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ABSTRACT: Predicting the behaviour of multiple-leaf masonry walls is a challenging issue, given the influ-
ence of a wide range of factors as the mechanical properties of the leaves, their dimensions and the way they
are connected to each other. In the present paper, experimental results in large specimens are carefully re-
viewed together with numerical interpretation of the shear and compressive behaviour of multiple-leaf walls.
Simplified calculations for practical assessment of existing walls are also addressed.

1 INTRODUCTION

Multiple-leaf walls are frequently found in ancient
buildings. They usually consist of two or three
leaves made up of different materials such as stone,
brick or rubble masonry. For an appropriate repair-
ing/strengthening of masonry walls with minimum
intervention, the bearing capacity of the structure
has to be known prior to the intervention. However,
this task is especially complex in the case of multi-
ple-leaf walls, because the stress distribution is
largely dependent on the mechanical properties of
the leaves, on their dimensions and on the way they
are connected to each other. In particular, the load
transfer between leaves is a key issue when studying
compressive damage of heavy pillars in monumental
buildings, see Binda et al. (2003a).

References in literature can be found on this
topic, see e.g. Binda et al. (1991), Egermann &
Neuwald-Burg (1994), Binda et al. (1994) and Drei
& Fontana (2001). Yet, further experimental and
numerical insight on the shear and compressive be-
haviour of composite walls is needed. For this pur-
pose, a set of twelve three-leaf stone wallets (regu-
lar-rubble-regular) with dimensions of 310 x 510 x
790 mm® were built and tested at the Politecnico di
Milano, within the frame of a National Research
Contract (resp. L. Binda), see Binda et al. (2003b).
Two types of collar joints (with and without shear
keys) and two types of stones (a limestone named
Noto and a sandstone named Serena) have been con-
sidered. The wallets were tested according to three
different procedures:

a) Shear tests. A monotonic load was applied to

the inner-leaf while the outer-leaves were

supported. This test is similar to the EN
1052-3 (CEN, 2002).

b) Compression tests on single leaves. Outer
and inner leaves were tested individually un-
der uniaxial compression.

c) Compression tests on full wallets. A mono-
tonic load was applied to the complete trans-
versal section of the wallets.

This paper addresses the results obtained in the
experimental tests and their critical analysis, resort-
ing to simplified calculations and, also, to sophisti-
cated numerical tools.

2 EXPERIMENTAL TESTS

Tests were carried out on the wallets given in Table
1. The specimens dimensions are shown in Figure 1.
The same type of stone was used both for the outer
and inner leaves.

Table 1. Designation of the wallets according to the type of
stone and connection.

Straight collar joints Keyed collar joints

Noto limestone NSI1, NS2, NS3 NO1, NO2, NO3

Serena sandstone SS1, SS2, SS3 SO1, S0O2, SO3

(a) (b)
Figure 1. Wallets dimensions in mm: (a) straight collar joints
and (b) keyed collar joints.
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2.1 Characterization of masonry components

Physical and mechanical tests were carried out on
cylindrical samples cored from the stone units used
to build the wallets. The units were cored consider-
ing two different orientations: along the loading di-
rection L and along the bedding direction B, so that
the anisotropy of the material could be character-
ized.

The physical tests consisted on the determination
of the bulk density and open porosity, according to
EN 772-4 (CEN, 1998). Six cylindrical specimens
with a diameter of 80 mm and a height of 145 mm
were considered for each type of stone. The average
results obtained in terms of the bulk density ps and
the open porosity P, are given in Table 2. In addi-
tion, the coefficient of variation CV is also given.
The values found illustrate the significantly different
physical properties of the two stones. The Noto
limestone exhibits high open porosity and low
weight while the Serena sandstone exhibits a 1.5
times larger weight and seven times less porosity.

Table 2. Average results of the bulk density and open porosity
of the stones.

Type of  pys C.Vv. P, Cc.v.
stone kg/m’ % % %
Noto 1760 1.5 15.4 4.5
Serena 2570 0.3 2.1 5.7

Uniaxial compressive tests were carried out after
the physical tests, on the same cylindrical samples,
according to EN 772-1 (CEN, 2000). Three speci-
mens for each combination type of stone/orientation
were tested. The average values for the compressive
strength f, the peak strain &,, the modulus of elastic-
ity £ and the coefficient of Possion v are given in
Table 3. According to the results obtained, the
Serena stone exhibits, in the loading direction, a
strength about five times larger than the Noto stone
and about the double of the stiffness.

