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Abstract
This paper presents an experimental investigation into the structural and material response 
of ambient-dry and wet clay-brick/lime-mortar masonry elements. In addition to cyclic 
tests on four large-scale masonry walls subjected to lateral in-plane displacement and co-
existing compressive gravity load, the study also includes complementary tests on square 
masonry panels under diagonal compression and cylindrical masonry cores in compres-
sion. After describing the specimen details, wetting method and testing arrangements, the 
main results and observations are provided and discussed. The results obtained from full-
field digital image correlation measurements enable a detailed assessment of the material 
shear-compression strength envelope, and permit a direct comparison with the strength 
characteristics of structural walls. The full load-deformation behaviour of the large-scale 
walls is also evaluated, including their ductility and failure modes, and compared with the 
predictions of available assessment models. It is shown that moisture has a notable effect 
on the main material properties, including the shear and compression strengths, brick–mor-
tar interaction parameters, and the elastic and shear moduli. The extent of the moisture 
effects is a function of the governing behaviour and material characteristics as well as the 
interaction between shear and precompression stresses, and can lead to a loss of more than 
a third of the stiffness and strength. For the large scale wall specimens subjected to lateral 
loading and co-existing compression, the wet-to-dry reduction was found to be up to 20% 
and 11% in terms of stiffness and lateral strength, respectively, whilst the ductility ratio 
diminished by up to 12%. Overall, provided that the key moisture-dependent material prop-
erties are appropriately evaluated, it is shown that analytical assessment methods can be 
reliably adapted for predicting the response, in terms of the lateral stiffness, strength and 
overall load-deformation, for both dry and wet masonry walls.

Keywords  Masonry walls · Lime mortar · Clay brick · Wet conditions · Cyclic loading · 
Lateral deformation · Diagonal cracking

 *	 A. Y. Elghazouli 
	 a.elghazouli@imperial.ac.uk

Extended author information available on the last page of the article

http://orcid.org/0000-0002-0038-7415
http://crossmark.crossref.org/dialog/?doi=10.1007/s10518-021-01170-5&domain=pdf


	 Bulletin of Earthquake Engineering

1 3

List of notations

Latin uppercase
Ac	� Cross-sectional area in compression
An	� Cross-sectional area of the member parallel to the bed joint
D	� Disc diameter
E	� Elastic modulus
Emc	� Elastic modulus of the cylindrical core
I	� Area moment of inertia
G	� Shear stiffness
K0	� Initial stiffness
Ktest	� Test stiffness
Keff	� Effective stiffness
Kel	� Elastic stiffness
N	� Axial load
P	� Load
Pu	� Applied load at failure
Ø	� Diameter
V1	� Shear force associated with shear sliding
V2	� Shear force associated with stepped sliding
V2,lim	� Shear force associated with shear-tensile cracking of bricks
V3	� Shear force associated with compressive crushing
Vf	� Shear force associated with flexural failures
Vd	� Shear strength controlled by diagonal tensile cracking
Vd,lim	� Shear strength controlled by failure of brick units
Vs	� Shear force corresponding to shear sliding
Vs,lim	� Limit shear force corresponding to shear sliding
Vtest	� Test shear capacity

Latin lowercase
b	� Correction factor depending on the shear stress distribution in the panel and its 

aspect ratio
c	� Cohesion of singular brick–mortar interfaces
c’	� Cohesion of brick–mortar interfaces of masonry elements
d	� Member depth/width
d’	� Effective compression zone depth
fb	� Brick unit compressive strength
fbt	� Brick unit tensile strength
fj	� Compressive strength of the mortar
ft	� Diagonal tensile strength
fm	� Estimated masonry compressive strength
fmc	� Measured compressive strength on core samples
fv	� Shear stress at failure
fv0	� Initial shear strength
fv0’	� Cohesion of brick–mortar interfaces of masonry elements
fv1	� Shear strength associated with shear sliding
fv2	� Shear strength associated with stepped sliding
fv2,lim	� Shear strength through shear-tensile cracking of bricks
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fv3	� Shear strength associated with compression crushing
h	� Height
hb	� Height of the brick unit
hg,i	� Gauge length
lb	� Length of the brick unit
lw’	� Distance between gauges
n	� Parameter for the number of perforations
t	� Thickness
wa	� Water absorption ratio

Greek letters
α	� Crack inclination angle
αK	� Boundary conditions parameter
ε, ε1i, ε2i	� Strains
εv	� Vertical strains
εh	� Horizontal strains
η	� Elastic modulus-to-compressive strength ratio
ϕ	� Curvature distribution
φ	� Interlocking coefficient
γ	� Shear strain
μ	� Slope of the Mohr–Coulomb criterion for singular brick–mortar interfaces
μ’	� Slope of the Mohr–Coulomb criterion of masonry elements
μΔ	� Ultimate-to-yield drift ratio
σ	� Vertical stress, unless otherwise stated
σ0	� Vertical stress in the compressed area of the member, unless otherwise stated
σn	� Vertical compressive stress to the bed joint from numerical analysis, averaged 

over the compressed zone
τmax	� Peak shear stress from numerical analysis assessed at the same section as σn
θ	� Rotation
τu	� Shear stress at failure
Δ	� Drift
Δtest	� Test drift
Δpeak	� Drift at peak
Δu	� Ultimate drifts
Δu2	� Second ultimate drift
Δv,u	� Shear drift capacity
Δs,u	� Ultimate sliding drift capacity
Δsu2	� Second sliding drift capacity
Δd,u	� Ultimate diagonal tensile drift capacity
Δdu2	� Second diagonal tensile drift capacity
Δu	� Yield drifts

1  Introduction

Historic masonry elements are rarely provided with adequate insulation systems to prevent 
capillary absorption, yet are often partly or fully submersed in groundwater (Hoła et  al. 
2017). Seasonal weather and hydrological variations also produce environmental wet-dry 
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cycling which may have an influence on the performance of masonry (Giaccone et  al. 
2020; Lourenço et al. 2006; Mazzotti et al. 2014). A fundamental understanding and quan-
tification of moisture effects on the mechanical properties of masonry materials and the 
structural performance of masonry elements are hence necessary.

The behaviour of masonry components under combined normal and shear actions can 
be largely characterised by three independent mechanisms: shear sliding, diagonal crack-
ing, and compressive crushing. These mechanisms are typically assessed through material 
tests to define the limit strength domain of masonry in the form of shear-precompression 
diagrams (Malyszko 2004; Flores et al. 2013; Borri et al. 2011; Calderini et al. 2010). The 
interface brick–mortar bed joint response is characterised by a ratio of shear and precom-
pression in a Mohr–Coulomb type representation, and is often obtained from small-scale 
triplet tests (Corinaldesi 2012; Pelà et al. 2017). It has been shown that the mortar-brick 
interface shear response is dependent on the moisture content, porosity, mortar strength, 
and conditioning type (Gentilini et al. 2012; Franzoni et al. 2014a). A recent comparative 
study on wet and dry triplets also indicated that the shear strength of wet triplets is, on 
average, about 20% lower than those in dry conditions for practical ranges of precompres-
sion (Bompa and Elghazouli 2020a).

The diagonal cracking mechanism, on the other hand, is characterised by splitting or 
stepped sliding along the mortar joints, with the ultimate condition depending on the prop-
erties and geometry of the brick and mortar as well as their interaction (Malyszko 2004; 
Stafford-Smith et  al. 1970). Although various representative diagonal panel tests are 
reported in the literature, particularly for comparing strengthened and non-strengthened 
cases (Giaretton et al. 2018; Ismail et al. 2011; Koutas et al. 2014; Liu et al. 2015; Umair 
et al. 2015), such tests on wet conditions seem to be lacking to date. The third mechanism 
defining the shear-compression stress state is masonry crushing. Whilst there is general 
agreement that moisture reduces the compressive strength and elastic modulus of masonry, 
this varies with the mortar properties and brick unit porosity (Sathiparan and Rumeshku-
mar 2018; Franzoni et al. 2014b). For example, compressive strengths obtained from tests 
on prismatic samples and on cylindrical cores were found to be 13–18% lower for speci-
mens with high moisture in comparison to those in dry conditions (Amade et  al. 2004; 
Bompa and Elghazouli 2020b).

The ultimate conditions of structural masonry are typically evaluated using the shear-
compression limit strength domain. Simplified assessment models and codified proce-
dures for masonry components usually stipulate specific failure modes which are broadly 
classified into flexure and shear (BSI 2004; BSI 2005b; Elghazouli 2016). When flexure 
governs, a relatively ductile rocking-like mechanism occurs, and the element behaves like 
a rigid body with no or minimal diagonal cracking (Calvi et  al. 1996; Tomaževič et  al. 
1996). Damage is typically concentrated at the edges of the supports, characterised by a 
toe crushing type behaviour. In contrast, shear failures occur through either diagonal crack-
ing or sliding. The former is characterised by the development of inclined cracks whilst, 
in the latter, a portion of the wall slides horizontally along a bed joint under the action of 
lateral forces. Slender piers subjected to relatively low axial loads tend to overturn and 
exhibit rocking, whilst more stocky elements exhibit sliding due to a lower normal force 
along a horizontal joint (DeJong and Penna 2016). Relatively high levels of compressive 
axial load would impose axial restraints that limit flexural deformations and prevent slid-
ing, hence promoting a diagonal cracking-controlled response. The failure mechanism is a 
direct result of the response type, yet the ultimate condition can be preceded by a flexure 
governed or a shear dominated behaviour (Wilding and Beyer 2017).
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The ductility and robustness of lateral-resisting masonry elements are of particular 
importance for structures subjected to seismic loading. To this end, previous studies 
have shown that the geometry, coupling level, and material properties, influence not 
only the strength but also the deformation capacity and cyclic degradation of masonry 
(Vasconcelos and Lourenço 2009; Asteris et  al. 2014). For example, cyclic tests on 
ambient-dry unreinforced clay-brick/lime-mortar masonry squat walls with a height-
to-depth ratio of 0.7 have indicated an essentially elastic response up to a lateral drift 
of about 0.05%, limited deterioration up to 0.1%, and an ultimate drift of around 0.6% 
(Lozincă et  al. 2016). Comparative cyclic tests on dry low-strength mortar masonry 
also indicated a modification in failure mode from combined rocking-shear to rocking 
when the height-to-depth aspect ratio increased from 0.7 to 1.4, representative of squat 
and slender elements, respectively (ElGawady et al. 2005). Other tests on small-scale 
dry historic masonry exhibited diagonal-cracking failures, reaching ultimate drifts 
below 0.4% (Capozucca 2011). The ultimate drift capacity of solid brick masonry with 
lime mortar, corresponding to the  deformation at a lateral load of 80% of the peak 
resistance, was 0.83–1.21% in laboratory tests and 0.89–1.38% in in-situ tests (Kržan 
et al. 2015a).

