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Abstract: The safety and sustainability of urban underground spaces have become crucial consider-

ations in development projects. Seepage and cyclic loads are the principal reasons for the instability 

and failure of old underground space structures. This study investigates the variations in physical 

fields of underground spaces in cities under the coupling disturbance of seepage and cyclic loads, 

focusing on underground civil air defense engineering in Beijing as a case study. Different seepage 

conditions and the effects of seepage–cyclic load coupling were simulated using the numerical cal-

culation software Plaxis 3D V20. The results show that change in groundwater can affect the defor-

mation of underground space, and the severity is related to the quantity and intersection state of 

tunnels, the location of rivers above, and the strength of materials. The coupling effect of seepage–

cyclic load on urban underground space structures is more serious than that of a single percolation. 

Decrease in material strength and high traffic loads are the principal reasons for the failure of un-

derground structures. A 30% decrease in material strength causes the displacement to increase al-

most 1.5 times, and maximum displacement under different traffic loads can vary by 3 times. This 

study holds significant implications for the design, maintenance, and engineering management of 

underground spaces, emphasizing the importance of sustainable practices in urban development 

and infrastructure. 
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1. Introduction 

Urban underground space refers to the building space below urban development, 

including urban underground shelters, underground spaces, underground parking lots, 

and so on. Many of these underground spaces are aging and suffer from neglect and lack 

of maintenance. Moreover, the cyclic dynamic load from vehicles above ground poses a seri-

ous threat, often resulting in ground collapsing, endangering lives and property. [1–4]. 

The safety of old urban underground space and the prevention of ground collapse 

have become major livelihood and development projects and have been highly valued by 

various countries [5–7]. In light of the imperative for sustainable development, it is crucial 

to underscore the significance of adopting sustainable practices in the management and 

rehabilitation of old urban underground spaces. Identifying the physical field variations 

law of old urban underground spaces and correctly understanding the mechanisms are 

of great significance for the design and repair of old urban underground spaces. 

The instability and failure of underground space structures can be attributed to fac-

tors such as seepage and cyclic load. Seepage-related damage includes soil piping and 

falls in water level. Several studies have investigated these phenomena and have revealed 
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the impact on subsurface structures. For instance, Song [8] studied the seepage effect on 

soil arching in a shield tunnel and proposed that seepage leads to an increase in effective 

vertical stress and weakens the soil arching effect. Attard [9] studied the influence of un-

derground structures on groundwater temperature and showed that underground struc-

tures and groundwater interact with each other. Di [10] evaluated hydraulic head distri-

bution in front of a shield tunnel in a saturated soil layer, and relative theoretical analysis 

and numerical simulations were carried out. The study revealed dynamic changes in the 

permeability field and provided important hydrogeological information to help prevent 

and control water-related problems in underground structures. By using the equivalent 

continuum model, Sheng [11] conducted studies on the seepage and mechanical charac-

teristics and carried out coupling calculations on the seepage field and stress field of the 

underground powerhouse caverns of Xiluodu Hydropower Station. The study illustrated 

the importance of the interaction of water flow and stress fields and proposed that the 

coupled effects of infiltration and stress in geotechnical engineering practice should be 

considered. 

The impact of traffic cyclic load on underground spaces primarily manifests in four 

key aspects: vertical pressure, horizontal force, the influence of long-term cyclic load, and 

shock effects [12–16]. Daehyeon [17] utilized the finite element software ABQUS to inves-

tigate the dynamic response of a single tire on the road surface and provided valuable 

insights into the interaction between the tire and road surface. Saad [18] used the finite 

element software ADINA to model subgrade of different materials and made a compara-

tive analysis of the maximum compressive strain at the top and maximum tensile strain 

at the bottom of the subgrade at a speed of 50 km/h. This provided a reference for studying 

the influence of different roadbed materials on vehicle running. Additionally, Wu [19] re-

garded vehicle-mounted vehicles as non-uniformly distributed moving loads. By estab-

lishing a three-dimensional transient dynamic finite element model, time-history varia-

tion rules and spatial distribution rules of road dynamic response under moving loads 

were analyzed, which provided a comprehensive perspective for vehicle motion charac-

teristics under different road conditions. 