Table 3. Average results obtained from the compression tests
on the stones (values in brackets give the CV).

Type of Orien- f. & E 1%
stone tation  N/mm’ 10° N/mm*> -
Noto L 20.6 (7%) 2.4 9475 0.10
Noto B 17.6 (22%) 2.3 8525 0.09
Serena L 104.2 (1%) * 18218 0.19
Serena B 89.0 (15%) * 23293 0.21

* The Serena specimens had to be tested in a machine with a
higher capacity, which did not allow recording the displace-
ment values.

The tensile strength was obtained resorting to the
indirect tension test (splitting test), according to the
RILEM recommendation CPC6, RILEM (1994).
The tests were carried out on six cylindrical speci-
mens for each type of stone with a diameter and
height of 80 mm. The specimens were cored along
the bedding direction of the units. This direction is

the most relevant with respect to the tensile strength
as it is the direction where the principal tensile
stresses occur when units are vertically loaded.

The average results obtained are given in Table 4.
In the case of concrete, the splitting tensile strength
fis 1s about 5 to 12% higher than the direct tensile
strength f;, see Neville (1997). Here, f; has been con-
sidered equal to 0.9 f;;. According to the results ob-
tained, the Noto stone exhibits an average tensile
strength three times smaller than the Serena stone.
Relatively to the ratio between the compressive and
tensile strengths, a value of ten times was found for
the Noto stone and a value of seventeen times was
found for the Serena stone.

Table 4. Average results obtained from the tension tests on the
stones (values in brackets give the CV).

Typeof oo fi 7
stone Orientation N/mm?* N/mm?*
Noto B 2.05(13%) 1.8
Serena B 6.00 (12%) 54

A commercial premixed hydraulic lime mortar
denominated Albaria Allettamento, Italy, was
adopted to build the wallets. Flexural and compres-
sive tests have been carried out according to EN
1015-11, (CEN, 1999). The tests were performed at
four ages: 28 days, 75 days (corresponding to the
beginning of the tests), 90 days and 172 days (corre-
sponding to the end of the testing programme). For
each curing stage a total of six prisms were tested.

Table 5 gives the average results obtained for the
flexural strength f; and for the compressive strength
fc. The results found yield average values for the
flexural and compressive strengths duringz the testing
period (75 to 172 days) of 2.2 N/mm~ and 10.3
N/mm?. Generally, a factor of 1.5 can be assumed for
the ratio between flexural and tensile strengths, see
Van der Pluijm (1999) and Lourengo (1997).

Table 5. Average results obtained from the flexural and com-
pression tests on the mortar (values in brackets give the CV).

Curing time ~ f; /-

Days N/mm’* N/mm’*

28 1.5 (6%) 7.4 (3%)
75 1.9 (13%) 9.2 (6%)
90 2.3 (10%) 9.7 (7%)
172 2.2 (9%) 11.2 (5%)

2.2 Results of shear tests

Two wallets for each combination type of stone —
type of connection were tested in a total of eight
specimens, see also Binda et al. (2003¢c) and Anzani
et al. (2003).

The load-displacement diagrams obtained are il-
lustrated in Figure 2. In the case of the wallets with
straight collar joints, a non-symmetric response of
the connections was found, with failure occurring
non-simultaneously. Such behaviour had also been
found by Lourengo et al. (2004) in triplet tests per-



formed on three courses brick masonry panels and
must be considered characteristic of the triplet test.

The first peak in the diagrams of Figure 2a corre-
sponds to the failure of the weakest connection and
provides the shear strength 7, for a shear area of 2 x
310 x 790 mm®. After failure of the first connection
a minor rotation of the two leaves still connected
was observed due to the eccentricity of the applied
load. From that point on the test cannot be intended
as a triplet test due to the change in the loading
scheme and, therefore, the values related to the sec-
ond connection to fail should be considered care-
fully. Namely, the second peak represents the com-
bination of a higher shear strength for the second
joint and some minor friction in the first joint due to
bending. If the effect of bending is neglected the
second peak provides the shear strength of the
strongest joint 7', for a shear area of 310 x 790
mm?. This holds true only because no confining
pressure is present.

