INTERNATIONAL JOURNAL OF MECHANICS

Preservation Provisions for the Environmental
Protection of Egyptian Monuments subject to
Structural Vibrations
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Abstract—The Egyptian area is characterized by a number of
outstanding historical minarets, which represent a significant part of
the monumental and architectural heritage of the country. Such
structures usually are rather vulnerable as regards to environmental
vibrations due to earthquakes, strong winds or even traffic vibrations,
and proper protection strategies are required. In the paper some
possible control devices are considered based on passive or semi-
active control strategies, also making recourse to the adoption of
smart materials.
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HE protection of ancient historical buildings requires the

set up of strategies that are able to couple effectiveness,
reliability and low invasiveness, in order to preserve the
monumental apparatus of the construction with respect, for
example, to environmental vibrations due to traffic,
earthquakes or strong winds.

As regards seismic protection, advanced technologies may
be conceived according to the special characters of the many
structural typologies of historical monuments interesting the
Mediterranean area.

These may be founded on structural control strategies aimed
at the reduction of dynamic vibrations, both base on more
classical passive systems or semi-active control systems
adopting new materials such as Shape Memory Alloys.

Control systems based on smart strategies couple have been
demonstrated to be able to couple high potential effectiveness
with robustness and low operative costs, thus offering some
clear advantages both with comparison to passive or active
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control systems.

The Egyptian area is characterized by many minaret
constructions, with Cairo city used to be named the city of one
thousand minarets [1], because of a large inventory of
historical Islamic minarets that date back to the early Islamic
period (641 A.D). Following the 1992 Dahshur earthquake;
large numbers of these minarets were recorded to experience
different levels of damage. Examining damage records
indicated that minarets build during the Mamluk period were
among the most severely hit. Irregular mass and stiffness
distribution along their heights with large displayed stalactite
carving made them more vulnerable to damage during
earthquakes compared to other minaret styles [2].

In the current research, the dynamic characteristics of an
outstanding Mamluk-Style minaret are investigated and
possible applications of classical or smart base isolation
techniques are considered.

1. THE QUSUN MYNARET

The minaret is the Qusun minaret (1337 A.D, 736 H.D)
located in EI-Suyuti cemetery on the southern side of the Salah
El-Din citadel. The minaret is currently separated from the
surrounding building and is directly resting on the ground (no
vaults underneath). The total height of the minaret is 40.28
meters with a base rectangular shaft of about 5.42 x 5.20 m.

Field investigations were conducted to obtain: (a)
geometrical description of the minaret, (b) material properties
of the minaret stones, and (c) soil conditions at the minaret
location. Ambient vibration tests were performed to determine
the modal parameters of the minaret such as natural
frequencies and mode shapes.

Experimental results were used along with the field
investigation data to develop a realistic 3-D finite element
model that can be used for seismic risk evaluation of the
minaret.

Examining the refined finite element model under different
seismic excitations indicated the vulnerability of such structure
to earthquakes with medium to high a/v ratio (Usually masonry
structures are, anyway, affected by high seismic vulnerability
(3], [4D).

Possible application of classical or smart base isolation
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techniques is investigated.
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Fig. 1 Qusun Minaret.

The minaret bodies were constructed in two layers of flat-
faced limestone blocks, namely external and internal with each
layer composed of blocks of different dimensions connected
together by mortar. Between the external and the internal
layers, a filling material consisting of cohesive and
cohesionless materials highly chaotic with limestone was
placed. For the top parts (Typically from second balcony), a
single layer of limestone blocks was used for construction.

Material properties of the minaret limestone and the fill are
given in Table 1.

These parameters were extracted from laboratory tests
carried out on samples taken from the minaret bodies.

Tab. 1 Minaret Material Properties

Property Limeston Fill
e

Elastic modulus 3625 50
(MPa)

Spec. gravity 20.9 20.0
(KN/m3)

Poisson’s ratio 0.20 0.20

Compr. strength 1469 | -
(MPa)

Tensile strength 134 | -
(MPa)

111.VVIBRATION ENVIRONMENTAL TESTS AND NUMERICAL MODEL

The ambient vibration response of the minaret was
measured using eight-uniaxial and two-triaxial force balanced
accelerometers produced by Kinemetrics with +/- 0.25g range
(type Episensor FBA ES-U, and Episensor FBA ES-T). The
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accelerometers were placed at various locations as shown in
Figure 2 [5]. The accelerometers were connected through
dedicated cables to a 16-channel signal conditioning unit type
Kinemetrics VSS-3000, which in turn was connected to a
Laptop computer equipped with a high speed “I1/O Tech” data
acquisition card.

Data were then analyzed to obtain natural frequencies, mode
shapes and damping ratios, as usual in ambient vibration tests
(61, [7].

The first four modes are bending modes; the fifth is a
torsional mode and the sixth and seventh are again bending
modes.

