o.)

Check for

Available online at www.sciencedirect.com

Kes [ ]|

Underground Space

ScienceDirect

updates

Underground Space 23 (2025) 23-42 Ve
www.keaipublishing.com/undsp

Research Paper

Effect of block geometry on the estimation of low volumetric
block proportions: A tunneling-based computer bimrock model

Zixin Zhao?, Guolong Zhu *"*, Xingliang Peng®, Fawu Wang **

* Department of Geotechnical Engineering, College of Civil Engineering, Tongji University, Shanghai 200092, China
® International United Laboratory for Energy and Environment, Sanmenxia 472199, China
¢ Key Laboratory of Geotechnical and Underground Engineering of the Ministry of Education, Tongji University, Shanghai 200092, China

Received 19 March 2024; received in revised form 24 June 2024; accepted 28 July 2024
Available online 17 November 2024

Abstract

Bimrocks have a block matrix structure that affects their characteristic complex geometric features and widely varying engineering
properties. Volumetric block proportion (VBP) significantly affects the strength, extent of the plastic zone, and failure mode of bimrocks.
VBP is an essential parameter for evaluating bimrock mechanical properties. However, current unadjusted VBP estimations may have
large errors that can exceed 100%. Obtaining more accurate VBP estimates at engineering sites is an ongoing problem that needs more
attention. In this study, a tunneling-based bimrock model was constructed. The blocks were ellipsoidal, and their geometric features were
designed to be changeable. Based on this model, the influence of bimrock block geometry features on the estimation of the VBP was
explored. To reduce the estimation error of the VBP in the tunnel, correction factors corresponding to different geometrical features were
proposed. The results of this study can help in estimating VBP more accurately in the field. The findings can also provide useful infor-
mation for the tunnel construction.

Keywords: Bimrock; Volumetric block proportion; Geometric feature; Tunnel

1 Introduction

Complex rock masses containing blocks in a soft matrix
are widely distributed throughout the world (Festa et al.,
2019). A variety of geological processes can form these
rock masses with chaotic internal structures and composi-
tions. For example, the deposits of submarine landslides
form a sedimentary mélange (Festa et al., 2013); rocks
are damaged by shearing during tectonic activities; rocks
are formed by a combination of diapirism (Medley, 1994;
Ogata et al., 2021); igneous volcanic rocks (agglomerates,
pyroclastics, and lahars); and rocks formed by chemical
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and mechanical weathering (saprolites, decomposed gran-
ites, and cemented colluvium) (Medley, 1994).

These rock masses are characterized by the embedment
of rock blocks in a weaker matrix. Medley (1994) defined
the term block-in-matrix rock (bimrock) as “a mixture of
rocks, composed of geotechnically significant blocks within
a bonded matrix of finer texture”. The term block-in-matrix
soil (bimsoil) describes the embedding of a rock block in a
soil-like matrix (Kalender et al., 2014). Nowadays, different
fields use different terms to indicate complex formations
with rock mixing. Napoli et al. (2022a) developed a practi-
cal classification of geotechnically complex formations with
block-matrix structures that links geological and geotechni-
cal terminology.

As infrastructure development continues, numerous
projects have been conducted in bimrock areas (Gao
et al., 2023). The mechanical properties of bimrocks are
spatially variable and complex owing to their block/matrix
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structure (Montoya-Araque & Suarez-Burgoa, 2019; Ogata
et al., 2021; Zhang et al., 2019). Projects in bimrock areas
are exposed to engineering and geohazard risks because
of difficulties estimating mechanical properties and block
distribution (Cao et al., 2021; Button et al., 2004). For
example, a partial tunnel collapse occurred in the URT
railway tunnel in India while crossing a 90 m thick zone
of tectonic mélange (Dhang, 2016). Brittle failure of the
bimrock block resulting from stress concentration led to
the collapse of the tunnel crown, and matrix compression
caused the deformation of subsequent supports (Dhang,
2016). Similarly, the primary lining of the Tayi Tunnel in
Yunnan Province, China, was heavily deformed and frac-
tured. The excavation face and sidewalls of the tunnel col-
lapsed because of the nonhomogeneity and poor
mechanical properties of the bimrock (Zhang et al.,
2021). The study of the inhomogeneous structure of bim-
rocks and their mechanical properties is necessary for the
safe construction of projects in bimrock areas.

Volumetric block proportion (VBP) is the volume ratio
of the total volume of block to the total in the bimrock.
VBP is the nonhomogeneous parameter that significantly
affects the mechanical properties of bimrocks (Alber &
Kahraman, 2009; Ding et al., 2023; Lindquist, 1994;
Sonmez et al., 2006). Irfan and Tang (1993) found that a
sharp increase in colluvium shear strength occurs when
the coarse fraction content exceeds 30%; there is no signif-
icant increase when it is below 20%. Based on this,
Lindquist (1994) investigated the mechanics of physical
model mélanges and determined the relationship between
VBP and overall bimrock strength. As concluded in previ-
ous studies, at a VBP < 25%, the strength of the bimrock is
approximately equal to the matrix strength (Lindquist,
1994; Kahraman et al., 2015). When the VBP is 25%—
75%, the internal friction angle of the bimrock increases
with an increase in the VBP (Lindquist, 1994; Afifipour
& Moarefvand, 2014a; Avsar, 2021). When VBP > 70%,
the stress—strain relationship and deformation characteris-
tics in the post-peak region strongly depend on VBP
(Afifipour & Moarefvand, 2014b). In slope engineering,
the factor of safety increases significantly when the VBP
is high (Lindquist, 1994; Napoli et al., 2018a, 2018b;
Napoli, 2021). Khorasani et al. (2019) and Napoli et al.
(2021c) found VBP, block mechanical properties, and
block orientation all affect slope stability. Increasing VBP
is positively correlated with slope safety, except when block
orientation is unfavorable (Khorasani et al., 2019). In tun-
neling, the extent of the tunnel yield zone decreases as the
VBP increases (Napoli et al., 2021a). Therefore, the estima-
tion of VBP in the field is essential when considering the
stability of engineering structures.

