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Abstract: Multilayer testing is one of the non-standard testing methods that has the 
potential to be developed in the future, so it requires special validation of its results. 
In this study, validation was carried out using SAP 2000 software, focusing on the 
calculation of downward curvature that occurs under the concrete layer. The study 
was conducted on test objects in closed conditions with certain dimensions. The test 
results showed that there was a difference between the downward curvature values 
produced from multilayer testing and calculations with SAP 2000. The difference in 
downward curvature between the two methods was recorded at 15.29%. This 
difference indicates that more validation is needed to ensure the accuracy of the 
multilayer testing method in future structural applications. 
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A. Introduction 
 
Technological developments in civil engineering continue to drive the creation of 
various new testing methods to ensure the quality and reliability of building 
structures. The increasing complexity of modern construction projects, involving 
composite materials and layered structures, requires a testing approach that is able 
to capture the dynamic properties of the various materials used. One method that is 
being developed and widely used is multilayer testing (Guangwu et al., 2020), which 
aims to understand the behavior of materials composed of several layers (Yan et al., 
2020), such as reinforced concrete or composites (Dewangan & Panda, 2022). This 
approach provides deeper insight into the interaction between layers of material in 
resisting external forces and affecting the overall durability of the structure. 
 
Along with the development of material technology, the use of composite materials 
consisting of several layers with different characteristics has become common in 
various construction applications, such as bridges, skyscrapers, and highway 
infrastructure (Sahu et al., 2021). These multilayer materials are designed to increase 
durability, strength (Cao & Ren, 2020), and resistance to external loads (Zhou & Jing, 
2020), such as wind loads, earthquakes, and traffic loads. Multilayer testing is 
important because various types of modern construction materials often consist of 
several layers that are designed to work synergistically. For example, a concrete 
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layer reinforced with steel not only increases the load capacity but also provides 
additional stiffness, which extends the service life of the structure. 
 
This multilayer testing also serves to ensure that each layer of material can function 
optimally in bearing the given load. In civil engineering, simulation of structural 
behavior through multilayer testing, both experimentally and numerically, is crucial 
to predict potential failure or deformation that can occur during the service life of 
the structure. With the right testing method, engineers can validate designs, make 
early corrections to technical problems, and ensure that building structures meet 
applicable safety standards (Grozdanic et al., 2023). Simulation with software such 
as SAP 2000 (You et al., 2020) is one of the most useful tools to support multilayer 
analysis, allowing engineers to predict structural responses more efficiently and 
precisely. In a civil engineering laboratory, multilayer testing aims to simulate the 
loads faced by layered structures in real conditions (Ramteke & Panda, 2023). This 
testing involves various mechanical approaches (Hamim et al., 2020), such as 
flexural testing (Zhang et al., 2022), compression (H. Wang et al., 2021), and shear 
(Wiener et al., 2021), to assess material behavior under the influence of layered loads 
(Deng et al., 2022). In this case, the validity of multilayer testing is crucial, 
considering the complexity of the interactions between layers that require high 
accuracy in measurement (Szparaga et al., 2020). 
 
The multilayer method is designed to test the behavior of materials composed of 
several layers in building structures. However, due to its relatively new nature 
(Ecker et al., 2020), multilayer testing requires validation in order to be reliable and 
widely recognized as a valid method in structural testing (Shan et al., 2022). Test 
validity is essential to ensure that the method used meets international testing 
standards (Kim et al., 2023). The use of structural analysis software, such as SAP 
2000, is an integral part of the test validation process (Han et al., 2020). SAP 2000 
software allows predicting the behavior of structures (Y. Wang et al., 2024), 
including downward bending that occurs beneath layers of concrete or other 
materials. However, differences between laboratory test results and computer 
simulation results often occur, requiring further study to improve the accuracy and 
reliability of the multilayer test method. 
 
