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Nowadays several reinforced earth typologies are available. One of the most interesting is the vertical earth walls reinforced with

polymeric geostrips with concrete facing panels. Geostrips tensile stiffness is much larger than that of typical geosynthetic sheets.

Uncertainties may arise about the real geostrips behaviour: if they should be considered as inextensible or extensible. The aim of this

work is giving a contribution to better understand the real behaviour of such polymeric geostrips. An experimental full-scale model of

reinforced soil wall was built applying the quoted technology. The experimental model was fully instrumented to measure both stress

and deformations on strips and to investigate about earth pressure. The Authors carried out a two-dimensional (2D) FEM analysis

to simulate the wall performance. Experimental, numerical and analytical results have been compared in static condition, in order to

detect the main aspects of the behaviour of soil walls reinforced with polymeric geostrips and to validate numerical analysis. Then, a

prediction of the behaviour of the wall under seismic loading has been assessed.

Keywords: FEM analysis, reinforced earth, design methods, static analysis, seismic analysis.

1. Introduction

The modern soil reinforcement concept for re-
taining wall construction was introduced by Henri
Vidal in the early '60s. His researches led to the devel-
opment of “reinforced earth”, a system in which steel
bars reinforcements were used [FHWA-NHI, 2009].

In recent years reinforced earth technologies
have been greatly developed. In terms of stress/strain
behaviour, reinforcing elements may be considered
as inextensible or extensible. Metallic reinforce-
ments are usually considered as inextensible, while
polymeric reinforcements are usually considered as
extensible.

Vertical walls with concrete panels facing and
steel bars reinforcement are commonly used tech-
nologies worldwide. These structures are usually de-
signed with the Coherent Gravity Method [ ANDERSON et
al., 2010] based on the assumption that reinforce-
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ments are inextensible. This method was first de-
veloped in France. ScHLossErR [1978] and ScHLOSss-
ER and SEGRESTIN [1979] report valuable references
about the early development of this design meth-
od. Among the earliest papers describing reinforced
earth walls design methodology MINAMI AND ADACHI
[1981] and Cazzurri [1983] should be remembered.

On the other hand, mechanically stabilized earth
(MSE) walls with extensible reinforcement are usual-
ly designed with the Tieback Wedge Method [ ANDERSON et
al., 2010]. Nowadays, vertical walls with concrete fac-
ing panels are sometimes built using polymeric geo-
strip reinforcements in place of steel bars. Since ten-
sile stiffness of geostrips is much larger than that typ-
ical of geosynthetic sheets, probably geostrips could
be assumed to behave as inextensible reinforcement
as well. Further researches, however, are required to
ensure that such an assumption is correct: this work
aim is to give a contribution about this aspect.

To better understand reinforced earth system be-
haviour, some experiments on full-scale reinforced
structures have been carried out, but most of them
were conducted on MSE walls reinforced with me-
tallic strips, because they could be easily instrument-
ed. On the contrary, only very few full-scale model
tests have been conducted on MSE walls with geosyn-
thetic reinforcements so that some aspects on these
structures behaviour, including the slip surface loca-
tion and the tensile force acting on reinforcements,
remain unclear.

In this paper, a particular type of reinforced
earth wall will be analysed, both in a full-scale mod-
el and in a FEM analysis, for better understanding
its behavior, both in static and in seismic conditions.
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The chosen full-scale model is a reinforced soil
wall that was built and fully instrumented at the Mac-
caferri establishment of Jundiai, Brazil. The applied
technology is “MacRES”, developed by Maccaferri. It
is a Vertical Wall with Concrete Facing Panels and
ParaWeb™ strips as reinforcements. In particular,
ParaWeb™ strips are planar structures consisting
of a core of high tenacity polyester yarn tendons en-
cased in a polyethylene sheath.

Half of the experimental wall retained a sandy
backfill, while the other half retained a silty backfill.
The aim of the experimental full-scale model was to
measure stresses and deformations on soil, strips and
concrete facing.

During a first phase, laboratory tests for static
and dynamic soil characterization have been per-
formed. In a second phase a two-dimensional FEM
analysis has been brought about to evaluate the wall
behaviour in terms of stress and strain of soil, rein-
forcing elements and concrete panels, in the frame-
work of the new performance-design approach.

In this paper, the results of a FEM numerical
analysis are reported and discussed and a compari-
son between numerical and experimental results is
shown. Finally, a FEM model prediction of the wall
seismic behaviour, is presented.

