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The present work aims at providing insights on the material characterization of multi-wythe masonry infra-
structure, in particular exploring a through-thickness effect of mechanical properties and benchmarking the core
testing as an efficient slightly-destructive testing method. An experimental campaign was carried out to char-
acterize shear, compressive and bond properties of a 1.2-m thick bridge’s pillar constructed in 1882 in the city of
Amsterdam (the Netherlands). Both cores and rectangular samples (e.g. prisms, triplets, couplets) were extracted
across different locations in the wall thickness to evaluate the effect of exposure to environment conditions and
to verify the capability of core testing methods. Results show that the masonry close to the water side (external)
showed higher values of elastic modulus and lower values of flexural bond properties with respect to masonry
inside the pillar. As for the capability of core testing on multi-wythe masonry, generally cores would present
similar compressive/shear properties compared with rectangular samples. Besides, bond patterns and dimensions
of cores showed negligible effect on compressive properties; However, this needs to be extensively verified by
considering other masonry typologies. Overall, the study provides a first insight on the mechanical properties of
multi-wythe masonry urban 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 infrastructure in typical Dutch canal cities by providing input for calculation

methods.

1. Introduction

Over 200 km of quay walls and several bridges are in urgent need of
renovation in the city of Amsterdam [1]. Nowadays, these brick 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, bridges and quay walls showed substantial deformation
and in some cases even collapse, e.g. [2,3]. Pillars and abutments of
bridges as well as quay walls generally have a large thickness (from 600
to more than 1000 mm) and especially the oldest constructions are made
of multi-wythe brick masonry fully bonded through the thickness. Very
limited knowledge is available on the material characterisation of these
unreinforced masonry structures, thus reducing the reliability of their
structural assessment. To accurately evaluate the remaining service life
of these structures, nonlinear finite element analyses able to account for
redistribution of forces within the masonry superstructure are required
[4]. These models require the complete characterisation of nonlinear
behaviour of masonry and its constituents (i.e. brick and mortar).
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Additionally, considering the different exposure conditions of the ma-
sonry, i.e. above and below water, or external (water-side/soil-side) and
internal, possible differences in mechanical properties may be expected.
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.

The major challenge in the characterisation of mechanical properties
of masonry for existing (infra)structures is finding the balance between
invasiveness of the sampling/testing area and the level of knowledge
acquired (e.g. complete or partial definition of nonlinear behaviour).
Recently, among others operational modal analysis as an advanced
technique can assess health conditions of in-service masonry in-
frastructures in the real time regarding elastic properties, local damage
or diffused surface decay [5-7]. However, for a comprehensive char-
acterization of material properties, core testing on small-diameter cy-
lindrical samples has shown a great potential for existing single-wythe
masonry buildings, e.g. [8-12]. It provides possibilities of acquiring
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both the pre- and post- peak behaviour of masonry under shear and
compressive loadings. To characterise shear properties at brick-mortar
interfaces, I-shaped cores with one bed joint are usually rotated at
different inclination angles for performing splitting tests [9,12-14]. The
effect of inclination angles (0°- 50°) on the failure modes of cores was
investigated by Mazzotti et al. [12]. They recommended using cores
with a high mortar joint inclination (40™-50") for splitting tests as the
most representative failure mode for masonry, i.e. sliding failure mode,
can be exhibited rather than splitting tensile mode across both brick and
interface. Jafari et al. [9] performed splitting tests on I-shaped cores for
various masonry types and compared the results about shear properties
with the ones from shear-compression tests on triplets. They found a
correlation coefficient between results of core and triplet tests of 0.88 for
initial shear strength and 0.96 for friction coefficient. To characterise the
compressive properties of masonry, example of cylindrical samples with
different diameters, thickness and bond patterns can be found in liter-
ature [8,10,15]. To achieve a uniform stress distribution under
compression, specimens are capped at top and bottom. Early research
employed steel cap [16,17], but recent research showed that a high-
strength mortar cap is more appropriate to avoid over-constraining
the masonry specimen [18]. A debate is still open regarding the shape
and size to be selected and the correlation coefficient to be used to relate
results to the one of standard compressive tests on wallets and prisms.
Segura et al. [15] concluded 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 (two bed
joints and one head joint) with a diameter of 150 mm. Dorji et al. [19]
extracted cores of 150 mm diameter with four different types of bond
patterns from old masonry arch bridges, and they found that the
increased number of head joints in masonry cores decreased the ma-
sonry compressive strength. However, Jafari et al. [10] did not find
substantial difference in Young’s modulus and compressive strength
obtained between T-shaped cores (one bed joints and one head joint)
with a diameter of 100 mm and H-shaped cores with a diameter of 150
mm, and they obtained a 1:1 correlation with the results of tests on
wallet. On the contrary, different results in terms of compressive frac-
ture energy and strain at peak were obtained between the various types
of cores and wallets. In comparison with standard tests on wallet, Sas-
soni et al. [20] observed 20-35 % higher compression strength for cores,
and they concluded that this overestimation of strength is attributed to
the confining action exerted by mortar castings beneath and above the
cores. Despite the various differences reported in literature, the core
testing method seems to be the most efficient approach for the material
characterisation of existing (infra)structures considering the potentiality
to obtain both pre- and post- peak properties under shear and
compressive loading, with limited sampling volume and easy extraction
method. Additionally, this gives the advantage that in case of composite
structures, i.e. masonry/reinforced concrete walls or presence of reno-
vation, the same samples can be adopted independently of the con-
struction material. Nevertheless, more research is needed to evaluate its
applicability to multi-wythe masonry for urban infrastructures, since
most of study cases refers to single-wythe/double-wythe masonry in
buildings [21-23].

