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Abstract

Many research efforts are continued nowadays around the world to validate numerical tools
for masonry structures using at the same time results from experimental works. The present
paper belongs in these efforts. At the first stage, this paper deals with the design of a simple
masonry building in prototype scale (1:1) including earthquake resistance design. After that,
the same structure was also designed in scale 1:10 in order to have the same distribution of
stresses under vertical and earthquake loadings, the same level of tensile stresses gravity
loadings at the critical zones and the same modes of vibrations under dynamic loadings.
From this point of view, it was assumed that this model building in scale 1:10 can develop the
same structural behavior with the corresponding prototype. Therefore, this model building in
scale 1:10 was constructed and tested using the shaking table of Frederick University. During
these tests, the acceleration of the base excitation and the acceleration response of the struc-
ture were recorded. Using these measurements from the case of 0.3g response acceleration,
the max. dynamic loadingof the model was estimated by multiply the response acceleration
with the mass of the model. This load wasapplied to the anumerical model with surface finite
elements and structural analysis was completed. By the evaluation of the numerical results
using Mohr-Coulomb failure criterion, the locations and the type of damages were specified
which founded out in a good correlation with the observed damages during the experimental
tests. Finally, the same cases of loadings were used for the structural analysis of the proto-
type structure as well the same procedure for the evaluation of the numerical results.These
results developed by the prototype model are correlated with those from the numerical model
of the experimental model and discussed.
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1 INTRODUCTION

The protection of the ancient monuments and historical structures is in the main interest for
more than 100 years. In order to protect them from bad and catastrophic interventions, inter-
national chapters and relevant codes have been adopted and they are in practice in various
countries. The documentation of these structures, as the first stage of the works for their pro-
tection, includes the structural analysis of them under vertical, seismic and other cases of
loadings with the main scope the assessment and evaluation of their existing capacity. At the
second stage, one more structural analysis must be completed to examine their capacity for
the suggested intervention scheme. However, it is well known that the majority of monumen-
tal and historical structures are masonry structures, consisted by stones or bricks which are
arranged in various formations and connected with mortars. Therefore, the masonry is a syn-
thetic and inhomogeneous material. In addition to that, the masonry can be characterized as
orthotropic and brittle material. On the other hand, the masonry structures are consisted by 2D
and 3D structural elements such as walls, piers, arches, vaults, cross vaults and domes having
a global behavior during earthquakes much deferent than that of contemporary structures.

For all these reasons, the simulation and the structural analysis of masonry structures is a
very complicated procedure. In the past, many techniques were suggested based on many as-
sumptions and with many questions about the accuracy of the results from these methods. The
same problems are existing also for the design of new masonry structures, as described by the
EC6 (EN1996).The last 40 years, the used methods for the simulation and structural analysis
of masonry structures are based on the Finite Element Method (FEM) utilizing computer
software. At the first period the 2D models of structures were used simulating the structural
elements with linear elements. Approximately, after 1990 the surface finite elements are the
most common used elements for the simulation of masonry structures and more recently the
solid elements.

However, many research efforts are continued nowadays around the world to validate nu-
merical tools for masonry structures using at the same time results from experimental works.
These works use various experimental methods for the testing of materials, masonry walls and
models of masonry building structures studied and tested with compressive machines, lateral
static or cycling loadings on a reaction frame and using a shaking table to produce dynamic
and earthquake base excitations of studied models. In parallel to the experimental tests, vari-
ous numerical techniques are used, utilizing software of finite elements to simulate the expe-
rimental models and study them under the same loading conditions such as those used during
experimental investigation. Through this procedure and by the correlation of experimental and
numerical results the numerical tools are calibrated and after that they are used for extended
numerical and parametric investigations [1, 2, 3, 4].

Following the previous examples and for the same scope, an extended research effort has
been established at the Laboratory of Mechanics of Frederick University including testing of
materials, experimental tests on models of masonry structures and numerical simulations. The
present paper, at the first stage, deals with the design, the construction and testing on the shak-
ing table of a masonry model structure in scale 1:10 [5]. At the second stage numerical simu-
lations and structural analyses of the experimental model was completed using various levels
of seismic actions as recorded during the test. The results from structural analyses were eva-
luated using Mohr-Coulomb failure criterion and the estimated locations of failures are corre-
lated with those observed during the experimental tests. At last, but not least, the same
procedure of structural analysis was developed for the corresponding prototype structure
(scale 1:1) and the results are correlated with those from the numerical model of the experi-
mental model in scale 1:10 and discussed.
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2  DESIGN AND CONSTRUCTION OF THE EXPERIMENTAL MODEL

