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Abstract

The multi-planar steel pipe joints are widely used in communication towers, industrial structures, and offshore platforms.
The current design formulas consider this joint as a uniplanar joint and account for the multi-planar effect using empirical
correction factors. Recent studies deal with this multi-planar joint as a 3D joint but considering certain loading conditions.
Hence, the aim of this research is to develop more general Al-based predictive models for the ultimate capacity of multi-
planar gapped KK steel pipe joints, considering both symmetric and asymmetric loading conditions. Three Al techniques
were applied to a database of previously published works. These techniques are “Genetic Programming” (GP), “Artificial
Neural Network” (ANN), and “Evolutionary Polynomial Regression” (EPR). The prediction accuracies of the developed
Al models were compared against two previously published formulas. The results indicated that the developed Al models
are much more accurate than the previously published formulas. Also, the results showed that both the ANN and EPR
models have almost the same level of accuracy (about 92%), but the EPR model has the advantage of presenting a closed-
form equation that could be implemented either manually or using software.
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1. Introduction

Multi-planar steel pipe structures are 3D structures that are widely used in communication towers, industrial projects,
and offshore platforms, as shown in Figure 1. They have the advantages of high-strength and lightweight. However, the
difficulties of designing and constructing their joints in 3D space still need more advanced and detailed research.

Investigating the behavior of multi-planar steel tubular joints began in the early 80’s when Makino et al. (1984) [1]
investigated the ultimate capacity of tubular double K-joints under static loading. The authors conducted a series of
experimental tests on 18 full-scale double K-joints with different gusset plate thicknesses and member diameters. The
joints were subjected to axial loading, bending loading, or a combination of axial and bending loading. The results of
the experimental tests showed that the ultimate capacity of the double K-joints was influenced by a number of factors,
including the thickness of the gusset plate, the diameter of the members, the type of loading, and the ratio of axial to
bending load. The authors developed a design formula for the ultimate capacity of tubular double K-joints based on the
results of their experimental tests.
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Figure 1. Implementation of multi-planar KK steel pipe joints in different types of structures a) Typical KK joint, b) Long
spans, ¢) communication towers and d) offshore structures

Mouty & Rondal (1990) [2] studied the behavior of welded joints of circular hollow sections in triangular and
quadrangular section beams under static loading. The authors conducted a series of experimental tests on 24 welded
joints with different joint geometries, welding types, and loading conditions. The joints were subjected to axial loading,
bending loading, or a combination of axial and bending loading. The results of the experimental tests showed that the
behavior of the welded joints was influenced by the geometry of the joint, the type of welding, the loading condition,
and the ratio of axial to bending load. The authors developed a design formula for the ultimate capacity of welded joints
of circular hollow sections in triangular and quadrangular section beams based on the results of their experimental tests.

Makino et al. (1993) [3] investigated the ultimate behavior of diaphragm-stiffened tubular KK-joints. The authors
conducted a series of experimental tests on 18 full-scale diaphragm-stiffened KK-joints with different gusset plate
thicknesses, member diameters, and diaphragm stiffener configurations. The joints were subjected to axial loading,
bending loading, or a combination of axial and bending loading. The results of the experimental tests showed that the
diaphragm stiffeners significantly improved the strength and ductility of the KK-joints. The authors developed a design
formula for the ultimate capacity of diaphragm-stiffened tubular KK-joints based on the results of their experimental
tests.

Paul et al. (1992) [4] investigated the ultimate behavior of multi-planar TT- and KK-joints made of circular hollow
sections. The author conducted a series of experimental tests on 12 full-scale multi-planar TT- and KK-joints with
different member angles and loading conditions. The joints were subjected to axial loading, bending loading, or a
combination of axial and bending loading. The results of the experimental tests showed that the multi-planar joints were
more susceptible to buckling failure than the in-plane joints. The author also developed a design formula for the ultimate
capacity of multi-planar TT- and KK-joints based on the results of his experimental tests.

Lee & Wilmshurst (1996) [5] conducted a parametric study of the strength of tubular multi-planar KK-joints. The
authors developed a finite element model to simulate the behavior of the joints under axial loading. The finite element
model was validated against the results of experimental tests conducted by other researchers. The authors then used the
finite element model to investigate the effect of a number of factors on the strength of multi-planar KK-joints, including
the thickness of the gusset plate, the diameter of the members, the angle between the members, and the loading condition.
The results of the parametric study showed that the strength of the joints was influenced by all of the factors considered.
The authors also developed a design formula for the strength of multi-planar KK-joints based on the results of their
parametric study. Lee & Wilmshurst (1997) [6] investigated the strength of multi-planar tubular KK-joints under anti-
symmetrical axial loading. The authors conducted a series of experimental tests on 12 full-scale multi-planar KK-joints
with different member angles and loading conditions. The joints were subjected to anti-symmetrical axial loading, in
which the two members were loaded in opposite directions. The results of the experimental tests showed that the strength
of the joints was reduced under anti-symmetrical loading compared to symmetrical loading. The authors also developed
a design formula for the strength of multi-planar KK-joints under anti-symmetrical axial loading based on the results of
their experimental tests.

The previous studies laid the foundation for the basic understanding of the structural behavior of multi-planar steel
pipe joints [1-6]. Recent studies in this field are focusing on more advanced aspects, including dynamic loading and
fatigue analysis. Li et al. (2018) [7] investigated the behavior of a multi-planar joint in a transmission tower. The authors
conducted a series of experimental tests on a full-scale multi-planar joint under static loading. The results of the
experimental tests showed that the joint exhibited good strength and ductility. The authors also developed a design
formula for the strength of multi-planar joints in transmission towers based on the results of their experimental tests.
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Li & Lie (2019) [8] studied the strength reduction factors for cracked multi-planar tubular DT-joints. The authors
developed a finite element model to simulate the behavior of the cracked joints under axial loading. The finite element
model was validated against the results of experimental tests conducted by other researchers. The authors then used the
finite element model to investigate the effect of crack size and location on the strength of multi-planar tubular DT-joints.
The results of the study showed that the strength of the joints was significantly reduced by the presence of cracks. The
authors also developed a set of strength reduction factors for cracked multi-planar tubular DT-joints based on the results
of their study. Jiao et al. (2018) [9] conducted an experimental and numerical investigation of complex multi-planar
welded tubular joints in umbrella-type space trusses with long overhangs. The authors conducted a series of experimental
tests on four full-scale multi-planar welded tubular joints under static loading. The results of the experimental tests
showed that the joints exhibited good strength and ductility. The authors also developed a finite element model to
simulate the behavior of the joints. The finite element model was validated against the results of the experimental tests.
The authors then used the finite element model to investigate the effect of different factors on the strength of the joints,
such as the joint geometry, the loading condition, and the welding quality.

Zhao et al. (2019) [10] studied the out-of-plane flexural stiffness of unstiffened multi-planar CHS X-joints. The
authors conducted a series of experimental tests on 12 full-scale unstiffened multi-planar CHS X-joints under out-of-
plane bending loading. The results of the experimental tests showed that the out-of-plane flexural stiffness of the joints
increased with the increase of the chord diameter and the decrease of the brace-to-chord angle. The authors also
developed a design formula for the out-of-plane flexural stiffness of unstiffened multi-planar CHS X-joints based on the
results of their experimental tests. Zavvar et al. (2021) [11] investigated the stress concentration factors of multi-planar
tubular KT-joints subjected to in-plane bending moments. The authors developed a finite element model to simulate the
behavior of the joints. The finite element model was validated against the results of experimental tests conducted by
other researchers. The authors then used the finite element model to investigate the effect of different factors on the
stress concentration factors of the joints, such as the joint geometry, the loading condition, and the welding quality. The
results of the study showed that the stress concentration factors were highest at the weld toes and decreased with an
increase in chord thickness.

Jiang et al. (2018) [12] developed a method for predicting the stress concentration factor distribution for multi-planar
tubular DT-joints under axial loads. The proposed method is based on elastic theory and the concept of stress intensity
factors. The authors validated the proposed method against the results of finite element analysis. The results showed
that the proposed method can accurately predict the stress concentration factor distribution for multi-planar tubular DT-
joints under axial loads. Liu et al. (2020) [13] studied the effects of brace-to-chord angle on the capacity of multi-planar
CHS X-joints under out-of-plane bending moments. The authors conducted a series of experimental tests on 12 full-
scale multi-planar CHS X-joints with different brace-to-chord angles under out-of-plane bending loading. The results
of the experimental tests showed that the capacity of the joints decreased with the increase of the brace-to-chord angle.
The authors also developed a design formula for the capacity of multi-planar CHS X-joints under out-of-plane bending
moments based on the results of their experimental tests.

