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This work presents the results of an experimental investigation on the compressive behavior of clay brick
masonry columns confined with highly ductile fiber reinforced concrete (HDC). The study aims to prove
the effectiveness of the proposed confinement technique and detect the efficiency of different confine-
ment forms of HDC, including internally-placed HDC which was used as binding mortar in the joints
(i.e. internal HDC mortar) and external HDC jacket. Furthermore, the effect of confinement materials is
examined. Analysis of the failure mode, axial load–displacement curves, peak load and ductility reveals
that internal HDC mortar could considerably improve the deformability of masonry columns. Although
the external HDC jacket could increase the load carrying capacity and deformability, the detachment
between the external layer and masonry substrate is observed at the post-peak stage. Contribution of
cement-based mortar jacket to the masonry columns is merely enhancing the load carrying capacity
rather than deformability, which was caused by its quite low tensile strength. Moreover, based on the
theories of mesh-reinforced brick masonry and steel tube confined concrete, analytical models available
in the literatures are adopted to predict the compressive strength of HDC systems confined masonry col-
umns. The calculation model gives a better approximation to predict the compressive strength of con-
fined masonry columns but should need further experimental data in the future other than those
adopted in this paper to verify the accuracy and reliability.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

When unreinforced masonry (URM) columns are subjected
compressive load, transverse expansion occurs on the masonry.
In general, the lateral deformation of mortar is larger than that of
brick units due to the different stiffness of two materials and great
bond behavior between them. Hence, the brick units are placed in a
state of bilateral tension coupled with axial compression [1,2],
inducing that vertical cracks appear and propagate quickly. Conse-
quently, multiple reinforcing techniques have been adopted for
masonry columns to improve the strength and deformability by
confining transverse expansion of masonry. Some of approaches
belong to the class of internal confinement, including internally-
placed steel plates or steel grids in the mortar joints which are
used during construction as a composite masonry structure. Other
techniques belong to the class of external confinement, such as
steel wrapping, steel wires hooping, fiber reinforced polymer
(FRP) wrapping, and fiber reinforced cementitious mortar (FRCM)
jacket. The purpose of using these approaches is to strengthen
existing masonry columns.

The internal confinement by placing steel plates in the mortar
joints was first proposed by Priestley and Bridgeman in 1974 [3].
They observed that steel plates restrained the transverse expansion
of masonry and decreased the differential deformation between
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the brick units and mortar. Ewing and Kowalsky [4] investigated
the compressive behavior of grouted clay brick masonry prisms
confined with internally-placed thin galvanized steel plates in
the mortar joints. It was noted that confinement plates effectively
enhanced the strength and deformability of masonry prisms, and
the experimental stress–strain curves agreed well with the modi-
fied Kent-Park model. Campione et al. [5] studied the effect of steel
grids placed in the mortar joints on the compressive behavior of
brick masonry columns tested under concentric and eccentric
loads. Researchers summarized that internal confinement could
be used to reconstruct a new construction by conventional
techniques.

Multiple studies on the externally-confined masonry columns
have been carried out in the past. Ouyang and Liu [6] adopted steel
wrapping for confining masonry columns and proposed the analyt-
ical model for predicting compressive strength. Using steel cords or
steel wires hooping to confine masonry columns were investigated
by Borri et al. [7] and Campione et al. [8]. They observed that steel
cords hooping could considerably improve the deformability rather
than strength.

In the last two decades, the application of FRP wraps has been
adopted for confining masonry columns, and this technique was
derived from confinement method applied to concrete members.
One of the first investigations on the FRP-confined masonry col-
umns was carried out by Krevaikas and Triantafillou [9] in 2005.
Researchers observed that FRP confinement increased both the
strength and deformability of masonry columns, and provided a
simple confinement model to predict the strength and ultimate
strain. Afterwards, further studies [10–16] on the FRP-confined
masonry columns have been carried out including following vari-
ables: masonry materials, number of FRP layers, cross-section
aspect ratio, high-depth ratio of prism, radius at corner, and type
of fibers. El-Sokkary and Galal [17] carried out the eccentric load-
ing tests on the reinforced concrete masonry columns confined
with FRP wraps, and provided analytical model to predict the axial
capacity of the tested members. From a theoretical point of view,
Minafò et al. [18] compared the main existing theoretical models
to predict the compressive stress–strain curves of FRP-confined
masonry. However, several critical issues have been found in the
application of FRP wraps, including poor fire resistance of organic
matrix, stress concentration near the sharp corner, poor bond
behavior at high temperature or on a wet surface, and brittle fail-
ure of FRP.

