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Abstract: Distribution of unloading zones determines stability of slopes, and the unloading of a
large-scale rocky slope formed by rapid river erosion and surface uplift on the Qinghai-Tibet Plateau
is particularly severe. Generally, unloading assessment relies on traditional methods, which are
mainly related to phenomena. However, unloading is a process of deformation and failure regarding
the rock mass. Based on deformation and failure, strain rate and crack rate established through
theoretical analysis can measure the relationship between accumulative width of open cracks and
unloading deformation and the relationship between accumulative number of cracks and unloading
failure, respectively. Thus, a method that combines strain rate and crack rate, namely strain per unit
crack (i.e., SPUC), is proposed. The SPUC was applied to assess the unloading zones of a large-scale
rocky slope on the Qinghai-Tibet Plateau. The results show that the SPUC curve regularly varied
and can be easily divided into three parts. Strong and weak unloading zones can be recognized from
the SPUC curve. The reasonability of SPUC in the unloading zones assessment was confirmed by
comparing and verifying with traditional methods. We found that SPUC has good universality and
can compensate for the defect of using strain rate or crack rate to assess unloading zones.
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1. Introduction

The Qinghai-Tibet Plateau, which is located at the junction with Eurasia and affected
by continuous crustal uplift as well as stream trenching, has developed intensive structural
activities and a tremendous number of active Holocene faults [1-4]. It has formed an
enormous number of large-scale rocky slopes with strong unloading environments [5].
Unloading weakens the quality of rock mass [6-10], thereby affecting the stability of the
slope [11-13]. Cracks formed by unloading are often the factor controlling slope stability in
engineering, especially on large-scale rocky slopes [14,15], and many landslides are caused
by unloading [16]. Therefore, quantifying distribution range of unloading zones is essential
for structural safety in slope engineering.

Although many investigations have focused on unloading zonation, they are not
unified in engineering, which leads to inconsistencies in the assessment methods and
division indexes [17,18]. The previous methods can be classified into three categories:
qualitative unloading zonation methods, quantitative unloading zonation methods, and
auxiliary unloading zonation methods. Qualitative unloading zonation methods include
division by geologists and division by the in situ stress field [19-22]. These methods are
mainly related to phenomena and depend on the experience of geologists. Quantitative
unloading zonation methods include dividing by width of open cracks, gaps between

Sustainability 2023, 15, 3861. https:/ /doi.org/10.3390/su15043861

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15043861
https://doi.org/10.3390/su15043861
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-8823-1417
https://doi.org/10.3390/su15043861
https://www.mdpi.com/journal/sustainability
http://www.mdpi.com/2071-1050/15/4/3861?type=check_update&version=3

Sustainability 2023, 15, 3861

20f18

fractures, rate of open cracks, rock quality indexes, fragmentation modulus, deformation
modulus, etc. [23-28]. These methods are most widely used in engineering, but most of
them are difficult to unify in different engineering slopes [29,30]. Auxiliary unloading
zonation methods include dividing by longitudinal wave velocity and wave velocity
ratio [31,32], apparent resistivity [33], permeability coefficient, Lyu Rong’s value [34-37]
(Figure 1), radon gas anomaly [38—41], etc. These methods represent unloading but cannot
eliminate weathering and other factors and require corresponding equipment to obtain
them, which is technically more inconvenient.
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Figure 1. Examples of using various methods to divide the unloading zones. (a) Unloading zonation
based on the rock quality designation (RQD) and apparent resistivity of the ZK127 borehole of the
Three Gorges Project [36]. (b) Unloading zonation based on the seismic wave velocity at the high
slope of the Three Gorges permanent ship lock [36].

Multiple indexes are most often used in unloading zonation, while the indexes used
vary [36,42—45] (Table 1). Even for the same index, the criteria of division are different
for various engineering slopes (Table 2). For instance, Lyu Rong’s values of the lower
boundary of the strong and weak unloading zones of Tongjiezi basalt are 100 Lu and
5 Lu, respectively [46], while they are 100 Lu and 1 Lu, 100 Lu and 10 Lu, and 10 Lu
and 1 Lu for Xiaowan Hydropower Station [47], Laxiwa Hydropower Station [48], and
Baihetan Hydropower Station [49], respectively. In addition, the unloading zonation index
of Goupitan Hydropower Station is an elastic wave velocity of 4000 m/s, while that of
Dongfeng Hydropower Station is 5000 m/s. However, the exclusive lithology of both
areas is limestone. Due to the differences in methods and engineering backgrounds, there
is no agreement on unloading zonation, which is not conducive to popularization and
application of quantitative indexes for assessing unloading zonation. Thus, developing a
universal and easy-to-operate unloading assessment method is urgent.
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Table 1. In different projects, unloading zonation usually adopts multiple indexes, but the indexes
used are different [36,42-45].

