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Abstract

Empirical drift capacity models for in-plane loaded unreinforced masonry (URM) walls are derived from
results of quasi-static cyclic tests. The experimentally determined drift capacities are, however, dependent on
the applied demand, i.e., on the loading protocol that is used in the test. These loading protocols differ between
test campaigns. The loading protocols applied in tests are also different from the displacement histories to
which URM walls are subjected in real earthquakes. In the absence of experimental studies on the effect of
loading histories on the wall response, this article presents numerical simulations of modern unreinforced clay
block masonry walls that are subjected to different loading protocols. The study shows that the force capacity
is not very sensitive to the loading protocol. The drift capacity of walls failing in shear is, however, rather
sensitive to the loading protocol while the drift capacity of walls failing in flexure is not as sensitive. The
largest difference in drift capacity of up to 100 % is observed between monotonic and cyclic loading for shear

controlled walls under double fixed boundary conditions and low axial load ratios.

Keywords: unreinforced masonry wall, quasi-static cyclic test, displacement demand, displacement capacity,

drift, load history, loading protocol



1 Introduction

Displacement-based seismic assessment of unreinforced masonry (URM) buildings requires as input—among
other parameters—the nonlinear force-displacement response of the in-plane loaded URM walls. The latter is
often approximated by a bilinear curve, which is described by the effective stiffness, the peak shear strength
and the drift capacity of the wall, drift being the horizontal displacement divided by the wall height. In many
codes [1-4], drift capacities are determined with empirical models that have been fitted to data of quasi-static
cyclic shear-compression tests of URM walls. Yet, the drift capacities of URM walls seem to depend on the
load history to which the walls are subjected to during the test. To the author’s knowledge, the only pairs of
URM walls tested using different loading protocols (monotonic vs. reversed-cyclic) stem from campaigns by
Ganz & Thiirlimann [5] and Magenes & Calvi [6]. As mentioned in [7], the cyclic tests led to a slightly greater
effective stiffness and a slightly smaller shear force capacity when compared to the monotonic tests. The most
significant effect was observed for the drift capacity, for which the one obtained from the cyclic test was only

about half that from the monotonic test.

In a test campaign on reinforced masonry walls by Tomazevic et al. [8] multiple identical specimens were
subjected to different loading protocols: monotonic loading, reversed-cyclic loading and reversed-cyclic
loading superimposed with an additional sine function as well as a load history corresponding to a simulated
earthquake. While the two cyclic loading protocols led to similar force and drift capacities as the simulated
earthquake, the shear force and drift capacities obtained from the monotonic tests were significantly greater.
Therefore, the loading protocol used in quasi-static cyclic tests appears to influence the outcome of those tests
[9,10]. However, loading protocols differ between test campaigns (e.g. [5,11-14]). The most common loading
protocols comprise cycles of zero mean with increasing amplitudes but both the applied drift limits and the
number of cycles per drift limit vary; examples of loading protocols are given in [10,15-23]. Moreover, the
loading caused by areal seismic event might be rather different from the loading histories applied in laboratory

tests.

The cumulative drifts Zabs(d;) up to a reference drift capacity of 1% that result from loading protocols designed
for test campaigns on full-scale masonry walls loaded in-plane are compared in Figure 1a. The plot shows that

the cumulative drifts of the various protocols differ by as much as a factor of four. All loading protocols that



were effectively used in test campaigns on masonry walls (B04, B06, PB15, S15) imposed a higher cumulative
demand than the loading protocols that were derived to represent the demand in regions of low to moderate
seismicity (protocol MBL by Mergos & Beyer [10]). As a result, the drift capacity obtained from these tests
might be smaller than that of a corresponding wall when subjected to the demand of a design level earthquake
from a region of low to moderate seismicity. Note that the protocols MBL and MBH depend on the

fundamental period 7 of the structure and yield therefore a range of values as 7" was assumed to vary between

0.1 and>0.5s.
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Figure 1: (a) comparison of the cumulative drift up to a reference drift capacity of 1 % (MBL — Mergos & Beyer [10] full
range of considered periods of structures for regions of low to moderate seismicity, MBH — Mergos & Beyer [10] full
range of considered periods of structures for high seismicity regions, F461 — FEMA461 [22], B04 — protocol used in test
campaign by [11], B06 — protocol used in test campaign by [12], PB15 — protocol used in test campaign by [14], S15 —
protocol used in test campaign by [13]; (b) loading protocol with non-zero mean of drift limits introducing number of
drift limits #, number of cycles per drift limit 7, and drift limit mean

The load histories to which URM walls are subjected during real earthquakes or laboratory tests might differ
with regard to (i) the applied drift limits J;, (ii) the sequence of those drift limits, (iii) the number 7, of cycles
per drift limit and (iv) the mean of the drift cycles (Figure 1b). This paper investigates through numerical
studies the influence of these parameters on the force-displacement response of URM walls. The effect of the
strain rate on the force-displacement response, which is a further parameter that differs between typical

laboratory and real loading conditions, is not investigated here.

In the following, a numerical study is carried out simulating quasi-static cyclic tests on URM walls for different

loading protocols. The numerical model is explained and validated in Section 2. In Sections 3 to 4, the



parametric study is outlined and the results are presented, interpreted and conclusions on the effect of the load
history on the URM wall response are drawn. A first simple model that accounts for load history effects on the

drift capacity of walls failing in shear is proposed in Section 5.