An alternative technique to overcome aforementioned limita-
tions is the use of fiber reinforced cementitious mortar (FRCM)
composite, also known as textile reinforced mortar (TRM) and tex-
tile reinforced concrete (TRC), where the organic matrix has been
replaced with cementitious mortar. One of the introductory studies
on the FRCM-confined masonry columns was performed by Yilmaz
et al. [19] in 2013, who tested some clay brick masonry columns
confined with mortar or basalt FRCM jacket. The results indicated
that mortar-confined specimens showed similar behavior with
control specimens, while FRCM jacket provided a limited increase
in strength but substantial gains in deformability and energy dissi-
pation. Cevallos et al. [20] tested masonry elements strengthened
with flax or polyparaphenylene benzobisoxazole (PBO) FRCM com-
posites and subjected to eccentric load. The results revealed that
both the flax- and PBO-FRCM systems increased the strength and
deformability of masonry elements. Moreover, flax fabric exhibited
a greater bond behavior with masonry substrate than PBO fabric.
Minafò and La Mendola [21] studied the effect of mortar grade
on the compressive behavior of FRCM-confined masonry columns.
Researchers provided three simplified models to predict the tensile
constitutive law of FRCM composite. Additionally, based on a suit-
able tensile constitutive law of FRCM, an iterative procedure was
proposed for predicting the compressive behavior of FRCM-
confined masonry columns. Krevaikas [22] investigated the effect
of cross-section aspect ratio, number of TRM layers, and corner
radius on the carbon fiber TRM confinedmasonry columns. Fossetti
and Minafò [23] carried out comparative tests on the masonry col-
umns confined with FRP wrapping, FRCM jacket, and steel wires
hooping on the mortar joints and provided analytical models to
predict the compressive strength of different techniques confined
masonry.

The above survey of literatures indicates that the application of
different confinement forms and materials to improve strength and
ductility of masonry columns have been proved. However, few
studies have been reported on the masonry columns confined with
fiber reinforced cementitious composite, such as engineered
cementitious composites (ECC) [24–26], strain hardening cementi-
tious composite (SHCC) [27,28] and highly ductile fiber reinforced
concrete (HDC) [29–31], which exhibited strain-hardening behav-
ior in tension and high toughness in compression. Therefore, the
present paper aims to investigate the effect of HDC on the com-
pressive behavior of masonry columns by using aforementioned
two different confinement forms. Fifteen specimens, including
twelve confined and three unconfined columns, are tested under
monotonic concentric load up to failure. Confinement forms (inter-
nal and external confinement) and materials (HDC and cement-
based mortar) are varied to explore the effectiveness of the HDC
confinement in terms of failure mode, axial load–displacement
curves, peak load and ductility. Moreover, based on the theories
of mesh-reinforced brick masonry and steel tube confined con-
crete, analytical models available in the literatures are used to pre-
dict the compressive strength of HDC systems confined masonry.
2. Experimental program

2.1. Specimen description and preparation

The experimental program consisted of fifteen clay brick
masonry columns tested under axial compression load. The nomi-
nal dimensions of the specimens were b = 240 mm � h = 370 mm
� L = 720 mm (aspect ratio L/b = 3). Each specimen was composed
of clay brick units placed in twelve rows with eleven mortar bed
joints in between, as shown in Fig. 1. The average thickness of mor-
tar joints was 10 mm. The test parameters were confinement forms
and materials, which were summarized in Table 1. The internal
confinement form was accomplished by replacing cement-based
mortar with HDC mortar. When HDC is subjected to the compres-
sive load, propagation of vertical cracks and lateral deformation are
restrained by the fiber bridging stress induced by the bridging
effect of polyvinyl alcohol (PVA) fibers. Moreover, the fiber bridg-
ing stress is stable and sustained after the first crack opening due
to the strain-hardening behavior in tension. Thus, confinement
force provided by the fiber bridging stress, as expressed in Fig. 2,
is similar to the stirrup confinement stress in the reinforced con-
crete members. In other words, PVA fibers could be deemed to con-
figure a number of stirrups, as discussed in Ref. [31]. In this case,
internally-placed HDC mortar could be considered that transverse
reinforcements are placed in the mortar joints.

