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BRICKWORK MASONRY WALLSREINFORCED BY CFRP

Roberto Capozucca®

ABSTRACT

The aim of this paper is the analysis of the behaviour of brickwork masonry walls damaged
by shear-bending loading and reinforced by Carbon Fibre Polymers.

The composite naterials, FRP, applied at the surface of masonry permit acquiring tensile
capacity and to avoid the cracking as a consequence of tensile weakness. In particular,
masonry buildings may be damaged by seismic action that induces a tensile stresses. A
typical failure of a masonry wall subjected to shear force is a flexural failure characterised
by cracking at the tensioned side or crushing of masonry units at the compressed zone of
wall.

In this paper the author exams this case of failure considering experimental brickwork
masonry modelsin 1 to 2 scale. After damage the brickwork model was reinforced by CFRP-
sheets and subjected to the same path of loading. The experimental results obtained by the
tests on the brickwork models are reported. Finally the comparison between the data of
unreinforced and reinforced models |eads to a number of considerationson theuse of CFRP
in repair works of masonry buildings.
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INTRODUCTION

The strengthening of the masonry structures by materials with tensile capacity increases
their strength and ductility. In recent years the researchers have attempted to attain this
purpose utilising different techniques. An example of thisis prestressed masonry (Sinha
et al., 1992; Capozucca et al., 1999) wherethe stedl isthe material that permits obtaining
an adequate behaviour under high bending loads.

In recent years, the composite materials of Fibre Reinforced Polymers — FRP used as
strengthening, has assumed a relevant position in the repair both of reinforced concrete
and masonry. This technique was initially developed in Switzerland (Meier, 1987) and
Germany (MPA, 1987). Many applications have been carried out on FRP to replace stedl
in RC structures or to strengthen damaged RC beams. Analytical models to predict the
behaviour of RC beams strengthened with externally bonded FRP plates, evaluating the
influence of different parameters were proposed (Saadatmanesh et al., 1991; An et al.,
1991; Arduini et al., 1997).

Currently the use of FRP-materials, consisting of epoxy resin asmatrix and fibres, inthe
repair of masonry structures is increasing. Composite materials are suitable for repairing
damaged masonry structures both with plane surfaces and curved surfaces (Triantafillou,
1998; Modena et al., 1999; Pascale et al., 2000; Capozucca et al., 2000). The principal
advantages are the high strength-to-weight and stiffness-to-weight ratios, resistance to
corrosion, easy applicability to existing structure and the possibility of tailoring to suit a
particular application. The disadvantage is that FRP are expensive materials.

A field of application of FRP is the strengthening of the masonry in seismic areas or
in the repair of masonry walls damaged by an earthquake.

During the last earthquakein Italy (1997-98), alarge part of masonry buildings were
damaged and destroyed. They showed a very low strength to seismic forces and an
inadequate response. The collapse of parts of masonry buildings, or of the entire
structure, was caused primarily by the low strength of material that does not permit
attaining an adequate shear mechanism. Generally walls, either solid or with windows
and door openings, represent the basic structural elements of amasonry structure, that
resist seismic loads.

When subjected to in-plane forces, the wall may fail in different modes, depending on its
geometry and the seismic behaviour of the building:

- sliding-shear failure or friction failure;

- shear failure, which is characterised by diagonal cracksin the wall;

- flexural failure, which is characterised by cracking in the tensioned side of awall.

The author exams the case of flexural failure and the technique with FRP in the repair.
In selsmic areas, the strengthening of masonry walls by FRP is a suitable technique.
FRP-sheets are easily applied to the masonry wall and generally permit increasing the
failure load to in-plane shear loading. However the behaviour of strengthened masonry
walls isnot yet completely known and different aspects have to be analysed. An object to
study theoretically and experimentally is the mechanism of failure of in plane shear
loading walls. The strengthening of masonry by FRP increases the strength value, but
may lead to a mode of failure with local cracking on the units due to de-bonding of clay
wall from the FRP-sheets. In this paper the behaviour of brickwork masonry walls
damaged by shear-bending loading and strengthened by composite material of Carbon-
FRP is analysed. The author exams two cases of strengthening by CFRP-sheets locally
applied in regions particularly susceptible to damage as consequence of flexural failure.
Experimental brickwork masonry models in scale 1 to 2 subjected to shear force were
considered. The experimental results obtained by the tests carried out on the brickwork



modeds are reported and the comparison of the data involving unreinforced and
reinforced models, leads to a number of considerationson the use of CFRPin therepair
of masonry structures.

