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Abstract  
The purpose of this analysis was to study the effect of bolt load transfers and geometric variables which 

influence the secondary bending stress factor of cold-formed steel bolt connections using the analytical method.  The 

Neutral Line Concept (NLC) was a method for determining the effect of secondary bending in bolt connection, but 

some important factors were ignored, such as load transmission occurring at the middle row bolts, overlap stiffening 

due to the action of manufactured and bolt stiffness.  There was an effect on the level of the secondary bending stress in 

the bolt-row.  To obtain accurately the secondary bending stress factor, the Modified Neutral Line Concept (MNLC) 

was proposed.  MNLC was modified from NLC by added ignoring factors to the process of calculating.  The accuracy 

of MNLC was validated by finite element analysis.  The results showed that the analytical method had a good 

correlation with the finite element analysis.  The most critical points for secondary bending stress in a lap shear 

connection were in the outer bolt rows of the connection. 
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________________________________________________________________________________________________ 

 
1.  Introduction 

Bolt connections are essential 

components of most cold-formed steel structures.  

Failure mode prediction in cold-formed steel 

connections is crucial for structural damage 

analysis.  The failure modes, such as the bearing 

failure mode, can be predicted by the bearing stress 

and bypass stress distribution along the bolt hole of 

the connection (Hart-Smith, 1982).  In Konkong 

and Phuvoravan (2017b), both the bearing stress 

and bypass stress distribution were modified using 

the stress normalization concept for predicting the 

stress-strain relationship surrounding the bolt hole.  

Secondary bending stresses are due to the 

loading configuration as the service load, and the 

eccentric load due to bolt-plate interaction, as well 

as the load transfer through bolts are established in 

the connection.  This stress has the potential to 

change the failure mode and affected the ultimate 

failure load.  When the contact area between the 

bolts and the hole edge was decreased by bolt 

rotation caused by secondary bending, this resulted 

in a decrease in the bearing resistance capacity of 

the lap shear connection (Ekh & Schön, 2005).  As 

well, the combined secondary bending stress and 

tension stress cause a deterioration in fatigue 

performance and the net-tensile strength capacity 

(Ekh & Schön, 2005; Skorupa, Korbel, Skorupa, & 

Machniewicz, 2015).  In other recent research, 

finite element analysis was used to investigate the 

secondary bending stress distribution throughout 

the thickness of plates in the surroundings of the 
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bolt-hole.  The results showed that a non-uniform 

secondary bending stress distribution was found in 

the surroundings of the bolt-hole, in multi-bolt 

connections, and this reduced the bearing strength 

of the bolt-holes (Ireman, 1998; Egan, McCarthy, 

McCarthy, & Frizzell, 2012).  One way to study 

secondary bending stress distribution is to measure 

the out-of-plane displacements along lines parallel 

to the loading direction, using a strain gauge.  

These measurements can be applied in the semi-

empirical model for predictions of the fatigue life 

of the bolt connection.  However, these 

measurements are complex and offer accuracy 

problems in regions of a higher stress gradient 

(Starikov, 2002; EKh, Schon, & Melin, 2005).  

The characteristics of secondary bending are 

dependent on the magnitude of the eccentricity and 

the flexural rigidity of the connection between the 

bolt rows.  It was key to developing the Neutral 

Line Concept (NLC) for the secondary bending 

stress analysis (Schijve, 1972).  NLC was a one-

dimensional model in which the action of the 

relationship as a single structural entity was 

determined by the out-of-plane displacement of the 

neutral axis.  Even though NLC was a useful 

method for determining the effect of secondary 

bending in eccentric bolt connection, but it ignores 

some important factors, such as stress 

concentration around bolt holes, load transmission 

occurring at the middle bolts row, overlap 

stiffening due to the action of manufactured and 

bolt stiffness.  By ignoring factors, the NLC result 

in the multi-bolt-rows connection showed the 

maximum secondary bending stress in the outer 

bolt row and not presented the secondary bending 

stress in the middle row bolts (Machniewicz, 

Korbel, Skorupa, & Winter, 2018).  It provides an 

inaccurate value and should be improved. 

