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Abstract: Throughout all the countries in the world, including Vietnam, nations with well-established
mining industries have undertaken extensive research on the stability of rock masses when con-
structing underground tunnels in varied geological conditions. The present study aims to provide a
comprehensive overview of the risk assessment related to rock masses during the construction of
pit lines in mining operations. Consequently, the standing time of unsupported tunnels is assessed
based on different values of the strength index and deformation characteristics of the rock mass.
The objective was to perform both experimental and theoretical investigations to analyse how the
stand-up time of rock masses surrounding a tunnel affects the unsupported span. The analyses
were based on considering the rock parameters, including strain modulus; geological strength index;
and allowable displacement values, and consideration of hereditary creep properties. By examining
tunnels excavated in rock strata, it was concluded that varying geological strength index values
resulted in distinct creep behaviour in the surrounding rock masses. Thus, it was reasonable to
compute the unsupported span and stand-up time of tunnels. The research revealed that permissible
displacements are significantly influenced by the types of rock materials surrounding the tunnel
structure. Recognising the significance of time, the authors introduce a more practical interpre-
tation and evaluation of the stability of rock masses, thus enhancing the precision of commonly
available models.

Keywords: risk; rock mass; stand-up time; underground mines; GSI; modulus

1. Introduction

The stand-up time of the rock mass surrounding an unsupported tunnel plays a
crucial role in underground construction overall, especially in the context of tunnelling.
The assessment of stand-up time values carries substantial importance in the selection of
efficient excavation methods and support systems. The primary aim of the study was to
apply a defined set of input data that validates the impact of permissible displacement on
the stand-up time of argillite stone in tunnel construction. The objective was to perform
experimental and theoretical investigations to analyse the impact of stand-up time on the
unsupported span of rock masses around tunnels. This analysis was based on implementing
mechanical rock parameters like strain modulus, the Geological Strength Index (GSI), and
allowable displacement values, and also considers hereditary creep properties. The use
of a temporal dimension introduces a dynamic aspect to the calculation of stand-up time,
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addressing a critical factor that has usually been neglected in available published research.
By considering the time factor, the authors provide a more realistic scenario for evaluating
rock mass stability, thus contributing to the enhancement of models established in the past.

The term “stand-up time” was first proposed in Lauffer’s rock mass classification [1].
The purpose of the classification was to generate the relationship between the time that it
took to apply supporting systems and rock mass quality after the excavation of unsupported
tunnels. The unsupported tunnel span is defined as the distance between the tunnel face
and the nearest support if it is greater than the width of the cross-section of the structure.
In addition, R. Hooke [2] defines stand-up time as the amount of time a tunnel is capable of
withstanding stresses without any supporting systems. In other words, it is the time that a
rock mass remains stable and no collapsing event is observed. The magnitude of stand-up
time plays a key role in tunnelling since it significantly affects excavation works [3].

Rock masses are typically classified into different grades, which vary from A to G
corresponding to the relationship between the stand-up time and the supporting structures.
Thus, A stands for highly stable rock masses, and G refers to poorly stable ones. The
analyses of the research outcomes proposed by Lauffer [1] confirmed that values of stand-
up time decrease with an increase in unsupported tunnel spans. This proposal given by
Lauffer was modified and linked to the rock masses classification suggested in several other
studies. Improved classifications refer to the Q system (a concrete grade of rock quality), the
RMR system, and the NATM (New Austria Tunnelling Method). Barton and Bieniawski [4]
introduced a new relationship between stand-up time and maximum unsupported tunnel
span (L). In addition, based on the Rock Mass Rating (RMR), [5] also proposed a method of
determining average values of stand-up time corresponding to the unsupported tunnel
span (L).

