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Received: 08.06.2019 Abstract. Suffusion is a dangerous geological process accompanied by the formation of
Received in revised form: 24.06.2019 sinkholes, deformations of buildings and structures. Forecast of suffusion processes is a
Accepted: 10.07.2019 complex scientific problem since it is required to predict a complex process of the formation

of new soil structure experiencing certain changes while interacting with the flow. During
the period of 12.02.2018 — 13.04.2018, a sample of Dnipro loessial soil was filtered with the salt solution in Darcy device. The experi-
ment was carried out at the SRI of Geology of Oles Honchar DNU; it is the continuation of the research dealing with experimental
study of the dispersive soils as complex natural systems. To study suffusion process in loessial soils, analysis of microaggregate and
granulometric composition of a sample of undisturbed structure of Dnipro loessial horizon taken in Tunelna ravine outcrop has been
performed. The sample was studied in different states: natural and changed (due to long-term filtration) ones. Results of the use of in-
novative method to determine values of the function of particle distribution in terms of their mass and calculations of fractal dimension
of the function basing upon the microaggregate analysis have made is possible to forecast values of porosity coefficient and volumetric
deformation corresponding to the new quality standards of a complex system — dispersive soil in the state of complete microaggregate
disturbance. Algorithm of the microaggregate composition analysis according to the methodology (Riashchenko, 2010) is in the fact
that the sample experiences different methods of preparation — thus, evaluations of soil dispersivity are different. Basing upon the
obtained results, values of microaggregate coefficient have been calculated, and data on the number of aggregates and initial particles
have been taken. It has been determined that the basic size of the aggregates is 0.01-0.005 mm; there is a fewer share of the aggregates
0f 0.05-0.01 mm; and the fewest share of the aggregates is represented by fine fraction. That indicates the changes in microaggregate
composition of soil due to the carrying out of fine fractions and the disturbance of larger aggregates. Calculations of the values of volu-
metric soil deformation due to long-term salt solution filtration emphasize the fact that within the zones of technogenic contamination,
possible aggregate decay due to chemical effect will result in the formation of structure with denser particle packing, i.e. compaction.
If loessial layers with the state changed due to salt solution filtration are subject to mechanical effect, drastic soil loosening and loss of
soil stability may be observed.
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IIporuno3yBanus nedopmaiii cy¢o3sii B 1ucriepcHUX rpyHTax
T.I1. Mokpwumpka, JI.O. Hocosa

Jninposcoruii nayionanonutl ynisepcumem imeni Onecs Tonuapa, Jninpo, Yxpaina, mokritska@i.ua

