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ABSTRACT: An extensive experimental research study included research into the stabilisation
and strengthening of historic brickwork structures – columns and walls – with composites based
on high-strength fabrics and epoxy or polymer modified cement binders. A component part of
the research is the explanation of the failure mechanism of particularly compressed historic
masonry structures. The results of experimental research and their analysis pointed out a series
of still open questions concerning the behaviour of masonry in its degradation phase. The paper
presents some newly obtained findings about the behaviour of masonry columns and walls
under static and dynamic loads in their degradation phase in relation to their stabilisation and
reinforcement.
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INTRODUCTION

The strengthening of masonry members with composites based on high-strength fibres and
epoxy resin or a polymer-cement mix fully applies the high elastic modulus and tensile strength
values of carbon fibres thus efficiently preventing the appearance of vertical tensile cracks in the
column masonry whose occurrence and development usually precedes the limit load (Witzany et
al. 2014).
The variability of physical and mechanical characteristics of masonry requires specific research
and, on its basis, individual calibration of the formulae used for individual masonry types
(Faella et al. 2011). An important parameter significantly affecting the resulting effectiveness of
the strengthening of masonry structures with FRP materials is the cohesion of the reinforcing
composite layer with the strengthened masonry (Camli et al. 2007, Faella et al. 2013). These
issues have been the subject of extensive experimental (Garbin et al. 2010, Carrara et al. 2013)
as well as theoretical research (Grande at al. 2011) in the last years. Some research studies are
focused on the effect of binder (mortar) on the resulting adhesion of FRP material to the
masonry substrate (Capozucca 2013, Ghiassi et al. 2013), the formulation of new suitable
theoretic models describing the behavior of FRP materials in terms of their consistency with the
substrate (Kashyap et al. 2012), or on experimental and theoretical research into the application
of new flexible binders for gluing external FRP reinforcement (Kwiecien 2012).
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EXPERIMENTAL RESEARCH

Experimental research into masonry columns applied test pieces with dimensions of ca 300 x
300 x 920 mm and test pieces fabricated as segments of a masonry wall with dimensions of ca
1350 x 1330 x 300 mm, non-reinforced, reinforced with strips or “lamellae” of composites of
the TYFO SCH41 unidirectional carbon fabric and TYFO epoxy resin-based adhesives, of
bricks with a minimum compressive strength of 10 MPa and fine-grained lime mortar with a
minimum compressive strength after 28 days of 1.5 MPa. The resulting strengths of partial
masonry components identified from cores and test pieces, together with other values, are
presented in Tab. 1 (the distribution of experimentally identified strengths fu and fm corresponds
to the distribution of parameters declared by the manufacturer). In accordance with the designed
carbon composite-based reinforcement method and in accordance with standard cases of
reinforcement of load-bearing masonry structures in areas without increased risks of seismic
activity, the test pieces were loaded by a vertical compressive force acting on the test
specimen’s upper surface. Fig. 1 displays individual test pieces, including the arrangement of
measuring devices.
Table 1. Overview of test specimens, dimensions and material characteristics

Marking Reinforcement

Dimensions [mm] fu[MPa] fb[MPa] fm[MPa] fk[MPa]

P 56

lamella in each bed joint

290 x 290 x 920

18.32

17.28

1.78

4.81

P 57

unreinforced

290 x 290 x 920

17.47

16.47

1.81

4.67

P 58

all-surface CFRP

290 x 290 x 920

18.06

17.03

1.96

4.90

P 61

CFRP strips on surface

P 66
P 67

286 x 286 x 920

12.21

11.51

1.88

3.68

rd

286 x 286 x 920

12.21

11.51

1.23

3.24

nd

286 x 286 x 920

12.21

11.51

1.23

3.24

lamella in each 3 bed joint
lamella in each 2 bed joint

Legend: fu – experimentally identified average strength of a masonry unit in compression, fb –
standardised average strength of a masonry unit in compression, fm – strength of mortar in compression,
fk – characteristic value of masonry strength in compression

Figure 1. Test specimens and measuring devices arrangement
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STRENGTHENING OF CONCENTRICALLY COMPRESSED MASONRY COLUMNS
WITH CARBON STRIPS (“LAMELLAE“) INSERTED IN BED JOINTS

