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ABSTRACT

In the thought of Peter Rice when the architectural design challenges the laws of
nature the structure becomes architecture. A research, developed at the Department of
Architecture and Urban Planning of Catania, proposes a reinforced masonry that is
built with blocks of natural stone instead of artificial blocks. [8] This occurs because
the local stone (basalt) has similar characteristics to artificial blocks used generally to
build masonry. This research has interested different aspects related to the building
procedure (construction, structural, thermal and environmental aspects). [3-4]
Obtained results show good performances of reinforced masonry built with basalt.
Law in seismic zone sets some limitations to the building of reinforced masonry for
thickness, thinness and restraint conditions. Within this problematic a new phase of
this research has been started with the objective to appraise characteristics of pre-
stressed masonry built with basalt. This paper shows the contribution that pre-stressed
masonry built with basalt offers in architectural design.
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Introduction

From the combination of masonry and metal reinforcements, building processes in
reinforced masonry have evolved and been perfected in the last centuries. [7] These
have been widely used in many countries as a seismic building technique while in
Italy it has been used only later on with the latest edition of technical laws for
building in seismic areas. The reinforced masonry is made of half-full artificial load
bearing elements to create walls enclosing special metal vertical and horizontal
reinforcements and related concrete castings with a precise structural role.
Considering that different kinds of Etna basalt presents the same characteristics of
half-full artificial load bearing elements indicated by law since it is industrially
workable in regular blocks and undergoes easily quality controls of the structural
aspects, in the first step of the research has verified the validity of the building system
in reinforced masonry using natural load bearing elements constituted by blocks of the
above mentioned lava stone instead of the artificial elements indicated by law. [1] The
constructive procedure currently being experimented, is of an integral type with
modular components and it is finalized in the realization of load bearing
reinforcements, inside of which, according to the requested performances it is
possible to insert steel bars for the vertical and horizontal reinforcement, in the
versions of diffused or concentrated reinforcements, so to absorb the traction and
cutting stress induced by seismic actions and to give to the wall structure the
requested ductility. The analysis of the structural behavior allowed to establish the
related values of the characteristic defining the deformation and the mechanical
resistance of the model taken into account for the defining of the calculus parameters.
The experiments have been performed at the Laboratorio Ufficiale Prove Materiali of
University of Catania. In accordance with the data reported in Table 1, deriving from
the compression tests appear that the values of the characteristic resistance are greater

than to the values (in accordance with the law) allowed by the permitted standard. [1-
2]

Table 1 : Mechanical characteristic of reinforced masonry with Etna basalt.

Materiale fo k ok M, E G Ukt fi fo | fatab | Fkotab
[kg/cm?] | [kg/cm?] [kg/cm?] | [kgicm3] [kg/md) | kg/em?) | [kgicmi?] | [kaiem?] | (kgfem?]
Basalto 1 500 1300 1 600 000 | 240 000 98 2700 600 12 143 2
Legend:

fb,k - characteristic resistance of the material in the orthogonal direction respect the
deposition of the mortar;

E — Young’s modulus of the mortar;

dutt. — ductility of masonry;

v — Weight density of the masonry;

fk — experimental characteristic resistance of the masonry with compressive stress;

fvko — experimental characteristic resistance of the masonry with cutting without
compressive stress;
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fk,tab — characteristic compressive resistance of the masonry computed by using
standard tables;

fvko,tab — characteristic cutting resistance of the masonry computed by using standard
tables in absence of compressive.

The behavior of the diagonal collapse, that allows us to define the resistance refereed
to the horizontal solicitations, is quite different comparing the masonry reinforced
panels with the not reinforced ones. In fact in the last case the collapse occurs in the
plates of mortar: the collapse is fragile; while in the reinforced panels the evaluation
of the crack is progressive due to the mechanisms of the mish between the basalt
blocks and the steel bars. In summary we can conclude that the proposed construction
system is well suitable to be used in seismic area due to the ductility requirement.