At present, limited research is available on material characterisation
of multi-wythe masonry. Demir and Ilki [24] compared the damage
evolution and mechanical properties of multi-wythe and single-wythe
masonry prisms under compression. They found that multi-wythe
prisms present vertical cracks along the interfaces of the external and
internal wythe for lower imposed deformation; besides, the overall axial
deformability is significantly higher and the compressive strength is
almost halved. Until now, we are still lack of a comprehensive under-
standing about material characterisation of multi-wythe masonry walls
under various loading conditions like shear, compression, and bending.
As a result, an experimental strategy for the evaluation of such thick
structure is urgently needed. Regarding the through-thickness effect of
multi-wythe masonry, the potential variation of mechanical properties
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in the wall thickness has been rarely studied. Franzoni et al. [25] tested
masonry triplets in dry moist and water-saturated conditions; they
observed that the moist condition has the worse effect on compressive
strength than the water-saturated and the dry condition. Sathiparan and
Rumeshkumar [26] noticed a significant reduction of shear and bond
strength (10 %-20 %) for masonry prisms in wet condition. Therefore, it
is necessary to experimentally evaluate the possible variation of me-
chanical properties through the thickness direction due to the exposure
to different environmental conditions, for better serving the non-linear
structural analysis on the multi-wythe masonry [4,27].

To provide insights on how to characterise multi-wythe brick ma-
sonry infrastructure, a pilot study has been started at Delft University of
Technology in 2022 with the characterisation of a bridge’s pillar built in
1882 in Amsterdam (the Netherlands). Samples were extracted in the
portion of masonry above water level and different samples through the
thickness direction of the masonry wall were collected. Various me-
chanical tests, including tests on cores and on rectangular samples (e.g.
couplets, prisms, triplets) were performed. In this paper, the outcome of
compressive tests on cores and prisms, splitting tests on cores, shear-
compression tests on triplets, and bond wrench tests on couplets, are
presented to characterise compressive properties of masonry as well as
shear and bond properties of brick-mortar interfaces. The primary scope
of this paper is to identify if it exists a variation of the mechanical
properties throughout the thickness and to discuss the suitability of the
core testing method for multi-wythe brick masonry in urban
infrastructure.

2. Materials and methods
2.1. Materials and sample extraction process

During the renovation of a bridge in the city of Amsterdam, 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, as shown
in Fig. 1(a)-(c). The extraction took place in April 2020; afterwards the
portion was caged in a steel box and stored in uncontrolled conditions.
The portion of masonry is made of solid clay bricks having on average a
length of 210 mm, a width of 100 mm and a height of 50 mm, and of
mortar joints having a thickness ranging from 2 mm to 20 mm. The solid
clay brick is made of clay from the Old Rijn or Utrecht, while the type of
mortar is a cement-lime mortar which is made of shell lime, latent hy-
draulic binder (cement and trass), sand in the proportion (by volume) of
5:3:10or 5:2:2 according to archive research [28,29]. Regarding the bond
pattern, the front side of the masonry wall is built in Dutch bond (a row
of headers alternated to a row of stretchers), Fig. 1(b); however, through
the thickness direction the internal bricks were mainly laid as headers
although a clear bond pattern was not identified. Table 1 lists the
properties of brick and mortar obtained accordingly to NEN-EN 772-1
[30] and DIN 18555-9 [31], respectively. Here, the compressive
strength of bricks is obtained based on a shape coefficient of 0.75 ac-
cording to NEN-EN 772-1 [30], considering the dimension of tested
samples was approximately 210 mm x 100 mm x 50 mm (after capping
was applied). After sawing the portion of pillar in piece, it was noticed
that a limited amount of bricks in their full size was available since
mostly header bond pattern was used throughout the thickness. This
reduced the maximum number of tests per piece to 3. For the double-
punch test on mortar, the specimens had an irregular form which was
larger than the recommended dimensions (40 x 40 mm); generally, a
minimum diameter of 45 mm was observed. The compressive strength of
mortar joints was estimated as the maximum force divided by the area of
the punch with a diameter of 20 mm. The surface of both bricks and
mortar joints was capped with a thin layer of gypsum for a better contact
with the loading plates or punches under compression.

The extraction of samples for material characterisation took place in
2022 and the procedure consisted two phases. In the first phase, the
masonry portion was sawed along the thickness using diamond blades
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Fig. 1. Top view of the masonry portion (a); Front view of the masonry portion (b); Through-thickness view of the masonry portion (c); Sawing process to obtain P1-
P5 (d); Different types of cores extracted from P1-P5 (e); Different types of standard rectangular samples extracted from P1-P5 (f).

Table 1 Table 3
Compressive properties of bricks and mortar. An overview of the number of rectangular samples from P2, P4 and P5.
Masonry Wall Number of Compressive strength C.o. Type of Triplets  Couplets Prisms Prisms Bricks
unit portion samples (MPa) V. sample (6-layer (4-layer
(%) Wall portion brick) brick)
Brick P2 3 26.71 28 P2 6 4 - - 3
Brick P4 3 26.78 16 P4 - 4 4 3 3
Mortar - 7 7.61 13 P5 - - 4 4 -
Table 2
Summary of bond pattern, dimension and number for cores in different groups presented in Fig. 1.

