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Abstract. This paper presents the results of an experimental campaign carried out
to characterise the mechanical properties of multi-wythe masonry infrastructure in
the city of Amsterdam. Samples were extracted from a 1.2 m thick bridge’s pillar
constructed in 1882. For the characterisation of shear and compressive properties
of masonry, tests on cores with a 100 mm diameter were performed at the Stevin-
laboratorium of Delft University of Technology. Samples were extracted along
different locations in the wall thickness to evaluate the effect of exposure to envi-
ronment conditions. Overall, the study provides a first insight on the mechanical
properties of multi-wythe masonry city infrastructure and knowledge regarding
the sampling and testing strategy for these structures. In turn, this will increase
the knowledge on multi-wythe masonry, which is limited in literature, and will
support the assessment of many infrastructures in typical Dutch canal cities.

Keywords: masonry - cylindrical cores - slightly-destructive testing method -
nonlinear shear-sliding behaviour - nonlinear compressive behaviour - Dutch city
infrastructure

1 Introduction

Over 200 km of quay walls and several bridges are in urgent need of renovation in the city
of Amsterdam [1]. Nowadays, masonry structures do not only represent an important
infrastructure for the viability of the city, but they are also important historical assets. In
recent years, brides and quay walls showed substantial deformation and in some cases
even collapse, e.g. [2]. Pillars and abutment of bridges and well as quay walls are often
made of multi-wythe masonry with a thickness of more than 600 mm. Not much is
known about the mechanical characterisation of these URM structures, thus reducing
the reliability of their structural assessment and renovation. Numerical models that are
used for the structural assessment require the definition of material parameters based
on the nonlinear behaviour of masonry and its constitutes (i.e. brick and mortar) under
various loading conditions like compression, shear, bending, etc. [3]. Therefore, it is
necessary to perform experimental tests on these old masonry structures, to characterise
their mechanical properties and to provide the definition of input parameters for nonlinear
finite element analyses.
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Regarding testing methods, core testing on small-diameter cylindrical samples has
shown the great potential for existing and historical masonry structures due to their
slightly-destructive nature [4—6]. It allows testing the samples in laboratory with stan-
dard set-up and granting the possibility of acquiring the post-peak softening of masonry
under shear and compressive loadings. Both shear properties at brick-mortar interfaces
and compressive properties of single-wythe masonry can be successfully obtained by
small-diameter cores. To characterise shear properties, splitting tests are usually per-
formed on I-shaped cores with one bed joint rotated at different inclination angles [5,
7-9]. Mazzotti et al. [7] investigated the effect of inclination angles of 0°, 15°, 30°, 40°,
45° and 50° on the failure modes of cores. They conclude that cores with angles between
15° and 30° exhibited a splitting failure mode, while cores with a higher mortar joint
inclination exhibited a sliding failure mode. For evaluating masonry shear resistance,
sliding failure mode is generally considered as the most representative failure mode,
thus high inclination angles around 40°~50° are recommended. Jafari et al. [5] com-
pared shear properties obtained from splitting tests on I-shaped cores (one bed joint) and
shear-compression tests on triplets for various masonry types; she found a correlation
coefficient 0.88 for initial shear strength and 0.96 for friction coefficient. As for the
compressive properties, cores with different diameters, thickness and bond patterns can
be found in literature [4, 6, 10]. Segura et al. [10] explored the size effect on the com-
pressive behaviour obtaining that the compressive strength and the Young’s modulus
were, respectively, 25% and 15% higher for I-shaped cores with a diameter of 90 mm
with respect to H-shaped cores with a diameter of 150 mm (two bed joints and one
head joint). Conversely, Jafari et al. [6] did not find substantial difference in results by
testing T-shaped cores with a diameter of 100 mm (one bed joints and one head joint)
and H-shaped cores with a diameter of 100 mm; additionally, she found a 1:1 correlation
factor with tests on wallets. Overall, the core testing method can be regarded as a reliable
alternative to conventional standardized methods.