Although experimental assessments on ambient-dry masonry walls representa-
tive of heritage structures have been carried out (Calvi et  al. 1996; Tomaževič et  al. 
1996; Lozincă et al. 2016; ElGawady et al. 2005; Capozucca 2011; Kržan et al. 2015a; 
Magenes et al. 2010; Ismail and Ingham 2012), previous studies to investigate the lat-
eral cyclic performance of wet large-scale masonry are limited. The compressive and 
tensile mechanical properties of wet brick lime mortar masonry subjected to in-situ 
push-only cyclic loading were reported to be 30% and 36% lower, respectively, than 
those of corresponding members in dry conditions (Kržan et al. 2015b). These reduc-
tions were attributed to the very low modulus of elasticity of wet masonry compared to 
its dry counterpart, with the mortar exhibiting stiffness equal to that of saturated sand. 
Lateral push-only cyclic loading tests on masonry infilled timber frames indicated a 
reduction in stiffness and strength up to 75% and 36% respectively, as well as a change 
in failure mode from shear (by sliding along the horizontal joint) to diagonal compres-
sion, due to exposure to moisture resulting from flood and wind-driven rain (Stephen-
son and D’Ayala 2019). Although the influence of moisture on the diagonal cracking 
response was examined in push-only lateral load tests, the influence of load reversals 
combined with moisture on clay brick lime mortar masonry has not been investigated. 
These aspects of behaviour are particularly important for assessing the structural 
robustness of heritage structures. Such masonry structures are typically also not spe-
cifically designed for resisting lateral seismic loading. This paper therefore presents 
an experimental investigation into the material and structural response of ambient-dry 
and wet masonry elements consisting of fired clay brick and hydraulic lime mortar, 
which are used in many historic structures. The properties of the fired-clay bricks and 
lime-mortar materials were selected to resemble those of masonry components investi-
gated in a wider research programme on the management and conservation of heritage 
masonry structures in Historic Cairo (Elghazouli et  al. 2018). The experimental pro-
gramme from this paper includes tests on square panels under diagonal compression, 
cylindrical cores in compression, as well as large-scale walls subjected to gravity load 
and lateral cyclic displacements. In addition to providing information for future valida-
tion of detailed nonlinear cyclic numerical simulations, the results enable the assess-
ment of the material shear-compression strength envelopes as well as the adequacy 
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of available analytical models in terms of stiffness, strength and load-deformation 
response.

2 � Experimental programme

2.1 � Material properties and mix designs

Commercial fired clay facing solid bricks with measured sizes of 229 × 110 × 66 mm were 
used for the construction of all specimens (Egernsund Tegl et al. 2019). The nominal com-
pressive strength for elements tested parallel to bed face is provided by the manufacturer 
as 13  MPa (BSI 2011; BSI 1999a; Zhou et  al. 2008). The measured average compres-
sive strength of brick units parallel to the testing bed, obtained from a minimum of three 
tests, was about 15.5 MPa in both dry and wet conditions, with the latter corresponding to 
full submersion in water for 48 h. From readily available materials, this type of fired-clay 
bricks has the closest physical and mechanical properties to those from the Mausoleum of 
Fatima Khatun (Umm al-Salih) built in the thirteenth century in Cairo, which is assessed 
in the project (Elghazouli et al. 2018). Site surveys indicated that: (i) ‘red’ bricks (used for 
the foundation) have a compressive strength (fb) of about 5.2 MPa and water absorption 
wa = 27.5%, (ii) ‘light brown’ bricks have an fb = 14.7 MPa and wa = 18.1% and (iii) ‘dark 
brown’ bricks have an fb = 22.7 MPa and wa = 13.4% (Elghazouli et al. 2018). The charac-
teristics of the selected fired-clay bricks are hence within the range of those from the site 
survey, typically found in such heritage masonry (Zhou et al. 2008), and can be used for 
comparative assessments and structural repair studies.

The freeze/thaw resistance category of the selected fired-clay bricks, as specified by the 
manufacturer, is F2 and corresponds to severe exposure conditions. The active water-solu-
ble salts, related to those naturally occurring in clays used for brick manufacturing, is clas-
sified as content category S0, indicating no requirements for salts content. Additionally, 
the moisture content of both conditioning cases for bricks was assessed. The ambient-dry 
samples and those submersed in tap water for a minimum of 48 h, were dried in an oven for 
6 h at 60 °C and another for 18 h at 105 °C until the sample mass was relatively constant. 
The moisture content of ambient-dry bricks was 0.07% by weight (wt.%), and 10.5 wt.% 
for those submersed in water. These values are in close agreement to those provided by the 
manufacturer (water absorption wa < 10% (Egernsund Tegl et al. 2019)).

Mortars incorporating natural hydraulic lime (NHL) with a binder-to-aggregate ratio 
of 1:3 were selected for the study as these are typically used for conservation works. An 
eminently hydraulic binder (NHL5) (Bompa and Elghazouli 2021; BSI 2010), with a spe-
cific gravity of 2.70 was used in the mortars. These are singular binders which combine 
hydraulic with air setting, obtained by carbonation with atmospheric CO2. The free lime 
Ca(OH)2 is above 15%, whilst the sulphates content is below 2% (Secil Argamassas 2019). 
Mortars with a consistency of 180–200 mm were prepared in the proportions given below, 
in two batches (BSI 1999c) with different constituents, for comparison purposes in terms 
of workability and strength. In both cases, for one part of NHL5 lime, 3.25 parts of soft 
sand were used. In the first batch (A) about 1.20 parts of tap water were added, whilst in 
the second batch (B) 0.75 parts of tap water and 0.014 parts of polycarboxylate admixtures 
were mixed, although the latter are not commonly used in lime mortars. The specific grav-
ity of the sand, typically used for bricklaying and pointing applications (BSI 2012, 2013), 
was 2.65 and its water absorption was around 5%.
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The mix constituents were pre-batched in 15 L buckets and mixed until becoming 
homogenous using a hand-held electric paddle mixer (BSI 1999b). Samples of fresh mortar 
were taken selectively, covered with a plastic sheet and removed from moulds after five 
days. These were then kept near the masonry specimens in laboratory conditions. Com-
pressive strengths were determined from compression tests on ambient-dry and wet cubes 
(50 × 50 × 50 mm) (BSI 1999c). A minimum of 5 samples were tested for each masonry 
specimen. They had the same conditioning as the corresponding masonry element. After 
carefully measuring all dimensions using a digital calliper, the specimens were tested in 
compression at a displacement rate of 0.25 mm/min.

The resulting strengths of the mortars in ambient-dry conditions were between 1.29 and 
2.24  MPa for Batch A samples, whilst for Batch B samples the strengths were between 
3.47 and 5.06 MPa. The compressive strengths in wet conditions were between 0.58 and 
1.19 MPa for Batch A samples, and these were between 1.62 and 2.37 MPa for samples 
from Batch B. An average reduction in elastic modulus in the range of 50% was typically 
observed due to moisture. Additionally, the moisture content of both conditioning cases 
for NHL mortar samples was assessed following the same procedure as for the bricks. The 
moisture content of the lime mortars was 2.54% by weight (wt.%) for ambient-dry samples 
and 10.80 (wt.%) for those submersed in water.

As mentioned before, it should be noted that the materials were selected to represent the 
range of mechanical and physical properties of the bricks and mortars as those from proto-
type structures built in the thirteenth century in Cairo (Mamluk period). Based on assess-
ments of mortar samples extracted from the original structures (Sherif and Elghazouli 
2020), the hydraulic lime and sands constituents described above were chosen to match as 
closely as possible those from the original structures. To this end, the two mortar batches 
were selected to represent the mechanical strength ranges suggested in the literature. Based 
on available studies, compressive strength ranges for historic masonry mortar typical of the 
Mamluk period in thirteenth century Cairo and similar mortars indicated a wide strength 
range of 0.63–5.67 MPa (Thomas 2004; Maravelaki-Kalaitzaki et al. 2005; Drougkas et al. 
2016), and even reaching higher values in some cases (Dorji et al. 2021). In general, how-
ever, it should be noted that Batch A mortar would be more representative of typical ‘his-
toric’ masonry, whilst Batch B would represent higher values reported in the literature for 
the specific forms considered in this study.

Fig. 1   Specimen details: a large-scale walls, b diagonal panels, c cylindrical cores, d view of the diagonal 
panels
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2.2 � Specimen details

2.2.1 � Small scale tests

In addition to the large-scale walls of width × height × thickness (b × h × t) = 1910 × 
1300 × 110  mm, which were tested under combined loading (as illustrated in Fig.  1a 
and described in the following section), small scale tests on both wet and air-dry speci-
mens were also carried out in order to assess the homogenised masonry properties. The 
small-scale tests included: (i) diagonal tests on single leaf square masonry panels of 
b × h × t = 710 × 710 × 110  mm (Fig.  1b,d), and (ii) compression tests on cylindrical 
masonry cores of 69 mm diameter and 145 mm length, extracted after testing from undam-
aged areas of the diagonal panels or large-scale walls (Fig. 1c). The specimen reference 
adopts the format DX-Yz, where D stands for diagonal panel, X indicates the specimen 
batch (A or B), Y represents the conditioning (D for air-dry or W for wet) and z represents 
the specimen sequence (1, 2, 3, etc.).

