
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Paper No. AFSDE 

 

A FULL SCALE INSTRUMENTED RETAINING WALL: 
INTERPRETATION OF THE MEASUREMENTS USING NUMERICAL 

TOOLS 

Arindam DEY 1, Giovanni LANZANO1, Carlo RAINIERI1, Michele DI TULLIO1, Carmine 
LAORENZA1, Filippo SANTUCCI de MAGISTRIS1, Giovanni FABBROCINO1 

ABSTRACT 
 

A full scale experimental study on a free flexible retaining wall is used to shed some light on the behavior 

of geotechnical structures subjected to seismic loading. The embedded retaining wall has a free height of 

about 6 meters with an overall length of 18 meters, and it is composed of two rows of reinforced concrete 

r.c. piles 800 mm in diameter. An r.c. top-beam was constructed on the top of the structure. Two piles, 

located in the central part of the wall, have been instrumented with specially designed embedded 

piezoelectric accelerometers and conventional inclinometer cases.  

Based on the interpretation of the existing conventional geotechnical soil data, a FEM model of the system 

was developed and implemented using PLAXIS code. It has been observed that the model allows for a 

satisfactory simulation of the displacement of the wall during the construction phases i.e., under a static 

loading scenario. At present, the model is being analyzed to check its suitability and validity for dynamic 

loading conditions, to obtain a reasonable agreement between experimental and numerical results. 

This paper provides a description of the monitoring system, the interpretation of the first obtained data and 

a discussion about assumptions and results of the numerical analyses. 
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INTRODUCTION 

 

Structural monitoring for civil structures is becoming increasingly popular due to the opportunities that it 

provides for construction management and maintenance. It basically allows for the reduction of inspection 

costs, seismic protection, real or near real-time observation of the structural response and the evolution of 

damage, possibility to develop post-earthquake scenarios and support rescue operations. In geotechnical 

engineering, while static control of displacements and pressures is a quite common construction practice, 

dynamic monitoring is relatively limited. A limited number of full-scale dynamic measurement systems 

are currently applied to geotechnical systems, while several data are available in terms of post-earthquake 

permanent deformations. Some case-histories on seismically monitored earth dams are reported by Sica 

(2003); soil-foundation-structure interaction under seismic loading is also studied (Steidl et al., 2004; 

Pitilakis et al., 2005). 

 

The monitoring system described herein focuses on the static, dynamic and seismic response of a full scale 

flexible retaining wall. Data coming from the system under operational conditions are going to be 

processed and used to enhance numerical models and improve the current knowledge about flexible 

retaining walls. Data recorded during strong motion seismic events might also be crucial to have a deeper 

insight in the behavior of such structures to improve design procedures.  
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Based on the collected experimental data and their comparison with the corresponding results provided by 

numerical analyses, a calibration of the numerical model of the wall has been started. The adopted values 

for the mechanical properties of soil have been obtained from conventional geotechnical investigations. A 

material model able to reproduce the actual soil behavior has been employed in the analyses. A number of 

parameters have been calibrated in order to improve the agreement between the experimental and 

numerical results. Some preliminary outcomes from numerical analyses and processing of experimental 

data for both the static and dynamic case are discussed in the following, pointing out the promising 

perspectives of the numerical model to reproduce the actual behavior of the wall. 

 

 

CHARATERIZATION OF THE SITE 
 

The monitored wall is located at the Vazzieri site in Campobasso, the main city of the Molise Region, 

Central Italy. Medium to high seismic hazard is related to the area. Some remarks on this topic and on the 

disaggregation of seismic hazard are reported elsewhere (Caccavale et al., 2010). The geology of the area 

(Regione Molise 2004) includes deposits of varicolored scaly stiff clays, with alternation of thick levels of 

limestone, calcareous and sandy materials, covered by a layer of remolded man-made debris cover (Figure 

1). In the right-hand side of the figure, a geological W-E cross section (slightly outside the map in the 

south part) is showed: it confirms the presence of a large thickness of stiff clay, covered by a thin layer of 

incoherent loose material. 