In July 2023, Beijing experienced an exceptionally heavy rainstorm. Changes in 

groundwater and traffic loads have a significant effect on underground structures. As an 

important form of underground space, civil air defense engineering develops the im-

portant functions of a wartime air defense command center, communication center, hid-

ing place, and so on. However, civil air defense structures are predominantly under-

ground, rendering them vulnerable to the impacts of both traffic load and groundwater 

fluctuations and presenting intricate challenges to their structural integrity and stability. 

Currently, many civil air defense tunnels have incurred extensive damage, necessitating 

significant costs for repair and maintenance. According to related surveys, most civil air 

defense tunnels have not yet reached the overall fatigue resistance of the structure when 

damaged. 

Many researchers have investigated and analyzed this phenomenon and found that 

there are many reasons for early damage in civil air defense engineering, among which 

some of the principal reasons are seepage and cyclic loads [20–23]. The current research 

mainly focuses on seepage and traffic loads and roads, as well as the effect of speed on 

road surfaces [24–27]. As structures situated underground, significant damage to civil air 

defense tunnels can lead to ground subsidence [28,29]. Li [30] summarized research on 

the dynamic characteristics and constitutive models of soil under long-term cyclic loads 

and pointed out that long-term vibration loads have a significant impact on the perfor-

mance of geotechnical engineering structures. Cao [31] provided an analytical solution to 

study the impact of surface moving loads on underground tunnels, which is used to cal-

culate the vibration generated by moving loads above circular tunnels. 

Despite the known impacts of seepage and cyclic loads, the coupling effects of these 

factors on the physical field of old civil air defense engineering remain poorly understood. 

Current studies about civil air defense engineering do not consider the coupling 
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disturbance of seepage and traffic cyclic loads, and the effect of seepage–traffic cyclic loads 

on old civil air defense engineering has not been mentioned. Therefore, this paper mainly 

focuses on the physical field of seepage–cyclic load coupling disturbance on civil air de-

fense structures, providing a theoretical basis for the safe operation and maintenance of 

cities. 
In this paper, the effect of seepage–cyclic load coupling disturbance on the physical 

field of old civil air defense engineering was studied. Firstly, from a case study of under-

ground civil air defense engineering in Beijing, the primary size and burial depth of the 

tunnels was determined through field visits and investigations. Then, leveraging this in-

formation, the finite element software Plaxis 3D was used to simulate alterations in the 

physical field of the underground space under varying groundwater seepage conditions. 

Subsequently, dynamic responses of the underground space were calculated, taking into 

account the coupling effect of seepage and cyclic loads. The effect factors, such as the 

quantity and intersection state of tunnels, the location of rivers, and the rate of water table 

decline were investigated as well. This study can provide a sustainability development 

basis for the design, maintenance, and engineering management of underground spaces, 

which can enhance the resilience and longevity of underground structures. 

2. Engineering Background 

2.1. Project Overview 

This study uses old underground civil air defense engineering in Beijing as a repre-

sentative case. According to the field visit and observation, civil air defense tunnels are 

categorized into two types, Type A and Type B, as shown in Figure 1a. Type A tunnels 

have a span of 3 m and a side wall height of 3 m, with arch radii of 1.5 m. Type B tunnels 

have a span of 1.5 m and a side wall height of 2 m, with arch radii of 0.75 m. These tunnels 

are typically buried at a depth of 8 m underground and are surrounded by rivers and 

roads. The depth of the river is generally 3 m; the width of the river bottom is 3 m; and the 

width of the river surface is 6 m, as shown in Figure 1b. The road width is 13 m, and the 

thickness of the road surface is negligible, as shown in Figure 1c. Observation found that 

tunnel layouts often consist of one to four tunnels arranged side by side, with instances of 

tunnels intersecting each other. Some tunnels are situated close to rivers, with the nearest 

tunnel located less than 10 m horizontally from a river. 

   
(a) Tunnels A and B (b) River cross-section (c) Road 

Figure 1. Project overview. 

2.2. Engineering Geology and Hydrogeological Conditions 

(1) Geotechnical characteristics 

Considering the geological conditions of Beijing, the surrounding geological environ-

ment of the underground civil air defense tunnels was investigated. It was determined 

that clay and sandy soil are the primary soil layers in this region. Subsequently, soil me-

chanics tests were conducted on these two layers of soil, and their physical parameters 

were determined, as listed in Table 1. 

