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Abstract: A method for estimating the Poisson's ratio of soil from the in situ results of soil stiffness measurement
is presented in detail. The results of measuring the settling of soil layers beneath a bearing plate via settiement
gauges and that of measuring the dry density of soil before and after the loading are analyzed. A clear correlation
between the soil stiffness and the Poisson’s ratio is observed. Three similar magnitudes of the Poisson’s ratio are
calculated by three independent algorithms.
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KVANTITATIVNA OCJENA POISSONOVOG KOEFICIJENTA TLA PREMA
PARAMETRIMA STISLJIVOSTI SLABIH TLA

Sazetak: U radu je razradena i prikazana metoda kvantitativne procjene vrijednosti koeficiienta boénog Sirenja
prema rezultatima ispitivanja stisljivosti tla u terenskim uvjetima. Analizirani su rezultati ispitivanja provedenih
mjerenjem slijeganja slojeva u tlu ispod kruzne ploCe uz pomo¢ senzora slijeganja i odredivanja gustoce suhog tla
prije i nakon primjene optere¢enja. Uspostavljena je jasna korelacija izmedu veli€ine stisljivosti tla i koeficijenta
boc¢nog Sirenja. Dobivene su bliske vrijednosti koeficijenta bo¢nog Sirenja uz pomo¢ tri nezavisna algoritma.

Kljuéne rijeci: nosiva ploca; slijeganje; indeksi stisljivosti; gustoca suhog tla; Poissonov koeficijent; koeficijent
boénog Sirenja.
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1 INTRODUCTION

A geotechnical analysis of current construction practices shows that most collapses and damage involving buildings
and structures are caused by soil collapse [1]. This is due to many factors. The most prominent factors are the
various accepted calculation schemes and its basic assumptions, the assumptions in soil modeling, the natural
variability in the deformative parameters of soils, and the drawbacks of conventional methods used in their
determination.

Numerous experimental studies have shown that the standard calculation of settlements in water-saturated
loess-like soils does not fully correspond to the parameters of their compressibility (Modulus of compression, Young
modulus and etc.) and does not consider regional peculiarities. The calculated parameters in the settlement formula
according to the linearly deformed half-space scheme (04, He, and E) differ significantly from the real values [2-7].

One of the reasons for this discrepancy is the Poisson's ratio—in other words, the coefficient of lateral
expansion v. Thus, in settlement calculations, the value of the dimensionless coefficient  for all types and states
of soils is taken to be 0.8 [8], although, in essence, it directly depends on the Poisson's ratio and it must be variable,
i.e., it should take into account the ground conditions, area of the foundation, pressure transferred from foundation
to soil, etc.

When elastic materials deform, the Poisson’s ratio characterizes the relationship between transversal
lengthening and longitudinal shortening and is one of the mechanical constants of materials. Its magnitude is not
affected by the experimental conditions nor by how the deformation occurs. The Poisson’s ratio represents a
change in shape of a material while the volume is maintained constant.

In soil mechanics, Poisson’s ratio, also known as the coefficient of lateral expansion, is affected by the
following factors:

a) The soil is a discrete and stratified medium, mostly not elastic and anisotropic.

b) The soil is not deformed linearly.

c) Generally, local stress on the soil causes deformation only locally, compressing the soil longitudinally and
expanding it transversally, with the surrounding soil resisting the deformation. Hence, the Poisson’s ratio in soil
mechanics is a rather conditional parameter.

The Poisson's ratio in work [9] represented as a function of the strength and physical parameters of the soil.
The expression is obtained from the N. P. Puzyrevsky solution [10] for the end of the consolidation phase and the
beginning of the shear phase, where the limiting equilibrium state is realized in the following form:

V_O,5-al-(1—singo,,)—c,, -COS @, (1)
0, —Cy -COS g,

Where is 01 the first critical or “safe” pressure, ¢ is the specific cohesion, and «j is the angle of internal
friction.

