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Abstract. The safeguarding of the historical and cultural heritage is one of the main research 

topics that has been addressed in recent years. Particular attention was given to the development 

of structural health monitoring systems that allowed the real time acquisition of different physical 

quantities that are stored in a cloud and compared with the health limit values of the structures 

obtained from numerical analysis previously carried out. One of the major problems highlighted 

by the use of these systems is related to the position and quantity of smart sensors to be used 

within the structure to be monitored. To avoid this, in this paper an Optimal Sensors Placement 

method was applied to a case study located in China. In particular, the positioning of the sensors 

was identified through an optimization workflow that adopt a Multi Objective Optimization 

engine called “Octopus” in Grasshopper3D. The identified optimal solutions have made it 

possible to detect the areas of the structure that will be subject to collapse during a seismic event. 

1.  Introduction 

The world historical cultural heritage is subject to precarious security and could collapse due to external 

actions that afflict it such as: earthquakes [1], strong winds, heavy rains, fires, water infiltrations, floods 

[2], effects of atmospheric agents that cause the degradation of the material [3], factors related to 

environmental conditions, concentration of bacteria and fungi [4], protective treatment, corrosion and 

prolonged solar radiation. Examples of this precariousness in historical constructions are different, in 

Italy, in 1989 a bell tower of the fourteenth century collapsed in Pavia, while in 2017, the collapse of a 

portion of masonry in the Basilica of Santa Croce in Florence killed a person. Regions also affected by 

this problem are the Asian ones, in 2018 a minaret at the entrance of the Taj Mahal in Agra, India, 

collapsed due to heavy rain and winds with no apparent warning sign [5]. One of the main reasons that 

generates this degradation is linked to the lack of knowledge of these structures located in these Asian 

countries. Recently, several architectural surveys and campaigns on structural behaviors have been 

conducted on buildings that characterize the Chinese territory, the Pagodas [6][7]. These studies have 
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shown that the structural performance and aesthetics of these historic buildings have decreased over 

time due to the degradation of the material leading to the formation of cracks, humidity, atmospheric 

agents, environmental degradation, dust deposition and other factors such as vandalism by tourists [8]. 

In order to preserve the historical cultural heritage, many governments have increased the monitoring 

of structural health (SHM) of buildings through systems that make use of Smart Objects (SO) [9]-[11]. 

This makes it possible to start maintenance at the beginning of the problem, avoiding unnecessary 

expenditure for countries to rehabilitate and maintain heritage structures through the implementation of 

appropriate retrofit strategies. In fact, the classic approach based on extraordinary last minute 

maintenance leads to high repair costs and considerable investments in the damaged building. In light 

of this, the prediction of structural health in real time has attracted considerable interest in recent decades 

because it allows to come in only when necessary, reducing the risk of collapses and excessive expenses. 

The main purpose of this work is to expose a preliminary model to optimize the positioning of the SOs 

within a structure to be monitored. Specifically, the chosen case study is the Longhu Pagoda located in 

China in the Sichuan province. 

2.  Case study 

Longhu pagoda (Figure 1) which was built in 1342 A.D. is located in Sichuan province, China. It has a 

square plan with 13 layers of eaves outside it, and is roughly 33 meters tall which contains 2 meters of 

stylobate and 31 meters of body. On May 12, 2008, a 8.0 magnitude Richter earthquake occurred in 

Wenchuan. The pagoda, which has been subjected to a huge earthquake load, suffered great damage 

during the Wenchuan earthquake, but it did not collapse. From the bottom to the top of the pagoda, a 

north-south crack appeared. The crack developed along the height, and the higher the position, the wider 

the crack width (Figure 2). With the aim to analyze the seismic vulnerability of the pagoda and to study 

how the damage spread within the structure, several numerical simulations are performed by means of 

FE-based software Abaqus [12][13]. A different spread of the damage can be noticed from the pushover 

along the W-E (X+) direction. Indeed, the first crack occurs on the East facade where the presence of the 

stairs represent a weakness of the structure (Figure 3). On the North facade the crack is pretty similar 

with the one obtained in the previous analysis but involving more the upper part of the structure. Even 

on the South façade it is noticeable a difference. In place of a vertical crack, a more diffused damage 

characterizes the center of the structure. 

   

Figure 1. Longhu Pagoda Figure 2. Cracks on the 

Longhu pagoda 

Figure 3. Results of pushover 
analysis in X+ direction 

3.  SHM system based on Optimal Sensors Placement (OSP) method. 

The Structural Health Monitoring systems (SHM) are introduced in the monitoring of different types of 

buildings to lower costs of maintenance and protect human safety. The principal aims of SHM are 
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connected to the storage of information about the alterations in the structures brought about by materials 

aging, action of the environment, earthquakes, or accidental events [14][15]. SHMs systems not only 

collect and measure physical quantities, but are able to process them and share information via the 

internet with other devices. The latest generation of SHM is composed of several Intelligent Smart 

Objects (SOs) that act as sensors and are based on the Internet of Things (IoT) paradigm[16]-[21]. 

