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INFLUENCE OF THE LOADING HISTORY ON THE IN-PLANE FORCE-DISPLACEMENT
RESPONSE OF URM WALLS
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ABSTRACT

Quasi-static cyclic in-plane shear tests on unreinforced masonry (URM) walls are carried out to
experimentally determine parameters that are of interest in the design process, e.g. effective
stiffness, force capacity, drift capacity. Yet, the structural capacities can be a function of the
demand and therefore dependent on the applied loading history. Although the effect of loading
histories on URM wall capacities has not been investigated systematically, the comparison of few
pairs of tests where monotonic and cyclic tests were performed indicated that in particular the drift
capacities can be rather sensitive to the applied loading history. Structural design codes provide
estimates of drift capacities that have been derived from sets of tests in which different loading
protocols have been applied. Hence, an improved understanding of the influence that loading
protocols can have on stiffness, shear force and drift capacities of URM walls would be important
and would help reduce the uncertainties that are currently associated with the seismic assessment
of URM buildings. This paper assesses the influence of the in-plane loading protocol on the force-
displacement behaviour of unreinforced masonry walls by means of a numerical investigation.
Four representative walls (two shear and two flexure controlled) from literature are modeled and
subjected to several loading protocols. The occurring differences in effective stiffness, peak shear
strength, energy dissipation as well as ultimate drift capacity are presented and discussed.

KEYWORDS: unreinforced masonry wall, quasi-static cyclic test, displacement demand,
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INTRODUCTION
Displacement-based seismic design of in-plane loaded modern unreinforced masonry (URM)
walls is based on several parameters to approximate the force-drift response by means of a bi-
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linear curve—drift is the horizontal displacement divided by the wall height. Necessary parameters
are the effective stiffness, the peak shear strength as well as drift capacities of the wall. In most
current codes, e.g. [1]-[4], the determination of the drift capacities is based on empirical models
fitted to data of mainly quasi-static cyclic shear-compression tests of URM walls. These drift
capacities, however, seem to depend on the seismic demand the wall is subjected to. Hence, the
loading protocol employed in the tests influences the test results [5], [6].

Yet, the used loading protocols differ from testing campaign to testing campaign (e.g. [7]-[11]).
Besides showing significant similarities (cyclically increasing, drift limit mean of zero) both the
actual drift limits along with the number of cycles per drift limit can differ. This might be of
concern, since all test results are evaluated together, notwithstanding of the exact loading protocol
that was applied. Furthermore, there is a sheer abundance of suggested cyclic loading protocols
for tests of different materials and structural applications to be found in literature: [6], [12]-[20]
to name a few.

This paper investigates the influence of a change in seismic demand on characteristics of the force-
horizontal displacement response of the URM wall, such as: effective stiffness, peak shear force,
corresponding drift, ultimate drift capacity and energy dissipation. First, the rather scarce
experimental evidence on using different loading protocols under otherwise similar kinematic and
static boundary conditions in shear-compression tests of URM walls is presented. Subsequently,
the seismic demand of different loading protocols in literature designed for or at least applicable
to masonry shear wall tests is compared. Following, a numerical study is carried out simulating
four wall tests (two shear and two flexure controlled) to be found in literature [10], [11] subjected
to different loading protocols. Finally, the force-displacement responses are compared, interpreted
and conclusions are drawn.

EXPERIMENTAL EVIDENCE

To the authors’ knowledge, the sole evidence of pairs of URM walls tested with different loading
protocols (monotonic vs. cyclically increasing) stems from campaigns by Ganz & Thiirlimann [7]
and Magenes & Calvi [23]. The tests indicated that while the effective stiffness and the peak shear
strength of the walls remained more or less constant, notwithstanding the changing loading
protocol, the ultimate drift capacity approximately doubled from cyclic to monotonic tests.

In an experimental campaign of reinforced masonry walls by Tomazevic et al [24] multiple
identical specimens were subjected to different loading conditions: monotonic, cyclically
increasing, cyclically increasing superimposed with additional sine function and simulated
earthquake response. While both cyclic loading protocols were found to describe the dynamic tests
with sufficient accuracy, the monotonic tests showed both significantly higher shear force
capacities and ultimate drift capacities.