As noted above, the cylindrical masonry cores were extracted after testing from undam-
aged areas of the diagonal panels or large-scale walls. After testing, areas without visible 
damage were marked, and the strain condition during testing was assessed using detailed 
digital image correlation (DIC) measurements. Cores were only extracted from areas in 
which strain values were well below cracking or crushing. Also, out of 5–15 cores extracted 
per wall, only 3–5 cores which had no damage due to coring, were tested. Despite not being 
a standardised method, coring is often used to assess the mechanical properties of existing 
masonry structures (e.g. Pelà et al. 2018; Dorji et al. 2021), and the results obtained can 
be correlated with results from standardised tests. The results from the cores tested herein, 
and discussed in subsequent sections, were also in line with those obtained from a comple-
mentary investigation carried out by the authors on the compression properties of fired clay 
bricks and lime mortar masonry, in which cylindrical cores were extracted from untested 
wallettes (Bompa and Elghazouli 2020b). Nonetheless, it should still be noted that such 
non-standardised methods can only be considered to provide informative results and that 
standardised tests should be carried out where possible.

The panels for diagonal testing (Specimens DA-Dz, DA-Wz, DB-Dz and DB-Wz), as 
depicted in Fig. 1b,d, had both horizontal and vertical lime mortar joints with an average 
thickness of 9 ± 1.5 mm. After the last course of bricks was laid, the specimens were kept 
in laboratory conditions. Plastic sheets were used to cover the specimens at early curing 
and they were tested at an age of 30–35 days. Prior to testing, the wet specimens were sub-
mersed 3/5 of depth in water and were sprinkled with a hose from the top. This procedure 
ensured even moisture distribution across the specimen. After testing, the wall was dis-
mantled, and samples were extracted to assess the moisture content. After each brick and 
mortar joints were weighed, all components were dried in an oven for 6 h at 60 °C and for 
at least 18 h at 105 °C until the sample mass became largely constant. The moisture distri-
bution results indicated that the same moisture content of 10.7% ± 0.2 wt was consistently 
obtained in all nine brick courses. The moisture content was therefore shown to be evenly 
distributed across the specimens.

To assess the compressive strength of the masonry, cylinders made of two verti-
cal brick cores, with a mortar joint of about 10 mm in between, were extracted from the 
diagonal panels and the large walls (Fig. 1c). As noted above, the cylinders had a diam-
eter d = 69 mm and height of around h = 145 mm, representing an aspect ratio h/d≈2.10. 
Such geometries (h/d ≥ 2.0) are required to ensure a uniaxial stress state at mid-height of 
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the specimen and to obtain the material strength rather than the response of the specimen 
(Bompa and Elghazouli 2020b; Oliveira et al. 2006). To ensure a moisture content which is 
similar to that of the large walls and diagonal panels, the cylinders were submersed for 48 h 
in water. Close inspection of the data obtained from submersing these elements, as well 
as their constituent components (bricks, mortar samples and bricks with mortar joints), in 
water for a period of 24 h, indicated that after 3 h the masonry specimens had a relatively 
constant weight. Moreover, the moisture content assessment, following the procedure 
described above for the diagonal panels, showed that the moisture was between 10–11%wt. 
It is hence considered that all wet conditioning procedures employed had the same effect 
on the various masonry elements examined in this study regardless of their size.

2.2.2 � Large walls under combined loading

Single leaf masonry walls of 1910 mm length, 1300 mm height and 110 mm width were 
built using the materials described above in Sect. 2.1. As noted before, the aim of this study 
is to investigate the response of masonry components under wet and dry conditions. From 
the set of four large-scale specimens tested under lateral cyclic loading, two were in air-dry 
and two were in wet conditions. All walls were subjected to an axial load of 223.3 ± 3.5 kN 
corresponding to a vertical stress of 1.06 ± 0.02 MPa (Table 4). The specimen reference 
adopts the format WX-Y, where W stands for wall, X represents the specimen batch: (A or 
B), and Y represents the conditioning (D for air-dry or W for wet). For example, WA-D is 
the first test on ambient-dry walls.

The masonry walls were constructed on 25 mm thick mild steel plates, prepared with 
threaded holes (for M20 bolts) for connection to the rig support beam and to facilitate 
cranage. To ensure appropriate surface roughness between the support steel plate and the 
masonry wall, the plate was ground using an angle grinder and prepared with a layer of 
river sand with sizes up to 5 mm. After grinding the plate and cleaning it with acetone, a 
two-component epoxy bonding agent was poured on the plate. While the epoxy was still 
fresh, the sand was spread over. After 24 h, excess sand was removed by air blasting.

Stretcher/running bond was used to construct the 16 course high walls. The first course 
included 8 full bricks per length, whilst each second consecutive course included 7 full 
bricks and 2 half bricks. To achieve the desired specimen height, the mortar joint thick-
ness was in the range of 8–10 mm. The bricks were laid as received from the manufac-
turer without any conditioning or soaking in water prior to placing the mortar. The brick-
laying procedure started with a mortar layer on the hardened sand-epoxy layer. After the 
last course of bricks was placed, the walls were surface wetted and covered with plastic 
sheets to ensure appropriate hydration. Three days before testing, the top transfer beam 
was placed on the wall and tied to the bottom support steel plate by means of six Ø20 mm 
threaded ties (see Fig. 2a).

To ensure similar bond conditions at the wall top and bottom, the bottom surface of the 
transfer beam was also prepared following the procedure applied to the support steel plate. 
Prior to placing the top transfer beam, a 5–10 mm high strength cement mortar layer was 
laid on at the top of the masonry wall. A high strength cement mortar was required for the 
wall-to-transfer beam mortar layer in order to match the strength of lime mortars on the 
day of testing. The wall was prestressed vertically using threaded ties and then transported 
by crane to the test rig (Fig. 2a). Prestressing ensured a slight compression state to the wall 
while being transported. The plate-wall-beam assembly was then placed on the rig support 
plate and tied using 6 × Ø20 mm bars each side of the wall. After the wall was tied to the 
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bottom beam and secured for out-of-plane movement, the prestressing ties were removed, 
and the mechanical instrumentation was installed.

For the walls tested under wet conditions, the same preparation procedure was followed. 
To enable wetting through capillary absorption, after the specimens were placed in the test-
ing rig and the prestressing ties were removed, a water tank was built in-place which was 
connected to the first course of bricks (Fig. 2b). The water tank consisted of 1.0 mm alu-
minium sheets placed around the perimeter of the wall and tied by means of structural 
silicone. Tap water was poured into the tank after the silicone reached its setting time. The 
rising damp resulting from capillary absorption was observed visually and marked on the 
wall. In addition to the water tank, a pipe/sprinkler system mounted at the top of the wall 
was manufactured and was used to accelerate the wetting process.

To obtain the moisture content of the tested wall and enable direct comparisons with the 
moisture content of constituent materials as well as the small scale tests described above, 
twelve samples from the each wet wall (WA-W and WB-W) were taken after testing. The 
samples were weighed before and after being placed in an oven for 24 h at 105 °C. The 
average moisture content was 11.1% by weight which is very similar to the values obtained 
for brick units and mortar independently. The standard deviation was 0.34%, indicating that 
the moisture was evenly spread throughout the wall.

2.3 � Testing arrangements

2.3.1 � Test set‑ups and loading procedures

The tests on diagonal panels were carried out in a rig which included a main loading trans-
fer frame with a 1000 kN Instron actuator and a connected load cell. As shown in Fig. 3a, 
the specimens were positioned and loaded through V-shaped supports. The load was 

Fig. 2   Large-scale wall specimen preparation details: a transportation, b wetting system
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applied from the actuator to the top support by means of a hinge. To ensure uniform con-
tact between the loading/support plates and the specimen, a thin timber panel was used. On 
the other hand, for testing the cylinders in compression, a stiff four-post hydraulic servo-
controlled machine with a capacity of 750 kN was used. The cores were tested using the 
arrangement shown in Fig. 3b. In all cases, external transducers were used for secondary 
measurements alongside the displacement recordings provided by the machine, coupled 
with detailed data from a Digital Image Correlation (DIC) system, as described below.

The testing arrangement for the large-scale wall specimens is shown schematically in 
Fig. 4a. The rig was designed to enable realistic experimental assessment of the ultimate 
behaviour of large-scale members subjected to lateral cyclic displacements and co-existing 
axial loading. The specimens were directly supported by a 25  mm thick plate and con-
nected by means of prestressed Ø20 mm bolts to a supporting steel beam. The latter was 
connected to the strong floor by means of 4 × Ø33 mm pre-stressing ties to avoid sliding 
and overturning under lateral loads. At the top of the wall, three 120 kN Enerpac actua-
tors were connected to a steel loading beam and were used to apply the gravity load by 
means of unidirectional hinges to the specimen through a transfer steel beam. The loads 
from the vertical actuators were monitored throughout the test to ensure that the axial force 
applied to the wall was largely constant (within ± 2% of the initial applied load). The load-
ing, transfer and support beams were made of back-to-back channel sections. The loading 
beam was connected to the support beam by means of two pin-ended square 80 × 8 mm 
hollow section ties.

For the application of the lateral loading, another 250 kN Instron actuator was placed 
horizontally and connected to the reaction frame. The axial gravity loads and the lateral 
displacements were controlled by two different control units. This testing arrangement 
allowed the top transfer beam to rotate, representing the case of a cantilever masonry wall. 
Loads and displacements were recorded throughout the entire testing procedure at a fre-
quency of 1 Hz. For comparison purposes, besides the load cells located at each actuator, 

Fig. 3   Testing arrangement of 
small-scale tests: a diagonal pan-
els, b cores in compression
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two load cells of 100 kN were placed between the diagonal transfer struts and the transfer 
beam. A system of steel elements was manufactured to provide out-of-plane stability to 
the masonry specimen. Two braced cantilevers made of L100 × 200 sections, with vertical 
steel rods of Ø50 mm diameter and provided with a double row of steel wheel bearings 
(44 × 2.5 × 37 mm), were connected to a stiff frame. The vertical steel rods and wheel bear-
ings were inserted between the back-to-back channel sections of the loading beam. With a 
clearance of around 1.0 mm, the system ensured restraint against any out-of-plane move-
ment of the load transfer frame (loading and support beam, as well as the two side ties) and 
the specimen (Fig. 4b).

