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Fig. 8. Variation in unity values obtained for Des1 (1a–1e), Des2 (2a–2e) and Des3 (3a–3e) (Table 4)
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Fig. 9. Variation in maximum stress values obtained by use of stress combinations for Des1 (1f–1i), Des2 (2f–2i) and Des3 
(3f–3i) (Table 4)

For example, a designation denoted by Des4 in Table 4 
is obtained by constraining only the joint displacements 
to an upper value 2.00 in.; although its maximum stress 
value 50.36 ksi exceed its upper value 50 ksi, it achieves 
to satisfy the design constraints described according to 
the provisions of API RP2A-LRFD specification (1993). 
Furthermore, a designation denoted by Des5, maximum 
stress value of which is almost equal 50 ksi, is also 
included to illustrate the usage of an available specifica-
tion to be more realistic approach (Table 4). It is noted 
that the load-carrying capacity 210.437 obtained by Des4 
is lower than 1239.290 obtained by Des5 (see Table 4). 
Therefore, constraining the member stresses to the their 
upper values causes to a decrease in the number of 

feasible designations since the designations satisfied the 
provisions of API RP2A-LRFD specification (1993) are 
automatically excluded from the feasible designation set.

Although it is highlighted that the usage of a design 
specification leads an increase in feasible design, the 
other preliminary reason is related with choosing the 
design variables from a ready steel profile set with vari-
ous cross-sectional properties. The design variables of 
continuous type are generally utilized to represent the 
cross-sectional areas of lattice girder member and com-
pute the structural response by use a linear structural 
analysis method ignoring the other important cross-
sectional properties (torsional constant, elastic and plastic 
section modules, etc.). Thus, the entire weight of lattice 
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Fig. 10. Variation in unity values obtained for Des4 (1a–1e), Des5 (2a–2e) (Table 4)
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Fig. 11. Variation in maximum stress values obtained by use of stress combinations for Des4 (1f–1i), Des5 (2f–2i) (Table 4)
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Table 5. Design input data of a lattice girder with three different span and loading conditions

Cases
Lattice Girder 1 Lattice Girder 2 Lattice Girder 3

Design Input Data
Member Material, Geometry and Loading Conditions Including Limit of Joint Displacement 

Total Load Value 70 kipf (311.375 kN) 140 kipf (622.751 kN) 150 kipf (667.233 kN)
Length of Span 393.70 in. (10 m) 393.70 in. (10 m) 787.40 in. (20 m)
Max. Joint Disp. 3.94 in (100 mm)
Yielding Point Val. 36 ksi (248.211 N/mm2)
Elasticity Module 29732 ksi (205 kN/ mm2)

Size-related design Variables
ParND   4   4   4
ParUDV 37 37 37
ParLDV   1   1   1

Topology-related design Variables
ParUDN 15 20 40
ParLDN   5   5 10

Shape-related design Variables
ParUH2 35.433 (0.9 m) 47.244 (1.2 m) 59.055 (1.5 m)
ParLH2 23.622 (0.6 m) 23.622 (0.6 m) 31.496 (0.8 m)
ParUH1 23.622 (0.6 m) 23.622 (0.6 m) 31.496 (0.8 m)
ParLH1 3.937 (0.1 m) 3.937 (0.1 m) 7.874 (0.2 m)

Table 6. A statistical assessment results of spread and average distances values for design example 2

Average Distance
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Max. Min. Aver. Max. Min. Aver.

LattGir1
NSGAII 0.2990 0.1185 0.2065

0.0003
0.1998 0.0146 0.1053

0.0006
ImpNSGAII 0.2883 0.1119 0.1758 0.1876 0.0047 0.1040

LattGir2
NSGAII 0.3980 0.1263 0.2850

0.0041
0.2833 0.0364 0.1764

0.0052
ImpNSGAII 0.3531 0.0688 0.2175 0.2572 0.0263 0.1523

LattGir3
NSGAII 0.1961 0.0763 0.1429

0.0025
0.0904 0.0165 0.0560

0.0032
ImpNSGAII 0.1807 0.0536 0.1290 0.0945 0.0017 0.0401

girder is correspondingly increased. However, taking into 
account of these important cross-sectional properties pro-
vides an increase in the load-carrying capacity of lattice 
girder leading to a reduction in its entire weight. This 
observation is easily justified by considering the maxi-
mum cross-sectional areas of optimal designations cor-
responding to the minimum weight, 4.03 in2 obtained by 
ImpNSGAII and 15.821  in2, 15.930 in2 and 15.896 in2  
obtained by Lee and Geem (2004), Khot and Berke 
(1984) and Li and et al. (2007). 

