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Abstract 
 

Problematic issues of construction and operation in complex geotechnical conditions are systematized (subsiding and peaty soil, silt, 

filled, man-made soil, saturated, land sliding and seismically hazardous territories, densely developed areas) by the means of reinforcing 

soil massif by vertical soil-cement elements (SCE) using deep soil mixing (DSM) technology. The practical solution experience of highly 

efficient “man-made soil-cement base – foundation – structure” systems is shown by the example of complex geotechnical conditions 

under static and dynamic influences (including earthquakes and critical failure man-made loads), and excavation using SCE. A decreas-

ing in a settlement of soil-cement bases of buildings by 2 – 4 times compared to natural soil massif and increasing in soil-cement me-

chanical features by 2.5 times has been established. The options of decreasing the seismic hazard (increasing the seismic stability of soil) 

for securing the emergency-free operation of oil storage vertical steel tank in case of the varying intensity earthquakes utilizing the man-

made soil-cement base has been justified.  
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1. Introduction 

The subsiding and peaty soil, silt, filled, man-made soil, wsaturat-

ed, land sliding and seismically hazardous territories, densely 

developed areas are characteristic features of Ukraine [1 – 8]. 

Without accounting for soil features and adjusting the structural 

design to them the development of uneven soil settling is inevita-

ble.  

Struggling against the latter is way more expensive and compli-

cated than foreseeing it during the designing stage and develop the 

respective prevention mechanisms such as penetration through the 

weak soil by piles (foundations); strengthening the base; partial or 

complete replacement of weak soils with low geotechnical charac-

teristics. Traditionally these measures are combined with increas-

ing the rigidity or flexibility of buildings, and dewatering of con-

struction sites. [9, 10]. 

Method of improving the construction properties of soils by erec-

tion of vertical SCE by DSM technology is one of the most effec-

tive ones for solving the mentioned above geotechnical tasks. It is 

technologically simple, sufficiently universal and economical due 

to the use a local soil as a material for elements, and also does not 

have a dynamic effect on the surrounding buildings and their 

foundations. [2 – 4, 6 – 17]. 

The main feature of SCE is that they allow to strengthen practically 

the entire range of soils from gravel deposits to fine-grained clays, 

silts, peat, loess loams. In this case, the destruction and simultaneous 

mixing of soil with cement mortar in the mode of "mix-in-place" 

(mixing on-site).  

Between solid particles, there are strong, due to binders, bonds that 

significantly increase the strength of the soil and reduce its compres-

sion [10 – 16]. 

The effect of solidification (strengthening, reinforcing) of the bases is 

that in a certain volume of weak soil a part of it is replaced by a rigid 

artificial semi-rock material – soil-cement, with a relatively large de-

formation module (Е = 70 – 200 MPa), specific cohesion  (c = 80 – 

200 kPa).  

In this case, the angle of internal friction of the soil usually corresponds 

to its natural value, and the Poisson coefficient  is – 0.25 – 0.33. Soil-

cement strength amounts R = 2 – 6 MPa [2 – 4, 10 – 17]. The natural 

(including subsidence and weak) soil, clamped between the created 

vertical SCE, also increases its mechanical parameters due to the im-

possibility of lateral protrusion (Fig. 1).  

The deformation module and the strength parameters of the created 

artificial base of various, including plate, foundations are generally 

considered to be weighted average  [2, 7, 10 – 17].  

Its value can be adjusted by changing the distance between the SCE 

and its length. Further calculations are performed taking into account 

the specified characteristics as for natural bases using standard methods 

or numerical methods, in particular, the finite element method (FEM) 

[2 – 4, 16, 17]. 

Depending on the loads and engineering-geological conditions, the 

required number and length (up to 40 m) of the SCE are deter-

mined. A number of structural schemes of reinforcement of an 

array with vertical SCE have been allocated (fig. 2).  

The grid of SCE is created with a different step without mutual 

interaction or with their "intersection" [2 – 4, 10 – 17]. 
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Fig. 1: Strengthening the weak and subsidence soils by vertical SCE 
 

 
a                       b                       c                           d 

 

Fig. 2: Structural schemes of reinforcing the massif by vertical SCE: а – 

singular SCE; b – panel type; c – net type; d – block type 

 

The degree of damage to an object during an earthquake depends 

not only on the level of seismic influences but also on the quality 

of seismic design and construction  [5, 6, 18 – 22].  