As regards the analytical model, a FEM model was built up
based on eight-nodded solid elements to simulate the external,
internal, and fill regions. Shell elements were used to simulate
the helical stairs. All fine details including, openings, recesses
in the walls, and changes in the minaret cross-sections were
faithfully replicated to create a realistic model that is as close
as possible to the real structure.

A linear elastic dynamic analysis was performed, with a
damping ratio of 5% assigned to the first twenty modes.
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Fig. 2 Accelerometer Location on Qusun Minaret.

Tab.2 Vertical Stresses Due to Different Seismic Excitations

with and without BI.
Comp. (MPa) Ten. (MPa)
No- Bl No-
BI BI Bl
El-Centro 8.10 0.85 5.56* 0.04
Mexico 0.97 0.48 0.0 0.00
Park-field 7.10 0.65 6.2* 0.00

* Stresses exceeding strength limits
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Although, the behavior of the construction materials under
severe loading conditions is expected to be nonlinear-inelastic,
in addition to the inherent heterogeneous nature of stone walls
interconnected through weaker mortar layers, it was decided at
this stage that linear elastic analyses were sufficient to provide
the qualitative distribution of stresses within minarets bodies
and to obtain the basic dynamic characteristics.

Figure 3 shows mode shapes number 1, 3, 5 and 7 of Qusun
minaret. The mode shapes obtained from the linear elastic
finite element model were reasonably close to those measured
experimentally.

As the preliminary finite element runs indicated some
differences between the measured and the calculated
frequencies, the finite element model was refined to match the
first four fundamental frequencies of the minaret. This was
done by slightly adjusting the soil modulus of sub-grade
reaction and the stone modulus of elasticity.

IV.  SEISMIC RESPONSE AND Bl SYSTEM

The refined minaret model was then analyzed for three
different earthquake records..

The selected records were picked to cover a wide spectrum
of frequencies and a/v ratios.

The three records selected were: (a) the N-S component of
1940 Imperial valley earthquake recorded at El-Centro site
with high a/v ratio (a/v >1.2); (b) the N-S component of 1966
Parkfield earthquake recorded at Temblor site with
intermediate a/v ratio (1.2> a/v >0.8; and (c) the N-S
component of 1985 Mexico earthquake recorded at
Zihuatenejo with low a/v ratio (a/v <0.8).

All three records were scaled down to a peak ground
acceleration of 0.15g that corresponds to the maximum
expected earthquake acceleration within Cairo city for a return
period of 475 years.

It can be seen from Table 2 that high vertical compressive
and tensile stresses were recorded within the minaret body due
to different earthquakes, and in many cases these stresses
exceeded the limestone tensile strength (Table 1).

To increase [8] both the flexibility and damping
characteristics of this structure, the use of high density rubber
bearings as base isolators was investigated.

In the proposed system, the Qusun minaret total weight of
the structure (14600 KN) is to be transferred to the base
through a system of twenty one 1000 KN capacity HDR
bearings.

The bearings were designed according to [9]-[11] and
arranged as shown in Figure 4.

Bearing properties used in the analysis were (Young's
modulus E = 2000 MPa, and modulus of rigidity G = 7.0
MPa).

In order to avoid the possibility of overturning mode of
failure, four 50 mm diameter vertical steel tie rods were used
to link the minaret top part to its base as shown in Figure 4.
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Fig. 3 Refined FE: 1%, 3" 5" 7" Mode Shapes.
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Fig. 4 The proposed BI system.

The first four bending frequencies were reduced by about
56%, resulting in a significant reduction of the minaret stresses
(Table 2). However, tensile stresses at the second balcony
columns were still higher than the limestone tensile strength
(Table 1).

V. MODEL DISCUSSION AND PLANNING OF CONTROL STRATEGIES

After the dynamic analyses performed on the minaret under
the action of different seismic excitations by making recourse
to both site investigations and field tests in order to develop
the relevant finite element model, one may conceive
alternative strategies of protection as regards to possible
seismic events.
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These may be based on the exploitation of self-adjusting
skill of smart materials such as Shape Memory Alloys,
especially useful in the absence of reliable forecasts on the
excitation details [12], [13].

To this regard one should figure out some basic issues
regarding the results from numerical analyses and possible
approaches for the design of appropriate devices for the
structural control [14]-[20] of vibrations of the minaret.

First of all, one should emphasize that the proposed FEM
model adopts an elastic assumption for the material composing
the minaret body.

Such an assumption allows to use commercial software for
numerical  investigations,  drastically  reducing  the
computational effort in the numerical analyses with respect to
the more appropriate and realistic assumption which would
refer to the non-linear model of the masonry, that is, for
example, the No-Tension model [21]-[33] (some applications
may be thought for soils [34]- [36]), or any mechanical model
exhibiting some fragile behavior under tensile stresses with
some well-contained tensile strength and the development of
fractures allowed according to a kind of plastic-flow low, of
the type illustrated in Figures 5 and 6, as regards the stress-
strain mono-axial behaviour.

Actually the minaret walls are composed of two layers of
flat-faced limestone blocks, namely external and internal with
each layer composed of blocks of different dimensions
connected together by mortar.

