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INTRODUCTION
A ‘ridge buckle’ defect refers to a ‘bulge’ that appears on a 
coil surface. This is due to the accumulation, by layer, of local 
features; including a local thickness high point and local wave 
shapes, as well as an uneven distribution of local residual stress 
and other features acting during the coiling process. Ridge 
buckle, as shown in Fig. 1, is particularly prominent on a thin 

strip and greatly affects the quality of high precision cold rolled 
strip. If there are a large number of ridge buckles, an additional 
small wave shape will appear after the coil has been uncoiled, as 
shown in Fig. 2 and Fig. 3. This has a serious impact on product 
performance and appearance; resulting in degradation and scrap 
of the products[1]. Theoretical study of ridge buckle has mainly 
been based around using the theory of elasticity to calculate the 
amount of local ridge buckles. However, this does not explain the 
formation of waves of ridge buckle on a strip during uncoiling. 
Melfo, Zhu and other scholars have studied the microstructural 
and temperature features of hot strips that may lead to ridge-
buckle defects in thin-rolled steel strip [2-5]. Zhen Hua supposes 
that waves are present before coiling and calculates the amount 
of ridge buckles after the coiling of local waves [6]. In practice 
though, when the amount of ridge buckles of a strip reaches 
a certain value, secondary buckling plastic deformation will 
occur when coiling and will cause waves when uncoiling. Ovesy 
and Ghannadpour researched the buckling and post-buckling 
behaviour of moderately thick plates using an exact finite 
strip[7,8]. Bush, Fischer and Rammerstorfer studied the residual 
stresses and stress levels that lead to waves and buckling in 
rolled strip [9-11]. At present, there is little relevant literature 
on ridge buckles. However, the occurrence frequency of such 
a phenomenon is high in production and acts as an important 
factor affecting strip quality. Solving the ridge buckle problem 
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is therefore an important guarantee to improve the market 
competitiveness of a product. In order to further improve the 
quality of steel plates and to increase market competitiveness, 
it is all the more urgent to conduct an in-depth study on the 
formation mechanism of secondary ridge buckles in the coiling 
process of strips with ridge buckle.

   
Fig. 1 - Physical map of a strip with ridge buckle

Fig. 2 - Physical map of ridge buckle after uncoiling 
of a ridge buckle strip   

Fig. 3 - Sketch map of ridge buckle after uncoiling 
of a ridge buckle strip

MeASUReD DATA ANALYSIS OF THe FIeLD RIDGe BUCKLe 
COIL PROFILe
From the superficial phenomenon, a ridge buckle is a strip 
rib that is partially higher than the rest of the strip and which 
appears when coiling the strip. It is necessary to measure the 
cold-rolled strip profile, and to then analyze the causes of the 

ridge buckle. If a ridge buckle is discovered in the process of 
rolling, production should be suspended for data measurement. 
The strip of a tandem cold rolling plant is then sampled, both 
before and after rolling, and the strip profile is measured many 
times to find the average. The results, shown in Fig. 4 and Fig. 
5, demonstrate that there are significant local high points at the 
part about 100-200mm from the cold plant drive side of the 
sample, and the local high point cannot be eliminated in the 
cold rolling process. Due to the local high point, the ridge buckle 
gradually appears with thickness accumulation. It is clear that 
the local high points are located between 100-200mm, which 
coincides with the actual position of the ridge buckle.

Fig. 4 - Profile of the ridge buckle strip before rolling

Fig. 5 - Profile of the ridge buckle strip after rolling

By measuring the profile, it can be seen that the main cause 
of ridge buckles is that there is a local high point on the strip 
material, which cannot be eliminated in the process of cold 
rolling process. The strip with a local high point finally develops 
ridge buckles when coiling; through accumulation by layer. In this 
case, where the quality of the sample profile must be controlled 
on the one hand, and on the other hand, the local high point 
cannot be completely eliminated, it is particularly important to 
calculate what size of local high point causes plastic deformation 
to the strip, by calculating the allowable range of the value of 
local high points.

ANALYTICAL MODeL FOR CALCULATING THe RIDGe 
BUCKLeS
According to the physical model, the stress conditions of the 
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strip and the fact that the strip is coiled on a reel by layer in 
the practical work of the coiling machine, a mathematical model 
has been built to calculate the distribution of internal stress in 
the strip coiling process through accumulation deduction and 
calculation by layer.

