dissipation capacities of the structural system under consideration, i.e. the
response modification factor ¢ and pier ductility factor u. Some aspects need
to be examined, namely: (1) the appropriate value of ¢ and u representing the
real behaviour of unreinforced masonry systems, (2) the correlation between ba
se shear coefficients such to give rise in the two approaches to the same pro
tection for a given seismic area; (3) the effective safety level of code-based
designs with respect to a real strong ground motion. These assessments will
be attempted in what follows by the interpretation of the experimental results
of tests carried out on single stone-masonry piers and on simple buildings bo-
th under static loading and base seismic excitation through ISMES shaking ta-
ble. Base shear forces will be expressed as ratios C to the total weight; mo-
reover a suffix 1 will be used to denote forces at the significant yield point
and the suffix 2 the forces at ultimate. A suffix ¢ will additionally denote
calculated forces and a suffix x experimental forces.

DEFINITIONS AND EXPERIMENTAL BACKGROUND

Tests on single piers give as a basic product shear-displacement loops
whose envelope for shear failure have the typical shape shown in fig. 1(a)
(limited to positive forces and displacements). The shear mode of failure is
characterized by early flexural cracks at the bases of the pier followed by a
diagonal crack which is then augmented up to failure. The first crack occours
at shear forces Tg that vary from 85% to 1007 of the maximum shear Ty (Refs.l,

2,3) and for height to width ratios up to 1,5 and can be predicted by:
Otr

I = FTk\F+ls PN T T L

with F the piler cross sectional area, 0, the vertical normal stress, o__ the
diagonal tensile strength and T the referential shear strength. Conservatively
the maximum shear force can be considered to be expressed by T, and ultimate
pier conditions to be attained when § = 6y. This leads to a bilinear schema-
tisation of the real curve represented in fig. 1(b) where linear elastic beha-
viour is assumed up to the diagonal crack. The ultimate displacement Sy can
be expressed as a function of the limit elastic dlsplacement 8y in terms of
pier ductility u : Sy = u & Based on this idealized pier buhavxour, a sim~
plified method for predicting building non linear response under static late-
ral load has been proposed (Ref.l). The method was widely used to check the ove
rall lateral resistance of strengthened buildings after the Friuli (1976) and
Irpinia (1980) earthquake. Given a masonry wall it consists in determining
its lateral resisting capacity at a given storey level by summing up the shear
resistances of single piers at equal horizontal displacements. As an example
consider the wall of fig. 2(a) whose piers have shear~deflection characteri-
stics shown in fig. 2(b). These result in the wall response curve shown in
the same figure. TFor multiple wall systems the total lateral load is distri-
buted among the single walls according to stiffnesses corresponding to their
actual displacements. In the method significant yield is considered to occur
at the first diagonal crack in the first yielding pier. In the simple case of
fig. 2 it corresponds to point A and to a base shear coefficient clc-r /W
with W the total weight. Ultimate wall conditions arise when a pier flrst rea
ches its maximum displacement u § For the wall of fig. 2 this corresponds
to point B and to Cy, = Fp./W. In ‘all this the role of pier ductility u is ap
parent: it determines the extent to which contributions to lateral resistance
of single piers can be summed up before one of them attains its limit displa-
cement. Some experimental research work on the seismic behaviour of stone ma-
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sonry buildings has be.aen car%'led ouff during the last years in Europe. It in-
volved (a) the analysis of single plers both under static and cyclic loads
(Refs.2, 3, 4); (b) the analysis of single storey simple rectangular buildings
under static lateral load (Ref. 5); (c) the analysis of two-storey buildings
unde:; static and selsmig load conditions (Ref. 6) (base excitation through
shaking table): The main results, relevant to the aim of the present work,
are now suumarised; details and further information can be found in the appro-
priate refewfences. As to pier behaviour, tests show values of u ranging from
2.3 to 2:8 if referring to the idealized curve of fig. 1(b). Note that if re-
ferencg is made to the real experimental envelope the ratio of the dispacement
at maximum shear to the first crack 6y/8p ranges from 1. to 2.25. The avera-
ge value of the referential shear strength T (see eq. 1) for single and two-
layered walls is found to be 0.8 kg/cm2 while for the same grouted walls it is
1.5 kg/cm”. Static tests on single storey stone masonry houses were carried
out on 12 models (scaled 1:2) built under different strengthening conditions
(r.c. beams and columns, horizontal'and or vertical steel tendons, etc.). He-
re reference is made only to the results of plain masonry systems. The base
shear coc.afficient at the first diagonal crack, considered as the significant
yield point was on average Ciy = 0.318. This value is about 85% of the ultima
te base shear coefficient which was found to be Cyy = 0.375. Static tests we—
re.also carried out on a two storey system, see fig. 3, similar to a prototype
which was subjected to seismic base excitation by means of ISMES shaking table.
The same base record was used (Sturno (nov. 1980) accelerogram) by scaling all
the accelerations of the same factors, ranging from 0.15 to 2.5, thus imposing
on the building shocks of increasing intensity up to failure. The static test
gave the following shear base coefficient values Cix = 0.373; Coy = 0.433.