 

2.  Objectives 

In this research, NLC (Schijve, 1972) was 

modified by adding the bolt-plate interaction 

stiffness to the process of calculating.  The 

modified method was called the Modified Neutral 

Line Concept (MNLC).  The research was 

conducted by finite element analysis method and 

analytical method.  The analytical method was 

used to consider the effects of the secondary 

bending stress as a function of the bolt load 

transfers which included bolt-plate interaction 

stiffness.  The analytical result was compared by 

finite element analysis (FEA).  In analytical and 

finite element analysis, the triple bolt single lap 

shear connection was used to illustrate the bolt 

load transfers and bolt stiffness influence the 

secondary bending stress.  

 

3.  Materials and methods 

NLC was modified by including the bolt-

plate interaction stiffness into the original 

analytical procedure which can be improved the 

load transmission occurring at the middle row 

bolts.  The research procedure was focused on the 

multi-bolt-row connection which can be presented 

the bending stress behavior of the middle bolt row.  

The triple bolt lap shear connection with a 1 mm 

cold-formed steel plate and 5 mm steel bolt was a 

reasonable option for the multi-bolt-row 

connection.  Because it was a simple model that 

achieves the research goal. 
3.1  The secondary bending stress and the neutral 

line model 

In Figure 1, the load path eccentric was 

presented in the geometry model.  As a result of 

eccentric load, the bending moment of the plates 

was activated which is mentioned in the secondary 

bending stress.  The severity of secondary bending 

stress was often calculated by the bending stress 

factor which can be defended by Eq. 1.  The 

bending stress level at the critical location of the 

connection was not more than 3 times the tension 

stress ( 3bS ) (de Rijck, 2005). 

 

 
Figure 1  Eccentricity at bolt connection 






bending

b

tensile

S                      (1) 

where 
bS is the secondary bending stress factor,  

bending  is the secondary bending stress and tensile  

is the tensile stress.  

In 1972, Schijve proposed the analytical 

method of measure the secondary bending stress in 

the bolt connection which was calculated by 

considering the out-of-plane displacements of the 
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neutral line of the connection.  In Figure 2, the 

structural components of the steel plate, and the 

steel bolt were determined on the assumption that 

the connection neutral line was a single beam.  The 

overlap region of the top and bottom plates was 

considered as an integral beam in which the 

flexural rigidity corresponds to the combined 

thickness of the plates.  However, some important 

factors were ignored such as stress concentration 

around bolt holes, load transmission occurring at 

the middle row bolts, overlap stiffening due to the 

action of manufactured and bolt stiffness.  In this 

research, some components such as load 

transmission occurring at the middle row bolts and 

bolt-plate interaction stiffness were used to modify 

the NLC. 

 
 

 
Figure 2  The original neutral line concept  

 

3.2  An analytical method for the secondary 

bending stress analysis 

In triple bolt connection (Figure 3(a), the 

bending moments at any point x along part-1 and 

part-2 were calculated by the differential of the 

deflection curve at the mid-plane surface (Figure 

3(b)). The bending moment due to the deflection of 

the neutral line model was calculated as the 

moment-curvature relationship (Eq. (2)) 

(Timoshenko, 1922).  

 

 
(a) 

 
(b) 

Figure 3  The multi-bolt-row connection analysis: (a) triple bolt connection; (b) neutral line model  

(Figure adapted from de Rijck, 2005) 

 

   
 2

2

i i

i i i

i

d y x
M x EI

dx

 
   

 

                          (2a) 

with 

                                                               

      , 0i i i A i i i i iM x M Vx M F y x y       (2b)                     

 

where F is the applied load, V is the shear force, 

 
i

EI is the flexural stiffness of part-i, ,i AM is the 

moment of point-A and i is the number of 

segments.  The general solution of Eq. (2a) can be 

written as Eq. (3) (Timoshenko, 1922).  The plate 

boundary conditions, i, AM , ,i BM  and V are equal to 

zero. 
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     sinh coshi i i i i i i i i i iy x A x B x C x D      (3) 

where  2

i i
F EI  , iC V F  and 

,i i AD M F  . 