All the masonry columns were classified into five sets with
three identical specimens per set to consider the experimental
scatter usually noticed in the masonry structures. Set 1 was uncon-
fined masonry columns named UC. Set 2 was confined with
cement-based mortar jacket, and sets 3–5 were confined with
HDC systems. The confined specimens are given a nomenclature
as M-X-Y-Z, where M indicates confinedmasonry columns, X refers
to internal confinement materials (U for cement-based mortar
indicating no internal confinement, H for HDC mortar), Y desig-
nates external confinement materials (U for no external confine-



Fig. 1. Geometry of the specimen.

Table 1
Properties of the specimens.

Set Area of cross section (mm2) Confinement materials Confinement forms
Internal mortar External jacket

UC 240 � 370 None � �
M-U-C 240 � 370 Cement-based mortar � p
M-H-U 240 � 370 HDC

p �
M-U-H 240 � 370 HDC � p
M-H-H 240 � 370 HDC

p p

Fig. 2. Confinement stress provided by: (a) fiber bridging stress; (b) stirrups.
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ment, C for cement-based mortar jacket and H for HDC jacket), and
Z refers to the number of replicate. For example, specimen M-U-H-
2 is the second masonry column confined with external HDC jacket
and no internal confinement. All masonry columns were manufac-
tured on the 5 mm-thickness steel plates with four rings.

The first step for preparing all specimens was manufacturing
URM columns and internally-placed HDCmortar confinedmasonry
columns. After a curing time of 7 days, the steps taken to jacket the
masonry columns were taking dust away from surface, wetting
prisms, installing the external confining jackets. After that, the
top surfaces of all specimens were capped with 15 mm-thickness
high strength cement-based mortar to ensure the horizontality of
the columns and obtain uniform load distribution in the test.
Finally, each specimen was cured a further time of 56 days before
tested in the laboratory.
2.2. Material properties

Solid clay brick units with the nominal dimensions of
240 � 115 � 53 mm were used to assemble the masonry columns.
The compressive strength of the bricks, determined by uniaxial
compressive tests on ten specimens in terms of GB/T 2542-2012
Test Methods for Wall Bricks [32], was equal to 8.87 MPa.
The mortar used for binding the masonry columns and external
confinement jackets was cement-based mortar (cement: sand:
water ratio of 1:4.57:1.1 by weight). The compressive strength of
mortar, obtained by means of compressive tests on 12 standard
70.7 mm cubes in accordance with JGJ/T 70-2009 Standard for Test
Method of Basic Properties of Construction Mortar [33], was equal
to 17.19 MPa. It should be noted that the compressive strength of
mortar used to construct URM columns was relatively higher than
that used in the old masonry structures. However, the aim of the
present paper was to evaluate the efficacy of the HDC systems
for confining masonry columns subjected to concentric load.
Hence, the interaction between confinement material and masonry
substrate was a main parameter to evaluate this composite as a
confinement system for the old masonry structures [20].

Additionally, the HDC mix utilized in this study consisted of
cement, fly ash, sand and water, with corresponding proportions
of 1:1:0.72:0.58 by the weight of the cement. The content of
high-range water reducers was 8 kg/m3 and the volume content
of PVA fibers was 2%. The mechanical behavior of PVA fiber was
reported in Table 2. The average compressive strength of HDC, ver-
ified by the compressive tests on twelve standard 70.7 mm cubes,
was equal to 54.60 MPa. In terms of Ref. [34], the uniaxial compres-
sive strength of HDC was 48.05 MPa. The tensile behavior of HDC
was obtained by the direct tensile tests on three dog-bone-
shaped specimens with dimension of 350 � 50 � 15 mm. The typ-
ical tensile stress–strain curve was plotted in Fig. 3. It is evident
that HDC is characterized by the strain-hardening behavior in ten-
sion and the ultimate tensile strain of HDC can exceed 1%. The
average tensile strength of HDC, obtained from tensile stress–
strain curve, was equal to 6.10 MPa.