The large wall specimens were tested in an upright position as shown in Fig. 4, with the 
vertical load applied to the member through the transfer beam. After the application of the 
constant vertical load, corresponding to an axial load of 223.3 ± 3.5 kN corresponding to a 
vertical stress of 1.06 ± 0.02 MPa (Table 4), the lateral deformations were applied based on 
a pre-defined quasi-static cyclic history. A set of three cycles were applied for each defor-
mation level, corresponding to a drift of 0.025, 0.050, 0.075, 0.10, 0.15, 0.20, 0.25, 0.30, 
0.35, 0.40, 0.50, 0.80, 1.0, 1.25, 1.50 (%). The displacement rate and loading procedure 
were chosen based on recommendations available in the literature (Petry and Beyer 2015a; 
Magenes et al. 2008). Lower displacement rates were applied at low drift levels to capture 
cracking and spalling of mortar and bricks, and this was increased gradually with the drift 
ratio.

Fig. 4   a Schemtic representation of the large-scale walls testing arrangement, b General view of test rig
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2.3.2 � Instrumentation details

For the diagonal panel tests, besides the machine load and displacement, 2 string pots 
placed along the two diagonals of the panel, were used. On the other hand, vertical trans-
ducers were used to obtain axial deformation of the cylinders tested in compression. The 
instrumentation of the large-scale walls, apart from the load cells and displacement trans-
ducers incorporated within the horizontal and vertical actuators, included 12 additional 
displacement transducers, 4 string pots of which 2 measured diagonal shear displacement 
and 2 were inclinometers.

A Digital Image Correlation (DIC) system was also employed to record detailed local 
deformations and strains within the surface of all specimens: large walls, diagonal panels, 
and cylindrical cores. The DIC system consists of two light-weight CMOS cameras with a 
USB 3.0 interface for distances up to 25 m. The high sensitivity cameras have a resolution 
of 2.3 Megapixel at 100 Hz frame rate. These are connected to a controller which also acts 
as a data acquisition system. As part of the preparation process, the specimens were firstly 
painted in white, and then carefully speckled with 0.5–2.0 mm black dots to create a high-
contrast black–white pattern. The size of the black dots depended on the size of the speci-
men and distance between the cameras and speckled surface.

Prior to testing, a DIC calibration procedure was undertaken by adjusting iteratively the 
aperture, ambient lighting, and camera focus, while taking photos of a calibration plate 
adjacent to the specimen face. This was required to allow the post-processing software to 
determine the distance between the cameras and the specimen and, subsequently, to com-
pute the surface strain vector fields. A data recording frequency of 0.2 Hz was chosen to 
acquire a sufficiently large pool of data to minimise possible scatter. After testing, the DIC 
data were further processed to obtain deformation vector fields. From these, surface strains 
or deformations were obtained from assigned virtual gauges with various lengths depend-
ing on the required measurement.

3 � Test results and observations

3.1 � Small scale specimens

This section describes the test results of the small-scale specimens illustrated in Fig. 3, to 
assess the main mechanical properties of lime-mortar/clay-brick masonry. These include 

Fig. 5   Shear stress, shear strain 
response of diagonal panels: a 
DA-D and DA-W, b DB-D and 
DB-W
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the tests on the square panels under diagonal compression as well as the cylindrical cores 
in compression. As noted in Sect.  2.2, diagonal compression tests were carried out on 
the masonry panels to obtain the diagonal tensile strength. Figure 5 depicts the average 
stress–strain behaviour obtained from the tested panels, separately for Batches A and B, 
whilst Fig.  6 illustrates the typical crack patterns at failure for selected elements. In the 
diagonal panel tests, the ultimate condition occurs when the principal tensile stresses per-
pendicular to the compressed strut reaches the maximum tensile strength of the masonry. 
After the tensile strength is reached, cracking occurs and, with the increase in compres-
sion displacement, leads to crack widening and panel failure (Calderini et al. 2010). Failure 
generally occurs due to bond failure between the brick unit and the mortar in the joints (Li 
et al. 2005).

The principles of ASTM E519-02, which consider a pure shear stress state (i.e. the 
principal stresses are equal and of opposite signs, and the load direction angle is at 45°), 
were used as a basis to interpret the results from the diagonal panel tests (Calderini et al. 
2010; ASTM 2002). Considering these assumptions, for a panel with the same depth/width 
and with height h and thickness t, the shear stress at failure τu or fv, are obtained through 
Eq. (1a), in which Pu is the diagonal force at failure (Bosiljkov et al. 2005a; Türkmen et al. 
2020). The parameter An is the cross-sectional area (parallel to the bed joint) of the speci-
men. For non-even panel dimensions of depth d and height h, Eq. (1b) appears in the pro-
vision. The factor n depends on the perforations (n = 1 for solid bricks). Note that both 
Eqs. (1a,b) assume that the stress fields form at 45° to the bed joints.

The same type of test was used to assess the indirect tensile strength of masonry 
(Eq.  1c) from ‘diametral testing of brickwork discs’ (Stafford-Smith et  al. 1970), or  by  
‘cutting a square panel of brickwork’ (Hendry 1997). In these tests, the bed joints are ori-
entated at 45° to the direction of loading. The parameter Pu in (Eq. 1c) is the diagonal force 
at failure, D is the disc diameter, and t is the panel thickness. Transforming the circular 
shape of diameter D to a rectangular panel of depth/width d and height h (πD = 2(d + h)), 

Fig. 6   Failure patterns of 
selected diagonal panels: a 
DA-D1, b DA-W3, c DB-D2, d 
DB-W1
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Eq. (1c) reduces to Eq. (1d). The latter is given in the revised Eurocode 8 provisions (CEN 
2018, SC8 2018) for the assessment of ‘diagonal tensile strength of masonry’ from diago-
nal compressive tests. As noted above, Eq. 1a-d assume a 45° orientation of the bed joints 
to the load direction, whilst the shoe size, inherent uneven geometry of the slop-moulded 
bricks, and slightly variable mortar joint thickness, can produce stress fields that deviate 
from 45°, and these equations can make allowance for this deviation. This has been used 
to assess the compression-shear interaction of mortar joints on core samples (Pelà et  al. 
2017).

The angle of deformation γ, or shear strain as defined by ASTM E519-02 (ASTM 2002), 
is the sum of the absolute vertical and horizontal strains, εv and εh, respectively (Eq. 2). 
The strain values were obtained from full-field DIC measurements using a virtual gauge of 
900 mm length as shown in Fig. 3a. The shear stress fv corresponding to the diagonal force 
at failure, diagonal tensile strength ft, and the stiffness G are given in Table 1. The stiff-
ness G was evaluated within the elastic regime, corresponding to 10–40% of the ultimate 
capacity.

 
As indicated by the results in Fig. 5 and Table 1, a direct comparison between the aver-

age stress–strain of dry and wet specimens, shows that the moisture reduced both the stiff-
ness and the strength, albeit with different extents in the two batches. The average shear 
stiffness of the DA-W and DB-W wet specimens was reduced by 39% and 32%, respec-
tively, compared to the corresponding DA-D and DB-D dry panels. On the other hand, 
the average shear strength of the DA-W and DB-W wet specimens was reduced by 14% 
and 43%, respectively, compared to the corresponding DA-D and DB-D dry panels. As 
shown in Table 1, the average strength and stiffness of DA-D, DB-D and DA-W series were 
obtained from three or more specimens, whilst for DB-W the average vales were obtained 
from only two specimens. Hence the results from the DB-W series are only informative 
Table 2.

In terms of the crack kinematics, similar behaviour was observed during tests on both 
air-dry and wet specimens. The typical crack patterns illustrated in Fig. 6, obtained from 
full-field DIC measurements, indicate a typical brittle panel response with failure surfaces 
following the principal tensile stresses within the specimen. The response of Specimen 
DA-D1 was characterised by loss of bond at a horizontal bed joint at the centre of the 

(1a)�u = fv =
Pu

√
2An

where An = ht

(1b)fv =
0.707 ⋅ Pu

An

where An =
(
d + h

2

)
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panel at around 90% of the peak capacity. The critical crack propagated following the top 
and bottom plates through vertical and horizontal bed joints in a stepped mode. As shown 
in Fig. 6a failure occurred due to a single diagonal crack. For the wet Specimen DA-W3, 
the failure patterns illustrated in Fig. 6b resembled those of their corresponding dry coun-
terparts. However, the first strain concentrations associated with loss of bond at the brick-
to-mortar interface occurred between 73 and 75% of their ultimate strength. In addition to 
stiffness and strength reduction due to moisture, the above results indicate that the bond 
properties are also influenced by the moisture content. As shown in Fig.  6c, Specimen 
DB-D2 had a similar failure crack to that of DA-D1, initiating at the panel centre around 
90% of ultimate. For Specimen DB-W1, for which the crack pattern at failure is shown in 
Fig. 6d, the first visible strain concentration at a horizontal bed joint was observed around 
85% of peak load.

On the other hand, the results of the compression tests on cylindrical masonry cores 
can be used to evaluate the uniaxial response without the influence of shear and contrib-
ute to constructing the masonry shear-compression strength envelope described below in 
this paper. As shown in Fig. 7, the response of cylinders in compression exhibits a typical 
brittle response with significant softening immediately after the peak. It is worth noting 
that the relatively high strength obtained from compression tests on cores, particularly for 
the dry Batch B cores (DB-D and DB-D cylinders), may not be representative for some 

Table 2   Results from 
compressive strength fmc tests on 
cylindrical cores (in MPa)

Specimens Sample AVG

1 2 3 4 5

A DA-D 5.24 5.21 5.93 5.31 5.06 5.21 ± 0.11
DA-W 4.33 4.71 4.59 3.41 5.10 4.36 ± 0.71
WA-D 5.16 5.79 4.88 5.03 5.33 5.24 ± 0.35
WA-W 4.88 4.34 4.81 5.76 4.06 4.77 ± 0.65

B DB-D 5.66 5.72 5.87 6.78 6.40 6.08 ± 0.49
DB-W 4.86 5.12 4.84 4.64 – 4.87 ± 0.19
WB-D 7.48 6.06 4.76 8.37 6.26 6.59 ± 1.47
WB-W 5.48 6.28 6.37 – – 6.04 ± 0.49

Fig. 7   Average stress—strain response in compression for cylindrical cores corresponding to specimen 
groups: a DA-D and DA-W, b DB-D and DB-W, c WA-D and WA-W, d WB-D and WB-W
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forms of historic structures. However, as noted before, the range of strengths for historic 
masonry can vary significantly, and typical compressive strengths of masonry cores of 
similar structures built during the same Mamluk period in Cairo were consistent with the 
ranges obtained herein (El-Attar et al. 2005).

