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Abstract. For a forest ecosystem severely damaged by an earthquake, it is necessary to experimentally 

simulate and analyze the forest ecosystem restoration process and investigate the forest ecosystem self-

restoration ability. The finite element strength reduction method in the quasi-static method is used to 

calculate the slope static safety factor of the forest ecosystem, with the connection of the plastic zone and 

the non-convergence of the calculation results set as the judgment criteria for stability imbalance. When 

the sliding body has suddenly increased displacement with the plastic zone connected, it means 

imbalanced slope of the forest ecosystem in the area, and the forest ecosystem restoration ability should 

be analyzed. The simulated experimental environment was set up by constructing an open-top box, and 

the observation time was set to 14 months. Experimental simulation revealed that with the passage of 

time, the final number of the experimental forest ecosystem species was about twice that of the initial 

number. The final aboveground biomass and underground biomass were about three times of the original, 

and the soil microbial biomass carbon contents at soil depths of 10 cm - 20 cm and 20 cm - 30 cm were 

187.64 w/mg•g-1 and 147.62 w/mg•g-1, respectively, at most, after 14 months. That was, the 

experimental forest ecosystem is amid gradual restoration at a relatively fast speed. 

Keywords: quasi-static method, stability, forest, ecosystem, restoration, experimental simulation 

Introduction 

Forests provide the basis for the survival and development of human beings and 

various organisms (Liu et al., 2020). With rich species diversity, complex ecological 

processes and ecological structures, a forest is the most stable gene pool and organic 

carbon reservoir in nature (Feng et al., 2016). Forest ecosystems can improve the 

world’s ecological environment and maintain ecological balance, thus greatly affecting 

the survival and development of human beings (Sobol et al., 2020). Investigation and 

analysis found that China’s existing forest area ranks fifth in the world, with a size of 

about 1.593 × 108 hm2. Nonetheless, compared with the world average, our forest 

coverage percent is low, so is our unit area forest stock and per capita forest area (Wu et 

al., 2022). The study of forest ecosystem carries great practical significance for 

protecting forests and natural environment (Umravia and Solanki, 2021). 

At present, sudden, highly destructive and large-scale earthquakes have a great 

impact on the forest ecosystem. For example, the “5·12” Wenchuan 8.0 earthquake 

disaster in 2008 had a huge impact on the forests of Guangyuan City. The city’s forest 

land was damaged by 50700 hm2, more than 4600 wild animals died, and some 

protected plants were submerged by mountains or interrupted by rolling stones. At the 

same time, the earthquake will cause many secondary disasters, which will cause semi 
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natural environmental problems and damage the stability of the forest ecosystem. 

Taking the Wenchuan earthquake as an example, it triggered mountain fractures, mud 

rock flows, landslides and collapses, causing massive damage to vegetation, forest 

structure, serious water and soil loss, and the disaster area is facing a new ecological 

security crisis (Liu et al., 2016; Yan et al., 2022; Zhang and Gao, 2020). Under poor 

stability of the forest ecosystem, a relatively loose geological structure with a high 

degree of landscape fragmentation will form in the forest, which will seriously affect 

the forest ecosystem development and therefore residents’ life and living environment 

near the forest ecosystem (Zhang et al., 2020). Hence, it is necessary to analyze the 

post-earthquake slope stability of the forest ecosystem, and judge whether the current 

forest ecosystem is destroyed from the slope stability degree of the forest ecosystem 

(Mao et al., 2017). When the forest ecosystem is severely damaged, simulation 

experiments should be conducted to analyze the forest ecosystem restoration process, 

investigate the forest ecosystem self-restoration ability, analyze the forest ecosystem 

restoration time through the analysis results and then determine whether artificial 

interference should be added to facilitate the forest ecosystem restoration. In order to 

accurately analyze the self-recovery of the forest ecosystem after the earthquake, this 

paper analyzes the slope stability of the forest ecosystem from a quasi-static 

perspective. The finite element strength reduction method of quasi-static method is used 

to calculate the static safety factor of forest ecosystem slope, and the connection of 

plastic zone and the non-convergence of calculation results are taken as the judgment 

criteria of stability imbalance. When the displacement of the sliding body increases 

suddenly along with the connection of the plastic belt, it means that the slope of the 

forest ecosystem in this area is unbalanced, and the restoration ability of the forest 

ecosystem should be analyzed. The simulation experiment environment was established 

by building an open top box, and the observation time was set as 14 months. 

