
Academic Editor: Liyun Yang

Received: 23 September 2026
Revised: 26 October 2026
Accepted: 2 November 2026
Published: 5 November 2026

Copyright: © 2026 by the authors. 
Licensee MDPI, Basel, Switzerland. 
This article is an open access article 
distributed under the terms and 
conditions of the Creative Commons 
Attribution (CC BY) license.

Article

Coupled Effects of Burial Depth and Surface Double Cracks on 
the Uplift Bearing Capacity of Strip Anchor Plates in Red Clay
Jibiao Liao 1 , Bingnan Xie 1 , Wei Hu 1 , Shunkai Liu 1 , *, Mohammed Ashiru 2  and Cheng Lin 3 

1  School of Civil Engineering, Hunan University of Science and Technology, Xiangtan 411201, China; 
4091059@hnust.edu.cn (J.L.)

2  Department of Civil Engineering, Ahmadu Bello University, Zaria 810107, Nigeria
3  Power China Fujian Engineering Co., Ltd., Fuzhou 350000, China
* Correspondence: lsk1019@hnust.edu.cn

Abstract

Prolonged drought can induce shrinkage cracking in near-surface clay foundations, leaving 
persistent defects that may affect the uplift safety of underground structures before sub-
sequent rainfall events. This study investigates how burial depth regulates the influence 
of two pre-existing surface cracks on the uplift bearing capacity and failure mechanism 
of a horizontal strip anchor plate in red clay. A two-dimensional plane-strain model was 
established in Optum G2 and validated against laboratory pull-out tests under crack-free 
conditions. Two burial-depth ratios, H/B = 3 and 8, were examined, and 360 cases were 
generated by varying normalized crack depth (h/B = 0.25–3), spacing (s/B = 0.25–3), and 
horizontal offset (d/B = 0–6). Under shallow burial, cracks readily intersect the potential 
sliding zone and the maximum capacity reduction reaches 81.6%, with pronounced transi-
tions around s/B = 1 and d/B = 1. Under deep burial, the principal failure surface remains 
predominantly a deep elliptical arc and capacity reduction is generally below 15%. Burial 
depth therefore controls the spatial overlap between the environmentally damaged zone 
and the anchor-bearing zone. The results provide a mechanical basis for post-drought crack 
inspection, uplift-safety reassessment, and burial-depth selection. Hydraulic infiltration, 
suction, moisture evolution, and rainfall intensity are outside the present model.
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1. Introduction
Prolonged high-temperature drought followed by intense rainfall is an extreme envi-

ronmental scenario that warrants particular attention in shallow underground engineering. 
For near-surface cohesive-soil foundations that exchange heat and moisture strongly with 
the atmosphere, antecedent drought can impair soil integrity through sustained water loss, 
shrinkage, and cracking, leaving the foundation already damaged when subsequent loading 
occurs. Robinson and Vahedifard [1] discussed weakening mechanisms including desicca-
tion cracking, strength changes, and ground settlement under multiyear extreme drought, 
and noted that similar processes may threaten soil-contact infrastructure. Zhang et al. [2–4] 
investigated discontinuity-related behavior and environmental damage in geomaterials. 
Tang et al. [5] further synthesized relationships among environmental conditions, shrinkage 
constraints, and crack evolution. Thus, even after a drought has ended, drying-induced 
cracks may continue to affect the subsequent foundation response, and anchorage-safety 
assessment requires clarification of how environmentally induced loss in soil integrity alters 
anchor-plate uplift resistance.
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This issue is particularly relevant to intense rainfall following drought. Pre-existing 
cracks can act as preferential infiltration pathways and modify rainwater entry and pore-
water-pressure development. Luo et al. [6] showed that dynamic changes in desiccation 
cracks affect preferential flow and moisture exchange between cracks and the soil matrix. 
Changes in the groundwater level and hydraulic gradient around underground structures 
also alter buoyant actions. Model tests by Ren et al. [7] showed that pore-pressure responses 
to rising water head are time-dependent and related to uplift-pressure development. Post-
drought safety reassessment should therefore consider both resistance remaining after 
environmental damage and uplift demand induced by water-level changes. For structures 
using plate anchorage, evaluating crack effects on anchor capacity is a necessary step in 
understanding the resistance side of this hazard process.

The drying–wetting cracking characteristics of red clay provide a clear soil-specific 
context. Xie et al. [8] revealed links between crack development and strength-parameter 
changes in red clay under drying–wetting cycles. Péron et al. [9] showed that boundary re-
straint and moisture gradients can generate tensile-stress accumulation and induce cracking. 
Tang et al. [10] demonstrated that temperature, soil-layer thickness, and drying–wetting 
cycles influence crack geometry, while subsequent work revealed structural reorganization 
and crack-morphology changes under cyclic action [11]. Zeng et al. [12] found that the vol-
umetric crack ratio correlates more strongly with red-clay unconfined compressive strength 
than the surface crack ratio. These findings indicate that drought-damage assessment 
should consider the spatial development of cracks into the soil mass. For a locally loaded 
anchor plate, whether crack position and depth intersect the principal load-bearing zone 
therefore requires further investigation.