Stand-up time is greatly influenced by the mechanical parameters of the rock mass,
which comprise a modulus of rock mass; compressive strength; in-situ stress state; water
pressure; seepage; and joint systems. In addition, excavation technology, such as drilling
and blasting; mechanical excavation; and the various shapes of tunnel cross sections, also
greatly affect the stand-up time of rock. The authors of [6] investigated the interaction of
tunnel face dimensions and excavation rates with the stand-up time. As a result, they first
concluded that an increase in excavation rate, or a contraction of the tunnel cross-section,
leads to an increase in stand-up time. Secondly, they pointed out that tunnelling techniques
significantly impact tunnel stability. A mechanical excavation would tend to improve
tunnel stability more than blasting techniques.

By considering the geometrical parameters of the considered tunnel span and the
deformation characteristics of the rock mass around the tunnel, the authors of [3] established
the relationship between the unsupported tunnel span (L*) and the stand-up time (t*), which
is expressed using the formula given below,

L∗t∗(1−α) =
4E

3γH
(1 − α)

δ
u∗

l (1)

where: L* is the unsupported tunnel span according to [1]; L* = 2R = B; t* stands for the
stand-up time; α is a dimensionless empirical parameter; δ is a dimensional parameter
(s − 1 + α); E is the modulus of elasticity of the rock mass; γ stands for the unit weight of the
rock mass; H is the tunnel depth; and u∗

l is the allowable displacement for maintenance of
the sustainable condition of sedimentary rocks (for all the parameters used in the equations,
please refer to Abbreviations part).

To determine the physical and mechanical properties of a rock mass, the modulus of
elasticity of rock mass is required to be determined by an empirical method of analysis,
and then the formula for stand-up time is established based on the rheological properties
of the rock mass. In addition, the parameters of the GSI also present a significant impact
on the stability of an unsupported tunnel. As a result, the authors confirm that tunnelling
techniques are greatly influenced by the values of stand-up time. However, by precisely
assessing rock mass properties (GSI parameters and the modulus of elasticity), engineers
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are capable of applying adequate supporting structures which are optimal for unsupported
tunnel spans.

Upon tunnel excavation, the surrounding rock mass may deform gradually, resulting
in a potential collapse caused by the creep properties of the rock medium [7–10]. The
research on the influence of time on failure states, and the discussion on creep damage of a
rock mass are broadly available in the literature [7,11–13]. A great number of investigations
of rock creep behaviour indicate that portions of time-varying deformation of rock masses
or rock specimens contribute to the development of total displacements [14–19]. The
time dependence of rock mechanical behaviour leads to gradual deformation. Therefore,
tunnel structure stability calculation and design demand the precise determination of the
rheological properties of surrounding rock mediums, to provide safe conditions during
excavation works [14,15].

Figure 1 presents a typical rheological curve, which comprises four basic stages when a
specimen is compressed by a constant axial load [7,15,20,21]. All the stages are represented
as follows:

– The first stage describes the elastic loading; the instantaneous deformation is observed
as reversible.

– The second stage shows the primary creep, in which the deformation increases nonlinearly.
– The third stage denotes the secondary creep process, where the deformation grows

steadily and nearly linearly.
– The fourth stage is characterised by an explicit curve of irreversible deformation with

the acceleration of creep rate. This stage ends up in the entire failure of tested specimens.
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Figure 1. Creep response—a conceptual model of rheological curve.

In rock mechanics, creep is defined as the convergence of shear strain with constant
volumetric strain under the maintenance of an unchanging load. When being loaded, a
specimen experiences instantaneous deformations which can be mathematically described
using Hooke’s laws [2]. During a test, it is observed that the cumulative irreversible
deformation of a specimen increases with a decrease in the deformation rate. In the case
of being constantly loaded, the specimen’s deformation and time function is nearly linear.
Afterwards, the stage of the test specimen can remain in the secondary creep state or turn
into the failure stage. Theoretically, volumetric strains remain constant during the creep
process. However, this assumption is only considered reasonable when deviatoric strains
stem from realistic deformation due to diffusion or displacement of solids [22–25]. The
creep of various materials, such as salt rocks, steel, and other ductile materials, are mostly
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observed in a relatively short time. Nevertheless, it is possible to observe the creep effect in
hard rocks and brittle rocks under appropriate conditions over a long period.

