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Abstract. The construction of a new cavern modifies the state of stresses and displacements in a zone around the
existing cavern. For multiple caverns, the size of this influence zone depends on the ground type, the in situ stress, the
cavern span and shape, the width of the pillar separating the caverns, and the excavation sequence. Performances of
underground twin caverns can be unsatisfactory as a result of either instability (collapse) or excessive displacements.
These two distinct failures should be prevented in design. This study simulated the ultimate and serviceability
performances of underground twin rock caverns of various sizes and shapes. The global factor of safety is used as the
criterion for determining the ultimate limit state and the calculated maximum displacement around the cavemn
opening is adopted as the serviceability limit state criterion. Based on the results of a series of numerical simulations,
simple regression models were developed for estimating the global factor of safety and the maximum displacement,
respectively. It was proposed that a proper pillar width can be determined based on the threshold influence factor
value. In addition, design charts with regard to the selection of the pillar width for underground twin rock caverns
under similar ground conditions were also developed.

Keywords: influence factor; ultimate and serviceability performances; pillar width; global factor of safety;
maximum displacement

1. Introduction

Nowadays, multiple excavations are used for many applications such as: subways, hydraulic
tunnels, railways, and storage caverns. For multiple caverns, the construction of a new cavern in
close proximity to an existing cavern modifies the state of stresses and movements in a zone
around the existing cavern. Usually, the size of this influence zone depends on the ground type, the
in situ stress, the cavern span and shape, the width of the pillar separating the caverns, and the
excavation sequence. This interaction between close excavations were intensively investigated
based on field measurements and analytical methods (e.g., Barla and Ottoviani 1974, Ghaboussi
and Ranken 1977, Gercek 2005, Zhao and Ma 2009, Mortazavi et al. 2009, Karademir 2010,
Esterhuizen et al. 2011, Li et al. 2012, Jiao et al. 20134, b, 2015).
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Conventional evaluation of stability of geotechnical structures and underground openings
involves determining the relationship between the resistance and the load or calculating the
induced displacements/strains. The former is usually used as the criterion for assessing the
ultimate limit state while the latter is adopted as the serviceability limit state criterion. However, it
must be noted that, for underground caverns, neither the factor of safety FS nor the induced
displacement is known explicitly. Instead, it may be determined only through repeated point-by-
point numerical analyses with different design parameters. Generally, the performance function is
constructed artificially using polynomial or logarithmic regression methods (e.g., Basarir 2008,
Zhu et al. 2008, Goh and Zhang 2012, Zhang and Goh 2012, Siahmansouri et al. 2012).
Alternatively, the Multivariate adaptive regression splines (MARS) algorithm and the Artificial
Neural Network approach (ANN) are also used to develop surrogate response surface models (Goh
and Zhang 2012, LU et al. 2012, Mahdevari and Torabi 2012, Rafiai and Moosavi 2012, Zhang and
Goh 2013, Adoko et al. 2013). Though slightly inferior to the MARS and ANN methods in terms
of predictive accuracy, the regression models remain popular due to its simplicity and model
interpretability.

This paper describes a parametric study to investigate the ultimate and serviceability
performances of underground twin rock caverns. The global factor of safety obtained using the
shear strength reduction technique is used as the criterion for determining the ultimate limit state
and the calculated maximum displacement around the opening is adopted as the serviceability
limit state criterion. Based on the numerical results, regression models were developed for
estimating the global factor of safety and the induced maximum displacement, respectively. An
Influence Factor which is defined as the ratio of the induced displacement of the existing cavern as
a result of excavation of the second opening to value of the single cavern case is proposed in this
study. A proper pillar width can be determined based on the threshold Influence Factor value.

2. Methodologies
2.1 Rock mass classifications

When performing numerical analysis, the selection of appropriate input parameters, especially
in the preliminary stage of an engineering design, is essential. Various indirect empirical relations
have been proposed to calculate the rock mass properties such as the deformation modulus E;,, the
shear strength indices ¢ and ¢ and the rock uniaxial compressive strength o.,. For the numerical
analyses that were carried out, the following equations (Egs. (1)-(7)) were adopted for determining
the rock mass properties.