A serious issue requiring treatment with fire protection plasters or linings on structures with the
surface application of external lamellae and fabrics is a relatively low temperature of the
“glassification” of the epoxy resin matrix of 100 - 130° C and the epoxy adhesive of 47°C. The
insertion of reinforcing carbon strips (“lamellae“) in horizontal grooves (e.g. masonry bed
joints) anchored by polymer cement mortar represents the optimum solution mainly for nonplastered historic masonry, unlike surface-applied composite strips of carbon fabrics and epoxy
resin, which are suitable for plastered historic masonry.
After the required mortar strength had been reached, grooves with dimensions of ca 15 x 60 mm
were milled in selected masonry bed joints, which were cleaned by air blasting before the
insertion of carbon strips and successively filled up to 2/3 of the groove depth with the Betosan
SUPERFIX f polymer cement mix (fc28 = 29.91 MPa, ft28 = 6.19 MPa, Ec28 = 1.92 GPa).
Following the bed joint filling, carbon strips were pressed into them and the bed joints were
completely filled with mortar. The carbon strips (“lamellae“) were made of the TYFO SCH 41
unidirectional carbon fabric and an adhesive based on the TYFO S epoxy resin by folding it and
gluing with epoxy resin. Prior to insertion in the bed joint, the interfaces of this composite based
on carbon fabrics and the epoxy adhesive were fitted with a layer of epoxy adhesive into which
crushed stone (max. grain size of up to 3 mm) was pressed before hardening. The connection of
lamellae in the corners of masonry columns was performed by mutual overlaps and the
application of an epoxy adhesive on the interfaces.
The “load vs. deformation “ working diagrams obtained by experimental research are presented
in Fig. 2. Deformation values obtained during loading and the comparison of theoretically and
experimentally identified limit loads are summed up in Tab. 2. The theoretical values were
specified under ČSN EN 1996 1-1 (characteristic masonry strength in compression, limit load
values of columns) and the Italian CNR – DT 200/2004 directive in the R1 amended version of
2013 (limit load values of columns reinforced with carbon lamellae). The experimental research
also included the investigation of a non-reinforced masonry column and a masonry column with
non-prestressed strips of a carbon composite to compare and identify the efficiency of carbon
lamellae.

Figure 2. Experimentally obtained “load vs. deformation“ diagrams of masonry columns
Note: Deformation sensors had been removed before the limit load (last loading step) was reached (to
avoid their potential destruction during the collapse of test pieces). For this reason, the limit load and its
corresponding ultimate deformations of individual pillars are not recorded in the working diagrams.

3.1

Discussion of results

The time patterns of “L x δy“ (Fig. 2) clearly show the positive effect of the reinforcement
(strengthening) of masonry columns with carbon lamellae inserted in bed joints. Compared to a
non-reinforced masonry column, an increase in the limit load of masonry at the column failure
in concentric compression achieved ranged from 135% (inserting carbon lamellae in each 3rd
joint) to 173% (inserting carbon lamellae in each joint). The comparison of the effectiveness of
carbon lamellae inserted in bed joints with the effectiveness of wrapping a masonry column in
non-prestressed strips of carbon fabrics and epoxy resin (Fig. 2, Tab. 2) manifests a higher
effectiveness of wrapping a masonry column in a non-prestressed composite strip. The limit
load at the failure of a masonry column wrapped in CFRP composite strips is by ca 9 to 11 %
higher than the limit load of a column reinforced with lamellae.
Table 2. Selected notable deformation values obtained during loading and comparison of theoretically
(according to ČSN EN 1996-1-1) and experimentally identified limit load values
Selected values δy and δx [mm] under load
Marking

δy (560 mm)

δx (150 mm)

Ultimate
bearing
capacity

Theor.1
bearing
capacity

Ratio

300
kN
-0,555

480
kN
-1,365

660
kN
-2,930

300
kN
0,000

480
kN
0,010

660
kN
0,070

Nexpum
[kN]
831

Nteorum
[kN]
798,5

Nexpum / NURM /
Nteorum NFRP
1,04
1,72

P 57 (URM) -1,370

-2,760

-

0,180

1,165

-

481

325,0

1,48

-

P 58 (FRP)

