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Abstract. Masonry is a composite non-homogeneous structural material, whose mechanical properties
depend on the properties of and the interaction between the composite components — brick and mortar,
their volume ratio, the properties of their bond, and any cracking in the masonry. The mechanica
properties of masonry depend on the orientation of the bed joints and the stress state of the joints, and so
the values of the shear modulus, as well as the stiffness of masonry structural elements can depend on
various factors. An extensive testing programme in several countries addresses the problem of
measurement of the stiffness properties of masonry. These testing programs have provided sufficient data
to permit a review of the influence of different testing techniques (mono and bi-axia tests), the variations
caused by digtinct loading conditions (monotonic and cyclic), the impact of the mortar type, as well as
influence of the reinforcement. This review considers the impact of the measurement devices used for
determining the shear modulus and stiffness of walls on the results. The results clearly indicate a need to
re-assess the values stated in amost al national codes for the shear modulus of the masonry, especially
for masonry made with lime mortar, where strong anisotropic behaviour is in the stiffness properties.

Key words: masonry; shear modulus; stiffness; experimental; compressive test; diagonal test; shear
test; static and dynamic loading.

1. Introduction

Current code procedures for determination of the shear modulus assume the behaviour of the
masonry follows an isotropic material. The advantages of this assumption are that the simplest
theory of elasticity provides the analysis procedures. This isotropic assumption is at best
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questionable for determining the behaviour of historic masonry. Observations of historic mortar
show it is traditionally weak in the joints, so the common isotropic assumptions about the
theoretical behaviour create a model yielding different results from actua measured behaviour of
historic masonry. Masonry made with weak mortar cracks along the line of least resistance rather
than along the line of the main principal stresses, negating the isotropic assumption from the lowest
applied loads. There is no current harmonized method for the evaluation of the shear modulus of
masonry; typicaly, it is determined from the static or cyclic compressive, diagonal, or shear tests of
the masonry specimens. The purpose of the paper is to review recent masonry research and develop
guidelines to provide a method to determine an estimate of the shear modulus. The method provides
guidance for estimating the shear modulus for design purposes.

2. Experimental procedures
2.1 Introduction

The development of computer technology has improved the resolution of experimenta measurements
providing an understanding of the material properties at a finer scale than the representative volume
element (RVE) (Krgjcinovic 1996). Masonry is one of the world's oldest building materials and yet
it represents a challenge to analyse the structurd performance because of the distinct directiona
properties of the materia (Page 1973, 1983). Masonry is not an isotropic material nor is it
anisotropic rather it exhibits a structured orthotropic response to biaxial loading. The modulus of
dadticity for this orthotropic materia is different for the direction parallel to the bed joint usually
termed the x direction from the direction perpendicular to the bed joints usualy termed the y
direction. The dasticity egquations for an orthotropic material are:
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Where vy, Uy, E,, E, are the Poisson’s ratio for the yx and xy components and the Young's
modulus for the x and y respectively, € represent the strain components, T represent the stress
components and G, is the shear modulus. The elastic matrix representation D for plane strain
(Asteris 2003) is.
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This reduces to:
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Which results in one of the fundamental Eg. (7) of mechanics for an isotropic materia based on
the assumption of a RVE and the assumption that the Young's modulus and Poisson’s ratio are
independent of the basis of the analysis established from Eq. (6):

E
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Where G, E and v are respectively the shear modulus, Young's modulus and Poisson’s ratio. A
simple design assumption using a Poisson’s ratio of 0.25!, gives the usual isotropic equation for the
shear modulus as G = 0.4E (Lekhnitskii 1963). This ratio is also presented in amost all nationa
masonry building codes, including the latest draft of the Eurocode 6 stating “In the absence of a
more precise value, it may be assumed that the shear modulus, G, is 40% of the elastic modulus E”)
(Eurocode 1995).

One example of anisotropic masonry material is masonry made with soft lime mortars, which
behave in masonry structures subjected to earthquakes in a significantly different manner to hard
brittle mortars (Nichols 1990). The masonry shear modulus, calculated from the effective stiffness
obtained from shear tests on masonry walls, may vary from 6 to 25% of the measured elastic
modulus of the masonry. The shear modulus is an intrinsic property of a material and the results
should not depend on the test method (Turngek and Catovic 1971, Krajcinovic 1996, Tomazevié
1999). A significant number of studies have been completed into the stiffness of masonry walls with
state of the art reviews presented in two recent studies (Hart et al. 1988, Elshafie et al. 2002).