Amnorauisi. Cy¢ho3ist — HeOe3neuHnid TeoIOTYHIN MPOIIEC, 0 CYMPOBOIKYETHCS (OPMYBAHHSIM IPOBATIB, AeopMaisMu OyliBerb
i ciopya. IIporuos cy@osifiHuX NpoleciB NPeACTaBIse CKIAaIHY HAayKOBY MpOOIEMy, Tak siK IOTPIOHO CIIPOrHO3YBAaTH CKIIAIHHI
nipotiec (OopMyBaHHs HOBOI CTPYKTYpH IPYHTY 110 3a3HA€ 3MiH ITPU B3aeMoii 3 motokoM. Ha mpotsi3i qBox micsuis 3 12.02.2018 p. o
13.04.2018 poxy 3pa3ok JHIIPOBCHKOTO JIECOBOTO IPYHTY OYB IiBepHYTHH (ibTparii pozunHoM comn y npunaai lapci. Excniepument
Bukonysascs B H/II reomorii IHY imeni O.I'oHuapa Ta € MoZOBKEHHSIM HayKOBOTO HANPSIMY — €KCIIEPHMEHTAIBHOTO JTOCIIIKESHHS
TICTICPCHUX TPYHTIB SIK CKIaJHUX MPUPOTHHUX cUcTeM. J{JIst JoCImipKeHHs poriecy cy¢o3ii B 1IecoBOMY IpYHTI OyB BUKOHAHHU aHAi3
MIKPOarperaTHoro Ta TPaHyJIOMETPUYHOTO CKIaTy 3pa3Ka HEMOPYIIEHOI CTPYKTYPH AHIIPOBCHKOTO JIECOBOTO TOPH30HTY, IO OyB
Bifibpanuit 3 BigcaoHeHHs y 6. TyHenbHOI. 3pa3ok OyB AOCIIPKEHUH y PI3HUX CTaHAaX: Y HIPHPOIHHOMY Ta Y 3MiHEHOMY B HACHiZOK
TpuBaioi QinpTpanii. 3a pe3ynpraraMy 3acTOCYBaHHs HOBOTO METO/ly BCTAHOBJICHHS 3HaueHb (DYHKIIIT pO3IOAiTy 4acTOK 3a X Macoro,
PO3paxyHKIB (pakTaibHOI po3MipHOCTI (YHKIIT HA IiJCTaBl MIKpOArperaTHOro aHaji3y JOBEICHA MOMIIMBICTH IIPOTHO3Y 3HAYCHBb
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Koe(ilieHTy MOPUCTOCTI Ta 00’€MHOI AedopMaril SKi BIANOBIIAIOTE HOBOMY SIKICHOMY CTaHY CKJIaJHOI CHCTEMH — IHCHEPCHOMY
IPYHTY Yy CTaHi MOBHOTO MOPYIIEHHS MiKpoarperariB. AITOPHTM JOCITIKEHb MIKpOarperaTHoro ckiamy 3a Metonukoro (Riashchenko,
2010) nomsArae B TOMY, L0 10 3pa3Ka 3aCTOCOBYIOTh Pi3HI 3aCO0H MiATOTOBKH, 3aBISKH YOMY OLIHKH JUCIEPCHOCTI IPYHTY € PI3HUMH.
Ha migcraBi oTpuMaHuX pe3ysbrariB, Oy/id po3paxoBaHi 3HaueHHsI KOe(ili€HTy MIKpOArperaTHoCTi, OTpUMaHi JaHHI PO KiIbKICTh
arperariB Ta IMEpPBUHHHUX YacTOK. BcTaHOBIEHO, 1110 arperatu MaioTh po3mip B ocHoBHOMY 0,01-0,005 mm, arperarti pozmipom 0,05-
0,01 MM mpuCyTHI y MEHIIOT KIIBKOCTI Ta KUJIbKICTh arperariB TOHKHX (pakuiil HaiiMenma. Lle Bkasye Ha 3MiHM MiKpOarperaTHoro
CKJIaJy IPYHTY BHACJIITOK BUHOCY IpiOHMX (paKIiiif Ta Ha MOPYIIEHHS arperaTiB OUIBIINX 3a po3MipoM. Po3paxyHku 3Ha4eHb 00’ €MHOT
nedopMarii TpyHTY BHACTIIOK TpuBanoi (iipTparii po3d4MHOM CoOJieil BKa3ylOTh Ha Te, IO y 30HAaX TEXHOTEHHOTO 3a0pyIHEHHS
MOXITUBHI PO3MaJ MIKpOarperariB BHACIIJOK XIMIYHOTO BIUIMBY MIPU3BEAE 10 (POPMYBAHHS CTPYKTYPH 3 OUIBII INTUTHOO YIIAKOBKOIO
YaCTOK, 10 CTUCKAHHS. SIKIIO J1€COBi TOPU30HTH 31 3MIHEHMM CTAaHOM BHACTIZOK (BibTparii coIb0BOro po3unHy OymyTh MiJBEPTHYTH
MEXaHIYHOMY BIUTHBY MOJMJIMBHMM € PO3MYILCHHS IPYHTIB, MOXKJIMBUM € Pi3Ke PO3IYILESHHs Ta BTpara CTiHKOCTI IPYHTY.

Kniouosi cnosa: cyghosia, oninposcokuii necosutl ipynm, paxkman

Introduction. Development of the experimental stud-
ies of the dispersive soil properties is the basis for
successful solution of investment problems in the pro-
cess of construction, especially within the zones char-
acterized by complex geological processes. Suffusion
is not often analyzed in engineering and geological
studies. Nevertheless, it is known that suffusion phe-
nomena within the areas of the available loessial soils
is widely occurred and connected with subsidental,
landslide, and erosive developments. Special atten-
tion is paid to the consideration of the processes in
soil medium with the signs of fractal. Thus, studies of
the processes of turbulence (Jafari et al., 2019), per-
colation (Ziani, 2019), peculiarities of soil behaviour
within the shear zone (Lu et al., 2018) are carried out
on the basis of the fractal theory elements. Wang et
al. (2015) applied calculations of fractal size to de-
fine regularities of spatial changes in the properties
of loessial soils to implement innovative recultiva-
tion methods. Liu et al., 2013, determined the con-
nection between fractal volumetric size of natural
soil particles and amount of organic substance and
argillaceous particles. Suffusion methods are devel-
oped on the basis of classic techniques (Khuzhaerov,
1994), (Nikiforov, 2000). Research by Gudehus, &
Touplikiotis, (2017) substantiates importance of the
analysis of soils as natural fractals as for solving the
problem of forecasting “building - soil” geotechnical
system. Thus, review of literature sources indicates
the necessity to study suffusion as a natural fractal.
The paper represents the results of experimental re-
search of the soils basing upon innovative methodol-
ogy that helps predict suffusion deformation by ap-
plying fractal theory for the results of determination
of microaggregate composition.