Anchor embedment depth is a key geometric factor linking the environmentally cracked 
zone to the uplift failure zone. Cañizal et al. [13] identified different strip-anchor failure 
mechanisms at different embedment depths, demonstrating that embedment changes the 
volume of soil mobilized in uplift and associated slip paths. In a foundation affected by 
surface desiccation cracks, embedment additionally controls the relative positions of the 
anchor-bearing and cracked zones. When cracks enter a potential slip region, soil continuity 
and load-transfer paths may be disrupted. Whether increasing embedment reduces this 
effect depends on crack depth, lateral distribution, and their spatial relationship with the 
failure zone. Embedment selection after extreme environmental action should therefore 
compare intact and post-cracking capacities to identify conditions particularly sensitive to 
crack disturbance.

Numerical analysis provides a means of quantifying these spatial relationships. 
Sloan [14] systematically reviewed finite-element limit analysis for geotechnical stabil-
ity problems. Makrodimopoulos and Martin [15] applied second-order cone programming 
to lower-bound limit analysis of cohesive–frictional materials. Ye et al. [16] investigated 
strip-anchor pull-out in strain-softening marine soils and analyzed effects of embedment, 
inclination, and softening on capacity and progressive failure. These studies advanced 
ultimate-load calculation and failure-mechanism identification, but do not directly resolve in-
teraction between multiple environmentally induced surface cracks and the anchor-bearing 
zone. Under double-crack conditions, the soil between cracks and its position relative to 
the anchor may jointly influence uplift mechanisms, requiring unified comparison of crack 
configurations and embedment depth.

For process safety and prevention, crack research can also support decisions after 
damage is detected. Xu et al. [17] used distributed fiber-optic sensing to relate soil shrinkage 
strain to the spatiotemporal evolution of cracks and explored early detection. Pei et al. [18] 
proposed an early-warning model for desiccation cracking based on optical frequency-
domain reflectometry monitoring. Such approaches can identify environmentally induced 
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cracking, but mechanical analysis is still required to determine whether detected cracks 
materially affect anchorage capacity. For sites that have experienced prolonged drought, 
crack depth, spacing, and position relative to the anchorage system can therefore be used as 
inputs to safety reassessment before intense rainfall, connecting environmental monitoring 
and damage identification with anchorage-safety assessment and preventive embedment-
depth design.

International studies provide additional context. Merifield et al. [19] investigated 
plate-anchor stability in undrained clay. Tiutkin et al. [20] examined the strain state of soil 
bases strengthened with vertical elements, and Petlovanyi and Sai [21] investigated limit-
state development around underground voids in stratified rock. These studies demonstrate 
the relevance of geometry to deformation and instability, but their soil, reinforcement, or 
rock-mass assumptions differ from the present cracked red-clay anchor problem; they are 
not used to calibrate its crack dimensions or capacity.

Accordingly, this study examines how burial depth regulates the effects of pre-existing 
double cracks on strip-anchor uplift resistance. Compared with a single crack, a crack 
pair introduces the spacing between defects and an intervening soil region, while the pair 
offset changes its symmetry relative to the anchor. The focus is on how these geometric 
variables alter capacity and failure-zone morphology at two embedment ratios. Quantifying 
non-additivity relative to single-crack cases would require additional matched comparisons.

A horizontal strip anchor plate embedded in red clay containing two surface cracks is 
therefore investigated using a two-dimensional plane-strain Optum G2 model. Following 
validation under crack-free conditions, uplift responses are compared at H/B = 3 and 8. By 
varying crack depth, spacing, and horizontal position relative to the anchor, 360 cases are 
analyzed using ultimate uplift capacity and equivalent-strain distributions. The present 
study isolates the resistance-change stage after cracking: the two cracks are geometric 
idealizations and soil parameters and loading conditions are held constant. Temperature, 
water content, suction, seepage evolution, and the relationship between crack dimensions 
and a specific meteorological event are outside the present scope. The results provide a 
mechanical reference for post-drought anchorage-hazard identification and embedment 
selection, and a basis for future hydro-mechanical safety assessment under intense rainfall 
following drought.

2. Numerical Simulation Experiment
To systematically investigate the influence of burial depth on the uplift bearing capacity 

and failure mode of strip anchor plates with double surface cracks in red clay, this study 
conducted a numerical simulation using the Optum G2 geotechnical engineering software. 
This software combines finite element analysis (FEA) and limit analysis and is suitable for 
two-dimensional plane-strain problems. It can effectively handle the nonlinear behaviors 
and stress singularities in geotechnical mechanics.