In Figure 3(b), the equation for the 

deflection of the part-1 was similar to Eq. (3) 

which applied boundary conditions, as  1 1 0y x  = 

0, and it found that 1B = 0.  Thus, the equation 

 1 1y x can be written as Eq. (4).  The equation for 

the deflection the part-2, including load transfers 

and bolt stiffness can be written as Eq. (5). 

                                                                

   1 1 1 1 1sinhy x A x                                        (4) 

                                                               

      1

2 2 2 2 2 2 2 2sinh cosh
M

y x A x B x
F

 


    (5) 

with 

   

 
 

,

1 2 1 2

,1 1 ,2 2

1 2

,3 1 2 3 1

,  1, 2,3

,  ,  
2 2

 (when )
2

i i T i

T T

T

M M M i

t t t t
M T M T

t t
M F T T T T

    

 
 


   

 

 

where iM  is an additional moment, iM is the 

internal moments and ,T iM is the moment from the 

transferred load ( 1T , 2T  and 
3T ) (Figure 4).  

         

             

                                                     

                        
where 1 2,  t t  = thickness of the plate, 1 2,  c c  = distance to the neutral line, 1 2,  e e  and 3e  = eccentricity and F 

= applied load. 
 

Figure 4  Neutral line model and bending moments on the bolt rows for a three-row lap joint 

 

The constant amplitude values of
iA and

iB of Eq. (3) were solved by the equilibrium 

equation with the boundary conditions 

(Timoshenko, 1922) at both the part 1- part 2 

intersection and the connection hinged end. (Eq. 

(6)-(7)).                                           

   
2 2 1 1

,2 ,1 1x xx L x L
y y e

 
                            (6a) 

1 1 2 0x L x

dy dy

dx dx 

   
   

   
                                (6b) 

                                                                

 
2 2

,2 0x x L
y


                                       (7)                                     

The constants 1A , 2A and 2B , used in the 

above equations, are calculated in Eq. (8)  

  1

2 1 1 1 1sinh
M

B A L e
F




      (8a) 

 1

2 1 1 1

1

coshA A L





                            (8b) 
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    1

2 2 2 2 2 20 sinh cosh
M

A L B L
F

 


       (8c) 

These constants were substituted in Eq. (2) and 

the bending moment along the length of the 

connection was calculated by Eq. (9).  

     
 2

2

im

x x

d y x
M EI

dx


 

  
 
 

                           (9) 

Finally, the secondary bending stress factor in 

Eq. (1) was rewritten as Eq. (10). 

                                               

 2

2 2

11 1

66
imbending xx

b

tensile

d y xEIM F
S

wtwt Ft dx






 

    
 
 

 (10) 

In Figure 5, the bolt load transfers were 

simplified by the multi-spring model.  The 
2 5,  k k

and 
8k  were the bolt-plate interaction stiffness 

which proposed by Konkong & Phuvoravan 

(2017a).  

 

 
   

Remark: 1k and 9k are the stiffness of the plate from the bolt to the ends of plates, 3k ,
4k ,

6k  and 7k  are the stiffness of the plate 

between bolts. 

Figure 5  The multi-bolt-row spring model (Figure adapted from Konkong & Phuvoravan, 2017a) 

 

Figure 6  Geometry and element type of FEA 

 

3.3  Finite element analysis 

The ANSYS finite element program 

(ANSYS, 2014) was selected to analyze the cold- 

formed steel multi-bolt-row connection (Figure 6).   

