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Re-evaluation of excavation class
limits for underground excavations
based on new data

Zulfu Gurocak?, Ayberk Kaya?™, Mustafa Kanik® & Selcuk Alemdag?

Many researchers have proposed empirical excavatability classifications to easily and quickly assess
rock masses. These classifications mostly apply to surface excavations, while those for underground
excavations are limited. Updating the classifications proposed for underground excavations based on
new data is important in terms of eliminating the deficiencies in this regard. This study determined
the engineering properties (RMR, Q, GSI), rock material strengths, and in-situ excavation classes of 16
underground rock masses. The new data were compared with excavation classifications from various
researchers and empirical classes. The study found that empirical classifications for surface conditions
are not applicable for underground. Excavation is more challenging in underground conditions due

to stress from overburden. While excavation classes align for good to very good rock masses in both
conditions, there is no perfect match for medium, weak, and very weak rock masses for underground.
The study suggests that for underground excavation classes (blasting, hammer&blasting, hammer,
and digging), both RMR,, and Q values should be used together to differentiate between classes.
When using GSlI for classification, the I 5, value of the rock material should also be considered. The o
parameter is the most critical in evaluating rock mass excavatability.

Keywords Excavatability, Rock mass, Underground excavation, In-situ excavation class, Empirical
excavation class, Rock mass strength

Selection of correct and economical equipment and excavation method in both underground and surface
excavations depend on rock mass excavatability. Therefore, accurate and reliable studies to determine the
characteristics of the rock masses have a significant effect on the cost of engineering projects. Within their study
over 158 tunnels in 35 countries, Efron and Read' also stated that geology and the excavation costs constitute
the biggest costs in tunneling. Effective geotechnical evaluation of rock masses and rock materials leads to
determine the appropriate excavation type; thus, the excavation costs would probably reduce and, the problems
encountered during excavation can be minimized.

Many researchers have developed various empirical classification systems based on rock material and
rock mass properties to determine the rock mass excavatability?-1°. Some researchers!’~?! used the empirical
classification systems in their scientific researches.

When these classifications are examined, it is seen that different input parameters that affect the excavatability
of rock masses are preferred. In their study, Gurocak and Yalcin?! categorized the input parameters used in the
classifications proposed by different researchers, which has a wide range of use and divided into three categories;

Category-A. Engineering properties of the discontinuities,

Category-B. Engineering properties of the rock material,

Category-C. Engineering properties of the rock mass.

Bailey?, Abdullatif and Cruden’, Hoek and Karzulovic!*, Tsiambaos and Saroglou!® used the parameters in
the Category-C for their classification systems while Franklin et al.%, Scoble and Muftuoglu®, Smith®, Pettifer and
Fookes!?® used the parameters of Category A and B. Also, the parameters of Categories A, B and C were used
in the excavatability classifications proposed by Weaver®, Kirsten®, Karpuz'?, Hadjigeorgiou and Poulin?? and
Ceylanoglu et al.'>.

Functional parameters in the empirical classifications are generally similar. Therefore, for the same rock
mass, the results obtained from the classifications must be compatible with each other. However, apart from the
compatible results, the significant differences between the excavation types in the classifications for the same
rock mass suggests that the classifications have limitations and should be carefully used. Another important case
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is the discrepancies between the in-situ excavation class and the results of the empirical classifications for the
same rock mass. These differences, which show up in practice, indicate that the proposed classifications are not
always appropriate for every rock mass, and it is important to select the most appropriate empirical classification
when classifying rock masses. It should be remembered that choosing the most suitable classification is only
possible by comparing the results obtained from the empirical classifications to the in-situ excavatability class of
rock masses that have different engineering characteristics?!

Furthermore, it is crucial to determine for which type of excavation work (surface or underground excavations)
these empirical classifications are suitable. For instance, classifications proposed by researchers®>6:891213.15.22
using parameters categorized by Gurocak and Yalcin?!, specifically those in categories A and B along with
parameters from all three categories, rely on data collected from engineering experiences conducted on the
surface, such as highway slopes, open-pit mines, and foundation excavations. However, using these excavatability
classifications, which only assess the excavatability of rock masses for surface conditions, makes it nearly
impossible to reliably predict the excavatability class of the rock mass for underground excavations. On the
other hand, the most well-known empirical classifications that utilize rock mass properties such as Rock Mass
Rating (RMR), Geomechanics (Q), and Geological Strength Index (GSI) as classification parameters are those
proposed by Abdullatif and Cruden’, Hoek and Karzulovic!4, and Tsiambaos and Saroglou!® for excavatability
assessments.

In the classification proposed by Abdullatif and Cruden’, researchers used the Q and basic RMR,, values
of the rock masses and identified three excavation classes as Digging, Ripping and Blasting. For the surface
excavations, digging represents the excavations carried out by excavator bucket while ripping represents the
excavations carried out by bulldozer rippers and blasting represents the explosive used excavations.

Hoek and Karzulovic'* used the uniaxial compressive strength of the rock mass (6_ ) and GSI values in the
proposed classification method and identified three excavation classes as Digging, Ripping and Blasting.

Tsiambaos and Saroglou'® used the GSI chart suggested by Marinos and Hoek® to identify excavation class
of rock masses. In this excavatability classification, the researchers proposed two different GSI scales to evaluate
the rock masses according to point load index (I ) (for I 60) 2 3 MPaand I, <3 MPa conditions).