 

Two boreholes were carried out in the area of pile wall construction: for each borehole, the investigations 

included stratigraphic columns, standard penetration tests SPT, laboratory tests on undisturbed samples 

and Down-Hole tests. Rainieri et al. (2010) described the results of the soil investigation, making a 

comparison between the values obtained in the different tests.  

 

Location of the wall

Sannio varicoloured clays: scaly clays with variables colors between red-

violet and grey-green; calcareous, limestone and sand intercalation.

Debris deposits: soils originated from the decay of the local bedrock, the 
transport and the accumulation of the debris along the slope. (1) 
thickness 0.5-2 m; (2) thickness > 2 m.

 
Figure 1. Geological map and cross section of the Vazzieri area. AVS: varicoulored scaly clays; 

ter2: covering debris deposits; antf2: man-made remoulded covering; SAN2: San Bartolomeo’s 

flysch (modified after Regione Molise, 2004) 
 

Based on the laboratory and in situ investigations, a simplified geotechnical model was adopted, whose 

main characteristics are reported in Table 1. The parameters have been used for the back-analysis of the 

static measurements. The water table has been considered well below the depth of interaction of the 

geotechnical structures, in compliance with the assumption made by the structural designers of the wall. 

 



5th International Conference on Earthquake Geotechnical Engineering 
January 2011, 10-13 

Santiago, Chile 

 

 

Table 1. Soil parameters 

Soil layer 
E50 

(kPa) 
Eoed 

(kPa) 
c' 

(kPa) 
φ 
(°) 

γ 

 (kN/m
3
) 

γsat 
(kN/m

3
) 

S1 4700 6350 22 23 19.2 19.4 

S2 15900 20220 28 17 19.5 19.8 

S3 28900 38900 20.5 23 19.8 20.3 

BR 35200 47400 19 24 20.1 20.5 

 

 

SHEET PILE WALL 
 

The structure is a free sheet wall, composed by a two alignment of adjacent but not contiguous piles 

(Figure 2). Each pile has diameter d=80 cm, and spacing between the pile axis i=90 cm (Figure 3). The 

wall had total height of L=18 m (the wall free height is 6.4 m in the construction phases and 4.2 m in the 

exercise phases).The connection between the piles was obtained through a top beam (h= 1.5 m). 

 

 

 
 

Figure 2. View of the northern part of the wall Figure 3. Layout of sheet pile wall 
 

To obtain reliable values of the system piles-beam stiffness (Fabbrocino et al., 2008), a 1 m band was 

considered, in which about two piles were included (Figure 3). The axial and bending stiffness of the 

system were considered to dwell between the values for a single pile and the aggregated values (sum) of 

the two contiguous piles connected through the top beam. This intermediate value could be evaluated 

scaling the stiffness of two piles by the ratio (d/i) between the diameter of the pile and the spacing. In 

Table 2 the values of flexural and axial stiffness of the structure are reported. In particular, the lower limit 

(single pile), the upper limit (two piles) and the intermediate values obtained through the scaling by d/i are 

shown. 

 

Table 2. Structure bending and axial stiffness 

Structure stiffness (1m) Single pile Two piles d/i scaled 

EI (kNm
2
/m) 2.68�10

6
 5.35�10

6
 4.76�10

6
 

EA (kN/m) 1.73�10
8
 3.46�10

8
 3.08�10

8
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MONITORING SYSTEM 
 

Static monitoring 
Measurements of horizontal displacements of the wall were carried out using an inclinometer device. 

Measurements were performed with steps of 50 cm, starting from the bottom of the inclinometer hole that 

was assumed as a fix point. Six inclinometer casing were used, in order to instrument two nearby piles. 

The layout of the tube positions is showed in Figure 4. 

 

 

 

 
Figure 4. Installation scheme of the inclinometer tubes in the piles 

 

The experimental values for the inclinometers in the different piles gives very similar values (Rainieri et 

al., 2010): for this reason average values of the measurements were plotted against depth in Figures 5, 

including the timing of the wall deflection measurement. Data reported in this figure are re-oriented 

normal to the wall plane (where the highest movements are expected). In the lacking of absolute measures 

of orientation of the inclinometer casing, possible only at top of the tube, the azimuth of the inclinometer 

tube was identified assuming that the first measurement (on September 4
th
, 2008) has nil components in 

the plan of the wall. In figure 6, the value of displacement at the top of the wall is plotted versus time.  

