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Abstract:

Introduction:

This paper compares theoretical results with the experimental investigation developed in the laboratory at the University of
Edinburgh on a five-storey masonry building model in scale 1:3. In the case of masonry structures, unfortunately, the control of the
theoretical results obtained by FE analysis is often hard although it is fundamental to verify the actual procedure of calculus both in
the rehabilitation and in the project of new masonry structures.

Methods:

The aim of this work is to describe the response under lateral loading of a masonry building model prototype analysis by means of
FE linear elastic modelling, assessing its performance through the comparison between the theoretical results and the experimental
data. A non-linear static FE analysis has been also performed to investigate the actual ductile capacity of the structural system in
relation to the different eccentricities of loadings.

Results and Conclusion:
Finally, the results of linear elastic analysis and non linear have been shown and discussed. The capacity of the ground floor’s walls

of the building in shear, bending and torsional moments has been evaluated and discussed.

Keywords: Masonry experimental model, Experimental shear test, F.E. analysis, Brickwork, Eccentric shear force, Elastic
modelling.

1. INTRODUCTION

Un-reinforced masonry (URM) buildings are quite vulnerable to earthquake damage and this has been proved by the
extensive damage in the central regions of Italy in the last seismic events of 1997-98 and 2016. In particular, historical
brickwork and/or stone walls have often demonstrated weakness under earthquake motions. Knowledge regarding the
behaviour of masonry walls under seismic action [1 - 6] is however, the basis for preserving architectural heritage
represented by both historic masonry monumental buildings and/or minor masonry buildings. The preservation of the
architectural heritage presents different aspects due to the geometry of the structures, the variability of the materials
used and the loading history of the buildings that need jet of experimental and theoretical analysis [6 - 9]: in particular,
the shear strength of unreinforced masonry needs both of investigations, although it was analyzed over the last decades
by many experimental works [1, 2, 7 - 9] also with different scale models [1, 10]. During the last decades, masonry wall
buildings were theoretically analyzed by means of finite element method (FEM) [11 - 15] both linearly and non linearly.
A common procedure of non linear analysis called as analysis of push-over has been adopted to study the behavior of
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masonry buildings subjected to horizontal static forces as representative of seismic loading. In the case of masonry
structures, there is usually no need for non-linear dynamic analyses to be carried out for seismic resistance verification.
Because of the regularity of a typical masonry structure, an equivalent static analysis provides reliable information
regarding the safety of the building under seismic loads. In the case of non linear static analysis, the seismic resistance
of the URM structures may be calculated on the basis of the assumed ultimate resistance mechanism which includes the
redistribution of action to walls according to the ductility capacity. Unfortunately, the control of the theoretical results
obtaining by FEM is often hard [11].

The aim of this work is to describe the response under lateral loading of a masonry building model obtained by
means of FE modelling comparing the theoretical results with experimental data shown in an investigation developed at
the University of Edinburgh [16] considering a static load applied with different eccentricity at the top of experimental
building model. In fact, the development of computational methods of analysis, capable to describe the behavior of
masonry buildings, cannot be separated from experimental studies carried out by testing the effects of shear forces, with
the aim of assessing restoration techniques of historical buildings. However, detailed comparisons between results
obtained by numerical modelling and experimental testing is still rather limited. It is therefore necessary to adopt an
integrated approach that combines experimental and computational studies on masonry buildings, with the aim of
developing more reliable procedures and methods of analysis. In this contest, experimental investigation carried out on
five-storey brickwork masonry model by researchers at Edinburgh can be considered as a rare reference for validation
of linear and non linear analysis by FEM.

2. MAIN EXPERIMENTAL RESULTS

The experimental model in scale 1:3 was a five-storey masonry wall building, with a story height equal to h=965.2
mm so as the overall height was 4826 mm (Fig. 1a). Brick units measured 152.4x76.2x50.8 mm each and their mean
strength fluctuated in a range from 9900 to 13016 kN/m’. A mortar mix by volume was 1:1/4:3 (cement: lime: sand)
was used for mortar joints. Brick masonry Young’s modulus and Poisson’s coefficient were, respectively, equal to
E=7171N/mm’ and v=0.18 (Table 1). The model shows a double symmetric section (Fig. 1b). The thickness of the slabs
at each floor was equal to 40 mm. During the tests, horizontal loading was applied by means of one hydraulic jack,
placed at the upper floor in both symmetric and three antisymmetric ways (Fig. 2). Four different loading conditions
where load eccentricity e; with i=0,...,3 was shifted from e=0 to ¢,=1168 mm were considered during the investigation.
The horizontal displacements in x and y directions were measured by a system of dial gauges, with a range of 0.01 mm,
positioned near each corners of the building at all slab levels. The main experimental objective was to evaluate the
structural behavior of model under horizontal load with and without eccentricity with respect to the center of the
building’s symmetry. The experimental load vs. displacement diagrams were basically linear at each single floor (Figs.
6-12).
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Fig. (1). Experimental model in scale 1:3 (a) of five-storey masonry wall building and (b) symmetrical location of masonry walls.
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Table 1. Mechanical parameters of brickwork masonry building model.
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Masonry with “Aglite” blocks

Young’s Modulus E 7.171x10° kN/m’
Shear Modulus G 3.039x10° kN/m’
Compressive strength f 11458 kN/m®
Shear strength g 150 kN/m’
Density p 1138.9 kg/m’
Poisson’s coefficient v 0.18 -
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Fig. (2). Plan of top floor; details of the eccentrical loading and points of measures.

The main experimental results obtained from the experimental analysis are shown in Tables 3-9. In the Table 3 the
horizontal displacement values for symmetric force F with e=0 are contained; horizontal displacements for different
eccentricities e; of load F at different points of model are listed in the Tables 4-9. All the values of horizontal
displacements are given as absolute. The results are shown considering most significant vertical lines of buildings for

weight point, CM.5, and borders of model, N5.4, N5.15 and N5.16 as indicated in Fig. (2).