Currently, research on mechanical properties of multi-wythe masonry structures
is limited in literature, especially the material characterisation with the consideration
of through-thickness effect, namely potential variation of mechanical properties in the
wall thickness due to different environmental conditions. Some work can be found at the
structural level. Isfeld et al. [11] studied the effect of grout injection, as an effective repair
method, on the deformation of stone masonry walls. Sortour et al. [12] designed in-plane
and out-of-plane testing programs to determine the elastic and shear moduli of masonry
wall with a dimension of 2 x 2.75 x 0.54 m? (width x height x thickness). In terms
of material characterisation, Demir and Ilki [13] compared the damage evolution and
material properties of multi-wythe and single-wythe masonry prisms under compression.
In comparison with single-wythe prisms, they found that: i) multi-wythe prisms present
vertical cracks along the interfaces of the external and internal wythe at earlier steps of the
loading; ii) the overall axial deformability was significantly higher and the compressive
strength was almost halved. Until now, we are still lack of a comprehensive understanding
about material characterisation of multi-wythe masonry walls under various loading
conditions like shear, compression, bending. Therefore, an experimental strategy for the
evaluation of such thick structure is urgently needed.
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To provide insights on how to characterise multi-wythe masonry infrastructure, a
pilot study has been started at Delft University of Technology in 2022 with the char-
acterisation of a bridge’s pillar built in 1882 in Amsterdam. Various mechanical tests,
including tests on cores and on standard rectangular samples (e.g. couplets, prisms,
triplets) were performed. In this paper, the outcome of core tests to characterise shear
and compressive properties of masonry are presented and discussed. Splitting tests and
compressive tests were performed on I-shaped cores (one bed joint) and T-shaped cores
(one head joint and one bed joint), respectively, both with a diameter of 100 mm. Sam-
ples were extracted in the portion of masonry above water level and different samples
through the thickness direction of the masonry wall were collected. The scope of this
paper is to discuss the suitability of the core testing method for to multi-wythe masonry
in city infrastructure exploring the effect of exposure to environmental conditions on
mechanical properties.

2 Material and Methods

2.1 Material and Sample Extraction Process

During the renovation of a bridge in Amsterdam (the Netherlands), a portion of masonry
with dimensions 0.6 x 1.4 x 1.2 m? (length x height x thickness) was extracted from
a pillar originally built in 1882. The extraction took place in April 2020; afterwards the
portion was caged in a steel box and stored. The portion of masonry was made of solid
clay bricks having on average a length of 210 mm, a height of 50 mm and a thickness
of 100 mm, and of the mortar joints having a thickness ranging between 2-20 mm.
Regarding the bond pattern, the front side of the masonry wall was built in Dutch bond
(a row of headers alternated to a row of stretchers). However, through the thickness
direction the bricks were mainly laid as headers although a clear bond pattern was not
identified.

The extraction of sample for material characterisation took place in 2022 and the
procedure consisted of two phases. In the first phase, the masonry portion was sawed
along the thickness using diamond blades, so that 6 pieces (Piece 1-6) were obtained
with average dimensions of 600 x 1200 x 210 mm3 (see Fig. 1(a)). In the second phase,
a wet extraction procedure was employed to drill I-shaped and T-shaped cores with a
diameter of 100 mm and a thickness of approximately 100 mm from Piece 14, for the
splitting tests and compressive tests, respectively. Figure 1(b) shows one of the sawed
masonry pieces after the wet drilling process of cores from the front view.

Considering a possible variation of the properties based on the exposure conditions
(e.g. close to or far of water), it was assumed that three masonry objects could exist:
an external one (Piece 1 and 6), a middle one (Piece 2 and 5), and internal one (Piece
3—-4). A masonry object is identified as masonry of the same typology subject to the
same exposure condition. A masonry typology is a masonry made of the same bricks
and mortar type and built in a specific time.