Accurate VBP can only be obtained by disintegrating
the sample, which is not applicable in the field owing to
the difficulty of disintegration and the scale of the area.
Therefore, VBP is usually estimated by assuming it equals
O0Dimension (0D), 1Dimension (1D) and 2Dimension (2D)

measurements. The range of VBP can be estimated. The 0D
measurement is accomplished by point counting (node or
point block proportion, PBP). A grid is superimposed on
the image, and the intersections are counted and divided
by the total number of grid points (Medley, 1994; Napoli
et al., 2022b). The 1D measurements are obtained by scan-
lines. VBP is estimated by the ratio of the total length of
the block by the drill core (scanlines) to the total length
of the drilling (Medley, 1997, 2001; Goodman & Ahlgren,
2000; Napoli et al., 2022b). This ratio is linear block pro-
portion (LBP). The 2D measurements are based on the
area block proportion (ABP), which is the ratio between
the block area and the sampling area (Haneberg, 2004;
Avsar, 2020, 2021; Kalender et al., 2014; Ren & Zhao,
2021; Napoli et al., 2022b).

However, the error of these methods is high because of
geometric features, such as block shape, orientation, distri-
bution, and the actual VBP (Medley, 1994, 1997; Napoli
et al., 2020; Haneberg, 2004). Therefore, it is important
to reduce the error, by adjusting the estimated VBP to
accommodate the uncertainty.

A few studies have been carried out to analyze uncer-
tainties in different estimation methods. Medley (1997) pro-
posed a bimrock model with a known VBP and block size
distribution, and performed simulations with a large num-
ber of model boreholes. Based on the simulation data, the
estimated VBP was adjusted using an uncertainty factor
(UF). Using a 2D estimation method, Napoli et al.
(2020) performed statistical analyses to assess the degree
of error generated when extrapolating the VBP from
ABP measurement. A figure was presented to adjust the
areal block proportion measurements so that an appropri-
ate estimate of the VBP range could be obtained. Napoli
et al. (2022b) validated and extended Medley’s (1997) 1D
measure to provide an extended chart to assess the uncer-
tainty of LBP measurements. Further, Napoli et al.
(2023) adjusted the OD results by uncertainty analysis
and found adjusted results comparable to the 2D
measurement.

As summarized above from previous studies, VBP
significantly affects the mechanical properties of bimrock
and the damage patterns of slopes and tunnels. In general,
VBP is a necessary parameter in engineering. Careful stud-
ies on VBP estimation for blocks have been carried out by
previous researchers (Medley, 1997; Napoli et al., 2020,
2022b, 2023). However, the shape, orientation and axial
ratio of the blocks have not been considered in previous
studies.

Meanwhile, owing to the non-homogeneous structure of
the bimrock at the tunnel scale, the actual conditions may
differ from the results of the geological mapping and sub-
surface investigations (exploratory drilling and geophysical
surveys) (Button et al., 2004). This may cause modification
of the tunnel support method (Dhang, 2016; Zhang et al.,
2021). Therefore, careful mapping and recording of key
geotechnical and geological parameters are required for
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determining the excavation and support methods of the
next stage (Button et al., 2004). VBP estimation during
excavation can supplement the drilling data and provide
a timely basis for changes in tunnel support design.

This study aims to analyze the effect of block geometric
features on VBP estimation. For this purpose, we devel-
oped a tunneling-based bimrock model. We then investi-
gated the effect of variations in bimrock block geometry,
such as horizontal angle (HA), vertical angle (VA), aspect
ratio (AR), and VBP, on VBP estimation. Finally, correc-
tion factors, including the variable correction factor
(CFy) and constant correction factor (CF¢) were devised.
The results of this study can help in estimating VBP more
accurately in the field. The findings can also provide useful
information for the tunnel construction.

2 Methods for the construction of a tunneling-based bimrock
model and VBP estimation

Tunnels were used as the engineering context in this
study. A bimrock model with dimensions of 150 m long,
30 m wide, and 30 m high was constructed, including a
10 m diameter circular tunnel, through MATLAB. The
tunnel diameter and the distance from the tunnel to the
boundary were determined by referencing Du et al
(2019). In the soil-rock mixture tunnel study, Du et al.
(2019) extended to 2.0 times the tunnel radius under the
tunnel or in the horizontal direction. Briefly, the model-
building process is described in several stages. The first is
the construction of a tunneling-based bimrock model with
a known VBP and block size distribution, where the block
generation process references Napoli et al. (2020). The sec-
ond step involves calculating the area of the bimrock—tun-
nel interface as the basis for the VBP estimate. Third, the
VBP estimation method used is presented. Finally, two cor-
rection parameters are proposed to estimate the VBP more
accurately. The key methods used in the model construc-
tion are described below.

2.1 Method for constructing a tunneling-based bimrock
model

The shape, size, and distribution of the blocks need to be
assumed to construct a tunneling-based bimrock model.
The geometric features of the blocks were designed to be
changeable, which allowed for the analysis of the effect of
geometric features on VBP estimates.

2.1.1 Block shape and size

Some bimrocks are exposed to strong tectonic influences
during their formation (Ogata et al., 2021; Festa et al.,
2020). These blocks are often in an ellipsoid shape. In this
study, the bimrock blocks were modeled as ellipsoids and
distributed randomly throughout the model. Before the
blocks were constructed, the upper and lower boundaries
of the block dimensions were defined. Medley (1994)
observed that the upper and lower boundaries of the block

size distribution should vary according to the scale of engi-
neering interest involved. These thresholds have been iden-
tified for Franciscan mélanges (Medley, 1994). Other
bimrocks may have different ranges. However, these
thresholds can provide a basis for block size ranges. For
tunneling, the characteristic engineering dimension can be
the tunnel diameter. So, the block thresholds are 0.75d
and 0.05d, respectively, where d is the diameter of the tun-
nel (Medley, 1994; Sonmez et al., 2016). With reference to
this criterion and considering the computational efficiency,
in this study, the upper and lower boundaries of the blocks
were set as 0.5 m (0.05d) and 10 m; that is, the long axis of
the ellipse blocks ranged from 0.5 to 10 m.