The characteristics of the shock immediately before the one causing collapse
were (in g-units) EPA = 0.56; ay = 0.66). The static experimental behaviour
of the two storey system (fig. 3) can be reascnably predicted by the simplifi-
ed procedure outlined above provided the true pier characteristics p and Ty
are used. These were found by single pier tests performed on wall panels built
with the same material as the tested houses. A pier ductility p = 2.4 (follo-
wing the scheme of fig. 1(b)) and a referential stress Tty = 0.89 kg/cm” were
found. The results of the numerical simulation are shown in fig. 4 together
with the experimental force—deflection curve. The difference between the pre-
dicted and the experimental maximum resistances is less than 57 while for the
points of significant yield it is less than 4%. A good agreement holds betwe-—
en the displacements at significant yield (2 mm from the experiments, 2.9 mm
for the numerical simulation). The first attainment of the maximum load oc-
curs on the contrary at different displacements (6 mm for the numerical simula
tion 9 mm during the tests). The overall comparison is however satisfactory.

CODE IMPLICATIONS OF TEST RESULTS

a) Pier properties

The proposed code 2 values of the shear referential strength 1y and of
pier ductility p are listed in tab. 1 together with the corresponding average
values derived by single pier tests. The table shows also the ratio of expe-
rimental to code values, they express the degree of conservation for the basic
design parameters as assumed by the code under discussion. As to shea%' stren—
gths this degree is rather uniform for grouted and ungrouted masonry; it must
be noted however that the efficiency of grouting (and the correspond%ng T va-
lue)is widely dependent on the quality of the operation and on the diffusion

847



of the cement mixture within the wall. This may suggest a more conservative
level for it. The average value of p obtained by single pier tests is confir-
med by the interpretation of the results of the static tests carried out on
structural assemblies (Refs. 5 and 6).

TABLE 1
ungrouted grouted
Ty (kg/cm2 )| T (kg/cm2 ) u
code 0.70 1.1 1.5
tests 0.92 1.5 2.4
exp.val./code val. 1.31 1.37 1.6

The analysis is performed as follows, based on the simplified method de-
scribed in the previsions section. For each model the ultimate lateral capaci
ty Coo is determined for different values of 1y and u. This leads to a family
of curves which, for the two storey system, is shown in fig. 5. The curves
corresponding to the true values of 1y when entered with the experimental la-
teral resistance Cox will give the value of pier ductilities u consistent with
the adopted numerical model. By interpreting test results in this way values
of u raging from 2.1 to 2.25 are obtained. Their ratios to the code value ran
ge from 1.4 to 1.5, being close to the one obtained by single pier analysis.”
The code value u = 1.5 seems to be reasonably appropriate being the experimen
tal ductilities determined by imposing only inplane forces without considering
the simultaneous out of plane actions occurring during ecarthquakes on real buil
dings.

b) Response modification factor

The response modification factor ¢ accounts for the overstrength capacity
of structures above the load level causing significant yield. Basically g re-
presents the ratio of the forces which would develop under a given ground mo-
tion if the structure behaved lincarly elastic to the forces at significant
yield (see Ref. 7). The factor ¢ has a crucial importance in determining the
code design force level at significant yield. The typical code relationship
given C1, is as follows (for low natural periods):

., _ XA
Llc = ~?f- (2)

A being the EPA of the seismic zone under consideration and r an amplification
factor depending on soil profiles. This is made equal to 2.5 in ATC 3-06 ten~
tative provisions and ranges from 2.5 to 3.0 in code 1. For unreinforced ma-
sonry ATC 3-06 suggests q = 1.25 while in code 1 no value has been fixed to
date although discussion is focussed on the range ¢ = 1.0:1.5. Available expe
rimental results allow an estimate of ¢ for the simple tested systems. This
will be attempted in two ways: basingon static test results and basing on sha-
king table output.

In the first approach reference is made to the envelope of the loading-un
loading cycles determined experimentally (fig. 4). The envelope is limited to
point B of fig. 4 at which the maximum displacement is attained under the ma-
ximum lateral load; beyond B displacements increase quickly while lateral resi
stance decreases and no practical interest related to the survival of real
structures holds. Energy absorption evaluated from the experimental process
is equated to the one determined by a lateral force level F, acting on the
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structure if it behaved linearly elastic. Factor q is evaluated as the ratio

of Fo to the force level at significant yield, which was found to be, as alrea
dy seen, %’:7:31 of the total vertical load. A value of q = 2.93 id tt’xus esti-
mated. 'Slmllar values (g= 2.8:3.05) are obtained by interpreting the results

of static tests r:sf Ref. 5. This procedure considers forces F, as those to be

developed in a.lmear system by an earthquake causing in the %eal structure an
energy absor?tlon equal to the one involved during in the static test.

. 1f sl:lakmg table tests are considered the elastic lateral forces level Fg
is determ%ngd by entering the response spectrum of the earthquake causing ulti
mate condltlons- (EPA = 0.56 g) with the original natural period, obtained from
frequency sweeping on the undamaged structure (T = 0.135 sec.). The estimate
o.f the eathquake forces F, is made by using a fraction o of the total weight

with thc.a first mode only. By calling S, (T, V) the spectral acceleration cor
responding to the fundamental period and to damping v this leads to: -

Fo =08, (Tg, V) . Mtot (3)

with Meor 1‘:he total mass of the building. The following expression for o (see
Ref. (8)) is used to account for higher mode effects:

_0.017
TO

A value o = 0.812 is obtained for the building under comsiderationm. By refer-
ring to damping ratios of 57 and 10% to critical and by using the significant
yield force level given by static tests values of g ranging from 3.03 to 4.05
are obtained. It must be noted that these values are derived by coupling stru
ctural properties (such as v, Ty and Cyy) and the properties of the earthquake
in question. The above estimate of ¢ has hence to be seen as resulting from
the considered base excitation. However it supplies, tagether with the esti-
mates carried out on a static basis, rough reference values with the limitati~
ons inherent in the simplified procedures adopted. Moreover it must be noted
that in all the tests considered so far no simultaneaus inplane and out of pla
ne forces were acting. In order to account for this the above values of ¢
(3%4) need to be reduced. The amount of this reduction is questionable and is
not supported by experimental evidence. Under the hypothesis that a reduction
coefficient 0.6 is appropriate tentative values of ¢ ranging from 1.8 to 2.4
are derived. They are higher than the ones quoted ealier (1.25 for ATC 3-06;
1:1.5 for code 1). It should be noted that in ref. 8 the ATC proposed value
is considered to be excessively conservative.