2 Analysis procedure

A numerical study is performed to assess the influence of the load history on stiftness, strength and deformation
capacity of URM walls. The simulated walls are modern clay block masonry walls with joints of normal
thickness (~1 cm), which have been tested with one loading protocol experimentally. First, the wall
configurations are presented, which correspond to wall configurations that have been tested experimentally for
a reversed-cyclic loading protocol. Second, the numerical modeling approach, the material laws and

parameters are introduced. Finally, the numerical model is validated against the experimental results.

2.1  Wall configurations

The analysed wall configurations stem from two experimental studies on the same masonry typology: walls
made of vertically perforated clay blocks with normal thickness bed-joints and normal strength mortar. All
tests are quasi-static cyclic shear-compression tests in which the axial load was kept constant and the wall was
subjected to cycles of horizontal drifts of increasing amplitude. From each experimental study, two walls are
analysed, which have identical dimensions but are subjected to different static boundary conditions. They were
chosen to cover various types of failure modes. The two walls of the first study, T1 and T3 [13], fail due to
diagonal shear cracking. They were both subjected to double-bending but differed with regard to the applied
axial load. The walls of the second study are PUP3 and PUP4 [14], which developed a flexure controlled
behaviour including rocking and toe crushing. The two walls differed again with regard to the axial load ratio.

Both walls were tested applying a constant shear span of 1.5 times the wall height.

Table 1: Walls simulated to validate the numerical model.

L H hg IB Oy ﬁ, jfB,c HO/H O'O/fu
Name/no. Reference
[mm] [mm] [mm] [mm] [MPa] [Mpa] [Mpa] [-] [%0]
Tl [13] 2700 2600 190 290 0.58 5.80 26.3 0.5 10
T3 [13] 2700 2600 190 290 1.16 5.80 26.3 0.5 20
PUP3 [14] 2010 2250 190 300 1.05 5.86 35.0 1.5 18
PUP4 [14] 2010 2250 190 300 1.54 5.86 35.0 1.5 26




L: wall length, H: wall height, /5: brick length, /5: brick height, o,: axial stress applied at the beginning of the test, f,;:
compressive strength of masonry, f3 .: compressive strength of brick, H, / H: shear span-to-wall height ratio, oy/f,: axial
load ratio

2.2 Numerical model

The masonry walls are simulated in Abaqus 6.14 [24] using the modelling approach and a material subroutine
developed by Aref and Dolatshahi [25]. The simulation is conducted as a dynamic analysis with an explicit

solution method.

2.2.1 Modelling approach

The modelling strategy is presented in more detail in [25] and is based on the works of Lourengo [26] and
Oliviera et al. [27]. The model is a simplified micro-model in 3D. In this model, the bricks are modelled by
solid elements (C3D8R) and the joints as interface elements (COH3DS). Since the interface elements have
zero thickness, the bricks are expanded on four sides by half the mortar joint width. The interface elements
placed between the bricks represent the bed- and head-joints and will be referred to as horizontal and vertical
joints, respectively. Further interface elements (COH3D8) are introduced vertically in the middle of each brick

representing a possible fracture plane through the brick. These elements will be referred to as middle joints.

2.2.2 Solid elements

The bricks are modelled as solid elements with a size of /.y ~ 7.5 cm and #,,.,, ~ 10 cm varying slightly
between the two chosen walls due to their different brick sizes. The ‘Concrete Damaged Plasticity’ model,
which is available in the material model library of Abaqus, is assigned to the solid elements. The elastic
modulus of the brick is estimated based on the brick compressive strength (E, = 400 f3.); it differs for the two
test campaigns (T1, T3: E,=10’520 MPa, PUP3, PUP4: E,=14°000 MPa) The inelastic stress-strain
relationship in compression follows the formulation by Kaushik et al. [28]. In tension, the pre-peak response
is linear while the post-peak response follows the exponential law a;, = f3, exp(- &;,, 103). The compressive
brick strength f3. and the masonry compressive strength £, had been determined in material tests in both
experimental campaigns [13,14] while and the brick tensile strength /3, was only investigated by [14] and taken

as constant for both wall sets as the same masonry typology was used. For the dimensionsless parameters of



the concrete damage plasticity model the suggested default parameters for concrete are used [24], which are

reproduced in Table 2.

Table 2: Parameters used for the material description of the solid elements in the ‘Concrete Damaged Plasticity’ model

Series E Ju o v v € 050/0c0 K. 1z
[MPa] [MPa] [MPa] [-] [deg] [-] [-] [-] [-]

T 10°520 5.86
1.27 0.15 31 0.1 1.16 2/3 0

PUP 14’000 5.80

Nomenclature following [24]; Eb: elastic modulus brick, f,: compressive strength masonry, f3: tensile strength brick, v:
Poisson’s ratio, y: dilation angle for flow potential equation, ¢: eccentricity, parameter in flow potential equation,
opoloe: ratio of initial equibiaxial compressive yield stress to initial uniaxial compressive yield stress, K.: constant in
function describing yield surface, u: viscosity parameter representing relaxation time of viscoplastic system in
viscoplastic strain rate tensor

To account for a confinement effect at the wall base, which leads to higher compressive strengths of masonry
in the first row of bricks as has been shown in tests by e.g. [29], the first brick row for the flexure controlled
walls (PUP3 and PUP4, of which the failure mode is governed by toe crushing at the wall base) are assigned
twice the masonry compressive strength f,. In the absence of a better method to quantify the confinement effect
at the walls base, this approach has already been chosen in analytical modelling of the force-displacement

behaviour of URM walls by [30,31] and was found to yield good estimates of force and drift capacities.