To ensure the validity of SAP 2000, this study also used the Indonesian National 
Standard (SNI) 19-17025-2000, which was later revised to SNI ISO/IEC 17025:2008, 
which refers to ISO/IEC 17025:2005 which regulates the requirements for the 
competence of testing and calibration laboratories, including method validation. 
Based on SNI ISO/IEC 17025:2008. To prove that a particular method meets the 
requirements and produces consistent and accurate results, validation includes 
empirical testing to ensure that each stage of testing has met the established 
standards. 
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Multilayer testing on a laboratory scale test object with a static load centric 
monotonic, following the loading procedure according to ASTM D1194-72, in this 
case simultaneously using a set of test tools in the form of a steel frame, steel box 
(enclosed on all four sides), hydraulic jack, and transducer (canister type load cell, 
strain gauge type PMFLS-60 asphalt, concrete strain gauge type PL-60, LVDT or 
linear variable differential transducer, soil pressure gauge) as well as the data logger 
and a computer station and its programs. Testing begins with the determination of 
geometric specimen, the thickness of the layers of porous asphalt according to the 
thickness used by Pusjatan in the North Coast, the thickness of the layers of cement 
concrete and reaction subgrade following the guidance on the structure and building 
planning of road pavement cement concrete, which was published by the 
department of settlement and regional infrastructure (Pd T-14-2003). 
 
The SAP (Structural Analysis Program) is a program structure analysis using the 
Finite Element Method and is able to analyze static and dynamic problems. SAP 
Software was developed starting in 1970 by Prof. Edward L. Wilson and Ashraf 
Habibullah from the University of California, Berkeley California USA. This 
software initially can only work on mainframe computers (Dewangan et al., 2022). 
 
This research has an innovation in the development and validation of multilayer 
testing methods that have not been widely applied in civil engineering laboratories. 
This research not only focuses on the implementation of multilayer testing methods, 
but also validates the method using SAP 2000 structural analysis software, which is a 
modern computational approach to predicting the behavior of layered materials 
under load. The difference between the results of direct testing in the laboratory and 
simulations carried out through SAP 2000 can identify and correct inconsistencies in 
the multilayer testing method. The results of this study are expected to provide new 
contributions by strengthening the accuracy and reliability of multilayer testing, as 
well as ensuring that this method is feasible to be implemented more widely in civil 
engineering laboratories in the context of layered material testing that is increasingly 
relevant in the modern construction world. This research also forms the basis for the 
development of new standards in multilayer testing methods that combine empirical 
validation in the laboratory with computer simulation, creating a more 
comprehensive approach to assessing the quality and strength of layered materials. 
 
This research focuses on the validation of multilayer testing against deflection that 
occurs under the concrete layer using SAP 2000 software as a simulation tool. 
Testing is carried out in closed conditions with a maximum load of 126.78 kN. The 
purpose of this study is to understand the differences between the deflections 
resulting from experimental multilayer testing and the deflections resulting from 
SAP 2000 simulations, and to determine whether these differences are still within 
reasonable limits. 
 
 



JMKSP (Jurnal Manajemen, Kepemimpinan, dan Supervisi Pendidikan) 
Volume 9 (2) 2024, 1294-1305 
E-ISSN 2614-8021, P-ISSN 2548-7094 
 

 

1297 

 

B. Methods 
 
This study uses a quantitative approach to test the validity of the multilayer testing 
method on layered materials, both experimentally in the laboratory and through 
computer simulation using SAP 2000 software (Singh et al., 2021). This testing 
involves a series of procedures that follow international standards, including ASTM 
D1194-72 and SNI ISO/IEC 17025:2008, which regulate the competence and 
validation of laboratory methods. 
 
Experimental Testing 
 
Laboratory testing is carried out by applying loads to layered structures and 
measuring the resulting deflections. These layered structures generally consist of 
several materials such as concrete, asphalt, and subgrade layers arranged 
sequentially to mimic real conditions on highways or building structures. The 
standard used in this testing is ASTM D1194-72, which specifies procedures for 
deflection testing on pavements that receive loads. ASTM D1194-72 ensures that 
static and dynamic load tests are carried out accurately, taking into account factors 
such as axial load, material modulus of elasticity, and pressure distribution in the 
layers 
 
Experimental Design 
 
Multilayer testing is carried out on laboratory-scale test objects with monotonic 
centric static loads. The loading procedure follows ASTM D1194-72 using a set of test 
equipment including (1) Steel frame and steel box closed on all four sides. (2) 
Hydraulic jack. (3) Transducer in the form of canister type load cell, PMFLS-60 type 
strain gauge for asphalt, PL-60 type concrete strain gauge for concrete, LVDT (Linear 
Variable Differential Transducer), and soil pressure measuring instrument. (4) Data 
logger and computer to record data during testing. Testing begins by determining 
the geometric specimen, where the thickness of the porous asphalt layer and cement 
concrete is adjusted to the guidelines used in Indonesia, such as those published by 
Pusjatan on the Pantura route and Pd T-14-2003 for cement concrete road pavement. 
 
