of the Beheshtabad tunnel (Zayandab, 2006 and 2010). These data were 311 

also used to calibrate the ER* of the whole lengths of tunnels. We compared sections with almost similar 312 

factors (according to Figure 6) at 10 m and 50 m electrode distances and modified ER* values (in case it 313 

was required). For the Beheshtabad tunnel, since the tunnel was not excavated, we used the information on 314 

geological units at the surface and borehole data to evaluate each section. The final results of this study were 315 

based on the Golab tunnel; therefore, the accuracy of this method was based on the data in the production 316 

phase. i.e., we used the calibrated data of the Beheshtabad tunnel for predicting squeezing intensity, not for 317 

developing the squeezing predictive criterion.      318 

The average difference between the initial and calibrated (calculated by a 10 m electrode distance and 319 

the methodology presented in Figure 6) ER values was 19.6 % for Beheshtabad and 11.35 % for the Golab 320 

tunnel. For example, for shale (K4
sh), the electrical values changed from 30-210 to 20-200 Ohm.m, i.e., an 321 

average error of 11 % was detected. The calibrated values were then calculated by averaging electrical values 322 

for all geological units along the studied sites, and the initial electrical resistivity values (ER*) were modified 323 

to the calibrated values (ER) (Zayandab, 2006 and 2010). 324 
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The maximum difference was detected for the Bakhtiary conglomerate in Beheshtabad and the Con-325 

glomerate (Ec) in the Golab tunnel. These two units have the maximum overburden, higher than 400 m, 326 

which confirmed the effect of depth on the inaccuracy of electrical results. Table 1 summarizes the geoelec-327 

trical data before and after the sensitivity analysis. 328 

Table 1: The initial and calibrated ER ranges of Golab (0-17 km) and Beheshtabad (0-16 km) tunnels 329 

(Zayandab, 2006 & 2010). 330 

Study site Geological units ER* (Ohm.m) ER (Ohm.m) 

Beheshtabad  

(0-16 km) 

Coarse-grained alluvium 320-1000 300-1000 

Medium-grained alluvium 110-310 100-300 

Fine-grained alluvium 50-100 50-100 

Mudstone (PL-Qb
ms) 40-140 20-110 

Bakhtiary conglomerate (PL-Qb
c ) 70-340 50-300 

Limestone/sandstone (OMa
l /Qb

s ) 80-650 50-600 

Razak marlstone (Mr
m) 40-130 20-120 

Golab      

(0-17 km) 

Alluvial sediments (medium-grained) 20-350 10-350 

Conglomerate (Ec) 160-650 100-600 

Shale/siltstone (K4
sh,s

) 30-320 20-300 

Shale (K4
sh) 30-210 20-200 

Limy shale (K4
lsh) 80-520 80-500 

The proton precession magnetometer (Scintrex Co.) with a sensibility of 0.1 nT recorded the magneto-331 

metric data (nanoscopic alterations of the magnetic field). The nuclear magnetic resonance of the earth was 332 

checked, reaching a 500 m depth. This device was used to locate the possible existence of igneous masses, 333 
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faults, conductive minerals, and other anomalies (Howland-rose, 1981). CG-3 automated gravity meter eval-334 

uated the gravimetric variations (Scintrex limited, 1995) along three profiles (with a reading resolution of 335 

0.001 mGal) with a 50 m distance to detect sharp density contrasts, e.g., the presence of the water-bearing 336 

structures or cavities (Zayandab, 2006 & 2010), up to the depth of 500 m.   337 

The prementioned complementary and calibrating methods increased the accuracy of ER data. Then, we 338 

used the data to predict squeezing potential at the design stage. Therefore, we answered the second challeng-339 

ing question of our predictive model: ER alterations can be considered a relatively accurate scale to predict 340 

squeezing after calibration. Hence, the remained challenge was defining a relationship between ER and 341 

squeezing.      342 

2.3. Geotechnical studies  343 

A series of laboratory experiments were conducted on prepared samples according to the ISRM stand-344 

ards (ISRM, 1977a, 1977b & 1978) to determine geotechnical characteristics of the study sites, including 345 

porosity, density, uniaxial and triaxial compression strengths. The properties of rock joints (such as weath-346 

ering and roughness) were also recorded (Zayandab, 2006 & 2010). The rock mass characteristics and clas-347 

sifications indices-including quality index (Q) and geological strength index (GSI)-were calculated based on 348 

the properties of intact rocks and rock joints. The geological properties of the study sites are shown in Tables 349 

2 and 3.  350 

The rock mass deformation modulus was calculated using standard empirical equations (Khanlari et al., 351 

2012; Shen et al., 2012). The effect of disturbance on rock mass properties for the sections of the Golab 352 

tunnel excavated by drilling and blasting was also considered (Sections 3 and 8) (Rockscience, 2007). The 353 

rock mass deformation modulus was calculated by averaging the values estimated by different empirical 354 

equations to decrease the error because each empirical equation depends on some rock mass properties 355 

(Khanlari et al., 2012). 356 

Table 2: The geotechnical sections along the Golab tunnel, including the geological properties (Zayandab, 357 

2006) 358 
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Section Chainage (m) Lithology Q GSI 

Geological 

unit 

1 0-1210 Conglomerate 5.1-23 66-73 Ec 

2 1210-1550 Limy shale 2-6.7 66-70 K4
lsh 

3 1550-2730 

Siltstone & 

shale 

0.3-1.25 57-67 K4
sh,s

 