2.2.3 Interface elements

The behavior of the interface elements is described by a user-defined VUMAT subroutine developed by Aref
and Dolatshahi [25]. The subroutine describes the joint behaviour based on a plasticity model featuring an
exponentially degrading yield surface in tension and shear. The slope of degradation is defined by the
respective fracture energies (tension: G//, shear: G,). The model accounts for a straight tension cut-off (at the
tensile strength f;) and a Mohr-Coulomb friction law with friction coefficient tan @ and cohesion c. The cyclic
degradation of the elastic normal (k,) and shear (k) stiffness of the joints is based on plastic multipliers and
a degradation parameter (x/x;) [32]. The degradation of the shear stiffness £, is limited to 20 % of its initial
value, which was found to capture the stiffness of the final cycles rather accurately. The normal stiffness £, is
only reduced in tension while it is set to its initial value upon compressive re-loading to properly simulate the
opening and closing of horizontal flexural cracks in bed-joints [25]. The chosen material and degradation

parameters are listed in Table 3 with the origin of the parameters being summarised in Table 4.



Table 3: Parameters used to model the joints

Hor. joint Vert. joint Mid. joint Hor. joint Vert. joint Mid. joint

1 [MPa] 0.14 0.04 1.27 0.14 0.04 1.27
G/ [J/m?] 125 34 107 125 33 107
c [MPa] 0.26 0.07 1.91 0.27 0.07 1.91
tan @ [-] 0.94 0.94 0.75 0.94 0.94 0.75
G/ [J/m?] 1250 339 1068 1250 326 1068
ki [N/mm?] 28.9 7.81 400 25.4 11.1 400
kg y [N/mm?] 5.93 1.62 400 5.54 2.44 400
K1/K, [-] 0.76 0.76 0.76 0.76 0.76 0.76

With the nomenclature according to [25]; f;: tensile strength, G,: tensile softening energy, c: cohesion, tan @:
friction coefficient, G/ shear softening energy, k,: normal stiffness of joints, k,,: transverse stiffness of joints,
K1/k;: stiffness degradation factor

Table 4: Origin of parameters used to model the joints

Parameter T-series PUP-series

Hor. joint Vert. joint Mid. joint Hor. joint Vert. joint Mid. joint
f Eq. (1) Sinor /4 Test [14] Eq. (1) Sohor /4 Test [14]

G/ assumed Eq. (7) Eq. (8) assumed Eq. (7) Eq. (8)

c Test [13] Eq. (1) Eq. (1) Test [14] Eq. (1) Eq. (1)
tan @ Test [14] Test [14] assumed Test [14] Test [14] assumed
ky Eq. (2) Eq. (2) very high Eq. (2) Eq. (2) very high
ksxy Eq. (4) Eq. (4) very high Eq. (4) Eq. (4) very high

K1/K, [32] [32] [32] [32] [32] [32]

Assuming a bi-linear approximation of a parabolic initial yield surface in the tension-shear domain, the tensile

strength (f;) can be given based on the cohesion (c) and the friction coefficient (tan®):

c
fe= 2tang

)

The equivalent elastic normal stiffness of a zero-thickness interface element representing a wall bed-joint
(horizontal joint) can be determined from the elastic modulus of the mortar (E£,,) and the brick (£,) as well as
the thickness of a mortar joint (4,,) (as presented in e.g. [26]):

1 EmEb

k =——F—+—
" hmEb_Em

2



The elastic modulus of the mortar can be back-calculated from the brick elastic modulus and the Young’s

modulus of the composite material masonry (£,,.), which is often determined in tests, using:

H
Em=—m
H,+H, H, 3)
E " E
mas b

where H,, is the combined mortar joint thickness and H,, denotes the sum of brick heights along the wall height.
Similar to Eq. (2), the equivalent elastic shear stiffness of a zero-thickness interface element representing a
wall bed-joint can be obtained from the mortar (G,,) and the brick (G,) shear moduli:

1 Gme

ksx,y B hme - Gm

“4)

The mortar shear modulus can, parallel to Eq. (3), be back-calculated from the shear modulus of the masonry

(G,.4s) and the shear modulus of the brick:

H
G ="
Hb+Hm Hb (5)
Gmas Gb

The brick shear modulus can approximately be obtained using elasticity theory:

E,

b= 201 +v) ©

G

with v being the Poisson’s ratio of the brick (see Table 2). The shear modulus of the composite material
masonry is estimated according to [30] based on the elastic modulus using G,,,; = 0.25 E,,, as the provisions
in Eurocode 6 Part 1 [33] and FEMA 356 [3], G,..s = 0.40 E,,.,, seem to be too high for structural elements in

masonry, e.g. [34].

The stiffness of the interface elements representing the head-joints (vertical joints) can be obtained
corresponding to Eq. (2) and (4) with the elastic modulus and the shear modulus of the mortar assumed to be
one third of the moduli used in the computation of the stiffnesses of the horizontal joints. The stiffnesses of
the middle joints representing possible crack planes in the bricks are set to a very high value (around one order
of magnitude higher than the stiffness of vertical and horizontal joints) to minimize any influence on the brick

stiffness until cracking of the brick starts. It, however, shall not be chosen as too high a value, for the highest
8



stiffness in the system plays a role in determining the time step used in the explicit dynamic analysis—the

higher the stiffness, the smaller the time step, the longer is the analysis.