Although the masonry material usually locally is unable of
supporting any, or very low, tensile regime, some overall skill
of absorbing contained levels of tensile stresses, and therefore
some low tensile strength of the masonry structure, is
exhibited.

On one side, this allows the adoption, at the first stage of the
analysis, of the simplified elastic model where the structure is
pushed to comply with the mechanical parameters of the
masonry material.

On the other side, the results from elastic analysis may
expedite the qualitative evaluation of the behavior of the
structure, but do not achieve results that are quantitatively such
reliable.
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W

Fig. 5 No-Tension (NT) behaviour.
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Fig. 6 Elastic-Brittle Low Tension (LT) behaviour.

Actually, these results may differ significantly from data
coming out from investigations developed under the NT
(Figure 5) or Elastic Brittle Low Tension (Figure 6)
assumption, as regards the real intensities of stress regimes
activated within the body of the structure.

Anyway, especially with reference to dynamic analyses
where the application of more complex models is still under
course of development and it is certainly much heavier as
regards the computation effort, FEM models based on the
elastic assumption may be referred to for understanding and
individuating the dynamic modal shapes and, hence, the
qualitative overall response of the structure.

This also allows to recognize and allocating the weak points
of the structure, and, thus, giving some useful indications as
regards the possible positioning of reinforcements or
provisions, and the typologies of interventions to be preferred
for the specific case.

This, of course, represents a necessary premise for planning
any intervention strategy and making it effective.

An additional consideration can be drawn as regards the
particular investigated structural typology: Mamluk style
minarets are basically rigid structures with irregular
distribution of mass and stiffness.

This would push towards studies also analyzing the rigid
body motion of the structure, which could easily exhibit some
purely rocking modes under dynamic ground excitation .

These feature is not at all trivial, since the rocking mode has
been demonstrated to have highly complex dynamics, that are
affected by very high levels of uncertainty [37].

Moreover this type of investigation is of primary interest,
since the rocking type mode is often recorded during
earthquakes in towers or tower-like structures, or structures
that may be modeled by some rigid bodies assembly.

To this end worst scenario approaches might be set up as
well, for stabilizing the forecast about the rocking response of
rigid bodies or rigid bodies assemblies [38].

Such approaches may also be applied for inferring
evaluations about the response of the structure after
introducing the reinforcement or the control device, and,
therefore, for making comparisons between the responses of
the unprotected and protected structure.
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Finally, one may observe that, according to the executed
investigations, the minaret typology is susceptible to
significant damage during relatively strong earthquakes having
medium to high a/v ratio.

This would require some kind of intervention, that for
example, may be aimed at the dissipation of the incoming
energy from the ground soil and to the shifting of the
frequencies of the main structure and the soil, of the type of
the base isolation system presented in the above, or, also, to
the insertion of special dissipation devices at suitably
identified positions.

Techniques such as reinforcements by means of composites
might be adopted with the purpose of making the behavior of
the structure more rigid [39]-[41].

Actually the same base isolation system and the dissipating
devices may be conceived in such a way to embed some
special materials of the type of Shape Memory Alloys (SMAS)
[42]-[56], which offer the advantage to make the structure self-
adjusting with respect the incoming excitation, realizing a
semi-active device with improved response with respect to the
passive strategies.

VI  SMART STRATEGIES OF PROTECTION BY MEANS

OF SHAPE MEMORY ALLOYS

Based on the discussion reported in the previous section,
some semi-active control of the Qusun minaret may be
designed by using Shape Memory Alloys.

The first device may be referred to the realization of a base
isolation system embedding some SMA tendons of the type
illustrated in Figure 7, where it is denoted by a(t) the
horizontal ground acceleration at the bottom of the BI piles, by
w=m-g the wvertical load burdening on the BI system
corresponding to the weight of the upper structures, by m the
mass of the upper structure, by u the horizontal displacement
at the foot of the structure, that is at the top of the BI piles,
with respect to the base of the Bl columns, and by ¢ the Bl
piles’ average rotation.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

-a(t) >

Fig. 7 The BI device based on a SMA tendons system, supporting
the Qusun minaret.
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With comparison to the classical base isolation, the SMA
control system has an improved performance with high re-
centering capacity, thus containing the absolute displacements
of the structure, besides the dissipating capacity proper of the
BI system, thus improving its performance.

Moreover, since the critical regions in the investigated
Qusun minaret bodies were identified as the columns
supporting the top cap “Mabkharah” , one possible strategy
would consist of making such columns some SMA columns,
that is to say some structural elements embedding for example
some SMA hinges; in this case the model would be the one
shown in Figure 8, and the hinges may be designed as shown,
as junctions with the upper part without damaging the ancient
structure.

In those SMA hinges: the central massive wedge is designed
in order to equilibrate the normal and shear forces, while the
peripheral SMA plates accomplish the task to react to the
bending moment.
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Fig. 8 Two columns connecting the lower part of the Qusun
minaret with the top cap “Mabkharah”,
embedding some SMA hinges.