The experimental programme to determine a non-isotropic approximation to the shear modulus
included several types of experiments including compressive, diagonal, and two types of shear tests
of masonry walls (Fig. 1).
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Fig. 1 Various test procedures of masonry structural elements

IA mid-range value which is a reasonable starting point for design.
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Compressive (Test A) and diagonal tests (Test B) are mono-axial tests, with different inclination of
the main stresses towards the bed joints. For diagona tests it is characterigtic that, both normal and
shear components of stresses in the bed joints increased with the increasing load. Shear tests (Test C
& D) are hiaxia tests. The normal stresses in bed joints are amost constant during the shear tests,
whilst the shear stresses are applied as a harmonic load.

The experimental procedures detail the mortar and brick types, and provide a set of simple
sketches of the test arrangements. The experimental work used extruded clay bricks with a nomina
thickness of 120 mm, except for Test D completed using dry pressed clay bricks with a nominal
thickness of 110 mm. All joints were finished flush.

2.2 Mortar types

The basic mortars used were a cement mortar (CM), a cement lime mortar (CLM), and a lime
mortar (LM). The cement mortar represents an assumed nomina isotropic material typical of
modern construction where the mortar is relatively strong; the lime mortar represents a soft historic
mortar with nominal anisotropic properties, and the cement lime mortar represents a typical
contemporary mortar used extensively in the last five decades. The mixes by volume of sand,
cement and lime were CM (4:1:0), CLM (6:1:1), and LM (3:0:1). A fourth mortar type is
designated CLMR as this was reinforced with a polymer coated glass-fibres mesh (with sguare
openings up to 5 mm) embedded within the bed joint.

2.3 Test procedures

A summary table lists the test methods for the six tests (Table 1) shown in Fig. 1.

Test A uses an Instron with a capacity of IMN to apply a slowly increasing monotonic load to the
test panels. This test procedure is in accordance with the European prenorm (prEN 1993) (Fig. 2).

Test B uses an Instron with a capacity of 250 kN to test in accordance with ASTM standards
(ASTM 1998) in a monotonic test procedure. Eight deformeters with the accuracy of one um and
three Linear Velocity Displacement Transducers (LVDT) with the accuracy of ten um measured the
local and globa deformations in two perpendicular directions. Two LVDT patterns measured the
changes in properties of the panels with the applied load. “Big cross’ refers to the vertical and
horizontal deformations measured with the LV10 and average values from LV9 and LV11 and the

Table 1 Test methods for the experimental program

Test  Test method basis Type of test protocol
A European pre-norm Compressive tests of masonry wallettes with monotonic loading in a
prEN 1052-1 displacement-controlled mode (0.3 mm/min)
B ASTM C1391 Monotonic loading with a displacement-controlled mode (0.3 mm/min)
Square masonry shear walls at different levels of precompression and with
C Nichols (2000) dynamically applied shear The shear load was also sinusoidal with
various frequencies
Shear tests with . , i
D harmonic ssismic On the masonry cantilever walls, with the constant level of precompression and

frequency with imposed latera loading history in sinusoidal cyclic manner
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term “Small cross’ refers to the measurements of the deformations from measuring devices U4 and
U8 (Fig. 3).

Fig. 4 provides the defining sketch for calculating the stress and strain data for test setup type B,
where P is the applied force, the breadth is b, the depth of the section is t, the diagonal length is d,
the vertical diagonal shortening is §,, and the horizontal diagonal extension is o.

Where the shear stress, Ty, the shear strain, y,, and a shear modulus, Gy, is defined as:

(®)
©)

(10)
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Fig. 7 Type D setup

Test D uses an Instron with a capacity of 250 kN to test masonry panels using cyclic frequencies
ranging from 0.1 to 10 Hertz (Nichols 2000) (Fig. 5 and Fig. 6).

The rig has two independent mechanisms. One mechanism combines a rectangular pin jointed
compression frame with four 250 kKN rams on two sides providing the bi-axial, non-proportional,
static compression perpendicular and parallel to masonry bed joints. Another mechanism consists of
a harmonic shear load rig attached at the top to a 250 kN INSTRON actuator applying a cyclic load
of varying amplitude and frequency. The design of the system with the applied compression stress
in the masonry means that the system has the first principal stress in compression at the start point
of each test run. The applied harmonic shear drives the first principal stress into tension across the
plane BD (Fig. 6) ultimately causing failure along the chalked line.

Test setup D dlowed the tests of the masonry cantilever walls, with the constant level of
precompression and with imposed lateral loading history in sinusoidal cyclic manner (Fig. 7). The
testing procedure allowed the rotation and horizontal displacement to be free (released) on the lower
edge of the pand. The vertical compression was applied first and then the horizontal harmonic load
was applied as a second load. This shear test measured the resistance of the walls to the seismic
loading.

