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Abstract: The growth of rock structural surfaces makes the deformation and stability
analysis of rock pits more complex and challenging than that of soil pits. To investigate
the damage mechanism of this foundation and provide ideas for foundation support, the
paper constructed a simplified model by approximate plane analysis and dimensionless
analysis of the similarity principle. The physical model was constructed from a mixture
of materials, and then foundation excavation and loading tests were completed. The
strain value of the strain gauges increased in stages in the range of 0–250. Excavation of
the structural surface resulted in an increased number of deformation mutations. This
type of rocky foundation damage underwent three stages: overburden crack development,
cumulative deformation of the S-S, and collapse of the sliding body. Furthermore, numerical
simulations corresponding to the physical model tests were set and used to validate and
complement the physical tests. When the line loads reached 70.83 kN/m and 127.5 kN/m,
the plastic zone of the structural surface was completely penetrated and the sliding body
collapsed. The results of the studies can serve as a useful reference and guide for the
excavation and support design of real-world rock foundation projects that are similar.

Keywords: rocky foundation pit; damage mechanism; parallel development of structural
surfaces; physical model test and numerical simulation

1. Introduction
Pit support engineering has always been a popular topic in the field of civil engi-

neering. Scholars and engineers are dedicated to investigating or developing idealistic pit
support structures due to the range of challenging environmental conditions in pits and the
increasingly desirable engineering economic performance requirements [1–3]. The main
issue with the foundation pit excavation project is the steady deformation and damage pro-
gression of the supporting structure. However, the primary issue for the rocky pit’s ability
to stabilize itself should be the deformation damage mechanism of the pit excavation. Wei
Yan et al. [4] used the myopic plane damage method for soil–rocky foundation excavation
stability calculations. Yan reckoned the maximum permissible vertical excavation depth
of the pit, Hmax, was calculated theoretically, and it was noted that Hmax was not only
related to its (cohesion) c, (angle of internal friction) φ, (volumetric weight) γ, and (upper
load) q, but also inversely proportional to the soil–rock ratio. However, rock formations of
rocky foundation pits often have developed structural surfaces and rich yield in practice,
which leads to complex calculations of the deformation and stability of rocky foundation
pits. Some scholars had gone from uniaxial and shear tests of pore-size-dilated rock mass
and nonpersistent and persistent jointed rock to study their mechanical behavior and to
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characterize them accurately in terms of rock mechanics [5–7]. Other scholars had consid-
ered the more realistic development of rock masses in reality, mainly from sophisticated
modeling tools. Mariam Al-E’Bayat et al. [8] used a Lattice Spring-Based Synthetic Rock
Mass Model to analyze the effect of the inclination of the structural face on the stability
factor of safety and the structural face spacing on the damage region influence mechanism.
Huajin Zhang et al. [9] innovated a robust method for rock slope stability assessment that
employed Latin hypercubes to realistically fit the characteristic parameters of the actual
geotechnical structural surfaces; Dongjie Hua et al. [10] conducted an in-depth study on the
elastic wave velocity of nodular rock bulk. At the same time, scholars have undertaken a
lot of research on the damage mechanism of complex rock bodies with different conditions.
Jintao Wang and Jianpin Zuo [11] revealed the damage mechanism of rock mass under
tension; Linfeng Zhu et al. [12] elucidated the mechanism by which anchors controlled the
shear creep behavior of rock joints; Jin Xu et al. [13,14] derived an analytical equation for
the upper limit stability coefficient of a large inclined rocky upright pit slope containing a
cavern. However, there is not much in-depth research on the damage mechanism of rocky
foundation pits in strata with parallel development of structural surfaces.

For the study of pit slope engineering, in addition to numerical computational analy-
sis [15–17], the physical model test with numerical computational analysis is also a highly
reliable and widely used method [18–21]. Xiongyu Hu et al. [22] analyzed the behavior of a
new type of support system in anisotropic joints by conducting physical modeling tests
on tunnel tube sheet lining; Nader Moussaei et al. [23] classified the damage mechanisms
of laminated rock tunnels into nine categories using both physical modeling and numer-
ical simulation. Jutao Qiu et al. [24] investigated the mechanical behavior and damage
characteristics of subway tunnels under mixed strata at burial depths of 50–500 m through
physical model tests; Jiong Wang et al. [25] revealed the mechanical properties of NPR
cords in soft rock through large-scale physical modeling tests and obtained the mechanical
properties of steel-reinforced rock bodies; Gang Wei et al. [26] used a self-developed load-
ing device to accomplish the internal force response law of the Hangzhou subway shield
structure section under pit unloading.