2. MSE wall design methods

The most used methods for reinforced earth
walls, reported in design codes and guidelines, are
the Coherent Gravity Method [Aasnto, 1996] and the
Tieback Wedge Method [Aasuro, 1996]. Both the meth-
ods use the limit equilibrium concept to develop

the design model. Small-scale gravity and centrifuge
models have been used to evaluate the design mod-
els performance at true limit equilibrium conditions
(Juran and SchHrosser, 1978; Apis, 1988; CHrisTO-
PHER,1993).

The Coherent Gravity Method was initially devel-
oped by JuraN and ScHLOssER [1978]. It assumes a bi-
linear envelope of maximum axial forces and a min-
imal elongation due to inextensible reinforcements.
The horizontal pressure is evaluated multiplying the
vertical pressure by a lateral coefficient that is the
earth pressure coefficient at rest kgat the top of the
wall and the active earth pressure coefficient k, at a
depth of 6 metres below the top. A linear variation
between kg and k, along the depth is assumed. The
vertical earth pressure in turn is increased with re-
spect to the typical value because of the overturn-
ing moment produced by lateral load at the back of
the reinforced soil. So vertical stress is greater that
yz, being y the unit soil weight and z the depth be-
low the top of the fill. In a simplified formulation
vertical stress could be assumed as 6% = 1.207 z De-
sign characteristics of the Coherent Gravity Method, are
shown in figure 1. Applied surcharges on the rein-
forced soil mass obviously increase vertical and hori-
zontal stresses within the structure. The location of
maximum axial forces is bilinear as show in figure 1.
For inextensible reinforcements, the displacement
at the leading end is nearly the same as the displace-
ment at the free end, thus the reinforcement strain
is negligible. The friction developed between the re-
inforcement and the soil is determined for a lead-
ing edge displacement of 20 mm, and the transfer of
load to the soil via friction is uniformly distributed
over the full length of the reinforcement.
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Fig. 1 — Scheme of Coherent Gravity Method for MSE walls design.
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Fig. 1 — Schema del Coherent Gravity Method per il progetto di muri in terra rinforzata.

RIVISTA ITALIANA DI GEOTECNICA



NUMERICAL ANALYSIS OF A FULL SCALE EARTH REINFORCED WALL: STATIC AND SEISMIC BEHAVIOR

In the Tieback Wedge Method the wall is assumed
to be flexible because geosynthetic reinforcements
are considered as extensible. Due to the flexibility of
the wall, the lateral pressure at the back of the rein-
forced zone does not influence the vertical pressure,
which is simply equal to yz. The method assumes that
enough deformation occurs to allow an active state of
stress to develop. Hence, horizontal stress can be de-
termined multiplying the vertical stress by the active
earth pressure coefficient k,. Differently from Coher-
ent Gravity Method, in an MSE wall with geosynthetic
reinforcements designed by Tieback Wedge Method, the
failure plane is assumed to develop along the Rank-
ine rupture surface defined by a straight line orient-
ed at an angle of 45°+¢/2 from the horizontal. The
Rankine failure plane is not modified by inclusion of
the extensible geosynthetic reinforcements. There-
fore, reinforcement strain actually allows the failure
plane to develop. As in the Coherent Gravity Method, in
Tieback Wedge Method reinforcements are designed to
resist the lateral pressure within their tributary area,
treating each reinforcement layer as a tieback.

Both the Coherent Gravity Method and the Tieback
Wedge Method are described in Aasnto LrRep Bridge
Design Specifications [Aasuro, 2010]. The proper

design method should be selected according to rein-
forcement properties and behaviour.

3. The full scale model test

A full-scale model test was carried out at the Mac-
caferri establishment of Jundiai, Brazil, by the tech-
nology of the Vertical Walls with Concrete Facing
Panels (MacRES) developed by Maccaferri. Experi-
mental data and measures of the instrumented wall
are reported in table I. Reinforcements anchored to
vertical facing concrete panels were utilized and em-
bedded within the backfill during construction.

The wall retained a reinforced compacted soil
layer about 6.0 m high. Soil reinforcement was re-
alized using polymeric strips, characterized by high
strength and soil-ground friction, located in eight
layers throughout the height of the retaining walls at
a distance of about 0.75 m from each other and were
connected with the panels passing through special
lugs. In the ground layer, each reinforcement tape
was fixed using a row of bolts.

