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Monitoring the behaviour of a multi-anchored diaphragm in pyroclastic soil 
Analyse du comportement d’un diaphragme multi-ancré dans des sols pyroclastiques

G. B. Fenelli & M. Ramondini - Istituto di Tecnica delle Fondazioni e Costruzioni in Terra Università degli Studi di Napoli Federico II, Italy

ABSTRACT: During the construction o f a shopping centre involving a very large excavation in a homogeneous layer o f volcanic sand (pozzolana), 7 r.c. panels were 

monitored, and displacements at the ground surface just behind the diaphragm wall measured.

Monitoring started with the beginning o f the excavation and was carried out for two year after the completion o f the works. The stress state in the r.c. panels o f  the 

wall was deduced from the measurements o f horizontal displacements and was compared with the design prevision using the numerical technique o f the approximating 

splines, which worked very well, at least in this case.

RESUME: Pendant la réalisation d ’une grande excavation pour la construction d ’un centre d ’achat dans un dépôt de pouzzolanes, 7 éléments faisant part de la 

structure de soutènement ont été instrumentés et les deplacements de la surface du sol ont été mesurés.

L'auscultation a été conduite pendant deux années dès du depart de l’excavation. Le champs des contraintes dans la structure a été obténu par l’élaboration des valeurs 

des deplacements horizontaux et a été comparé avec les valeurs prevues avec une téchnique numérique d ’approximation, qui, dans ce cas, a donné de bons résultats.

1. INTRODUCTION

In these last years, an explosive form of the urbanisation pro

cess caused the necessity to fill the remaining limited free areas 

on the ground surface with different kind of structures like eleva

ted motorways, railways and multi-level parking. Independent of 

the feasibility o f such structures, it’s very often difficult to insert 

them in the enviroment. As a consequence, underground structu

res are built, although giving rise to more complex problems.

Excavations are often very deep and close to existing buil

dings, hence strictly interacting with their foundation systems. 

Design must be take into account this problem, protecting exca

vations by large retaining structures. To ensure their stability and 

to limit ground level deformations, it is often necessary to adopt 

multi-anchored sheet pilings whose design, even if using complex 

numerical techniques coupled with appropriate soil models, is 

quite uncertain (Boissier et al. 1978).

In such context, monitoring of the behaviour o f full-size jobs is 

becoming essential to tune the parameters that could be used in 

the analysis.

Many cases o f measurements concerning with both soil-wall 

deformation and stresses (inclinometer, precise levelling, load 

cells, etc.) are available in literature (Gatti and Cividini 1978, 

Soares 1983, St. Jonh 1975), most of them referring to structures 

in fine-grained soils, or in sandy gravelly formations significantly 

stratified and below the ground water level. Under such cir

cumstances, the interpretation of the measurements becomes 

complex and aleatory owing to the high number of variables go

verning the problem.

In the occasion of the construction of a large shopping center 

with a multilevel underground parking in the north-western area 

of Napoli (Italy), a monitoring program was planned aimed to 

detect the interaction between soil and sheet pile wall during and 

after the excavation in loose pyroclastic soils (pozzolane) over the 

ground water level.

2. STRUCTURES AND SUBSOIL CONDITIONS

The shopping center, not already completed, is located in the 

north-western area o f Napoli. The excavation is nearly 100x100 

m2 square-shaped. The original ground level was decreasing 

between 77 and 63 m a.s.l.; the bottom of the excavation being at

56.5 m a.s.l. The height o f the excavation is hence ranging 

between 6.5 m and 20 m.

Along the perimeter of the excavations there are streets and

some dwelling-houses; immediately behind the excavation, in the 

west-end area, there is an important hydraulic structure formed by 

two side-by-side collectors, 2.5 m in diameter, running from 

73.17 m a.s.l. to 61.60 m a.s.l.

The walls of the excavation were protected by means of r.c. 

diaphragms, which are both free and multi-anchored. In the latter 

case, one or two series o f differently inclined prestressed tie-rods 

were located according to the position of the sheets relative to the 

man-made fill embankment.