In this study, a horizontal strip anchor plate (width B = 0.6 m, thickness 0.06 m) was 
used as the simulation object. The anchor plate was set as a rigid body. The soil constitutive 
model adopted the Mohr–Coulomb yield criterion and combined with the non-associated 
flow rule (expansion angle 𝜓 = 0°) to accurately describe the shear failure and volume 
change. The size of the soil domain is 12 m wide and the depth of the anchor plate is +4.8 m. 
The load application method is to apply a uniformly distributed elastic-plastic multiplier 
load to the upper part of the anchor plate to limit rotation and horizontal displacement, 
thereby simulating the pure uplift state. Vertical and horizontal constraints are applied at 
the bottom, and horizontal constraints are applied at the sides. In addition, the anchor–soil 
interface is modeled with a smooth contact condition, and the friction reduction coefficient 
is set to 0, allowing separation during the drawing process. The grid adopts a 6-node 
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Gaussian element, and a fan-shaped grid is arranged at the corner of the anchor plate to 
optimize the accuracy near the singular point. At the same time, an encryption zone is set 
around the anchor plate and the crack to improve the calculation accuracy. The grid outside 
the encryption area is automatically generated in an adaptive manner to ensure a balance 
between computational efficiency and accuracy.

In order to simulate the typical shrinkage cracks formed by red clay under extreme 
dry–wet cycles, two cracks perpendicular to the surface were introduced and the crack 
width was fixed at 0.01 m to ensure the stability of the calculation. The red clay parameters 
are set based on the indoor test results, as shown in Table 1.

Table 1. Numerical simulation of soil parameters.

Young’s 
Modulus E 

(MPa)

Poisson’s 
Ratio 𝝂

Cohesion c 
(kPa)

Internal Friction 
Angle 𝝋 (°)

Unit Weight 𝜸
(kN/m3 )

10 0.35 20 25 18

The parametric study uses the control variable method to systematically study the 
variation depth ratio (H/B = 3, 8, representing shallow burial and deep burial, respectively), 
crack depth (h/B = 0.25, 0.5, 1, 1.5, 2,3), crack spacing (s/B = 0.25, 0.5, 1, 1.5, 3) and 
crack offset (d/B = 0, 0.25, 0.5, 1, 2, 6), generating a total of 360 working conditions. The 
ultimate bearing capacity is obtained by calculating the ultimate load, and the failure mode 
is analyzed using a von Mises equivalent strain cloud diagram.

3. Test Verification and Simulation Model Reliability Analysis
In order to verify the accuracy of the numerical model, the results of the indoor test 

and the numerical simulation test are compared under the condition of no crack. The indoor 
test uses a self-made model test device to perform the pull-out test on the strip anchor plate 
at different buried depth ratios (H/B = 2, 3, 4, 5, 6, 8, 10) in a saturated red clay foundation. 
The ultimate bearing capacity for the corresponding buried depth ratio is obtained, and all 
the working conditions are repeated by numerical simulation. The test device and numerical 
model are shown in Figure 1.

The reported test-box dimensions are 500 × 500 × 1100 mm (length × width × height), 
with a 20 mm acrylic observation wall. A quarter-plate model of 304 stainless steel measures 
210 × 30 × 10 mm; the corresponding full plate width is 60 mm. The soil beneath the plate 
is 240 mm thick, so the nominal H + 240 mm specimen depth ranges from 360 to 840 mm 
over H/B = 2–10, subject to the plate-level convention. The 500 × 500 mm plan dimensions 
are the reported box dimensions; independently surveyed clear dimensions are not given 
in the reference.

The reference soil was air-dried, broken down, and sieved through 10 mm openings, 
mixed at the optimum preparation water content of 22.1%, and conditioned under cover for 
48 h. It was compacted in 60 mm layers to 90% of the maximum dry density of 1.73 g/cm3 , 
followed by inundation for saturated testing. The preparation water content is not the 
measured final saturated water content. Uplift was imposed by a servo electric cylinder 
and pulley system at 0.01 mm/s. The HP-3K/S-type load measurement system had a 3 kN 
range, 0.1 N resolution, and stated accuracy of ±0.5%; displacement was monitored through 
the cylinder control system. Two tests were conducted at each embedment, with a third 
where necessary, and a representative curve was selected rather than a replicate mean.
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Figure 1. Schematic of the Integrated Loading and Observation Test System.

The variation in the ultimate bearing capacity with the buried depth ratio is shown in 
Figure 2. It can be seen that the numerical results not only accurately reproduce the overall 
trend of the nonlinear growth of the test data with increasing buried depth but also achieve 
a high degree of consistency in the numerical values, which confirms the reliability of the 
simulation results in this paper. 

Figure 2. Experimental and Simulation Data Comparison Chart.