The numerical values of the standard values of the Poisson’s ratio obtained in this manner are listed in
Table 1.

Table 1 Standard values of Poisson’s ratio by values ¢ and ¢

The Poisson’s ratio v at a void ratio e equal to

Type of Soil Liquid limit L.

0.55 0.65 0.75 0.85
Sandy loam 0<IL=0.25 0.2200 0.2344 0.2556 -
025=IL.=0.75 0.2402 0.2556 0.2784 0.3030
Loam 0<IL<0.25 0.2211 0.2211 0.2424 0.2516
0.25=1L=<0.50 0.2332 0.2441 0.2555 0.2745
050=IL=<0.75 — 0.2631 0.2763 0.2955
Clay 0<IL<0.25 - 0.2281 0.2386 0.2472
0.25=1L=<0.50 - 0.2415 0.2498 0.2591
050=IL=<0.75 — 0.2622 0.2700 0.2840

In compression-confined tests, with lateral deformations equal to zero, the value of the Poisson’s ratio is
determined by the following expression:
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px:py: pz:§0 pz
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Where px and py are the horizontal components and p; is the vertical component of the all-round pressure,
is the coefficient of lateral pressure, and vq is Poisson’s coefficient in the absence of lateral expansion.

The value of the lateral pressure px at the corresponding vertical pressure p, can be measured [11]. However,
lateral movement or lateral expansion, which occurs when real earth subgrades are being loaded (but not possible
in compression tests), leads to a change in both & and vo. Therefore, the values of & and v, are obtained by taking
into account the dependence between the coefficient lateral pressure and the internal friction angle proposed by
M. Jacy, & =1 - sinp. These values are also used in calculations based on soil models with the possibility of a
slight lateral expansion [12].

Bugaev et al. [13] proposed determining the Poisson’s ratio through parallel testing of soil samples under
special conditions in modernized compression instruments (glasses). One sample (standard) is tested via
compression without the possibility of lateral expansion, and the second (made in the form of a thick-walled cylinder)
is tested via internal radial loading. To eliminate the distorting effect of friction along the lateral surfaces of the glass,
its walls are compressed in the axial direction [14]. The joint processing of the tests results uniquely determines the
Poisson’s ratio.

In soil mechanics, for a homogeneous and isotropic soil, the Poisson’s ratio varies in the range 0 < v < 0.5. If
v =0, then the sample is compressed, without lateral expansion. If v = 0.5, the soil goes into a plastic state and
deforms without changing volume; only its shape is changed.

At low pressures, the Poisson’s ratio for a given type of soil is considered to be constant [15]; the values are
listed in Table 2.

Table 2 Poisson’s ratio

Type of Soil Koaddmument nonepeyHon gedpopmauumn v
Sand and Sandy loam 0.30-0.35
Loam 0.35-0.37
Clay IL.<0 0.20-0.30
0<h<025 0.30-0.38
025<<1,0 0.38-0.45

Note: Lower values v used for soil with higher density.
The most reliable values of v are those obtained in the results of the triaxial tests using the following formula
[16]:
O'h'é‘v—O'V'é‘h (3)

Vzah(g\,—Z-gh)+O'V-ev

Here, 0, and oy, are the calculated vertical and horizontal stresses on the sample, respectively, and €, and ¢,
are the measured vertical and horizontal deformations of the sample, respectively.

An analysis of the relevant literature [17-22] shows that the values of the Poisson’s ratio, given by the authors,
vary over a rather wide range and often differ from those recommended by normative documents [8]. Common
disadvantages of such tests are

+ Contact errors

* Friction between the specimen and plate

* Nonuniform distribution of horizontal deformations along the height of the sample

» Structure of the medium transmitting lateral pressure (water, gas) onto the sample

* Rigid support of the sample on the bottom plate, which in the case of real transfer of load to the foundation,
is practically never realized.

