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Noto Cathedral: soil and foundation investigation
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Abstract

On 13th March 1996 the dome of the St. Nicolo Cathedral of Noto fell due to a post-seismic structural collapse. In order to
study the soil-structure interaction a comprehensive laboratory and in situ investigation has been carried out to obtain a soil
profile. In this paper the dynamic characterisation results and normalised laws are proposed to consider shear modulus decay and
damping ratio increase with strain level. The existing foundations of the cathedral were investigated by means of excavations and
tests on the stones and the mortar. In this way the foundations were subjected to visual inspections to detect their size and their
embedment level. Now, the soil-foundation interaction has been analysed by means of the finite element code SOFIA, considering
at this stage the superstructure weight through the influence area approach. In particular, the effects of the designed remedial
work of the foundation have been studied, comparing the two configurations before and after the foundation improvement.
© 2003 Elsevier Ltd. All rights reserved.
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1. Shear modulus and damping ratio from laboratory tests, ground penetrating radar tests and surface seismic
tests tests have also been performed.
The Resonant Columiorsional shear apparaty3]

The site investigation was performed within an area was used for evaluation of Shear modulds and
of 3200 mq(40x 80 n?) and reached a maximum depth damping ratioD of the Noto Cathedral soil.
of 81 m. Undisturbed samples were retrieved by means The laboratory test conditions and the obtained small
of an 86 mm Shelby tube sampler. The Pliocene Noto strain shear moduluss, are listed in Table 1. The
deposits mainly consist of a medium stiff, normal undisturbed specimens were isotropically reconsolidated
consolidated clayey-sard]. to the best estimate of the in situ mean effective stress.

The values of the natural moisture contentpreva- The same specimens were first subjected to cyclic
lently range from 15 to 37%. Characteristic values for |oading torsional shear te$CLTST), then to resonant
the Atterberg limits arey,=37-58% andv,=17-22%, column test(RCT) after a rest period of 24 h with
with a plasticity index of P+15-40%. These general opened drainage. The size of solid cylindrical specimens
characteristics and index properties of the Noto soil are radius-25 mm and height 100 mm.
indicate a low degree of homogeneity with depth of the  The G, values, reported in Table 1, indicate a mod-
deposits. This dishomogeneity with depth is also con- erate but measurable influence of strain rate and type of
firmed by analysing the number of blowSser from  |pading even at very small strain where the soil behav-
mechanical standard penetration t€SPT) performed  jour is supposed to be elastié—7]. In order to appre-
over the investigated area. The soil deposits can becjate the rate effect o6, it is worthwhile remembering
classified as inorganic soil of low to med_lum plasticity. that the equivalent shear strain rate=24Q [%]/s)

The Menard pressure meter tests, piezometer testSg,harienced by the specimens during RCT can be three
down-hole and cross-hole tests, seismic tomography o ders of magnitude greater than those adopted during

*Corresponding author. Tel.:+39-95-7382205; fax: +39-95- CLTS_T‘ Moreover, the effects of the rate and loading
7382247. conditions on the shear modulus are the same over the
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Table 1
Test condition for Noto Cathedral soil specimens

Test number Boreholes H Ol e PI CLTST G, (D) G, (2)
(m) (kPa) RC MPa MPa
1 S3C1 9.00 166 0.6410 15 U 92 116
2 S1C1 13.00 196 0.6113 20 U 64 77
3 S7C2 15.50 237 0.7178 27 U 68 84
4 S4C2 22.20 294 0.6298 29 U 100 116
5 S3C3 22.50 297 0.7490 22 U 178 190
6 S1C3 51.00 522 0.5840 36 U 221 237

Where U, UndrainedG, (1) from CLTST; G, (2) from RCT.

