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ABSTRACT

This work is a research that proposes the use of the technique based on the
dissipation energy of the shape memory alloy (SMA) wires. It focuses on assessing the
effectiveness of the use of these smart materials on displacements, accelerations and
stresses of a monumental structure. The minaret of the great mosque of Ajloun in
Jordan was chosen as the studied case and its 3-D finite element model is performed
by the ANSYS software. First, the proposed model is calibrated and validated
according to the experimental results from ambient vibration testing results. Then, a
non-linear transient analysis is considered, when the El-Centro earthquake is used as
input signal. Different simulating cases concerning the location, number and type of
SMA devices are proposed in order to see their influence on the seismic response of
the minaret. The results show the effectiveness of the proposed SMA device.

1. INTRODUCTION

An earthquake is a violent accidental event that can causes structural destruction.
Some of them usually provoke significant damage in historical monuments because of
their less resistance. Nowadays, seismic research is becoming increasingly essential
especially with the growing complexity of the problems to be treated. The challenge that
researchers are trying to overcome is to maintain buildings standing after an
earthquake strike. In the last decade, technological innovations based on active
materials have been extensively developed to satisfy the needs of engineering by trying
to reduce seismic risk. Among them, dissipaters as SMA are proposed.

Indeed, these materials have remarkable mechanical properties that can be
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advantageous for civil engineering applications; as rehabilitation and seismic risk
mitigation. The rehabilitation of these old structures classified as “World Heritage”
remains absolutely critical, since they are, usually, partially destroyed during the series
of earthquakes that have affected them.

The use of new technologies and advanced strategies that provide a better efficiency
for the renovation work of slightly damaged structures can meet the expectations of
investors. Among these technologies, the use of SMA smart materials. Several
research projects were made in recent years, by looking at these smart materials which
have special properties. Several applications or tests have been imagined in order to
identify this revolutionary material.

In the literature, several innovative techniques based on the use of SMA devices are
available. Recently, a numerical study on the dynamic behavior of a seven century
minaret located in Tlemcen (Algeria) when it was retrofitted by SMA wires was
published by the first and the second authors (Hamdaoui and Benadla 2014). The
dynamic study of the selected monument was made under different national seismic
excitations in order to confirm the effectiveness of the proposed SMA device.

Another example is the application of devices in prestressed SMA wires on an
aqueduct in Cyprus, work that was performed by Chrysostomou and his research team
in 2008 (Chrysostomou et al. 2008). The aqueduct of Larnaka (Cyprus) has been
selected as a case of study in the European project “wide range of non-destructive
devices to the conservation of the historic heritage of the Mediterranean region” (WIND-
CHIME 2007). The devices were applied in order to investigate their effectiveness in
providing protection to the monument against probable earthquake excitation effects.
An experimental study on a reduced masonry wall model reproducing historical
buildings was proposed by Casciati and Hamdaoui in 2008 (Casciati and Hamdaoui
2008). Here, the proposed model has been tested on shaking table when different
number and positions of the pre-tensioned SMA wires were anchored to the built wall.
AlSaleh and his group (AlSaleh et al. 2011) gave evidence that this process is
adequate for tall structures after realizing reduced scaled tests on a minaret model.
Through this article, the basic properties of SMA wires are reviewed and their
application as reinforcing devices on a model of a historical minaret is performed to
analyze numerical results. The selected structure will updated according to the
experimentally obtained dynamic characteristics. Then, the dynamic behavior of the
developed model will be studied, first, for the minaret in its virgin state, then when it will
be reinforced with a number of SMA wires distributed on different positions.

2. DESCRIPTION OF THE MINARET

2.1 History

The great mosque of Ajloun (Fig. 1-2), built in 1247 by the Sultan “Najm Addine Ayoub”,
is one of the oldest mosques in Jordan. It is characterized by its minaret which arises at
the north-east angle of the prying house. The original part of the minaret was built by
the Sultan “Addaheir Beber’, 16 years after the construction of the mosque. The
minaret had a top "cap" at the top of its original part, but it was demolished to introduce
the new orthogonal extension, built only 70 years ago (Ghawamna 1986).
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Fig. 2 Horizontal of the mosque of Ajloun

2.2 Geometric characteristics

The minaret (Fig. 3) is composed of two parts; an original one made by heavy red
stones, and a new extension that have the same type of current Jordan mosques.