Slope stability analysis of forest ecosystem based on quasi-static method 

Calculation principle 

By consulting the relevant literature, it is found that the main function of the quasi-

static method is to simplify the earthquake action, convert it into a constant inertial 

force in the vertical or horizontal direction, calculate the inertial force according to the 

finite element strength reduction method or the limit equilibrium method, thus 

calculating the slope static safety factor of the forest ecosystem (Huang et al., 2021). In 

real life, the seismic acceleration has a certain direction, so the seismic force in different 

directions should be fully considered when calculating the seismic force. An effective 

calculation method in the numerical analysis method is the finite element strength 

reduction method. Compared with the limit equilibrium method, this method more 

comprehensively and fully considers the relationship between the stress-strain of forest 

land and the slope stress state of the forest ecosystem, which can accurately calculate 

the forest ecosystem slope stability. 

The finite element strength reduction method is to first reduce the shear strength 

parameters of the slope rock and soil mass of the forest ecosystem and then stop doing 

so when the forest ecosystem slope reaches the ultimate failure state. The finite element 

calculation results are used to calculate the strength reserve safety factor of the sliding 

surface and the forest ecosystem slope (Gao et al., 2021; Wang et al., 2020). The 

equation for calculating the strength reduction safety factor is as follows: 
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where n is the cohesion of the geotechnical materials in the forest ecosystem,   is the 

internal friction angle of the geotechnical materials in the forest ecosystem, n’ is the 

cohesion of the geotechnical materials in the forest ecosystem after strength reduction, 
'  is the internal friction angle of the geotechnical materials in the forest ecosystem 

after strength reduction, ω is the slope angle and α is the natural weight of the rock and 

soil. The cohesion and internal friction angle of the geotechnical materials in the forest 

ecosystem after the strength reduction can be calculated from Equation 1 (Zhang and 

Li, 2020). The solution results are shown in Equation 2: 
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The strength reduction safety factor is a kind of strength reserve safety factor. In 

actual life, the strength reduction factor can represent the safety factor of the entire 

sliding surface of the forest ecosystem. That is, it can accurately reflect the stability of 

the entire sliding surface (Ma et al., 2020; Wu et al., 2020). 

 

Selection of yield criterion 

Ansys finite element analysis software was used to simulate and analyze the two-

dimensional plane of the forest ecosystem. The two-dimensional adoption criterion is 

the criterion adopted under the M-C (Mohr-Coulomb) criterion. Considering the high 

degree of matching between D-P (Drucker-Prager) criterion and M-C criterion under the 

plane strain condition, the D-P criterion was selected as the yield criterion, and the 

expansion angle was calculated according to non-correlated flow law (Sobol et al., 

2020; Xie et al., 2020). The calculation formulas for the expansion angle and the 

constants related to the cohesion and internal friction angle are as follows: 
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where β and l represent constants, which are mainly related to the cohesion and internal 

friction angle of geotechnical materials in forest ecosystem. 

 

Failure mechanism of slope instability 

When judging and analyzing the slope instability and failure degree of the forest 

ecosystem, whether the forest ecosystem slope is damaged can be detected from the 

three perspectives of rupture surface, potential sliding mass displacement, medium force 

and displacement (Lu et al., 2016). The slope instability of the forest ecosystem can be 
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judged by checking whether the rupture surface is connected or not. At the same time, 

whether the forest ecosystem slope is damaged can be judged by detecting the 

displacement increase amplitude in potential sliding mass of the forest ecosystem. 