According to new seismological studies [5], it has been 

established that in the territory of Ukraine and other countries, 

including on its platform part, there is a danger of local and strong 

submarine earthquakes with magnitude greater than 5 (more than 

6 points on the MSK-64 scale). This creates an additional risk of 

exploitation of existing and new oil storage vertical steel tanks. 

Therefore, according to the norms [5, 6], the probability of 

exceeding the estimated intensity of seismic influences over 50 

years should be taken into account when designing vertical steel 

tanks (VST) for storing petroleum products that are objects of high 

responsibility.  

This significant factor increases the risk of trouble-free operation 

and, accordingly, the cost and complexity of the construction of 

these engineering structures, as it is necessary to perform 

additional calculations and develop appropriate design solutions to 

minimize the risks of their earthquake accidents. 

Studies performed the by experts from Japan, Canada and the United 

States have indicated that in the conditions of significant seismic 

loads, the deformation characteristics of the soil become non-linear 

[5, 18].  

An analysis of the world and national experience in using different 

methods of reducing the dynamic and vibrational effects on weak, 

water-saturated, structurally unstable soils showed that the most ef-

fective means for their artificial transformation is cementation with 

the help of jet or mixing technologies [6, 21, 22]. 

When constructing deep foundation excavation for objects, there 

is a problem of ensuring the stability of their sides, especially in 

weak soils, since the excavation significantly affects the stress-

strain state (SSS) of a soil massif, the hydrological situation in the 

territory, the condition of surrounding buildings, structures and 

communications [8, 10].  

To reduce the cost of constructive solutions for the stabilization of 

foundation excavations, a positive experience has been accumulat-

ed in securing their sides by vertical SCEs. This method is also 

suitable for excavations in the conditions of dense urban develop-

ment since it does not have a dynamic effect on surrounding build-

ings and structures. 

But today the problem of building and exploitation of buildings 

and structures in complex geotechnical conditions with application 

of SCE manufactured by DSM technology is not systematized yet. 

Therefore, the goal is to analyze author's decisions on the bases, 

reinforced by vertical SCEs, to provide the engineering methods 

for their calculation, and compare the results of analytical deci-

sions with the data of long-term physical observations. 

2. Main Body 

A characteristic research object of a vertical reinforcement of the 

weak base of plate foundation by SCEs is a grain storage facility 

consisting of 2 silages the volume of each is 24121 м3 (20000 tons 

of crops).  

The silages are cylindrical tanks manufactured of the steel wavy 

profile sheets connected by bolt joints (Fig. 3, а, b).  

The construction site is – Ivkivtsi village of Chernihiv region. The 

engineering and geologic conditions of the site (Fig. 3, c) to the 

depth of 13 m are characterized by compressible clay soils (ta-

ble. 1).  

According to analytical calculations, in order to reduce the abso-

lute settlement of the building in these engineering-geological 

conditions, it was decided to arrange a foundation plate on the 

reinforced to the depth of 12 m by SCE. In order to provide the 

necessary characteristics of strength and deformability of the base, 

the percentage of its reinforcement was approximately 25%. At 

the same time, the SCE diameter was 0.5 m, and their step - 0.9 

and 0.95 m.  
 

Table 1: Physical and mechanical properties of the soils 
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1 Filled soil 15,0 - - - - - -/- 

2 

Loam with 

the organic 
admixtures 

17,0 0,2 0,10 0,10 20 18 6 

3 Loam  18,8 0,22 0,10 0,30 14 21 9 

4 Loam 18,5 0,28 0,15 0,40 13 20 8 

5 Loam 19,0 0,22 0,10 0,30 15 22 10 

6 Sandy loam 19,1 0,18 0,06 0,50 7 23 15 

7 Clay 19,3 0,25 0,20 0,20 40 19 26 

8 Loam 19,2 0,23 0,08 0,63 20 20 19 

The value of the specific cohesion of the reinforced mass was taken 

as the weighted average between the characteristics of the soil and 

the soil cement, and the angle of internal friction - did not change. 