Kadry et al. (2022) [14] numerically examined un-stiffened multi-planar tubular KK joints and produced an accurate
formula to calculate their capacities under symmetrical loads. Furthermore, Kadry et al. (2023) [15] developed another
formula for the structural capacities of un-stiffened multi-planar tubular KK-gap joints under anti-symmetric loading.

Currently, various guides and codes addressed the design of uniplanar and multi-planar joints, such as the CIDECT
manual [16], Eurocode 3 (2005) [17], Brazilian NBR 16239 (2013) [18], and Wardenier et al. (2010) [19]. Simulations
have been used to determine the mechanical behavior of joints, which are commonly employed. The most recent are
[IW (2012) [20] and 1SO 14346 (2013) [21].

1.1. Obijective

The survey of previous references showed that most design codes [16-21] considered the traditional design method
where the multi-planar joint is designed as a uni-planar joint, then some empirical correction factor is used to account
for the multi-planar effect. Which is not an accurate method. On the other hand, the recent proposed design methods [7—
15] considered the multi-planar joint as a 3D structure; however, they considered a certain loading condition, which
limits the applicability of their developed design formulas.

Hence, the main objective of this research is to develop a more general structural capacity formula for multi-planar
gapped KK steel pipe joints, considering both symmetrical and symmetrical loading conditions.
2. Research Methodology

The methodology of this research started with collecting databases for multi-planar gapped KK steel pipe joint test
results from previously published works. Then the collected data are statistically analyzed and used to train and validate
three different Al models to predict joint capacity. Finally, the accuracy of the developed models was compared with
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previous studies. Figure 2 presents the described framework graphically. Each step of the considered methodology is
described in detail in the next paragraphs.

Literature review

Determine the gap study

Methodology

Collecting database from
previous researches

Statistical analysis

(Al) predictive models

EPR

ANN

GP

previous studies

Comparing the developed models against

Conclusions

Figure 2. Framework of current study

2.1. Database

381 records of experimentally verified for FEM test results for multi-planar gapped KK steel pipe joints were

collected verified were collected [14, 15]. Each record contains the following data:

gl/Dc  Local slenderness in the longitudinal direction;

tc/gt  Local slenderness in the transverse direction;

tc/Dc  Global slenderness of chord;

tb/Db  Global slenderness of brace;

ou/Fy Normalized ultimate stress of chord;

Sin(0)  (0) is the angle between bracing and cord, in this research, it will be considered positive for symmetric
loading and negative for asymmetric loading

The previous terms are defined in the abbreviation section and graphically illustrated in Figure 3.

l’—‘DC—‘I

Figure 3. Geometrical configurations of multi-planar gapped KK steel pipe joint
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The collected records were divided into training set (300 records) and validation set (81 records). The Appendix
includes the complete dataset, while Table 1 and 2 summarizes their statistical characteristics and the Pearson correlation
matrix. Finally, Figure 4 shows the histograms for both inputs and outputs.

Table 1. Statistical analysis of collected database

Sin(@) gl/Dc gc/gt  tc/Dc th/Db  oulFy

Training set
Min. -0.97 015 003 001 0.3 0.05
Max.  0.97 057 037 006 017 0.24
Avg. -0.07 034 009 003 0.09 0.09
SD 0.85 0.05 005 001 0.02 0.03
VAR -1134 015 054 028 0.16 0.33
Validation set
Min. -0.97 015 003 001 0.04 0.05
Max.  0.97 048 037 004 014 0.21
Avg. -012 035 009 003 0.9 0.09
SD 0.86 0.05 005 001 0.02 0.04
VAR -722 016 053 032 017 0.38

Table 2. Pearson correlation matrix

Sin(@) gl/Dc  tc/gt tc/Dc  th/Db  oulFy
Sin(®)  1.00
gl/Dc 0.10 1.00
tc/gt -0.20 -0.18 1.00
tc/Dc -0.04 027 056 1.00
tb/Db  0.07 023 013 0.3 1.00
cu/Fy  -0.04 014 070 071 0.26 1.00
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Figure 4. Distribution histograms for inputs (in blue) and outputs (in green)

2.2. (Al) Predictive Models

Three different Artificial Intelligent (Al) techniques were used to predict the Normalized ultimate stress of chord
(ou/Fy) for KK multi-planar joint under symmetric or asymmetric loading using the collected database. These
techniques are “Genetic programming” (GP), “Artificial Neural Network” (ANN), and “Evolutionary Polynomial
Regression” (EPR). All three developed models were used to predict (cu/Fy) using angle between bracing and cord (6),
Local slenderness in longitudinal and transverse directions (gl/Dc & tc/gt), Global slenderness of chord & braces (tc/Dc
& tb/Db).