Thus, one specific problem in nonlinear soil mechanics is the uncertainty when estimating the magnitude of
the Poisson’s ratio experimentally due to its dependence on many factors. Here, it is suggested that the Poisson’s
ratio be calculated using the fact that the Poisson’s ratio is correlated to compressibility indices determined
experimentally in situ. The Poisson’s ratio should be found on the basis of the results of bearing plate tests by
determining.
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- the general deformation of the supporting column according to the values of the difference between the
bearing plate settlement and the settlement gauge

- the bulk deformation (compaction in the vertical direction) of the supporting column caused by the
establishment of changes in the density of dry soil

- the lateral deformation of the supporting column (additional settlement) due to a change in its shape, as the
difference between the total and bulk deformation;

- the ratio of the relative lateral strain to the relative longitudinal strain

2 MATERIAL AND METHODS

2.1 In situ materials and measuring method

Two case studies of in situ soil testing [23, 24] were considered. Based on them, an analytical study of the Poisson
coefficient was made.

The soil geological profile on the site of the first case study [23] included three soil layers with thicknesses as
follows: humus of 1.1 m, a light yellow loess of 4-6 m, and a layer of yellow loess 6.3 to 9.0 m thick. The plate
bearing tests were conducted in the second layer at a depth of 2 m, using square plate dimensions of 0.707 x 0.707
m. The final contact stress beneath the plate base was 0.3 MPa, and the settlement was 0.19 m. The soil
characteristics of the tested soil layer are listed in Table 3. In the second work [24], the geological profile of the soil
was as follows: humus of 0.6 m, light-brown loess-like loam with a thickness of 2.1 m, and light-yellow loess-like
loam with a thickness of 3.1 m. The tests were carried out in a second layer at a depth of 2.2 m using a square
bearing plate of 1.41 x 1.41 m. The final contact stress beneath the plate base was 0.35 MPa, and the settlement
was 0.38 m. The soil characteristics of the tested soil layer are listed in Table 3.

Table 3. Soil characteristics in situ [23,24]

Soil characteristic Raevski I.E. experiment [23] Tugaenko Yu.F. experiment [24]
s, particle density 2,68 g/cm?3 2,66-2,68 g/lcm3
0, bulk density 1,55 glem3 1,70-1,71 g/cm3
pd, dry density 1,47 glcm3 1,35-1,45 g/em3
e, void ratio 0,82 0.83-0,96
Sr, degree of saturation 0,154 0,68-0,79
W, moisture content 0,122 0,11-0,14
WA, liquid limit 0,224 0,29-0,32
W, plastic limit 0,183 0,18-0,19
Ip, plasticity index 0,041 0,11-0,13
I, liquidity index <0 0,213-0,25

The tests were carried using bearing plates loaded gradually in several phases. During the loading phase, the
settlement was measured by the settlement gauge (Fig. 1a).

The settlement gauge (Fig. 1a) consisted of a circular body with two lateral antirotation knife stabilizers.
Measurements of the altitude position of the magnet rings (Fig. 1b) were conducted by a sensor (capsule with reed
switch) hung on the steel measuring tape.

The load on the bearing plate was applied stepwise using standard metal loads, with the criterion of
stabilization of each stage equal to 0.1 mm/day. At the initial stage of the tests, the steps were 1 metric ton and
then increased to 5 t. Measurements of the settlement gauge displacement were carried out from the reference
system, with an accuracy of 0.1 mm.

The Poisson’s ratio of soil v, implicitly, as the coefficient § = 0.8, was used in the settlement in different design
schemes and ground base models [8]. It plays a special role in calculating the average settlement of water-saturated
bases over time, considering the filtration consolidation and creep of the soil skeleton.
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a) Settlement gauge b) Measuring sheme
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Figure 1 a) Construction of the settlement gauge: 1 — magnetic ring, 2 — circular body of gauge; 3

— anchor blades; 4 — antirotation knife stabilizers; 5 — axis of rotation of the anchor segment cover. b)

Settlement measurement procedure: 1 — measuring instrument; 2 — protective bore tube; 3 — electrical
conductor with a measuring tape; 4 — settlement gauges; 5 — reed switch; 6 — weights.