Reinforced masonry built with basalt blocks can be pre-stressed due to the high
resistance of Etna basalt improving the performance of the panel. The obtained results
encourage us to investigate if it is possible to use the proposed building approach also
to realize non regular structural configurations. The pre-tensioning action allows us to
compensate both the cutting stress that arises in the horizontal elements and the
seismic stresses. Therefore the use of new approach in concerning treated materials
with mechanical improved performances is very appealing. In order to evaluate the
performances of the system the characteristics of masonry panels have been appraised
through comparisons of not reinforced masonry, reinforced and pre-stressed masonry
panels built with basalt blocks. In this paper same preliminary results concerning the
analysis panels in different conditions will be reported. In particular a fixed end flat
panel both in vertical and sloped position has been studied. Moreover, the behavior of
a fixed end curved panel has been investigated. The previous examples allowed us to
evaluate the performances of a masonry panel with a spiral shape.

Figure 1 : Scheme of masonry panels

Results

The critical case calculus both under the condition of combined action of compression
and flexure in the plain and out the plain and cutting action in the plain has been
performed considering the limit state of life safeguard in accordance with the safety
tests included in the NTC2008.
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Taking into account equilibrium conditions it has been evaluated the horizontal force
showing that the collapse occurs only due to the flexure action in the plain and out the
plain and that the collapse is not related to the cutting action.

The same procedure has been repeated for different values of the panel height and its
thinness for different loading and shape conditions. So, it was derived the factor of
safety. It was considered in the case of tests for collapse in the plain a masonry panel
with the following geometric features:

base b=100 cm; thickness s =24 cm; variable height h;

upper steel bars: 17116 each arranged 4 cm from the compressed edge;

lower steel bars: 17116 each arranged 96 cm from the compressed edge.

The maximum pre-compression action value for this panel is equal to 200ton.
The tests were been repeated for two different values of the pre-compression action:
100t and 200t.

In Table 4, the trend of the force that breaks the masonry panel and the factor of
safety is reported. The factor of safety has been computed as ratio of the break force
and the seismic action.

It was been computed for different values of height, thinness and pre-tensioning
action.

Table 2 : Seismic tests of panel (s=24cm) for plain collapse

Reinf. mas.. P=100 || Reinf. mas. P=200
t t

Ord. mas. P=0t || Reinf. mas. P=0t

Height | as | SSism |Fecy Coll Saf
niml | =hs Force f?)rc;‘ep- Saf. t’,src‘:)' Saf. Collap. Saf. Collap. F'd;-
Fs lkgl Fx Fac Fx ' Fac. force. Fac. force. ac.
® R . . . .
[Kg] Txp/Fs [Kg] Txp/Fs || Fxi [Kgl | Txu/Fs || Fxu{Kg] Txu/Fs
3.50 | 14.58 | 425.25 || 463.30 1.09 2438.17 5.73 13231.30 | 31.11 17285.52 | 40.65

9.00 | 37.50 { 1093.50 || 373.50 | 0.34 {1 1123.90 | 1.03 5234.61 4.79 6732.22 6.16

20.00 | 83.33 | 2430.00 || 337.63 | 0.14 663.90 0.27 2435.77 1.00 3038.56 1.25

22.00 | 91.67 | 2673.00 || 334.38 | 0.13 629.69 0.24 2227.59 0.83 2761.53 1.03

Moreover, from Table 2, it appears as the pre-tensioning action plays a highly positive
effect increasing the performances of the masonry to resist to the horizontal actions.

In the case of thickness s =24 c¢m, ordinary masonry panel does work until 3.5 meter
of height (in accordance with the seismic test) while the reinforced masonry does
work until 20 meter with a pre-tensioning action of 100 ton and respective until 22
meter with a pre-tensioning action of 200 t.
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The tests for out plain collapse are the more critical for the masonry structure. These
tests have been considered for different values of thickness (tab.3), pre-tensioning

action (tab.4) and panel slopes (tab.5).