Each model of the three developed models was based on a different approach (evolutionary approach for GP,
mimicking biological neurons for ANN, and optimized mathematical regression technique for EPR). However,
prediction accuracy was evaluated for all developed models regarding the Sum of Squared Errors (SSE).

The following section discusses the results of each model. The Accuracies of developed models were evaluated by
comparing the (SSE) between predicted and calculated normalized ultimate stress values.
2.2.1. (GP) Model

The developed GP model has five levels of complexity. The population size, survivor size, and number of generations
were 100 000, 30 000, and 150, respectively. Equation 1 presented the output formula for (cu/Fy), while Figure 5(a)
showed its fitness. The average error % of the total dataset is (15.8%), while the (R?) value is (0.805).
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Figure 5. Relation between predicted and calculated (cu/Fy) values using the developed models and previous formulas

2.2.2. (ANN) Model

An (ANN) model was developed to predict (cu/Fy) values using the normalization method (-1.0 to 1.0), activation
function (Hyper Tan), and “Back propagation” (BP) training algorithm. The used network layout is illustrated in Figure
6, while the weight matrix is shown in Table 3. The average error % of the total dataset is (7.3%), and the (R?) value is
(0.952) respectively. The relative importance values for each input parameter are illustrated in Figure 7, which indicates
that the bracing angle in the longitudinal direction (6) and the local slenderness in the transverse direction (tc/gt) are the
most influential parameters. The global slenderness of the chord & braces (tc/Dc & th/Db) and the local slenderness in
the longitudinal direction (gl/Dc) come in the end. The relations between calculated and predicted values are shown in

Figure 5(b).

Table 3. Weights matrix for the developed ANN

H1 H2 H3 H4 H5
(Bias) 1357 0122 -0.667 0377 -0.493
Sin(®) -1.986 -0.335 0108 00990 -0.030
gDc 0129 0054 0024 -0.058 0.322
tc/gt  0.187 -0464 -0.356 0042 -0.975
tc/Dc -0.034 0084 0114 0106 0.448
t/Db 0216 0131 0112 0017 0145
H1 H2 H3 H4 H5  (Bias)
oufFy 1368 -0.930 0764 1213 0385 -0.382
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Figure 6. 5 Layout for the developed ANN model

Figure 7. Relative importance of input parameters
2.2.3. (EPR) Model
Finally, the developed EPR model was quadratic level polynomial. For 5 inputs, there are 21 possible terms
(15+5+1=21) as follows:
ST X X+ X+ C @)

GA technique was applied to these 21 terms to select the most effective ten terms to predict the value of (cu/Fy). The
output is illustrated in Equation 3, and its fitness is shown in Figure 7 Figure 5(c). The average error % and (R?) values
were (8.2% & 0.940) respectively.

oy __ ( Dc )2 1 (gL Db 1 ) Sin(0) tb gL gt tc gt gt 1 (3)

= - + - -
Fy 285 gl sin(8) \15Dc  623tb = 32.3 Sin(6) 186Db  56.7Dctc = 185gt 130.6tc  55Dc 191

2.3. Comparison with Previous Studies

The prediction accuracy of the joint capacity using the developed (Al) predictive models were compared against two
formulas form previously published as shown in Equation 4 [14], Equation 5 [15].

ou _ 1.25 cos (@/2) 3\/(&)3t_c(t_c ﬁ)z (4)

Fy Sin(6) D¢/ gt \D¢ tp

ou_ 033 (te\®[(ty (gr)(Dc)? (5)
Fy  Sin(6) (gt) (Db) (gl) (tc)
Equation 4, 5 were developed for symmetrical and asymmetrical loading conditions respectively. The fitness of these

formulas is shown in Figure 5 (d, ). The average error % and (R?) values were (32.4% & 0.537) and (30.8%, 0.523)
respectively.
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3. Results and Discussion

As mentioned in the methodology section, three (Al) predictive models were developed to predict the normalized
ultimate stress (cu/Fy), besides that, two predictive formulas from earlier researches were used for comparison. For
these five predictive models, “Sum of Squared Error” (SSE), Average error percent (Avg. Error %) and “Determination
factor” (R2) were calculated and summarized in Table 4. Moreover, the relation between the FEM and predicted
capacities for the five predictive models were graphically presented in Figure 5. Finally, a comparison between the
accuracies of the five models were graphically presented using Taylor chart in Figure 8.

