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Abstract: The change of the boundary conditions is the main responsible for the slopes equilibrium
disturbance, and mass wasting. Under normal climatic conditions, unconsolidated dry grains remain stable for
a given internal friction angle. This angle increases if the soil is slightly moistened, since the surface tension
between the water and the soil particles tends to fix the grains. During intense precipitation or snow clearing,
water infiltration causes a reduction in the values of the friction angle (¢”) and the cohesion (¢’) of the grains,
which threatens the stability of the slope, this latter is accentuated by vibrations, where liquefaction of the soil
occurs. Supported by the decline of the resistance to inter granular friction, the fall of the mechanical charac-
teristics of the soil will lead to the translation of the Mohr circle towards a rupture envelope curve. The incor-
poration of geotextile sheets can improve the stability of road embankments. This exerts stabilizing forces
opposing the forces disturbing the slope equilibrium. These forces are not taken into account by the Bishop
method, which is based on a good number of software such as Geostudio / slope. Our work consists in devel-
oping a mathematical approach to: introducing variable values of (c’) and (¢’) into the rupture criterion to take
into account water infiltration, introducing a new parameter (F s ) to take account of the effect of the seismic
stresses, introducing a force (r) to take account of the infiltrated water portion. Finally, stabilizing forces gen-
erated by the introduction of géosynthetic sheets (Geo) are engaged in the polygon of the Bishop forces. The
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result shows that the action of water is the main disruptive force of the slope and the action of the geotextiles
is the main stabilizing force.
Key words: internal friction angle, cohesion, geosynthetics, slope stability, Bishop’s method.

Problem statement: Shifts in the soil among geodynamic phenomena are the most common and most
serious on the surface of the earth. They cause a natural and continuous change in the relief and occur, as a
rule, either unexpectedly, especially during earthquakes, and / or during intense periods of rains with prolonged
precipitation and the combined action of geological factors of different geomorphology. The state of the prob-
lem in the field of equilibrium of the slopes is quite developed in the world [1, 2, 3] and a little less in Algeria
[4, 5]. There is a distinction between structural instability and geotechnical. The first form occurs in arrays at
low voltages in well-developed geological structures. They are induced from geological breaks arising from
the effect of their own weight of materials as a result of seismic actions or human activity [6]. The second kind
arises due to excessive stresses in the soil massif [7, 8]. Methods for studying the instability of rocks are also
empirical in classification [9] (Bieniawski, 1993). Methods of calculating the stability of slopes: analytical [10,
11]; digital [12] and, more recently, geomechanical [13]. For soils, methods are based on the calculation of
limiting equilibrium (Bishop, Felenius, Yambo, Morgenstern-Price, Spencerai et al.) Are the most commonly
used [14]. Comparison of the safety coefficients of different methods for calculating the stability of the slopes
advances the Bishop method as the most favorable for the use of the mathematical approach (Figure 1) when
calculating the safety coefficient for a natural slope, subject to destructive effects, the presence of groundwater
and stabilization by introducing geotextile layers.
In accordance with the simplified and strict Bishop method, effective stresses depend on the water level
in the soil, which also corresponds to the Terzagi assumption: ¢ '= 6-u (without compaction) [14].
What is not obvious, since the pore pressure may increase due to overload caused by suction during
draining of the soil; The principle of Terzagi was changed by Bishop, who obtained the equation:

(o' =0 - Uaty.(Ua- Uw)); )

where y- is the coefficient depending on the shear forces or consolidation, and ¢, Ua and Uw, respec-
tively, are the general stress tensor, air pressure and water pressure, and S = (Ua-Uw) is absorption [15] (Figure
1). Tensores of stress are expressed in the form of vectors of six components. In our approach, the soil particles
and the liquid are incompressible, and the air pressure is assumed to be the same as atmospheric pressure: Ua
= Pt.
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Figure 1 — Comparison of the safety coefficients of the three methods of limiting equilibrium.
Pucynoxk 1 — [TopiBHAHHS Koe]ilieHTIB Oe3MEKH TPhOX METOiB 0OMEKEHHS pPiBHOBATH.
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Figure 2 — Development of the coefficient y depending on the degree of saturation:
1: Sealed clay; 2: Dusty loam; 3: Light loam; 4: White clay
At the first stage, this assumption will be used in our approach.