The level of constant vertical precompression for the tests was selected at a sixth of the mean
compressive strength for each type of masonry. This relationship is termed the “same relative level
of precompression”. Three masonry panels with dimensions 950 x 1400 mm and thickness of
120 mm were constructed using each of the different mortars. In the case of the CLM a larger
number of specimens alowed for a greater number of shear tests using five different absolute levels
of precompression.

In-plane deformations of the wall panel were measured and monitored with 12 deformeters with
the accuracy of 1/100 mm and 11 LVDT’s with the accuracy of 1/10 mm. With deformeters U1 and
U2 the overall verticadl deformations were monitored. On the record of these deformeters the
opening of the flexural crack were monitored. With U3-U6 the boundary conditions were monitored
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Fig. 8 Instrumentation of shear tests of masonry panels

as well as potentia de-bonding of the masonry panel from the steel plates. With the deformeters
U7-9 in the combination with LVDT's LV4-6 the potential slippage and the opening of the shear
cracks were monitored. Vertical deformations in the middle third of the specimens were monitored
with the deformeters U10-12. With those measuring the changes of the boundary conditions to the
axis of symmetry of the panel were monitored. LVDT’s LV 1-6 measured the in-plane curvature of
the specimen. The difference between LV1 and LV2 was indicator for potential slippage between the
panel and steel plate. The measuring pair of devices LV7-8 (“Small cross’) and LV9-10 (“Big
cross’) are standard measuring position (Fig. 8).

3. Experimental results

3.1 Experiment type A - results

The results of testing, which are presented in detail elsawhere (Bosiljkov et al. 2000, 2003), are in
short presented in following table:

Table 2 Results of compressive tests

Mortar type CM CLM LM CLMR
Young's modulus (GPa) 12.6 + 0.75 125+ 12 18+0.2 103+ 11
Coefficient of variation (%) 6 10 12 11
Poisson’s ratio 0.07 £ 0.03 0.25+ 0.03 04+03 028+ 011
Coefficient of variation (%) 43 12 78 41
Shear modulus (GPa) 59 5.0 0.64 4.0

There are two important considerations in determining Young's modulus and Poisson’s ratio and
thus the shear modulus of masonry. The first is the appropriate position of the measuring devices for
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both vertical and lateral deformations to minimize the effect of confinement and the second is the
level of loading at which Poisson’s ratio should be evaluated. To obtain representative values of the
vertical deformations the average of four results (U1-4) was used (global vertical deformations). The
response of measurement devices U6-7, in the early stage of loading was almost zero. At the load
level of approximately 60% of the compressive strength, the influence of the mortar/brick ratio in
the gauge length of deformeters becomes significant. The values for the eastic modulus obtained
from U6-7 were much lower than the values calculated from global vertical deformations read from
U1-4, which is typica for confined compressive tests. According to our experience it is advisable
for the measurement of lateral deformation to take the average of the two measurements (LV1 and
LV?2) in two consecutive courses, because the deformations gained through LV 1 were dightly higher
since its gage length contained more mortar head joints.

The level of compressive loading at which Poisson’s ratio, Vi), IS determined usually correlate
with the level at which the secant modulus of elasticity, E,o), iS determined. Most of the
researchers choose the level of 30% or 60% of the achieved compressive strength of the masonry.
However, the first cracking of masonry could occur before 30% of the compressive strength is
achieved. This could result in unrealistic values for the Poisson’s ratio of more than 0.5.

In our analysis Poisson’s ratio was determined either at 30% of the compressive strength or at the
beginning of cracking, whichever happened first. The shear modulus, G, in the direction of the bed
joint was calculated according to the formula for elastic isotropic material.

- _ Buewm

G 21+ vy, 300)) (1)

Comparing the calculated values of the shear modulus and elastic modulus (Fig. 9), we can see
that their ratio is very close to the value of 0.4 which is stated in most national codes for masonry
structures. Note aso that the experimentally evaluated Poisson’'s ratio has the high scattering and
thus a high coefficient of variation (C.O.V.) of results. Nichols and Totoev (1997) in a similar set of
experiments using masonry prisms determined a range of Poisson’s ratios from 0.17 to 0.29 for a
CLM mortar, which yielded a range of 0.38 to 0.42 for the shear modulus to Young's modulus ratio.
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Fig. 9 Ratio between elagtic and shear modulus — compressive tests
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3.2 Experimental type B - results

Considering the failure modes of diagonally loaded masonry specimens we have to note that both
stiff mortar mixtures (CM and CLM), showed very brittle failure. Most ductile behaviour was
observed for reinforced masonry CLMR. Also very ductile behaviour was observed for lime mortar
masonry (LM). It was primarily due to the propagation of cracks within the mortar joints and not at
the brick-mortar interface as it was the case with other mortar mixes. Note, that the achieved shear
strength (Fig. 10) of the LM was aso much lower in comparison to other types of masonry. The
effective shear stiffness was calculated from the measurements by the big and small cross for each
type of masonry at various levels of shear stress (10, 35, 50, 70 and 100% of 1,). Fig. 10 shows the
averaged values for the effective shear modulus.