o + 0.686 (4)

¢) Base shear coefficients

The use of the code design parameters of tab. 1 allows us to calculate

the base shear coefficients for the tested buildings. These are denoted as
C and Cycpde depending on whether they refer to significant yield or to

ultimate. They are compared in tab. 2 with the corresponding experimental
quantities. The ratio Cyx/Ccode Will be termed overdesign factor (ODF).
TABLE 2

Cicode | Cix ODF  [C2code C2x ODF

[ Bldgs. Ref.5 | 0.292 [0.318]1.09 |0.322 |0.375 1.16
| Bldgs. Ref.6 1 0.310 10.37311.20 10.335 10.433 1.29

As can be seen the ODF's are not high, it should however be cor'xsic_lered.that-:
they refer to static design and to static responses. Under seismic exitation
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the system of Ref. 6 failed at an EPA value of 0.56 g. Although no simulta-

neous inplane and out of plane actions were impressed it seems that the effec-
tive overstrength capacity of such structures is fairly high. 1In fig. 6 the

force level at significant yield (eq. 2) is plotted for different values of A
and ¢ assuming r = 2.5. By entering these curves with the experimental shear
coefficient Cp, EPA values corresponding to different reduction factors ¢ are
obtained. These are listed in tab. 3. The first row refers to tests of Ref.5

TABLE 3

q 1. 1.25 1.5 1.75 2. 2.25
A (g.units) | 0.127 | 0.159 (| 0.191 | 0.223 | 0.254 0.286
A (g.units) | 0.149 | 0.186 | 0.224{ 0.261{ 0.298 0.335

the second one to tests of Ref. 6. The above A values can be seen as represen
ting the characteristics of seismic zones feasible with experimental data and
with the assumed response modification factor for the given building. By assu
ming that ¢ = 2.25 interprets the real behaviour under simultancous inplane
and out of plane actions the values A = 0.286 g and A = 0.335 g are obtained.
The ratios of the data of tab. 3 to these can be assumed to represent the ODF's
resulting from different choices of the allowable g (fig. 7). A choice of

q = 1.5%1.75 corresponds to ODF = 1.5:1.3 which seems to be conservative enough.
In this range could be sclected the code value for plain masonry.

Reference to eq. 2 and to above premises make it possible to compare the
levels of protection involved in the two code approaches now under discussion
in Italy. For code 1 the EPA values corresponding to the three Italian seis-
mic zones have not yet been defined. A possible hypothesis for them is shown
by the first column of tab. 4. The second column show the base shear coeffi-
cients Cy. used by code 2 for strengthened buildings in damaged arecas of Sou-
thern Italy. By assuming CZC/Clc = 1.1 (as suggested by the numerical analy-
sis of the buildings considered herein) and ¢ = 1.75, equation 2 gives the EPA

TABLE 4
Al Cace Ao
zone A 0.35 0.40 0.250
zone B 0.25 0.28 0.178
zone C 0.15 0.16 0.110

values Ay listed in the third column. As can be seen Ap and A} differ for the
same seismic zone,A] being 407 greater than A2. The listed Ay values are thus
more conservative code prescriptions than the ones used, for the same seismic
areas, by code 2 for repairs and strengthenings. It must be noted that in
turn these were reasonably conservative with respect to experimental results.

CONCLUSIONS

The interpretation of test results discussed above suggests the following
tentative conclusions. (1) The suggested values for 1ty and u for plain stone
masonry are consistent with the esperimental results; (2) a response reduction
factor of 1.5:1.75 might be recommended in code 1 for plain masonry; (3)
the level of protection assumed by code 2 is less conservative than the one as
sumed by code 1 for the same seismic area (supposing that A} values of tab. 4
hold); (4) buildings designed according to code 2 show however a satisfactory
overstrength capacity.
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