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Abstract  Cold-formed Steel (CFS) is a high-quality 

material known for several construction advantages. Still, 

its complex non-linear stress and strain behavior made it 

difficult to establish its full-strength capacity. Due to the 

lack of comprehensive studies on CFS, especially its joint 

connections, most of the specifications on current 

structural codes utilize experimental results from 

hot-rolled steel. The present study conducted an 

experiment on a bolted lap joint specimen using CFS 

members and developed a design model using an Artificial 

Neural Network (ANN) to analyze and predict the bearing 

failure of the connection. The results of the study showed 

that the parameters, including CFS thickness, bolt size, bolt 

spacing, and bolt configuration, have a significant 

influence on the connection’s bearing capacity. The most 

influential parameter is bolt size, with a relative importance 

of 43.67%, followed by bolt spacing, bolt configuration, 

and CFS member thickness, with 22.03%, 18.22%, and 

16.08%, respectively. The existing CFS bearing equations 

provided by NSCP 2015 failed to consider parameters like 

bolt spacing and bolt configuration, and the calculated 

bearing capacity values underestimated the actual 

connection’s bearing strength. The 4-5-1 neural network 

model emerged as the most suitable ANN model with 

regression values of 0.9813, 0.9632, 0.9084, and 0.96736 

for training, validation, testing, and overall regression 

value of the model. The generated ANN prediction values 

have successfully modeled the behavior of the CFS bearing 

strength. 

Keywords  Artificial Neural Network, Bolted 

Connection, Bearing Strength, Cold-formed Steel 

1. Introduction

1.1. Background of the Study 

Steel is a high-tensile strength alloy and a material 

commonly used in infrastructures, tools, machinery, and 

weapons. Steel could be classified as Cold-formed Steel 

(CFS) or Hot-rolled Steel (HRS) based on the fabrication 

process. HRS is formed using the method of hot rolling 

with temperatures above the recrystallization of the steel. 

In contrast, CFS is created using a cold-working process 

such as bending, stamping, pressing, and rolling, carried 

out at room temperature. 

The construction industry is using CFS because of the 

advantages it offers, which include great strength and 

stiffness, non-combustible, corrosion resistance, high 

sustainability, and appealing aesthetic appearance. Y.H. 

Lee et al.[1] stated that the use of CFS has increased in the 

past decade because of the benefits, including 

sustainability, accelerated project implementation, and 

high-quality materials. The material composition and the 

fabrication process of CFS are different from that of 

hot-rolled steel, which may have contributed to a 

completely different structural behavior of CFS as 

compared with HRS when subjected to applied loads. 

The study of R. U. K. Nadya and F. Usman [2] states that 
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the popularity of CFS continues to spread because 

multi-story commercial buildings also adopt CFS for its 

benefits which include the ease of production, 

combustibility, versatility, lightweight, aesthetic, and 

strength. Nadya and Usman [2] indicated that there are 

structural stability issues with the use of CFS because of its 

large width-to-thickness ratio, which is unlikely to occur in 

HRS. The stability issue proved that the design provisions 

used for HRS are incompatible with CFS. 

B. Lejano et al.[3] cited that in the Philippines, the use of 

CFS continues to gain popularity in structural applications; 

however, the technical information about the material still 

needs to be established and verified. With the local code 

provisions which were derived from design standards 

formulated in other countries, B. Lejano et al. [3] argued 

that locally produced CFS might conform with different 

guidelines than those CFS fabricated in other countries. 

Lejano [3] conducted an experiment on C-sections and 

Z-sections CFS. They discovered that the current edition of 

the National Structural Code of the Philippines' provisions 

was identified to be non-conservative for Z-sections and 

conservative for C-sections CFS. The conclusions of their 

study require updating and immediate modification of 

NSCP provisions. 

Due to the lack of comprehensive studies on CFS, the 

majority of the specifications provided by current 

structural design codes utilize results based on experiments 

conducted on HRS which have resulted in underestimation 

or overestimation of the strength capacity of CFS (Y.H. 

Lee et al.[1]). Underestimated values may lead to failure of 

the structure, while overestimated values mean a waste of 

money for an expensive material such as CFS; therefore, 

more research and in-depth study on cold-formed steel are 
necessary. 

Steel joint connection is referred to as the most critical 

part of steel framing. R. U. K Nadya and F. Usman [2] 

highlighted that when failure should occur in a 

steel-framed structure, it is desirable that the failure must 

manifest in the structural member rather than in the joint 

connection; otherwise, catastrophic events will most likely 

occur. Connections using bolts are widely used for pinned 

behavior because they effectively allow joint rotation. In 

addition, according to a thorough review of the recent 

developments of CFS connections conducted by Y.H. Lee 

et al.[1], connections of a steel frame system are vital 

because they transmit, from one structural member to 

another, all the forces and moments. A structure's stability 

and structural integrity primarily rely on connections 

because these are the parts that dictate the movement or 

behavior of the system. Among the different types of steel 

connections, the bolted connection is the most used and 

preferred fastener in steel framing because it promotes ease 

of construction. 

In the study of Nadya and Usman [2], the design of 

bolted connection requires an understanding of different 

modes of failures, namely bolt shear, net section rupture, 

bearing, and bolt tear-out. Among these modes of failure, 

the most common are the bearing failure and the net section 

rupture, wherein for these two failures, the bolt spacing, 

edge distance of the member, and bolt spacing 

arrangements are the governing parameters. Nadya and 

Usman [2] specified that when the connection is strong 

enough to resist the tear-out or tension rupture, the bearing 

failure will most likely occur next.  

Moreover, the non-linear behavior of CFS may 

influence the mode of failure of the connection in a 

completely different way than a well-defined yielding 

pattern behavior of hot-rolled steel. There are structural 

codes that employ the connections’ capacity equations 

derived from HRS to CFS joints making the calculated 

design values inaccurate. Nadya and Usman [2] strongly 

recommend conducting more studies on CFS joint 

connections to improve structural reliability. 

Y.H. Lee et al.[1] found out by analyzing different 

studies on CFS that frequently, the bearing failures and net 

section rupture were the governing limit states in the bolted 

connection design. Furthermore, they indicated that the 

following parameters significantly affect the capacity of 

the connection: the distance of the first bolt column to the 

edge of the CFS member and the bolt configurations, 

which could either be staggered or aligned. Lee et al. [1] 

highlighted in their review article that the current design 

codes tend to overestimate the capacity of CFS connections, 

thus failing to maximize the potential of this material. They 

recommended that future researchers conduct 

comprehensive studies to improve the joint design of CFS 

connections. 

B. Shanmugasundaram et al. [4] testified that CFS is the 

most common material used in brace connections that are 

subjected to tensile forces. Their study found that most 

design codes utilize the procedures and equations derived 

from hot-rolled steel, which may yield inaccurate results. 

Bolted tension members are susceptible to the following 

mode of failures: gross yielding, net section rupture, 

bearing failure, block shear failure, bolt shear, and edge 

tear out. Shanmugasundaram et al. [4] conducted an 

experimental analysis exploring the effects of a two-bolted 

and three-bolted staggered connection, and the results of 

their study showed that design provisions of the codes used 

in Europe, Australia, and New Zealand for a staggered bolt 

configuration of CFS connection underestimate the 

ultimate tensile strength of the connection. On the other 

hand, Shanmugasundaram et al. [4] concluded that the 

equation proposed by Teh and Gilbert [5], which was 

adopted by American Iron and Steel Institute (AISI) 

S100-2016 had predicted the net section tension capacity 

accurately, while the equation proposed by Pan [6] was 

found unconservative and the equation proposed by Carril, 

La Boube, and Yu [7] did not capture the effect of varying 

bolt diameter on the net section efficiency. 

