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Abstract — The results of forecasting the development of
uneven settlement of buildings according to computer simulation
of soil foundations with various geological structure using the
software package «Alterra». The regularities of uneven vertical
displacements and changes in the stress-strain state of the soil
foundation were identified. The estimated data were compared to
the results of the real object survey and monitoring.
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I. INTRODUCTION

The problem of prevention of nonuniform vertical
movements (settlements) of the foundations is very actual both
in construction and in mining industries now. The reasons of
non-uniform settlements are insufficient accuracy of
calculations in designing of the foundations for large typical
construction buildings and structures [1], [2]; features of a
geological structure of the foundation (look, state and bedding
of soils) [3], climatic conditions [4] and technogenic factor
("overload" of building, soaking of soils basis, lack of planned
overhauling) [5]. The monitoring of vertical movements in
most cases covering the period of 5 and more years is
performed for prevention of nonuniform movements.
Therefore, an actual problem of the modern construction is the
possibility of prediction of deformation processes in the soil
foundations on the basis of their numerical modeling [6] at
various technogenic influences [7] that will provide reduction
of terms of monitoring. The solution of the problem is
achievable by means of the modern program complexes for

geomechanical calculations [8] [9]. The geomechanical
computer models of the foundations developed by a finite
element method allow to review the “foundation-soil” system
at different stages of construction and operation of the
structure [10] [11], to study in detail the processes of vertical
movements in time and formations of stress-strained state of
the soil body [12].

The conducted researches on computer prediction of
nonuniform settlements consisted in stage-by-stage studying
of soil bodies of various structure and application of the
obtained data on an actual object. The modeling of
nonuniform settlements was made with application of
"Alterra” software complex for geotechnical calculations
provided free for non-profit use by the InzhProyektStroy
company. The purpose of the simulation was to establish
interrelations between the foundation settlement and factors
influencing their emergence; to study the stress-strained state
of a soil foundation of a homogeneous and nonuniform
structure at nonuniform vertical load, and to develop
recommendations on fixing the soil foundation for prevention
of nonuniform settlements.

Il. MATERIALS AND METHODS

Basic methodical positions of building calculation models
are presented in the works of authors [13-15]. The analysis
took into account the simulation results for different
conditions presented in [15-21], where the characteristic
features of the soil body condition changes were noted.
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Fig. 1. Calculation model for loading of homogeneous (a) and inhomogeneous (b) soil bodies
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In the primary stage of the research, the model of loading
the homogeneous soil body by two closely spaced stamps was
reviewed. The mechanical parameters were the following: the
deformation module E =5 MPa; Poisson's ratio v=0.36;
angle of internal friction ¢ = 18°; specific cohesion C =5 kPa;
the average density p = 1750 kg/m® (Fig. 1, a). The parameters
of stamp: deformation module E = 2000 MPa; Poisson's ratio
v=0.15; the average density p; = 2500 kg/m®; width b;= 1 m;
height h; = 0.5 m. The uneven loading of the soil was achieved
by setting different load ratios to the stamps P,/P; similar to
the approach described in [20].

In order to assess the impact of structural inhomogeneities
of the foundation, the base of models was established
optimized according to the principles set forth in [21] with
P; =60 KN, ratios P,/P;=1.0, 1.5, 2.0 and a three-layer
structure of the foundation (Fig. 1, b) formed by soils with
different physical and mechanical properties (Table 1)
corresponding to the properties and structure of a real object
foundation which is discussed below.
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I11. RESULTS AND DISCUSSION

As a result of the calculations, the close-to-linear
dependence was set of the vertical displacements (settlements)
S,/S, under the corresponding stamps on the ratio of loads
P,/P; (Fig.2). Violation of the linear dependence at
P, =80kN and P,P;=3.0 was caused by compression
strength failure of the soil and the development of large plastic
deformations.
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Fig. 2. The dependence of vertical displacements (settlement) under the
stamps S1/S; on the ratio of the loads on the stamps P,/P;
at Py is equal to:
1-P;=40kN; 2 - P, =60kN; 3—- P, =80 kN

The vertical stresses under the stamps o;; and oy, decrease
monotonically with increasing depth of the model z, while
their values are many times higher under stamp number 2
(Fig. 3, @). In the analysis of horizontal stresses oy, and oy, it
was identified that at the ratio P,/P, =1 the stress decreases
with depth, but when P,/P; = 1.5...3 the formation of tensile
stress zone was noted from the depth =3 m, and the stress
concentration and the width of this zone depend on load P,
and the ratio P,/P;. At high values P,/P; under the most
loaded stamp the zone of maximum compressive stress is

formed in the range z=3m (Fig. 3, b).
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Fig. 3. Dependence of vertical o; (a) and horizontal o (b) stresses under the stamps on the depth of the soil body z
with loads P; = 60 kN and ratios of loads on the stamps P,/P; equal to:
17P2/P1:1; 27P2/P1:1.5;37P2/P1:2;47P2/P1:2.5;57P2/P1:3
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The detailed analysis showed that the effect of closely set
stamps in the presence of one more loaded on the stress state
of the soil body is as follows:

. increase in absolute values of stresses o;; and oy,

without change in the character of their distributions with the
increase of ratios P,/Ps;

e the dependence of the peak values o in the zones of

tensile stresses under both stamps on the ratio P,/P;

the formation of the concentration zone of
compressive horizontal stresses oy under the less loaded stamp
with increase of the load and relationships P,/P;.

The zones of horizontal tensile stresses, most dangerous
from the point of breach of grounds stability, are distributed
over the depth of the model in the range z=3...8m. To

quantify the emerging abutment pressure zone, the following
integrated features are introduced: distance to the point of
maximum stresses; coefficient of concentration kc:
K — o-xi,max
C o. ’
xi, lost

@)

where: oy max 1S peak (maximum) stresses in the zone of
stress concentration, kPa; oiest IS Conditional stresses in the
untouched part of the soil body, kPa.