The value of the deformation module of the soil cement is accepted 

as Еsc=180 MPa, and specific cohesion is сsc=100 kPa.  

The calculated values of the mechanical characteristics of the rein-

forced soil mass are given in Table 2.  

For uniform pressure transfer on the reinforced base between it and 

the plate the intermediate layer of crushed stone of a fraction of 20-

40 mm and the thickness of 0,5 m was established. Stamping tests of 

the reinforced base were carried out, the results of which correspond 

to those calculated in Table. 2 

Geometric leveling was carried out to control the settling of the 

foundation at the initial loading/unloading. The settling was de-

termined using the marks, that were placed over the perimeter of 

the silage structure (4 marks per each), in the process of loading, 

and then - unloading.  

As a result of leveling in the subsequent study, the parameters of 

the finite-element spatial model of the basis were selected. 
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c  
Fig. 3: The general view of silages by the volume of 24121 m3 each (20000 

tons of crops): а – facade; b – plan at +0.800 level and the plate cross sec-

tion; c – engineering and geological profile 
 

 

Table 2: Calculated values of mechanical properties  of the reinforced soil 

massif 

#
 

# of EGE 

Specific 
gravity of 

soil γ 

(kN/m3) 

Specific 

cohesion  с 

(kPa) 

К internal 

friction angle υ 
(deg) 

Deformation 

module Е (MPa) 

1 EGE-2 18,5 39,5 18 49,0 

2 EGE-3 19,4 35,0 21 50,8 

3 EGE-4 18,5 34,3 20 50,0 

4 EGE-5 19,0 35,8 22 51,5 

 

The simulation of the SSS of the reinforced by SCE base of the plate 

foundation of silages was performed in the PLAXIS 3D FOUNDA-

TION software in the spatial formulation. The design scheme of the 

plate foundation and its base corresponds to the provisions of the 

building mechanics and soil mechanics [23]. At the same time as a 

model of soil, there was HSM accepted using the parameters, that 

were obtained from geodesic observations over the settling of a rein-

forced base of the foundation plate. This model adequately describes 

the basis of SSS at stages of loading and unloading.  

To apply the HSM model you need to set seven basic output parame-

ters: υ – internal friction angle; с – specific cohesion; ψ – dilatancy 

angle; Е50
ref – sectional deformation module at the stress equal to the 

half of a collapsing one; Еoed
ref – compression deformation module; 

Еur
ref – deformation module over the trace of secondary loading (as-

sumed to be Еur
ref = 3Еoed

ref according to geodesic data); т – rigidity 

indicator of hyperbolic function (soil strengthening intensity). 

Fig. 4 shows a deformed finite-element spatial grid of the calcula-

tion model at one of the simulation stages. Fig. 5 shows graphs of 

the settlement of the base at the initial loading (by 50%) and un-

loading according to geodesic observations and numerical simula-

tion. 

   
Fig. 4: deformed finite element spatial grid of calculation model at one of 

the modeling stages  
 

 
 

Fig. 5: Base settlement curves in time according to geodesic observation 

and numerical simulation 
 

In the general case, the reservoirs are designed for the resistance 

against overturning and shifts from wind loads, non-uniform de-

formations of foundations or seismic influences. At the next stage, 

the calculation of the main and auxiliary structures of the reservoir 

is performed. The base of the reservoir foundation is calculated: 

1) for the bearing capacity and checking the stability of the reser-

voirs and avoiding their capsizing; 2) for deformations (absolute 

vertical settling together with the subsidence of the center of the 

foundation and contour circle, unevenness of the subsidence, tak-

ing into account the local damping of the subsidence layer, the tilt). 