Materials and methods. Dispersive loessial soil
masses of technogenically built-up territories are in
constant dynamic transformation resulting in re-con-
struction of the microstructure and changed physical,
physical-mechanical, and hydrogeological properties
of those soils. Increased level of ground water, trans-

mission of constant and temporal static and dynamic
loads, changes in thermal regime result in changing
states of soil mass and soil properties both within the
zone of complete water saturation and within the aer-
ation zone.

Experimental studies of suffusion effect upon the
loessial soils are carried out in terms of loessial soil
sample of Dnipro horizon taken within the outcrop of
Tunelna ravine erosive system. Geological section of
the ravine slope under consideration down to 42.0 m
from the land surface involves Quaternary deposits
of loessial complex represented by layering of loamy
soils and loamy sands, reddish-brown loamy soils,
and underlying Neogene deposits — clays and sands.
Ancient and modern landslides are recorded within
the right slope of the ravine.

Soils samples under study were taken from the
wall of modern landslide disruption and erosive-
washed scarp slope. Physical and physical-mechan-
ical characteristics were determined for Black Sea-
Dofinivskyi eolian-deluvial loamy soils (vd PIII
pct+df), Bug eolian-deluvial loamy sands (vd P III
bg), and Dnipro eolian-deluvial loamy sands (vd P
II dn). The soil layers are irregular in their thickness
and strike. Within the upper share of the slope, loess-
1al thickness is from 38.8 down to 27.7 m; within the
medium share, the thickness is down to 10.6 m; and
within the lower share, the thickness is down to 0.0
m. In terms of hydrogeology, one Quaternary water-
bearing level located in the loessial deposits of the
right ravine slope (vd-e PIII-II pl + kd, vd PII dn, e PII
zv) is recorded within the right Tunelna ravine slope
down to the prospected depth.

Results and discussion. The research involves
modeling of the suffusion processes due to long-term
filtration involving 10% solution of NaCl salt (Fig. 1).

Data concerning changes in the filtration coeffi-
cient have been obtained, and calculations of salt con-
tent in the solution after the process stabilization have
been performed. During the period of 12.02.2018 -
13.04.2018, sample of Dnipro loessial soil was being
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Fig.1. Dynamics of changes in the filtration coefficient according to the experimental results in terms of stable
regime.

filtered in Darcy device. Layout and methodology
of the research corresponded to the previously com-
pleted studies. Liquid volume was measured along
with the determination of the filtrate composition in
final phase of the experiment when stable regime was
obtained (Fig.1). Calculations of the compositions of

Table 1. Results of chemical analysis of soil samples and filtrates.

different. Thus, sample one was subject to mechani-
cal shaking during 2 hours, sample two was prepared
with the addition of ammonia solution and boiled dur-
ing one hour, and sample three was boiled during one
hour with the addition of sodium pyrophosphate solu-
tion. After that, suspended matter was sampled from

SO,>
HCO, Mg* Ca* Crl Na*+ K*
5 | pH Tof |Dry
‘g mg-eq | mg/ mg-eq | mg/ mg-eq mg/ mg-eq mg/ mg-eq mg/ mg-eq mg/ iOl’lS, residue,
=] 100 g 100 g 100 g 100 g 100 g 100 g
“ mg/ 100 g | mg/100 g
1 7.40 | 0.40 | 0.024 |0.6 0.007 | 1.90 0.038 1.62 0.056 | 0.58 0.028 |0.100 | 0.002 | 0.143 0.147
2 742 |0.63 |0.038 |6.06 [0.074 |12.62 |0.252 | 16.27 |0.577 | 18.38 | 0.882 | 16.60 | 0.382 | 2.186 2.192
3 7.75 1 0.77 | 0.047 |597 [0.073 2898 |0.580 |29.42 |1.043 |20.24 [ 0.972 | 1548 |0.356 | 3.048 3.050
4 7.84 | 0.51 | 0.031 1.67 10.020 | 7.34 0.147 | 1558 |0.552 |3.29 0.158 1037 10.239 | 1.132 1.134
Table 2. Calculation of hypothetic salts.
Ca(HCO,), CaSo, MgSO, Na,SO, NaCl CaCl, MgCl,
Number mg-eq % mg-eq % mg-eq % mg-eq % mg-eq % mg-eq % mg-eq %
1 0.80 | 15.38 1.16 | 22.31 - - - - 0.2 3.85 1.84 35.38 1.2 23.08
2 1.26 1.79 | 23.98 | 33.98 | 12.12 | 17.18 | 0.66 | 0.94 | 32.54 | 46.11 - - - -
3 1.54 1.53 | 40.48 | 40.13 - - - - 30.96 | 30.70 | 15.94 15.80 | 11.94 | 11.84
4 1.02 2.63 6.58 | 16.98 - - - - 20.74 | 53.51 | 7.08 18.27 | 3.34 8.61