G,(CLTST)=1.24. This experimental finding is differ- Eqg. (1) allows the complete shear modulus degrada-
ent from that observed by Cavallaf4], Lo Presti et al. tion to be considered with strain level. The values of
[8] Tatsuoka et al[9], who have shown an increasing o=15 andp =1.28 were obtained for the Noto Cathe-
rate effect with an increase of the strain level. This dral foundation soil.

different behaviour can be tentatively explained by As suggested by Yokota et all0], the inverse
considering that in this study solid cylindrical specimens variation of damping ratio in respect to the normalised
with a shear strain variable from zefat the centre of  shear modulus has an exponential form, like that report-
the section to a maximum value(at the edgg have ed in Fig. 2:

been used, while in previous studies mainly hollow

cylinder specimens were used. In the case of hollow G(y)
specimens, the shear strain is quite constant along theD(y)(%)=n exr{—)\T} (2)
radius. °

Fig. 1 shows the results of RCTs normalised by . ) ) ) )
dividing the shear modulus(y) for the initial value ~ N which D(y), strain-dependent damping ratig; shear
G, at very low strain in whichG(y), strain-dependent strain andm, \, soil constants. The values of=25.6
shear modulusy, shear strain and, B, soil constants. ~ and A=1.952 were obtained for the Noto Cathedral

The experimental results of specimens were used tofoundation soil. Eq.(2) assumes the maximum value
determine the empirical parameters of the equation Pmax=25.6% for G(y)/G,=0 and a minimum value
proposed by Yokota et al[10] to describe the shear DPmin=3.64% forG(y)/Go=1. , _
modulus decay with shear strain level: Thergfore, Eq(2) can be re-written in the following

normalised form:

G(vy) 1
Y)_ _ (D D(y) G(vy)
G, 1+ay(%)P ——=exg —\—— 3
1.2
1 - o a
0.8
- B S3C1-9.00m-1P=15
Q06 & SI1C1-13.00 m-IP =33
© A S7C2-1550m-1P =27
04 | © S4C2-2220m-1P=22
© S1C3-51.00m-1P =36
02 | — Yokota et al. (1981) | 1 | |
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Fig. 1. G/G,—y curves from RCT tests.
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Fig. 2. D-G/G, curves from RCT tests.

2. Shear modulus from in situ tests and evaluation

from SPT tests

Fig. 3 shows the values df, vs. depth obtained in

where V., shear wave velocitym/s); Nsp+ humber of
blows from SPT,o,, Vvertical pressuref, geological
factor (any soil="55, fine saneg-49)

laboratory tests and those evaluated by means of theG,=pV2 (6)

following empirical correlations based on SPT results.

(a) Ohta and Gotd11]:

Vs= 54.33NSP1)°-1730LB[

where V,, shear wave velocitym/s); Ngpy number of

0.303

(4)

blows from SPT;Z, depth(m); «, age factor(Holo-

cene=1.000, Pleistocenel1.303; B, geological factor

(clays=1.000, sands 1.086).

(b) Yoshida and Motonor[12]

VS= B(N Sp‘aOIZSO- ,0\(')14

=Depth [m]
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wherep, mass density.

Moreover, correlations o7, with routine laboratory
test results in static field could be established, like that
given by Jamiolkowski et all14]

60&)';,? 0.5
Go= Tspa (7

where o,=(ol,+20})/3; p.=1 bar is a reference
pressureG,, o, are also expressed in bar. The values
for parameters that appear in E@) are equal to the

(5) average values that result from laboratory tests per-
formed on quaternary lItalian clays and reconstituted
G, [MPa]
50 100 150 200 250 300
OA o

4 Ohta & Goto (1978)

© Yoshida & Motonori (1988), fine sand .
o Yoshida & Motonori (1988), any soil =

® Jamiolkowski et al. (1995)
+ CLTST
© RCT

Fig. 3. G, values from laboratory tests and different empirical correlations.
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Fig. 4. Foundation plant in the existing configuration.

sands. Shibuya and TanaKa3] proposed a similar a foundation problem, neither in terms of settlements
equation for Holocene clay deposits. nor in terms of bearing capacity, the reconstruction

The G, values obtained with the methods indicated project foresees the static and seismic improvement of
above are plotted against depth in Fig. 3. The methodthe foundations. The major reason for the collapse was
by Jamiolkowski et al[14] was applied considering a the poor quality of the masonry and in particular of the
given profile of void ratio and,. masonry of the columns that collapséBig. 4). The