The material nonlinearity, nonlinear 

geometry and contact problem were adopted in the 

bolt connection geometry. 
The material non-linearity, the true stress 

( true ) and true strain ( true ) data were converted 

by the test stress-strain by Eq. (11) and were 

placed into the material model (Figure 7)  The 

multilinear isotropic hardening material model and 

the linear elastic material model were used 

modeled the cold-form steel material and bolt-

washer parts.  The mechanical properties of the 

cold-formed steel and the steel bolts test 

procedures were followed ASTM (ASTM A370-

07, 2007; A325M-94, 1994).  The summary results 

of cold-formed steel and the steel bolts were 

presented in Table 1. 

 1true test test    and  ln 1true test      (11) 
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Figure 7  Stress-strain curve of cold-formed steel 

 

 

 

 

 
Table 1  Material properties  

  Cold-formed steel 

t (mm) w (mm) 
yF  (MPa 

uF (MPa) E  (GPa) 

1.05 12.60 608.79 624.99 213.52 

Remark: ASTM A370-07b 

 

Steel bolt 

d (mm) yF  (MPa 
uF (MPa) E  (GPa) 

4.94 930.79 952.38 204.10 

 Remark: ASTM A325M 

 

The SHELL 281 and SOLID186 were 

used to model the cold-formed steel and bolt-

washer.  The CONTA173 and TARGE170 were 

used to the contact elements that intended to model 

the contact between the steel plates, steel bolts, 

washers and wall of the holes (Figure 8).  The 

penalty algorithm was considered to solve the 

constrained optimization of the contact element.  

The static friction in the contact element between 

the steel plates was set at 0.20 (Chung & Ip, 2000).  
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Figure 8  Contact body of finite element model 

 

The aspect ratio of a geometric mesh 

shape (length-to-width ratio) was used to control 

the mesh size of the element which was assigned to 

be close to 1.0 for all components.  The fine mesh 

was applied at the bolt holes which was 

predetermined to provide more accurate stress 

distribution (Chanamai & Rodkwan, 2019).  The 

pins and the roller support were simulated to the 

boundary conditions on both sides of the 

connection (Figure 9). 

 

       

 
 

 

 
 

 

 

 
 

 

 
 

 

Figure 9  Mesh and boundary condition 

 

 

The bending stress results of the cold-formed steel 

plates were considered by integrating the stress 

tensor. The shell bending stress tensors ( b

xx
, 

b

yy

and
b

xy ) are explained in the n-plane stress tensors  

(   xx z ,   yy z  and   xy z ) along the shell 

thickness direction.  These can be written as Eq. 

(12). 

   

 

2 2

0 0

2

0

6 6
,   

2 2

6
and 

2

t t

b b

xx yyxx z yy z

t

b

xy xy z

t t
z dz z dz

t t

t
z dz

t

   

 

   
      

   

 
  

 

 



             (12) 

where  b

xx
, 

b

yy and
b

xy  are shell bending stress, t is 

the total shell thickness and z is the thickness 

location where the in-plane stress is evaluated 

(ANSYS, 2014). 
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4.  Results 
The analysis results of the analytical 

method were verified by the finite element model 
as shown in Figure 10(a-c).  The results provide a 

continuous curve of the variation of the bending 
stress level and bending stress factor along the 
length of the connection.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 10  Variations of the bending stresses and bending stress factor along the lap shear connection: (a) FEA model; 
(b) secondary bending stresses; (c) secondary bending stress factor 
 

 

The results show that the analytical 

method was in good correlation with the FEA 

although it a few differences with NLC due to 

various assumptions.  In NLC, the load 

transmission occurs at the outer bolts only and 

does not transfer to the bolts in the middle row 

because bolt-plate interaction stiffness was 

ignored.  In MNLC, bolt-plate interaction stiffness 

was added to the NLC that affected the load 

transmission from one plate to the other plate and 

occurred by all three rows, also the middle row.  