Table 2. Values of exp. load F applied at the top of building model with eccentricity.

Step of loading F(kN)
e=0 cm ¢,=38.1 cm €,=76.2 cm ¢,=116.8 cm
I 1 0.75 0.58 0.38
I 2 1.50 1.08 0.84
I 3 2.27 1.58 1.40
v 4 3.03 2.08 1.86
A% 5 3.78 2.58 242
VI - 4.53 3.08 2.88
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Table 3. Exp. horizontal displacement values with symmetric loading F in Y direction.
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Displacements (mm x 107) point CM.5
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
1.00 1.00 2.75 4.50 7.25 10.40
2.00 225 5.00 9.25 13.50 19.50
3.00 3.25 7.75 13.75 20.50 29.50
4.00 4.25 10.50 18.50 27.50 39.25
5.00 5.75 13.25 22.50 33.90 49.50
Table 4. Exp. Horizontal displacement values for loading F with eccentricity e, in X direction.
Displacements (mm x 107) Point N5.4
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
0.75 0.25 0.75 1.50 2.75 4.00
1.50 0.50 1.75 3.50 6.10 8.75
227 1.00 2.75 5.25 9.00 12.50
3.03 1.25 3.50 7.35 12.50 17.75
3.78 2.00 5.00 10.00 16.00 22.25
4.53 2.50 6.25 11.90 18.75 26.25
Displacements (mm x 107) Point N5.15
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
0.75 0.25 0.60 0.90 225 3.50
1.50 0.65 1.40 2.45 4.10 6.75
2.27 0.75 2.00 3.80 6.50 10.25
3.03 1.05 2.90 5.25 8.40 13.75
3.78 1.50 4.00 7.00 10.85 17.50
4.53 2.00 5.00 9.00 13.50 20.75
Table 5. Exp. Horizontal displacement values for loading F with eccentricity e, in Y direction.
Displacements (mm x 107) Point N5.15
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
0.75 1.45 3.00 5.00 7.25 10.00
1.50 3.00 5.75 10.00 15.00 20.25
227 425 9.50 15.75 23.25 31.40
3.03 5.75 12.50 20.25 30.75 42.00
3.78 7.00 15.50 26.00 39.00 53.25
4.53 8.15 18.75 31.00 47.00 64.00
Displacements (mm x 107) Point N5.16
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
0.75 0.40 0.75 1.25 2.00 3.25
1.50 1.00 1.85 3.50 4.50 6.50
227 1.50 2.75 4.50 6.90 10.00
3.03 2.00 3.60 6.00 9.10 14.10
3.78 2.40 4.75 7.50 11.25 17.75
4.53 2.90 5.90 9.10 13.50 21.15
Table 6. Exp. Horizontal displacement values for loading F with eccentricity e, in X direction.
Displacements (mm x 107) Point N5.4
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
0.58 0.75 1.25 3.00 4.75 6.75
1.08 1.55 3.50 6.25 9.25 13.00
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(Table 6) contd.....
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Displacements (mm x 107) Point N5.4
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
1.58 225 4.75 9.15 13.25 18.50
2.08 3.25 7.00 12.25 17.65 24.50
2.58 4.10 9.00 15.25 21.75 30.40
3.08 5.10 11.00 18.50 26.40 36.25
Displacements (mm x 107) Point N5.15
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
0.58 0.50 1.50 2.50 3.75 6.95
1.08 1.25 3.00 5.10 7.50 12.75
1.58 2.00 4.25 7.40 11.15 17.90
2.08 2.25 5.75 9.60 14.50 22.50
2.58 2.75 7.00 11.75 17.75 28.50
3.08 3.00 8.15 14.25 21.15 33.50
Table 7. Exp. Horizontal displacement values for loading F with eccentricity e, in Y direction.
Displacements (mm x 107) Point N5.15
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
0.58 1.50 4.00 6.50 9.25 11.50
1.08 3.25 7.50 11.90 17.25 22.75
1.58 4.65 10.25 16.75 24.50 32.75
2.08 5.95 13.35 21.25 32.25 42.50
2.58 7.00 16.00 26.25 39.50 52.25
3.08 8.25 19.75 31.50 47.25 62.75
Table 8. Exp. Horizontal displacement values for loading F with eccentricity e, in X direction.
Displacements (mm x 107) Point N5.4
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
0.38 1.00 1.50 3.10 4.75 6.75
0.84 2.00 4.00 7.00 10.35 15.40
1.40 3.00 7.00 11.75 17.10 24.25
1.86 4.50 9.65 15.25 23.00 32.50
2.42 6.00 12.75 20.25 30.00 42.25
2.88 7.75 15.75 25.00 36.25 51.00
Displacements (mm x 107) Point N5.15
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
0.38 0.60 1.75 3.00 425 5.75
0.84 1.25 3.10 6.10 9.00 12.75
1.40 1.75 5.00 9.50 14.50 20.75
1.86 2.50 6.75 12.75 19.00 27.75
2.42 3.25 8.90 16.25 25.00 36.00
2.88 4.00 10.90 19.75 30.25 42.75
Table 9. Exp. Horizontal displacement values for loading F with eccentricity e, in Y direction.
Displacements (mm x 107) Point N5.15
F (kN)
floor 1 floor 2 floor 3 floor 4 floor S
0.38 1.50 3.25 5.00 7.50 8.75
0.84 3.00 7.25 11.25 16.50 21.25
1.40 4.60 11.00 18.00 27.25 34.50
1.86 6.25 15.00 24.00 35.75 46.00
2.42 8.00 18.75 30.75 45.75 59.50
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(Table 9) contd.....
Displacements (mm x 107) Point N5.15
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
2.88 10.00 23.00 37.50 56.00 71.40
Displacements (mm x 107) Point N5.16
F (kN)
floor 1 floor 2 floor 3 floor 4 floor 5
0.38 0.50 0.90 1.50 2.25 3.50
0.84 0.70 1.25 3.00 4.50 5.75
1.40 1.00 2.65 4.75 7.25 8.90
1.86 1.50 3.75 6.50 9.50 11.50
2.42 1.75 4.60 8.25 12.00 14.50
2.88 2.25 5.50 9.75 14.50 17.75

Experimental diagrams confirmed that torsional displacements and rotations may be neglected in case of buildings
characterized by structural symmetry and symmetric load conditions. Therefore, the hypothesis that flexural bending
displacements may be evaluated separately from torsional ones is reliable and experimentally assessed in many cases
where masonry buildings are characterized by a regularity in the disposition of the walls in plan and elevation.