A surcharge of 20 kPa was afterwards applied on
the backfill starting from the concrete panels.

Tab. I - Strain gauge readings on ParaWeb (after JavakrisuNaN, 2013).
Tab. I — Letture di deformazione sui ParaWeb [JAvAKRISHNAN, 2013].

. Sand before surcharge Sand after surcharge
Distance
Paraweb from Strain Load (kN) Load (kN)
Level Face of Gauge [ noy | D - - !
Wall (m) | N ov Dec Jan Fyeb March | April | Lo Ma}: June | July | Aug | Sept [ Oct Lo
(15/11)|(15/12)| (15/1) | (15/2) | (15/3) | (2/10) | admax | (23/5) | (2/6) | (2/7) | (2/8) | (2/9) | (2/10) | admax
0.17 CS01 0 09 1091 [ 1.03]099 | 095 ] 103|119 | 1.2 | 1.71 | 1.85 | 1.89 | 1.81 | 1.89
Level 1 0.43 CS02 0 164 | 168 | 1.73 | 1.24 | 1.03 | 1.73 | 1.64 | 1.79 | 2.17 | 1.06 | 1.13 | 1.17 | 2.17
0.72 CS03 0 096 | 1.26 | 255 | 0.88 | 1.24 | 255 | 09 | 093 | 0.44 | 1.31 | 1.51 | 1.48 | 1.51
0.38 CS04 0 0.28 | 0.28 | 0.28 | 0.28 | 0.28 | 0.28 | 0.27 | 0.27 | 0.26 | 0.26 | 0.27 | 0.26 | 0.27
0.76 CS05 0 1.3 | 116 | 1.76 | 2.06 | 1.71 | 2.06 | 2.19 | 2.33 | 2.7 | 1.89 | 2.23 | 2.11 | 2.7
1.14 CS06 0 093 | 1.25 | 1.51 | 1.64 | 1.52 | 1.64 | 2.06 | 2.22 | 2.33 | 1.95 | 1.53 | 1.66 | 2.33
Level 3 1.52 CS07 0 145 | 1.53 | 1.56 | 1.63 | 1.57 | 1.63 | 1.92 | 2.07 | 2.23 | 2.3 | 2.31 | 2.23 | 2.31
1.9 CS08 0 029 | 0.3 | 029 | 029 | 0.2 03 | 045 ] 056 | 0.96 | 1.08 | 1.08 | 1.07 | 1.08
2.28 CS09 0 0.16 | 072 1 0.74 | 075 | 0.7 | 075 | 09 | 0.97 | 1.13 | 1.14 | 1.18 | 1.14 | 1.18
2.66 CS10 0 049 | 0.44 | 0.55 | 1.02 | 0.84 | 1.02 | 0.65 | 0.73 | 0.73 | 0.77 | 0.79 | 0.72 | 0.79
0.68 CS11 0 184 | 1.85 | 1.92 | 1.95 | 1.91 | 1.95 | 252 | 2.67 | 2.75 | 2.68 | 2.66 | 2.66 | 2.75
1.1 CS12 0 046 | 092 | 1.23 | 1.39 | 142 | 142 | 219 | 2.4 | 2.68 | 2.73 | 2.66 | 2.59 | 2.73
1.44 CS13 0 1.36 | 1.41 | 1.59 | 1.44 | 149 | 1.59 | 2.09 | 2.45 | 2.65 | 2.66 | 2.57 | 2.57 | 2.66
Level 5 1.86 CS14 0 0.73 | 0.83 | 0.91 | 0.63 | 0.75 | 0.91 | 1.29 | 1.38 | 1.54 | 0.97 | 1.37 | 1.49 | 1.54
2.2 CS15 0 124 | 14 | 1.67 | 1.25 | 1.14 | 1.67 0 0 0 0 0 0 0
2.62 CS16 0 0.87 | 1.59 | 2.86 | 1.94 | 3.01 | 3.01 | 0.77 | 12.45| 4.92 | 1.75 | 1.78 | 4.36 |12.45
2.96 CS17 0 0.56 | 0.49 | 0.62 | 0.61 | 0.61 | 0.62 | 0.91 | 1.02 | 1.17 | 1.19 | 1.19 | 1.19 | 1.19
1.5 CS18 0 0 0 0 0.00 | 0.92 | 092 | 2.23 | 2.35 | 2.61 | 2.65 | 2.61 | 2.62 | 2.65
1.88 CS19 0 0 0 0 0.00 | 0.98 | 098 | 1.85 | 2.02 | 2.22 | 2.22 | 2.19 | 2.17 | 2.22
Level 7 2.26 CS20 0 0 0 0 0.00 | 0.78 | 0.78 | 1.49 | 1.56 | 1.67 | 1.69 | 1.68 | 1.66 | 1.69
2.64 CS21 0 0 0 0 0 0 0 0 0 0 0.19 0 0 0.19
3.02 CS22 0 0 0 0 0.00 0 0 0.15 | 0.17 | 0.18 | 0.19 | 0.23 | 0.21 | 0.23
3.4 CS23 0 0 0 0 0.00 | 035 1 035 | 1.1 | 1.21 | 1.36 | 1.36 | 1.29 | 1.26 | 1.36
1.5 CS24 0 0.76 | 0.94 | 0.92 | 0.99 | 0.89 | 0.99 | 227 | 2.34 | 2.46 | 2.45 | 241 | 2.35 | 2.46
Level 8 1.88 CS25 0 0.69 | 0.65 | 0.63 | 0.65 | 0.62 | 0.69 | 2.11 | 2.22 | 2.35 | 2.37 | 2.37 | 2.33 | 2.37
2.5 CS26 0 0.72 | 077 | 0.87 | 0.87 | 0.81 | 0.87 | 2.17 | 2.32 | 24 | 2.39 | 2.35 | 2.34 | 24
2.88 CS27 0 0.68 0 0.66 0 0 0.68 0 0 0 0 0 0 0
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Fig. 2 — Instrumentation scheme of the tested MSE walls (after JavAKIRISHAMN, 2013).
Fig. 2 — Schema della strumentazione utilizzata nel muro sperimentale in vera grandezza [JAYAKIRISHAMN, 2013].