Hydropower Station Lithology Unloading Zonation Index
Xiaowan Granite Longitudinal wave velocity, fracture opening width
Longkaikou Basalt Longitudinal wave velocity
Xiluodu Basalt Longltudl.nal wave Ve10.C1.ty, rock mass
integrity coefficient
Fracture opening width, fracture spacing, longitudinal
Baihetan Basalt wave velocity, number of fracture openings, unit gap
width, and unit number of fractures
Jinping Marble, sandstone, slate Fracture opening width, fracturfe spacing, longitudinal
wave velocity
Xiangjiaba Sandstone Number of fractures, fracture opening width
Pubugou Basalt, granite Longitudinal wave velocity
Yangfanggou Granodiorite Fracture rate, fracture opening width
Guandi Dolomite, sandstone, shale Longitudinal wave velocity
Dagangshan Granite, diorite Fracture opening width, types of rock mass structures,

longitudinal wave velocity

Table 2. When the same index is used in unloading zonation, the standards used in different projects
are different [36].

Main Characteristics of Strong Unloading Zones

Hydropower Station Lithology Crack Width/em Elas.tic Wavf Range/m
Velocity/(m-s—1)

Wudongde Marble 1.0-5.0 3400-3600 0-18

Tacheng Phyllite 0.5-2.0 2800-3500 0-36

Three Gorges Permanent Shiplock Granite 0.5-1.0 3300-3600 0-8
Jinping I Hypometamorphic rock 3.0-7.0 <3800 5-20

Xijaowan Metamorphic rock >2.0 <3000 7-34

Xiluodu Basalt >2.0 <3000 5-15

Baihetan Basalt 2.0-15.0 2100-3400 0-54

Guandi Basalt 1.0-10.0 <2000 7-53

The nature of unloading involves rebound of the rock mass driven by erosion of
valleys or artificial excavation [50,51]. Its engineering geological characteristics are mainly
manifested as spring-back loosening, shear dislocation, and new cracks in the rock mass
(i.e., deformation and failure) [52,53]. Therefore, strain per unit crack (SPUC), which
combines the strain rate and crack rate of the rock mass, was proposed to quantitatively
divide the unloading zones. SPUC was applied to assess the unloading zones of a large-
scale rocky slope on the Qinghai-Tibet Plateau. Considering the nature of unloading and
combining strain rate and crack rate, zoning based on an abrupt change in the SPUC curve
is uniform and can avoid the shortcomings of insufficient evaluation of the rock mass
quality by using strain rate and insufficient evaluation of the rock mass strain degree by
using crack rate.

2. Study Area
2.1. Geological Setting

The study area is situated in Baiyu County, Ganzi Tibetan Autonomous Prefecture,
Sichuan Province, China. The study area is located on the eastern margin of the Qinghai—
Tibet Plateau, which is called the Jiarishan slope (JRS) (Figure 2). Jiangqu River, a tributary
of Jinsha River, passes through the foot of the JRS, with a water surface elevation range of
3170 m to 3200 m, and it flows to the northwest. The valley of the Jinsha River reach in this
region is a typical erosional valley. This deep canyon landform, affected by river cutting,
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forms a strong unloading environment. The relative height difference is 1331 m, showing a
steep downward and gentle upward trend, with a slope of approximately 35° (Figure 3).
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Figure 2. Map showing the location of the JRS.
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Figure 3. Engineering geological planar graph of the study area.

The exposed layer of the slope is mainly composed of carbonaceous crystalline lime-
stone and argillaceous dolomite of Silurian Yongren Formation (Szy). The surface weather-
ing is grayish-white, with a single-layer thickness of 20 cm to 100 cm. Devonian Gerong
Formation (D;g) consists of massive light-yellow dolomite and dolomitic limestone. Devo-
nian Qiongcuo Formation (D;q) contains thick massive crystalline limestone, biological
limestone, fine-grained dolomite, dolomitic limestone, and a small amount of argillaceous
limestone and shale. The thickness of a single layer is greater than 50 cm. The strata are
oriented N20°-50°W /SW £55°~70°. The residual slope overburden (Qq41¢!) is above the
slope surface elevation of 4418 m, and the collapsed slope overburden (Qy°*dly is below
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the slope surface elevation of 3600 m, which is mainly composed of crushed stone, and
the overburden thickness is generally 5 m to 20 m (Figure 4a, Table 3). The lithologies
exposed by the slope are mainly limestone and dolomite, which are hard rock masses. They
can store substantial elastic potential energy and are more conducive to springing back
during unloading. In addition to the deep river valley, steep bank slope, large slope eleva-
tion difference, freeze-thaw karst development, and long unloading time, the unloading
environment of the slope is strong and complex.
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Figure 4. (a) Engineering geological profile of the study area. (b) Contour diagram of poles for the
main structural planes in adit PDGO1. (c) Engineering geological profile of the scarps. (d) Dissolution
cavities are visible in the resistivity test results of the slope crest.

Table 3. Stratigraphic units and lithological characteristics on the slope area.