RMR =7nQ + 3 (Tugrul 1998) 1)

E,,(GPa) = 10(RMR=10)/40 (RMPR < 50) (Serafim and Pereira 1983) (2)
E,, (GPa) = 2RMR — 100 (RMR > 50) (Bieniawski 1978) (3)
c(MPa) = 0.005(RMR — 1) (Bieniawski 1989) 4)

#(°) = 0.5RMR + 4.5 (Bieniawski 1989) (5)

Table 1 Rock mass properties with different Q values
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Q ¢ (MPa) 4 () En (GP) u o (MPa)
10 0.26 30.6 11.3 0.20 3.47
40 0.30 35.4 19.7 0.16 4,12
100 0.34 38.6 28.6 0.16 4.55
Oem (MPa) = RMR (Palmstrom 2000) (6)
O-t(MPa) = O-cm/ls (7)

where E, is the deformation modulus of rock mass, c is the cohesive strength, ¢ is the friction angle,
oem 1S the uniaxial compressive strength (UCS) and o is the tensile strength. Adopting the above
empirical equations, the Q value of each category to be considered in this study and its
corresponding rock properties are shown in Table 1. In Table 1, the Poisson’s ratio u values are
assumed. For simplicity, density of 2670 kg/m?® is assumed for rock mass for all the ranges of Q. It
should always be noted that these relationships are intended to provide the initial estimates of the
rock mass properties and should be used with great caution in engineering design.

2.2 Shear strength reduction technique

In this study, the global stability FSy values are assessed using the shear strength reduction
technique (SSR). This technique has been used by various authors including Matsui and San
(1992), Dawson et al. (1999, 2000), and is now available in many commercial finite element
(FEM) and finite difference (FDM) programs. This procedure essentially involves repeated
analyses by progressively reducing the shear strength properties until collapse occurs. For a Mohr-
Coulomb material, by reducing the shear strength by a factor F the shear strength equation
becomes
c tang
7 + o, F

7
Ry ©)

"~ c* + oy tang’

= (8)

Ui
F

where 1z is the shear strength, o, is the normal stress, and ¢* = ¢/F and ¢ = arctan(tang/F)
are the new Mohr-Coulomb shear strength parameters. Systematic increments of F are performed
until the finite element or finite difference model does not converge to a solution (i.e. failure
occurs). The critical strength reduction value which corresponds to non-convergence is taken to be
the global factor of safety FS. The technique has been applied to a number of underground
excavation problems including rock caverns (Hammabh et al. 2007, Zhang and Goh 2012, Goh and
Zhang 2012) and circular tunnels (Vermeer et al. 2002).

3. Numerical models and modeling results

The FDM FLAC3D code (Itasca 2005) was utilized for the numerical experiments, even though
only plane strain analyses were carried out, as future studies will consider the 3D effects.
3.1 Assumptions of numerical analysis
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The basic assumptions of numerical analyses and the cross section layout of the twin caverns
are:

@
(b)

(©)

(d)
(€)

(f)
()

the study was a two-dimensional plane strain problem;

Q cannot be directly used in the FLAC® calculations, though it is a commonly used
quality index representing rock mass competence. Thus the discontinuous nature of the
rock is incorporated implicitly in the Mohr-Coulomb constitutive relationship used to
represent the mass as an equivalent continuum;

the rock material obeyed Mohr-Coulomb failure criterion that follows the elastic perfectly-
plastic stress-strain relationship;

the caverns are unsupported;

the twin caverns are of equal size, both horse-shoe shaped, with semi-circular roof, and
horizontally aligned;

the excavation involves two stages: excavation of the first cavern, followed by the second
cavern, both full-face excavation;

the effect of creep was not considered in the analysis.

3.2 Cross-section layout

One significant parameter influencing the interaction is the cavern span B. In this study, cavern
span values of 10, 20 and 30 m are considered. In the numerical models, the cavern crown is 65 m
below the ground surface. The initial vertical in situ stress o is induced by self-weight of the rock.
The horizontal stress oy, is calculated using Kq X oy. The physical and geometrical model including
the twin caverns and the design variables considered are shown in Fig. 1. The plane strain
conditions are enforced by including a thin 1 m slice of material in the longitudinal direction and
imposing boundary conditions on the two off-plane surfaces that allow movement vertically but
are restrained against displacements normal to these planes. Outer boundaries are located far from
the cavern to minimize the boundary effects. No surface loading above ground surface is
considered. The two dependent responses are the global factor of safety FSyand the maximum

Q-valued rock material - Gv
65m

Oh

crown ko=

RN " “

springline / Oh
iddle sidewall 1 &
middle sidewa <
[P Se nvert
B
The second cavern Firstly excavated cavern

250 m

Fig. 1 Geometrical model and basic design parameters

displacement unax. The former is calculated by the shear strength reduction technique, in which the
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shear strengths are systematically reduced until failure occurs while the latter is the maximum
displacements of key points including crown C, springline S, middle sidewall M, and invert |
induced during the excavation process, as illustrated in Fig. 1.