Computer Simulation Using SAP 2000 
 
SAP 2000 software is used to validate laboratory test results through computer 
simulation. SAP 2000 is based on the Finite Element Method (FEM) which is capable 
of analyzing static and dynamic problems. The simulation aims to (1) predict the 
behavior of layered structures under load. (2) Compare simulation results with 
laboratory test results to find differences and discrepancies. With this validation, 
SAP 2000 acts as an analysis tool to improve the accuracy and reliability of 
multilayer testing. 
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Test Validation 
 
The validation process is carried out based on the SNI ISO/IEC 17025:2008 standard, 
which refers to ISO/IEC 17025:2005. This standard ensures that the methods used in 
testing meet international requirements for laboratory competence and calibration. 
Test validation includes (1) Empirical testing to ensure consistent accuracy of results. 
(2) Comparison between laboratory test data and SAP 2000 simulation results. 
 
Data Analysis 
 
Data obtained from laboratory testing and SAP 2000 simulations were statistically 
analyzed to evaluate the differences between physical test results and simulation 
results and the validity of the multilayer test method as a valid and reliable method 
in testing layered materials. After validation, the results of this study provide a basis 
for the development of multilayer test standards in civil engineering laboratories. In 
addition, this study aims to improve the accuracy and reliability of the multilayer 
test method so that it can be used more widely in the modern construction world. 
 
Test objects 
 
Dimensions and illustrations of the test specimen, material properties, as well as 
testing settings and installation tools, and visualization of the results can be seen in 
Figure 1, Figure 2, and in Table 1 below:  
 

 
Figure 1. Test object 

 

 
Figure 2. Testing setting, installation tools, visualization  
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Table 1. Material properties  

 

Examination 
 
Set up testing, installation, and visualization tools on the pavement before the test 
is carried out pavement structure consists of three layers: (1) layer of soil as much 
as two layers with a thickness of 20 cm each solidified to obtain CBR as desired. (2) 
concrete slab without reinforcement layer, without any connection with a thickness 
of 15 cm. (3) asphalt porous with a thickness of 5 cm (Dewangan et al., 2021). 
Porous asphalt is spread and compacted on top of a concrete slab that had been a 
water-soaking binder layer (prime coat) [9]. Once the surface of the test specimen ’s 
average position then processes to install the measuring instrument linear variable 
differential transducer as many as six (6) units in the surface layer of porous 
asphalt. subsequently conducted a monotonic static loading in the middle of the 
pavement structure, the test object with a closed condition (assuming the side of 
the pavement wearing joints) (X. Wang et al., 2021). While the basic side pavement 
uses the spring constant. Settings loading or calibration of load cell at the time of 
the data logger pointed to zeros. provides loads using a hydraulic jack and load 
cell at a steady pace (0:02 mm / sec) on the pavement surface to obtain the 
maximum load. 
 
C. Results and Discussion 
 
Load and Deflection 
 
This study evaluates the relationship between load and deflection on pavement 
structures using multilayer experimental and multilayer prediction methods. 
Maximum load tests were conducted on pavement structures with results shown in 
Table 2 and Figure 3, while simulations on SAP 2000 are presented in Figure 4. 