4.2. Design example 2: a general tubular lattice 
girder with varying size, topology and shape
Considering the previous design example, it is shown that 
ImpNSGAII is an efficient optimization tool to explore 
the optimal designations by exploiting the evolution-
ary material gathered from a re-structured evolutionary 

environment. In this design example, both ImpNSGAII 
and NSGAII are utilized to optimize a lattice girder 
with three different span lengths and total load values 
(Table 5). It is noted that the total load value imposed 
to the lattice girder is equally distributed to upper joints 
obtained by dividing the length of span (LS) by a divi-
sion number (ParDN) in order to determine joint load val-
ues. Thus, total three cases with an increasing complexity 
are devised to investigate both the computing capacity of 
ImpNSGAII and the variation in load-carrying capacity 
of lattice girder.

Assessing the values of statistical significance val-
ues (P < 0.005), the computing performance of ImpNS-
GAII and NSGAII are shown to be different with each 
other (Table 6). It is obvious that computing performance 
of ImpNSGAII is higher than NSGAII’s considering the 
lower average values of spread (0.1758, 0.2175 and 
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Table 7. Variation in optimization-related parameters of both ImpNSGAII and NSGAII corresponding to minimum spread and 
average distance values (Table 6)

ParNNIN (ImpNSGAII)
Names of Genetic Parameters 1 2 3 4 5 6 7 8 9 10
options.Genarations 19 8 11 2 6 4 5 23 24 11
options.PopulationSize 47 26 4 22 40 43 12 18 29 27
options.MutationFcn
{@mutationuniform.} 0.1286 0.1640 0.2267 0.1056 0.4271 0.6158 0.4131 0.1101 0.2324 0.2934
options.CrossoverFcn
{@crossoverheuristic.} 0.5631 0.5960 0.9042 0.9523 0.9015 0.3474 0.8937 0.7724 0.3496 0.7372
options.CrossoverFraction 0.4647 0.2603 0.1509 0.7672 0.1800 0.5081 0.9353 0.3858 0.8130 0.1871
options.MigrationInterval 2 3 4 4 4 2 2 2 3 3
options.MigrationFraction 0.1606 0.6823 0.5330 0.8600 0.5739 0.2375 0.4844 0.1307 0.7244 0.1817
options.SelectionFcn
{@selectiontournament.} 0.7863 0.7407 0.9862 0.3958 0.5444 0.1221 0.3343 0.9326 0.6413 0.3648

ParNNIN=1 (NSGAII)
Names of Genetic Parameters
options.Genarations 100
options.PopulationSize 50
options.MutationFcn
{@mutationuniform.} 0.5
options.CrossoverFcn
{@crossoverheuristic.} 0.5
options.CrossoverFraction 0.5
options.MigrationInterval 5
options.MigrationFraction 0.5
options.SelectionFcn
{@selectiontournament.} 0.5

0.1290) and average distance values (0.1040, 0.1523 and 
0.0401) for lattice girders (1–3) (Table 6).

The forms of total three true Pareto fronts are visu-
alized in Figures 12a–14a including the Pareto fronts of 
ImpNSGAII (Figs 12b–14b) and NSGAII (Figs 12c–14c).  
It is noted that the Pareto fronts of ImpNSGAII and 
NSGAII are obtained by use of the optimization-related 
parameters corresponding to the lowest spread (0.1119, 
0.0688 and 0.0536) and average distance values (0.0047, 
0.0364 and 0.0017) for the lattice girder (1–3). Due to 
the self-adaptive search mechanism of ImpNSGAII, the 

Fig. 12. (b) and NSGAII (c) corresponding to minimum 
spread and average values (Table 6) (design example 2, lattice 
girder 1)

Fig. 12. True Pareto front (a), Pareto fronts and random 
solutions obtained by ImpNSGAII 
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Fig. 13. True Pareto front (a), Pareto fronts and random 
solutions obtained by ImpNSGAII (b) and NSGAII  
(c) corresponding to minimum spread and average values 
(Table 6) (design example 2, lattice girder 2)

optimization-related parameters are adaptively adjusted 
according to parameter ParNNIN. Therefore, the variation 
in the optimization-related parameters is listed in Table 7. 

In order to investigate the load-carrying capacity of 
lattice girders (1–3), the total load values represented by 
flat surfaces are included into Figures 12–14 regarding 
to Pareto front forms. In this regard, the feasible desig-
nations, maximum member forces of which are higher  
than the total load values (70 kipf (311.375 kN),  
140 kipf (622.751 kN) and 150 kipf (667.33 kN) for 
the lattice girders (1–3)), are easily seen. Considering  
Figures 12–14, the increasing complexity arisen from 
an elevation in both span lengths and loading conditions 
causes to a decrease in load-carrying capacity of lattice 
girders. Thus, the number of feasible designations is cor-
respondingly decreased along with their load-carrying 

Fig. 14. True Pareto front (a), Pareto fronts and random 
solutions obtained by ImpNSGAII (b) and NSGAII  
(c) corresponding to minimum spread and average values 
(Table 6) (design example 2, lattice girder 3)

capacities (Figs 12a–14a). Several extreme designations 
borrowed from Figures 12a–14a are tabulated to present 
the values of size, shape and topology-related design 
variables (Table 8). In order to make a further investiga-
tion for load-carrying capacities of lattice girders (1–3), 
the size, shape and topology-related design variables 
of feasible designations are listed in Table 9. Thus, it 
is observed that some designations defined as feasible 
designation in Table 9 are identical to ones tabulated in  
Table 8. 