Calculation of bearing capacity of the base, determination of the 

settling, the settling and reservoir’s capsizing is similar to other 

buildings and structures and is carried out in accordance with the 

standard requirements. The average settling of the contour circle 

for tanks of up to 30,000 m3 should not be more than 20 cm, for 

reservoirs with a volume of 30,000 m3 or more - no more than 

30 cm. The calculation scheme for determining the seismic re-

sistance of the reservoir is given in Fig. 6 
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Fig. 6: Calculation scheme for seismic stability of a reservoir 

 

In the conditions of an earthquake, in addition to external oscilla-

tions, the component of the seismic load from the vertical vibra-

tions of the soil, there are additional loads from the side of the 

product on the wall and bottom of the reservoir - is: 1) hydrostatic 

load and pressure from the effect of excess pressure; 2) impulsive 

(inertial) component of the hydrodynamic pressure; 3) convective 

(kinematic) component of hydrodynamic pressure.  

The impulsive component of the pressure arises from the part of 

the product moving in the conditions of the earthquake together 

with the wall of the reservoir. Fluctuations in the fluid inside the 

reservoir create convective pressure and lead to the appearance of 

waves on the surface of the product. Vertical fluctuations of the 

base of the reservoir also induce an additional load on its wall.  

The seismic stability of the reservoir should be considered secured 

with the simultaneous fulfillment of the following conditions: 

a) the reservoir does not overlap during the earthquake (the crite-

rion of overturning is the limiting state in which an entire plastic 

hinge appears on the outer radius of the raised part of the bottom); 

b) the stability of the lower belt of the wall is ensured by the ac-

tion of longitudinal and transverse loading; c) ensuring the condi-

tion of strength for all supporting elements of the reservoir. 

There may be several concepts for reducing the seismic hazard by 

improving the properties of soil bases by reinforcing them by ver-

tical SCE.  

Concept 1 – limiting damage from liquefaction "limiting soil 

seismic shock absorber" – a seismically isolating technology to 

mitigate impact during earthquakes which include the work of the 

soil mass of a continuous soil-cement wall. Such a structure can 

effectively limit the settling and lateral displacement of the soil, as 

well as the displacement of structures. 

Concept 2 – method of limiting lateral displacement of soil due to 

its reinforcement by SCE. Lateral displacement of soil, which is 

caused by their liquefaction during the earthquake, and the hori-

zontal displacement and sedimentation of tanks reduced by soil 

reinforcement using SCE placed in chess board manner in the 

existing dam. Such technology prevents the leakage of contami-

nated liquid from damaged pipelines. 

Concept 3 – method of the solid cement sheath. The soil degrada-

tion during an earthquake is limited by the use of a "limiting soil 

seismic shock absorber", resulting in the soil being a closed solid 

cement wall. The leakage of contaminated liquid due to the dis-

placement of the reservoir or damage to the pipeline is warned by 

reducing both the values of precipitation of the foundation of the 

foundations, and their unevenness. 

Concept 4 – method of fencing by SCE. The sedimentation and 

loss of stability of the oil-protective soil dam caused by earth-

quakes, as well as the leakage of contaminated liquid outside the 

dam, may be limited or prevented by the arrangement of the soil 

cement wall along the contour of the dam. In addition, the soil 

leaching during an earthquake is limited by the use of a "limiting 

soil seismic shock absorber", through which the soil turns out to 

be a closed solid ground cement wall. This can prevent leakage of 

contaminated liquid due to displacement of the reservoir or dam-

age to the pipeline. 

Concept 5 – method of a continuous artificial ground cement base. 

Reducing the influence of dynamic load on the aboveground part 

of the structure during earthquakes due to the increase of elastic 

deformation parameters of the base. 

Reducing the effect of the dynamic load on the aboveground part 

of the structure in earthquakes can be achieved by reducing the 

acceleration and the amplitude of fluctuations in the base of its 

foundations. One of the options for reducing seismic intensity is to 

increase the seismic hardness Vsρ of the active layer of soil by 

increasing the rate of propagation of seismic waves in it. Such an 

effect can be achieved by increasing the elastic deformation char-

acteristics of the base, using the mixing technology. With this 

approach it is possible to increase the modulus of elasticity of the 

base to 500-2000 MPa, the rate of propagation of waves up to  

600 - 1000 m / s at constant density. 

Improvement of the damping characteristics of an artificial base 

occurs due to the presence of a gravel or sand layer, as well as due 

to the friction and grip of clogged soil on the contact surface SCE.  