 

Table 2. Deflection on pavement structure 
 Closed condition  

 Maximum load 126.78 Kn  

 Surface stress 2.58 (Mpa)  

 Maximum deflection (mm)  

Multilayer experimental Multilayer prediction Percentage difference 

1 2 1 & 2 

0.817 0.817 0 

No Layer Thicknes 
(h) 

Density 
(ρ) 

Elasticity 
Modulus (E) 

Poisson 
Ratio (µ) 

(cm) (kg/cm) MPA (kg/cm)  
1 Porous 

asphalt 
5 2109 93.53 / (953.74) 0.16 

2 Concrete 15 2400 26089.72 / (266041.10) 0.40 
3 Clay 40 1700 62.00 / (632.22) 0.15 
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From Table 2, it can be seen that the test results and multilayer predictions show the 
same maximum deflection value, which is 0.817 mm, at a maximum load of 126.78 
kN. The agreement between the experimental test results and multilayer predictions 
confirms that the prediction model used is quite accurate in estimating deflection 
behavior in pavement structures. 
 

 
Figure 3. Relations load and deflection 

 
Figure 3: Relationship Between Load and Deflection shows a clear linear relationship 
between load and deflection, indicating that the pavement structure can withstand a 
maximum load of 126.78 kN without sudden deflection. This condition indicates that 
the pavement is still within the elastic limit and has not experienced structural 
damage. This figure also shows the variation in the quality of the pavement 
structure at various load points, which are measured based on the magnitude of 
deflection and the angle of inclination. The smallest deflection occurs at the largest 
angle of inclination, and conversely, this condition describes the stiffness of the 
material in the road pavement layer. 
 

 
Figure 4. Deflection diagram 

 
Figure 4 shows the deflection diagram of the pavement structure based on the SAP 
2000 simulation results. This diagram illustrates the distribution of deflection evenly 
at various points along the pavement structure. The largest deflection is located at 
the load center, and the further away from the load center, the smaller the deflection. 
This illustrates that the load is evenly distributed throughout the pavement layer 
and indicates the existence of structural equilibrium under the maximum applied 
load. 
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Relationship between Load and Deflection 
 
The results of the study indicate that there is a positive relationship between load 
and deflection in the pavement structure. Increasing the load causes an increase in 
deflection, but within the test range carried out, the resulting deflection is still within 
the elastic limit of the pavement material. This condition indicates that the pavement 
structure is able to withstand the load without experiencing permanent damage or 
significant performance degradation. These results also support the findings of 
previous studies, which state that vertical deflection in road pavements is greatly 
influenced by the stiffness of the material used (Dong et al., 2022). Stiffer materials 
tend to produce smaller deflections, which means that the pavement layer is better 
able to withstand loads without significant deformation (Huang et al., 2021). 
 
Effect of Material Stiffness 
 
Material stiffness plays an important role in determining the ability of a pavement 
structure to withstand loads. The relative stiffness of the material is indicated by the 
variation in the slope angle and the magnitude of deflection at various points along 
the structure. As seen in Figure 3, the smallest deflection occurs at the largest slope 
angle, indicating that materials with high stiffness can withstand deformation better. 
This is in accordance with the basic concept that material stiffness is directly 
correlated with the ability of the material to withstand deformation under load. In 
addition, the results of the study also show that the relative stiffness radius of the 
material affects the resulting deflection. This stiffness radius is a representation of 
the strength and durability of the material that is in direct contact with other 
pavement layers. A stiffer material will have a larger stiffness radius, which means 
that the resulting deflection will be smaller. Conversely, less stiff materials tend to 
experience greater deflection under the same load. 
 
Effect of Contact Area and Subgrade Reaction Modulus 
 
In addition to material stiffness, other factors such as the contact area between the 
load and the structure, as well as the subgrade reaction modulus, also affect the 
amount of deflection produced. A larger contact area will distribute the load more 
evenly, thereby reducing the concentration of the load at certain points and resulting 
in smaller deflections. The subgrade reaction modulus also plays a role in 
distributing the load, with stronger and more stable soils tending to produce smaller 
deflections in the pavement layers above them. 
 
Validation of Multilayer Prediction Model 
 
The similarity between the experimental results and multilayer predictions (with a 
difference of 0%) indicates that the prediction model used is very accurate in 
estimating the deflection behavior of pavement structures. This is important because 
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a valid prediction model can be used in the planning and design of road 
infrastructure, to ensure that the structure built is able to withstand the load 
according to the desired specifications. This validation also confirms that the 
multilayer approach used in this study can be relied on to analyze deflection 
behavior on various types of pavements. 
 
