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 This study applied the Constructal Design Method (CDM) associated with the Finite Element 
Method (FEM) through computational models to perform a geometric analysis on rectangular 
stiffened plates of steel subjected to a uniform transverse loading, in order to minimize its maximum 
and central out-of-plane deflections. Considering a non-stiffened plate as reference and maintaining 
the total volume of steel constant, a portion of material volume deducted from its thickness was 
transformed into stiffeners through the 𝜙 parameter, which represents the ratio between the material 
volume of the stiffeners and the reference plate. Adopting 𝜙 = 0.30, 27 geometric arrangements of 
stiffened plates were established, being 9 arrangements for each 3 different stiffeners' thicknesses 
adopted: ts = 6.35 mm, ts = 12.70 mm and ts = 25.40 mm. For each ts value, the number of 
longitudinal (Nls) and transverse (Nts) stiffeners were varied from 2 to 4. Thus, in each plate 
arrangement configured, the influence of the ratio between the height of the transverse and 
longitudinal stiffeners (hts/hls) was analyzed, taking into account the values 0.50; 0.75; 1.00; 1.25; 
1.50; 1.75 and 2.00, regarding to the maximum and central deflections. The results have shown that 
transforming a portion of steel from a non-stiffened reference plate into stiffeners can reduce the 
maximum and central deflections by more than 90%. Moreover, it was observed that to reduce the 
deflections it is more effective consider hts > hls, once the ratio hts/hls = 2.00 was the one that led to 
the better mechanical behavior among the analyzed cases. 
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1. Introduction 
 
      Plates are structural components whose the main characteristic is the thickness much less than the 
width and the length (Szilard, 2004). Due to this particularity the plates are susceptible to suffer out-of-
plane displacements, being convenient to insert stiffeners with the purpose of increase its rigidity. 
Stiffened plates present a favorable relation between weight and load support, finding application in 
different engineering structures, such as ship hull (see Fig. 1), bridge deck and aircraft fuselage (Bedair, 
2009; Ventsel & Krauthammer, 2001). Over the past decades, several researchers studied the 
mechanical behavior of stiffened plates using different approaches. O'Leary and Harari (1985) 
presented a model for stiffened plates analysis using Finite Element Method (FEM), where the 
restrictions between the plate and stiffeners were determined by Lagrangian multipliers. Kukreti and 
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Cheragni (1993), applying the principle of minimum potential energy presented a proposal for analysis 
of stiffened plates, so that the deflection in the plate was obtained by the product of polynomial and 
trigonometric series. Considering the system plate-stiffener rigidly connected, Bedair (1997) analyzed 
stiffened plates under bending applying Quadratic Sequential Programming, emphasizing the 
importance of investigate different geometric arrangements. 

 

Fig. 1. Cross section of a ship 

      By employing genetic algorithms, Kallassy and Marcelin (1997) performed a topological 
optimization on stiffened plates. Guo et al. (2002) showed a semi-discrete finite element formulation to 
analyze stiffened plates and bridge decks composed by beam-slab system subject to transverse loading, 
considering the interaction between plate-stiffener in terms of bending deflections. As well, Khosravi et 
al. (2017) studied the mechanical behavior of composite steel plate shear walls subjected to transverse 
loading using the FEM through ABAQUS® software. Recently, studies dealing with the mechanical 
behavior of thin steel plates using Constructal Design Method (CDM) associated with FEM have 
shown interesting results. Isoldi et al. (2013a,b), Helbig et al. (2016a,b, 2018), and Da Silva et al. 
(2019) studied the buckling effect on perforated plates by the application of the CDM and FEM, as 
well, Lima et al. (2018, 2020) with respect to stiffened plates. Likewise, using the CDM and FEM, 
Cunha et al. (2018), De Queiroz et al. (2019), and Troina et al. (2020) carried out a geometric analysis 
on stiffened plates subjected to uniform transverse loading. It is worth to mention that in these studies 
about stiffened plates, the transverse and longitudinal stiffeners have always been considered with the 
same height. Therefore, the present study aimed to apply the CDM and the FEM in association to 
analyze several geometric arrangements of rectangular thin steel plates under uniform transverse 
loading, considering different quantities of longitudinal Nls and transverse Nts stiffeners and different 
ratios between the heights of the transverse hts and longitudinal hls stiffeners, seeking to minimize the 
maximum and central out-of-plane deflections. To do so, the analyzed stiffened plates were generated 
from a reference plate with no stiffeners and by means the 𝜙 volume fraction parameter (defined as the 
ratio between steel volume of the stiffeners and the total steel volume of the reference plate).  