The minaret has a small rectangular access (1.35 x 0.72) located in its western side.
Additionally, there are three windows on each side; the interior and the middle one are
broad from the outside and narrow from the inside (to allow lighting and principally for
defense purposes). The third window is large and vaulted; it is located at the end of
minaret (Bani-Hani et al. 2008). Inside, a cylindrical column with constant diameter
(1.60m) expands from the level +6.00 m to the end of the original part (+21.00m). This
column continues to extend up to the level of the upper balcony in the new extension
but with changing its diameter to 1.40m (from level +21.00m to 32.45m), then to 1.30m
(from level 32.45m to 39.40m) (Fig. 4).

A helical stone stair begins from the level +6.00m. It is interlocked with the inner
minaret stone column and fixed, on its other side, on a common stone column (of 25
cm diameter) in the center of the minaret. A new similar staircase was made to climb
into the added extension. Stairs end in the balcony.

As said before, the minaret had an upper “cap” in the end of its original part, but it was
destructed to introduce the new octagonal extension. This later has an intermediate
balcony and finished with a new conical helmet.
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Fig. 4 Different sections and basic dimensions of the minaret
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2.3 Material characteristics

The minaret body was made of two types of limestone blocks (original part and new
extension). The mechanical properties of the minaret's construction materials were
determined in the structural laboratory of the Jordan University of Science and
Technology (Hamdaoui 2006).

The used samples were submitted to compression tests to determine their compressive
strength and the secant modulus of elasticity. The results are summarized in Table 1.

Table 1 Mechanical stone properties

Properties Old material New material
Modulus of elasticity (MPa) 2100 1700
Volume Weight (KN/m®) 26.6 22.3
Compressive strength (MPa) 19 17
Modulus of elasticity 0.2 0.2

2.4 Dynamic characteristics

In order to capture the dynamic signature of the minaret, ambient vibration tests were
conducted by recording accelerations through sensitive accelerometers. That's why;
three accelerometers were placed at strategic locations, based on a preliminary built
finite element model (Bani-Hani et al. 2008).

Because of the symmetry of the minaret, uni-axial accelerometers were used (only one
direction is needed). Consequently, the acceleration in the other direction is supposed
to be the same as the gathered one. Output only model identification technique was
then applied to extract the modal signature.

The experimentally identified natural frequencies are reported in Table 2.

Table 2 Experimentally extracted frequencies

1%tand 2" | 3"and 4" | 5™and 6" | _ 8™"and 9"
Accelerometer 7' mode
modes modes modes modes
1 1.283 Hz 3.369 Hz | 6.585 Hz 9.289 Hz 10.968 Hz
2 1.285 Hz 3.354 Hz | 6.558 Hz Not 10.783 Hz
detected
3 1.287 Hz 3.356 Hz | 6.538 Hz 9.414 Hz 10.861 Hz

The next step is to build a finite element model and calibrate it according to the modal

parameters of table 2 (experimentally obtained).

3. FINITE ELEMENT MODEL

A three-dimensional finite element model is built using the ANSYS software (version
11.0) (ANSYS 2003). The model is built according to the experimentally determined

mechanical and dynamic characteristics of the minaret.
The following assumptions were respected.
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The minaret material behavior is linear, elastic and isotropic;

The minaret is fixed at the base;

"SOLID 45" element type is used in the 3-D model (8 nodes element);

The effect of the stairs is neglected. Note that they have been modeled in a first
time, but the results were not very different comparing to the case without stairs.
Therefore, there are neglected to reduce the computation time.
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Fig. 5 3-D finite element model of Minaret

Taking into account 12 mode shapes, F.E. results are shown in Fig. 6 and Table 3:

T
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Fig. 6 The first twelve mode shapes
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Table 3 Periods and frequencies of the first twelve modes

Modes I-;rHezc;. Pe(:)o d Direction | Modes I:(':zc;' P?:;) d Direction
1st 1.286 0.777 X 7t 14.033 0.071 torsion
2nd 1.290 | 0.775 Y gth 15.365 0.065 Y
3™ 3212 | 0.311 X gth 15.398 0.064 X
4t 3.222 | 0.310 Y 10t 16.533 0.06 z
5t 7.181 0.139 X 11t 18.309 0.054 torsion
6t 7.201 0.138 Y 12t 20.451 0.048 X

A comparison between the experimental results and those numerically obtained is
presented in the Table 4. From this comparison, one may conclude that the model is
relatively representative because the error rate is minor especially for the first four
modes; where the contribution of the modes is usually major for slender cylindrical
structures.