4 2730- 3050 Shale 0.7-5.7 62-74 K4
sh 

5 3050-6570 Limy shale 7.8-23.7 65-77 K4
lsh 

6 6570-6800 Shale 0.55-0.83 63-68 K4
sh 

7 6800-8100 Limy shale 5.2-15.8 69-80 K4
lsh 

8 8100-8570 Shale 0.25-0.5 55-65 K4
sh 

9 8570-8800 Limy shale 0.88-1.3 63-68 K4
lsh 

Table 3: The geological properties of the Beheshtabad tunnel (Zayandab, 2010) 359 

Section Chainage (m) Lithology Q GSI 

Geological 

unit 

1 7600-8120  Marlstone 2.1-4.2 67-76 Mr
m 

2 8120-9630 Limestone 7.42-14.8 72-79 OMa
L 

3 9630-10790 Marlstone 1.8-3.6 67-76 Mr
m 

4 10790-11100 Sandstone 4.2-12.5 65-69 PL-Qb
s  

5 11100-12110 Conglomerate 9.4-16.5 67-71 PL-Qb
c  

6 12110-15360 Mudstone 1.9-5.8 56-65 PL-Qb
ms 
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7 15360-16000 

Conglomerate & 

mudstone 

0.99-4 56-63 PL-Qb
c , Qb

ms 

Considering the intact rock properties as an upper limit and using the standard deviation values, the 360 

estimated values of rock mass characteristics were obtained close to actual values. The properties of intact 361 

rock and rock joints and the in-field observations were used to calculate the rock mass parameters, e.g., 362 

cohesion strength and internal friction angle (using RocLab software) (Rockscience, 2007).  363 

The study sites (the 0-8.8 km chainage of the Golab tunnel and the 7.6-16 km chainage of the Behesht-364 

abad tunnel) were divided into sections based on lithology, structural features, overburden, and geotechnical 365 

characteristics. Tables 4 and 5 summarize the range and average value for all parameters.  366 

Table 4: The geotechnical characteristics of the Golab tunnel (0-8.8 km) (Zayandab, 2006) 367 

Section 

Intact (Saturated) Rock Mass 

σci[MPa] mi Ei[GPa] ν C[MPa] ϕ[°] Erm[GPa] σcm[MPa] νrm 

1 69-86 (77) 21 

12.3-24 

(19.2) 

0.15 2.7-3.6 

50.6-

53.7 

10.9-14.6 

(12.7) 

11.6-26.6 

(19.1) 

0.16-

0.17 

2 

34-41 

(37.4) 

7 

12-12.3 

(12.1) 

0.28 1.4-1.78 38.7-50 6.6-6.8 (6.7) 6.3-11.7 (9) 0.31 

3 10-20 (15) 10 7.5-10 (8.7) 0.35 0.64-1.07 

30.6-

38.7 

4.5-4.7 (4.6) 1.9-4.3 (3.1) 

0.39-

0.4 

4 

8.7-27 

(18.7) 

6 9-10.4 (9.7) 0.34 0.54-1.49 

27.6-

38.6 

5-5.8 (5.4) 2.9-8.4 (5.6) 

0.37-

0.38 

5 35-70 (54) 7 14-27 (21) 0.28 1.25-3.6 40-46.3 

10.5-17.3 

(13.9) 

9.2-21.2 

(15.2) 

0.3-

0.31 
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Section 

Intact (Saturated) Rock Mass 

σci[MPa] mi Ei[GPa] ν C[MPa] ϕ[°] Erm[GPa] σcm[MPa] νrm 

6 5-13 (8) 6 2.5-8 (3.6) 0.32 0.35-0.64 

26.8-

35.1 

1.7-4.8 (3.3) 2.4-1.75 (2.1) 

0.35-

0.36 

7 37-69 (58) 7 

12-20.7 

(17.1) 

0.25 1.3-4 

31.5-

48.5 

8-13.6 (10.8) 11.1-22 (16.5) 

0.26-

0.27 

8 5-13 (8) 6 2.5-8 (3.6) 0.32 0.32-0.63 28.8-37 1.3-4.4 (2.9) 2-2.1 (2.05) 

0.35-

0.36 

9 8-22 (13) 7 4-11 (7.5) 0.29 0.4-0.83 

33.1-

41.8 

3.2-6.3 (4.8) 2.3-5.1 (3.7) 

0.32-

0.33 

Table 5: The geotechnical properties of the host rock along the Beheshtabad tunnel (7.6-16 km) (Zayandab, 368 

2010) 369 

Section 

Intact (Saturated) Rock Mass 

σci[MPa] mi Ei[GPa] ν C[MPa] ϕ[°] Erm[GPa] σcm[MPa] νrm 

1 9-49 (30) 7 1-5 (3) 0.27 1.3-1.6 

35.7-

37.4 

0.9-1.7 

(1.3) 

4.9-9.75 

(7.3) 

0.29-

0.3 

2 

22-81 

(59) 

10 

8-39 

(18) 

0.24 1.5-1.6 

43.6-

44.1 

9.8-10.2 

(10) 

10.8-17.4 

(14.1) 

0.25-

0.26 

3 9-49 (21) 7 1-5 (2) 0.27 0.94-1.1 

33.6-

35.4 

0.8-1.1 

(0.95) 

5-7 (6) 

0.29-

0.3 
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Section 

Intact (Saturated) Rock Mass 

σci[MPa] mi Ei[GPa] ν C[MPa] ϕ[°] Erm[GPa] σcm[MPa] νrm 

4 

42-88 

(46) 

17 

8-18 

(14) 

0.23 1.8-2 

47.8-

48.8 

 (7.7) 