3. MATERIALS AND METHODS

3.1. FE Modelling and Method of Analysis

In this section, numerical modelling of the in scale five-storey masonry building tested under eccentric lateral
loading is presented. The scope has been to create a FE model that can approximate adequately the experimental
behaviour of the masonry structure and recognize the torsional effects recorded in the tested building.

Masonry is a material that exhibits distinct directional properties due to the mortar joints.

Unit
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Unil /Mortar

/ . .
1k ./ ‘Jf‘z‘r """ e
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Fig. (3). Modelling strategies for masonry structures: (a) detailed micro-modelling; (b) macro-modelling.

In general, the approach towards its numerical representation can focus on the micro-modelling of the individual
components, unit and mortar, or on the macro-modelling of masonry as a composite (Figs. 3a and b).

In the first approach, Young’s modulus, Poisson’s ratio and, optionally, inelastic properties of both unit and mortar
are taken into account. However, an accurate micro or macro-modelling of masonry requires experimental knowledge
of materials (Table 1). The behaviour of said building was analysed by theoretical FE modelling with different linear
and non-linear procedures, considering the macro-modelling approach and assuming finite plane elements.

Finite element code Sap2000 with non linear elements was adopted. First of all a non linear material was defined in
order to reproduce the mechanical characteristics of the experimental model. The constitutive law was determined
considering Young’s modulus and ductile capacity of masonry; in order to consider the non linearity of constitutive law,
an elastic-perfectly plastic bilinear stress-strain relationship was employed; according to the Mohr-Coulumb criterion,
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the friction angle was defined as 21.8°. Bidimensional non linear layered shell elements have been chosen to model the
brickwork masonry panels. The chance to define a shear bond with cohesion and friction coefficients makes the shell
layered element appropriate for the numerical modelling of masonry walls, with the correct assignment of the non linear
features of material. Besides, the geometry of masonry walls was modelled by a bidimensional elements mesh (Fig. 4a),

characterized by a thickness of 5 cm, as indicated in the experimental study. Finally, fixed constraints were modelled at
the bottom of the walls of the ground floor (Fig. 4b).
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Fig. (4). (a) Numerical modelling of five-storey masonry building; (b) detail of the fixed constraint conditions at the bottom.

Initially, a 3D model, considering each reinforced concrete slab as a rigid floor, has been studied. Diaphragm
constraints, which allow no relative displacements between joined nodes, were used to represent the infinitive stiffness
of each floor. It is evident that this simple model provides an excessive stiffness in all loading conditions, so it is far
from predicting the experimental displacements. The hypothesis of perfect rigid floor causes a stiffer FE model than the

experimental prototype. Deformable shell-thin elements, characterized by a thickness of 40 mm, have been chosen to
represent the reinforced concrete slabs.

The numerical analysis has been developed increasing horizontal force applied both axially, through the shear centre
of system, and eccentrically at the top slab level of the structure.

During the test, static horizontal loading was applied at the upper floor as shown in Fig. (2) with different steps of
loading applied at different eccentricities e; with i=0,...,3 (Table 2).

The FE static analysis has been performed considering both elastic and post-elastic behaviour. The results of
numerical analyses were compared with the experimental data. The nonlinear analysis were performed in order to
analyse the effect of load’s eccentricity on the structural behaviour of multi-storey masonry building until failure and
non linear capacity diagrams were defined.

A preliminary analysis of the dynamic response of the multi-storey masonry building was performed by defining
free-vibration periods (Fig. 5), frequencies and mode shapes. Modal analysis was implemented considering 15 mode
shapes, 3 for each floor. Results show that mode shapes of low-order mathematical expression tend to provide the
greatest contribution to structural response, in terms of natural periods and effective modal masses. The first mode has
shown a torsional mode shape characterized by a period of 0.085 sec and a modal participating mass ratio of 69%;
instead, the other two vibrational modes have exhibited purely translational mode shapes in X and Y directions with
periods of 0.082 sec, equal to each other. These modes got respectively 71% and 68% of the modal mass participating
ratio. The fourth mode was characterized by a period of 0.022 sec and a low value of the modal mass participating ratio
(i.e. 18%). As orders increase, mode shape contributes less in terms of period and modal mass participation; probably,
this is due to the characteristics of the structural system, which presents horizontal and vertical regularity.
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Mode 1 period T=0.085 sec Mode 2 period T=0.082 sec

Mode 3 period T=0.082 sec Mode 4 period T=0.022 sec

Fig. (5). First four vibration modes of masonry model and shape by FE analysis.

The experimental analysis and the results previously described in the structural behaviour of the model under static
loads are characterized by flexural horizontal displacements at each floor; in particular, torsional displacements are not
found when the load is symmetrically applied. The modal analysis evidences on the other end the torsional effect
showing the eigenform as the dominant one.

Results of non linear static analysis have provided insight into the ductile capacity of the structural system, and they
have indicated the mechanism, load level, and deflection at which failure occurred. The non linear analyses were carried
out until a phase where the response of damaged structure was no longer proportional to the applied loading. Therefore,
the five-storey masonry model was subjected to a gravity loading and a monotonic displacement-controlled lateral load
pattern applied at the top floor, which continuously increased through elastic and inelastic behaviour until an ultimate
condition was reached. Outputs generated static-pushover curves, which plotted strength-based parameter against both
the lateral displacements and rotations of a control point at the top of the structure.
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4. RESULTS AND DISCUSSION

4.1. Comparison of Results

A discussion on the comparison of experimental and numerical data obtained analysing the linear behaviour of the
five-storey masonry building is developed below.