In order to further verify the model at the mechanical mechanism level, we carried out a 
qualitative comparative analysis of the strain cloud map. As shown in Figure 3, by selecting 
typical buried-depth conditions (such as shallow buried H/B = 3 and deep buried H/B = 8), 
the strain cloud diagram measured by the test is compared with the numerical simulation 
results. In this paper, the display interval of strain is set to 0.01~0.1. In geotechnical 
engineering, it is usually considered that the soil enters the failure strain category after 

https://doi.org/10.3390/pr14213567

https://doi.org/10.3390/pr14213567


Processes 2026, 14, 3567 6 of 18

strain ≥0.1, so the regional boundary of strain reaching 0.1 is regarded as the sliding surface. 
It is found that the main strain distribution patterns of the two results are highly consistent 
as shown in Figure 3a,b. The sliding surface extends downward from the loading point 
and diverges to both sides in an inverted outward curve shape, and the shape, curvature 
and inclination angle of the sliding surface basically coincide. In Figure 3c,d, both sliding 
surfaces are partially elliptical circumferential curves and the strain gradient directions are 
almost the same. The bottom range is also highly consistent with the boundary contour. 
The experimental cloud image shows a slight burr-like boundary due to the material’s 
microscopic inhomogeneity, while the simulated cloud image boundary is smoother and 
the envelope deviation between the two is very small. The above macroscopic limit load 
change scatter plot is consistent, and the microscopic strain field form is highly consistent, 
which together constitute a complete multi-scale verification closed loop, which fully proves 
that the numerical model is not only reliable in the overall bearing capacity prediction, but 
also can achieve high-fidelity reproduction in the strain field distribution mechanism. 

Figure 3. Comparison of simulated (a,c) and experimental (b,d) von Mises equivalent strain fields at 
shallow burial depth H/B = 3 (a,b) and deep burial depth H/B = 8 (c,d). The subplots in Rows (I–III) 
at the upper part of Figure 3 show the equivalent strain fields under the shallow burial condition 
(H/B = 3). Among them, Column (I) presents numerical simulation results, Column (II) shows the 
comparison between simulation and experiment, and Column (III) gives experimental test results. 
Subplot (a) is the simulation result, and subplot (b) is the experimental result. The subplots in Rows 
(I–III) at the lower part of Figure 3 show the equivalent strain fields under the deep burial condition 
(H/B = 8). Among them, Column (I) presents numerical simulation results, Column (II) shows the 
comparison between simulation and experiment, and Column (III) gives experimental test results. 
Subplot (c) is the simulation result, and subplot (d) is the experimental result.
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Through the double verification of the macroscopic mechanical response (ultimate 
load) and microscopic strain field characteristics (cloud map distribution), a complete model 
verification closed loop is formed. This multi-scale and multi-dimensional verification 
method not only verifies the predictive ability of the numerical model for the overall bearing 
capacity of the structure but also ensures that it can accurately reflect the local mechanical 
behavior such as crack interaction.

4. Operating Condition Analysis
Based on model verification, this section adopts the macro-quantitative-meso-interpretation 

analysis path of and studies the parameter sensitivity and failure mechanism according to 
the buried-depth conditions (shallow buried H/B = 3 and deep buried H/B = 8). Firstly, 
the influence of crack spacing, depth and offset on the ultimate bearing capacity and the 
characteristic inflection point is quantitatively revealed by the parametric scatter diagram. 
Then, the von Mises equivalent strain cloud map is used to analyze the corresponding 
failure mode, strain zone evolution and crack interaction mechanism, which provides the 
microscopic mechanistic support for the macroscopic trend and sensitivity change in the 
data map, and realizes the mutual confirmation of the two and the selection of the cloud 
map is highly representative.

4.1. Analysis of Coupling Effect of Crack Parameters Under Shallow Buried Condition
The following analysis is expanded by spacing group, depth group, and offset group. 

Based on the analysis of the macroscopic scatter plot, the response law of the bearing capacity 
to the crack parameters can be basically divided into three categories. Therefore, the cloud 
images corresponding to these three typical depths (or spacing) are selected for analysis to 
reveal the evolution of the mesoscopic failure pattern underlying the macroscopic trend.

It can be seen from Figure 4 that, under the condition of shallow burial (H/B = 3), 
the ultimate bearing capacity of red clay as the crack spacing s/B changes can be divided 
into three categories according to the crack depth h/B: h/B ≤ 0.5, 1 ≤ h/B ≤ 2, h/B = 3. 
When h/B ≤ 0.5, the ultimate bearing capacity fluctuates in the range of 472 ~ 493 N with 
an increase in s/B, and the maximum fluctuation range is only 3.6%. When 1 ≤ h/B ≤ 2, it is 
negatively correlated with an increase in s/B, and the slope changes significantly at s/B = 1 
(the decrease rate increases). When h/B = 3, the bearing capacity is significantly reduced 
to the range of 87~161 N, which is 81.6% lower than the previous group. The turning point 
is s/B = 1, which is negatively correlated when s/B ≥ 1 and positively correlated when 
s/B ≤ 1. 