In underground tunnels, creep processes are generally observed together with the
contraction of the tunnel section diameter with time [15,26]. This behaviour can be consid-
ered a compression and swelling phenomenon of weak and soft rocks [27,28]. Swelling is
defined as the volume change of rocks containing clay particles, such as montmorillonite
and other components, with high swelling capacity [29].

The proposed study aims to advance existing knowledge by incorporating hereditary
creep properties into the calculations of tunnel construction stability. This research intro-
duces a dynamic element to the estimation of stand-up time, addressing a crucial aspect
that has been overlooked in available scientific publications. Analyses of the influence of
time would allow a better understanding of the mechanisms to assure a more detailed
assessment and interpretation of rock mass stability, thereby contributing to the refine-
ment of existing models. Performed analyses and computations allow the integration of
time-dependent factors, providing a more accurate understanding of the stand-up time
for rock masses around unsupported tunnels. The present research aims to contribute to
the optimisation of underground construction practices, serving as a valuable resource for
engineers and practitioners through modelling and experimental investigation.

2. Materials and Methods

Considering one of the hereditary creep theories, presented in [30,31], the authors
took into account the nonlinear properties of the material and compared these with the
time taken. The creep theory was also applied in slope stability-related research, showing a
broad approach of numerical and empirical application [32]. Hereditary creep allows for
the manifesting of material deformation over a long period, taking into consideration the
history of the loading processes. According to hereditary creep theory, materials continue
deforming after being loaded and unloaded. The strains are proportional to the stress values
at various intervals and accumulate gradually. The equation to present the relationship
of nonlinear strain and stress, taking into account the time factor according to Volterra’s
hereditary creep theory [30], is shown as follows:

ε(t) =
1
E

σ(t) +
t∫

0

L(t, τ)·σ(τ)dτ

 (2)

where ε(t), σ(t) are the strain and stress at moment t, respectively; E stands for the instanta-
neous modulus of the elasticity of rocks; τ is the time before instant t; and L(t, τ) is a creep
kernel function characterising the strain rate.

Based on the hereditary properties of rock, the creep kernel L(t, τ) can be presented
as follows:

L(t, τ) = δ(t − τ)−α (3)

The strain archived from the creep test for a rock specimen by loading with a constant
load, σ = σ0 = const obeys the law as follows:

ε(t) =
σ0

E0
(1 + Φ) (4)

Nowadays, there are various laboratory methods to determine the creep parameters of
rock specimens. One of them is the bending compression test performed on rock specimens
with a beam of a cross-section of 20 × 20 × 160 mm; the testing scheme is represented in
Figure 2. The laboratory tests were performed using the creep apparatus comprised of a
stainless-steel test cylinder sealed at both ends and equipped with externally linked pistons.
By ensuring that the pistons share the same diameter, this setup facilitated the deformation
of the specimen without altering the volume in the pressure chamber. The axial load or
differential stress on the specimen was applied via an overhanging pan atop the yoke of the
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apparatus, loaded with the desired weights. The contraction of the specimen was gauged
using an Ames dial gauge affixed to the upper-end piece of the specimen assembly.
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In accordance with [3], creep function Φ is expressed as follows:

Φ =
δ·t1−α

1 − α
(5)

where Φ is the creep function; σ0 is tensile stress due to the bending moment, MPa; E is the
strain modulus of rock, and GPa; α and δ are dimensionless and dimensional empirical
parameters, respectively.

Taking into consideration Equation (4) the time-varying deformation modulus can be
expressed as:

Et =
E

1 + Φ
(6)

The deflection of the rock beam was determined using the following formula,

y =
F·l3

48·E·J (7)

where: J is the moment of inertia of the beam cross-section.
The tensile stress arising from bending the rock beam was calculated using the follow-

ing formula,

σ =
M·h
2J

(8)

where: M is the maximum bending moment at the centre beam cross-section, and h is the
beam height.