While these classifications are effective for engmeers and researchers to determine the excavatability class of
rock masses in both slopes and underground excavations and provide a qualitative estimate of excavatability, it’s
important to note that these empirical classifications are proposed using data collected from surface excavations
and slopes. Therefore, when these classifications are used for underground excavations, there may be a mismatch
between the in-situ excavation class and the excavation class suggested by these classifications. Two factors
contribute to this mismatch: overburden pressure and weathering caused by external factors on the surface. The
rock mass excavated underground is under pressure due to overburden. The aperture of discontinuities could be
closer in underground due to overburden, whereas the aperture of the same discontinuities could not always be
as closed as on the surface or could be open due to soil loosening, and the degradation on the surface is generally
greater than that underground. Consequently, a rock mass with the same structure may require blasting for
excavation underground, while it can be excavated on the surface using a hydraulic hammer or ripper, thanks
to the differences in overburden pressure and surface degradation. Therefore, classifications created with data
gathered from surface excavations cannot be reliably used for underground excavations. Goodman?®* stated that
increasing cover load enhances normal stress on discontinuity surfaces, preventing sliding along these surfaces
and thus limiting displacements that may occur along the discontinuity. As a result, he noted that during
excavation, it becomes more difficult for rock masses to detach from their natural fracture surfaces, requiring
more energy for the excavation to proceed under optimal conditions.

A significant study on underground excavations was conducted by Chaniotis et al.?>. The researchers
proposed a classification chart based on the original GSI proposed by Hoek and Marinos? that could be used
for underground excavations, taking into account the GSI value of the rock mass and providing the following
definitions for excavation classes based on excavatability.

a. 10<GSI<25, can be easily excavated.

b. For 25 < GSI< 35, excavation is mostly performed using digging methods (94% in total), while in some cases,
a combination of digging and hydraulic breaker (5%), or only a hydraulic breaker (1%) may be required.

c. For 35<GSI <45, excavation is possible with all methods.

d. For 45<GSI< 55, excavation is mostly carried out (90%) using the blasting method. Only 9% can be excavat-
ed with a hammer (or occasionally with blasting), while only 1% is excavated using a combination of a digger
and a hammer. The use of diggers in such rock masses is almost impossible.

e. For, 55<GSI<65, excavation is performed solely through blasting, and excavatability in such rock masses is
very difficult.

The researchers’ recommendations for the excavatability classifications of rock masses, taking into account not

only the GSI value but also the I value in determining the excavatability class, are as follows:

a. Asl g, increases, a successful excavation performance requires low GSI values. For excavation by digging,
the upper limit for GSI is 35-40, and in this case, I 5, should be <1 MPa.

b. In cases where I, <1.3 MPa and GSI is between 45 and 60, the rock mass is expected to be excavatable by
hammer. However, as| + (50) increases, GSI should be <40 for the rock mass to be excavatable with a hammer.

c. The applicability of blastmg is determined by the o and the average discontinuity spacing of the rock mass.
When the Discontinuity Spacing Index (I) is approxlmately 0.1 m and o, is approximately 12 MPa, the lower
limit of GSI value for excavation by blasting is 45. For the determined GSI is 60, I, is approximately 0.4 m, and
the minimum o, is about 10 MPa.
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d. Blasting is used over a wide range of GSI values depending on the strength of the intact rock. Specifically, if
GSI>45and 3 MPa>1 ) >1.3 MPa, blasting should be used for these rock masses. If I 5, >3 MPa, blast-
ing should be used even for lower GSI values (even as low as 30).

In their conclusion, the researchers highlighted that the ease of excavating a rock mass with high strength tends to

increase as the overall rock mass quality decreases, as indicated by lower GSI values. Consequently, they propose

the use of hydraulic hammers and even excavation with diggers, including controlled blasting, to facilitate the
excavation process. Despite the study conducted by Chaniotis et al.?® not considering the overburden load, its
recommendation for underground excavations is crucial in addressing a significant gap in this field.

Considering the information above, it is evident that using data from surface excavations to apply
recommended excavatability systems for realistic and practical excavatability assessments of rock masses may
not yield accurate results for underground excavations. Therefore, addressing this significant gap in the field
could involve updating existing excavatability classifications using newly obtained data and making them
applicable for underground excavations.

The main objectives of this study can be outlined as follows:

a. Comparing excavation classes determined by different empirical classifications of rock masses to identify the
compatibility or discrepancies among existing excavatability classifications.

b. Investigating the applicability of empirically suggested excavatability classifications based on surface studies
to underground excavations, utilizing data from surface studies.

c. Utilizing newly gathered data from underground excavations to review limit values/excavation classes of
existing empirical excavatability classifications, making these classifications applicable for underground ex-
cavations.

Thus, it will be ensured that the excavatability classifications recommended for surface conditions can also be
used for excavations in underground conditions, and the excavation limits of the excavatability classifications
recommended for underground excavations will be reviewed on the basis of new data. As a result, it will be
possible to safely determine excavation classes in underground excavations.

Geotechnical properties of the rock masses

In this study, 16 different rock masses (Table 1), whose formation and lithological properties were examined
by different researchers'®21:26-2% (Gurocak et al.?%; Gurocak et al.!8, 2008; Gurocak and Yalcin?!; Alemdag et
al.?’; Erdem?’; Kanik and Gurocak® were selected and were characterized by RMR,,, Q and GSI classification
systems by using the geotechnical information of the rock masses. In the study, rather than using excavation
classifications obtained through empirical approaches, the real (in-situ) excavation types applied in the tunnel
face have been used.

To characterize the rock masses, scan line method was used in accordance with the ISRM*° suggestions.
This method involved studying the number of joints per meter and determining engineering properties of these
discontinuities, such as spacing, aperture, persistence, infilling, roughness, weathering, and water condition.

The equation (Eq. 1) proposed by Priest and Hudson?! was used to determine the Rock Quality Designation
(RQD) values of the rock masses.

