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Abstract

The subject of this article concerns the problem of estimating the area of a break-
away wedge in a massif with a vertical retaining wall of reinforced soil, in which
a boundary active thrust condition has been induced. The auxiliary parame-
ter sought is the slip line, which cuts off from the plane of the retaining wall
the sought soil wedge. The presented research method makes it possible to esti-
mate the reduction of the area of the wedge of detachment in a reinforced massif,
in comparison to an identical structure without reinforcement. The task is solved
using physical high-dimensional models loaded vertically in a static manner.
The object of the study is to measure the horizontal displacements of the massif
models and the relative deformations of the reinforcement inserts. The following
have been presented: the research site, the measurement technique and the method
of estimating the location of the slip surface.
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1. PURPOSE AND SUBJECT MATTER OF RESEARCH

The classic reinforced soil, which is a French invention (Laboratoire Central des
Ponts et Chaussées — LCPC) [1, 3, 10-12, 16] has found its widest application in
the field of retaining structures, among others, as the structures for harbour quays,
retaining walls at unstable slopes (embankments or communication cuts), and
bridge abutments [2, 4-9, 13-15].
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When designing reinforced soil retaining structures, the necessary length of each
reinforcement insert is calculated as the sum of the lengths in the push zone and
in the anchorage zone. The line of maximum tensile forces (the so-called slip line)
divides the soil mass into the these two zones. As a result, the slip line cuts off
the so-called soil wedge from the plane of the retaining wall. In engineering prac-
tice, the length of the push zone L _is determined approximately as follows [6, 18]:
- for z depth = 0,0+0,50 H measured from the top surface of the soil massif Lpz =
0,3 H (H is the height of the massif above the surface),
- forz>0,5 H, the L length is to be calculated with the use of the Coulomb’s
soil wedge [21].

Therefore, the way in which the shape of the line dividing the massif into two zones
(i.e., the slip line) is adopted has an impact on the economics of reinforcement.

The present article addresses the topic of estimating the area of the soil wedge in a rein-
forced and unreinforced (reference) massif, given a high-dimensional physical model.

The overall objective of the study is to estimate the size of the breakaway wedge
in a physically modelled retaining structure. A supporting task was the search for
a slip line, cutting off the sought soil wedge from the plane of the retaining wall.
The final effect was the estimation of the degree of reduction of the soil wedge in
the reinforced mass (depending on the type of reinforcement inserts) in relation
to an identical structure without reinforcement.

It should be emphasised that, in terms of theoretical analyses and experimental
studies, the subject in question is recognised in quite some detail [2, 4, 5, 7-9,
14, 15]. However, the bases developed (as a result of advanced research and
analysis) for the functioning of reinforced soil as a material forming engineering
structures are in many cases rooted in simplifying assumptions. It is therefore
justified to continue the experimental research in which the relationships be-
tween the parameters characterising the interaction process between the soil
medium (constituting the matrix) and the reinforcing inserts are determined by
direct measurement. Thus, the present article presents an approach to analyse
the performance of the reinforced soil on the basis of research tests performed
on physical models on a laboratory scale. The adopted test method allows
the relative determinateness of the experimental conditions to be maintained
and one of the parameters sought to be changed in a programmed manner, while
keeping the others unchanged [17-20].
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The subject of the study is the measurement of:

- horizontal displacements y, of the loaded soil massif, performed in the plane of
the retaining wall of the model,

- relative deformations ¢ in the reinforcement inserts, using the electrical resistivity
strain gauge method.

On the basis of the values of displacements y,, the horizontal soil pressure on the
retaining wall p . was calculated using the transformation formula p , = C-y,,
where C_[kN/m’] is the elasticity constant of the elementary pressure sensor of
the retaining wall [17, 18].

2. OBJECT OF STUDY, METHOD AND TEST SITE

The study object is a physical model of a massif with a vertical wall of reinforced

soil contained within a rectangular steel container (Fig. 1 and 2) [17, 18]. The nec-
essary length of the container L in relation to the height H was designed according

to K. Terzaghi's method (L = H-ctg ¢, where ¢ is the angle of internal soil friction)

assuming that the active pressure of the soil in the range covering all phases, up

to the boundary condition, is studied. The construction of one of the front walls

(the so-called retaining measurement wall) allows for the movement of the ground

medium and the measurement of the horizontal component of the linear displace-
ment of the ground massif, which is the measure of the active pressure. Permanent
contact between the retaining wall and the pushing soil material is ensured during
the individual phases of the test. In the limit state of active soil pressure, a slip line

is formed, which separates the fragment block (the so-called wedge) from the re-
maining (stationary) part of the soil massif. The wedge is the factor that generates

the ground pressure on the plane of the retaining wall.

