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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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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/m3) 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 

Accelerometer 
1stand 2nd 

modes 
3rdand 4th 

modes 
5thand 6th 

modes 
7thmode 

8thand 9th 
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 

detected 
10.783 Hz 

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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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 El Centro seismic signal. Displacements, accelerations and stresses were 
compared for different scenarios in critical points of the minaret. One concludes that: 

 A stress concentration is seen in the areas of points A and B. 
 Using the 4 SMA wires device is sufficient instead the 8 SMA wires one; 
 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). 

 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 (LII, 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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