From Figure 5, it can be seen that the microscopic mechanism underlying the above 
macroscopic trend should be established at the same time for h/B ≤ 0.5 (subgraph I), no 
matter how s/B changes, the shape of the sliding surface is almost unchanged, all of which 
are complete inverted cambered arcs. There is no significant connection between the crack 
and the sliding surface, and the high-strain zone (≥0.1) is concentrated on the edge of the 
anchor plate, so the fluctuation of bearing capacity is very small in 1 ≤ h/B ≤ 2 (subgraph II), 
with the increase in s/B, the angle between the two sides of the sliding surface and the 
anchor plate increases continuously. When s/B = 0.25 and 0.5, there is no significant change 
in the shape of the sliding surface. At s/B = 1, cracks begin to connect with the sliding 
surface, forming a penetrating surface, thereby increasing in the rate of bearing capacity 
reduction. When h/B = 3 (subgraph III) and s/B ≤ 1, a long strip sliding surface is formed 
on both sides of the anchor plate. As the spacing increases, the crack gradually coincides 
with the sliding surface to form a penetrating surface, and the bearing capacity gradually 
weakens. When s/B ≥ 1, the cracks gradually leave the anchor plate, and the sliding surface 
begins to disappear. When s/B = 3, the penetrating surface almost completely disappears, 
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and the bearing capacity begins to recover. The evolution of the three sets of cloud images 
strongly confirms the three types of macroscopic laws in Figure 4 and the mechanism of 
the turning point of s/B = 1.

Figure 4. Effect of Crack Spacing Ratio (s/B) on ultimate load under different Crack Depth Ratios (h/B).

Figure 5. Equivalent Strain Contours under varying crack depth (h/B) and Crack Spacing Ratios 
(s/B = 0.25, 0.5, 1, 1.5, 3 for Subplots (a–e), respectively).

It can be seen from Figure 6 that the change in ultimate bearing capacity of red clay 
with increasing crack depth h/B under the shallow burial (H/B = 3) is divided into three 
categories according to the crack spacing s/B: the trend for s/B = 0.25 is consistent with 
that for s/B = 0.5, s/B = 1 is a separate group and the trend for s/B = 1.5 is consistent 
with that for s/B = 3. Among them, the curve for s/B = 1 decreases the fastest, and its 
slope is significantly higher than that of the other groups when h/B = 1~2. The significant 
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differences among the three types of curves are concentrated in the range of h/B = 0.25~2, 
and all points basically coincide near 100 N when h/B = 3. Specifically, in the s/B = 0.25 
and 0.5 groups, the decrease in h/B from 1 to 2 is small (about 16%, the bearing capacity 
decreases from about 490 N to about 410 N), and the curve is gentle; in the s/B = 1 group, the 
decrease was the most significant (h/B = 1~2 interval decreased by about 40%, from about 
488 N to about 293 N), and the slope increased significantly at h/B = 1. In the s/B = 1.5 and 
3 groups, the decrease was in the middle (h/B = 1~2 interval of about 37%, from about 
430 N to about 267 N).

Figure 6. Effect of Crack Depth Ratios (h/B) on ultimate load under different Crack Spacing 
Ratio (s/B).

It can be seen from Figure 7 that the mesoscopic mechanism of the above macroscopic 
trend should be proved at the same time: for (I) h/B = 0.25 (corresponding to the small h/B 
stage), regardless of s/B (a~f), the sliding surface is a complete inverted outward arc, and 
there is no significant connection between the crack and the sliding surface. The high-strain 
zone (≥0.1) is concentrated at the edge of the anchor plate, so the bearing capacity fluctuates 
a little. In (II) h/B = 1.5 (corresponding to the middle h/B stage), the shape of the sliding 
surface gradually changes with an increase in s/B. When s/B = 0.25 and 0.5 (a,b), the sliding 
surface remains relatively complete. At s/B = 1 (c), the crack and the sliding surface begin 
to form an obvious penetration surface. The angle between the two sides of the sliding 
surface increases and the strain zone is divided, resulting in a significant acceleration in 
the decline rate of the bearing capacity. When s/B = 1.5 and 3 (d,e,f), only local short 
penetration occurs, and the radian is retained more. In (III) h/B = 3 (corresponding to the 
large h/B stage), the ranges of the transfixion surface of the three types of s/B tends to be 
close, the overall shape difference in the sliding surface is reduced, and the strength of the 
high-strain zone is greatly reduced, resulting in the basic coincidence of the curve points at 
h/B = 3 in the scatter plot. The evolution of the three sets of cloud images strongly confirms 
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the three types of macroscopic laws in Figure 6 and the mechanism of s/B = 1 leading to 
decline and h/B = 3 coincidence.

Figure 7. Equivalent Strain Contours under varying Crack Spacing Ratios (s/B) and Crack Depth 
Ratios (h/B = 0.25, 0.5, 1, 1.5,2, 3 for Subplots (a–f), respectively).

It can be seen from Figure 8 that the change in the ultimate bearing capacity of red 
clay with the increase in crack offset d/B under the condition of shallow burial (H/B = 3) 
is divided into three categories according to the crack depth h/B: h/B ≤ 0.5, 1 ≤ h/B ≤ 2, 
h/B = 3. When h/B ≤ 0.5, the bearing capacity with d/B is in the range of 488–509 N, 
increases sharply at d/B = 0.25, and is positively correlated at 1 < d/B; when 1 ≤ h/B ≤ 2, 
there is also a significant positive correlation with the increase in d/B when 1 < d/B, and 
the slope changes significantly at d/B = 1. The bearing capacity rises from about 345~438 N 
at d/B = 1 to about 478 N at d/B = 6. When h/B = 3, the bearing capacity is significantly 
reduced to the range of 92~149 N when d/B = 0~1, and it still increases with increasing d/B. 
The main turning point is d/B = 1, after which it increases to a stable value when d/B ≥ 2.