The mentioned findings provided ideas for studying the damage mechanism of rocky
foundation pits with parallel structural surfaces. Figure 1 shows the schematic for the
methodology followed in this paper. We first determined similar ratios, similar materials,
and similar ratios for the physical model tests. Specific similarity ratios were derived
based on dimensionless analysis. Secondly, the casting of the physical model mainly was
completed through installed formwork, mixed material, compacted material, taken-off
formwork, cured structure, and attached strain gauges. Then excavation and loading tests
on the physical model were performed, respectively. The results explored the strain change
characteristics and damage process of the foundation. Finally, numerical modeling was
performed as a two-dimensional model. The setup of the numerical simulation was kept
consistent with the setup of the physical model tests. The numerical simulation calculations
validated and complemented the physical tests.

2. Physical Model Test
In the team’s previous study [27], we used the deep foundation pit of the Ningxia

Road subway in Qingdao as a prototype and simplified this rocky foundation pit into a
planar model. Then the self-stabilizing control effect modeling tests were conducted for
FPVRW. In addition, the modeling tests made the assumption that the 3D effect of the
foundation pit corners was not taken into account, and the orthogonal tests were used to
determine similar materials and similar ratios. The above assumptions and experimental
practices apply equally to the physical modeling tests in this thesis. Distinguishing from
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the previous study, this thesis considers the role of the influence of the upper soil layers
of rocky foundation. This is due to the uneven thickness of the upper soil layer of a rocky
foundation in an actual deep foundation project.
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2.1. Similar Ratios and Similar Material

The similarity principle is used to represent the proportionality that should be satisfied
between physical quantities within a prototype or model and is the basis for determining
similarity conditions. The three commonly used methods for deriving the similarity
principle are law analysis, equation analysis, and dimensionless analysis. Based on the
similarity principle, dimensionless analysis was used to derive similar indicators. The
specific projection process was as follows:

The parameters involved in this physical modeling test are geometric dimension (l),
density (ρ), acceleration (g), volumetric weight (γ), cohesion (c), angle of internal friction
(φ), Young’s modulus (E), Poisson’s ratio (v), and line load (q). The similarity ratio of
the parameters (l, ρ, g, γ, c, φ, E, v, and q) is the ratio of the model to the prototype’s
parameters, respectively denoted as Cl, Cρ, Cg, Cγ, Cc, Cφ, CE, Cv, and Cq.

According to the second law of the similarity principle, the functional equation of
these physical quantities is expressed in the general functional Equation (1).

f(l, ρ, g, γ, φ, E, v, c, q) = 0 (1)

Assume that l, ρ, and g are fundamental physical quantities. According to the π-
theorem Equation (1) can be written as

f(π1,π2,π3,π4,π5,π6) = 0 (2)
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Convert the function Equation (2) into a power series. Take π6 as an example:

π6 =
q

laρbgc =

[
MT−2

]
[L]a

[
ML−3

]b[
LT−2

]c = M1−bL−a+3b−cT−2+2c (3)

Since π6 is a dimensionless quantity, it follows that
1 − b = 0

−a + 3b − c = 0
−2 + 2c = 0

⇒


a = 2
b = 1
c = 1

Substituting the calculations of a, b, and c into Equation (3) yields Equation (4).

π6 =
q

l2ρ1g1
(4)

The similarity indicator, Cq =
√

ClCρCg, can be obtained from Equation (4). Similarly,
it is known that Cc = CE = ClCρCg, Cγ = CρCg, and Cφ = Cv. Since the cohesion c and
Poisson’s ratio v are dimensionless quantities, it is assumed that Cφ = Cv = 1. As needed
for the physical modeling tests, it is assumed that Cl = 50, Cρ = 1, and Cg = 1.2; thus, Cγ =
1.2, Cc = CE = 60, and Cq = 8.5.

