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Abstract - The paper reports the results of an To construct the new Library of the University afria
experimental study carried on a full scale anchored “Kore” at Enna (Italy), an anchored diaphragm wedbs
pile diaphragm wall that is a part of the new Library been realized. The paper provides a descriptiothef
of the University of Enna “Kore”, Enna (Italy). monitoring system used to monitor the diaphragml,wal
The retaining wall has a free height of about 10 nters  the interpretation of the obtained data and a dison
with an overall length of 22 meters, and it is compsed  about assumptions and results of the numericalysesl
of two rows of reinforced concrete (r.c.) piles 1®mm  carried out using the FEM code PLAXIS.

in diameter. An r.c. top-beam was constructed on th

top of the structure. Two piles, located in the cemal . METROLOGY

part of the wall, have been instrumented with  Measurements of displacements and pressures during
conventional inclinometer cases and embedded and after the construction of geotechnical strestuare
plezoelectrlc accelerometers. ) commonly used to check design assumptions andattesy
The experimental measurements recorded during the gyen prescribed by some codes [1], [2] and [3].
construction and in operation are reported and  The diaphragm wall (Figure 1), located at Ennahi
discussed in detail. Based on the interpretation dhe  sjcily Region, consists of two rows of reinforcashcrete
geotechnical soil data, derived from conventional (r.c.) piles 1000 mm in diameter and has a fregtedf
boreholes, down-hole and laboratory tests, a FEM ahout 10 meters with an overall length of 22 metars
model of the system was developed and implemented r ¢ top-beam has been constructed on the top ef th

using the code PLAXIS. It has been observed thath  structure and one row of anchorage has been rdadize
model allows for a satisfactory simulation of the depth of 4,50 m (Figure 2).

displacement of the wall during the construction
phases i.e., under a static loading scenatrio. I

. INTRODUCTION

In recent decades, the demand for underground spa + """
has been increased. Deep excavations are required
meet this demand, and, in many cases, excavaties si
are in closing proximity to existing structures.vatced
techniques are needed in the excavations to metitie N\ AN oy H
large amount of lateral wall deflections and suwefac i RS
settlements for the purpose of avoiding damagehef t NS
adjacent structures. s

Large-scale excavations requires retaining strestur / e
such as diaphragm walls, to be installed beforestie
excavation. Although the influence of excavatiorrkvon
the surrounding ground and on existing structuras h

been commonly evaluated through numerical simuiatio  An integrated structural and geotechnical moniwrin
the main interest focuses on the influence of thgystem for the diaphragm wall has been used. Ties pi
excavation process on these areas after retainin@igure 3), located in the central part of the wakhve
structures are installed in the soil. been instrumented with conventional inclinometesesa
Monitoring of the static response of the wall (@rhs  (Figure 4) and embedded piezoelectric accelerosieter
of displacements) plays a relevant role for a dyali The response of the two piles, chosen in ordewtidaas
assessment of the design and construction prottelss. much as possible boundary effects was monitoreaticSt

usually based on comparisons between the predistdd displacements were monitored during the constronaio
the observed behavior. the library.

/

Fig. 1. Executive design of the diaphragm wall.
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Fig. 2. View of the building and

anchored embedded wall.
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Fig. 3. Plan view of the diaphragmwall and the
monitored piles.
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Fig. 4. View of the diaphragm wall and instrumented pile.

Abdoun et al. [4] developed a microelectro-mechalnic
system (MEMS) accelerometer that is designed to
monitor soil displacements and soil acceleratiofise
recent MEMS technology may offer some distinct
advantages over other types of tilt sensors, anfhdh
many manufacturers are now offering MEMS-based
inclinometer probes. The wireless system can regote
collect both deformation and acceleration readings
anywhere there is cell-phone coverage. The sensay a
is capable of measuring soil acceleration and peemia
ground deformation to a depth of 100 m. Each sensor
array is connected to a wireless earth stationntble
real-time monitoring of a wide range of soil andl-so
structure systems as well as remote sensor coafigar

In this study MEMS accelerometers and traditional

More frequent measurements have been carried oirclinometers have been used to monitor diaphragih w

during the construction phase and after excavafitme.

behavior. Two piles have been instrumented withb no.

need to monitor deflections and accelerations alitveg embedded piezoelectric accelerometers placedfatetit

pile axis has driven the choice of embedding sengor

depth (Figure 5) and conventional inclinometer ngsi

the piles. They have been equipped with two inchiater
casings and embedded piezoelectric accelerometers.

The short distance between building and wall (Fégur
2) suggests that should exist an interaction betvwbe
two structures. Thus, the knowledge about the mgld
behavior can help in better understanding measureme
results obtained from the sensors in the piles.s@en
characteristics and installation phases are gomnde
described in detail in the following sections.

A. The embedded piezoelectric accelerometers

Over the last 50 years engineers have used tradltio
manual inclinometers to monitor the soil displacatee
However, the frequency and accuracy of this labor-
intensive monitoring depend on a trained engineer i
manually collecting and managing the data.