2.2 Testing Set-Ups and Procedures

Splitting tests on I-shaped cores were carried out inclining the mortar bed joint at 45°,
50° and 55° with respect to its original position. The test allows inducing a mixed
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(b) ¥k
Fig. 1. Sampling: (a) Sawing plan through-thickness view; (b) Sawed masonry piece after the
wet extraction of cores.

compression-shear stress state at the centre of the mortar joint, as shown in Fig. 2(a).
The test was carried out by a sliding-controlled apparatus including a hydraulic jack with
100 kN capacity (see Fig. 2(b)-(c)). Two wooden strips, with dimension of 194 x 15 x
2 mm, were inserted between the loading plates and the sample to distribute the load.
The relative sliding displacement and normal displacement between the two bricks was
measured using two LVDTs on each face of the specimen. The LVDTs have a measuring
range of 2 mm. The average sliding measurements (between front and back face) was
used to control the load. A sliding-displacement-rate of 0.1 wm/s was adopted during
the tests. At least three samples were tested for each inclination.

Compression tests were carried out on T-shaped cores with a diameter of 100 mm by
using a high-strength mortar cap (Fig. 3). Due to the unpredictable bond in the thickness
of the pillar, the core had a thickness ranging between 65 and 100 mm to avoid the
presence of any collar joint in the specimen. Wooden moulds with a dimension of 70
x 100 x 50 mm were designed to assist the capping process, as showed in Fig. 3
(a). If cores were slightly shorter than the mould length, clay mould and polystyrene
material were used to fill the mould. The high strength mortar named “Cement Cuglaton
Gietmortel 1 mm” was used by mixing of 0.75 kg water per 5 kg. The mortar had a
mean flexural strength of 5.5 MPa and mean compressive strength of 61.37 MPa after
7 days of curing at room temperature (EN 1015-11 [14]). After casting the mortar, the
mould was covered with a plastic sheet. De-moulding occurred after 1 day from casting.
After 7 days of curing at room temperature, the samples were tested (see Fig. 3 (b)). The
samples were instrumented with four LVDTs at the front and back sides (Fig. 3 (c)). Two
vertical LVDTs with a measuring range of 10 mm were glued to the brick approximately
at the centre of the specimen’s face. Two horizontal LVDTs with a measurement range
of 2 mm were attached to brick along the horizontal axis. The test was carried out using
a displacement-controlled set-up to explore the post-peak behaviour. A testing machine
including a hydraulic jack with 3500 kN capacity was used. A displacement rate of
0.002 mm/s was adopted. The compression test was performed monotonically. Four to
five specimens from Piece 1-3 were tested, while only two specimens from Piece 4 were
tested as few T-shaped cores were founded during the extraction.
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(2) ﬁ

Fig. 2. Splitting test on core: (a) Definition of inclination angle a; (b) Splitting test set-up; (c)
Measurement system.

Fig. 3. Compression tests on core: (a) Capping process using wooden moulds; (b) Specimen’s
geometry; (c) Test set-up.

3 Mechanical Characterisation with Core Testing

3.1 Shear Properties
The normal stress at failure and the shear strength were determined as:

max

fp,care = T Cos o (D
F .
fv,core = Zax S o 2)

where F,,y is the maximum force from the testing machine, A is the area of the mortar
layer, and « is the mortar layer inclination, with respect to the horizontal reference.

By considering the Coulomb friction criterion, the value of the initial shear strength
fvo.core and the coefficient of friction ... Were evaluated by a linear regression of
the shear and compressive stresses obtained by tests on cores with different mortar
layer inclinations. In literature, two methods are reported for the evaluation of the shear
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properties of masonry: the linear regression considering the average strength per each
mortar inclination (as proposed by Mazzotti et al. [7] and adopted by Jafari et al. [5]), or
the linear regression of all the data (as proposed by Pela et al. [8]). In the present work,
both methods are applied for comparison.