 

  

Figure 5. Average horizontal displacement 
normal to the wall plane 

Figure 6. Evolution of the horizontal 
displacement with time (top wall) 

 



5th International Conference on Earthquake Geotechnical Engineering 
January 2011, 10-13 

Santiago, Chile 

 

 

The wall deformation is very similar to a rigid rotation. Moreover, it seems that the gradient of the 

displacement with time tends to be zero. 

 

Dynamic monitoring 
Some embedded accelerometers have been installed in the two monitored piles. The singularity of the 

application and a number of issues directly related to sensor embedment required design of a specific 

enclosure for the manufacturer. As a result, a new sensor module for embedded applications was designed 

from the cooperation among researchers of StreGa Lab. and engineers of sensor manufactory company 

(Fabbrocino et al. 2008, 2009a).  

 

Each sensor module consists of two seismic, high sensitivity (10 V/g) ceramic shears integrated circuit-

piezoelectric, ICP, accelerometers, placed in two orthogonal directions and encapsulated in a stainless 

steel enclosure which assures impermeability and protection against concrete pressure. Each module has 

been designed and installed to detect one horizontal component (normal to the wall plane) and the vertical 

component of acceleration. Sensor bandwidth goes from 0.15 Hz to 1 kHz. Full scale range is 0.5g pk. 

Moreover, they have a high overload limit (shock) of 5000 g. In fact, even if specific procedures for 

concrete casting have been adopted, through a pipe progressively raised in order to avoid direct impact of 

concrete against sensor enclosure, the high shock limit has been fundamental to ensure the effectiveness of 

sensors after installation, which are buried in concrete and, therefore, not repairable. 

 

Three sensor modules have been placed in each pile. Two additional sensors have been placed in the top 

beam. A schematic view of instrumented piles is shown in Figure 7. 

 

 
 

Figure 7. Embedded sensor layout 
 

Instrumented piles had to show similar characteristics with respect to the adjacent ones, to assure 

reliability of measurement and to avoid singularity in the overall behaviour of the structure. For this 

reason, due to the not negligible dimensions of sensor modules which caused some changes in pile 

geometry, specific computations and additional reinforcement have been provided. This to assure that the 

instrumented piles had similar strength and stiffness with respect to the nominal characteristics of the 
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adjacent piles. Thus, an additional reinforcement has been designed in order to obtain piles characterized 

by similar strength and flexural stiffness to those ones of the adjacent piles (Fabbrocino et al., 2008). 

The additional reinforcement, the presence of sensors and of pipes for cable routing, and, finally, 

installation of three inclinometer casts made concrete casting more difficult. Thus, a Self-Compacting 

Concrete (SCC) has been used for casting, to prevent segregation phenomena (Fabbrocino et al., 2009b). 

 

Vibration records in operational conditions are regularly carried out. Operational Modal Analysis 

techniques (Rainieri, 2008) are being applied to records of the dynamic response of the wall due to 

ambient vibrations to evaluate its fundamental dynamic properties. Even in presence of very low levels of 

ambient vibration, the first two fundamental frequencies of the wall, at 3.68 Hz and 7.23 Hz respectively, 

have been identified with a certain degree of accuracy. Results of dynamic tests in operational conditions 

will be used as references for the model refinement process when also the effects of dynamic excitations 

are taken into account. Some preliminary outcomes from numerical dynamic analyses are reported in the 

following. 

 

NUMERICAL BACK-ANALYSES OF INCLINOMETER DATA 
 

The numerical analyses have been carried out through the Plaxis 2D v.8.4 (Brinkgreve, 2002), a finite 

element software, which allows performing analyses in plane strain conditions. The domain used in the 

analyses is shown in Figure 8. It reproduces the site conditions before the excavation. 
 