Reasonably good agreement has been found between the linear elastic analysis and experimental results. The linear
FE theoretical model proves to be capable in capturing the structural behaviour of the tested brick masonry building;
both horizontal displacements and rotations have been in good agreement with the experimental results in all loading
conditions (Figs. 6-12).

CM.5_y direction CM.5_y direction
] % A

Load (mm)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Displacement (mm) Displacement (mm)
—— 1.00 kKN ——2.00kN 3.00 kN —@— 4.00 kN —8—5.00 kN —&— Floor 1 —@—Floor 2 Floor 3 —#—Floor 4 —#—Floor 5
--#-- LO0 kN --#---2.00 kN 3.00 kN ---#--- 4,00 kN --#--- 5.00 kN --4#--- Floor 1 ---#---Floor 2 Floor 3 --#---Floor 4 --4#---Floor 5

Straight line=numerical model, dotted line=experimental model.

Fig. (6). Diagrams storey/displacement and load/displacement for masonry model under symmetric loading (point CM.5).

It is evident that the load case characterized by symmetric loading provides results in reasonable agreement with the
experimental data. The comparison between experimental and theoretical storey/displacement and load/displacement
diagrams for each floor, at various load values, shows partial overlaps. It is possible to see that the displacements
calculated by the FEM are often underestimated and the numerical model seems to be stiffer than the tested building.
The FE model seems not subjected to rotations and presents a maximum displacement of 0.5 mm at the top for F=5.0
kN, in agreement with the experimental case (Fig. 6).

Analogously, even for the eccentric loading conditions, the results of numerical model are confrontable in terms of
displacements and rotations with experimental data. Also for these cases, the theoretical results have been still
undervalued respect to the experimental data; this is probably due to the presence of a fixed constraint condition in the
numerical model that was difficult to reproduce in laboratory conditions at the time of the experimental study.

The results of the linear analysis for the eccentric loading e, are given and compared with the experimental data in
Fig. (7). It can be seen that they are in good agreement in each loading steps. Considering the control point N5.15, the
maximum displacement in the X direction is equal to approximately 0.2 mm. For the Y direction, parallel to the
direction of the load application, it can be noted that the numerical modelling appears to approximate the experimental
results correctly with a value of displacement of about 0.609 mm. Comparing the displacement recorded at the control
point N5.16 in the Y direction between the theoretical and experimental diagrams, it can be seen that there is a low
torsional motion of the building although the eccentricity of loading is small. In fact, the value of displacements in this
point is significantly lower, equal to about 0.222 mm, and comparable with that observed in the X direction at the
control point N5.15.
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N5.4_x direction

0.05 0.10 Q.15 0.20 0.25 0.30

Displacement (mm)

~—=&—Floor 3 —8—Floor 4

0.00
Displacement (mm)
—&— Floor 1 —&—Floor 2
——0.75kN ——150kN ——227kKN —e—3.03kN
B —&—Floor 5 --@--Floor 1 exp. --®--Floor 2 exp. --®--Floor 3 exp.
—o—378N  —o—453N  --0--075 N exp. --0--1.50 kN exp.
==8==Floor 4 exp. =-@==Floor 5 exp.

=-0--227kNexp. --0--3.03 KN exp. --0--3.78 KN exp. - -0--4.53 kN exp.

Straight line=numerical model, dotted line=experimental model.

N5.15_x direction

Storey

NS5.15_x direction

0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 015 0.20 0.25
Displacement (mm) Displacement (mm)
—e—Floor 1 —e—Floor2 ~—&—Floor 3 —e—Floor 4
e 0TIN  —e— 150N —e—227kN  —e—303KN oo oo oo oo
—— - o
37810 LB o075 N exp. — 8- LSOKN exp. Floor 5 Floor 1 exp. Floor 2 exp. Floor 3 exp.
8227 KN exp. 8- 3.03 N exp. 0 378 kN exp. - 4.53 KN exp. o Floord exp. Floor 5 exp.
Straight line=numerical model, dotted line=experimental model.
NS5.15_y direction NS5.15_y direction
£
2
2
2]
000 010 020 030 040 050 060 070 000 010 020 030 040 050 060 070
Displacement (mm) Displacement (mm)
—e—Floor] ~ —e—TFloor2  —o—Floor3  —e—Floor4
e OTIN  —e—130KN  —e—227WN  —e—303KN o oo oo oo
<8075 KN exp. -+ L0 KN exp. —&—Floor § -~~~ Floor 1 exp. --#---Floor 2 exp. Floor 3 exp.
---0---Floor 4 exp. Floor 5 exp.

——378kN —0—453kN
~0--227kNexp. --@--3.78 KN exp. --#--- 3.78 KN exp. -~ 4.53 kN exp.

Straight line=numerical model

, dotted line=experimental model.

Fig.7 contd.....
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N3.16_y direction NS5.16_y direction

0.00 0.05 0.10 0.15 020 025 0.00 0.05 0.10 0.15 020 0.25
Displacement (mm) Displacement (mm)
—+—075kN  —e—150kN 227KN —e—3.03kN —¢—Floorl ~ —e—Floor2 Floor3  —e—Floor4
——3.78KN 453KN 9075 KN exp. 8- 1.50 KN exp. —e—TFloor 5 Floor 1 exp. Floor 2 exp. Floor 3 exp.
2.27KN exp. -0 3,03 KN exp. -0 3.78 KN exp. - 4.53 kN exp. Floor 4 ex. Floor 5 exp.

Straight line=numerical model, dotted line=experimental model.

Fig. (7). Diagrams storey/displacement and load/displacement for masonry model at vari-ous loadings under eccentric loading
e1=38.1 cm. (points N5.15 and N5.16).