Measurements of deformations on a small area in the middle of the masonry panel, where stress is
amost uniform, give values that represent properties of masonry as a construction material. The
shape of the diagrams for the effective shear stiffness obtained through the big cross (Fig. 11)
shows, that for amost all mortar mixtures there exists a plateau between 35% and 70% of achieved
shear strength, which give us some idea of redlistic design value for the shear modulus of masonry
panels that could be expected due to shear loading.
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The influence of the reinforcement on the shear modulus for reinforced masonry can be seen in
Fig. 10 and Fig. 11. These results show that the values for shear modulus of reinforced masonry are
much higher than for unreinforced masonry (URM) made from the same mortar (CLMR vs. CLM),
as well as the effective shear stiffness constant declines with the increase in the shear stresses. The
question of suitability of these test methods (diagonal tests) thus arises for the estimation of
mechanical parameters of reinforced masonry.

3.3 Experiment type C - results

The complete results of testing are presented elsewhere (Nichols 2000). The typical results are
presented in form of the shear modulus degradation curves in Fig. 12.

The degradation of the shear modulus is related to the increasing strain. Because the loading
frequency in these tests was 0.4 Hz, which can be regarded as quasi static, the average initial value
of the modulus of 7.74 GPa can be taken as the shear modulus of this masonry undamaged. These
results are in good agreement with the small cross results of the diagonal tests for CLM (Fig. 10).
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Fig. 12 Effective shear modulus degradation curves
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3.4 Experiment type D - results

Each specimen was subjected to a prescribed latera displacement history under a constant vertical
load. The first three cycles were repeated at three different levels (elastic loading) and were the
same for each type of masonry. After this the displacement was increasing in a stepwise manner.
The magnitude of those steps was different for each type of masonry. The complete results of
testing are presented elsewhere (Bosiljkov 2000). The smdl cross results in the forms of hysteresis
loops were hard to interpret, especialy for the specimens made from weaker mortar (Fig. 13).
Further discussion is based on results recorded from the big cross.

The resistance of the wall gained through the shear tests is usualy presented in the shape of
hysteresis loops. In order to quantify the overall behaviour of biaxially loaded masonry the first step
is evaluation of the envelopes of the hysteresis loops and its idedlisation (Fig. 14). The piecewise
linear idealisation is traditionally used for hysteresis loops (Tomazevic 1999). The hilinear
idedlisation of the experimentally gained hysteresis envelope was evaluated in our anaysis. It was
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done on the basis of an equal energy dissipation capacity (the areas below the actual and bilinear
idealised) of actual and idealised panels.

Four limit states for the tested panels were defined on the idealised envelope curve as follows: (i)
Crack or dastic limit, determined by displacement . and resistance H,; (ii) Shear crack state of
resistance was determined by the occurrence of the first shear crack (Hg and displacement dy).; (iii)
Maximum resistance determined by Hy., recorded during test, and corresponding displacement
Hmax; (iv) Ultimate state determined by maximum displacement recorded during a test &y and
corresponding resistance Hsmax.

The bilinear idealised curve was defined by idedised resistance H, and effective giffness Kg
defined by K¢ =Hg/d,. The criteria for selecting the point H., determine the effective stiffness of
the wall, and so one of the aims of this analysis was aso to investigate the influence of the chosen
criteria and its impact on the calculated values of effective stiffness. Three selection criteria were
reviewed. The first criterion for the term K (1) used was Hg = 0.33H,,& Maintaining the standard
definition. The second criterion for the term Kg(2) was chosen as performance perspective, as the
resistance of the wall at first flexura crack (H. = Hj) and thus K (2) = H;/&. The third criteria was
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chosen as the occurrence of the first shear (diagonal) crack (H. = Hg) and thus Kg(3) = Hge /Oy It
can be seen from Fig. 15 that all specimens made from stiffer mortar mixtures (CM, CLM and
CLMR) exhibited a characteristic rocking behaviour at the same relative level of precompression.

Slightly better dissipation of energy was observed in the CLMR specimens, where in softening
range the reinforcement enabled more ductile behaviour of the specimens. In addition to this, the
masonry made with weak lime mortar (LM), almost from the beginning of loading exhibited ductile
behaviour with considerable energy dissipation. On the other hand, the levd of the resistance of LM
specimens was much lower in comparison to the stiffer mortar mixtures. In general, for the
specimens tested under the same relative level of precompression, the occurrence of the flexurad
cracks did not change the stiffhess of the panels. Shear diagonal cracks were predominantly opened
before the beginning of rocking. The failure of the specimens was attributed either to the
simultaneous opening of the shear crack with the toe crushing or to the softening of the masonry in
the mid-height of the specimen.