The most critical points for bending stress in a lap 

shear connection were bolt-row-1 and bolt-row-3 

of the connection as shown in Figure 10(a).  The 

region along the bolt-row-1 and bolt-row-3 were 

the high secondary bending stress.  These were a 
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primary concern for bending failure analysis.  At 

the bolt-row-2 location, the secondary bending 

stress along the connection width was minor which 

little interest for bending failure behavior. 

 

5.  Analytical parametric study of the bolt 

connection 
 Some parameters have been influenced by 

the secondary bending stress of the connection.  

The parametric study considered the secondary 

bending stress with variations in the bolt diameter, 

plate thickness ( 1 2t t t  ) and plate thickness 

ratio (t-ratio, 2 1t t ).   The geometric model, 

discussed above, was modified for the various 

parameters being analyzed. 

 Changing the bolt diameter had a 

significant effect on the secondary bending stress 

factor in a multi-bolt-row connection that 

increased the peak secondary bending stress of the 

region along the outer bolt rows.  Increasing the 

bolt diameter examined the influence of the bolt-

plate interaction stiffness which induced higher 

values of the transfer load level ( 1T and 3T ) and the 

additional moment ( 1M and 3M ), which resulted 

in a high secondary bending stress factor (Figure 

11). 

 

 
 

Figure 11  Secondary bending stress factor results of varying bolt diameters 

 

When the cold-formed steel plate 

thickness changed to be very thin plates, the 

bending stiffness and axial stiffness of the plate 

were reduced to being very small.  This resulted in 

the plates at the outer bolt rows being unable to 

resist the secondary bending moment, and a larger 

axial deformation occurred, and high rotations 

occurred at the middle bolt row.  When the plate 

thickness was decreased, the position of the high 

peak secondary bending stress factor changed to 

the region along the middle bolt row (Figure 12). 
The secondary bending stress factor of the 

region along the bolt-1 was transcended when the 

2 1t t  ratio was greater than 1.  While the 2 1t t  ratio 

was greater than 1 ( 2 1t t ≫ 1), the steel bolt was 

constrained by the axial stiffness of the plate-2 

which was semi-fixed support, and the secondary 

bending stress was carried by the region along the 

bolt-1 (Figure 13).  The parametric results show 

that the increasing of bolt diameters plate thickness 

and plate thickness ratio has an impact on the 

secondary bending stress factor due to the bolt-

plate interaction stiffness and the load distribution 

changed. 
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Figure 12  Secondary bending stress factor results in varying plate thickness 

   

 
Figure 13  Secondary bending stress factor results in varying plate thickness ratio ( 2 1 1t t  ) 

 

6.  Conclusion 

The phenomenon of the secondary 

bending effect in triple-row bolt cold-formed steel 

lap shear connections was the focus of our study.  

The analytical method and the FEA were 

separately applied to study the secondary bending 

stress effects on the mechanical behavior of a lap 

shear bolt connection.  The analytical method was 

a modified form of NLC which included the 

concept of load transfer.  The results from the 

analytical method were verified by FEA.  The 

analytical method was employed to calculate the 

secondary bending in the critical location of the 

connection.  The accuracy of the results from the 

analytical method was verified by the FEA, with a 

high correlation between the two.  The effect on 

the secondary bending stress of the region along 

with the bolt, of varying the parameters, was 

analyzed with the analytical approach.  Varying 

the bolt diameters and the plate thickness ratio (

2 1t t ) showed that the high secondary bending 

stress is in the region along the outer bolt rows.  

When the plate thickness was decreased, a high 

level of secondary bending stress factor occurred 

in the region along the middle bolt row.  The 

analytical method can be used to investigate the 
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secondary bending stress factor, which depends on 

the dimensions of the connection.  Predicting the 

magnitude and location of peak secondary bending 

stresses were guided to fatigue analysis that 

occurred in regions of high secondary bending.  

Moreover, the modified neutral line model is a 

highly efficient tool to use in the early stages of 

connection analysis and design. 
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