(2) Hydrogeological conditions 
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According to data released by the Beijing water authority [32], the lowest water level 

in Beijing typically occurs around May to June, while the highest water level is recorded 

in December. In 2023, the highest groundwater level was approximately 15 m under-

ground, while the lowest groundwater level was 18 m underground, as shown in Figure 

2. In July 2023, an extremely heavy rainstorm occurred in Beijing, hence the urban ground-

water level was significantly higher than in previous years. The water level data consid-

ered in this study relate to an unconfined aquifer, also known as a water table aquifer. In 

an unconfined aquifer, the upper boundary is not an impermeable layer, which means 

that fluctuations in water level are primarily influenced by factors such as precipitation, 

surface water recharge, and human activities, including the extraction of groundwater. 

Table 1. Soil Layer Parameters. 

Parameters Clay Sandy 

Thickness (m) 6 20 

Density (g/cm3) 1.92 1.92 

Saturation density (g/cm3) 1.973 2.047 

Natural moisture content (%) 24.2 15.4 

Cohesive force (kPa) 26.4 24.1 

Internal friction angle (°) 26.24 34.37 

Elastic modulus (MPa) 4 × 104 4 × 104 

 

Figure 2. Groundwater level in Beijing [30]. 

3. Numerical Calculation 

3.1. Plaxis 3D 

The actual conditions were simulated using Plaxis 3D numerical calculation software. 

Plaxis 3D is a finite element software developed in the Netherlands for professional ge-

otechnical engineering. It has strong applicability and can simulate complex geological 

engineering conditions, and it is especially suitable for deformation and stability analysis. 

It can analyze deformation, consolidation, graded loading, stability analysis, seepage cal-

culation, and the influence of low-frequency dynamic loads can also be considered. The 

operating interface is user-friendly. 

3.2. Seepage Finite Element Calculation of Underground Civil Air Defense Tunnels 

(1) Case arrangement 

The variation in urban groundwater level presents obvious seasonal characteristics. 

During the rainy season, groundwater level will rise, and it will decrease in the dry season. 

The sudden rise and fall of the groundwater level will cause significant changes in the 

effective stress of the soil, which will affect the soil around civil air defense engineering 
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works. In order to study the seepage effect, in this section, the influence of tunnel type, 

tunnel arrangement, intersection of tunnels, and change of groundwater level on the civil 

air defense tunnels under the river is considered. 

The cases are listed in Table 2. Cases 1–4 relate to the influence of the quantity of 

tunnels, cases 5–8 relate to the increase in number of intersections of tunnels, cases 9–11 

relate to the influence of the location of the river, and cases 12–13 relate to the decrease in 

strength of tunnel materials. In the River column, lack of an entry means the river does 

not exist in the corresponding model. In the selection of material strength data, the 70% 

value represents a condition where the material is under a moderate level of stress, which 

is common in many engineering situations. On the other hand, the 40% value represents 

a lower stress level, which is relevant to material degradation and aging. The various case 

stereograms are shown in Figure 3. 

In the Plaxis model, in order to avoid boundary effects, the model size is set as xmin = 

−50 m, xmax = 50 m, ymin = 0, ymax = 50 m. In the seepage calculation, the boundary condition 

of x and y is set as normally fixed. The bottom surface of the model is full-fixed, and the 

top surface is free. The material model adopts the Mohr–Coulomb law, and the type is 

drainage. The model adopts the Van Genuchten model. In the calculation of cyclic loads, 

the boundary condition of x and y is viscous. The bottom surface is full-fixed, and the top 

surface is free. 

Table 2. Calculation cases under seepage conditions. 

Case  
Quantity of Y-Direction 

Tunnels 

Quantity of X-Direction 

Tunnels 

Horizontal Distance from 

River 
Material Strength 

1 1 / / 100% 

2 2 / / 100% 

3 3 / / 100% 

4 4 / / 100% 

5 2 1 / 100% 

6 2 2 / 100% 

7 2 3 / 100% 

8 2 4 / 100% 

9 1 / 0 100% 

10 1 / 6 100% 

11 1 / / 70% 

12 1 / / 40% 

(2) Calculation phase settings 

The change in groundwater level can be categorized into multiple stages. When the 

rainy season ends or groundwater is pumped in large quantities, the water level will de-

crease. Therefore, two calculation phases were set: (1) sudden drawdown of groundwater; 

(2) slow drawdown of groundwater. The highest water level is 15 m underground, and 

the lowest water level is 18 m underground. During the sudden drawdown phase, the 

water level falls at a rate of 0.8 m/day, whereas during the slow drawdown phase, the rate 

reduces to 0.1 m/day. The process for the calculation phases is depicted in Figure 4. 
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(a) Case 1 

 
(b) Case 2 

 
(c) Case 3 

 
(d) Case 4 

 
(e) Case 5 

 
(f) Case 6 

 
(g) Case 7 

 
(h) Case 8 

 
(i) Case 9 

 
(j) Case 10 

 
(k) Case 11 

 
(l) Case 12 

Figure 3. Seepage calculation cases. 