For the wallets with keyed collar joints, the shear
strength was calculated assuming straight connec-
tions and, thus, the value represents an “equivalent”
shear strength.
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Figure 2. Load-displacement diagrams obtained for the shear
tests: (a) straight collar joints and (b) keyed collar joints.

Table 6 gives, in the case of straight collar joints
wallets, the average shear strengths (7. and 7,’) and
displacements (6 and J°) corresponding to the first
and second load peaks. For keyed collar joints wal-
lets, the average values of the shear strength and the
corresponding displacements are given.

Table 6. Average results obtained from the shear tests.

Type of Type of 7, ) 7.’ o
Wallets stone  connection N/mm*> mm  N/mm* mm
NSI,NS2 Noto Straight 0.17  0.81 0.22 1.55
SS1,SS2  Serena Straight  0.09 0.64 0.11 0.78
NOI,NO2 Noto Keyed 0.58 1.82 - -
SO1,S02 Serena Keyed 0.81 3.62 - -

It is possible to verify that the shear strength of
the straight collar joints wallets is mainly influenced
by the physical properties of the stone (larger poros-
ity yields better adhesion stone-mortar) while for the
keyed collar joints wallets, the strength of the stone
is an issue that must be considered.

In terms of ductility the specimens with straight
collar joints show a similar behaviour for both types
of stones. The failure is quite brittle and without
showing any residual strength, given that the test
set-up allows the wallets to move freely outwards.
Regarding the wallets with keyed collar joints, the
Serena specimens exhibit a less brittle behaviour
than the Noto specimens. This is probably due to the
different behaviour found for the inner-leaves as it
will be shown bellow.

Typical ultimate crack patterns are illustrated in
Figure 3. The wallets with straight collar joints
failed due to the development of two vertical shear
cracks along the connections. No other visible dam-
age was observed at the end of the test.

In the case of the specimens with keyed collar
joints, the cracking pattern was different according
to the type of stone. For the Noto specimens, dam-
age was observed in both outer and inner leaves. In
the inner-leaves, more severely damaged, diagonal
cracks were observed, developing from the shear
keys and passing through the inner-leaf stones. Rela-
tively to the outer-leaves, diagonal cracks near the
base appeared. At ultimate stage, full separation in
three irregular leaves could be observed.

In the Serena specimens, the cracks developed
only in the inner-leaf. However, in this case, cracks
usually went around the stones instead of breaking
them, due to the larger strength and smaller adhesion
stone-mortar. At ultimate stage, it is clearer to ob-
serve that only the inner-leaf collapsed.
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Figure 3. Typical ultimate crack patterns for (a) straight col-
lar joints wallets (NS1) and keyed collar joints wallets: (b)
Noto (NO1) and (c) Serena (SO2).



2.3 Results of compression tests on single leaves

The tests were performed on the leaves of the
wallets with straight collar joints, previously tested
in shear, see Section 2.2 and Binda ef al. (2003c¢). In
the case of the Noto specimens, both outer-leaves
were tested simultaneously, trying to reproduce what
may happen in real composite walls: shear failure of
the connections followed by transfer of almost all
the load to the external stiffer elements. This can ex-
plain the type of damage found in massive pillars,
see Binda et al. (2003a) In the case of the Serena
leaves, which were much more resistant, the same
procedure could not be adopted due to the limited
capacity of the testing machine and, thus, the leaves
had to be tested separately.

A comparison between the stress-strain diagrams
obtained for the outer and inner leaves is shown in
Figure 4. The average results obtained, including the
strength f., the peak strain &, the elastic modulus £
and the Poisson coefficient v are given in Table 7.
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Figure 4. Stress-strain diagrams obtained: (a) outer-leaves and
(b) inner-leaves. A problem in the acquisition system pre-
vented fully capturing the NS1 E diagram and, thus, it is not
shown. It is also noted that failure of specimen SS2_E2 could
not be attained within the capacity of the testing machine.

Table 7. Average results obtained.