C. Yu and M.X. Panyanouvong [8] claimed that a CFS 

bolted connection that fails in a bearing is mainly governed 

by a sufficiently large edge distance, member thickness, 

the strength of the material, the diameter of bolts, and the 
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type of connection. The bearing capacity equation on CFS 

stipulated in the design specification of North America 

(AISI S100) is adopted by the National Structural Code of 

the Philippines. In their study, the equation was verified to 

be accurate specifically when the type of connection and 

the location of the failure were accounted for in the 

modification factor, as well as the bearing factor, which 

considers the diameter of the bolt and material thickness. In 

addition, M. El-Hadary et. al. [9] specified that bolted CFS 

connections are very popular in construction because it is 

better at fulfilling the serviceability requirements and 

promotes better stress-strain action; however, the behavior 

and interaction of connection elements are unclear due to 

complex behavior of CFS. El-Hadary [9] concluded in his 

study that bearing failure is significantly delayed by the 

effects of bolt patterns, edge distance, and bolt spacing. 

The popularity and development in the use of CFS have 

opened a lot of research opportunities for the said material, 

wherein the majority of this research focused on 

understanding the materials' behavior when used as a 

structural member. Since the majority of this research is 

concentrated on the CFS member, there needs to be more 

research conducted on understanding the behavior of its 

connection. This is evident in some structural codes 

wherein it still utilizes the equations derived from the 

experiments conducted on hot-rolled steel connections. 

The current research aimed to work a comprehensive study 

on CFS steel, particularly on bolted connections, to 

contribute and improve its design and maximize the 

potential of this material, thus, relieving the structural 

designers from the uncertainties and inapplicability of 

previous design specifications which are based on HRS. 

This research paper will discover new design specifications 

in determining the strength capacity at bearing failure 

brought by the combination of the parameters identified in 

the related literature as vital in cold-formed bolted 

connections. The study will also serve as a continuation of 

the previous related studies wherein aside from the 

staggered bolt configuration parameter considered in the 

study of B. Shanmugasundaram et al. [4], the current 

research will include other parameters, including the 

thickness of the CFS member, the diameter of the bolts and 

spacing of the bolts. In addition, technological innovations 

have brought new tools that can be used in complex 

calculations and can significantly improve the accuracy 

and efficiency of design analysis. Applying a neural 

network model in predicting the cold-formed bolted 

connection's failure will yield substantial results since this 

tool is best suited to solving non-linear problems.  

Artificial Neural Network is a tool that recently gained 

popularity due to its effectiveness and efficiency in 

approximating numerical paradigms and automated 

self-learning and adaptive properties, which, according to 

O. Abiodun et al. [10], enables the system to solve complex 

non-linear problems. A comprehensive research study by 

Abiodun et al. [10] on the usage of ANN shows that this 

tool is widely used in prediction studies in the field of 

engineering. In understanding steel connection design, 

particularly that of CFS, which exhibits non-linear 

behavior, it will be favorable for designers to determine the 

failure of the connection using ANN prediction 

considering different parameters like the thickness of the 

CFS member, the diameter of bolts, spacing of bolts and 

bolt configuration (staggered or aligned). 

ANN is an electronic model based on the neural 

structure of a brain, of which some of its real-time 

application includes function approximation, regression 

analysis and classification with sequential decision-making, 

novelty detection, and pattern and sequence recognition (S. 

Maind and P. Wankar [11]). These functions of ANNs are 

necessary for the failure prediction of CFS bolted 

connections. Under a supervised training type of artificial 

neural network, the input and output are predetermined, 

and then the network model processes these inputs and 

compares the difference between the desired outputs and 

resulting outputs. In the study to be conducted by the 

researcher, the input parameters, including the thickness of 

the CFS member, the diameter of bolts, spacing of bolts, 

and bolt configuration (staggered or aligned), are already 

laid out, as well as the output parameter which is the 

bearing failure of the connection. Maind and Wankar [11] 

concluded in their study that artificial neural networks have 

a lot of advantages over conventional algorithmic 

computer approaches and highlighted that the neural 

network's strength in internal data patterns is a good tool 

for understanding problems with a dynamic or non-linear 

relationship. The ability of artificial neural networks to 

capture many kinds of relationships makes this the best 

tool for understanding the behavior of highly non-linear 

CFS. 

The study of M. Atta et al. [12] on failure prediction of 

joint connections found that finite element analysis and 

ANN are the best-suited tools for carrying out this function. 

The ANN is ideal for prediction studies when the input and 

output parameters are already known. Available functions 

under ANN, including the backpropagation learning 

algorithm, specifically the Levenberg-Marquardt learning 

algorithm, will successfully determine the interrelationship 

between the parameters and the desired predicted outputs 

of the study. In their study, the results showed that there 

was an excellent correlation between the simulated joint 

and the predicted results using the ANN system. 

1.2. Objectives of the Study 

The research study’s main objective is to develop a 

design model for bearing strength of a CFS bolted 

connection by developing a neural network model that will 

determine the relationship of the parameters, including the 

thickness of the CFS member, the diameter of bolts, 

spacing of bolts and bolt configuration (staggered or 

aligned). Specifically, the study will address the specific 

objectives as follows: (1) examine the behavior of CFS 

bolted connections and gather data on the connections' 
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bearing failure strength through an experiment considering 

the thickness of the CFS member, the diameter of bolts, 

spacing of bolts and bolt configuration (staggered or 

aligned), (2) verify the accuracy of design equations for 

bearing failure capacity of CFS bolted connections as 

provided by the National Structural Code of the Philippines 

(NSCP) 2015, (3) develop an ANN model for the bearing 

strength for CFS bolted connection based on the 

parameters considered, and (4) establish new provisions in 

the design of CFS bolted connections bearing capacity. 

1.3. Significance of the Study 

The research study aimed to establish accurate and 

verified design provisions on CFS bolted connections. This 

study is deemed significant because it will strengthen the 

design reliability of CFS connections and establish design 

specifications applicable to this type of material, thereby 

maximizing its full potential without compromising the 

safety of the users. Moreover, this research study will 

significantly benefit the following: 

(1) Structural Engineers – the study will contribute to the 

improvement of the design of structures utilizing 

cold-formed steels; hence, it will help structural engineers 

design structurally stable and safe steel structures without 

second guessing the possibility of failure in its connection. 

In addition, it will also help them perform the design of the 

CFS connection more efficiently because the study will 

provide the relationship between different parameters 

affecting the mode of failure, which will give them a head 

start on what to do and what to avoid to maximize the 

capacity of the connection.  

(2) Project/Site Engineers – Steel construction promotes 

the easy and fast implementation of projects. This study 

will contribute to the pool of knowledge on steel 

construction, particularly ensuring that the CFS 

connections installed in the project site will not cause any 

unwanted failure, thus, safeguarding all the site personnel. 

(3) Contractor/Project Owner – The study will explore 

the full potential of the CFS, which will maximize its 

strength capacity. This also signifies a remarkable 

economic impact, especially for contractors/ project 

owners, wherein they can spend less and have savings by 

downsizing structural members that can still safely carry 

the loads.  

(4) Government – the Philippine Government's criteria 

in funding public infrastructures include structure made 

with materials having great strength and stiffness that can 

withstand strong winds and earthquakes, are 

non-combustible and resistant to corrosion which will 

minimize the structure’s maintenance, aesthetically 

appealing and is highly sustainable which promotes 

conservation of the environment. All of these are the 

benefits one can reap by using CFS, and the current 

research study will fill the research gaps on CFS 

connections so that the government can fully materialize 

all its benefits. 

(5) Environment – CFS is a recyclable material made 

from other recycled materials, a prime example of 

sustainability. With the current study filling out all the 

missing information on its connection design, the use of 

CFS will continue to gain popularity, thus replacing and 

reducing the use of all non-recyclable construction 

materials.  

(6) Philippine Community – CFS is also known for its 

appealing aesthetic appearance and the ability to resist 

corrosion. A boost in tourism will be one of the future 

developments when cold-formed steel is utilized in 

landmarks and other architecturally inclined structures. All 

of these will be the future of the Philippine community 

when CFS is studied intensively. In addition, the safety of 

all building occupants is of top priority. CFS is also known 

for its high strength capacities and could effectively ensure 

the safety of civilians. The current study will explore the 

maximum potential of this material to ensure the high 

strength material functionality without compromising the 

safety of the users. 

