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Abstract. Prediction and simulation of large shells construction parameters in heterogeneous 

soil milieu provided considerable expansion of the rational use area of megapolices 

underground areas for deep transport facilities and engineering infrastructure. Mega sizes of an 

RC shell allow creating open underground areas, unique in volumes and deepness. The 

analysis of massive gravitational fencing shell behavior at its gradual increasing and driving 

into heterogenenous soil milieu allowed identifying the nature of their non-linear and unsteady 

one. Unsteadiness of the massive structure interaction processes and soil milieu causes the 

necessity to create methods for strain-stress behavior control of the system “gravitational large 

body – heterogeneous host medium” for decreasing aggravating influence of the unsteadiness 

effect on the lowering process.  Due to joint step-by-step implementation of geotechnical and 

structural calculations a history of the shell-soil milieu interaction processes is modeled and the 

adaptive control parameters of strain-stress behavior are predicted, thus providing conditions of 

controlled lowering. The paper demonstrates results of the given concept implementation 

during the unique underground structures of St. Petersburg sewage system design and 

construction. 

1. General features of the problem under consideration and features of large shell interaction 

with heterogeneous soil milieu at the stage of its lowering 

There is a need to ensure internal integrity of fencing structures with high degree of waterproofness at 

all stages of their life cycle in order to provide stable and safe operation of large caisson structures. 

The existing standards [1] and regulations [2] envisage checking calculations of underground 

structures to be lowered for the stages of their construction and operation. However, based on this 

experience one can say, that in the case of large caisson structures it is not enough due to specific 

conditions of their interaction with a soil bulk and inclusion the effect (factor) of a large scale. Hyper 

sizes of a shell lateral surface area, which interacts with heterogeneous soil, and its super large weight, 

which creates a powerful kinetic impulse during instant, often sudden subsidence, cause a beyond-

design situation for a caisson structure. Joint actions of these factors stipulate specific non-linear 

behavior of the structure at lowering as well as the host soil bulk. Due to the large massive structure 

strength and deformability, its geometric changeability is necessary to calculate not only the final 

stage of construction but also the whole history of lowering taking into account the history process of 

shell-soil bulk interaсtion during caisson lowering and, consequently, the gradual inheritance effect of 
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stress-strain behavior. These problems could be solved only by tackling non-linear problems, non-

linear models and computer non-linear simulation [3-5]. 

The results’ analysis in situ and calculation-experimental works and the comprehensive system 

data of geotechnical monitoring (Figure 1) of lowering large shells showed the features of their 

interaction with heterogeneous soil milieu [6]. The geotechnical profile for the monitored facilities is 

characterized as follows: the upper layer is represented by Quaternary strata down to the depth of 

14.0–25.0 m (saturated silty sands of medium density, Е = 11 МPа, С = 0 МPа, φ = 30°; plastic silty 

clayey sands, Е = 4 МPа, С = 0.01 МPа, φ = 15°; liquid-plastic silty sandy clays, Е = 9 МPа, 

С = 0.025 МPа, φ = 16°; semi-solid silty sandy clays with gravel and pebbles, Е = 14 МPа, 

С = 0.028 МPа, φ = 28°), the lower level represents the bed of dislocated solid Proterozoic  clays 

(Е = 19 МPа, С = 0.04…0.06 МPа, φ = 18…21°). 

 

 
(а)                                        (b) 

Figure 1. The measurement of a radius R and displacement of the center of circle О during its 

lowering to a depth Н: (а), (b) – respectively I – for Н = 17 m; II – for Н = 29 m; III – for 

Н = 25 m; IV – for Н = 29 m; О (I–II) = 0.108 m; О (III–IV) = 0.234 m. 
 

The monitoring identified a very important phenomenon: the peak values of horizontal stresses 

exceed the calculation values 2.3–2.5 times, and it is observed at deviation of the shell from the 

vertical axis and changes of its geometry (Figure 1, 2). It can be the reason of the process suspension 

of lowering the massive shell with a subsequent sudden, conditionally instant drop. Based on the 

analysis of the graph of lowering (Figure 2 (a)) it can be seen that a value of drop reaches 1.5 m and 

more. The shell structure takes impact beyond-design loads by creating a powerful kinetic impulse by 

its drop to the soil bulk of a pit bottom [7], that can cause occurrence of micro cracks in concrete of 

the structure and inevitably leads to violation of the structural hydro insolation. This phenomenon has 

been identified after 10–15-year-long operation of the gas and pumping station complex of the water 

treatment facilities of St. Petersburg [8]. 