Speci-  Stone Leaf P.load f. & E v
men type kN Nmm®> 10°  N/mm* -
NS E Noto outer 912 8.7 33 3150 -
SS E Serena outer 2095 39.8 9.5 4870 -
NS I Noto inner 214 4.1 2.6 1830 0.15
SS 1 Serena inner 209 4.0 43 1405 0.18

From the given results it is possible to verify that
the Noto outer-leaves exhibit a strength of about
45% the stone strength and the inner-leaf about
20%. In the case of the Serena leaves, the same ra-
tios are about 40% for the outer-leaves and only 4%
for the inner-leaf. It is further noted that Serena in-
ner-leaves exhibit a less brittle behaviour than Noto
specimens, due to the higher strength of the stones,
forcing cracks to go around them instead of passing
through.

Typical ultimate cracks patterns are illustrated in
Figure 5 and Figure 6 for the outer and for the inner
leaves, respectively. The shaded areas indicate
spalling of the stone.
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Figure 5. Typical ultimate failure patterns for the outer-leaves:
(a) Noto stone and (b) Serena stone.
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Figure 6. Typical ultimate failure patterns for the inner-leaves:
(a) Noto stone and (b) Serena stone.

2.4 Results of compression tests on full wallets

One wallet of each type (stone/connection com-
bination) was tested in compression, in a total of
four specimens. Yet, the peak load for the Serena
wallets was beyond the capacity of the testing ma-
chine and a maximum load of 2380 kN was applied.
The stress-strain diagrams obtained are shown in
Figure 7. Table 8 gives the results found.
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Figure 7. Stress-strain diagrams obtained.



Table 8. Results obtained for the compression tests.

Type of Type of Peakload f. & E
Wallet stone  connection kN N/mm* 1%'3 N/mm*
NS3 Noto  straight 913 5.8 3.5 1770
SS3  Serena straight >2380 >15.1 >52 2940
NO3 Noto  keyed 1013 6.4 4.1 2085
SO3 Serena keyed >2380 >15.1 >5.9 2725

The following observations can be made from the
results, even if the limited number of tests precludes
any conclusive statement:

= The strength of the Noto wallet with keyed

joints seems to be about 10% higher than the
wallet with straight collar joints.

= The Noto wallet with keyed collar joints

seems to exhibit a less brittle behaviour than
the wallet with straight collar joints.

= The peak load of any of the two Noto wallets

tested is not much higher than the peak load
of the single outer-leaves: 912.3 kN.

The ultimate failure patterns are illustrated in
Figures 8 and 9. The shaded areas indicate spalling
of the stone. The Noto wallet with straight connec-
tions failed due to the development of several verti-
cal cracks in the outer-leaves while the inner-leaf
was practically undamaged.

In the case of the Noto wallet with keyed connec-
tions the outer-leaves exhibited a more severe and
diffuse cracking pattern with several vertical cracks
developing in the inner-leaf near the peak load. Re-
garding the Serena wallet with keyed connections
and despite the fact that the peak load was not at-
tained, the development of some cracks in the inner-
leaf could be observed.
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Figure 8. Ultimate failure patterns for the wallets with straight
collar joints: (a) Noto (NS3) and (b) Serena (SS3).
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collar joints: (a) Noto (NO3) and (b) Serena (SO3).
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3 PRELIMINARY SIMPLIFIED CALCULATIONS

This section contains a first analytical interpreta-
tion of the test results, with simple calculations be-
ing used to predict the compressive strength of the
wallets tested. It is noted that the experimental re-
sults found should be considered as indicative and
conclusions should be taken carefully due to the
small number of specimens.

The compressive strength of composite sections f.
can be estimated resorting to the following equa-
tions, each one assuming different hypotheses:

(a) the external load is completely supported by
the stiffer elements, i.e., the outer-leaves

2. g (1)

2t,+t,

c

(b) the external load is supported by each leaf ac-
cording to its cross-sectional area ratio
2t t.
e f, +— : 2
2 [, +1, fe fl @)

2¢,+t,

c

(c) the external load is supported by each leaf ac-
cording to its area ratio and adjusted by a correction
factor, see Egermann and Neuwald-Burg (1994)

2t t,
fems——0. foA5T—0-f A3)

21+t 21, +1

e i

In the above, ¢, and ¢; are the thicknesses of the
outer and inner leaves and f, and f; are the uniaxial
compressive strengths of the outer and inner leaves.
The parameters €, and 6, are correction factors for
the outer and inner leaves, assuming that the outer-
leaves are under biaxial compressive stresses and
bending moments and, thus, their uniaxial strength
should be reduced and that the inner-leaf is under a
biaxial compressive state of stress and, therefore, its
uniaxial strength should be increased.