The fracture energy in tension for the vertical joints is assumed to be proportional to the fracture energy of

mode I of the horizontal joints times the ratio of the horizontal and vertical joints’ tensile strengths:

I I ft,vert

G =G, —— (7
fvert f,hor ft,hor

The mode I fracture energy of the middle joints is obtained integrating the inelastic tensile law assigned to the

bricks on the stress-displacement level.

w.

Gf,nllid = _r o, (wdw (8)
0

with the displacements (w) being the inelastic strains (g;,) times a characteristic length of around 7.5 cm based

on the mesh size.

2.3 Validation of the model

The numerical model is validated simulating T1, T3, PUP3 and PUP4 applying the loading protocol used in
the respective tests and comparing numerical to experimental results. Figure 2 shows the shear force-drift
curves from the individual tests and the corresponding numerical simulation. Figure 3 includes photos of the
physical walls at failure. Furthermore the equivalent plastic strain distribution in the solid elements is
presented. Equivalent plastic strains (€yeeq) in Abaqus [13] are a scalar measure computed from the plastic
strain components (g,) using épccq =(2/3 épl : épl)”z for classical van Mises plasticity. Within the concrete
damaged plasticity model, it represents the equivalent plastic strain in uni-axial compression, i.e. it is a measure
of how far the current stress-strain state in the element has progressed along the assigned in-elastic uni-axial
stress-strain law in compression and is defined as: Iépeeq dr. As such it is a good measure of brick crushing. In

addition, the deformed shapes of the simulated walls near ultimate drift are provided as well.

For all four walls, the numerically simulated force-displacement response matches the experimental one rather
well and also the equivalent plastic strains roughly match the real brick damage patterns. From the deformed

shapes it can be seen that bed-joint sliding and uplift in the bed-joints seem to be well captured by the



subroutine. This applies for all observed failure modes, i.e., bed-joint sliding, diagonal cracking and damage
within the whole wall area for shear dominated walls (Figure 3a, b) and rocking along with a concentration of

damage at the wall toe in the flexure controlled walls (Figure 3c, d).

—— Test —— Simulation

250 150

200
E 150 100
N 100 50
] 50
: X ° |
g -100 —50
= -150 _
“ 4 200 100

-150 —250 —-150 . -150
-04 02 0 02 04 0402 O 02 04 -1 05 0 05 1 06 03 0 03 06
Drift 6 [%] Drift § [%] Drift 6 [%] Drift § [%]

Figure 2: Shear force-drift curves of tests and numerical analysis, (a) T1 by [13], (b) T3 by [13], (c) PUP3 by [14], (d)

PUP4 by [14]
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Figure 3: Top row: photos of test specimens at failure, middle row: plastic equivalent strains in solid elements near
ultimate drift, bottom row: deformed shapes (20 times magnified) near ultimate drift for (a) T1 by [13], (b) T3 by [13],

(c) PUP3 by [14], (d) PUP4 by [14]
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Table 5 provides a quantitative comparison between simulations and tests. It compares the results with regard
to the peak shear capacity Ve, the effective stiffness and the ultimate drift. The effective stiffness is the
stiffness of the wall when first attaining 0.7 V., and the ultimate drift is defined as the drift in the post-peak
range at which the shear force of the envelope response drops for the first time below 0.8 Vp,,. For all three
quantities, the mean ratio of simulation to test result is approximately 0.90 and the standard deviation 0.15.

Table 5: Validation of numerical model by means of comparison to test results of peak shear capacity, effective stiffness

and ultimate drift

Wall Vpear [KN] kor [KN/mm] Our [%0]

Name Sim Test S/T Sim Test S/T Sim Test S/T
Tl 137 144 0.95 75 73 1.03 0.31 0.28 1.11
T3 213 197 1.08 76 107 0.71 0.20 0.22 0.91

PUP3 102 118 0.86 34 38 0.89 0.50 0.70 0.71

PUP4 127 143 0.89 38 46 0.83 0.33 0.36 0.92

Mean 0.95 0.86 091
Std 0.10 0.13 0.16

3 Parametric study

To investigate the influence of the loading history on effective stiffness, strength and drift capacity of URM

walls, a series of wall configurations (Section 3.1) is subjected to a number of loading protocols (Section 3.2).

3.1  Wall configurations analysed in the parametric study

The wall configurations analysed in the parametric study correspond to the wall tests against which the
numerical model was validated (Section 2.1). As the analysis of the shear dominated walls (T1 and T3) showed
a significant dependency of wall capacities on the loading protocol (Section 4), the wall configuration of the
first test series are analysed for various axial load ratios and shear spans. All considered wall configurations

are listed in Table 6.

Table 6: Walls simulated in the parametric study. Walls in bold are configurations that have been tested experimentally.

L H hB ZB Oy fu fii’,c HO/H (o] /f,‘,
Name/no. Reference
[mm] [mm] [mm] [mm] [MPa] [Mpa] [Mpa] [-] [%]
T1 [13] 2700 2600 190 290 0.58 5.80 26.3 0.5 10
2 - 2700 2600 190 290 0.58 5.80 26.3 1.0 10
- 2700 2600 190 290 0.87 5.80 26.3 0.5 15
4 - 2700 2600 190 290 0.87 5.80 26.3 1.0 15
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T3 [13] 2700 2600 190 290 1.16 5.80 26.3 0.5 20