The mechanical parameters of the prototype pit rock formation were shown in Table 1 for
raw material. Uniaxial compression and straight shear tests were performed on similar materials
in the previous study of our team [27], and so the specific physico–mechanical parameters of
the similar material were obtained, as shown in Table 1. The ratio of the mechanical parameters
of the raw material and similar material was its corresponding similarity ratio.

Table 1. The mechanical parameters of the raw material and similar material.

Parameter Type v φ/(◦) γ/(kN/m3) E/(MPa) c/(kPa)

Similarity ratio Cv = 1 Cφ = 1 Cγ = 1.2 CE = 60 Cc = 60

Rock structure (R-S)
raw material 0.25 35 22.5 5000 600

similar material 0.25 35 18.75 83.33 10

Structural surface
(S-S)

raw material 0.38 30 20.5 50 100

similar material 0.38 30 17.08 0.83 1.67

Table 2 gives the material ratios of the rock structure (R-S) and structural surface
(S-S) in the physical model. The material used in this test is a mixture material commonly
employed in geotechnical physical modeling tests, which comprises medium sand, barite
powder, gypsum, concrete, and water, as seen in Table 3. The physical modeling tests in this
thesis used the same materials, material ratios, and similar ratios as in the team’s previous
study.

Table 2. The material ratio of the rock structure (R-S) and structural surface (S-S).

Classification Ratio of Concrete and
Gypsum

Ratio of Water and Solid
Material

Ratio of Cementitious Material and
B-P&S

Ratio of Barite Powder and
Sand

Rock structure (R-S) 1:1 1:7 1:30 1:10

Structural surface (S-S) 1:1 1:7 1:30 0:10

Note: the B-P&S is barite powder and sand.
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Table 3. Specifications of similar materials.

Similar Material Types Medium Sand Barite Powder Gypsum Concrete

fineness specification 30 mesh 400 mesh 400 mesh
C42.5density 2.73 g/cm3 4.2 g/cm3 2.33 g/cm3

2.2. Physical Model Test Setup

The dimensions of the test model box are 1.5 m in length, 1 m in width, and 1.2 m in
height. And the box consists of four iron plates and a piece of tempered glass. The type of
strain gauges used in the test was BX120-30AA geotechnical foil resistance strain gauges
(produced in Xingdongfang Group Company, Chengdu, China). These strain gauges were
pasted on the 10 points (A0, A, B, C, D, G, H, L, M, N, while A0 is the compensation point)
as depicted in Figure 2. The loading test of the foundation pit was conducted using an
electro–hydraulic servo pressurization system. The loading system can apply a load of
500 kN, with a test force resolution of 0.01 kN and a displacement resolution of 0.01 mm.
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Figure 2. Design scheme of pit physical modeling test.

In Figure 2, the physical test model consists of three main components: the overburden
layer, parallel structural surfaces, and rock structure. The overburden is made of medium
sand, which is used to transfer the upper loads uniformly to the rock strata. Structural
surfaces (a), (b), (c), and (d) are parallel to each other, 2 cm thick, spaced 10 cm apart, and
inclined at 60◦ (this refers to an angle of 60◦ between the structural plane and the horizontal
plane). There is a 10 cm thick rock structure between the two structural surfaces.

The process of constructing the model of the rocky pit in strata with parallel develop-
ment of structural surfaces was presented below:

(1) A 60◦ side slope (the material type and material ratio for the slope were the same as
those for rock structures) was constructed first. The formwork was then installed ac-
cording to the thickness of the structural surface. To prevent shifting of the formwork
position, wooden sticks and iron pads were used to hold the formwork in place, as
shown in Figure 3a.

(2) According to the material ratios of structural surface provided in Table 2, a certain
amount of medium sand, cement, gypsum, and water were measured using an
electronic scale and then poured into the mixing basin and mixed thoroughly as
shown in Figure 3b.

(3) Wooden sticks were used to compact similar material, ensuring that each component
had the same density. Once the structural surface was likely strengthened and formed,
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the formwork was gradually taken off. A structural surface was conducted as seen in
Figure 3c.
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Figure 3. Physical modeling process: (a) installed formwork of S-S; (b) mixed material of S-S; (c) an
S-S conducted; (d) removed soil; (e) drying process; (f) measured weight; (g) installed formwork of
R-S; (h) mixed material of R-S; (i) compacted material; (j) taken off formwork; (k) cured structure;
(l) attached strain gauges.