3.3 Ranges of design parameters

The main factors affecting twin cavern performances are found to be the cavern geometrical
characteristics, the rock strength properties, the in situ stress field, and the excavation sequence.
The important design parameters mentioned above are shown in Table 2. Since only unsupported
caverns are considered in this study only, Q values of 10, 40, and 100 are considered, as values of
Q lower than 10 would not be able to stand unsupported for these cavern geometries.

3.4 Modeling results of FSg;

The FSy values are summarized in Table 3.

Table 2 Factors and their values used

Parameter Description Values
Ko In situ stress ratio 05 1, 2
B Cavern span (m) 10, 20, 30
S./B Ratio of pillar width to cavern span 1, 15, 2, 25
Q Tunneling quality index 10, 40, 100
B/H Cavern shape 1,2 4

Table 3 Results from numerical experiments for FSy

FSy
B/H B (m) Q S/B=1 S/B=15 S/B=2 S/B=25
10 144 144 145 147
10 40 171 171 1.72 1.75
100 1.91 1.93 1.94 1.96
10 1.01 1.05 1.10 1.16
1 20 40 1.20 1.24 131 1.38
100 1.35 1.40 1.47 1.54
10 0.85 0.89 0.97 1.06
30 40 1.01 1.06 1.17 1.25
100 1.12 1.19 1.30 1.40
10 161 1.62 1.65 1.68
10 40 1.90 1.92 1.96 2.00
, 100 213 215 2.20 2.24
10 117 1.23 1.29 1.35
20 40 1.38 1.46 153 161
100 1.55 1.64 1.72 1.79

Table 3 Continued
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FSqt
B/H B (m) Q S/B=1 S/B=15  S/B=2 S/B=25

10 1.04 1.10 1.19 1.25

30 40 1.24 131 1.42 1.48

100 1.38 1.47 1.59 1.66

10 1.71 1.74 1.78 1.81

10 40 2.03 2.07 2.11 2.15

100 2.27 2.32 2.37 2.41

10 1.26 1.34 141 1.47

4 20 40 1.49 1.59 1.67 1.75

100 1.67 1.78 1.87 1.96

10 1.15 1.22 1.30 1.31

30 40 1.36 1.45 1.54 1.56

100 1.52 1.62 1.73 1.74

Fig. 2 shows that for the same Q and B, FS; increases with the S./B and B/H ratios.
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Umax Values are calculated except for the cases with FSy < 1. A total of 315 cases are analyzed
and the results are shown in Table 4.

Fig. 3 shows the influences of design parameters on Uma. It is obvious that generally with
increase of S./B, Umax CONVerges. Umax decreases as Q increases since higher Q corresponds to
greater deformation modulus and increased strength of the rock mass. In addition, for the same Q
value, Unax is significantly influenced by Ko.

Table 4 Results from numerical experiments for Upax

Unax (Mm)

Q SJ/B=1 S/B=15 SJ/B =2 S/B=25
Ke=05 1 2 05 1 2 05 1 2 05 1 2
10 614 563 959 587 549 893 38 423 861 311 409 853
10 40 220 202 422 161 1.84 421 152 182 419 147 178 4.07
100 116 113 268 102 112 267 097 110 266 094 108 255
10 7431 17.19 31.82 27.25 13.77 19.8 1328 11.39 17.90 871 9.41 16.76
1 20 40 646 615 869 402 408 822 331 394 810 306 383 7.95
100 298 271 544 205 239 529 190 234 524 1.86 228 5.15
10 — - - - - 1864 18.06 23.62
30 40 7227 1248 129 103 880 11.89 594 6.05 10.64 530 574 10.03
100 573 488 7.23 368 360 7.18 318 342 683 293 326 651
10 377 312 610 259 268 596 250 257 587 243 249 579
10 40 140 131 276 131 123 274 127 118 273 125 115 2.69
100 090 0.83 1.72 086 078 1.71 083 076 170 0.82 074 168
10 1288 115 1325 6.63 6.12 11.8 571 569 1143 534 548 11.20
2 20 40 314 273 550 264 257 545 252 251 539 248 246 526
100 178 167 344 167 161 341 164 157 335 1.63 154 3.28
10 37.88 1655 17.92 11.19 9.84 1576 897 864 1558 822 8.08 15.28
30 40 465 393 7.19 410 361 7.13 374 348 686 354 344 652
100 265 231 484 243 227 45 235 223 433 234 220 413
10 243 234 505 228 223 496 221 216 483 216 210 4.72
10 40 124 114 206 119 1.0 203 116 105 1.99 113 1.03 1.94
100 081 075 1.25 078 072 123 076 070 121 075 069 1.18
10 6.23 547 10.02 503 4.83 986 4.67 461 972 445 446 9.60
4 20 40 251 230 416 231 225 408 228 219 398 227 217 387
100 158 150 256 154 146 250 152 143 243 150 140 238
10 939 794 1278 7.79 7.36 1256 7.02 6.78 1247 661 6.39 12.22
30 40 370 319 523 343 310 513 321 306 507 317 3.00 4.89
100 226 210 324 216 206 3.18 214 204 314 213 201 2.99