2.1 Mechanical properties of the materials

A usual limestone for the construction of monumental and historical structures in Cyprus
was used for the construction of the model structure. This stone belong to the Pachna Geolog-
ical Formation (located at the Tochni area) and was supplied by the Tochni Quarries in units
with dimensions of 0.04mx0.03mx0.02m as required for the construction of the model struc-
ture in scale 1:10. A lime/sand ratio 1:4 was used for the lime-mortar mixture that was used
for bonding the bricks using the thin sand produced from crashing of the Tochni’s stone. The
dimensions of the timber used for the roof beams were 0.009mx0.019x0.45m.

An extended experimental sequence of tests was performed on the stones, mortar, masonry
units and timber, in order to define the mechanical properties of these materials. Three com-
pressive tests of model stone/brick were performed in order to find its compressive strength
(fcb) and its modulus of elasticity (E). Table 1 summarizes these tests for each specimen. The
compressive strength of mortar was founded out fcm=0.303Mpa. In addition, three compres-
sive tests of masonry triplets were performed in order to find the compressive strength of ma-
sonry wall (fwc) and the modulus of elasticity (E) (table 2). Apart from compressive tests,
shear stress tests were also performed in order to identify the shear strength without compres-
sion (fws)of the masonry wall (table 3). The masonry tensile strength (fwt) was assume to be
equal to the shear strength. These properties were used for the simulation, structural analysis
and evaluation of numerical results for both, the prototype building structure (scale 1:1) and
the experimental model (scale 1:10).

STONE 4cm X 3cm X 2cm  fbc (MPa)  E,( MPa)

SPECIMENT (S1) 49.46 874.67
SPECIMEN?2 (S2) 48.24 867.77
SPECIMENS3 (S3) 43.7 769.73

Average 47.13 837.39

Table 1: Mechanical characteristics of model stones 4cm x 3cm x 2cm

WALL fwc (MPa) E (MPa)
TRIPLET 1 (T1) 14.52 880.17
TRIPLET 2 (T2) 15.7 639.91
TRIPLET 3 (T3) 21.96 13.83

Average 17.393 511.303

Table 2: Mechanical characteristics of masonry wall

TRIPLET fws (MPa)

T1 0.08

T2 0.1

T3 0.08
Average 0.087

Table 3: Shear testing results of the masonry wall
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2.2 Design of the prototype masonry building in scale 1:1 and the experimental model in
scale 1:10

At first stage a single storey masonry building was designed with dimensions of those of
typical traditional houses as build before and until very early of the 20" century in Cyprus [5].
The architectural design of such houses was usually consisted by an open plan type of space
with dimensions 4.0mx7.0m and a height of approximately 3.0m. Two door openings with a
width of 1.4m are presented at the center of the larger dimension of the plan, while the thick-
ness of the masonry wall is 0.4m.The two opposite large walls are connected at the roof level
with timber beams supporting a traditional horizontal roof system covered by soil materials.
The structural and earthquake resistance design of this building was completed according to
the provisions of EN-1996 (EC6) and EN-1998 (EC8) and the corresponding National An-
nexes of Cyprus [5]. For that, the same materials properties (stone, mortar, masonry &timber)
as used for the construction of the experimental model in scale 1:10 were used .

After that, the same structure was also designed in scale 1:10 and constructed (fig. 1). As
can be seen, additional masses were attached at the roof level according to basic rules for the
design of experimental models in small scaling. Through this effort the final design of model
structure was defined in order to have similar distribution of stresses under vertical and earth-
quake loadings, similar level of stresses at the critical areas and the similarshapes of the pre-
dominant modes of vibrations under dynamic loadings. From this point of view, it is assumed
that this model building in scale 1:10 can develop the same structural behavior with the cor-
responding prototype. The correlation of the first three modes of the prototype structure (scale
1:1) and the model one in scale 1:10 are presented in figure 2. As can be seen there is a good
agreement between the two models.
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Figure 1: Drawings with the dimensions of the experimental model in scale 1:10

3010



Stefania Demosthenous and Milton Demosthenous

NUMERICAL MODEL NUMERICAL MODEL
OF PROTOTYPE STRUCTURE (SCALE 1:1) OF EXPERIMENTAL MODEL(SCALE 1:10)
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Figure 2: Correlation of the first three modes of the numerical models of the prototype structure (scale 1:1) and
the experimental model (scale 1:10)
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3 EXPERIMENTAL TESTS