2.1.2 Block size distribution

The frequency of each block size in the model also needs
to be determined. Previous studies have shown self-
similarity in the relationship between frequency and mea-
sured dimension in some bimrocks (Medley, 1994;
Mahdevari & Maarefvand, 2016). The fractal distributions
can control the frequency of each block size (Medley,
1994). The following equations were used for block size
generation. The cumulative distribution function for block
size is shown in Eq. (1), and its probability density function
is shown in Eq. (2) (Napoli et al., 2018a, 2020, 2021a). The
results for each block size frequency are shown in Fig. 1.

al+D _dtl)+D

F(d) = b _piiD (1)
1+D

fd) = —Wdf’ (2)

where D is the fractal dimension, and D was set as 2.5, ref-
erencing the previous study (Napoli et al., 2020); a and b
are the minimum and maximum block sizes, which were
0.5 and 10 m, respectively, in this study, and d,, is the block
long axis diameter.
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Fig. 1. Frequency distribution of block sizes.
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2.1.3 Block geometry parameters

The next step was to generate bimrock block generation.
The generation process references the Napoli et al. (2020).
The block geometries in this study were characterized by
four parameters: VBP, AR, horizontal angle (HA), and
vertical angle (VA). All four parameters could be freely
adjusted.

Ellipsoidal blocks were randomly generated within the
model. The ellipsoids did not intersect with one another
or with the model boundary. The ellipsoid generation
was volume-controlled, and it stopped when the total vol-
ume of the ellipsoids reached +0.1% of the known value
(VBP). Usually, the VBP of most interest to engineers, is
20%—-75%, because with a VBP below 20%, the effect of
the blocks on the total mechanical properties is relatively
small. However, bimrocks and bimsoils with low VBPs
may still include isolated large-sized blocks, potentially
influencing the stress distribution around the tunnel (Zhu
et al., 2021; Button et al., 2004; Kluckner, 2023). As in
Kluckner (2023), when even one big block is 1 m from
the tunnel (VBP < 20%), its destruction may be sufficient
to reactivate the shear zone formed between the block
and the tunnel. It may trigger the shearing of the larger
rock mass volumes into the tunnel (Kluckner, 2023). This
may cause problems for the tunnel construction, for exam-
ple, the tunnel’s original support design may need to be
changed. Therefore, for tunnels, low VBP (<20%) requires
attention. Meanwhile, in the tunneling project on which
this paper is based, most ABPs were less than 25%
(Fig. 2). Based on these, the VBP was set at 15%, 20%,
and 25% in this study.

Strong shearing effects cause bimrock blocks to arrange
along the direction of the regional stress field (Ogata et al.,
2021). The aspect ratio of bimrock blocks is varied. For
example, the AR is 1.4-2.5 for sedimentary mélanges and
2.8-4.1 for tectonic mélanges (Festa et al., 2019). Depend-
ing on the formation process, the AR of the block varies
from 1.5 to 4.1 (Festa et al., 2019; Festa & Codegone,
2013). In this study, the AR was set at 2.5, 3.0, and 3.5.

(b)

’ Mica quartz schist @ Marble
(block)

Meanwhile, the block orientations are randomized. In
this paper, the block angle was determined by HA and
VA. HA is the angle at which the block is rotated in the
horizontal plane (in Fig. 3, the “xz” plane). VA is the angle
at which the block rotates in the vertical plane (the plane
passing through the long axis of the ellipsoid and perpen-
dicular to the “xz” plane). The tunnel was excavated in
the z-direction. HA = 0° means the block’s long axis was
parallel to the tunnel. VA = 0° means the block’s long axis
was parallel to the y-axis. The combination of HA and VA
allows the blocks to be distributed in any direction. For
this study, HA and VA were set at 10°, 40°, and 70°. The
tunneling-based bimrock model is shown in Fig. 4.

2.2 Area extraction of block—tunnel intersection surfaces

The VBP of bimrocks and bimsoils can be estimated
from 2D measurements (i.e., ABPs). When dealing with
underground excavations, ABPs can be calculated from
the block-tunnel interfaces. In this paper, a 1-m tunnel
length was defined as a “unit cylinder” (Fig. 5). The unit
ABP indicates the areal intersections of the blocks with

Fig. 3. HA and VA of the ellipsoid.

Sericite schist Crystalline limestone | F_

Fault
(block)

Fig. 2. Geological characterization of tunnel face cases. (a) ABP = 25%, and (b) ABP = 12% (In this figure, ABP = the total area of the blocks/total area

of the tunnel face. Image from the field staff).
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Fig. 5. Relationship between the block-tunnel intersection and the unit cylinder. (a) Block-tunnel intersection, (b) intersection between 2.0 and 3.0 m, and
(c) range of unit cylinder (between 2.0 and 3.0 m) and area after unfolding. (Description of f is in Section 2.3).

the tunnel in a unit cylinder. A unit ABP can be calculated
for every meter (every unit cylinder), and the VBP was esti-
mated by averaging the different numbers of unit cylinders.
To conduct the VBP estimation, the following functions
were determined: (1) the intersection of the tunnel blocks
and (2) the area of the intersecting surfaces.

2.2.1 Bimrock—tunnel block intersection surface generation
The inference process in this study began by calculating
the unit cylinder of the ABP. Next, the calculated ABPs for
different numbers of unit cylinders were investigated sepa-
rately and compared with the set VBP. As mentioned in the
previous study, a fundamental law of stereology is that
PBP = LBP = ABP = VBP (Russ & Dechoff, 2012;
Underwood, 1970; Napoli et al., 2022b). When ABP is cal-

culated from a small amount of data, the estimation of
VBP by assuming ABP = VBP has a larger error (Napoli
et al., 2020). To solve the problem of how many unit cylin-
ders (meters) should be investigated for a more accurate
estimate of the VBP in a tunnel, it was necessary to extract
the intersection of the blocks with the tunnel. The “con-
tourslice” function in MATLAB was used to extract the
boundaries of the intersecting surfaces between the block
and the tunnel. A visualization of the intersection of the
tunnel with the block is shown in Fig. 6(a). The intersecting
surfaces are shown in Fig. 6(b).