Therefore, the vertical components of the seismic impulse (verti-

cally directed pulses) are damped by the gravel layer and being 

transferred only in a weakened form to the plate base. In the zone 

of artificial foundation, vertical SCEs partially absorb and dissi-

pate the energy of a seismic wave (dissipation) in a manner similar 

to a pile foundation.  

The elimination of thixotropic and liquefaction properties of soils 

is due to local cementation within the SCE and to increasing in the 

soil shrinkage resistance, which is clamped between these ele-

ments. It also increases the filtration consolidation resistance of 

the weak base due to its reinforcement. 

The main idea of the authors is the development of a universal 

artificial base, which will meet the regulatory and technological 

requirements for both the static conditions of RVS exploitation on 

subsiding and weak soils, as well as in the case of seismic influ-

ences of varying intensity. As an example, the geotechnical solu-

tions for the oil tank of the RVSP-20000 oil-pumping station 

"Avgustivka" (Avgustovka, Odesa region) are given.  

The technological parameters of RVS-20000 are shown in Table 3. 
 

Table 3: Technological parameters of oil reservoir RVSP-20000 

Parameters Value 

Density of the product (oil), t/m3 0,89 

Calculation level of filling by the product, m 16,2 

Water table during the hydraulic testing, m 16,75 

Internal  excessive pressure none 

Standardized internal vacuum none 

Exploitation intensity (cycles during a year), min/max 20/100 

Characteristic snow load, kg / m2 102 

Characteristic wind load, kg / m2 51 

Estimated seismic intensity, points 8 

The coldest day temperature with a 0,98 provision 0С minus 24 

Maximum storage temperature of oil, 0С plus 25 

Estimated lifetime, years 40  

Estimated height of the wave of oil under the influence of 

seismic load, m 

0,32 

The amount of corrosion on the walls of the sheet, mm 0 

Minimum marking of the surface of the loop relative to the 

surface of the crust, mm 

+0,5 

Geometrical parameters of RVS-20000: 1) nominal volume 

20000 m3; 2) geometrical volume  20956 m3; 3) height of the wall 

17,926 m; 4) inner diameter  39,9 ,; 5) surface area product 

1250,4 m2. The diameter of the base plate is approximately 40.5 m. 

The pressure under the plate footing during the hydraulic testing 

was 168,1 kPa, during the exploitation, it was 180,9 kPa. The 

evenly distributed load along the contour of the foundation during 

testing was 31.65 kN / m, during the exploitation, it was 

40,33 kN/m, at wind loads – ±6 kN/m, at seismical impacts – 

+353,73/-268,67 kN/m. The magnitude of the surplus horizontal 

seismic forces, transmitted from the construction of the reservoir 

to the plate - 65,500 kN. 

Geomorphologically, the site is located on a water slide between 

Kuialnytske and Khadgybeiske gulfs. The structure involves bulk 

soils, quaternary loams, which are submerged by sandy-clay de-

posits of the tunnel level of the Neogene, below the section are 

meiotic clays.  
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The level of groundwater - at a depth of 8.6 - 8.8 m from the 

earth's surface. The horizon is unpressurized, unloaded down the 

trench. Two sites with complex engineering-geological conditions 

are considered. The complexity of the first of them is character-

ized by the presence of mollusctic and fluid loams and sandy 

loams at the depth of 7.6 m from the surface of the land, the loams 

belong to weak and strongly compressed soils (the deformation 

module fluctuates within E = 3 - 5 MPa).  

The total depth of these soils is approximately 12 - 13 m. The 

weak and strongly compressed soils are underlied by semi-solid 

clay at a depth of 21.7 - 23.9 m 

 
 

а 

 
b 

Fig. 7: Engineering and geological profile of the construction site 
 

The weak soil in a case of seismic influences may become lique-

fied, and get additionally densification, resulting in excessive de-

formation of the reservoir. The complexity of the second site is 

characterized by the presence of a subsidence soil of a more than 

5 m thickness. 

According to seismic properties, the category of soils is III. Nor-

mative seismic intensity of construction sites is 8 points (accord-

ing to the map of the ZSR-2004-C [20]), the estimated – 9 points. 