—0.1
RQD = 100e " (0.1A + 1) (1)
Code | Researchers Location Formation Age Lithology Max. Overburden (m)
1 Basalt 50
Gurocak et al.?® Eastern Turkey | Yamadag Volcanics Middle-Late Miocene
2 Tuffite 25
3 Gurocak et al.'$ Eastern Turkey | Ispendere Ophiolities Late Jurassic Diabase 78
Late Cretaceous
4 Gurocak and Yalcin?! | Eastern Turkey | Komurhan Ophiolities | Late Cretaceous Gabbro 150
5 Basalt 100
Alemdag et al.>” Northern Turkey | Caglayan Formation Late Cretaceous
6 Tuffite 40
7 Basalt 170
8 Dacite 55
Malatya Volcanics Middle-Late Miocene
9 Agglomerate | 100
10 Erdem? Eastern Turkey Tuffite 100
11 Hekimhan Formation | Late Cretaceous Shale 120
12 Marl 110
Alibonca Formation Early Miocene
13 Limestone 110
14 Esiroglu Formation Pyroclastic 50
15 Kanik and Gurocak? | Northern Turkey | Kackar Rhyodacite Late Cretaceous Tonalite 150
16 Catak Formation Shale 250

Table 1. Geological properties of the rock masses.
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where;

RQD: Rock quality designation,

A: number of joints per meter.

The other two parameters necessary for the characterization of rock masses are uniaxial compressive strength
of rock material (o)) and I 5,. These parameters were determined through experiments conducted on cores
prepared from block samples obtained during tunnel excavation, following the ISRM>? recommendations.

{r;;tddition, uniaxial compressive strength of the rock masses (o) was calculated by the Eqs. (2-4) of Hoek
etal.””.
Ocm = 0.5 2)
o= % n é (67GSI/15 _ 6720/3) 4)
where;

o,;: Uniaxial compressive strength of the rock material (MPa),

s and a: Hoek-Brown constants,

D: Disturbance factor,

The values for the parameters used in the characterization of rock masses are given in Table 2.

RMR Classification System, an empirical rock mass classification system, was first developed by Bieniawski**
and modified by the recommendations made by Bieniawski** on the determination of the parameters of the
classification and the scores of these parameters, was lastly revised by Celada et al.*. In this study, the 1989
version of the classification was used due to its broad acceptance and determined basic RMR, scores of the rock
masses.

The Q classification system, also known as NGI (Norwegian Geotechnical Institute) system, was proposed
by Barton et al.*” and revised by Grimstad and Barton?®, while the SRF (Stress Reduction Factor) and ESR
(Excavation Support Ratio) parameters were rearranged by Barton and Grimstad®. Q value is calculated by the

equation given below.
_ (RQD\ (J; Jw
= (5.7) () (smr) ®

where;

RQD: Rock quality designation,

J,,: Joint set number,

J,+ Joint roughness number,

J,: Joint alteration number,

J,;: Joint water reduction factor,

SRF: Stress reduction factor.

In this study, the RMRy, and Q values for rock masses have been calculated, and the results are presented in
Table 3.

Code | Lithology RQD/2 | JCond,, %ﬁﬂga) ?ﬁi{Pa) ?ﬁnPa)
1 Basalt 31.0 17 3.75 40.64 | 3.56
2 Tuffite 13.0 10 0.88 821 | 0.12
3 Diabase 45.0 16 5.37 97.42 | 17.32
4 Gabbro 34.5 24 5.87 102.41 | 19.80
5 Basalt 42.5 19 8.22 161.98 | 32.21
6 Tuffite 45.0 20 6.35 85.58 | 21.29
7 Basalt 22.5 12 2.88 48.63 | 1.46
8 Dacite 36.5 11 0.58 11.96 | 1.06
9 Agglomerate | 23.0 14 0.94 38.47 | 1.62
10 Tuffite 22.0 12 0.25 862 | 0.15
11 Shale 46.0 20 1.28 30.77 | 8.09
12 Marl 24.5 18 0.24 30.59 | 2.01
13 Limestone 43.5 18 0.05 19.42 | 3.76
14 Pyroclastic 38.5 18 1.90 56.90 | 8.79
15 Tonalite 40.0 21 6.05 102.41 | 20.94
16 Shale 40.5 18 3.00 65.12 | 10.64

Table 2. The geotechnical properties of discontinuities and rock material.
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Code [RMRy, [Q | GSI
1 5600 | 103 |56.50
39.00 | 0.16 | 28.00
59.80 | 150 | 69.00

62.70 6.90 | 70.50
65.50 7.08 | 71.00
62.50 8.44 | 75.00

44.50 1.83 | 40.50
43.50 3.04 | 53.00
48.50 1.92 | 44.00

O || NN ||| W N

10 37.80 1.00 | 40.00
11 63.50 7.67 | 76.00
12 54.30 4.08 | 51.50

13 59.10 7.25 | 70.50
14 55.75 7.70 | 65.50
15 61.50 13.30 | 71.50
16 54.50 4.00 | 67.50

Table 3. Rock mass properties of the excavated rock masses.

GSI, which was proposed by Hoek et al.®? and used to determine the rock mass constants (mb, s and a)

by replacing RMR in the Hoek-Brown Failure Criteria, was initially associated with RMR and Q classification
scores. The GSI was transformed into a system that is independent of the RMR and Q systems with the revisions
made by Hoek and Brown*!. GSI classification system consists of a chart that uses four rock groups: blocky, very-
blocky, blocky/disturbed and seamy. After the recommendation of GSI as a classification system, Marinos and
Hoek?® proposed a new classification of intact or massive rock group with foliation or lamination planes to the
GSI classification. In the following years, Marinos and Hoek?2, Marinos et al.** and Hoek et al.** revised the GSI
system in their studies and proposed the version of the system used today.