EXPERIMENTAL MODEL

The experimental brickwork masonry model with flange is shown in Figure 1.

The dimensions of the hollow units are 247x118x95mm?. Theratio of holes on the gross
area is 9=45%. The wall subjected to bending and shear has a T-shape section. The
principal dimensionsare (Figure 2): t (width of wall)=118mm; b (depth of flange)=1.32m;
h (height) = | (Iength) =1.47m. The section area is A=0.33m?; the position of the central
axis from the edge of flange is a=477mm; the moment of inertiais 1=831.53- 108mm®.

Figure 1 - Brickwork masonry model in scale 1 to 2.
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Figure 2 - Geometric dimensions of the brickwork mode in scale 1 to 2.

The compression strength of the unitsin direction paralle to the holesis f,=22.45N/mm?.
The mortar used in the wall isahigh strength mortar, type M1 in compliance with Italian
rules. The strength of mortar to compression is f,=19 N/mm?. The strength of masonry is
evaluated both on prisms of 5 units and wallets of 504x515 mm? in two directions, as
shown in Figure 3(a). By means of compressive tests on the wallets, the compression



strength of masonry, f=12.86 N/mm?, and the dastic modulus E,=8483 N/mm? by the
diagram c-¢ (Figure 3b), are evaluated.

y [ H [ H H [
Fo T [T =F

Figure 3(a) - Masonry wallets subjected to compressive tests in two directions.
The values of shear strength f,o in absence of vertical stress are experimentally evaluated

by shear tests on triplets. The average experimental value is f,o = 0.51 N/mm? while the
characteristic valueis fyo= 0.7 f,o equal to 0.35 N/mm?.

0 0.0(;02 0.00‘04 0.0(;06 0.0(;OB 8y
Figure 3(b) - Cyclic diagrams by compressive tests on the walletsin y direction.

During the shear-bending test on the brickwork model, a precompression load was
transferred on the top by RC slabs for atotal of vertical stress 6, = 0.1IN/mm?. The test
was cyclic and the horizontal load V was imposed by a hydraulic horizontal jack applied
at the edge of dab (Figure 4).
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Figure 4 - Brickwork model and instruments of measure: E,F,G inductive displacement
transducers; A,B,C,D inductive diagonal displacement transducers; 1,2,3,4
inductive displacement transducers at the first mortar bed joint.

BEHAVIOUR OF UNREINFORCED MODEL

The behaviour of the modd under shear load applied at the top is first studied
theoretically considering the scheme in Figure 5. The unreinforced brickwork masonry
moded was subjected to a precompression load P so that a vertical stressis present in the
wall:

o,= PIA D

Under loading, the tensile stress that may be sustained at the A point, located at the height
of thefirst mortar joint, in absence of tensile capacity of the masonry, isequal to c,.

o,=PIA [T 4V X
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Figure 5 - Brickwork masonry scheme under loading.

The normal stress o, is due to bending and precompression:
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If the absolute value of the ratio P/A is greater than V-h;-ad |, the entire section reacts.
The value of shear load at the start of cracking is equa to:

_V-u

VCI’ h L

(4)

being u= WJA the ratio between the resistant modulus of the entire section and the T-
shape area. When the shear V is greater than V., , the section is cracked with a dead zone
of the pand asindicated in Figure 6 (Epperson et al., 1990).