s/B S./B SJ/B

B

B/H m)
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4. Regression models

4.1 Regression model for FSgy

Based on Table 3, the Logarithmic Regression (LR) model was developed for predicting FSy in
terms of Q, B, S./B and B/H, as shown in Eq. (10)

FS,

gtLRr

= 2_2433(3/1_])0.1702 B—0.3515 Q0.1239 (SC/B)O'1345 (10)
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A comparison between FSy (r and FSy rpm (the global factor of safety obtained from FLAC®)
is shown in Fig. 4. The high coefficient of determination R? of 0.923 indicates that the LR
predictions are in good agreement with the target FDM FSg values.

4.2 Regression model for Umax

The LR model developed for predicting Umax in terms of Q, B, B/H, S¢/B and Ky is shown below
Upnax (mm) — 2.2725(3/1_1)—0.4675 Bl.0163 Q—O.5805 (K0)0.4513 (SC/B)_O'2078 (11)

A plot of Umax 1r VErSUS Umax rom ShOwN in Fig. 5 with R? = 0.909 indicates that the LR
predictions are generally in agreement with the target FDM Upax, particularly for uns less than 10
mm. It should be noted that in developing the LR model, only cases with Unax less than 25 mm are
considered in Eq. (11) since with larger values of una it is unlikely that the serviceability limit
state would be satisfactory.

5. Influence factor

To address the influences of the excavation of the second cavern on the existing opening, a term
of Influence Factor (Ay) is introduced, as defined in Eq. (12)
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Table 5 Results from numerical experiments for Umax_single (MM)
Q=10 Q=40 Q=100
Ko=05 Kg=1 Ky=2 Ky=05 Kyg=1 Kij=2 Kz=05 Ky=1 Ky=2
10 2.17 2.22 5.26 1.14 1.06 1.99 0.76 0.69 1.21
4 20 4.39 4.44 10.53 2.34 2.20 3.98 1.56 1.43 2.36
30 6.43 6.40 14.56 3.46 3.26 5.77 2.32 2.15 3.35
10 2.40 2.54 6.19 1.24 1.16 2.65 0.82 0.74 1.63
2 20 4.92 5.26 12.56 2.58 2.47 5.21 1.71 1.57 3.23
30 7.31 7.68 17.71 3.90 3.73 7.35 2.59 2.39 4.60
10 2.87 3.55 8.26 1.42 1.60 3.98 0.92 1.00 2.48
1 20 5.97 8.05 16.99 3.06 3.50 7.93 1.99 2.15 5.05
30 1110 13.65 24.88 4.64 5.51 11.30 3.04 3.30 7.30

B/H B (m)

Umax — U max

Ae (%) = ——9 %100 (12)

single
in which uma, has been defined as in Sections 3.5 and 4.2; Umax single IS the maximum displacement
of the existing opening before the excavation of the second cavern. The Umax single Values are listed
in Table 5. Based on Tables 4 and 5, the A,; value for each case can be determined
The LR models developed for predicting A, in terms of Q, B, B/H, and S./B for Kq= 0.5, 1,
and 2 are shown below

;Lut (%) — 307.45(3/1‘1)_1'61030'663 Q_0'779(SC/B)_3'303 KO =05 (13a)
;Lut (%) — 407.57(B/H)_1'47SBO'046 Q—O.SlO (SC/B)—3.012 KO =1 (13b)
Aue (%) = 9.893(B/H) 0629 p0.1469=0078 (g /B)=2562 K. = 27 (13c)

It should be noted that for Egs. (10), (11) and (13), the coefficients are determined by the
method of least squares, which minimizes the sum of squared deviations between the fitted and
actual data.