In this case, in the Figure 8, the bottom of the columns is
connected with the lower part of the structure, whilst they are
connected, at their top, to the “Mabkharah” cap, with u
denoting the horizontal displacement of the upper cap part
with respect to the base of the columns.

Referring to the single degree of freedom mechanism, and
denoting by ks the stiffness of the piles with SMA inclusions
instead and being T = ks u, by adopting a one-dimensional
SMA constitutive relation based on modified plasticity models
able to develop inner hysteretic cycles and applying the
isothermal stress-strain rate relation to the frame, one can write

T-0 H{T—@}
T, T "

T _
0= ksy{u—E+2%|u|p tan 1[(§-u)3 -|§~u|q]}

T=ksqu-|u]

O]
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®)

where ® is the evolutionary one-dimensional back-shear,
g<1, all other symbols represents material constants and T,
and T, are the limit and critical shear stress values

T, ifT>0
T, if T<0

vT, if T>0

T, = _ .
VT if T<0

o c

(4)

where v is a prefixed percentage. By assuming in the back-

shear expression U =0, the hardening is driven to zero.

From the above relations the restoring force may be
calculated by simultaneous integration of Eq.(1) and the
controlled dynamic motion equation of the structure.

VII. CONCLUSION

In the paper one focuses on the protection of historical and
monumental buildings in the Mediterranean area.

Strategies devoted to the preservation of architectural
heritage should be conceived in such a way to couple
effectiveness, robustness and low invasiveness in order to
comply with low impact requirements and to be realized in the
maximum respect of the original apparatus, whilst mitigating
the effects of incoming dynamic actions.

Besides passive strategies, semi-active dynamic control
systems have been demonstrated to exhibit a big potential,
when properly designed for the structure under examination.

Excellent results are shown by semi-active devices
exploiting special properties of smart materials that undergo
phase transition processes, such as Shape Memory Alloys.

In this case two main problems arise concerning, on one
hand, the proper modeling of the mechanical behavior of the
alloys and, on the other hand, the proper design of the control
device.

To this regard, the model should couple the skill of
capturing the main features of the alloy, which usually exhibit
thermo-mechanical  coupling  with  manageability ~ for
engineering applications, and the design should be aimed at
making the alloy based device to exhibit the special pseudo-
elastic behavior.

In details, in the paper one refers to the structural typology
of the Egyptian minaret, and to the set up and design of control
strategies for the protection of such historical constructions.

Preliminary analyses developed with reference to the Qusun
minaret, constructed during the Mamluk era (14" century) in
the Cairo city, confirm the vulnerability of this type of
structures with regards to earthquakes

Base isolation using HDR bearings significantly reduces the
stresses in the minaret bodies. However, more research is
required to explore other possible and more efficient
techniques.
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A possibility in this sense is represented by the design of
provisions embedding SMA members, both realizing a semi-
active Bl system coupling re-centring skill to dissipative
properties of ordinary Bl devices, and designing SMA hinges
to be inserted at specific points, for example, at the
connections of the column floor with the top cap of the
minaret, where a weak point is individuated during the
numerical investigation.

ACKNOWLEDGMENT

The authors acknowledge the financial contribution of
European Commission through the project WIND-CHIM.

References:

Abouseif, D.B. The Minarets of Cairo, The American University in
Cairo Press, 1987.

Aly, AS., Kordi, E. & Elwan, S., Seismic Response of Al-Gharry
Minaret. Proceedings of the 7 Int. Colloquium on Structural And
Geotechnical Engineering, Ain Shams University, Cairo, Egypt,
1996.

Baratta, A., Corbi, I., Coppari, S.: A method for the evaluation of the
seismic vulnerability of fortified structures, Final Conference on
COST Action C26: Urban Habitat Constructions under Catastrophic
Events;Naples;16-18 September 2010; pp.547-552, ISBN: 978-
041560685-1 (2010).

Baratta, A., Corbi, I., Corbi, O., Rinaldis, D.: Experimental survey
on seismic response of masonry models, Proceedings of the 6th
International Conference on Structural Analysis of Historic
Constructions: Preserving Safety and Significance, SAHCO08, Bath;
Code83644, 2-4 July 2008, vol. 2, pp. 799-807. ISBN
0415468728;978-041546872-5 (2008).

Bongiovanni, G., Buffarini, G. & Clemente, P., Dynamic
Characteristics of Two Earthquake Damaged Bell Towers, 11
European Conference on Earthquake Engineering, 1998 Balkema,
Rotterdam, ISBN 90 5410982 3.

Foti, D., Ivorra, S., Sabba, M.F.: Dynamic Investigation of an
Ancient Bell Tower with Operational Modal Analysis, The Open
Construction and Building Technology Journal, vol. 6, pp.384-391,
ISSN 1874-8368, DOI 10.2174/1874836801206010384 (2012).

Foti, D.: On the numerical and experimental strengthening
assessment of tufa masonry with FRP, Mechanics of Advanced
Materials and Structures, 2013, vol. 20, Issue: 02, pp. 163-175,
ISSN: 1537-6532, DOI: 10.1080/15376494.2012.743634.