M =
F·l
4

(9)

Combining (8), (9) and (7) the formula could be presented as follows:

y = σ· l2

6E·h (10)

Substituting E by Et in Equation (10), taking into consideration Equation (6) the
formula for calculating the beam deflection at the centre cross-section with time can be
expressed as follows:

y(t) = σ
l2

6E·h (1 + Φ) (11)

The initial instantaneous beam deflection obtains the values of:

y0 = σ
l2

6E·h (12)

The Equation (11) is now:

y(t) = y0

(
1 +

δ

1 − α
t1−α

)
(13)
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Taking logarithms of both sides of the achieved expression above, the formula is as
follows:

lg
(

y(t)
y0

− 1
)
= lg

(
δ

1 − α

)
+ (1 − α)lgt (14)

Setting the following terms,

u = lg
(

y(t)
y0

− 1
)

; x = lgt; a = lg
(

δ

1 − α

)
; b = 1 − α (15)

Expression (14) transforms into the first-degree equation of

u = a + bx (16)

Creep parameters expressed in Equation (15) can be determined using the following
formulas,

α = 1 − b (17)

δ = 10a(1 − α) (18)

The rock beam testing performed according to the scheme presented in Figure 2 was
considered at various values of concentrated load generating the following values of tensile
stress: σ = 1.8; 2.25; 2.7 (MPa). The results representing the measured displacements are
given in Figure 3.
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From the results, the values of a and b were respectively equal to −0.18 and 0.29,
thereby creep parameters α and δ were calculated as follows:

α = 1 − b = 1 − 0.29 = 0.71
δ = 10a(1 − α) = 10−0.18(1 − 0.71) = 0.192

Substituting α and δ achieved above into expression (5), a new form of creep function
Φ can be proposed:

Φ =
δ·t1−α

1 − α
=

0.192
1 − 0.71

t1−0.71 = 0.662t0.29

The initial instantaneous beam deflection y0 was equal to 0.003 cm, corresponding to
the value of tensile stress σ developing in the rock beam at 2.7 MPa. As a result, the initial
instantaneous modulus of deformation of the rock beam was determined as follows:

y = σ· l2

6E·h<−>
0.003 = 2.7

142

6E·2 .
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We attain E = 14,700 MPa. Substituting the obtained results in Equation (13) we obtain

y(t) = y0

(
1 +

δ

1 − α
t1−α

)
= y0(1 + Φ) = y0

(
1 + 0.662t0.29

)
(19)

Comparison of results from Equation (19) with the experimental retrieved results at
different values of tensile stress was demonstrated in the form of curves expressing creep
rock beam deflection and time relationship, as presented in Figure 4.
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The strain modulus of rock masses is considered essential input data in the analyses of
rock mass behaviours [33]. It is possible to estimate it by carrying out field tests [34], or by
referring to experimental relationships obtained from tables of rock quality classification
as mentioned in [35,36] (Rock Mass Rating); by [37] (Q—System); and by [38] (Geological
Strength Index—GSI). Due to the time consuming and sophisticated characteristics of
conducting field tests as reported by [39], the values were determined qualitatively based
on classification schemes presented by [34–40].

To simplify rock classification procedures [41], a new method named GSI was proposed
which concerns the input data to design underground construction in rock material. The
sole system that is relevant to technical parameters, such as Mohr–Coulomb, Hoek–Brown
strength parameters, or rock mass modulus, are expressed as the GSI, in accordance
with [42].

The authors of [43,44] provided a quantitative base to evaluate the GSI system using
proposed ratings of rock mass structure and surface condition (SCR), and a structure rating
(SR) based on the volumetric joint count (Jv), and the roughness, weathering, and infilling
nature of joints.

A new testing procedure was proposed in [45] to estimate rock mass deformation
using the GSI, based on Hoek–Brown’s empirical constants and the Mohr–Coulomb fail-
ure criterion. The available equations allowing calculations of rock mass deformation
considering the GSI are summarised in Table 1.
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Table 1. Established formulas for rock mass strain modulus calculations, considering GSI.