2.3. 2.3. Test setup

The test setup was shown in Fig. 4. The uniaxial compressive
tests on all masonry columns were carried out by an electrohy-
draulic servo testing machine with a maximum load of 5000 kN.
The specimens were loaded by displacement-controlled mode with



Table 2
Properties of PVA fiber.

Length (mm) Diameter (lm) Tensile strength (MPa) Elastic modulus (GPa) Elongation (%) Specific gravity (g/cm3)

12 39 1600 40 7 1.3

Fig. 3. Tensile stress–strain curve for HDC.

Fig. 4. Test setup and instrumentation for specimens.
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a loading rate of 0.5 mm/min. A steel spherical hinge was placed
under the lower loading platen and centered with the respect to
the center of the specimen in order to obtain uniform load distribu-
tion and avoid any initial eccentricity. The force was measured by a
load cell. The axial deformation was measured by four liner vari-
able displacement transducers (LVDTs) mounted on four faces of
the column between the upper and bottom loading platens and
without any damage of the specimen. From the obtained real-
time readings of force and deformation, the axial load–displace-
ment diagrams for each column could be plotted. Three preload
cycles were applied between 20 and 30 kN to check the correctness
of installed devices.
3. Results and discussions

3.1. Failure modes

The failure modes of some specimens are shown in Fig. 5 in
order to compare the cracking patterns and the failure mechanisms
for URM columns and HDC-confined masonry columns. The control
specimens exhibited a brittle behavior. As mentioned before, the
mortar joints had a larger lateral deformation than the brick units
under the axial compression load and, consequently, it induced
tensile stress in the bricks. When the tensile strength limit of bricks
was reached, the vertical cracks occurred on the specimen, and
they propagated rapidly along the height of columns with the
increase of axial load. This stage was short owing to the quite
low tensile strength of masonry. Hence, the unconfined masonry
columns were divided into two or more slender prisms by the con-
tinuous sub-vertical cracks. The URM columns failed from the slen-
der prisms crushing or losing stability, resulting from the stress
redistribution near these vertical cracks. It should be noted that
the compressive strength of brick unit was not utilized adequately
due to the premature rupture of bricks caused by the uncon-
strained transverse expansion of masonry. Although M-U-C set
was confined with cement-based mortar jacket, specimens were
still characterized by a sudden failure. This could be attributed to
the brittle property of the cement-based mortar. The confinement
jacket failed since the first vertical crack opened. Therefore, the lat-
eral confinement force provided by mortar jacket was quite lim-
ited, leading to that the expansion of masonry core was almost
not restrained after the early loading stage. The failure of M-U-C
set was similar to that of control specimens.

M-H-U set, replacing cement-based mortar with HDC, failed for
local brick units crushing. Indeed, M-H-U set exhibited more fine
cracks on the bricks and no visible continuous vertical cracks
through the columns. By contrast, for the unconfined masonry col-
umns the vertical cracks were more open and involved the mortar
joints. This cracking pattern could be explained that HDC mortar
with high tensile strength and bridging effect of PVA fibers
decreased the lateral deformation of brick units and restrict the
propagation of vertical cracks. Therefore, HDC mortar produced a
homogeneous plane behavior on the cross section and distributed
the axial stress uniformly. This was different from URM columns
which were divided into multiple slender prisms. As a result, M-
H-U set kept integrality at failure and clearly improved the
ductility.

M-U-H set was confined with external HDC jacket while M-H-H
set was confined both with internal HDC mortar and with external
HDC jacket. These two sets showed a similar cracking process and
failed from local masonry crushing. The external confinement force
provided by HDC jacket effectively inhibited the transverse expan-
sion of masonry core, inducing that the first cracking load, strength
and axial deformability of masonry columns were clearly
improved. However, detachment between local HDC layer and
masonry substrate was observed after the peak load, resulting from
both the discontinuous distribution of short PVA fibers on the cor-
ner caused by construction technique and the stress concentration
near the corner. Nevertheless, M-H-H set showed better ductility
and integrality, and the masonry crushing was moderate if com-
pared with M-U-H set. This could be attributed to the internal con-
finement provided by HDC mortar, leading to a homogeneous
plane behavior on the cross section.
3.2. Axial load–displacement curves

The axial load–displacement curves for all test masonry col-
umns are plotted in Fig. 6. The axial force was measured by the
load cell. The axial displacement was the average readings of the