9.4-15.4 

(12.4) 

0.25-

0.26 

5 

20-84 

(54) 

21 

8-18 

(15) 

0.25 2.3-2.5 

50.2-

51.1 

8.8-8.9 

(8.85) 

13.7-20.3 

(17) 

0.27-

0.28 

6 

20-52 

(37) 

6 1-9.5 (4) 0.28 1.2-1.3 

35.3-

36 

1.4-1.6 

(1.5) 

6-10.2 (8.1) 0.32 

7 

20-52 

(33) 

6 1-7.8 (3) 0.28 1.2-1.4 

31.6-

33.2 

0.6-1.2 

(0.9) 

4.4-9.3 (6.8) 

0.31-

0.32 

2.4. Squeezing prediction 370 

In this section, the observed intensity of squeezing along the Golab tunnel during excavation was related 371 

to ER values. A relationship was defined between ER and the measured normalized strains (based on in-situ 372 

data collected by extensometers). Finally, a new strain-based classification system was developed. Through-373 

out this text, N, L, M, S, and VS depict non-squeezing, light, moderate, severe, and very severe squeezing.         374 

2.4.1. Combining numerical modeling and semi-empirical approach 375 

Incorporating simple numerical modeling into a semi-empirical approach was previously considered an 376 

option to predict tunnel squeezing (Khanlari et al., 2012). The possibility of instability and support problems 377 

can be higher when tangential strain at the tunnel periphery passes the critical threshold (Aydan et al., 1993). 378 

The Aydan method (equation 1) can be linked to numerical modeling to calculate rock deformations around 379 

a tunnel. The squeezing index can be calculated as the ratio of calculated to critical strain: 380 

SI=
ua

a⁄

εcr
                                                 (1)                                                      381 
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For SI<1, tunnel squeezing is impossible; for 1<SI<2, L; for 2<SI<3, M; for 3<SI <5, S; and SI >5, VS 382 

(Aydan et al., 1996). The critical strain can be calculated by experiment-based relations, such as Equation 383 

2 (Singh et al., 1997) and Equation 3 (Barton, 2002): 384 

      εcr=31.1
σci

1.6

Eiγ
0.6Q0.2                                (2) 385 

     εcr=5.84
σci

0.88

Q0.12Ei
0.63                                 (3) 386 

Numerical modeling was used to evaluate the normalized radial closure, ua/a; the finite difference pro-387 

gram FLAC2D (ITASCA, 2002) was used to calculate strain values. Input parameters were residual stress, 388 

dilation angle, and residual strength properties of the rock masses. Because the overburden of tunnels was 389 

high, the dilation angle can be considered zero (Mair et al., 2002). 390 

With an assumption of the ideal elastic-plastic rock behavior, the residual strength parameters were set 391 

similarly to the peak values. Therefore, the rock mass characteristics, including the deformation modulus, 392 

poison ratio, cohesion, and internal friction angle (i.e., the outputs of RocLab), were incorporated in FLAC2D. 393 

For the stress state, vertical in-situ stress (γz) was applied. The horizontal stresses were calculated based on 394 

multiplying K values (the ratio of horizontal to vertical stress, i.e., equations 4 and 5) by γz. Maximum and 395 

minimum stress coefficients were determined by the following equations (Khanlari et al., 2012):   396 

KH=0.98+
250

z
                         (4) 397 

Kh=0.65+
150

z
                         (5) 398 

In the numerical models, the horizontal fixed boundary condition was considered at the left and right 399 

sides of the domain, and the XY-fixed boundary was imposed on the bottom model boundary. Several mod-400 

els were simulated to evaluate the optimum distance from the excavation boundary to avoid boundary effects. 401 

This distance was calculated as ten times the tunnel diameter. 402 

Each model side was considered 100 m based on several runs of numerical modeling. In each direction, 403 

100 grids were set; a finer mesh size was used close to the tunnel periphery. After reaching the initial equi-404 

librium (i.e., in-situ stress condition), the excavation was simulated. Then, the support system was installed. 405 
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The support system was installed at a distance from the excavation face (by permitting a certain amount of 406 

deformation before installing the support) (Rocscience, 2004).   407 

The evaluated closure values were implemented in the semi-empirical equation (Aydan et al., 1996), 408 

and the squeezing was predicted based on the calculated SI values. This method (the Aydan-FDM) combined 409 

simplified numerical modeling and semi-empirical methods (Figure 7). We compared the results of this 410 

method to real squeezing cases along the Golab tunnel to determine its accuracy compared to the production-411 

phase data.     412 

 413 

Figure 7: The flow chart of the Aydan-FDM for predicting squeezing. 414 

2.4.2. Electrical resistivity and observations 415 

A comprehensive data set was available for time-dependent deformations, support failures, financial 416 

costs, and rock mass conditions for the excavated Golab tunnel. The rock and stability conditions of the 417 

Golab tunnel were compared with the frequently-used qualitative classification of tunnel squeezing (Aydan 418 

et al., 1993; Palmstrom, 1996; Hoek & Marinos, 2000), and the squeezing intensity was defined along the 419 

tunnel length. The main drawback of predicting squeezing with this approach was the qualitative presentation 420 
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of the squeezing. Previous semi-empirical equations were also developed based on site-specific data and 421 

some, not all, geotechnical properties. 422 

The normalized tunnel strain (𝜀) can be considered the only quantitative parameter to classify squeezing. 423 