 
Figure 8. Mesh used for the static analyses 

 

The mesh comprises of triangular elements and the reticule average dimension is strongly refined near the 

structure, in order to correctly evaluate the gradient of stress and strain. For static purposes, the lateral 

extension of the model is considered large enough to perform accurate analyses. 

The soil behavior has been modeled by the Hardening Soil model (Schanz et al., 2000). This model is 

based on the plasticity theory, evaluating the stiffness as a function of the stress level according to an 

exponential law. The parameters used in the numerical analyses for the four layers are shown in Table 1. 

 

The structure has been modeled as a plate, with an equivalent thickness (deq) calculated from the values of 

the bending (EI) and axial stiffness (EA) by considering the Poisson ratio to be zero. 

The interface between soil and structure is assumed to be rigid, because the ratio (δ/φ) between the soil-

structure roughness angle and the friction angle of the soil can be considered equal to 1 when the structure 

is made of concrete.  

 

The experimental data have been compared to the results of the numerical analyses, as depicted in Figure 

9 corresponding to the first on-site measurement (Sept. 4
th
, 2008). The plot shows a reasonable agreement 

between experimental and numerical data. The further displacements that have been observed with time 
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(cf. Figure 5) are supposed to derive from the excavation of the deep foundation of an adjacent building 

that is not included in this proposed numerical model. 

Development of bending moment and shear forces along the length of the wall are reported in Figure 10. 

No unusual features can be observed from the diagrams, while the maximum bending moment is 

approximately 1500 kNm/m and maximum shear force is about 300 kN/m.  

 

(a) (b) 

Figure 10. Development of: bending moments (a) and shear forces (b), along the wall 
 

 
DEVELOPMENT OF THE MODEL AND FIRST OUTCOME FROM DYNAMIC ANALYSIS 

 
To develop a numerical FEM model for the dynamic analysis of the embedded retaining wall, the dynamic 
module of Plaxis 2D v.8.4 (Brinkgreve, 2002) was utilized. The basic configuration of the static model has 

been retained; however, many subtle changes had to be incorporated in order to enable proper 

functionality of the model. Such modifications can be stated as the calibration of the model. Several key 

aspects have to be taken into consideration for such calibration, and they are enumerated and discussed as 

follows: 

(a) Material Models and Material Properties: For dynamic analysis, the soil is modeled as a linear elastic 
material. Such a choice of soil model has been guided by the fact that under ambient vibrations, 

characterized by very low amplitude motions, the soil does not experience the development of the 

plastic zones in the region of consideration. As a consequence, the elastic modulus of the soil has been 

 
Figure 9. Comparison between the first measurement and the numerical analyses results 

 



5th International Conference on Earthquake Geotechnical Engineering 
January 2011, 10-13 

Santiago, Chile 

 

 

chosen to be conforming to the initial tangent modulus, E0, as obtained from the Down-Hole tests. 

The properties of the soil are enumerated in Table 3. The embedded retaining wall has been modeled as 

plate and same properties as that used in the static model have been retained. 

 
Table 3. Properties of soil used in the dynamic model 

Soil layer 
E0 

(kPa �10
5
) 

Eoed 
(kPa �10

6
) 

ν 
G0 

(kPa �10
5
) 

Vs 

 (m/s) 
Vp 

 (m/s) 

S1 5.344 1.522 0.43 1.869 308.8 881.3 

S2 19.67 6.375 0.44 6.83 585.9 1790 

S3 28.8 8.200 0.43 10.07 706 2015 

BR 32.95 9.381 0.43 11.52 749.5 2139 

 
(b) Domain Width: Since dynamic models involving the study of shear waves are largely affected by the 

waves transmitted and reflecting from the boundaries of the model, it is imperative to keep the region 

of the interest (the region which will be under observation to study and interpret the results) as far as 

possible from the vertical boundaries. Hence, in this study, in comparison to the static model, a larger 

domain is chosen for the dynamic model. In order to gain experience in this regard, a simple problem 

of single layer soil of height H=40 m and elastic parameters E0=8�105 kN/m2, ν= 0.3, G0= 3.08�105 