The last study on the prediction of GSI was reported by Hoek et al.*%. The researchers suggested some
equations for GSI prediction. In this study, the GSI values of the rock masses were determined according to
Eq. (6) proposed by Hoek et al.** and the calculated GSI values of rock masses were given in Table 3.

GSI=1.5JCondse+RQD/2 (6)

Where;

GSI: Geological Strength Index.

JCondgy: RMR,, joint condition rating.

Simple regression analyses have been performed to determine the relationships between the parameters
RMR,, Q, GSI, and O that characterize the rock masses. The distribution graphs and correlation coefficients
(R) for these analyses were presented in Fig. 1. According to the regression analyses, the R values ranged from
0.63 to 0.94. Very strong correlations exist between the parameter pairs rcm-RMR,, 6 -GSI, GSI-RMR,,, and
Q-GSI, while the correlations between the parameter pairs o -Q and Q-RMR,, are moderate.

One-way ANOVA tests were conducted to determine whether the correlations between o__ ile RMR,
GSI parameters are statistically significant. The results of the ANOVA test are provided in Table 4.

According to the results of the ANOVA test, since the F value (128.99) > F critical (2.76), the null hypothesis
(HO) is rejected, and with p <0.05, it can be concluded that there is a statistically significant difference between
the groups. This result indicates that the means of at least one group are significantly different from the others. To
determine which groups have significant differences, a post-hoc test (Tukey’s HSD) has been applied (Table 5).

Tukey’s HSD results indicate that there is no statistically significant difference between Group-1 and Group-3,
as well as between Group-2 and Group-4. However, significant differences were found in all other combinations
(1-2, 1-4, 2-3, 3-4). The one-way ANOVA analysis revealed statistically significant differences between the
groups (F=128.99, p<0.001). Following this result, the Tukey’s HSD post-hoc test showed that the groups can
be divided into two clusters: Group 1 and Group 3 exhibited similar values, while Group 2 and Group 4 were also
similar to each other but significantly different from the other two groups.

Qand

89’

Determination of in-situ excavation classes of rock masses

In previous studies on the excavability of rock masses in surface and underground conditions, excavability
classes were defined as digging, ripping, hammer, hammer&blasting and blasting. The in-situ excavation classes
are defined as blasting, hammer & blasting, hammer, and digging in this study. For the underground conditions,
digging represents the excavations carried out by the breaker of the excavator without hydraulic power. Hammer
represents the excavation carried out by the hydraulic breaker of the excavator and blasting represents the
explosive used excavations. The excavation class referred to as “ripping” for surface excavations is defined as
“hammer” for underground excavations in this study. This adjustment is made because, technically, using a
ripper for excavations in underground conditions is not feasible.
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Fig. 1. Distribution graphs for the RMR,

The methods used in the excavations carried out in 16 different rock masses in different projects were
followed and the excavation classes of these rock masses were determined on site. Images of rock masses in
different excavation classes during the excavations are given in Fig. 2, and in-situ excavation classes of rock

masses are given in Table 6.
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Assessment of rock masses based on empirical excavatability classifications

In this study, the excavation classes of the investigated rock masses were initially assessed by excavation
classifying systems based on RMR, Q, o, and GSI those were proposed by Abdullatif and Cruden’, Hoek
and Karzulovic', Tsiambaos and Saroglou'® and Chaniotis et al.?*. The in-situ excavation classes, determined
through field studies of rock masses, were then compared with the outcomes of empirical classifications to assess

their applicability for underground excavations.
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Groups Sample Size Total Mean Variance

Group-1 (RMRSQ) 16 868.45 54.27813 80.71298958

Group-2 (Q) 16 76.9 4.80625 13.346705

Group-3 (GSI) 16 950 59.375 220.65

Group-4 (Ucm) 16 152.82 9.55125 96.954785

Source of variation | Sum of squares | Degre of freedom | Mean square | F-value P-value F criterion
Between Groups 39826.43 3 13275.48 128.9931707 | 4.00015E-26 | 2.758078296
Within Groups 6174.967 60 102.9161

Total 46001.4 63

Table 4. Results of the ANOVA test.

Groups | Comparison | Mean Difference | p-Value | Significance
1-2 RMR,,-Q -50.15 <0.001 |/ Yes
1-3 RMR,-GSI | 0.26 ~1.00 | X No
1-4 RMR-0_ | -45.97 <0.001 |7 Yes
2-3 Q-GSI 50.41 <0.001 | <7 Yes
2-4 Qo 4.18 0.57 X No
3-4 GSl-o_, -46.23 <0.001 |7 Yes

Table 5. Post-hoc test results (Tukey’s HSD).

The excavatability classification of Abdullatif and Cruden’

The first empirical excavatability classification based on rock mass properties was proposed by Abdullatif and
Cruden’, utilizing Q and basic RMR values. Researchers have suggested excavation classes as follows: digging
for RMR < 30, ripping for 30 < RMR < 60, and blasting for RMR > 60. However, they noted that the relationships
between rock mass Q values and excavatability are not highly consistent, revealing significant gaps between
Q values for digging and ripping excavation classes. To address this deficiency, they emphasized the need for
additional data. Additionally, an overlap is mentioned for rock masses with Q values of 3.2 and 5.2 in the ripping
and blasting excavation classes. Considering the limit values provided by the researchers, the excavation classes
and limit values are as presented in Table 7.

The rock masses in this study have been evaluated according to the excavatability classification proposed by
Abdullatif and Cruden’, and the results are presented in Fig. 3.

