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Cyclic compressive loading-unloading curves
of brick masonry
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Abstract. Experimental investigation into the cyclic behaviour of sand plast brick masonry was
performed on forty two square panels. The panels were subjected to cyclic uniaxial compression for two
cases of loading: normal to bed joint and parallel to bed joint. Experimental data were used to plot the
unloading-reloading curves for the entire range of the stress-strain curve. Mathematical expressions to
predict the reloading and unloading stress-strain curves at various values of residual strain are proposed. A
simple parabola and an exponential type formula are found adequate to model the unloading and
reloading curves respectively. The models account for the potential effects of residual strain on these
curves. Comparison of test results with the proposed mathematical expression shows good correspondence.
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1. Introduction

Extensive studies have been reported over a long period of time on the behaviour of brick
masonry under monotonic loading. Work on cyclic behaviour of clay brick masonry or concrete
block masonry has been done in connection with seismic design of buildings with no particular
emphasis on cyclic deformation characteristics of masonry assemblage (e.g.etClierdi978,

Macchi 1985 and Tomazevet al. 1996). Design of brick masonry structures having a live to dead
load ratio needs to account for the cyclic compressive response of such structures. Repeated
loading-unloading cycles can cause accumulation of strains which eventually produce failure as
strain level increases with increasing number of cycles. Tests on masonry under cyclic loading are
vital for information related to material ductility, stiffness degradation and energy dissipation
characteristics. Analytical models to predict the behaviour of concrete under uniaxial cyclic
compressive loading have been reported by a number of researcherse{Sihli®64, Karsan and

Jirsa 1969, Yenkelevsky and Reinhardt 1987, and Bahn and Hsu 1998). Laboratory tests on solid
clay brick masonry subjected to uniaxial compressive loading have been reported only in the last
decade (Abramset al. 1985, Naraine and Sinha 1989). Studies on the cyclic behaviour and
deformation characteristics of high strength sand plast brick masonry is currently lacking.

This paper presents the results of laboratory tests on half-scale sand plast (a form of calcium
silicate) brick panels subjected to uniaxial cyclic compression with particular emphasis on loading-
reloading behaviour. Analytical models are proposed to predict the loading and reloading curves for
both directions of loading; i.e., normal to bed joint and parallel to bed joint.
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2. Cyclic models

Cyclic models to simulate stress-strain behaviour of concrete have been previously reported as
mentioned before. More recently, Bahn and Hsu (1998) have proposed a general cyclic model to
describe the behaviour of random cycles on concrete. They have expressed the unloading curve as a
parabola and reloading curve as a straight line.

For brick masonry, two mathematical models have been previously reported to obtain reloading
and unloading stress-strain curves of brick masonry under uniaxial compressive loading. These
models are for fired clay bricks with low compressive strength (13.6 R/mimthe first model,
exponential functions are proposed for the reloading and unloading curves (Naraine and Sinha
1989). Test data showed that the reloading curve can be represented by a family of parabolas and
unloading curves can be represented by a family of straight lines. The equations of a parent
parabola and a parent straight line are then used to generate family of parabolas and family of
straight lines respectively which in turn are used to obtain the reloading and unloading curves. In
the second model, polynomial functions are proposed to obtain the reloading and unloading curves
(Subramaniam and Sinha 1995). Their proposed analytical model transfers the experimental
reloading and unloading curves to a normalized stress-strain coordinate system on which both the
unloading and reloading curves plot within their narrow range bounded by a lower and upper limits.
A parent polynominal expression is then developed to fit the curves. The individual reloading and
unloading curves can then be produced by transferring the parent equation to the stress-strain
coordinate system.

The behaviour of brick masonry in general depends on its load history. The path of unloading for
any cycle depends primarily on the plastic strain accumulated in that cycle, and reloading path
depends on the previous unloading path. This implies that for a model to predict unloading and
reloading curves, plastic strain needs to be incorporated into the mathematical formulations.

3. Test program

Sand plast brick masonry panels of dimension 3604860 mmx 115 mm have been constructed
from sand plast half brick units each measuring 110x%& mmx 35 mm. The average compressive
strength of the brick unit was 23.4 N/rhand the average compressive cube strength of the mortar
used for the joints at 28 days was 10.2 Nfmi&-Y plotters have been used to monitor the
displacements and the applied load through LVDTs and a load cell respectively. The loading-
unloading was controlled by a Universal Testing Machine. The laboratory experiments consist of
three types of test. The first test is a monotonic one in which loads are steadily increased until
failure. This test establishes the monotonic stress-strain curve. The second test is a cyclic test in
which loading originates at zero stress level and terminates at the envelope stress-strain curve.
Unloading, then, commences from the envelope curve and terminates at zero stress level for each
cycle. The stress-strain hysteresis so obtained possesses a locus of common points. A common point
is defined as the intersection point of the reloading curve of any cycle with the unloading curve of
the previous cycle. The reloading curve is terminated when its peak approximately coincides with
envelope curve. This is done by monitoring the incremental increase of axial strain in the ascending
branch of the envelope curve. In the descending branch of the envelope curve, the load was released
when the reloading curve tends to descend. The third test is also a cyclic test in which for each
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cycle reloading and unloading are repeated when reloading curve intersects the original unloading
curve of that cycle. The process forms locii of common points in descending order until it stabilizes
at lower lucus. The locus of the lower bound points termed as the stability point curve.