Uniform Building Code, Vol. 2, International Conference of
Building, Whittier, CA, 2002.

El-Attar, A.G., Saleh, A.M., and Zaghw, A.H., Conservation of A
Slender Historical Mamluk Style Minaret by Passive Control
Techniques, Journal of Structural Control and Health Monitoring,
August 2004 vol. 12, pp. 157-177 (2004)..

Zaghw A.H., Saleh, A.: Seismic Performance Evaluation of Islamic
Minarets Using the Capacity Spectrum Method, Third World
Conference on Structural Control, Como, ltaly, 7-12 April 2002,
(2002).

Saleh A., Zaghw, A.H.: Effectiveness of Base Isolation of Historical
Minarets Using HDRB, Journal of the Egyptian Society of
Engineers, vol. 42(3), pp. 20-26(2003).

Baratta, A., Corbi, I.: Epicentral Distribution of seismic sources over
the territory. International Journal of Advances in Engineering
Software, vol.35, Issues 10-11, pp. 663-667, Elsevier. ISSN 0965-
9978, DOI: 10.1016/j.advengsoft.2004.03.015 (2004).

Baratta, A., Corbi, |.: Evaluation of the Hazard Density Function at
the Site. International Journal of Computers & Structures, vol. 83,
Issues 28-30, pp. 2503-2512, Elsevier. ISSN 0045-7949,
DOI:10.1016/j.compstruc.2005.03.038 (2005).

(1]
(2

(3]

(4]

(5]

(6]

(71

(8]
(9]

[10]

[11]

[12]

[13]



[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

INTERNATIONAL JOURNAL OF MECHANICS

Constantinou, M.C., Symans, M.D.: Experimental study of seismic
response of buildings with supplemental fluid dampers, The
Structural Design of Tall Buildings, 2, pp. 93-132 (1993).

Baratta, A., Corbi, I., Corbi, O., Barros, R.C., Bairrdo, R.: Shaking
Table Experimental Researches Aimed at the Protection of Structures
Subject to Dynamic Loading, Open Construction and Building
Technology Journal, vol.6, pp.355-360, ISSN: 1874-8368,
DOI:10.2174/1874836801206010355 (2012).

Baratta, A., Corbi, O., Corbi, I.: Rocking Motion of Rigid Blocks
and their Coupling with Tuned Sloshing Dampers, in B.H.V.
Topping, L.F. Costa Neves, R.C. Barros, (Editors). In Proc. Twelfth
International Conference on Civil, Structural and Environmental
Engineering Computing, Civil-Comp Press, Stirlingshire, UK, Paper
175, ISBN 978-1-9050-88-32-4, DOI:10.4203/ccp.91.175 (2009).
Baratta, A., Corbi, O.: Dynamic Response and Control of Hysteretic
Structures, Intern. Journal of Simulation Modeling Practice and
Theory (SIMPAT), Elsevier Science. Vol.11, pp.371-385, E155276
- ISSN: 1569-190X. DOI: 10.1016/S1569-190X(03)00058-3 (2003).
Foti,. D., Catalan Goni, A., Vacca, A.: On the dynamic response of
rolling base isolation systems, Structural Control and Health
Monitoring. Vol.20, 4, pp. 639-648. ISSN: 1545-2255. DOI:
10.1002/stc.1538 (2013).

Baratta, A., Corbi, I.: Optimal design of base-isolators in multi-
storey buildings, Journal Computers and Structures, vol. 82(23-26) ,
pp. 2199-2209, ISSN: 0045-7949, DOLI:

10.1016/j.compstruc.2004.03.061 (2004).

Foti D, Caselles, O., Canas, J.: Shaking Table Tests on a Reduced
Scale Model Seismically Protected with Friction Energy Dissipators.
In: Proceedings of the ‘4th International Conference of the European
Association for Structural Dynamics’. Praga, 7-10 June 1999, p.
575-580 (1999).

Baratta, A., Corbi, I.: Statics and Equilibrium Paths of Masonry
Stairs, Open Construction and Building Technology Journal, vol.6,
pp.368-372, ISSN: 1874-8368, DOI:
10.2174/1874836801206010368 (2012).

Baratta, A., Corbi, O.: On Variational Approaches in NRT Continua.
Intern. Journal of Solids and Structures, Elsevier Science, 2005. Vol.
42, pp. 5307-5321. ISSN: 0020-7683.
DOI:10.1016/j.ijsolstr.2005.03.075 (2005).

Baratta, A., Corbi, I.: Iterative procedure in no-tension 2D problems:
theoretical solution and experimental applications, In: G.C. Sih and
L. Nobile Eds., Proc. Int. Conf. on Restoration, Recycling and
Rejuvenation Technology for Engineering and Architecture
Application; Cesena, 7-11 June 2004, pp. 67-75. ISBN: 8879997653
(2004).