Based on the stress–strain (σ–ε) curves from Fig. 7 and the results in Table 3, it can be 
observed that both the elastic modulus and the compression strength are notably influenced 
by the moisture, with reduction factors in the range of 7–23% and 8–20%, respectively. As 
shown in the table, the strength of the wet specimens, compared to the dry counterparts, 
reduced by a consistent ratio of about 8–9% for the cores obtained from the large walls, 
whilst a wider range of 16–20% resulted from the cores obtained from the diagonal panels. 
Although previous tests on masonry elements have shown larger differences between dry 
and wet conditions, this is highly dependent on the material porosity, and such ranges are 
common for materials similar to those investigated in this paper (Sathiparan and Rumesh-
kumar 2018; Amade et al. 2004; Bompa and Elghazouli 2020b).

3.2 � Large scale wall tests

This section describes the main test results from the four large-scale cyclic tests as shown 
in Fig. 4. These included two dry walls (WA-D and WB-D) and two wet walls (WA-W and 
WB-W). As mentioned above, these specimens were subjected to an initial gravity load 
of about 1.0 MPa and increasing lateral displacements. The lateral load versus drift (P-Δ) 
curves are depicted in Fig. 8, the ultimate crack patterns are illustrated in Fig. 9, and the 
main parameters and results are also given in Tables 4, 5, 6, 7, 8. The crack patterns on the 

Fig. 8   Lateral load—drift response of the large scale walls: a WA-D, b WA-W, c WB-D, d WB-W
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left-hand side of Fig. 9 show the failures after each test, whilst those shown on the right-
hand side of the figure are strain maps obtained from full-field DIC measurements.

Fig. 9   Failure characteristics for Specimens a WA-D, b WA-W, c WB-D, d WB-W (left: final crack patterns 
at ultimate, right: strain maps from full-field DIC measurements)
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3.2.1 � Load‑deformation and crack patterns

The response of the first ambient-dry wall, Specimen WA-D, was largely symmetric in 
both loading directions up to about 90% of the peak load, with an initial stiffness K0 = 86.3 
kN/mm. This initial stiffness corresponds to the slope of the line connecting the positive 

Table 4   Main parameters of large-scale tests

Specimen h (mm) d (mm) t (mm) N (kN) Pu (kN) Δu (%)

A WA-D 1275 1910 110 227.3 110.6 0.62
WA-W 1275 1910 110 225.1 101.6 0.65

B WB-D 1275 1910 110 219.9 144.3 0.73
WB-W 1275 1910 110 220.7 128.1 0.88

Table 5   Main strength and drift values for large-scale walls

Positive sign ( +) represent values for the push/positive cycle, whilst negative sign is for the pull/negative 
loading direction

Pu+ (kN) Pu- (kN) Δpeak+ (%) Δpeak- (%) Δu+ (%) Δu- (%)

A WA-D 107.1 –114.1 0.40 –0.50 0.67 –0.58
WA-W 95.9 –107.2 0.48 –0.35 0.70 –0.58

B WB-D 146.3 –142.2 0.53 –0.53 0.61 –0.58
WB-W 127.0 –129.2 0.35 –0.31 0.57 –0.36

Table 6   Main stiffness parameters for the large-scale tests

Specimen Ktest+ (kN/
mm)

Ktest- (kN/
mm)

Ktest (kN/
mm)

K0 (kN/mm) Keff (kN/
mm)

Kel (kN/mm)

A WA-D 44.8 52.5 48.7 86.3 45.7 53.6
WA-W 48.7 48.5 48.6 66.6 41.8 47.1

B WB-D 66.1 70.7 68.4 76.9 62.0 72.7
WB-W 54.3 55.0 54.6 75.6 60.5 71.1

Table 7   Test and elasto-plastic numerical analysis

Specimen N (kN) P (kN) fm (MPa) Em (MPa) σn (MPa) τmax (MPa)

A WA-D 227.3 110.6 4.34 651 2.19 1.44
WA-W 225.1 101.6 3.57 536 1.92 1.05
DA-D – 26.9 3.68 551 0.40 0.45
DA-W – 23.6 2.88 432 0.35 0.40

B WB-D 219.9 144.3 5.54 831 1.74 1.41
WB-W 220.7 128.1 4.39 659 1.64 1.16
DB-D – 51.1 4.95 742 0.76 0.85
DB-W – 29.0 3.92 588 0.44 0.57
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and negative extreme points in the first cycle. The maximum lateral load carrying capac-
ity was Pu+ = 107.1 kN and Pu- = -−14.1 kN, respectively. As shown in Fig. 8a, this cor-
responded to a drift at peak of Δpeak+ = 0.40% and Δpeak- = 0.50% in the push (positive) and 
pull (negative) cycle, respectively. As observed from the load-drift curve, after Δ > 0.30% 
the stiffness and lateral load attained for each level of applied deformation decreased with 
increasing cycles, indicating a higher level of cyclic degradation. The first signs of diago-
nal cracking were observed at a negative (pull) cycle at Δ = 0.25%.

The diagonal crack closed during unloading, while at the same drift level in the push 
(positive cycle) a diagonal crack appeared, nearly perpendicular to that occurring from 
the pull cycle. The overall behaviour was largely governed by shear with no notable 
sign of flexural bed joint opening. The ultimate failure patterns in Fig. 9a, indicate that 
the failure was largely due to diagonal tension. Failure was characterised by sliding of 
the two bodies separated by the diagonal crack following each loading direction. The 
ultimate drifts corresponding to a 20% reduction in capacity were Δu+ = 0.67% and 
Δu- = 0.58% in the positive and negative cycle, respectively.

The initial stiffness and maximum lateral load carrying capacity, in the positive 
and negative directions of Specimen WA-W, were K0 = 66.6 kN/mm, Pu+ = 95.9 kN 
and Pu− = -−07.2 kN, respectively. This corresponded to a drift Δpeak+ = 0.48% and 
Δpeak- = 0.35% in the push (positive) and pull (negative) cycle, respectively. Compared 
to its dry counterpart, the wet Specimen WA-W had a less symmetric overall load-drift 
response, particularly in the post-cracking regime. As indicated in Fig. 8b, the ultimate 
drifts were slightly different for the two directions. The first visible diagonal crack 
occurred in the second positive (push) cycle at a drift level Δ = 0.30%. The diagonal 
crack closed during unloading. As for its dry counterpart, the behaviour was largely 
governed by shear with minimum influence from flexure, with failure eventually occur-
ring due to diagonal tension, as shown by the final crack patterns in Fig. 9b.

The complete load-drift (P-Δ) curve of the air-dry Specimen WB-D and its enve-
lope are illustrated in Fig.  8c and the failure patterns are shown in Fig.  9c. The lat-
eral deformation at peak corresponded to a drift of Δpeak+ = 0.53% and Δpeak- = 0.53% 
in the push (positive) and pull (negative) cycle (Table  5). The response of the speci-
men was largely symmetric in both loading directions with an elastic stiffness K0 = 76.9 
kN/mm. The corresponding maximum lateral load carrying capacity was Pu+ = 146.3 
kN and Pu− = 142.2 kN, respectively. The transition between elastic and inelastic stiff-
ness occurred at a lateral load (P) around 80 kN in both loading directions. This corre-
sponded to a drift ratio of about Δ = 0.1% and was associated with initial signs of crack-
ing. At this stage, the behaviour was largely governed by flexure.

As observed from the P-Δ response, after each first cycle applied at Δ > 0.1% the 
stiffness and lateral load attained for each level of deformation decreased with the 
increasing cycles. The first visible diagonal crack occurred in the negative (pull) cycle 
at a drift level Δ = 0.53% and closed during unloading. At the same drift level in the 

Table 8   Comparison between 
test results and assessment 
equations

Vtest (kN) Vf (kN) Vs (kN) Vd (kN)

A WA-D 110.6 118.2 97.2 113.2
WA-W 101.6 107.8 93.2 102.7

B WB-D 144.3 125.5 94.2 134.4
WB-W 128.1 116.8 91.4 123.6
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push (positive cycle) a diagonal crack nearly perpendicular to that occurring from the 
pull cycle was initiated. This corresponded to the maximum capacity of the specimen. 
At the third displacement cycle in the positive direction, the specimen failed and was 
unable to reach the load attained in the previous cycles. Failure was characterised by 
crushing at the toe and sliding of the two bodies separated by the diagonal crack. The 
ultimate drifts, assumed to correspond to 20% reduction in load carrying capacity, were 
Δu+ = 0.61% and Δu- = 0.58%.

Specimen WB-W was tested under combined axial load and increasing lateral cyclic dis-
placements, in wet conditions. The full load-drift (P-Δ) and envelope curves are depicted 
in Fig. 8d, while the crack patterns at failure are shown in Fig. 9d. The response of the 
specimen was largely symmetric in both loading directions until about 75% of the peak 
load. A noticeable reduction in stiffness started at a lateral load of about 35kN (Δ = 0.07%) 
then at 95 kN (Δ = 0.25%). The initial stiffness was K0 = 75.6 kN/mm. The maximum lat-
eral load carrying capacity was Pu+ = 127.0 kN and Pu- = 129.2 kN in the two directions. 
This corresponded to a drift Δpeak+ = 0.35% and Δpeak- = 0.31% in the push (positive) and 
pull (negative) cycles, respectively.

The behaviour of WB-W was initially governed by flexure. Subsequently, the stiffness 
and lateral load attained for each level of applied deformation decreased with increasing 
cycles, indicating a higher level of cyclic degradation, particularly in the negative loading 
direction. The first signs of diagonal cracking were observed at a negative (pull) cycle after 
Δ = 0.20%, with the diagonal crack closing during unloading. At the same drift level in 
the push (positive cycle), a diagonal crack nearly perpendicular to that occurring from the 
pull cycle developed, corresponding to the maximum capacity of the specimen. Failure was 
characterised by sliding of the two bodies separated by the diagonal crack following each 
loading direction.