The dead zone is limited by a straight line between the points B and C. The top of
cracked zoneis given by equation:

P-u
Yo = EVE ©)

in the case of yo < h; and V > V. The compressive zone is evaluated as follows. The
equation of equilibrium gives the eccentricity at the bottom:

V-h
. ©)
limited by e < (I+t) - a. The effective compressive area at the bottom side isthus:
Ag =[1+1)—c]-t ()
being
c=(hi-Yo)tg0 ®
Moreover the compressive areais also expressed by:
Agr =3[(I+t) - (a+ €)] t 9

Considering the equations (7), (8), and (9), the inclination 6 of straight line B-C may be
evaluated. Finally for each section, at the distance y >y, from thetop of wall, thenon
cracked zoneis (Figure 6):

Aqi(y) = aly)-t = [(1+t) = (Y - Yo) - tg6] t (10)

Each section of the model at the distance y from the top, is partially resistant and the
maximum value of shear stressin the reactive zone of the section at the bottom , is:

o - 0.5-V
max 'h1

(11)
[A+t)—a— v
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Utilising equation (4), we can first determine the cracking shear force for the model
equal to V. =11.6kN. The equilibrium of the wall is maintained while the resultant
compressive force is internal at the bottom; at the condition of s=0 it is possible to
evaluate the V. that isinferior to 25kN.
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Figure 6 - Cracked brickwork masonry scheme

The shear-bending test on the unreinforced model confirms the results of the theoretical
analysis exemplified above. Figure 7 shows the experimental diagrams of displacements
measured during the test. The diagram (&) in Figure 7 refers to the data obtained by
diagonal inductive transducers used to record the strain of the wall up the first mortar
joint where the cracking first appears. Diagram (b), on the other hand, shows the total
displacement at the top of wall taking account the data recorded at points E and G (Figure
4). The development of thislast diagram isinfluenced by the cracking phasein the mortar
joints. About V= 11kN, the stiffness of the wall decreases considerably and begins the
cracking phase. The development of diagram (b) in Figure (7) also shows that the model
sustains an increment of shear load over 25kN.
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Figure 7 - Shear load vs displacement (a) by the diagonal transducers and (b) at the taop.

In Figure 8 however, where the strain measures at the inductive vertical transducers 1(4)
and 2(3) are described, it is easy to verify that over the V=25 kN the tensile strain is not
recorded in that the wall is subjected to arigid rotation.
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Figure 8 - Experimental diagrams (@) at the 2(3) transducers and (b) at the 1(4).

RESPONSE OF THE REINFORCED MODELS

The unreinforced brickwork modd was especially damaged by a horizontal crack that
developed at the first mortar joint so that it was convenient to reinforce the wall only by
means of carbon fibres sheets. Below we examine the response of damaged wall
strengthened in two different modes.

First reinfor ced model

The reinforced modd is shown in Figure 9. Three CFRP-sheets each with a depth of
50mm, were located on the flange after the preparation of the brickwork surface. The clay
wall was first thoroughly cleaned and then primed to seal the pores on the surface of the
bricks and mortar using an epoxy primer.

| | 150 mm

1470 mm

160 mm |

| 150 mm

Figure 9 - Brickwork model reinforced by CFRP-sheets on the flange

To provide a smooth surface, an epoxy filler layer was applied to the wall. Epoxy
adhesive was spread on the wall and the surface of carbon fibres coated with a fina
layer of epoxy resin to ensure saturation of the fibres. Table 1 shows the characteristics of
C-fibres.



Table 1 — Characteristics of carbon fibre.

Name MBrace fibre C1-30
Type of fibre High resistance carbon
Density 1820 kg/m®
Resistant area by unit of width 1.65 mm?/cm
Resistance to tension 3430 N/mm?
Modulus to tension 230000 N/ mm?
Ultimate strain €, 15%
Coefficient of thermal dilation -107K?

Figure 10 shows an appraisal method to calcul ate the ultimate internal moment M, of the
masonry wall reinforced by CFRP. The resistant section is given by the carbon fibre area
A=1.65-15=24.75mm? and compressive area of masonry. We assume the following
values of the ultimate state of masonry: €,=0.15 % and f;=7N/mm? , to determine the
internal resistant moment. The following equations of equilibrium and compatibility may
be written:

f,-x-b

‘ 5 =A0; (12)
€ €

Zu 13
X l+t-x (13)

with t=118 mm; (I + t)=1.588m.
The value of ultimate bending moment is:

Mg = A¢- 05 - z= 110kNm (14
The value of shear force, considering the entire area of web section resistant to shear, is.
Vy=(fuwo + 0.4- oy)- (I+t)- t =73.1kN (15)
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Figure 10 - Resistant section area of the strengthened model by CFRP.