Recent advances in miniaturizing sensors and
electronics have enabled a paradigm shift in the
monitoring of soil and structures. In order to alsesoil
displacements, highly sensitive sensors are nemessa
These sensors are typically expensive due to thigh
sensitivity and precision.
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Fig. 5. Scheme of the position of accelerometers.




Sensor module consists of two seismic accelerosieterof the University of Enna “Kore” (ltaly). A soll
placed in two orthogonal directions and encapsdlatea  investigation of the site has been performed: no.3
stainless steel enclosure (Figure 6) to avoid aampafje boreholes were carried out up to a depth of 30 m.
during the casting operations and assure wateripighof
Specific procedures for concrete casting have been
adopted to ensure the effectiveness of sensorg afte
installation, which are buried in concrete andrefare,
not repairable. Furthermore, the instrumented pibas to
show similar characteristics with respect to th@eeht
ones, to assure reliability of measurement.

NLdAN S (e 5

Fig. 7. Installation of the inclinometer.

Flg 6. Sainless steel enclosure. Displacement [mm] Displacement [mm]
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The dynamic response of the retaining wall wasy,als ~ ° 0
monitored by a measurement system able to contstyiou I nclinometer 1 - * | *| i nclinometer 1,
record the dynamic response of the monitored pilés. 2 '2 =
measured acceleration in time domain is contingousl ° °r
shown on screen of the software, so as to checkah N N
time the quality of the acquired signals. . q° . R
B. Theinclinometers °° . e
Measurements of horizontal displacements of the . ol e
diaphragm wall were carried out using inclinometer_ . =10 le
casings and were performed with steps of 1,0 ntirsgg § o le § . b
from the bottom of the inclinometer hole. In Figutes & ., B,
shown the installation of the inclinometer. de .o
Experimental data have been acquired over a four ,, e 14 Loe
month period (from July 29 2014 to November "4 v .
2014) during the construction and excavation phades 16
the embedded diaphragm wall. Measurements recorded | o "
on September {5and November ' 2014 are reported 15 lw ©
in Figure 8 for the monitored piles in terms ofefa . 3
displacement. 20 ¢ 2014 Septamber 150 |, * 2014 Septermber 15101
Displacements of the two piles are not very simifar ® 2014 November 4 L * 2014 November 4
continuous increase in the horizontal displacemefitse 2 ‘ ‘ ‘ 22 ‘ ‘ ‘
wall has been observed, until it has reached a Yialaie : o
of about 49 mm for inclinomete; hnd of about 23 mm Fig. 8. Lateral pile displacements versus depth.
for inclinometer }. The soil investigation included stratigraphic cohsn
Down-Hole tests to evaluate compressivg) (@nd shear
. GEOLOGICAL AND GEOTECHNICAL (Vs) wave velocities (Figure 9), and laboratory temts
CHARACTERIZATION undisturbed samples. The results of this soil itigaton

The anchored diaphragm wall is part of the new aspr (Table 1) are reported in detail by Castelli e{3]. [6].
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Table 1. Geotechnical parameters. Waves velocity (m/s)

0 400 800 1200 1600 2000
Camp. Prof. y W, lo & 0
(m)  (kN/m) (%) (%) Vs
S1/C2 80 19,27 24,74 1480 - e Ve
S1/C3 18,0 19,88 31,86 36,39 - 5T
S2/C1 3,0 20,02 21,97 19,97 -
S2/C3 13,2 20,52 22,50 47,44 0,495
10 +
s3/C2 5.7 19,25 28,18 22,79 - II Ji
E _
Camp. Prof. A L S £15;
(m) (%) (%) (%) a
S1/C2 8,0 10,15 30,01 46,11 y 1
sS1/c3 18,0 2513 5354 2127 201 l
S2/C1 3,0 23,35 43,79 25,63
S2/C3 13,2 37,45 51,80 10,72 )
S3/C2 5,7 26,24 34,80 36,44 ht
Camp. Prof. & Cy c’ ¢ OCR
3C - *
(m) (kPa) (kPa) (%) _ .
S1/C2 80 N N 0 31 N Fig. 9. Waves velocity versus depth.
S1/C3 18,0 - - 0 38 - Figure 10 shows the various soil clusters usecfme
s2/c1 30 ) ) 10 24 ) regions with same properties within the finite edgn
S2/C3 13’ 5 0495 57 mesh. The soil model was run with a medium mesh of
; ' ' ) ) ) ' triangular elements, leading to 1729 elements 8983
S3/C2 5,7 - - - - -

nodes. The reticule average dimension is strorefiped

near the structure (Figure 11), for a better evanaof
Based on the laboratory and in situ investigatians, the gradient of stress and strain.

simplified geotechnical model was adopted and used

set a numerical model of the diaphragm wall for KL% F

code [7].

IV.  NUMERICAL MODELING

The modeling of the behavior of the pile diaphragm
wall has been performed using the FEM code PLAXIS
2D. The numerical analysis was carried out in plant
strain conditions. The soil behavior has been nextiet
drained conditions by the Mohr-Coulomb model.