-0,360

-0,840

-1,615

0,000

0,005

0,030

1230

787,0

1,56

2,56

P 61 (FRP)

-3,130

-7,275

-10,03

0,005

0,080

0,680

721

487,8

1,48

1,49

P 66 (FRP)

-1,195

-2,440

-

0,010

0,040

-

650

388,2

1,67

1,35

P 67 (FRP)

-1,030

-1,970

-3,770

0,010

0,045

0,105

660

484,7

1,36

1,37

P 56 (FRP)

Legend: 1) Nteorum for non-reinforced members is identified under ČSN EN 1996 and for
reinforced members from formulae used in practice.
The failure mechanism of brick columns reinforced with non-prestressed carbon lamellae
inserted in bed joints partially differs from the failure mechanism of brick columns wrapped in
non-prestressed carbon strips (Fig. 3). The failure of columns reinforced with lamellae inserted
in bed joints at reaching the limit load clearly shows that the “slippage” of strips occurs in
column corners in places of bed joints with inserted lamellae where the lamellae are connected
by overlaps that are difficult to check and by epoxy resin; this “slippage” results in the
“diagonal rupture” of columns starting from the masonry edge, preceded by a series of tensile
cracks situated mostly near the column edges. Contrary to this, the reinforcement of columns by
wrapping in non-prestressed strips of carbon fabrics produces the concentration of transverse
diagonal forces, induced by the “masonry – composite” interaction and heading into the centre
of the masonry column, in the parts between column edges after the shear strength (adhesion)
has been exceeded in the “composite – masonry” contact joint (Fig. 3).

Figure 3. Failure mechanism of columns reinforced by non-prestressed carbon strips (a, b, f) and lamellae (c, d, e, g)
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ADDITIONAL STRENGTHENING AND STABILISATION OF COMPRESSED
WALLS OF BRICK MASONRY WITH STRIPS OF CARBON FABRICS

Whereas in the case of compressed masonry columns (brick, stone or mixed masonry), the
theoretical and experimental analysis have manifested the unambiguously positive effect of
wrapping column masonry in non-prestressed strips of composites based on carbon fabrics
applied on the surface at different height levels of columns, both in terms of their deformation
characteristics (ductility) and the limit load values in compression, this positive effect was not
manifested in the case of similar reinforcement of masonry walls under uniform vertical loading
and supported masonry walls with composite strips applied on the masonry surface.
The application of a composite based e.g. on unidirectional carbon fibres and adhesives based
on epoxy resin, glued onto the wall masonry surface, produces a change – deviation of
trajectories of compression – in the distribution of compressive stresses along the masonry cross
section (“multi-layer structures”) under loading in compression in the area of the composite due
to the mutual interaction of the differently deformed masonry and the composite, and
compressive stresses are concentrated into the areas of higher stiffness in compression. For
example, a relatively thin layer of composite with the elastic modulus in compression Eck with a
value higher (Eck lies roughly in the interval of 3200 to 7500 MPa) than the masonry elastic
modulus value Ezd (Ezd lying in the interval of 4500 to 4800 MPa) takes up – via shear forces
transferred by the “masonry – composite” contact joint – the respective part of compressive
stresses ensuring the continuity of the compressive deformation of the composite and masonry
in the area of reinforcement (composite) until the phase when, by exceeding the shear strength
of the adhesive in the contact joint, or the masonry strength in shear and compression (in the
contact joint vicinity), the “composite – masonry” interaction fails. This state is preceded by
local failures of the mutual adhesion in the “masonry – composite” joint and partial (local)
buckling (tearing away) of the composite. Similar failure mechanism was applied in the case of
masonry walls with carbon strips (lamellae) inserted in horizontal grooves.