The wall was divided into two parts. These al-
lowed us to use sandy and silty soil separately as back-
fill, in order to understand the actual difference in
behaviour in using these types of fills. Both backfill
were compacted in order to reach a relative density
of about 95%. The numerical analyses discussed in
the present paper deals with the part of the wall re-
taining the sand backfill.

The instrumentation scheme of the experimen-
tal wall is as follows:

1. strain gauges on geostrips for reading actual
force on soil reinforcement;

2. load cells on connections (MacLoop) between
strips and concrete panels for reading actual
force transferred to connections;

3. pressure cells below reinforced soil block for de-
termining actual bearing pressure;

4. pressure cells on rear side of panels for deter-
mining actual pressure acting on the panel;

5. multi-base extensometers at different levels to
detect soil deformations within reinforced and
retained fills.

Figure 2 shows details of the instrumented sec-
tion. More precisely, along geostrips 54 strain gaug-
es were installed: 27 of them were installed in the
sandy backfill and the other 27 in the silty backfill.
The strain gauges were fixed on the strips by means
of a special mechanical device, to crimp the plastic
strip and to reduce external friction that would have
influenced the readings.

Further load cells and pressure cells were used
to measure forces at connections. Three load cells

were installed in the sandy backfill wall and the oth-
er three in the silty one. From the readings of forc-
es on geostrips, the locus of maximum tension was
detected.

In order to know actual forces acting on panel
connections and on rear side of panels, five pressure
cells were used in the sandy backfill and five in the
silty one.

Finally multi-base extensometers were used to
evaluate axial deformation on strips.

A large number of static and dynamic laborato-
ry tests were performed at the Department of Civ-
il Engineering and Architecture at the University of
Catania, on reconstituted specimens, to define the
mechanical behaviour of Brazil soil employed as
backfill in MSE walls. Static tests include direct shear
tests on specimens reconstituted by the pluvial dep-
osition method with different relative densities. Res-
onant column tests were also performed for the dy-
namic characterization of the soils, in order to detect
shear modulus and damping ratio and their varia-
tions with shear strain. Results of static and dynam-
ic laboratory soil tests are extensively reported in
CAPILLERI et al. [2013].

A summary of main laboratory tests results, uti-
lized for the static analysis in the MSE wall with sandy
backfill is shown in table II. In table II the relative
density has been achieved combining pluvial deposi-
tion and tapping methods. The grading curve of the
sand backfill is reported in figure 3.