The mechanical parameters of the panel have been not changed while the geometric
values assumed in the test are:

Base b=100 cm; thickness s =24cm, 30cm, 40cm, variable height h;

Upper steel bars 1: 116 each arranged 5 cm from the compressed edge;

lower steel bars 11116 each arranged respectably 19cm, 25¢m, 35cm, from the
compressed edge;

Table 3 : Seismic tests of the panel for out plain collapse for different thickness
without pre-tensioning

S=2dcm §= 30 cim S=40 em
£ ‘ Ord. may Reint. i S Ord. tnax Reinf. mas S Ord_as. Reinf. inas
= Seis Seis. Scis.
25| Force [} Ot Col £ | Foree || € Col 2| Foree. || € Col
s Fe for Saf. || for. | saf v Fs for. { Saf Tor Saf. B Fs for. | Saf for Sal
SR we || B | e Fyn fac 0 kgl [ P | e Fye fue A kg ) By | fue. fl Py fac

(Kpt | Tyo/Fs | 1Kg) | TysFe 1Kp) | Tyu/Fs |} Kyl | Tyl (Kgl | TyalFs || 1Kgl | TywFs
20f0 8 | 243 || 03 fraos{ 37 [l 7} 304 || 120 | o4 ffusa| 37 5 | 4os flzis | as floseo | 3
aoff 13 | 3es || 77 02 f ext 17 | oase ff 121 o3 | 1.7 8 | oo J2a oa Jlawe | 18
40l 17 | 486 || 77 02 flasz ] 1o f[13] o8 12t 02 [fe2o } o ffro| s10 e 03 | 860 | 11
asqlw | sa7 || 77 o Jla37 | ooy flas ] oes3 Lo 02 Jse3a poos flur | oon [l 02 fms | oo

Considering the included values of Table 3 it is evident as the seismic factor safety
increases with the thickness.

The ordinary masonry does not work under seismic out plain action even if structures
of 40 cm thickness and 2 meter height are considered. To avoid the previous results
the packing of the masonry structure is adopter. Indeed for the reinforced masonry
until a height of 4 meters, the increase of thickness does not lead to signified
improvements as regards the factor of safety.

The seismic test of a panel of 24 cm of thickness for out plain collapse was been
repeated for two different values of the pre-compression action: 100 t and 200 t.

Table 4 : Seismic tests of a panel of 24cm of thickness for out plain collapse

Ord. mas. P=0 f{ Reinf. mas. P=0 Reinf. mas. Reinf. mas.
. t t P=1001t P=2001t
Height | As | o™ Moo Colla Colla Coll
_ Force Pl sar, Pl saf. OMaP- | gaf, OMAP- - gar.
h{m] | =h/s force force force. force.
Fs [kg] Fy Fac. Fy Fac. Fy Fac. Fy Fac.
R R R o o) R
Tyx/Fs Tyg/Fs I'yp/F Tyr/F:
Kgd | N kg | ™ Kgl | M) g | IS

2.00 | 833 | 243.00 || 77.47 | 032 [1897.94 | 3.70 |15156.80 | 21.22 || 6847.52 | 28.18
4.00 |16.67 | 486.00 || 77.17 | 0.16 [ 483.13 | 0.99 {12599.79 | 5.35 [/ 3423.44| 7.04
9.00 |[37.50 ) 1093.50) 76.44 | 0.07 |l 252.67 | 0.23 [11179.23 | 1.08 }1521.17 | 1.39
10.50 | 43.75 | 1275.75]| 76.22 | 0.06 | 226.34 [ 0.18 || 1016.88 [ 0.80 {1303.77 | 1.02
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Ordinary masonry panel does work until 2.0 meter of height (in accordance with the
seismic test) while the reinforced masonry does work until 4.0 meter and the pre-
stressed masonry does work until 9.0 meter with a pre-tensioning action of 100 ton
and respective until 10.5 meter with a pre-tensioning action of 200 ton. The
reinforcement in the masonry panel gives to the panel further performances in order to
resist at the horizontal out of the plain actions. The performances of the panel are
better if the pre-tensioning actions have been actuated. The included results in the
previous tables remark as the contribution of pre-tensioning actions are remarkable
respect the increasing of panel thickness.