(7) Future Researchers – this study will be a good 

reference for future researchers who will conduct 

comprehensive studies on other considerations and 

parameters that are not included in this research paper's 

scope of work. 

1.4. Scope and Delimitations 

The research study is delimited to the use of CFS 

members, particularly the c-section type (metal studs). This 

type of CFS is considered because this material is the most 

used CFS in the Philippines; other types and forms will not 

be considered in this study. The steel connection that will 

be used to join the members for the conduct of the 

experiment is a bolted connection using high-strength bolts 

with nuts, and it will be carried out using a Universal 

Testing Machine under a monotonic tensile load. Effects of 

compression, moment, and other types of loads on the 

connections are not included in the scope of this study. The 

experiment set-up is prepared to enable the connection to 

exhibit a pin behavior and to rule out bolt shear in the 

governing limit states. Other types of connections, which 

includes using welds, screw, etc., is not governed by this 

study. The connection specimens are prepared and 

configured to fail in bearing only because, according to the 

study of Y.H. Lee et al. [1], this is the most common limit 

state observed when a bolted connection fails. Other limit 

states, including bolt shear, net section rupture, and block 

shear, will not be included. If a prepared specimen deviates 

from the considered limit state failure, it will be omitted 

and will not be considered in the analysis of the results. The 

experiment will only consider the failure load of the 

connection or the ultimate load. In verifying the current 

design provisions on cold-formed steels, the researcher 

will only consider the equations provided by the National 

Structural Code of the Philippines 2015 edition. Other 

structural design codes will only be used as references and 
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will not be evaluated. The study will only determine the 

relationship of the desired mode of failure to the following 

parameters: the thickness of the CFS member, the diameter 

of bolts, the spacing of bolts, and bolt configuration 

(staggered or aligned). Other necessary connection details 

not included above will conform to the values provided in 

the National Structural Code of the Philippines and will not 

be considered variables affecting the results of the ANN 

analysis. MATLAB software will be utilized in the use of 

ANN, including all its functions relevant to creating the 

ANN model and system. This study does not include other 

programs or software capable of conducting ANN. 

2. Materials and Methods 

2.1. Experiment Test Set-Up 

The researcher performed experiments on test 

specimens with different connection configurations and 

determined the bearing failure capacity for each specimen. 

The materials used for the experiment include C-section 

cold-formed steels, high-strength steel bolts, and A36 

carbon steel plates. The specimen is made from C-section 

CFS bolted to A36 carbon steel plates, which are attached 

or clamped to both ends of the axial testing machine. For 

the CFS, the researcher used the C-section (75mmX50mm) 

with three (3) member thicknesses, including 0.40mm, 

0.50mm, and 0.60mm. The researcher used three (3) bolt 

sizes, including 8mm, 10mm, and 12mm diameter bolts 

with nuts. For the bolt spacing and edge distances, the 

researcher utilized two (2) dimensions which include 

30mm and 40mm center-to-center bolt spacing. For the 

bolt configuration, the researcher considered both aligned 

bolts and staggered bolts configuration. Table 1 shows the 

specimen matrix for the CFS bolted connection. 

Table 1.  Specimen Matrix 

CFS C-Section 

𝑡𝑐 (mm) 

Bolt Sizes 

𝑑𝑏 (mm) 

Bolt 

Spacing 

𝑠𝑏(mm) 

Bolt 

Configuration 

C-75X50X0.40 8 30 Staggered 

C-75X50X0.50 10 40 Aligned 

C-75X50X0.60 12   

To ensure the accuracy of the test results and the 

specimen to fail in bearing only, the following measures 

were observed. (1) In drilling the bolt hole, a very small 

hole is punched in the middle of the proposed location 

using a steel guide to accurately locate the center of the bolt 

hole before drilling is conducted. (2) The researcher made 

the edge distance, and the bolt spacing parameters have 

similar values in the test set-up to avoid bolt tear-out failure 

for the edge bolts. With the edge distance and bolt spacing 

having the same values, it enables the resistance for 

bearing to be similar for edge bolts and interior bolts. (3) 

High-strength steel bolts and relatively thick carbon steel 

plates (50mmX165mmX3mm) are utilized so that the 

failure will concentrate on the thin CFS section and not on 

the bolts or the carbon steel plate. (4) A consistent bolt 

torque was imposed to ensure that no bias would influence 

the results due to uneven bolt tightening conditions. 

According to the standard torque chart for coarse threaded 

metric steel bolts, the typical maximum tightening torque 

for an 8mm diameter bolt is 28.8 N-m. The researcher 

applied a 25 N-m bolt torque using a torque wrench to 

attain similar bolt tightening for all specimens. The 

researcher did not apply the maximum bolt torque so as not 

to produce any cracks on the bolts, which may lead to bolt 

failure instead of bearing failure. 

The distinct number of combinations for the parameters 

indicated in the specimen matrix has a total of 36 

connections and considering three (3) trials for each 

distinct combination of parameters, the total number 

summed up to 108 connection specimens. The typical CFS 

bolted connection is shown in Figure 1A/1B, the sample 

test specimen is shown in Figure 2, and all the connection 

specimens are summarized in Table 2. The standard bolt 

holes for 8mm, 10mm, and 12mm are 10mm, 12mm, and 

14mm, respectively. In addition, other connection 

information is provided by the design provisions indicated 

in the National Structural Code of the Philippines (NSCP) 

2015 Section 510.3 [13].  

The 108 connection specimens were tested in a 

Universal Testing Machine (UTM) and subjected to a 

monotonic tensile load. The test set-up includes two (2) 

3mm thick Carbon Steel Plate (A36) clamped on the ends 

of the UTM machine and then bolted on the CFS C-section. 

The maximum strength of each specimen upon failure was 

recorded. The conduct of the experiment conformed to 

ASTM Designation: E238 or known as the Standard Test 

Method for Pin-type Bearing Tests of Metallic Materials. 

The bearing test machine adhered to the requirements 

indicated in ASTM E4. The test procedure includes (1) 

Measurement of Specimen – measure the actual specimen 

thickness and the pin diameter, (2) Cleaning – clean the 

specimen, the pin, and adjacent areas of the jig of all 

foreign matter and contamination, (3) Testing – Load the 

specimen and obtain the load readings particularly the 

ultimate load where the specimen fails, (4) Conduct the test 

at a controlled rate of straining or loading and observe the 

mode of failure. Bearing failure is identified if the 

specimen (after the maximum load is reached) forms a 

localized deformation on one side of the bolt-hole area. 
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Figure 1A. Typical Aligned Bolt Specimen 

 

Figure 1B.  Typical Staggered Bolt Specimen 

 

Figure 2.  Bolt Specimen Samples 
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Table 2.  CFS Connection Specimen 