Baratta, A., Corbi, I.: Equilibrium models for helicoidal laterally
supported staircases, Journal of Computers and Structures, ISSN:
00457949, DOI: 10.1016/j.compstruc.2012.11.007 (2013).

Baratta, A., Corbi, O.: Relationships of L.A. theorems for NRT
structures by means of duality. International Journal of Theoretical
and Applied Fracture Mechanics, Elsevier Science, vol. 44, pp. 261-
274.1SSN: 0167-8442. DOI:10.1016/j.tafmec.2005.09.008 (2005).
Baratta, A., Corbi, O.: Duality in non-linear programming for limit
analysis of NRT bodies, Structural Engineering and Mechanics, An
International Journal, Technopress. vol. 26, 1, pp.15-30, 2007. ISSN:
1225-4568 (2007).

Baratta, A., Corbi, O.: On the equilibrium and admissibility coupling
in NT vaults of general shape, Int J Solids and Structures, vol. 47,
17, pp. 2276-2284. ISSN: 0020-7683. DOl:
10.1016/j.ijsolstr.2010.02.024 (2010).

Baratta, A., Corbi, O.: An approach to masonry structural analysis by
the no- tension assumption—~Part I: material modeling, theoretical
setup, and closed form solutions, Applied Mechanics Reviews, vol.
63, 4, pp. 040802-1/17, ISSN: 0003-6900, DOI:10.1115/1.4002790
(2010).

Baratta, A., Corbi, O.: An Approach to Masonry Structural Analysis
by the No-Tension Assumption—Part 1l: Load Singularities,
Numerical Implementation and Applications, Journal Applied
Mechanics Reviews, American Society of Mechanical Engineers,
ASME International, Appl. Mech. Rev., vol.63 (4), pp. 040803-1/21,

Issue 3, Volume 7, 2013

178

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

ISSN 0003-6900, DOI:10.1115/1.4002791 (2010).

Baratta, A., Corbi, O.: On the statics of No-Tension masonry-like
vaults and shells: solution domains, operative treatment and
numerical validation, Annals of Solid and Structural Mechanics,
vol.2, 2-4, pp.107-122, DOI: 10.1007/s12356-011-0022-8, ISSN
1867-6936 (2011).

Baratta, A., Corbi, I., Corbi, O.: Stress analysis of masonry
structures: Arches, walls and vaults, Proceedings of the 6th Int. Conf.
Structural Analysis of Historic Construction: Preserving Safety and
Significance, SAHCO08;Bath;2 July -2008; Vol.1, pp. 321-329,
ISBN: 0415468728;978-041546872-5 (2008).

Baratta, A., Corbi O.: Stress analysis of masonry vaults and static
efficacy of FRP repairs, Int. Journal of Solids and Structures , vol.44,
24, pp. 8028-8056, ISSN: 0020-7683., DOL:
10.1016/j.ijsolstr.2007.05.024 (2007).

Baratta, A., Corbi, I.: On the Statics of Masonry Helical Staircases,
in B.H.V.Topping, Y. Tsompanakis, (Editors), Proceedings of the
Thirteenth International Conference on Civil, Structural and
Environmental Engineering Computing, Civil-Comp  Press,
Stirlingshire, UK, Crete;6 -9 September 2011, Paper 59, 16p, ISBN:
978-190508845-4, DOI:10.4203/ccp.96.59

Baratta, A., Corbi, |.: Plane of Elastic Non-Resisting Tension
Material under Foundation Structures. International Journal for
Numerical and Analytical Methods in Geomechanics, vol. 28, pp.
531-542, J. Wiley & Sons Ltd. ISSN 0363-9061, DOI:
10.1002/nag.349 (2004).

Baratta, A., Corbi, I.: Spatial foundation structures over no-tension
soil. International Journal for Numerical and Analytical Methods in
Geomechanics, vol. 29, pp. 1363-1386, Wiley Ed. ISSN: 03639061,
DOI: 10.1002/nag.464 (2005).

S. Silvestri, G. Gasparini, T. Trombetti, D. Foti: On the evaluation of
the horizontal forces produced by grain-like material inside silos
during earthquakes, Bull of Earthq Eng, ISSN: 1570-761X. DOI
10.1007/s10518-012-9367-6 (2012).

Baratta , A., Corbi, O.: Analysis of the dynamics of rigid blocks
using the theory of distributions, Journal of Advances in engineering
Software, vol. 44(1), pp.15-25, ISSN: 09659978, DOI:
10.1016/j.advengsoft.2011.07.008 (2012).

Baratta, A., Corbi, I., Corbi O.: Towards a Seismic Worst Scenario
Approach for Rocking Systems. Analytical and Experimental Set Up
for Dynamic Response, Journal Acta Mechanica, vol. 224 (4) , pp.
691-705, ISSN: 0001-5970, DOI:10.1007/s00707-012-0787-9
(2013).

Corbi, I.: FRP reinforcement of masonry panels by means of c-fiber
strips, Journal Composites Part B, vol.47, pp. 348-356, ISSN: 1359-
8368, DOI:10.1016/j.compositesh.2012.11.005 (2013).

