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Abstract 
Squeezing refers to large, time-dependent deformations that happen 
around the tunnel perimeter. This phenomenon commonly occurs in tunnel 
excavations with poor rock mass class and very great depth. In many cases, 
squeezing exerts considerable pressure, which can damage the installed 
tunnel support system. In this study, numerical modeling was carried out on 
10 tunnels in both squeezing and non-squeezing conditions based on data 
from the literature, using actual support pressure values to obtain modeled 
convergence values that match the observed ones. The results showed a 
difference between the numerical and actual convergence values that were 
due to additional pressure from squeezing. This squeezing pressure was 
then modeled by increasing the horizontal and vertical stresses until the 
numerical convergence matched the actual convergence. The effectiveness 
of this approach was confirmed by plastic zone validation in a selected case 
using the 2D FEM method. The final model successfully reflected real tunnel 
behavior, particularly in squeezing-prone zones. These results emphasize the 
importance of accurately modeling squeezing pressure to determine realistic 
deformation levels and develop appropriate support design.

1.	 Introduction
Excavating tunnels through poor-quality rock masses and at considerable depths often leads 
to challenges, one of the most common being squeezing, a time-dependent deformation 
that develops around the tunnel perimeter. This type of deformation generates substantial 
pressure on the tunnel structure, which can potentially damage the support systems that 
have been installed Barla (2001).  Jethwa (1981), Goel et al. (1995), and Sakurai (1997) 
stated that when the deformation of an unsupported underground opening exceeds 1% of its 
span, the ground can be classified as squeezing. This situation is likely to cause construction 
difficulties. However, Singh et al. (2007) argued that the critical circumferential strain value 
beyond which problems may arise is not necessarily fixed at 1%, as it depends on the 
characteristics of the rock mass. If the installed support systems are insufficient, tunnel 
deformation in squeezing ground conditions may persist over an extended period (Jethwa, 
1981).

Recent research has been seeking to improve the prediction and control of squeezing. 
Akbariforouz et al. (2022) demonstrated that geo-electrical resistivity data can provide 
a more accurate basis for predicting squeezing intensity by correlating resistivity with 
in-situ strain. In parallel, (Xie et al., 2025) highlighted that squeezing is inherently time-
dependent and proposed active control measures to mitigate its progressive deformation. 
Field investigations in layered soft rock tunnels also showed that the performance of support 
systems such as cartridge rock bolts, steel floral pipes, lattice girders, and I-beams plays 
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a crucial role in controlling deformation under squeezing conditions (Chen et al., 2023) 
Complementing these findings, Claresta et al. (2022) proposed that maintaining an adequate 
ratio between support pressure and in-situ stress (pi/po) is key, recommending values of 
0.4 for extreme squeezing and progressively lower ratios for less severe cases.

Squeezing may occur when the support pressure provided by the installed support system 
is lower than the estimated required support pressure. Conversely, squeezing is unlikely to 
happen if the applied support pressure is equal to or greater than the estimated requirement. 
Typically, squeezing is associated with strain values that exceed the critical strain threshold 
of the rock mass. This condition can arise due to additional stresses induced by the squeezing 
itself that result in strain levels that surpass the rock mass’s critical limit. One such squeezing 
incident occurred in the headrace tunnel of the Chameliya Hydroelectric Project (CHEP) 
(Figure 1), where tunnels excavated through phyllite and limestone under high overburden 
stress experienced extreme squeezing deformation (Basnet, 2013; Shrestha, 2021).

Figure 1. Squeezing at Chameliya Hydroelectric Project Headrace Tunnel (CHEP) (Basnet, 
2013)

2.	 Data and methods
The data utilized in this study are derived from 10 tunnel case histories encompassing both 
squeezing and non-squeezing conditions. These datasets include parameters such as rock 
strength, actual strain obtained from convergence measurements, tunnel span dimensions, 
depth, and the applied support pressure values. The data is presented in Table 1.