The results obtained for the wallets with and
without shear keys are given in Table 9. In the case
of the wallets with keyed collar joints, the thickness
assumed for the inner-leaf includes the length of the
shear keys. With respect to the application of
Eq. (3), the values adopted for the correction pa-
rameters were 6,=0.7 and 6= 1.3, see Egermann
and Neuwald-Burg (1994). It is further noted that
Eq. (1) was not used to estimate the strength of the
wallets with keyed joints because, in this case, it is
clear that the inner-leaf is collaborating in the com-
posite response.

Table 9. Predicted compressive strength values for the tested
wallets.

Type Typeof Exp.f.  Predicted f, [N/mm’]
Wallet of connec- Eq. Eq. Eq.

stone  tion Nmm> (1)  2) (3)
NS3 Noto straight 5.8 5.8 7.2 5.8
SS3 Serena straight > 15.1 253 266 194
NO3 Noto keyed 6.4 - 6.4 5.7
SO3 Serena  keyed >15.1 - 213 16.1




The value predicted for the compressive strength
of the wallets with straight collar joints using Eq. (1)
and Eq. (3) show an excellent agreement with the
experimental results. Note that, however, the fact
that the experimental and the predicted values are
exactly the same should be considered just as a co-
incidence. The stress-strain diagrams illustrated in
Figure 10a show that the inner-leaf vertical deforma-
tion do not accompany the vertical deformations of
the outer-leaves and that, at failure, the inner-leaf
strain is quite less than its peak strain, see also Fig-
ure 11a. As a consequence, the bearing capacity of
the inner-leaf is only partially mobilized and the hy-
pothesis of Eq. (1) holds fairly true. The causes for
the different deformations in the wallet leaves are
not completely clear but a possible reason may be
attributed to settling of the inner-leaf prior to testing.

In the case of the wallets with keyed collar joints,
Eq. (2) yielded the best result while the strength pre-
dicted by Eq. (3) is less than the experimental value
for the Noto wallets. This indicates that the inner-
leaf is collaborating in the wallets response, as con-
firmed by Figures 10b and 11b, but the assumptions
of a strength reduction of the outer-leaves due to
bending and a strength increase of the inner-leaf due
to confinement do not apply. This can be explained
by the test boundary conditions, which allow hori-
zontal displacements at the top and bottom of the
wallets. In such way, the effects of outer-leaves
bending and inner-leaf confinement are diminished.
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Figure 10. Compression stress-strain diagrams of the leaves in-
side the composite Noto wallets: (a) straight collar joints (NS3)
and (b) keyed collar joints (NO3).
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Figure 11. Compression stress-strain diagrams of the single
Noto inner and outer leaves and of the full wallets with: (a)
straight collar joints (NS3) and (b) keyed collar joints (NO3).

Finally, it should be noted that each equation con-
sidered independently predicts a larger strength for
the wallets with straight collar joints than for the
wallets with keyed collar joints. This is due to the
reduction of the cross-sectional area of the outer-
leaves in the case of the specimens with shear keys.
However, the opposite behaviour was found in ex-
periments. The reason of such behaviour can be at-
tributed to the fact, as already mentioned, that the
inner-leaf was almost not collaborating in the ex-
perimental response, in the case of wallets with
straight collar joints.

4 NUMERICAL SIMULATIONS

This chapter deals with the numerical simulation
of the tests performed and represents a relevant con-
tribution towards the interpretation of the results.
The leaves of the wallets were represented using
plane stress continuum elements (8-noded) with
2 x 2 Gauss integration while line interface elements
(6-noded) with 3 x 3 Lobatto integration have been
adopted for the collar joints. The analyses were car-
ried out with indirect displacement control with line
searches. It is further noted that the self-weight of
the wallets was not considered.

For the material behaviour, a composite plasticity
model with a Drucker-Prager yield criterion in com-
pression and a Rankine yield criterion in tension was



adopted. The inelastic behaviour exhibits a parabolic
hardening/softening diagram in compression and an
exponential-type diagram in tension. The material
behaves elastically up to one-third of the compres-
sive strength and up to the tensile strength. For the
interface elements a combined cracking-shearing-
crushing model developed by Lourenco (1996a) was
adopted. The compressive mode was, however, not
active and interface failure could only occur by
shear or/and tensile yielding. Both shear and tensile
modes exhibit exponential-type softening.