Geometry equation of strip coiling
The stress state of the strip in the coiling process is as shown 
in Fig. 6; with u representing the displacement along the axis r, 
and v representing the displacement along the circumferential 
direction θ. According to the theory of elasticity, radial 
deformation is obtained as follows:

(1)

(2)

(3)

The strip coiling process can be considered as an axisymmetric 
matter. Namely, the strip deformation and stress has nothing to 
do with the angle.

Fig. 6 - Schematic diagram of the coiling strip stress

Physical equation of strip coiling
For the generalized plane stress state, a relationship is 
built between deformation and the stress of the strip. In a 
tangential direction, the outer tension of the strip is 0σ , with 

0 sT bhσ = . Due to the external pressure on the inner layer, 
compressive deformation occurs to the inner rings, resulting in 
disappearance of   strip tension [12], so:

0i iτσ σ σ= − (4)

Where iσ is the actual tension of layer i of the strip among the 
coiled n layers; iτσ  is the unit tension of layer i.

In the radial direction, besides the usual elastic deflection of the 
strip during coiling, the effect r rp E  of additional deformation 
is caused when the strip layers touch each other. In this way, the 
physical equation of the strip is obtained as follows:

(5)

Where, rE  is the radial elastic modulus for a steel coil, m is the 
radial tight coefficient of the strip, and rm E E= ; according 
to documents [12] and [13], the value of m is measured by the 
radial laminated plate compression test.

Motion equation of the reel
Change of the strip radius from r  to r r+ ∆  during the time 
interval of t∆  was analyzed, as shown in Fig. 7. The variation of 
the total length of the strip is expressed as:

Fig.  7 - Change of the coiling diameter during coiling

2 ( ) 2 2s r r r rπ π π∆ = + ∆ − = ∆ (6)

Where r∆ is the radial variation of the coiling strip, and with 

rr hε∆ = ⋅ , due to radial deformation of r∆  on the outermost 
layer of the strip, the resulting circumferential displacement of 
the strip is:

2iu rπ∆ = − ∆ (7)

According to both the physical and geometrical equations, the 
outer circumferential displacement of a strip during coiling is:

(8)

In this way, an equivalent relationship is built, according to 
the circumferential deformation of the strip. This finally makes 
it possible to obtain the interlayer pressure of the outer layer 
during the strip coiling:

(9)
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Radial equilibrium equation of the strip
As shown in Fig. 7, the friction on both the upper and lower layers 
of the element body can be equivalent to the circumferential 
force. By analyzing the radial equilibrium of a single strip element 
the result is:

(10)

Due to a small dθ , sin( / 2) / 2d dθ θ≈ . By ignoring the 
infinitely small quantity by three times, however, the radial static 
equilibrium equation of the strip is:

                               

(11)

Here, τσ  is the equivalent circumferential force. This constitutive 
equation can be rearranged as follows, after the simultaneous 
equilibrium and physical equations:

(12)

Now, it is necessary to calculate the radial stress and deformation 
of the internal interlayer of the strip. With the tangential strain 
formula plugged into the formula (2), the circumferential 
deformation is:

(13)

According to the equivalent relationship of the circumferential 
deformation, the radial pressure formula of the strip inner 
interlayer when coiling is:

(14)

Calculation of amount of the strip ridge buckles caused 
by local high point
According to document [12], the amount of strip ridge buckles of 
layer k for the strip coiled n layers is expressed as:

(15)

Here, ξ  is the longitudinal average coefficient of the local high 
point, and represents the longitudinal change of the local high 
point along the strip. δ  is the value of a local high point; 0

riε  
is the radial strain of the non-ridge buckle parts; and ri

δε  is the 
radial strain of the ridge buckle parts. 0

ri

δε            

1

ri
δε , 1 1ri

δε− ≈ , 
therefore, the formula above can be simplified as:

(16)

Obviously, for the formula above, the model introduced previously 
can be used to calculate 0

riε  and ri
δε , and to then calculate k∆ , 

the amount of ridge buckles, directly.

Analysis of the calculation results of the ridge buckles
Fig. 8 shows the calculation results of the ridge buckles on a 
strip with a coiling diameter of 1300mm, as related to different 
local high points when the strip thickness is, respectively, 0.4mm, 
0.5mm and 0.6mm. As can be seen, in the case of constant strip 
thickness, along with the higher value of the local high point, the 
ridge buckles also increase.