Finally, the degree of neutrality and displacement convergence can be detected to 

determine the slope stability of forest ecosystem according to the convergence degree 

(Zeng et al., 2016). In this paper, the judgment is mainly based on whether the plastic 

zone is connected and whether the calculation results are non-convergent. The slope 

stability of the forest ecosystem is judged according to the judgment results. In case of 

unstable slope of the forest ecosystem, the forest ecosystem is unbalanced. At this time, 

the forest ecosystem needs self-restoration. Simulation experiments should be 

conducted to analyze the self-restoration ability of the forest ecosystem, and then judge 

from the detection results whether it is necessary to artificially restore the forest 

ecosystem, thus improving the forest ecosystem stability, and then perfecting the natural 

environment through a stable forest ecosystem (Zhuang et al., 2017). 

Simulation experiments 

Stability analysis 

In the case of poor stability of forest ecosystem after earthquake, the restoration 

process of forest ecosystem can be simulated through experiments to predict the 

restoration efficiency and time of forest ecosystem. Therefore, it is necessary to analyze 

the slope stability of the forest ecosystem in the selected area first. This paper mainly 

takes the forest ecosystem in the western margin of the Sichuan Basin as an example to 

analyze the forest ecosystem slope stability. In the analysis process, Ansys was used to 

build a finite element model of the forest ecosystem slope in the northeast region. The 

constructed model is shown in Figure 1. 

 

 

Figure 1. Two-dimensional finite element model 

 

 

After the model construction, the method proposed herein was used to calculate the 

strength reduction safety factor, and then establish the horizontal displacement cloud map 

and plasticity cloud map of the forest ecosystem slope under the strength reduction safety 

factor, as shown in Figure 2. After the completion of the model construction, the method 

proposed in this paper is used to calculate the strength reduction safety factor, and the 

horizontal displacement nephogram and plastic nephogram of the forest ecosystem slope 

under the strength reduction safety factor are established, as shown in Figure 2. 
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a      b 

Figure 2. (a) Horizontal displacement cloud map and (b) equivalent plasticity cloud map 

 

 

Figure 2 shows that the calculation results in this area lack convergence, the sliding 

body has suddenly increased displacement, and the plastic zone is connected, indicating 

that the forest ecosystem has poor slope stability. Simulation experiments should be 

conducted to simulate the forest ecosystem restoration process. The simulation is 

specifically as follows. 

 

Simulation experiment of restoration 

Overview of the study area 

The western margin of the Sichuan Basin includes the Wenchuan earthquake-

stricken area. The Wenchuan earthquake-stricken area consists of Wenchuan County, 

Pingwu County and an County. The earthquake-stricken area is gradually elevated from 

east to west. The climate change in the earthquake-stricken area is relatively obvious, 

the water system is highly developed, various lakes and wetlands have been formed, and 

the forest ecosystem is relatively rich. In this paper, samples were randomly selected 

from the forest ecosystem in this area for simulation experiments. The sample plot 

selection process is as follows. 

 

Sample plot setting 

The sample plots with consistent slope and aspect were selected from this area, about 20 

m × 20 m in dimension. In order to reduce the difference from other external environmental 

factors, the sample plot should be located in a relatively independent open area. Open-top 

boxes were built in open spaces with the following method. First, a square pit of about 3.2 

m × 3.2 m × 1 m was dig underground. Bricks were used to build walls around the pit. With 

the ground as a reference plane, the wall was 20 cm higher than the ground. First, the pit 

was filled with gravel, then cement was paved on top of the gravel, and finally tiles were 

paved at the bottom and around the pit. Details are shown in Figure 3. 