hypothetic salts are represented below (Tables 1, 2).
Objective of the study was to determine chang-
es in granulometric composition of the loessial soil
sample due to long-term salt solution filtration. That
process models the effect upon granulometric compo-
sition of chemical and mechanical suffusion. To study
suffusion process within the loessial soil, microaggre-
gate and granulometric composition of the regular-
structure sample of Dnipro loessial horizon sampled
within Tonelna ravine outcrop has been analyzed.
Algorithm of microaggregate study according to
the methodology (Riashchenko, 2010) is as follows:
the sample experiences different methods of prepara-
tion so that evaluations of soil dispersion would be
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the depths of 25, 10, and 7 cm (in an hour interval)
being determined by the standard and depending upon
the temperature. Mass value of the average sample is
used to define quantitative fraction content according
to formula:
X=A*1000*(100-K)/(g,*V ) (1)
where, A - is mass of soil fraction within the sample
of the known volume brought to the constant mass
value, g;
g, - is mass of absolute dry soil sample, initial value, g;
V_ - is pipette capacity, cm’;
K - is total content of soil fraction of the size more
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than 1 mm, %.

Results of the study of microaggregate compo-
sition of the sample being subject to long-term salt
solution filtration have made it possible to determine
certain changes in microaggregate soil composition.
Percentage content of the particles according to the

Table 3. Percentage content of fraction particles.

have been defined. The obtained results have made it
possible to develop cumulative curves of granulomet-
ric composition of the samples having been prepared
by three different methods. Those curves show the
difference between the content of the particles of 0.1-
0.05 and 0.05-0.01 mm depending upon the method

Method of sample Percentage content of particles of the indicated fraction, mm
preparation 0.1-0.05 0.05-0.01 0.01-0.005 0.005-0.002 0.002-0.001 less than
0.001
Aggregate 43.353 21.763 31.433 0.000 2.713 3.274
Semi-disperse 33.580 64.053 0.000 2.037 3.030 0.095
Disperse 77.944 15.169 0.000 4.393 9.431 2.047

study results is represented below (Table 3).

Basing upon the obtained results, coefficient
values of microaggregation have been calculated,;
data on the amount of aggregates and initial particles
have been obtained. It has been determined that the
aggregates size is mostly 0.01-0.005 mm; aggregates
of 0.05-0.01 mm are found less often; and fine-
fraction aggregates demonstrate the least amount.
That indicates certain changes in microaggregate soil
composition due to the carrying out of fine fractions
and the disturbances of larger aggregates. Content
of the initial particles and content of the particles in
microaggregates of the corresponding fractions have

Table 4. Percentage content of the initial particles

of sample preparation (Fig 2).

According to the methodology (Mokrytska,
Tushev et al., 2018), values of fractal size of the
functions of particle distribution in terms of their
mass have been calculated (Fig.3). Values of the
determination coefficient of linear trend equations
indicate considerable importance of the obtained
equations. Value of angle coefficient shows the effect
of the preparation method upon the value of fractal
size of the function of particles distribution in terms
of their mass.

Next stage involves calculation of the porosity
coefficient value of soil in terms of complete decay

Parameter M1 M1-a M2 M2-a m3 M3-a M4 M4-a M5 M5-a M6 Mé6-a
Percentage content of particles, % | 43,353 | 34,591 | 15,169 - - - - 4,393 | 2,713 | 6,717 | 2,047 -
. . 0,1- 0,05- 0,01- 0,005- 0,002- Less
Fraction size, mm
0,05 0,01 0,005 0,002 0,001 0,001
Note for Table 4:
M1 — content of the initial particles;
M1-a — content of the particles in aggregates.
Table 5. Results of the calculation of forecast values of the porosity coefficient
Method of sample Value of fractal size of the .