The elastic material properties adopted for the
wallets leaves are given in Table 10 and the inelastic
properties in Table 11. Here, E is the elastic
modulus, v is the Poisson coefficient, ¢ is the cohe-
sion, f; is the tensile strength, ¢ is the friction angle,
w is the dilatancy angle, Gf. is the compressive frac-
ture energy and Gf; is the tensile fracture energy.
The cohesion is obtained from Eq. (4), which de-
rives from the Drucker-Prager yield function applied
to uniaxial compression. Here, f. is the compressive
strength. The tensile strength of the outer-leaves was
considered equal to the tensile strength of the stone,
assuming, thus, vertical cracking. The tensile
strength of the inner-leaf was obtained according to
fi =/-/15, which is a relation often found for masonry
specimens. The value adopted for the friction angle
was 10° (a larger value in plain stress would impli-
cate an overestimation of the biaxial strength) and,
for the dilatancy angle, a value of 5° was assumed.
For the tensile fracture energy, a value in agreement
with the experimental results reported by Van der
Pluijm (1999) for brick specimens was adopted.
Values of the elastic modulus and of the compres-
sive fracture energy were adopted so that the nu-
merical response of the specimens resembled the ex-
perimental response, see Figure 12.
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Table 10. Elastic properties for the wallets leaves.

. E v
Material Nimnt’ )
Outer-leaves 3150 0.10
Inner-leaf 2100 0.15

Table 11. Inelastic properties for the wallets leaves.
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Figure 12. Stress-displacement diagrams for the leaves of the
Noto wallets.

The elastic material properties assumed for the
collar joints are given in Table 12 and the inelastic
properties are given in Table 13. The parameters
were obtained, whenever possible, from the shear
test on wallet NS1 but most of the inelastic parame-
ters are unknown and must be estimated. The inter-
faces shear stiffness k; was adopted so that the nu-
merical and experimental elastic responses showed a
good agreement. Based on elastic assumptions, the
normal stiffness &, can be obtained according to &, =
kx2(1+v) = 1.0 N/mm®, where v= 0.2 is the coeffi-
cient of Poisson. However, higher values had to be
adopted in order to avoid interpenetration of the two
continuums separated by the interfaces. The cohe-
sion ¢ for the first connection to fail was given ex-
perimentally but for the second connection a value
was adopted so that the numerical response resem-
bles the experimental response. The values of the
remaining inelastic parameters (tensile strength f;,
friction coefficient tang, dilatancy coefficient tany,
mode I fracture energy Gf; and mode II fracture en-
ergy Gfy) were adopted in agreement with the values
experimentally found by Van der Pluijm (1999) and
recommended by Lourenco (1996b) for unit-mortar
interfaces.

Table 12. Elastic properties for the collar joints.
Collar k, * k.

joint N/mm® N/mm®
1 (left) 150 0.4
2 (right) 150 0.4

* For the shear tests on straight collar joints wallets a lower
value of 10 N/mm® was adopted.

Table 13. Inelastic properties for the collar joints.

Mate- € fi sin¢  siny ]?/J/‘; gf[* Collar c f tan ¢ tany Gfi ]G\};}[
rial N/mm*  N/mm* - - m " " " joint N/mm®>  N/mm* - - N/mm m "
Outer- I(efty 0.3 009 070 000 0015 0.050
leaves o' 18 017 009 50 0070 2(right) 021 014 070 000 0015 0.060
Inner-— - 0.3 0.17 0.09 50  0.035

leaf

* For the shear simulations of the keyed wallets, the values
adopted for Gf; were 0.150 (outer-leaves) and 0.070 N/mm (in-
ner-leaf), so that numerical convergence could be found.

4.1 Shear simulations

The shear tests for both types of wallets, either
with or without shear keys, have been numerically
reproduced. As it will become clear later in the text,
the testing boundary conditions are a key issue for



the correct interpretation of the results. The experi-
mental test set-up was composed by two steel plates
at the bottom, supporting the outer-leaves, and a
third plate over the inner-leaf, through which a ver-
tical load was applied. Additionally, sheets of Teflon
were placed between the steel plates and the wallets.
Therefore, the shear interaction between the plates
and the wallets is not a clear issue and must be fur-
ther investigated.