The next step of the present analysis has been to evaluate the changing of the limit
force with the height and with the thinness for the same type of panel but for difterent
values of slopes for out plain collapse of panel.

Table 5 : Seismic tests for out plain collapse of panel with different values of slopes
for P=0

Ord. rmas. =5° Reinf. mas. Reinf. mas. Reinf. mas.
Seis. ) T a=5° a=10° a=20°
Height | s | Force. || Collap. Collap. Collap. | ., Collap. .
h[m] | =h/s Fs force Sfafe. force. Safe. force. Safe. Jl corce. | Safe
N R s
[Kgl Yyr/ES [Kg] yr/E's (Kg] yr/'s [Ke] Y/ ESs
2.00 8.33 | 243.00| 20.89 0.09 || 83822 | 3.45 ||774.14 | 3.19 | 64421 2.65
2.80 | 12.50 | 364.50 579.66 1.70 [} 497.06 146 |1 343.19 | 1.01
3.20 | 16.67 | 486.00 494.66 1.27 1140228 | 1.03 123444 | 0.60
3.50 | 18.75 | 546.75 44198 | 1.04 |[ 342.14 | 0.80

It is evident as an ordinary masonry 2 meter height and with a slope of 5°, under the
force of earthquake has safety factor about zero. While for the reinforced masonries
respectively of height 3.5m (a=5°), 3.2m (a=10°) and 2.8m (¢=20°), the seismic tests
reached satisfactory results. In conclusion we can affirm that the best benefits can be
achieved with pre-stressed reinforced masonry. We remark that for usual inter plane
height of the buildings (about 3m) the reinforced masonry does resist to the seismic
effect deriving from the self weight for slopes until 10°. Such type of capabilities
allows us to assume a stable configuration also for signified slopes.

The evaluation of out plain collapse of a panel with curve section, fixed end,
remarks as by changing the section type an increasing of resistance can be obtained.
To establish useful comparison the same condition of the previous adopter ones have
been considered.
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. — Re = 50 [cm}]
; % s . Me = 40 {cm]
R @ ‘ s = 24 [cm]
, Ri = 26 [cm]
/e i Mi = 16 [cm)
e N \ . G = 29,4 {cm]

N Atot = 2379  [cmg]

Figure 2 : Geometric characteristics of the panel cross-section

Upper steel bars 1:!16 each arranged S cm from the compressed edge;
lower steel bars 1 {16 each arranged 35 cm, from the compressed edge;
For this configuration only the out plain mechanism collapses have been evaluated
changing the slopes (Table 6) and the pre-tensioning actions (Table 7).

Table 6 : Seismic test of curved and slope panel for out plain collapse and for a pre-

tensioning P=0
is. ° R o Reinf. mas. Reinf. mas.

height | s Fsoerlcse. Ord. mas. a=5° || Reinf. mas. =5 u=10° a=20°
hm] | =h/s Fs |l Collap. | Saf. || Collap. | Saf. || Collap. | Saf. || Collap. | Saf.
tkgl force. Fac. foree. Fac. force. Fac. force. Fac.
2.00 | 833 {243.00 59.79 | 0.25 {| 192670 8.00 || i848.57| 7.68 [/ 165695| 6.88
4.00 |16.67 | 486.00|| 4.03 0.01 || 941.93 1.96 || 820.34 1.70 [{ 574.21 1.19
4.20 | 18.75 | 546.75 892.11 | 1.76 || 765.63 | 1.51 | 511.84 | 1.01
4.90 |22.92 | 668.25 74620 | 1.26 || 602.23 | 1.02 |[ 320.37 | 0.54
5.40 | 27.08 | 789.75 662.04 | 1.02 || 505.36 | 0.78 || 202.53 | 0.31

The ordinary masonry with a height of only 2 meter and with a slope of 5° with
seismic action has safety factor about zero while reinforced masonry with heights of
5.4 m, 49 m e 4,2 m and slopes of respectively 5°, 10° e 20° widely satisfy the
requirement from the seismic point of view.