Table 4 Comparison between numerical and experimental results

Modes Frequency (Hz) Error (%)
Measured F.E. Model 0
15t and 2™ 1.285 1.286 0.078
39 and 4'" 3.360 3.212 -4.41
5" and 6'" 6.560 7.181 9.47
7th 9.352 14.033 50.05
8™ and 9'" 10.871 15.366 41.35

4. CHARACTERISTICS OF THE REINFORCEMENT MATERIAL

SMAs as hyper-elastic wires are proposed here for the reinforcement of the minaret.
The wires are fixed on their two sides on polygonal steel belts (as the form of the
minaret) (Fig. 7), at locations where the stresses are relatively important.

wva

Fig. 7 Assembly of the SMA by the polygonal belts
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In order to reinforce the minaret, Cu-based SMA wires of 3.5mm diameter and 1.2m
length are used. Their mechanical characteristics are listed in Table 5. The SMA
behavior is characterized by six parameters that define the stress-strain behavior (Fig.
8). These parameters are adopted for room temperature; they are grouped in Table 6.

Fig. 8 Idealization of the SMA typical super-elastic behavior

Table 5 Mechanical characteristics of the SMA

Modulus of elasticity (MPa) 60000
Coefficient of poisson 0.3

SIG-SAS or 05*°: starting stress value;

SIG-FAS or o¢*®: final loading stress value;

SIG-SSA or o5 starting unloading stress value;

SIG-FSA or o¢>: final unloading stress value;

EPSILON or g.: maximum residual deformation;

Alpha or a: parameter accounting for material responses in tension and compression.

Table 6 Characteristic of the SMA properties

os™® (MPa) | o*° (MPa) | 05> (MPa) | o:** (MPa) | ¢ (MPa) | o (MPa)
140 270 200 70 0.03 0.27

The used polygonal belts are made of steel where their mechanical characteristics are
presented in Table 7.

Table 7 Mechanical characteristics of the polygonal belts

Modulus of elasticity (MPa) 210000
Coefficient of poisson 0.3
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5. THE DYNAMIC ANALYSIS OF THE MINARET

A temporal analysis by applying the El-Centro earthquake (Fig. 9) is carried out in order
to study the minaret’s behavior. Here, the seismic action is applied in the x direction.
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Fig. 9 1940 EI Centro earthquake signal

The two envisaged scenarios; the minaret before and after being reinforced with SMA
wires, are conducted using the ANSYS software. The results will be presented in terms
of displacement, acceleration and stresses distribution.

5.1 The minaret before being reinforced

Three reference points (A, B, C) are selected to calculate displacements, accelerations
(Fig. 10) and stresses distribution (Fig. 11). These points are selected as the places
where the stresses are important. They are located at 21.21 (A), 32.72 (B) and 45.9 (C)
meters on the minaret (Fig. 5). The obtained results are shown in the following figures.
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Fig. 10 (a), (b), (c) displacement, (d), (e), (f) acceleration in points A, B, C
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Note that he maximum displacement is found at point C, where the maximum stresses
are located at points A and B.