The following four types of failure modes are usually observed in splitting tests on
I-shaped cores:

e Sliding along one brick-mortar interface (Fig. 4(a)).

e Sliding along two brick-mortar interfaces including mortar failure (Fig. 4 (b)).

e Mixed sliding-tensile failure with cracks mainly at interfaces and few cracks in bricks
(Fig. 4 (¢)).

e Tensile failure with a vertical crack parallel to the loading direction located in the
middle of the core (Fig. 4 (d)).

In the present study, the majority of cores failed in the mixed sliding-tensile failure
mode (Fig. 4 (c)), while the rest failed in the tensile failure mode (Fig. 4 (d)). To calculate
the shear properties at brick-mortar interface, only the former have been considered.
Table 1 lists the number of samples with mixed sliding-tensile failure involved in the
data analysis.

Figure 5 shows the force versus the sliding displacement measured between the
two portions of bricks for cores listed in Table 1. Each colour of line plots in Fig. 5
represents samples from each wall piece. As the testing machine was controlled by the
sliding displacement measured by LVDTs, the post-peak behaviour was recorded for
all samples. Not significant through-thickness effect can be observed on the relation of
sliding displacement and shear stress among cores extracted from Piece 1 to Piece 4.
However, this conclusion should be taken with care because the experimental results are
limited and show a high coefficient of variation.

(b) (d
Fig. 4. Typical failure mode of cores after splitting tests (a) Sliding along one brick-mortar inter-

face [5]; (b) Sliding along two brick-mortar interfaces [5]; (c) Mixed sliding-tensile failure; (d)
Tensile failure.

Figure 6 shows the failure envelope in terms of shear stress versus compression stress
relationship for all the results obtained from Piece 1 to 4. Considering the regression
analysis with the average results for each inclination [7], an initial shear strength fy
of 1.13 MPa and coefficient of friction u of 0.17 are obtained (Fig. 6 (a)); however,
these results are unconventional considering typical values for brick masonry [5, 7, 8].
Considering the regression analysis of all results [8], an initial shear strength fyo of
0.51 MPa and coefficient of friction p of 0.83 are obtained (see Fig. 6 (b)), which are
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Table 1. Number of cores tested at each inclined angle with mixed sliding-tensile failure.

Inclined angle 45° 50° 55°
Wall portion

Piece 1 0 0 1
Piece 2 2 1 2
Piece 3 1 1 2
Piece 4 3 2 3
Total number of samples 6 4 8

Inclined anagle: 45°

Shear stress (MPa)
Shear stress (MPa)

Inclined anagle: 50"

T T T T T T T T T
0.0 0.2 04 0.6 0.8 0.0 0.2 0.4 06 0.8

Sliding displ it Sliding displacement (mm;
(a) iding displacement (mm) (b) iding displ (mm)
25 —
Inclined anagle: 55° :E;}E‘

Shear stress (MPa)

T T T T
0.0 0.2 0.4 0.6 08
(C) Sliding displacement (mm)

Fig. 5. Shear stress versus joint relative displacement for different mortar layer inclinations: (a)
a = 45°% (b) a = 50°% (c) a = 55°.

within the scatter range of what reported in literature [5, 7, 8]. Considering the large
scatter of the results, the latter method seems to be more appropriate for this case study.

To provide an estimate of the dissipated energy, fracture energy under shear is cal-
culated by using the method proposed by Jafari et al. [5] (Fig. 7) where the fracture
energy due to friction at interfaces was excluded. The stress component due to friction is
computed as the normal stress multiplying by the coefficient of friction from Fig. 6 (b)
and it varies during the splitting tests of cores (see the blue line in Fig. 7). The fracture
energy under shear from cores of Piece 1-4 ranges from 42.89 to 1591.1 N/m. Most of
values are higher than what obtained in previous research [5], indicating that the energy
dissipated in the partial failure of the brick is not negligible. This may indicate that the
bond at the interface and the strength of brick and mortar is of a better quality than
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Fig. 6. Failure envelope from splitting tests on cores using: (a) the average result for each
inclination; (b) all data.
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Fig. 7. Calculation of fracture energy from shear stress-sliding curves according to Jafari et al.

[5].

masonry extracted from buildings (which was mainly the object of previous studies with
core testing method). Nevertheless, it also suggests that improvements to the testing
method to take these factors into account are actually needed.

3.2 Compressive Properties

The following compressive properties were evaluated from the core testing: Young’s
modulus, compressive strength and corresponding peak strain, and compressive fracture
energy.

The compressive strength of masonry core can be calculated either by considering
the cross-section of the core or the cross-section of the cap, as suggested by Pela et al.

[4]. In this paper, following Jafari et al. [5], the cross-section of the cap is used to evaluate
the stress state:

f/ Frax

m,core™

3)

B cap Lcap

where F 4 is the maximum load, B, is the width of the cap (along the face of the core),
and L, is the length of the cap (along the thickness of the core). The strain corresponding
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to the compressive strength is defined as the peak strain. For the elastic modulus, the
chord Young’s modulus E evaluated between 1/10 and 1/3 of the maximum stress is
adopted. The displacement control procedure of the test allows determining the post-
peak behaviour of the material. The fracture energy in compression Gy was determined
as the area underneath the normal stress versus normal strain diagram, taking the height
of the specimen into account. This concept was introduced by van Mier [15] for concrete
material and subsequently applied to masonry by Lourenco [16].

As shown in Fig. 8 (a), the strain obtained by LVDTSs’ readings and by the jack’s
readings resulted similar in the post-peak phase. Consequently, the former were used to
evaluate the properties in the pre-peak phase, while the latter were used to describe the
post-peak phase, in which LVDTs were detached from the specimen due to extensive
cracking. Consequently, the displacements measured from the jack were shifted to define
the post-peak stress-strain relationship curve (see Fig. 8 (a)), as proposed by Jafari et al.
[6]. The elastic modulus was calculated based on the LVDTs readings, while the fracture
energy was calculated based on the LVDTSs’ reading in the pre-peak and modified jack’s
reading in the post-peak phase. The ultimate displacement was obtained by prolonging
a linear curve from the “shifted” stress-strain curve from jack measurements; the slope
of this linear curve was defined based on axial stress - axial displacement relation near
the end of testing (see Fig. 8 (b)).

- 124
——LVDT's reafilng —— LVDT's reading
Jack's reading —— Shifted jack's raeding|
—— Shifted jack's reading 104 - - - Fitted
© ©
o o
=3 = ¥
[ (%]
k7] 17
] s
E: 24
2
04 ‘ ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ , ‘ s
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 20 25 3.0

Axial displacement (mm) Axial displacement (mm)

(@ (b)
Fig. 8. (a) Capturing the full response under compression loading using LVDTs’ readings in the
pre-peak and jack’s readings in the post-peak phase; (b) Estimation of compressive fracture energy.

Figure 9 shows the typical crack evolution in T-shaped cores. For most cases, at the
first reduction of stress, the crack occurred suddenly along the head joint of the cores
and propagated to the cap (Fig. 9(a)). With the increase of the axial strain, the crack
opened perpendicular to the loading direction and propagated vertically (Fig. 9(b)).
After the peak stress, multiple cracks generated broadly and led to the final collapse
(Fig. 9(c)). The premature failure of the cap was undesired, but it could not be associated
to any geometrical imperfection. Considering the rapid recover of stresses after onset
of cracking, it can be considered that this premature failure has a negligible influence
on the compressive strength and peak strain; on the other hand results associated to the
fracture energy should be taken with care.
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Figure 10 shows the axial stress versus the axial strain obtained from both LVDTs
and jack measurements for T-shaped cores extracted from Piece 1 to Piece 4. Due to
the detachment of LVDTs, the post-peak behaviour of some specimens are missing in
Fig. 10 (a). For all the samples, the stress-strain response under compression starts from
a linear-elastic stage, which is then followed by an hardening behaviour until the peak
stress. This hardening stage usually initiates at the first reduction of force during the
testing. After reaching the peak stress, both nonlinear and linear softening behaviour
can be observed for different specimens. The slope of the stress-strain curves in the
linear-elastic stage is steeper for samples from Piece 1 and Piece 2 (external), than those
from Piece 3 and Piece 4 (internal). Subsequently, a lower peak strain is recorded for
specimens from Piece 1 and Piece 2, in comparison with the specimens from Piece 3
and Piece 4.