. p . . . Claculation Forecast value of the
preparation for the | function of particles distribu- ficient val orosity coefficient k’
analysis tion in terms of their mass D | co¢tcient vatue P y
Aggregate 0.189 0.738 0.961
Disperse 0.071 0.892 0.668
Semi-disperse 0212 0.711 1.019

been calculated (Table 4).

No availability of the initial particles of fine ar-
gillaceous composition and general decrease in the
amount of fine particles comparing to the natural state

of samples microaggregates having experienced
mechanical or chemical action of different degree
(Table 5). Those values are the forecast ones indicating
porosity value of the soil medium having experienced
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Fig. 2. Cumulative curves of granulometric composition of the sample of Dnipro loessial horizon having been subject to long-term

salt solution filtration

Notes for Fig. 2:

N, % - total number of particles;
In R — logarithm of particle size;

Row 1 — aggregate method of sample preparation (mechanical shaking during 2 hours);

Row 2 — semi-disperse method of sample preparation (with the addition of ammonia solution);

Row 3 — disperse method of sample preparation (with the addition of sodium pyrophosphate solution).

Table 6. Forecast values of the deformation of the sample of Dnipro loessial horizon.

Results of calculation of forecast deformation of the sample
of Dnipro loessial horizon vdP II dn
Value of fractal size of the
Method of sample furllcti(‘)n of particles fiistri- Porosity coefficient | Porosity coefficient | Volumetric
. bution in terms of their mass | of a natural-state | of a changed-state | sample defor-
preparation .
sample sample mation
Aggregate prepara- 2.669 0.706 0.74 -0.034
tion ' ' ' ’

Preparation with 2.706 0.718 0.741 -0.023

magnetic shaker
Preparation as long-
term water solution 2.605 0.711 0.737 -0.027

filtration

Table 7. Forecast deformation values due to salt solution filtration

Method of soil prepa- Porosity coefficient of a Porosity coefficient of a Volumetric sample
ration natural-state sample changed-state sample deformation
Aggregate preparation 0.96 -0.249
Semi-disperse prepara- 0.711 1.019 -0.308
tion
Disperse preparation 0.668 0.04

long-term salt solution filtration and mechanical or
chemical effect resulting in complete decay of all the
microaggregates.

Comparison of the obtained values with the
porosity coefficient values of natural-state soil
(Table 5) and changed soil (Table 7) demonstrates
the expected consequences of the effect of suffusion
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process upon the porosity of Dnipro loessial horizon
sample.

While analyzing the data, it should be noted
that disturbance of microaggregates results in the
formation of looser structure; in this context, filtration
is less important factor than the action of magnetic
field or mechanical shaking.
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Fig.3. Graphs of the dependence of logarithm of particle distribution function in terms of the mass upon the

logarithm of particle sizes.

Note for Fig. 3:

Ln 'V, % - total volume of particles;

Ln R — logarithm of particle size;

Row 1 — aggregate method of sample preparation;
Row 2 — disperse method of sample preparation;
Row 3 — semi-disperse method of sample preparation.

According to the results of previous studies due
to filtration with water solution, increased coefficient
of soil porosity should be expected. Calculations
of the values of soil volumetric deformation due to
long-term filtration with salt solution show the fact
that possible microaggregates decay within the zones
of technogenic contamination due to chemical effect
will result in the formation of structure with denser
particles packing, i.e. compaction.

If loessial horizons with the changed state due
to salt solution filtration are subject to mechanical
effect, there is possible soil loosening (even, drastic
loosening) and loss of soil stability.

Thus, comparison of the results shows
considerable changes in the soil state due to suffusion
within the zones of technogenic contamination.
Certain regularities of changes in soil porosity in the
state of complete degradation in terms of complete
decay of microaggregates due to mechanical suffusion
or processes of solution and carrying out of particles
during salt solution filtration have been defined. It
has been demonstrated that density deformation is
possible only in the context of disperse preparation in
terms of maximum decay of microaggregates.
Conclusions and their discussion. The paper rep-
resents the results of long-term experiment on deter-
mining regularities of changes in loessial soil state
within the zones of technogenic action.

Effect of chemical composition of the solution
upon the regularities of changes in granulometric and
microaggregate soil composition has been confirmed.

It has been proved that suffusion may result in
loss of soil strength and compaction.

For the first time, forecast values of the poros-
ity coefficient of loessial Dnipro horizon have been
obtained; the values will correspond to new soil state.

For the first time, the experimental results have
made it possible to prove the possibility to obtain
forecast values of the properties of the medium expe-
riencing certain changes due to suffusion.
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