  

(а)                                                                            (b) 

Figure 2. Graphs of shell lowering: D=51 m, Н= 53 m (1– tilt graph; 2 – an elevation of lower plane; 

3 – soil elevation; 4 – increase of shell weight) (a); the diagram of deviation of the shell from the 

vertical axis (b). 
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Geo monitoring showed unsteadiness of the external contour of the massive structure interaction 

processes [9]. Complex, uncontrolled character of the processes during conditionally instant 

embedment of the shell into the host heterogeneous milieu as well as the environment, that has 

physical and genetic non-linearity [10], demonstrate the study of shell stain-stress behavior and soil 

bulk can be carried out only on the computer modeling basis of this process using geotechnical and 

structural software complexes. 

2. The conditionally simulation instant drops of the massive shell during its lowering into 

heterogeneous soil milieu  

The analysis of the caisson structure behavior during its sudden uncontrolled sliding (drop) to the 

bottom of an open soil cavern from the height 1.3 – 1.5 m with the angles of deviation from the 

vertical axis 0.5°–5°С was conducted with a help of the software complex Autodesk Robot Structural 

Analysis Professional [11]. 

While developing the calculation model (Figure 3) it was considered that the shell structure 

consists of two cylinders, one stands on the other: the upper cylinder: the external radius R = 36 m, the 

internal radius R = 30.5 m, the height Н1 = 46 m; the lower cylinder: the external radius R = 36 m, the 

internal radius R = 30 m, the height Н2 = 25 m. Therefore, the external diameter of the shell was 

D = 72 m, the height of the shell was H = 71 m. Concrete grade - В30. 

In order to simulate a value of impact force at dropping the shell in the model the cylinder fell from 

the height Н = 150-250 cm under the action of its own weight with the tilt angle 0.5°-5° to a flexible 

soil (green-gray clay: φ = 21°, С = 0.04 МPа, Е = 19 МPа). A spatial calculation scheme of the shell 

was modelled: the weight G = 210000 tons; the amount of nodes 16944; the amount of volumetric 

finite elements 12496; the amount of static degrees of freedom 50828; the amount of loadings 27; the 

acceleration of gravity g = 9.81 m/kV.s; the time of drop t=      (2   g); Δt=0.30-0.54 s. Due to the tilt 

angle friction forces were applied in the upper part of the caisson from one side and in the lower part – 

from the opposite one. 

 

   

(а) (b) (с) 

Figure 3. The calculation models schemes of the lowered shell at different angles of its deviation 

from the vertical axis: static support at tilt (a); drop and sliding at tilt (deviation from the vertical 

axis) (b), (с). 

As the simulation of the drop processes at different angles of the shell deviation from the axis -ɑ 

and falling heights – ΔH was made in quite a large range, table 1 gives only the most typical results, 

which were taken for the analysis. The total results‘ calculation table of the motion equation 

integration for the shell during the drop (falling) at speeds VZ, VX, VY (сm s), acceleration 

AZ, AX, AY(сm s
2
) and displacements UZ, UX, UY (сm) included 186385 lines. 

Based on the simulation results (Figure 4) there were set admissible parameters of the shell spatial 

location and the ranges of its conditionally instant drops, which provide pre-limit strain-stress 

behavior of the shell. 
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Table 1. The simulation results. 
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Shape 11 Post-limit strain-

stress behavior ɑ=2.5°; 

ΔH=1.25 m 

Shape 17 Post-limit strain-

stress behavior ɑ=2.5°; 

ΔH=2.5 m 

Shape 22 Post-limit strain-stress 

behavior ɑ=3.5°; ΔH=2.5 m 

 

 

Figure 4. The area of limit admissible values of 

conditionally instant drops ΔH of the shell, D=61 m, 

height H=71 m, weight G=210000 tons, at different 

angles of deviation of the structure from the vertical 

axis ɑ° (Concrete В30; φ = 21°, С = 0.04 МPа, 

Е = 19 МPа). 