Figure 11 shows the mean values of compressive properties for each piece. As
observed, the compressive strength and compressive fracture energy are similar through
the thickness direction of the masonry wall, with a mean value of 12.36 MPa and
19.40 N/mm (see the dash line in Fig. 11 (a) and (c)), respectively. In Fig. 11 (b) and (d),
a decreasing trend of the elastic modulus and an increasing trend of the peak strain are
presented for specimens from the near-water side to the internal region of the pillar. This
phenomenon indicates that the compressive behaviour of the masonry becomes more
brittle when being closer to water. This may be due to geometrical properties of the spec-
imen, i.e. large variation in the joint’s thickness, or suggest the presence of degradation
mechanisms.

(b)

Fig. 9. Typical crack pattern in compression tests on T-shaped cores: (a) onset of cracking, (b)
peak stress, (c) end of the test.
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Fig. 10. Compression behaviour of T-shaped cores from Piece 1

by LVDT’s reading; (b) normal strain obtained by jack’s reading.

to 4: (a) normal strain obtained
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4 Conclusions

Based on the analysis of splitting tests of I-shaped cores and compressive tests of T-
shaped cores extracted from an old bridge pillar, the present work provides preliminary
conclusions for the characterisation of typical Dutch city infrastructures:

e Due to the difficulties of extracting standard rectangular samples from multi-wythe
masonry infrastructure, the core testing method seems to be one of the most efficient
slightly-destructive test to be employed for characterisation of mechanical prop-
erties. Additionally, this gives the advantage that in case of composite structures,
i.e. masonry-concrete walls, the same sample can be adopted independently of the
construction material.

e Due to significant scatter of test data for the splitting tests, for the calculation of shear
properties (i.e. initial shear strength and coefficient of friction) the regression line
approximating all the data is more reliable than that approximating the average of
each inclination. Nevertheless, further investigations are needed to evaluate the role
of brick failure in the mixed tensile-sliding failure mode.
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For this case study, it was not possible to evaluate the through-thickness effect on
the shear properties, due to the limited data and the high coefficient of variation. On
the contrary, a through-thickness effect for some compressive properties could be
identified.

The stress-strain curves showed that compressive behaviour of the masonry is more
brittle when being closer to water.

For this case study, the through-thickness effect on the compressive behaviour seems
to be different for different properties. The compressive strength and compressive
fracture energy are similar among different pieces of the masonry wall. Conversely,
the elastic modulus and peak strain show, respectively, a decrease and an increase
when moving from the water side towards the inner side of the wall. This may due
to geometrical properties of the specimen, i.e. large variation in the joint’s thickness,
or suggest the presence of degradation mechanisms.

To further understand and interpret the results of the splitting tests on cores, further

tests are planned to be conducted including shear-compression tests on triplets, bond
wrench tests on couplets and flexural tests on bricks. In addition, experimental campaigns
on rectangular samples are needed to correlate the compressive properties from cores to
standard samples like wallets or prisms. In turn, this aim at defining a strategy for the
mechanical characterisation of multi-wythe masonry, which is limited in literature, and
will support the assessment of many infrastructure in typical Dutch canal cities.
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