Figure 11 showsthe experimental diagrams measured during the shear-bending test. The
displacements were measured both by the diagonal transducers and horizontal E, G
transducers. It is evident that the response is quite similar. In fact the behaviour is quas
eastic without cracking. This aspect confirms the convenience of strengthening by



CFRP-sheets. A decrease of displacements under loading and a relevant increase of the
stiffness of model are obtained.

Shear load (kN)

Displacement (mm)

Figure 11 - Shear load vs displacementsin the case of thefirst strengthened model

Figure 12 shows the diagrams shear load - strain both on the brickwork masonry and on
the CFRP-sheets. The experimental test also evidences that the ultimate value of shear
forceisminor than theoretical V,, since the disposition of the sheets only on the external
surface of flange is not totally adequate.

During the loading phase, a sudden local failure on the units appeared (Figure 13) dueto
the diding of the external masonry sheet of the hollow units glued to the CFRP. The
collapse of the model was consequently due to propagation of cracking through the units
and the model collapsed at a value of shear force V minor than the theoretical value V..
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Figure 12 - Shear load vs strain on the tensile masonry (a) by 2and 3 transducers
compressive masonry (b) by 1and 4 transducers and on CFRP (c) by strain-gauges.



g

Figure 13 — View of local failure of the strengthened model

Second reinfor ced model

In the second reinforced model the CFRP-sheets are arranged as shown in Figure 14.

In this case the CFRP-sheets are al so arranged on the short sides of flange and partially on
the web to avoid the weakness to dide of the external sheet of the hollow units.

The shear force was increased and the failure load was equal to about 65.2kN(Figure 15).
The ultimate mechanism of the second reinforced model was completely different with
respect to the unreinforced and the first reinforced model since the two mechanisms of
failure described above of cracking by bending and diding of masonry sheets were
avoided. The shear mechanism appeared in this case by ruining the flangeand webin the
part of mode that had not been strengthened by CFRP-sheets. Figure 15 gives a
comparison between the shear load vs displacements diagrams obtained on the three
brickwork models. Diagram (a) refers the case of the unreinforced modd, and (b) (c), to
the cases of the reinforced models. The second mode of strengthening seems to be the
most convenient method of arranging the CFRP-sheets since this avoids a dangerous
brittle mechanism of failure due to the detachment of external masonry sheet of the
hollow units.
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Figure 14 - Brickwork reinforced model
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Figure 15 - Load vs displacements diagrams by shear-bending tests.
CONCLUSIONS

In this paper a comparison between the data obtained experimentally by means
unreinforced brickwork modeds and reinforced by CFRP-sheets, leads to a number of
considerations on the use of CFRP in repair of masonry structures.

The strengthening of masonry structures damaged by flexura failure is generally a
suitable technique. An increase of stiffness and decrease of deformation are easy
obtained. The experimental tests on reinforced brickwork model presented above,
confirm the advantages of the technique of strengthening with FRP. In fact also
considering the weaker reinforced brickwork model, the measured ultimate shear force
valueisincreased of about 2 times respect to the value of the unreinforced model.
However by means the experimental tests we recognised that the principal aspect to take
in account in the repair by FRP of the masonry structures is the failure mechanism of
reinforced brickwork walls that is frequently unknown. Considering the first mode of
strengthening, the failure is due to a detachment of the external masonry sheet of units
glued to the CFRP. Moreover this type of failure may be not foreseen by means the
calculus of the brickwork masonry section that permits only to control the bending
behaviour. The dangerous failure due to diding is linked to the mechanic characteristics
of brickwork masonry units. This may be convenient avoided adopting a mode of
strengthening similar to that described in the second reinforced brickwork model.
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