In Fig. 3 the values o5, measured in the laboratory choice of re-building the collapsed and surviving col-
from RCT and CLTST performed on undisturbed spec- umns, such as the collapsed roof and dome, and to
imens are also shown. In the case of laboratory tests,improve significantly the foundation, as it will be better
the G, values are determined at shear strain levels of explained below, allow us to have a good quality
less than 0.001%. A reasonable agreement between thenasonry and a symmetric configuration along the trans-
laboratory results and the initial shear modulus values qrsa| direction and to achieve a more uniform response
evaluated by means of the proposed empirical correla-f the foundations, conveniently linked to each other.
tions is observed. On the whole, EG6) seems to The existing foundations were investigated by means
provide the most accurate trend 6f with depth, as ¢ excavations and tests on the stones and the mortar.
can be seen in Fig. 3. The investigations show that the quality of the founda-
3. The existing and new foundations tion masonry is poor and s_imilar_ to that of the colgmns.

By means of the excavations it was also possible to

Even if the investigation proved that the reason for detect the dimensions of each isolated part of the

the collapse of the St. Nicolo Cathedral was not due to foundations. These dimensions vary greatly and some
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6 will be repeated along the longitudinal direction,
achieving a more regular configuration even along this
longitudinal direction.

The external walls will be underpinned by means of
masonry where the embedment is only 0.5 m. The
underpinning is limited only to the external part of these
walls, so it can be ignored at this stage. Below the

New connecting columns the new foundation will reach 2.5 m and finally
tie seds in the inverted arches the depth will range between 0.5
and 1.45 m.

fimiynes Hew invested Ssches Fig. 6 also shows the analysed section mentioned in
s 0Old foundation Figs. 4 and 5, and the schematisation used at this stage
print for the evaluation of the vertical load transferred from
the superstructure to the foundations, considering four
External walls areas of influence.

New column
foundation 4. The numerical analysis of the soil—-foundation
interaction for the old and new configurations

With the aim of investigating the effects of the
foundation remedial works, the soil-foundation system
Fig. 5. Foundation plant in the new configuration. (Fig. 7) is analysed by means of the SOFIA cd@el5—
17], which is a non-linear finite element code, developed

of the foundations rest on the foundations of a previous &t the University of Catania, to study the soil-founda-
church. Besides, the depth of the existing foundations is tion-superstructure interaction in static and pseudo-static
widely variable along the whole plant. Below the col- ¢onditions. The code works in plane strain condition,
umns the foundation depth reaches a minimum value ofbut it is possible to take into account the real tridimen-
0.7 m and a maximum value of 2.40 m, without any sionality of the system by means of an approximated
symmetry. The external wall foundations are quite reg- Procedure, based on the Boussinesq thén8y.

ular in plant, the embedment being approximately As regards the St. Nicolo Cathedral of Noto, the
0.5 m from the main entrance up to the middle of the "esults of the analyses for the old and new foundation
cathedral, while from the middle to the altar end it configurations are compared. The analyses are developed

increases, reaching 2.50 m at the end, due to the slope&onsidering only the structural weight and, at this stage,
of the soil surface. only a linear elastic behaviour for the soil and the

The reconstruction of the cathedral includes the foundation. The whole system is subdivided by means
collapsed and surviving columns and the collapsed roof Of isoparametric quadratic elements characterised by
and dome. At the same time the foundation will be re- Niné Gauss integration points.
built to improve its resistance in static and dynamic
conditions. When a superstructure is submitted to reme-
dial works, the improvement of the foundations must be !
taken into great consideration. The improvement of the
superstructure allows it the absorbing of greater seismic
actions that consequently are transferred to the founda-
tion and then to the soil, through a complex soil-
structure interaction phenomenon.

The previous single isolated foundations will be
linked to each other by means of longitudinal and
transversal tie rods and inverted arckEgy. 5), to allow
a better behaviour, reducing the horizontal differential
displacements during seismic events. The new configu-
ration also decreases the load per square metre trans-
ferred by the foundation to the subsoil and reduces the
differential settlements.

The differences in the foundation depth will be
conveniently reduced in the new configuratigfig. 6).