2. Computational Modeling 
      It is well known that the numerical methods are widely employed in the analysis of structures. With 
regard to stiffened plates, due to its geometric complexity the numerical simulation becomes a powerful 
approach, because allows obtaining an accurate solution since the analytical solutions for this kind of 
problem are practically nonexistent or have a complex mathematical solution (Szilard, 2004).  The 
FEM consists in the discretization of a continuous domain in a set of elements with finite size, which 
are connected to each other by nodal points, converting the differential equation that governs the 
problem into algebraic equations solvable through a linear system (Burnett, 1987). According to 
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Zienkiewicz (1971), the FEM application in an elastic linear analysis consists of creating the model's 
geometry, generating the appropriate mesh, applying the loads and boundary conditions, and finally 
solving the problem. The numerical models adopted in this study were solved by the FEM through the 
ANSYS® Mechanical APDL software. The two-dimensional 8-node SHELL281 finite element in its 
quadrilateral version was employed, since it is suitable for modeling thin and moderately thick plates. 
The SHELL281 has 6 degrees of freedom per node: 3 rotations and 3 translations in relation to the x, y 
and z axes (ANSYS, 2019). 

 
2.1. Computational Model Verification         
      The computational model verification was performed based on the case presented in Fig. 2, 
previously analyzed by Troina et al. (2018) through the FEM, using the three-dimensional element 
SOLID95 in the tetrahedral and hexahedral versions. 

 

Fig. 2. Rectangular plate with two orthogonal stiffeners (unit: mm) 
 

     The stiffened plate of Fig. 2 is simply supported in its four edges being subjected to a uniform 
transverse loading of 68.95 kPa. It is made of steel with a Poisson's ratio of 0.30 and Young’s modulus 
of 206.8427 GPa. So, this problem was solved employing the computational model developed with 8-
node SHELL281 finite element, totaling 15,200 finite elements determined according to the 
convergence of results presented in Fig. 3. Still considering Fig. 3, it is possible to observe the results 
obtained by Troina et al. (2018).  

 
Fig. 3. Computational model verification. 

       From Fig. 3, it can be observed that the difference in central deflection Uz among the models with 
SHELL281 quadrilateral element and SOLID95 tetrahedral and hexahedral elements is about 1%. This 
difference can be explained due to the element SOLID95 considers all stress and strain components of 
the three-dimensional solid, while the two-dimensional element SHELL281 presents simplifications 
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due to the stress and strain plane states. Therefore, the model developed in the present study can be 
considered as verified. 
 
2.2. Computational Model Validation 
 
       For the numerical model validation, it was adopted the plate presented in the experimental study by 
Carrijo et al. (1999), as shown in Fig. 4. The square plate has eight stiffeners and as boundary 
conditions, just its four corners were considered simply supported. The plate was subjected to a 
uniform transverse load of 0.96 kPa and has an elastic modulus of 2.5 GPa and a Poisson's ratio of 
0.36. The plate was solved using the SHELL281 element in its quadrangular version with a mesh of 
2,436 finite elements, defined after the mesh convergence test presented in Fig. 5, which also shows the 
experimental result obtained in the study by Carrijo et al. (1999). 

 
Fig. 4. Square plate with eight stiffeners (unit: mm). 

        By observing the Fig. 5, it is possible to notice that the numerical result for deflection in the center 
of the plate Uz = 6.505 mm, showed a difference of 4.58% in comparison with the value of Uz = 6.220 
mm obtained in the experimental study, validating the computational model. 

 

Fig. 5. Computational model validation. 

3. Constructal Design Method (CDM) 

     According to Bejan & Zane (2012), the Constructal Law is a physical principle that governs the 
geometric shapes of the flow systems existing in nature. This law states that: “For a finite-size flow 
system to persist in time (to live), its configuration must evolve in order to facilitate access to the 
currents that flow through it”. The CDM is the application of the Constructal Law in physical 
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problems, based on a principle of restrictions and objectives. The global performance of a system 
brings intrinsic restrictions, which may include the space destined for the development of the system, 
the available material and allowed rates of temperature, stress, strain, and pressure. Once the 
restrictions are determined, the degrees of freedom related to the geometric parameters are modified 
aiming to analyze their influence on a predefined performance indicator (Reis, 2006; Dos Santos et al., 
2017). 
 