 

Figure 4. Seepage calculation phase process. 

3.3. Seepage–Traffic Load Coupling Disturbance Calculation 

On the basis of the seepage calculation, this section applies traffic loads to calculate 

the displacement under the coupling effect of seepage–traffic cycle loads. 

(1) Traffic cycle loads 

Due to the vibration of the vehicle and the unevenness of the road surface during 

driving, the load will be applied on the road surface in the form of waves [33,34]. Since 

the sinusoidal load model is both practical and representative of actual engineering con-

ditions, it is commonly employed by scholars to simulate vehicle loads [35,36]. The load 

can be described as 

0( ) sin( )F t P P ωt= +  (1) 

in which P0 is the vehicle static load (20 kN for small cars and 100 kN for large cars); ω is 

the vibration frequency of the vehicle load (ω = 2πv/L); v is the driving speed; L is the car 

length, referring to JTGB 01-2014 Highway Engineering Technical Standard [37], where L 

is 6 m; P is the amplitude of vehicle load, where
2

0P M αω= , M0 = 120 N·s2/m, α = 2 m. 

Based on the actual driving characteristics of the vehicle, three vehicle speeds were 

considered: 20 km/h, 60 km/h, 100 km/h, namely F1, F2, F3. Table 3 lists the relationship 

between vehicle speed and parameters of the sinusoidal load model. The dynamic multi-

plier is shown in Figure 5a, and the cycle load is shown in Figure 5b. 

Table 3. Relationship between vehicle speed and parameters. 

Load 

Type 
Speed of Vehicle v (km/h) 

Frequency ω 

(Hz) 

Amplitude P 

(kN) 

Static Load P0 

(kN)  

F1 20 6 9 100 

F2 60 17 69 100 

F3 100 29 202 100 

 

Initial stage: high water level

(Gravity loading process)

Sudden drawdown Slow drawdown



Sustainability 2024, 16, 3588 7 of 16 
 

 

 
(a) Dynamic multiplier (b) Cyclic load 

Figure 5. Dynamic multiplier and cyclic load. 

(2) Case setting 

On the basis of the seepage calculation, various factors were considered, including 

tunnel type, quantity of tunnels, tunnel intersections, distance from the river, and changes 

in material parameters. The cases are listed in Table 4. The various case stereograms are 

shown in Figure 6. 

Table 4. Calculation cases under Seepage–Traffic load coupling disturbance calculations  

Case  Y-Direction Tunnels X-Direction  Horizontal Distance from River Material Strength 

13 1 / / 100% 

14 4 / / 100% 

15 1 / 0 100% 

16 1 / 5 100% 

17 2 1 / 100% 

18 2 4 / 100% 

19 2 / / 70% 

20 2 / / 40% 

 

 
(a) Case 13 

 
(b) Case 14 

 
(c) Case 15 

 
(d) Case 16 

 
(e) Case 17 

 
(f) Case 18 

 
(g) Case 19 

 
(h) Case 20 

Figure 6. Calculation cases. 

(3) Calculation phase settings 

Based on the seepage calculation, the impact of traffic loads was calculated. The ac-

tion time of traffic loads was set as 36,000 s. Each model was calculated under different 

load frequencies, as shown in Figure 7. 
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Figure 7. Seepage–Traffic load coupling disturbance calculation phase process. 

4. Analysis of Calculation Results 

According to the above cases, the calculation is divided into two stages. The first 

stage is to calculate the impact of seepage on civil air defense engineering. In the second 

stage, the displacement changes of civil air defense tunnels are considered after account-

ing for both traffic loads and seepage effects. 