2.2 Analytical solution for Poisson’s ratio

The basic premise of the method used is the assumption that only the soil column directly underneath the bearing
plate carries the entire load, as depicted in Fig. 2a [25] (in which we already accepted Winkler's model of sail). The
assumption is that the vertical settling of horizontal layers of the soil column is uniform at every depth and
determined by the difference of the displacements measured by the settlement gauge beneath the bearing plate.
Another assumption is that stresses only act under the bearing plate (inside the supporting column) causing soil
compaction (densification), which in turn causes horizontal expansion.

Foundation settling is a consequence of stresses acting on the foundation and is a result of two mutually
dependent and mutually conditioned processes. First, soil deformation is usually accompanied by a change in the
soil volume caused by the change in the pore volumes (compression). After reaching a certain limiting point, the
supporting column of soil starts to expand transversally with the shape of the column of the compacted soil
changing, as depicted in Fig. 2a.

Thus, the total vertical deformation of the horizontal layer of soil, measured between the installed settlement
gauges, is the sum of the deformation caused by compression and the deformation caused by the change in shape:

S=8+3Sy (4)

where S; is the compression deformation of a horizontal layer of soil due to the shrinking of pores in the soil,
and Sy is the compression deformation caused by horizontal broadening or simply by the change in shape.
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Figure 2 (a) Depiction of the manner in which a supporting soil column deforms; (b) transversal
displacement calculated according to the experimental results of Raevsky, I.E. [24] and (c) Tugayenko,
Yu. F. [25]

Methodically, the algorithm calculating the Poisson’s ratio consists of the following steps.
1) The compression deformation of a horizontal layer of soil caused by compaction is determined from the
change in the bulk density of a dry soil is given by

S, =h(@-py/p)) )

with ps and pY being the bulk densities of the dry soil, as measured in its natural state and after bein
Pd 9 9

compressed because of the foundation load.

2) The part of the deformation that stems from lateral expansion, i.e., only from the change in the shape of
the supporting soil column, is determined from the difference in the settlements measured by the settlement gauge
by Equation (4) using the data from Equation (5):

Sv=8-Sp (6)

3) The lateral expansion of the supporting soil column, AB, is estimated by assuming that the volume of the
vertically compressed soil and the volume of the horizontally displaced soil are equal:
SvA=4B(h-S)u (7)

A = B?is the supporting soil column cross-sectional area; h and S are the height and the total compression
deformation of the horizontal layer of the soil, respectively, as measured between the settiement gauge marks at
a certain depth; and u is the average circumference (length) of the supporting column, forming the volume of
lateral expansion. In the first approximation and for a square footing, one can use u = 4B in Equation (7) and find:

AB=0,25BS, /(h-S) (®)

Fig. 2 shows the change in the calculated linear values of lateral expansion of the supporting column with
respect to the depth for bearing plate with an area of 0.5 m? (b) and 1.0 m? (c) at a contact stress of 0.3 MPa and
0.35 MPa, respectively, on water-saturated loess soils [24, 25].
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Based on the experimental data, an estimate of the values of the lateral expansion coefficient was carried out
by three independent methods, algorithmically based on the following assumptions.

First, it is assumed that the ground resists the external load according to the uniaxial compression scheme of
the supporting column with the possibility of its limited barrel-like lateral expansion, which is constrained by the
surrounding soil continuum. On this basis, the Poisson's ratio can be determined from the ratio of the maximum
value of the relative lateral expansion found from the following expression

2B, ©)
&, =——"&
B

and relative longitudinal compression averaged by the height of the supporting column, which defined by the

following expression:

QZ:a (10)
Thus, we obtain
V:ﬂ:‘g_YZZABmaxHa (1)
g, & B-S,

Where 2ABnax is the maximum value of the lateral expansion of the supporting column, S, is the settlement
of a bearing plate, and H, is the measured depth of the compressed supporting column.