Pucynok 2 — Po3po0ka koedilieHTa y B 3aJ€KHOCTI BiJf CTYIICHS HACUYCHHS:
1: 'epmeTtnana rmnaa; 2: [TnipaAN cyrinHOK; 3: Jlerkuii cyrmuHOK; 4: bina riouHa
Ha nepmomy etami e npunyiieHHs Oy/Jie BUKOPUCTAHO B HAILIOMY MiAXOZI.

2. Methodology: The method consists in introducing the values of the variables (¢ ') and (') into the
break criterion of the Mora-Coulomb law, the new parameter (Fs) for mapping the influence of seismic loads,
the force (1) in the polygon of the Bishop forces for displaying the proportion of infiltration water and force
(Geo) generated by the introduction of geosynthetic layers.

A- Influence of groundwater availability: Cyclical change in pore pressure, causes a significant reduc-
tion in the interaction forces in the soil, which can lead to a significant disturbance of the stressed state in the
slope, even causing irreversible deformations. After a flood, melting snow, etc. a significant amount of infil-
tration water already seeping into the ground, as a rule, will be released from the slope by using the flow force
of the next hyperbolic trajectory (related to the permeability of the medium) (Figure 3). This phenomenon was
studied in the work of RICHARDS [16], its equation:

Div (k(p)grad(e))=c 22 ®)

slope

~___Piezometry line

Figure 3 — The flow of groundwater in accordance with the Richards equation
Pucynoxk 3 — IToTik rpyHTOBHX BOJ BiIMOBiAHO 10 piBHAHHS Piuapaca

On the basis of the general theory of aquifers, the RICHARDS equation [16] and the DEPUIT equation
[16] have two forces: the first arises from the groundwater pore pressure, the second is caused by the flow of
seepage water (it can be decisive in provoking slip, especially if the flow direction coincides with the slope
slope) [17]. However, do not neglect the decrease in shear resistance caused by the action of water along the

sliding surface (Figure 4):
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AMp ¥ cos@

where: Mé is the shearing moment due to the strength of the flow, and Mp is the shear moment due to
the weight.

According to the data of [18], this equation takes into account the action of the water flow in comparison
with the intrinsic weight of the soil layer. The latter corresponds to certain values of a, and 6, (30 °, 60 °,
respectively). The component YY—‘O’, is significant, especially when the values of y and yw are close in value.

FIILIAT [19] proposed the law of the distribution of the water flow on the slope (this method gives the most
satisfactory results and has less criticism of the researchers), which connects the shear forces, the normal ef-
fective stress and the shearing stress:

o=2y;.f.icos’a(A+p.tana), (4

where A- is a compressibility.
Some methods for calculating the circular cylindrical slip surface make extensive use of this equation
[20], in our approach we introduce the force of the water flow (r) directly into the Bishop's polygon diagram.
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Figure 4 — The change in the safety factor (with different angles of inclination o) depending on the water ta-
ble.
Pucynok 4 — 3miHa koediiieHTa 0e3meku (3 piI3HUMH KyTaMH HaxHITy 0,) 3aJICYKHO BiJl CTOKY BOZH.

B- Influence of seismic loading: Flowability is a direct result of seismic vibrations on the location of
grains in the ground, these impacts are very harmful for stability. If the grain size curve of the soil sample is
found in the category of medium and fine sand, with a uniformity coefficient Cu = <2, then there are large
risks of destruction. The potential for fluidity is defined in [21] as the ability of the soil to reach the limiting
state under a seismic load. It depends on the type and initial state of the soil compaction (Figure 5).

CSR7_5 = 0;, (5)

vo

where CSR7.5 is the ratio of cyclic stresses for the magnitude of the earthquake readout M = 7.5 on
the Richter scale:

CRR7s= 0.833 / (q.cin).0.001+0.05 (6)

F = CRR75/ CSRys (7)
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where CRR7.5 - stresses to fluidity (for an earthquake of magnitude M = 7.5 on the Richter scale.
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Figure 5 — Curves CSR7.5, depending on SPT and percentage of fine particles [20]
Pucynox 5 — Kpusi CSR7.5, 3amexno Bix SPT ta BimcoTka ApiOHUX gacTHHOK [20]

This indicator gives the ratio of the shear stress T caused by seismic loads and effective geostatic stress
(c'v), depending on the penetration resistance SPT of ISO 22476-3, ASTM D1586 [22].