6. Design charts of 4,, and determination of S./B

The interaction of the excavation of the second cavern on the existing opening has great
importance during the preliminary design phase, particularly when the plan and profile of the twin
caverns are under design consideration. As a result, introducing simple predictive model or design
charts to determine a proper pillar width is essential for decision making. Furthermore precise
assessment of the global factor of safety or the induced deformations should be conducted to
assure the stability and serviceability performances during construction.

It is proposed in this study that some certain threshold A4,; value, i.e., 10 or 20, be used to limit
the deformation induced as a result of excavation of the adjacent cavern. During construction, if
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the measured displacement is within the acceptable level, then excavation continues. Otherwise, a
greater pillar width or additional supports should be required. Based on Eqg. (13), a series of design
charts are developed, as illustrated in Fig. 6, assuming threshold A, values of 10 and 20.

Based on Eq. (13) and Fig. 6, a S¢/B ratio no less than the values proposed in Table 6 can be
used to limit the displacement of the existing opening induced by excavation of adjacent cavern
within acceptable range. These values can be used as guidance with regard to the choice of a
proper pillar width for underground twin rock caverns under similar ground conditions.
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Table 6 Recommended S./B values for 1, under different conditions

B gy Au Q=10 Q=40 Q=100
(m) (%) Ko=05 Ko=1 Ke=2 K¢=05 Ko=1 Ko=2 K¢=05 Ke=1 Ky=2
A 10  1.32 1.22 0.75 0.96 0.96 0.72 0.77 0.82 0.70
20 107 0.97 0.57 0.77 0.77 0.55 0.62 0.66 0.54
0 2 10 1.86 1.71 0.89 1.34 1.35 0.86 1.08 1.16 0.83
20 150 1.36 0.68 1.09 1.07 0.65 0.87 0.92 0.64
, 10 260 2.40 1.06 1.88 1.89 1.01 1.51 1.63 0.99
20 211 1.91 0.81 1.52 1.51 0.77 1.23 1.29 0.75
, 10 182 1.23 0.78 1.10 0.97 0.75 0.88 0.83 0.73
20 123 0.98 0.60 0.89 0.77 0.57 0.72 0.66 0.56
10 213 1.73 0.93 1.54 1.37 0.89 1.24 1.17 0.87
20 2 20 1.73 1.37 0.71 1.25 1.09 0.68 1.00 0.93 0.66
10 2.99 2.43 1.10 2.16 1.92 1.06 1.74 1.64 1.03
! 20 242 1.93 0.84 1.75 1.52 0.81 1.41 1.31 0.78
A 10 1.65 1.24 0.80 1.19 0.98 0.77 0.96 0.84 0.75
20 134 0.98 0.61 0.96 0.78 0.59 0.78 0.67 0.57
0 2 10 231 1.74 0.95 1.67 1.38 0.91 1.34 1.18 0.89
20 1.88 1.38 0.73 1.35 1.09 0.70 1.09 0.94 0.68
) 10 3.24 2.44 1.13 2.34 1.93 1.08 1.88 1.65 1.05

20 2.63 1.94 0.86 1.90 1.53 0.82 1.53 131 0.80

7. Conclusions

Based on the results of hypothetical cases, this paper presents two LR models used for
underground twin rock cavern design, estimating the global factor of safety and the induced
maximum displacement, respectively. The concept of Influence Factor A, is proposed in this
study to quantify the influence of excavation of the second cavern on the existing opening. The LR
models developed for predicting A, in terms of design parameter are built. The threshold A,
values can be used to limit the deformation induced as a result of excavation of the adjacent cavern,
thus determining a proper S¢/B value. Pillar widths listed in Table 6 are also recommended for
general project preliminary use for assessing stability and serviceability requirements under
similar ground conditions.

It should be noted that the numerical findings in this study are mainly for preliminary design
purposes. For detailed design, extensive laboratory and field testing as well as physical model tests
and field instrumentations are essential. It should also be emphasized that the analyses were
carried out considering an overburden of 65 m and this study will be extended to take deeper
overburdens into account. This study will also continue to investigate the use of other constitutive
models such as the Hoek-Brown model instead of Mohr-Coulomb failure criterion, to model the
rock mass.
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