Fig. 5. Failure modes: (a) unconfined; (b) M-U-C; (c) crushing of slender prisms; (d) M-H-U; (e) M-U-H; (f) severely crushing of masonry; (g) M-H-H; (h) moderately crushing
of masonry.
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four LVDTs. Specimen UC-1 has been ignored as a result of prema-
ture damage during the transport. The compressive behavior of
control specimen was rather weak with low axial capacity and
poor deformability. The approximate linear ascending branch
was observed up to the peak load, followed by a marked slope of
the softening branch up to collapse, which highlighted the brittle
failure of the URM columns. Compared to the control specimens,
although the peak load and initial stiffness of M-U-C set were
improved, the steep softening branch after the maximum load
was recorded. The specimens exhibited a poor deformability and
a brittle type of failure. Moreover, from the Fig. 6(a) and (b), it is
evident that the first cracking load was about half of the peak load
for the UC and M-U-C sets, indicating that the cement-based mor-
tar jacket could not effectively restrict the lateral expansion of
masonry core and delay the propagation of the vertical cracks.
Thus, the cement-based mortar jacket was not an effective confine-
ment technique to enhance the deformability of URM columns.

From the axial load–displacement curve of M-H-U set,
internally-placed HDC mortar could improve the compressive
behavior of masonry columns with a substantial gain in deforma-
bility. A non-linear ascending branch was recorded until the peak
load, highlighting a great elastic–plastic deformability. The slope
of descending post-peak branch was flatter than that of UC and
M-U-C sets. The strength degradation of specimens was slowed
down, marked by a ductile failure. Furthermore, the first cracking
load was almost 80% of the peak load, revealing that the internal
HDC mortar could decreased the lateral deformation of bricks
and delay the opening of the first crack.

The HDC-jacketed masonry columns (M-U-H set) showed a
non-linear ascending branch before the peak load, and followed
by a rapidly descending branch up to failure. This is mainly due
to the fact that the detachment between local HDC jacket and
masonry substrate induced a sudden axial load drop. By contrast,
M-H-H set exhibited a substantial gain both in the peak load and
the deformability. The axial load–displacement curves showed a
non-linear ascending branch, followed by a flatter descending
branch up to failure. Although local HDC layer of M-H-H set also
detached from masonry substrate after the peak load, the axial
load did not drop rapidly. This is different from M-U-H set and
can be attributed to the confinement of internal HDC mortar as dis-
cussed before. When the external HDC jacket detached from
masonry substrate or could not continue to confine masonry core,
the internal HDC mortar could restrain the expansion of brick
masonry and improve the axial deformability. However, the axial
load of specimen M-H-H-3 still dropped abruptly, mainly caused
by the premature detachment of HDC layer due to a direct contact
between HDC layer and loading platen. Additionally, the first
cracking load of these two sets were more than 70% of the peak
load, mainly due to the fact that external HDC jacket could restrain
the lateral expansion of masonry core.



Fig. 6. Axial load–displacement curves: (a) UC; (b) M-U-C; (c) M-H-U; (d) M-U-H; (e) M-H-H.
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3.3. Confinement mechanism of HDC

In general, the lateral deformation of mortar joints was greater
than that of clay brick units when the URM columns were sub-
jected to axial loads as mentioned before. Hence, there was the
mutual confinement between the mortar and bricks, inducing the
additional lateral tensile stress on the brick units. This provides
an illustration as to why the first vertical crack generally opened
on the brick rather than the mortar joint. Differently, the lateral
expansion of HDC is less than that of cement-based mortar due
to the bridging effect of PVA fibers under the same axial loads.
The transverse differential deformation between the mortar and
brick units was reduced by replacing cement-based mortar with
HDC. In other words, HDC as binding mortar could reduce the addi-
tional tensile stress and transverse dilation of brick units. The
opening and propagation of vertical cracks were significantly
delayed. Therefore, the strength and deformability of masonry col-
umns were improved. This confinement mechanism is similar to
the steel plates confined masonry columns that the confinement
plates decreased the lateral expansion of the mortar joint and brick
unit as shown in Ref. [4]. Furthermore, although the micro vertical
cracks opened in the mortar joints, HDC mortar kept integrality
owing to the bridging effect of PVA fibers. This effect could dis-
tribute the axial load uniformly and prevent masonry columns
from being divided into two or more slender pieces, which is quite
useful to improve the axial deformability. Accordingly, the speci-
mens kept integrality and exhibited a ductile type of failure. Con-
finement stress of HDC mortar could be expressed in Fig. 7(a).