For blocks with lengths >1 m, an interface often spans
multiple unit tunnel lengths. To calculate the ABP for each
unit cylinder, the intersecting surfaces need to be separated
according to the range of each unit cylinder. The result of
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150

- 30

Fig. 6. Intersecting surface of the tunnel and the block. (a) Visualisation of the intersection of the tunnel with blocks, (b) intersecting surface edge lines,

and (c) results of the intersecting surfaces separated by the unit cylinder.

the intersecting surface separation is shown in Fig. 6(c).
The relationship between the division line (Fig. 6(c)) and
the tunnel length is detailed in Fig. 7(a).

2.2.2 Calculation of the intersection surface area

The area of the intersecting surfaces contained within
each unit cylinder was calculated. The part of the intersect-
ing surface between 2.0 and 3.0 m (Fig. 5) was used as an
example to illustrate the method of obtaining the intersec-
tion surface area (Fig. 7(a)). An improved Delaunay trian-
gulation algorithm was applied to obtain this area. The
“DelaunayTriangulation” function in MATLAB allows
intersecting surfaces to be triangulated. The “convexHull”
function was used to draw the convex hull of the Delaunay
triangulation (Fig. 7(b)). However, only the triangle on the
circumference of the tunnel was needed; therefore, the tri-
angle in the other direction was removed (Fig. 7(c)). Trian-
gular surfaces can be filtered according to the orientation
of the triangles. With the above method, only the triangles
along the surface of the tunnel were retained (Fig. 6(d) and

(e)). After deletion, the intersecting area of the unit range
was equal to the summation of the triangle areas.

In Fig. 7(a), block-tunnel boundary line (red line) of the
partially intersecting surface between 2.0 and 3.0 m, where
the surface intersects the boundary of the unit cylinder at
3.0 m. The line at 3 m is an arc along the circumference
of the tunnel. The colored lines divide the whole interface
according to the unit cylinder; Fig. 7(b) and (c) is the trian-
gular surfaces formed after the “convexHull” function;
Fig. 7(d) and (e) is the triangular surfaces after deletion;
Fig. 7(b) and (d) is the tunnel surfaces as seen from outside
the tunnel; Fig. 7(c) and (e) is the tunnel surfaces as seen
from the inside of the tunnel.

2.3 VBP estimation

The VBP estimation method refers to Napoli et al.
(2020) with some modifications. A unit ABP can be calcu-
lated for every meter (every unit cylinder), and the VBP
was estimated by averaging the different numbers of unit
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Fig. 7. Part of the intersecting surface between 2.0 and 3.0 m. (a) Block-tunnel boundary line (red line) of the partially intersecting surface, (b) and (d)
triangular surfaces, (c) triangular surfaces before deletion, and (e) triangular surfaces after deletion.

cylinders (Fig. 5). As described in Section 2.2, the VBP esti-
mated based on a small number of ABPs has a large error.
To determine the appropriate number of unit cylinders, the
ABP obtained for different unit cylinders was compared
with the known VBP. The number of unit cylinders inves-
tigated was noted as . Within a range of 150 m (length of
the model), f circles were randomly selected. In fact, the
number of possible combinations of f circles extracted

p

et al., 2020). For example, when f = 20, there were
N = (12500> =~ 3.63 - 10** combinations. Therefore, in the
calculation, each f subset was limited to 100.

Note that f mentioned above is the number of unit
cylinders, i.e., theareaof f = 1is2nmr x | =2 x 3.14 x 5=

from 150 circles was enormous (N = (15())) (Napoli

31.4 m?. By contrast, in Napoli et al. (2020), the area of
p =1was L. X L. (L. is the engineering interest dimension
from Medley (1994)). To obtain an area of § =1 in Napoli
et al. (2020), the maximum block sizes in this paper and
Napoli et al. (2020) were assumed to be equal. Therefore,
the maximum value of the block size in the Napoli et al.
(2020) was assumed to be 10 m. Then, 0.75L. = 10 m, that
is, L. = 13.35 m (from Medley (1994)). Thus, in Napoli
et al. (2020), f = 1 area corresponds to 13.35 x 13.35 =
178.2 m?, which is 5.6 times the = 1 area in this paper.
For this reason, f = 6 in the above corresponds to f§ = 1
in Napoli et al. (2020).

With reference to the linear estimation method (which
uses LBP) and the area estimation method (which uses
ABP), UF was used to describe the uncertainty in each
class of . UF value was calculated using the following for-
mula (Napoli et al., 2020):
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[j max

> (ABP; — VBP)/n

a(ABP)) ‘/j:i =1
UFpsi=—<pp  ~ VBP ’
j:1527"'ajmax5 (3)

where i is the value of f, which is from 1 to 150 in this
study; j is the serial number of the § subset;c(ABP)) is
the standard deviation; ¢(ABP;)| 4 1s the average of the

standard deviations of all subsets when § = i; and VBP is
the known value for VBP. Note that ABP; — VBP was used

in the calculation of ¢(ABP,) and ¢(ABP))| _ instead of

ABP; — ABP. This makes each ABP comparable to the
same value (VBP).

2.4 VBP correction factor

Correction factors were proposed to estimate a more
accurate VBP from the ABP results. In the tunnel, the
VBP was estimated by applying a correction factor to the
ABP results. Two correction factors were proposed to meet
the requirements of relative accuracy and generality: CFy
and CFc. Notably, in Napoli et al. (2020), UF was used
to correct the ABP results. The difference among CFc,
CFy and UF is described in Section 3.5.

2.4.1 Variable correction factor
The variable correction factor CFy is the ratio of VBP
to ABP. The CFy is calculated by Eq. (4):

VBP

ABP’ (4)
where VBP is the known value, and ABP is calculated from
the block-tunnel intersection.