Corbi, I.: FRP Composites Retrofitting for Protection of Monumental
and Ancient Constructions, Open Construction and Building
Technology Journal, vol.6, pp.361-367, ISSN: 1874-8368, DOI:
10.2174/1874836801206010361 (2012).

Baratta, A., Corbi, O.: An approach to the positioning of FRP
provisions in vaulted masonry structures, Composites Part B:
Engineering,doi.org/10.1016/j.compositesh.2013.04.043, (2013).
Birman, V.: Review of mechanics of shape memory alloy structures.
Applied Mechanics Review 50: 629-45 (1997).

Baratta, A., Corbi, O.: On the dynamic behaviour of elastic-plastic
structures equipped with pseudoelastic SMA reinforcements, Journal
of Computational Materials Science, Vol. 25(1-2), pp.1-13, ISSN:
09270256, DOI: 10.1016/S0927-0256(02)00245-8 (2002).

Corbi, O.:Shape Memory Alloys and Their Application in Structural
Oscillations Attenuation, Intern. Journal of Simulation Modeling
Practice and Theory (SIMPAT), Elsevier Science, Vol.11, pp. 387-
402, ISSN: 1569-190X, Do0i:10.1016/S1569-190X(03)00057-1
(2003).

Duerig, T. W., et al. eds. Engineering Aspects of Shape Memory
Alloys. London: Butterworth-Heinemann Ltd. (1990).

Funabuko, K.: Shape Memory Alloy, Gordon and Breach Science
Publishers, New York, (1984).

Graesser, E.J., Cozzarelli, F.A.: Shape memory alloys as new


http://dx.doi.org/10.1016/S1569-190X(03)00058-3%09�
http://catalog.loc.gov/cgi-bin/Pwebrecon.cgi?DB=local&PAGE=First&Search_Arg=0003-6900&Search_Code=STNO�
http://www.sciencedirect.com/science/journal/13598368�
http://www.sciencedirect.com/science/journal/13598368�
http://www.sciencedirect.com/science/journal/13598368�
http://dx.doi.org/10.1016/j.compositesb.2013.04.043�
http://www.scopus.com/record/display.url?eid=2-s2.0-0036714012&origin=resultslist&sort=plf-f&src=s&st1=corbi&st2=o&nlo=1&nlr=20&nls=count-f&sid=tZUIu293dp0R9MhvivTIlx5%3a133&sot=anl&sdt=aut&sl=34&s=AU-ID%28%22Corbi%2c+Ottavia%22+6602249325%29&relpos=22&relpos=22&searchTerm=AU-ID(\%22Corbi,%20Ottavia\%22%206602249325)�
http://www.scopus.com/record/display.url?eid=2-s2.0-0036714012&origin=resultslist&sort=plf-f&src=s&st1=corbi&st2=o&nlo=1&nlr=20&nls=count-f&sid=tZUIu293dp0R9MhvivTIlx5%3a133&sot=anl&sdt=aut&sl=34&s=AU-ID%28%22Corbi%2c+Ottavia%22+6602249325%29&relpos=22&relpos=22&searchTerm=AU-ID(\%22Corbi,%20Ottavia\%22%206602249325)�
http://www.scopus.com/source/sourceInfo.url?sourceId=20541&origin=recordpage�
http://dx.doi.org/10.1016/S1569-190X(03)00057-1�

[48]

[49]

[50]

(51]

(52]

(53]

[54]

[55]

[56]

INTERNATIONAL JOURNAL OF MECHANICS

materials for aseismic isolation, J. Eng. Mech., ASCE, Vol. 117, pp.
2590-2608 (1991).

El-Attar, A., Saleh, A., El-Habbal, 1., Zaghw, A.H., Osman, A.: The
use of SMA wire dampers to enhance the seismic performance of
two historical Islamic minarets, Smart Structures and Systems, vol.
4(2-3), pp. 221-232 (2008).

Paun, V.-P., Cimpoesu, N.C., Cimpoesu, R.H., Munceleanu, G.V.,
Forna, N., Agop, M.: On the energy dissipation capacity and the
shape memory. A comparative study between polymer composites
and alloys , Materiale Plastice 47 (2) , pp. 158-163 (2010).
Cimpoesu, N., Achitei, D., Manole, V., Hopulele, 1., Enache, A.:
Influence of internal friction on shape memory alloy based on copper
, Metalurgia International 14 (SPEC. ISS. 3) , pp. 33-36 (2009).
Chen, Y., Lv, X.-L., Jiang, H.-J.: Seismic performance study on new
enhanced energy dissipation SMA damper , Hunan Daxue
Xuebao/Journal of Hunan University Natural Sciences 40 (2) , pp.
31-38, (2013).

Qian, H., Li, H.N., Song, G., Chen, H., Ren, W.J., Zhang, S. :
Seismic vibration control of civil structures using shape memory
alloys: A review , Proceedings of the 12th International Conference
on Engineering, Science, Construction, and Operations in
Challenging Environments - Earth and Space 2010 , pp. 3377-3395
(2010).