- 2700 2600 190 290 1.16 5.80 26.3 1.0 20

- 2700 2600 190 290 1.45 5.80 26.3 0.5 25

- 2700 2600 190 290 1.45 5.80 26.3 1.0 25

9 - 2700 2600 190 290 1.74 5.80 26.3 0.5 30
10 - 2700 2600 190 290 1.74 5.80 26.3 1.0 30
PUP3 [14] 2010 2250 190 300 1.05 5.86 35.0 1.5 18
PUP4 [14] 2010 2250 190 300 1.54 5.86 35.0 1.5 26

L: wall length, H: wall height, /5: brick length, /z: brick height, g,: axial stress applied at the beginning of the test, f,:
compressive strength of masonry, f3.: compressive strength of brick, H, / H: shear span-to-wall height ratio, oy/f,: axial
load ratio

3.2 Loading protocols for the parametric study

A widely used loading protocol for quasi-static cyclic tests is the protocol defined by FEMA 461 [22]. It has
been proposed for tests on structural and non-structural members without further specifying the material or
member type and all other loading protocol variations will be based on it. The protocol consists of a series of
zero-mean drift cycles with increasing amplitudes. FEMA 461 recommends to apply two cycles (n; =2) per
drift limit §; and more than 10 drift limits before failure (z > 10). The total number of cycles is therefore n; x
n. The amplitude is increased following the relation d;+; = 1.4 J;. This protocol is defined by the number of
cycles per amplitude 7;, the total number of drift limits #, the starting amplitude d, and the maximum drift

limit J,,,.. An example of this loading protocol for n,=2, n=10, §,=0.05% and 9,,,,=1% is shown in Figure 4a.

In order to investigate the influence of the parameters that characterize the load history (number of drift limits
n, cycles per drift limit #,, drift limit mean and drift limit sequence) on stiffness, strength and in particular drift
capacity of URM walls, the various loading protocols are applied to the wall configurations listed in Table 6.

These are the following loading protocols:

i.  Loading protocols as applied in the tests (for the validation of the numerical model, Section 2.3).
ii. ~ Monotonic excitation.
iii.  Cyclically increasing loading protocol with zero mean cycles according to FEMA 461 [22] (Figure
4a). All of the following variations are based on this protocol.
iv.  Loading protocol as in iii) but with different numbers of cycles (n,) per drift limit.

v.  Loading protocol as in iii) but with different numbers of drift limits (n).
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vi.  Loading protocol as in iii) but changing the mean of the cycles (mean(d;)) from zero mean as in FEMA
461, via two intermediate means to the non-reversed cyclic case (Figure 4b). The intermediate means
are obtained by reducing the drift limits in negative direction to 50% (Figure 4c) and 30% of the
corresponding positive ones respectively.

vii.  Non-reversed cyclic loading protocols for various numbers of excursions (n;) per drift limit and
various numbers of drift limits (»).

viii.  Two random permutations of the reference loading protocol iii) (Figure 4d) to investigate a possible

influence of the drift limit sequence.
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Figure 4: Different loading protocols to be used in the study, up to a drift limit of 1 % with drift limits according to FEMA
461 [22]: (a) reversed-cyclic with n;=2, (b) non-reversed-cyclic, n=2, (c) reversed-cyclic, n=3, (c) non-zero mean,
reversed-cyclic, n=2, (d) random permutation of protocol in Figure 4a

The resulting set of loading protocols can be roughly divided into four groups: Monotonic (M), Non-reversed
cyclic (NC), reversed-cyclic with a non-zero drift limit mean (MR) and reversed cyclic with a drift limit mean

of zero (RC). A summary of all loading protocols to be applied is presented in Table 7.

Table 7: Set of loading protocols used for each of the considered walls

No. for No. for " n mean &,
shear flexure Group Reference J; .
walls walls [-] [-] [7o]

1 1 Monotonic (M) - 1 1 0.50
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2 - Non-rev. cyclic (NC) FEMA 461 [22] 2 0.14
3 - Non-rev. cyclic (NC) FEMA 461 [22] 7 2 0.16
4 2 Non-rev. cyclic (NC) FEMA 461 [22] 10 1 0.17
5 - Non-rev. cyclic (NC) FEMA 461 [22] 10 2 0.17
6 3 Non-rev. cyclic (NC) FEMA 461 [22] 10 3 0.17
7 - Non-zero mean rev. cyclic (MR) FEMA 461 [22] 2 0.13
8 - Non-zero mean rev. cyclic (MR) FEMA 461 [22] 7 2 0.08
9 - Rev. cyclic (RC) FEMA 461 [22] 10 2 0
10 - Rev. cyclic (RC) FEMA 461 [22] 10 2 0
11 4 Rev. cyclic (RC) FEMA 461 [22] 10 1 0
12 5 Rev. cyclic (RC) FEMA 461 [22] 10 2 0
13 6 Rev. cyclic (RC) FEMA 461 [22] 10 3 0
14 - Rev. cyclic (RC) Salmanpour et al. [13] 14 3 0
- 7 Rev. cyclic (RC) Petry & Beyer [14] 12 2 0
15 8 Random permutation FEMA 461 [22] 10 2 ~0
16 9 Random permutation FEMA 461 [22] 10 2 ~0

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

4 Results of the parametric study

The influence of the load history on the effective stiffness k., the peak shear strength Vp,, the ultimate drift
capacity d,;, the drift at peak shear strength dp..; and on the dissipated energy ¢, is investigated in the following.
The dissipated energy is defined as the area of the force-displacement hysteresis loops up to the point of

ultimate drift.