Table 1. Tunnel data cases used in this study

No Name of Tunnel Location a
(m)

H
(m) (MPa) (%)

 
(MPa)

Squeezing 
category References

1 Kaletape Sec-
tion 2 Turkey 6.3 52 15.32 0.08 0.54 Non-squeezing Singh et al. (1992)

2 Kaletape Sec-
tion 3 Turkey 6.3 215 34.79 0.12 0.54 Non-squeezing Singh et al. (1992)

3 Maneri stage II India 3.5 415 7.25 2.19 0.29 Minor Baburao (2007)
4 Maneri stage II India 3.5 510 7.24 2.42 0.29 Minor Baburao (2007)

5 Golab Tunnel - 
Sec 4 Iran 2.3 240 2.9 3.85 0.48 Severe Akbariforouz et al. 

(2022)

6 Golab Tunnel - 
Sec 6 Iran 2.3 160 2.1 2.80 0.48 Severe Akbariforouz et al. 

(2022)
7 Giri-Bata tunnel India 2.3 200 2.96 6.20 0.17 Very severe Goel et al. (1995)
8 Giri-Bata tunnel India 2.3 400 4.02 7.61 0.17 Very severe Goel et al. (1995)

9 Chameliya Ch. 3 
+ 733 Nepal 2.7 238 2.2 10.96 0.66 Extremely 

severe Basnet (2013)

10 Chameliya Ch. 3 
+ 296 Nepal 2.7 252 2.2 12.50 0.64 Extremely 

severe Basnet (2013)
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Squeezing Prediction According to Hoek and Marinos (2000).

Hoek & Marinos (2000) conducted a comprehensive analysis that indicated that the 
ratio between rock mass strength (σcm) and in-situ stress (po) can be used to estimate 
tunnel deformation. They applied closed-form solution equations for circular tunnels 
under hydrostatic stress conditions to compute strain values and performed Monte Carlo 
simulations across a range of tunnel scenarios, considering variations in in-situ stress, 
tunnel diameter, depth, and rock mass strength in unsupported tunnel conditions (Figure 2).

Figure 2. Plot of tunnel convergence against the ratio of rock mass strength to in-situ 
stress (Hoek & Marinos, 2000)

Hoek & Marinos (2000) refined their analysis by modeling the internal support pressure (pᵢ) 
to account for the role of support systems in tunnels. They applied data-fitting techniques 
to generate a formula that can be used to evaluate both the development of the plastic zone 
and the deformation behavior of tunnels in squeezing ground conditions (Eq. 1). Using 
this formula, various levels of squeezing were classified as functions of tunnel strain, as 
illustrated in Figure 3.

(1)
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Figure 3. Relationship between strain at the tunnel wall (ε), rock mass strength ( ), 
and in-situ stress ( ) (Hoek & Marinos, 2000)

Squeezing Pressure

Jethwa (1981) explained that squeezing pressure is the force generated by the plastic 
deformation of rock around a tunnel, caused by an imbalance between in-situ stress and 
rock strength. This occurs when the surrounding rock weakens due to specific geological 
conditions, such as excessive stress in deeper layers and low rock mass strength. (Jethwa, 
1981) developed an empirical approach to evaluate and predict squeezing pressure based 
on the ratio of in-situ stress to rock strength, along with other geotechnical factors like rock 
deformation modulus and local geological properties. This method aids in determining the 
appropriate tunnel support design to manage or mitigate the effects of squeezing.

3.	 Results
A numerical analysis was performed on 10 tunnel cases to investigate a range of squeezing 
conditions, from non-squeezing to extreme squeezing. The urgency of this study lies in the 
need to understand and predict the behavior of rock masses surrounding tunnels under 
squeezing conditions, particularly in projects located in areas with high in-situ stress and 
plastic rock properties. The purpose of the numerical analysis on the tunnel models is to 
verify whether the numerical convergence results correspond to the actual field conditions. 
The analysis was carried out through the following steps:

Step 1. Model dimensions and rock properties. The tunnel construction simulation is 
carried out using the Finite Element Method (FEM) implemented in the RS2 software. The 
tunnel diameter and rock properties are adjusted according to the tunnel conditions to be 
analyzed (Table 2). The geometric shape of the tunnel and the mesh network used are shown 
in Figure 4, which is an example of the Giri-Bata tunnel at a depth of 400 m.
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Figure 4. FEM model with support pressure (pi) Giri-Bata tunnel at a depth of 400 m
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Table 2. Material properties used in the numerical modeling