The confinement mechanism of external HDC jacket confined
URM columns is shown in Fig. 7(b). The lateral tensile stress



Fig. 7. Confinement stress: (a) HDC mortar confined; (b) HDC jacket confined; (c)
combined confinement.
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occurred on the HDC jacket caused by the transverse dilation of
masonry core when there was no direct contact between external
jacket and loading platen. In turn, the masonry core was placed in a
state of triaxial compression, thus the strength and deformability
of masonry were improved. The confinement force provided by
HDC jacket was passive and increased with the increase of the lat-
eral expansion until that HDC jacket failed or detached from
masonry substrate. By contrast, the combined confinement of
internal HDC mortar and external HDC jacket, as given in Fig. 7
(c), is stronger than that provided by the any single reinforcement
method. The external HDC jacket restrained the lateral expansion
of masonry core as discussed previously. Moreover, the internal
HDC mortar reduced the additional tensile stress of the brick units
and prevented the brick masonry severely crushing, accordingly, it
delayed the external HDC jacket detaching from masonry sub-
strate. In fact, masonry core was under a highly triaxial compres-
sion state with the combined confinement. This could be an
illustration as to why the load bearing capacity and deformability
of M-H-H set were significantly enhanced.

3.4. Peak load

The experiment results in terms of peak load, Coefficient of
Variation (COV) and peak load gain are shown in Table 3 for each
specimen. The peak load gain is defined as the average maximum
load of confined specimens normalized to the corresponding value
of the control specimens. Although the average peak load gain of
M-U-C set was 84%, cement-based mortar jacket could not be an
effective confinement technique because of the weak compressive
behavior of M-U-C set in terms of failure modes and load–displace-
ment curves. The fact of great peak load gain could be explained
that cement-based mortar jacket supported a part of axial loads
because of the bonding and frictional forces between the external
jacket and the masonry substrate in spite of no axial load is applied
on the external jacket directly. On the other hand, the peak load
increased by 25%, 101%, and 125% for M-H-U, M-U-H, M-H-H sets
compared to URM columns, respectively. Therefore, applying
HDC systems are effective and alternative confinement techniques
to improve the axial bearing capacity of URM columns. More dis-
cussions are reported in the following section.

3.5. Ductility

Based on the Ref. [35], the ductility index of masonry columns is
defined as the ratio of ultimate axial displacement (Dmu) to its axial
displacement at peak load (Dm). The ultimate axial displacement is
the corresponding displacement at 15% peak load degradation. It
should be noted that although the definition of ultimate axial dis-
placement is arbitrary, the ultimate value used in the present work
is consistent with American ACI 440.2R guideline [36]. For the sake
of evaluating the effect of different confinement forms on the
deformability, Dm, Dmu and ductility index of confinedmasonry col-
umns were normalized to the corresponding values of control
specimens, respectively, as reported in Table 4. The axial displace-
ment at peak load, ultimate axial displacement and ductility index
of M-U-C set decreased by 24%, 30% and 9%, compared to control
specimens, respectively. This could be explained that cement-
based mortar jacket increased the stiffness of masonry columns,
but it cannot provide enough confinement forces to inhibit the
transverse expansion of masonry core, leading to the reduction of
deformability.

The axial displacement at peak load, ultimate axial displace-
ment and ductility index of M-H-U set increased by 43%, 161%
and 82%, respectively. However, the peak load of M-H-U set only
increased by 25%, revealing that internally-placed HDC mortar
could significantly improve the axial deformability and moderately
increase the axial bearing capacity of masonry columns. This
observation is in agreement with the internal steel grids [5] or
external steel wires confined masonry columns [8,23]. This con-
finement form by inhibiting the transverse deformation of mortar
joints exhibited the higher gain in the axial deformability compar-
ing to the gain in strength.