kN/m
2
, Vs=393.2 m/s has been considered (see also Visone et al., 2010), and the effect of domain 

width, B/H, on the frequency response of the system is studied. The acceleration-time history output, 

generated due to a horizontal shaking at the bottom of the system (using a Gaussian white noise), was 

recorded at a point located at the center of the top surface of the soil, and the Fourier spectrum of the 

same was determined. Figure 11 shows the different domains considered in this aspect, and the Fourier 

spectra from the same are depicted in Figure 12. It can be observed that as the domain width increases, 

the quality of the spectra also improves. This can be interpreted due to reduction in the interference of 

the domain boundary on the response of the medium owing to the reflection of the waves at the 

boundary. From Figure 12, it is noticeable that beyond B/H=10, the Fourier spectrum of the medium 

and the fundamental modes of vibrations are quite recognizable. Hence, it may be advisable to consider 

a domain width greater than 10 times the height of the model to simulate in a reliable way the 

infiniteness of the situation in reality. Following this, a domain width of B/H=10 is chosen for the 

study of the dynamic model of the embedded retaining wall. However, it is worthy to mention that, the 

domain definition is customary to change with each problem, and hence, a unique study of this issue 

should be carried out for initial calibration of the dynamic model.  
 

(c) Meshing: Meshing plays one of the key aspects in obtaining a reasonable result, especially in a 

dynamic analysis. A too coarse meshing fails to capture the subtle changes in the stresses generated in 

different parts of the medium, especially at the points where stress concentrations are expected. On the 

other hand, a too fine mesh renders the time of obtaining a solution to be very long, which is 

uneconomic. Hence, a trade-off is required to obtain a nearly accurate solution in reasonable less time. 

In this study, the global meshing is achieved with a medium mesh, the central part of the model is then 

refined twice, and then the embedded wall is provided with two stages of refinement. This was done in 

order to take care of the stresses and acceleration generated in the important region of concern in the 

study. Figure 13 depicts the extent of the model and the type of meshing used in the present study. 
 

(d) Input Excitation: In order to simulate the propagation of shear waves in the medium, a horizontal 

prescribed displacement of 0.1 m is used along the bedrock level, which is subsequently excited by a 

Gaussian white noise of 100 seconds. Any other motion excitation can also be used as an input, 

however the choice of the Gaussian motion has been guided by the following: real recorded motion 

excitations usually are short duration excitations, characterized by high energy content in some 

particular frequency bands, or in other words, some prominent frequency contents are present in the 
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strong motion excitation which is propagated through the soil media. However, ambient vibrations are 

long duration excitations characterized by a constant spectrum over the whole frequency-time domain. 

Hence, to have a better simulation, a Gaussian white noise (characterized by a constant spectrum in the 

frequency range of interest) representing a fairly long temporal scale for the analysis has been chosen. 

This avoids that any particular input frequency may appear on the Fourier spectrum obtained from the 

acceleration-time history.  

 

 
Figure 11. Different domain widths used in the study 

 

 
Figure 12. Effect of domain widths on the response spectrum 

 
(e) Rayleigh Damping Parameters: Rayleigh damping has been used in the dynamic analysis in order to 

simulate the material damping of the soil for plane strain conditions. Material damping in soil is caused 

by its viscous properties, friction and development of plasticity. However, since in PLAXIS, the 

material models does not consider viscosity, material damping is simulated by means of damping term, 

which is proportional to the mass and stiffness of the system and is coined as Rayleigh damping. For 

the model used in the present study, the Rayleigh damping parameters for the system has been chosen 

as Rα=0.293, Rβ=3.032�10
-4

. 
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(f) Newmark Parameter: Newmark α and β parameters determine the numeric time-integration according 

to the implicit Newmark scheme. In order to obtain an unconditionally stable solution, the parameters 

have to satisfy the following conditions: Nβ ≥ 0.5, and Nα ≥ 0.25(0.5+Nβ)
2
. For the present study, 

Newmark damping parameters are selected to be the values for the Damped Newmark Scheme 

(Nα=0.3025, Nβ=0.6). 
 

