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Abstract

Q-system is a preferred alternative method of rock mass classification for underground oil storage caverns where stable
lithological rocks are widely distributed. In this paper, correspondences between important input rock mechanics
parameters (friction angle, cohesion, tensile strength, Poisson’s ratio, deformation modulus) and Q values were
investigated, thereby bringing convenient to rapidly obtain available parameters when it’s hard to collect measured field
data in underground storage projects basically with similar lithology. The proposed correlations were verified through
numerical simulation and on-site monitoring measurement. In addition, comparison of different criteria among Q-system
and other codes for rock mass classification has been made to help for making a preliminary evaluation of rock mass quality
in the practical engineering. Finally, the behaviours of surrounding rock deformations under different Q values were
analysed by using FLAC3D code with the calculating parameters suggested in this paper, and the calculation results match
well with measured values in situ. Above results will not only guide the construction but also could be relevant to other
underground storage engineering under similar geological conditions.
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1. Introduction

At present, water sealed underground petroleum storage caverns in rock is the main way used for strategic petroleum
reserve. Constructing large water sealed underground oil storage caverns in coastal regions where granite, welded stuff
and other stable lithological rocks are widely distributed, is no doubt a project with better comprehensive economic
effect. It has been reported to have many advantages in construction cost, environmental protection, and operation safety
[1-4]. The earliest reference to the use of a rock mass classification system for engineering purposes is the rock load
theory that was published by Terzaghi [5]. Since then, many systems have been developed, e.g. the Rock Quality
Designation (RQD) system [6], the Rock Mass Rating (RMR) system [7-9], the Norwegian Geotechnical Institute Q-
system (Q) [10], the Rock Structure Rating (RSR) system [11], the Geological Strength Index (GSI) [12], and the New
Austrian Tunneling Method (NATM) [13], to improve methods for designing structural support systems. Q-system is a
preferred alternative method of rock mass classification for oil storage projects.

The Q-system developed originally at the Norwegian Geotechnical Institute by Barton, Lien, Lunde [13], and evolved
to its final state by Grimstad and Barton [14] with minor updates by Barton [15]. Some researchers have focused on
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correlations between different rock mass classification systems and Q-system, especially RMR system [16-20], some
have concentrated on improving [15] and correcting misuse [21] of Q-system, while there have been few studies with
regard to the relationships of Q values with general rock mechanics parameters. Rock formations cannot often be treated
as isotropic and homogeneous. There are a number of important parameters to consider in the fracturing of rock. Some
of these are fracture toughness, in situ stress, Poisson’s ratio, and Young’s modulus [22]. So the rock mechanics
parameters e.g. friction angle, cohesion and tensile strength, are often not well known or easily measured parameters.
Field tests to determine these parameters directly are time consuming, expensive and the reliability of the results of these
tests is sometimes questionable. However, they are required input parameters for different types of numerical analyses,
therefore it is very important to obtain realistic values of these parameters for any analysis which involves deformations.
Empirical relationships and functions of rock mass deformation modulus on the basis of classification schemes have
been summarized and proposed by Read et al, Mitri, Hoek [23-25]. While there is few study on relationships among Q
values and friction angles, cohesion, tensile strength, Poisson’s ratio, deformation modulus, which are very useful for
initial estimation when field parameters are hard to acquire in underground storage projects. Therefore, this paper aims
to investigate the correspondences between Q values and general rock mechanics parameters (friction angles, cohesion,
tensile strength, Poisson’s ratio, deformation modulus), thus to find some correlations which can be used in underground
storage projects basically with similar lithology.

2. Site Description

The rock in the study area consists primarily of Proterozoic and Cretaceous granite. Based on cores obtained from
drill holes in the area, the predominant rock types are granite. Other minor rock types include diorite and amphibolite,
which comprise less than 10% of the overall rock mass. The rock mass was classified based on the Q-system. More than
80% of the Q-values correspond to rock of fair to very good rock mass quality. Generally, competent and unweathered
rock provides excellent rock mass conditions for cavern construction.

Groundwater is present in the form of pore water and fracture water. The average annual precipitation in the area
over the past 20 years has been 532.7 mm, and heavy rains tend to occur between June and September, when more than
76% of the annual precipitation occurs. Wind direction is N-NW in winter and S-SW in summer, predominant direction
is SSW, average wind velocity is 3.8 m/s throughout the year.