The soil material filling the test container is dry, coarse sand, characterised by
the physical parameters of [18]: volumetric weight when loosely poured y, = 19,0
kN/m?, natural humidity w = 0,3%, degree of compaction when loosely poured
I,= 0,38, and the angle of internal friction ¢ = 30,2° (indicated for a sand sample
in a laboratory-based, direct shear apparatus).

Reinforcement inserts in the form of "flaccid” tapes with a length I = 1,80 m and
a cross-section bu xg =0,024 mx 0,001 m (ba — width, g - thickness) were used [18,
20]. The inserts, made of hardened spring steel with the symbol 50HSA (character-
ised by a longitudinal modulus of elasticity of E = 210437,7 MPa) were arranged in
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horizontal layers with a vertical spacing of e, = 0,195 m. The following reinforcement
systems are considered (differing in terms of the configuration of inserts):

A > 5 layers of reinforcement, 9 inserts with a length of 1.80 m in the layer;

B > 5 layers of reinforcement, 6 inserts with a length of 1.80 m in the layer;

C - 5 layers of reinforcement, 4 inserts with a length of 1.80 m in the layer;

D > 2 layers of reinforcement, 9 inserts with a length of 1.80 m in the layer;

E - 2 layers of reinforcement, 9 inserts with a length of 1.30 m in the layer;

F - 2 layers of reinforcement, 9 inserts with a length of 1.00 m in the layer;

G > 2 grids with a length of 1.80 m made with the use of perpendicularly crossed
tapes, arranged in levels z, and z,.

Horizontal spacing of straps: e, = 0,11 m, mesh size of grating: e =e =0,11 m.

The models were reinforced with two types of tapes: with a smooth surface and
with a "rough” surface. The "roughness" of the surface of the tapes was obtained by
attaching special "notches" in the form of steel angle irons on both sides (by means
of electric welding) (Fig. 3). These angle irons, by spatially shaping the surface
of the tapes, ensure that the resistance of the inserts to displacement in the soil
medium is increased.

One of the intermediate stages of the study was the determination of the normal
tensions in the reinforcement inserts, via strain gauge unit strain measurements.
Therefore, the use of "flaccid” inserts guaranteed the initiation of measurable strain
e. The location of the strain gauges along the length of the tapes was designed to
cover mainly the active zone (i.e., the extent of the fracture wedge) and partly
the anchorage zone. The strain gauges were coated with resin to protect them
from mechanical damage and moisture. Strain gauge readings were measured and
recorded using a multi-point, automatic strain test set-up, consisting of a set of
equipment: an automatic strain gauge bridge, a control module for measuring and
connecting strain gauges, strain gauge boxes and a microcomputer with a printer.

The primary objective of the study was to estimate the position of the slip line (assum-
ing a two-dimensional system of the model) at the limit state of active thrust in the
ground mass. The slip line was obtained as the geometric location of the maximum
normal tensions along the inserts, located at each of the five measurement levels
of the model. The tension values were expressed by the classic Hooke's law o = E-e.
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Fig. 1. Model of the reinforced soil massif [17, 18]: a — a piece of vertical longitudinal
section, b — general view, I - retaining (measuring) wall of the model, 2 — weight plate
measuring 0,15 x 1,0 m; 3 - horizontal displacement sensors, 4 — reinforcement inserts;
2,2, Z, 2, Z;, Z, — levels of measurement
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Fig. 2. Research site [17, 18]: a — general view (scheme), b — vertical longitudinal section,
1,2, 3, 4 - symbols as on the Fig.1,; | - the distance of the plate from the reinforcement
wall
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Fig. 3. Reinforcement insert with retainment elements in the form of angle irons [17, 18]:
t.e. — electrofusion strain gauges installed on the plate’s surface (no. 1-5)
and on the lower one (no. 6 -10), k.o. - reinforcement angle irons