References Formulas Number

[41] Erm[GPa] = (1 − D/2)
√

σci
100 10

GSI−10
40 (20)

[41] Erm[GPa] = (1 − D/2)10
GSI−10

40 (21)

[46] Erm[GPa] = 0.1451e(0.0654GSI) (22)

[36] Erm[GPa] = 100
(

1−D/2
1+e(75+25D−GSI)/11

)
(23)

[36] Erm[GPa] = E
(

0.02 + 1−D/2
1+e(60+15D−GSI)/11

)
(24)

Based on the listed equations in Table 1, the authors adopted Formula (24) to estimate
the rock mass strain modulus, as proposed by [36].

Combining Equation (6) and Formula (24) we obtain:

Et = E
[

0.02 +
1 − D/2

1 + e((60+15D−GSI)/11)

]
(25)

Currently, to characterise rock masses, rock mass classification systems can be divided
into two main groups, qualitative and quantitative. The qualitative classification comprises
the GSI (geological strength index); rock load; and SIA 199, while the Q; RMR; RSR; and
RQD systems are quantitative in their nature [3,34,36,46,47].

Since the first rock mass classification was proposed, together with a new experimental
approach to tunnel design, the system has been adopted and enhanced and now comprises
a huge number of challenging factors to establish parameters [35–37,48–50]. Rock mass
classification schemes are used to support the design of underground supporting structures
such as RMR, Q and GSI. Some well-known classification systems are listed in Table 2.

Table 2. Rock mass classification systems (modified after [3]).

Rock Mass Classification System Reference Application Areas

Rock Load [29] Tunnels with steel support

Stand-up time [1] Tunnelling

New Austrian Tunnelling
Method (NATM) [51] Tunnelling

Rock Quality Designation (RQD) [34] Core logging, tunnelling

Rock Structure Rating (RSR) [49] Tunnelling

Rock Mass Rating (RMR) [36] Tunnels, mines,
(slopes, foundations)

Modified Rock Mass Rating (M-RMR) [52] Mining

Rock Mass Quality (Q) [37] Tunnels, mines, foundations

Strength-Block size [53] Tunnelling

Basic Geotechnical Classification [54] General

Rock Mass Strength (RMS) [55] Metal mining

Unified Rock Mass Classification
System (URCS) [56] General

Communication Weakening Coefficient
System (WCS) [57] Coal mining

Rock Mass Index (RMI) [58] Tunnelling

Geological Strength Index (GSI) [38] All underground excavations
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Vásárhelyi and Kovács [58] established the experimental relationships for rock mass
mechanical parameters such as compression strength, and strain modulus, which increase
exponentially along with an increase in rock mass quality.

In accordance with [59], a database of GSI was proposed, where values of the GSI
were adopted from the range of 13 to 80. In addition, according to [43], the value of D was
equal to 0.5, corresponding to the blasting method of tunnel excavation.

3. Results and Discussion

The mechanical model for tunnel excavation used in this study was as follows: consid-
ering a tunnel of circular cross-section with a radius of R and of infinite length, a tunnel at
infinite depth in an isotropic homogeneous rock mass was excavated. The tunnel was sub-
jected to a uniform hydrostatic stress (σo). The uniform pressure p0 of support structures
was applied to the tunnel wall surface. The field stress can be considered to be axisymmetric
and all stress components at a point in the coordinate system are shown in Figure 5.
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Replacing strain modulus E in Equation (1) with the new form of E in Equation (25),
the obtained formula is as follows:

L∗t∗(1−α) =
4
{

E
[
0.02 + 1−D/2

1+e((60+15D−GSI)/11)

]}
3γH

(1 − α)

δ
u∗

l (26)

In fact, in relation to tunnel excavation, it is possible to determine tunnel wall surface
displacement using sensors. Therefore, the authors suggest considering the values of
allowable displacement for tunnel walls as a criterion for estimating tunnel stability (rock
mass stability) during excavation. Values of allowable displacement for different types of
rock, such as those proposed in SniP-II-94-80 in 1980, are presented in Table 3.