At this stage, the number of variables considered by the
model was limited (see Section 2.1.3). Using VBP = 25%,
and AR = 2.5 as an example, the data results were only
obtained from combinations of 10°, 40° and 70°. There-
fore, the CFy outside the above range of angles (HA and
VA) was obtained by surface fitting. The curve fitting tool
in MATLAB was used to fit the surfaces. The fitting
method was a polynomial fit. Equation (5) is the fitted
equation, with CFy as the fitted value:

CFV :P00+P10 X HA+P01 XVA+P20 X HA2
+ Py x HA x VA + Py, x VA?, (5)

CFy =

where Py, P1o, Po1, P11, P2o, and Py, are the fitting coeffi-
cient. VBP = 25% and AR = 2.5 were used in the example,
with Py, = 1.1684, P, = —-0.0078, Py; = —0.0085,
P20 = —00001, P11 = 00001, and P02 = —0.0001. Note that
for the other AR and VBP, the fit coefficients need to be
recalculated.

2.4.2 Constant correction factor
The CFy was based on the results obtained with a fixed
VBP and AR (for example, VBP = 25% and AR = 2.5).

The CFy was calculated by a formula containing HA
and VA. In other words, different CFy were required for
different HA and VA. We tried to find a common correc-
tion parameter that could be used to calculate when VBP
and AR are fixed (i.e., independent of HA and VA). There-
fore, CFc was obtained which is the average of CFy. VBP
= 25% and AR = 2.5 were still used as an example, and
CFc was obtained by averaging the CFy for different
angles. Thus, for VBP = 25% and AR = 2.5, CF¢ can be
applied at any angle combination. The effects of the CFy
and CF¢ are compared in Section 3.4.

3 Results and discussion

Owing to the vast number of potential combinations of
geometric variables, the control variable method was
employed for an in-depth exploration of geometric effects.
The adopted methodology is as follows.

(1) A base data set (BDS) was generated. In this paper,
HA = 10°, VA = 10°, and AR = 2.5 were used as
the base group parameters to generate ellipsoidal
blocks with random sizes and locations. That is, there
was a set of base data for VBPs of 15%, 20%, and
25%. Every base data set contained at least 10 differ-
ent groups of ellipsoid data.

(2) To assess the effect of the HA, VA on the ABP and
UF results, the blocks in the BDS were rotated. For
example, a BDS was named as BDSa. HA was chan-
ged from 10° to 40° on a BDSa, VA remained the
same (VA = 10°). The HA = 40°, and VA = 10° is
simplified to the “HAVA” structure representation,
i.e., 4010. For the original BDSa-1010 and the
BDSa-4010 (BDSa-4010 obtained based on the rota-
tion of BDSa-1010), the number of blocks and their
spatial positions did not change. Only the angle
where the block intersected the tunnel changed. So,
the effect of only HA (especially, no effect from block
spatial position) on ABP and UF can be obtained by
comparing the results of BDSa-1010 with BDSa-
4010. But in reality, it is impossible that only HA
changes and the spatial position of the block does
not change. Therefore, rotated data set (RDS) was
generated for comparison. RDS and BDS were gener-
ated by the same method. The spatial location and
number of the blocks were different between different
RDSs. RDS-4010 was not rotated by RDS-1010. The
comparison between the RDS-4010 and the RDS-
1010 was more realistic.

(3) Regarding the effect of the AR on the ABP and UF
results, only RDS was used. When the AR changed,
the VBP also changed. For example, based on BDS,
AR was increased from 2.5 to 3.0. The number and
spatial location of blocks in BDS remained the same,
but the individual block volume was reduced. This
led to a decrease in VBP, which means that AR and
VBP change simultaneously. The change in the AR
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based on the BDS resulted in a change in the AR and
VBP of the ellipsoid, which made it challenging to
analyze the causes of ABP changes. RDS was gener-
ated based on VBP. When AR increased, RDS could
keep VBP constant by increasing the number of
blocks. Therefore, the effects produced by AR can
only be analyzed based on the RDS. RDS had the
same known VBPs and different ARs.

(4) The RDS was used to assess the impact of VBP on
ABP results and UF. In total, 81 data sets were
derived by adjusting the AR, VBP, HA, and VA.
As mentioned in point 2, in the comparison of
RDS-4010 and RDS-1010, only one group is not
enough to show the pattern. Therefore, each group
of the RDS was replicated in a minimum of 10
instances to reduce the potential error margin. For
example, RDS-4010 contained 10 groups (RDS-
4010-1 to RDS-4010-10), with the number and posi-
tion of blocks in each group randomly generated.
The average value was calculated from RDS-4010-1
to 10 and compared with the average value of
RDS-1010-1 to 10. The number of replications was
selected with reference to previous studies (Napoli
et al., 2021b).

3.1 Effects of HA and VA on VBP estimation

In terms of angles, the HA and VA were fixed separately
so that the effects of different angles on the ABP and UF
could be determined. To visualize the pattern of ABP esti-
mation error with f3, the ABP results based on BDS trans-
formed data with different VA and f were plotted in Fig. §.
The error range of the data showed a gradual decrease. The
relative error extended to or even exceeded 100% when
dealing with a singular unit cylinder (ff = 1). With f exceed-

(@) 50+

0 : , : ;

ing 60, the errors became comparatively minor with little
fluctuations. With = 150, the relative error decreased to
10%. The same pattern was observed for different VAs.
This suggests that the difference between ABP and actual
VBP decreased as the number of unit cylinders (f)
increased. In other words, with each additional survey,
the accuracy of the VBP estimation improved. This pattern
is consistent with the findings of Medley (1997) and Napoli
et al. (2020).

The data at § = 140 for different conditions were used
for further analyses. Figures 9 and 10 show the ABPs with
different combinations of angles obtained based on the
BDS rotation. The horizontal axis represents the different
BDS groups. In other words, the three data points sharing
the horizontal coordinate originated from one BDS set and
rotated at different angles. As shown in Fig. 9, when the
ellipsoid HA was constant and the VA varied, the change
in the results of the ABP showed irregularity. However, a
change in angle led to a large change in the ABP results.
However, the trend of this change was not fixed. For
instance, Fig. 9(a) shows that some data groups, such as
the 1010 angle combination, had the largest ABP results
(Fig. 9(a), peak value). In other results, the maximum value
of ABP occurred in the 1040 or 1070 angle combinations
(Fig. 9(a), BDS is 5 or 7). There were no situations in which
the ABP was always maximum or minimum at a certain
combination of angles. This may be influenced by the size
of the block and its position relative to the tunnel. A
block’s change in position could alter the interface area
with the tunnel, and the interface area may increase or
decrease. The trend in area size was variable. Similarly,
there was no regular change in ABP for different AR cases
when the HA was constant and the VA changed (Fig. 10).