Table 4. Accuracies of developed models and pervious formulas

Technique Model SSE  Avg. Error % R?
GP Eq. 1 0.080 15.8% 0.805
ANN Figure 6, Table 3  0.017 7.3% 0.952
EPR Eq.3 0.022 8.2% 0.940
[14] Eq 4 0.339 32.4% 0.537
[15] Eq5 0.306 30.8% 0.523
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OEQq4
.5 0.030 OEq>s
kS
>
D
©
©
| -
©
©
C
S
9 0.015
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0.000 0.015 0.030 0.045

Standard deviation

Figure 8. Comparing the accuracies of the developed models and previous formulas using Taylor chart

The presented results of this research in Table 4 and Figures 5 and 8 showed that the considered previous work
formulas (Equation 4, 5) showed very low accuracy (about 70%) because they were developed considering a single
loading condition (either symmetrical or asymmetrical), which is the limitation that should be overcome in this research.

Regarding the developed Al models, although the GP model presents the simplest and least accurate one with an
accuracy of 84%, but it is still much better than Equations 4 and 5. Using the absolute value of sin(q) in Equation 1
means that the joint has the same ultimate capacity under both symmetrical and asymmetrical loading conditions; this
major defect may be the cause of the high error percent.

On the other hand, the ANN model presents the most accurate model, with an accuracy of 93%. This is due to the
high nonlinearity of the activation function (Hyper Tan), which allowed the network to capture the nonlinear behavior
of the joint. However, the ANN model is too complicated to be used manually; it must be calculated using special
software. This gives the EPR a middle place between the GP and ANN models. It is simpler than ANN but more
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complicated than GP. Also, it is more accurate than GP but less accurate than ANN. In addition, it is a closed-form
formula that could be used manually or embedded in software.

Regarding the impact of each input on the capacity of the joint, the correlation matrix in Table 2 indicated that both
the local and global slenderness ratios of the cord had the major impact on the joint capacity, followed by the global
slenderness ratio of the bracing, while the angle between the bracing and the cord had a neglected impact. This statistical
ranking does not match the outputs of the ANN model (the most accurate model), which gives all the inputs almost the
same relative importance (about 18%) with some extra importance to the angle between bracing and cord (about 26%),
as shown in Figure 7. Both the GP and EPR models agreed with the ANN model since Equations 1 and 2 included all
the inputs.

4. Conclusion

The outcomes of this research indicated that the proposed methodology of using collected FEM test results to train
and validate Al predictive models fulfilled the objective of this research. And the three developed predictive models
successfully estimated the structural capacity of the multi-planar KK gapped joint under symmetrical and asymmetrical
loading conditions. Each of the developed models has its advantages and disadvantages. The GP model is the simplest
but the least accurate; the ANN model is the most accurate but the most complicated; and EPR has average accuracy
and complexity. The three models indicated that all inputs had almost the same impact on joint capacity, with a slightly
higher importance given to the angle between barking and cord. Comparing the accuracies of the developed Al models
with previous work formulas showed that the prediction accuracy enhanced from 70% to 93%, which is expected
because the previous work formulas were developed considering a single load condition, and this is the innovation point
of this research. Finally, the validity of the developed models is limited by the considered range of values for each input,
and they should be verified beyond these ranges. For further studies, it is recommended to extend the applicability of
these predictive models to include a wider range of input values and more multi-planar joint geometry, such as
overlapped joints and stiffened joints.

5. Abbreviations

Db Brace tube diameter (mm) Dc Chord tube diameter (mm)

gl Longitudinal gap between brace toes (mm) gt Transverse gap between brace toes (mm)
th Brace tube wall thickness (mm) tc Chord tube wall thickness (mm)

o) Angle between K-planes (degree) 0 Angle between brace and chord (degree)
Fy Yield stress (MPa) cu Normal stress in cord at failure (MPa)
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