Cardinal Features

Strata Main Lithology Thickness/m Stratified
Hardness
Structure
Say Cryst.alhne hmestone. and 20-100 Thick Hard
argillaceous dolomite
Dig Dolomllt'e and dolomitic 550 Thick Hard
imestone
Dyq Crystalline limestone >50 Thick Hard
Q,di+el Crushed stone and Silty 510 / /
clay
Qgcot+dl Crushed stone 10-30 / /

The study area is located in the western wing of the Nawa-Yuci syncline. At the
foot of the slope, the NNW-trending Jiangqu fault is distributed along Jiangqu River,
and its occurrence is N20°-30°W /SW.£55°-70° (Figure 3). The fault was active in the
early Pleistocene to middle Pleistocene, and its activity has been weak since the late
Pleistocene [54].
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2.2. Field Investigation

The constructor of a railway project built one horizontal adit, namely PDGO01, on the
JRS, which is shown in Figures 3 and 4a, to study the structural characteristics of the rock
mass from the surface to the inside to help divide the unloading zones. The characteristics
and structure of the rock mass in PDG01 have been observed.

Horizontal adit PDGO1 is located on the left bank of Jiangqu River at an elevation
of 3650 m. It has a strike of N65°E with a length of 200 m and a cross-section size of
2m x 2 m. The main stratum exposed in adit PDGO1 is D,q. The main cracks, including
large discontinuities, rock layers, faults, and compressional shear zones, which developed
in the three walls (right sidewall, left sidewall, and roof) of adit PDGO1, are presented
in Figure 5.
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Figure 5. Distribution of cracks development in PDGO01 (Black lines represent normal cracks, red
lines represent faults, and cyan lines represent dissolution cracks).

As a statistical result, five predominant groups of large discontinuities, which are hard
discontinuities with lengths greater than 2 m, are formed in adit PDG01 and have occur-
rences of N35°-60°W/NE/71°-88°, N70°-80°E/NW/50°-60°, EW/NZ80°-90°,
N5°-20°E(W)/NW(SW)£35°-50°, and N5°-20°E(W)/NW(SW)£60°-85° (Figure 4b), and
the first group is the best developed. Twenty-six small faults are developed in the section
0-200 m away from the entrance of adit PDGO01. All twenty-six small faults have lengths
of 5 to 100 m and thicknesses of 1 to 30 cm. They are divided into intrasteep slopes and
laterally steep slopes (£3, f15, 24, and 25).

Due to the serious weathering and unloading of the slope, the number of cracks is too
large to carry out comprehensive statistics; thus, detailed field measurements are carried
out on cracks with extension lengths of more than 2 m in adit PDGO01, and the number of
cracks and width of open cracks are counted (Table 4). In short, 0-50 m is the distribution
area of the cataclastic loose rock mass, which is supported in adit PDGO01; thus, the statistics
of cracks are incomplete.

Field investigation revealed that the top of the slope was developed at seven levels of
scarps, among which the height difference between the fourth level scarp and the fifth level
scarp was small, only 1 m to 2 m. In addition, except for the first level scarp, the surfaces of
other scarps had obvious grooves with depths ranging from 0.3 m to 5 m, among which the
trailing edge of the fifth level scarp had the largest depth of approximately 5 m (Figure 4c).
Therefore, we only determined the resistivity measurement of the top area in the 4290 m to
4560 m zone and not the resistivity measurement of the entire slope; the resistivity changes
in the range of 200-3980 (). The deep areas suddenly decrease, but the overall performance
increases (Figure 4d).
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Table 4. Characterization of main cracks in adit PDGO01.

Number of Width of Number of Width of
Depth/m Open Cracks  Depth/m Open Cracks
Cracks per 5m Cracks per 5 m
per 5 m/cm per 5 m/cm

0-5 3 3.5 100-105 3 0.3

5-10 4 3.8 105-110 4 1.0
10-15 1 1.0 110-115 2 0.1
15-20 4 7.3 115-120 2 0.0
20-25 3 15.5 120-125 4 0.0
25-30 10 25 125-130 3 0.0
30-35 9 1.0 130-135 6 0.5
35-40 5 1.5 135-140 4 0.5
40-45 5 4.0 140-145 1 0.0
45-50 13 12.4 145-150 4 0.5
50-55 1 1.0 150-155 3 0.0
55-60 2 4.0 155-160 2 0.0
60-65 25 10.4 160-165 4 0.5
65-70 7 14.0 165-170 1 0.0
70-75 1 3.0 170-175 6 0.7
75-80 4 13.0 175-180 6 0.5
80-85 25 3.2 180-185 4 1.3
85-90 9 7.7 185-190 2 0.0
90-95 22 0.0 190-195 3 0.3
95-100 27 1.2 195-200 6 0.1

3. Methods

Unloading is the process of energy release, which is accompanied by deformation and
failure of the rock mass. Therefore, the extent of unloading can be quantified if deformation
and failure are quantified. Deformation and failure of the rock mass caused by energy
release can be measured by strain rate and crack rate, respectively.

Strain rate is proposed according to energy superposition statistical theory of the
rock structure, which considers that the energy released during the unloading process can
be approximately regarded as the sum of the energy released by the rock block and the
energy released by cracks (Figure 6). After simplification, strain rate can be expressed by
the changing rate of the accumulative width of open cracks with depth (Ah-e curve). The
following is the simplest case to explain the strain rate method used in unloading zonation.
Only the relationship between strain energy and width of open cracks in the statistical
theory of rock structure under uniaxial tensile conditions is most thoroughly explained.
For detalils, refer to Wu et al. [26,55,56] and Bao et al. [30].