Figures 11 and 12 show the variation in ABP for differ-
ent combinations of angles of RDS. When the HA was
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Fig. 8. Estimated errors of ABP at different VA and f (VBP = 25%, and AR = 2.5 as an example).
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fixed at 10° and the VA was modified, the ABP increased
with increasing VA in all data (Fig. 11). When the VBP
was 20% and 25%, the increase in VA from 10° to 70°
resulted in an 8% increase in the ABP. The degree of
increase was about 30%. With a VBP = 15%, the increase
in the ABP was about 4%. The degree of increase was rel-
atively small but still more than 25%.

When the HA was fixed at 40° and the VBP at 15%, the
ABP consistently peaked at 4040 (Fig. 11). However, the
peak was not significantly different from the remaining
data. Thus, we can conclude that the ABP did not change
greatly. With VBP of 20% and 25%, the ABP showed a ris-

ing trend as VA increased. However, the degree of rise was
less than when the HA was 10°.

At a fixed HA of 70° and a VBP of 15%, the ABP still
peaked at a VA of 40° (Fig. 11). The 7070 angle combina-
tion was always the lowest value. VA changed from 10° to
70°, with less than a 4% change in ABP. The larger the AR
for VBP = 20% and 25%, the more obvious the decreasing
trend ABP presented as VA increased. With an AR of 2.5,
the trend of ABP change was not significant.

With VA = 10°, an increase in HA led to an increase in
the ABP. The trends of increase were obvious (Fig. 12).
The degree of increase was similar to that shown in
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Fig. 11. ABP results for different VA and ARs.

Fig. 11, where the HA did not change. With VA = 40°, the
ABP remained on an increasing trend but to a minor
degree. Here, when VBP = 15%, the ABP increased by
4%. For the remaining two VBPs, the increase was around
2%. The ABP was unchanged or decreased marginally as
the HA increased when VA = 70°.

In summary, angle variations significantly affected the
ABP. The details are as follows (Note that the VBP dis-
cussed in this paper is <25%):

(1) The ABP results at 1010 were always the smallest and
closest to the known VBP. For other different combi-
nations, the ABP typically exceeded the actual VBP.
Although the ABP of a single case may be less than
the known VBP, the average of multiple cases is
greater than the known VBP.

(2) The BDS findings suggested a state of chaos in ABP
variations from rotation. This shows no regularity in
the intersection total area change when the block was
only rotated and its spatial position did not change.

(3) The RDS results displayed a regular pattern of ABP
changes. For VBP = 20% and 25%, ABP increases
when one of HA and VA increases. However, when

one of HA and VA was 70°, an increase in the other
will result in ABP decrease. When VBP = 15%, the
pattern of ABP change shows two types. One is the
maximum value at HA or VA = 40°. The other is
increasing with the increase of HA and VA.

To visualize the effect of changing angle combinations
on ABP, the fitting method was used to supplement the
data (Fig. 13).

For all data, the ABP results at 1010 were always the
smallest and closest to the VBP (Fig. 13). With this combi-
nation, the direction of the long axis of the block is essen-
tially parallel to the tunnel. The remaining cases were
greater than the actual VBP. There are two types of ABP
peak distributions. The first is observed when one of the
HA or VA is 70° and the other is 10°. The second occurs
when HA is 70° and VA is 40°. When VBP > 20%, the first
type is more frequent. When the VBP is 15%, they are all
the second types. There were fewer blocks at VBP = 15%
and AR = 2.5. It can be assumed that when there are fewer
blocks, peaks tend to occur in 7040 combinations. The pat-
tern of ABP changes is complex. For VBP > 20%, when
one side (HA or VA) is at a lower level, an increase in
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Fig. 12. ABP results for different HA and ARs.

the other side leads to an increase in ABP (e.g., 1010, 1040,
1070). When one side is at a moderate level, the other side’s
increase results in a slow or essentially unchanged increase
in ABP (e.g., 4010, 4040, 4070). When one side is at a
higher level, a rise in the other side results in a decrease
in ABP (e.g., 7010, 7040, 7070). The location of the peak
at VBP = 15% was different, but the difference between
the peak and the rest of the values was not large (Figs. 11
and 12). It can almost be regarded as similar to the case of
VBP > 20%.

In addition, an uncertainty indicator UF was plotted to
clarify the effect of the number of circles () on uncertainty
at HA fixation (Fig. 14). The process of UF change is sim-
ilar in different combinations of variables. Therefore, a ran-
dom set of data with VBP = 25% and AR = 2.5 was taken
as an example (Fig. 14). The UF decreased rapidly with an
increase in § when f§ < 60. The uncertainty tended to stabi-
lize when f > 60, which means that 60 rings can be taken
for practical engineering purposes to achieve a more accu-
rate estimate.

Owing to the different UFs of different f3, stabilized val-
ues of UF (UF at f = 140) for different conditions were

used for comparison. The UF variations based on the
BDS data are shown in Fig. 15. As in Figs. 9 and 10, the
three data points on the same horizontal coordinates were
obtained by rotating the same BDS (Fig. 15). The effect of
angle changes on the UF was variable when the block posi-
tion was constant. UF extremes did not always occur for a
particular combination of angles. The rest of the data com-
binations not displayed showed the same result.

Figures 16 and 17 show the UF results for different com-
binations of angles based on the RDS. When the HA was
fixed, the 1010 angle combination was the smallest UF of
all combinations. The smaller the VBP, the larger the UF
in most data. There were exceptions for individual angle
combinations, but most of which also had closer UF values
(Fig. 16(d)—(e) and (g)—(i)). Only in Fig. 16(i) was the 7010
angle combination difference larger.

For VBP > 20%, the pattern of larger UFs with smaller
VBPs was clear (Fig. 16). In detail, when the HA was fixed
at 10°, the UF showed a clear increasing trend with increas-
ing VA. At a fixed HA = 40° and VBP > 20%, the UF
tended to increase with increasing VA. Although the inflec-
tion point occurred at VA = 40° at AR = 2.5, the difference
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was not significant compared to the 4070 angle
combination.