SEISMIC DEMAND OF LOADING PROTOCOLS IN LITERATURE

The cumulative drift demands of loading protocols to be found in literature are compared in Figure
1 by means of the sum of the drift limits J; up to a reference drift of 1 %. The considered protocols
are: two loading protocols (MBL,H and P87 [6], [21]) explicitly designed for masonry, one widely
used loading protocol (F461 [19]) without specification of the material to be used with, a loading
protocol with a mean of the drift limits other than zero (K01 [22]), originally conceived for wood
frame structures and further protocols used in testing campaigns (B04, B06, PB15, S15 [8]-[11]).
There is a significant variation in seismic demand among the presented loading protocols. All the
presented loading protocols used in testing campaigns impose a higher seismic demand as would
be suggested for regions of low to moderate seismicity and even high seismicity regions according
to [6].
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Figure 1: Comparison of seismic demand of loading protocols by means of the sum of the
drift limits up to a reference drift limit of 1 % (MBL — [6] full range of considered periods
of structures for regions of low to moderate seismicity, MBH — [6] full range of considered
periods of structures for high seismicity regions, F461 — FEMA461 [19], P87 — Porter [21],
K01 - Krawinkler et al [15], B04 — test campaign by [§], B06 — test campaign by [9], PB15 —
test campaign by [11], S15 — test campaign by [10]

ANALYSIS

A numerical study to assess the influence of different applied loading protocols on the force-
displacement behaviour of the wall is conducted in the following. First, the tested walls to be
simulated in the analysis are presented. Second, the numerical modeling approach is briefly
introduced. Subsequently, the methodology of how to vary the loading protocols systematically to
single out influencing parameters is described. Concluding the results of the analyses are
presented, interpreted and conclusions are drawn.

Analysed wall tests

The analysed walls are from two experimental studies of the same masonry typology. The tests
were performed as quasi-static cyclic shear-compression tests in which the axial load was kept
constant and the walls were subjected to drift cycles of increasing amplitude. For the analysis two
walls from each test campaign with identical geometry but subjected to different axial loads were
chosen. The two specimens T1 and T3 from the test campaign by Salmanpour et al [10] were



subjected to double bending, showed diagonal shear cracking and failed in shear. T3 was tested
under a higher axial load than T1. Specimens PUP3 and PUP4 by Petry & Beyer [11] were tested
under a shear span of 1.5 times the wall height and exhibited rocking along with toe crushing. The
only difference was, again, the axial load the walls were subjected two in the tests. The wall
parameters are listed in Table 1.

Table 1: Chosen wall tests from literature to be used in the study

L H H()/H /’lB lB (] MU C fu fB,c E 5ult
[mm] [mm] [-] [mm] [mm] [MPa] [-] [MPa] | [MPa] | [MPa] | [MPa] [%]
T1 2700 2600 0.50 190 290 0.58 0.48 0.26 5.80 26.3 3550 0.28
T3 2700 2600 0.50 190 290 1.16 0.48 0.26 5.80 26.3 3550 0.22
PUP3 | 2010 2250 1.50 190 300 1.05 0.94 0.27 5.86 35.0 3550 0.70
PUP4 | 2010 2250 1.50 190 300 1.54 0.94 0.27 5.86 35.0 3550 0.36

Name

Numerical model

The walls are analysed on the finite element platform Abaqus 6.14 [25] using the modeling
approach and a material subroutine by Aref & Dolatshahi [26]. The simulation is carried out as
dynamic analysis with an explicit solution procedure.

The modeling approach is presented in more detail in [26] and is based on the works of Lourenco
[28] as well as Oliviera et al [29]. In this 3D meso-scale modeling procedure, the bricks are
expanded on each side by half the mortar joint width and are modelled as solid elements (C3D8R).
Zero-thickness interface elements (COH3D8) are placed between the bricks representing the bed-
and head-joints. Additionally, the same interface elements (COH3DS) are introduced vertically in
the middle of each brick representing a possible fracture plane.

The material behaviour of the solid elements that represent the bricks is described with the
‘Concrete Damaged Plasticity model’, which is already implemented in Abaqus 6.14. This permits
to explicitly simulate brick crushing. The behaviour of the interface elements follows the above-
mentioned material subroutine, which is based on a plasticity model featuring an exponentially
degrading yield surface in tension and shear. This approach allows for a simulation of bed-joint
sliding and horizontal flexural cracking due to uplift in the bed-joints.