Based on the results obtained, the deflection value from the multilayer test is greater 
than the deflection generated from the SAP 2000 simulation, with a difference of 
15.29%. This difference indicates that there is a discrepancy between the 
experimental deflection measurements and the numerical simulation generated by 
SAP 2000. However, this difference can still be considered reasonable and can be 
explained by several factors that affect the test results. 
 
Factors Causing Differences in Deflection 
 
(1) Real-Time Conditions in Direct Multilayer Experimental Testing, the resulting 
deflection is influenced by various factors such as surface roughness, variations in 
concrete material quality, environmental conditions (temperature, humidity), and 
mechanical characteristics of other pavement layers. In field conditions, some of 
these factors cannot be precisely controlled, which can cause experimental test 
results to have greater deflection than simulation results which are more ideal in 
nature. (2) Assumptions Used in SAP 2000 depend on certain assumptions related to 
material characteristics, loading, and structural restraints. These assumptions are 
generally ideal and do not fully represent real conditions in the field. For example, 
SAP 2000 assumes that the material is homogeneous and elastic, and does not 
consider the effects of wear, microcracks, or humidity factors that can occur in 
concrete during field testing. This results in simulation results having smaller 
deflection compared to direct multilayer test results. (3) Relative Stiffness of 
Concrete Pavement Layers greatly affects the amount of deflection that occurs. In 
multilayer tests, the materials used may have variations in stiffness, which causes 
larger deflections in real conditions. On the other hand, simulations in SAP 2000 do 
not fully capture the stiffness variations between pavement layers, so the calculated 
deflections may be smaller than the experimental deflections. (4) Interaction Between 
Concrete Layers and Subgrade is also an important factor in influencing deflection. 
In field tests, subgrade properties, such as soil reaction modulus, can play a major 
role in increasing or decreasing the deflection that occurs. In SAP 2000 simulations, 
these interactions may not be fully represented, especially if the subgrade model 
used in the simulation does not match the field conditions. 
 
The difference in deflection of 15.29% between the results of multilayer tests and 
SAP 2000 simulations shows that, although numerical simulations can provide a 
good picture of the behavior of structures, simulation results still need to be 
validated with empirical data from field tests. This difference also shows that SAP 
2000 cannot fully represent the real conditions faced in multilayer tests, especially in 
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handling material variations and layer interactions. However, it is important to note 
that these differences are still within acceptable limits in the context of structural 
engineering analysis, especially when considering variables that are difficult to 
control under field conditions. Therefore, the SAP 2000 simulation results remain 
relevant and can be used as a reference for the analysis of the behavior of concrete 
pavement structures under maximum loads. 
 
D. Conclusion 
 
This study proves that the calculation of deflection using SAP 2000 can provide 
results that are relatively close to multilayer testing, although there is a 15.29% larger 
difference in experimental testing. Factors such as real-time testing conditions, 
assumptions used in SAP 2000, material stiffness, and the interaction of concrete 
layers and subgrade all contribute to this difference. Thus, the results of numerical 
simulations still need to be validated and supplemented with field testing to obtain 
more accurate and representative results. 
 
E. Acknowledgments 
 
We would like to express our gratitude to the Universitas Khairun for providing 
support so that the research entitled “SAP 2000 Validates Deflection in Multilayer 
Test” can be carried out. 
 
References 
 
Cao, G., & Ren, Y. (2020). A paradox in mechanical property characterization of 

multilayer 2D materials based on existing indentation bending model. 
International Journal of Mechanical Sciences, 187, 105912. 
https://doi.org/10.1016/j.ijmecsci.2020.105912 

Deng, Y., Zhang, Y., Shi, X., Hou, S., & Lytton, R. L. (2022). Stress–strain dependent 
rutting prediction models for multi-layer structures of asphalt mixtures. 
International Journal of Pavement Engineering, 23(8), 2728–2745. 
https://doi.org/10.1080/10298436.2020.1869974 

Dewangan, H. C., & Panda, S. K. (2022). Large Deformation Effect on Dynamic 
Deflection Responses of Cutout-Borne Composite Shell Panel: An Experimental 
Validation. Journal of Engineering Mechanics, 148(8), 04022042. 
https://doi.org/10.1061/(ASCE)EM.1943-7889.0002129 