     It is important to mention that the CDM is widely employed in heat transfer and fluid mechanics 
engineering problems, being possible to find a lot of publications about this subject. However, the 
CDM application in structural engineering can be found only in some few publications, among which 
one can highlight the papers published by Bejan and Lorente (2008), Lorente et al. (2010), and Isoldi et 
al. (2013b). Based on the existing similarities among heat transfer, fluid mechanics and mechanics of 
materials, conceptually proved that CDM can also be used for structural engineering evaluations. On 
the other hand the application of CDM for buckling analysis of  perforated steel plates (Rocha et al., 
2013; Helbig et al., 2016a,b, 2018; Lorenzini et al., 2016; Da Silva et al., 2019), buckling analysis of 
stiffened steel plates (Lima et al., 2018,2020), and bending analysis of stiffened steel plates (Cunha et 
al., 2018; De Queiroz et al., 2019; Amaral et al., 2019; Pinto et al., 2019; Troina et al., 2020) can be 
seen in the literature.  To apply the CDM in the present study, a non-stiffened steel plate with length a 
= 2000 mm, width b = 1000 mm and thickness t = 20 mm was taken as reference. From that, keeping 
constant a = 2000 mm, b = 1000 mm, and the total volume of material, a steel portion of reference plate 
was fully deducted from its thickness and transformed into stiffeners through 𝜙 parameter, which 
represents the ratio between the steel volume of stiffeners Vs and the steel volume of the reference plate 
Vr. The mathematical description of the 𝜙 parameter demanded different equations, owing to the 
consideration of different ratios between the heights of the transverse and longitudinal stiffeners hts/hls, 
Hence, for the case of hls = hts it is defined: 

 𝜙=
Vs

Vr
=

Nlsሺahlstsሻ+Ntsሺbhtstsሻ − NlsNts ts2
abt

 (1) 
 

when hls > hts is given by: 
 𝜙 = Vs

Vr
=

Nlsሺahlstsሻ + Ntsሺbhtstsሻ − NlsNts ts2hts

abt
 (2) 

 
and finally for hls < hts: 
 𝜙 = Vs

Vr
=

Nlsሺahlstsሻ + Ntsሺbhtstsሻ − NlsNts ts2hls

abt
 (3) 

 

where Vs is the material volume of the stiffeners and Vr is the material volume of the reference plate; hls 
and hts are the height of the stiffeners in the longitudinal and transverse directions, respectively. The 
length, width and thickness of the reference plate are a, b and t, respectively. Likewise, tp represents the 
thickness of the stiffened plate. To identify the analyzed plate arrangements, the format P(Nls,Nts) was 
adopted, being Nls the number of longitudinal stiffeners and Nts the number of transverse stiffeners. All 
aforementioned parameters are presented in Fig. 6, on a stiffened plate P(2,3). 
 
       Taking into consideration the results of Troina et al. (2020), it was adopted in this study the value 
of 𝜙 = 0.30, what means, 30% of the material from the reference plate transformed into stiffeners. A 
total of 27 stiffened plate arrangements were studied, varying the number of stiffeners from 2 to 4 in 
the longitudinal and transverse directions for 3 values of stiffeners thickness ts (6.35 mm, 12.70 mm 
and 25.40 mm). In each of the arrangements, it was varied the ratio hts/hls considering the values 0.50; 
0.75; 1.00; 1.25; 1.50; 1.75 and 2.00. So, for each new arrangement formed, the geometry influence 
caused on the maximum deflection Uzmáx and central deflection Uz was registered, being these one the 
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performance indicators which must be minimized. The Fig. 7 shows a flowchart including all the plate 
arrangements analyzed in this study. 
 
 

 
Fig. 6. Geometry and configuration of plate P(2,3). 

       

 
Fig. 7. Analyzed stiffened plate arrangements. 
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4. Results and Discussion 

       All the studied geometric configurations of plates (see Fig. 7), were subjected to a uniform 
transverse loading of 10 kPa with boundary conditions of simply supported edges. The material 
adopted was the A-36 steel with Poisson's ratio 0.30 and Young’s modulus 200 GPa. A previous mesh 
convergence test was carried out in order to define the appropriate size of the finite elements used in 
the numerical simulations. To do so, the plate P(4,4) with stiffener thickness ts = 6.35 mm and ratio 
hts/hls = 2.00 was adopted, since it presents the greatest number of stiffeners and the greatest difference 
between heights of longitudinal and transverse stiffeners among all the analyzed arrangements. The 
result of the mesh convergence test can be observed in Table 1. 
 
Table 1. Mesh convergence test. 