5.2 The minaret after being reinforced with SMA wires
In the present sub-section, the dynamic analysis is carried out when the minaret is
reinforced with four then eight SMA wires devices positioned in two different locations:
o The first, noted “LI": located at a height of 40.46 m. This position is selected
since the displacement is maximal at the top of the minaret.
e The second, noted “LII”: located at a height of 22.55 m. This position is selected
since an important stresses concentration is seen at this level.
Transient analyses are then conducted, at each location and for the two reinforcement
cases. The same quantities (displacements, accelerations and stresses) are measured
in the same points A, B and C.
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Fig. 12 (a), (b), (c) displacement, (d), (e), (f) accelerations at points A, B, C
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Table 8 provides a comparison in term of displacement (Ux), acceleration (Ax) and
stress (ox) at the selected points (A, B and C) between the two proposed reinforcement
devices (4 then 8 SMA wires) placed in the LI location. According to the results, no big
difference is seen in terms of displacement, acceleration and stress for the two
proposed cases. One can conclude that the device with 4 SMAs only is sufficient. This
will reduce cost and computation time.

Table8 Comparison between the two proposed devices for the LI location

Points Quantity 4 SMA 8 SMA Difference (%)
UXmax (cm) 1.47536 1.47554 -0.01
A AXmax (M/s?) 2.40015 2.39887 0.05
O'Xmax (MPa) 0.70190 0.70275 -0.12
UXmax (cm) 466116 4.66501 -0.08
B AXmax (M/s?) 4.12132 412389 -0.06
O 'Xmax (MPa) 0.42719 0.44312 -3.73
UXmax (cm) 11.9822 11.9767 0.04
C AXmax (M/s?) 11.5844 11.5835 0.007
O'Xmax (MPa) 0.01840 0.01829 0.61
2" Jocation (LII, 22.55m)
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Fig. 14 (a), (b), (c) variation of stress Sx in points A, B, C
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Fig. 15 (a), (b), (c) displacement, (d), (e), (f) accelerations at points A, B, C
The results shown in Table 9, providing the same comparison as the previous table but
when the devices are placed in the LI location, confirm that the device with 4 SMAs
only is sufficient.

Table 9 Comparison between the two proposed devices for the LIl location

Points Quantity 4 SMA 8 SMA Difference (%)

UXmax (cm) 1.49621 1.50014 -0.26

A AXmax (M/s?) 2.38898 2.38778 0.05

O Xmax (MPa) 0.21300 0.20804 2.33

UXmax (cm) 4.71774 4.71353 0.08

B AXmax (M/s?) 4.18589 4.20078 -0.35

O Xmax (MPa) 0.085638 0.084545 1.27

UXmax (cm) 11.9321 11.9111 0.17

C AXmax (M/s?) 11.7140 11.7803 -0.57

O Xmax (MPa) 0.017617 0.017443 0.98

In Table 10, a comparison is drawn between the two proposed positions of the 4 SMAs
reinforcing device (LI and LIl locations). First of all, it is seen that the difference in term
of displacements and accelerations is negligible (the maximum difference is around 1.5%
only). For the stresses, the difference is clearly visible; when the reinforcing device is in
the LII position, an extraordinary reduction is seen, especially in points A and B.
Consequently, the optimal device is the one composed of 4 SMA wires positioned at a
level of 22.55m.
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Table10 Comparison between the two proposed locations (LI and LII)

Points Quantity LI Location LIl Location | Difference (%)

UXmax (cm) 1.47536 1.49621 1.4

A AXmax(m/s?) 2.40015 2.38898 -0.47
0Xmax(MPa) 0.70190 0.21300 - 230
UXmax (cm) 4.66116 4.71774 1.2

B AXmax (M/s?) 412132 4.18589 1.5
GXmax (MPa) 0.42719 0.08564 - 399
UXmax (cm) 11.9822 11.9321 -0.42

Cc AXmax (M/s?) 11.5844 11.7140 1.11
6Xmax (MPa) 0.018401 0.017617 -4.45

5.3 Results after the minaret reinforcement
Here, comparisons are drawn for the minaret in its virgin state (without reinforcement)
and after that it is reinforced with the 4 SMA wires device positioned at 22.55m.
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Fig. 16 (a), (b), (c) displacement and (d), (e), (f) acceleration at points A, B, C before

and after reinforcement of the minaret
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Fig. 17 (a), (b), (c) variation in the stress Sx at points A, B, C before and after
reinforcement of the minaret
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According to results found in Table 11, we notice that there is no big change in term of
displacement and acceleration between the two studied cases. Regarding the stress
reduction, it is clearly noticed that this reduction is significant for points A and B, while it
is not important to the point C.