The foundation of the building consists in a 2 m high plinths 

connected by a raft with variable thickness. Such foundation sy

stem can be considered as a further constraint for the possible 

occuring of viscous deformations or seismic movements.

The thickness of the panels is ranging between 80 and 150 cm, 

according to the depth of excavation and to the type of anchor; 

the width varies from 2.5 to 2.6 m on the average. The pre- 

stressed active tie-rods have an injected bulb with 200 mm in 

diameter.

The wheel base between two tie-rods is about 1.25 m, and thus 

each panel has two tie-rods. Owing to functional necessities it 

was not possible to build “tie-rod stand” beams; therefore the 

panels are only connected by a trimmer.

As already mentioned, it was possible to instrument some pa

nels. In table I the main geometrical characteristics of both the 

panels and tie-rods are given.

In situ geotechnical investigations, consisting of drillings and 

both static (CPT) and dynamic (SPT) penetrometer tests, were 

carried out in two different stages. On the basis o f the obtained 

results, the subsoil is constituted by loose pyroclastic soils co

ming from the volcanic activity o f Campi Flegrei. Starting form 

the ground level, the following materials were found:

• from some meters to 18 m, pyroclastic fill;

• a thick layer of pozzolana, coming from the volcanic activity 

of the near Astroni crater, up to 45 m a.s.l. A lot of ancient in

terbedded layers, characterised by high of organic content is 

found;

•  loose pyroclastic soils, with enclosed pumices due to the erup

tion of the near Montespina crater (4000 years ago), up to 35 m 

a.s.l.;

• after a further thin ancient organic layer, pozzolana deposited 

in the last period o f activity were found.

From the geometrical point o f view, it can be adapted the sub

soil in a sequence o f horizzontally layered system.

The ground water level does not interfere with the planned 

works, as deduced by some piezometric measurements carried out
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Panels Row Center Tmu Prestr. i L, Lr L Strand

elev. dist. E P

(a.s.l.) (m ) (kN ) (kN) (KN) n (m) (m ) (m) no.

G-H 66.1 1.25 335 320 320 25 12 11 23 3

60.1 1.25 335 320 25 9 8 17 3

H-I 66.1 1.30 550 490 3501 30 12 15 27 4

60.1 1.30 400 330 25 9 9.5 18.5 3

I-L 71.7 1.25 605 440 370 25* 17 15.5 32.5 4

64.7 1.25 715 380 30* 12 13.5 25.5 5

L-M 70.4 1.30 580 440 350 30 16.5 13.5 30 4

62.4 1.30 560 320 25 13 10 23 4

M -N 70.4 1.30 560 600 400 40 15 13 28 4

62.4 1 30 550 350 30 12 10.5 22.5 4

N -0 64 1.28 640 390 40 12 13 25 5

O-A 61 1.30 430 330 25 11 11.5 22.5 3

Table III  -  P anels m onitoring  system

*Tie-rods with 30° inclination with respect to the normal to the plane o f the 
sheet piling

very close to the present site.

The mechanical properties o f the different layers were fixed 

starting from the results o f the in situ tests.

Figure 1 shows the results o f CPT tests, expressed in terms of 

average paramétrés, and of SPT tests by using the correlation:

INCLINOMETERS B.R.E. CELLS 

(no.)

PANEL Tube Direction Anchor Anchor Plate

row row

top bottom guide A+ no. 1 no.2

A16 68.40 44.40 30E . . . . . . —

G3 71.75 49.75 110E . . . . . . . . .

J5 76,90 60.40 130E . . . . . . . . .

M6 76.75 46.60 90E 2 2 2

N4 76.75 44.90 90E 2 2 2

OlO 70.00 50.00 25E 2 . . . 2

P2 69.70 46.00 25E 2 . . . 2

During the excavation works and until their conclusion, from 

September 8th 1993 to June 13th 1994, measurements at all the 

installed instruments were taken every 15 days. In this period they 

consisted o f 73 inclinometer measurements on the 7 verticals, 158 

load cells measurements and two high precision levellings. Later 

on, inclinometer and load cell measurements were carried out 

every 6 months.
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Figure 1. Results of CPT and SPT test.