At the bottom of the slope, the shear stress due to the earthquake is determined by the peak earthquake
acceleration (ah) (Swiss standards), and with the SEED reduction factor (rd) [21].

1=0.65 F‘Eh.cv.rd (8)

In the body of the slope it is expressed in terms of the maximum acceleration (ag) of the active center
of gravity of the layer [23].

1=0.65. %g Gy 9)

The maximum accelerations (amax) are determined by the sum of the spectral values of the acceleration
(ai), each spectrum of their reaction (i) is corrected by the velocity of the effect (vs) [24].

Amax = [( 1. 60X31)2+( 1 .06xa2)2+(0. 86X33)2]0‘5 ( 1 O)
. — St E — 2_1'[
o=y P=g (11)

To replace the stresses by the acting forces:
- The horizontal force is the product of the average acceleration per block mass:

F horizontale™ dmoy - 1M (12)
- The vertical force connects the vertical component of the seismic acceleration to the block mass:
Frerticale =avert .M Frerticale = 0.66 anorizontale .M (13)

These two forces are used to use the mathematical approach in [25, 26].
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C - Influence of water content on shallow grounds: The phenomenon of bond failure in undrained soils
of undisturbed structure, and residual adhesion in finely dispersed saturated soils, was investigated using a
shear device for measuring adhesion for water content variables (Table 1).

Table 1 — Changing the adhesion depending on the water content (measured by the Micro-Harvard)
Ta0murst 1 — 3miHa aaresii 3a1eKHO BiJ BMICTY BOAH (BUMIPIOETHCS MiKpo-I'apBapaoMm)

Water content % 20 22 25 35 40 50 60
Cohesion in the soil of an un-

disturbed structure (kPa) 0.38 2.07 4.65 3.81 3.47 3.35 0.09
Residual grip (kPa) 0.19 0.77 1.33 1.30 1.28 1.20 0.09

The increase in adhesion, depending on the increase in water content, is observed with an upward
curved threshold corresponding to 25% of humidity, then decreases to very dangerous values beyond 55% of
humidity. The shape of this curve varies depending on the lithological composition of the soil [27, 28].

We can introduce this component directly into the Bishop breakdown criterion. The same observation
applies to the change in the angle of internal friction (hence, in the Bishop method, we use the coefficient (K¢
=0.8) and (¢ '= ¢ .K¢@.) Proceeding from this we obtain:

S=1/F(c (w)L+N tanp’ (w). (14)
D- Density analysis: Vulnerability of fine fractions to easy laying or washing out, affects the relative

density of the soil, and varies with time, sometimes the density increases with compaction or consolidation,
or decreases as a result of leaching or dissolving of fine fractions of the soil.

_ yd—ydmin ydmax
Dr= ydmax—ydmin X vd (15)
We can introduce the term relative density directly in terms of mass:
(W=Dr.h.b.1). (16)

E-Geotextile interlayers: The introduction of geosynthetics (schematically as a line in the 2D section)
can significantly improve the equilibrium state of the slope. With this layer position, only the tangential
component (GéoX) plays a role in equilibrium. The flexible characteristics of the interlayer do not affect the
nanormal component (under compression) .

3. The mathematical approach

- s

Figure 6 — a - Separation of the slope into blocks; b- Conditions of equilibrium; ¢ is the Bishop's polygon.
Pucynox 6 — a - Iloxin cxmry Ha 6710KH; 6 - yMOBH PiBHOBAary; C - MOJIITOH E€MMCKOIIA.

28



ABTOMOBUIBHI JIOPOT'U I JOPOXXHE BYAIBHULITBO. BUII. 107. 2020
AUTOMOBILE ROADS AND ROAD CONSTRUCTION. Iss. 107. 2020

X1, XR, EL, ER - vertical and horizontal forces between blocks; W is its own weight;

S is the normal force; Geo - tensile forces in geotextiles, F - seismic forces;

r is the force associated with the flow of groundwater; o is the angle of the base segment; 0 is the angle
between the line of the piezometric level and the horizontal.