The envelope stress-strain curve is established by superimposing the stress-strain peaks of the
second and third cyclic tests on the monotonic stress-strain curve. The envelope curve was found to
follow an exponential formula (AlShebani and Sinha 1999). The parameters of this formula depend
on the direction of loading being normal or parallel to the bed joint.

4. Stress-strain hysteresis

Sand plast brick panels have been tested cyclically in uniaxial compression normal to the bed
joints and parallel to the bed joints. Cyclic loading has been performed with the peak of each
reloading coinciding with the monotonic stress-strain curve. Therefore, the envelope stress-strain
curve was obtained by superimposing the points of peak stress-strain curve under cylic loading on
monotonic stress-strain curve. The stress-strain hysteresis comprising unloading and reloading
curves are plotted by expressing stress and strain in non-dimensional form. The stress coordinate is
normalized with respect to peak (failure) stress and the strain coordinate is normalized with respect
to the strain corresponding to peak (failure) stress for each specimen.

5. Unloading curves

Unloading of any cycle originates from the envelope stress-strain curve and terminates at zero
stress level at a particular value of residual (plastic) strain. It exhibits a single curvature at lower
value of residual strain at which unloading terminates. The softening phenomena of unloading
curves are more pronounced at larger value of residual strain. The shape of the unloading path is
greatly influenced by the residual strai, An analytical model for unloading curve is developed
first by approximating it by straight line from unloading strain on envelope curve to plastic strain at
zero stress level, as shown in Fig. 1, and then by expressing it in non-linear form.

A linear expression for the line joining unloading strain on envelope curve to plastic strain at zero
stress level, (Fig. 1), can be written as

O _ E—-& —x 1)

Ocu Eeu— &
wherex is a linear function andr and € represent the normalized stress and strain respectively at
any point on the assumed straight line, ang and &, are the normalized stress and the strain
respectively at the start of unloading on the envelope curves amdhe normalized plastic strain at
the end of unloading. The envelope stress-strain curve for sand plast brick masonry for both cases
of loading has been proposed earlier (AlShebani and Sinha 1999) as:

For normal to bed joint, aezegExp(l—ee/ a) (2a)
For parallel to bed joint, aezsﬁExp[( 1-¢).&/(a+ P)] (2b)

Wherea and both equal unity in Eq. (2a) while in Eq. (2b)equals 0.73 an@ equals 0.70.
The actual shape of unloading curve exhibits nonlinear behaviour for both cases of loading. The
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Fig. 1 Unload-reload curves

linear functionx in Eqg. (1) is therefore required to be modified to reflect the nonlinearity of the
unloading curve.
A mathematical expression to obtain the unloading curve is therefore proposed as follows:

3 e—¢& v
U_Cuaeuaﬁg (3)
whereC, is a parameter angj, is dependent on the normalized plastic strain (plastic strain ratio).
Based on test data, the values @f and n, for loading normal to bed joint case have been
determined as 0.98 and 2.0+1% respectively, and for loading parallel to bed joint case as 0.97
and 3.0+2.Q/s, respectively.
The relation between the envelope unloading steajrand the plastic strain can be expressed as,

£=C, (&) 4)

where C, andn, are constants which are derived from the test data. The valugsaoid n, for
normal to bed joint case are 0.47 and 1.2 respectively. The corresponding values for parallel to bed
joint case are 0.35 and 2.0 respectively.

The development of the expressions reported in this investigation are based on the best correspondence
between the experimental data and the proposed mathematical models. The correspondence between
expressions and data is measured by the correlation index.

The unloading curves for the two cases of loading can now be obtained using Eq. (3) and Eq. (4)
and the envelope stress-strain curves given in Eqg. (2). A comparison of the analytical model with
experimental curves are shown in Fig. 2(a) and Fig. 2(b) in a normalized stress-strain coordinate
system, in which the model and experimental curves show good correspondence.

6. Reloading curves

The full reloading curve originates at a certain plastic strain level and terminates as it coincides
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Fig. 2 Unloading curves

with envelope stress-strain curve. It exhibits double curvatures at low stress level and when it
crosses the common point. It has been observed that the envelope reloading strain of any cycle is
always greater than the envelope unloading strain of the previous cycle. Therefore, a straight line
representation of reloading curve (Bahu and Hsu 1998) neither reflects the actual nonlinear
behaviour nor does it give a proper representation of the influence of plastic strain level on the
behaviour of reloading curves.