The foundation transversal configuration shown in Fig. Fig. 6. Schematic view of the analysed cross-section.
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Y=19.30 kN/m®
¢’ =15 kPa; @’ = 24°; ¢,= 76 kPa
v=10.3; Eg=239200 kPa

Marl 1 - - 0.5m

Fill

-

ground water level

_________________________________________________________ N _
e 8.5m
Clay 10.5m
Y =19.80 kN/m?; ¢’ = 80 kPa; ¢’ = 21°;
¢,= 156 kPa; v=0.4; E,= 184800 kPa 16.0 m
Marl 2 - ¥=19.80 kN/m®; ¢’ = 42 kPa; ¥’ = 21°; v=0.3; E,= 176800 kPa 19.0
Um

Table 2

The dimensions of the new foundations

Foundation 1 2 3 4 5 6

L (m) 5.00 4.20 3.20 3.20 4.20 5.00
D (m) 050 0.50-1.45 250 250 0.50-1.45 0.50

Fig. 7. Soil profile.

Moreover, to reduce the boundary effects as much as
possible, the two vertical boundaries, fixed in horizontal
and tilting movements, are 12.00 m far from the foun-
dation ends, while the lowest horizontal boundary, fixed
in horizontal, vertical and tilting movements, is 19.00
m far from the soil surface. Fig. 7 shows the soil profile
with the geotechnical properties of each layer, while

The element sizes decrease conveniently approachingrable 2 reports the length and depth of each foundation
the zone of the applied load, where the maximum in the new configuration. The dimensions of the existing
variation of the stress and strain level is expected. foundations are shown in Fig. 4. Moreover, for all the

[1Original soil
1 surface

77

[

|

1T

[
T

| AN
T

]

J [ J (SOFIA

Fig. 8. Deformed configuration—pre-remedial wdikovement amplification factes200).
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Fig. 9. Vertical movements in subsdinm)—pre-remedial work.
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Fig. 11. Deformed configuration—post-remedial wdrkovement ampliflication factes 200).
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Fig. 12. Vertical movements in subsdihm)—post-remedial work.

foundations the following other parameters are fixed: respectively, the following valuesy,.,=8.2 mm and
B=4.20 m;y=19 kN/m?® andv=0.10. The foundation  u,,,=0.4 mm.

Young modulus is fixed equal toX410° kPa for the old The maximum differential settlemenw,,,, is equal
configuration and equal to »610° kPa for the new to 4.4 mm and to 3.2 mm, respectively, without and
configuration. with remedial work for the foundation. The value of the

Figs. 8—10 show, respectively, the soil-foundation differential settlement must be carefully analyddd].
deformed configuration and the vertical and horizontal First of all, it should be linked to the distande in
movements in the soil before the remedial work, while which it takes place, so that the numerical Aod
Figs. 11-13 show the same information after the reme- experimental ratidAw,,./L can be compared with the
dial work. Before the remedial work a maximum settle- allowable values reported in literature. In the present
ment wn=12.6 mm and a maximum horizontal case, the differential settlements equal to 4.4 fpre-
displacementu,.x=0.8 mm are found for the founda- remedial work configuration regard two foundation
tions. These decrease after the remedial work, having,points 9.2 m far from each other, one below an internal



540 A. Cavallaro et al. / Construction and Building Materials 17 (2003) 533-541

— 1.035E-03

— 6.210E-04
2.070E-04
-2.070E-04

-6.210E-04

-1.035E-03

Fig. 13. Horizontal movements in subséihm)—post-remedial work.

column and the other below the nearest external wall. observe smaller horizontal displacements in the last
The differential settlement equal to 3.2 mfpost- figure. The projected connections in the new configu-
remedial work configuration regards two foundation ration are a strategic foundation improvement to absorb
points 8.2 m far from each other, one below a cross tie seismic actions, very important for this part of Sicily,
rod, in proximity to the nearest internal column foun- characterised by a high seismic geotechnical hazard.
dation, and the other below the external wall nearest to

the above cross tie rod. The ratiov,,,,/L is equal to 5. Conclusions

0.5x 102 without foundation remedial work and to

0.4x 102 with foundation remedial work. As regards the soil characterisation, on the basis of

Secondly, the evaluation of the differential settlements the data shown it is possible to draw the following
must be developed taking into account the construction conclusions:
process, which the cathedral will be subjected to. During
the reconstruction the collapsed columiisg. 4) will
be re-built together with the relative roof and the dome,
the surviving columns will be also re-built, while the
external walls will not be re-built. Then, the settlements
computed underneath the external walls in the schema-
tised post-remedial work configuration will not take
place and thus the maximum differential settlement will
be practically equal to the absolute settlement under-
neath the internal columns, that is, equal to 8.2 mm, as
previously mentioned.