Reinforcements in MacRES walls tested in Brazil
are geostrips disposed with a spacing of 0.75 m. The

RIVISTA ITALIANA DI GEOTECNICA
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Tab. II - Friction angle vs relative density.
Tab. I — Angolo di resistenza al taglio in funzione della densita

relativa.
Box 6x6 Box 10x10
Y
D, [%] 3| € fey ave- fov_ave-
kN/m ¢laverage evave ¢Iaverage cvave
rage rage

25 1.55 0.74 | 29.87 29.29 |32.45 31.78
50 1.62 0.67 | 34.44 32.67 |33.46 32.33
95 1.77 0.53 | 45.04 44.12 |37.52 38.47

length of the geostrips changes with the depth being
4.08 m at the lower levels and 5.08 m at the top.

According to technical specifications of ParaWeb-
MD_45 the value of the ultimate tensile force is equal
to 46.30 +1 kN, while the strain at failure is equal to
12+1% (Tab. III).

4. Numerical analysis under static loading and
comparison with experimental results

A two-dimensional numerical analysis of the half
part of the wall retaining the sand backfill has been
carried out with the finite element code Plaxis.

The FEM model has been meshed using the
15-node triangular element that, even if leads to
computational time, allows an accurate calculation
of stresses and failure loads [ BRINKGREVE ¢f al., 2002].
This kind of element generates an irregular mesh
that has usually a better numerical performance
than the regular mesh [AMoRrosI et al. 2007; 2008].

Tab. III — Mechanical properties of the utilised ParaWeb.
Tab. III — Proprieta meccaniche dei ParaWeb utilizzati.

Reinforcement type MD 45
Ultimate Tensile Strength (EN kN 46.3-1.1
ISO 10319)

Elongation at UTS (EN ISO 10319) % 12+1
Strip width mm 48
Strip thickness mm 3.3
Strip weight Kg/100m | 13.2
Young Modulus E MPa 2400

Reinforcements are simulated using geostrip el-
ements that are slender structures with an axial stiff-
ness but with no bending stiffness. For the geostrip
elements the Authors choose a linear elastic consti-
tutive model. The equivalent unit axial stiffness of
geostrip is evaluated in 1200 kN/m. The equivalent
unit axial stiffness was evaluated multiplying the geo-
strip Young modulus for its transversal area for 1 m,
then dividing the result for the geostrip length. In-
terface elements, between soil and geostrip elements
are also included in the mesh. The friction along the
soil-geostrip contact was taken into account through
areduction factor R, reducing the interface strength
(Tab. IV).

The height of the mesh is 30 m on the left side
and 46 m on the opposite side. The total width of
the mesh is 200 m. At the lateral boundaries, hori-
zontal displacements are not allowed; at the hori-
zontal boundary, located at the bottom of the mesh,
vertical and horizontal displacements are not al-

B Gravel Sand Silt Clay
G M |s G | m]|s
100 00O —

o
=

Sample Do[mm] Ds[mm] Dy[mm] Dypmm] C. ¢ G

SAND

090 038 025 560 09 270

9 ®
S 3
]

3
1

A W
(=R

w
(=

/D’

Percent finer by weight (%)

—
(=

(=]

100 10 1

Fig. 3 — Grading curve for the sandy sample.
Fig. 3 — Curva granulometrica per il campione sabbioso.
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Tab. IV — Soil parameters for FEM analysis.
Tab. 1V — Parametri del terreno utilizzati nell’analisi FEM.

Soil under and behind

Sandy backfill the wall Interface geogrid
Material model - Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb
Material type - dry dry -
Unit weight g kN/m3 17 18.5 17
Young Modulus E MPa 50 60 50
Poisson ratio n - 0.3 0.3 0.3
Cohesion ¢’ kPa 0 20 0
Effective friction angle j’ (*) 42 38 42
Dilation angle ) 12 8 0
Reduction factor - - - 0.70

lowed. The size of the mesh is sufficiently large so
that the wall behavior is not influenced by bound-
aries.

Figure 4 shows respectively the whole mesh uti-
lized in the analysis and a detail of the mesh in the
zone where the MSE wall is placed.

The Mohr-Coulomb elasto-perfectly plastic con-
stitutive model with non associate flow-rule is con-
sidered for both the soil characterizing the backfill
and the soil underneath and behind the investigated
wall. Soil parameters utilized in the numerical analy-
sis are listed in table IV.

Young modulus of 50 MPa was assumed for the
retained soil. For the underneath and behind soil a
Young modulus of 60 MPa was utilized. Both modu-

e 30m —»

la where derived from shear modulus measured by
resonant column test in the range of actual defor-
mations.