The UF at VBP = 15% had an inflection point at VA =
40°, and the results for 4070 were slightly lower than those
for 4040 (Fig. 16). UF followed a decreasing trend with
increasing VA at fixed HA = 70°, VBP > 20% and AR >

2.5. The UFs all show an inflection point at 7040 for AR

= 2.5. This may also be influenced by the number of
blocks.

With the VA fixed, the 1010 combination remained the
smallest UF of all combinations (Fig. 17). As with fixed
HA, the smaller the VBP, the larger the UF in most data.
Specifically, when the fixed VA were 10° and 40°, the UF
showed a significant increasing trend with the increase in
the HA. With a fixed VA of 70°, there was a slight decreas-
ing trend in the UF with increasing HA. When VA was
fixed and VBP = 15%, there was no inflection point at
HA = 40°.

In summary, the smaller the VBP, the larger the UF.
When VBP = 15%, the UF maximum can reach more than
0.7. The estimation error for VBP = 15% may be larger
than VBP = 25% for the same remaining conditions. It
can be assumed that the more blocks within the bimrock
(the size condition is constant), the lower the UF value
because more block-tunnel intersections mean more data.
The increase of VBP, on the other hand, leads to an
increase in UF when HA and VA are fixed at 10° and
40°. As the HA and VA were fixed at 70°, the UF decreased
as the other values increased. This case needs to be consid-
ered separately only when VBP = 15% and HA is fixed.

3.2 Effect of AR on VBP estimates

The effect of AR on the ABP results is shown in Fig. 18.
The effect of AR on ABP under fixed HA and different VA
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conditions is shown in the horizontal direction (Fig. 17(a)-  (e)(h), and (c)(f)(i)). In contrast, AR had a smaller effect on

(¢), (d)—(f) and (g)—(1)). The results of fixing VA, and chang- ABP, while HA and VA had a more pronounced effect on
ing HA were compared vertically (e.g., Fig. 18(a)(d)(g), (b) the estimates. In other words, the effect of AR on ABP can
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Fig. 17. UF results for different HA and ARs.

be ignored. For example, in Fig. 18(a), (d), and (g), HA
changes caused ABP to change from 24% to 32% (VBP
= 25%, AR = 2.5). However, the effect of AR on ABP is
usually within 4%.

The UF changed very little at different ARs (Fig. 19). By
contrast, the effects of the VBP and angle combinations
were more obvious and may result in a UF change >0.2,
while AR’s effect on UF was usually less than 0.1. When
the VBP was the same, an increase in AR indicated an
increase in the block number and a decrease in the average
individual block volume. It is generally assumed that the
higher the number of blocks, the lower the UF. But in most
cases of Fig. 19, UF changes little when VBP is the same
and AR increases. This means that the increase in the num-
ber of blocks did not lead to a decrease in UF. In other
words, an increase in the block number did not necessarily
decrease the UF. Variation in block size is also a factor
affecting UF. However, exceptions still exist, for example,
UF increases with AR for VBP = 20 in Fig. 19(c) and (g).

3.3 Effect of the VBP setting value on VBP estimates
The effect of the VBP setting on the ABP was significant

(Figs. 11 and 12). In all cases, ABP increased with higher
VBP settings. In general, when VBP ranges from 15% to

25%, ABP =~ VBP setting + (5% to 10%), except for the
1010 angle combination, which was closest to the VBP set-
ting. In other words, the estimation error of the VBP could
be 30%-60%. The effect of VBP settings on UF was also
significant. As shown in most cases, the larger the VBP set-
ting, the lower the UF value obtained (Figs. 16 and 17).
However, it cannot simply be assumed that the more
blocks contained in bimrock, the lower the UF (as
described in Section 3.2).

3.4 Comparison of correction results

As shown in the above results, the angle combinations
and AR and VBP settings affected the ABP and UF. Under
ellipsoidal rock block conditions, the ABP obtained from
the tunnel-block intersection was usually greater than the
actual VBP. Further, the pattern of these results is com-
plex. It is difficult to establish correspondence between
the ABP and the VBP through a single condition. In view
of engineering practicality, the correction factors (in Sec-
tion 2.4) were used to obtain a more accurate actual
VBP. Different amounts of data were randomly selected
for each angle combination to verify the effect of the two
correction factors. The effects of the two correction param-
eters (CFy and CF¢) are compared below.
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Fig. 18. ABP results for different ARs.

3.4.1 Correction results of CFy

Based on the surface fitting method, CFy values for dif-
ferent combinations of angles were obtained (Eq. (5)). In
all cases, the ABP results obtained with the 1010 angle
combination were closer to the actual VBP. Therefore,
the CFy of the 1010 angle combination was closer to 1.
CFy value was different in each case because it was deter-
mined by the surface. In all the cases in this study, CFy
was between 0.5 and 1.0. Figure 20 shows the ABP results
before and after correction to visualize the effect. With the
data in the figure, the maximum relative error was 50%.
The average relative error for all data was 26%. The gray
area indicates that the range of results before correction
was about 12.5%. After correction, the largest relative error
occurred in the combination of 7070, which was about
40%. The average relative error for all data was 12%.
The difference between the maximum and minimum values
of the corrected ABP was 11.6% (red area). However, some
results still differed significantly from the actual results.
However, the overall error was significantly reduced com-
pared to the uncorrected data.

3.4.2 Correction results of CFc
The CFy was based on the results obtained for different
VBPs and ARs. To improve the generalization of the cor-

rection factor, CF- was proposed. The mean value of
CFy of 0.676 was chosen as CF . The common coefficients
can be used directly in the VBP calculation. This means
that there is no need to choose a different correction factor
for different HA, VA, VBP, and AR. To explore the relia-
bility of CFc, the data at VBP = 25% were used for com-
parison (Fig. 21). The maximum relative error for the
corrected individual data was about 30%. The difference
between the maximum and minimum ABP values
decreased from 12.5% to 8.4%. The average relative error
for the overall data was 14%. According to the above
results, CFc were calculated for different VBPs and ARs
(Table 1). It can provide a reference for VBP estimation
at the engineering site.