3. DESCRIPTION OF THE INSTRUMENTATION

In order to observe the behaviour o f both the diaphragms and 

the prestressed tie-rods, the following instruments were installed:

• inclinometer tubes, installed in 7 panels ;

•  6 B.R.E. vibrating wire load cells (Price and Wardle 1983): 12 

o f them installed on tie-rods and 4 between panels and foun

dations.

Moreover, high precision levelling was planned by installing 

17 benchmarks in the dwelling-houses area at the ground level.

Finally, two pull-out tests on tie-rods and axial compression 

tests on r.c. core samples taken from panels were carried out.

In table II the geometrical characteristics of the instrumentated 

panels are given; in table III the installed instruments on each 

panel are summarized.

Panel Thickness

(cm)

Width

(cm)

Lenght

(m)

Top elevation 

(a.s.l..)

A16 150 260 23.30 67.70

G3 80 250 20.50 70.25

J5 100 250 14.90 75.30

M6 80 260 29.45 76.05

N4 80 260 30.70 75.60

OlO 120 260 19.00 69.00

1 *
120 260 22.00 68.00

4. MEASUREMENTS AND EXPERIMENTAL DATA PRO

CESSING

4.1 Measurements of stresses in tie-rods

Measurements were carried out during precompression and 

when the inclinometer readings were taken. Figure 2 shows the 

typical trends o f stress measurements carried out on the tie-rods 

o f a panel with two series o f anchors.

The results highlighted large reduction in the load during pre

compression caused by the inadequate locking system of cables 

after their spreading; therefore the procedure o f this operation was 

modified in order to minimise such effects. Later on the instru

ments emphasized a nearly constant load in the tie-rods although 

the excavation works induced considerable deformations in the 

walls; particularly the anchors o f the first level did not prevent the 

deformation at the top of the sheet piling for both M6 and N4 

panels. As a matter o f fact, both of them showed a displacement 

of about 1.2 cm at the top, 0.8 and 0.5 cm at the first and second 

level o f the tie-rods respectively.

Such a behaviour was observed for each panel; concerning 

with a panel having two levels o f anchors, figure 3 shows the 

relationship between the measured loads and the displacement of 

panels for each tie-rod level.

The load cells at the basis o f each panels were initially slightly 

prestressed in order to eliminate any free space that could alter the 

measurements. The values of the measured loads kept close to 

zero for all the time.

In addition to these controls, in the preliminary phase, two 

pull-out tests were carried out on tie-rods located at the same 

depth o f the two levels in the panels.

Figure 4 shows the load-displacement curves as deduced from 

the pull-out tests.
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Figure 2. Stress m easurem ents on tie-rods and plate
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Figure 3. Relationship between measured loads and panels displacements
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4.2 High precision levelling

Figure 5 shows two sets o f measurements: the former carried 
out before starting the excavation works, the latter after their 
completion 8 months later.

The displacements were about 1.5-h2.0 mm close to the wall, 

increasing up to 5 mm at a distance o f 5 m. The observed reduc

tion close to the diaphragm is probably due to the friction at the 

concrete-soil interface. At larger distance (from 5 to 15 m), the 

displacements strongly decrease and become equal to zero at a 
distance larger than 20 m.

Similar pattern of displacements were observed in analogous 

structures in different subsoil conditions (New Palace Yard, Fin- 

no et al. 1989), even if they exhibit smaller absolute values.

4.3 Inclinometer measurements

In figure 6 some of the measurements selected among the 82 

readings carried out for the 7 panels are reported. They refer to 

the most important stages o f the job for one-anchor diaphragm.

The work stages were planned as follows:

•  excavations 50 cm deeper than the first level o f anchors;

• execution of tie-rods (drilling, injection of the bulbs, precom

pression);
• excavations 50 cm deeper than the possible existing second 

level of anchors or the bottom of the excavation.

