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(a) Γ = 1 (b) Γ = 1.2 

 

  
(c) Γ = 1.4 (d) Γ = 1.6 

Fig. 15 Comparison the ECOMAC between retrofitted and un-retrofitted slab including various Γ 

  
(a) Γ = 1 (b) Γ = 1.2 

 

  
(c) Γ = 1.4 (d) Γ = 1.6 

Fig. 16 Comparison the COMAC between retrofitted and un-retrofitted slab 
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Table 2 The average statistical comparison between retrofitted and 
un-retrofitted slabs based on COMAC analysis 

Γ MAE RMSE R2 
1 0.120 0.164 0.653 

1.2 0.099 0.136 0.775 
1.4 0.092 0.128 0.816 
1.6 0.088 0.120 0.827 

 

 
 
The results of Fig. 14 showed that the comparison of 

COMAC criteria between retrofitted and un-retrofitted slabs 
for Γ = 1.0 yielded a high MAE of 0.112, high RMSE of 
0.153 and a low R2 of 0.68. On the other hand, the 
comparison between them for Γ equal to 1.6 has a low 
MAE of 0.092, low RMSE of 0.126 and a high R2 of 0.811. 
The comprehensive findings suggest that as the slab width 
increases, the COMAC values for both retrofitted and un-
retrofitted items will remain closely comparable, provided 
that the length of the bay remains constant for all slabs. 

Fig. 15 compares the ECOMAC values between 
retrofitted and un-retrofitted slabs for various amounts of Γ. 

The comparison of ECOMAC values between retrofitted 
and un-retrofitted slabs for various Γ based on Fig. 15 
reveals a substantial difference between them. Statistical 
metrics indicate that for Γ equal to 1, there is a high MAE 
of 0.004, a high RMSE of 0.006, and a low R2 of 0.447. The 
results demonstrate that as the slab width increases, the 
ECOMAC values for retrofitted and un-retrofitted slabs 

 
 

Table 3 The average statistical comparison between retrofitted and
un-retrofitted slabs based on ECOMAC 

Γ MAE RMSE R2 
1 0.002 0.003 0.630 

1.2 0.002 0.002 0.709 
1.4 0.001 0.002 0.766 
1.6 0.001 0.001 0.743 

 

 
 

converge, as long as the bay length remains constant. 
However, a significant difference between them persists 
even in this scenario. Therefore, to obtain an accurate 
solution, the OSP calculated using the ECOMAC approach 
must consider the different parameters between neighboring 
elements. 

Fig. 16 illustrates the scatter plot of COMAC value 
between retrofitted and un-retrofitted slabs with varying LB 
and Γ. This figure encompasses all grids in the case studies, 
facilitating a comprehensive comparison of the two slab 
states. Table 2 presents the average statistical comparison of 
the COMAC for different LBs between the retrofitted and 
un-retrofitted slab modes. The comparison provides a 
thorough analysis of the effectiveness of the retrofitting 
process. 

The results of Fig. 16 show that the comparison of 
COMAC criteria between retrofitted and un-retrofitted slabs 
for Γ = 1.0 has a highest RMSE of 0.164 and a highest 
MAE of 0.120 and lowest 𝑅ଶ of 0.653 between slabs. In 

 
 

 

  
(a) Γ = 1 (b) Γ = 1.2 

 

  
(c) Γ = 1.4 (d) Γ = 1.6 

Fig. 17 Comparison the ECOMAC between retrofitted and un-retrofitted slabs 
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Table 4 The statistical comparison between retrofitted and un-
retrofitted slabs based on COMAC analysis 

Γ MAE RMSE R2 Slab 
1.2 0.046 0.066 0.962 Retrofitted 
1.4 0.059 0.082 0.938 Retrofitted 
1.6 0.074 0.103 0.897 Retrofitted 
1.2 0.132 0.168 0.643 Unretrofitted 
1.4 0.127 0.163 0.650 Unretrofitted 
1.6 0.136 0.178 0.620 Unretrofitted 

 

 
 

addition, for Γ = 1.2 the statistical results show that case 
studies have a high RMSE of 0.136 and a MAE of 0.099 
and a low 𝑅ଶ of 0.775 between slabs. The overall results 
reveal that with an increase in slab width, the COMAC 
values for the retrofitted and un-retrofitted slabs tend to 
converge.  Scatter plots of ECOMAC values between 
retrofitted and un-retrofitted slabs with different LB and Γ 
are shown in Fig. 17. The average statistical comparison of 
ECOMAC including different LBs between the two slab 
modes is given in Table 3. 

The results of Fig. 17 and Table 3 indicated that Γ = 1.0 
situation, has a high RMSE of 0.003 and a high MAE of 
0.002 and a low 𝑅ଶ of 0.630 among slabs. The outcomes 
of this figure clearly depict a converging trend in ECOMAC 

 
 

 
 

Table 5 The statistical comparison between retrofitted slabs based 
on ECOMAC analysis 

Γ MAE RMSE R2 LB 
1.2 0.002 0.002 0.953 Retrofitted 
1.4 0.003 0.003 0.929 Retrofitted 
1.6 0.003 0.004 0.866 Retrofitted 
1.2 0.002 0.002 0.968 Unretrofitted 
1.4 0.003 0.004 0.911 Unretrofitted 
1.6 0.003 0.005 0.852 Unretrofitted 

 

 
 

values for both retrofitted and un-retrofitted slabs, as the 
slab width progressively increases. This tendency is further 
corroborated by the COMAC results. Fig. 18 compares 
COMAC values in retrofitted and un-retrofitted slabs with 
considering various aspect ratios. Table 4 summarizes the 
statistical differences between retrofitted and un-retrofitted 
slabs. 