The character of the maximum tensile stress zone
development and the dependence of the coefficient k. on the

Fig. 4. Form of formed zones of tensile stress concentration (a) and the dependence of the
concentration coefficient k. on the ratio of loads on the stamps P»/P; (b) and the value of P;:
17P2/P1:l; 27P2/P1=1.5; 37P2/P1:2;47P2/P1=2.5;57P2/P1:3;
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Fig. 5. Dependence of the vertical deformations & and &, of the soil body on the depth
of the body soil z at loads P; = 80 kN and the ratios on the stamps P»/P; equal to:
17P2/P1:l; 27P2/P1=1.5;37P2/P1:2;47P2/P1=2.5;57P2/P1:3

The character of development of the vertical deformation
& repeats to a great extent the character of the graphs o;(z)
shown in Fig. 3,a: deformations &; and &, decrease
monotonically with the depth of model z without formation of
the zones of anomalous deformations. In the range of
2=0,5...2,0 m a chaotic change &; is noted as a result of
influence of close standing stamps (Fig. 5).

A much more complex character is identified in the
development of horizontal deformations . From the
dependency s4(z) and g,(z) follows that at loading occurs
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lateral displacement of soil in the away from the axis of
symmetry stamps in two opposite directions (Fig. 6).

In the analysis of dependences &(z) and &(z) for different
ratios P,/P; the zone of maximum horizontal deformation is
identified, located in the range z=0.5... 10 m. Under the
influence of a more loaded stamp the depth of maximum
values location increases and their size is monotonically
increasing. With increasing ratio P,/P; the asymmetry of
horizontal ~ deformation  distributions  becomes  more
pronounced (Fig. 7).
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Fig. 6. Dependence of horizontal elastic deformations of the soil body on the depth of the soil body z
at loads P; =40 kN (a), P, = 60 kN (b), P, =80 kN (c)
and the ratios of loads on the stamps P,/P; equal to:
1 7P2/P1 =1; 2 - Py/P,=15; 3 *Pz/Pl = 2, 4 — Py/P, = 25, 5 *Pz/Pi =3

Fig. 7. Distribution of zones of maximum horizontal
deformations at P,/P; equal to:
1- Pz/P1 =1; 2 - Py/P,=15; 3 *Pz/Pl = 2, 4 — Py/P, = 25, 5 7P2/P1 =3

The main results of the analysis of the databases of
modeling results of unequally loaded inhomogeneous
foundation (see. Hlustration in Fig. 1, b) are shown in Fig. 8.

The peculiarity of the stress-strain state of the layered ssoil
foundation under stamps consists in that the maximum
horizontal deformations localize in the boundary of the first
weak layer (z =2,4 m). This point corresponds to bending of
the graphs of vertical deformations ¢, and the appearance of
horizontal tensile stress o.
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The influence of the inhomogeneous structure of the soil
foundation on the distribution &(z) is expressed in the
concentration of deformations within the boundaries of the
weak (upper) layer and the subsequent monotonic decrease
without the formation of the characteristic bends. The
changing nature of distribution &4(z) and decrease in tensile
strain &, in the boundaries of the first layer is a result of
influence of the neighboring stamp.

In order to test the adequacy of the model under study, the
comparison of the calculated data was carried out with the
results of experimental studies of production at the facility
Ltd. "NOOTSENTR" (Kemerovo city, village Sukhovsky).
The experimental facility was a five-story building in a poor
condition due to unacceptable deformations of the structure
and the formation of cracks.

For instrumental observations on the outer walls from the
ground level floor of the object there were installed 23 contour
stands (the deformation marks) and 2 settlement probesfixed
ground rapper to a depth of 8 m (Fig. 9, a). Monitoring of
changes in marks was conducted for 400 days (Fig. 9, b).

The average value of the settlement speed of the
foundation over the observation period was V.=
=0.132 mm/day. Uneven settlement along the longitudinal
axis x of the structure at the early stage of observations was
60%: the greatest deformation of the foundation was observed
in the interval x = 0-25 m, the least — in the interval x = 43—
70 m (Fig. 9, ¢).
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As a result of the simulation the predicted values of
vertical displacements along the axis of the building were
obtained at special geotechnical conditions exceeding the
specified load and local reduction of physical and mechanical
properties of foundation soils (Fig. 11).
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Fig. 11. The graph of changing projected average values of the foundation
deformation Ah
along the longitudinal axis x of the structure

At comparing the calculated and measured deformation
values in intervals, the obtained deviation was in the range of
5-25% at an average value 17% (Table 2).

m

TABLE II. COMPARISON OF THE CALCULATED AND MEASURED
DEFORMATION VALUES
Calculated value, | Measured value, .
Interval, m Discrepancy, %
mm mm

0-10 9.2 9.7 5
10-20 10.2 9.5 7
20-30 10.1 7.8 23
30-40 9.8 74 25
40-50 7.2 5.5 24
50-60 6.1 5.5 10
60-71 5.5 6.8 24

Average value: 17

IV. CONCLUSION

For the homogeneous soil body under unevenly loaded
stamps the monotonic decrease with the depth of vertical
stresses and deformations and the formation of zones of
maximum horizontal deformations were identified. Also, the
dependence of settlement ratios on loads ratios close to the
linear one was found. In an inhomogeneous layered soil body,
the maximum horizontal deformations and the tensile stresses
zone are located within the boundaries of the first weakened
layer. The conducted research demonstrate that with the use of
computer modeling it is possible with sufficient accuracy to
predict the development of non-uniform settlement of
buildings and structures, at the same time the cost and time of
doing surveying work are considerably reduced.
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