Fig. 8 - Relationship between local high point value 
and the amount of ridge buckles

Fig.  9 - Relationship between coil diameter 
and the amount of ridge buckles
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Fig. 9 shows the amount of ridge buckles with a local high point 
value of 2μm, under different coiling diameters. With the increase 
of strip size, the quantity of ridge buckles grows. There are also 
different increase levels for strips with different thicknesses; the 
thinner the strip is, the higher the increasing speed of the ridge 
buckles is, for the same local high point value.
Fig. 10 shows the calculation results of ridge buckles with a local 
high point value of 2μm and a coiling diameter of 1300mm under 
different coiling tensions. In the case of the constant local high 
point, as the strip coiling tension increases, the ridge buckles also 
increase. Within the range of allowed coiling tension, though, the 
increasing range of the ridge buckles is moderate.

Fig. 10 - Relationship between coiling tension 
and the amount of ridge buckles

Fig. 11 - Relationship between coiling tension 
and the amount of ridge buckles

Fig. 11 shows the calculation results of ridge buckles with a 
strip thickness of 0.5mm, a coiling diameter of 1300mm, and 
local high points of 1μm, 2μm, 3μm and 4μm respectively, under 
different coiling tensions. As can be seen, in the case of constant 
strip thickness, with an increase of strip tension, the increasing 
range of the ridge buckles is moderate.

FINITe eLeMeNT MODeL
Since the above calculation is based on elastic deformation, the 
amount of strip ridge buckles is linearly related to strip thickness, 
the value of the local high point, coiling diameter and coiling 
tension. In order to analyze plastic local deformation occurring in 
the ridge buckle strip during the coiling process, a finite element 
model was established for the strip coiling process.

Finite element modeling 
For the finite element during coiling, this article will first consider 
the feasibility of coiling-process simulation. The main difficulty 
is that, without assist coiling, the strip head can roll together 
with the roller and make contact analysis between different 
layers of the strip under the coiling-process. This article solves 
such a problem through jointing the strip head and roller by fixed 
contact for geometric modeling. The material parameters of the 
strip are listed in Table 1:  

Tab. 1 - Material parameters

Material parameter Value

Roller’s modulus of elasticity(GPa) 210

Strip’s modulus of elasticity(GPa) 206

Resistance to deformation of Strip( MPa) 280

Strip’s tangent modulus(MPa) 1800

A reasonable gridding size is the key point to improve solving 
accuracy and ensure solving efficiency. The roller and strip are both 
hexahedron, which is a solid element for gridding. unit solid64 
for the roller is used as a solid element for three-dimensional 
explicit structure, which consists of 8 nodes with support to all 
the approved non-linear problems. unit shell163 for the strip is 
a shell unit with a 4-node explicit structure. It has a bending and 
film feature, and can be added with plane loading and normal 
loading. Such a unit supports all non-linear characteristics for 
explicit dynamic analysis. To ensure accuracy, the gridding of 
the strip should be substantially smaller. The ideal gridding size 
should be as near to a length-width-thickness ratio of 1:1:1 as 
possible, but the strip in such a model always has a bigger width-
thickness ratio, to guarantee that the computing model avoids 
the bigger size, which would reduce its quality while gridding. 
Furthermore, to ensure jointing between the strip head and roller 
by fixed contact, the grids of the strip head should be matched 
with those of the roller. This benefits the implementation of the 
constraint in fixed contact. In the case of analyzing the effect 
of plastic deformation of a strip due to a local high point value, 
simplifying the width directions of the strip and roller, but setting 
up the model of ridge-buckle scale, can help reduce the number 
of units and save computing time.   
There are more than 50 methods of contact analysis in the 
DYNA finite element software, not only for solving the contact 
problems [14-15] as flexible body - flexible body, flexible body 
- rigid body and rigid body - rigid body, but also for analyzing 
elements such as static and dynamic friction, fixed-contact failure 
of a surface in contact, and the interface between the fluid and 
solid. As the roller was set as a rigid roller in this article, the 
flexible body - rigid body contact in a surface - surface contact 
method is used. Moreover, while coiling the second circle even 
further, contact between the surfaces of the strip shall be set 
with the flexible body - flexible body contact method. The contact 
algorithm includes the dynamic constraint method, penalty 
function method and distribution parameter method. While the 
program defines the contact surface, the contact algorithm uses 
auto generation [16,17]. 
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According to the above introduction, the finite element model 
can be set up following Fig. 12. In such a model, the effects for 
strip deformation caused by the local high point sizes on strips 
were considered. The main size of the model is given in Table 2. 
The model takes the angular velocity of rotation motion on the 
roller, and brings coiling tension on the strip end. 