However, using this parameter can be problematic: (1) calculating 𝜀 based on empirical equations or numer-424 

ical models, e.g., (ua/a) in the Aydan-FDM introduced in section 2.4.1, can cause an error. (2) for accurate 425 

measurement of 𝜀, we required the recorded deformations during or after the excavation. However, the ob-426 

jective of this research work (similar to many other projects) was to predict squeezing in the design phase.  427 

Correlating 𝜀 and another parameter with two intrinsic properties was the aim of this work. Such a 428 

parameter should be related to tunnel squeezing and can be measured before excavating the tunnel. ER was 429 

chosen as the parameter satisfying these two requirements, which can indirectly predict time-dependent be-430 

havior, based on what was mentioned in the Introduction section.    431 

Calibrated ER values were related to the qualitative squeezing classification along the Golab tunnel. 432 

Then, an ER range was considered for each squeezing intensity class. Since the in-situ closure data of the 433 

Golab tunnel was recorded during the excavation by a convergence tape (Moosavi & Khazaei, 2003), accu-434 

rate values of 𝜀 were measured at 60 sections. In each part, five pins were installed to measure the displace-435 

ments with an accuracy of 0.01 mm (Zayandab, 2006). Therefore, we related ER to the in-situ values of 𝜀. 436 

The 𝜀-ER chart was prepared based on the recorded in-situ data. Finally, the effects of various parameters 437 

on squeezing intensity were evaluated using the newly developed approach. The squeezing prediction based 438 

on the ER is summarized in Figure 8. 439 
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 440 

Figure 8: The flow chart for predicting squeezing based on geoelectrical data and the in-situ strains  441 

The steps in Figure 8, except the last one (the strain-based classification), are related to the data of the 442 

Golab Tunnel used for calibration. Then, the normalized strain-squeezing intensity was used to predict the 443 

squeezing of the Beheshtabad Tunnel. The quantitative approach was used to predict squeezing for various 444 

conditions of the rock type, depth, saturation, and joint properties.   445 

3. Results 446 

The in-situ stress state of the study sites was evaluated by equations 4 and 5 (Tables 6 and 7). The 447 

strength parameters of some rock masses were lower (Tables 2–4) compared to the Golab tunnel; therefore, 448 

the squeezing problem can be more plausible along the Beheshtabad tunnel. 449 

We considered the average values of equations 2 and 3 as the critical strain in each section (Table 8). 450 

Each value was evaluated as a range because we defined a range of intact rock properties based on laboratory 451 

experiments. The values of 
ua

a
 (calculated by FLAC2D) were divided by the average value of εcr (Table 8). 452 

Figure 9 shows displacement contours for Section 8 of the Golab tunnel in a 20 m×20 m plot window. The 453 

values in Table 8 were incorporated into Aydan et al. (1996) semi-empirical equation to predict the squeez-454 

ing intensity (the Aydan-FDM). 455 
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Table 6: The stress components along the sections of the Golab tunnel 456 

Table 7: The stress components of the sections along the Beheshtabad study site 457 

Sectio

n 

Chainage 

(m) 

𝜌 

[kg/m3] 

Z [m] 

σv 

[MPa] 

K Values σ [MPa] 

Kh KH KHh σh  σH 

1 0-1210 2700 450 11.92 0.98 1.54 1.26 18.3 11.72 

2 1210-1550 2750 290 7.68 1.17 1.84 1.51 14.15 8.97 

3 1550-2730 2640 270 6.99 1.21 1.91 1.56 13.33 8.43 

4 

2730- 

3050 

2740 240 6.45 1.28 2.02 1.65 13.04 8.23 

5 3050-6570 2750 200 5.40 1.4 2.23 1.82 12.03 7.55 

6 6570-6800 2750 160 4.32 1.59 2.54 2.06 10.97 6.85 

7 6800-8100 2760 145 3.93 1.68 2.7 2.19 10.62 6.61 

8 8100-8570 2730 130 3.48 1.8 2.9 2.35 10.11 6.28 

9 8570-8800 2750 120 3.24 1.9 3.06 2.49 9.92 6.15 

Section Chainage (m) 

𝜌 

[kg/m3] 

Z [m] 

σv 

[MPa] 

K Values σ [MPa] 

Kh KH KHh σh  σH 

1 7600-8120 2500 360 8.83 1.07 1.67 1.37 9.42 14.78 

2 8120-9630 2680 305 8.02 1.14 1.80 1.47 9.16 14.43 

3 9630-10790 2680 300 7.89 1.15 1.81 1.48 9.07 14.30 

4 10790-11100 2600 320 8.16 1.12 1.76 1.44 9.13 14.38 

5 11100-12110 2700 370 9.80 1.06 1.66 1.36 10.34 16.23 
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 458 

Figure 9: Displacement contours of Section 8 of the Golab tunnel by the numerical modeling, FLAC2D (40 459 

< x < 60 m; 40 < y < 60 m). The unit of the Y-displacement contours is a meter (ITASCA, 2002).   460 

Table 8 lists the in-situ measured strains. A 𝜀 range was also presented because several measurements 461 

were recorded along each section of the Golab tunnel. The difference between in-situ 𝜀 and 
ua

a
 can illustrate 462 

the accuracy of the numerical modeling, i.e., the Aydan-FDM.     463 

Table 8: The critical strain, calculated, and measured 𝜀 along the Golab tunnel 464 

Section 

Critical strain (%) 

ua/a [%] 𝜀 [%] Calculated by 

equation 2 

Calculated by 

equation 3 

Average value  

6 12110-15360 2610 330 8.45 1.10 1.74 1.42 9.33 14.68 

7 15360-16000 2650 430 11.39 1 1.56 1.28 11.38 17.78 
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1 0.5-0.67 0.37-0.44 0.47 0.22 0.85-2.3 