The scatter plot depicting COMAC values for retrofitted 
and un-retrofitted slabs of varying aspect ratios based on 
Fig. 18 clearly indicates a robust agreement between them. 
Moreover, there is a low MAE of 0.046 and low RMSE of 
0.066 and a high R2 in average for the retrofitted slabs. 
These findings are further supported by the statistical 
analysis presented in Table 4, which highlights the superior 

  
(a) Un-retrofitted slabs (b) Retrofitted slabs 

Fig. 18 Comparison of COMAC sensor location including various Γ for LB = 5 

 

(a) Un-retrofitted slabs (b) Retrofitted slabs 

Fig. 19 Comparison of ECOMAC sensor location including various Γ for LB = 5 
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performance of retrofitted slabs compared to un-retrofitted 
slabs. Fig. 19 compares ECOMAC values in retrofitted and 
un-retrofitted slabs on various aspect ratios. 

Table 5 represents the statistical differences between 
retrofitted and un-retrofitted slabs. This table shows that 
there is no significant difference between retrofitted and un-
retrofitted slabs based on the ECOMAC analysis. Based on 
the obtained results, a conclusive inference can be drawn 
that the retrofitted slab exhibits a significantly lower 
statistical error rate compared to the un-retrofitted slab. 
Additionally, the value of R2 in the retrofitted slab is 
observed to be substantially higher than that of the un-
retrofitted slab. It is also observed that for slabs with larger 
aspect ratios for spans of 5, 6, 7, and 8 meters, the error rate 
is comparatively lower, thereby indicating no significant 
difference between them. The overall findings of the study 
suggest that the statistical error rate in the COMAC 
approach is relatively higher than that of the ECOMAC 
method. However, the difference in the error rates between 
the two approaches is not significant. 

 
 

5. Conclusions 
 
The utilization of SHM provides a highly efficient 

means to ensure the safety of structures. However, this 
process is limited due to the cost of the sensor system and 
the coverage intensity of the sensors (Firoozbakht et al. 
2019), allowing only a restricted number of sensors to be 
employed. Optimal Sensor Placement (OSP) is crucial for 
ensuring precise monitoring in terms of both reliability and 
cost optimization for start-up sensors. Moreover, OSP 
facilitates the identification of structural vulnerabilities by 
identifying the most suitable locations for sensor placement. 
The present study aimed to assess the OSP of retrofitted 
concrete slabs utilizing NPS. To achieve this objective, the 
appropriate nonlinear FEM and OSP approach was designed 
based on the ECOMAC method as a toolbox of MATLAB 
called the DECOMAC approach, by the authors of this 
paper. This approach uses distributed ECOMAC analysis 
instead of line-by-line approach that is evaluated by Ercan 
and Papadimitriou (2021), Kaveh and Dadras Eslamlou 
(2019), Tan and Zhang (2020) and Vosoughifar and Manafi 
(2020). The primary advantage of this innovative approach 
is its capacity to pinpoint the precise location of sensors by 
utilizing distributed analysis, in contrast to current methods. 
The results show that while slab width increases, the 
COMAC values for the retrofitted and un-retrofitted slabs 
remain close to each other with respect to the fact that the 
length of the bay is constant for all slabs. Statistical 
comparison of DECOMAC criteria between retrofitted and 
un-retrofitted slabs for aspect ratio 1, shows that there are 
high values RMSE, MAE and low values R2 of 0.164, 0.120 
and 0.653, respectively. Furthermore, for the aspect ratio 
1.2 the statistical results show that that there is a high 
RMSE, MAE and low R2 values of 0.136, 0.099 and 0.775, 
respectively. Therefore, significant differences were 
observed for statistical errors and R2 between aspect ratios 1 
and 1.2 compared to other ratios. 

The results indicated that the ECOMAC values for 
retrofitted and un-retrofitted slabs remain close to each 

other while the slab width increases. It can be inferred that 
the statistical error rate associated with the COMAC and 
ECOMAC methods is higher compared to the DECOMAC 
approach, which means that the DECOMAC method 
performs better in the OSP of slabs. Thus, the modified 
DECOMAC approach can detect the problems of OSP more 
accurately than the current COMAC and COMAC methods. 
Therefore, the OSP obtained using the DECOMAC method 
is a better solution due to the simultaneous consideration of 
adjacent elements according to the distributed method. As a 
consequence, both designers and owners of concrete slabs 
should regard the DECOMAC method as a viable option to 
accurately determine the sensor location's effectiveness. 

This study focused on the importance of SHM of two-
way reinforced concrete slabs using NPS as external 
reinforcement. The MATLAB toolbox named DECOMAC 
was developed to optimize the process of sensor placement 
using a nonlinear FEM approach and a multi-objective 
function based on the distributed ECOMAC method. The 
study considered case studies of concrete slabs with 
different aspect ratios and found that the optimized sensor 
placement by the DECOMAC algorithm showed a 
significant difference between un-retrofitted and retrofitted 
slabs. 
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