The FEM analysis has been performed in the fol-
lowing steps:

— excavation;

— wall construction,;

— surcharge application;
— seismic loading.

The horizontal displacement contour deduced
from numerical analysis of MSE wall is shown in fig-
ure 5. FEM results indicate that, except for the lower
part of the wall, which is restrained at the base, the
horizontal displacements of the facing panels are al-
most the same. This indicates a translational behav-

fe—— a5,82m —»{

a)
* 200 m »
Surcharge = 20 kPa
I Sandy Backfill
£
~
N
©
b)

Soil behind and
underneath
MSEW

Fig. 4 — a) General view of the utilized mesh in the FEM analysis; b) A detail of the mesh.
Fig. 4 — a) Vista generale della mesh utilizzata nell analisi FEM; b) Dettaglio della mesh.
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Fig. 5 — Horizontal displacement contour in FEM analysis.
Fig. 5 — Spostamenti orizzontali determinati dall analisi FEM.

ior of the deformed wall. The maximum horizontal
displacement deduced by FEM analysis at the eleva-
tion 1.5 m is about 47 mm.

Figure 6 shows the facing displacements before
and after the application of the surcharge. It is pos-
sible to observe that the effect of surcharge is neg-
ligible with respect to that induced by self weight.
Figure 7 shows the maximum axial forces Ty in
reinforcements for the analysis carried out without
and with the surcharge. In both cases, the maximum
axial force is found on the lowest reinforcement, be-
ing 19.35 kN/m for the analysis without surcharge,
while it grows up to 23.63 kN/m when the surcharge
is considered in the analysis.

In Figure 8 experimental and numerical results
in terms of the locus of maximum axial forces are
reported for without (Fig. 8a) and with surcharge
(Fig. 8b). Figure 8 also reports the location of max-
imum axial forces according to Tieback Wedge Meth-
od (TWM) and the Coherent Gravity Method (CGM).
Experimental and numerical curves are very close
to the non-extensible reinforcement one calculated
with the CGM. The locus of maximum axial forces
rise up almost vertically and at a distance of about 0.3
H from the facing panels according to indications of
the Coherent Gravity Method, being H the height of the
wall. Moreover, experimental and numerical results
are in good agreement for both the analyses carried
out with and without surcharge.

Table V also shows the comparison between ex-
perimental results, FEM results and design values ob-
tained with the CGM, in terms of axial forces in the
geostrip reinforcements (7y4x). Experimental axial
forces measured in the fullscale model are at levels
1 and 3 lower than those evaluated by FEM analysis.
This probably is a consequence of the lateral resist-
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-28.62

-32.50

-40.25

44.13

ance developed at both the edges of the wall. Edge
effects, due to a limited length of the wall, cannot
be taken into account in a two-dimensional model
so the actual earth pressure coefficient is somewhat
less than that deducible by a plane analysis (MoTTa,
2012).

Maximum experimental axial strain, recorded
at elevation 3, is equal to 0.65%, that is in a good
agreement with the maximum axial strain deduced
by FEM analysis (¢ = 0.78%). Thus, experimental re-
sults as well as FEM results, show that ParaWeb rein-
forcement, also being polymeric strip, can be used
in the design as an inextensible reinforcement. So
the Coherent Gravity Method can be used for this kind

8.00
With surchage 20 kN/m
Without surchage
6.00 —|
~~
g
=
-g 4.00
S
Q
p—
=
2.00
0:00 T T T |
0.00 0.02 0.04 0.06 0.08 0.10

Facing displacement (m)

Fig. 6 — Facing panels displacements.
Fig. 6 — Spostamenti dei pannelli di facciata.
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—==—==———-————- Numerical results - Before surcharge

Numerical results - Ater surcharge of walls design. This means also that, being the total

elongation of geostrips lower than 1% in the limited

10 — length where the maximum strength is developed,
eve

the total elongation of the strip is negligible and the
wall is perfectly vertical without any movement dur-
ing and after the construction. gmax = 1% is the limit
(maximum value) specified by BS 8006-1 for inex-
tensible reinforcements.

Finally, table V reports a comparison between
the experimental and the numerical tensile force on
Macloop connection (7yaxmacroop). Once more,
numerical results are in a very good agreement with
the experimental results. In the instrumented wall,
Level4 the maximum value of the connection strength was
less than 5kN, as registered by the dedicated instru-
ments. If compared with the values got in the design,
the average reasonable over-design percentage may
be from 50 to 60%.