Figure 8. Effect of Crack Offset Ratio (d/B) on ultimate load under different Crack Depth Ratios (h/B).
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From Figure 9, it can be seen that the microscopic mechanism of the above macroscopic 
trend should be proved at the same time: for (I) h/B = 0.25 (corresponding to the small 
h/B stage), regardless of d/B (a~f), the sliding surface is a complete inverted cambered arc, 
the interaction between the crack and the sliding surface is very weak, and the high-strain 
zone is concentrated on the edge of the anchor plate, so the bearing capacity is less affected 
by the offset; when (II) h/B = 1.5 (corresponding to the middle h/B stage) and d/B = 0 (a), 
the double cracks are symmetrically distributed, the sliding surface and the crack form an 
obvious symmetrical penetrating surface, and the high-strain zone is seriously segmented. 
When d/B = 0.25~0.5 (b,c), the transfixion surface is only connected to one side, and the 
sliding surface becomes asymmetric extroversion. At d/B = 1 (d), the crack begins to 
break away from the influence zone of the sliding surface, and the sliding surface restores 
a complete arc shape. When d/B = 2~6 (e,f), the cloud diagram is highly consistent with 
the crack-free condition, and the strain concentration area is only near the corner of the 
anchor plate. In (III) h/B = 3 (corresponding to the large h/B stage), the overall range of 
the penetrating surface is reduced, the difference in the sliding surface morphology of the 
three types of d/B is reduced, and the strength of the high-strain zone is reduced, resulting 
in low bearing capacity but still rising with the offset. The evolution of the three sets of 
cloud images strongly confirms the three types of macroscopic laws in Figure 8 and the 
mechanism of the turning point of d/B = 1.

Figure 9. Equivalent Strain Contours under varying crack depth (h/B) and Crack Offset Ratio (d/B = 0, 
0.25, 0.5, 1, 2, 6 for Subplots (a–f), respectively).

4.2. Analysis of Coupling Effect of Crack Parameters Under Deep Buried Condition
Compared with the shallow buried condition (H/B = 3), the influence of crack pa-

rameters on the ultimate bearing capacity is significantly reduced under the deep buried 
condition (H/B = 8). This is because the overall scale of the sliding surface is larger and 
the buried depth is deeper when it is deeply buried. The interaction between the crack 
and the sliding surface is effectively suppressed, and the penetrating surface is difficult to 
fully develop, and the loss in bearing capacity is greatly reduced. The specific analysis is 
as follows:

It can be seen from Figure 10 that the variation in the ultimate bearing capacity of red 
clay with crack spacing s/B under deep burial (H/B = 8) can be divided into three categories: 
h/B = 0.25~1.5, h/B = 2 and h/B = 3. In the group of h/B = 0.25~1.5, the bearing capacity is 
generally stable when s/B ≤ 1 and shows a positive correlation trend after s/B > 1. With 
the increase in s/B, it rises slightly and remains at a high level of 1680 N. In the h/B = 2 
group, the early stage (s/B = 0.25~1.5) was almost consistent with the above group, and 
then turned into a negative correlation, and the bearing capacity decreased significantly, 
about 1600 N; in the h/B = 3 group, the overall bearing capacity was higher at the beginning, 
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but it began to drop sharply at s/B = 0.5, and then continued to decrease to the lowest level, 
about 1415 N.

Figure 10. Effect of Crack Spacing Ratio (s/B) on ultimate load under different Crack Depth 
Ratios (h/B).

It can be seen from Figure 11 that the microscopic mechanism of the above macroscopic 
trend should be proved at the same time: for (I) h/B = 0.25, s/B = 0.25~1.5 (a~d), the 
sliding surface is a complete deep elliptical arc without obvious penetration, and the high-
strain zone is concentrated in the deep below the anchor plate; at s/B = 3 (e), the upper 
deformation pattern changes. In (II), h/B = 2, s/B = 0.25~1.5, the sliding surface maintains 
high integrity. At s/B = 3 (e), the upper deformation bands are more visibly affected. In 
(III) h/B = 3, s/B = 0.25~1.5, it is still dominated by complete elliptical arcs. At s/B = 3 (e), 
the morphological degradation of the sliding surface is most significant, and the strength 
of the high-strain zone is most evident. These three rows compare crack-depth groups, 
whereas columns a–e represent s/B = 0.25, 0.5, 1, 1.5, and 3. There is no s/B = 2 case in 
this figure. The largest-spacing contours are qualitatively consistent with the larger load 
changes in Figure 10.