 
Figure 13. Domain width and meshing used in the present model 

 
(g) Absorbent boundaries: An absorbent boundary is aimed to absorb the increments of stresses on the 

boundaries caused by dynamic loading, which would otherwise be reflected inside the soil body. C1 

and C2 are relaxation coefficients used to improve the wave absorption on the absorbent boundaries. C1 

rectifies the dissipation in the direction normal to the boundary and C2 does the same in the tangential 

direction. For the following study, although the vertical reflecting boundaries are chosen to be present 

far away from the region of interest, C1=C2=2 is chosen for the relaxation coefficients in order to 

obtain the highest wave absorption and minimize the possible reflection of the waves in the boundary. 
 

 
Figure 14. Frequencies of vibration as identified from dynamic analysis using PLAXIS 
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With the above settings, the dynamic analysis for the above model is carried out, and the results are 

obtained in terms of the acceleration-time history recorded at different points on the wall and the soil 

medium. The acceleration-time history obtained for a point located on the free height of the wall has been 

analyzed in the frequency domain. The spectrum reveals the fundamental frequency of vibration and some 

frequencies corresponding to the higher modes of vibrations. Figure 14 depicts the frequency spectrum for 

the preliminary model. The first two fundamental frequencies are at 4.4 Hz and 6.3 Hz. Thus, even if a 

reasonable agreement with the experimental values can be already observed, further refinements of the 

model are needed in order to improve the match between experimental and numerical results. 

 

 

FINAL REMARKS 

The increasing use of underground spaces and the latest seismic events in the urban areas have driven 

many researchers to update the knowledge on the dynamic behaviour of embedded structures in soil. The 

availability of FE codes, advanced constitutive models for soil and the spread of suitable laboratory and in 

situ testing techniques are allowing more reliable evaluation of the safety conditions and the prediction of 

the behaviour of these types of structures during both the construction and the serviceability phases. 

Moreover, the performance based approach in seismic design is becoming a quite well recognized 

procedure in geotechnical engineering.  

 

Based on the inputs given by a large research project implemented in Italy in the last years (Aversa et al., 

2009), a working activity is in progress at the University of Molise to deepen the knowledge in the design 

procedures for embedded retaining walls under seismic loading (see for instance Visone & Santucci de 

Magistris, 2009). In this context, a key element is constituted by a full scale instrumented wall that was 

realized to be constructed for a new Student House for the University. The structure is a free cantilever 

wall, with an overall length L= 18 m and free height of 6.4 m composed by a two rows of adjacent but not 

contiguous piles φ = 80 cm.   

 

The monitoring system, realized by the University of Molise, consists of six custom made sensor modules 

embedded into two nearby piles. Each module allows acceleration measurements along the horizontal 

(normal to the wall plane) and the vertical direction. Specific requirements were established to minimize 

changes in stiffness and strength due to the presence of the sensors. To this end, additional reinforcements 

have been designed. The static monitoring system consists of three small inclinometer casings embedded 

in each one of two adjacent piles. 

 

In this paper, first results of static displacement measurement and vibration records in operational 

conditions are presented. Operational Modal Analysis technique was applied to records of the dynamic 

response of the wall due to ambient vibrations to evaluate its fundamental dynamic properties. 

 

Static displacements were carried out starting from the excavation phase and until construction of the 

foundation of the nearby building. A continuous increment in the horizontal displacement of the wall has 

been observed, until it has reached a final and stable value of 80 mm. The retaining wall exhibited very 

large displacements if compared to other case-histories cited in literatures, while the deformed 

configuration had small elastic deformation. First two fundamental frequencies of the wall, under ambient 

noise excitement, were measured being equal to 3.68 Hz and 7.23 Hz. 

 

Based on careful interpretation of existing geotechnical data for soil investigation, two FE models were 

created and calibrated trying simulating respectively static and dynamic measurements. Matches between 

numerical and experimental results are quite satisfactory. This encourages us to further developing our 

research to the aim to understand full development of soil structure interaction under strong motion 

seismic loadings.     
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