Level2 Based on Mortta [2012] solution, figure 9 shows
the value of the 3D active earth pressure coefficient
versus H/D ratio, being H and D the height and the

Level 8

Level 5

Axial force (kN)

Level2

Level 1 .
= length of the wall respectively. Curves of the 3D earth
pressure coefficient in figure 9 are given for two dif-
EI, 6 ferent ksvalues, where ksis a lateral earth pressure co-
. . efficient relating horizontal stress acting at the later-
Position along reinforcement L (m) al boundaries and vertical normal effective stress. ks
usually ranges between 0.5 and 1. For a value H/D=0.4
Fig. 7 — Axial forces on reinforcements by FEM analysis. (like in the full scale model), the three-dimensional
Fig. 7 — Forze assiali sui rinforzi ricavate dall’analisi FEM. active earth pressure coefficient k,p is lower than that
0.28H 0.25H
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Fig. 8 — Locus of the maximum axial forces Tpax in reinforcements by FEM analysis: a) before surcharge b) after the sur-
charge.

Fig. 8 — Luogo dei punti della massima forza assiale Tyqx nei vinforzi ricavati dall analisi FEM: a) Prima dell applicazione del sovraccari-
co b) dopo Uapplicazione del sovraccarico.
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Tab. V — Experimental, analytical and FEM-computed results for the MacRES wall System with an applied surcharge of
20 kN/m?.
Tab. V - Risultati sperimentali, analitici e numerici per il sistema MacRES con sovraccarico applicato di 20 kN/m?.

Paraweb| Paraweb |Paraweb Thax (E?}K/I Thax | Axial strain | Axial strain d d/h tmax,macloop tmax,macloop
level | Elevation | Length (Test) Design) (FEM) (Test) (FEM) (Test) (FEM)

(m) (m) (KN) (KN) | (kN) £% c% (m) (kN) (KN)

1 0.37 4.08 2.17 11.24 8.86 - 0.54 1.02 0.16 2.94

G c NO LOAD .

2 1.12 4.08 CELLE 10.47 7.07 - 0.7 1.20 0.19 3.43

3 1.87 4.08 2.70 10.13 5.95 0.65 0.78 1.32 0.21 5.19 4.41

4 262 | 408 |NOEOMP 970 | 508 - 074 | 144 | 023 a1

5 3.37 4.08 4.92 9.06 4.25 0.30 0.66 1.56 0.25 5.54 4.92

: NO LOAD - )
6 4.12 5.08 CELLE 5.94 2.65 - 0.47 1.57 0.25 4.56
NO REA-
7 4.87 5.08 2.65 4.73 2.61 - 0.47 1.57 0.25 DING 5.18
8 5.62 5.08 2.46 3.49 2.22 0.09 0.37 2.72 0.43 4.37

(Test) = after Jayakrishnan 2013 ;
D = distance from facing
H = wall height

evaluated in a two-dimensional analysis (plane case;
H/D=0). For example, for ks= 0.5 and H/D= 0.4, k.p
= 0.130 while for ks =1 and H/D = 0.4, k,p = 0.089. In
the first case the reduction of the earth pressure coef-
ficient with respect the plane case (k,=0.182) is about
29%. In the second case the reduction is about 51%.

5. Prediction of the macres system wall seismic
behavior

The seismic behavior of the MSE Wall has been
also investigated using the Loma Prieta Earthquake
recorded accelerogram, scaled at 0.25g as seismic

0.20 . T 1 |
e« <— PLANE CASE
0.16
0.12
2
-
0.08
0.04
0.00
0.00 0.20 0.40 0.60 0.80 1.00
H/D
Fig. 9 — Three-dimensional active earth pressure coeffi-

cient versus H/D ratio.
Fig. 9 — Coefficiente di spinta attiva tridimensionale in funzione
del rapporto H/D.
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loading. The recorded accelerogram of Loma Prieta
Earthquake is shown in figure 10.

During seismic loading, axial forces on rein-
forcements, axial strains and horizontal displace-
ments increase. In figure 11 results of the dynamic
analysis are summarized.

The maximum axial force on reinforcements un-
der seismic loading is shown in figure 11a. It is also
compared with that obtained under static condition.
The seismic analysis indicates that the axial forces
increase during seismic loading mainly in the lower
layers. A maximum increase of about 68% has been
deduced at the lowest reinforcement.