It can be seen from Figure 12 that the changes in ultimate bearing capacity of red clay 
with the increase in crack depth h/B under the condition of deep burial (H/B = 8) are 
divided into three categories according to the crack spacing s/B: s/B = 0.25 is consistent 
with 0.5, s/B = 1 is consistent with 1.5, and s/B = 3 is a separate group. In the s/B = 0.25 
and 0.5 groups, h/B = 2 is an obvious turning point. When h/B ≤ 2, the bearing capacity 
fluctuates slightly in the range of 1640~1650 N (fluctuation range is about 10 N). After 
h/B = 2, it shows a significant upward trend, up to 1685 N; in the s/B = 1 and 1.5 groups, 
there was a slight decrease at h/B = 2 (a decrease of about 4 N), and the overall bearing 
capacity remained in the range of 1645~1685 N, which was completely different from the 
continuous negative correlation trend of shallow burial conditions. In the s/B = 3 group, 
h/B = 1 is the turning point. When h/B ≤ 1, the bearing capacity fluctuates slightly in the 

https://doi.org/10.3390/pr14213567

https://doi.org/10.3390/pr14213567


Processes 2026, 14, 3567 13 of 18

range of 1668~1677 N (fluctuation range of about 9 N) but is higher than that of other 
groups on a whole. After h/B = 1, it began to decrease significantly, falling to 1412 N, with 
a maximum decrease of about 265 N.

Figure 11. Equivalent Strain Contours under varying crack depth (h/B) and Crack Spacing Ratios 
(s/B = 0.25, 0.5, 1, 1.5, 3 for Subplots (a–e), respectively).

Figure 12. Effect of Crack Depth Ratios (h/B) on ultimate load under different Crack Spacing Ratios (s/B).
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It can be seen from Figure 13 that the microscopic mechanism of the above macroscopic 
trend should be proved at the same time: for (I) s/B = 0.25, h/B = 0.25 and 0.5 (a,b), 
the sliding surface is a complete deep elliptical arc, and the high-strain zone is stable and 
concentrated; after h/B = 2 (e), the shape of the sliding surface is more symmetrical, the 
strength of the high-strain zone increases slightly, and the corresponding bearing capacity 
increases. When s/B = 1 (II), the sliding surface at h/B = 2 shows local shrinkage or a slight 
decrease in radius, and the range of the penetration surface is slightly expanded, resulting 
in a slight decrease in bearing capacity. When s/B = 3 (III), before h/B = 1, the sliding 
surface is complete and the strength of the high-strain zone is higher. After h/B = 1, the 
penetrating surface is obviously developed, the sliding surface morphology degrades, and 
the strength of the high-strain zone is significantly reduced, which directly corresponds to 
the law that the bearing capacity decreases after the turning point at h/B = 1. The evolu-
tionary characteristics of the three groups of cloud images highly confirm the macroscopic 
differences among the three groups in Figure 12, especially the rise of s/B = 0.25~0.5 after 
h/B = 2, the slight decline of s/B = 1~1.5 after h/B = 2, and the turning down of s/B = 3 at 
h/B = 1.

Figure 13. Equivalent Strain Contours under varying Crack Spacing Ratios (s/B) and Crack Depth 
Ratios (h/B = 0.25, 0.5, 1, 1.5,2, 3 for Subplots (a–f), respectively).

It can be seen from Figure 14 that the change in ultimate bearing capacity of red clay 
with the increase in crack offset d/B under the condition of deep burial (H/B = 8) is divided 
into three categories according to the crack spacing h/B: h/B = 0.25 is consistent with the 
law of 0.5, h/B = 1 is consistent with the law of 1.5 and h/B = 2 is similar to the law of 
3. The curves for h/B = 0.25 and 0.5 are basically completely coincident, and the bearing 
capacity is the highest and most stable. At d/B = 0.25, it rises slightly and then falls back 
(the fluctuation range is about 30 N), and the overall bearing capacity remains in the range 
of 1636~1675 N. The trend in the two groups, h/B = 1 and 1.5, is highly similar. Similarly, 
there is a rise and fall at d/B = 0.25, and the downward trend at d/B = 1 is significantly 
increased. The bearing capacity decreases from about 1650~1675 N at d/B = 1 to about 
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1588~1619 N at d/B = 6, a decrease of about 56~62 N; the change patterns for the two groups 
of h/B = 2 and 3 are similar. The bearing capacity in the early stage is slightly lower than 
that of the first two groups. There is no rise and fall at d/B = 0.25, and then it shows a 
continuous downward trend as d/B increases. However, the bearing capacity decreases; for 
h/B = 3, it is lower than that for h/B = 2 overall, ultimately decreasing to about 1560 N and 
1488 N, respectively.

Figure 14. Effect of Crack Offset Ratio (d/B) on ultimate load under different Crack Depth Ratios (h/B).