4.1  Shear controlled walls

Figure 5, which shows the envelope curves of all simulations based on the specimens T1 and T3 [13],
highlights that the ultimate drift capacities J,;, which are indicated with vertical dashed lines for each
simulation, vary rather strongly between the various loading protocols. The effective stiffness and the force
capacity are significantly less sensitive to the applied loading protocol. For most wall configurations,
monotonic loading leads to around double the ultimate drift capacity than reversed-cyclic loading protocols.
This agrees with the experimental findings by e.g. Ganz & Thiirlimann [5] and Magenes & Calvi [6] (see
Section 1). Furthermore, Figure 5 indicates that walls subjected to low axial load ratios and small shear spans

are more sensitive to the load history.
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Figure 5: Envelope responses of the simulations for the analysed walls

A more detailed summary of the sensitivity of the characteristic parameters with respect to the load history is
presented in Figure 6. For each wall configuration, the values are normalised with regard to the maximum
value obtained for all loading protocols. The peak shear capacity (Vp.., Figure 6a) decreases by around 10 %
from the monotonic protocol to the reversed-cyclic one. The corresponding drift (Jp.., Figure 6b), however,
decreases rather strongly, in particular for walls with a low axial load ratio and a shear span ratio of 0.5. The
effective stiffness (k,; Figure 6c¢) varies significantly between non-reversed and reversed cyclic loading and is

smaller for the non-reversed cyclic protocols.

The ultimate drift capacity (d,,, Figure 6d) follows similar trends as the drift at peak force Jp,, but the ultimate
drift is in average even more susceptible to the load history than dp.. Its sensitivity seems to be particularly
strong for walls subjected to a low axial load ratio and a shear span of 0.5. However, also walls with a shear
span of one show a clear reduction in ultimate drift capacity, especially for low axial load ratios. It is interesting
to see that for low axial load ratios, any non-reversed or reversed cyclic loading protocol leads to a drift
capacity thatis approximately 50 % lower than the drift capacity obtained with the monotonic protocol. Higher
axial load ratios, on the contrary, lead to comparable ultimate drift capacities for monotonic and non-reversed

loading protocols and only reversed-cyclic protocols lead to a drop in drift capacity of about 50 %.
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Figure 6: Summary of development of characteristic parameters with applied loading protocols (normalised with respect
to the maximum value), (a) peak shear capacity, (b) corresponding drift, (c) effective stiffness, (d) ultimate drift capacity,
(e) energy dissipated up to ultimate drift, (f) ratio of maximum shear force in the negative loading direction, V5, to
maximum shear force in the positive loading direction, ¥, up to ultimate drift. Loading protocol groups: M—monotonic,
NC—non-rev. cyclic, MR—non-zero mean rev. cyclic, RC—reversed cyclic, zero mean

The dissipated energy &, seems to be rather constant for non-reversed (and monotonic) loading protocols but

increases considerably for reversed-cyclic ones.

It appears that the drift limit mean, which can be used to characterise the difference between monotonic, non-
reversed cyclic and reversed-cyclic loading has a significantly stronger influence on drift capacities and
effective stiffness than the number of different drift limits () or the cycles per drift limit (n;). This is illustrated
in Figure 7 for sets of loading protocols where only one parameter is changed at a time (only for Figure 7c,
more than one parameter changed in the loading protocol selection since it is shown beforehand that the other
parameters, n; and n, do not play a significant role as described in the following). While the mean and median
of the ultimate drift capacities do not show a significant trend with the number of drift limits » (Figure 7a) and
the cycles per drift limit 7; (Figure 7b), it clearly shows a positive trend for the mean of the drift limits (Figure

7¢). Yet, the simulations with a low axial load ratio of 10 % and a shear span ratio of 0.5 seem not to adhere
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to this trend. This is due to the influence of bed-joint sliding on the symmetry of the damage distribution in the

wall, which will be discussed explicitly in Section 4.3.2.
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Figure 7: Normalised ultimate drift capacity (with regard to monotonic loading) vs: (a) number of distinct drift limits #,

(b) number of excursions per drift limit 7, (c) mean of the drift limits up to reference drift of 1 %

4.2  Flexure dominated walls

The force-displacement response of flexure dominated walls (Figure 8a) is significantly less sensitive to the
load history than for shear controlled walls; as an example the variation of the drift capacity is plotted in Figure

8c. Only the effective stiffness shows a similar sensitivity than for shear controlled walls (Figure 8b).

(a) () (©)
%0 [— Monotonic 09 B e 800383
g —— Rev. cyclic used in test 0.8 8 8 0.8
: 200 (Petry & Beyer) . 0.73 s 0.7
2 —— All other PUP4 == 0.6 ™ 0.6
g 0.5~ =========mmm i 05f--mmm oo
2 00 -~ PUP3 E 0.4 S 0.4
g Ll 0.3 0.3 ot
@ i i 0.2 0.2 O 18% (PUP3)
o Tt 0-(1) 0.1 H/H=15 { 26% (PUP4)
0 02 04 06 08 1 1 2 3 4 5 6 1 1 2 3 4 5 6 17
Drift 5 [%] M| ~c RC | M| nC RC |
loading protocol loading protocol

Figure 8: (a) envelops of the simulated force-displacement responses for both walls, change of (b) effective stiffness in

considered flexure dominated walls with loading protocols, (c¢) ultimate drift capacity
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4.3  Discussion