(4) Soil removed from the structural surface with ring cutters, and any soil removed shall
be replaced after removal, as displayed in Figure 3d.

(5) The hot air blower worked and blew hot air. The hot air was used to dry the structural
surface and the soil inside the ring cutters, as displayed in Figure 3e.

(6) The weight of the soil inside the ring cutters was measured at 2 h intervals. The drying
process can be stopped when the drying weight is reached, as shown in Figure 3f.

(7) The formwork of R-S was then installed according to the thickness of the rock structure.
To prevent shifting of the formwork position, wooden sticks and iron pads were used
to hold the formwork in place, as seen in Figure 3g.

(8) According to the material ratios of R-S provided in Table 2, a certain amount of
medium sand, barite powder, cement, gypsum, and water were measured using an
electronic scale and then poured into the mixing box and mixed thoroughly as shown
in Figure 3h.

(9) To ensure uniform density and prevent “honeycomb” problems, it must be mixed
several times before pouring similar materials into the formwork. As seen in Figure 3i,
a rubber hammer was used to compact similar material, ensuring that each component
had the same density.

(10) Once the rock structure was likely strengthened and formed, the formwork was
gradually taken off. The newly poured structure should not be touched, as depicted
in Figure 3j.

(11) Soil was removed from the R-S using cutting rings. The cutting rings with the soil
removed were then placed into the pit model box so that it cured in the same condition
as the model. The model was heated and dried using a hot air blower as shown in
Figure 3k (the drying time was evaluated and regulated by a real-time check of the
quality of the cutting rings with the soil).

(12) By repeating steps 1 through 11 above, the modeling of the rock strata can be com-
pleted. When the structural surface had reached a certain strength, a groove was
dug in the structural surface. A drop of 502 glue was applied to this groove, and
a strain gauge was attached, followed by covering the strain gauge with Calvert’s
waterproofing adhesive and finally backfilling the groove. Point L was located inside
the structural surface (a), and its distance along the structural surface (a) to the top
surface was 25 cm as shown in Figure 3l. Similarly, points M and N were located
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inside structural surfaces (b) and (c), respectively, and their distances along the struc-
tural surface to the top surface were all 25 cm. Strain gauges at other points were
subsequently pasted. As depicted in Figure 2, points A0, A, B, C, and D were arranged
on the lateral plane of the structural surface. Points G and H were arranged on the
surface of the rock layer, and above them was the sandy soil layer. Finally, a layer of
medium sand was laid on the rock strata.

2.3. Test Process

The tests included excavation tests of rocky foundations and foundation loading tests.
Figure 4a–c illustrate the excavation procedure of the model excavation test. The pit

model was excavated in three steps, each of which was 15 cm deep, with a 10 min interval
between excavations. In the first excavation step, the soil layer was excavated, but the
structural surface was not excavated. In the second excavation step, the structural surface
(a) was completely excavated through. The depth of the pit model after the third excavation
was −45 cm, at which point the structural surface (b) had just been excavated through.
Photos were captured during the excavation to document and analyze the deformation
and settling of the foundation pit. Additionally, strain gauges were utilized to collect strain
data from various positions throughout the excavation operation.
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Figure 5 depicts a simplified analytical model of the self-stabilizing height of the
upright rock wall of the foundation pit with parallel development of structural surfaces [28].
This analytical model was simplified using approximate planar analysis. The application
of Equation (5) is to calculate the theoretical value of the self-stabilizing height (Hcr) of the
vertical rock wall of the foundation.

Hcr =
2c

γcosα(Ksinα− cosαtan φ)
− 2q

γL
(5)

where c is the cohesion of the S-S, kN/m2; K is the safety coefficient; φ is the internal friction
angle of the S-S, ◦; α is the angle of the structural surface and the horizontal plane of the
stratum, ◦; L is the length of the compressed edge, m; and q is the equivalent distributed
load, kN/m.

Equation (6) can be converted from Equation (5).

q =
cL

cosα(Ksinα− cosαtan φ)
− γLHcr

2
(6)

In order to better observe and analyze the damage pattern of the pit model, the foun-
dation model was loaded after excavation using an electro–hydraulic servo pressurization
system. Based on Equations (5) and (6), and taking into account the mass of the sand layer
and the timber matting, calculations showed that the vertical rock wall of the foundation pit
can reach a critical self-stabilizing state by providing a force of 3.1 kN. The whole loading
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procedure was to first pre-pressurize the test model (its purpose was to compact the soil
layer so that it can better transfer the force exerted by the upper electro–hydraulic servo
jacks to the lower rock body uniformly), and then the system loaded the force to 3.1 kN
and then loaded it to 5 kN, 7 kN, and 9 kN sequentially in 2 min intervals until the physical
model was completely destroyed.
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2.4. Physical Test Results
2.4.1. Pit Physical Model Excavation Test

As reflected in Figure 4a–c, the settlement deformation of the pit was not readily
apparent during the excavation process. Nevertheless, a fissure was discovered on the
ground’s surface surrounding the pit in Figure 4a. This is due to the concentrated tensile
stress at the junction of the sandy soil layer and the rock, and the tensile cracks extend
from the structural surface to the sandy soil layer. However, the slip resistance of the
structural surface was bigger than the sliding force, which could prevent the occurrence of
pit instability, and the stability of the pit was guaranteed.

Figure 6 depicts the strain changes at nine points during excavations. In this figure,
“X” refers to the direction perpendicular to the S-S and “Y” refers to the direction parallel to
the S-S. In the test, the excavation was carried out in steps of 15 cm, and the duration of each
excavation was 10 min. In Figure 6a, the strains at points A, B, C, and D rise and fall once
in the first excavation, twice in the second excavation, and once in the third excavation. In
the three excavations, the modes of strain are approximately −50, −125, and −250 (mode
refers to the number that appears the most frequently). In Figure 6b, the strains at points G
and H rise and fall once in the first excavation, twice in the second excavation, and once
in the third excavation. In the three excavations, the modes of strain are approximately
−50, −125, and −225. In Figure 6c, the strains at points L, M, and N rise and fall once
in the first excavation, twice in the second excavation, and once in the third excavation.
In the three excavations, the modes of strain are approximately −50, −125, and −250. It
can be seen that the strain change rule of these 9 points is basically the same, and the
final value of strain is basically around −250. In addition, a strain mutation occurred both
at the pit surface and within the structural surface during a single excavation (here the
“mutation” is the “rise and fall” described above). However, during the second excavation,
the number of strain mutations in strain was more than once as the structural surface was
excavated. This can indicate that the presence of structural surface makes it easier for
strain mutation to occur during the excavation of foundation pits. In the test of cf. [27], the
deformation of the foundation was measured by a handheld 3D scanner. The recorded
deformation was not continuous, and it could not record sudden displacement mutations
or sudden strain changes during the excavation. The results in Figure 6 are similar to those
of Yan Li et al. [29]. Because the structural surface was excavated, rock formations had
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deformation mutations inside, and all of them eventually stabilized. Although Yan Li’s
study was on tunnel excavation works, the stratum in which the tunnels were located was
also a parabasic rock strata with parallel structural surfaces.
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The points on the structural surface had strain mutation, but the plastic zone of the
structural surface was not penetrated, which allowed the rocky foundation to remain safe
from damage under the self-stabilizing capacity. That was, when the excavation depth of a
rocky pit was less than Her, the pit would not destabilize. During the excavation of rocky
foundation pits, strains range from −50 to −250, and deformation of the structural surface
accumulated.

2.4.2. Pit Physical Model Load Test

Figure 7a–d record the damage process of the foundation under loading, and Figure 7e
is a graph of the time-force-displacement relationship made from the electro–hydraulic
servo system data. As seen in Figure 7: (1) When the test model was loaded to 3.1 kN,
the displacement value was 3.81 mm. At the same time, the cracks in the soil layer were
developing, and the cracks were concentrated toward the joint between the S-S (a) and
the R-S. (2) When the upper load was increased to 5 kN, the displacement was 4.43 mm.
The joint between the structural surface (a) and the rock structure developed into a sliding
surface, and the sliding block collapsed along this joint. (3) When the load reached 7 kN,
the displacement was 5.89 mm. The number of cracks in the soil layer increased, and all
the cracks were also concentrated towards the joint between the S-S (b) and the R-S (this
joint became a potential sliding surface). (4) When the load reached 9 kN not long after, the
potential sliding surface, the joint between the S-S (b) and the R-S, collapsed along the S-S.
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In the excavation test of the rocky foundation with parallel development of struc-
tural surfaces, the excavation depth was less than the critical safe height Her of the rocky
foundation, and the foundation was not destabilized under the self-stabilizing capacity.
Cracks in the sandy soil layer extended toward the potential sliding surface. And the
deformation within the S-S was accumulating. In the loading test of the rocky foundation
with parallel development of structural surfaces, the load was increased from 0 to 3.1 kN,
and the displacement of the pit surface increased abruptly. In this process, the deformation
of the S-S (a) proceeded with considerable accumulation, and the internal plastic zone
developed rapidly. Although the pit model had reached a critical state, the potential sliding
surface (the joint between the S-S (a) and R-S) had not yet been fully penetrated, and the
points on the potential sliding surface had not been subjected to displacement mutation.
When the load was increased by 5 kN, the points on this sliding surface quickly underwent
displacement mutation. The rock structure above the S-S) became a sliding block and
suddenly collapsed, and destabilization damage occurred in the rocky foundation. In
three dimensions, this destabilizing damage would be constrained by the surrounding
geotechnical body and form a wedge-shaped damage. When the load changed from 5 kN
to 7 kN, the number of cracks in the sandy soil layer increased, and all of them extended
towards the potential sliding surface (the joint between the S-S (b) and R-S). At the same
time, a large displacement of the pit surface occurred at this stage (displacement increment
of 1.46 mm), and a considerable accumulation of deformation of the structural surface
(b) was carried out. When the load reaches 9 kN, the plastic zone of the potential sliding
surface was penetrated, and displacement mutation occurred, and then the sliding block
collapsed along the S-S (b). Therefore, we divided the damage process of rocky foundations
with parallel development of structural surfaces into three stages: soil crack development
stage, structural surface deformation accumulation stage, and sliding block collapse.

3. Numerical Simulation and Analysis
3.1. Numerical Simulation Model

Numerical calculation was performed using the Midas GTS NX 2022 R1(x64) software.
The Midas GTS program was used to compute the pit numerically. Numerical modeling
was performed as a two-dimensional model. The width of the pit was 30 m, and the depth
was 22.5 m (45 cm × 50 = 22.5 m). The structural planes in the strata developed parallel,
with a dip angle of 60◦ and a thickness of 1 m (2 cm × 50 = 1 m). The thickness of the rock
mass structure was 5 m (10 cm × 50 = 5 m). The boundary dimensions of the model were
320 m × 140 m, as shown in Figure 8. The model materials were all modeled using the
Mohr–Coulomb model with the property of 2D plane strain type. The specific parameters
of the model material were given in Table 1 for raw material. Grid sizes of 0.5 m and
1.2 m were used for excavated S-S and R-S, and 0.9 m and 1.6 m for unexcavated S-S and
R-S. In this way, the whole model was divided into 42,495 2D grid cells. The boundary
constraints of the model were automatic boundary constraints, and the model was assigned
a self-weight load (gravity) and line loads. Other factors, such as groundwater and seismic
effects, were not taken into account.

The numerical simulation was divided into two distinct working conditions: the
calculation model for pit excavation and the calculation model for loads after the pit was
excavated.

The model was constructed using the following six steps in sequence: Step 1 was to create
a 2D wireframe representation of the model, starting from the origin (0,0) in the spatial interface
of the Midas GTS software. After the pit model wireframe was drawn, the cross-segmentation
command was used to segment all the cross-lines so that later meshing could proceed smoothly;
Step 2 was to define the model material and model property; Step 3 was to divide the mesh.
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The depth of the pit model was 22.5 m, and the excavation was carried out three times, as
shown in the lower right corner in Figure 8. The three rock layers that were excavated were
first meshed sequentially, and then the unexcavated rock layers were meshed. All 2D grid cells
must be meshed in order to avoid that the model does not operate properly; Step 4 was to
assign automatic boundary constraints, gravity, and line loads. In the physical modeling tests,
the applied loads were 3.1 kN, 5 kN, 7 kN, and 9 kN. These loads were converted into line
loads and multiplied by Cq to obtain 43.92 kN/m, 70.83 kN/m, 99.17 kN/m, and 127.5 kN/m,
i.e., those were the line loads imposed by the numerical simulation; Step 5 was to define the
construction phases. The construction phases were defined as eight phases, which were initial
stress field equilibrium (this included activating the gravity and automatic boundary constraints
and setting the displacement to 0), Excavation 1 (pit depth −7.5 m), Excavation 2 (pit depth
15 m), Excavation 3 (pit depth 22.5 m), applying line load 1 (43.92 kN/m), applying line load
2 (70.83 kN/m), applying line load 3 (99.17 kN/m), and applying line load 4 (127.5 kN/m); and
Step 6 was to create the construction phase analysis and perform the computational analysis.
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3.2. Result of Computational Analysis

The variation of maximum displacement values of rocky foundation pits during
excavation is depicted in Figure 9a. From excavation 0 m to excavation −22.5 m, the
maximum displacement value of the rocky pit increased from 0 to 58.57 mm. The depth
of all three excavations was 7.5 m. The increment of the maximum displacement value
of the first two excavations was about 18 mm, but the maximum displacement value of
the latter excavation was 5.56 mm bigger than 18 mm. This was due to the fact that one
of the structural surfaces was fully excavated, and its presence would have caused larger
displacements in the pit excavation. This is similar to the results of the excavation tests in
the physical model tests: as the structural surface (a) is excavated, the number of mutations
in the strain of the rocky foundation is increased. The variation of maximum displacement
values of the rocky foundation pit during loading is demonstrated in Figure 9b. The
linear load increased from 43.92 kN/m to 127.5 kN/m, and the maximum displacement
value of the pit increased from 58.57 mm to 92.26 mm. The increments of the maximum
displacement values of the pit in the four loadings were 1.67 mm, 3.99 mm, 12.37 mm,
and 15.65 mm, respectively. After both the second and fourth loadings, the change in the
maximum displacement value of the pit was much larger than the previous one. This is
because the pit has sliding blocks collapsing at these two times.
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Figure 10 depicts the change in the plastic zone of the foundation pit during loading.
The plastic zone of the S-S of the pit was not penetrated when the applied load was
43.92 kN/m; the plastic zone of the first excavated S-S was penetrated when the applied
load was 70.83 kN/m. The maximum displacement value of the rocky foundation was
larger than the previous one, and the point where the maximum displacement occurred
was on the first excavated S-S. This means that the point on the potential sliding surface
undergoes displacement mutation, the pit undergoes destabilizing damage, and the rock
structure on the sliding surface collapses along the first excavated S-S; When the applied
load was increased to 99.17 kN/m, the plastic zone of the second excavated structural
surface gradually developed, but the plastic zone was not completely penetrated; When
the applied load was increased to 127.5 kN/m, the plastic zone of the second excavated
S-S was completely penetrated, displacement mutation occurred at points on the potential
sliding surface, and the rock structure on the sliding surface collapsed along the second
excavated S-S.
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4. Discussion
Physical tests and numerical simulations of the damage mechanism of rocky foundations

with parallel structural surfaces had some practical significance. The study is conducive
to comprehending and understanding the excavation deformation law and destabilization
damage mechanism of foundations with parallel structural surfaces. It can provide construction
ideas, support structure design options, risk prediction, etc., for similar foundation projects. The
deformation evolution law and destabilization damage mechanism of geotechnical structures
were the core points of analyzing foundation slope engineering. Chen Ding et al. [30] researched
the deformation mechanism of the stratified rock and soil slope based on long-term monitoring
data. And established a geological model of a high and very steep slope using FLAC3D