	Taking into account of the designations presented in 
Table 9, it is achieved to keep the load-carrying capacity 
in a higher level in spite of an increase in span length and 
total load values. For example, whereas the maximum 
member force of lattice girder optimized using the design 
conditions of lattice girder 1 is 255.086, it is 232.224 for 
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Table 8. Some of extreme values obtained by considering all random designations (Figs 9a–11a)

Lattice Girder 1 Lattice Girder 2 Lattice Girder 3
Des1 
(MW)

Des2 
(MJD)

Des3 
(MEF)

Des1 
(MW)

Des2 
(MJD)

Des3 
(MEF)

Des1 
(MW)

Des2 
(MJD)

Des3 
(MEF)

ParDN 6 10 10 12 12 10 22 36 10
ParH2 7.187 4.047 6.117 12.903 5.366 23.208 28.858 8.915 10.393
ParH1 29.002 24.413 35.095 35.707 24.097 45.197 58.838 38.049 58.005
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MW: Minimum Weight, MJD: Maximum Joint Displacement, MEF: Maximum Member Force
a1: PIPST (Steel Profile with Standard Tubular Cross-sectional)
a2: PIPEST (Extra Strong Steel Profile with Standard Tubular Cross-sectional)
a3: PIPEEST (Double-Extra Strong Steel Profile with Standard Tubular Cross-sectional)



Journal of Civil Engineering and Management, 2015, 21(4): 423–443 441

Table 9. Some of extreme values corresponding to feasible designations with higher maximum member forces than total load 
value (Figs 9a–11a)

Lattice Girder 1 Lattice Girder 2 Lattice Girder 3
Des1 
(MW)

Des2 
(MJD)

Des3 
(MEF)

Des1 
(MW)

Des2 
(MJD)

Des3 
(MEF)

Des1 
(MW)

Des2 
(MJD)

Des3 
(MEF)

ParDN 6 10 10 8 10 10 12 26 10
ParH2 22.737 4.047 6.117 15.769 10.113 23.208 25.420 24.398 10.393
ParH1 32.489 24.413 35.095 40.122 27.435 45.197 58.205 44.795 58.005
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the lattice girder 3 that has a more severe design com-
plexity. A statistical data indicated the load step numbers 
is also tabulated in Table 10.

Concluding remarks

The design of geometrically nonlinear tubular lattice 
girders is optimized by use a multi-objective optimiza-
tion approach named NSGAII thereby checking their 
member strengths according to the design constraints 

Table 10. Statistical data indicated load step numbers 
corresponding to termination of nonlinear structural analysis 
(design example 2)

ImpNSGAII NSGAII
Max Min Mean Max Min Mean

LattGir1 2 2 2 2 2 2
LattGir2 2 2 2 2 2 2
LattGir3 2 2 2 2 2 2
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based on the provisions of API RP2A-LRFD specifi-
cation. The incremental and iterative based arc-length 
method used for modeling the geometrical nonlinearity is 
utilized to compute the member forces of lattice girder. In 
order increase the flexibility of NSGAII, an automatic lat-
tice girder generator is included into the design procedure 
of NSGAII. Furthermore, the evolutionary search capac-
ity of NSGAII is also increased by an implementation of 
radial-basis neural network to its optimization procedure. 
Consequently, the following results are drawn from the 
application of proposed design approach for the optimal 
design of lattice girders: 

–– The proposed optimization procedure named Imp-
NSGAII does not require any penalizing process 
utilized in case of any violation of the design con-
straints. Thus, it is possible to obtain a designation 
which is not feasible due to its load-carrying capac-
ity being lower than the total load value imposed to 
the lattice girder. 

–– ImpNSGAII is capable of generating a lattice girder 
configuration with higher load-carrying capacity 
with respect to the total load value.

–– The computing performance of ImpNSGAII is 
higher than both NSGAII and the other studies in 
Literature ensuring lower weight and joint displace-
ment values and higher load-carrying capacity.

–– The use of a multi-objective optimization approach 
increases the correctness degree in evaluating the 
optimality quality of designations obtained.

–– Utilizing an available design specification along  
with the discrete design variables assigned from a 
ready steel profile set leads to an increase in the num-
ber of feasible designations compared to the usage 
of a user-defined design criteria (member stress and 
etc.) and design variables of continuous type.
Thus, the proposed optimal design approach devel-

oped by considering the geometrically nonlinear behav-
ior of lattice girders is an efficient optimization tool in 
order to obtain an optimal design of lattice girders. In 
the second part of this study, joint strength-related design 
constraints will be also included into the current design 
constraints. Thus, it is possible to investigate the variation 
in the optimality quality of designations.
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