According to the statistical theory of rock mass structure, the strain energy density
generated and stored by any rock mass element under the action of stress ¢ is expressed
as Equation (1).

U = Uy + U (1

where 1y and u, are the strain energy density caused by the rock block and cracks, respectively.

When the rock mass undergoes elastic unloading, Equation (1) reflects the strain
energy density u released by the rock mass under the action of the unloading stress c7;,
which can be expressed as Equation (2).

1 1
=g +ue = 50iiCoijkiOh + 5 0ijCeijst st (2)

According to the elasticity, Cy;jx; can be expressed as Equation (3).

1+
Coijk1 = T;(fsikéﬂ + 0i1djx) — %51']'514 3)
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Measuring direction

When considering that cracks in unloading rock masses are mostly open cracks and
have no water, C.js; can be expressed as Equation (4) [26,55,56].

16(1 — 1) & 2
Ccijst = (ﬂEy )Z)‘a (1_ 7
1

2
‘u)ni”j”snt + mfsit”j”s 4)

where Cojji, Ceijst, E, i, A, m, @, 6;, 03j, and n; are the fourth-order elastic compliance tensor
of rock blocks, the fourth-order compliance tensor of cracks, the elastic modulus, Poisson’s
ratio, the normal density of a set of cracks, number of crack sets, mean radius of a set of
cracks, second-order unit tensor, stress tensor, and the cosine of the included angle between
the direction of tensile stress and the crack normal, respectively.
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Figure 6. The energy released in the unloading process can be approximately regarded as the sum of
the energy released by the rock block and the energy released by cracks. Cracks include open cracks
and closed cracks (i.e., tension cracks, tension-shear composite cracks, shear cracks).

More specifically, if unloading is considered to add tensile stress o in a certain direction,
it becomes a form of uniaxial tension according to the statistical theory of rock mass
structure. In particular, when the unloading force acting along the normal direction of a
set of cracks causes only the group of structural planes to open and the existence of other
groups of cracks can be ignored, then the strain energy density caused by this tensile stress
can be expressed as Equation (5).

42
u= 10[2 n wxxa] o )

According to fracture mechanics, the mean radius of this set of cracks, a, can be

expressed as Equation (6).
3nE =
s— _ oMk 2
T 161 — 12) ©)
Substituting Equation (6) into Equation (5), another expression of the strain energy
density, Equation (7), can be obtained.

1 o = 1 3 =
where  and ¢ are the mean width of a set of open cracks and the unloading strain of the
rock block, respectively.
The first part is the strain energy density released by the rock block, and the second
part is the strain energy density released by cracks in Equation (7). If it is considered that
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the rebound deformation of the rock block is limited and the cracks may often be wide
open, then the strain energy density released by the rock block is much smaller than that
released by cracks. Therefore, the strain energy density and the unloading strain according
to the statistical theory of rock mass structure can be expressed as Equations (8) and (9).

umg)ﬁa (8)
3. 3An- 31
e e A v ©)

where An is the number of open crack noodles within the depth range of Ah and ¢ is the
total unloading strain.

This means that, if the elastic deformation of the rock block is ignored and cracks are
usually open, then the changing rate of accumulative width of open cracks with the depth
(Ah-¢ curve) constitutes the main body of the unloading strain. Therefore, as long as the
accumulative width of open cracks with depth can be obtained, the unloading zones can
be divided according to the derivative of the accumulative width of open cracks (i.e., the
strain rate). Wu et al. [26] took the Xiaowan Hydropower Station as an example by using
the strain rate obtained by borehole TV to describe the changes in the degree of unloading
opening deformation in the sections. With the abrupt change point as the boundary, three
regions were divided into strong unloading zone, weak unloading zone, and original rock
mass zone.

The index of the width of open cracks commonly used in engineering is similar to
the strain rate. They both reflect the changes in the degree of unloading by measuring the
strain caused by unloading. The strain rate has a clear physical meaning for unloading,
and it is more convenient to operate to divide the unloading zones by the sudden change
in the Ah-¢ curve as it has universal applicability.

Use of the strain rate to divide the unloading zone will lead to insufficient measure-
ment of the rock mass quality. There are some defects in actual engineering when using
strain rate to divide unloading zones. First, there are many cracks, but few of them are open
cracks after the rock is broken by unloading in some locations, which leads to a quite low
unloading strain rate. In addition, two sections with the same strain rate show the same
opening with different crack numbers; one section has more closed cracks, while the other
does not (Figure 7a). Therefore, when the number of closed cracks is relatively large and
the unloading zone is divided by strain rate, adit sections with completely different rock
mass structures will be classified into the same unloading zone, which is not perfect for
engineering. In summary, the strain rate can only be applied alone to analyze the unloading
zone if most cracks are open.
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Figure 7. (a) Schematic diagram of the result of using the strain rate to divide the unloading zones
(Ah-g curve). The results of unloading zonation by the number of open cracks. The results of dividing
the unloading zones by the width of open cracks. (b) Schematic diagram of the result of using the
crack rate to divide the unloading zones (Ah-N;s curve). The results of unloading zonation by the
number of cracks. (c) Schematic diagram of the result of using SPUC to divide the unloading zones
(Ah-SPUC curve).
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The cracks are not always mostly open, and using the strain rate to divide the unload-
ing zones will lead to inaccuracy in evaluation of the rock mass structure. However, the
crack density and structural characteristics of rock masses can be reflected by the crack rate.