The open-top box repaired according to the above steps has good leak-proof 

function, and the inner diameter of the open-top box is 3 m × 3 m × 0.8 m. The water 

outlet holes were built on the top and bottom of the open-top box, with one on the upper 

and lower sides each. The surface runoff and soil infiltration water was collected 

through the water outlet holes. After the open-top box was built, soil was added to the 



Bao and Hu: Experimental simulation of forest ecosystem restoration by quasi-static method 

- 2234 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(3):2229-2239. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2103_22292239 

© 2023, ALÖKI Kft., Budapest, Hungary 

open-top box. The soil of the selected area was collected and filled according to the 

corresponding soil layer. That is, the soil of the same level was filled to the same level. 

On this basis, the restoration process of simulated forest ecosystem was observed, and 

the observation time of forest ecosystem restoration was set to 14 months to analyze the 

restoration process. The analysis results are as follows. 

 

   
a    b    c 

Figure 3. The construction process of the simulation experiment platform. (a) After hollowing 

out the soil. (b) The finished open-top box. (c) Open-top box after planting 

 

 

Changes in vegetation quantity characteristics 

When experimentally simulating the forest ecosystem restoration process, the 

changes in the vegetation quantity characteristics in the forest ecosystem should be 

analyzed, mainly from the two aspects of community quantity characteristics and 

biomass change characteristics of the community plant functional groups. The altimeter 

was mainly used to measure the community in the test, and the biomass was estimated 

by establishing the regression equation between biomass and easily measurable 

indicators. The analysis results are as follows. 

Table 1 shows that with the continuous advancement of time, the forest ecosystem 

restoration community displays good restoration ability, with the number of species, 

aboveground biomass and underground biomass continuously increasing in the 

community. The number of species, above ground biomass and underground biomass 

was 19.68±1.64ρ/g·m2, 441.94±32.22ρ/g·m2 and 1296.92±63.93ρ/g·m2 respectively at 

the most. The final number of forest ecosystem species was about twice that of the 

initial number, the final aboveground biomass and underground biomass were about 

three times of the original. That is, the forest ecosystem is amid gradual restoration at a 

fast speed. At the same time, Table 2 shows that the biomass variation amplitude varies 

depending on different plant functional groups in the community. Where, Poaceae and 

broad-leaved herb changed greatly, while Cyperaceae did not change, indicating that the 

phytoremediation abilities vary depending on different species in the forest ecosystem. 

 

Soil microbial biomass carbon 

Soil microbial biomass carbon is the most active part of soil organic carbon in forest 

ecosystem, which has an important impact on the dynamic process of soil organic carbon. 

This paper mainly analyzes the changes of microbial biomass carbon at different soil 

layers of 0 cm-10 cm, 10 cm-20 cm and 20 cm-30 cm in soil depths. The image in 

Figure 4 shows soil microbial biomass carbon changes with time at the same soil depth. 
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Table 1. Community quantity characteristics 

Time (month) 1 2 3 5 7 9 11 14 

Coverage (%) 50.13±1.18 53.14±1.62 57.89±1.23 65.42±1.56 70.18±1.76 76.24±2.01 80.16±2.15 85±2.59 

Height (cm) 21.3456 23.5962 25.6871 31.2651 34.3681 37.6589 39.2415 41.3256 

Species 6.27±1.39 8.26±1.54 9.13±1.65 11.74±1.43 13.25±1.36 15.36±1.25 17.21±1.43 19.68±1.64 

Aboveground 

biomass 

(ρ/g•m2) 

182.73±24.17 201.36±26.91 245.68±28.25 296.36±30.59 343.69±62.91 387.94±32.26 401.62±32.31 441.94±32.22 

Underground 

biomass 

(ρ/g•m2) 

454.91±57.19 502.36±50.46 567.58±55.36 635.49±59.87 859.46±61.25 989.75±65.28 1093.56±62.31 1296.92±63.93 