Group ID Wall portion Bond Pattern Diameter (mm) Thickness (mm) Number of samples
P1-T-S P1 T 100 60-100 5
P1-R-S R 100 60-100 3
P1-1-S* I 100 60-100 1
P2-T-S P2 T 100 60-100 4
P2-R-S* R 100 60-100 2
P2-I-S I 100 60-100 3
P3-T-S P3 T 100 60-100 5
P3-R-S* R 100 60-100 2
P3-H-D H 150 ~200 4
P3-R-D T/R 100 ~200 5
P3-1-S I 100 60-100 4
P4-T-S* P4 T 100 60-100 2
P4-1-S I 100 60-100 8

Note: * denotes that only two samples were obtained during the extraction.
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(Fig. 1(a), (c) and (d)), so that 6 pieces (P1-P6) should be obtained with
average dimensions of 600 x 1200 x 200 mm®. However, extraction of
samples from P6 would not be possible due to the absence of support for
the large blade. Consequently, smaller pieces were extracted from P6 by
means of manual sawing to preserve the integrity of P5. Eventually, this
limited testing for P6. In the second phase, a wet extraction procedure as
in the first phase was employed to drill cores and cut rectangular sam-
ples as prisms, triplets and couplets (Fig. 1 (e) and (f)). The random bond
pattern of the masonry bridge along the thickness direction makes it
hard to drill cores and extract rectangular with a specific pattern of
mortar joints. Thus, the number of samples is limited for some tests in
the present study. In Table 2, the extracted cores from P1-P4 are clas-
sified in 13 groups named as “wall portion-bond pattern-single/double
wythe”, where the bond patterns are showed in Fig. 1 (e). The following
letters are used: “T” indicates cores with one bed joint and one head
joint; “R” identifies cores with one bed joint and two head joints; “I”
indicates cores with one bed joints; “H” identifies cores with two bed
joint and three head joints. Besides, single-wythe cores here refers to the
ones without collar joints, while double-wythe cores refers to the ones
with one collar joint. The varying range of thickness of single-wythe

(©)

Fig. 2. Test set-ups: (a) compressive tests on cores and prisms; (b) splitting tests on cores; (c) shear-compression tests on triplets; (d) bond wrench tests on couplets.
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cores is caused by the removal of collar joints after the drilling pro-
cess. In Table 3, the number of rectangular samples extracted from P2,
P4 and P5 is listed for each type. This list includes triplets and couplets
constitute of vertically stacked three-layer or two-layer bricks, respec-
tively. Triplets always presented a full brick in the centre, while couplets
had a full brick at the top side (Fig. 1 (f)).

In view of the limited variation of brick strength between the various
pieces (Table 1) and the results of a visual inspection, it is assumed that
the masonry of the pillar’s portion considered is of the same typology.
Here, a masonry typology is a masonry made of the same bricks and
mortar type, built with the same bond pattern in a specific time.
Considering a possible variation of the properties based on the exposure
conditions (e.g. close to or far of the water), it was assumed that two
masonry objects could exist: an external one (P1, P2, P5 and P6), and
internal one (P3 and P4). Here, a masonry object is identified as masonry
of the same typology subjected to the same exposure condition. This
classification was made a posteriori by considering the observed varia-
tion of the mechanical properties. Additionally, extraction and trans-
portation of the masonry portion in the steel cage may have cause
damage to P1 and P6, which were indeed characterised by several

()
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surface cracks.
2.2. Testing procedures for determining compressive properties

To evaluate the compressive properties of masonry, two main types
of tests were used: tests on cores accordingly to Jafari et al. [10] and
tests on prisms following ASTM C1314-09 [32]. This choice was made to
evaluate the applicability of core testing method to multi-wythe ma-
sonry infrastructure considering that the method resulted in efficient
and reliable estimation of the complete nonlinear behaviour of single-
wythe masonry [9,10] with limited invasiveness of sampling. Tests on
prisms were adopted as benchmark for core testing. Correlation factors
of compressive properties from prims and wallets, e.g. 0.75 for strength
suggested by Thamboo and Dhanasekar [33], can be further applied to
check the differences of test results from cores and wallets. Considering
the thickness of the wall, both single-wythe (without collar joint) and
double-wythe (with collar joint) masonry cores with different bond
patterns were showed, as listed in Table 2. Due to the difficulties in
predicting the bond pattern along the thickness of the wall, the single-
wythe cores had a thickness ranging between 60 mm and 100 mm.

For both tests, a displacement-controlled testing machine with a
3500 kN hydraulic jack (Fig. 2(a)) was used to evaluate elastic, strength
and fracture energy properties in compression. A monotonic test with a
displacement rate of 0.002 mm/s was applied. Linear variable differ-
ential transformer (LVDT) with a measurement range of 10 mm was used
to record the vertical deformation, except for cores with a diameter of
100 mm for which LVDTs with a measurement range of 2 mm were
adopted. Additionally LVDTs with a measuring range of 10 mm were
used to measure the horizontal deformation for cores, but the related
measurements were not involved in the analysis considering the ma-
jority of LVDTs in horizontal position were detached from samples along
with the horizontal expansion under compression. Three to five repeti-
tive tests were carried out for most types of specimens from different
masonry pieces, while few cases for cores only contain two repetitive
tests due to the difficulties of sample extraction.