No Tunnel  
(MPa)

mi
Ei
(MPa) v g

(t/m3) a

1 Kaletape 
Section 2 72.00 9 20007 0.1 2.68 40 0.516 3.3E-04 0.511

2 Kaletape 
Section 3 90.00 9 31942 0.1 2.69 52 0.915 1.6E-03 0.504

3 Maneri 
stage II 50.00 18 18013 0.1 2.50 34 0.620 1.1E-04 0.517

4 Maneri 
stage II 50.00 18 18013 0.1 2.50 34 0.630 1.1E-04 0.516

5 Golab Tun-
nel - Sec 4 18.70 6 9700 0.1 2.74 74 1.592 2.7E-02 0.500

6 Golab Tun-
nel - Sec 6 8.00 6 3600 0.1 2.75 68 1.172 1.1E-02 0.501

7 Giri-Bata 
tunnel 85.50 4 7211 0.1 2.30 15 0.052 7.4E-06 0.561

8 Giri-Bata 
tunnel 85.50 4 7211 0.1 2.30 15 0.052 7.4E-06 0.561

9 Chameliya 
Ch. 3 + 733 39.00 8 7211 0.1 2.80 15 0.327 5.7E-06 0.561

10 Chameliya 
Ch. 3 + 296 39.00 8 7211 0.1 2.80 15 0.327 5.7E-06 0.561

Step 2. Establish initial equilibrium. Stresses are initialized using gravity. The horizontal-
to-vertical stress ratio is 1. In this model, fixed-support boundary conditions are applied to 
ensure stability and restrict movement at specific points.

Step 3. Set up the Mesh. Set up a graded mesh with 3-node triangular elements.

Step 4. Install supports on the model to reinforce the structure. The supports are 
calibrated according to the maximum strength values of the actual supports, represented 
in the form of loads.

Step 5. Perform the numerical analysis. In the initial analysis, we evaluate whether 
the numerical convergence values correspond to the actual convergence values. Figure 5 
shows the initial numerical convergence values, which do not yet correspond to the actual 
convergence values.

Figure 5. FEM model result for the Giri-Bata tunnel at a depth of 400 m before the 
addition of squeezing pressure.
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Step 6. Evaluate the initial model. The initial model evaluation is performed by incrementally 
increasing the horizontal and vertical stress values up to a defined limit. This approach aims 
to simulate the squeezing pressure experienced by the tunnel, ensuring that the numerical 
convergence values accurately represent the actual convergence conditions. In the initial 
stage of the numerical simulation, squeezing pressure was applied based on estimated in-situ 
stress conditions. As shown in Figure 6, the resulting numerical convergence values had 
not yet aligned with the actual field measurements, indicating that the applied stress input 
did not fully capture the real tunnel behavior. To improve the model accuracy, the in-situ 
stress values were incrementally increased. The subsequent analysis, presented in Figure 
7, shows that the numerical convergence values closely matched the observed field data. 
This agreement validates the model’s ability to simulate the actual ground response and 
confirms that the adjusted stress conditions better represent the true in-situ environment.

Figure 6. FEM model result for the Giri-Bata tunnel at a depth of 400 m after the first 
squeezing pressure application.

Figure 7. FEM model result for the Giri-Bata tunnel at a depth of 400 m after the second 
squeezing pressure application.
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Step 7. Calculate the value of squeezing pressure. After the model evaluation was 
conducted until the numerical convergence matched the actual field measurements, the 
squeezing pressure could be determined. The value of the squeezing pressure can be 
calculated using Eq. (2) and (3):

                                                (2)

                                                (3)

In the numerical models presented in Figures 5, 6, and 7, the squeezing pressure was applied 
by incrementally increasing both vertical and horizontal in-situ stresses along the tunnel 
boundary. This method was adopted to simulate the additional load resulting from time-
dependent deformation of the surrounding rock mass under squeezing conditions. The 
convergence values of the model examples are presented in Table 3 below.