Rotations, expressed in rad*10”, were averaged at the nodes N5.4/N5.15 and N5.15/N5.16; this procedure was done
for carrying out the comparison between numerical model and experimental study. The averaged values of rotations
exhibit low standard deviation values, so the extrapolated data are statistically significant and entirely comparable. A
comparison is made in Fig. (8) between the numerical and experimental curves storey vs rotation for structure at various
loading. Therefore, it is possible to notice that the maximum rotation, obtained by averaging the values of nodes N5.4
and N5.15, is equal to about 0.149 rad*10~. Instead, at the nodes N5.15 and N5.16, the maximum rotation is slightly
bigger than the previous, with a value of 0.160 rad*10°.

NS5.4-N5.15_rotation about z axis N5.15-N5.16_rotation about z axis

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 02
Rotation (rad x 107) Rotation (rad x 107)
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——3.78kN 453kN ---8--0.75 kN exp. --#-- 1.50 kN exp. ——3.78kN 453 kN -8 0.75 KN exp. -9 1.50 kN exp.
227kNexp. --#--3.03 kN exp. - 3.78 kN exp. 4.53 KN exp. 2.27 kN exp. ---#-- 3.03 kN exp. ---#--- 3.78 kN exp. 4.53 kN exp.

Straight line=numerical model, dotted line=experimental model.

Fig. (8). Diagrams storey/rotation for masonry model at various loadings under eccentric loading e1=38.1 cm. (average values for
points N5.4-N5.15 and N5.15-N5.16).
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Referring to the results of the linear analysis for the eccentric loading e, contained in Fig. (9), it can be noted that, in
the case of measurement at control point N5.4 and N5.15, the eccentric loading caused displacements in the X direction
mainly higher than observed in the previous load case with eccentricity e,, although the load path had a lower value. In
fact, the maximum displacement of the control points N5.4 and N5.15 in the X direction is equal to approximately
0.275 mm. Instead, for the Y direction, it can be seen that the numerical modelling provides results that are found to be
lower than the values observed for the eccentric loading e,, with a maximum value of displacement at the top of about

0.546 mm.
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Fig. (9). Diagrams storey/displacement and load/displacement for masonry model at vari-ous loadings under eccentric loading
€2=76.2 cm. (points N5.4 and N5.15).

A comparison between the storey/rotation curves in the case of eccentric loading e, Fig. (10) highlights that higher
eccentricity has led to major rotations than before. Referring to the control points N5.4 and N5.15, it can be noted that
the applied loading has produced a maximum value of rotation equal to about 0.205 rad*10™~. Furthermore, analogous
result has been obtained by averaging the values at the control points N5.15 and N5.16, where it is possible to notice
that the maximum rotation is equal to about 0.221 rad*10°.
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'} . 3 »
4
3
=
4
S
@
2
1
[ 0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.1 0.15 0.2 0.25 0.3
Rotation (rad x 107) Rotation (rad x 107)
—— (.58 kN ——1.08kN L58kN ——2.08kN —8—0.58 kN —— .08 kN L.58 kN ——2.08kN
——258 kN 3.08 kN ---8---(.58 kN exp. --#--- L.OS kN exp. —0—2.58kN 3.08 kN --@--0.58 kN exp. --#-- LOS KN exp.
1.58 kN exp. ---#---2.08 kN exp. ---#---2.58 kN exp. 3.08 kN exp. 1.58 kN exp. --@--- 2.08 kN exp. ---#--- 2.58 kN exp. 3.08 KN exp.

Straight line=numerical model, dotted line=experimental model.

Fig. (10). Diagrams storey/rotation for masonry model at various loadings under eccentric loading €2=76.2 cm. (average values for
points N5.4-N5.15 and N5.15-N5.16).
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Finally, the results of the linear analysis for the eccentric loading e, are given and compared with the experimental
data in Fig. (11). It may be noted that the eccentric load causes displacements in the X direction mainly higher than
those that have been observed in the previous load cases, sometimes even double. In fact, the maximum displacement of
the control point N5.15 is equal to approximately 0.400 mm. Similarly, in the Y direction, the maximum displacement
is equal to about 0.641 mm.

N5.15_x direction N5.15_x direction
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L40 KN exp. ---#-- 1.86 kN exp. - 242 kN exp. 2.88 kN exp. ---0--- Floor 4 exp. Floor 5 exp.
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—0—242kN 288kN  --#--0.38 kN exp. --#-- 0.84 kN exp. —&—Floor 5 Floor 1 exp. Floor 2 exp. Floor 3 exp.
L40KN exp. --#-- 1.86 kN exp. - 242 N exp. 2.88 kN exp. -~ Floor 4 exp. Floor 5 exp.

Straight line=numerical model, dotted line=experimental model.

Fig. (11). Diagrams storey/displacement and load/displacement for masonry model at vari-ous loadings under eccentric loading
e3=116.8 cm. (point N5.15).
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Referring to the results of the linear analysis in terms of storey/rotation diagrams for the eccentric loading e,
contained in Fig. (12), it can be seen that, also in this case, the eccentric load causes rotations mainly higher than those
that have been observed in the previous load cases. Therefore, it is possible to notice that the maximum rotation,
obtained by averaging the values of nodes N5.4 and N5.15, is equal to about 0.355 rad*10™. Instead, at the nodes N5.15
and N5.16, the maximum rotation has a value of 0.321 rad*10™.

N5.4-N5.15_rotation about z axis N5.15-N5.16_rotation about z axis
,’. 4
,’D)//
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.00 0.05 0.10 0.15 020 0.25 0.30 0.35 0.40
Rotation (rad x 107) Rotation (rad x 107)
——0.38kN ——0.84 kN 140 kN ——1.86kN ——0.38kN —— (0.4 kN 140kN —e—1.86 kN
2N 2.88kN --8--- 0.38 kN exp. --#--- 0.84 kN exp. 242KN 2.88 kN --8--- (.38 kN exp. --9--- 0.84 kN exp.
1.40 kN exp. ---0--- 1.86 kN exp. ---#--- 2.42 kN exp. 2.88 kKN exp. 1.40 kN exp. --#--- 1.86 kN exp. ---#--- 242 kN exp. 2.88 kN exp.