To apply a compressive load to the core, a high-strength mortar
capping was used at the top and the bottom of the specimen (Cement
Cuglaton Gietmortel 1 mm, mixing of 0.75 kg water per 5 kg). For
different core diameters, the ratio between the cap width and the core
diameter was kept constant to 0.7, while the ratio between the minimum
height of the cap (at the centre) and the cap width is approximately 0.34.
Consequently, the width and height of the cap are 70 mm and 50 mm for
cores with a diameter of 100 mm, and 105 mm and 80 mm for cores with
a diameter of 150 mm. Wooden moulds with a length of 100 or 200 mm
were used for single- and double-wythe masonry cores, respectively. In
case the core thickness is smaller than the mould length, clay or poly-
styrene material were used as fillings to the wooden mould. The capped
cores were cured for 7 to 9 days at room temperature prior to testing.
Under these conditions, the capping material shows a mean flexural
strength of 5.5 MPa and a mean compressive strength of 61.37 MPa
accordingly to EN 1015-11 [34]. For prisms and if needed also for cores,
a layer of gypsum was used to flatten the contact surface between
samples and loading plates.

For both tests, the complete stress—strain curve in axial direction and
crack pattern evolution were analysed, as well as key mechanical
properties were evaluated as proposed by Jafari et al. [22]. Due to
detachment of LVDTs for large deformation, the axial strain was eval-
uated as follow: in the pre-peak phase the average of deformation from
all vertical LVDTs (2 in the case of core testing and 4 in the case of prism
testing) was considered, while in the post-peak phrase the deformation
of the jack was considered correcting for its difference with LVDTs
measurements [22]. The axial stress was calculated considering the
cross-sectional area of the cap and of the prism for the core and prism
testing, respectively. Once determined the stress—strain curve in the
axial direction, the elastic modulus was calculated as the chord between
1/10 and 1/3 of the maximum stress according to ASTM E111(2017)
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[35] and previous work in our laboratory [22], to alleviate the effect of
the gradual contact between the loading plates and the samples on the
estimation of elastic modulus. The compressive strength was associated
to the maximum stress and the corresponding strain was defined as the
strain at peak. The compressive fracture energy was evaluated as the
area under the stress versus strain curve; the curve was extended to zero
stress considering a linear extrapolation of the strain [22].

2.3. Testing procedures for determining shear properties

To evaluate the shear properties at brick-mortar interfaces, two main
test types were used: splitting tests on cores accordingly to Jafari et al.
[9] and shear-compression tests on triplets accordingly to EN 1052-3
[36]. The tests were performed in displacement control to allow the
evaluation of both initial and residual shear properties. Similarly as
compressive tests, the aim is to evaluate the applicability of core testing
method for multi-wythe masonry infrastructure using triplet tests as a
benchmark.

Splitting tests were performed on I-shaped cores by inclining the
mortar bed joint with respect to its original position (i.e. 45, 50 and
55°). At least three samples were tested at each inclination for the
splitting tests. The test was carried out by a sliding-controlled apparatus
including a hydraulic jack with 100 kN capacity, as shown in Fig. 2(b).
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 were measured on each face of the specimen using LVDTs with a
measuring range of + 2 mm. The average sliding measurements (be-
tween front and back face) was used to control the load. A sliding-
displacement-rate of 0.0001 mm/s was adopted during the tests. The
shear stress and the normal stress at the brick-mortar interface were
evaluated from core testing as follows.

F

fv.fm‘e = Xﬂ'na (1)
F

Socore = 7 cosa (2)

where F is the 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 (original position of bed joint). By considering the Coulomb
friction criterion, the value of the initial shear strength f,0 core and the
coefficient of friction ucor, were evaluated by a linear regression of the
maximum shear and maximum compressive stresses obtained by tests on
cores with different mortar layer inclinations. In literature, two methods
are reported for the evaluation of the shear properties of masonry from
core testing: the linear regression considering the average strength per
each mortar inclination (as proposed by Mazzotti et al. [12] and adopted
by Jafari et al. [9]), or the linear regression of all the data (as proposed
by Pela et al. [13]). In the present work, both methods are applied for
comparison.

Shear-compression tests on triplets were performed at different pre-
compression stresses, i.e. 0.2 MPa, 0.6 MPa and 1.0 MPa (EN 1052-3
[36]). Two samples per pre-compression level were tested. A
displacement-controlled procedure was performed at a rate of 0.005
mm/s. Two actuators were used: a computer-controlled hydraulic jack
with a capacity of 100 kN for the vertical load and a manually-operated
hydraulic jack with a capacity of 50 kN for the horizontal load (Fig. 2
(c)). To minimise the variations of the horizontal force, springs with a
stiffness of 3300 N/mm were used. The specimens generally showed a
subsequent failure of the two joints leading to the presence of two peaks
in the shear stress versus sliding displacement curve (Fig. 8). To evaluate
the shear strength at each peak from the applied force, the area of only
one brick-mortar interface was considered for the first peak, while the
area of both interfaces was considered for the second peak. The shear
stress versus sliding displacement curve showed a plateau for large
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sliding displacement. The stress at the plateau was defined as the re-
sidual strength. If possible, the residual shear strength was evaluated at
different level of pre-compression for the same specimen, similarly to
Jafari [22]. Accordingly to the Coulomb friction criteria, both the initial
and residual shear properties (shear strength and friction coefficient)
were evaluated. Additionally, from each shear stress versus sliding
displacement curve, the mode-II fracture energy was evaluated
excluding the energy dissipated due to the friction [9].

2.4. Testing procedures for determining flexural bond properties

The flexural bond strength at brick-mortar interfaces was deter-
mined with an advanced bond wrench set-up as proposed by Gaggero
and Esposito [37], which complies also with the standard EN 1052-5
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[38]. This allows determining both the flexural bond strength as well as
the bond fracture energy. This set-up enables to control the crack mouth
opening displacement (CMOD) at the tension side of the couplet (Fig. 2
(d)). A 250 kN hydraulic jack was employed to apply the vertical load at
the free end of the level arm, while the two LVDTs (measuring range + 2
mm) positioned between the upper and lower clamps was used to con-
trol the test at a rate of 0.001 mm/s. Besides, another two LVDTs were
glued between the top and bottom bricks at the left and right side to
acquire an accurate measurement of the crack mouth opening
displacement at the mortar joint.

The flexural bending stress of couplets was calculated, in accordance
with the EN 1052-5 [38] with the following formula:
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] —o— P1-T-S-#2
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—— P1-T-S-#4
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Fig. 3. Axial stress versus axial strain under compression for single-wythe cores extracted from:

P1-R-S-#2 (e) and P4-T-S-#2 (f).

P1(a), P2(b), P3(c) and P4(d); the evolution of crack pattern for core
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Fig. 4. Axial stress versus axial strain under compression for double-wythe cores extracted from P3 with the random bond pattern (a) and the H-shaped bond pattern

(b); the evolution of crack pattern for core P3-R-D-#2 (c) and P3-H-D-#4 (d).
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where Fj is the load from the testing machine, F5 (85.85 N) is the normal
force as a result of the weight of the bond wrench apparatus, W is the
weight of the masonry brick pulled off the specimen and any adherent
mortar, e; (460 mm) is the distance from the applied load to the tension
face of the specimen, e; (53.1 mm) is the distance from the centre of
gravity of the clamp to the tension face of the specimen, b and d is the
mean length of the bed joint and the mean width of the bed joint
respectively. Based on the area underneath the curve of force and ver-
tical displacement of jack [37], the bond fracture energy can also be
evaluated, by assuming that the energy dissipation due to the joint
cracking is the same as the work of the testing machine.

3. Results

The global stress—strain/displacement relationship of cores and
rectangular samples under different loading conditions are presented in
this section, together with the crack pattern and failure mode of samples
involved. It can serve for evaluating compressive properties of masonry,
shear properties and flexural bond properties at brick-mortar interfaces
showed in Section 4.

3.1. Compressive properties of masonry

The overall response of all specimens subjected to compressive load
is analysed in terms of stress-strain relationship and crack pattern
evolution. The evolution of crack pattern is presented for each type of

Table 4
Average compressive strength of single-wythe cores from P1-P4.
Group ID Wall portion Bond pattern Number of samples Compressive strength (MPa) C.o.V.
(%)
P1-T-S P1 T 5 12.85 17.32
P1-R-S R 3 12.72 8.69
P2-T-S P2 T 4 11.71 13.39
P2-R-S* R 2 14.02 25.69
P3-T-S P3 T 5 12.52 14.16
P3-R-S* R 2 13.35 30.92
P4-T-S* P4 T 2 13.09 22.86
Table 5
Average compressive strength of double-wythe cores from P3.
Group ID Wall portion Bond pattern Number of samples Compressive strength (MPa) C.0o.V.
(%)
P3-R-D P3 R 5 12.52 16.07
P3-H-D H 4 11.54 21.32
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Fig. 5. Axial stress versus axial strain under compression for 4-layer and 6-layer prisms extracted from P4(a) and P5(b); the evolution of rack pattern for the prism

P4-P-6L-#2(c) and P5-P-4L-#3(d).

Table 6

Average compressive strength of prisms from P4 and P5.
Group ID Wall portion Number of brick layers Number of samples Compressive strength (MPa) C.o.V.

(%)

P4-P-4L P4 4 3 6.89 8.10
P4-P-6L 6 4 7.53 13.25
P5-P-4L P5 4 4 7.45 17.12
P5-P-6L 6 4 8.32 11.17

cores and prisms considering the following phases: onset of cracking
(®), peak force (@) and failure (®). In section 4, the compressive
properties in terms of elastic modulus, compressive strength, compres-
sive fracture energy and strain at peak are presented.

3.1.1. Cores

Fig. 3 and Fig. 4 plots the scattering region of the stress—strain
response for single-wythe and double-wythe cores under compression,
as well as the evolution of crack pattern. For all types of cores, the
stress-strain response under compression starts from a linear-elastic
stage, then followed by an pre-peak softening behaviour until the peak

stress. This pre-peak softening stage usually initiates at the first reduc-
tion of force during the testing, at which moment the crack occurred
suddenly along the head joint of the cores and propagated to the cap.
With the increase of the axial strain, the crack opened perpendicular to
the loading direction and propagated vertically. After reaching the peak
stress, both nonlinear and linear softening behaviour can be observed for
different samples, and multiple cracks generated broadly and led to the
final collapse. It can be observed that the slope of the stress—strain curves
in the linear-elastic stage is steeper for samples from P1 and P2
(external), than those from P3 and P4 (internal). Subsequently, a lower
strain at peak is recorded for cores from P1 and P2, in comparison with
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cores from P3 and P4. Table 4 and Table 5 list the compressive strength
of single-wythe cores and double-wythe cores. It should be noted that
the premature failure of the cap was undesired, but it could not be
associated to any geometrical imperfection. Considering the rapid re-
covery of stresses after onset of cracking, it can be considered that this
premature failure has a negligible influence on the compressive strength
and strain at peak; on the other hand results associated to the fracture
energy should be taken with care. Overall, the identification of a better
capping material is needed to eliminate the premature failure of cores
under compression, so that both pre- and post- peak behaviour can be
accurately estimated.

3.1.2. Prisms

Fig. 5 plots the scattering region of the stress-strain response for
prisms with 4-layer bricks (black lines) and 6-layer bricks (magenta
lines) under compression and the evolution of crack pattern. A similar
trend to the core can be observed. From the front view of the prism, a
vertical crack initiated suddenly along the head joint and across the
bricks during the pre-peak softening phase of the stress—strain response,
which could also occur at the lateral surface. Subsequently, this crack
will propagate vertically and other cracks along the head joint or the bed
joint could further accumulate until reaching the peak force. At the post-
peak phase, the sample gradually lost the load-bearing abilities due to
the extensive cracks accompanied by large crack opening perpendicular
to the loading direction. Besides, the slope of the stress—strain curves in
the linear-elastic stage is steeper for samples from P5 (external), than
those from P4 (internal), which is in consistence with the findings from
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cores. In order to obtain rectified samples, the height-to-thickness ratio
in the present work ranges from 3.16 to 3.98 for the 6-layer prism, while
the scatter is from 2.05 to 3.18 for the 4-layer prism. Although the
height-to-thickness ratio of the 6-layer prism is averagely larger than
that of the 4-layer prism, the compressive strength is similar among two
types of samples as listed in Table 6, which is different from what re-
ported by Thaickavil and Thomas [39] (Fig. 5 and Fig. 12). This phe-
nomenon could be attributed to the scatter of length-to-thickness ratio
among samples, which varies from 1.78 to 3.07. Absai et al. [40] found
that the compressive strength of masonry is considerably affected by the
length-to-thickness ratio, especially in short prisms. Therefore, it is
possible that both the effect of the length-to-thickness ratio and the ef-
fect of height-to-thickness ratio coupled together, contributing to the
similar compressive strength across 4-layer and 6-layer prisms in the
current study.

3.2. Shear properties of brick-mortar interfaces

In this section, shear properties at brick-mortar interfaces, i.e. initial
shear strength (or cohesion), coefficient of friction and mode-II fracture
energy, are presented for both splitting tests on I-shaped cores and shear-
compression tests on triplets. Due to the large presence of header bond
pattern in the cut pieces, extraction of triplets was possible only from P2.

3.2.1. Cores
Fig. 6 shows the shear stress versus the sliding displacement
measured between the two portions of bricks, where a significant scatter

25

—— P2--S#2
—— P3--S#2
—— P4-1-S#3
——— P4-1-S#4

Shear stress (MPa)

Inclined angle: 50°

N

0.4 06 0.8
Sliding displacement (mm)

i
- Yors

P2-1-S-#1 P4-1-S-#5

Fig. 6. Stress-sliding relationship observed during shear tests on the I-shaped cores with the inclined angle: (a) 45; (b) 50; (c) 55; (d) failure modes for each in-

clined angle.
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Fig. 7. Failure envelope from splitting tests on cores using: (a) the average result for each inclination; (b) all data from P1 to P4; (c) all data from P4.
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Fig. 8. Shear stress versus sliding displacement for triplets at different pre-compression loads (a); crack pattern at brick-mortar interfaces at the final failure (b).

can be observed among samples for each inclined angle. In most cases, a
mixed failure involving both tensile failure of the bricks and sliding at
brick-mortar interfaces occurred (Fig. 6(d)); in few cases, a pure tensile
splitting failure of the core occurred. Therefore, the scatter in Fig. 6 (a)-
(c) can be partially associated to different mixing between tensile failure
of bricks and sliding failure at interfaces. In the realm of computing the
shear properties at the interface, only the specimens failing under mixed
tensile-sliding failure were considered.

Fig. 7 shows the failure envelope in terms of shear stress versus
compression stress relationship for all the results obtained from P1 to P4.
Considering the regression analysis with the average results for each
inclination [12], an initial shear strength fycore of 1.13 MPa and

10

coefficient of friction u of 0.40 are obtained (Fig. 7(a)); however, these
results are unconventional considering typical values for brick masonry
[9,12,13]. Regarding the regression analysis of all results [13], an initial
shear strength f,,0 core of 0.51 MPa and coefficient of friction u of 0.83 are
obtained (Fig. 7(b)), which are within the scatter range of what is re-
ported in literature [9,12,13]. In view of the large scatter of the results,
the latter method seems to be more appropriate for this case study.
Although the mode-II fracture energy of the brick-mortar interface can
be obtained from core testing, by removing the friction contribution
from the total dissipated energy, as proposed by Jafari et al. [9], it is
hard to separate the fracture energy dissipated at bricks from that
dissipated at interfaces for the present study. Therefore, the fracture
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Table 7
Shear strength evaluated at the first peak, shear strength evaluated at the second
peak, residual shear strength and mode-II fracture energy for each specimen.

Specimen  f,(MPa)  fl(MPa) f}(MPa) fy.res(MPa) Grn
name N
h= b= h= o
0.2 0.6 1.0
MPa MPa MPa
P2-#1 0.2 0.82 0.46 027 060 090 011
P2-#2 0.2 1.00 - 021 051 079 -
P2-#3 0.6 0.73 0.89 - 0.54 - 0.69
P2-#4 0.6 1.23 0.82 - 0.57 - -
P2-#5 1.0 2.20 1.34 019 049 085  0.99
P2-#6 1.0 1.60 0.96 - - - -

Note: - denotes values that are not available or excluded for the calculation of
shear properties in Fig. 9.

energy from splitting tests on cores was not evaluated here due to the
mixed tensile-shear failure mode of cores.

Arguing that the large scatter of the results could be influenced by
variation on the properties through the thickness of the wall, a regres-
sion analysis for cores extracted from P4 (internal) was also performed
having for this piece the largest number of specimens. In this case, an
initial shear strength f,0 core Of 0.38 MPa and coefficient of friction u of
0.90 are obtained (Fig. 7(c)).
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3.2.2. Triplets

Fig. 8 shows the shear stress versus sliding displacement along the
brick-mortar interfaces during the shear-compression tests on triplets.
For the majority of the specimens, two peaks in shear stress were
observed before reaching the plateau, regardless of the pre-compression
stress level. Similar findings have been reported by Segura et al. [41].
This behaviour is the result of a non-simultaneous failure of the two
brick-mortar interfaces; in fact the first peak is associated with cracking
at one brick-mortar interface, while the second peak marks the failure of
the other brick-mortar interface. The sequential cracking of the two
interfaces might be attributed to the slight unevenness of the contact
surface between the middle brick and the load cell, which was difficult
to eliminate during the extraction process. Another possible reason is
that the two interfaces exhibited different properties due to the presence
of defects, e.g. for sample P2-#1 a hole is found on the left interface
(Fig. 8(b)).

Few exception were found for some specimens that led to the
exclusion of some data in the calculation of the shear properties. Despite
the effort in rectifying the specimens, out-of-plane rotation of the middle
brick were observed after the second peak for the specimen P2-#6.
Specimen P2#2 showed significant fluctuation of the pre-compression
stress (20 %-50 %) in correspondence of the cracking of the second
interface (after the first peak, but before reaching the plateau). Conse-
quently, residual properties were not calculated for specimen P2-#6 and
initial shear properties associated to the second peak were not consid-
ered for specimen P2-#2 (Table 7). Additionally, cracking of the middle
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Fig. 9. Shear strength evaluated at the first peak (a), shear strength evaluated at the second peak (b), residual shear strength (c) and mode-II fracture energy (d) as a

function of pre-compression stress.
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Fig. 10. Bending stress at the brick-mortar interfaces with the increase of crack mouth opening displacement for couplets extracted from P2 (a) and P4 (b).

brick for specimen P2-#5 was observed after the second peak, which
may indicate the presence of out-of-plane deformation.

The initial shear properties were evaluated considering both the
strength related to the first peak f! and the strength related to the second
peak fI. In the first case, the initial shear strength f! ; and the friction
coefficient 1 are found equal to 0.52 MPa and 1.24, respectively. (Fig. 9

1

(@)). In the second case, the initial shear strength f; and the friction
coefficient f are found equal to 0.32 MPa and 0.83, respectively (Fig. 9
(b)). For the present study, it is recommended to evaluate the shear
properties considering the results associated to the second peak in shear
stress. This is because the results associated with the first peak provide

Compressive strength (MPa)

Fracture energy in compression (N/mm)

relatively large values for friction coefficient that are not representative
for masonry. Additionally, considering that different properties are ob-
tained for the two cases, it may be argue that the second interface would
present minor cracks at the first peak that are not considered in the
calculation of fI. A residual friction coefficient equal to 0.87 is obtained
(Fig. 9(c)). A mode-II fracture energy ranging between 0.1 N/mm and
1.0 N/mm is obtained considering the specimens P2-#1, P2-#3 and P2-
#5 (Fig. 9(d) and Table 7).
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Fig. 12. Mean values of compressive strength (a), elastic modulus (b), fracture energy in compression (c) and strain at peak (d) for prims extracted from P4 and P5.

3.3. Flexural properties of brick-mortar interfaces

Two types of failure mode were observed for couplets: a brittle
failure and a quasi-brittle failure (Fig. 10). The brittle failure mode be-
haves as sudden cracking at the brick-mortar interface accompanied
with the sudden drop of the force from load cell (black lines in Fig. 10);
the quasi-brittle failure mode acts as the progressive crack propagation
at interfaces along with the post-peak softening (red lines in Fig. 10).
The majority of the specimens from P2 (external) showed a quasi-brittle
failure mode, while brittle failure occurs more frequently for couplets
from P4 (internal). Regarding the crack pattern as showed in Fig. 10, the
migration of crack from one brick-mortar interface to the other was
observed from the front view for almost all specimens, except for one
specimen from P4 with the crack surface located at a single brick-mortar
interface. The predominant failure mechanism (quasi-brittle failure for
P2 and brittle failure for P4) was considered to calculate the bond
properties (Fig. 13). It should be noted that this leads to a very low
coefficient of variation (within 30 %), which is quite rare for masonry
[22].

4. Discussions

In this section, the compressive properties, shear properties and
flexural bond properties of the masonry wall changing through the
thickness direction are discussed, while the correlation of compressive
and shear properties obtained from cores and rectangular samples is
explored for further validating the slightly-destructive core testing
method.

4.1. Through thickness effect

A through-thickness effect is not observed for all the mechanical
properties, but it is recorded only for the elastic modulus, strain at peak,

13

fracture energy under compression, flexural bond strength and bond
fracture energy.

Fig. 11 and Fig. 12 shows the compressive properties for different
pieces as obtained with T-shaped and R-shaped single-wythe cores, and
prisms, respectively. The compressive strength does not show a through-
thickness effect; conversely the elastic modulus is lower for the internal
masonry piece (P3 and P4) than the external masonry piece (P1, P2, P5).
The results between cores and prisms are consistent, except for the case
of the compressive fracture energy and strain at peak. For cores, no
through-thickness effect for compressive fracture energy is observed,
while for prisms it is found a higher value for external masonry piece
(P5) with respect to internal masonry piece (P4). Regarding strain at
peak, it is higher for the internal masonry piece (P3 and P4) than the
external masonry piece (P1, P2, P5) for cores, while no through-
thickness-effect can be observed for prisms.

As for the shear properties, no clear trend about the through-
thickness effect can be identified due to the large scatter of the data
(see Fig. 6).

Regarding the flexural bond properties, the bond strength and bond
fracture energy are higher in the internal piece P4, compared with that
from external piece P2 (Fig. 13(a)); this implies that the masonry has
weaker bond properties in the portion closer to the water. Further,
precipitated material on the failure surface was observed (Fig. 13(b)-
(c)). This precipitated material is extended over a large area for most of
couplets from P2 (external), while it is localised in small spots for cou-
plets from P4 (internal); this could indicate the presence of degradation
mechanisms. Despite the through-thickness effect, the bond properties
are generally higher and show a lower coefficient of variation than the
properties obtained for clay brick masonry specimens extracted from
Dutch housing buildings in the Groningen region without underwater
construction [22,37,42,43].

The cause of the through-thickness-effect may be multiple, but the
authors suspect that this is the results of a degradation/aging
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mechanism. The precipitated material noticed in couplets may be a sign
of the chemical reaction at the mortar joints with the exposure to
intensive humidity. Nijland et al. [44] mentioned that mortars could
develop a range of reactions in the formation of the secondary phases,
such as ettringite, thaumasite and gypsum, with the presence of water as
a transport agent and a reacting compound. These newly-formed sec-
ondary phases could occasionally fill part of air voids and result in
cracking when empty space is not enough. Besides, self-healing of
mortars may be active along with the precipitation of Ca-carbonate [45],
which could fill in cracks or voids at one location, and generate new
porosity at other locations [44]. Such phenomena will explain the
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presence of precipitated material within the pore to be larger in the
external masonry pieces than the internal ones. Additionally, the fact
that no difference in brick properties are found through the thickness
(Table 1), supports that both the internal and external masonry piece are
of the same masonry typology. Another possible cause or concurring
cause could be the uneven load distribution of the pillar, leading to a
different loading history for the internal and external part of the pillar.
Further studies at the micro-level are needed to identify the presence of
deterioration mechanisms or other concurring causes to the through-
thickness effect of mechanical properties.
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4.2. Benchmarking the core testing method

Fig. 14 presents the compressive properties of different type of cores
extracted from P3. In the current study, bond patterns (i.e. T-shaped, R-
shaped, H-shaped) and dimensions of cores have a negligible effect on
compressive properties. However, more research on different masonry
typologies is required to obtain a sound conclusion in this respect,
considering that in literature a decrease of the masonry compressive
strength is showed with the presence of head joints in masonry cores
[19]. The similarities of compressive properties from different types of
cores could alleviate difficulties of in-field core extraction, especially for
multi-wythe masonry structures with a priori unknown bond patterns
along the thickness.

Compared with results obtained from rectangular specimens, the
results obtained with core testing show some differences. Similar elastic
modulus and fracture energy under compression are shown for cores and
prisms both from P4, whereas the compressive strength and strain at
peak from cores are approximately two times larger than the ones from
prisms (Fig. 11 and Fig. 12). For splitting tests on I-shaped cores from P1
to P4, the initial shear strength is about 1.55 times larger than that from
triplets (calculated considering the second peak of the shear stress),
while the friction coefficient is the same, 0.83. When considering only
cores from P4 (highest number of samples for splitting tests on cores),
the initial shear strength (i.e. 0.38 MPa) is very closed with the one from
triplets (i.e. 0.32 MPa).

5. Conclusions

Based on the analysis of tests on cores and rectangular specimens
extracted above water level from a bridge pillar built in 1882 in
Amsterdam, the present work provides preliminary conclusions for the
characterization of multi-wythe brick masonry infrastructure:

e Due to the difficulties of extracting rectangular samples from multi-
wythe brick masonry infrastructure, the core testing method seems
to be one of the most efficient slightly-destructive test to be
employed for characterization of mechanical properties. Addition-
ally, this gives the advantage that in case of composite structures, i.e.
masonry/reinforced - concrete walls or presence of renovation, the
same sample can be adopted independently of the construction
material.

Bond patterns and dimensions of cores have negligible effect on
compressive properties; however, this needs to be extensively veri-
fied by considering other masonry typologies.

Due to significant scatter of test data from the splitting tests on cores,
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 the one approximating the average of each
inclination. Nevertheless, further investigations are needed to eval-
uate the role of brick failure in the mixed tensile-sliding failure
mode.

e For this case study, a through-thickness effect for some compressive
properties (elastic modulus and strain at peak) and for the bond
properties (flexural bond strength and bond fracture energy) could
be identified: the compressive behaviour of the masonry is stiffer and
the flexural bond properties are weaker when being closer to water.
However, it was not possible to identify a clear trend for the shear
properties due to the limited data with a high coefficient of variation.
Further investigations at the micro-level would be suggested for
exploring the causes of the through-thickness effect.

Further improvement to the core testing method to assess the me-
chanical properties of multi-wythe brick masonry is required. Among
others, the following aspects are identified: the study of specimen
size and bond pattern on the compressive behaviour, the identifica-
tion of a better capping material for the estimation of both pre- and
post- peak behaviour, the improvement of splitting tests on core to
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obtain solely failure at the brick-mortar interface in the case of high
bond properties.

Overall, the present work shows the basis for the definition of a
material characterisation strategy for multi-wythe brick masonry, which
is limited in literature, and will support the assessment of many infra-
structure in typical Dutch canal cities.
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