Mesh Finite element size  
(mm) 

UzMax 
(mm) 

Uz  
(mm) 

1 300 0.01730 0.01810 
2 200 0.01810 0.01810 
3 100 0.01880 0.01880 
4 50 0.01881 0.01881 
5 25 0.01882 0.01882 
6 12.5 0.01882 0.01882 
7 6.25 0.01882 0.01882 

     According to the results presented in Table 1, it can be noted that from mesh number 5 composed by 
finite elements with 25 mm, there was a convergence of results for the maximum deflection UzMax and 
central deflection Uz, so that it was the finite element size defined for spatial discretization of all 
studied stiffened plate arrangements. The results are exposed in Figs. 8, 9 and 10, showing for each 
plates arrangement, the values of UzMax and Uz according to the variation of the degree of freedom 
hts/hls, taking account the 3 different stiffeners thicknesses considered (ts = 6.35 mm, ts = 12.70 mm, 
and ts = 25.40 mm). Highlighting that, the Appendix "A" presents all these results in detail. Firstly, 
observing the Figs. 8, 9 and 10, as expected, it is possible to notice that transforming into stifenners a 
portion of material from the non-stiffened reference plate improves the mechanical behavior with 
regard to the maximum deflection UzMax and central Uz, since all the results founded are less than the 
value of UzMax = Uz = 0.697 mm obtained for the non-stiffened reference plate. Also it is possible to 
observe that for the 3 stiffeners thicknesses adopted, ts = 6.35 mm, ts = 12.70 mm, and ts = 25.40 mm, 
the plates P(2,3) with ratio hts/hls = 2.00, were those which presented the lowest values of maximum 
and central deflections among all the arrangements considered in this study. Being the plate with ts = 
6.35 mm the one that showed the lowest maximum and central deflections among them. 

       Considering the plate P(2,3) with ratio hts/hls = 2.00 and ts = 6.35 mm (see Fig. 8), it were obtained 
UzMax = 0.0145 mm and Uz = 0.0083 mm, which means a reduction of 97.9% for maximum deflection 
and 98.8% for central deflection when compared with the reference plate. For plate P(2,3) with ratio 
hts/hls = 2.00 and ts = 12.70 mm, were found the values of UzMax = 0.0256 mm and Uz = 0.0189 mm, 
reaching in comparison to the reference plate a decrease of 96.3% for maximum deflection and 97.2% 
for central deflection. Regarding the plate P(2,3) with ratio hts/hls = 2.00 and ts = 25.4 mm, the 
deflection values found were UzMax = 0.0638 mm and Uz = 0.0559 mm, which represents a reduction of 
90.8% for maximum deflection and 91.9% for central deflection compared to the reference plate. In its 
turn, establishing a comparison among the 3 better geometries, taking into account the plate P(2,3) with 
ratio hts/hls = 2.00 and ts = 6.35 mm and comparing with the plate P(2,3) with ratio hts/hls = 2.00 and ts = 
12.70 mm, the plate with ts = 6.35 mm showed values of maximum and central deflection 43.35% and 
56.1% lower, respectively. Now, comparing the plate P(2,3) with ratio hts/hls = 2.00 and ts = 6.35 mm 
with the plate P(2,3) with ratio hts/hls = 2.00 and ts = 25.40 mm, the plate with ts = 6.35 mm presented a 
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reduction of 72.2% for maximum deflection and 85.1% for central deflection. The minimization of 
deflections presented by the three stiffened plates with better performance can be seen in Fig. 11. 

 

 

Fig. 8. Results for plates with Nls = 2 and Nts = 2, 3, 4. 

 

 

Fig. 9. Results for plates with Nls = 3 and Nts = 2, 3, 4. 
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Fig. 10. Results for plates with Nls = 4 and Nts = 2, 3, 4. 

       
 

 
Fig. 11. Deflection distributions for P(2,3) with ratio hts/hls = 2.00:  