Table 3. Stability of rock categories regarding maximum rock material displacements (u).

Stability Category y Rock Stability
Assessment

Maximum Displacement u (mm)

Sedimentary Rocks
(Sandstone, Siltstone,
Mudstone, Limestone,

Coal, etc.)

Igneous Rocks
(Granite, Diorite,
Porphyrite, etc.)

Rock Salts
(Rock Salt, Sylvinite,

Karnalite, etc.)

I Stable 50 20 200
II Moderate stable 50–200 20–100 200–300
III Very unstable 200–500 100–200 300–500
IV Highly unstable >500 >200 >500
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3.1. Numerical Modelling Analyses

To justify the use of the rheological behaviours of rocks theory in the present study,
a comparison of two case studies was performed. The first one concerned comparing
the experimental results of rock beams to those gained from the analytical method, and
modelling using a FEM approach reflecting the potential insitu conditions simulating
the scenario considered for empirical analyses. The second one was to analyse the total
time-dependent vertical displacements of circular tunnel walls subjected to hydrostatic
insitu stress, using Equation (25) for both analytical and FEM approaches. The first case
considered rock beams with a rectangular cross section of 20 × 20 mm and a length of
160 mm, subjected to various values of concentrated load applied to the centre points
of the beams so that the values of generated tensile stress were equal to 1.8; 2.25; and
2.7 MPa, respectively. The modulus of elasticity of rock was 14,700 MPa. Tests of simply
supported rock beams were simulated using the finite element analysis using MIDAS
GTS NX V.1.1 software. Based on the obtained results it was noted that the values of the
instantaneous deflection y0 were different, corresponding to the various values of subjected
tensile stress. However, thanks to the homogeneity of the materials for all tests, the creep
function remained constant, as shown in (19). The comparison of the deflection of rock
beams achieved from experiments [3], to those attained using Equation (19) and finite
element analysis, is presented in Figure 6. The figure shows good agreement between
all the approaches used in the study; the best match is observed for the analytical and
modelling method. The biggest discrepancies could be observed for samples tested at
1.8 MPa tensile stress. This is observed especially for an experimental approach that could
be referred to as extended boundary conditions applied in the computational mode, due to
the nature of expanded boundaries of FEM modelling.
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Selected results of the FEM analyses of rock beam deflections for different testing
times are shown in Figure 7.

The second case considered a circular tunnel with a radius of 3.5 m at a depth of 200 m.
The parameters fed into the modeling were as follows:

– The hydrostatic in situ stress field took the value of 5.2 MPa;
– T = The modulus of elasticity Et of the rock mass obeyed the law shown in Equation (23)

with the E of 15.2 GPa;
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– Values of the GSI were equal to 40, 50, and 60, respectively.
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Figure 7. Beam deflection subjected to tensile stress of (a) 1.8 MP, immediate reaction; (b) 1.8 MPa,
deflection after 200 h; (c) 2.25 MPa, immediate reaction; (d) 2.25 MPa, deflection after 300 h; (e) 2.7 MPa,
immediate reaction; (f) 2.7 MPa, after 500 h. (where red color represent max. defection and blue
represents min. deflection).

The vertical displacement formula of a circular tunnel, in this case, was calculated
according to [3], taking into account the GSI, based on Hoek–Brown’s empirical constants
and Mohr–Coulomb failure criterion, as expressed in (26). The adopted formula for vertical
displacements was as follows:

u =
γHR(1 + v)

E
[
0.02 + 1−D/2

1+e((60+15D−GSI)/11)

][1 +
3

2(1 + v)
δ

(1 − α)
t1−α

]
(27)

Comparative results obtained from Equation (27) and the FEM approach are repre-
sented in Figure 8. The results reveal that the best agreement between the approaches was
observed for the highest values of GSI (60) which was due to the increased stress resistance
of tested material.