Straight line=numerical model, dotted line=experimental model.

Fig. (12). Diagrams storey/rotation for masonry model at various loadings under eccentric loading e3=116.8 cm. (average values for
points N5.4-N5.15 and N5.15-N5.16).

The linear analysis applied to brick masonry structure has proved its ability in predicting the elastic structural
behaviour of the experimental tested building, showing numerical results in terms of displacements and rotations in
good agreement with the experimental data in all loading conditions. For low values of loading, the linear static analysis
can be considered a valid instrument to describe the effects of eccentric shear forces on the response of masonry
building, even if it underestimates the actual elastoplastic behaviour of the system.

4.2. Non Linear FE Analysis

The non linear static FE analysis has been performed to study the behaviour of the 5-storey masonry building in
1/3" scale and to investigate the ductile capacity of the structural system in relation to the different eccentricities of
loading. Removing the hypothesis of a purely linear behaviour, the pushover analysis is helpful to investigate the
building response in a wider load range, showing the actual elastoplastic behaviour of the system. Therefore, the
building has been able to show displacements and rotations much higher than the experimental case in all control points.
Referring to the pushover curves, it can be noted that the structural behaviour is described with a linear-elastic phase
much more wide compared to the results of the linear analysis; besides, the plastic phase is characterized by a large
ductile range until the collapse of the structure that involves simultaneous the entire building in relation to all load
cases. The pushover curve obtained by monitoring the displacements of the control point CM.5 for the symmetric
loading is shown in Fig. (13). Horizontal displacements provided by FE linear and non linear models for small values of
loads are also compared with the data obtained by experimental tests in Table 10. Considering the standard deviation
values, we may note that the theoretical results are confrontable with experimental results. Referring to the eccentric
loadings, the capacity curves investigated in each direction have exhibited very similar displacements for small values
of loads in agreement with experimental tests (Tables 11-16). From the results shown in Tables 10-16 it is possible to
conclude that the comparison between experimental and theoretical data confirms the suitability of FE modelling both
in case of linear and non linear analysis for small values of loads.
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Fig. (13). Pushover curve obtained by monitoring the displacement of point CM.5 (U1/Y-Direction) — Symmetric Loading.

Figs. (14-18) show the pushover curves obtained from different eccentricity of loading by monitoring the
displacements and the rotations of the control points N5.4, N5.15 and N5.16. It is possible to notice that the increase of
the load’s eccentricity does not affect the elastic limit of the structure. Furthermore the various eccentricities e; with
i=0,1,...,3 have mostly influenced the plastic phase of the building for all control points. The failure conditions have
been reached for values of displacements that decrease with the increasing of the load’s eccentricity. Referring to the
plastic range, as the eccentricity progresses, the steadily increased loads determine different failure displacements of the
control points in the X and Y directions and, finally, angles of rotation that gradually increase.

The pushover analysis, carrying the structure beyond the elastic field, is helpful to investigate the maximum values
of the flexural strength and shear resistance at which failure occurres. The entity of shear force, V, the bending moment,
M, and torsional moment, T, at the ground floor’s walls (Fig. 19) has been evaluated and the comparison of values has
been related to different eccentric loadings.
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Fig. (14). Pushover curves obtained from different eccentricity of loading by monitoring the displacement of point N5.4 (U2/X-
Direction).
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Fig. (15). Pushover curves obtained from different eccentricity of loading by monitoring the displacement of point N5.15 (U1/Y-
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Fig. (19). Planimetric scheme of the ground floor.

300.0
250,0

200,0

150,0
100,0
0.0 II II [ ] | II Il - m_ m AR = . | -l

symmetric loading eccentric loading e1 eccentric loading e2 eccentric loading €3
= Wall 1 = Wall 2 »Wall 3 = Wall 4 = Wall 5 = Wall 6 = Wall 7 = Wall 8 mWall 9 mWall 10

V (kN)

=

Fig. (20). Comparison between shear forces acting on the ground floor walls at different ec-centricity of loading.
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By analysing the shear forces and the bending moments that act on the base of ground floor’s walls, it can be noted
that the masonry panels parallel to the direction of the imposed forces are subjected to high forces and moments, much
more relevant than the other direction (Figs. 20-21).
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Fig. (21). Comparison between bending moment acting on the ground floor walls at differ-ent eccentricity of loading.

The results of non linear numerical analysis are based on a modelling of deformable elements that influences the
structural response. Referring to the masonry walls parallel oriented to the direction of the applied loadings, it can be
seen that, by increasing the eccentricity of loadings, shear forces and bending moments decrease, with the exception of
the wall No.8 that shows increasing values of bending moment in the different load cases. Instead, the orthogonal walls
are characterized by significantly lower shear and bending solicitations, with similar values between them. Moreover,
considering the values of the torsional moments, it can be noticed as these have lower intensity in the walls parallel to
the direction of the applied loads, while they have higher values in the orthogonal panels. In this case, the torsional
moments increase with the decreasing of the shear forces and the bending moments and with the increasing of the
eccentricity of loadings (Fig. 22).
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Fig. (22). Comparison between torsional moment acting on the ground floor walls at different eccentricity of loading.

Table 10. Comparison between exp. and theor. horizontal displacement values by symmetric loading F in Y direction.

Displacements (mm x 10”) Point CM5
F O Exp. FE Linear Analysis Devisgzgga‘r,gmes FE Non Linear Analysis Devis;:‘i';ga\fglues
1.00 10.40 9.20 0.85 9.53 0.61
2.00 19.50 18.40 0.78 19.06 0.31
3.00 29.50 27.70 1.27 28.60 0.64
4.00 39.25 36.90 1.66 38.13 0.79
5.00 49.50 46.10 2.40 47.66 1.30
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Table 11. Comparison between exp. and theor. horizontal displacement values for loading F by eccentricity e, in X direction.