4.1. The Seepage Calculation of Old Civil Air Defense Engineering 

The overall displacement of tunnel A under sudden drawdown and slow drawdown 

of groundwater level is shown in Figures 8 and 9. In Figures 8 and 9, it is evident that there 

are significant changes in displacement. According to the field visit and observation, it 

was found that certain ground settlement had occurred. The calculation results of the 

model are consistent with the observed trend, including the performance data of existing 

tunnels and the amount of ground settlement. This indicates that the calculation of this 

model is reasonable. 

The displacement of the ground center point under different conditions is presented 

in Figure 10. In Figure 10, it can be seen that the ground displacement caused by sudden 

drawdown of groundwater is always higher than that caused by slow drawdown. With 

respect to the quantity of tunnels, as the quantity of tunnels increases, the ground dis-

placement increases after groundwater changes. With respect to the intersection of tun-

nels, it can be seen that as the quantity of tunnel intersections increases, the ground dis-

placement also increases. Regarding the location of rivers, the smaller the horizontal dis-

tance of the tunnel from the river, the greater the displacement of the tunnel chamber and 

its surroundings. Regarding groundwater level changes, the presence of rivers leads to 

significant infiltration effects around the tunnels, and the impact of groundwater level 

changes is weakened. With respect to the material strength changes, under the seepage 

effect, the lower the material strength, the higher the ground displacement. Regarding the 

type of tunnel, the ground displacement of tunnel B under seepage is smaller than that of 

tunnel A. 

To express the influence of factors on surface displacements clearly, based on the 

above results, the relationships between the influencing factors and surface displacements 

are summarized in Table 5. 

Table 5. The changes in surface displacement under seepage calculations. 

No. Factors 
Changes in 

Factors 
Changes in Displacement 

1 Rate of groundwater drawdown ↑ ↑ 

2 Quantity of tunnels ↑ ↑ 

3 Quantity of tunnel intersections ↑ ↑ 

4 Horizontal distance from the river ↓ ↑ 

5 Material strength ↓ ↑ 

6 Cross-sectional area of tunnels ↑ ↑ 

Initial stage: high water level

Sudden drawdown Slow drawdown

Plastic calculation Plastic calculation

F1 F2 F3 F1 F2 F3
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When the water level drops rapidly, the force balance of the soil layer will be dis-

rupted, and the effective stress changes rapidly, causing the ground to sink, which is det-

rimental to the civil air defense tunnel. When the quantity of tunnels increases, the under-

ground space increases and support decreases, making it more likely to cause ground col-

lapse, which is also detrimental to the structure. Similarly, an increase in tunnel intersec-

tions diminishes the stiffness of the intersection area, exacerbating tunnel and surface dis-

placement under seepage effects, thus affecting structural stability. With the seepage ef-

fect, the displacement of the tunnel and surface is greater than that of a single tunnel in-

tersection. When there is a river near the tunnels, the seepage effect of the river is signifi-

cant, and the impact of groundwater changes will be weakened. Furthermore, when tun-

nel material strength decreases, the ground displacement caused by seepage is the great-

est, indicating that the decrease in material strength under seepage has a significant im-

pact on ground displacement, far worse than the impact of tunnel layout, and is the most 

detrimental for civil air defense tunnels. 

 
(a) Case 1 

 
(b) Case 2 

 
(c) Case 3 

 
(d) Case 4 

 
Legend 

 
(e) Case 5 

 
(f) Case 6 

 
(g) Case 7 

 
(h) Case 8 

 
(i) Case 9 

 
(j) Case 10 

 
(k) Case 11 

 
(l) Case 12 

Figure 8. Displacement diagram of tunnel A under sudden drawdown. 

 
(a) Case 1 

 
(b) Case 2 

 
(c) Case 3 

 
(d) Case 4 

 
Legend 

 
(e) Case 5 

 
(f) Case 6 

 
(g) Case 7 

 
(h) Case 8 

 
(i) Case 9 

 
(j) Case 10 

 
(k) Case 11 

 
(l) Case 12 

Figure 9. Displacement diagram of tunnel A under slow drawdown. 
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(a) Tunnel A  (b) Tunnel B  

Figure 10. Ground displacement under seepage. 

Based on a comprehensive analysis, the weakening of the material strength of the 

tunnel is most sensitive to the effect of seepage, and displacement of the ground is the 

largest. In practical engineering, special attention should be paid to old civil air defense 

tunnels to avoid accidents such as collapse caused by groundwater or river seepage. 