The results of testing for different types of masonry in the terms of idealised resistance and
stiffness depending on the chosen criteria are presented in Table 3. Comparison of the effective
gtiffness results (Table 3) for all masonry types according to ANOVA method (Bosiljkov 2000)
shows that there is no significant statistical difference between values obtained between the first two
criterion. It should be noted that for the purpose of further anaysis and discussion that differences
between effective siffness for different types of the masonry at the same relative levd of
precompression do not necessarily trandate into similar differences at absolute levels. A set of tests
has been carried out for one mortar type (CLM) in order to anayse the influence of the different
absolute levels of precompression both on the stiffness of masonry walls as well as the failure
modes.

The different absolute level of precompression had a significant influence on the observed failure
modes (Fig. 16). For the lowest level of g, despite the beginning of rocking behaviour in the upper

Table 3 Results of shear tests at the same relative level of precompression g,

Type of mortar CM CLM LM CLMR
Criteria

0y (MPa) 2.72 2.00 1.16 254

Loading point (kN) 86 63 38 81

. C.OV. (%) 1 6 11 10
Effective stiffness (1) (kN/mm) 57 42 24 41

C.OV. (%) 6 2 31 16

Loading point (KN) 90 64 40 82

5 C.OV. (%) 6 6 13 10
Effective stiffness (2) (kN/mm) 39 40 18 33

C.O.V. (%) 51 5% 53% 1%

Loading point (kN) 92 T 84 92

3 C.OV. (%) Tt T 10 -t
Effective stiffness (3) (kN/mm) 32 T 23 32

C.OV. (%) Tt T 13 -t

Mcalculated on the bases of the results for two specimens only
Menergy requirement were not satisfied
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Fig. 16 Typica experimenta lateral displacement - lateral resistance hysteresis loops for CLM at different
level of precompression

edge of the specimen and the opening of the flexural cracks through the length of the specimen, the
failure of the specimen was due to dliding (g, = 0.686 MPa) with shear-friction resistance in the
plastic range. For higher level of precompression the beginning of typical rocking behaviour has
been observed with crushed masonry in the upper corners of the specimen (g, = 1.0 MPa). The
failure of the specimen in the plastic range appeared to be a combined rocking-diding failure. The
first shear crack was developed at the precompression of 1.5 MPa, due to the crushing masonry in
the upper corner of the specimen. At the highest level of precompression (gg = 4.0 MPa) a sudden
fragile shear failure was observed, with an almost simultaneous opening of the shear crack and
crushing of the masonry in the upper and lower corners of the specimen.

From the results of testing at different levels of precompression which are presented in Table 4
and are consistent with the results of some other authors (Shing et al. 1991), it is shown that the
level of precompression has a significant influence in the determination of the effective stiffness of
the masonry wall. When comparing the influence of different types of mortar (Table 3) versus level
of precompression at which the stiffness has been determined (Table 4), then at the same relative
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Table 4 Results of shear tests at the different levels of precompression

L 0o (MPa) 0.686 10 15 4.0
Criterion
No. of spec. 1 1 1 2
Effective cracking load (kN) 24 43 65 103
1 C.OV. (%) - - - 2
Effective stiffness (1) (KN/mm) 26 21 31 61
C.OV. (%) - - - 2
Effective cracking load (kN) 24 - 66 107
5 C.OV. (%) - - - 1%
Effective stiffness (2) (kN/mm) 21 26 50
C.OV. (%) - - - 2
20 m 20
/ 18 i
16
12
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. 4
+C 2 ) ° [
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Fig. 17 Deformed shapes of the specimens for the lowest and the highest level of precompression

level of precompression the failure mechanisms of walls made from different types of masonry were
similar. However, for one type of masonry at different absolute levels of precompression both, the
mechanisms of failure and the effective stiffness were different.

Furthermore, the different types of deformation modes of specimens were observed under different
absolute levels of precompression. Some modes of deformation of specimens recorded with the
measurement devices LV1-6 for the lowest (gy = 0.686 MPa) and the highest (g, = 4.0 MPa) level
of precompression are presented in Fig. 17.