Table 3. Comparison of Numerical Model Outcomes: Without and With Squeezing 
Pressure

Model
(MPa) (MPa) (MPa) (MPa)

Convergence
(cm)

Without Squeezing Pressure 0.17 9.20 0.00 9.20 17.20
With Squeezing Pressure (1) 0.17 9.20 2.80 12 28.90
With Squeezing Pressure (2) 0.17 9.20 4.80 14.00 47.00

The recap of the numerical modeling simulation results is presented in Table 4, which shows 
the required squeezing pressure values needed to achieve convergence values that match 
the actual tunnel convergence.

Table 4. Modeling results using squeezing pressure and actual support pressure to obtain 
simulated convergence that matches actual convergence

No Tunnel H 
(m)

 
(MPa)

Squeezing
Pressure
(MPa)

Support 
Pressure 
(MPa)

Modeled 
Convergence
(cm)

Actual Con-
vergence
(cm)

1 Kaletape Section 2 225 1.39 6.61 0.54 1.00 1.00
2 Kaletape Section 3 138 5.78 11.22 0.54 1.80 1.50
3 Maneri stage II 415 10.38 13.12 0.29 15.40 15.30
4 Maneri stage II 510 10.00 26.00 0.29 16.70 16.70

5 Golab Tunnel - Sec 
4 240 6.58 40.42 0.48 17.80 17.80

6 Golab Tunnel - Sec 
6 160 4.40 9.70 0.48 12.80 12.80

7 Giri-Bata tunnel 200 4.60 5.20 0.17 28.50 28.50
8 Giri-Bata tunnel 400 9.20 4.80 0.17 47.00 47.00

9 Chameliya Ch. 3 + 
733 238 6.66 20.34 0.66 59.00 59.00

10 Chameliya Ch. 3 + 
296 252 7.00 21.50 0.64 67.50 67.50

4.	 Discussion
Ten tunnel cross-sections were selected as representative models to be analyzed in this 
study. To obtain numerical convergence results that reflect actual conditions caused by the 
squeezing phenomenon, squeezing pressure was simulated by increasing both the horizontal 
and vertical stresses in the model. It is important to note that squeezing pressure was not 
applied in the model with the original initial support design, and therefore the resulting 
structural response does not fully represent the actual behavior under squeezing conditions 
observed in the field.
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The application of squeezing pressure in the numerical model is based on the results of 
preliminary simulations which showed that, without the inclusion of squeezing effects, 
the calculated numerical convergence did not match the field measurements. According 
to (Jethwa, 1981), squeezing pressure refers to the pressure generated by the plastic 
deformation of the rock mass surrounding a tunnel, which occurs due to an imbalance 
between the in-situ stress and the rock strength. This pressure acts on the installed support 
system and can significantly affect its performance. Therefore, in order to better replicate 
the actual tunnel behavior under squeezing conditions, additional squeezing pressure was 
introduced in the model by increasing the horizontal and vertical stresses acting on the 
tunnel boundary.

Table 4 above demonstrates that the method of incorporating squeezing pressure is 
sufficiently effective in simulating the squeezing phenomenon observed in deep tunnels. 
As shown in Figure 7 above, the tunnel convergence obtained from the numerical simulation 
closely matches the actual measured convergence, indicating that this modeling approach 
is valid and appropriate for the present study.

The numerical simulation results for the Chameliya Tunnel at Ch. 3+733, which is classified 
as being under extreme squeezing conditions, indicate that the original support design was 
unable to withstand the ground pressure surrounding the tunnel. As a result, excessive 
deformation occurred, with tunnel convergence reaching 67.5 cm or approximately 10.96% 
strain. This finding highlights the need for more effective alternative support systems to 
control deformation and ensure tunnel stability. Furthermore, other tunnels classified as 
being under minor, severe, very severe, or extreme squeezing conditions should also be 
carefully evaluated and provided with appropriate alternative support recommendations 
to mitigate the potential for excessive squeezing-related deformations.