The geometry of the model, the material propewdies F
the boundary conditions were specified. To analyee R
full scale diaphragm wall, the model extends ald@@ m ) ' R
horizontally and 30 m vertically (Figure 10) to be
sufficient to avoid border disturbances. At theehyabhe
boundary conditions were assumed to be pinned ih bo
vertical and horizontal directions and laterallg tmodel
is free to move vertically. . -

The numerical analysis includes the use of 15 node Fig. 11. Finite element mesh.
triangular elements to model the soil. The retajnivall Many phases have been used in the numerical agalysi
structure was simulated with one dimensional liresam to establish the initial effective stress state dition
element that can resist axial load and bending nsne existing prior to the construction of the diaphragsaill,

The stiffness for the wall element is representedhbans  the excavation to remove filling material, the exation
of the flexural rigidity El) and the normal stiffnesg&g). for positioning the diaphragm wall, the excavatifom

Fig. 10. Geometry of basic FE model.
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anchor placement, the stage of pre-stressing aridnkp

Finally, the lateral displacements and bending mume

of the anchors. Based on the stratigraphic columnalong the diaphragm wall are reported in Figureahd

obtained by boreholes performed in the site, foffiernt

15 respectively. The maximum bending moment is

soil types have been considered. In particularmfro approximately 650 kkh/m.

ground level to bottom filling material (1), siltgith sand
clay (2), clays with chalk (3) and chalk (4).

Prediction of vertical/lateral displacements andcés
are amongst the key objectives for performing bédia

Table 2 reports the geotechnical properties adojted soil-structure interaction analysis.

the numerical modeling for the four categories oil s
considered. Strength and deformability parametense h
been obtained by laboratory testing performed ensthil
and by a literature database [8], [9] and [10] aidel
parameters used in PLAXIS for similar soil type][11

When the initial conditions are defined, the cadtioln
process starts and provides results in terms e$s#s and
displacements.

Table 2. Geotechnical parameters for numerical analyses.

Soil y c ¢ E Eeq
(kN/m)  (kPa) (°)  (kPa) (kPa)
1 19,6 0 24 600" 8,910°
2 19,6 216 24 2%90° 3,810
3 18,6 50,0 22 180 2410°
4 19,6 1140 29 78 10,110°
V. NUMERICAL RESULTS

The results of the numerical analysis are preseimted
terms of anchored diaphragm wall and soil displaa@sn
computation. In particular, Figure 12 shows theodeid
mesh of the numerical simulation correspondinghe t
state of end construction, while the Figure 13 gie@
indication of the soil displacements predictedhat final
stage.

Fig. 12. Deformed mesh.

Fig. 13. Soil displacements.

Fig. 15. Bending moment along the diaphragm wall.

VI. COMPARISON OF RESULTS

Today numerical techniques are available for iretgt
structural-geotechnical interaction analysis. N&hadess,
these procedures to practical problems often reveal
discrepancies between experimental evidences and
numerical predictions. Modification of the assoetht
parameters and modeling assumptions can definitely
carried out in order to minimize such differences.

With this aim, the proposed numerical model intehde
to predict the behavior of the anchored diaphragatl w
and to check the validity of the modeling concepedi
This represents a phase of the well known “obsemat
method” [12], in which observed performance can be
used to verify design assumptions and formulate
construction control.

Taking into account the geometry and dimensions of
the embedded retaining wall, the loading conditiand
the soil model, it was found that the predictedgratand
magnitude of the pile lateral displacements weoselto
the experimentally observed results. In this cagmed
agreement between the measured and the computed
horizontal displacements was obtained. As depidted
Figure 16, the experimental data have been compared
the results of the numerical analyses correspormiast
on-site measurements (Novembéf, £014). The plot
shows a reasonable agreement between experimental a
computed results.
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Fig. 16. Comparison between computed and
measured pile lateral displacements.
VIl.  CONCLUDING REMARKS 7]

In this paper, the preliminary results of a in Static
displacement measurement are presented and didcusse
Static displacements were carried out starting ftbm  [g]
excavation phase and until construction of an arexho
diaphragm wall for the new Library of the Univeysiif
Enna “Kore” (Italy).

Two piles of the diaphragm have been instrumented
with conventional inclinometer cases and embeddepb]
piezoelectric accelerometers.

A continuous increment in the horizontal displacatme
of the wall has been observed, until it has reachédal
and stable value of about 49 mm. [10]

Based on careful interpretation of geotechnicaladat
obtained by soil investigation, a numerical modgly
the Finite Element code PLAXIS 2D has been perfarme
and calibrated. The comparison between computedtses
and experimental measurements in terms of horizonfa]
displacement has been carried out, highlightingesy v
good agreement between experimental evidences and
computed results.

Shear force and bending moment distributions hayep]
been assessed according to measured/computed! latera
displacements along the embedded retaining wall.
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