The horizontal pressure of the soil massif (in the range from the value referred to
as resting pressure in the loosely packed soil state to the value of limiting active
pressure), causing displacements of the retaining wall surveying elements, is in-
duced by a special vertical band load. The designed load on the soil massif model
results from the test method and is mainly the initiating factor for the generation
of the breakout block. It should be regarded as approximate, but within acceptable
limits. The loading was implemented statically, via a 0.15 x 1.0 m steel plate located
horizontally on the model floor, transverse to the longitudinal axis of the model
(Fig. 1, 2). The minimum distance of the edge of the plate from the inner surface of
the measuring wall is taken as [ = 0,30 m. The load value (in the range of 0-61,69
kPa) was applied uniformly for all tests and was minimum but necessary to produce
a lump of debris in the soil mass model.

Two states of compaction of the soil massif were analysed: loosely poured (.s.) and
pre-densified on the surface (w.z.p.). The method of testing consisted in analysing
the process of changes in the value of the horizontal soil pressure on the retaining
wall, as the loading plate was moved in the direction opposite to the wall.

3. SYNTHESIS OF RESEARCH RESULTS

The elaboration of research results addressed the following problems:
« distribution of horizontal pressure of the soil mass on the p , retaining wall as
a function of variable parameters of the reinforcement inserts and the soil medium,
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o the process of disappearance of the influence of the model floor load g on the value
of the horizontal massive pressure in the plane of the retaining wall p  in view of
the progressive increase in the distance of the loading plate from this wall [ (Fig. 2b).

o the value and distribution of normal tensions in the reinforcement inserts, de-
pending on the location of the loading plate, characterized by the parameter [

Based on the analysis of the course of the phenomenon of the disappearing
horizontal push of the massif in the plane of the retaining wall, as the distance
of the loading plate from this wall increases [ (Fig. 2b), the horizontal length of
the zone of influence of the actions of the loaded massif on the state of horizontal
thrust in the plane of the wall was estimated. This length was treated as the extent
of the wedge of detachment. The slip line from the analysis of this phenomenon
at the different measurement levels of the modelled massif was also determined
(z)> ...> z). The totality of the issues presented can be described as a search for
the maximum volume and shape of the soil massif pushing against the retain-
ing wall due to the applied "research" loading of the massif floor. The course of
the slip line was verified by determining the geometric place of the maximum
tensile forces in the individual layers of reinforcement using the method of elec-
trical resistivity strain gauging.

Figure 4 presents the process of the soil pressure p ? on the retaining wall of the
model, induced by the test load g = 61,69 kPa as a function of the change in the
position of the loading plate [ in relation to the retaining wall. The length of the
zone of influence of load g on the value of ground pressure in the plane of the
retaining wall is not the same at the different measurement levels of the model z ,
.--» Z. As the parameter | increases, the influence of the load g is reduced until it
disappears completely. The location of the loading plate in this characteristic case
is denoted as [ =1 . The segment [ is shorter in a precompacted massif
(whose angle of internal friction ¢ is greater). The position of the load plate [ >
L, jminat 18 MOt accompanied by any increments in the soil pressure on the wall if a
test load of any value is to be introduced. Figures 5 and 6 show the course of the
phenomenon in question (the disappearance of the effect of the load g on the value
of the soil pushover in the example measurement level of the retaining wall z, =

0,095 m), taking into account different reinforcement systems.
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Fig. 4. The course of the unit soil pressure p 7 [kPa] generated by the research loading
q = 61,69 kPa within the load plate displacements function / [18]:
a - loosely poured, non-reinforced massif,
b - pre-densified, non-reinforced massif; I,...6 — soil pressure levels p 7 for individual
measuring levels of the retaining wall of the model
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Fig. 5. Unit soil pressure p # [kPa], measured at the level of measurement z, = 0,095 m
with research loading g = 61,69 kPa [18]. Markings:
- - - loosely poured massif,
- pre-densified, 0 — non-reinforced (template), I — notch-less tape reinforcement
(the A system),2 - notched-tape reinforcement (the A system)
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Fig. 6. Unit soil pressure p 7 [kPa], measured at the level of measurement z, = 0,095 m
With research loading g = 61,69 kPa [18]. Loosely poured massif. Markmgs 0 - non-
reinforced, I - system G, 2 — notch-less tapes in the A system,

3 - notch-less tapes in the D system, 4 — notch-less tapes in the E system,

5 - notch-less tapes in the F system

The length of the zone of influence [, . (and the size of the wedge of detachment
associated with this parameter) in reinforced soil is smaller than in unreinforced
soil and depends on the number of inserts and the quality of the reinforcement's
interaction with the soil.