2 0.32-0.4 0.3-0.35 0.33 0.4 1.1-2.35 

3 0.15-0.19 0.2-0.24 0.19 1.16 2.8-7.8 

4 0.13-0.2 0.19-0.25 0.18 1.65 1.17-3.85 

5 0.25-0.32 0.25-0.29 0.27 0.23 1.07-3.45 

6 0.14-0.15 0.21-0.22 0.18 7.47 2.35-2.8 

7 0.38-0.44 0.32-0.35 0.37 0.11 1.6-6.5 

8 0.13-0.15 0.21-0.23 0.18 8.19 3-6.6 

9 0.13-0.14 0.2-0.21 0.17 1.86 1.5-1.53 

The qualitative classification based on previous studies (Aydan et al., 1993; Palmstrom, 1996; Hoek & 465 

Marinos, 2000) is shown in Table 9. This classification was used to determine the squeezing intensity along 466 

the Golab tunnel, and the range of ER values of the tunnel was recorded for each intensity class.  467 

Table 9: The qualitative classification of squeezing for soft sedimentary rocks at the Golab study site 468 

Squeezing 

(Observed) 

Rock characteristics (Aydan et al., 1993; Palmström, 1996; Hoek & 

Marinos, 2000) 

ER 

[Ohm.m] 

Rock behavior Stability condition  

No 

squeezing 

Elastic  Stable tunnel as face effects is terminated 170-270 

Light Strain-hardening  

Stable tunnel and converged displacement as face effects are 

stopped 

120-180 
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Moderate Strain-hardening 

Large displacement: converged displacement after face 

influence 

80-130 

Severe 

High strain-

hardening 

Extreme displacement: not converge when face effects stop 60-90 

Very severe 

Rock flow and 

collapses 

Extreme displacement: re-excavation & heavy support are 

required.  

<60 

Table 10 shows calibrated electrical values for each section and the variation of squeezing conditions 469 

along the Golab tunnel. The squeezing intensity based on the ER and Aydan-modified approaches is also 470 

presented. At the GSI range of 60-70, the ER of saturated siltstone (the green bar) and conglomerate (the red 471 

bar) was decreased from 150 to 60 and 220 to 190 Ohm.m, respectively (Figure 10a). 472 

The decrease of ER due to the water saturation, under constant GSI (Figure 10a), was higher for the 473 

rocks with higher amounts of clay, e.g., 60 % and 41 % for siltstone and shale, while 13.6 % and 20 % for 474 

the conglomerate and limy shale. At approximately constant depth, the effects of rock mass condition (or 475 

GSI) on the ER of the saturated tocks (Figure 10b) were also noticeable. The resistivity decreases from 23.5 476 

(for conglomerate) to 62.5 % (for limy shale).               477 

 478 

Figure 10: Results based on sensitivity electrical analysis of calibrated geoelectrical data for the Golab tunnel: 479 

(a) Effects of water saturation on the electrical resistivity of the rocks under constant GSI (fracture condition) 480 
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and depth difference of < 30 m. (b) Effects of GSI alterations on the electrical resistivity of the saturated rocks 481 

under relatively constant depth (z). 482 

Figure 11 shows the occurrence of stability issues along some sections of the Golab tunnel. The squeez-483 

ing problems based on the ER and Aydan-modified are presented in Table 11. The observed squeezing cases 484 

and ER variations are shown (Figure 12) from 0 to 3.25 km along the Golab tunnel. 485 

Table 10: Squeezing intensity along the Golab tunnel based on electrical resistivity, Aydan-FDM, and the 486 

field observations: N, L, M, S, and VS depict non-squeezing, light, moderate, severe, and very severe 487 

squeezing, respectively.  488 

Section 

Aydan-FDM Field 

observations 

(Table 8) 

ER 

[Ohm.m] SI 

Squeezing 

class 

1 0.5 N N-L 130-260 

2 1.2 L N-M 120-220 

3 6.1 VS M-VS 50-110 

4 9.2 VS L-M 90-170 

5 0.9 N N-M 90-190 

6 41.5 VS N-M 110-160 

7 0.3 N L-M 90-160 

8 45.5 VS M-S 60-120 

9 10.9 VS L 120-160 
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Table 11: The total length of each squeezing class and prediction errors of the ER-based and Aydan-FDM 489 

approaches for the Golab tunnel 490 

Squeezing class 

Chainage (for intensity classes) (km) Prediction errors (%) 

Aydan-FDM ER Aydan-FDM ER 

No 6.03 1.1 445 0.1 

Light 0.34 1.1 93.6 2.83 

Moderate 0 5.45 100 5.7 

Severe 0 1.84 100 2.43 

Very severe 2.43 0.75 548 1.4 

Based on the field observations, the length of N, L, M, S, and VS squeezing conditions was 1.105, 5.305, 491 

1.745, 0.74, and 0.375 km, respectively. The squeezing calculated based on the Aydan-FDM was evaluated 492 

for each squeezing class. The total length of sections predicted with N, L, M, S, and VS conditions was 6.03, 493 

0.34, 0, 0, and 2.43 km, respectively. Therefore, the Aydan-FDM predicted the squeezing with an average 494 

error larger than 100 %.   495 

The prediction accuracy of the Aydan-FDM may vary for other formations as it was developed based 496 

on the accuracy of geotechnical parameters at the study site. For the ER-based approach, some sections were 497 

divided into several squeezing classes. e.g., for Section 2 of the Golab tunnel, chainages 1210-1319, 1319-498 

