
1 INTRODUCTION 
Engineering steel material can be converted to more 
stable mineral compounds when exposed to 
atmospheric environment for certain periods. This 
action, which is called atmospheric corrosion 
(Shreir, 1994), can change the chemical and physical 
properties of the steel and weaken the strength of 
steel members in an engineering structure. 
International concern has increased over the past 
decade as it has become evident that atmospheric 
corrosion has resulted in substantial deterioration of 
buildings and structures (Cowell et al 1996). 

The past four decades witness the rapid 
development of atmospheric corrosion research in 
the field of material science with many field 
measurements and corrosion evaluation methods 
being proposed (Kucera, 1986). For instance, the 
Chinese Science and Technology Committee and the 
National Natural Science Foundation of China have 
established a national experimental network for 
atmospheric corrosion of metal materials since 1983, 
and a huge amount of data have been collected since 
then. Similar activities have also been carried out in 
other parts of the world. Based on the data collected 
in the field, several empirical models have been put 
forward to predict the atmospheric corrosion of 
metal materials (Cole, 1994; Hou, 2004).  

A little work has yet been carried out to evaluate 
effects of atmospheric corrosion on structural 
behavior and safety of large steel space structures 
built in coastal areas. This paper first introduces a 
refined exponential model for estimating corrosion 
of steel materials at a site using a pattern recognition 

technique to determine the key parameters in the 
model. The formula for relating structural natural 
frequency sensitivity to structural member thickness 
is then derived to assess the sensitivity of natural 
frequency to variation of member thickness due to 
corrosion. The nonlinear static structural analysis is 
finally conducted to evaluate effects of atmospheric 
corrosion on the stress of structural members and the 
safety of steel space structures. A large steel space 
structure built in southern coastal area of China is 
taken as a case study to examine the feasibility of 
the proposed approach and to assess the potential 
damage caused by atmospheric corrosion to the 
structure.  

2 EMPIRICAL PREDICTION MODEL 
The study up to now indicates that there are many 
factors affecting the atmospheric corrosion depth of 
metal materials. One of the widely used empirical 
models for predicting atmospheric corrosion depth 
of metal materials is the exponential model (Feliu 
and Morcillo, 1993). 

nD AT=                        (1) 
where D is the corrosion depth inµ m; T is the time 
in year; A and n are the model parameters depending 
on the type of metal and environmental parameters. 
Clearly, if the time T equals 1，the corrosion depth 
D equals A, indicating that the parameter A 
represents the corrosion depth of the material in the 
first year. The first-year atmospheric corrosion A is 
an important parameter that can be estimated based 
on commonly available meteorological and pollution 
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data. After having analyzed the extensive 
atmospheric corrosion data collected from the seven 
designated locations within the national 
experimental network in China, Wang et al (1995) 
proposed the following logarithmic equation to 
estimate the parameter A.  

1 2logA C N C= +               (2) 
where the coefficients C1 and C2 are the constants 
depending on the type of metal only; and N is the 
environmental index expressed as  

1 2 3N f f f= + +                    (3) 
in which f1, f2 and f3 are termed the humidity 
coefficient, air contamination coefficient, and rain 
acidity coefficient, respectively. These coefficients 
are expressed as 
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(6) 
As a result, substituting Eq(2) into Eq(1) yields an 
empirical model for predicting the atmospheric 
corrosion depth in terms of the type of metal and the 
environmental index. 

1 2( log ) nD C N C T= +             (7) 
Table.1 Environmental parameters and index N 

 Item / Site Shenzhen Guangzhou
x1 Cl— Deposition (mg/100cm2.d) 0.037 0.024 
x2 SO2 Deposition (mg/100cm2.d) 0.118 0.107 
x3 NO2 Content (mg/m3) 0.043 0.035 
x4 Average temperature (°C) 22.1 22.9 

x5 
Hours for relative humidity 
>80% (h/a) 4730 4700 

x6 Precipitation (mm/a) 1908 1563 
x7 Precipitation days (days/a) 144 170 
x8 pH 4.7 5.8 
x9 Sunshine hours (h/a) 1822 1607 
N Index 1.113 1.115 