However, in the post-remedial work situation it is
possible to note a more uniform behaviour of the
foundation due to the linking system designed.

Besides, during the reconstruction process, the foun-
dation settlements will be continuously measured by As regards the foundations, even if the real cause of
means of a sophisticated monitoring instrumentation. In the fall was the poor quality of the majority of the
the presented first step of analysis only the structural columns, the reconstruction project also takes into
weight and an elastic-linear behaviour of the system areaccount the foundations. The reconstruction of the super-
considered, while the seismic actions are not taken into structure causes a redistribution and an increasing of the
account here. This first step of analysis is very important, loads transferred to the foundations with displacement
because it allows the comparison between the numericaland/or bearing capacity problems and then possible
settlements with the experimental ones and then thedangerous consequences for the soil-structure interac-
calibration of the operational stiffness of the soil to tion. In particular, the new foundation configuration
improve the settlement prediction. decreases the load per square metre transferred from the

Fig. 8 shows different deformed areas for each sepa-foundation to the soil and reduces the differential dis-
rated foundation in the pre-remedial work situation, placements; this will be also more evident during seismic
while after the designed foundation improvement it is events, due to the designed foundation connections.
possible to see a more uniform deformed aiféig. 11). The analysis of the soil-foundation interaction, per-
Finally, comparing Figs. 10 and 13 it is possible to formed by means of the SOFIA code to estimate the

— Empirical correlations between the small strain shear
modulus and the SPT results could be used to infer
G, from SPT.

— Normalised laws are proposed to consider shear mod-
ulus decay and damping ratio increase with strain
level.

— The values ofG, were compared to those measured
in laboratory tests. This comparison clearly indicates
that a certain relationship exists betwe@gn and the
SPT results, which would encourage one to establish
empirical correlations for a specific site. Relationships
like those proposed by Jamiolkowski et §14] or
Yoshida and Motonori[12] seem to be capable of
predictingG, profile with depth in Pliocene deposits.
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effects of the foundation improvement, underlines the
following factors:

— The internal connection of the whole foundation in

the longitudinal and transversal sections reduces the

localised tilting and the absolute and differential
settlements in static conditions.

— The reduction of the differential settlements will be
also more significant for the case of seismic loading,
as it will be presented in the next work.

— This first step of analysis allows the comparison of
the computed numerical foundation settlements with
the ones that will be experimentally observed during
the reconstruction process by means of a sophisticated [9]
monitoring system.

— The comparison between the numerical and the exper-

imental foundation settlements in static condition
could improve the reliability of the settlement predic-
tion, by means of a back-analysis for the evaluation
of the soil operational stiffness.

Acknowledgments

The authors express their sincere appreciation to the

(6]

(7]

(8]

[10]

(11

(12

planners, Eng. Roberto De Benedictis and Arch. Salva- [13

tore

Tringali, for providing the necessary structural

drawing and information concerning the reconstruction
project of the St. Nicolo Cathedral of Noto.

References

(1]

(2]

(3

(4]

(5]

Cavallaro A, Lo Presti DCF, Maugeri M, Pallara O. A case
study (The Saint Nicolo Cathedraffor dynamic characteriza-
tion of soil from in situ and laboratory tests. Proceeding of the
Second International Symposium on Earthquake Resistant

(14]

[15]

Engineering Structures, Catania; 15—-17 June 1999. pp. 769— [16]

778.

Massimino M. Non-linear analysis of the soil-foundation—
superstructure interaction by means of a new FEM code.
Doctorate Thesis in Geotechnical Engineer, February 1999.
Catania, Italy(in Italian).