Index 2.2045 2.2102 2.2198 2.2246 2.2357 2.2469 2.2671 2.7293 

Pielou index 0.8321 0.8425 0.8514 0.8671 0.8972 0.9026 0.9338 0.9627 

 

 
Table 2. Biomass variation characteristics of community plant functional groups 

Time/Month 1 2 3 5 7 9 11 14 

Poaceae 195.18±11.07 201.46±13.25 225.68±13.31 264.79±13.91 291.26±15.72 315.49±16.82 345.28±18.59 368.22±19.24 

Cyperaceae        69.37±16.32 

Broad-

leaved herb 
61.45±8.84 85.69±8.64 99.81±7.63 125.48±7.49 141.84±7.31 176.31±7.68 190.36±7.36 210.88±7.47 

Community 

biomass 
182.73±24.18 201.36±26.18 256.91±26.73 291.76±27.69 347.28±29.16 395.25±30.36 412.87±31.39 440.95±32.34 
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Figure 4. Changes of biomass carbon content with time 
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Figure 4 shows that the soil microbial biomass carbon content at different soil depths 

gradually increases over time. In the 14th month of the simulation experiment, the soil 

microbial biomass carbon content reaches the highest at different soil depths. The soil 

microbial biomass carbon contents at soil depths of 0 cm-10 cm, 10 cm-20 cm and 

20 cm-30 cm are 251.49 w/mg•g-1, 187.64 w/mg•g-1 and 147.62 w/mg•g-1, 

respectively at the most, indicating that the forest ecosystem is in a state of self-

restoration. At the same time, the figure reveals certain differences in soil microbial 

biomass carbon content at different soil depths. The main reason is that there are certain 

differences in plant root mass at different soil depths. 

 

Soil enzyme activity 

Regarding status of soil nitrogen supply and soil urease activity in the forest 

ecosystems, the supply of soil available phosphorus can be determined by the alkaline 

phosphatase activity. The soil physiochemical characteristics during the forest 

ecosystem restoration were analyzed, with the analysis results shown in Table 3. 

 
Table 3. Soil physicochemical characteristics 

Time 1 2 3 5 7 9 11 14 

Bulk density 

(ρ/g•m2) 
1.17±0.05 1.19±0.07 1.23±0.08 1.29±0.09 1.35±0.09 1.39±0.11 1.49±0.10 1.56±0.11 

Soil water content 

(%) 
10.41±0.41 12.56±0.58 15.68±0.73 18.73±0.82 19.28±1.14 21.56±1.13 24.68±1.12 26.08±1.19 

PH value 6.36±0.03 6.47±0.03 6.69±0.02 6.82±0.04 6.95±0.03 7.12±0.04 7.58±0.03 7.76±0.04 

Soil organic matter 

(w/g•kg-1) 
65.12±3.78 71.48±4.36 79.69±4.98 85.46±5.277 90.18±5.74 93.17±5.67 97.28±5.24 105.64±5.79 

Total nitrogen 

(w/g•kg-1) 
1.17±0.11 1.39±0.15 1.48±0.19 1.67±0.21 1.79±0.22 1.84±0.23 1.97±0.23 2.23±0.24 

Available nitrogen 

(w/g•kg-1) 
9.71±1.19 10.48±1.18 11.57±1.31 13.25±1.37 15.24±1.46 16.28±1.513 18.79±1.59 19.29±1.57 

Total phosphorus 

(w/g•kg-1) 
0.53±0.11 0.58±0.14 0.61±0.13 0.66±0.15 0.70±0.16 0.74±0.19 0.80±0.21 0.82±0.21 

Available 

phosphorus 

(w/g•kg-1) 

2.87±0.18 2.96±0.221 3.01±0.21 3.31±0.25 3.75±0.24 4.01±0.23 4.57±0.25 4.86±0.28 

 

 

According to Table 3, each value of soil physiochemical characteristics increases 

significantly with time. At the14th month of the simulation experiment, each value of 

soil physiochemical characteristics reaches the maximum value, indicating that the soil 

physicochemical characteristics of the forest ecosystem are constantly improving with 

good forest ecosystem self-restoration ability. 