For these conditions, several decisions were considered: 

1) penetrating through the weak and subsidence soil by reinforced 

concrete piles of 350x350 mm section in order to reach the strong 

clay formation, as well as the elimination of the subsiding proper-

ties of the soil of the inter-pile space by deep densification (erec-

tion of ground piles with the diameter of 300 mm), the construc-

tion in the base of a foundation a plate with a thickness of 0.7 m, 

hinged joints of piles with a plate; 

2) the same as in the first variant, but on top of the piles it is as-

sumed that the gravel layer is placed in order to damper the vibra-

tions of the reservoir and avoid the transfer of horizontal loads to 

the piles; 

3) the erection of the artificial base by reinforcing the weak soil by 

vertical SCEs by the diameter of 500…650 mm, the rest is the 

same as before. 

The perception of horizontal seismic loading due to the work of 

piles with the soil is provided only by a significant amount 

(~ 1000 piles), which is economically inexpedient since the verti-

cal load on the piles will not be more than 35% of the permissible. 

Therefore, this option was not further compared. 

The option with vertical SCE was much cheaper and could be 

realized over a shorter period of time. The length, diameter, and 

step of the SCE were determined by the iterative method.  

The main criterion for calculating was the provision of less than 

the critical values of the settlement of the center and the extreme 

calculation points of the base plate, the reservoir tilt, as well as the 

load-bearing capacity of the foundation during the seismic influ-

ences. As a result of calculations, it was established that the opti-

mal diameter SCE is 500 mm, step - 1,0 m (2d). Information ge-

otechnical model of RVSP-20000 is shown in Fig. 8 

 
Fig. 8: Spatial calculation scheme of the  «reinforced soil – gravel layer – 

foundation» system 
 

Modeling is carried out to confirm the correctness of the solution of 

«soil mass - reinforced base - gravel damping layer - foundations - 

reservoir» system’s SSS. The problem was solved in a two-

dimensional ("axial") statement using FEM taking into account the 

estimated seismic impact [23]. 

Soil foundation, artificial foundation and gravel layer are given in 

the form of clusters with the corresponding characteristics. The 

base plate is given by a beam element with a corresponding bend-

ing EI and a normal EA rigidity, which corresponds to a thickness 

of a plate of 0.7 m. 

To determine the parameters of the fluctuations of the tank, it was 

modeled by beam elements, and oil was modeled by a cluster with 

corresponding characteristics. The calculation scheme is shown in 

Fig. 9 
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Fig. 9: Estimated axisymmetric scheme of the system  
«Soil massif - reinforced soil - gravel damping pillow - foundations - res-

ervoir» 

 

The dimensions of the calculation zone aside from the construction 

are taken from the condition of preventing their influence on the 

deformation of the foundation.  

The depth of the boundary of the calculated area was chosen from 

the condition of the absence of additional stresses and taken 50 m 

(for the conditional achievement of rocky or semi-rocky soils); 

forced oscillations to the lower plane of the calculated model in the 

form of an accelerograph of the earthquake (with parameters corre-

sponding to the intensity of seismic influences at 9 points) are given.  

On the right side of the model, absorbing boundaries are given, the 

task of which is to prevent the reflection of waves from the side 

faces of the grid; The soil is modeled by a linear model with corre-

sponding coefficients of elasticity. 

The influence of hydrostatic water pressure was taken into account 

when determining the appropriate level of groundwater. Damping 

the building and the base is modeled using Relay coefficients. 

Forced horizontal displacements of the lower boundary of the 

calculated area are given ux = 0.01 m, vertical - uy = 0. 

An example of the general form of an artificial basis with vertical 

SCE is shown in fig. 10. 

 
Fig. 10: A general view of the artificial basis from the vertical SCE 

 

The construction of the protective structure of the ditch sides is a 

soil mass reinforced by a rigid vertical SCE in a checkerboard 

pattern. In this case, the natural soil is trapped between the frame, 

which is created by vertical SCE. This design works as a single 

massif  [9].  