The load-time history is presented in the lower part of the Fig. 17 while in the upper part recorded
modes of deformations at different stages of loading are shown. For the lowest level of
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Fig. 18 Elastic deflections of masonry walls

precompression typica shear behaviour (Fig. 17a) was observed. After the formation of the flexura
cracks (point B), the mode of deformation remained unchanged and symmetrical about the reference
line. It remained symmetrical until the start of rocking and crushing of units at the upper corners of
the specimens (point C) which provoked the formation of a plastic hinge in the upper part of the
specimens and further diding failure (point D) of the specimen. For the highest level of
precompression typical flexura behaviour was observed (Fig. 17b). The formation of the shear
cracks (point A) and the softening of the masonry in the mid-height of the specimen (point B) were
two major reasons for distinguished asymmetric behaviour of the specimen (point C) and some
residual deformations (point D). Due to the further propagation of the shear cracks and beginning of
rocking the final shape of the specimen is typica for flexura behaviour (point E).

Stiffness of structural elements such are masonry walls is an important parameter which determine
the overal dynamic behaviour of the structure and distribution of the seismic forces. The stiffness of
the structural element according to the theory of elasticity depends on the mechanica properties,
geometry of the element, boundary restraints and is defined by the action that causes a unit
displacement. For in-plane laterally loaded masonry elements the unit displacements/deflections are
presented in following Fig. 18. The coefficient v' is the shear deformation coefficient which for the
rectangular cross-section is equal to 1.2.

In seismic analysis of laterally loaded walls one of the assumptions is that the resulting
deformation Js is a result of the combined action of bending and shear. Thus for walls with both
ends fixed, the J5 is equa to sum of & and &,, and for cantilever walls 05z = &, + &,. The eastic
gtiffness is taken as K.=1/d5 Introducing the coefficient k' which describes the applied restraint
conditions of the element (for both ends fixed is equal to 0.83 and for cantilever walls k' = 3.33),
the elagtic stiffness of the wall can be calculated as:

Ky = —— P (12)
12h[1+ D ]

EQDO
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It can be seen from Eq. (12) that knowing the geometry and boundary conditions of masonry
structural element it is necessary to determine mechanical properties of masonry such are G and E
in order to caculate the design elagtic stiffness.

An dternative form for a stiffness equation for the lateral stiffness of cantilevered shear walls is
the standard FEMA 356 document (Federal Emergency Management Agency 2000):

kK= ——— (13)
heff heff

3E.l, AGn

Where hg is the effective wall height, A, is the shear areg, | is the uncracked moment of inertia,
E., is the masonry elastic modulus, and G,, is the masonry shear modulus.

Following the results from our tests, the elastic modulus was determined from confined
compressive tests. The shear modulus was determined from compressive (G.) and diagona tests
(Gg). These values were used to calculate effective stiffness. Then analytically caculated elastic
stiffness was compared (Fig. 19) to the effective stiffness obtained experimentally.
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Fig. 19 K¢ and K, vs. shear stresses for different types of mortar a the same relative level of precompression
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The results of the comparisons undeniably show that the shear modulus of the masonry obtained
from compressive tests is not appropriate in prediction of the dtiffness of the laterally loaded
masonry structural elements. On the other hand, the shear modulus obtained from diagona tests
with big cross can be used for the evaluation of the stiffness of masonry elements made from stiff
mortars (CM and CLM). This is not valid for reinforced masonry (CLMR), where once again we
have to confirm unsuitability of the diagond tests for the evaluation of the both mechanical and
stiffness parameters for reinforced masonry.

As for the weak mortar (LM) results, both compressive and diagond tests are not suitable for
prediction of the stiffness of the laterally loaded masonry elements and for the LM specimens the
absolute levels of shear stresses at which the stiffness was calculated from the results of diagonal
testing were much lower in comparison to the results of shear testing.

The results of testing the CLM specimens under different levels of precompression, which are
presented in Fig. 20, clearly show the influence of the level of precompression on the evaluated
effective stiffness of the unreinforced masonry elements. This phenomena has been also reported
and discussed by other authors (Drysdale et al. 1994, Shing et al. 1991) for reinforced masonry and
by Sinha and Hendry (Mayes et al. 1975) for unreinforced masonry. While for different types of
masonry under the same relative level of precompression the failure modes of the structura
elements were the same, for CLM specimens under the different absolute level of precompression
both the failure modes as well as the experimentally gained stiffness were different. The use of the
shear modulus derived from diagona tests in Eq. (12), produces the dagtic stiffhess K, which is a
rough approximation for the effective stiffness K¢ of laterally loaded masonry element. This can be
easily understood since both diagona tests and the shear tests under the highest levels of
precompression (2.0 and 4.0 MPa) caused the same type of diagona tensile failure of the specimens.

The stiffness of the elements is a function of the shear stresses. According to our results, it is
obvious that the shape of the stiffness degradation curve for cantilever e ements depends on the level
of precompression (Fig. 20). It is also clear that in the inelastic analysis of the masonry elements,
where large displacements and shear stresses are likely to occur, it is more appropriate to consider
the effective stiffness to be constant up to the point of first limit state.