The strain rate is used to measure the strain caused by unloading, and the crack rate
is used to measure the rock mass quality. Similar to calculation of strain rate (i.e., the
strain of the rock block is ignored and only the strain generated by the structural plane
is considered), only the macrocracks (i.e., the structural planes) are considered and the
microcracks are ignored in calculation of crack rate, which is used to measure the rock mass.
Therefore, the crack rate D is defined as the rate of the cumulative number of cracks Ng
with depth (Ah), which is shown in Equation (10).

_ dNs

= JAh (10)

To facilitate operation in practical applications, failure of the rock block is ignored.
That is, the changing rate of the accumulative number of cracks with depth (Ah-N; curve)
constitutes the main body of the crack rate. Therefore, as long as the accumulative number
of cracks with depth can be obtained, the unloading zones can be divided according to the
derivative of the accumulative number of cracks, that is, the slope of the Ah-N; curve. This
is the method of assessing unloading zones by crack rate.

When crack rate is used to divide the unloading zones, a disadvantage similar to the
strain rate also appears. For instance, with the same number of crack groups but different
openings, it is divided into the same unloading zone when using the crack rate for division,
which is unreasonable. In addition, it cannot remove the effects of nonunloading cracks
(e.g., faults) (Figure 7b). However, the strain rate and crack rate with clear physical meaning
can complement the deficiencies of each other; thus, we averaged the degree of opening
of each crack, including the closed cracks. The degree of unloading is characterized by
the degree of opening of the unit crack. In this way, the strain rate can avoid insufficient
characterization of rock mass quality. Therefore, based on the strain rate and crack rate,
SPUC was defined for unloading zonation to compensate for their respective deficiencies.
For the strain rate in Equation (6), only the number of open cracks was considered; strain
per unit crack, SPUC, was expressed as Equation (11).

€ 3At 3Ant 3 Yk

SPUC = N:  2N. 2N.Ah 2 N.Ah (11)

where Nj is the cumulative number of cracks within the long depth range of Ah.

The unloading zones of the slope rock mass can be divided according to the slope of
the Ah—SPUC curve, and the method of division is similar to that of the strain rate. Use of
SPUC and Ah-SPUC curves to divide the unloading zones can prevent the shortcomings
of insufficient characterization of the strain rate of rock mass quality and the defect of
insufficient characterization of the strain for dividing the boundaries where cracks de-
velop continuously. Dividing the unloading zones according to SPUC and verifying it by
conventional means can make the results more scientific and feasible.

4. Results and Comparison

First, we used strain rate and crack rate to divide the unloading zones separately.
When determining the strain rate (that is, the slope of the Ah-¢ curve), it is temporarily
included in the average interval consideration (Figure 7a), and the turning point position
of the curve is determined accordingly. The strain rate of segment AB is significantly larger
than that of segment BC, and the strain rate of segment BC changes less than that after
point C. According to the strain rate, segment AB (0 m to 90 m) is classified as the strong
unloading zone and segment BC (90 m to 185 m) is classified as the weak unloading zone.

Similar to strain rate, number of open cracks and width of open cracks both reflect
degree of strain of the rock mass, and they have the same change trend. Figure 7a shows
the statistics of the number of open cracks and the width of open cracks in adit PDGO1.
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Note that the interval from 0 m to 50 m is the distribution area of the broken and loose rock
mass. Due to the support in the adit, the statistics of cracks in this section are incomplete.
In the interval from 50 m to 90 m, open cracks are widely developed, and the number of
open cracks and width of open cracks are large. The number of open cracks is generally
more than five, and the maximum is twenty-five in this section. The width of open cracks
per 5 m is generally greater than 8 cm in this section. In the interval from 90 m to 185 m,
the cracks mainly show micro-openings and closings, and the width of the open cracks is
approximately 0.3 cm. The number of open cracks in this section decreases significantly,
with approximately three open cracks showing a significant decreasing trend. Therefore,
according to the number of open cracks and width of open cracks, segment AB (0 m to
90 m) is classified as the strong unloading zone and segment BC (90 m to 185 m) is classified
as the weak unloading zone, which is the same as the result of the strain rate.

Based on analysis of accumulative number of cracks with depth (Ah-Ns curve), the
crack rate, namely the slope of the Ah-N; curve, is used to divide the unloading zones
(Figure 7b). The crack rate of segment AB is significantly larger than that of segment BC,
and the crack rate of segment BC changes less than that after point C. Thus, segment AB
(0 m to 100 m) is classified as the strong unloading zone and section BC (100 m to 170 m) is
classified as the weak unloading zone.