3.1 Experimental setup

The model structure was attached at the expanded platform of the shaking table of Frede-
rick University which can move in one direction (E-W) (figure 3). Four accelerometers were
used for the recording of the base excitation (CH. 1) and the response of the experimental
model at the top of the masonry walls (CH.2, CH.3 and CH.4) (figure 4). One of them at-
tached at the middle of the west wall (CH.2) and one at the middle of the north wall (CH.3).
The last one (CH. 4) attached at the edge of the west wall. By the evaluation of the records
from this accelerometer with the one from CH. 2, the possible torsional response or out of
phase response of the model can be estimated. All these instruments were connected with the
data acquisition system for the recording the signals from the excitation and the response of
the model.

Additional mass
137.3 ka

Horizontal direction
| aof movement (€ - W)

* CHI: Base Excitation

* CH2: Mid Top of West wall — (E-W)
* CHS3: Mid Top of North wall — (N-S)
* CH4: Edge of West Wall — (E-W)

Figure 4: Instrumentation of the experimental model
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3.2 Sequence of the experimental tests

The main scope of this effort is to examine the behavior of the model structure under
earthquake base excitations. However, at the present investigation, the model structure was
tested in various other cases with the main scope to understand its behavior under dynamic
loadings. Therefore, the experimental sequence includes:

e Impulse tests for the estimation of the dynamic properties (period and viscous damping)
(figure 5). However after the evaluation of these results it was founded out much differ-
ences with those from numerical simulations due to the interaction of the system with
the shaking table platform. Therefore, an extended sequence of tests are under progress.

e Sinusoidal base excitations in a various range of frequencies and amplitude of the exci-
tations but in low level to avoid the occurrence of damages

e Random white noise base excitations in various levels in order to moderate the occur-
rence of damages (figure 6). During these tests, damages were occurred when the max.
acceleration response in E-W direction was 0.3g.

Impulse Test 2:(N-5)
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Figure 5: Acceleration records from impulse test in N-S direction
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Figure 6. Base acceleration during random white noise
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3.3 Observed damages

As has been mentioned, during random white base excitations tests, the first damages were
observed in masonry walls located in direction E-W. These damages can be divided in two
groups. The first group includes cracks at the mortar joints close to the upper corners of the
openings which are expanded in diagonal direction up to the roof level. The second group in-
cludes also cracks at the mortar joints at the bottom of the corners of the masonry walls (fig-
ures 7 & 8). As has been also mentioned in the previous paragraph, these cracks were
observed when the max. acceleration response was 0.3g in E-W direction. However, maybe
these cracks were created as micro cracks during previous lower level of acceleration re-

sponse.

Figure 7: Observed diagonal cracks at the corner of the opening and at the bottom corner of the walls

015

010 m

03m

0.7 m —

Figure 8: Location of Icracks on the facade of the experimental model
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4 NUMERICAL SIMULATIONS AND STRUCTURAL ANALYSIS

4.1 Simulations of loadings and structural system

During the experimental tests it was founded out that the damages were observed when the
max. response acceleration was 0.3g. The created loadings on the structural model were esti-
mated through a simple method as explain in what follow (fig. 9).The horizontal seismic force
(F)at the top of the masonry walls was estimated by multiply the additional masses with the
max. value of the recorded acceleration. This force is distributed as horizontal load at the tim-
ber beams (fi). The horizontal force from the additional masses creates also a bending mo-
ment at the top of the masonry walls (M). The vertical loading from the additional masses (N)
is also distributed at the timber beams (Ni) in combination with those created by the bending
moment (Nmi). In addition to that, horizontal loadings are created also on the masonry walls
(fwi). All these loadings with the gravity load of the masonry wall were used for the study of
a masonry wall in E-W direction under vertical loads and horizontal static loadings. A mesh
with 2cmX2cm finite elements was used for the simulation of the masonry wall with the as-
sumption of isotropic material using the software SAP200 (fig. 10).