Validation of numerical model

To validate the numerical approach, the cyclically increasing loading protocols from the respective
test campaign are applied on the considered walls. Figure 2 shows the shear force-drift curves from
the respective test and the corresponding numerical simulation while Figure 3 shows the deformed
shape per wall including the plastic equivalent strain distribution, which represents a measure for
the occurring damage. As visible, there is a fairly good fit for all four considered walls including
the deformed shapes that look reasonable for the respective wall behaviour types; diagonal
cracking and damage within the whole wall area for shear dominated walls—Figure 3a, b—and
rocking along with a concentration of the damage at the wall toe as can be seen in Figure 3c, d.
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Figure 2: Shear force-drift curves of tests and numerical analysis, (a) T1 by [10], (b) T3 by
[10], (c) PUP3 by [11], (d) PUP4 by [11]

(b) (©) (d)

Figure 3: Corresponding deformed shape and plot of plastic equivalent strains near
ultimate drift for (a) T1 by [10], (b) T3 by [10], (¢) PUP3 by [11], (d) PUP4 by [11]
Methodology

After the validation of the numerical model with the cyclic loading protocol from the tests, the
loading protocols are varied in a systematic manner to isolate different influencing factors on the
global load-displacement behaviour. The resulting set of loading protocols is shown in Table 2.

1. Monotonic loading
1l Cyclically increasing loading protocols with drift limits (J:) according to FEMA 461
[19]
1il. Change of the number of cycles (n1) per drift limit from one to three.
iv. Change of the mean of the drift limits mean(d:) (so far zero since reversed cyclically

increasing) by using non-reversed cyclically increasing loading protocols with drift
limits according to FEMA 461 [19].

v. Change of the number of cycles (n1) per drift limit is changed for the non-reversed
cyclic loading protocols.



Table 2: Set of cyclically increasing loading protocols used for each of the considered walls

Name reference J; n n; mean J; [%]

Monotonic - 1 1 0.50
F461NC1 10 1 0.17
F461NC3 10 3 0.17
F461RC1 FEMA 461 [19] 10 1 0
F461RC2 10 2 0
F461RC3 10 3 0
PB15RC2 Petry & Beyer [11] 11 2 0

S15RC3 Salmanpour et al. [10] 14 3 0

n ... number of different drift limits up to a reference drift of 1 %, n; ... cycles per drift limit, mean
oi calculated up to reference drift of 1 %

RESULTS

The results are presented and interpreted with regard to the following parameters: the peak shear
capacity (Vp), the corresponding drift (opr), the effective stiffness (kef)—the stiffness of the system
at first attainment of 0.7 Vp, the ultimate drift capacity (du:)—the drift in the post-peak range at
which the maximum attainable shear force drops below 0.8 Vp and the dissipated energy (e4) up to
ultimate drift. The four considered walls were all subjected to the same set of loading protocols
(see Table 2) while keeping all other boundary conditions constant.

Shear dominated walls

Figure 4 compares the shear force-drift envelops of the computed responses for the two considered
shear dominated walls. Apparently, the ultimate drift capacities vary quite strongly depending on
the used loading protocol. Monotonic loading leads to around twice as high a drift capacity than
the reversed-cyclic loading protocol used in the test which seems to confirm experimental
observations in [7] and [23]. Furthermore, the peak shear capacity is higher for monotonic than for
cyclic loading. These observations hold true for both considered shear controlled walls.
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Figure 4: Envelops of shear force-drift responses as obtained in the test and simulations
under different loading protocols including indication of attained ultimate drift in a
simulation, (a) wall T1, (b) wall T3

A more detailed look on characteristic parameters can be obtained by comparing them in a
normalised manner with respect to the used loading protocol which is done in Figure 5. Both the



ultimate drift capacity (dur) and the drift at peak shear strength (Jr) reduce significantly for non-
monotonic loading protocols with the strongest decrease for the reversed-cyclic ones. Apparently,
a change of the number of cycles (n:) per drift limit does not influence the drift capacities as
strongly, despite one outlier in Figure 5a: wall T1 subjected to loading protocol F461RC1. Here
the shear force dropped rather late below the 0.8 Vp threshold but already approached it very
closely around the ultimate drift capacities related to the loading protocols with a higher 7.
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Figure 5: Trends in characteristic values (effective stiffness—k.y, peak shear force
capacity—Vp, corresponding drift—op, ultimate drift—o..) with changing loading
protocols for (a) wall T1, (b) wall T3

It is also interesting to see that for a lower axial load—corresponding to wall T1, Figure Sa—the
ultimate drift is already significantly lower for non-reversed cyclic loading protocols than in the
monotonic case. Higher axial loads (wall T3 in Figure 5b), in contrast, seem to lead to comparable
ultimate drift capacities for monotonic and non-reversed loading protocols and the drop to about
50 % of the monotonic drift capacity happens only for the reversed cyclic ones. The effective
stiffness (ke) seems to generally show an increase from monotonic to reversed-cyclic loading and
as for the shear force capacity (Vp), it shows the opposite trend: a decrease for an increase in
seismic demand. Concerning the dissipated energy, the trend is less clear but s seems to be rather
constant for non-reversed (and monotonic) loading protocols. Furthermore, it is higher for
reversed-cyclic loading protocols than for non-reversed ones.