Table11 Result of reinforcement of minaret with 4 SMA

Points Quantity Without SMA 4 SMA Difference (%)
UXmax (cm) 1.4763 1.49621 -1.34
A AXmax (M/s?) 2.3989 2.3889 0.41
GXmax (MPa) 0.688481 0.213005 69.06
UXmax (cm) 4.66844 4.71774 -0.22
B AXmax (M/s?) 4.12924 4.18589 -1.37
GXmax (MPa) 0.438873 0.0856378 80.49
UXmax (cm) 11.9785 11.9321 0.38
Cc AXmax (M/s?) 11.6019 11.714 -0.97
OXmax (MPa) 0.0182565 0.017617 3.5

5.4 Reinforcement of the minaret with the SMA device and steel bars

Now, an additional reinforcement case is proposed, just for curiosity. Authors want to
know the dynamics behavior of minaret when it will be reinforced with the selected 4
SMA wires device positioned at a level of 40.46 m (LI), in addition to a 4 steel bars
device made by the same characteristics of belts used to attach the SMAs, previously
defined, and positioned at a level of 22.55 m (LIl). Results are presented in the
following figures.
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Fig. 18 (a), (b), (c) displacement and (d), (e), (f) acceleration at points A, B, C before
and after reinforcing the minaret with 2 devices
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Fig. 19 (a), (b), (c) variation in the stress Sx at points A, B, C before and after
reinforcing the minaret with 2 devices

From Table 12, a reduction in terms of stresses and displacements is noticed at point A,
but it remains negligible for other positions. By comparing this case to the one of the
previous section (4 SMA wires device located at 22.55 m), this later remain the best.

Table12 The minaret before and after being reinforced with the 2 devices

Points Quantity 4SMA +4 Without SMA | Difference (%)
Steel

UXmax (cm) 1.1570 1.4763 21.62

A AXmax (M/s?) 2.39527 2.39892 0.15
6Xmax (MPa) 0.484835 0.688481 29.5

UXmax (cm) 4.75808 4.66844 -1.92

B AXmax (M/s?) 4.11565 4.12924 0.32

O6Xmax (MPa) 0.464605 0.438873 -5.86

UXmax (cm) 11.96250 11.97850 0.13
c AXmax (M/s?) 11.4168 11.6019 1.6
6Xmax (MPa) 0.0183619 0.0182565 -0.6

6. INTERPRETATION OF RESULTS

The minaret before being reinforced

The maximum displacement found after applying the El Centro seismic signal on the
minaret is 10 cm. One can conclude that the studied minaret is stiff (as monumental
structures), the displacement remains in the security range. A stress concentration is
noticed near the balconies area.

The minaret after being reinforced with the 4 SMA wires device

The dynamic analysis of the minaret when being reinforced with the SMA device near
the balconies area shows a slight increase in terms of displacements and accelerations,

however, stresses are remarkably reduced in points A and B, thanks to the SMA that
allowed the energy dissipation.

The minaret after being reinforced with the 2 devices
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This scenario helps to reduce the stresses near the area of point A. Concerning points
B and C, no big changes were seen. Consequently, it is better to use the 4 SMAs
device positioned at 22.55.

7. CONCLUSIONS

The technology based on the reinforcement of a monumental structure using SMA
devices was presented in this contribution. The dynamic behavior of a minaret, before
and after the insertion of the SMA devices, was studied by subjecting the monument to
the ElI Centro seismic signal. Displacements, accelerations and stresses were
compared for different scenarios in critical points of the minaret. One concludes that:

e A stress concentration is seen in the areas of points A and B.

e Using the 4 SMA wires device is sufficient instead the 8 SMA wires one;

e The location of the SMA plays an important role for the stress reduction. A
reduction of more than 70% was found when the SMA device was fixed at the
level of 22.55m (LII).

e The insertion of the SMA device at the first location (LI, 40.46 m) in addition to
the steel bars device at the second location (LIl, 22.55 m) may reduces the
stresses at the level of point A only. Conversely, for the case of 4 SMA wires
device (22.55m), a stresses reduction was seen for the three points.
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