The simulation results show that for the large shell the recommendations of regulatory 

documents [12] have limited application and are needed to be confirmed via calculative modeling. 

3. The controlled regimes simulation of lowering the massive shell into a soil of different 

strengths using the methods of geotechnology  

Taking into account the previous steps’ results of modeling, at this stage the geotechnical simulation 

problem of the process of lowering the shell into the soil bulk in a controlled mode was solved. The 

geotechnical methods served as external impacts on the “shell-soil bulk” system.  

An incremental model of deformation type was used as the calculation soil model for solving the 

non-linear problem. A stress-strain connection in the model was taken separately for volumetric and 

shears components of a stress tensor  
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where ijdS  and ijde  are increments of stress deviator components and strain tensors, respectively; 

cpd and cpd  are increments of average stress and strain; 
TG and TK - tangent module of shape 

deformation and volume.  

Tangent module of deformation 
TG and TK were approximated according to linear polynomial of 

the second degree with one variable: 
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Approximating dependencies (2) are experimentally substantiated on the example of stabilometer 

triaxial tests (STT) [1, 2].  The model considers the conditions of loading and unloading according to 

the following criteria: 
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In order to fulfill the condition of “loading” tangent module 
T

HK and
T

HG  were calculated according 

to formulae (2) in compliance with the current stress-strain behavior. In order to fulfill the condition of 

“unloading” 
T

PK and
T

PG were defined according to other dependencies (4). 
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The calculation model parameters А0; А1; А2; Kp; B0; B1; B2 were defined based on STT data. The 

medium-grained sandy soil of the density Pd=1.65g сm3 and water content W=10% was used as the 

tested soil. All calculations were made using the numerical method of finite elements with a help of 

geotechnical software “PCK”. The procedure of solving the non-linear problem was reduced to the 

well-known method of variable rigidity [12]. Due to it, the matrix of rigidity was transformed at each 

step of the solution in accordance with the current level of stress-strain behavior and orientation of 

additional loading vector. 

Figure 5 (а) shows a characteristic graph of the shell contour displacement to the design position 

with inclusion of a geotechnical impact on strain-stress behavior of the surrounding soil bulk into the 

calculation. The results of simulation show (Figure 5 (b)) that rectification of the shell contour 

displacement almost to the design position (from 32.8 cm to 9.01 cm) allows decreasing an area of 

distribution and a value of the soil bulk settlement around the shell several times (the area of 

distribution reduces from 45 m to 9 m; the value of settlement, respectively, from 150 cm to 8 cm).  

4. Conclusions 

The analysis of behavior of the massive gravitational fencing shell during its gradual increasing and 

lowering into the heterogeneous soil milieu allowed identifying a number of factors, which 

characterizes its non-linear behavior in the conditions of joint interaction. 

Physical non-linearity is caused by behavior in the elasto-plastic area of the soil bulk, which 

contacts with the lateral surface, during deviation of the structure from the vertical axis. Geometric 

non-linearity manifests itself when its geometry changes asymmetrically during instant-stepwise drops 

of the massive shell. 

Unsteadiness of the massive structure interaction processes with the soil milieu as well as itself 

causes the creating control methods necessity of the stress-strain behavior of the system “gravitational 

large body – heterogeneous host milieu”.  
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Due to joint step-by-step making geotechnical and structural calculations a history of the shell-soil 

milieu interaction processes is simulated, the adaptive control parameters of the strain-stress behavior 

system, which are implemented with a help of external geotechnical impacts at the stage of 

construction of the structure, are predicted. 

The results of the considered concept are applied at geotechnical support of the unique 

underground structures of the sewage system’s lifecycle of St. Petersburg at construction stage of large 

caisson shells during simultaneous lowering and increasing of the structure. 

 

 
(a) 

 
(b) 

Figure 5. The displacement of the shell contour in continuous milieu: at correction of tilt 

under the conditions of action of a lateral additional load Q = 0.3 - 0.9 MPa (a); the influence 

of a value of the shell contour displacement Ux on settlements of the soil surface at correction 

of tilt (b). 
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