No. Specimen ID C (mm) B (mm) S (mm) A T 

1 C1-B1-S1-A1-T1 0.40 8 30 A1 1 

2 C1-B1-S1-A1-T2 0.40 8 30 A1 2 

3 C1-B1-S1-A1-T3 0.40 8 30 A1 3 

4 C1-B1-S2-A1-T1 0.40 8 40 A1 1 

5 C1-B1-S2-A1-T2 0.40 8 40 A1 2 

6 C1-B1-S2-A1-T3 0.40 8 40 A1 3 

7 C1-B1-S1-A2-T1 0.40 8 30 A2 1 

8 C1-B1-S1-A2-T2 0.40 8 30 A2 2 

9 C1-B1-S1-A2-T3 0.40 8 30 A2 3 

10 C1-B1-S2-A2-T1 0.40 8 40 A2 1 

11 C1-B1-S2-A2-T2 0.40 8 40 A2 2 

12 C1-B1-S2-A2-T3 0.40 8 40 A2 3 

13 C1-B2-S1-A1-T1 0.40 10 30 A1 1 

14 C1-B2-S1-A1-T2 0.40 10 30 A1 2 

15 C1-B2-S1-A1-T3 0.40 10 30 A1 3 

16 C1-B2-S2-A1-T1 0.40 10 40 A1 1 

17 C1-B2-S2-A1-T2 0.40 10 40 A1 2 

18 C1-B2-S2-A1-T3 0.40 10 40 A1 3 

19 C1-B2-S1-A2-T1 0.40 10 30 A2 1 

20 C1-B2-S1-A2-T2 0.40 10 30 A2 2 

21 C1-B2-S1-A2-T3 0.40 10 30 A2 3 

22 C1-B2-S2-A2-T1 0.40 10 40 A2 1 

23 C1-B2-S2-A2-T2 0.40 10 40 A2 2 

24 C1-B2-S2-A2-T3 0.40 10 40 A2 3 

25 C1-B3-S1-A1-T1 0.40 12 30 A1 1 

26 C1-B3-S1-A1-T2 0.40 12 30 A1 2 

27 C1-B3-S1-A1-T3 0.40 12 30 A1 3 

28 C1-B3-S2-A1-T1 0.40 12 40 A1 1 

29 C1-B3-S2-A1-T2 0.40 12 40 A1 2 

30 C1-B3-S2-A1-T3 0.40 12 40 A1 3 

31 C1-B3-S1-A2-T1 0.40 12 30 A2 1 

32 C1-B3-S1-A2-T2 0.40 12 30 A2 2 

33 C1-B3-S1-A2-T3 0.40 12 30 A2 3 

34 C1-B3-S2-A2-T1 0.40 12 40 A2 1 

35 C1-B3-S2-A2-T2 0.40 12 40 A2 2 

36 C1-B3-S2-A2-T3 0.40 12 40 A2 3 

37 C2-B1-S1-A1-T1 0.50 8 30 A1 1 

38 C2-B1-S1-A1-T2 0.50 8 30 A1 2 

39 C2-B1-S1-A1-T3 0.50 8 30 A1 3 
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Table 2 continued 

40 C2-B1-S2-A1-T1 0.50 8 40 A1 1 

41 C2-B1-S2-A1-T2 0.50 8 40 A1 2 

42 C2-B1-S2-A1-T3 0.50 8 40 A1 3 

43 C2-B1-S1-A2-T1 0.50 8 30 A2 1 

44 C2-B1-S1-A2-T2 0.50 8 30 A2 2 

45 C2-B1-S1-A2-T3 0.50 8 30 A2 3 

46 C2-B1-S2-A2-T1 0.50 8 40 A2 1 

47 C2-B1-S2-A2-T2 0.50 8 40 A2 2 

48 C2-B1-S2-A2-T3 0.50 8 40 A2 3 

49 C2-B2-S1-A1-T1 0.50 10 30 A1 1 

50 C2-B2-S1-A1-T2 0.50 10 30 A1 2 

51 C2-B2-S1-A1-T3 0.50 10 30 A1 3 

52 C2-B2-S2-A1-T1 0.50 10 40 A1 1 

53 C2-B2-S2-A1-T2 0.50 10 40 A1 2 

54 C2-B2-S2-A1-T3 0.50 10 40 A1 3 

55 C2-B2-S1-A2-T1 0.50 10 30 A2 1 

56 C2-B2-S1-A2-T2 0.50 10 30 A2 2 

57 C2-B2-S1-A2-T3 0.50 10 30 A2 3 

58 C2-B2-S2-A2-T1 0.50 10 40 A2 1 

59 C2-B2-S2-A2-T2 0.50 10 40 A2 2 

60 C2-B2-S2-A2-T3 0.50 10 40 A2 3 

61 C2-B3-S1-A1-T1 0.50 12 30 A1 1 

62 C2-B3-S1-A1-T2 0.50 12 30 A1 2 

63 C2-B3-S1-A1-T3 0.50 12 30 A1 3 

64 C2-B3-S2-A1-T1 0.50 12 40 A1 1 

65 C2-B3-S2-A1-T2 0.50 12 40 A1 2 

66 C2-B3-S2-A1-T3 0.50 12 40 A1 3 

67 C2-B3-S1-A2-T1 0.50 12 30 A2 1 

68 C2-B3-S1-A2-T2 0.50 12 30 A2 2 

69 C2-B3-S1-A2-T3 0.50 12 30 A2 3 

70 C2-B3-S2-A2-T1 0.50 12 40 A2 1 

71 C2-B3-S2-A2-T2 0.50 12 40 A2 2 

72 C2-B3-S2-A2-T3 0.50 12 40 A2 3 

73 C3-B1-S1-A1-T1 0.60 8 30 A1 1 

74 C3-B1-S1-A1-T2 0.60 8 30 A1 2 

75 C3-B1-S1-A1-T3 0.60 8 30 A1 3 

76 C3-B1-S2-A1-T1 0.60 8 40 A1 1 

77 C3-B1-S2-A1-T2 0.60 8 40 A1 2 

78 C3-B1-S2-A1-T3 0.60 8 40 A1 3 

79 C3-B1-S1-A2-T1 0.60 8 30 A2 1 
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Table 2 continued 

80 C3-B1-S1-A2-T2 0.60 8 30 A2 2 

81 C3-B1-S1-A2-T3 0.60 8 30 A2 3 

82 C3-B1-S2-A2-T1 0.60 8 40 A2 1 

83 C3-B1-S2-A2-T2 0.60 8 40 A2 2 

84 C3-B1-S2-A2-T3 0.60 8 40 A2 3 

85 C3-B2-S1-A1-T1 0.60 10 30 A1 1 

86 C3-B2-S1-A1-T2 0.60 10 30 A1 2 

87 C3-B2-S1-A1-T3 0.60 10 30 A1 3 

88 C3-B2-S2-A1-T1 0.60 10 40 A1 1 

89 C3-B2-S2-A1-T2 0.60 10 40 A1 2 

90 C3-B2-S2-A1-T3 0.60 10 40 A1 3 

91 C3-B2-S1-A2-T1 0.60 10 30 A2 1 

92 C3-B2-S1-A2-T2 0.60 10 30 A2 2 

93 C3-B2-S1-A2-T3 0.60 10 30 A2 3 

94 C3-B2-S2-A2-T1 0.60 10 40 A2 1 

95 C3-B2-S2-A2-T2 0.60 10 40 A2 2 

96 C3-B2-S2-A2-T3 0.60 10 40 A2 3 

97 C3-B3-S1-A1-T1 0.60 12 30 A1 1 

98 C3-B3-S1-A1-T2 0.60 12 30 A1 2 

99 C3-B3-S1-A1-T3 0.60 12 30 A1 3 

100 C3-B3-S2-A1-T1 0.60 12 40 A1 1 

101 C3-B3-S2-A1-T2 0.60 12 40 A1 2 

102 C3-B3-S2-A1-T3 0.60 12 40 A1 3 

103 C3-B3-S1-A2-T1 0.60 12 30 A2 1 

104 C3-B3-S1-A2-T2 0.60 12 30 A2 2 

105 C3-B3-S1-A2-T3 0.60 12 30 A2 3 

106 C3-B3-S2-A2-T1 0.60 12 40 A2 1 

107 C3-B3-S2-A2-T2 0.60 12 40 A2 2 

108 C3-B3-S2-A2-T3 0.60 12 40 A2 3 

Legend: C – CFS Thickness, B – Bolt Diameter, S – Spacing, A – Alignment, A1 – Aligned, A2 – Staggered, T – Trial 

2.2. Assessment of NSCP 2015 Bearing Equations 

The study assessed the design provisions for CFS bolted 

connections based on the National Structural Code of the 

Philippines (NSCP) 2015 edition [13] and calculated the 

corresponding code-based values of each specimen. The 

bearing equations for both CFS and HRS obtained from 

NSCP 2015 are as follows: 

CFS Bearing (without bolt-hole deformation) 

𝑃𝑛 = 𝐶𝑚𝑓𝑑𝑡𝐹𝑢                (1) 

where 𝐹𝑢  is the sheet’s tensile strength, 𝑡  is the 

thickness of the uncoated sheet, 𝑑 is the nominal diameter 

of the bolt, 𝑚𝑓  is the bearing connections modification 

factor, and 𝐶 is the bearing factor. 

CFS Bearing (with bolt-hole deformation) 

𝑃𝑛 = (4.6𝛼𝑡 + 1.53)𝑑𝑡𝐹𝑢            (2) 

Where 𝛼  is the coefficient for conversion of units = 

0.0394 with 𝑡 in mm 

HRS Bearing (without bolt-hole deformation) 

𝑅𝑛 = 1.5𝐿𝑐𝑡𝐹𝑢 ≤ 3.0𝑑𝑡𝐹𝑢            (3) 

HRS Bearing (with bolt-hole deformation) 

𝑅𝑛 = 1.2𝐿𝑐𝑡𝐹𝑢 ≤ 2.4𝑑𝑡𝐹𝑢            (4) 

where 𝐹𝑢 is the specified minimum tensile strength of 

the connected material, 𝐿𝑐 is the clear distance/ spacing, 
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parallel to the force, between the edge of the hole and the 

edge of the adjacent hole or edge of the material, 𝑡 is the 

connected material’s thickness, and 𝑑  is the nominal 

diameter of the bolt. 

Table 3 shows the ultimate bearing strength capacities of 

each specimen. The bearing equations for both CFS and 

HRS, with and without consideration for bolt-hole 

deformation, as provided in NSCP 2015, were used. The 

tensile strength of the CFS used in the calculation is 

230MPa, which was derived in the coupon test. 

Table 3.  Bearing strength based on NSCP 2015 

No. Description BE1 (kN) BE2 (kN) BE3 (kN) BE4 (kN) 

1 C1-B1-S1-A1 0.828 0.885 1.656 1.325 

2 C1-B1-S2-A1 0.828 0.885 1.656 1.325 

3 C1-B1-S1-A2 0.828 0.885 1.656 1.325 

4 C1-B1-S2-A2 0.828 0.885 1.656 1.325 

5 C2-B1-S1-A1 1.242 1.118 2.07 1.656 

6 C2-B1-S2-A1 1.242 1.118 2.07 1.656 

7 C2-B1-S1-A2 1.242 1.118 2.07 1.656 

8 C2-B1-S2-A2 1.242 1.118 2.07 1.656 

9 C3-B1-S1-A1 1.656 1.357 2.484 1.987 

10 C3-B1-S2-A1 1.656 1.357 2.484 1.987 

11 C3-B1-S1-A2 1.656 1.357 2.484 1.987 

12 C3-B1-S2-A2 1.656 1.357 2.484 1.987 

13 C1-B2-S1-A1 0.932 1.106 2.07 1.656 

14 C1-B2-S2-A1 0.932 1.106 2.07 1.656 

15 C1-B2-S1-A2 0.932 1.106 2.07 1.656 

16 C1-B2-S2-A2 0.932 1.106 2.07 1.656 

17 C2-B2-S1-A1 1.294 1.398 2.587 2.07 

18 C2-B2-S2-A1 1.294 1.398 2.587 2.07 

19 C2-B2-S1-A2 1.294 1.398 2.587 2.07 

20 C2-B2-S2-A2 1.294 1.398 2.587 2.07 

21 C3-B2-S1-A1 1.811 1.696 3.105 2.484 

22 C3-B2-S2-A1 1.811 1.696 3.105 2.484 

23 C3-B2-S1-A2 1.811 1.696 3.105 2.484 

24 C3-B2-S2-A2 1.811 1.696 3.105 2.484 

25 C1-B3-S1-A1 1.118 1.327 2.484 1.987 

26 C1-B3-S2-A1 1.118 1.327 2.484 1.987 

27 C1-B3-S1-A2 1.118 1.327 2.484 1.987 

28 C1-B3-S2-A2 1.118 1.327 2.484 1.987 

29 C2-B3-S1-A1 1.397 1.677 3.105 2.484 

30 C2-B3-S2-A1 1.397 1.677 3.105 2.484 

31 C2-B3-S1-A2 1.397 1.677 3.105 2.484 

32 C2-B3-S2-A2 1.397 1.677 3.105 2.484 

33 C3-B3-S1-A1 1.863 2.035 3.726 2.981 

34 C3-B3-S2-A1 1.863 2.035 3.726 2.981 

35 C3-B3-S1-A2 1.863 2.035 3.726 2.981 

36 C3-B3-S2-A2 1.863 2.035 3.726 2.981 

Legend: Bearing Equation 1 (BE1) – CFS Bearing (without bolt hole deformation); Bearing Equation 2 (BE2) – CFS Bearing (with bolt hole 
deformation); Bearing Equation 3 (BE3) – HRS Bearing (without bolt hole deformation); Bearing Equation 4 (BE4) – HRS Bearing (with 
bolt hole deformation) 
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2.3. Experiment Results and Parametric Analysis 

The study processed its own data collected from the 

results of the experiment testing. Table 4 shows the bearing 

strength of each specimen upon failure after conducting the 

experiment. Each specimen has three (3) trial test results, 

and the average among the trials, including the mode of 

failure, is also recorded. Figure 3A/3B shows an example 

of a connection specimen in bearing failure. 

Table 4.  Bearing strength based on Experiment Results 

No. Description T1 (kN) T2 (kN) T3 (kN) Average (kN) Mode of Failure 

1 C1-B1-S1-A1 6.60 6.50 6.00 6.37 Bearing 

2 C1-B1-S2-A1 6.10 6.30 6.70 6.37 Bearing 

3 C1-B1-S1-A2 6.10 5.70 5.90 5.90 Bearing 

4 C1-B1-S2-A2 5.50 5.50 6.10 5.70 Bearing 

5 C2-B1-S1-A1 7.60 7.30 7.60 7.50 Bearing 

6 C2-B1-S2-A1 9.50 9.40 8.90 9.27 Bearing 

7 C2-B1-S1-A2 8.60 8.20 8.70 8.50 Bearing 

8 C2-B1-S2-A2 -* 9.80 8.50 9.15 Bearing 

9 C3-B1-S1-A1 10.50 10.10 9.80 10.13 Bearing 

10 C3-B1-S2-A1 9.60 9.60 9.40 9.53 Bearing 

11 C3-B1-S1-A2 11.00 10.60 11.40 11.00 Bearing 

12 C3-B1-S2-A2 9.60 9.70 10.20 9.83 Bearing 

13 C1-B2-S1-A1 7.60 7.00 6.90 7.17 Bearing 

14 C1-B2-S2-A1 7.80 6.90 8.60 7.77 Bearing 

15 C1-B2-S1-A2 8.50 9.00 8.60 8.70 Bearing 

16 C1-B2-S2-A2 8.80 8.30 9.30 8.80 Bearing 

17 C2-B2-S1-A1 10.00 10.20 10.00 10.07 Bearing 

18 C2-B2-S2-A1 10.90 9.80 9.70 10.13 Bearing 

19 C2-B2-S1-A2 -* 11.20 11.00 11.10 Bearing 

20 C2-B2-S2-A2 -* 10.00 -* 10.00 Bearing 

21 C3-B2-S1-A1 11.90 11.10 11.10 11.37 Bearing 

22 C3-B2-S2-A1 12.30 12.20 12.70 12.40 Bearing 

23 C3-B2-S1-A2 11.90 12.00 12.00 11.97 Bearing 

24 C3-B2-S2-A2 12.40 13.20 13.40 13.00 Bearing 

25 C1-B3-S1-A1 6.70 7.00 7.20 6.97 Bearing 

26 C1-B3-S2-A1 7.00 7.90 8.00 7.63 Bearing 

27 C1-B3-S1-A2 8.60 8.60 8.00 8.40 Bearing 

28 C1-B3-S2-A2 6.80 6.60 7.40 6.93 Bearing 

29 C2-B3-S1-A1 9.00 9.10 9.00 9.03 Bearing 

30 C2-B3-S2-A1 9.60 9.70 9.20 9.50 Bearing 

31 C2-B3-S1-A2 11.20 11.10 10.60 10.97 Bearing 

32 C2-B3-S2-A2 9.20 8.00 8.90 8.70 Bearing 

33 C3-B3-S1-A1 10.40 10.00 10.60 10.33 Bearing 

34 C3-B3-S2-A1 11.10 11.00 10.30 10.80 Bearing 

35 C3-B3-S1-A2 9.20 10.20 10.40 9.93 Bearing 

36 C3-B3-S2-A2 10.80 11.60 9.90 10.77 Bearing 

Note: (*) – represents unsuccessful experiment trials. The values for these cells were omitted by the researcher to preserve the accuracy of the 
test results. 
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Figure 3A.  Bearing Failure on Aligned Bolt Specimen 

 

Figure 3B.  Bearing Failure on Staggered Bolt Specimen 

The parametric analysis of this study includes 

understanding the individual effects of the parameters 

being considered on the bearing capacity of the connection. 

Figure 4 shows the bearing capacity diagram for the 

values obtained in the experiment across different 

thicknesses of the CFS. The diagram shows similar trends 

for all the member thicknesses used in this study. The 

figure also shows that as the thickness of the member is 

increased, the bearing capacity increases. 

 

Figure 4.  Parametric Analysis (Bearing Capacity and CFS Member 

Thickness) 
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Figure 5 shows the bearing capacity diagram produced 

by comparing the results presented by different bolt sizes 

used in the experiment. The trend of the line graph is 

similar for all bolts being considered. The diagram also 

showed that using a small bolt diameter will yield a smaller 

bearing capacity while using an extremely large bolt 

diameter will also reduce the bearing strength. Given a 

constant width of connection, the behavior between the 

varying bolt diameter and the bearing capacity presents a 

quadratic relationship. This behavior could be attributed to 

a large reduction of the net section area due to increasing 

bolt size. The quadratic relationship is therefore bounded 

by the ratio of the bearing area over the net area of the 

connection member. The net section area is determined by 

subtracting the bolt hole from the width of the specimen 

and multiplying it by the corresponding thickness, while 

the bearing area is determined by multiplying the bolt 

diameter with the corresponding thickness. With the 

specimen width of 75mm, bolt sizes of 8mm, 10mm, and 

12mm, and bolt hole sizes of 10mm, 12mm, and 14mm, 

respectively, the governing ratio of the bearing area over 

the net section area is 0.158. When the ratio is less than or 

equal to 0.158, the bearing capacity increases when the bolt 

size increases, but when the ratio is greater than 0.158, the 

bearing capacity decreases when the bolt size increases. 

 

Figure 5.  Parametric Analysis (Bearing Capacity and Bolt Diameter) 

The diagram in Figure 6 presents the bearing capacities 

considering the different bolt spacing used in the 

experiment. The figure shows that the trend for both bolt 

spacings, 30mm, and 40mm, have similar trends for all the 

experiment specimens. In addition, the relationship 

between bolt spacing and the bearing capacity of the 

connection varies. There are instances in the figure where 

the smaller bolt spacing yields greater bearing capacity, 

and there are some conditions where the larger bolt spacing 

influences a larger bearing capacity. 

Figure 7 shows the bearing capacity of different bolt 

configurations used in the experiment. The diagram 

presents a similar trend between an aligned bolt 

configuration and a staggered bolt connection. It is also 

shown in the graph that in the majority, the staggered bolt 

connections produce a larger bearing capacity as compared 

to aligned bolt configurations. 

 

Figure 6.  Parametric Analysis (Bearing Capacity and Bolt Spacing) 

 

Figure 7.  Parametric Analysis (Bearing Capacity and Bolt 

Configuration) 

2.4. Artificial Neural Network 

The researcher designed the neural network model using 

the data gathered in the experiment in order to predict the 

bearing failure strength of the CFS bolted connection. The 

input parameters refer to the variables under consideration, 

which include the thickness of the CFS member, diameter 

of bolts, spacing of bolts, and bolt configuration (staggered 

or aligned), while the predetermined output parameter is 

the bearing failure strength of the bolted connection. 

According to E. Tosun et al. [14], the ANN is a system that 

is inspired by a basic unit of a biological network known as 

the neuron and the function of its basic components: 

synapses, axons, soma, and dendrites, which receive input 
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signals from the outside and combines them to perform a 

non-linear operation and the result is imitated in the 

process performed by ANN. The study adopted the neural 

network modeling and data processing conducted in the 

study of G. Estores, and W. Almenor [15]. The model has 

four input layers as the receiving end, after which it will be 

combined through several hidden layers until it arrives 

with the predetermined output layer. A series of trials were 

conducted to determine the number of hidden layers with 

the highest regression and the lowest mean squared error. 

The experiment data were divided into three sets, 

particularly 70% training, 15% validation, and 15% testing 

sets. This data distribution percentage is considered a rule 

of thumb according to W. Alaloul and A. Qureshi [16]. The 

study used MATLAB software for the creation of an ANN. 

The Levenberg-Marquardt learning algorithm, 

incorporated in MATLAB software, was used as the 

training function parameter. For the transfer function, the 

study will adopt the tangent sigmoid transfer function 

(tansig) for the input-to-hidden layer transfer and the linear 

transfer function (purelin) for the hidden layer-to-output 

layer to generate the best results. To improve the quality of 

the training, the study normalized the training inputs using 

the following equation:  

𝑦 =  [2(𝑥 − 𝑥𝑚𝑖𝑛)/(𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛)] − 1        (5) 

Where in 𝑥, 𝑦, 𝑥𝑚𝑖𝑛, and 𝑥𝑚𝑎𝑥 are original, normalized, 

minimum, and maximum values, respectively. 

Table 5.  Most Suitable ANN Model 

Network 

Mean Squared Error 

(MSE) 
Regression (R) 

TR V T TR V T 

4-1-1 0.0591 0.1094 0.0554 0.8563 0.9198 0.9320 

4-2-1 0.0371 0.0341 0.1147 0.9259 0.9345 0.9787 

4-3-1 0.0367 0.0022 0.0737 0.9284 0.9943 0.8970 

4-4-1 0.0080 0.0066 0.1394 0.9823 0.9847 0.8157 

4-5-1 0.0094 0.0322 0.0360 0.9813 0.9632 0.9084 

Legend: TR – Training, V – Validation, T – Testing 

The best neural network model was identified after 

several trials to be 4-5-1 (four input layers, five hidden 

layers, and one output layer). Table 5 presents the Mean 

Squared Error and Regression values from the different 

ANN model trials conducted in the study. The good 

indicators of a well-performing ANN model are a higher 

value of R (regression) and a lesser value of MSE (mean 

squared error). The ANN model 4-5-1 is the best ANN 

model because it has a regression value of 0.9813, 0.9632, 

and 0.9084 for training, validation, and testing, 

respectively. In addition, ANN model 4-5-1 also has mean 

squared error values of 0.0094, 0.0322, and 0.0360 for 

training, validation, and testing, respectively. Figure 8 

shows the graphical representation of the regression values 

for different hidden layers, while Figure 9 shows the 

graphical representation of the mean squared values for 

different hidden layers. Both diagrams show that ANN 

model 4-5-1 is the best neural network model for this 

study. 