In comparison, the analysis of the Golab Tunnel – Sec 4 and the Chameliya Ch. 3+296 Tunnel 
reveals that, despite being subjected to higher squeezing pressure, the Golab Tunnel – Sec 4 
exhibits lower convergence. This is attributed to differences in the mechanical properties of 
the rock mass, as shown in Table 2, where the Golab Tunnel – Sec 4 has a higher modulus of 
elasticity (E) and Geological Strength Index (GSI) compared to Chameliya Ch. 3+296. With 
a stiffer rock mass, a larger additional squeezing pressure is required in the numerical 
simulation to produce convergence values that match the actual field measurements.

Validation of the simulated squeezing pressure in the 2D FEM model was carried out by 
observing the development of plastic zones before and after the application of squeezing 
pressure. This approach supports (Jethwa’s, 1981) statement that squeezing pressure is 
generated by the plastic deformation of the rock surrounding a tunnel due to an imbalance 
between in-situ stress and rock strength. It is also important to acknowledge that squeezing 
is inherently a time-dependent phenomenon. In this case, only the final tunnel convergence 
data were available, without temporal measurements of deformation development. As such, 
the modeling approach adopted was static and based on the end-state conditions observed in 
the field. While time-dependent models such as creep simulations could potentially provide 
more realistic deformation behavior, their application was not feasible due to the lack of 
incremental or time-series data. Therefore, the static model presented here reflects the final 
deformation condition as a practical approximation of squeezing effects.

The model was developed using secondary data from the Golab Tunnel Section 4. Numerical 
modeling was carried out using the Generalized Hoek-Brown failure criterion. The presence 
of plastic zones confirmed the expected behavior. Table 5 presents the material properties 
used in the numerical simulation. The numerical simulation results are shown in Figure 
8 and Figure 9. Figure 9 shows that the plastic zone appears when squeezing pressure is 
applied to the model.
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Table 5. Material Properties in the Numerical Model for Squeezing Pressure Validation

Parameter Value
Name of tunnel Golab-Tunnel Sec 4
Rock type Shale

 (MPa) 18.7

6

 (MPa) 9700

 0,1

 (t/m3) 2.5

 (MPa) 6.58

 74

 1.59238

 2.70E-02

 0.5

Figure 8. Yield element value of the tunnel without squeezing pressure.

Figure 9. Yield element value of the tunnel with squeezing pressure.

As shown in Table 6, the plastic zone begins to develop when the squeezing pressure is 
introduced into the model. 
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Table 6. Comparison of Tunnel Yield Elements With and Without Squeezing Pressure

Model Support Pressure (MPa)  (MPa) Plastic Zone (m)

Without Squeezing Pressure 0.48 6.58 0.403
With Squeezing Pressure 0.48 47.00 5.978

The squeezing pressure corresponding to this condition was calculated as follows:

This observation is consistent with the findings of Jethwa (1981), who stated that the 
pressure generated by the plastic deformation of the rock mass surrounding the tunnel 
arises as a response to the imbalance between the in-situ stress and the rock strength.

5.	 Conclusions
This study employed numerical modeling on ten tunnel cases under various squeezing 
classifications, from non-squeezing to extreme squeezing conditions. The methodology 
involved applying additional squeezing pressure by incrementally increasing both horizontal 
and vertical in-situ stresses in the FEM simulation until the numerical convergence matched 
the actual field measurements. Model validity was confirmed through plastic zone analysis, 
which aligned with field observations.

The results showed that each squeezing classification corresponded to a distinct squeezing 
pressure value influenced by the geological and geomechanical properties of the surrounding 
rock mass. For example, despite experiencing higher squeezing pressure, the Golab Tunnel 
– Sec 4 exhibited lower convergence than the Chameliya Ch. 3+296 Tunnel due to its higher 
modulus of elasticity and GSI, which indicate a stiffer rock mass. In cases such as the 
Chameliya Tunnel at Ch. 3+733, the original support design proved inadequate, resulting 
in excessive deformation with convergence reaching 67.5 cm (10.96% strain).

These findings have significant technical implications. For tunnels classified under moderate 
to extreme squeezing conditions, the original support systems are often insufficient to 
control deformation. Therefore, adaptive and more effective alternative support designs 
capable of accommodating higher squeezing pressures are recommended to ensure long-
term tunnel stability and safety in similar geological environments.
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