According to the Abdullatif and Cruden” excavatability classification, the Codes 1, 3,7, 8,9, 10,12 and 16 are
excavatable by ripping while the Codes 4, 5, 6, 11, 13 and 15 are excavatable by blasting (Fig. 3). The excavation
classes of rock masses categorized as Codes 2 and 14 are determined as ripping based on RMR values. According
to the Q values, it has been identified that two different excavation classes can be applied to each code. According
to the Q value, the excavation class of Code 2 rock mass is digging or ripping, while the excavation class of Code
14 rock mass is ripping or blasting.

The excavatability classification of Hoek and Karzulovic'*
In this classification, rock masses are divided into three excavatability classes: digging, ripping, and blasting. The
limit values for these excavatability classes are as provided in Table 8.

Upon assessing the GSI and o values of rock masses are evaluated according to the limit values provided
in Table 8, rock masses with Codes 2 and 10 drop to the digging excavatability class, rock masses with Codes 1,
7, 8,9, and 12 drop to the ripping excavatability class, and rock masses with Codes 3, 4, 5, 6, and 15 drop to the
blasting excavatability class.

According to the limits in Table 8, for the Codes 11, 13, 14 and 16, two different excavation classes were
obtained. It is because of the unfitting of the parameters considering the range of GSI and o__ . In other words,
GSI value fits to the range of an excavation class and the o_ value fits to the range of the other excavation class.

The excavatability classification of Tsiambaos and Saroglou®
The excavatability classification system proposed by Tsiambaos and Saroglou'®, uses the GSI chart proposed by
Marinos and Hoek?’. The researchers proposed two different GSI scales to evaluate the rock masses according to

Is(5o) 23 MPaand I, <3 MPa conditions (Fig. 4) different excavatability classes as blasting, hammer&blasting,
ripping and digging.
The GSI values of the rock masses were determined according to Marinos and Hoek?, while the I «(s0) values

were determined based on the method proposed by ISRM?>2. In this method, I
provided below:

«(s0) 18 calculated using the equation
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Code 2 Tuffite - Digging

Code 5 Basalt - Blasting

Code 10 Tuffite - Hmer Code 15 Tonalite - Blasting '

Fig. 2. Example rock masses for the in-situ excavations.

Rock Mass Code 12 |3|4|5|6|7 8 9 10 |11 | 12 13 |14 |15 | 16
In-situ excavatability class of rock masses H&B |H&B |H&B |H |B |H&B |B |B |B |B

w
o)
w
w

Table 6. The in-situ excavation classes of the rock masses. B : Blasting, H&B : Hammer and blasting, H :
Hammer, D : Digging

Limits Excavatability class
RMR > 60 .

Q> 320 Blasting

30 < RMR < 60 Rippin:

1.05<Q< 520 | “PPIN8

RMR < 30 Diggin

Q<0.14 888

Table 7. Excavation classification system proposed by Abdullatif and Cruden’.
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Fig. 3. Evaluation of the rock masses according to the excavation classification proposed by Abdullatif and
Cruden’.

GSI > 60 .
o, >15 Blasting
40 < GSI < 60 Ripping
1<o, <15

GSI < 40 Digei
0, <1 1gging

Table 8. Excavation classification system proposed by Hoek and Karzulovic!'.
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Fig. 4. Evaluation of the rock masses according to the excavatability classification system proposed by
Tsiambaos and Saroglou'®.
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Where;
De: Equivalent core diameter (mm).
P: Failure load (N) .
The corrected point load index (I ) is calculated using the following equation .

I51(50: =F.I (8)

Where,

F: Size correction factor.

In accordance with the established classification, the excavatability class assigned to Code 2 rock masses
is categorized as digging, while Codes 7, 8, 9, 10, and 12 rock masses are classified as ripping. Code 1 rock
masses fall under the category of hammer & blasting, and Codes 3, 4, 5, 6, 11, 13, 14, 15, and 16 rock masses are
designated as blasting, as illustrated in Fig. 4.

The excavatability classification of chaniotis et al.?

In the empirical excavatability classification proposed by Chaniotis et al.?> for underground excavations, the GSI
value of the rock mass is taken into consideration. Utilizing the GSI range suggested by Marinos and Hoek?,
the researchers recommended four excavation classes: blasting, hammer & blasting, digging & hammer, and
digging. Upon evaluating the rock masses in this study based on the excavatability classification suggested by
Chaniotis et al.?>, the empirical excavation class for the rock mass with Code 2 is determined as digging, for
Code 10 as digging & hammer, for Codes 7 and 9 as hammer & blasting, and the remaining 12 rock masses are
classified as blasting (Fig. 5).

Comparison of emprical and in-situ excavation classes of rock masses

After determining the in-situ and empirical excavation classes of 16 different rock masses examined in this study,
the in-situ and empirical excavation classes obtained are given in Table 9, and these excavation classes were
compared in order to determine how compatible the empirical and in-situ excavation classes of rock masses are.

Comparison of empirical excavation classes of rock masses
Asseen in Table 9, the excavation classes for the rock masses, based on data collected from the surface excavations,
are as digging and ripping and generally align with the empirical classifications proposed by Abdullatif and
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Fig. 5. Evaluation of the rock masses according to the excavatability classification system proposed by
Chaniotis et al.?>
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Rock mass mode
Excavability classifications 1 2 34|56 |7 8 9 10 11 |12 13 |14 |15 |16
*Abdullatif and Cruden’ R D/R|B|B|B|B|R R R R B R B R/B|B |R
*Hoek and Karzulovic'* R D B|B|B|B|R R R D R/B | R R/B |R/B |B |R/B
*Tsiambaos and Saroglou'® H&B | D B|B|B|B|R R R R B R B
**Chaniotis et al.?® B D B|B|B|B|H&B |B H&B | D&H | B B B
**In-situ excavatability class of rock masses | B D B |B|B|B|H&B | H&B | H&B | H B H&B B