Similar to crack rate, number of cracks measures degree of rock mass quality, and their
changes have the same trend. Figure 7b shows the statistics of the number of cracks in adit
PDGOL1. In the interval from 50 m to 100 m, the number of cracks is large. The number
of cracks is generally more than ten, and the maximum is twenty-six. A comparison of
the number of cracks with the number of open cracks reveals that most of the cracks in
this section are opening. In the interval from 100 m to 170 m, the number of cracks in
this section decreases significantly, with approximately five cracks showing a significant
decreasing trend. Therefore, according to the number of cracks, a depth of 100 m can be
classified as the lower limit of the strong unloading zone and a depth of 170 m can be
classified as the lower limit of the weak unloading zone, which is the same as the result of
the crack rate.

Comparison of the two partition results reveals that the reason for the obvious differ-
ence in the partition results is that strain rate does not consider rock mass quality; thus,
the 80 m to 100 m adit section with the same obvious crack density is divided into two
different regions (Figure 7a). In addition, this is obviously unreasonable. The crack rate is
due to the influence of cracks only. After point C, the crack rate increases because there are
more small cracks in the adit section of 170 m to 185 m, which are not caused by unloading
but by fault (Figure 7b). However, this problem cannot be avoided by using the division of
the crack rate only.

Thus, we combine the two methods and propose a method, i.e., SPUC, to reasonably
divide the unloading zones (Figure 7c). The Ah-SPUC curve shows that the unloading
of section AB is obviously larger than that of section BC, and the unloading of section
BC and the unloading after point C change little. According to SPUC, section AB (0 m to
100 m) is a strong unloading area and section BC (100 m to 185 m) is a weak unloading area.
Obviously, SPUC can avoid dividing the 80 m to 100 m adit section with the same obvious
crack density into two different regions and over-measuring the rock mass quality.

5. Verification

According to the history of the regional geomorphic evolution, the slope model of
the river valley is established in combination with the profile, and slope downcutting is
simulated through discrete element software, which can consider the rock structure, such
as layers and joints, to obtain the in situ stress distribution map of the slope [5].

The parameters used in the numerical simulation are obtained according to the exper-
iments, as shown in Table 5, where p, E, i, Gm, 1M, Gk, YK, €0, Crs 90, @r, Tto, e, and slft
are density, elastic modulus, Poisson’s ratio, shear moduli of the Maxwell body, viscosity
coefficient of the Maxwell body, shear moduli of the Kelvin body, viscosity coefficient of
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the Kelvin body, initial cohesion, residual cohesion, initial internal friction angle, residual
friction angle, initial tensile strength, shear plastic strain threshold, and tensile plastic strain
threshold [57].

Table 5. Parameters used in the numerical simulation.

Type pl(kg-m—3) E/GPa i GMm/GPa 7m/GPa-d Gk/GPa 7k/GPa-d
Rock mass 2650 14 0.25 5.6 11.2 3.36 56
Fault 2200 4 0.35 1.48 2.96 1.18 14.8
Type co/MPa ¢:/MPa @0/ (°) @/ (°) ow/MPa £ e
Rock mass 1.5 0.3 55.0 30 1.2 0.02 0.001
Fault 0.1 0.1 30 30 0.0 0.02 0.001

The boundary conditions of the model are the displacement constraint and velocity
constraint at the bottom and the tectonic stress field that increases linearly with depth at
both sides of the model [57].

Then, the bottom boundary of the unloading zone is determined according to the
range of the stress reduction zone (Figure 8a,b).

. Apparent resistivity (Q-m)
Elevation/m i BT T T T T T
° : 3980 1580 630 250
50 :
- ﬁﬁ H H. ..=4560m
4700 : max
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-2.1000 X107
-2.7000 X107
-3.3000 % 107
3500 — -3.9000 X107
. -4.5000 X107
River B _51000%107
| -5.7000X 107
-6.3000X107
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Figure 8. (a) Unloading zonation by using the stress field. (b) In discrete element software, the bottom
boundary of the unloading zone is 185 m when the in situ stress is used to divide the unloading
zones. (c) Resistivity is used to divide the unloading zones.

The resistivity results are used to verify the rationality of using the in situ stress
field. The area for determining the maximum resistivity value as the rock resistivity
skeleton is p, = 3980 ()-m. The area and determination of the fracture zone (including
the corrosion fracture zone) resistivity, as in the weak rock mass medium resistivity, is
Pw = 630 Q2-m. It can be calculated according to the evaluation parameters and methods for
tunnel engineering rock mass integrity proposed by Hua et al. [58]. When the measured
resistivity average is less than 1000 (2 m and K; is 0.20 or less, it is the lower limit of the
strong unloading zone. When the measured resistivity average is less than 1580 (3-m and
K; is 0.50 or less, it is the lower limit of the weak unloading zone.

K, — Ahl — Pr (p%nass - p%v)
! Ahy + Ahy Pr(P%mss - p%v) + PW(P% - plgnass)

(12)
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where Pmass, Pr, Pw, K, Ah1, and Ah; are resistivity of rock mass, resistivity of rock skeleton,
resistivity of weak medium in the rock, rock mass integrity factor, thickness of rock skeleton,
and thickness of the weak medium in the rock, respectively.