 
By applying the regressive analysis to the test data 
collected from the national experimental network in 
China, the environmental index N and the corrosion 
development trend n in Eq (7) have been estimated 
for seven cities (Liang, 1998), and the constants C1 
and C2 have also been provided for different types of 
metal materials (Wang, 1995). However, if a steel 
space structure is located at a city, such as 
Shenzhen, that is not in the national experimental 
network, an appropriate way should be found to 
estimate its environmental index N and the corrosion 
development trend n. To this end, a pattern 
recognition technique is used in this study. The nine 
important environmental parameters in Eqs (4) to (6) 
are first normalized for each city as follows 

' ' ' '
min max min( ) /( )j j j j jx x x x x= − −         (8) 

in which '
jx  is the value of the jth environmental 

parameter in a city (j=1,2,..,9 in this study); and 
'

minjx and '
maxjx are the minimum and maximum 

values of the jth environmental parameter among all 
the cities concerned, including one with unknown N 
and n. The matching degree, MD, of the city with 
unknown N and n to a city with known N and n can 
then be calculated using the following Equation. 

1

( , ) 1 [ ( ) ( )] /
m

j j
j

MD Y Z abs x Y x Z m
=

= − −∑     (9) 

in which MD is the matching degree; Y indicates the 
city with unknown N and n; Z refers to the city with 
known N and n; and m is the number of 
environmental parameters concerned and it is equal 
to 9 in this study. The aforementioned way makes it 
possible to estimate the environmental index and the 
corrosion development trend for the city Y through 
several cities with known N and n. The 
environmental parameters and index N obtained in 
such a way for Shenzhen are listed in Table.1 
together with those for Guangzhou in the network.  

3 FREQUENCY SENSITIVITY AND STRESS 
CHANGES DUE TO CORROSION 

The loss of cross section area or the reduction of 
thickness of the structural member due to 
atmospheric corrosion will eventually affect the 
structural integrity and safety. Thus, it is necessary 
to put forward some ways to detect the accumulation 
damage due to atmospheric corrosion to a steel 
space structure. Suppose that a finite element model 
is established for a steel space structure. The matrix 
eigenvalue problem of the steel space structure can 
be written as 

2 0ω =(K - M)φ                (10) 
where M, K andφ  are the mass matrix, stiffness 
matrix and modal vector of the structure 
respectively. The mass matrix, stiffness matrix, and 
modal vector are the function of geometric 
properties of structural members, such as the 
thickness ti of the ith structural member. The first 
derivative of Eq (10) to the thickness ti of the ith 
structural member for the rth mode vibration results 
in 

2
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where rω and rφ are the rth circular natural 
frequency and modal vector of the structure. Pre-
multiplying the vector T

rφ to Eq (11) and 
simplifying the results yield 
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(a) circular section          (b) rectangular section 
Fig.1. Cross sections of typical structural members 

Assuming that the steel space structure is linear and 
the change in natural frequency due to the reduction 
of member thickness is small, the change in the rth 
natural frequency, rf∆ , due to the reduction in 
thickness ti of the ith structural member, it∆ , can be 
expressed as 

/r i r if t f t∆ = ∆ ⋅∂ ∂               (13) 
For an Euler-Bernoulli beam element, the sensitivity 
of stiffness matrix and mass matrix to the change in 
thickness ti of the ith element can be expressed as 
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in which ziyixi I,I,I  are the second moment of 
inertia with respect to the local coordinates x, y, and 
z , respectively, of the ith structural member. In Eqs 
(14) and (15), the first derivative of either the 
element stiffness matrix or the element mass matrix 
to the cross section area and one of the three second 
moments can be easily determined based on the 
conventional element stiffness and mass matrices 
available. For the typical cross section of a structural 
member, the first derivative of the cross section area 
and second moment to the change in thickness can 
also be determined. For instance, by omitting the 
second order and above of the change in thickness 

t∆ , the aforementioned first derivatives to the 
thickness change caused by the reduction of inner 
surface of the circular cross section member can be 
derived as 

/ 2in
iA t rπ∂ ∂ =                (16) 

3/ /in in
y z iI t I t rπ∂ ∂ = ∂ ∂ =            (17) 

3/ 2in
x iI t rπ∂ ∂ =                (18) 

in which ir  is the inner radius of circular cross 
section of the structural member (see Figure 1a). The 
first derivatives to the thickness change caused by 
the reduction of outer surface of the circular cross 
section member can be given as 

/ 2ou
oA t rπ∂ ∂ =                (19) 

3/ /ou ou
y z oI t I t rπ∂ ∂ = ∂ ∂ =           (20) 

3/ 2ou
x oI t rπ∂ ∂ =                 (21) 

in which or is the outer radius of circular section of 
the structural member. For the rectangular cross 
section member as shown in Figure 1b, the 
sensitivity coefficients with respect to the loss of 
thickness on the inner surface can be derived 
similarly, but are not listed here due to space 
restraint. Once all the sensitivity coefficients of the 
element stiffness and mass matrices with respect to 
the thickness change are available, the change in the 
rth natural frequency, rf∆ , due to the reduction in 
thickness ti of the ith structural member, it∆ , can be 
determined according to Eq (13).  
 

 
 
 
 

 
 

 
 
 
The reduction of cross section thickness of all the 
structural members in a steel space structure due to 
atmospheric corrosion will cause stress changes, 
which will in turn affect the safety of the structure. 
In consideration that a large steel space structure 
may experience large deformation, a nonlinear static 
analysis is conducted in this study to assess the 
stress changes of the structure under gravity forces. 
Different from a linear static analysis, the nonlinear 
static analysis is based on the deformed structure, 
and the deformation and stress distribution of the 
structure in the final stage can only be determined 
through numerical iterations. The Newton-Raphson 
iteration method is thus used in this study, which 
makes the solution converge at each load increment 
to ensure the accuracy of the final computed results. 
The environmental parameters for the location 
where the structure is built should be input first, 
from which the environmental index and other 
parameters in Eq (7) can be estimated. The reduction 
of thickness of each member of the structure can 
then be calculated and input to compute the actual 
stiffness of the structural members. Finally, a 
standard nonlinear static analysis should be 
conducted. 

4 CASE STUDY 

4.1 Dynamic characteristics and stress levels 
Figure 2 shows the elevation of a large steel space 
structure used to connect four buildings and provide 
roof function in order to form a well-integrated 
office complex as required by architects. The office 
complex is located in Shenzhen, a southern coastal 
city of China next to Hong Kong (Qu et al, 2004). 
The space structure is constructed with a triple-layer 
grid. The top layer, the middle layer, and the bottom 
layer of the space structure are formed as a square 
grid, with two openings left for the connections with 
the circular tower and the rectangular tower through 
two huge truss girders. The top layer and the bottom 
layer are connected to the middle layer through the 
top brace system. The two huge truss girders are 
connected to the triple-layer grid at the locations of 
the circular tower and the rectangular tower to form 
a complete space structure. A three dimensional 
finite element model is established for the steel 
space structure using a commercial computer 
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Fig.2. Elevation of a large steel space structure 
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package. The model has a total of 12499 beam 
elements and 2921 nodes.  
 

 
 
 

For the sake of convenience in the subsequent 
discussion, the beam elements in each component of 
the steel space structure are numbered differently. 
The beam elements in the eight tree-shaped supports 
are numbered from 1 to 128 (denote zcg), the 
elements in the bottom layer are numbered from 129 
to 2086 (denote xxg), the elements in the bottom 
brace system are counted from 2087 to 5315 (denote 
xfg), the elements in the middle layer are counted 
from 5316 to 6938 (denote zxg), the elements in the 
top brace system are counted from 6939 to 10180 
(denote sfg), the elements in the top layer are 
counted from 10181 to 11810 (denote sxg), and the 
elements in the two truss girders are counted from 
11811 to 12499 (denote hjt). The structural members 
used in the eight three-shaped supports and the two 
truss girders are made of Q345A steel (16Mn) with a 
yielding stress of 345 MPa. The structural members 
used in the three layers and the two brace systems 
are made of Q235B steel (A3) of a yielding stress of 
235 MPa. Except that the main chords in the two 
truss girders are of hollow rectangular section, all 
the other members are of hollow circular section. 

The dynamic characteristics analysis is conducted 
which reveals that both the first and second vibration 
modes are a global vibration mode mainly due to the 
movement of spring supports. The third mode is a 
global torsional vibration mode in the horizontal 
plane while the other higher modes all appear 
mainly in the vertical direction because of the 
movements of the two truss girders in different 
combinations. The first 10 natural frequencies 
computed indicate that the natural frequencies of the 
structure are closely spaced. The non-linear static 
analysis of the space structure under dead loads is 
also executed to find stress levels of all the structural 
members. The structural members in the two truss 
girders and the two brace systems have higher stress 
level than those in the eight tree-shaped supports and 
the three layers. 

4.2 Effects of corrosion on natural frequencies 
Fig 3 shows the relative locations of Shenzhen and 
other seven cities. The national experimental 
network has obtained the environmental index N and 
the atmospheric corrosion trend n for the seven cities 
but not for Shenzhen. The environmental index N of 

Shenzhen is calculated as 1.113 using Eq (3). To 
determine the atmospheric corrosion trend n for 
Shenzhen, the pattern recognition technique 
expressed by Eqs (8) and (9) is used and the results 
reveals that the best match to Shenzhen is 
Guangzhou, which is a city nearest to Shenzhen (see 
Fig.3). Both cities are affected by industrial 
atmosphere, and the contamination contents in 
Shenzhen are close to Guangzhou. Thus, it is 
reasonable to use the coefficient n of Guangzhou for 
Shenzhen, that is, n= 0.48 for Q345A steel and 
n=0.45 for Q235B steel. The constants C1 and C2 are 
39.55 and 65.94 for Q345A steel, and 39.36 and 
61.34 for Q235B steel.  
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 

 
 

 
 

 
 

 
 

 
 
 
 
 
With all the model parameters determined, the 
corrosion depth of steel members in the space 
structure can be predicted using Eq (7). Figure (4) 
shows the variation of corrosion depth of Q235B 
steel and Q345A steel with time in year. It can be 
seen that the corrosion depth of the two materials 
increases with time. Q235B steel has relatively 
smaller corrosion depth than Q345A steel. The 
atmospheric corrosion rate of the material depth is 
almost the same for the two materials.  

The steel space structure concerned is made of 
steel members of either circular or rectangular 
hollow section. The outer surfaces of all the 
structural members are painted to prevent 
atmospheric corrosion, but the inner surfaces of all 
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the structural members are not painted because of 
operation inconvenience. To this end, the 
atmospheric corrosion on the inner surfaces of the 
structural members should be considered. 
Nevertheless, the atmospheric corrosion on both the 
inner and outer surfaces is also considered as an 
extreme case and compared with the case of inner 
surface corrosion only. Following Eqs (12) and (13), 
the rth natural frequency due to the thickness 
reductions of all the structural members gives the 
final change in the rth natural frequency, from which 
the effect of atmospheric corrosion on the rth natural 
frequency can be assessed.  
 

 
 

 
 

 

 
 
 

 
 

 
 
 
Fig.5 shows the sensitivities of the first 2 natural 
frequencies to the thickness change of each member 
due to inner surface corrosion. The results 
demonstrate that the first three natural frequencies 
are more sensitive to the thickness change of 
members in the eight tree-shaped supports than 
structural units. All the higher natural frequencies 
are more sensitive to the thickness change of 
members in the two truss girders than other 
structural units. This is consistent with the structural 
configuration and the modes of vibration. It is noted 
that the first and sixth natural frequencies are also 
sensitive to the thickness change of some of 
members in the two brace systems. 

The changes in natural frequencies of the 
structure due to inner surface corrosion are 
displayed in Fig.6 for the corrosion period of 1, 4, 
10 and 20 years, respectively. It is seen that as 
corrosion years increase, the changes in natural 
frequencies also increase. The changes in the first 5 
natural frequencies are negative, indicating that the 
natural frequencies are reduced. The second natural 
frequency of the structure has the maximum change 
due to inner surface corrosion.  The changes in 
some of higher natural frequencies are positive, 
implying that these natural frequencies are actually 
increased. This is because while the reduction of 
member thickness due to corrosion causes the 
stiffness reduction, it also causes the mass reduction. 
Whether the change in a natural frequency is 

positive or negative depends on the relative extent of 
the stiffness reduction effects and the mass reduction 
effect.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It can be seen that the second natural frequency of 
the structure has the maximum change due to inner 
surface corrosion. The maximum change in the 
second natural frequency due to inner surface 
corrosion is about 1% in 20 years. Even though both 
the inner and outer surface corrosions are 
considered, the maximum change in the second 
natural frequency is about 2% in 20 years. 
Therefore, it can be concluded that the natural 
frequencies of the large steel space structure 
considered in this study are only slightly affected by 
the atmospheric corrosion of materials. However, 
this conclusion may not be applicable to other steel 
space structures in other places. 

4.3 Effects of corrosion on member stresses 
The effects of atmospheric corrosion on member 
stresses of the structure under gravity forces are 
investigated in this section. The atmospheric 
corrosion will cause the reduction of cross section 
areas of the structural members, and therefore it will 
also cause the reduction of gravity forces and 
structural stiffness. Such changes will in turn affect 
the level and distribution of structural member 
stresses. On the other hand, the gravity forces of 
other structural components, such as joints and 
cladding, are regarded as constant forces acting on 
the structural nodes without changes. Non-linear 
static analyses of the structure are then carried out 
for 10, 20, and 50-year atmospheric corrosion. Fig.7 
shows the statistics of structural members with 
various levels of stress change under 50-year 
atmospheric corrosion.  

The results reveals that 94.1%, 91.9% and 87.4% 
of the structural members have a stress change no 
more than ± 10% for 10, 20 and 50 year-
atmospheric corrosion, respectively.  The structural 
members having a stress change large than ±100% 
are 0.52%, 0.78% and 1.21% of the total structural 
members for 10, 20, and 50 year-atmospheric 
corrosion, respectively. It is clear that with the 
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increase of atmospheric corrosion year, the numbers 
of structural members with large stress change 
increase. There exist both negative and positive 
stress changes, indicating stress redistribution in the 
structure. Nevertheless, the structural members of 
increasing stress are more than those of decreasing 
stress. Similar observations can be made for the 
structural members with double surface corrosion. 
Compared with the structural members of inner 
surface corrosion only, the numbers of structural 
members of large stress change significantly 
increase while the numbers of structural members of 
small stress change considerably decrease when 
double surface corrosion is considered.  
 

 
 
 

 
 
 
 
 
A careful examination of stress changes in all the 
structural members reveals that for the concerned 
structure, the structural members of higher stress 
level have small stress change only while large 
stress changes occur in the structural members of 
lower stress level. Listed in Table. 2 are the stress 
changes in the two structural members of the highest 
stress level due to inner surface corrosion. The two 
members belong to the top brace system. It is seen 
that the stress change increases with increasing 
corrosion year but the stress change is small and less 
than 4% even with a 50-year corrosion year. 
However, such results may not be applicable to 
other structures in other places. 

 
Table.2 Stress changes in the two members of the highest 

stress level due to inner surface corrosion 
Element No corrosion 20 year 50 year

Stress level (%) 78.3 80.3 81.4 
8911 

Stress change (%) 0 2.0 3.1 
Stress level (%) 70.0 71.5 72.3 

9412 
Stress change (%) 0 1.5 2.3 

5 CONCLUDING REMARKS 
A framework for evaluation of potential damage 

due to atmospheric corrosion to steel space 
structures in coastal areas has been established and 
applied to a real large steel space structure built in 
southern coastal area in China. The case study 
demonstrates the feasibility of the proposed 
framework. The case study also shows that the 
changes in natural frequencies of the steel space 
structure due to either inner surface corrosion or 
double surface corrosion are very small but the 
stress changes in some of structural members are 
very large. The stress changes increase with 
increasing atmospheric corrosion year, and they are 
larger in the case of double surface corrosion than in 
the case of inner surface corrosion only.  
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