3.2.2 � Response envelopes and ductility levels

The envelopes of the lateral load-drift P-Δ curves, as shown in Fig. 10a, were determined 
from the peak values of the first cycle for each drift level for the large-scale wall tests. 
Comparing the response of the wet (WA-W and WB-W) and dry (WA-D and WB-D) 
specimens, the influence of moisture on the capacity of the members becomes evident. 
The reduction in average lateral strength was up to 11% (9% for WA and 11% for WB 

Fig. 10   Lateral displacement-drift (P-Δ) response: a envelopes of cyclic tests, b average envelopes of two 
directions
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specimens). It is worth noting again, that the wet-to-dry strength reduction ratios were 
broadly similar for the large walls (WA-D/W and WB-D/W) as well as for Batch A diago-
nal panels (DA-D/W). These reductions were consistently about 10% (± 2%).

In terms of failure patterns, the response of both WA-W and WA-D walls was largely 
symmetric and governed by shear, ultimately failing in diagonal tension with the two 
diagonal cracks intersecting around the centre of the wall. On the other hand, Specimens 
WB-D and WB-W had a flexure-governed response indicated by opening of an interface 
gap between the supporting steel plate and the first brick course. Unreinforced masonry can 
develop such response, as often explained by aspects of non-linear elastic behaviour (Petry 
and Beyer 2015b). This is mainly attributed to the reduction of the compression zone with 
the increase in lateral displacement and the associated decrease in effective stiffness of 
the member. The contribution of the tension side of the wall also gradually diminishes as 
cracks open along the horizontal bed joints.

As discussed above, the ductility of the wet walls, in terms of ultimate drift, was broadly 
similar or lower than that of their dry counterparts, primarily influenced by the post-peak 
kinematics. Given the influence of moisture on the stiffness and effective yield, perhaps a 
more representative measure of ductility would be an ultimate-to-yield drift ratio (μΔ = Δu/
Δy). With reference to the insert diagram at the bottom right-hand side of Fig.  10b, Δy 
can be estimated from a simplified bilinear P-Δ curve by equating areas under the average 
test P-Δ envelope and the bilinear P-Δ idealisation. Using this approach, the drift ductility 
ratios (μΔ) are estimated as 4.0 for WA-D, 3.8 for WA-W, 4.0 for WB-D and 3.5 for WB-W. 
Overall, direct experimental comparison between the cyclic response of the wet and dry 
specimens shows the negative effect of moisture on the stiffness, capacity and ductility of 
masonry walls subjected to initial gravity and increasing lateral loads.

To obtain a detailed insight into the specimen response, particularly with regard to wall 
curvatures and rotations, the DIC data was analysed. Firstly, virtual vertical strain gauges 
of 80 mm length that included a bed joint and about half of the two adjacent bricks were 
assigned at eight bed joints (Fig. 4a). The gauges were positioned at each of the first five 
bed joints and then at the seventh, tenth, thirteenth and fifteenth. This arrangement is suf-
ficient to obtain a relatively refined curvature ( � ) distribution within the expected criti-
cal zone. After obtaining the strain profiles, average curvatures over the wall height were 
obtained using Eq. (3), in which ε1i and ε2i are the strains at 5 mm from the wall edges, 
whilst lw’ is the distance between the two gauges (lw’ = 1900 mm). Note that subscripts 1 
and 2 in ε1i and ε2i, correspond to compression and tension, respectively, depending on the 
loading direction. Curvatures were then integrated along the height (h) of the wall to obtain 
wall rotations (θ) using Eq. (4) in which i and i-1 denote the current and previous integra-
tion step, respectively, whilst hg,i is the gauge length. The rotations were then used to assess 
the shear and flexural deformations as well as to validate the global lateral displacement-
drift (P-Δ) response envelopes in Fig. 10 (Mohamed et al. 2014; Beyer et al. 2011).

Figure 11 presents the curvature ( � ) distribution along the wall height, whilst Fig. 12 
illustrates the average wall rotations (θ) along the wall height. Note that for compactness, 
only positive � and θ distributions for each of the first applied displacement cycle are 

(3)�i =
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||�2i
||
)/

lw�
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shown. Each curve, from the left to the right of each of the panels in Figs. 11 and 12, corre-
spond to a higher level of applied displacement (i.e. the light grey curves to the left repre-
sent the first cycle, whilst the black curves to the right represent the cycle that corresponds 
to peak). As expected, the curvatures are concentrated at the bottom of the wall within the 
regions with highest compression stresses at the wall toe. It is also worth noting that the 
WA walls have a more linear � distribution, which may be attributed to the more symmet-
ric shear-dominated response, whilst WB walls show concentrations of � within 15% of the 
wall height at the bottom due to a higher influence from bending. On the other hand, the 
θ distributions, shown in Fig. 12, follow a pattern characteristic for members tested under 
lateral displacement and co-existing gravity load, where the rotations increase gradually 
from the base along the wall height.

Fig. 11   Curvature distributions along the height of Specimen: a WA-D, b WA-W, c WB-D, d WB-W (light 
grey curves to the left represent early cycles, whilst dark black curves to the right correspond to peak)

Fig. 12   Rotations along the height of Specimen: a WA-D, b WA-W, c WB-D, d WB-W (light grey curves 
to the left represent early cycles, whilst dark black curves to the right correspond to peak)
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4 � Analytical assessments

4.1 � Shear‑compression failure envelopes

As noted before, the small-scale tests described in this paper can be used to evaluate 
the shear-compression (τ–σ) failure envelopes. This enables a detailed insight into the 
moisture effects on the mechanical properties of masonry, and permits a comparison 
with the behaviour of the large-scale tests in subsequent sections. The shear sliding 
properties of masonry joints are generally obtained from triplet tests, while the diagonal 
tensile strength is typically assessed from diagonal panel tests, yet the tensile strength 
can also be obtained from triplet tests. The failure envelope is then capped by compres-
sion crushing (Flores et al. 2013; Li et al. 2005). The shear strength (τs = fv1) through 
shear sliding is generally represented by a Mohr–Coulomb criterion (Eq.  5a), which 
depends on the precompression stress σ and the model coefficients c and μ (BSI 2004; 
Li et al. 2005; Hendry 1997; CEN 2018; BSI 2005a). As given in Eq. 5b, the cohesion 
c is referred to in codified provisions as the initial shear strength fv0 and is representa-
tive of cases without normal load (σ = 0) (BSI 2005a). The slope of the Mohr–Coulomb 
criterion μ = tanϕ is typically considered in codes as a value of 0.4, which is expected to 
lead to a lower bound estimate of the shear sliding strength.

A recent complementary study carried out by the authors on triplets subjected to 
shear loading and varying levels of precompression, indicated that the initial shear 
strength was fv0 = 0.165 MPa for dry specimens and fv0 = 0.100 MPa for wet specimens 
(Bompa and Elghazouli 2020a). The triplets consisted of bricks which had identical 
properties to those from this paper, and the lime mortar had a strength similar to that 
in the WA-D and DA-D specimens. The slope (μ) of the linear function from Eq.  5a 
was however about 50% higher than that suggested by codified guidance (BSI 2005a), 
with μ = 0.62 for dry joints and μ = 0.58 for wet joints. These values, combined with 
the results from tests on three triplet specimens extracted from undamaged regions of 
the tested walls, are used to plot the first region of the shear-compression (τ–σ) failure 
envelope for shear-sliding of dry and wet masonry joints in Fig. 13a,b. The linear repre-
sentation of τ–σ for shear sliding, using Eq. 5c, is marked with ‘(1)’ and represented by 
an inclined dashed red line in Fig. 13a.

It is worth noting that the shear sliding parameters (c and μ) from Eq.  5 refer to 
singular brick–mortar interfaces such as those in triplet specimens. To obtain these 

Fig. 13   Shear-compression envelopes and test results a Dry specimens, b Wet specimens
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parameters for masonry elements of larger sizes, the interface parameters c and μ would 
need to be replaced with c’ and μ’ using Eq. 5d,e, in which hb and lb are the height and 
length of the brick unit, respectively (Mann and Müller 1982). By considering the size 
effect, the shear stress limit condition moves to lower stress levels. Hence, the inclined 
dashed line, marked with ‘(1)’, is translated to the modified sliding limit condition, 
marked with ‘(1*)’ (Li et al. 2005). The local criterion (Eqs. 5a-c) can then be translated 
into a global criterion V1 depicted by Eq.  (5f), in which σ0 is the stress in the com-
pressed area of the member (σ0 = N/d’/t), N is the axial load, d’ is the compressed depth 
at the end of the section of the member and t is its thickness (CEN 2018).

The response of the diagonal panel tests is characterised by principal stresses acting in 
the two main specimen directions. The direction of load application is characterised by a 
compression stress field, with a perpendicular-acting tension field which leads to splitting 
or stepped sliding along the mortar joints, depending on the properties of the bricks and 
mortar (Malyszko 2004).

To assess the shear strength fv2 for the stepped sliding the failure criterion (Hendry 
1997), referred to as the ‘principal tensile stress criterion’, precompression normal to 
the bed joints (σ0), and the diagonal tensile strength ft are required as an input parameter 
(Eq. 6a,b). The latter corresponds to the masonry tensile strength ft obtained from shear 
tests on wall specimens or, in this case, diagonal panels (Eq. 1c,d) (Stafford-Smith et al. 
1970; Hendry 1997; CEN, TC250, SC8 2018), which is distinct from the tensile strength of 
bed joints (Magenes and Calvi 1997). The term Pu in Eq. 6b is the diagonal force at failure, 
whilst d and h are the depth/width and height of the panel (CEN 2018). By considering the 
member geometry, this local criterion can be transformed to a global criterion (Eq. 6c). 
Note that according to Eurocode 8 and several previous studies, σ0 is the mean vertical 
stress in the transverse section of the panel, which is assessed by dividing the axial load N 
divided by the full cross-sectional area of the member d × t (CEN 2018; Magenes and Calvi 
1997; Vanin et al. 2017; Beyer 2012), whilst in the original model this refers to the com-
pressed part of the cross-section (Mann and Müller 1982).