Tab. 2 - Main size parameter of model

Size parameter Value

Roller’s outer/ inner diameter (mm) 508/460

Strip width(mm) 1230

Strip thickness( mm) 0.4~0.6

Tension being set(kN ) 20~40

Fig. 12 - Finite element model 

Computing result for finite element model
After setting the load step, defining the constraint and load for 
the finite element, the k file that the LS_DYNA solver needs and 
makes analysis with. Fig. 13 shows the strip equivalent effective 
stress in emulation, as shown in the nephogram. 

Fig. 13 - Strip coiling equivalent effective stress nephogram

As Fig. 14 shows, strip longitudinal strain capacity near the local 
high point can reveal that the effect of the local high point is 
limited to just a small scale on and near the high point. Because 
of bulging at the local high point of the strip, there is additional 
strain at the high point when the strip undergoes the coiling 
process. Alternatively, the radial thrust at the high point of a 
strip is higher than at its other parts, thus causing the bigger 
longitudinal fiber strain capacity of a strip at its local high point. 

Fig. 14 - Longitudinal strain  (Lateral axis = strip with vertical 
axis = longitudinal strain.)

In Fig. 15, the local high point varies in status, along with the 
increasing strip coiling circles. The strip thickness is 0.5 mm, 
the local high point values are 2μm and 3μm, roll diameter is 
508mm and coiling tension is 25kN. Fig. 15 shows that the 
variation of local high points is not raised in proportion with 
increasing coiling layer number. The first two circles were raised 
in proportion appropriately, while at the 4th circle the increment 
rate declined and reached the maximum strip strain value for the 
layer number concerned. The rate did not increase any longer, 
and judging by the increasing of the coiling layer number, the 
increment of strip strain is above 0.02%. 

Fig. 15 - Coiling circles against strip strain (Lateral axis= coiling 
layer number; Vertical axis= longitudinal strain.)
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Fig. 16 shows the deformation status for strip thicknesses of 
0.4 mm, 0.5 mm and 0.6 mm, a coiling tension of 25kN, and 
a roll diameter of 508mm; coiling at different local high points. 
It can be seen that strip longitudinal strain capacity varies in an 
approximately exponential increase with increased local high 
point value. The thicker strip has a greater strain capacity against 
increasing local high point values. Considering the influence of 
the coiling layer number, the longitudinal strain capacity shall 
continue to be increased accordingly. For a strain curve while 
a material is yielding, a 0.5mm thick strip can be taken as an 
example: the local plastic deformation will occur under coiling 
when the local high point reaches the value at 6μm. 

Fig. 16 - Strip strain against different local high points 
(Lateral axis = local high point value/μm; Vertical axis = 

increment of strip longitudinal strain capacity)

In Fig. 17, the strip thickness is 0.5; the local high points are 
2μm, 3μm, 4μm, and the strip longitudinal strain capacity varies 
along with the changing coiling tension. It can be seen that the 
increasing amplitude  strain capacity for the strip is not very large 
while coiling tension changes. 

Fig. 17 - Coiling tension against longitudinal strain (Lateral 
axis = Coiling tension/ kN; Vertical axis = increments of strip 

longitudinal strain capacity)

CONCLUSION
(1) Based on the fundamental theory of elastic mechanics, 

the deformation under stress of a strip during the coiling 
process was analyzed. A computing formula was then 
derived for the inner layer pressure of a strip during the 
coiling process, and the relationship between the local 
high point and ridge buckle was computed. 

(2) The three-dimensional finite element model was set. This 
displayed how the local high point in a strip can truly 
reflect the real deformation of a strip under the stress of 
the coiling process. 

(3)  The variation of local high points in the coiling process 
was analyzed, along with the strip strain capacity under 
different local high points and tension. This resulted in a 
control range of local high points against different strip 
thicknesses. 

(4)  The results showed that local plastic deformation can 
be reduced by controlling the range of local high points 
against different strip thicknesses. It was also found 
that the forming mechanism of secondary local curling 
was due to ridge buckle stress superposition during the 
coiling process. This provided the theoretical and data 
support for a control on local curling and ridging in high-
precision cold-rolled thin strip. 
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