To model the reloading curves, all reloading curves were first plotted from a common origin by
transferring these curves from normalized coordiratesrsuso to other normalized coordinate(
&)n Versusa,, in which e-¢; is normalized with respect t@.fs;), ando is normalized with respect
to o, for each curve. The coordinatess—;) and o, correspond to the maximum value ef&) and
o respectively for each curve, where it coincides with the envelope curve. On the new normalized
coordinate system, each curve originates from (0,0) and terminates at (1,1), as shown in Fig. 3(a)
and Fig. 3(b). It is observed that all reloading curves plot within a narrow band which can be
reasonably represented by the following expression:
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Fig. 3 Reloading curves normalized to a common point
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Table 1 Values fo€,, C, andn;

Direction of Loading  Level of plastic strain Co (o n,
Normal to bed joint §<0.1 0.09 2.2 0.8
&>01 0.2 0.1 0.8
Parallel to bed joint £§<0.1 0.1 1.0 0.5
&>01 0.2 0.1 0.5
nr nr
Gn:[(E—Er)n] Exp[ 1_(£_£r)n ] (5)

wheren, is a function of plastic strain ratio anet-§), is the value of—¢ normalized with respect
to (&—&). The power termn, is derived from the test data as Lv@ for loading normal to bed
joint and 2.0 +ﬁ:r for loading parallel to bed joint.
The reloading envelope stradg, of any cycle is greater than the unloading envelope siaiof
the previous cycle by an incrementd&fas shown in Fig. 1. This implies that:

Eor = Eoy + O (6)

The difference between reloading envelope strain and unloading envelope dstr@@pends on
the plastic strain level and unloading envelope strain. Thereferecan be approximated as
Cot+Cieef&)™ for & < 0.1 andCo+Cy(& /€)™ for & > 0.1.

The constant€, andC; and the power term; are given in Table 1 for the two cases of loading.
Onceg,, is determined from Eq. (6§, can be found from envelope stress-strain relationship using
Eq. (2).

The reloading curve can now be obtained as follows:

1. For a giverg, &, is evaluated using Eq. (4) and thegncan be evaluated using Eq. (6).

2. For the computed value ef;, which is equal t&,, the value ofo, can be evaluated using Eq.
(2a) or Eq. (2b).

3. The value ofg, can be evaluated using Eq. (4) for different values @fi the reloading curve
originating from the givers, and terminating at..

4. The value ofg, corresponding to a value efcan be obtained by multiplying, by g.. The
computed reloading curves are shown with experimental curves in Fig. 4(a) and Fig. 4(b) and the
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comparison showed good agreement.

Although the procedures outlined above to produce the reloading and unloading curves were
based on experimental investigation conducted on sand plast brick masonry, it was found to provide
an approximation to reloading and unloading curves of clay brick masonry reported by
Subramaniam and Sinha (1995). Application of the model to clay masonry was found to fit better
for specimens loaded normal to bed joint. However, some deviation of the model from the
experimental data was noticed for clay masonry loaded parallel to bed joint especially over the post
peak zone. This may suggest that material physical properties can have some effect on the
generalization of the model. Nevertheless, it is stipulated that the mathematical models reported in
this study can be generally used for brick masonry based on normalized coordinate system.

7. Conclusions

An analytical model for unloading and reloading curves of sand plast brick masonry under cyclic
uniaxial compression is presented. The model for the unloading curve is a simple parabola while
reloading curve is expressed by exponential formula. The model for the reloading curve involves
plotting the reloading curves from a common origin by transferring them to a new normalized
coordinate. Unloading curves are more influenced by plastic strain at which they terminate than
strain on envelope curve from which they originate. Reloading curves are dependent on the history
of unloading paths that preceded each of them and on the strain level at which reloading is
terminated on envelope curve. Good correspondence between the analytical curves and the
experimental data was obtained. Testing the proposed models on clay brick masonry produced better
approximation of reloading and unloading curves for specimens loaded normal to bed joint than
specimens loaded parallel to bed joint.
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Notation

(0w &) : Normalized stress and corresponding normalized strain on the envelope curve at any point

(g, & : Normalized stress and corresponding normalized strain at any point on the unloading curve

(ew &) : Normalized stress and corresponding normalized strain on envelope curve at the start of unloading
(Oer, &) : Normalized stress and corresponding normalized strain on envelope curve at the end of reloading
& : Normalized residual (plastic) strain at the end of unloading

On : Normalized stress in terms afo.

(&=&)n : Normalized strain difference in terms &f-§)/(s—&)