For the wallets with straight collar joints, this as-
pect has been assessed by considering four different
shear stiffnesses k; at the supports:

(a) ks = 0, the specimen is free to slide over the

steel plates.

(b) ks = oo, shear slip is precluded between the
specimen and the plates.

(¢) Intermediate &, = 0.01 N/mm’, a constant shear
stiffness is applied and, thus, shear slip can
occur but the horizontal reactions at the
boundaries increase with increasing displace-
ment.

(d) Non-linear k. At the level of the upper plate,
shear slip is free to occur up to a certain rela-
tive displacement, beyond which, shear slip is
completely restrained. A transition phase for A;
was also considered. At the level of the bottom
supports, shear slip is precluded.

Regarding the normal stiffness 4, given to the
boundaries, the same behaviour was adopted for all
cases. Zero stiffness in tension and infinite stiffness
in compression were considered.

Figure 13 illustrates the experimental load-
displacement diagram obtained for the wallet NS1
and the numerical diagrams obtained according to
the different boundary conditions. It is noted that the
two experimental load peaks correspond to the fail-
ure of each connection, see Section 2.2.

Regarding the numerical diagrams, some relevant
remarks are now given. For boundaries with k; = 0,
after failure of the first connection the specimen
starts sliding until complete degradation of strength
is obtained and, thus, only one of the two connec-
tions fails. Another interesting point is that the col-
lapse load is underestimated. Such difference is due
to the absence of horizontal constraints at the bot-
tom, which leads to a failure that is not exclusively
governed by shear but is accompanied by flexural
tensile stresses.

For supports with ks = o0, a smooth load drop due
to material softening follows the failure of the first
connection. Yet, it is not as sudden or as deep as the
experimental load drop. In terms of collapse loads,
the first load peak shows a good agreement with the
experimental results but the second load peak, corre-
sponding to the failure of the second connection, is
largely overestimated. This is, again, due to the sof-
tening behaviour of the first connection to fail,
which is still contributing to the specimen strength
when the second connection fails.

For an intermediate shear stiffness &, = 0.01
N/mm’, the value of the first load peak equals the
value for k; = 0 and, thus, is also underestimated. Af-
ter the failure of the first connection, the specimen
starts sliding over the boundaries with the load sud-
denly dropping. However, in this case, after some
amount of shear slip, the horizontal reactions at the
supports become mobilized and a load increase is
observed until failure of the second connection oc-
curs. The comparison with the experimental re-
sponse shows, nevertheless, that an understiff re-
sponse was obtained for the second increasing
branch.

These results demonstrate that to capture cor-
rectly the experimental behaviour found, the bound-
ary conditions adopted must allow some amount of
shear slip at the supports after the failure of the first
connection and, afterwards, restrain it completely.
Therefore, a non-linear k; was adopted for the upper
boundary together with complete shear slip restric-
tion at the bottom boundaries. Good agreement with
the experimental response was found, see Figure
13b. Even so, the slope of the second increasing
branch is slightly underestimated. This shows that
the hypothesis assumed of equal shear stiffness for
the two connections is, probably, not true for this
specimen, with the second connection showing a
stiffer behaviour than the first connection. Figure 14
depicts the progressive shear failure of the wallet.
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Figure 13. Numerical and experimental (NS1) load-displacement
diagrams for straight collar joints wallets. Different shear stiff-
nesses were considered at boundaries: (a) constant, (b) non-
linear.



(a) (b) (c)

Figure 14. Progressive shear failure for non-linear &, boundary
conditions: (a) mesh adopted, (b) deformed (incremental) mesh
after failure of the first connection and (c) deformed (total)
mesh after failure of the second connection.

In the case of keyed collar joints wallets, the in-
fluence of the boundary conditions in the response
was assessed by a procedure similar to the one util-
ized for straight collar joints wallets. Here, three dif-
ferent shear stiffnesses at the boundaries were con-
sidered: (a) k&, = 0, (b) k; = o0 and (c) intermediate k;
=2.0 N/mm’.