 

Figure 8.  Regression Value for Different Hidden Layers 

 

Figure 9.  Mean Squared Error Value for Different Hidden Layers 

Figure 10 presents the regression plot generated by the 

4-5-1 ANN Model. The figure shows that the overall 

Regression value is approximately 0.96736, which clearly 

indicates that there is a significant relationship between the 

input parameters including CFS member thickness, bolt 

diameter, bolt spacing, and bolt configuration in the 

bearing failure of the bolted steel connection specimen. 
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Figure 10.  ANN Regression Plot (4-5-1 ANN Model) 

The ANN-predicted values, as shown in Table 8, were 

derived from the weights and biases obtained in the neural 

network model. Table 6 shows the input and output layer 

weights, while Table 7 shows the input and output 

connection network biases. The final equations used for 

generating the predicted bearing values are as follows: 

𝑥 = [𝐶     𝐵     𝑆     𝐴]′           (6) 

𝑦 = 𝑝𝑢𝑟𝑒𝑙𝑖𝑛{𝐿𝑊2_1[𝑡𝑎𝑛𝑠𝑖𝑔(𝐼𝑊1_1 × 𝑥 + 𝑏1) + 𝑏2]}  

                                                     (7) 

𝐵𝑆 =  [𝑦(𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛) + (𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛) + 2𝑥𝑚𝑖𝑛]/2  

                                                     (8) 

where 𝐶  refers to CFS thickness, 𝐵  refers to bolt 

diameter, 𝑆  refers to bolt spacing, 𝐴  refers to bolt 

configuration, 𝑥 is the transposed scaled input in matrix 

form, 𝑦 is the predicted scaled output, 𝐿𝑊21 𝑜𝑟 𝑊𝑜 is 

the output layer weights in matrix form, 𝐼𝑊11𝑜𝑟 𝑊𝑖 is 

the input layer weights in matrix form, 𝑏1 is the input layer 

network biases, 𝑏2  is the output layer network biases, 

𝑥𝑚𝑎𝑥 is the maximum actual bearing capacity, 𝑥𝑚𝑖𝑛 is the 

minimum actual bearing capacity, and 𝐵𝑆  is the ANN 

predicted bearing capacity. 

Table 6.  Weight Connection of ANN Model 4-5-1 

Hidden 

Layer 

Input Layer 
Output 

Layer 

C B S A BS 

1 -0.6107 1.9889 0.6919 0.4209 -0.0164 

2 0.0592 -1.8860 -0.0937 -0.1197 0.6778 

3 -0.2182 -0.6334 -1.9922 -0.064 -0.2033 

4 0.6268 0.6024 -0.0969 0.5747 1.0207 

5 -0.9942 -1.1459 0.6497 2.0028 -0.531 

Legend: C – CFS Thickness, B – Bolt Diameter, S – Spacing, A – 
Alignment, BS – Bearing Strength 

Table 7.  Network Biases of ANN Model 4-5-1 

Hidden Layer Input Connection  Output Connection 

1 1.7652 

-1.0373 

2 1.6186 

3 -0.0997 

4 0.6678 

5 -1.8282 
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Table 8.  Predicted Output of ANN Model 4-5-1 

Actual Input Data Scaled Input Data Scaled Actual ANN Prediction 

C 

(mm) 

B 

(mm) 

S 

(mm) 
A* 

C 

(mm) 

B 

(mm) 

S 

(mm) 
A 

BS 

(N) 

BS 

(N) 

BS 

(N) 

0.4 12 40 2 -1 1 1 1 -0.6630 6930 7088.80 

0.5 8 30 1 0 -1 -1 -1 -0.5068 7500 8029.80 

0.6 10 40 1 1 0 1 -1 0.8356 12400 12747.90 

0.6 10 30 1 1 0 -1 -1 0.5534 11370 11872.20 

0.4 12 40 1 -1 1 1 -1 -0.4712 7630 7539.40 

0.5 10 40 2 0 0 1 1 0.1781 10000 10346.00 

0.4 8 40 1 -1 -1 1 -1 -0.8164 6370 7176.10 

0.4 10 30 2 -1 0 -1 1 -0.1781 8700 8596.30 

0.5 12 40 1 0 1 1 -1 0.0411 9500 9785.80 

0.5 10 30 1 0 0 -1 -1 0.1973 10070 10001.90 

0.6 12 30 2 1 1 -1 1 0.1589 9930 10174.70 

0.5 10 40 1 0 0 1 -1 0.2137 10130 10634.40 

0.5 8 40 2 0 -1 1 1 -0.0548 9150 8842.50 

0.4 12 30 1 -1 1 -1 -1 -0.6521 6970 7295.30 

0.6 10 30 2 1 0 -1 1 0.7178 11970 12658.40 

0.6 10 40 2 1 0 1 1 1.0000 13000 12497.90 

0.5 12 40 2 0 1 1 1 -0.1781 8700 9441.80 

0.4 10 40 2 -1 0 1 1 -0.1507 8800 8511.60 

0.6 8 40 2 1 -1 1 1 0.1315 9830 10525.80 

0.5 12 30 2 0 1 -1 1 0.4438 10970 9746.20 

0.6 8 30 1 1 -1 -1 -1 0.2137 10130 10285.80 

0.4 8 30 1 -1 -1 -1 -1 -0.8164 6370 6538.90 

0.5 8 30 2 0 -1 -1 1 -0.2329 8500 8729.50 

0.6 8 40 1 1 -1 1 -1 0.0493 9530 10954.10 

0.4 10 40 1 -1 0 1 -1 -0.4329 7770 8490.10 

0.4 12 30 2 -1 1 -1 1 -0.2603 8400 8506.70 

0.4 8 40 2 -1 -1 1 1 -1.0000 5700 6575.70 

0.6 12 40 1 1 1 1 -1 0.3973 10800 11065.90 

0.5 10 30 2 0 0 -1 1 0.4795 11100 11384.50 

0.6 12 30 1 1 1 -1 -1 0.2685 10330 10373.10 

0.5 12 30 1 0 1 -1 -1 -0.0877 9030 9321.30 

0.4 10 30 1 -1 0 -1 -1 -0.5973 7170 7726.30 

0.6 12 40 2 1 1 1 1 0.3890 10770 10794.60 

0.4 8 30 2 -1 -1 -1 1 -0.9452 5900 6093.10 

0.6 8 30 2 1 -1 -1 1 0.4521 11000 11428.30 

0.5 8 40 1 0 -1 1 -1 -0.0219 9270 8741.10 

Legend: C – CFS Thickness, B – Bolt Diameter, S – Spacing, A – Alignment, BS – Bearing Strength 

Note: (*) – For Bolt Configuration: 1 – Aligned Bolts, 2 – Staggered Bolts 

Table 9 and Figure 11 show the summary of all the 

bearing capacities obtained in this study, including the 

code-based calculated bearing capacities, the experimental 

test results, and the ANN-predicted bearing capacities. The 

diagram in Figure 11 shows that the plot of the ANN 

predicted bearing capacities is similar to the trend of the 

plot for the experimental results; therefore, the ANN 4-5-1 

model has successfully modeled the behavior of the 

bearing strength for the CFS bolted connection. 
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Table 9.  Summary of Bearing Capacity Results 

Sample 

No. 
Description BE1 (kN) BE2 (kN) BE3 (kN) BE4 (kN) 

Experiment 

Results (kN) 

ANN 

Prediction 

(kN) 