Displacements (mm x 107) Point N5.4

FON) Exp. FE Linear Analysis Devis:taig:lla\r’:lues FE Non Linear Analysis Deviszf;gﬁa\l;glues
0.75 4.00 3.30 0.49 3.72 0.20
1.50 8.75 6.70 1.45 7.43 0.93
2.27 12.50 10.10 1.70 11.25 0.89
3.03 17.75 13.50 3.01 15.01 1.94
3.78 22.25 16.90 3.78 18.73 2.49
4.53 26.25 20.20 4.28 22.44 2.69
Displacements (mm x 107) Point N5.15
FON) Exp. FE Linear Analysis DeviS;?il(::aVrglues FE Non Linear Analysis Devisat:ig:aVrglues
0.75 3.50 3.30 0.14 3.44 0.04
1.50 6.75 6.70 0.04 6.88 0.09
2.27 10.25 10.10 0.11 10.42 0.12
3.03 13.75 13.50 0.18 13.91 0.11
3.78 17.50 16.90 0.42 17.35 0.11
4.53 20.75 20.20 0.39 20.79 0.03

Table 12. Comparison between exp. and theor. horizontal displacement values for loading F by eccentricity e, in Y direction.

Displacements (mm x 107) Point N5.15
F () Exp. FE Linear Analysis Devis;zgza\tglues FE Non Linear Analysis Devis;?il(:ﬁa\r/:lues
0.75 10.00 10.10 0.07 11.35 0.96
1.50 20.25 20.20 0.04 22.71 1.74
2.27 31.40 30.50 0.64 34.37 2.10
3.03 42.00 40.70 0.92 45.87 2.74
3.78 53.25 50.80 1.73 57.23 2.81
4.53 64.00 60.90 2.19 68.58 3.24

Table 13. Comparison between exp. and theor. horizontal displacement values for loading F by eccentricity e, in X direction.

Displacements (mm x 107) Point N5.4

F N Exp. FE Linear Analysis DeviS;:izgaVrglues FE Non Linear Analysis Devis;:il(:ga\sglues
0.58 6.75 5.20 1.10 6.54 0.15
1.08 13.00 9.60 2.40 12.17 0.58
1.58 18.50 14.10 3.11 17.81 0.49
2.08 24.50 18.60 4.17 23.44 0.75
2.58 30.40 23.00 5.23 29.08 0.93
3.08 36.25 27.50 6.19 34.72 1.08
Displacements (mm x 107) Point N5.15
F N Exp. FE Linear Analysis Devisatzgﬁa\l;glues FE Non Linear Analysis Devisz::‘igﬁa\l;glues
0.58 6.95 5.20 1.24 5.45 1.06
1.08 12.75 9.60 2.23 10.15 1.84
1.58 17.90 14.10 2.69 14.85 2.15
2.08 22.50 18.60 2.76 19.55 2.08
2.58 28.50 23.00 3.89 24.25 3.00

3.08 33.50 27.50 4.24 28.95 3.22
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Table 14. Comparison between exp. and theor. horizontal displacement values for loading F by eccentricity e, in Y direction.

Displacements (mm x 107) Point N5.15
F N Exp. FE Linear Analysis Devisgzgﬁtglues FE Non Linear Analysis Devis;?ig:lla\l;glues
0.58 11.50 10.30 0.85 11.34 0.11
1.08 22.75 19.10 2.58 21.12 1.15
1.58 32.75 28.00 3.36 30.90 1.31
2.08 42.50 36.90 3.96 40.68 1.28
2.58 52.25 45.70 4.63 50.46 1.26
3.08 62.75 54.60 5.76 60.24 1.77

Table 15. Comparison between exp. and theor. horizontal displacement values for loading F by eccentricity e, in X direction.

Displacements (mm x 107) Point N5.4

F N Exp. FE Linear Analysis DeViS::il;:aVrglues FE Non Linear Analysis DeViSalt:lil(:ga\s:lues
0.38 6.75 5.30 1.03 5.95 0.56
0.84 15.40 11.60 2.69 13.16 1.58
1.40 24.25 19.40 343 21.94 1.64
1.86 32.50 25.80 4.74 29.14 2.37
242 42.25 33.60 6.12 37.92 3.06
2.88 51.00 40.00 7.78 45.13 4.15
Displacements (mm x 10?) Point N5.15
F o) Exp. FE Linear Analysis Devisatgﬁﬁil;glues FE Non Linear Analysis Devis;?i:)lﬁa\l;glues
0.38 5.75 5.20 0.39 5.33 0.30
0.84 12.75 11.50 0.88 11.78 0.69
1.40 20.75 19.10 1.17 19.63 0.79
1.86 27.75 25.40 1.66 26.07 1.18
242 36.00 33.10 2.05 33.92 1.47
2.88 42.75 39.30 2.44 40.37 1.68

Table 16. Comparison between exp. and theor. horizontal displacement values for loading F by eccentricity e, in Y direction.

Displacements (mm x 107) Point N5.15
F (kN) . . Standard . . Standard
Exp. FE Linear Analysis Deviation Values FE Non Linear Analysis Deviation Values
0.38 8.75 8.50 0.18 9.34 0.42
0.84 21.25 18.70 1.80 20.66 0.42
1.40 34.50 31.20 2.33 34.43 0.05
1.86 46.00 41.40 3.25 45.74 0.18
2.42 59.50 53.90 3.96 59.51 0.01
2.88 71.40 64.10 5.16 70.82 0.41
CONCLUSION

The aim of this work is to describe the response under lateral loading of a masonry building model obtained by
means of FE modelling and to compare the theoretical results with experimental data.

Main results of this analysis can be generalized to masonry buildings characterized by a symmetric and regular
structural disposition and are below summarized.
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The linear static analysis by FE modelling has proven to be capable in capturing the linear elastic behaviour of
the tested brick masonry building, showing both lateral displacements and rotations in good agreement with the
experimental results in all loading conditions with eccentricity e; with i=0,...,3 being e=0 and e,;=1168 mm.

The non linear static analysis carried out until theoretical failure, has provided a significant increase in values of
displacements and rotations, showing a higher elastic limit than the experimental value of model.