(a) ts = 6.35 mm; (b) ts =12.70 mm; (c) ts = 25.40 mm 

       Based on the presented results, it is possible to observe the influence of the increase of the hts/hls 
ratio value on the mechanical behavior of the plates concerning of maximum and central deflections 
minimization, indicating that an increase in the height of the transverse stiffeners increases the stiffness 
of the stiffened plates, since the better results were for the ratio hts/hls = 2.00. According to Araújo 
(2014), this can be explained because the stiffened plate is rectangular, resulting in a greater inclination 
in the curvature of the bending moment diagram in the direction of the smaller span, i.e. in the 
transverse direction, which leads to greater bending moments, justifying the need to allocate a larger 
amount of steel in the transverse direction. It was also possible to infer that the maximum and central 
deflections were lower for the smaller adopted stiffener thickness (ts = 6.35 mm). This occurred due to 
the fact that the material volume of the stiffeners is considered constant (30% of the material volume 
from reference plate), as well as the length and width of the plates as restrictions imposed according to 
the CDM. Thus, adopting a small stiffeners thickness, they become higher, increasing consequently the 
moment of inertia of the cross section, leading to greater rigidity of the plate. Still, considering the 
restrictions of the problem, it was observed that an increase in the number of stiffeners did not 
necessarily reduce the maximum and central deflections, since a greater quantity of stiffeners imply 
lower heights and consequently less moment of inertia. It is interesting to observe that in some cases 
the maximum and central deflection have not the same value. This is owing to the equidistant 
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distribution of the stiffeners, such that when at least 1 stiffener crosses the center of the plate, it makes 
the region more rigid, shifting the deflection field to the less rigid regions (between the stiffeners), 
making different the maximum and central deflection. Otherwise, when none stiffener crosses the 
center of the plate, the region concentrates the highest deflections, so in these cases, the maximum and 
central deflection have the same value. Finally, as earlier mentioned, in the previous publications (for 
instance Cunha et al., 2018; De Queiroz et al., 2019; and Troina et al., 2020) only studies involving 
stiffened plates with hts/hls = 1.00 were carried out. Therefore, it is important here to identify the 
improvement obtained with the consideration of the hts/hls variation. If the best geometry among all 
analyzed cases (P(2,3) with ratio hts/hls = 2.00 and ts = 6.35 mm) is compared with its corresponding 
geometry with hts/hls = 1.00 (i.e. P(2,3) with ratio hts/hls = 1.00 and ts = 6.35 mm), one can affirm that it 
was achieved reductions of 27.50% and 43.92%, respectively, in maximum and central deflections of 
the stiffened plates; being this mechanical behavior improvement due solely to the steel redistribution 
among transverse and longitudinal stiffeners. 

 
5. Conclusion 
 
      Through the application of the CDM in association with numerical models developed by means the 
FEM, it was possible to analyze different stiffened plates arrangements, showing the influence caused 
in the maximum and central deflections by varying the quantity and height of the longitudinal stiffeners 
hls and transverse hts. 
 
       First of all, as already inferred in previous works, it can be concluded that transform a material 
portion fully deduced from the thickness of an unstiffened plate into stiffeners, keeping the total 
volume of material constant, can improve the mechanical behavior reducting the maximum and central 
deflections by more than 90%. The results also showed that transverse stiffeners higher than 
longitudinal stiffeners are more effective in minimizing the maximum and central deflections, since the 
better results were for the ratio hts/hls = 2.00, i.e., when the transverse stiffeners were twice as high as 
the longitudinal. Besides, it was possible to conclude that for a constant volume of material, the 
increase in the number of stiffeners not generate lower maximum and central deflections. In addition, it 
is evident that associating the CDM with computational modeling through FEM can lead to great 
results with respect to mechanical behavior of stiffened plates, reaching a considerable improvement in 
the plate stiffness just modifying the geometric parameters. As suggestion for future researches, it is 
possible to investigate other thicknesses and quantities of stiffeners, even as other values for the 
volumetric fraction of stiffeners 𝜙, concerning the minimization of deflections and/or stress. 
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Appendix A 
 
A.1. Results for plates with Nls = 2 and Nts = 2, 3, and 4. 
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 6.35 (mm) 

2 2 189.458 378.915 0.50 0.0319 0.0319 
2 2 258.591 344.788 0.75 0.0223 0.0223 
2 2 316.300 316.300 1.00 0.0209 0.0203 
2 2 364.842 291.873 1.25 0.0196 0.0180 
2 2 406.424 270.949 1.50 0.0189 0.0166 
2 2 442.443 252.825 1.75 0.0184 0.0157 
2 2 473.946 236.973 2.00 0.0181 0.0151 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 6.35 (mm) 

2 3 172.394 344.788 0.50 0.0319 0.0280 
2 3 227.813 303.751 0.75 0.0227 0.0183 
2 3 271.444 271.444 1.00 0.0200 0.0148 
2 3 306.306 245.045 1.25 0.0176 0.0121 
2 3 334.989 223.326 1.50 0.0161 0.0104 
2 3 359.002 205.144 1.75 0.0152 0.0092 
2 3 379.398 189.699 2.00 0.0145 0.0083 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 6.35 (mm) 