In order to guarantee a minimum number of sensors to satisfy the sensitivity required by the SHM, 

methods of OSP have become widespread in the last years [22]. They minimize costs, reduce energy 

consumption and system invasiveness, increase system effectiveness and optimize acquired data. The 

design of the monitoring system is simplified in a reduction of the number of degrees of freedom by 

searching for the optimal point at the constrained extremes [23]. The solution obtained is unique and is 

identified only when the positioning of the sensors does not coincide and the requirements chosen by 

the designer are guaranteed [24]. The main purpose of this work is to identify a preliminary method for 

evaluating the multi-objective OSP problem that allows to monitor the portion of the structure that will 

most likely be involved and subject to damage during the earthquake. This analysis will take place, 

identifying a pareto optimal set that contains all the most probable collapse configurations, obtained 

through an algorithm that solves multi-objective functions. 

The preliminary physical part of the SHM system designed is composed by: Smart Object (SO), 

gateway, Remote Control and Service Room (RCSR) and Open Platform Communications (OPC) 

server. In particular, the position of The SOs was identified by the analysis conducted on the Numerical 

model with the Genetic Algorithm (GM). The SOs chosen are piezoelectric accelerometric sensors 

characterizing and identifying a wired Sensor network (Integrated Electronic Piezoelectric—IEPE): 

KS48C-MMF with voltage sensitivity of 1 V/g and measurement range of ± 6 g; KB12VD-MMF with 

voltage sensitivity if 10 V/g and measurement range of ± 0.6 g. This type of sensors transmits in quasi 

real time, with delays of a few hundredths of a second, information concerning the movement and 

acceleration of the structure during a seismic event, placing the sensors in areas where the formation of 

cracks patterns is expected. This allows to act quickly to safeguard the building, avoiding major damage 

and loss of human life. 

4.  Genetic Algorithms  

Multi-objective optimization aims to identify a vector of decision variables that optimize a vector 

function whose elements represent a multi-objective function. This is due to the need to reach a decision-

making compromise in a problem of many conflicting objectives. The purpose of the optimal research 

is to explore a subspace of optimal solutions, where each solution presents a different level of objective 

satisfaction, and not in order to find a single optimal solution. 

 
Figure 4. Visual script 

A typical multi-objective optimization problem which uses algorithms inspired by biological evolution 

is called Evolutionary Multi-Objective Optimization (EMO) [25]. In particular, the approach based on 



METROARCHAEO 2021
Journal of Physics: Conference Series 2204 (2022) 012038

IOP Publishing
doi:10.1088/1742-6596/2204/1/012038

4

 

 

 

 

 

 

  

Genetic Algorithms (GA), is a method inspired by natural selection, which has found widespread use in 

recent years in various fields [26]. 

This conference paper is based on the development of a workflow of an optimization tools consisting in 

the integration of two components: simulation tools and genetic algorithm. The fulcrum of this workflow 

is the multi-objective optimization engine Octopus able to applying the evolutionary algorithm at the 

model of Pagoda created in Rhinoceros and analysed in the plug-in Grasshopper3D. 

In order to identify a graphic tool capable of predicting the portion of the structure that most likely 

collapses during a seismic event, the visual script shown in figure 4 has been created. The problem has 

been optimized by imposing the research for three objectives: minimize the collapse multiplier (α), 

identify the cutting plane characterized by the lowest frictional force and maximize the mass involved 

in the kinematics expressed in terms of Volum Fraction (VF). 

The geometric complexity of the Pagoda model caused an "overflow" of the simulation. In order to 

avoid this, the model has been separated into two parts, the external casing (Figure 5) and the internal 

void system (Figure 6). By doing this, in each step the computational burden decreased because once 

the cutting plane was identified, the software calculated the portion of the structure involved in the 

kinematism, by performing a Boolean difference subtracting from the external casing the staircases 

voids system.  

  
 

Figure 5. Model 
External casing 

Figure 6. Voids 
staircase system 

Figure 7. Pareto Optimal Set 

The collapse multiplier was calculated in according to the Italian technical standards relating to the 

overturning of a monolithic wall [27]. 

In order to identify the sliding plane, associated with the overturning characterized by a lower collapse 

multiplier, the friction force calculated with the following equation [28] was minimized: 

𝐹 =
(ℎ𝑠 ∗ 𝑡𝑔𝜗 + 2𝑏 − 𝑠) ∗ ℎ𝑠

2
∗ 𝛾 ∗ 𝑓 ∗ 𝑡𝑏 (1) 

In the equation 1, hs is the height of the cutting plane, θ is the angle formed between the cutting plane 

and the vertical, b is the horizontal projection of the cutting plane, s the length of the brick (.50 m), γ is 

the specific weight of the masonry, f  is the coefficient of friction and is equal to 0.4, tb is the average 

thickness of the wall. 

Figure 7 represents the pareto optimal set in the space of objectives reported as values in the three axes. 

The position of the solution in space is representative of the level of satisfaction of each objective. The 
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individuals in red are the optimum identified by the last generation, while those in green are the 

individuals discarded during the analysis. 

    
α=0.21 

VF=22.8 % 
F=4937 N 

α=0.22 

VF =27.0 % 
F=15515 N 

α=0.19 

VF = 28.2% 
F= 6537 N 

α=0.15 

VF =46.0 % 
F=14530 N 

Figure 8. Optimal solutions represented as phenotypes 

Figure 8 shows some Pareto optimum phenotypes, characterized by the values of the objectives reported 

under each figure. The results identified with the simplified geometric analysis, along the x + direction, 

are in agreement with those illustrated in paragraph 2 through the numerical model in ABAQUS and 

with the crack pattern detected on the structure. 

The preliminary study conducted, therefore, allows to reduce the computational burden of calculation 

and to identify the critical areas to be monitored. 
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