Flexure dominated walls

The shear force-drift envelops of the flexure dominated walls subjected to different loading
protocols are presented in Figure 6. Unlike for shear dominated walls, the scatter in ultimate drifts
is significantly less pronounced hinting at a strongly reduced influence of the seismic demand on
the force and drift capacities of the wall.

Figure 7 shows a more detailed insight, revealing that the effective stiffness and the dissipated
energy increase for reversed-cyclic loading protocols. All the other parameters stay more or less
constant notwithstanding the applied loading protocol.
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Figure 6: Envelops of shear force-drift responses as obtained in the test and simulations
under different loading protocols including indication of attained ultimate drift in a
simulation, (a) wall PUP3, (b) wall PUP4
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Figure 7: Trends in characteristic values (effective stiffness—k.y, peak shear force
capacity—Vp, corresponding drift—op, ultimate drift—o..) with changing loading
protocols for (a) wall PUP3, (b) wall PUP4

Discussion of results

One explanation for the difference between shear and flexure dominated walls concerning the
influence of the seismic demand on the wall force and drift capacities could be the impact of
localized damage. In shear controlled walls, large parts of the wall show damage (see Figure 3a,
b) and, hence, contribute to the wall capacity. The lower the seismic demand, the lower the overall
damage, e.g. monotonic loading will only damage approximately half of the wall area than cyclic
loading will. As a consequence, the higher the overall damage, the lower are the drift and shear
force capacities. The characteristic parameters in flexure dominated walls (drift and force
capacity), however, are dependent on a more localized concentrated zone around the wall toe (as
can be seen in Figure 3¢, d). Hence, as soon as there is failure in this zone, the wall shows ultimate
failure which significantly reduces its susceptibility to a change in seismic demand.

It seems that cyclically increasing loading protocols with rather high seismic demands—that are
usually used—are a safe and conservative way of testing. The number of cycles (n1) per drift limit



seems not to be very significant. The important aspect is the drift limit mean, with a mean of zero
(e.g. reversed cyclic loading) imposing maximum damage and, hence, causing the lowest drift
capacities. However, apparently shear dominated walls can support higher drifts if they are loaded
in a non-reversed manner which might happen for structural elements in real earthquake conditions
due to the ratcheting effect [5].

However, the presented results are only based on a limited number of simulations of certain wall
configurations. The observed trends strictly apply for a wall aspect ratio of around one—the aspect
ratio of the simulated walls. As mentioned, the effect of the load history on force and drift capacity
depends mainly on the damage pattern, which might be different for other wall aspect ratios.
Furthermore, only one masonry typology was considered in this study; walls with vertically
perforated clay units, normal strength mortar (compressive strength of 5 to 10MPa) and bed-joints
of normal thickness (~1cm). Therefore, the presented study should be regarded as a preliminary
research approach that provides first indications on the influence of the load history on the wall
force-displacement behaviour. It is, moreover, suggested to validate the identified trends with an
extensive experimental campaign.

CONCLUSIONS

This article investigates the influence of the seismic demand on the capacity of URM walls loaded
in-plane by means of a numerical study. Four walls tested in literature (two shear dominated and
two flexure controlled) are simulated and subjected to different loading protocols.

Shear dominated walls show a rather strong dependency of ultimate drift and drift at peak strength
on the seismic demand—the drift capacity for reversed-cyclic loading can be up to 50 % lower
than for monotonic loading. Furthermore, a negative trend for peak shear capacity vs seismic
demand and a positive one for the effective stiffness can be observed. Generally it seems that the
number of cycles per drift limit does not have that much of an influence on effective stiffness,
strength and deformation capacity of the walls but rather the loading protocol mean, with a mean
of zero—reversed-cyclic loading protocols—Ileading to the most conservative results. It seems that
cyclically increasing loading protocols with rather high seismic demands—that are usually used—
are a safe and conservative way of testing. The testing in a reversed manner achieves maximum
damage in the shear controlled wall and, hence, yields a conservative estimate of peak shear
strength and drift capacities.

The force-displacement behaviour of flexure dominated walls, on the contrary, appears not to be
sensitive to a change in seismic demand apart from an increasing effective stiffness between non-
reversed and reversed cyclic loading protocols. Hence, for flexure controlled walls, monotonic
tests might be sufficient to obtain the parameters necessary for seismic design.

The presented results are based on numerical simulations. An experimental campaign that
explicitly investigates the influence of the seismic demand on stiffness, force and drift capacities
of unreinforced masonry walls should, therefore, be carried out to validate the identified trends.
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