1495, and 1495-1550 m were detected as no, light, and moderate squeezing classes, respectively. According 499 

to the foreseen lengths for intensity, the accuracy of geoelectrical prospecting along the Golab tunnel was at 500 

least 94 %. Therefore, the qualitative classification based on geoelectrical mapping was more accurate than 501 

the Aydan-FDM, and squeezing can be evaluated accurately in a section, not in a location. Hence, we devel-502 

oped the relationship between the in-situ measured strains and ER and prepared the new classification system 503 

based on 𝜀. This methodology provided a quantitative relationship for predicting squeezing (Equation 6).   504 

 505 
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 506 

Figure 11: The stability problems related to squeezing observed along the Golab study site: (a) Section 1 (322 507 

m from the inlet): light deformations, (b) Section 2 (1550 m): severe deformations and rock flow, (c) Section 508 

3 (2961 m): moderate deformations and collapse of the crown, (d) Section 4 (2987 m): light deformations. 509 

Figure 13a presents a chart based on the relationship of the in-situ measured strains (Table 8) and ER, 510 

and a new strain-based classification system was introduced for predicting 𝜀 (and consequently squeezing) 511 

based on ER (equation 6). In the next stage, for each squeezing class, the ER-𝜀 relationship was used to 512 

calculate the strain range based on ER (Table 12 and Figure 13b). The step-wise shape of Figure 13b was 513 

unrelated to the correlation between data, and it depicts the range of predicted normalized strain for each 514 

squeezing class in the collected data of this study.     515 
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 516 

Figure 12: The squeezing predicted based on (a) ER and (b) the Aydan-FDM (0-3250 m of the Golab tunnel) 517 

This new approach (equation 6) provided quantitative results for predicting squeezing based on the 518 

strains calculated by ER values. The accuracy of the new classification system was 89.14 %, considering the 519 

R-square value of the ER-𝜀 chart and the prediction error of the resistivity approach, 94 %.    520 

ε[%]= 3538 ER-1.523  30 < ER [Ohm.m] < 270        (6) 521 

Table 12: The new classification system of the squeezing intensity by the measured strains along the Golab 522 

tunnel (Equation 6) 523 
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Squeezing 

intensity 

No 

squeezing 

Light Moderate Severe Very severe 

Normalized strain 

(%) 

ε≤1.1 1.1<ε≤2.3 2.3<ε≤4.8 4.8< 𝜀 ≤ 7.35 ε>7.35 

 524 

Figure 13. (a) The relationship between the ε (measured in 60 locations by the convergence tape) and ER 525 

(based on Table 8). (b) The strain ranges for each squeezing class. The data are related to the Golab tunnel 526 

after excavation. N, L, M, S, and VS depict No, Light, Moderate, Severe, and Very Severe squeezing 527 

conditions.  528 

The squeezing potential along different sections of the Beheshtabad tunnel was predicted (Table 9)- 529 

presented in Figure 14a. The squeezing potential can vary even along a geotechnical section. For instance, 530 

the squeezing changed from M to VS class along Section 2. A similar trend was observed during the exca-531 

vation of the Golab tunnel. Variations of squeezing intensity can be related to the heterogeneity of different 532 

geotechnical and geological properties. 533 

Each line in Figure 14a shows the range of ER along a section of the Beheshtabad tunnel and presents 534 

the predicted squeezing intensity based on the geoelectrical qualitative approach. For example, the squeezing 535 

was defined as S from 7600 to 8400 m based on two ranges of ER (60-90 and 75-90 Ohm.m).  536 
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For the comparison analysis, the predictive values of the Aydan-FDM are also presented in Figure 14b. 537 

The predicted length of M, S, and VS squeezing classes based on ER approach along the Beheshtabad tunnel 538 

was 3425, 2355, and 2620 m, respectively. No zone was predicted as S or L squeezing conditions.  539 

The squeezing intensity along the Beheshtabad study site was also evaluated by Equation 6 (Figure 540 

14c). Variations in Figure 14 a, c was related to the fact that a range of ER or strain was recorded for each 541 

squeezing condition along tunnel sections. For example, for the first section (7800-8400 m), ER and 𝜀 ranged 542 

from 60 to 90 Ohm.m and 3 % to 7 %, respectively. However, the squeezing condition was predicted as 543 

severe for the whole range.  544 

The step-wise format was related to variations of squeezing intensity along sections of the tunnel and 545 

unrelated to the accuracy of the methodology. For example (according to Figure 14), in chainage 9200-546 

10000 m, ER and ε varied between 45 to 85 Ohm.m and 2.7 to 10.5 %, respectively. The squeezing intensity 547 

showed a dramatic rise from M to VS conditions, with some variations of S and VS conditions between 9500 548 

to 10000 m. 549 
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 550 

Figure 14: The squeezing intensity along the Beheshtabad site predicted by (a) the qualitative classification 551 

based on the variation of the ER, (b) the Aydan-FDM, and (c) the quantitative strained-based classification 552 
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(Equation 6). The saturated rocks at the tunnel depth (axis) were considered. Squeezing classes are defined 553 

based on the range of calculated strains (e.g., for 7600 to 8000 m, the intensity increases from M to S along 554 

this section). 555 

The relation of ER with rock mass indices and rock mass properties along the Golab tunnel is represented 556 

in Figure 15. We evaluated the effects of these parameters on ER using the newly-developed quantitative 557 

strained-based system (Figure 16). The higher the Q and GSI values were, the bigger the ER value was. 558 