1 C1-B1-S1-A1 0.828 0.885 1.656 1.325 6.37 6.5389 

2 C1-B1-S2-A1 0.828 0.885 1.656 1.325 6.37 7.1761 

3 C1-B1-S1-A2 0.828 0.885 1.656 1.325 5.90 6.0931 

4 C1-B1-S2-A2 0.828 0.885 1.656 1.325 5.70 6.5757 

5 C2-B1-S1-A1 1.242 1.118 2.07 1.656 7.50 8.0298 

6 C2-B1-S2-A1 1.242 1.118 2.07 1.656 9.27 8.7411 

7 C2-B1-S1-A2 1.242 1.118 2.07 1.656 8.50 8.7295 

8 C2-B1-S2-A2 1.242 1.118 2.07 1.656 9.15 8.8425 

9 C3-B1-S1-A1 1.656 1.357 2.484 1.987 10.13 10.2858 

10 C3-B1-S2-A1 1.656 1.357 2.484 1.987 9.53 10.9541 

11 C3-B1-S1-A2 1.656 1.357 2.484 1.987 11.00 11.4283 

12 C3-B1-S2-A2 1.656 1.357 2.484 1.987 9.83 10.5258 

13 C1-B2-S1-A1 0.932 1.106 2.07 1.656 7.17 7.7263 

14 C1-B2-S2-A1 0.932 1.106 2.07 1.656 7.77 8.4901 

15 C1-B2-S1-A2 0.932 1.106 2.07 1.656 8.70 8.5963 

16 C1-B2-S2-A2 0.932 1.106 2.07 1.656 8.80 8.5116 

17 C2-B2-S1-A1 1.294 1.398 2.587 2.07 10.07 10.0019 

18 C2-B2-S2-A1 1.294 1.398 2.587 2.07 10.13 10.6344 

19 C2-B2-S1-A2 1.294 1.398 2.587 2.07 11.10 11.3845 

20 C2-B2-S2-A2 1.294 1.398 2.587 2.07 10.00 10.3460 

21 C3-B2-S1-A1 1.811 1.696 3.105 2.484 11.37 11.8722 

22 C3-B2-S2-A1 1.811 1.696 3.105 2.484 12.40 12.7479 

23 C3-B2-S1-A2 1.811 1.696 3.105 2.484 11.97 12.6584 

24 C3-B2-S2-A2 1.811 1.696 3.105 2.484 13.00 12.4979 

25 C1-B3-S1-A1 1.118 1.327 2.484 1.987 6.97 7.2953 

26 C1-B3-S2-A1 1.118 1.327 2.484 1.987 7.63 7.5394 

27 C1-B3-S1-A2 1.118 1.327 2.484 1.987 8.40 8.5067 

28 C1-B3-S2-A2 1.118 1.327 2.484 1.987 6.93 7.0888 

29 C2-B3-S1-A1 1.397 1.677 3.105 2.484 9.03 9.3213 

30 C2-B3-S2-A1 1.397 1.677 3.105 2.484 9.50 9.7858 

31 C2-B3-S1-A2 1.397 1.677 3.105 2.484 10.97 9.7462 

32 C2-B3-S2-A2 1.397 1.677 3.105 2.484 8.70 9.4418 

33 C3-B3-S1-A1 1.863 2.035 3.726 2.981 10.33 10.3731 

34 C3-B3-S2-A1 1.863 2.035 3.726 2.981 10.80 11.0659 

35 C3-B3-S1-A2 1.863 2.035 3.726 2.981 9.93 10.1747 

36 C3-B3-S2-A2 1.863 2.035 3.726 2.981 10.77 10.7946 

Legend: Bearing Equation 1 (BE1) – CFS Bearing (without bolt hole deformation); Bearing Equation 2 (BE2) – CFS Bearing (with bolt hole 
deformation); Bearing Equation 3 (BE3) – HRS Bearing (without bolt hole deformation); Bearing Equation 4 (BE4)  – HRS Bearing (with 
bolt hole deformation) 
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Figure 11.  Summary of Bearing Capacity Results 

Table 10.  Product of Hidden-input and corresponding Hidden-output Weights 

Hidden Layer CFS Thickness Bolt Size Bolt Spacing Bolt Configuration Sum A 

1 0.01001548 0.03261796 0.01134716 0.00690276 0.06088336 

2 0.04012576 1.2783308 0.06350986 0.08113266 1.46309908 

3 0.04436006 0.12877022 0.40501426 0.0130112 0.59115574 

4 0.63977476 0.61486968 0.09890583 0.58659629 1.94014656 

5 0.5279202 0.6084729 0.3449907 1.0634868 2.5448706 

 

2.5. Relative Importance 

Relative importance is a measure that will determine 

which of the input parameters used in this study is more 

influential in the bearing capacity of the connection. Table 

6 shows the weight connection of the most suited ANN 

model 4-5-1. The values provided in this table are derived 

from the results obtained in the artificial neural network. 

In determining the relative importance, first, we need to 

multiply the hidden input weights by the corresponding 

hidden output weights found in Table 6. Afterward, obtain 

the total for each hidden layer node and label it as Sum A. 

Table 10 shows the product of hidden-input weights and 

corresponding hidden-output weights. 

Next, we divide the values obtained in Table 10 by Sum 

A and get the corresponding values for each column. 

Afterward, sum up all the values for each column and label 

it as Sum B. In addition, sum all values obtained in Sum B 

and label it as Sum C. The Percentage of the Relative 

Importance can be obtained by dividing each of the values 

in Sum B by the value of Sum C and multiplying it by 100. 

Table 11 shows the results of the relative importance of the 

parameters wherein Bolt Size and Bolt Spacing are the 

most influential parameters, while Bolt Configuration and 

CFS member thickness are the least influential parameters. 

Figure 12 presents the diagram of the relative 

importance of each parameter used in this study in relation 

to the bearing strength of a CFS connection. The diagram 

shows that the Bolt Size or the Bolt Diameter is the most 

influential variable in the determination of a bearing failure, 

with a relative importance of 43.67%. It is followed by Bolt 

Spacing with a relative importance of 22.03%, Bolt 

Configuration with 18.22% relative importance, and the 

least influential variable is the CFS member thickness with 

only 16.08%. 
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Table 11.  Relative Importance of the Parameters 

Hidden Layer CFS Thickness Bolt Size Bolt Spacing Bolt Configuration 

Sum C 

1 0.164502748 0.535745071 0.186375391 0.113376791 

2 0.027425183 0.873714445 0.043407764 0.055452608 

3 0.075039549 0.217827911 0.685122773 0.022009767 

4 0.329755892 0.316919192 0.050978535 0.30234638 

5 0.207444811 0.239097776 0.13556316 0.417894254 

Sum B 0.804168182 2.183304394 1.101447623 0.9110798 5 

Relative Impt. (%) 16.08 43.67 22.03 18.22 
 

Rank 4 1 2 3 

 

Figure 12.  Relative Importance Diagram 

3. Conclusions 

The research study aimed to determine the relationship 

of parameters like the thickness of the CFS member, the 

diameter of bolts, the spacing of bolts, and bolt 

configuration (staggered or aligned) with the bearing 

failure strength of a CFS lap-joint connection. Hereunder 

are the findings and conclusions after a thorough 

understanding of the study:  

1. The parametric analysis concluded that: a) When the 

thickness of the CFS member is increased, the bearing 

capacity is also increased; b) Given a constant width 

of connection, the behavior between the varying bolt 

diameter and the bearing capacity presents a quadratic 

relationship which could be attributed to a large 

reduction of the net section area due to increasing bolt 

size. The quadratic relationship is therefore bounded 

by the ratio of the bearing area over the net area of the 

connection member. When the ratio of bearing area 

over net section area is less than or equal to 0.158, the 

bearing capacity increases when the bolt size 

increases, but when the ratio is greater than 0.158, the 

bearing capacity decreases when the bolt size 

increases; c) There is no distinct difference in 

behavior presented between different bolt spacing as 

compared to the bearing capacity of the connection, 

2. The NSCP 2015 did not consider bolt spacing and 

bolt configuration in its bearing strength equations 

which resulted in the underestimation of the actual 

bearing capacity of the CFS connection. 

3. The ANN model has an overall regression value of 

0.96736, which indicates a successful model for the 

behavior of the CFS bearing strength. The relative 

importance of the parameters is found to be 43.67% 

for the bolt size variable, 22.03% for bolt spacing, 

18.22% for bolt configuration, and 16.08% for CFS 

member thickness which concludes that in the design 

of a CFS bearing connection, bolt size and bolt 
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spacing are the most influential factors, while bolt 

configurations and CFS member thickness are the 

least influential variables. 

4. Recommendations 

The research study has determined the relationship of 

parameters including CFS member thickness, bolt diameter, 

bolt spacing and bolt configuration with the bearing 

strength of a CFS bolted connection using an ANN model 

and contributed to a better understanding of the behavior of 

CFS connections. To further improve the CFS structural 

reliability, the researcher recommends the following:  

1. Conduct research study on CFS to determine the 

connection strength for other modes of failure 

including block shear, net section rupture, etc. 

2. Perform research study on CFS considering different 

load types including compression, moment load, or a 

combination of different load types. 

3. Conduct research study on CFS on other connections 

like butt connection, double lap joint connection, etc. 

and using other connectors like welds or a 

combination of bolts and welds. 
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