2 4 158.150 316.30 0.50 0.0330 0.0330 
2 4 203.583 271.444 0.75 0.0244 0.0244 
2 4 237.730 237.730 1.00 0.0209 0.0209 
2 4 263.957 211.166 1.25 0.0182 0.0182 
2 4 284.912 189.941 1.50 0.0164 0.0164 
2 4 302.039 172.594 1.75 0.0151 0.0151 
2 4 316.300 158.150 2.00 0.0142 0.0142 

                
  Nls Nts hts hls hts/hls UzMax (mm) Uz 

(mm) (mm) (mm) 

ts = 12.70 (mm) 

2 2 94.971 189.941 0.50 0.0843 0.0843 
2 2 129.746 172.995 0.75 0.0541 0.0541 
2 2 158.825 158.825 1.00 0.0432 0.0432 
2 2 183.139 146.511 1.25 0.0350 0.0350 
2 2 203.955 135.970 1.50 0.0299 0.0299 
2 2 221.976 126.843 1.75 0.0267 0.0267 
2 2 237.730 118.865 2.00 0.0244 0.0244 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 12.70 (mm) 

2 3 86.498 172.995 0.50 0.0833 0.0814 
2 3 114.432 152.576 0.75 0.0560 0.0529 
2 3 136.469 136.469 1.00 0.0444 0.0401 
2 3 153.914 123.131 1.25 0.0362 0.0311 
2 3 168.252 112.168 1.50 0.0312 0.0255 
2 3 180.246 102.998 1.75 0.0279 0.0216 
2 3 190.427 95.214 2.00 0.0256 0.0189 
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  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 12.70 (mm) 

2 4 79.413 158.825 0.50 0.0922 0.0922 
2 4 102.352 136.469 0.75 0.0631 0.0631 
2 4 119.630 119.630 1.00 0.0502 0.0502 
2 4 132.732 106.186 1.25 0.0410 0.0410 
2 4 143.187 95.458 1.50 0.0351 0.0351 
2 4 151.723 86.699 1.75 0.0311 0.0311 
2 4 158.825 79.413 2.00 0.0283 0.0283 

        
        
  Nls Nts hts hls hts/hls UzMax (mm) Uz 

(mm) (mm) (mm) 

ts = 25.40 (mm) 

2 2 47.729 95.458 0.50 0.2374 0.2374 
2 2 65.329 87.105 0.75 0.1620 0.1620 
2 2 80.096 80.096 1.00 0.1168 0.1168 
2 2 92.297 73.837 1.25 0.0912 0.0912 
2 2 102.728 68.486 1.50 0.0752 0.0752 
2 2 111.750 63.857 1.75 0.0647 0.0647 
2 2 119.630 59.815 2.00 0.0574 0.0574 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 25.40 (mm) 

2 3 43.553 87.105 0.50 0.2426 0.2424 
2 3 57.749 76.999 0.75 0.1660 0.1648 
2 3 68.994 68.994 1.00 0.1216 0.1189 
2 3 77.729 62.183 1.25 0.0968 0.0926 
2 3 84.894 56.596 1.50 0.0812 0.0757 
2 3 90.878 51.930 1.75 0.0704 0.0641 
2 3 95.950 47.975 2.00 0.0638 0.0559 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 25.40 (mm) 

2 4 40.048 80.096 0.50 0.2595 0.2595 
2 4 51.745 68.994 0.75 0.1745 0.1745 
2 4 60.594 60.594 1.00 0.1381 0.1381 
2 4 67.133 53.706 1.25 0.1124 0.1124 
2 4 72.336 48.224 1.50 0.0956 0.0956 
2 4 76.576 43.757 1.75 0.0840 0.0840 
2 4 80.096 40.048 2.00 0.0757 0.0757 

        
A.2. Results for plates with Nls = 3 and Nts = 2, 3, and 4. 
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 6.35 (mm) 

3 2 135.351 270.703 0.50 0.0501 0.0498 
3 2 189.699 252.932 0.75 0.0334 0.0328 
3 2 237.351 237.351 1.00 0.0272 0.0264 
3 2 279.158 223.326 1.25 0.0219 0.0209 
3 2 316.300 210.866 1.50 0.0187 0.0176 
3 2 349.516 199.723 1.75 0.0166 0.0154 
3 2 379.398 189.699 2.00 0.0152 0.0139 
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  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 6.35 (mm) 

3 3 126.466 252.932 0.50 0.0510 0.0510 
3 3 172.694 230.259 0.75 0.0329 0.0328 
3 3 211.316 211.316 1.00 0.0259 0.0252 
3 3 243.706 194.965 1.25 0.0208 0.0195 
3 3 271.444 180.962 1.50 0.0176 0.0160 
3 3 295.464 168.837 1.75 0.0156 0.0136 
3 3 316.468 158.234 2.00 0.0142 0.0119 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 6.35 (mm) 

3 4 118.675 237.351 0.50 0.0560 0.0558 
3 4 158.487 211.316 0.75 0.0354 0.0350 
3 4 190.427 190.427 1.00 0.0277 0.0271 
3 4 216.244 172.995 1.25 0.0221 0.0214 
3 4 237.730 158.487 1.50 0.0187 0.0179 
3 4 255.891 146.224 1.75 0.0164 0.0155 
3 4 271.444 135.722 2.00 0.0148 0.0138 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 12.70 (mm) 

3 2 67.861 135.722 0.50 0.1612 0.1612 
3 2 95.214 126.952 0.75 0.0974 0.0974 
3 2 119.246 119.246 1.00 0.0727 0.0726 
3 2 140.210 112.168 1.25 0.0542 0.0540 
3 2 158.825 105.883 1.50 0.0430 0.0426 
3 2 175.465 100.265 1.75 0.0358 0.0353 
3 2 190.427 95.214 2.00 0.0310 0.0303 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 12.70 (mm) 

3 3 63.476 126.952 0.50 0.1629 0.1629 
3 3 86.800 115.734 0.75 0.0989 0.0989 
3 3 106.337 106.337 1.00 0.0723 0.0722 
3 3 122.576 98.061 1.25 0.0540 0.0536 
3 3 136.469 90.979 1.50 0.0430 0.0421 
3 3 148.490 84.852 1.75 0.0361 0.0345 
3 3 158.995 79.497 2.00 0.0315 0.0292 

        
        
  Nls Nts hts hls hts/hls UzMax (mm) Uz 

(mm) (mm) (mm) 

ts = 12.70 (mm) 

3 4 59.623 119.246 0.50 0.1624 0.1624 
3 4 79.753 106.337 0.75 0.1043 0.1043 
3 4 95.950 95.950 1.00 0.0777 0.0777 
3 4 108.881 87.105 1.25 0.0595 0.0594 
3 4 119.630 79.753 1.50 0.0481 0.0480 
3 4 128.704 73.545 1.75 0.0406 0.0404 
3 4 136.469 68.234 2.00 0.0354 0.0351 
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  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 25.40 (mm) 

3 2 34.117 68.234 0.50 0.4082 0.4082 
3 2 47.975 63.967 0.75 0.2722 0.2722 
3 2 60.202 60.202 1.00 0.2067 0.2067 
3 2 70.745 56.596 1.25 0.1549 0.1549 
3 2 80.096 53.398 1.50 0.1220 0.1220 
3 2 88.447 50.541 1.75 0.1002 0.1002 
3 2 95.950 47.975 2.00 0.0851 0.0850 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 25.40 (mm) 

3 3 31.983 63.967 0.50 0.4050 0.4050 
3 3 43.861 58.481 0.75 0.2706 0.2706 
3 3 53.862 53.862 1.00 0.2041 0.2041 
3 3 62.024 49.619 1.25 0.1551 0.1549 
3 3 68.994 45.996 1.50 0.1240 0.1231 
3 3 75.015 42.866 1.75 0.1035 0.1016 
3 3 80.269 40.135 2.00 0.0893 0.0863 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 25.40 (mm) 

3 4 30.101 60.202 0.50 0.4093 0.4093 
3 4 40.396 53.862 0.75 0.2789 0.2789 
3 4 48.729 48.729 1.00 0.2149 0.2149 
3 4 55.216 44.173 1.25 0.1686 0.1686 
3 4 60.594 40.396 1.50 0.1384 0.1384 
3 4 65.125 37.214 1.75 0.1177 0.1177 
3 4 68.994 34.497 2.00 0.1029 0.1029 

  
A.3. Results for plates with Nls = 4 and Nts = 2, 3, and 4. 
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 6.35 (mm) 

4 2 105.284 210.568 0.50 0.0850 0.0850 
4 2 149.793 199.723 0.75 0.0604 0.0604 
4 2 189.941 189.941 1.00 0.0425 0.0425 
4 2 226.066 180.852 1.25 0.0324 0.0324 
4 2 258.891 172.594 1.50 0.0262 0.0262 
4 2 288.849 165.056 1.75 0.0222 0.0222 
4 2 316.300 158.150 2.00 0.0195 0.0195 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 6.35 (mm) 

4 3 99.862 199.723 0.50 0.0885 0.0885 
4 3 139.051 185.401 0.75 0.0576 0.0572 
4 3 172.995 172.995 1.00 0.0399 0.0391 
4 3 202.351 161.881 1.25 0.0302 0.0290 
4 3 228.163 152.108 1.50 0.0243 0.0228 
4 3 251.035 143.449 1.75 0.0206 0.0188 
4 3 271.444 135.722 2.00 0.0180 0.0160 
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  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 6.35 (mm) 

4 4 94.971 189.941 0.50 0.0906 0.0906 
4 4 129.746 172.995 0.75 0.0550 0.0550 
4 4 158.825 158.825 1.00 0.0413 0.0413 
4 4 183.139 146.511 1.25 0.0315 0.0315 
4 4 203.955 135.97 1.50 0.0255 0.0255 
4 4 221.976 126.843 1.75 0.0216 0.0216 
4 4 237.730 118.865 2.00 0.0188 0.0188 

                
  Nls Nts hts hls hts/hls UzMax (mm) Uz 

(mm) (mm) (mm) 

ts = 12.70 (mm) 

4 2 52.791 105.583 0.50 0.2542 0.2542 
4 2 75.199 100.265 0.75 0.1625 0.1625 
4 2 95.458 95.458 1.00 0.1202 0.1202 
4 2 113.585 90.868 1.25 0.0873 0.0873 
4 2 130.049 86.699 1.50 0.0671 0.0671 
4 2 145.068 82.896 1.75 0.0541 0.0541 
4 2 158.825 79.413 2.00 0.0453 0.0453 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 12.70 (mm) 

4 3 50.133 100.265 0.50 0.2508 0.2508 
4 3 69.917 93.223 0.75 0.1696 0.1696 
4 3 87.105 87.105 1.00 0.1145 0.1143 
4 3 101.840 81.472 1.25 0.0835 0.0827 
4 3 114.785 76.524 1.50 0.0646 0.0633 
4 3 126.248 72.142 1.75 0.0525 0.0506 
4 3 136.469 68.234 2.00 0.0444 0.0418 

                

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 12.70 (mm) 

4 4 47.729 95.458 0.50 0.2619 0.2619 
4 4 65.329 87.105 0.75 0.1717 0.1717 
4 4 80.096 80.096 1.00 0.1184 0.1184 
4 4 92.297 73.837 1.25 0.0883 0.0883 
4 4 102.728 68.486 1.50 0.0695 0.0695 
4 4 111.750 63.857 1.75 0.0572 0.0572 
4 4 119.630 59.815 2.00 0.0487 0.0487 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 25.40 (mm) 

4 2 26.546 53.093 0.50 0.5889 0.5889 
4 2 37.906 50.541 0.75 0.4110 0.4110 
4 2 48.224 48.224 1.00 0.3204 0.3204 
4 2 57.353 45.882 1.25 0.2405 0.2405 
4 2 65.636 43.757 1.50 0.1877 0.1877 
4 2 73.186 41.821 1.75 0.1520 0.1520 
4 2 80.096 40.048 2.00 0.1270 0.1270 
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  Nls Nts hts hls hts/hls UzMax (mm) Uz 

(mm) (mm) (mm) 

ts = 25.40 (mm) 

4 3 25.271 50.541 0.50 0.5729 0.5729 
4 3 35.357 47.143 0.75 0.3948 0.3948 
4 3 44.173 44.173 1.00 0.3036 0.3036 
4 3 51.598 41.279 1.25 0.2296 0.2294 
4 3 58.110 38.740 1.50 0.1813 0.1803 
4 3 63.867 36.495 1.75 0.1488 0.1467 
4 3 68.994 34.497 2.00 0.1261 0.1228 

        
        

  Nls Nts hts hls hts/hls UzMax (mm) Uz 
(mm) (mm) (mm) 

ts = 25.40 (mm) 

4 4 24.112 48.224 0.50 0.5892 0.5892 
4 4 33.130 44.173 0.75 0.3940 0.3940 
4 4 40.750 40.750 1.00 0.3065 0.3065 
4 4 46.893 37.514 1.25 0.2382 0.2382 
4 4 52.132 34.755 1.50 0.1929 0.1929 
4 4 56.653 32.373 1.75 0.1616 0.1616 
4 4 60.594 30.297 2.00 0.1391 0.1391 
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