M-U-H set showed a modest increase on the axial deformabil-
ity. The axial displacement at peak load, ultimate axial displace-
ment and ductility index increased by 1%, 12% and 10%,
respectively. After manufacturing masonry columns, the corners
were not rounded, inducing that the stress concentration near
the corner was quite obvious during the loading tests. Moreover,
when installing HDC jacket, it is inevitable that the distribution
of PVA fibers was discontinuous on the corner. These two reasons
led to an obvious detachment between the local HDC layer and
masonry substrate at the post-peak stage, thus the deformability
was not clearly improved.

By contrast, compared to the URM columns, the ductility index
of M-H-H set only increased by 9% while the axial displacement at
peak load and ultimate axial displacement increased by 183% and
207%, respectively. When internal HDC mortar and external HDC
jacket were applied together, HDC systems induced a strong con-
finement force to the masonry core. The lateral expansion of brick
masonry was restrained and the propagation of vertical cracks was
delayed. Besides, the confinement provided by HDC mortar
delayed the detachment between the external HDC jacket and
masonry substrate. Particularly, a quite slight detachment was
observed at the post-peak stage in the M-H-H set. Accordingly,
combined confinement forms of internal HDC mortar and external
HDC jacket could significantly improve the deformability and duc-
tility of URM columns.
4. Theoretical prediction

4.1. Strength prediction of internal HDC mortar confined columns

Based on the aforementioned experiment results and discus-
sion, it is clear that the reinforcement mechanism of internally-
placed HDC mortar is reducing the differential deformation
between the mortar joints and brick units, which could improve
the compressive strength and deformability of masonry columns.
This is similar to the internally-placed steel grids confinedmasonry
columns. The confinement model is shown in Fig. 8. Thus, the cal-
culation of compressive strength is proposed for internal HDCmor-
tar confined masonry according to the method of mesh-reinforced



Table 3
Peak load for all specimens.

Specimen number Peak load (kN) Average Peak load (kN) Average strength (MPa) COV Normalized peak load

UC-2
UC-3

264.2
274.3 269.3 3.03 1.9% 1.00

M-U-C-1
M-U-C-2
M-U-C-3

506.6
510.8
471.2

496.2 5.59 3.6% 1.84

M-H-U-1
M-H-U-2
M-H-U-3

346.0
448.8*
328.3

337.2 3.80 2.6% 1.25

M-U-H-1
M-U-H-2
M-U-H-3

528.1
495.6
597.1

540.3 6.08 7.8% 2.01

M-H-H-1
M-H-H-2
M-H-H-3

473.1*
597.8
616.2

606.9 6.83 1.5% 2.25

* These values have been ignored due to the high experimental scatter.

Table 4
Normalized deformation of masonry columns.

Set Dm (mm) Normalized Dm Dmu (mm) Normalized Dmu Ductility index Normalized ductility index

UC 3.17 1.00 4.12 1.00 1.30 1.00
M-U-C 2.42 0.76 2.87 0.70 1.19 0.91
M-H-U 4.55 1.43 10.74 2.61 2.36 1.82
M-U-H 3.21 1.01 4.60 1.12 1.43 1.10
M-H-H 8.96 2.83 12.67 3.07 1.41 1.09

Fig. 8. Confinement model of HDC mortar confined masonry.
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brick masonry given in the GB 50003-2011 Code for Design of
Masonry Structures [37]. The lateral and axial deformation of
HDCmortar confined columns are larger than that of URM columns
under the axial compressive load. The added deformation can be
calculated by

Den ¼ Drn=E; De ¼ Dr=E ð1Þ
where Den, Drn are added lateral strain and stress, respectively;
De, Dr are added axial strain and stress, respectively; E is the elas-
tic modulus of masonry. Based on the Poisson’s ratio, the relation-
ship between lateral strain and axial strain can be written as
follows:

Den ¼ mDe ð2Þ
where m is the Poisson’s ratio of masonry, which can be equal to
0.32 according to the GB 50003-2011. As shown in Fig. 8, the added
lateral stress could be calculated by the equilibrium equation on the
cross section in the following form:

Drn ¼ f dtt
sn

ð3Þ

where fdt is the tensile strength of HDC; t is the average thickness of
HDC mortar joints; Sn is the average spacing of HDC mortar joints.
Hence, the compressive strength of masonry columns confined with
internally-placed HDC can be expressed by
f 0cm ¼ f 0m þ Dr ¼ f 0m þ f dtt
msn

ð4Þ

where f 0cm is the compressive strength of HDC mortar confined
masonry; f 0m is the compressive strength of unconfined masonry
and can be calculated in terms of the GB 50003-2011.