Dewangan, H. C., Panda, S. K., Mahmoud, S. R., Harursampath, D., Mahesh, V., & 
Balubaid, M. (2022). Geometrical large deformation-dependent numerical 
dynamic deflection prediction of cutout borne composite structure under 
thermomechanical loadings and experimental verification. Acta Mechanica, 
233(12), 5465–5489. https://doi.org/10.1007/s00707-022-03403-3 

Dewangan, H. C., Thakur, M., Patel, B., Ramteke, P. M., Hirwani, C. K., & Panda, S. 
K. (2021). Dynamic deflection responses of glass/epoxy hybrid composite 



JMKSP (Jurnal Manajemen, Kepemimpinan, dan Supervisi Pendidikan) 
Volume 9 (2) 2024, 1294-1305 
E-ISSN 2614-8021, P-ISSN 2548-7094 
 

 

1304 

 

structure filled with hollow-glass microbeads. The European Physical Journal 
Plus, 136(7), Article 7. https://doi.org/10.1140/epjp/s13360-021-01710-7 

Dong, Z., Guo, Z., Zhang, H., & Li, J. (2022). Optimal design of prefabricated base 
joint for asphalt pavement based on finite element method and field deflection 
test. Construction and Building Materials, 345, 128301. 
https://doi.org/10.1016/j.conbuildmat.2022.128301 

Ecker, W., Keckes, J., Krobath, M., Zalesak, J., Daniel, R., Rosenthal, M., & Todt, J. 
(2020). Nanoscale evolution of stress concentrations and crack morphology in 
multilayered CrN coating during indentation: Experiment and simulation. 
Materials & Design, 188, 108478. https://doi.org/10.1016/j.matdes.2020.108478 

Grozdanic, G., Ibrahimbegovic, A., Galic, M., & Divic, V. (2023). Multiscale beam 
model for simulating fracture in laminated glass structures. Engineering Fracture 
Mechanics, 292, 109606. https://doi.org/10.1016/j.engfracmech.2023.109606 

Guangwu, F., Long, L., Xiguang, G., & Yingdong, S. (2020). Finite Element Analysis 
of the Crack Deflection in Fiber Reinforced Ceramic Matrix Composites with 
Multilayer Interphase Using Virtual Crack Closure Technique. Applied 
Composite Materials, 27(3), 307–320. https://doi.org/10.1007/s10443-020-09810-
w 

Hamim, A., Md. Yusoff, N. I., Omar, H. A., Jamaludin, N. A. A., Hassan, N. A., El-
Shafie, A., & Ceylan, H. (2020). Integrated finite element and artificial neural 
network methods for constructing asphalt concrete dynamic modulus master 
curve using deflection time-history data. Construction and Building Materials, 
257, 119549. https://doi.org/10.1016/j.conbuildmat.2020.119549 

Han, Z., Yang, L., Fang, H., & Zhang, J. (2020). Dynamic simulation of falling weight 
deflectometer tests on flexible transversely isotropic layered pavements. Soil 
Dynamics and Earthquake Engineering, 139, 106353. 
https://doi.org/10.1016/j.soildyn.2020.106353 

Huang, J., Losa, M., Leandri, P., Kumar, S. G., Zhang, J., & Sun, Y. (2021). Potential 
anti-vibration pavements with damping layer: Finite element (FE) modeling, 
validation, and parametrical studies. Construction and Building Materials, 281, 
122550. https://doi.org/10.1016/j.conbuildmat.2021.122550 

Kim, H., Choi, J.-H., Park, Y., Choi, S., & Sim, G.-D. (2023). Mechanical 
characterization of thin films via constant strain rate membrane deflection 
experiments. Journal of the Mechanics and Physics of Solids, 173, 105209. 
https://doi.org/10.1016/j.jmps.2023.105209 

Ramteke, P. M., & Panda, S. K. (2023). Nonlinear static and dynamic 
(deflection/stress) responses of porous functionally graded shell panel and 
experimental validation. Proceedings of the Institution of Mechanical Engineers, 
Part C: Journal of Mechanical Engineering Science, 237(20), 4840–4857. 
https://doi.org/10.1177/09544062231155099 