Table 9. The empirical and in-situ underground excavation classes of the rock masses. B : Blasting, H&B :
Hammer and blasting, H : Hammer, R : Ripping, D : Digging, D&H : Digging and Hammer *Proposed for
surface excavations **Proposed for underground excavations

Cruden’, Hoek and Karzulovic!4, and Tsiambaos and Saroglou!®. For instance, the rock masses coded as 7, 8, 9,
and 12 are classified as ripping. For the rock mass coded as 2, Abdullatif and Cruden’ suggest ripping or digging,
while Hoek and Karzulovic'* and Tsiambaos and Saroglou'® suggest digging. The excavation class for the rock
mass coded as 1 is ripping according to Abdullatif and Cruden’ and Hoek and Karzulovic', while Tsiambaos
and Saroglou'® propose the excavation class for harder rock masses, Himmer&Blasting. A similar situation is
observed for the results of the rock masses coded as 14 and 16. The most notable observation here is that the rock
masses coded as 3, 4, 5, 6, and 15 are classified as blasting considering the excavation class in all three empirical
classification systems. The common characteristics of these rock masses are; having good-very good rock mass
properties, GSI values greater than 69, basic RMR,, values greater than 59, Q values greater than 1.5, and o
values greater than 17 MPa. Hence, when a rock mass exhibits GSI > 69, RMR > 59, Q > 1.5,and 6 > 17, the
excavatability of the mentioned rock mass can be assessed empirically within the blasting class.

In comparing the excavation class results suggested by Chaniotis et al.?® based on underground excavation
data with the other empirical classification, it is noteworthy that the excavation classes of rock masses coded
as 2, 3, 4, 5, 6, and 15 overlap, whereas for the remaining rock masses, the empirical excavation classes are one
level harder. For instance, while other classifications categorize rock masses coded as 1, 7, 8, 9, and 12 as ripping,
Chaniotis et al.?® classifies these rock masses as blasting or hammer&blasting. The GSI values for these rock
masses range from 40 to 56.5, RMR values from 38 to 59, Q values from 1 to 4.08, and o values from 0.15
to 3.56 MPa. The difference of “providing one level harder excavation class than the others” of the empirical
excavation class of the rock masses according to the Chaniotis et al.?® classification can be attributed to the fact
that the classification was proposed based on underground excavation data.

In the overall assessment of empirical findings, it is generally observed that the excavation classes proposed
for the surface excavations largely overlap, but the alignment of classifications recommended for underground
excavations of the same lithology with the surface excavation type cannot be asserted to be acceptable. Consistent
results are obtained as better the rock mass class is in underground excavations, but there is not a complete
alignment when the rock mass class gets weaker. This lack of alignment is attributed to the increasing difficulty of
rock excavation due to the in-situ stresses related to overburden. As a result, the excavation classes suggested by
Abdullatif and Cruden’, Hoek and Karzulovic'* (2000), and Tsiambaos and Saroglou'® correspond to the upper
excavation class for the underground excavations.

Comparison of empirical and in-situ excavation classes of rock masses

The accuracy of empirical excavation classes for rock masses can only be determined through a comparison
between empirical excavation classes and in-situ excavation classes. In this study, the in-situ excavation class of
the 16 rock masses that constitute the database was determined during tunnel excavation (Table 9) and compared
with empirically determined excavation classes. As seen in Table 9, according to the classification of Abdullatif
and Cruden’, the excavation classes of rock masses coded as 3, 4, 5, 6, 11, 13, and 15 are consistent with both
empirical and in-situ classifications, and they are categorized as blasting. The situation is similar for rock mass
Code 10, with the excavation class being hammer (for surface ripping). However, there are differences in other
excavation classes. Indeed, for rock masses coded as 1, 14, and 16, which have an empirical excavation class of
ripping, their in-situ excavation class is blasting. The in-situ excavation class for rock masses coded as 7, 8, 9, and
12, with an empirical excavation class of digging/ripping, is hammer&blasting. As for the rock mass Code 2, with
an empirical excavation class of digging/ripping, the in-situ excavation class is digging.

According to the classification of Hoek and Karzulovic'* rock masses coded as 3, 4, 5, 6, and 15 can be
excavated by blasting, as it is same for the in-situ excavation classes. There is a complete alignment for rock
mass Code 2, where both the empirical and in-situ excavation classes are digging. However, for rock mass Code
1, with the empirical excavation class being ripping, its in-situ excavation class is blasting, and for rock masses
coded as 7, 8, 9, and 12, with the empirical excavation class being ripping, the codes’ in-situ excavation class is
hammer&blasting. The in-situ excavation classes for rock masses coded as 11, 13, 14, and 16, with the empirical
excavation class being ripping&blasting, are determined as blasting. While the empirical excavation class for
rock mass Code 10 is digging, its in-situ excavation class is determined as hammer.

According to the evaluation based on another empirical classification proposed by Tsiambaos and Saroglou®®,
for the rock masses coded as 3, 4, 5, 6, 11, 13, 14, 15, and 16, with the empirical excavation class being blasting,
their in-situ excavation classes are also blasting, and the excavation classes are fully compatible. For the rock
mass Code 2, both the empirical and in-situ excavation classes are similar and are digging. The in-situ excavation
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class for the rock mass Code 10, with the empirical excavation class being ripping, is hammer; and for the rock
masses coded as 7, 8, 9, and 12, the codes’ in-situ excavation class is hammer&blasting. For the rock mass Code
1, while the empirical excavation class is hammer&blasting, the in-situ excavation class is blasting.