Chen, X., Li, A.-Q., Ding, Y.-L., Liu, T.: Study on isolation of space
grid structure using shape memory alloy, Gongcheng
Lixue/Engineering Mechanics 27 (9) , pp. 86-93+101 (2010).

Paun, V.-P., Cimpoesu, N.C., Cimpoesu, R.H., Munceleanu, G.V.,
Forna, N., Agop, M.: On the energy dissipation capacity and the
shape memory. A comparative study between polymer composites
and alloys Materiale Plastice 47 (2), pp. 158-163 (2010).

Yang, S.-L., Ren, Y.-S., Lin, X.-H., Kang, Z.-H.: The research of
enhance the loss factor in structural damping by shape memory alloy,
Advances in Heterogeneous Material Mechanics 2008 - Proceedings
of the 2nd International Conference on Heterogeneous Material
Mechanics, ICHMM 2008 , pp. 723-727 (2008).

Andrawes, B., DesRoches, R.: Sensitivity of seismic applications to
different shape memory alloy models Journal of Engineering
Mechanics 134 (2), pp. 173-183 (2008).

Issue 3, Volume 7, 2013

179


http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603409483&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=26421071700&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36612841800&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36165050200&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603655680&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7006381066&zone=�
http://www.scopus.com/record/display.url?eid=2-s2.0-78049521773&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=7&relpos=7&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-78049521773&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=7&relpos=7&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-78049521773&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=7&relpos=7&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-78049521773&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=7&relpos=7&searchTerm=�
http://www.scopus.com/source/sourceInfo.url?sourceId=14217&origin=resultslist�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=26421071700&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=26421034600&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=26421306700&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6508192614&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=23995104700&zone=�
http://www.scopus.com/record/display.url?eid=2-s2.0-62749204367&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=8&relpos=8&searchTerm=�
http://www.scopus.com/source/sourceInfo.url?sourceId=5800179619&origin=resultslist�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=43560933700&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36696848400&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7404466759&zone=�
http://www.scopus.com/record/display.url?eid=2-s2.0-84875324760&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=0&relpos=0&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-84875324760&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=0&relpos=0&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-84875324760&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=0&relpos=0&searchTerm=�
http://www.scopus.com/source/sourceInfo.url?sourceId=22386&origin=resultslist�
http://www.scopus.com/source/sourceInfo.url?sourceId=22386&origin=resultslist�
http://www.scopus.com/source/sourceInfo.url?sourceId=22386&origin=resultslist�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7201520568&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=8715256600&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7402252860&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36664251000&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=34882189900&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36665662400&zone=�
http://www.scopus.com/record/display.url?eid=2-s2.0-78649276249&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=5&relpos=5&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-78649276249&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=5&relpos=5&searchTerm=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36132826200&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7403291516&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7404136388&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36071745600&zone=�
http://www.scopus.com/record/display.url?eid=2-s2.0-77957763748&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=6&relpos=6&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-77957763748&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=6&relpos=6&searchTerm=�
http://www.scopus.com/source/sourceInfo.url?sourceId=21047&origin=resultslist�
http://www.scopus.com/source/sourceInfo.url?sourceId=21047&origin=resultslist�
http://www.scopus.com/source/sourceInfo.url?sourceId=21047&origin=resultslist�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603409483&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=26421071700&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36612841800&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36165050200&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603655680&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7006381066&zone=�
http://www.scopus.com/record/display.url?eid=2-s2.0-78049521773&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=7&relpos=7&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-78049521773&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=7&relpos=7&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-78049521773&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=7&relpos=7&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-78049521773&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=7&relpos=7&searchTerm=�
http://www.scopus.com/source/sourceInfo.url?sourceId=14217&origin=resultslist�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=25654105300&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=35389683300&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36768274200&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36833366100&zone=�
http://www.scopus.com/record/display.url?eid=2-s2.0-56649108037&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=11&relpos=11&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-56649108037&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=11&relpos=11&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-56649108037&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=11&relpos=11&searchTerm=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=22833675800&zone=�
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6603925105&zone=�
http://www.scopus.com/record/display.url?eid=2-s2.0-38349088311&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=12&relpos=12&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-38349088311&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=12&relpos=12&searchTerm=�
http://www.scopus.com/record/display.url?eid=2-s2.0-38349088311&origin=resultslist&sort=plf-f&cite=2-s2.0-1642414934&src=s&imp=t&sid=1B6316F6C390A4EEC1D9E12128CC8BB9.N5T5nM1aaTEF8rE6yKCR3A%3a340&sot=cite&sdt=a&sl=0&relpos=12&relpos=12&searchTerm=�
http://www.scopus.com/source/sourceInfo.url?sourceId=16279&origin=resultslist�
http://www.scopus.com/source/sourceInfo.url?sourceId=16279&origin=resultslist�
http://www.scopus.com/source/sourceInfo.url?sourceId=16279&origin=resultslist�



