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In order to provide a basis for the compilation of the bending buckling stability part of axially compressed columns in the technical
code for stainless steel structures, the design methods and experimental research data of similar components are collected and
compared. The results showed that there are some deficiencies in the current European code for the design of stainless steel
structures and the American code for the design of cold-formed stainless steel structures. According to the collected test data of
square tube, rectangular tube, circular tube, elliptical tube, welded H-shaped steel, and cold-formed C-shaped steel for 199 section
columns and according to the influence of cold-formed effect and residual stress on the stability of axial compression members,
the members are divided into three categories: A, B, and C according to the section form, in which the columns with cold-formed
square, rectangular hollow section, and lipped C-section were included in A, columns with circular and oval hollow section were
sorted into B, columns with welded H-section were separated into C, and the three categories of axial compression stability curves
are expressed in the form of Perry formula. The comparison with the test data shows that the three kinds of curves can well
estimate the stability bearing capacity of members, and the discreteness is small. The reliability of the proposed formula is

analyzed, and the results show that its reliability index  meets the requirements of the GB 50068 standard.

1. Introduction

The output of stainless steel has increased rapidly in recent
years, and the application range of stainless steel materials
has gradually expanded from traditional decorative com-
ponents to structural load-bearing components in the
construction industry. The mechanical properties of stain-
less steel are quite different from ordinary low-carbon steel
[1], and the design expression of stainless steel components
is also quite different from ordinary low-carbon steel. With
the wide application of stainless steel structural members,
the design method of stainless steel structural members has
become the focus of researchers and designers.

Scholars have conducted a large number of experimental
studies on stainless steel components from 1990 to 2021
[2-26], and put forward a variety of design methods for
stainless steel components [21, 27-30]. These stainless steel

components include cold-formed square pipe, rectangular
pipe, round pipe, welded H-shaped steel, cold-formed
C-shaped steel, and double C-shaped steel, covering the
commonly used stainless steel section types. The materials of
components include common 304 stainless steel, 316
stainless steel, high strength stainless steel (HSA), and du-
plex stainless steel. The range of mechanical properties of the
material is 0y,€[241, 942] MPa, hardening index n€[3.0,
13.75], covering the range of mechanical properties of
stainless steel materials for construction. The buckling be-
havior of stainless steel components includes both single
thin-walled structural members and built-up members. The
failure modes of components include local buckling, flexural
buckling, local buckling and flexural buckling, and distor-
tional buckling, including the common instability forms of
biaxial symmetric members. However, the expressions in
these design methods of stainless steel components either
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ignore the characteristics of stainless steel and directly follow
the practice of the low carbon steel, resulting in low cal-
culation accuracy, or take full account of the characteristics
of stainless steel, resulting in redundant design expressions.

In order to obtain an accurate and practical design
expression for the bending buckling of the stainless steel
axial compression columns, this paper first analyzes the
existing design methods of stainless steel axial compression
members at home and abroad, compares various methods
combined with the current structural design characteristics,
and selects a method in line with the habits of designers.
Then, the test data of axial compression members at home
and abroad are collected, and the design expression of
bending buckling of stainless steel axial compression col-
umns is fitted through the analysis of the stability charac-
teristics of the stainless steel members; finally, the reliability
of the proposed method is analyzed according to the unified
standard for reliability design of building structures (GB
50068-2001) [31].

2. Existing Design Methods

The representative design methods of stainless steel axial
compression columns can be divided into three categories:
the first category is Perry method design expression rep-
resented by the European code EN1993-1-4 (hereinafter
referred to as “European code”) for design of stainless steel
structures [27]. The second category is the design expression
of tangent modulus method represented by the American
cold SEI/ASCE 8-02 (hereinafter referred to as “American
code”) formed stainless steel structure design code [28]. The
third category is represented by the member design ex-
pression considering the variation in stainless steel material
parameters (hereinafter referred to as “K&R method”) given
by Rasmussen and Rondal [29].

2.1. The First Type of Design Method. Perry method has been
used in European code to calculate the stable bearing ca-
pacity of stainless steel axial compression members, and its
stability coefficient y (equivalent to the stability coefficient in
Chinese specifications ¢) can be expressed with the fol-
lowing equations:

1
y=———F—=<1,
N (1)
¢ =05[1+a(d-1)+A°], (2)

where A is the normalized slenderness ratio of compression
members; « is the calculation parameter related to the defect
(mainly refers to geometric defects and mechanical defects,
such as initial bending and residual stress of the structure);
and A is the lower limit of regularization slenderness ratio.
The value of « and A, varies with the member section type
and forming mode.

The design expression of stainless steel members in the
European code is the same as that of low-carbon steel
members, and is also similar to the design method in China’s
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GB 50018-2002 technical code for cold-formed thin-wall
steel structures [32] and GB50017-2003 code for design of
the steel structures [33]. This method does not explicitly
reflect the influence of material nonlinearity on the stable
bearing capacity of compression members, but by adjusting
the defect correlation coefficient (& and Ay) to reflect the
influence of material nonlinearity on the stable bearing
capacity of compression members.

2.2. The Second Type of Design Method. The second type of
design method includes the method adopted in American
code and Hradil et al. [30].

The calculation method of critical stress for flexural
buckling of the compression members in American code is
shown in

2
- itz <F, (3)
(KL/r)

n

where F,, is the critical stress of the member; E, is the tangent
elastic modulus corresponding to the critical stress; K is the
effective length coefficient of the member; L is the geometric
length of the member; r is the radius of gyration of the
member section; and F, is the nominal yield stress of the
material (g »).

In the American specification, the change in mechanical
property parameters of stainless steel materials is considered
through the tangent elastic modulus E,, the tangent elastic
modulus E; needs to be calculated back according to the
calculated critical stress in the calculation process, and the
calculation process needs iteration.

Hradil et al. [30] have considered that the influence of
geometric defects on the stability of stainless steel axial
compression members was ignored in the design of stainless
steel axial compression members according to the tangent
modulus method in the American code, and suggested
replacing the Euler critical force calculated in the American
code with the Perry method in the European code to
recalculate the stability coefficient of the members. In this
way, the influence of stainless steel material nonlinearity and
geometric nonlinearity is considered in the design method of
components. The calculation process requires iteration.

Adopting the second type of design method means that
iteration must be carried out in the component design, while
China’s relevant stainless steel material standards [33, 34]
only give the initial elastic modulus E, and nominal yield
strength 0y, of stainless steel materials, it is necessary to
turther obtain the hardening exponent n and constitutive
relationship of materials before iterative calculation.

2.3. The Third Type of Design Method. The third type of
design method includes the K&R method [28] and the
method proposed by Zheng [22].

Through finite-element analysis, Rasmussen and Rondal
[29] found that the change in mechanical parameters of
stainless steel short columns has a great impact on the stable
bearing capacity of compression members, and conducted a
detailed analysis of this impact, established the stability
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curves of nominal yield strength 0 ,, and hardening index »n
facing short columns. Reference [28] also proposed to in-
troduce the material mechanical parameters of stainless steel
short columns into the defect coefficient expression of Perry
method to solve the problem that the stability coeflicient of
stainless steel compression members changes with the
material mechanical parameters. The expression of the de-
fect coefficient is shown as follows:

n=all-1]" =), @

where 7 is the defect coefficient of axial compression
member; a, b, A; and A, are the functions of three parameters
Eo, 0. 2, and 7 in the Ramberg-Osgood constitutive model
of stainless steel.

K&R method forms a stable bearing capacity network in
the variation space of main mechanical parameters of ma-
terials and geometric parameters of components, covering
the range of common material parameters and component
geometric parameters. It can be used not only for stainless
steel but also for other materials that can be expressed by
Ramberg-Osgood constitutive model.

Zheng [22] proposed the concept of modified regular-
ized slenderness ratio by using the derivation idea of K&R
method, and fitted the expression of modified regularized
slenderness ratio by using the constitutive relationship ex-
pression of stainless steel proposed by Fernando et al. [35],
considering the overall defect of L/1000, and substituted the
fitting results into Perry method to calculate the stability
coefficient of components.

The third design method is based on the material me-
chanical property parameters of axially compressed short
columns, it is considered that the material mechanical
properties obtained by short column test include the effects
of residual stress and material hardening in corner area, and
the accuracy is the best among various methods at present.
However, there are obvious shortcomings in this method: (1)
the performance of short columns must be obtained before
structural calculation, which restricts the flexibility of design.
Although this method has high precision, it is still difficult to
be applied to design practice; and (2) when dealing with
thin-walled members, it is difficult to obtain the parameters
of the section average material constitutive model (Ram-
berg-Osgood equation parameters) by short column test [3],
which limits the application scope of this method.

3. Analysis and Literature Review of Test Data

3.1. Literature Review of the Test Data. So far, researchers
have carried out a large number of experimental studies on
stainless steel axial compression members. The test data
collected in this paper are given in Table 1. These stainless
steel components include commonly used stainless steel
section types and different types of stainless steel, covering
the range of mechanical properties of stainless steel ma-
terials for construction, including the common instability
forms of biaxial symmetric components. In total, there are
116 short columns and 342 long columns, of which there
are 199 members with bending buckling (effective

component). The test data will be used as a database to
establish the design method of stainless steel axial com-
pression members.

3.2. Filter and Analysis of the Test Data. The purpose of the
test data analysis is to separate the members with flexural
buckling failure from the test data, and to provide the basis
for the bending buckling design formula. In local buckling,
flexural buckling, local and flexural buckling, and distorted
buckling, it is not easy to distinguish between flexural
buckling and local buckling and flexural buckling. In the
European code, the section classification method is used to
distinguish the two failure forms, the sections are divided
into four categories in the code, in which the sections of
categories 1-3 do not have a local failure when the overall
failure of the member occurs. Gardner and Theofanous [36]
studied the section classification in the European code and
compared the test data (including stiffened plates and
nonstiffened plates) with the section classification in the
European code. The comparison shows that the section
classification requirements specified in the current European
code are too strict, that is, the sections of categories 1-3 can
ensure that there is no local buckling before the overall
buckling. In this paper, the section classification method of
European code is used to analyze the test data to ensure that
the selected members have flexural buckling failure. The
lower limit values of category 3 sections in the European
code are shown in Table 2, in which

235 E
T (5)
0p2 2.1x10

Where E; and 0y, are taken from the material tensile test.
Since there is no division basis for section classification of
elliptical section members, the division basis of the circular
tube is adopted in this paper, in which D is the length of the
long axis of the ellipse [27].

According to the above analysis basis and the calculation
of material mechanical property parameters of member
tensile test, there are 41 square tube members, 27 rectangular
tube members, 62 circular tube members, 19 welded
H-shaped members (including 9 weak axis instability and 10
strong axis instability), 6 elliptical members, and 44 crimped
C-steel members. A total of 199 members belong to categories
1-3 sections, all of which have flexural buckling failure.

4. Comparative Analysis and Column Curve

4.1. Comparison of Test Data. When calculating the flexural
buckling of axial compression members in Eurocode, three
stability curves are given according to the section forming
method. The section types and parameter values corre-
sponding to the three curves are shown in Table 3. Figures 1
and 2 show the comparison of the test data, Eurocode
stability curve, and stability curves (class A, class B, and class
C) proposed in this paper. In the calculation, the material
parameters adopt the plate tensile test data, the section
properties of the members adopt the section parameters
actually measured in the test, and the partial coefficient of
resistance y,s is taken as 1.0.
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TaBLE 1: Test data statistics of the stainless steel column.

Stainless steel Connection . Number of long Number of short Number of effective

Year Reference Cross section
grade mode columns columns components
L Square tube 6 2 6

1992 [2] 304L Hinge joint Round tube 3 5 3

1.4031 (304) . .. Square tube 3 1 3
1995 (3] 14031 (304)  T1NEEJOIt  poangular tube 6 2 3
1995 [4] 3Cry, Hinge joint Welded H-tube 15 — 0
1995 [5] 0CroNigy Hinge joint Round tube 27 0 27
2000 (6] 304 Hinge joint ~ C0ld formed C- 44 0 44

tube

1.4031 (304)/ . ..
2000 [7] 1.4462 (2205) Hinge joint ~ Welded H-tube 15 0 12

1.4541 (321)/ . ..
2000 [8] 1.4435 (316) Hinge joint Round tube 6 3 5
2002 [9] 304 Rigid joint Round tube 12 4 12
2003, . ..
2004 [10, 11] 304 Hinge joint Square tube 8 17 5
2003, . ..
2004 [10, 11] 304 Hinge joint  Rectangular tube 14 10 8
2003, [10, 11] 304 Hinge joint Round tube 0 4 0
2004 ’ 8¢)
2004 [12] 304 Rigid joint Square tube 8 4 4
2006 [13] 304 Rigid joint ~ Rectangular tube 8 16 8
2008 [14] HAS Rigid joint Square tube — 3 0
2009 [15] 304 430,3Cr,  Rigid joint ~ °Y ft‘zlrb“e‘ed ¢ 19 14 0
2010 [16] Dual phase steel ~ Rigid joint Square tube 12 4 7
2010 [16] 1.4318 (301LN) Rigid joint  Rectangular tube 6 2 0
2012 [17] 1.4318 Hinge joint Square tube 12 — 6
2014 18] 304, 404 Hinge joint Oubli tgélsemon 24 0 0
2014 [18] 304, 430,3Cr,,  Hinge joint %9 ft?lrbrged = 36 0 0
2016 [19] 1.4162 Hinge joint Square tube 6 6 6
2016 [19] 1.4162 Hinge joint  Rectangular tube 6 2 6
2018 [20] 1.4401 (316) Hinge joint Elliptical tube 6 6 6
2019 [21] 304 Hinge joint Square tube 6 4 4
2020 [22] 304 Hinge joint  Rectangular tube 11 3 2
2021 [23] 304 Hinge joint Round tube 11 5 10

TaBLE 2: Lower limit for sections of class 3 in the European code [36].

Plate type Sketch map Limit value
Stiffened elements W/t=30.7¢
Unstiffened elements Cold rolling: W/t=11.9¢ welding: W/t=11.0¢

Round tube D/t =90¢>
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TaBLE 3: Parameters for Perry method in Eurocode.
Buckling modes Section type o Ao
Cold-formed open section (Figure 1)
. . 0.49 0.40
Flexural buckling Hollow section (welded or rolled, Figure 1)
Welded open section (strong axis, Figure 2) 0.49 0.20
Welded open section (weak axis, Figure 2) 0.76 0.20

14
12+ ° Eurocode
- ° 9 a=049,1,-040
2 1.0 -
4 r
E 08
L
8
> 0.6
s 04
» -
0.2 -
0 | 1 1 1 1 1 1 1 1 ] 1 1 J
0 0.5 1.0 1.5 2.0 2.5 3.0
Regularized slenderness ratio A
o Square tube a Round tube

O Rectangular tube ¥ Oval tube
< Cold formed C-section steel

FIGURE 1: Strength curves in Eurocode and the proposed strength curves for A and B.

1.2

—
(=)

o4
)

Stability coefficient ¢
o o
PN
T

Eurocode - strong axis
o ©=0.49, 1,=0.20

02 F gyrocode - weak axis (C)
=0.76, 1,=0.20
0 1 1 1 1 1
0 0.5 1.0

2.0 2.5 3.0

Regularized slenderness ratio A

m Welded H-shaped steel-weal axis
A Welded H-shaped steel-strong axis

FIGURE 2: Strength curves in Eurocode and proposed strength curve for C.

As can be seen from Figures 1 and 2,

(1) For the stability curves of closed section and cold-
formed open section in European code, when the
regularized slenderness ratio A>1.25, the stability
curve is in good agreement with the test data, and
when regularized slenderness ratio A<1.25, this
stability curve is higher than the test value of circular
tube members and lower than the test value of square
tube, rectangular tube, and cold-formed C-steel
members. Stainless steel has high cold working
sensitivity, the strength of materials in the corner
area of square, rectangular tubes, and cold-formed
C-steel members is significantly higher than that in

the flat area, while the material strength distribution
on the section of circular tube members is relatively
uniform. Therefore, when the stability coeflicient is
calculated according to the mechanical properties of
materials obtained from the tensile test of standard
specimens, the calculated value of the component
with cold working corner area must be higher than
that of the circular tube component, and this trend is
more obvious with the decrease in the normalized
slenderness ratio of the component.

(2) The stability curve of welded H-shaped steel mem-
bers in the European code adopts the curve of welded
H-shaped steel members of low carbon steel



compression members [27, 37]. Considering the
influence of residual stress on the stability bearing
capacity of different buckling axes of welded
H-shaped steel members, the stability curve is di-
vided into the strong axis and weak axis. However, it
can be seen from the current test data of stainless-
steel-welded H-shaped steel members (Figure 2) that
there is no significant difference between the strong
axis and weak axis test data of welded H-shaped steel,
and the test data are lower than the strong axis
stability curve. In the current test data, the plate
cutting and blanking methods of stainless-steel-
welded H-shaped steel members are mostly plate
shears; this blanking method produces a certain cold
working effect on the edge of the plate, making the
material strength of the edge of the plate higher than
that of the middle part [23], which weakens the
influence of residual stress on the weak axis buckling
stability bearing capacity of welded H-shaped
members to a certain extent.

4.2. Recommended Stability Curve. According to the analysis
of the test data, three stability curves are proposed for the
design of stainless steel axial compression members. Among
them, the cold-formed section (square, rectangular pipe, and
C-section steel) members greatly affected by cold processing
adopt class A curve, and the stability coefficient of this kind
of member is the highest under the same slenderness ratio.
Cold-formed circular pipe and elliptical pipe components
adopt class B curve, which is reduced when the slenderness
ratio is small compared with class A curve. Due to the in-
fluence of welding residual stress on welded H-shaped steel
members (strong axis and weak axis), the stability curve
(class C curve) corresponding to the weak axis of welded
H-shaped steel members in European code is adopted.
The least square method is used to fit the test data, and
the parameter values of the stability curve are obtained.
Table 4 shows the values of parameters for proposed curves
and comparison results. The comparison between the three
stability curves and the test data is shown in Figures 1 and 2.
As can be seen from Table 4 and Figures 1 and 2,
compared with the stability curve in the European code, the
design curve proposed in this paper is in good agreement
with the test data, the test value is slightly higher than the
value of the stability curve, and has less discreteness.

5. Reliability Analysis

The unified standard for reliability design of building
structures (GB 50068-2001) proposes to use the first-order
second-moment method for reliability analysis, and it is also
stipulated that for the secondary ductile structures, the re-
liability index f3 > 3.2. In the GB 50068-2001, the reliability of
structural members should be measured by the reliability
index. The reliability index of structural members should be
calculated by the first-order and second-order matrix
method considering the probability distribution type of
basic variables. When there are only two basic variables,
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action effect, and structural resistance, which are normally
distributed, the reliability index of structural members can
be calculated according to the following formula:

_ _HrR7Hs

poLRts
e ©

where f3 is the reliability index of structural members, y; and
0s are the average value and standard deviation of the action
effect of structural members, and pp and oy are the average
value and standard deviation of resistance of structural
members.

The load modes of stainless steel structure and ordinary
structure are the same, so the same statistical parameters of
load random variables can be used. The load statistical
parameters used in this paper are shown in Table 5 [37].

The resistance of members is affected by the uncertainty
of the material’s strength, geometric parameters, and cal-
culation mode. Li et al.[38] suggested that the strength
standard value of stainless steel materials should be 201 MPa
to 205MPa, according to the test data of stainless steel
specimens. The strength uncertainties of corresponding
stainless steel materials of the 0CrigNig, 1Cr;gNig and
00Cr;gNiy are as follows: y; = 1.366, §; =0.050 9; y, = 1.257,
§,=0.067 8; y3=1.322, and §3=0.051 5. The test data col-
lected in this paper include a variety of stainless steel ma-
terials, which have great differences in material strength, and
lack corresponding material strength statistics. According to
the results of reference [39], based on the principle of
conservatism, the statistical parameters of material strength
adopted in this paper are as follows: u,,=1.200 and
8,,=0.070. Referring to the statistical results of steel
members in China, the uncertainty of geometric parameters
of members is taken as y, = 1.00, §,, = 0.050. According to the
limit theorem of the probability center, the resistance of
members will approximately conform to lognormal distri-
bution. The statistical parameters of the three stability curves
calculated by the above method are shown in Table 6.

Referring to the provisions on structural load combi-
nation in load code for building structures (GB 50009-2001)
[38], this paper calculates a combination with variable load
and considering the control effect of dead load. The load
combinations used in reliability analysis are shown in Ta-
ble 7. The partial coefficient y of resistance under a limited
state of bearing capacity is taken as 1.15 [39].

In the reliability analysis of components, the ratio p of the
standard value of live load effect and the standard value of
dead load effect has a great impact on the analysis results;
according to the load ratio that often occurs in engineering,
this paper considers that p take 0.25, 0.50, 1.00, 2.00, and 4.00.

According to the values of the above parameters, the
reliability index f3 calculated by the checkpoint method (JC
method) is shown in Table 8, and compared with the tra-
ditional method for solving complex transcendental equa-
tions, this method has the characteristics of not easy
divergence, fast convergence speed, and high accuracy of
calculation results [40]. Among them, when p takes 0.25 and
0.50, the combination of dead load control is adopted; and
when p takes other values (1.00, 2.00, and 4.00), the com-
bination of live load control is adopted.
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TABLE 4: Values of parameters for proposed curves and comparison results.

Flexion pattern Section type o A Mean value Standard deviation
Cold formed 0.60 0.56 1.024 0.095
Bending buckling Round tube 0.36 0.00 1.020 0.105
Welded H-shape 0.76 0.20 1.050 0.076

TaBLE 5: Statistical parameters of external load.

Load type Mean value/standard value Coefficient of variation Distribution type

Dead load 1.060 0.070 Normal distribution

Live load (residential) 0.644 0.230 Extreme value I-type distribution
Live load (office) 0.524 0.288 Extreme value I-type distribution
Wind load 0.908 0.193 Extreme value I-type distribution

TABLE 6: Resistance variation in strength curves.

Stability curve Mean value Coeflicient of variation Distribution type

A 1.228 8 0.126 5 Lognormal distribution
B 1.224 0 0.134 2 Lognormal distribution
C 1.260 0 0.112 4 Lognormal distribution

TaBLE 7: Load combinations.

Number Dead load control

Live load control

Combination 1
Combination 2
Combination 3

1.35 dead load + 1.4 x 0.7 live load (residential)
1.35 dead load + 1.4 x 0.7 live load (office)
1.35 dead load + 1.4 x 0.6 wind load

1.2 dead load + 1.4 live load (residential)
1.2 dead load + 1.4 live load (office)
1.2 dead load + 1.4 wind load

TaBLE 8: Calculated results of the reliability index .

Load combination B
p=0.25 p=0.50 p=1.00 p=2.00 p=4.00 Mean value
Combination 1 4.30 421 4.36 422 411 424
Class A stability curve Combination 2 4.45 4.40 4.55 441 4.31 4.42
Combination 3 3.78 3.36 3.63 3.44 3.30 3.50
Combination 1 4.07 4.03 4.24 413 4.04 4.10
Class B stability curve Combination 2 422 4.23 4.43 4.33 4.24 4.29
Combination 3 3.56 3.21 3.52 3.36 3.23 3.38
Combination 1 491 4.66 4.67 4.46 431 4.60
Class C stability curve Combination 2 5.07 4.83 4.84 4.63 4.49 4.77
Combination 3 4.34 3.77 3.92 3.66 3.49 3.84

As can be seen from Table 8, the reliability indexes 8 of
the three stability curves proposed in this paper are all
greater than 3.2, and meet the requirements of relevant
specifications. The reliability index of class C stability curve
is the highest, followed by class A, and class B is the lowest.
Among all kinds of load combinations, the combination
reliability index of wind load is the lowest [41, 42].

6. Conclusion

The design indexes and uncertain statistics of stainless steel
materials have a great impact on the accuracy of component
design methods. At present, the statistical data of design
indexes of stainless steel materials are not perfect and need to
be further studied. By collecting and comparing the existing
design methods and experimental research data of similar
components, the following conclusions are obtained:

(1) Compared with the design method of axial com-

pression members proposed by the current Ameri-
can code and foreign scholars, the design method of
axial compression members in the current European
code is simpler, but it is not reasonable to divide the
round tube, square tube, and rectangular tube
members into one category in its stability curve
classification.

(2) The section classification method of European code is

used to screen the test data so as to separate the
members with flexural buckling failure from the test
data as the basis for the flexural buckling design for-
mula, and a total of 199 members belong to categories
1-3 sections, all of which have flexural buckling failure.

(3) The stainless steel members are divided into three

types according to the forming mode and section
form, the stability curves of the three types of



members are fitted by Perry method, and the stability
curves are in good agreement with the experimental
data. The stability curve of the three types of
members can better estimate the stability bearing
capacity of members, and the discreteness is small.

(4) The reliability analysis of the three stability curves
shows that the reliability indexes of the three stability
curves are greater than 3.2.
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