Lo Presti DCF, Pallara O, Lancellotta R, Armandi M, Manis-
calco R. Monotonic and cyclic loading behaviour of two sands
at small strains. Geotech Testing J 1998406409 —24.

Cavallaro AMF. Influenza della velocita di deformazione sul
modulo di taglio e sullo smorzamento delle argille. Ph.D.
Thesis, University of Catania; 1997.

Lo Presti DCF, Jamiolkowski M, Pallara O, Cavallaro A. Rate
and Creep Effect on the Stiffness of Soils. ASCE Convention,

(17]

(18

[19]

541

Washington, 10-14 November 1996, Geotechnical Special
Publication No. 61, pp. 166—180.

Lo Presti DCF, Jamiolkowski M, Pallara O, Cavallaro A,
Pedroni S. Shear modulus and damping of soils. International
Symposium on the Pre-failure Deformation Behaviour of Geo-
materials, 50th Geotechnique, London, 4 September 1997,
Geotechnique 4B):603-617.

Lo Presti DCF, Maugeri M, Cavallaro A, Pallara O. Shear
Modulus and Damping of a Stiff Clay from in Situ and
Laboratory Tests. First International Conference on Site Char-
acterization, Atlanta, 19-22 April 1998. pp. 1293-1300.

Lo Presti DCF, Maugeri M, Cavallaro A, Pallara O. Shear
Modulus and Damping of a Stiff Clay from in Situ and
Laboratory Tests. First International Conference on Site Char-
acterization, Atlanta, 19—22 April 1998, pp. 1293-1300.
Tatsuoka F, Jardine RJ, Lo Presti D, Di Benedetto H, Kodaka
T. Characterising the pre-failure properties of geomaterials.
14th International Conference on Soil Mechanics and Foun-
dations Engineering, Hamburg, 6—12 September 1997, Theme
Lecture.

Yokota K, Imai T, Konno M. Dynamic deformation character-
istics of soils determined by laboratory tests. OYO Tech Rep
1981;3:13-37.

Ohta Y, Goto N. Empirical shear wave velocity equations in
terms of characteristics soil indexes. Earthquake Eng Struct
Dynamics 1978;6:.

Yoshida Y, Motonori I. Empirical formulas of SPT blow-counts
for gravelly soils. Proceedings of ISOPT-1, OrlanfdSA);
1988.

Shibuya S, Tanaka H. Estimate of elastic shear modulus in
holocene soil deposits. Soils Foundations 199643@5 —55.
Jamiolkowski M, Lo Presti DCF, Pallara O. Role of in-situ
testing in geotechnical earthquake engineering. Third Interna-
tional Conference on Recent Advances in Geotechnical Earth-
quake Engineering and Soil Dynamic, State of the Art 7 1995;
vol. 3, pp. 1523-1546.

Ghersi A., Massimino M.R., Maugeri M(1999a. Soil—
foundation—superstructure interaction: effects on the super-
structure, Proceedings of the Earthquake Resistant Engineering
Structures 99 Conference, 15-17 June 1999, Catania, Italy, pp.
605-614.

Ghersi A, Massimino MR, Maugeri M. Soil-foundation—
superstructure interaction: effects on the soil, Proceedings of
the Earthquake Resistant Engineering Structures 99 Confer-
ence, 15-17 June 1999, Catania, Italy, pp. 575-584.
Carrubba P, Massimino MR, Maugeri M. Strain dependent
impedance in shallow foundations; Proceedings of the 12th
World Conference on Earthquake Engineering, 30 January—4
February 2000.

Boussinesq MJ. Applications des potentiels a l'etule de
I'équilibre et du mouvement des solides elastiques. Paris:
Gautier-Villars, 1885.

Maugeri M, Castelli F, Massimino MR, Verona G. Observed
and computed settlements of two shallow foundations on sand.
J Geotech Geoenviron Eng ASCE 1998;124595-605.



	Noto Cathedral: soil and foundation investigation
	Shear modulus and damping ratio from laboratory tests
	Shear modulus from in situ tests and evaluation from SPT tests
	The existing and new foundations
	The numerical analysis of the soil-foundation interaction for the old and new configurations
	Conclusions
	Acknowledgements
	References