Really, due to the necessities of the Contractor, the excavation 

works had a different and more complex evolution: they started 

from the center o f the area, below the panels, with an elevation 

lower than that reached close to the sheet piling. As a consequen

ce the stress field in the soil had a reduction down to the wall, 

before the construction of the tie-rods; further, the displacements 

increased. Such phenomenon is evident for the panel labelled M6 

(see figure 7a), for which considerable displacements below the 

bottom of the excavation were observed.

In the deformed profiles of M6 and N4 panels, a discontinuity 

corrisponding to the application of anchor stress is observed, 

proving that the tie-rods contributed to the decreasing of defor

mations (figure 7b). However such phenomenon is reduced with 

time, probably due to a relaxation effects o f the anchors.

During the excavations, a deepening of 1.5 m was necessary to 

build foundation plinths (they are connected by a plate, hence 

giving a further constraint for panels); such excavation, even if 

carried out in a short time, strongly influenced the response of the 

panels (figure 7c).
All the panels had no rotation and displacement at the bottom, 

reaching their maximum values at the top (from 0.4 to 1.2 cm).

Such behaviour agrees with the low stiffness o f tie-rods, whose 

load kept practically constant even if excavation works induced 

significant deformations.

Starting from the inclinometer measurements, stress state in 

the panels and into the surrounding soil were den< Jtd.

The measures processing is based upon the classic sagging 

beam theory. In fact it is possible to define a function that interpo

lates or approximates the single measures of rotation, and as a 

consequence of horizontal displacements, of the panel, carried out 

every 50 cm. Knowing the moment o f inertia o f the cross section 

and the material’s elastic modulus, it’s possible to determine 

bending moment, shear and load functions by means o f iterative 

derivatives.

Displacement (cm)

Figure 6. D isplacem ents o f  one-anchored panel P2
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This technique is apparently very easy and requires the defini

tion of the most suitable approximating function from a mathe

matical point o f view. For example the use o f high degree 

polynomials is influenced by considerable doubts due to iterative 

derivatives that enlarge errors in an abnormal way (Viggiano 

1994). We might have the same problems using Fourier’s series.

In order to minimise these problems the test data were appro

ximated by means of splines (Cammarota 1995). Such functions 

are defined by an aggregate o f polynomials whose degree is assi

gned according to the range of test data. The polynomials are lin

ked up in the experimental points by means of suitable condi

tions.

The advantage of splines consists in keeping low each 

polynomial degree and in decreasing the interpolation range, 

avoiding problems o f continuity at each range extremity and the 

inconvenience of considering different functions for each range. 

The splines fully solve the problem.

The best spline approximation for rotations, measured by in

clinometers, is made up by 4 and 5 degree functions for both free 

and anchored panels. Particularly, in the first case, a subdivision 

in no more than 2 subranges was used, while in the second one, 

subdivisions varied from 3 to 6. For the anchored panels the ben

ding moment and shear functions are not continuous; that’s why 2 

o 3 splines, connected in the anchors’ points o f application, were 

used, remembering the values o f shear in these discontinuity 

points. These were supposed to be equal to the tie-rods stresses, 

measured by vibrating wire load cells.

Figure 8 shows the stresses between panel and soil, determined 

using this procedure.

5 CONCLUDING REMARKS

From a general point of view, monitoring of the behaviour of 

complex structures like that described in the paper allows for va

lidation o f appropriate procedures for the selection of the relevant 

parameters and soil-structures interaction models (back-analysis); 

at the moment, such goal is not already reached.

Concerning with the specific case, some conclusions can be 
drawn:

D isplacem ent (cm )

igure 7. Typical displacements 

multi-anchored panels

D isplacem ent (cm )

y (cm)

Figure 8. Calculated soil-panel interaction

1. monitoring of complex structures is important to know their 
safety in any moment, either during the construction and their 
life;

2. the control o f the locking system of the prestressed cables is a 
crucial point. Without load measurements, applied load coul 
be significantly lower than that imposed one (in this case, load 
relief was approximately 50%);

3. the tie-rods showed a high deformability, hence bahaving as a 
known external load; such behaviour increases in a conside
rable way the relevance of the pretension load to apply and of 
the constructive details.
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