(5a)�s = c + ��

(5b)fv1 = min

|||||
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The principal tensile stress criterion (Eq. 6a) (Hendry 1997) accounts for shear failures 
governed by sliding at the bed joints, whilst tests showed that for high axial loads, and/or 
strong mortars, failure may be triggered by shear-tensile cracking of bricks (Magenes and 
Calvi 1997). This criterion (fv2,lim), depicted by Eq. (6d), is based on the tensile strength of 
the bricks fbt (Hendry 1997; Magenes and Calvi 1997). The parameter σ0 in Eq. (6d) is the 
mean vertical stress in the transverse section of the panel, as for Eq. (6a). Although in its 
original form this criterion requires the tensile brick strength, it has been used as a limit-
ing criterion by accounting for the ‘tensile strength of masonry’ (Li et al. 2005). The brick 
tensile strength fbt can either be obtained from tests, by correlation with the compressive 
strength of units (CEN, TC250, SC8 2018; Hendry 1990; Ghiassi et  al. 2019), or using 
Eq.  (6f) (Li et al. 2005; Türkmen et al. 2020; Ghiassi et al. 2019; Silva et al. 2008), yet 
the latter may be limited to only some forms of masonry. Based on available literature, the 
tensile strength fbt of solid clay bricks is 0.033 × fb (Hendry 1990), 0.05 × fb (Ghiassi et al. 
2019) or 0.10 × fb (CEN 2018).

Equation  (6d) can be transformed into a global strength criterion V2,lim (Eq.  6e) by 
considering the member geometry and a factor (1-αv) that represents a 2.3 multiplier to 
the denominator (Beyer 2012). The αv = h0/d coefficient that is a function of the distance 
from the support to point of contraflexure h0 and wall depth d, incorporating the effects 
of complex stress distribution, crack propagation and shear-flexure interaction (Magenes 
and Calvi 1997). For the purpose of constructing the shear-compression envelope in this 
study, this is not accounted for, as it also does not appear in the expressions of the revised 
Eurocode 8 (CEN 2018) described later on in this paper.

The test results from Table 1 are used as input in Eq.  (6) (Li et  al. 2005) to plot the 
second curve ‘(2)’ of the shear compression τ-σ envelope shown in Fig. 13a,b. The grey 
region represents the upper and lower bounds for the diagonal tension limiting regime as 
obtained from the tests and intersects the minimum–maximum ranges of the limiting con-
dition by failure of bricks in splitting, as marked with ‘(2*)’ in the same figure. The lower 
bound of ‘(2*)’ was assessed using 0.033 × fb (Hendry 1990), and the upper bound using 
0.10 × fb (CEN 2018).
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The third failure mode, denoted by ‘(3)’ in Fig. 13a,b, and estimated using Eq. (7a), is 
used to cap the τ-σ failure envelope and represents the crushing condition of the masonry 
(Mann and Müller 1982). This third mode depends on the mean vertical stress σ0 as the 
axial force N divided by the full cross sectional area of the member (d × t), the average 
compressive strength of masonry fm estimated here using Eurocode 6 (BSI 2005a) equation 
and measured material properties (Eq. 7b), depth/width of the panel d and panel height h. 
The parameter fb in Eq. (7d) is the compressive strength of the units obtained from tests 
parallel to the bed joint, in the direction of the applied action effect, and fj is the compres-
sive strength of the mortar as described in Sect. 2.2.1. The local criterion fv3 (Eq. 7d) can 
then be used to determine the corresponding shear force V3 (Eq. 7c), where Ac is the cross-
sectional area in compression. As this failure mode did not occur in the tests described 
in Sect. 3, this is assessed only for comparative purposes. As for the other conditions of 
the τ–σ representation, the grey region incorporating the inclined line from Figs.  13a,b, 
marked with ‘(3)’, corresponds to the minimum and maximum compressive strengths 
assessed using the measured material properties.

The intersection between the failure criteria described above, determine the τ-σ failure 
envelope for a given type of masonry. When a pair of stresses (τ, σ) falls on or outside the 
envelope, this would represent failure.

Besides the τ-σ failure envelope and the test results from the diagonal tests (DA-D, 
DA-W, DB-D, DB-W), Fig.  13a,b also show the (τ, σ) points from the large-scale wall 
members (i.e. WA-D, WA-W, WB-D, WB-W). The normal stress σn and the correspond-
ing maximum shear stress τmax, depicted in Table 7 and Fig. 13a,b were determined from a 
simple elastic–plastic analysis using shell elements and simulating the test boundary con-
ditions. The models were subjected to the loads shown in Table 7 and adopted the mate-
rial properties from the same table. To assess the material stiffness, the masonry compres-
sive strength fm, assessed with Eq. (7b) and using the measured constituent properties, was 
multiplied by η = 150, which is representative for lime-mortar masonry under compression 
(Bompa and Elghazouli 2021; Costigan et al. 2015). The value of σn was obtained by aver-
aging the stresses in the compressed area of the specimens at mid-height of the bottom 
brick, whilst the shear stresses τmax were obtained from the same cross-section. The posi-
tion of the test pairs (τmax, σn) in relation to the τ-σ envelopes in Fig. 13 indicates the gov-
erning failure condition, which is in good agreement with the test observations for both the 
diagonals and the large walls.
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4.2 � Stiffness and strength of large walls

Based on the test results, the initial stiffness K0 (slope of line connecting positive and nega-
tive extreme points in first cycle), the stiffness Ktest (within the range of 10–40% of the ulti-
mate capacity), and the effective stiffness Keff (from a bilinear idealisation, as indicated in the 
bottom-right insert in Fig. 10b) (Bosiljkov et al. 2005b; Tomazevic 1999; Salmanpour et al. 
2015), are compared herein with analytical estimates using Eq. 8. This relationship is based 
on elastic beam theory, incorporating shear deformation, and may be used to estimate the elas-
tic stiffness of masonry walls in single-curvature, such as those tested herein (Benedetti and 
Steli 2008; Haach et al. 2010). The elastic stiffness Kel is a function of the wall thickness (t), 
length or depth (d) and height (h), as well as the shear and longitudinal elastic moduli, G 
and E, respectively. The parameter I = t × d3/12 is the area moment of inertia, An = d × t is the 
plan area of the wall and α depends on the boundary conditions (αK = 3.33 for a cantilever, 
αK = 0.83 for fixed-ended conditions). Based on existing data, the ratio between the elastic 
parameters G and E is in the range of 33–40% (Magenes et al. 2010; Salmanpour et al. 2013). 
Herein, G = 0.4 × E is assumed as suggested by current design guidelines for masonry struc-
tures (BSI 2005a).

The effective stiffness Keff typically varies in the range of 40–80% of the elastic stiffness 
K0 and may be influenced by the level of axial load and boundary conditions (Bosiljkov 
et al. 2005b; Salmanpour et al. 2013). For practical applications, Keff can be considered as 
50% of the elastic stiffness (Tomazevic 1999). As noted in other studies (Bosiljkov et al. 
2005b; Haach et  al. 2010), predictions of the elastic stiffness using Eq.  (8) often result 
in unreliable estimates due to the highly anisotropic response of masonry. As shown in 
Table 6, for the cases considered herein, the effective test stiffness Keff is 53–80% of the 
initial test stiffness K0, which is within the 40–80% range noted above. These variations, 
which occur due to the inherent non-linear behaviour of masonry, would reduce when a 
lower shear modulus G≈0.33 × E is considered (Magenes et al. 2008).

In terms of strength, as noted before, all large walls ultimately failed in diagonal ten-
sion. Hence, the following assessments focus only on predicting the shear capacity of 
shear-controlled walls. Close inspection of the estimated shear capacity for flexure-con-
trolled cases showed that this was generally higher than that obtained from tests, and supe-
rior to the shear capacity of shear-controlled walls. In this respect, the current version of 
Eurocode 8 (BSI 2005b) has two distinct equations which are stipulated for assessing the 
shear force capacity of unreinforced masonry walls controlled by flexure or governed by 
shear (Eq. 9a,b).

The shear capacity for shear-governed conditions, denoted here as Vs and expressed by 
Eq. 9a, uses the Mohr–Coulomb representation with a corresponding limit imposed on the 
shear strength indicated in Eq. 9b. The shear capacity for shear-controlled conditions effec-
tively corresponds to the shear-sliding failure mechanism. It is worth pointing out that to 
assess the shear capacity of shear-dominated members, the in-plane horizontal wall length 
(i.e. depth d), is reduced to the actual compression zone depth (d’). The reduced depth d’ 
at ultimate for the walls tested in this study was assessed from the full-field DIC measure-
ments. The guidelines available in the new revision of Eurocode 8 (Part 3) (CEN 2018), 
differentiate between shear sliding (Vs) and diagonal cracking (Vd). The shear sliding 
mechanism has the same formulation as in the current Eurocode 8 (Part 3) (Eq. 9a) (BSI 
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2005b), yet the imposed limit on the maximum shear sliding stress is 0.065fb, as a function 
of the brick compressive strength fb, rather than that for masonry fm (i.e. Equation 9b ver-
sus Eq. 9c). Equation (9b) would not apply for historic masonry with compressive strength 
below 2.0 MPa.

Equation (10), which can be used to estimate the diagonal cracking failure capacity, is 
similar to Eq. 5 which is employed to describe the second regime of the shear-compression 
diagram, with due account for the masonry wall length d, thickness t, and a correction fac-
tor b. The latter accounts for the shear stress distribution in the panel and its aspect ratio 
(1.0 ≤ b = h/d ≤ 1.5, in which h and d are the height and depth of the panel, respectively).

The diagonal cracking failure mechanism of irregular masonry walls is related to the 
diagonal tensile strength ft, which is obtained from diagonal compression tests such as 
those described in Sects. 2.2 and 3.1 using Eq. (11) (CEN 2018). The formulation to assess 
the shear strength of regular masonry walls controlled by diagonal cracking in Eq.  12a, 
related to the formation of stair-stepped cracks, also reverts back to the shear sliding case, 
bounded by a limit Vd,lim (Eq. 12b).