=—&— Shear test
O Compressive test

O Diagonal test

Effective stiffness K (kKN/mm)

‘ * L_] M
0% 50% 700 ——— 40MPa
Q—Q*Q\,\ ~. . T —— o ____ 2.0 MPa
e
e ——— T TTTmmm e
e 1.0 MPa
0.686 MPa

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Shear stress 1,, (MPa)

Fig. 20 Stiffness degradation vs. shear stresses for different levels of precompression
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Fig. 21 Dependence of the stiffness of cantilever masonry walls due to applied level of precompression

The effective stiffness is a complex parameter associated with all restoring forces of structura
system and depends upon severa factors including: ductility, different failure mechanisms and for
seismic design also dissipation of energy. Unlike Ky the elastic stiffness K. is a solid parameter
which depends on the geometry of the wall, mechanica parameters of the masonry (G and E) and
boundary restraints. It is possible to correlate those two parameters using Eq. (12), the shear
modulus obtained from diagonal tests and considering an appropriate level of precompression.
When predicting the actual effective stiffness Ky from the elastic stiffness K, and considering the
level of precompression for two criteria used to evauate effective stiffness, two empirical formulas
have been suggested (Fig. 21).

4. Analysis

Shear modulus of the masonry gained through compressive tests showed good correlation with the
results of other authors as well as with the provisions of different national codes for the masonry.
For stiffer mortar mixtures it also good correlates with the results for shear modulus gained through
diagonal and dynamic shear tests. Note aso that for all those three types of tests the deformations
of the masonry were measured on relatively small area of the specimens. However it clearly showed
inefficiency in the prediction of the effective stiffness K¢ of the laterally loaded masonry structural
elements. While for the stiff mixtures it overestimate the experimentally gained effective stiffness,
for masonry made from weak mortars it underestimate experimentally gained values. The latter
conclusion was mainly attributed to the strong anisotropic behaviour of the masonry which was
made from weak mortars.

Both different types of mortar/masonry as well as different levels of precompression strongly
influence the effective gtiffness of masonry elements. While for different types of masonry the
failure mechanisms under the same relative level of precompression remain the same, the effective
stiffness as well as the overall resistance of the walls depends on the type of the masonry. On the
other hand for the one type of masonry, different levels of precompression provoke different failure
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mechanisms as well as different overall resistance of the masonry walls and thus different effective
giffness.

In order to obtain shear modulus for the prediction of effective stiffness of the masonry walls by
simple testing procedure, the most efficient were diagona tests under monotonic loading. By using
the results for the shear modulus gained through diagonal tests into the equation for calculation of
the dagtic gtiffness we have approached the experimentally gained effective stiffness for masonry
made from stiff mortar mixtures fairly well. On the other hand diagona tests showed unsuitability
in obtainment of mechanical and stiffness parameters for reinforced masonry.

Following the results of tests on laterally loaded masonry walls and calculating shear modulus
from the effective stiffness (Eq. (12)) TomazZevic (1999), recommends different ratio for shear
modulus G againgt elastic modulus E as a value between 6% to 25%. For cantilever walls this
equation for calculation of the shear modulus from effective stiffness is derived in Eq. (14).

A AKgrht
1.2h 12010

Implementing into Eq. (14) the results for K¢ gained from the shear tests of masonry made from
gtiffer mortar mixtures under higher levels of precompression it is observed that this ratio for shear
modulus G vs. dagtic modulus E is a redligtic estimate. However, according to the test results and
from Eq. (14), it is observed that this second approach has two major deficiencies. The second
approach does not consider the influence of the level of precompression and for slender walls and
for masonry with low modulus of elasticity (that could be expected for historic masonry) it gives
unrealistic values for the shear modulus. The latter represent a redigtic case for the masonry made
from weak mortar with strong anisotropic behaviour. Some recent results from ISPRA and
University of Pavia (Magenes and Calvi 1997), confirm our results and emphasize the inconsistency
of the results for the deformation and stiffness properties for the masonry made from weak (lime)
mortars.

5. Conclusions

This paper aimed at re-evaluating the values for the shear modulus stated in many national codes
considering different experimental techniques for its determination. Anayss of the results of an
extensive testing programme allows drawing following conclusions:

1. Present provision for the shear modulus of the masonry (G = 0.4E) stated in many nationa
codes as well asin new Eurocode 6 is correct if the compressive loading is predominant one. It
aso correlate well with the results of measurement of deformations of masonry as a
congtruction material (on a small area of the specimens) gained through diagonal (small cross)
and dynamic shear tests. However it can largely overestimate the stiffness of masonry structural
elements.