Figure 7 illustrates the change in the experimentally determined approximate

size of the soil wedge (characterised by the parameter [, . ) in a reinforced

and unreinforced (reference) mass. The approximate value of [, . results from

the conditions accompanying the test method: e.g., constant measurement interfer-

ences, the applied transfer interval Al of the loading band. The individual curves

no. 1+6 (Fig. 7) has been approximated with the use of the functions:

e curve 1: v = ae®, coefficient a = 3,788-102, coefficient b = 3,587; correlation
coefficient C.=0,988;

o+ curve2:v=ae" a= 6159107 b = 4,464; C = 0,997;

o+ curve3:v=ae" a=105310%b=6,119; C = 0,988;

o curved:v=ae™ a=1,085103b=11,221; C.=0,974;

+ curve5:v=ae™ a=2,06310"b=15431; C =0,963;

e curve 6:v=ae™ a=4,573-10"° b =21,806; C.=0,972.
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imina A0 the course of the slip
line [18].Markings: - - - non-reinforced massif, --- massif reinforced with notch-less
tapes in the A system,----- reinforced with notched tapes in the A system A, I - loosely
poured massif,II - pre-densified on the surface, v — vertical coordinate,
u — horizontal coordinate

Fig. 7. Experimentally estimated zone of the soil wedge

The reduction rate of the soil wedge W as a result of the installation of reinforce-
ment inserts is described by the relationship:

W =[100- A, "(A,)"]-100 [%] (1)

7

where:
A, A, - thesurfaces of the soil wedge in the reinforced and non-reinforced

massif, respectively.

The total pressure of the soil mass contained in the detachment wedge P | equal to
the mass of the detachment wedge M, is the function of at least several variables
(assuming the reinforcement of the mass with inserts located in the horizontal layers):

Py,ko = Mka :f[(naw)-l’ (Rr)-l’ (chl)-l’ ((P)-l] (2)

where:
n ¥ - number of inserts within a layer,
R - tensile strength of the reinforcement,
F , - reinforcement-soil cooperation index,
¢ — internal friction angle of the soil.

From the literature (e.g., E Schlosser [10, 12]) on experimental studies of horizontally
reinforced soil, it is known that the potential slip curve in the state of boundary
equilibrium state of strain gauging can be obtained graphically. It is the geometrical
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location of the maximum tensile forces that occur in the reinforcement inserts.
Proceeding analogously to the locations along the length of the inserts where
the highest values of strain gauging were obtained by electrofusion strain gauging,
the slip curve was determined experimentally (Fig. 8). The accuracy of the estimate
is owing to, among others, the number of strain gauge locations and their distri-
bution on the surface of the inserts.
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Fig. 8. Slip lines as the curves which connect the maximum strain gauging points
within the reinforcement [18]. Approximately estimated on the basis of tensometric
measurements. Markings: I+5 — numbers of strain gauges applied on the top surfaces
of the inserts, z +z, — measurement levels where the reinforcement inserts are located;
I - loosely poured massif reinforced with notched tapes (the A system of reinforcement),
IT - pre-densified massif reinforced on the surface like I, s.o. - retainment wall

French studies (e.g., [11]) show that in a massif with a vertical wall of reinforced
soil, whose floor is loaded, the distribution of strain gauging in the reinforcement
from the dead weight of the structure and from the service load has the same
character as in unloaded massifs. In view of this, the research concept developed
by the authors of this article - consisting in the introduction of a special test load-
ing of the model floor (with a value of g being the minimum necessary) in order
to induce such a value of soil pressure that will generate the formation of a break
wedge - is oriented correctly.