Therefore, a direct relationship was confirmed between ER and rock mass condition (as predicted).  559 

 560 

Figure 15. The geoelectrical resistivity versus the rock mass indices and strength parameters for the Golab 561 

tunnel for the saturated rocks at the tunnel depth (axis): values were measured after excavation.  562 

In Figure 16, the effects of water saturation and GSI is shown. The depth was kept almost constant 563 

(depth difference < 30 m) while other parameters were compared (without depth effects). Then, the ER values 564 

recorded in these conditions were used to predict the normalized strain.    565 
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The strains increased by about 151 and 187 % for mudstone and marlstone, respectively (for a con-566 

stant GSI value and a depth difference of less than 30 m). The increase was 109 and 114 % for the conglom-567 

erate and limestone. Therefore, the squeezing intensity changed: from L to M for conglomerate and lime-568 

stone, from M to S for mudstone, and from M to VS for marlstone (see Table 12 and Figure 16a).    569 

At an approximate constant depth, the effects of GSI on ER-based strains of the saturated rocks were 570 

also noticeable. The measured ε of mudstone, marlstone, conglomerate, and limestone were increased by 571 

about 160, 187, 107, and 167 %, respectively. i.e., the squeezing intensity altered from severe to VS, M to 572 

VS, M to S, and M to VS. The maximum strain of saturated marlstone decreased from 10.7 to 6.9 % for a 573 

depth increase of 300 to 360 m, while the maximum ε of saturated mudstone remained constant at 12.8 % 574 

for depths 330 and 380 m.  575 

 576 

Figure 16. The strain values predicted for the Beheshtabad tunnel by Equation 6: (a) the effects of water 577 

saturation on the strain of the rocks under constant GSI and depth difference < 30 m. (b) The influences of 578 

GSI on the strain of the saturated rocks. For (b), the depth (z) is constant (mentioned below the rock mass 579 

type).     580 

4. Discussion  581 

The ER-based approach can be a valid hypothesis to predict squeezing at the design phase. Meanwhile, 582 

technical measures at the production phase (e.g., installing heavy supports) should be evaluated based on 583 
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complementary data achieved during the excavation, e.g., coupled three-dimensional numerical models (us-584 

ing more accurate geotechnical data, e.g., in-situ measurements). We indirectly calculated the time-depend-585 

ent rock mass deformations similar to the conventional approaches of predicting squeezing. The difference 586 

was related to using ER instead of classification systems or empirical equations. This assumption can result 587 

in more accurate outcomes for the design phase.  588 

The advantages of predicting squeezing based on ER can be (1) geophysical methods are fast, non-589 

destructive, and environmentally friendly. (2) Geophysical set-ups, e.g., the number of electrodes, are adapt-590 

able to cover the whole study area. Therefore, the final results are based on large-scale data compared to the 591 

limited geotechnical data gathered from boreholes/galleries. (3) The parameters affecting squeezing, e.g., 592 

the hydraulic and geologic characteristics, can influence ER likewise. Including more influential parameters 593 

(e.g., joint condition, degree of weathering) can increase the accuracy. (4) Geotechnical sections can be 594 

divided into more sub-sections with different squeezing classes, and the accuracy can be higher. The number 595 

of subsections for the Aydan-FDM and ER-based methods (Figure 14a and Figure 14b) was 14 and 6, 596 

respectively. (5) Geophysical studies (particularly in large projects) are common and without imposing extra 597 

financial costs to the design phase, like performing in-situ tests.        598 

All available geotechnical approaches present a universal classification system for all types of squeezing 599 

(Aydan et al., 1993; Palmström, 1996; Hoek & Marinos, 2000), including those related to the topographic 600 

or tectonic mechanisms. This classifying approach may result in erroneous results. However, the developed 601 

strain-based equation can provide more accurate data for squeezing in soft rocks (using the calibrated ER 602 

values).  603 

Many squeezing cases are tectonic-based and can occur at a low depth (Shrestha & Broch, 2008). The 604 

predicted squeezing intensity (based on measured strains) was detected unrelated to depth. Some previous 605 

works categorized the squeezing only on the overburden (Singh et al., 1992; Goel et al., 1995). The probable 606 

reason for this unclear relationship can be the complicated stress state of the study site and factors (such as 607 

the stress ratio, tectonic conditions, and fault activations). Tectonic conditions are partially understood and 608 

may alter based on findings during the production phase (Guan et al., 2012). Therefore, it can be impossible 609 
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to transit these in-field characteristics into a quantified scale, and most previous studies did not consider a 610 

tectonic parameter to predict squeezing (Sun et al., 2018). However, detecting fracture zones and faults is 611 

one of the main applications of geophysical studies, and tectonic-based squeezing can be predicted at the 612 

design phase based on ER variations. Dramatic decrease of ER due to activation of faults showed that the 613 

ER-based system predicted tectonic-based squeezing; this ability was visible for the Golab tunnel, e.g., for 614 

0-500 m and 7500-8100 m sections.    615 

A crucial question must be answered: why a significant difference was recorded between the Aydan-616 

FDM and geoelectrical predictive approaches? Several explanations can be presented: (1) The efficiency of 617 

the implemented geotechnical data employed in the numerical tool was effective. Determining the rock mass 618 

properties based on specific core samples gathered from a few boreholes can cause erroneous results. This 619 

uncertainty was crucial in deep tunnels where borehole drilling was a challenging (and costly) task and could 620 

not cover large parts of the study area. For example, all geotechnical data of the 7.6-16 km chainage of the 621 