The Coulomb-Mora law:

$ == (¢'(w) LN tang’(w) (17)
The projection of forces on the vertical in the center of the section.
(N+u,.£-y.L.sc).coso= WH(X-Xgr)-S.sino+(Fsyertr.51in0) (18)
the replacement of S according to (17):
(N+ua.L-y.L.sc)cosa= WH(xi-x;)- /F(c’(w) £+N.tang’(w)). sina +(Fyertr.5in0) (19)
(N.cosa)H(ua.£-y.L.8¢).cosa=W+(xr-xr)-(¢’ (W) L/F).sino—N.tan@’ (w).sino/F)+(Fyertr.8in0)  (20)
where: ¢ '(w), ¢' (w): are residual characteristics due to material fatigue (see section C):
N.(cosat(tang’(w).sina)/F) = WH(x1-xr)- L. (Ua -).S¢).coso — (¢’ (W) sina /F) +(Fyerctr.sind). (21)

WH+(x1,—XR)— f.(ua—x.se).cosa—(c'(w)Sina/F)+(Fsvert+rsin9)

(cosa+(tang’(w)sina) /F)

N 22)

For clarity and simplicity, Bishop's method allowed to neglect the forces in the intermediate sections
(which is present with a small difference between the blocks) and the center of gravity of the compartment is
located at half its height. Moments with respect to the center of rotation of the sliding surface:

W.R=S.R-F*yeriRx- Fonoriz( R.(cosa)- h/2)— r.sinf.Ry— r.cos0.(R.(cosa)- h/2)+Geo(R.(cosa)- h/2)  (23)
W.Rsina=R.tl - F*,cxR.sin0- Fouori(R.(cosa)-h/2) -((rsinf.Rsina)+((rcos0-Geo).(R(cosa)-h/2))) (24)

When the destruction criterion (t = ¢ '+ c.tang') is introduced into equation (24):

W. Rsina = R/F. [(¢’(wW){+Ntan@’(w)L) - (£tang’(W).(ua-.Se))] - [(Féverctrsinf)(Rsina)] - (Foporiz+rcos6-

Geo).(R.(cosa) -h/2)] (25)
- R [(c’(w)Z+N.tang’(w)¥€)—(£tane’(w).(ua—y.se))] (26)
WRsina+[(Fsvert+rsin®)(Rsina)]+[(Fsnoriz+rcos8—Geo) (R.(cosa) —h/2)]
F= [c(W)£+Ntan ’(w)]-[ftang’(w).(ua—x.se)] 27
WRsin  [(Fsyert+rsin®)(Rsina)]+[(Fsporiz+rcos0—Geo) (R.(cosa) —h/2)]° ( )
Substituting the values of N from (21) into (25) and taking into account the sum of the blocks:
,  tan@’(w)[W—(fcosa (ua—x.se))] +(c’(w)sina/F)+ Fsvert +rsinf]
_Z [[c'(w)e+ 5 cosa i((taan'(w)sina/F) £ (ua—x.se)] (28)
Z[Wjsinaj +[(FShoriz +ricosei—Geo)(co i—:—é)]+ (risin®j+ ZFsyert )(sinay)]
Replacing:
1 (seca)
e~ EmewE ] (29)
F
We get:
_ c/(W)f+Ntan "(w)[W—(*co (ua—x.se))]+(c'(w)$)+Fsvert +rsin® ][1/my]—¢(ua—y.se)] (30)

2[Wjsina + [(FShoriz +1ic0s0i—Geg) (cosaj—hi/2R)) + (risin®j + ZFsyert )(sina;)]
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Figure 7 — Changing ma depending on tang '.
Pucynox 7 — 3miHa mo. 3a7eXHO Bif tang .

value Ma

4. Results: Equation (30) is the result of a mathematical approach for the Bishop method. The
appearance of seismic forces and due to the flow of water simultaneously with the numerator and in the
denominator and the stretching force in the geotextile with a negative sign in the denominator (plays a positive
role for stability) makes it possible to obtain the safety factor of the modified method and the simplified and
exact Bishop method.

u

At: (P,: (P'K(P; = Total vertical stress (31)

- simplified method: F = Z{c'b+tan Z‘vazi(;_m))}l/ . (32)
Zi(c'b+tan "(W(1-ru)))+(xl-x ){1

- exact method: F = {(C an ( i )) G )} /ma (33)

YXWsin

This allows us to obtain a safety interval in the design of the embankments and take into account the
various forces affecting the equilibrium of the natural slope [29, 30].