Selected results of the vertical time-dependent displacement of the tunnel wall over
different periods at 40, 50, and 60 GSI levels are shown in Figure 9. Analyses of the
modelling results revealed that tunnel wall vertical displacement obtained using the FEM
approach gave close values to those calculated using Formula (27). The comparative results
are in good agreement with those obtained by [1,3,5,6]. Thereby, the effect of the GSI on
stand-up time calculation is convincing. This allows for the optimisation of supporting
structure design in tunnelling and provides an opportunity to avoid potential risks and
hazards during tunnel excavation works.
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Figure 8. Total time-dependent displacement curves of tunnel walls gained using analytical and finite
element methods according to various values of GSI (40, 50, 60).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 14 of 20 
 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 9. Vertical displacements of tunnel wall (a) at GSI 40, immediate reaction; (b) at GSI 40, after 
200 h; (c) at GSI 40, after 500 h; (d) at GSI 50, immediate reaction; (e) at GSI 50, after 200 h; (f) at GSI 
50, after 500 h; (g) at GSI 60, immediate reaction; (h) at GSI 60, after 200 h; and (i) at GSI 60, after 500 
h. (heat map presents the displacement distribution). 

3.2. GSI Influencing Stand-Up Time Parametric Analyses 
To perform the analyses of the influence of GSI on stand-up time for an unsupported 

tunnel span, the authors considered a set of input data as the allowable displacement ac-
cording to table *5 50lu   mm; rock mass unit weight γ = 26 kN/m3; strain modulus E = 
29.5 GPa; Poisson’s ratio v = 0.3; and tunnel depth H = 200 m. Young’s modulus and Pois-
son’s ratio are listed in Table 4. It was observed that the highest seĴlements are at the 
immediate response stage. Figure 10 indicates the relationship between the stand-up time 
of the unsupported tunnel span and of the GSI; the values are equal to 5, 10, 20, 40, 60, 80, 
and 100, respectively. In Figure 10 it is revealed that the increase in the GSI results in an 
increase in stand-up time. This trend shows a good agreement with [33]. 

Table 4. General properties of material. 

Rock Type 
Young’s Modulus 

E, (GPa) 
Poison’s Ratio 

ν 

Aleurolite 
(siltstone) 

6.2 0.07  0.40 
14.0 0.28  0.37 
23.5 0.18  0.32 

Figure 9. Vertical displacements of tunnel wall (a) at GSI 40, immediate reaction; (b) at GSI 40, after
200 h; (c) at GSI 40, after 500 h; (d) at GSI 50, immediate reaction; (e) at GSI 50, after 200 h; (f) at GSI
50, after 500 h; (g) at GSI 60, immediate reaction; (h) at GSI 60, after 200 h; and (i) at GSI 60, after
500 h. (heat map presents the displacement distribution).
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3.2. GSI Influencing Stand-Up Time Parametric Analyses

To perform the analyses of the influence of GSI on stand-up time for an unsupported
tunnel span, the authors considered a set of input data as the allowable displacement
according to table 5u∗

l = 50 mm; rock mass unit weight γ = 26 kN/m3; strain modulus
E = 29.5 GPa; Poisson’s ratio v = 0.3; and tunnel depth H = 200 m. Young’s modulus and
Poisson’s ratio are listed in Table 4. It was observed that the highest settlements are at the
immediate response stage. Figure 10 indicates the relationship between the stand-up time
of the unsupported tunnel span and of the GSI; the values are equal to 5, 10, 20, 40, 60, 80,
and 100, respectively. In Figure 10 it is revealed that the increase in the GSI results in an
increase in stand-up time. This trend shows a good agreement with [33].

Table 4. General properties of material.

Rock Type Young’s Modulus
E, (GPa)

Poison’s Ratio
ν

Aleurolite
(siltstone)

6.2 0.07 ÷ 0.40

14.0 0.28 ÷ 0.37

23.5 0.18 ÷ 0.32
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Similar to the previous analyses, the graphs presented in Figure 11 reveal that the
lower the values of rock using Young’s modulus, the less the values of the stand-up time
of the unsupported tunnel became. The achieved results are in good agreement with [5]
and [3].