The parameters fv0’ and μ’ are equivalent shear sliding parameters which relate the 
shear strength of the panel to the local mechanical properties of the mortar joint, similarly 
to Eqs. 5d,e described in Sect. 4.1 (Mann and Müller 1982). The interlocking coefficient 
� is defined as the ratio between the height of the brick unit and the length of overlapping 
between units. The brick tensile strength fbt can be obtained from tests or typically assumed 
as 10% of the compressive strength fb (CEN 2018). In the assessments undertaken in this 
paper, the shear sliding parameters were determined based on previous test data (Bompa 
and Elghazouli 2020a), and by using the ranges illustrated in Fig. 13 and described before. 
The parameter d’ in Eq. 12a corresponds to the depth of the compressed area at the end 
section of the pier, whilst the vertical stress σ calculated for the compressed part of the wall 
(d’ × t). The stress σ0 in Eqs. (10 and 12b) is the mean vertical stress in the transverse sec-
tion of the panel, equal to the ratio between the axial force at the centre of the panel N and 
the full cross-sectional area (d × t) (CEN 2018). This corresponds to the applied vertical 
stress in the tests as indicated in Table 4.

This provides a more realistic representation of the key failure modes for masonry, as 
also noted in Sect. 4.1 and illustrated in Fig. 13.
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Table 8 depicts the test shear capacity Vtest of the large walls as well as estimates of 
Eqs.  (9–12). It can be observed that the governing assessment case would always be the 
shear sliding, irrespective of whether this is obtained from Eq. 9a or the limit in Eq. 9c. 
This failure mode was not observed in any of the tests. From a direct comparison between 
the tests and the estimated shear sliding capacity, the predictions are found to be conserva-
tive with Vtest/Vs = 1.18. Moreover, the estimated flexural strengths are within similar 
ranges with test strengths, with Vtest/Vf = 1.03 and a coefficient of variation of 0.11. Finally, 
the estimated Vd values are found to be closest to Vtest, when the test material parameters 
are used. The average Vtest/Vd ratio is 1.02 with a coefficient of variation of 0.04. As the 
latter condition has the lowest variance and the average closest to unity, it is suggested 
that Eqs. 12a,b can be used reliably for assessing the diagonal tension capacity of masonry 
with constituents similar to those described in Sect. 2.1. Based on the above observations 
and direct correlation with the failure modes occurring in the specimens, available codified 
expressions can be generally used to provide a reliable estimate of the diagonal tension 
capacity.

4.3 � Idealised lateral load‑deformation curves

The lateral load-deformation (P-Δ) response of a masonry wall can be represented by an 
idealised piecewise linear relationship with due account for progressive strength degrada-
tion (CEN 2018). With reference to Fig. 14, the characteristic points of the relationship can 
be represented by a bi-linear elastic representation before yield in which the first stage up 
to 70% of the peak strength (Vu) is a function of the elastic stiffness Kel, and the second 
stage up to Vu is based on 25–50% reduction in Kel. In the inelastic regime, a constant 
slope is assumed between the yield drift Δy and ultimate drift Δu. The latter corresponds 
to a drop in the shear force with respect to the peak value, to a ‘second’ ultimate drift Δu2, 
by an amount that depends on the failure mechanism (i.e. flexure, sliding, diagonal ten-
sion). Regardless of the failure mode, the ‘second’ ultimate drift Δu2 is assumed as 4/3 of 

(12b)Vd,lim =
t ⋅ d

b

fbt

2.3

√

1 +
�0

fbt

Fig. 14   Comparative V-Δ curves for Specimens: a WA-D, b WA-W, c WB-D, d WB-W
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the ultimate drift Δu (i.e. Δu2 = 1.33 × Δu) (BSI 2005b; CEN 2018). The limits Δu and Δu2 
are considered to correspond to the Significant Damage and Near Collapse limit states, 
respectively.

According to current seismic assessment guidelines (BSI 2005b), for shear-governed 
cases, the drift capacity is limited to Δv,u = 0.40%. The revised draft of Eurocode 8 (Part 3) 
(CEN 2018) offers a similar but more detailed procedure to determine the in-plane defor-
mation response of unreinforced masonry walls. For shear sliding failures of historic (pre-
modern) masonry, a value of Δs,u = 0.8% is stipulated, while when shear sliding is limited 
by masonry unit strength (Vs,units), Δs,u = 0.5% is suggested, with Δs,u2 = 1.33 × Δs,u. The 
residual shear strength corresponding to Δs,u2 is that estimated from Eq. (9) without con-
sidering the contribution of the initial shear strength (fv0). Conversely, if shear sliding is 
governed by Vs,units, the residual shear strength is half the sliding strength without the con-
tribution of fv0. Similarly, for diagonal failures of walls, the ultimate drift is considered as 
Δd,u = 0.6% for regular (stair-stepped joints) and as Δd,u = 0.5% for irregular masonry, again 
with Δd,u2 = 1.33 × Δd,u. The residual shear force corresponding to Δd,u2 is 50% of the shear 
resistance for regular masonry and 30% for irregular masonry.

The above drift limits suggested by the revised draft of Eurocode 8 (CEN 2018), along 
with the predictions of Eqs.  (9–12) are used herein to construct the load versus drift 
response of the large-scale wall specimens. The elastic stiffness Kel was estimated using 
Eq. (8) and a 50% reduction in Kel was considered for the second pre-yield regime (Δ < Δy). 
Figure 14 illustrates a comparative assessment between the test response (Vtest–Δtest) and 
the estimated diagonal tension (Vd–Δd) response. The drift limits for shear Δv,u that con-
form to the current version of Eurocode 8 (BSI 2005b) are also indicated by vertical lines 
in the figure. These are shown to be generally conservative for conventional dry walls 
through the obtained test-to-estimated drift ratios, noting that similar performance levels 
have been observed in shear-dominated tests available in the literature (Salmanpour et al. 
2013; Frumento et al. 2009).

As shown in Fig.  14a-d, the estimated Vd–Δd relationships corresponding to diago-
nal tension failure agree well with the Vtest–Δtest curves of the dry specimens WA-D and 
WB-D, in terms of stiffness, limit of elasticity, peak strength as well as ultimate drifts. In 
contrast, the Vtest–Δtest curves of the wet members (WA-W and WB-W) tend to exhibit a 
higher degradation in the post-peak regime. This is shown by a more pronounced drop in 
strength as well as a more inclined descending slope. By direct comparison between the 
test and predicted V-Δ curves, it is concluded that if the material properties are determined 
with due account for the strength reduction due to moisture, then Eq. (12) in conjunction 
with drift parameters in the first two paragraphs of this section can offer a similar level 
of reliability for the assessment of both wet and dry masonry walls. Although improved 
predictions can be obtained through existing detailed analytical procedures (Wilding and 
Beyer 2017; Salmanpour et al. 2015), the simplified V-Δ curves discussed above can gen-
erally provide a largely conservative prediction of the behaviour.

5 � Conclusions

This paper presented an experimental investigation into the structural response of ambient-
dry and wet clay-brick/lime-mortar masonry elements representative of those in some his-
toric structures. A detailed account of tests on large-scale walls subjected to gravity load 
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and lateral displacements was given. In addition, complementary tests on square panels 
under diagonal compression, and cylindrical cores in compression, was also described. 
Although, as expected, there is significant inherent variability in the properties of masonry 
elements, depending on the constituent materials and construction conditions, this inves-
tigation offered a detailed insight into the influence of moisture on the behaviour, with 
emphasis on the response of large-scale walls subjected to lateral cyclic displacements 
and co-existing pre-compression. In addition to providing information for the validation of 
detailed nonlinear cyclic numerical simulations, the results enabled the assessment of the 
material shear-compression strength envelopes as well as the key structural performance 
parameters of wet and dry masonry walls under lateral loading conditions. The adequacy of 
available design models in terms of stiffness, strength and load-deformation response was 
also examined. The main concluding remarks are presented below.

The extent of moisture effects is a function of the loading conditions and governing 
behaviour, as a result of several factors including the relative influence on the mechanical 
and interaction characteristics of brick and mortar as well as their relative geometry. A 
direct comparison between the load displacement curves of dry and wet masonry spec-
imens tested under diagonal compression showed that moisture reduced both the elastic 
stiffness and the strength by up to 39% and 43%, respectively, compared to the dry coun-
terparts. Full-field DIC measurements also showed that the cracking load was reduced by 
moisture with the brick-to-mortar interface bond loss occurring at around 75% and 85% of 
ultimate for the wet and dry specimens, respectively. On the other hand, compression tests 
on cylindrical masonry cores indicated that all uniaxial compression properties were lower 
when moisture was present. For the configurations tested in this study, the reduction in the 
elastic modulus and compressive strength obtained from cylindrical cores was up to 23% 
and 20%, respectively, between the dry and wet cases. This was compared to about 50% 
reduction in strength due to moisture effects for mortar-only specimens, noting that  the 
strength of brick-only specimens are largely unaffected by moisture.

For the large-scale masonry walls tested under cyclic lateral loading and typical levels 
of gravity load, reductions of up to 20% in stiffness and up to 11% in lateral strength were 
observed in the presence of moisture. All specimens tested under cyclic loading had a brit-
tle failure in diagonal tension with stepped cracks occurring at the two wall diagonals. The 
ultimate deformations of the wet cyclic walls were either broadly similar or lower than that 
of the dry counterparts. Considering the ratio of ultimate-to-yield deformation obtained 
from a bilinear representation as a measure of ductility, the wet walls had ductility drift 
ratios of up to 12% lower than those of their dry counterparts.

The tests on small scale specimens were used to assess the shear-compression failure 
envelopes. It was shown that for the configurations assessed in this paper, the envelopes for 
wet masonry lie consistently within those for dry masonry, indicating reductions in strength 
across all shear-compression ranges as a function of the governing response. Finally, ana-
lytical assessments related to the performance of large-scale walls indicated that typical 
estimates for the elastic stiffness were about two-third of the initial stiffness obtained in 
the tests, in agreement with other results from the literature. Importantly, although codified 
guidance may not be able to predict the failure mode obtained in tests in a realistic man-
ner, their predicted shear capacity of diagonal tension-governed elements were found to be 
largely reliable. Overall, it was shown that, provided the material properties are determined 
with due account for the expected strength reduction due to moisture, existing analytical 
expressions offer a broadly similar level of adequacy for predicting the response of both 
dry and wet masonry walls.
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