2. For brickwork masonry made with stiffer mortar mixtures the results of simple diagona tests
can be effective for calculating the effective stiffness of masonry elements.

3. Diagonal tests are unsuitable for evaluating both mechanical and stiffness properties for
reinforced masonry.
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4. Due to the strong anisotropic behaviour the stiffness of the brickwork made with weak mortars
(historic masonry) should be evaluated solely through shear tests of the specimens of the size of
structural elements.

Since the effective stiffness gained from shear tests of cantilever walls can depend from the level
of precompression, the determination of the shear modulus from that type of testing remains
questionable and in that sense more harmonized approach in determination of the overall shear
resistance of masonry structural elements should be defined.

Acknowledgements

The paper presents the results of the research work at University of Ljubljana, Slovenian Nationa
Building and Civil Engineering Institute and University of Newcastle, financed by The Ministry of
Science and Technology of the Republic of Slovenia and by Australia-Europe Grant funded by the
Audtralian Government through the Department of Education, Training and Youth Affairs and
promoted by Australian Education International. Their support is gratefully acknowledged.

References

Ageris, PG. (2003), “Lateral stiffness of brick masonry infilled plane frames’, J. Sruct. Eng., 129(8), 1071-
1079.

ASTM (1998), Standard Test Method for Diagonal Tension (Shear) in Masonry Assemblages. West
Conshohocken, PA, American Society for Testing and Materidls.

Bosljkov, V. (2000), “Experimental and numerical research on the influence of the modified mortars on the
mechanical properties of the brick masonry”, Slovenia, University of Ljubljana

Bosiljkov, V., Page, A., Bokan-Bosljkov, V. and Zarni¢, R. (2003), “Performance based studies of in-plane
loaded unreinforced masonry walls’, Masonry Int., 16(2), 39-50.

Drysdde, R.G., Hamid, A.A. and Baker, L.R. (1994), Masonry Sructures - Behavior and Design. Englewood
Cliffs, New Jersey, Prentice-Hall. Inc. A Simon & Schuster Company.

Elshafie, H., Hamid, A.A. and Nasr, E. (2002), “Strength and gtiffness of masonry shear wals with openings’,
The Masonry Society J., 20(1).

Eurocode (1995), Eurocode 6: ENV 1996-1-1:1995.

Federd Emergency Management Agency (2000), Prestandard and Commentary for the Seismic Rehabilitation of
Buildings. Washington, FEMA.

Hart, G.C., Hong, W. and Englekirk, R. (1988), “ Structural component mode of flexural walls’, Fourth Meeting
of the U.S - Japan Technical Coordination Committee on Masonry Research, San Diego.

Krgcinovic, D. (1996), Damage Mechanics. New York, Elsevier.

Lekhnitskii, S.G. (1963), Theory of Elasticity of an Anisotropic Elagtic Body. SF, Holden Day.

Magenes, G. and Calvi, G.M. (1997), “In-plane seismic response of brick masonry wals’, Earthg. Eng. Sruct.
Dyn., 26, 1091-1112.

Nichols, JM. (1990), “Behaviour of structures - Churches’, Conference on the Newcastle Earthquake,
Newcastle, Ingtitution of Engineers: Barton ACT.

Nichols, JM. (2000), “A study of the progressive degradation of masonry shear walls subjected to harmonic
loading”, Department of Civil, Surveying and Environmental Engineering. Newcastle, University of
Newcastle: 296 p.: ill.; 30 cm. + 1 CD (4 3/4 in.) includes bibliographical references (p. 164-176).

Page, A.W. (1973), Sructural Brickwork - A Literature Review. Newcastle, Department of Civil Engineering,
University of Newcastle.

Page, A.W. (1983), “The strength of brick masonry under biaxial compresson-tension”, Int. J. Masonry



Shear modulus and stiffness of brickwork masonry: An experimental perspective 43

Congtruction, 3(1), 26-31.

prEN (1993), 1052-1 Methods of Test for Masonry; Part 1: Determination of Compressive Strength.

Shing, P, Noland, H.S,, Klamerus, E. and Schuller, M. (1991), “Response of single-story reinforced masonry
shear walls to in-plane lateral loads’, Boulder, US-Japan Coordinated Program for Masonry Building
Research, Department of Civil and Architectural Engineering, University of Colorado.

TomaZevic, M. (1999), Earthquake-Resistant Design of Masonry Buildings. London, Imperial College Press.

Turndek, V. and Cacovié, F. (1971), “ Some experimental results on the strength of brick masonry walls’, Proc.
of the 2nd Int. Brick Masonry Conf., Stoke-on-Trent, British Ceramic Res. Assoc.