3.3. Influence of Maximum Allowable Displacement Analyses

To clarify the effect of allowable displacement on stand-up time, argillite stone was
analysed with a set of input data expressed as Young’s modulus E = 15.2 GPa; Poisson’s
ratio v = 0.3; GSI = 40; and tunnel depth H = 200 m. Values of allowable displacement
varied in a range from 20 mm to 100 mm with a step of 20 mm. Figure 11 confirms the
effect of the allowable displacement of tunnel walls on stand-up time. Accordingly, the
increase in the values of the allowable displacement of tunnel walls results in the increase
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of stand-up time of unsupported tunnel spans. Thus, the values of allowable displacement
strongly depend on the types of rock material surrounding the tunnel. To sum up, the
findings are in agreement with those published in [3].
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4. Conclusions

The stand-up time of the rock mass around an unsupported tunnel plays a crucial role
in underground construction in general, and tunnelling in particular. The estimation of the
values of stand-up time significantly affects the decision-making procedures of choosing
effective excavation methods as well as the supporting systems. In the present paper, the
authors conducted experimental and theoretical studies on the effect of stand-up time for
rock masses around the tunnel on an unsupported span, based on mechanical parameters
of rock such as the strain modulus, and the geological strength index (GSI). The analyses
took into account values of allowable displacement, as well as hereditary creep properties.

Using the two approaches of analysing the results for scrutinising the overall time-
dependent vertical displacements of circular tunnel walls under the influence of hydrostatic
in situ stress using empirical and FEM methods, it was revealed that the effect of the GSI
on stand-up time calculation is reliable and allows optimisation of supporting structure
design in tunnelling, to avoid potential risks and hazards during tunnel excavation works.

The research on how the permissible displacement influences the stand-up time of
argillite stone, utilising a specified set of input data validates the influence of permissible
displacement of tunnel walls. Consequently, an increase in the allowable displacements
of tunnel walls leads to an enhancement in the stand-up time of an unsupported tunnel
span. Clearly, the permissible displacement values are significantly influenced by the types
of rock materials surrounding the tunnel. As a result, the authors highlight the matching
relationships established using Lauffer’s methods for rock mass; Young’s modulus; GSI;
tunnel depth; and values of allowable displacement to stand-up time of an unsupported
tunnel. The results also confirm the findings obtained using Bieniawski’s method, as well
as enhance the study results obtained by [3], by taking into consideration time factors in
the calculation of rock mass stand-up time.

A noteworthy advancement in the present study is the incorporation of hereditary
creep properties into the calculations. This temporal consideration adds a dynamic dimen-
sion to the estimation of stand-up time, addressing a crucial aspect that has usually been
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neglected in previous research. By acknowledging the time factor, the authors bring a more
realistic perspective to the assessment of rock mass stability, thereby contributing to the
refinement of existing models.

In conclusion, the authors’ work not only reaffirms established correlations, but also
pioneers the integration of time-dependent factors, providing a more accurate under-
standing of the stand-up time for rock masses around unsupported tunnels. The present
research contributes significantly to the optimisation of underground construction prac-
tices, offering a valuable resource for engineers and practitioners in the scientific field of
underground construction.
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Abbreviations

List of symbols:
L* unsupported tunnel span [m]
t* stand up time [h]
α dimensionless empirical parameter
δ dimensional parameter (s)
E modulus of elasticity of the rock mass [MPa]
γ the unit weight of the rock mass
H tunnel depth [m]
u∗

l allowable displacement for sustainable condition of sedimentary rocks [m]
GSI Geological Strength Index
RQD degree of jointing (Rock Quality Designation)
ε(t) strain at moment t [mm/mm]
σ(t) stress at moment t, [MPa]
τ time before instant t [h]
L(t, τ) creep kernel function characterising the strain rate.
Φ creep function
σ0 tensile stress due to bending moment, MPa
M The maximum bending moment at the centre beam cross section [kNm]
h beam height [m]
v Poisson’s ratio
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