It is observed that the in-situ excavation classes of the rock masses are more consistent with the classification
suggested by Chaniotis et al.?> for underground excavations rather than with other empirical classifications.
Especially for the rock masses coded as 1, 2, 3, 4, 5, 6, 9, 11, 13, 14, 15, and 16, both the in-situ and empirical
excavation classes are blasting, indicating a complete alignment. However, for the rock masses coded as 7, 8,
10, and 12, the relationship between the empirical excavation class and the in-situ excavation class is either one
level lower or one level higher based on the characteristics of the rock mass. For example, while the empirical
excavation class for the rock masses coded as 8 and 12 is blasting, the codes’ in-situ excavation classes are
hammer&blasting. For rock mass Code 10, with the empirical excavation class being digging&hammer, its in-
situ excavation class is hammer.

In a general assessment, it can be stated that a consistency exists between empirical and in-situ excavation
classes for good-very good (partly fair) rock masses in both surface and underground conditions. This consistency
extends to very weak rock masses as well. However, for weak and fair rock masses, the consistency between
empirical and in-situ excavation classes cannot be conclusively asserted. Specifically, for a rock mass with the
excavation class ripping for surface conditions, the excavation class in underground excavations corresponds to
blasting, hammer&blasting, or hammer for the same rock mass. In other words, the excavation class of a rock
mass for underground is in upper level than the surface excavation class of the same rock mass.

Evaluation of in-situ excavation classes, rock mass properties and strength

The findings of this study reveal that there is not a perfect consistency between empirical excavation classes and
in-situ excavation classes. Moreover, it is observed that several existing empirical classification systems designed
for surface excavations lack reliability when applied to underground excavation scenarios. Consequently, there is
a need to systematically assess the correlations between in-situ excavation classes and rock mass properties. This
is particularly important in light of newly acquired data. Furthermore, it is imperative to reconsider the limit
values of empirical excavatability classifications based on the obtained results.

The study has investigated the relationships between rock mass properties, namely GSI, basic RMR,,,
and Q values, and their associations with in-situ excavation classes. The outcomes of these evaluations are
comprehensively presented in Table 10.

According to the limit values provided in Table 10, the parameter that best defines excavation classes is GSL
Considering the GSI value of the rock mass and the structure/surface condition features, when GSI> 55 and for
good-very good/blocky-massive rock mass, the excavation class is blasting; when 40 < GSI < 55 and for fair-poor/
blocky-very blocky rock mass, the excavation class is hammer&blasting; when 30 < GSI <40 and for poor/very
blocky rock mass, the excavation class is ripping; and when GSI<30 and for poor-very poor/blocky disturbed
seamy rock mass, the excavation class is digging. In the evaluation of RMR,g and Q values, in contrast to GSI, it is
evident that there lacks a detailed and inclusive correspondence encompassing all excavation classes. Specifically,
for the good-very good rock mass class, corresponding to basic RMR, > 55, the excavation class is blasting; for
the fair rock mass class with 40 <basic RMR, <55, the excavation class is hammer&blasting; for the poor-very
poor rock mass class and basic RMR,, < 40, the excavation class is either hammer or digging, and it is not clear
which basic RMR,, value corresponds to the boundary that distinguishes these two excavation classes.

The evaluation based on the Q value reveals a parallel scenario to that observed with the basic RMR,.
For Q>1 (poor/fair/good rock class), the excavation class comprises either blasting or hammer&blasting, for
1>Q>0.2 (very poor rock class), it is hammer, and for Q <0.2 (extremely poor-exceptionally poor), it is digging.
It is noteworthy that, upon consideration of the basic RMR, and Q values of rock masses, it is not possible to
provide upper and lower limit values for the excavation classes of blasting and hammer&blasting, as well as for
hammer and digging.

Although it may seem possible to determine excavation classes by considering the GSI value, the crucial

point not to be overlooked is the impact of rock material strength (o ; or I ;) over the excavatability of the rock

Parameters | Limits | Excavation class Descriptions
>55 Blasting Good-very good / Blocky-massive
Gs1 40-55 | Hammer&Blasting Fair-poor / Blocky-very blocky
30-40 | Hammer Poor / very blocky
<30 Digging Poor-very poor / blocky disturbed seamy @
>55 Blasting Good-very good (occasionally fair)
Basic RMRy, | 40-55 | Hammer&Blasting Fair
<40 Hammer or Digging Poor-very poor ®
>1 Blasting or Hammer&Blasting | Poor-fair-good
Q 0.2-1 | Hammer Very poor
<0.2 | Digging Extremely poor-exceptionally poor )

Table 10. Relationship between in-situ excavation classes and GSI, basic RMR,, and Q values. @ Structure
and surface conditions according to Marinos and Hoek?® ® Rock class according to Bieniawski® () Rock class
according to Grimstad and Barton™
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Parameter | Limits | Excavation class

>3 Blasting

1-3 Hammer&Blasting
o__ (MPa)

cm

0.15-1 | Hammer

<0.15 | Digging

Table 11. Relationship between in-situ excavation classes and o .

ForI ;23 MPa | For I, <3 MPa | Excavation Class
GSI>55 GSI>65 Blasting
45<GSI<55 65<GSI<40 Hammer&Blasting
30<GSI<45 40<GSI<30 Hammer

GSI<30 GSI<30 Digging

Table 12. Limit values of excavation classes considering GSI and I ;.

mass. In numerous studies on excavatability and in various excavation classifications, it is emphasized that when
determining the excavation class, not only rock mass properties such as GSI, RMR, or Q but also the strength of
the rock material or mass should be taken into account.

In this study, when the in-situ excavation classes of rock masses are compared with I and o values, it
is observed that I ., alone cannot define the excavation class (Table 2), but o_ values can be a parameter used
for excavation classes (Table 11). Indeed, Hoek and Karzulovic'* have used o as a parameter in their proposed
excavatability classification based on the o_ and GSI values of the rock mass. According to the results of this
study, it is possible to determine the excavation classes of rock masses based on o values.