The elastic behaviour of the structure obtained by linear and non linear analysis for small values of loads is in
good agreement with the experimental results.

The elastic stiffness determined by pushover response is entirely comparable with value from experimental
results.

Eccentric loadings influence the torsional behaviour of the structure causing gradually increasing displacements
obviously in the direction orthogonal to applied loading direction. The increase of eccentricity has not affected
the elastic limit of the structure, leading to growing torsional effects and different failure modes captured only in
the plastic phase.

CONSENT FOR PUBLICATION

Not applicable.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or otherwise.

ACKNOWLEDGEMENTS

This research was supported by research funds provided by Polytechnic University of Marche. The author would

like to express their gratitude to the students who collaborated in the development of this research.

REFERENCES

(1]

(2]

[13]

W. Hendry, and B.P. Sinha, "Shear tests on full scale single storey brickwork structures subjected to pre-compression", Civil Engineering and
Public Works Review, pp. 1339-1334, 1971.

V. Turnesec, and F. Cacovic, "Some experimental results on the strength of brick masonry walls", In: Second International Brick Masonry
Conference, 1971, pp. 149-156.

G. Magenes, and G.M. Calvi, "In-plane seismic response of brick masonry walls", Earthquake Eng. Struct. Dynam., vol. 26, no. 11, pp.
1091-1112, 1997.
[http://dx.doi.org/10.1002/(SICI)1096-9845(199711)26:11<1091::AID-EQE693>3.0.CO;2-6]

R. Capozucca, and B.P. Sinha, "Strength and behaviour of historic masonry under lateral loading", In: Thirteenth International Masonry
Conference, 2004, pp. 277-284.

R. Capozucca, "Historic multiple-leaf masonry walls models under compression and cyclic shear loads", In: Sixth International Conference on
Structural Analysis of Historical Constructions, 2008, pp. 297-302.
[http://dx.doi.org/10.1201/9781439828229.pt4]

M. Tomazevic, Earthquake-resistant design of masonry buildings., London Imperial College Press, 1999.
[http://dx.doi.org/10.1142/p055]

W. Mann, and H. Muller, "Failure of shear-stressed masonry", Proc. Br. Cer. Soc., vol. 27, pp. 223-235, 1980.

P. Schubert, and D. Bohne, "Schubfestigkeit von Mauerwerk aus Leichtbetonsteinen", Mauerwerk, vol. 6, pp. 98-102, 2002.
[http://dx.doi.org/10.1002/dama.200200230]

A.W. Hendry, "“A note on the strength of brickwork in combined racking shear and compression™", Proc. British Cer. Soc. Load Bearing
Brickwork, vol. 6, no. 27, pp. 47-52, 1978.

R. Benjamin, and H.A. Williams, "The behaviour of one-story brick shear walls", J. Struct. Divis. ASCE, vol. 84, no. 1723, pp. 1-30, 1958.

P. Lourengo, "Computations of historical masonry constructions", Prog. Struct. Eng. Mater., vol. 4, no. 3, pp. 301-319, 2002.
[http://dx.doi.org/10.1002/pse.120]

M.A. Ramalho, A. Taliercio, A. Anzani, L. Binda, and E. Papa, "A numerical model for the description of the nonlinear behaviour of multi-
leaf masonry walls", Adv. Eng. Softw., vol. 39, no. 4, pp. 249-257, 2008.
[http://dx.doi.org/10.1016/j.advengsoft.2007.01.003]

B. Ghiassi, G. Marcari, D.V. Oliveira, and P. Lourengo, "Numerical analysis of bond behavior between masonry bricks and composite
materials", Eng. Struct., vol. 43, pp. 210-220, 2012.
[http://dx.doi.org/10.1016/j.engstruct.2012.05.022]


http://dx.doi.org/10.1002/(SICI)1096-9845(199711)26:11<1091::AID-EQE693>3.0.CO;2-6
http://dx.doi.org/10.1201/9781439828229.pt4
http://dx.doi.org/10.1142/p055
http://dx.doi.org/10.1002/dama.200200230
http://dx.doi.org/10.1002/pse.120
http://dx.doi.org/10.1016/j.advengsoft.2007.01.003
http://dx.doi.org/10.1016/j.engstruct.2012.05.022

1058 The Open Civil Engineering Journal, 2017, Volume 11 Capozucca et al.

[14]  P. Foraboschi, and A. Vanin, "Non-linear static analysis of masonry buildings based on a strut-and-tie modeling", Soil Dynam. Earthquake
Eng., vol. 55, pp. 44-58, 2013.

[http://dx.doi.org/10.1016/j.engstruct.2012.05.022]

[15]  R.Fedele, and G. Milani, "A numerical insight into the response of masonry reinforced by FRP strips. The case of perfect adhesion", Compos.
Struct., vol. 92, pp. 2345-2357, 2010.

[http://dx.doi.org/10.1016/j.engstruct.2012.05.022]

[16] K. Ozdemir, "Torsional effects in masonry structures under lateral loading", PhD Thesis, University of Edinburgh, Edinburgh, UK, 1974.
[http://dx.doi.org/10.1016/j.engstruct.2012.05.022]

© 2017 Capozucca et al.

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a
copy of which is available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source are credited.


http://dx.doi.org/10.1016/j.engstruct.2012.05.022
http://dx.doi.org/10.1016/j.engstruct.2012.05.022
http://dx.doi.org/10.1016/j.engstruct.2012.05.022
https://creativecommons.org/licenses/by/4.0/legalcode

	FE Modelling of Experimental Brickwork Masonry Building Under Eccentric Shear Force 
	[Introduction:]
	Introduction:
	Methods:
	Results and Conclusion:

	1. INTRODUCTION
	2. MAIN EXPERIMENTAL RESULTS
	3. MATERIALS AND METHODS
	3.1. FE Modelling and Method of Analysis

	4. RESULTS AND DISCUSSION
	4.1. Comparison of Results
	4.2. Non Linear FE Analysis

	CONCLUSION
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