Therefore, to determine its durability, it makes sense to use the 

design scheme of a massif retaining wall (Figure 11). Its calcula-

tion goes down to determining the ratio of shear and restraint forc-

es to the retaining wall [8]. 
 

 

Fig. 11: The calculation scheme of the method for determining the 

stability of the ditch sides reinforced by vertical SCE: Н – length of 
SCE; b – width of soil-cement wall; hзагл – length of SCE  below the bot-

tom of a ditch; G – gravity of the wall; Еп – reactive pressure of the soil ;  

Еа – a total active soil pressure ; q – load at the ditch edge; γ – specific 
gravity of the soil 

 

The retaining forces are: the own weight of the retaining wall G 

(taking into account the weighing action of the water for the case 

that the bottom is lower than the groundwater level), the adhesion 

forces acting behind the lower edge of the wall, and the passive 

backing of the soil En, acting on the lower part of the excavation 

bottom walls.  

The shifting forces are the total active pressure Ea on the wall 

(pressure σ on the wall from the natural soil) and the load q on the 

ditch (figure 11). 

The active pressure of the soil on the wall with vertical GCE, 

taking into account the adhesion forces (in Fig. 11 the calculation 

scheme for a homogeneous base is given) is 
 




/2)2/45(2)2/45(
2

22

2

ccHtgtg
H

Ea  ,      (1) 

 

where υ and c – are the angle of internal friction and specific co-

hesion of the soil, which must be determined by unconsolidated-

drained tests (soil samples are pre-saturated with water and com-

pacted only to the values of vertical pressure, which takes place in 

the massif, provided it is completely saturated, γ is the specific 

gravity of the soil (below the groundwater level, the weighing 

action of water should be taken into account), and H is the length 

of the vertical GCE. 

The sum of the projections of the restraint forces Fsr on the hori-

zontal plane will be 
 

Fsr = (G – hw·b)·tgυс + A·cс + Eп ,                                                (2) 
 

where G – the weight of soil-cement wall, G = γс·b·H;  

hw·b – hydraustatic resistance (if water table exceeds hw wall footing 

level); υс and cс – the angle of internal friction and the specific 

cohesion of the reinforced massif, which are defined as the weighted 

average in terms of area (the strength parameters of the soil and ground 

cement are set by unconsolidated-drained tests); А – the area of 1 m of 
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soil-cement wall; Еп – the active pressure of the soil on the soil-cement 

wall, which is determined by the formula (3); γс – specific weight of the 

reinforced massif (weighted average over the area); b – width of the 

soil-cement retaining wall. 
 

)2/45(
2

22 


 tghE заглn
,                                          (3) 

 

where hзагл – length of vertical SCE below the ditch bottom;  

υ – internal friction angle, obtained via unconsolidated-drained tests 

(to determine the stability of the wall for the period of excavation), to 

determine the pressure on the underground part of the building during 

its operation, it is necessary to use the value of the internal friction 

angle obtained by the consolidated drainage tests ; γ – specific gravity 

of the soil. 

Expression (4) derived from Coulomb-More strength criteria 

τ = σ·tgυ + c provided that the tangential stresses in the reinforced 

massif are equal τ = (Еа – Eп)/А, and normal stresses are σ = (G –

 hw·b)/А 
 

Еа – Eп = (G – hw·b)·tgυс + A·cс .                                       (4) 
 

Using equation (4), it is possible to determine the stresses in all 

horizontal sections of the retaining wall, choose the dimensions of 

the section of the reinforced massif, diameter, quantity, step and 

length of the SCE. 

Calculation of such a construction by a flat shear along its footing 

can be performed according to formula (4), in which the  υс and cс 

reinforced massif should be replaced by strength characteristics  

(υ and c) of soil in the base of retaining wall, which are 

determined by the scheme of consolidated drainage tests. 

Checking the stability of the retaining wall against the capsizing 

must be carried out using the condition  рmin>0 (where pmin – 

minimum pressure under the edge of the footing of the retaining 

wall from the ditch side). 

Determining the minimum pressure on the soil under the edges of the 

footing of the soil-cement retaining wall is possible using formula  (5) 
 

W

M

b

bqG
P





min

,                                                       (5) 

 

where W – a moment of resistance of the footing of the retaining 

wall; ΣМ – the sum of the moments with respect to the point at 

which the resultant of the vertical force (G – retaining wall’s 

gravity) and a plane of the retaining wall footing intersect each 

other. 