Studies [11] have also proved that the position of the line of maximum strain
gauging (separating the active zone from the soil resistance zone [1IMG]) in
a massif with an externally loaded floor can be different from that in an unloaded one
(Fig. 9). It depends on the ratio of the magnitude of the external load Q to the weight
of the massif. However, N. T. Long [11] does not give an exact value for this quotient,
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operating only with the expression: "high and low loading". The course of curve
(1) in Figure 9b is similar to the slip line obtained by the authors in the process of
strain gauge testing (Fig. 8). As previously mentioned, the special study load was
selected by means of tests and has a value as low as possible, at which the objective
of the task is achieved while taking into account a number of technical constraints.

\\/f/\(\'f/\\\ S
x’

Fig. 9. Lines connecting the points of maximum strain gauging within the reinforcement.
A theoretical model - the calculation results obtained with the use of finite element
method [11].Markings: a - non-loaded soil, b - loaded-soil, I - substantial loading,

2 - insubstantial loading, 3 - vertical wall of the massif, 4 - reinforcement inserts
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Fig. 10. Ways of destruction of reinforced soil massif depending on the location of the
loading strip on the massif’s surface (according to [11]): s.0. — outer, curtain wall,
I - the liminal localisation of the loading strip

yliminal

N. T. Long’s research [11] on two-dimensional models on a small scale showed that
the way of destruction of a massif due to an increase in the value of the service
load uniformly distributed on the floor along the length of the massif depends on
the distance [ of the load band from the plane of the outer-curtain wall (Fig. 10). If
the distance [ is less than the limit value [ . . then the soil wedge of detachment

136



CONSTRUCTION/BULIDING Experimental Studies of a Soil Wedge ...

appears, limited to the upper part of the massif (line a). The destruction is pro-
gressive: it starts near the outer wall and ends at the point of load application. In
the case of a distance ly = ly,liminul’ the slip surface reaches the edge of the base of
the massif (line b). When the distance of the loading band from the wall plane is
increased beyond [, . . the influence of the outer wall becomes negligible and
the failure caused by the service load takes the form of the so-called punctures
of the reinforced massif (line ¢). Then the failure starts at the upper surface of

the massif and deepens with increasing load values Q.

4. CALCULATION SCHEMES FOR REINFORCED SOIL
STRUCTURES

Modern reinforced soil structures are designed using the limit state method.
A calculation scheme for these structures is shown in Figure 11 [6, 13]. Four types
of stability of the reinforced soil mass are required to be checked [6, 13]: external,
internal, general and stability due to the bearing capacity of the ground.

Fig. 11. Calculation scheme of the reinforced soil construction [6, 13]: I — reinforced soil
massif, 2 — anchoring zone of reinforcement inserts, 3 — active zone of reinforced soil,

4 - casing of the front of the structure, 5 - tensile values of the reinforcement insert (t -
along the insert’s length, ¢ - at the insert’s connection spot (with retainment wall casing),
6 — value distribution of tensile forces along the length of the reinforcement insert, 7
- the line of maximum strain gauging at the level of the retainment wall, which divides
the massif into the active and passive zone, 8 — the length of the insert’s anchoring, D —
the depth of the massif’s foundation; D > 0,4 m - basic depth, D = 0 - in the event of the
construction’s resting on a rock or concrete
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External stability is checked for the danger of the structure slipping along its
base and the required bearing capacity of the ground. The structure is treated as
a homogeneous mass loaded by internal and external forces. Internal loads are the
dead weight of the massif, water buoyancy (if the structure is at risk of flooding)
and inertia force (if the structure is located in an earthquake area). External loads
include: pressure of the soil mass on the curtain wall (retaining wall), permanent
and variable loads acting at the level of the massif floor and soil resistance forces.
The pressure of the massif on the reinforced soil structure is calculated according
to the scheme given in Figure 12 [6, 13].

He

Fig. 12. Calculation scheme of the filling’s pressure assumed in the event of external
control of stability of the reinforced soil construction [6, 13]: I — actual tips of the
reinforcement layers, 2 - the line of the reinforcement tips which determines the surface
that is theoretically under the pressure of the organic soil filling which borders with the
reinforcement soil construction, 3 - the zone of the external, active, vertical soil pressure
onto the curtain wall, L, - average length of reinforcement, H, - total height of the
reinforced soil construction