4.2. Strength prediction of external HDC jacket confined columns

The basis of the HDC jacket contribution to the strength of con-
fined masonry is the transverse confinement stress rn developing
in the masonry core in response to the jacket forces, which is anal-
ogous to confined concrete members. Therefore, the strength pre-
diction of the external HDC jacket confined masonry will be
discussed according to the steel tube confined concrete [38] and
steel wrapping confined masonry columns [6] in this section. The
transverse confinement stress on the rectangular cross section is
presented in Fig. 9 when the peak load is reached. This stress is
nonuniform in general caused by the rectangular cross section.
As a result of the fact that compressive strength of confined
masonry depends on the smaller confinement force, the transverse
confinement stress rn can be calculated as follows:

rn ¼ rnx ¼ f dtt0
h

ð5Þ

where t0 is the thickness of HDC jacket; h is the depth of cross sec-
tion. As already done in Refs. [38,6], the compressive strength of
masonry columns confined with HDC jacket can be given in the fol-
lowing form:

f cm ¼ f 0m 1þ 1:5
ffiffiffiffiffiffiffiffi
rn

f 0m

r
þ 2

rn

f 0m

� �
ð6Þ

where f cm is the compressive strength of HDC jacket confined
masonry; f 0m is the compressive strength of unconfined masonry
and can be calculated here by experimental results. When the com-
pressive strength of masonry columns confined both with internal
HDC mortar and with external HDC jacket is calculated, f 0m in Eq.
(6) can be replaced with f 0cm in Eq. (4).



Fig. 9. Confinement model of HDC jacket confined masonry.

Table 5
Comparison between calculation and experimental values.

Set f 0m MPað Þ f predcm MPað Þ f expcm MPað Þ f expcm =f predcm

M-H-U 1.39 3.61 3.80 1.053
M-U-H 3.03 5.84 6.08 1.041
M-H-H 3.61 6.59 6.83 1.036
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4.3. Comparison between predicted and tested results

Table 5 shows the comparison between predicted and experi-
mental compressive strength for HDC systems confined masonry

columns. As can be observed, the ration f expcm =f predcm is very close to
1 for all test members, indicating that the compressive strength
of HDC confined masonry is predicted with enough accuracy. How-
ever, the results of aforementioned theoretical prediction refer to a
limited number of specimens. Further studies and more experi-
mental data are necessary to verify the reliability of the calculation
model.

5. Conclusions

This paper presents an experimental study on the compressive
behavior of concentrically-loaded clay brick masonry columns con-
fined with HDC systems, followed by the development of a calcu-
lation model for predicting the compressive strength of confined
masonry. On the basis of the results obtained and considering
the limits of the analyzed variables, the conclusions can be drawn
as follows:

1) Although cement-based mortar jacket increased the load
carrying capacity of masonry columns compared to the
URM columns, the deformability is quite weak. The steep
softening branch after the peak load was observed, repre-
senting that the cement-based mortar jacket cannot restrain
the transverse dilation of masonry core due to its low tensile
strength. The confined prisms still showed a brittle failure.

2) HDC mortar confined masonry columns exhibit a great
enhancement on the deformability compared to the URM
columns, especially that specimens show a ductile type of
failure with the capacity degradation slowing down in the
post peak behavior.

3) HDC jacket effectively restricts the transverse dilation of
masonry core, thus both the load carrying capacity and
deformability of masonry columns are significantly
improved. Although the detachment between the HDC
jacket and masonry substrate is observed at the post peak
stage, internally-placed HDC mortar (combined confine-
ment) could delay the debonding behavior.
4) Based on the theories of mesh-reinforced brick masonry and
steel tube confined concrete, the calculation model is pro-
posed for predicting the compressive strength of HDC sys-
tems confined masonry. Predicted values are consistent
with experimental results.

Finally, the aforementioned experimental results and discus-
sions proved that HDC systems are efficient and alternative tech-
niques to improve the load carrying capacity and deformability
of the clay brick masonry columns. However, further experimental
studies are needed in the future including masonry materials,
cross-section aspect ratio, and thickness of HDC jacket to general-
ize the findings.
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