Beheshtabad tunnel were evaluated only by four deep boreholes. Therefore, the accuracy of geotechnical 622 

input data can impact the numerical model. The considerable difference between calculated 
𝑢𝑎

𝑎
 and meas-623 

ured 𝜀 proved the inaccuracy of the numerical results. However, detailed geotechnical studies (e.g., drilling 624 

more boreholes or conducting in-situ tests) may provide more accurate geotechnical data and less erroneous 625 

squeezing predictions by numerical tools. 626 

(2) The impacts of the geotechnical data on the semi-empirical equations were vital. Improper input 627 

parameters can result in poor predictions of the Aydan-FDM (i.e., the 𝜀cr equations were also based on the 628 

geotechnical parameters of intact rocks, i.e., limited laboratory experiments). (3) The intentionally simple 629 

numerical scheme was used to calculate deformations by FLAC2D because of the limited geotechnical data 630 

in the design phase. Some factors (e.g., thermal data or chemical parameters) are rarely measured in the 631 

design stage. A fully-coupled numerical model can improve the results; however, running a coupled model 632 

specific to the study site is time-consuming. Several three-dimensional models should be built for long tun-633 

nels due to the parameter variations. Therefore, in the design phase of many projects, using numerical 634 

schemes is limited to simple models. (4) The Aydan equation was developed based on geotechnical data 635 
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from tunneling projects in Japan; different site-specific conditions may result in different outputs of this 636 

approach.    637 

Despite being more accurate, the main drawback of the ER approach was presenting squeezing based 638 

on a qualitative explanation (Table 9) instead of quantitative data. Table 9 shows some squeezing classes 639 

with shared values of ER, e.g., 80 Ohm.m was introduced as a moderate or severe squeezing class. The 640 

electrical approach developed in this research cannot also predict the squeezing intensity of hard rocks in 641 

deep tunnels. A reason for this incapability was the chosen electrical range (30-270 Ohm.m) in this study; 642 

this range was suitable for soft sedimentary rocks. Another limitation was using an almost similar support 643 

system for the studied tunnels. Using a heavier support system can affect the squeezing intensity signifi-644 

cantly.  645 

Considering the effects of different parameters on the squeezing, alterations of the intensity by mechan-646 

ical stress (σcm) were almost invisible (despite increasing). Overburden did not impact squeezing (alterations 647 

did not follow a unique trend under variations of depth at a constant GSI). The reason can be other factors 648 

(such as the stress ratio (K), tectonic parameters, and fracture properties).  649 

The squeezing conditions along the Beheshtabad tunnel showed that most parts of the tunnel are prone 650 

to severe squeezing, and employing mechanized excavation can be problematic in these zones. Different 651 

geological formations in the tunnels, including shale, conglomerate, limestone, siltstone, marlstone, mud-652 

stone, and sandstone, were studied for squeezing problems. For both tunnels, high-intensity squeezing was 653 

mainly recorded for formations with a high amount of clay, e.g., siltstone and shale at the Golab tunnel. A 654 

high decrease of strains (based on ER) due to water saturation was visible for the rock masses with high 655 

content of clay, i.e., mudstone and marlstone, in the Beheshtabad tunnel.                                        656 

In the case of complementary studies of predicting squeezing: (1) A more comprehensive database of 657 

measured strains (especially from other tunnels excavated in soft sedimentary rocks) can increase the R-658 

square value of the ER-𝜀 chart and the accuracy of the predictive approach. (2) Other exploration approaches 659 

(such as integrated seismic detection) can be combined with geoelectrical data to evaluate tunnel squeezing.  660 
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Due to active tectonic structures and high overburden, the stress condition of the Sanandaj-Sirjan zone 661 

in Iran is crucial. Regarding the enormous executed/planned tunneling projects in the Central Plateau of Iran, 662 

e.g., the Rokh valley water-supply tunnel and Kohrang tunnels, geoelectrical data can predict the squeezing 663 

for these projects at the design phase. In the case of deep tunnels excavated in soft rocks, the developed 664 

approach predicted the squeezing more efficiently comparing classical methods, although complementary 665 

investigations are required. 666 

5. Conclusions  667 

Predicting squeezing at the design stage is a challenging task. Accurate predictive methods can prevent 668 

technical difficulties, financial losses, and human injuries during or after the production stage. This study 669 

presents the ER-based approach to predict squeezing potential along a tunnel. The following conclusions can 670 

be highlighted:  671 

• The Aydan-FDM cannot accurately predict rock deformation in soft sedimentary rocks of the Sanandaj-672 

Sirjan zone, maybe due to improper geotechnical parameters or specific conditions of the study sites. The 673 

extreme underestimation of squeezing is visible in all sections of the Golab and Beheshtabad tunnels.  674 

• The efficiency of electrical resistivity to predict the squeezing potential is noticeable for soft sedimentary 675 

rocks.  676 

•  Having a high accuracy in predicting squeezing, the ability to cover a large study area, and being envi-677 

ronmentally friendly are all advantages of the ER-based method over conventional approaches. 678 

• ER is related to the properties of intact rock, fractures, and rock mass. We predict squeezing considering 679 

the effects of water saturation, rock type, and joint condition (based on the geoelectrical approach).  680 

• We relate ER to in-situ measured strains (a post-excavation parameter). Then, we develop a quantitative 681 

strain-based squeezing classification system for tunnels excavated in soft sedimentary rocks.  682 

• The accurate prediction of tectonic-based squeezing is another advantage of the newly-developed method.    683 
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• Effects of the rock type, water saturation, and GSI on squeezing intensity are noticeable. 684 
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