4.3.1 Influence of damage localization

Shear controlled walls seem to be more sensitive to the load history than flexure dominated walls. The reason
for this difference appears to be the difference in damage distribution within the wall panel. In shear controlled
walls with a shear span of 0.5, large parts of the wall are subjected to inelastic deformations in tension (diagonal
cracks) or compression (brick crushing) (see Figure 3a, b). The higher the drift limit mean (skewness of the
loading protocol), the lower is the overall damage, e.g. monotonic loading will only damage approximately
half of the wall area while reversed-cyclic loading damages the entire wall area and therefore the drift capacity
obtained for monotonic loading is higher than the drift capacity obtained for reversed-cyclic loading. In this
case, the damages from the two loading directions intersect and damage from one loading direction may also
influence the force-displacement behaviour of the wall in the opposite direction of loading. Increasing the
shear span-to-wall height ratio from 0.5 to 1.0 leads to a localization of the damage at the wall toe, yet, diagonal
cracking still occurs in large parts of the wall so the decrease in ultimate drift with increasing cumulative drift
demand is not as pronounced anymore but still clearly discernable. In flexure dominated walls with a shear
span of 1.5, however, the damage localizes around the wall toes (as can be seen in Figure 3¢, d) whereas the
rest of the wall does not experience significant damage. Hence, as soon as crushing occurs in this zone, the
wall fails, which significantly reduces its susceptibility to the load history. Furthermore even for the case of
reversed-cyclic loading, the localized damaged regions do not intersect and seem not to significantly influence

the force-displacement behavior of the wall in the opposite loading direction.

4.3.2 Influence of bed-joint sliding

The drop in drift capacities in walls with a low axial load ratio as soon as any cyclic loading protocol is applied
can be attributed to bed-joint sliding. For high axial load ratios, sliding is not a dominant deformation mode.
Significant sliding leads to a more immediate decrease in drift capacity since it causes large plastic drifts that
need to be overcome when unloading and reloading in the other direction. Already unloading to zero drift
introduces therefore rather high shear loads and hence cracking and crushing in the second loading direction.

This results even for non-reversed cyclic loading protocols in a rather symmetric damage distribution
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throughout the wall. Figure 6f shows the normalized ratio of maximum shear force in the negative loading
direction to the maximum shear force in the positive direction (V,/ V) for the various applied loading
protocols. While walls with higher axial load ratios show generally moderate shear force ratios (V,/ V) of
below 0.5 for non-reversed loading protocols, walls with a low axial load ratio have significantly higher shear
force ratios. For high axial load ratios a strong reduction in drift capacity is therefore only observed for
reversed-cyclic protocols, while for low axial load ratios such a reduction is also observed for non-reversed

cyclic loading protocols.

4.3.3 Difference in effective stiffness

The analysis indicates a difference in effective stiffness between non-reversed and reversed-cyclic loading
protocols, with the effective stiffness for the latter being up to 50 % higher (see Figure 6¢). This can be
attributed to the very definition of the effective stiffness, which, as outlined previously, is computed herein as
the stiffness of the envelope response at first attainment of 0.7 times the peak shear capacity. Yet, this takes
typically place when the wall is already damaged and, hence, the cyclic force-displacement response features
a residual drift. Upon re-loading, in the reversed-cyclic case, this residual drift leads to a higher load level than
in the previous cycle. This is visualized in Figure 9a. Thus, the wall appears stiffer than for a monotonic or
non-reversed-cyclic protocol where this load level is only reached at a higher drift since no negative residual

drift has to be overcome.
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Figure 9: (a) representation of reason for difference in effective stiffness between reversed-cyclic and non-reversed
loading, shear force-displacement curves showing simulation of cyclic loading protocol according to FEMA 461 [22]

and random permutation of it for (b) wall T1 [13], (c) wall PUP3 [14]
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4.3.4 Sequence of drift amplitudes

The influence of the order of drift amplitudes was investigated by means of applying random permutations of
the reversed-cyclically increasing reference loading protocol according to FEMA 461 [22]. Figure 9b and ¢
show representative examples of force-displacement curves of a shear controlled wall (T1) and a flexure
controlled wall (PUP3) subjected to a random permutation of the FEMA 461 loading protocol. While the
behaviour of the shear controlled wall is sensitive to the sequence of drift amplitudes, this does not apply to
the flexure controlled wall. This supports the finding that flexure controlled walls are not very susceptible to a
change in load history while shear walls are. For a random permutation of the FEMA 461 loading protocol
higher shear force and drift capacities in the shear controlled wall are obtained than the original reversed-
cyclically increasing FEMA 461 protocol. Changing the order of drift limits in shear controlled walls by means
of a random permutation can lead to a less symmetric damage distribution throughout the wall and, thus, a
higher force and drift capacity. Hence, this loading condition will lead to force and displacement capacities in-
between monotonic and reversed-cyclic loading depending on the position of the largest amplitudes within the
entire loading protocol (e.g. largest amplitude first corresponds to monotonic loading, increasing drifts with
largest amplitude last corresponds to reversed-cyclic loading). Therefore, using a reversed-cyclically
increasing protocol, i.e., protocols such as in FEMA 461, the smallest values for strength and displacement

capacity are obtained.

4.3.5 Limitations of approach

The results of this study are based on 160 numerical simulations of various wall configurations. This approach
has of course some limitations. First, the observed trends strictly apply only for an H / L ratio of around one—
the wall aspect ratio of the simulated walls. It was demonstrated in the previous section that the effect of the
load history on stiffness, strength and drift capacity depends mainly on the damage pattern, which might
change for different wall aspect ratios. Second, the study was limited to one masonry typology, i.e., walls with
vertically perforated clay units and bed-joints of normal thickness with normal strength mortar. The numerical
study should, therefore, be regarded as a research approach that yields first insights into the effect of the load

history on the wall performance. For the future, it is recommended to validate the identified trends through an
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extensive experimental campaign that investigates explicitly the influence of the load history on the force,

stiffness and drift capacities of URM walls.