We can note as the maximum height that satisfies the verification is greater of that of
the plane panel of 3.5 meter height with a slope of 5°(tab.5): it reaches 5.4 meter. The
conclusion is that the shape of the panel positively influences the mechanical out plain
behavior of the masonry structure.

Table 7 : Seismic test: the case of out plain collapse of curved panel (a=0°).

Ord. mas. P=0 t Reinf. mas. P=0 ¢ Reinf. mas. Reinf. mas. P=200
. P=100t t

Height | s | o9 IFeoy Colk Colk

h chye | Foree || 5241 Safe. 4P| safe. | SOUP | safe. | Collap. | Sufe.
Imj | =hfs Fs [k force. . force. . force. - N

s [kgl Fy fac. Fy fac. Fy fac. force. tac.
® | Tyu/Fs X | Tyw/Fs R | Tyw/Fs §l Fyx[Kg| | Tyx/Fs
[Ke] Y (Kg] yr/Fs [Ka] yr/Fs yr [Kgl yr/Fs
2.00 8.33 240.85 125.51 0.52 1990.52 8.26 8509.37 | 35.33 10335.57 | 42.91
6.00 | 25.00 | 722.54 | 119.46 0.17 747.10 1.03 2865.76 3.97 3442.30 4.76
12.00 | 50.00 | 1445.07 §§ 117.95 0.08 436.25 0.30 1454.86 1.01 1718.98 1.19
13.00 | 54.17 | 1565.49 {| 117.84 0.08 412.33 0.26 1346.33 0.86 1586.42 1.01
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The ordinary masonry panel, 2 meter height, does not satisfy the seismic verification
even if the safety factor is greater respect the case of plane panel.

The reinforced masonry panel does work well even if the height is 6 meter and in the
case that it is pre-stressed, panel of 12 meter and 13 meter (respectively with 100 ton
and 200 ton) do work in stability conditions. Due to the particular shape of curved
panel it does work better respect the plane one.

The previous considerations encourage us to extend the test for buildings elements
with more complex shapes. It has been studied the behavior of a wall sector that
wraps itself like in a spiral shape with variable height from 0 to 4 meter with a
thickness of 20 cm.

The radius of the spiral in the base is variable from 2.8 m to 7.8 m and has a variable
slope with the height from 0° to 16°.

u\'\\\

Figure 3 : Investigated spiral structure — shell model

In order perform the seismic verification of the spiral structure it is worked by using
two different models: the first one is a beam, the second one is a shell. In the beam
model it has been considered only the last quarter of spiral while the analysis has been
performed modeling the whole structure with a set of elements each put new the
others. In order to perform the test the same previous procedure has been adopted.
The following geometric parameters have been adopted.

AL LS Re = 338 [cm)
B TR Me = 104 [cm]
. - R R s = 20 [cm]
e | R Ri_ = 318 [cm]
. R Mi = 84 [cm]

Figure 4 : Geometric characteristics of the panel cross-section

Upper steel bars: 2. 114 each arranged 10 cm from the compressed edge;
lower steel bars: 21 114 each arranged 94c¢m, from the compressed edge;
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The pre-tensioning is applied by a constant tension on the vertical steel bars.

The applied pre-tensioning action is about 1000ton that is the value maximizing the
flexure characteristics of the section.

The seismic action has been evaluated by using an accelerator value of area equal to
0,25g and the effect of circle arch masonry load has been applied an half at the top
and the other half at the base.

In order to evaluated the stress actions it has been considered a scheme of fixed end
beam.

The results are reported in Table 8.

Table 8 : Seismic test of the panel with pre-tensioning P equal to 1000t.