The comparison between numerical and experi-
mental load-displacement diagrams is given in Fig-
ure 15. The deformed meshes at failure for each nu-
merical diagram are depicted in Figure 16. The
collapse load obtained for zero shear stiffness at the
boundaries is significantly lower than the experi-
mental collapse load. In this situation, the specimen
fails due to a vertical crack that arises in the weaker
connection (left), developing along the shear keys.
For infinite shear stiffness at the boundaries, a much
better agreement with the experimental collapse load
is found. Here, failure is governed by crushing of the
inner-leaf near the top.

In experimental failure, both described modes
seem to be present and, thus, an intermediate k; was
considered in order to reproduce more accurately the
behaviour found. The collapse load obtained was
almost the same as for k&, = oo and is about 80% of
the experimental collapse load. In this case, failure
occurs due to combined shearing-crushing of the in-
ner-leaf near the top and due to the development of
vertical cracks along the shear keys, see Figure 16c.
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Figure 16. Deformed meshes at failure for different shear stiff-
nesses k; at the supports: (a) ks = 0, (b) &, = 0 and (c) int. ;.

For the intermediate k; at the supports, Figure 17
illustrates the contour of minimum principal stresses
for the elastic regime and the principal plastic strains
at failure. In Figure 17a, it is visible the transfer of
compressive stresses from the inner-leaf to the
outer-leaves, through the shear keys. In Figure
17b,c, the shearing-crushing of the inner-leaf near
the top and the tensile damage in the inner-leaf,
along the shear keys, is confirmed as failure mecha-
nism.
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Figure 15. Numerical “and 'experimientail (NO2) load-

displacement diagrams for keyed collar joints wallets. Differ-
ent shear stiffnesses k, were considered at the boundaries.

Figure 17. Results obtained for the shear simulations on keyed
wallets, adopting the intermediate k,: (a) principal minimum
stresses for an applied load of 50 kN (elastic regime) and prin-
cipal plastic strains at failure: (b) minimum and (¢) maximum.

4.2 Compression simulations on the full wallets

The compression tests on wallets with and with-
out shear keys have also been analysed. Friction be-
tween wallets and boundaries has been precluded in
the simulations. In the case of the wallet with
straight connections, a row of mesh elements at
middle height was made slightly imperfect and a
10% lower compressive strength was given. The ob-
jective is to trigger the strain localization.



A comparison between numerical and experimen-
tal stress-strain diagrams is given in Figure 18. Good
agreement is found in the case of the wallet with
keyed collar joints. In the case of the wallet with
straight collar joints, the predicted strength is about
20% higher than the experimental strength. As dis-
cussed in Section 3, the inner-leaf is almost not col-
laborating in the experimental response, which can
partially explain the difference found between the
experimental and numerical strength values.

Another point is that the numerical strength of the
wallet with keyed connections is lower than the
strength of the wallet with straight connections, as
predicted also by the simple expressions discussed
in Section 3. Such behaviour is explained by the
smaller cross-sectional area of the outer-leaves in
the case of the wallets with keyed collar joints.
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Figure 18. Stress-strain diagrams obtained for compression on
wallets with straight collar joints (NS3) and keyed collar joints
(NO3).

5 CONCLUSIONS

The present paper addresses the shear and
compressive behaviour of composite masonry walls,
which seems to be not a sufficiently debated issue in
the literature. From the experimental tests, the fol-
lowing conclusions can be withdrawn:

a) Shear strength values found for straight collar
joints are between 0.09-0.17 N/mm®, whereas
for keyed joints the values are in the 0.58-0.81
N/mm” range.

b) In wallets with straight collar joints, shear fail-
ure occurs due to vertical cracks that arise in
the connections while in wallets with keyed
collar joints, failure is mainly due to the de-
velopment of diagonal cracks in the inner-leaf.

c) Further compression testing on composite wal-
lets is needed, considering also specimens with
different ratios between inner and outer-leaves
thicknesses.

Numerical assessment of experimental data was

also addressed. Good agreement has been found by
utilizing a plasticity based finite-element model, in

10

which units and mortar were smeared out in a con-
tinuum.

Simplified calculations for predicting the com-
pressive strength of composite walls have also
shown good agreement with experimental results
and with advanced numerical methods. Thus, simpli-
fied expressions may be used as a first estimate of
the wallets strength.
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