Based on field test data, the dominant joint system of the whole field area strikes NNW and NEE, 270° ~/30°, 150°
Z15°, 85°/60°, 330°£30° and approximately horizontal joints are mainly developed. According to geological
advanced exploration drilling test, we found most of rocks were micro-weathered granites with developed closed joint
fissures. Tunnel face was wet with a high self-stabilization, without chipping in close jointed area.

The underground facility at this site will consist of storage caverns, access tunnels and water curtain tunnels. Figure
1. shows the layout of the underground structures. Eight storage caverns, which are to be left unlined aside from a layer
of shotcrete, are aligned parallel to one another. Each of the searched caverns is 19m wide at the base, 24 m tall and 734
m long. The access tunnels, which are also arched, are 8m wide and 8m tall. Their elevations vary from EI. Om at the
entrance to El. -80m at the floor level of the storage caverns. The water curtain tunnels, which are also arched, are 6.5m
wide and 6m tall. The water curtain tunnels are at an elevation of El. -32 m, which is 24 m above the storage caverns.
The tunnels and caverns are being excavated using the drill-and-blast method.
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Figure 1. Layout of underground structures of the storage facility
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3. Correlations of g Values with Rock Mechanics Parameters

This study collected six relevant Q-parameters (RQD, SRF, Jn, Ji, Ja, Jw) based on spot geological sketch of current
underground oil storage project, and general rock mechanics parameters i.e. friction angle, cohesion, uniaxial tensile
strength, tensile strength, shear modulus, deformation modulus and poisson's ratio were also derived by field test and
laboratory experiment. Different mathematic models were adopted to investigate the correlations between these rock
mechanics parameters and Q values by using statistical fitting methods. In view of the importance of the site
investigation phase that precedes preliminary design, and which gives indications of the need for additional
hydrogeological information, we will start this exploration of Q-correlations with an investigation of rock mechanics
parameters in underground oil storage caverns.

3.1. Friction Angles and Cohesion

Unlike soils (both cohesive and cohesionless) the magnitude of the angle of internal friction (sometimes refer to as
the angle of shear strength) and cohesion vary and depend on the current state of stress in the rock body. All rock masses
contain discontinuities such as bedding planes, joints, shear zones and faults. At shallow depth, where stresses are low,
failure of the intact rock material is minimal and the behavior of the rock mass is controlled by sliding on the
discontinuities. So it is necessary to understand the factors that control the shear strength of the discontinuities which
separate the blocks. Exploring a deeper meaning behind the six components of Q, Barton [15]found the ratio J,/Ja closely
resembled the dilatant or contractile coefficient of friction for joints and filled discontinuities, the ‘frictional component’
of a rock mass was defined finally with the necessary addition of Jw. The ‘cohesive component’ was expressed with the
remaining Q-parameters and o, . Nevertheless, comparing the tested results with the Barton’s theoretical ones, the

conclusion shows great scatterness (see Figure 2. and Figure 3).
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Figure 3. Correlation between Q and cohesion
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Addressing our attention to the whole six Q-parameters, we may observe that the quotient (RQD/J») represents the
relative block size, the product of the interaction between the joint orientation, spacing and persistence of that rock mass.
Jir/Ja represents the roughness and frictional characteristics of the joint walls with or without filling materials, is a useful
characterization of the condition of discontinuities. Ju/SRF is a complicated, empirical ratio consisting of two groups of
stress parameters, represents the relative effect of water, faulting, stress ratio, squeezing or swelling. We may see, all
these Q-parameters take care of shear strength of the discontinuities, thus affect the cohesion and the angle of internal
friction for rock. So we tried to discover whether there was a connection between fric, ¢ and Q values.

As can be seen from Figure 2, SGompertz model was chosen to describe the relationship between Q and friction
angle. The results show that the relevance is very high with R-square as 0.984 except a few items. The correlation was
suggested:

fric=axe® @
Where k=0.096, Q,=8.08, a=55.8, and perfect correlations were displayed between 10<Q<40 particularly.

The calculated Q values was found to have a linear effect on the measured values of cohesion (see Figure 3). There
is significant relationship between Q and ¢ with a high correlative coefficient as R,=0.96312, thereby Equation 2. was
proposed to calculate Q values or ¢ when making a quick estimation in construction site.

C=¢C,+aQ )
Where €0=0.83, » =0.4866.
3.2. Tensile strength

Rock material generally has a low tensile strength. The low tensile strength is due to the existence of microcracks in
the rock, which may also be the cause of rock failing suddenly in tension with a small strain. We were pleased to discover
that Q values of current oil storage caverns are obviously relevant to test tensile strength (see Figure 4). The correlation
described by means of the linear fit, with a very high R square as 0.99996, was suggested as follows:

ten =ten, + AQ 3)
Where teng=3.47, £ =0.14.
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Figure 4. Correlation between Q and ten

3.3. Deformation Modulus

Similar to strength, deformation modulus of rock materials varies widely with rock type, for extremely hard and
strong rocks, deformation modulus can be as high as 100 GPa. Based on fitted empirical equations for estimation of
rock mass modulus summarized by Hoek [25], we tried to correlate deformation modulus with RMR values (Q and RMR
systems are based on very similar properties [20]), when we found it’s hard to make a direct way to connect deformation
modulus with Q values. The results (see Figure 5) show the excellent agreement between RMR and deformation modulus
by using linear fit in two segments: RMR>44 and RMR<44. Compared with Hoek’s correlation (see Equation 4), equation
(5) and (6) are more applicable to stable lithological rocks, most underground oil storage projects located, with fairly
high R?=0.99965 and R?=0.9604 respectively [25, 26].
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E=(1-D/2), fad /100 x 10 'D=0, &, =100MPa. 4)
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E = E, + 5Q (RMR<44) (6)
Where E;=-0.1752, E»=-52.79, a =0.05, 5 =1.20.
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Figure 5. Correlation between RMR and E

Collecting field measured data of RMR values, regression analyses was made to study the relationship between RMR
and Q values in Log3P1model, with a highest correlative coefficient 0.99647 in current oil storage cavern among
previous fitting equations (see Figure 6) [27-31], which is in close proximity to Bieniawski’s equation. Following is the

correlation:

RMR = 43.765+9.087 * In(Q +0.0088) (7)
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Figure 6. Correlation between Q and RMR

3.4. Poisson's Ratio

Poisson’s ratio reported for rocks vary in a narrow range, the value is between 0.15 and 0.4 for most rocks [32].
However, existence of fractures makes the behaviour of rock masses substantially different from that of intact rocks.
The Poisson’s ratio in fractured rock masses can be larger than typical values used in practice [33]. Hill 1 model was
used to investigate if Q values were associated with poisson’s ratio. Figure 7. describes the relationship between Q
values and U with a high R square as 0.95415. The correlation was suggested:

k" +Q"
Where v, =0.4645, @ =0.2647, k=17.67, n=1.9.

(8)

V=0, -
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3.5. Comparison of Different Criteria Among Q-System and Other Codes For Rock Mass Classification

Besides RMR values, BQ values were also collected to better understand the rock mass quality and applicability of
Q-system in underground oil storage project. Table 1. shows comparison of classification factors for Q-system and other
methods, where ‘’ means this factor is counted and x’ means this factor is not counted. It can be seen from this table,
BQ system takes all the 6 factors into account, and Q system loses sight of combinational relationships between tunnel
axis and rock joins. And we made a 5-classes corresponding relation among these methods in Table 2. Collected field
measured data of Q and RMR values and calculated [BQ] values by field geological sketch, the rock was classified by
Q, RMR, and BQ systems in stratified sampling of this underground oil storage project, Appendix C presents integrated
classification results. We set 5 classes (I-V) (see Table 2) as an evaluation index to compare Q, RMR, and BQ systems.
It can be seen that rock classification by Q-system has a high similarity with RMR-system, and the classification
indicators and principles of Q, RMR and BQ methods are approximate. When Q or RMR values are small, the same
rock classification can be got as BQ method, while one grade deviation exists between Q or RMR method and BQ
method when Q or RMR values are bigger. Above comparison helps to make a preliminary evaluation of rock mass
quality in the practical engineering.

Table 1. Comparison of classification factors for different methods

Rock Classification Factors

Combinational - Calculation
Method S ho . CrS]tructu reof Relationships Between  Underground Glmt'ald Methods Of
trengt ntegrity aracter X roun Factors
Rock Mass Tunnel ﬁ)(()llz gnd Rock Water Stress
RMR S S v N N x plus-minus method
Q S \/ v x N RN product method
BQ N N J J J plus-minus &

product method

Table 2. Comparison among classification index values for different methods

Surrounding Rock Classification

Values | 11 11 \Y \Y
Very Good Good Fair Poor Extremely Poor
RMR 100~81 80~61 60~41 40~21 <20
Q >40 10~40 1~10 0.1~1 <0.1
[BQ] >550 550~451 450~351 350~251 <250

4. Q-System Application in Underground Oil Storage Tunnels Excavation

Storage caverns with the height of 19 meters and the spacing of 24 meters have been excavated in three-step benching
tunneling method. This paper has studied the surrounding rock deformations under different geological conditions
(various Q values) by using the fast Lagrangian analysis of continua software FLAC3D, with simulation parameters
picked up in Equations 1-8, one computational sample is shown in Figure 8. Pre-processing module of ANSY'S is used
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to build underground cavern group numerical model, meshing and group definition is also finished in this module, and
then this meshed model was imported into FLAC3D for calculation. Vertical and horizontal displacements are
constricted in bottom and surrounding boundaries respectively. The upper boundary, the actual ground, is free. No other
loads are applied to the model except for gravity and horizontal stress and every cyclical footage is 4m. Afterwards, the
numerical simulation results were compared with monitoring data, which could verify the accuracy of these equations.
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Figure 8. One computational model case of Q = 39.6

Figure 9. displays plans of current underground oil storage caverns with the locations of faults and dominant joint
orientations and also presents 10 typical sections for simulation and monitoring measurement. We selected 22
monitoring sections altogether in tunnels 1N, 1S, 2N and 2S, which should cover most use cases. And each section has
seven observation points, observed in the storage cavern by MDMI and TFL-ZLJ, which are the same points fisted in

numerical simulation model.

:}: = 5 c = “1 H ‘
N [¢ f\s.ms !\] = PL H I\ gN; t
CD M SG2N l\( - -
///// [+ SG2S — ‘w* j%sor 77777}7}}77/7? T
- i A
//7/%%27‘A SG3s H }>
e N | ——
//// ﬁTf***;; 777777777 %ﬁ 777777777777 ﬁT% 77777777 ]
/ : 150 |
U/ Y S.G4s C m t

‘1 S.G4N

543



Civil Engineering Journal Vol. 3, No. 8, August, 2017

Figure 9. Typical sections of underground oil storage caverns for simulation and monitoring measurement

Figure 10. plots the comparison between numerical results and monitoring results of final displacements and stresses.
Both displacements and stresses increase slowly with Q decreases at first when Q>4, then it grows sharply when Q<4.
Displacements in current oil storage caverns are millimeter-sized, and seven numerical curves and seven measured
curves are almost the same shown in Fig. 9(a), except that point A provides the maximum of the displacements in some
items. So we explored the correlation of Q values with measured displacements at observation point A. Hill1 model was

adopted to describe the relationship between Q and DSPLA, with a perfect correlative coefficient as 0.99699. The
correlation is as follows:

en gy @
DSPL, =a, o )

Where a,=13.87, =13.68, k=0.44, n=2.2386,
Thereby predicting the displacement variation during tunneling excavation.

In the part of stress, monitoring data are a little larger than simulation data, especially in point E at the vault. But it is,
generally, the trend is identical, numerical simulation results fit monitoring ones well.
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Figure 10. Comparison between numerical results and monitoring results

5. Conclusion

In this paper, correlations between friction angle, cohesion, tensile strength, deformation modulus, Poisson’s ratio
and Q were suggested by means of regression method with different mathematic models, thereby rapidly obtaining
available parameters when it’s hard to obtain the measured field data, which were recommended to use in underground
storage projects basically with similar lithology. In addition, comparison of different criteria among Q-system and other
codes for rock mass classification has been made to better understand the rock mass quality and applicability of Q-
system in underground oil storage project, which also helps to make a preliminary evaluation of rock mass quality in
the practical engineering. Above proposed relationships were verified through numerical simulation and monitoring
measurement and the calculated results of 3D tunnel excavation simulation are in good agreement with on-site test
results. The above conclusions are specific to one underground oil storage caverns in China but could be relevant to
other underground storage engineering under similar geological conditions.
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