Calculated Resistant .
compression Calculated compression Resistant
Height P flexure stress p flexure stress Safety factor
o stress stress
h [m] Msd Mrd
nisd [kgm] nrd [kgm]
[kg] {keg]
4 16 1013745 16132 1013745 232374 14.40
8 16 1027491 64530 1027491 232531 3.60
14 16 1048109 197623 1048109 232767 1.18
15 16 1051545 226863 1051545 232806 1.03
16 16 1054982 258119 1054982 232846 0.90

The circle arch, with a slope of 16°, is stressed by its weight and by the seismic
actions. The results are suitable with 15 meter according with the seismic tests. Due to
the fact that the thickness of the masonry has been 20 cm instead of 24 ¢m and that
the thinness of 20, the considered conditions are not in agreement with the NTC2008.
Moreover to limit the maximum of thinness for such a type of structure is a very
strong condition, due to the fact that the Etna basalt has a good compression proof and
high Young modulus like the concrete C32-40 (400kg/cmq).

In order to analyses the shell model a further element code has been used to verity the
structure in the three dimension space. The analyses shown that the suitable
reinforcement in order to safety the tests must be built with steel bars of | |16 arranged
each 50 cm. The maximum displacement at the end of the spiral at quote 4 m is very
small about 2.24 mm.

Conclusion

Today, Italian law allows the building system with ordinary masonry also in seismic
-area. Above seismic norms, according to the law, are very restrictive and give strong
limitations to the architectural design in particular concerning the thickness, the
thinness and the restraints condition of the masonry panel. The models with the
packing of the masonry structure have been necessary used.
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The masonry structure is composed by a closed link with small dimension; floor
beams tie the load bearing walls.

Moreover, the law allows the use of the building system with reinforced masonry. The
reinforced masonry regulations, according to the law, are very similar to the ordinary
masonry norms. Only small differences there are about the dimensions of the building
elements (minimum thickness and maximum thinness).

In this paper masonry panels built with Etna basalt blocks have been investigated. In
particular reinforced panels have been analyzed in details in order to compare their
performances with the ordinary masonry. The experimental results, comparing the
performances of the reinforced masonry panels, allowed us to remark the
improvements of the seismic response of the reinforced walls, considering in
particular the case of orthogonal actions that are the more critic for the masonry
structures.

The tests have been performed not considering the law indications that are: minimum
thickness of 24 ¢cm and maximum thinness of 20.

The reinforced elements have good performances in the case of orthogonal actions,
also in the case of isolate, fixed end and not restraint at the top panels like the
reinforced concrete walls. Moreover the reinforced masonry elements have good
performances in the case of sloped structures to resist to the orthogonal actions. Easy
displacement deformations in the structure have been obtained like in the case of the
spiral structural shape. This allows avoiding the inclusion of string-course at the top
of masonry panel in order to establish the behavior of the packed structure.

Ordinary masonry das not work in a similar manner. The behavior of the reinforced
masonry is similar to the reinforced concrete and steel structures. The obtained results
show that the law values are very conservative.

Moreover, the pre-tensioning action considerably increases the capability of resistance
of the panel for orthogonal actions because the Etna basalt compression resistance and
the Young’s modulus are very large and similar to the concrete C32-40 (400kg/cmq).
The included results in the tables 3 and 4 remark as the contribution of pre-tensioning
actions are considerable respect the increasing of panel thickness. The pre-stressed
panel, also with small thickness (table 4), does work until 10.5 meter of height while
the reinforced panel does work until 4 meter of height.

Moreover the shape of the panel positively influences the mechanical out plain
behavior of the masonry structure. Due to the particular shape of curved panel it does
work better respect the plane one (tables 5 — 7).
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The previous considerations encourage us to extend the test for structures with more
complex shapes. The seismic tests remark as it is possible to build a spiral with a
sloped, pre-stressed wall, with thickness of 20 centimeter, until 15 meter of height.

Small horizontal displacements have been achieved in the case of the structure with
spiral shape. These displacements do not influence the verification in the deformed
configuration due to the fact that the fixing moment does not increase.

Today a new step of research has been started in order to build a prototype of the
analyzed spiral model. This will allow to define the building characteristics and to
prove the results of the numerical analyses.

This research opens new frontiers towards the use of load bearing masonry for
architectural realizations also in accordance with the severe seismic regulation.

A 2 . 5
po | wiow W s

Figure : Siral structure prétotype - design of ountain
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