5 Correlation between ultimate drift capacity and load history

This section introduces a simple empirical model that links the drift capacity to the applied loading protocol.
It solely applies to shear controlled walls, because flexural walls were found to be insensitive to the load history
(see Section 4.2). As can be seen in Figure 10a, the cumulative drift demand does not correlate well with the
drift capacity. The analyses showed that the decrease in drift capacity for shear controlled walls seems to be
related to two main factors. The first factor is the axial load ratio, which can be seen as a measure for the extent
to which bed-joint sliding contributes to the wall deformations. Figure 10b shows that the lower the axial load
ratio, the higher is the scatter of ultimate drift capacities. The second factor appears to be the mean of the single
drift limits, which can be seen as a measure of the symmetry of loading and, hence, the damage in the wall,
e.g. a mean of zero (symmetric reversed-cyclic loading) leads to the most widely spread damage throughout
the wall resulting in a maximum decrease of drift capacity compared to the drift capacity under monotonic

loading, which only results in roughly half the damage.
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Figure 10: Normalised ultimate drift capacities (with respect to monotonic loading) vs (a) sum of drift limits, (b) inverse
of axial load ratio, (c) ‘skewness’ of loading protocol, (d) representative demand—walls with shear span ratio of 0.5, (e)

representative demand—walls with shear span ratio of one, (f) representative demand—all walls’

Based on these observations, the following representative demand (rd) measure is proposed:

Smax - 6minf u

rd = 5 o )]

max 0

The first term of Eq. (9) is a measure of the skewness of the load history. It is zero for a monotonic, one for a
non-reversed cyclic and two for a reversed cyclic loading protocol. Figure 10c¢ shows the normalized drift
capacities vs this first factor. The second part of Eq. (9) is the inverse of the axial load ratio and accounts for
the influence of bed-joint sliding. As can be seen in Figure 10d and e, the measure of the representative demand
correlates well with the decrease in ultimate drift capacity and can therefore be used to estimate the drift
capacity under any load history from the drift capacity under reversed cyclic loading with cycles of zero mean
(i.e., the most commonly applied loading protocols such as FEMA 461). It is suggested to approximate the

correlation function by the following bilinear relationship (Figure 10f):

rd
0 (1——)for0£rd< 10
6ult(rd) — ult,mono 20 E (10)
0.5 6ult’mono forrd > 10
With the lower bound estimate of:
ult,mono~26ult,rev -cyc (1 1)

the ultimate drift capacity J,,(rd) can be based on the ultimate drift capacity of walls under reversed-cyclic
loading with a non-zero drift limit mean 6, ev-cy, Which will be most commonly known from test results.

A
)forOSrd< 10E

forrd =10

rd

20 (1 -—
(Td)E ult,rev - cyc 20 (12)

5ult
ult,rev - cyc

6 Conclusions

This article treats the influence of the load history on the force-displacement response of in-plane loaded URM

walls by means of a numerical study. One main finding of this study is that the load history has a significant
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influence on the drift capacity of shear controlled walls but only a negligible influence on the drift capacity of
flexure dominated walls. The effective stiffness and shear strength of shear controlled walls are less affected

by the load history than the drift capacity.

It was found that the key difference between shear and flexure controlled walls is the spread of damage over
the wall panel. The wider the damage is spread, the more sensitive is the wall to the load history since the
damage that occurs when loading in one direction also affects the response when loading in the opposite
direction. Shear controlled walls are characterized by diagonal cracking, which affects the entire wall area.
Hence, such walls show a rather strong dependency of the ultimate drift on the applied load history. For
reversed-cyclic loading, the ultimate drift capacity is only about half the drift capacity obtained for monotonic
loading, which confirms experimental findings [5,6]. Flexure dominated walls, on the contrary, which are
characterized by rocking with localized toe crushing at failure, hardly show any sensitivity of the drift demand
to the applied load history. The more localized the damage, the smaller is the wall’s susceptibility to the load
history. Walls of any behaviour type displayed a slightly smaller shear force capacity and a slightly larger

effective stiffness for cyclic than for monotonic loading.

It appears, that the number of excursions per drift limit and the number of different drift limits do not have a
significant influence on the five characteristic wall parameters that were investigated (kes Vyeaks Opeat> Ourand

&)but the mean of the cycles is the most influential parameter. Symmetric reversed-cyclic loading protocols

with a zero mean cause the most wide-spread damage in shear controlled walls and therefore lead to the
smallest drift and force capacities. However, in particular for walls subjected to high axial load ratios, where
sliding deformations play only a subordinate role, not all cyclic loading protocols lead to similar drift
capacities. Such walls support higher drifts if they are loaded in a non-reversed manner, which might occur in
real earthquake conditions due to the ratcheting effect [9]. Based on these results, an expression was proposed
that allows for estimation of the drift capacity in shear controlled walls as function of the load history, the axial
load ratio and the drift capacity for reversed-cyclic loading. Flexure controlled walls are rather insensitive to

the load history and monotonic tests might be sufficient to obtain the parameters necessary for seismic design.

This study was based on numerical simulations. Future research should validate the here identified trends

through a test campaign that explicitly investigates the influence of the load history on the force, stiffness and
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drift capacities of the wall. Based on the results of this study, this experimental study should investigate in

particular the sensitivity to the load history for different failure modes and different axial load ratios.
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