The above is the whole process of experimental simulation of forest ecosystem 

restoration using this method. In order to further prove the effectiveness and importance 

of this design method, the existing literature methods of Wang et al. (2020) and the 

method of Ma et al. (2020) are compared with this method to test the accuracy of 

experimental simulation of changes in vegetation quantitative characteristics of different 

methods. The results are as shown in Figure 5. 

It can be seen from Figure 5 that at the beginning, the prediction accuracy of 

vegetation quantitative characteristics change of different methods is high, but the 

accuracy of this method is the highest, 97%. Moreover, with the increase of the 

simulation experiment time, the accuracy of the method in this paper remains at about 



Bao and Hu: Experimental simulation of forest ecosystem restoration by quasi-static method 

- 2237 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(3):2229-2239. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2103_22292239 

© 2023, ALÖKI Kft., Budapest, Hungary 

97%, while the other two methods, with the increase of the test time, have increased the 

uncertainty, leading to a gradual decline in the accuracy, which is only 80% and 85% 

respectively. It can be seen that the method in this paper has higher accuracy, better 

prediction effect and certain application value. 
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Figure 5. Comparison of simulation effects of different methods 

Discussion 

The above is the whole process of experimental simulation and analysis on the 

restoration process of forest ecosystem using quasi-static method. The following 

conclusions can be drawn through simulation experiments. 

(1) With the passage of time, the forest ecosystem restoration community showed a 

good recovery ability, and the number of species, aboveground biomass and 

underground biomass in the community were increasing. The maximum species, 

aboveground biomass and underground biomass were 19.68 ± 1.64 respectively ρ/g·m2, 

441.94±32.22 ρ/g·m2 and 1296.92 ± 63.93 ρ/g·m2. The final quantity of forest 

ecosystem species is about twice of the initial quantity, and the final aboveground 

biomass and underground biomass are about three times of the original quantity. That is 

to say, the forest ecosystem is gradually recovering at a rapid speed. And there are some 

differences in soil microbial biomass carbon content in different soil depths. The main 

reason is that there are some differences in the quality of plant roots in different soil 

depths. Finally, the soil physical and chemical characteristics increased significantly 

with time. In the 14 months of the simulation experiment, the soil physical and chemical 

characteristics reached the maximum, indicating that the soil physical and chemical 

characteristics of the forest ecosystem were continuously improved, and the forest 

ecosystem had a good self-recovery ability. 

(2) In addition, comparing the method in this paper with the other two methods, it 

can be concluded that the test accuracy of the design method is higher, with an average 

accuracy of more than 97%, which is far higher than the other two methods, and the 
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experimental simulation effect is more stable. This is because the method in this paper 

uses the finite element strength reduction method in the quasi-static method to calculate 

the static safety factor of the slope of the forest ecosystem. The connection of the plastic 

band and the non-convergence of the calculated results are taken as the criteria for 

judging the stability imbalance, which improves the analysis effect of the experimental 

simulation. 

Conclusions 

Since the ecosystem forms the basis of sustainable regional economic and social 

development, the research focus of the post-earthquake ecological environment is the 

forest ecosystem restoration status. In order to study the post-earthquake self-restoration 

status of forest ecosystem, this paper analyzes the slope stability of forest ecosystem 

from the perspective of quasi-statics. The poor slope stability of forest ecosystem means 

that the forest ecosystem is seriously damaged by earthquake. At this time, experimental 

simulation should be carried out to analyze the process of forest ecosystem restoration. 

Through the experimental simulation analysis, it is found that the experimental forest 

ecosystem has a good recovery ability after the earthquake. That is, the post-earthquake 

experimental forest ecosystem can quickly restore balance without external interference. 
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