In this case, if the tangential stresses in the body of the "retaining 

soil-cement soil wall" do not exceed normal, then the 

"deformation-stress" relationship will be linear, respectively. 

To evaluate the stability of the sides of the ditch, reinforced by 

vertical SCE, the graphoanalytical method of round cylindrical 

sliding surfaces is tested, which is based on the theory of limiting 

equilibrium of soils, and considers the limiting stress state of the 

massif (Fig. 12). 

In this case, the weighted average values for the horizontal cross-

sectional area of the slip surface between the values of the natural 

soil and the soil cement should be included as strength characteris-

tics in the calculation.  

The properties of the strength of the soil -cement should be deter-

mined by unconsolidated-drained tests, which is closer to the real 

conditions of their work. 

The diameter, number, width, and length of the vertical SCE deter-

mined by the analytical method are checked by graphoanalytical 

calculation. In this case, it is necessary that at a value of the coeffi-

cient of stability kst = 1,2, there wouldn’t be any landslide pressure. 
 

 
Fig. 12: The calculation scheme for determining the stability of the ditch 
edges fixed by vertical SCE according to the graphoanalytical technique  

 

To achieve the goal, it is rational to apply numerical approaches 

that enable the FEM to estimate the SSS of the massif reinforced 

by vertical SCE.  

The advantage of this approach is the ability to analyze SSS at 

each stage of construction, if necessary, develop additional engi-

neering solutions and make appropriate design activities in the 

calculation area. 

In this case, the Plaxis software complex is used, in which the 

problem is solved in a flat setting. At the same time, an elastic-

plastic model of the Mohr-Coulomb soil was used.  

Calculation of the stability of the sides of the excavation was car-

ried out according to a scheme that takes into account the change 

in the strength characteristics of the soil until the massif passes 

into the state of limiting equilibrium. 

The coefficient of stability of the pit wall is defined as the ratio of 

the initial strength characteristics to their limit values: 
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k
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 ;                                                           (6) 
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where с and  – strength parameters;  – component of the normal 

voltage ; сr and r – parameters of reduced strength, which are 

necessary to maintain equilibrium. 

The strength parameters are controlled by a common factor  Msf. 

This parameter changes with a phased calculation until destruction 

occurs.  

Further, the safety factor is defined as Msf when destroyed, from 

the condition that we get it practically constant  

value for successive stages of loading. 

3. Conclusions 

The method of reinforcing the bases by SCE has confirmed its ef-

fectiveness for weak and subsidence soils. The high reliability of the 

FEM modeling of the "reinforced soil - foundation - structure" sys-

tem with the use of the PLAXIS complex has been confirmed. For 

the SSS simulation of the plate foundations bases of silages and 

reservoirs, there should be HSM model used since it correctly de-

scribes both loading and unloading steps. 

The variant of the base plate on an artificial cement-based basis, 

which transforms the weak and subsidence thickness into a com-

posite material, is earth-resistant, costs less than a pile and is more 

technological.  

Due to the reinforcement of a part of an massif of weak and sub-

sidence bases, the amplitude of the vibrations of the reservoir 

decreases, the nature of the acceleration of the soil changes, and 

the values of soil acceleration in the level of the bottom of the 

foundation are reduced, which is ensured by an increase in the 

velocity of the spread of seismic waves in the soil cement base, as 

well as by increasing the strength and deformability characteristics. 
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In case of seismic influences with a calculated intensity of 9 points, 

the maximum calculated horizontal displacement of the top of the 

reservoir did not exceed 6 mm, the bottom – 10 mm. The differ-

ence in displacement of the bottom with respect to the top is 

16 mm, which is less than 20 mm and therefore is permissible. 

The reservoir does not overturn, the condition for the shift of the 

base plate relative to the gravel pillow is observed.  

The effectiveness of constructive solutions for securing the sides of 

trenches with vertical SCE is established. An analytical technique for 

assessing their stability has been developed. 
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