The comparison of maximum axial force lo-
ci, under static and seismic loading, is reported in
figure 11b. The locus of maximum axial force un-
der dynamic condition is slightly shifted backwards
with respect to the locus detected under static load-

ing.

6. Conclusions

A FEM analysis has been carried out to study
the behaviour of a full-scale MSE wall tested in Bra-
zil. The comparison between experimental meas-
ures and numerical results appeared very precious

Loma Prieta

20 25 30 35 40 45
t(s)

Fig. 10 — Input accelerogram recorded at Loma Prieta.
Fig. 10 — Accelerogramma registrato a Loma Prieta.
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Fig. 11 — Seismic analysis results: a) axial force on reinforcements; b) locus of the maximum axial forces Tyax in reinforce-

ments.

Fig. 11 — Risultati dell’analisi sismica: a) forze assiali sui rinforzi; b) luogo dei punti della massima forza assiale Tynqx nei rinforzi.

due to the poorness of full-scale tests on MSE walls
and in order to validate a FEM methodology to
be easily applied to different initial and boundary
conditions during the design routine. Experimen-
tal and numerical results has been also compared
to results of the most used methods reported in de-
sign codes and guidelines. Thanks to these com-
parisons, a series of significant considerations have
been made.

As observed in experimental results, the anal-
ysis confirms that the locus of maximum tension
line starts from the bottom inside of the wall and
ends, at the top, within a zone approximately 0.30
H far from the facing panels. According to SCHLOSS-
ER [1978] the MSE wall behavior is similar to that
of walls with inextensible reinforcements. This sug-
gests the choice of the Coherent Gravity Method for
design. More precisely the locus of maximum axial
forces is found to rise up vertically at a distance of
0.28 H from the facing panels, if no surcharge is lo-
cated at the top of the backfill; while applying a sur-
charge of 20 kN/m? the distance slightly decreas-
es to about 0.25 H. Both experimental and numer-
ical results show that geostrip reinforcement axial
strains are usually less than the 1%, so the wall can
be considered perfectly vertical without any move-
ment during and after the construction. Thus, ex-
perimental results, as well as FEM results show that
such geostrip can be considered as inextensible re-
inforcements and the Coherent Gravity Method can be
applied for the design.

The seismic analysis, carried out using Loma
Prieta earthquake scaled up to 0.25g, shows that

during seismic loading axial forces on reinforce-
ments can be significantly greater than those in the
static case and the locus of maximum axial forces is
slightly shifted backwards with respect to the stat-
ic case.

The above-mentioned considerations are related
to the used soil type, wall height, intensity of the sur-
charge, etc. New FEM analyses are in progress con-
sidering other soil backfill, as well as other recorded
accelerograms. Preliminary results of these in pro-
gress FEM analyses confirm the considerations dis-
cussed in the present paper.
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Analisi numerica di un muro in
terra rinforzata in vera grandezza:
comportamento statico e dinamico

Sommario

Attualmente sono disponibili molteplici tipologie di muri in terra
rinforzata. Una delle tipologie pi interessanti e rappresentata dai muri
a parele verticale con rinforzi polimerici nastriformi e con pannelli di
Jacciata in calcestruzzo. La rigidezza a trazione di questi vinforzi e molto
pit grande di quella dei rinforzi geosintelici usuali e una delle incertezze
che possono insorgere e se tali rinforzi possono essere considerati estensibili
o inestensibili. Lo scopo del presente lavoro e dare un contributo per
una migliore comprensione del reale comportamento di tali rinforzi
polimerici. Allo scopo e stato realizzato un muro sperimentale in vera
grandexzza in cui sono stati utilizzati rinforzi nastriformi denominati
“ParaWeb’. Il muro e stato strumentato al fine di misurare deformazioni
e tensioni sui rinforzi come anche le pressioni prodotte dal terreno.
Come confronto con i risultati sperimentali e stata condotta un analisi
bidimensionale agli elementi finiti per simulare il comportamento del
muro. I risultati sperimentali e analitict sono stati messi a confronto
fra loro in condizioni di carico statico al fine di individuare gli aspetti
peculiari del comportamento di tali muri rinforzati con “ParaWeb” e
per validare le analisi numeriche. Infine é stata falta una previsione del
comportamento di tali muri sotto carico sismico.

Parole chiavi: analisi FEM; terra rinforzata; metodi di
progettazione; analisi statica; analisi sismica.