Figure 4. Experimentally obtained “load vs. deformation “ diagrams of masonry walls
Table 3. Overview of test pieces, dimensions and material characteristics
Marking

Dimensions [mm]

Reinforcement method

fu[MPa] fb[MPa] fm[MPa] fk[MPa]

S1 – URM

286 x 1350 x 1330

Non-reinforced wall

18.04

17.01

1.95

4.89

S2 – CFRP

286 x 1350 x 1320

CFRP strips ( surface)

17.56

16.56

1.87

4.73

S3 – CFRP

286 x 1350 x 1340

CFRP lamella (groove)

17.11

16.13

1.85

4.63

Legend: fu – experimentally identified average strength of a masonry unit in compression, fb –
standardised average strength of a masonry unit in compression, fm – strength of mortar in
compression, fk – characteristic value of masonry strength in compression
Table 4. Selected notable deformation values obtained during loading and comparison of theoretically
(according to ČSN EN 1996-1-1) and experimentally identified limit load values
Selected values δy and δx [mm] under load
Marking

δy (950 mm)
1000
kN

Ultimate
bearing
capacity

δx (150 mm)

exp

Theor.
Ratio
bearing
capacity1
exp
teor

N um /
Nteorum

NURM /
NCFRP

2000
kN

2600
kN

1000
kN

2000
kN

2600
kN

N um
[kN]

N um
[kN]

S1-URM -1.195

-3.425

-5.720

0.01

0.06

0.24

2932

1698

1.73

-

S2-CFRP -1.655

-3.825

-6.340

0.003

0.090

0.460

2980

1645

1.81

1.016

1610

1.49

0.819

S3-CFRP -0.860

-3.090

-

0.045

0.165

-

2400

2

Note: 1)Unreinforced masonry wall theoretical load bearing capacity pursuant to ČSN EN 1996
2)
A drop in the limit load due to the appearance of additional transverse tensile deformations in
the area of applied FRP strips

A similar effect arises after wrapping a masonry column in a non-prestressed strip of composites
placed on the surface of masonry. In the case of columns wrapped in a composite, however,
these local failures usually do not impair the total positive effect of wrapping the column
masonry in strips of composites whose effectiveness in this respect predominantly depends on
the connection (anchoring) of both ends of the composite strip (connection by overlaps with a
glued joint).
The experimentally identified working diagrams of vertical L x δy and horizontal L x δx
deformations in relation to loading are presented in Fig. 4. Tab. 3 sums up the resulting
strengths of partial masonry components identified from cores and test pieces, and Tab. 4 lists
experimentally identified deformations, including the values of monitored loads (at reaching the
limit load in concentric compression, for selected values of loading and characteristic values of
limit load in compression).
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DISCUSSION OF RESULTS

In both cases – non-reinforced and reinforced masonry wall – the same failure mechanism due
to the effect of transverse horizontal forces, which are the cause of the masonry wall “rupture”,
is applied (Fig. 5). As a consequence of the above wall masonry failure mechanism, the
masonry limit load in compression, which may also take significantly lower values than the
limit load in compression of non-reinforced wall masonry, depending on the arrangement and
the height of composite strips, is prematurely exhausted.

Figure 5. Failure mechanism of brick walls reinforced by non-prestressed carbon strips (a) and lamellae (b)

From the comparison of the deformation characteristics and limit load values in concentric
compression achieved, it is evident that the reinforcement (strengthening) of particularly
coursed masonry with carbon strips (“lamellae”) inserted in horizontal grooves represents a
solution that may be applied within projects of the stabilisation or increasing the load-bearing
capacity of mainly masonry columns (Witzany et al. 2010, Wiatzany et al. 2014).
The application of strips or “lamellae” of composites may only be recommended in the case of
load-bearing walls under non-uniform vertical load, or walls subjected to uneven settlement in
the wall foot. The results and the course of experimental research have pointed out a series of
still open questions, which will be the subject of further theoretic and experimental research,
together with walls made up of natural walling units.
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CONLUSIONS

Experimental research has manifested the positive effect of the reinforcement, stabilisation of
masonry columns wrapped in non-prestressed strips or “lamellae” of composites of highstrength carbon fibres on the deformation characteristics (increased ductility) and carrying
capacity (increased limit load). The experimental research into masonry walls reinforced with
non-prestressed strips or “lamellae” of composites of high-strength carbon fibres did not
manifest the positive effect of this method on the deformation characteristics and carrying
capacity of masonry walls. Non-prestressed strips of composites applied on the surface of
masonry walls without transverse anchors increase the stress state of masonry – hence the
growth of transverse tensile stresses in the area of applied FRP strips.
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