[
A 4
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h
M = IMi = Z(Fi*hi) @ F = ZFi = mi *acc
N = ZNi

Ni=N/12 Y ¥ V¥ ¥+ ¥ ¥ vVvVYy
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Figure 9. Estimation of the seismic loads
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Figure 10. Numerical model under lateral seismic loadings
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4.2 Structural analysis and evaluation of the results of the experimental model

The vertical stresses (S22) (compression or tension) of the numerical model are shown in
figure 11 as well the shear stresses (S12) in figure 12. From these figures, it can be seen that
at the left bottom of the wall significant tensile stress is created however the compressive
strength is in lower level in the opposite site. Exactly the opposite will be occurred if the lat-
eral load is applied to the opposite direction. The results of the stresses (S22 & S1) from this
analysis were evaluated using Mohr - Coulomb failure criterion (1- ). For the design of the
envelope of the failure criterion the tensile, the shear and the compressive strength of masonry
wall were used as defined from the experimental tests. This evaluation is presented in figure
13. Each point presents the corresponding results of the of shear (S12) and normal (S22)
stresses of a joint of a finite element. The points which are in outside area of the failure crite-
rion is mean that the corresponding joint of the finite element is failed. These finite elements
are colored in the mesh (figure 13). By the correlation of this mesh with the figure 8 it can be
said that the numerical results are in a good agreement with the locations and the type of the
observed damages during the experimental test showing only tensile mode of failures.

eEa:dams ]

Figure 11. Vertical normal stress (S22) due to vertical and horizontal seismic loadings

Figure 12. Shear stress (S12) due to vertical and horizontal seismic loadings
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Figure 13. Mohr Column Criterion - Maximum base acceleration 0.3g
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Figure 14. Evaluation of the numerical results with Mohr - Coulomb failure criterion and colored of the finite
elements with failure of the experimental model (scale 1:10)
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4.3 Structural analysis and evaluation of the results of the prototype structure

The same procedure for the simulation of the loadings and the structural system was ap-
plied also for the prototype structure defining the max. response acceleration 0.3g. However
this system is without additional masses therefore the loadings due to the response accelera-
tion are created only on the roof system and the masonry walls. Although the we have the
same distribution of vertical normal stresses (S22) and shear stresses (S12), the max. values of
these stress were founded much higher than those developed in the case of the experimental
model. Also, for the evaluation of the numerical results the Mohr - Coulomb failure criterion
was used with the main scope to find the location and the type of failures.

As can be seen in figure 14, the combination of vertical normal stresses (S22) with the
shear stresses (S12) of more joints of the finite elements were founded to exceed the failure
criterion. On the other hand, we can see that except of the exceed of the tensile stresses there
is also a significant exceeding of the shear strength at the area with lower level of normal
stresses which define cracks of the joint mortars. The joints of finite elements and the corres-
ponding finite elements with exciding of the level of stresses defined by the envelope of the
failure criterion are colored in the mesh (figure 14). By this figure we can see that the tensile
failures on the numerical model of prototype structure are in a good agreement with those oc-
curred on the numerical model of the experimental model. However, and in addition to that as
have been mentioned above, shear failures are founded out especially in an horizontal line at
the bottom of the wall which can be characterized as sliding mode failures, as well the initia-
tion of diagonal cracks can be mentioned.

e e e e e T
F

=t L

B Shear Failures
Tension Failures
Figure 15. Evaluation of the numerical results with Mohr - Coulomb failure criterion and

colored of the finite elements with failure of prototype structure (scale 1:1)
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5 CONCLUSIONS

Through this effort, a simple masonry building (prototype building in scale 1:10) was de-
signed and at the same time an experimental model building was designed and constructed in
scale 1:10 of the prototype building. Specific rules were adopted for that focused on the mod-
al analysis results, the distribution of stresses under vertical loadings and the level of the ten-
sile stresses. The experimental model was subjected in various base excitations using the
shaking table of Frederick University. However, before the design and the construction of the
experimental model, the mechanical properties of the used materials (stone, mortar, masonry
and timber) were defined through experimental tests. The scopes of this effort was:

Firsts, to validate the numerical results from the structural analysis of the experimental
model with those from the experimental tests, focus on the correlation of the type and the lo-
cation of the observed damages, using the Mohr - Coulomb failure criterion for the evaluation
of the numerical results. which designed according to the mechanical properties of the used
materials. From this point of view it was found out enough good correlation between the ex-
perimental and numerical results which both of them developed only bending modes of fail-
ures by the exceeding of the tensile strength.

Second, the numerical results of the experimental model (in scale 1:10) to be able to repro-
duce similar behavior of the prototype one (in scale 1:10), again focus on the observed loca-
tion and type of damages. From this point of view it can be said that it was founded out
differences between two numerical models. Although, in both of them were founded out ten-
sile mode of failures at the same locations of the numerical models, the model of prototype
structure developed also shear failures. Due to that, the quantity and the effectiveness of the
additional masses applied to the experimental must be checked and resigned.
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