3.5 Comparison of VBP estimation between ellipsoidal and
spherical rock block conditions

Napoli et al. (2020) analyzed the uncertainty in VBP
estimates based on 2D measurements of spherical bimrock
outcrops. Thus, the results obtained in the present study
were compared with those obtained by Napoli et al.
(2020), as shown in Fig. 22. As mentioned in Section 2.3,
the original f is not consistent. For this reason, f = 6 in
the above section corresponds to f = 1 in the Napoli
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Fig. 20. Comparison of ABP results before and after correction (CFy
method; VBP = 25% as an example).

et al. (2020) to ensure that the areas are essentially the same
(the horizontal coordinates in Fig. 22 have been converted
with Napoli et al. (2020)). The rest of f in the figure follows
similarly. In addition, Eq. (3) was used to calculate the UFs
in the above. Therefore, some UFs are larger (e.g., Fig. 16
(c), UF = 0.8). For comparison with the results of Napoli

1040 1070 4010 4040 4070 7010 7040 7070
Angle combination

Fig. 21. Comparison of ABP results before and after correction (CFc
method; VBP = 25% as an example).

et al. (2020). The ABP; — VBP in Eq. (3) was changed to
ABP, — ABP.

These comparisons showed that the uncertainty in the
VBP estimates was not fixed when considering ellipsoidal
blocks with different geometrical characteristics (Fig. 22).
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Table 1
CFc for different VBPs and ARs.
VBP CFc
AR =25 AR =3.0 AR =35
VBP = 15% 0.4963 0.5902 0.5334
VBP = 20% 0.5325 0.6440 0.7401
VBP = 25% 0.6764 0.8286 0.9174
0.5 1 1010 1040 1070
4010 4040 4070
7010 7040 7070
B— VBP=20% in Napoli et al.,(2020)
0.4 1
0.3 1
3
=)
0.2
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Fig. 22. Comparison of VBP uncertainty under spherical (Napoli et al.,
2020) and ellipsoidal (the rest line) block conditions (VBP = 20% was used
as an example).

The UF range for the stabilization phase (> 15) was 0.05-
0.15. In general, the magnitude of change in UF was smal-
ler in the ellipsoidal condition than in the spherical condi-
tion. The UF in the spherical condition decreased to a
greater extent as f§ increased; the UF decreased to a lesser
extent in the ellipsoidal block condition. When f > 10, the
UF in the ellipsoidal condition was larger than that in the
spherical block condition. Therefore, after f > 10, the UF
in the spherical condition can be used as a lower limit for
the UF, resulting in an ellipsoidal condition.

In Napoli et al. (2020), VBP can be computed as VBP =
ABP * UF x ABP. The 7040 was used as an example, the
UF was not unique at f = 20, and the UF ranged from
about 0.05 to 0.15 (Fig. 22). At this time, it was difficult
to select a suitable UF. CFy and CF can get unique values
to calculate VBP, which may be its advantage. Although,
on the whole, CFc and CFy can make the modified ABPs
closer to the known VBP. However, for individual cases,
such corrections may lead to larger errors. Therefore, for
ellipsoidal blocks with different geometry conditions, large
errors and more suitable correction methods are issues that
need to be studied by further research. In addition, all of
the VBPs in this study are less than 25%, and ellipsoidal
block VBP > 25% needs to be further studied.

4 Conclusions

The VBP is an important parameter that affects the
mechanical properties of bimrocks. The estimation of
VBP is important for safe construction in tunnel engineer-
ing. In this study, a tunneling-based bimrock model-
building method was developed. From a mechanical point
of view, a VBP < 25% indicates that the blocks afford little
mechanical advantage. But in low VBP, even only one large
block can have a significant impact on the tunnel. There-
fore, this study focuses on the work of low VBP (<25%).
The ABP and UF results when VBP < 25% were analyzed
under different block geometry characteristics. Block
geometry features include HA, VA, AR, and VBP. The fol-
lowing conclusions were obtained:

(1) When the bimrock block was ellipsoidal, the ABP
obtained through the tunnel intersection was often
larger than the actual VBP. The HA, VA, and VBP
had more significant effects on the ABP results. The
effect of AR on ABP was small. The ABP changes
caused by angular changes were complex but regular.
The ABP results under 1010 angle combinations were
closest to the known values, with the blocks orien-
tated in the same orientation as the tunnel. For
20% < VBP < 25%, when one angle (HA or VA)
was at a lower or moderate level, an increase in the
other parameter led to an increase in ABP. When
one parameter was at a higher level, a rise in the other
parameter resulted in a decrease in the ABP.

(2) The HA, VA, AR, and VBP all affected the UF. The
effect of AR on UF was small. An increase in the
VBP value resulted in a decrease in the UF. For the
HA/VA pair of angles, the increase on one led to
an increase in UF when HA and VA were fixed at
10° and 40°. As the HA and VA were fixed at 70°,
the UF decreased as the other values increased. When
the VBP was 15% and fixed, the HA had to be consid-
ered separately.

(3) Two correction factors are proposed to obtain a more
accurate estimate of the VBP. When CFvy is used for
correction, the average relative error is reduced from
26% to 12%. When CFc is used for correction, the
average relative error is reduced to 14%. However,
CFc has the advantage of usability. Therefore, CF¢
should be further calculated for different combination
conditions to estimate the VBP. A CF form (VBP <
25%) is used as a reference for field engineers.

(4) The uncertainty in the VBP estimation for ellipsoidal
blocks was not fixed, relative to the variation in geo-
metric features. The stabilized UF was distributed in
a wide range. After § = 10, all results were greater
than the UF obtained under the spherical condition,
as observed by Napoli et al. (2020).

This paper focuses on the low VBP, and the higher VBP
still requires further study. Moreover, only 2D measure-
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ments were used in this study. It is not as easy as the PBP
method. In the future, the combination of drill hole data
(LBP) and the PBP can be combined with the model of this
paper to form an easier method. This will be more helpful
for engineers to use in the field.
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