to evaluate its stability. The internal spatial evolution effect of the deformation was well
demonstrated. However, the destabilizing and destructive process of this rock structure had
not been well examined. In the physical tests, the damage evolution law when the geotechnical
structure model was completely destroyed would be well studied. In this paper, physical model
excavation and loading tests were carried out on a foundation with parallel structural surfaces,
and the model of the geotechnical structure was completely destabilized and damaged during
the tests. The destabilizing damage of rocky foundations in strata with parallel-developed
structural surfaces can be divided into three stages: soil crack development stage, structural
surface deformation accumulation stage, and sliding block collapse. When the pit excavation
was completed, cracks developed within the soil layer and propagated in the direction of
the potential sliding surface (the joint between the first excavated S-S and the R-S). When the
foundation pit was loaded to critical safety, the plastic zone of the first excavated structural
surface was not penetrated (as shown in Figure 10a), and the deformation of this S-S was
accumulating. This plastic zone was penetrated when the load was applied further (as shown
in Figure 10b). A displacement mutation occurred at the upper point of the potential sliding
surface, and the rock structure on the upper part of the first excavated S-S turned into a sliding
block, which collapsed along the S-S (as shown in Figure 7b). As the load reloading continues
to increase, the deformation of the second excavated structural surface accumulated, and its
plastic zone developed (as shown in Figure 10c). When the load was increased further, the
plastic zone was completely penetrated (as shown in Figure 10d). A displacement mutation
occurred at the point on the potential sliding surface (the joint between the second excavated
S-S and the R-S), and the sliding block collapsed along the S-S.

In fact, the distribution of laminated rock formations is widespread, and the strati-
graphic situation is quite complex. This makes the practical engineering work very challeng-
ing. Laminated rock formations can be classified according to the dip β of the structural
surface: horizontal formations (0◦ < β < 5◦), gently dipping formations (5◦ < β < 20◦),
sharply dipping formations (20◦ < β < 45◦), steeply dipping formations (45◦ < β < 85◦),
upright formations (85◦ < β < 90◦), and anticlinal formations (β greater than 90◦). The
thickness of the structural surface, strength parameters, spacing, degree of development,
etc. can have a great impact on the stability analysis and support design of foundation slope
works. In the actual rocky foundation project, this type of foundation pit is recommended
to use the support form of steel pipe pile with a soil nail wall. If the upper part of the rock
strata has different thicknesses of soil layer, the combined support form of steel pipe pile +
bored pile + high-pressure rotary spray pile can be adopted. In addition, the groundwater
changes, earthquakes, weathering, and other effects on the foundation slope engineering
cannot be ignored. The study will incorporate dynamic properties such as earthquakes and
blasting, groundwater, and rainfall. The study will be further enriched, closer to reality,
and better guided for engineering practice.
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5. Conclusions
In this thesis, physical model tests and numerical simulations of rocky foundations in

strata with parallelly developed structural surfaces are carried out to obtain the following
conclusions:

(1) Due to the influence of the self-stabilizing capacity of the foundation, the excavation
of rocky foundation in strata with parallel developed structural surfaces can basically
satisfy the stability requirements if the depth of foundation excavation is less than the
critical height of foundation self-stabilization. In the physical model excavation tests,
the strain values of the strain gauges increased in stages within 0–250. It makes rocky
foundation more susceptible to strain mutations or displacement mutations during
excavation because of the presence of structural surfaces.

(2) In physical experiments and numerical simulations of foundation loading, the increment
of the maximum displacement value at the surface of the foundation accelerates with a
uniform increase in the load value (1.67 mm→3.99 mm→12.37 mm→15.65 mm). When
the loads reached 70.83 kN/m (5 kN) and 127.5 kN/m (7 kN), the plastic zone of the
first and second structural surfaces was completely penetrated, and the sliding body
collapsed, respectively.

(3) The damage mechanisms of rocky foundations in strata with parallelly developed
structural surfaces: The soil in the upper part of the rock strata will crack first, and
the cracks will extend toward the potential sliding surface (the joint between the
excavated structural surface and the rock structure). The deformation within the
structural surface then accumulates and the plastic zone of the structural surface
develops. When the plastic zone is penetrated, the points on the potential sliding
surface undergo displacement mutations, and the sliding block collapses along the
structural surface. The instability and failure of this type of foundation pit can be
divided into three stages: soil crack development stage, structural surface deformation
accumulation stage, and sliding block collapse.
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