Sahu, P., Sharma, N., Dewangan, H. C., & Panda, S. K. (2021). Experimental 
verification of multi-fibre hybridization influence on dynamic deflection and 
stress values of curved composite panel. Proceedings of the Institution of 



JMKSP (Jurnal Manajemen, Kepemimpinan, dan Supervisi Pendidikan) 
Volume 9 (2) 2024, 1294-1305 
E-ISSN 2614-8021, P-ISSN 2548-7094 
 

 

1305 

 

Mechanical Engineers, Part L: Journal of Materials: Design and Applications, 235(12), 
2808–2822. https://doi.org/10.1177/14644207211035998 

Shan, J., Liu, Y., Cui, X., Wu, H., Loong, C. N., & Wei, Z. (2022). Multi-level 
deformation behavior monitoring of flexural structures via vision-based 
continuous boundary tracking: Proof-of-concept study. Measurement, 194, 
111031. https://doi.org/10.1016/j.measurement.2022.111031 

Singh, G. K., Patel, K. A., Chaudhary, S., & Nagpal, A. K. (2021). Methodology for 
Rapid Estimation of Deflections in Two-Way Reinforced Concrete Slabs 
Considering Cracking. Practice Periodical on Structural Design and Construction, 
26(2), 04021003. https://doi.org/10.1061/(ASCE)SC.1943-5576.0000568 

Szparaga, Ł., Bartosik, P., Gilewicz, A., Mydłowska, K., & Ratajski, J. (2020). 
Optimisation of mechanical properties of ZrC multilayer coatings. Thin Solid 
Films, 704, 138016. https://doi.org/10.1016/j.tsf.2020.138016 

Wang, H., Xie, P., Ji, R., & Gagnon, J. (2021). Prediction of airfield pavement 
responses from surface deflections: Comparison between the traditional 
backcalculation approach and the ANN model. Road Materials and Pavement 
Design, 22(9), 1930–1945. https://doi.org/10.1080/14680629.2020.1733638 

Wang, X., Miao, C., & Wang, X. (2021). Prediction analysis of deflection in the 
construction of composite box-girder bridge with corrugated steel webs based 
on MEC-BP neural networks. Structures, 32, 691–700. 
https://doi.org/10.1016/j.istruc.2021.03.011 

Wang, Y., Al-Zogbi, L., Liu, G., Liu, J., Tokuda, J., Krieger, A., & Iordachita, I. (2024). 
Bevel-Tip Needle Deflection Modeling, Simulation, and Validation in Multi-
Layer Tissues. 2024 IEEE International Conference on Robotics and Automation 
(ICRA), 11598–11604. https://doi.org/10.1109/ICRA57147.2024.10610110 

Wiener, J., Kaineder, H., Kolednik, O., & Arbeiter, F. (2021). Optimization of 
Mechanical Properties and Damage Tolerance in Polymer-Mineral Multilayer 
Composites. Materials, 14(4), Article 4. https://doi.org/10.3390/ma14040725 

Yan, Z., Zhang, Y., Shen, Y., Zhu, H., & Lu, Y. (2020). A multilayer thermo-elastic 
damage model for the bending deflection of the tunnel lining segment exposed 
to high temperatures. Tunnelling and Underground Space Technology, 95, 103142. 
https://doi.org/10.1016/j.tust.2019.103142 

You, L., Yan, K., & Liu, N. (2020). Assessing artificial neural network performance 
for predicting interlayer conditions and layer modulus of multi-layered flexible 
pavement. Frontiers of Structural and Civil Engineering, 14(2), 487–500. 
https://doi.org/10.1007/s11709-020-0609-4 

Zhang, J., Sun, H., Du, J., Liu, X., Xu, Z., & Huang, W. (2022). Large deflection of 
multilayer sandwich beams with foam-filled trapezoidal corrugated and foam 
cores. Thin-Walled Structures, 179, 109755. 
https://doi.org/10.1016/j.tws.2022.109755 

Zhou, X., & Jing, L. (2020). Deflection analysis of clamped square sandwich panels 
with layered-gradient foam cores under blast loading. Thin-Walled Structures, 
157, 107141. https://doi.org/10.1016/j.tws.2020.107141 
 