Internal stability examination consists in determining whether the strain gauging
in the reinforcement are within the permissible range and whether the anchorage
resistances of the inserts are greater than the forces pulling the reinforcement out
of the soil material. Internal stability is checked according to a scheme developed
on the basis of theoretical analyses and model tests, given in Figure 13 according
to [6, 13].
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Fig. 13. Scheme of internal control of the stability of reinforced soil construction
- vertical section through the reinforced massif characterised by height H  [6, 13]:
I - broken line representing the localization of maximum strain gauging within the

reinforcement, 2 - construction casing (curtain wall)

In the case of general stability control (Fig. 14), the potential failure surfaces of
the ground mass and the possibility of preventing landslides are considered, taking
into account:

« the shear strength of the soil along these surfaces,

« strengthening of soil stability due to the installation of horizontal layers of

reinforcement, crossed by the destruction surfaces.
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Fig. 14. Scheme of general stability control [6, 13]: a — damage along the cylindrical
surface, b - individual example of massif’s destruction, under which, there is a weak
layer in the substrate, I — reinforcement soil massif, 2 - circular line of massif’s
destruction, 3 - the zone affected by destruction, 4 - the zone outside of destruction,
5 - (non-circular) line of massif’s destruction, 6 — weak layer in the substrate,

0, T - normal and tangential strain gauging acting on the surface of damaged massif,
F, - strain gauging present in the reinforcement layers cut by the damage surface,

L, - distance from the curtain wall to the point of intersection of the reinforcement layer
by the damage surface
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Fig. 14a applies to homogeneous soil, therefore the potential failure surface is as-
sumed to be cylindrical in shape. However, the non-circular failure surface should
be taken for a heterogeneous soil mass [6, 13]. If a heavy structure is supported on
a mass of reinforced soil, then one possible form of destruction is a wedge-shaped
splinter, encompassing the structure [6].

Control of the bearing capacity of the ground is to estimate the value of deforma-
tions that will occur after the construction of a reinforced soil structure. The causes
of deformation of the reinforced mass may be internal or external (settlement and
consolidation). Reinforcement is practically inextensible; thus, only external causes
are considered in the design. The purpose of estimating settlements is to show that
the deformations caused by them are within the acceptable range for reinforced soil
structures and other structures within the range of influence of ground deformations.

CONCLUSION

Based on the model studies performed and the analysis of the test results,

the following observations were made:

1. Estimating the size of the breakaway wedge in a physical model of a soil mass
with horizontal reinforcement (and comparatively - in an unreinforced mass) is
possible on the basis of looking for the maximum range of the zone of influence
of the push of this wedge on the retaining wall of the model.

2. A reduction in the area of the soil wedge measuring 16+49% was determined,
depending on the number and type of reinforcement inserts (inserts with either
"notched" or "smooth" surfaces were used) and soil compaction (either loosely
embanked or pre-compacted soil mass was modelled).

3. Itwas found that the results of studies of the wedge of detachment by the method
of searching for a zone in the ground massif, generating (due to the application
of an external test load located on the roof of the massif) a horizontal thrust
on the plane of the retaining wall of the model, coincided with the results of
measurements of maximum tensile tensions in the inserts of the reinforcement
by the method of electrical resistive strain gauging.

4. Inasoil mass reinforced with bands of resistance elements (so-called "notches"),
the effectiveness of the reinforcement depends minimally on the change in soil
compaction. This rule is explained by the high quality of interaction of the in-
serts with the grains of the soil material (regardless of its level of compaction),
determined by the resistance to displacement of the inserts.
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5. Inthe case of a pre-densified massif reinforced with tapes with "smooth" surfaces,
the effects of reinforcement are about 30% lower than in a loosely embanked
massif. The reason for the weakened effectiveness is the slippage of the inserts
relative to the grains of the soil medium.

6. For this reason, it is expedient to reinforce soil media that are loosened, charac-
terized by a low value of the angle of internal friction ¢ and therefore exhibit
significant and mostly uneven vertical displacements.

7. 'The results of the model studies presented in the article showed that in order
to obtain the designed effect of reducing the area of the breakaway wedge, it is
possible to use more than twice as many inserts of reinforcement with "notches"
with respect to identical inserts with "smooth" surfaces.

8. The smaller the number of inserts used in the loose embankment massif,
the greater the importance owing to the possibility of reducing the wedge of
breakage is shown by the type of inserts (in relation to the value of friction on
contact with the soil medium and the resistance of horizontal displacement
of the inserts).
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