As in the classification proposed by Tsiambaos and Saroglou'®, when the GSI and I
together, the excavation classes and limit values are as shown in Table 12.

From the Table 12, it is observed that as the strength of the rock material increases for excavation classes
such as blasting, hammer&blasting, and hammer, the GSI value should be lower to be able to use the same
excavation class. In other words, for a rock mass with I 50) >3 MPa and GSI =60, blasting is required, whereas
if I s, <3 MPa, the excavation class becomes hammer&blasting. Therefore, two parameters work together and
to be able to perform same excavation type, either the strength should increase as GSI decreases or the strength
should decrease as GSI increases. In the condition GSI< 30, the excavation class is digging for all rock masses
regardless of strength.

«(50) values are evaluated

Conclusions

In this study, the excavatability of rock masses has been assessed for underground excavations using empirical
and in-situ excavation data. The excavatability classification systems previously proposed by different researchers,
including Abdullatif and Cruden’, Hoek and Karzulovic', and Tsiambaos and Saroglou'® for surface excavations,
as well as those proposed by Chaniotis et al.>* for underground excavations, have been reevaluated with new
data. As a result of the conducted evaluations, it has been determined that, despite the general compatibility
among the classifications proposed for surface conditions, they do not accurately reflect the excavation classes
in underground excavations. For instance, a rock mass classified as ripping in the empirical classifications of
Abdullatif and Cruden’, Hoek and Karzulovic!%, and Tsiambaos and Saroglou!® is observed to be classified
as hammer&blasting or hammer for underground conditions. In other words, transitioning from surface to
underground conditions results in upper class of excavation, even though the geotechnical properties remain
unchanged. This is attributed to the compression regime in the rock mass induced by stresses from overburden,
leading to the closure of discontinuities and an increase in the shear strength of the discontinuities, resulting
in increased excavation difficulty. Therefore, the upper and lower limit values of excavation classes from the
proposed empirical classifications for surface conditions will not be applicable to underground excavations.
It has been identified that a reassessment of these values is needed using data compiled from underground
conditions.

In this study, rock mass characteristics, rock material strengths, excavations performed in tunnels, and in-situ
excavation classes were determined. The obtained data were used to re-evaluate the limit values for excavation
classes, as shown in Tables 10, 11 and 12.

In the process of determining the excavation class of the rock mass using solely basic RMRy, or Q values, the
clear limit of the boundaries among the four primary excavation classes, ranging from digging to blasting based
on excavation difficulty, poses a challenge. Indeed, assessing the excavation class of the rock mass using only the
basic RMRg, value fails to differentiate between the digging and hammer excavation classes, while using the Q
value does not allow distinguishing between the blasting and hammer&blasting excavation classes (Table 10).
However, through the combined usage of basic RMR,, and Q values, the determination of the excavation classes
for underground rock masses becomes feasible. As illustrated in Table 13, for basic RMRy,>55 and Q>1, the
excavation class is defined as blasting; for 40 <basic RMR,y<55 and Q> 1, it is hammer&blasting; for basic
RMR, <40 and 1>Q>0.2, it is hammer; for basic RMR, <40 and 0.2 <Q, it is defined as digging.
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Parameters and limit values
GSI
Excavation class | 6 (MPa) | Basic RMRy, and Q L5023 MPa | I, <3 MPa
. Basic RMR,, > 55
Blasting 0,23 and Q>1 89 GSI>55 GSI>65
. 40 <Basic RMR,,< 55
Hammer&Blasting | 1<o_ <3 and Q>1 89 45<GSI<55 | 65<GSI<40
Hammer 0.15¢, <1 | Basic RMRy, <40 30<GSI<45 | 40<GSI<30
cm and 1>Q>0.2
- Basic RMR,, <40
Digging 0., <0.15 and 0.2 < Q39 GSI<30 GSI<30

Table 13. Excavation classes and limit values for underground excavations.

When only the o value is used as a defining parameter, it is possible to represent all excavation classes, and
the rock mass can be classified into four excavation classes in terms of excavatability. This is because both the
strength of the rock material (o,,) and the GSI value are utilized in the calculation of this parameter (Egs. 2, 3,
and 4). Thus; the excavation class is actually determined based on GSI and o values. In Table 11, O values
defining the blasting, hammer&blasting, hammer, and digging excavation classes are provided.

The predominant parameter for determining the excavation classes of rock masses is GSI. Nevertheless,

research suggests that assessing the excavatability of rock masses solely based on the GSI value is inadequate, and
the rock material’s strength should also be taken into consideration. Consequently, Tsiambaos and Saroglou'®
incorporated the I, value when using the GSI value to delineate excavation classes, establishing lower and
upper limit values for excavation classes under the conditions of GSI value I ;) > 3 MPa and I 5, < 3 MPa. In
this study, the GSI values of rock masses were reassessed for underground conditions, considering tl)le conditions
of I 55, 23 MPaand I, <3 MPa, and the obtained results are detailed in Table 13.
With the new data obtained from this study, the redefined limit values for excavation classes in underground
conditions are presented in Table 13. These values take into account rock mass properties such as RMR,, and Q,
as well as 0 and GSI values, along with in-situ excavation classes. Engineers can use these values to determine
the excavation classes of rock masses in underground excavations. However, it is essential to note that the
excavation classes and limit values provided in Table 13 may undergo reassessment with the addition of new
data. This process can contribute to the development of more reliable excavatability classifications specifically
tailored for underground conditions.

Also, this study has been conducted using data from a limited number of rock masses to determine the
excavation classes of rock masses in underground excavations, which can be considered a significant gap in the
literature. In this way, an important gap has been partially addressed. Further studies should be conducted on
this topic, and the results of this study will provide a valuable database for future research.
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