4.2. Finite Element Calculation of Seepage–Cyclic Load Coupling Disturbance 

It has been verified in cases 1–12 that tunnel type A is more easily affected than tunnel 

type B, so studies on tunnel type A were conducted in cases 13–20. The displacement of 

tunnel A was calculated separately under sudden drawdown and slow drawdown of 

groundwater. Fi (i = 1, 2, 3) represents different frequencies and magnitudes of cyclic load. 

Xi (i = 1, 2, 3, 4) represents the roof displacement of different tunnels, with a larger i indi-

cating that the tunnels are closer to the road surface, 1 representing the farthest and 4 

representing the nearest. It should be noted that the displacements in the figures refer to 

the roof displacement of the tunnel central section point. The results of cases 13–20 are 

shown in Figures 11–16. The calculation results of the model are consistent with the ob-

served trend. This indicates that the calculation of this model is reasonable. 

Figure 11 shows the roof displacement of a single tunnel under the action of F3. It can 

be seen that the roof displacement is larger when the groundwater level drops sharply. As 

the frequency of the cyclic load increases, the displacement increases. The result for a par-

allel arrangement of tunnels is shown in Figure 12. It can be seen that as the quantity of 

tunnels increases, the larger the roof displacement of the tunnels. Compared to the sudden 

drawdown of groundwater, the impact of traffic loads is relatively small under slow draw-

down groundwater. As the frequency of action increases, the displacement increases. 

  
(a) Groundwater level variation (b) Different frequencies 

Figure 11. The roof displacement results of Case 13. 
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(a) Sudden drawdown (b) Sudden drawdown under different frequencies  

    
(c) Slow drawdown  (d) Slow drawdown under different frequencies  

Figure 12. The roof displacement results of Case 14. 

With respect to tunnel intersections, the roof displacements of the tunnel are shown 

in Figures 13 and 14. It can be seen that the displacement of the tunnel is higher than that 

for the parallel arrangement of the tunnels under the same load. Similarly, for sudden 

drawdown of groundwater, the displacement is higher than that for slow drawdown. 

Figures 15 and 16 show the coupling effect of seepage and traffic load when the river 

is located near the tunnel. It can be seen that, when the river is directly located above the 

tunnel roof, using the same frequency of loading, the roof displacement of the tunnel is 

higher than that in other cases. This indicates that the river has an adverse effect on the 

civil air defense tunnel. The difference between the frequencies of each action is relatively 

small, so the influence of rivers is the dominant factor. 

  
(a) Groundwater level variation (b) Different frequencies 

Figure 13. The roof displacement results of Case 15. 

  
(a) Groundwater level variation (b) Different frequencies 

Figure 14. The roof displacement results of Case 16. 
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(a) Sudden drawdown 
(b) Sudden drawdown under different frequen-

cies  

   
(c) Slow drawdown (d) Slow drawdown under different frequencies  

Figure 15. The roof displacement results of Case 17. 

   
(a) Sudden drawdown (b) Sudden drawdown under different frequencies  

   
(c) Slow drawdown (d) Slow drawdown under Different frequencies  

Figure 16. The roof displacement results of Case 18. 

Figures 17 and 18 show the coupling effect of seepage and traffic load when the ma-

terial parameters change. In Figures 17 and 18, it can be seen that as the material strength 

decreases, the larger the decrease in material strength and the larger the roof displacement 

of the tunnel at the same loading frequency. As the frequency of loading increases, the 

roof displacement of the tunnel gradually increases and is far worse than in the other 

cases. When the material strength decreases, the tunnel will be in a very unfavorable state 

under the coupling effect of seepage and load. 

In order to express the displacement effect of factors clearly, based on the above re-

sults, the relationships between the influencing factors and displacements are summa-

rized in Table 6. 
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Table 6. The changes in surface displacement under Seepage–Traffic load coupling disturbance 

calculations 

No. Factors 
Changes in 

Factors 
Changes in Displacement 

1 Rate of groundwater drawdown ↑ ↑ 

2 Frequency of cyclic load  ↑ ↑ 

3 Quantity of tunnel intersections ↑ ↑ 

4 Horizontal distance from the cyclic load ↓ ↑ 

5 Horizontal distance from the river ↓ ↑ 

6 Material strength ↓ ↑ 

Changes in groundwater can induce displacement in civil air defense engineering 

structures. Sudden fluctuations in groundwater levels can significantly impact civil air 

defense structures through seepage effects. When coupled with traffic loads, underground 

tunnels may sustain damage, potentially leading to surface collapse. The reduction in tun-

nel strength can exacerbate roof displacement within the tunnel. Given that the strength 

of tunnel materials tends to decrease over time in old urban underground spaces, this 

issue warrants considerable attention. 