From Figure 15, it can be seen that the microscopic mechanism of the above macroscopic 
trend should be proved at the same time: for (I) h/B = 0.25, regardless of d/B (a~f), the 
sliding surface is a complete deep elliptical arc, and the interaction between the crack and 
the sliding surface is very weak. Only when d/B = 0.25 (b), there is a slight local contact, 
corresponding to the slight rise and fall in each group at d/B = 0.25; in (II) h/B = 1.5, 
d/B = 0.25~0.5 (a,b), the sliding surface maintains high integrity. When d/B = 1~1.5 (c,d), 
the transfixion surface is obviously developed at d/B = 1; the sliding surface morphology 
is degraded, the high-strain zone is segmented and intensified, and the corresponding 
downward trend at d/B = 1 is significantly increased. When d/B = 2~3 (e,f), the range 
of the penetration surface is large, and the radius of the sliding surface decreases. In (III) 
h/B = 3, d/B = 0.25~0.5 transfixion surface is the smallest; d/B = 1~1.5 development of the 
transfixion surface is significant; d/B = 2~3 transfixion surface is the most obvious; and 
the strength of the high-strain zone is the lowest, which directly corresponds to the law of 
the lowest bearing capacity. The evolutionary characteristics of the three groups of cloud 
images strongly confirm the macroscopic differences in the three groups in Figure 14.
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Figure 15. Equivalent Strain Contours under varying crack depth (h/B) and Crack Offset Ratio 
(d/B = 0, 0.25, 0.5, 1, 2, 6 for Subplots (a–f), respectively).

The findings apply to two embedment ratios, prescribed vertical cracks, fixed soil 
properties, a smooth plate interface, and plane-strain loading. They do not include suction, 
transient seepage, moisture-dependent strength, crack initiation or healing, strain softening, 
three-dimensional end effects, or cyclic and inclined loading. Extrapolation to other crack ge-
ometries, soils, or anchor systems requires recalibration and independent validation. Intact 
undrained-clay solutions [13,19] provide a useful mechanism context, but cannot quanti-
tatively validate the present frictional-soil model without matched constitutive, interface, 
and normalization assumptions.

5. Conclusions
Based on Optum G2 numerical simulation software, the vertical uplift bearing charac-

teristics of horizontal strip anchor plates with double surface cracks in red clay foundation 
are systematically studied in this paper. The control effect of buried depth ratio (shallow 
buried H/B = 3, deep buried H/B = 8) on the sensitivity and failure mode of double crack 
parameters (crack depth h/B, spacing s/B, offset d/B) is analyzed. Through a quantitative 
analysis of parametric scatter plots and the meso-mechanism analysis of von Mises equiva-
lent strain cloud diagrams, the evolution of crack interaction under different buried depths 
is revealed. The main conclusions are as follows:
(1) The buried depth ratio has a significant regulatory effect on the sensitivity of crack 

parameters. When the buried depth is shallow (H/B = 3), the influence of crack 
parameters is strong, and the bearing capacity loss is large (the maximum decrease 
can reach 81.6%). When buried deep (H/B = 8), the sliding surface is larger and the 
buried depth is deeper. The interaction between the crack and the sliding surface is 
effectively suppressed, and the bearing capacity loss is greatly reduced (the maximum 
reduction is generally less than 15%). The overall bearing capacity is maintained at a 
high level of 1400~1750 N.

(2) There is an obvious critical turning point under shallow buried conditions. In the crack 
spacing group, s/B = 1 is the key turning point, and when h/B > 1, the formation 
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of the through surface leads to the accelerated decline of the bearing capacity; in the 
crack-depth group, the s/B = 1 group decreased fastest and earliest, and the curves 
tended to overlap when h/B = 3. In the crack offset group, d/B = 1 is the main turning 
point. When d/B > 1, the bearing capacity rises significantly, and the sliding surface 
gradually recovers from the symmetrical penetrating surface to the complete arc.

(3) The influence law of crack parameters under deep buried conditions is significantly 
different from that under shallow buried conditions. In the crack spacing group, 
h/B = 0.25~1.5 was positively correlated at the later stage, h/B = 2 turned into negative 
correlation, and h/B = 3 began to fall sharply from s/B = 0.5. In the crack-depth group, 
s/B = 0.25~0.5 increases after h/B = 2, s/B = 1~1.5 decreases slightly at h/B = 2, and 
s/B = 3 decreases at h/B = 1. In the crack migration group, h/B = 0.25~0.5 is the most 
stable, h/B = 1~1.5 decreases faster at d/B = 1, and h/B = 2~3 continues to decline but 
remains overall lower than the first two types.

(4) The evolution mechanism of the failure mode shows that the crack is easy to form a 
penetrating surface with the sliding surface when buried shallowly, which leads to 
the segmentation of the high-strain zone and the degradation of the sliding surface 
morphology. When deep buried, the sliding surface is mostly a complete deep elliptical 
arc, the development of the penetrating surface is limited, and only large spacing/depth 
cracks produce local disturbance.
This paper quantifies the regulation mechanism of the coupling effect of double cracks 

on the pull-out resistance of anchor plates under different buried depths for the first time, 
which fills the theoretical gap of the influence of red clay cracking on the pull-out foundation, 
and has significant innovation and engineering guidance value.
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