As a result, the value of the Poisson's ratio, obtained taking into account the accepted assumption, is close to
v = 0.40 [26].

The second assumption is similar to the first assumption, with the only difference being that the supporting
column has the possibility of being bounded, but uniform along the height expansion [27], which ultimately leads to
Equation (11) becoming

2AB,H, (12)

B-S,

v

Where 4B, = ZA:IB" is the averaged uniform lateral expansion of the supporting column by depth.

As a result of the processing of the initial data by this criterion, the value of Poisson’s ratio can be estimated

asv=0.30 [28].

The third assumption can be called piecewise discrete, because it realizes layer-wise determination of the
Poisson’s ratio by the depth of the support column. The relative lateral expansion values in this case are layer-wise,
calculated by the expression that, taking into account (8), becomes

8x=8y=2£=@ (13)
B h-S
Fig. 3a shows the changes in the values of the relative lateral deformations along the depth of a bearing plate.
The values of the relative longitudinal deformations along the depth of the supporting column were calculated

layer-wise using the displacement data of the settlement gauges:
S (14)

The change in depth of the supporting column is depicted in Fig. 3b. From the ratio of the corresponding
values of & and ¢, (Figs. 3a and b), the values of the Poisson's ratio are determined layer by layer by the following
expression:

e, € 05-S,-h (15)
V==—=—"—=—"—"""—

e, ¢ (h=5)-S
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The diagrams showing the Poisson’s ratio as a function of the depth of the supporting column are depicted in

Fig. 3c.
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Figﬁre 3 (a) Depiction of the relative transverse -ax and (b) relative longitudinal ¢, deformations and
(c) Poisson’s ratio v value changes according to depth under a bearing plate loaded on water-saturated
loess soils based on the experiments of I. E. Rayevsky [23] and Yu. F. Tugaenko [24]

Relying on the existing base of experimental studies on soil compressibility, it can be stated that the value of
the Poisson’s ratio of soil depends on the type, physical characteristics, and stress—strain state of the soil. In
addition, the Poisson’s ratio varies along the height of the support column. Its value is influenced by the dimensions,
area, pressure on contact with soil, depth of the foundation, and other parameters of the foundation. The definition
of its magnitude also depends on the accepted initial methodological position and the algorithm for its calculation.

3 CONCLUSIONS

Based on the results of the presented analytic solution for Poisson’s ratio based on stiffness of loose soils it is
concluded that:

1. The physical meaning of the Poisson’s ratio interpretation for soil grounds is rather ambiguous, and its
magnitude depends on multiple factors, including the consequence of the accepted initial assumptions and the
method of determination. Thus, its value, taking into account the first assumption (11), is close to the value v = 0.4.
The second assumption (12) is estimated by the value v = 0.3, which is a 25% lower value. In the method with the
third assumption (15), the value of v is not constant by depth. It increases up to the depth of ca 1 m; then, with
further increases in depth, it returns approximately to the initial value on the surface (Fig. 3c).

2. The magnitude of the Poisson’s ratio is multifactorial and depends on the following:

a) Plan area of the foundation — the larger the area, the smaller is the coefficient of transverse expansion.

b) Contact pressure along the foundation base — at higher pressures values, the Poisson’s ratio increases.

c) Density of soil subgrade — with increasing soil density, the Poisson’s ratio decreases.

d) Moisture index — with an increase in moisture index, the value of the Poisson’s ratio increases.

3. The proposed method and algorithms for estimating the value of the Poisson’s ratio (coefficient of lateral
expansion) under in situ conditions require further improvement and refinement to increase amount of initial data
for analysis and to reveal the main regularities.
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