The results of this study indicate the detrimental effects of vehicular dynamic loads 

on underground space structures. They illustrate that higher vehicle speeds correspond 

to increased vibration intensity, exacerbating the structural impact on underground 

spaces. Therefore, it is necessary to focus on the underground space in areas with fast 

vehicle speeds and areas where there are rivers. Regarding the problem of decreased 

strength of underground space structural materials, timely support and reinforcement op-

erations are needed to avoid damage to underground space structures under seepage–

traffic cyclic load coupling disturbance. 

The above finding can provide a basis for evaluating the status of old underground 

spaces. Based on identified underground water and the local geological environment, it is 

possible to monitor the surroundings of old underground space structures. In addition, 

according to the potential impacts on older urban underground spaces, designers can 

make more scientific choices in the siting, design, and construction of new projects. 

   
(a) Sudden drawdown (b) Sudden drawdown under different frequencies  

   
(c) Slow drawdown (d) Slow drawdown under different frequencies  

Figure 17. The roof displacement results of Case 19. 

0 6,000 12,000 18,000 24,000 30,000 36,000
0.00

0.05

0.10

0.15

D
is

p
la

ce
m

en
t 

(m
)

Time (s)

 X1

 X2

0 6,000 12,000 18,000 24,000 30,000 36,000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

D
is

p
la

ce
m

en
t 

(m
)

Time (s)

 F1

 F2

 F3

0 6,000 12,000 18,000 24,000 30,000 36,000
0.00

0.05

0.10

0.15

D
is

p
la

ce
m

en
t 

(m
)

Time (s)

 X1

 X2

0 6,000 12,000 18,000 24,000 30,000 36,000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

D
is

p
la

ce
m

en
t 

(m
)

Time (s)

 F1

 F2

 F3



Sustainability 2024, 16, 3588 14 of 16 
 

   
(a) Sudden drawdown (b) Sudden drawdown under different frequencies  

   
(c) Slow drawdown. (d) Slow drawdown under different frequencies  

Figure 18. The roof displacement results of Case 20. 

5. Conclusions 

The effect of seepage–cyclic load coupling disturbance on the physical field was stud-

ied in this paper with respect to the collapse of old urban underground spaces. Based on 

extensive analysis, the primary conclusions are as follows: 

(1) From the field visit and observation, the primary types of civil defense tunnels in 

the Beijing area can be categorized into two types. Based on geological conditions and 

burial depth, the effect of seepage–cyclic load coupling disturbance on the physical field 

in old urban underground spaces can be simulated using Plaxis 3D. 

(2) Fluctuations in groundwater significantly affect underground space structures. 

The faster the groundwater level drops, the larger the ground displacement, which is det-

rimental to the structure. The more tunnels there are, the larger the ground displacement 

after the groundwater level changes. The more tunnels intersect, the larger the impact of 

seepage. The more the material strength decreases, the larger the impact of seepage and 

the greater the ground displacement. The larger the tunnel, the larger is the effect of seep-

age. 

(3) The coupling effect of seepage and traffic load significantly influences tunnel roof 

displacement. Higher vehicle speeds and loading frequencies correlate with increased 

roof displacement, posing greater risks to structural stability. The variation in tunnel roof 

displacement is not only related to the variation in groundwater level, but also to the hor-

izontal distance of the road: the closer to the road, the larger the displacement. The higher 

the decrease in the strength of underground structural materials, the higher the roof dis-

placement of the tunnel, so it is easy for ground collapse to be caused under external loads. 

A 30% decrease in material strength can result in an approximately 1.5 times increase in 

displacement, with maximum displacement under different traffic loads varying by up to 

3 times. 

In engineering applications, special attention should be given to the condition of old 

urban underground spaces when the groundwater declines rapidly. Underground struc-

tures near traffic loads and rivers require particular monitoring to ensure safety. For newly 

constructed underground structures, it is advisable to avoid proximity to main roads and 

rivers above ground. These findings offer direct implications for engineering and con-

struction practices in Beijing and other urban areas with similar geological and infrastruc-

tural conditions. 
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