Combined with the apparent resistivity and gradient distribution, the unloading zones
of the slope were divided, and the distribution of the unloading zones on the profile
was obtained, as show in Figure 8b,c. Due to the long unloading time at the top of the
slope, the horizontal unloading depth is obviously deeper than that of adit PDGO01. The
horizontal depth of the strong unloading bottom is approximately 200 m and that of the
weak unloading bottom is approximately 250 m. This result is consistent with the results
obtained by using the stress zones corresponding to the unloading zones. Finally, the lower
limit of the weak unloading zone obtained by the method of dividing the unloading zone
according to the in situ stress is 185 m at the elevation of adit PDGO1.

In addition, the unloading zones can also be divided according to qualitative analysis
(GB50487-2008, [19]) (Table 6). According to the geological survey and exploration of
the adit, there is no large controlled active fault in the slope area, and the rock mass is
dominated by joint cracks, while unloading cracks and dissolution cracks are developed in
local sections. According to the field investigation (Figure 5 and Table 4), the interval of
0 m to 100 m can be classified as the strong unloading zone and the interval of 100 m to
185 m can be classified as the weak unloading area. The results of the new method are
similar to the results obtained by the specification and the results obtained by in situ stress,
and the slope unloading area can be reasonably evaluated according to SPUC (Table 7).

Table 6. Specification for geological investigation of water conservancy and hydropower engineering
(Appendix J) and qualitative division of the rock unloading zone (part of the table).

Unloading Zones Main Geological Characteristics

1. The unloading cracks are densely developed and
generally open.
Strong 2. The openings are generally a few centimeters to tens
of centimeters.
3. Some have obvious loosening or displacement.
1. The unloading cracks are sparsely developed.
2. The openings are generally a few millimeters to
Weak a few centimeters.
3. Most of the unloading fractures open along the original
structural plane, and the rock mass is partially relaxed.

Table 7. Comparison of division results by using various unloading zonation methods.

Strong Unloading Zones/m Weak Unloading Zones/m

Division Method (Differences/%) (Differences/%)
In situ stress /(/) 185 (0)
Resistivity (top of slope) 200 (/) 250 (/)
GB50487-2008 100 (0) 185(0)
Strain rate 90 (10) 185 (0)
Crack rate 100 (0) 170 (8)
SPUC 100 (0) 185 (0)

6. Discussion and Perspective
6.1. Unloading Zonation Method

In this research, we summarize the commonly used methods for unloading zonation of
large-scale rocky slopes and analyze the advantages and disadvantages of various methods.
Considering that the physical phenomena of unloading are rebound loosening of existing
cracks, shear dislocation of existing cracks, and new cracks in rock blocks, crack rate is
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added to characterize the crack development rate of the rock mass based on strain rate. To
compensate for insufficient measurement of the rock mass structure when using the strain
rate to divide the unloading zones and the insufficient measurement of the strain rate when
using the crack rate to divide the unloading zones, SPUC, which combines the crack rate
and strain rate, is proposed to divide the unloading zones. The new method is applied
to a large-scale rocky slope on the Qinghai-Tibet Plateau, that is, the JRS, and a series of
conventional unloading zone division methods are used for verification. The results show
that SPUC is feasible and accurate, its physical meaning is clear, and it can compensate for
the defects of a single method.

The most widely used and mature indexes of unloading zone division in engineer-
ing are width of open cracks and number of open cracks. These indexes are used be-
cause they are easy to obtain in the field and these two indexes can directly characterize
the characteristics of unloading. The threshold must be determined when using them
to divide the unloading zones, which are not unified between projects (e.g., Table 2).
Bao et al. [30] aimed to solve the problem that most indexes are not unified; strain rate with
better uniformity in unloading zonation is proposed based on the statistical mechanics
of rock masses, and the angle problem is discussed and proven based on the difference
between the unloading direction and the actual adit survey trend. However, strain rate
considers only the tensile displacement caused by unloading and is obviously insufficient
to measure shear displacement (Figure 6a). Although using strain rate can also obtain
good results because the unloading trend is basically the same when considering tensile
displacement only and considering tensile and shear displacement simultaneously in most
engineering projects, it is sometimes biased due to its insufficient measurement of the rock
mass structure. Figure 7a shows that use of strain rate leads to demarcation of a strong
unloading zone and weak unloading zone in the section with the same rock mass structure,
i.e., the 80 m-100 m section. Thus, crack rate was introduced to consider the rock mass
structure, which can adequately consider the contribution of closed cracks to the rock
mass structure to compensate for the lack of strain rate in the characterization of shear
displacement. However, use of crack rate leads to strain not being measured and cracks
not being distinguished, which easily leads to the bottom boundary of the weak unloading
zone being delineated at 170 m, and the slope of the curve after 170 m does not decrease but
increases (Figure 7b). These are obviously unreasonable in the division of the unloading
zones. When SPUC is used, these two problems can be avoided. The bottom boundary of
the strong unloading zone is delineated as 100 m and the bottom boundary of the weak
unloading zone is delineated as 185 m, which also corresponds well to Figure 5. In addition,
SPUC is also based on field fracture investigation, which is easy to obtain and operate.