5. Conclusions: The phenomenon of instability of road slopes under the influence of various external
factors is not fully understood. Previous studies have shown that the level of groundwater in the slope had a
large role in development during the movement of a natural or constructed slope [31]. In this article, the influ-
ence of various external factors on the stability of slopes was assessed. Using the Bishop method, we were
able to establish a change in the safety factor, depending on the presence of geosynthetic layers, the availability
of groundwater and seismic forces. Instability thus appears in connection with the behavior of the last two
factors. The laying of geotextile layers plays a decisive role in the stabilization of slopes. The appearance of a
retaining force from geotextiles in the denominator of the modified Bishop equation with a negative sign
proves the strengthening of the structure due to the tension effect in the layers of geotextile.

With the use of software, this approach can be used to take these factors into account in limiting equi-
librium calculations.
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AHoTanisi: 3MiHa TPaHUYHUX YMOB € OCHOBHOIO IMPUYMHOIO MTOPYIIICHHS PIBHOBATM CXUJIIB Ta MacOBOI
TpaTu. 3a HOPMaIbHUX KIIMAaTUYHUX YMOB HEKOHCOJIIOBaHI CyXi 3epHa 3aJIMIIAIOTHCS CTAOIIbHUMU IS 3a-
JaHOTO BHYTPIIIHBOTO KyTa TepTs. Llell KyT 301IbIIy€eThes, SKIIO TPYHT TPOXH 3BOJIOKEHUM, OCKIJIBKH I0-
BEPXHEBUI HATAT MK BOJIOIO Ta YaCTHHKAMU IPYHTY Ma€ TEeHACHIII0 (ikcyBaTH 3epHa. [1iq yac iHTEHCUBHUX
OMMaJ(iB YK OYHMIICHHS BiJl CHIry iH(IIbTpaLlis BOAX CIPUYHHSIE 3MEHIIICHHS 3HaYeHb KyTa TepTs (@ ') Ta 3ryp-
TOBaHOCTI (c¢') PO 3epHa, IO 3arpoKy€e CTIHKOCTI CXMITY, IIe OCTAHHE IiIKPECTIOETHCS BiOpalisimu, e Biaoy-
Ba€ThCA 3piHKEHHS IPYHTY. [liATpuMKa 3HIDKCHHS OTIOPY MiXKTPaHYJIbOBAHUM TEPTSIM IMAIIHH MEXaHITHUX
XapaKTepUCTUK IPYHTY MPHU3BEJE 10 TepeBe/icHHs Koja Mopa Ha KpUBY PO3pHBY 000JOHKH. BHeceHHs reo-
TEKCTUIHHUX JIMCTIB MOXE TiIBUITUTH CTIMKICTh TOPOKHIX HacwuiiB. Lle 3milicHioe cTabimizyrodi cuiu, mpo-
TUJICKHI CHJIaM, 110 MOPYIIYIOTh piBHOBary cxuiy. Lli cumu He BpaxoByloThcs MeTonoM bimona, sikuit 6a-
3YEThCS Ha BEIIMKIM KiJIBKOCTI ITPOrpaMHOro 3abe3neucHHs, Takoro sk Geostudio / Haxui. Hama po6ora mo-
Jsirae y po3poOLi MaTeMaTHYHOTO MiAX0Ly A0: BBEJCHHS 3MIHHUX 3HaueHb (¢ ') i (¢') B kpuTepiit po3puBy s
BpaxyBaHHsI MPOHUKHCHHS BOJM, BBeJcHHS HOBOro mapamerpa (F s) mis BpaxyBaHHS edekTy ceficMmiuHi
HAIpPY>KEHHs, BBOASUM cuily (r) Ul BpaxyBaHHS 1H(UILTPOBAHOI BOAHOI yacTHHU. HaperiTi, B HOJIITOHI CHIT
€nuckona 6epyTh y9acTh CTa0TI3yI0Ui CHIIH, IO CTBOPIOIOTHCS BBEICHHSIM T'€OCHHTETHIHUX JHCTIB (I'€0).
PesynpTar mokasye, o Ais BOAW € OCHOBHOIO PYHHIBHOIO CHJIOIO CXMIY, a Jisl TEOTEKCTHIIIO € OCHOBHOIO
CTaOUTI3yI0Y0I0 CHIIOHO.

Kuio4oBi ciioBa: KyT BHYTPIIIHBOTO TEPTS, 3TyPTOBAHICTh, TCOCUHTETUKA, CTIUKICTh CXHITY, METO
Bimromna.
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