There are still some deficiencies when using SPUC in unloading zonation as follows.
Our method showed improvement in determining how to characterize the rock mass quality
because strain rate is not enough to measure this. Crack rate is added to characterize the rock
mass quality, and SPUC is proposed to divide the unloading zones because of insufficient
characterization of the rock mass quality by using strain rate. However, consideration of
the rock mass quality is only based on the number of cracks. The size of the cracks and
microcracks are not considered. This equivalence is somewhat similar to using RQD to
measure rock mass quality. In addition, the horizontal depth of the adit that we used in
this research is only 200 m, while the bottom of the weak unloading zone is close to 200 m;
thus, the slope change in the curve in the weak unloading zone and the original rock stress
area seems to not be significant. In addition, the proposal of an index still needs more cases
for verification and one case in this research is not enough; more cases are needed to verify
the accuracy of SPUC.

6.2. Unloading and Slope Evolution

Research on division of unloading zones is helpful for quality classification of the rock
mass. It also helps to deepen understanding of the rock mass properties of the slope and
provides the basis for later slope stability analysis and tunnel route selection.
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Development of the unloading zone is a dynamic process with development of slope,
and it controls the stability of the slope [11-13]. Stability of rock slopes is a dynamically
evolving geological historical process that is accompanied by aging deformation [5]. The
dynamic process of its evolution has three typical stages, namely superficial transformation,
aging deformation, and failure development [5]. These three stages have vertical zoning
in the performance of the valley slope; that is, from the foot of the slope to the upper part
of the slope, the three stages of superficial transformation, aging deformation, and failure
development appear in sequence. Such spatial partitioning and dynamic changes over time
are also accompanied by dynamic changes in the unloading zone.

With stress release in the process of valley incision, the rock mass undergoes rebound
deformation to the free surface [51], and the stress field of the slope will be adjusted accord-
ingly to adapt to the evolving deformation. Based on the research of geodynamic processes
and stability control of high rock slope development in Southwest China, Huang [5] pointed
out that downcutting of river valleys causes a hump-like stress distribution of the slope, in-
cluding a stress reduction zone, stress increase zone, and original rock stress zone. Among
them, the stress reduction zone and the stress increase zone correspond to the range of
influence of rock mass unloading. Both the strong and weak unloading zones are within
the stress reduction zone. The stress increase zone corresponds to the deep unloading zone
(Figure 9) [5,20,21].

I-type unloading cracks

\\ @@ ) l:l Tension cracks area

! I:ITension-shear cracks area
D Shear cracks area

Figure 9. Stress distribution of valley slopes [5].

In the process of stress adjustment, to adapt to the new balance, the rock mass and
its structure produce cracks or the old cracks develop further, resulting in changes in the
rock mass structure and its properties, forming a similar underground chamber within
a certain depth range of the valley slope. The unloading zone is the “loose circle” of the
surrounding rock [53]. The distribution of the unloading zone is closely related to the
slope stress field [21], and there are usually two types [59]. One is to characterize the
range of the tensile stress area of the slope (corresponding to I-type unloading cracks, that
is, the tensile-compressive stress area of the slope) (Figure 9), which is characterized by
development of vertical unloading cracks in parallel slopes and generally occurs in the
tensile-compressive stress combination area at a certain distance near the slope surface.
The other is to characterize the range of the shear relaxation zone (corresponding to II-type
unloading cracks, shear stress area of the slope), and its formation is directly related to the
shear dislocation of the structural plane during the unloading process. The existence of
II-type unloading cracks is also the main reason why this paper attempts to add crack ratio
into strain rate to correct the division of the unloading zone. Strain rate cannot measure
II-type shear unloading cracks that do not have an opening width, while the fracture
rate index, which characterizes the quality of the rock mass, can cover the II-type shear
unloading cracks, and the two can complement each other’s deficiencies.
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7. Conclusions

Unloading controls the stability and safety of slope engineering. Therefore, it is of
great importance to find a reliable unloading assessment. This paper proposes a method
for quantitatively assessing slope unloading by combining a theoretical study with a case
study. The conclusions are as follows.

1.  Considering that unloading is the process of energy release, elastic deformation and
strain failure are the essences of the unloading process of the rock mass and rebound
loosening of existing cracks; shear dislocation of existing cracks and new cracks of
rock mass are the physical phenomena of unloading. A method of dividing the
unloading zone, SPUC, is proposed based on statistical rock mass mechanics and
damage mechanics.

2. The Ah-SPUC curve regularly varies and can be divided into three parts according
to the slopes of the curve. The slope unloading zone can be divided into strong and
weak unloading zones. The extent of the strong and weak unloading zones can be
determined by the two inflexions of the curve.

3. The unloading zonation method of SPUC is applied to a controlled slope of a railway,
and a series of conventional unloading zone division methods are used for verification.
The results show that the method is feasible and accurate, its physical meaning is
clear, and it can compensate for the defect of using any single method.
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