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The steel structure is increasingly applied in various building structures. It is of theoretical
and practical significance to study the non-coordinated temperature field effects between
the steel structure and external structure, and the strongly uneven temperature stress and
marked deformation that ensue. However, the thermal boundary conditions are complex in
the existing studies. Thus, this paper analyzes the temperature field and thermal
deformation of steel structural members in construction engineering. Firstly, the relevant
parameters were enumerated for the basic heat transfer modes, the temperature field of the
steel members was calculated simply, and the convective heat transfer coefficients
(CHTCs) of the members were discussed under different cross-sections and wind
directions, presenting the accurate solution to thermal convection. Next, the thermal
deformation of steel structural members was investigated to construct the thermal
deformation equation of conventional steel structural members. Finally, experiments were
carried out to compare the effects of different heat transfer parameters on the temperature
stress of the components, and to summarize the entire process of building a thermal

deformation equation for steel structure components.

1. INTRODUCTION

With the continuous upgrading of new building materials,
construction engineering processes, and construction
techniques, the steel structure is increasingly applied in
various building structures, owing to its good ductility, strong
plastic deformation capacity, and resistance to earthquakes
and winds [1-8]. The commonly used building materials
expand with heat and contract with cold. The steel structure is
no exception: Different temperatures have different thermal
stresses on the steel structure [9-15]. If there is an obvious
construction defect, the steel structure will expand or shrink
under sudden changes of the temperature [16-19]. Therefore,
it is of theoretical and practical significance to study the non-
coordinated temperature field effects between the steel
structure and external structure. This issue has piqued the
interest of the academia and engineering communities.

The construction process is crucial to large-span steel
structures. To guide construction control, the construction
process must be analyzed in the design stage. The structure
force is influenced by complex load effects, the most

important of which is the time-varying temperature field effect.

Zhou et al. [20] proposed a new simulation method for the
non-uniform time-varying temperature field of large-span
steel structures, which computes the shadow effect and the
actual solar radiation absorbed by tubular members. The
proposed method was combined with the construction process
simulation to accurately emulate the temperature effect during
the construction process. To clarify the process of the steel
structure from damage accumulation to failure under extreme
cyclic load and temperature, Guo et al. [21] established a
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multi-scale fatigue-creep injury model, and constructed a
multi-scale fatigue damage model by the generalized self-
consistent method, drawing on the microcrack density
equilibrium theory. Shnal et al. [22] proposed a mathematical
model to disclose the effects of fire temperature state on the
structural mechanical properties of the metallic structure,
plotted a monogram for the fire resistance limit of the steel
structure under critical temperature standard, and developed
an appropriate approach. Based on the theory of heat transfer,
Qiu et al. [23] studied the similarity theory on the temperature
field of light steel members under fire, presented a simplified
furnace temperature curve, and verified the curve both
numerically and experimentally. In addition, they compared
the influencing factors of the similarity theory on the
temperature field of light steel members with or without
intumescence fire-retardant coatings.

The existing thermodynamic theoretical analyses and finite-
element thermal analyses involve complex thermal boundaries,
and cannot fully monitor the various temperature boundary
conditions. To further explore the law of complex
environmental factors acting on the temperature field and
thermal deformation of the steel structure, this paper discusses
the heat transfer modes of steel structural members. The main
contents cover the following aspects: Section 2 enumerates the
relevant parameters for the basic heat transfer modes,
completes the simplified calculation of the temperature field
of the steel members, and discusses the convective heat
transfer coefficients (CHTCs) of the members under different
cross-sections and wind directions, presenting the accurate
solution to thermal convection. Section 3 investigates the
thermal deformation of steel structural members, and


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.400127&domain=pdf

constructs the thermal deformation equation of conventional
steel structural members. Finally, experiments were carried
out to compare the effects of different heat transfer parameters
on the temperature stress of the components, and to summarize
the entire process of building a thermal deformation equation
for steel structure components.

2. TEMPERATURE FIELD ANALYSIS

In construction engineering, the heat exchange between
exposed steel structural members and the outside world never
stops. The overall temperature field distribution depends on
three basic heat transfer modes: the thermal conduction,
convection, and radiation between the sun, the air, and the
ground. Figure 1 lists the parameters of the basic heat transfer

modes.
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Figure 1. Parameters of basic heat transfer modes

Suppose the outer interface of a steel structural member is
in a thermal equilibrium state, that is, neither heat transfer nor
material phase change occurs on the interface between the
member and the outside, and the temperature state is uniform
across the interface. Based on the basic principle of
thermodynamics, the heat radiated from the interface of the
member equals the heat transferred from the inside of the
member to the interface. Let HTz be the heat transferred by the
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thermal conduction of the steel structural member itself; HTs
be the heat transferred by the radiation between the member
surface and the sun; H7p be the heat transferred by the thermal
convection between the member surface and the surrounding
air; HT, be the heat transferred by the long-wave radiation
between the member surface and the sky; HTw be the heat
transferred by the long-wave radiation between the member
surface and the ground. Then, the thermal equilibrium of the
steel structural member can be expressed as:
HT, = HT, + HT, + HT, + HT,, (1)
Let 1 and > be the radiation absorption rates of the sky and
the ground, respectively; @, and @, be the radiant surface
areas of the sky and the ground, respectively; w; and w> be the
view factors of the sky and the ground, respectively; p be the
surface absorption rate of solar radiation of the steel structural
member; @g be the surface area of the member receiving solar
radiation; 7S be the total strength of solar radiation on the
member surface; o be the unit radiation reflectance of the
member surface; ¢ be the Stefan-Boltzmann constant; y be the
absolute temperature of the member surface; yp, y4, and yw be
the temperature of the air, the sky, and the ground, respectively.
The thermal equilibrium of the steel structural member can be
expressed as:

oy
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The maximum temperature generally appears at the top of
the steel structural member. Thus, it is assumed that the
temperature distribution is uniform in the thickness direction
of the top of the member. That is, the heat from the inside to
the top interface of the member is approximately zero. Then,
we have:

HT, =—lo, & ~0

2a )

—pPTS + fD(pD(y_VD)

4
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Let (cos a, sin a) be the unit normal vector representing the
spatial orientation of the member; fp be the CHTC between the
member and the surrounding air. The values of @g, @p, P,
and @; are set as equal, and ¢, £, and /5, are set to 0.8, 0.8, and
0.6, respectively. Then, we have:

—pTS + fo (7 —7p) +179%x10° (1+ Sina)(}/4 —}/2)

5
+1.34x10°° (1-sina)(7* ~ 744 ) =0 ®)

—pTS+ fo (7= 7p)+3.68x10° (1+0.15sine ) T*

6
17910 (L+sinar ), ~1.33x10° (L—sinet ), =0 ©

By introducing the sky and ground temperatures, we have:

—pTS+ f, (7 —7,)+3.68x10° (1+0.15sinz ) y*

7
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Considering the actual physical meaning of each variable,
and the regional difference in the maximum temperature, the
high-order terms in the above formula are simplified in the
highest temperature range, producing the following linear
fitting formula:

—pTS + fo (=75 ) +(1+0.15sina ) (4.24y ~1028)

~(1+sina)(2.347, ~771) 8)
—(1-siner)(1.68y, —327) =0
—pTS +( f, +0.55sincr +4.31) y

9

—(f, +0.99sine +4.45) y,, +165sinct + 77 =0

The surface temperature of the steel structural member can
be calculated by:

_ pTS+( f, +0.99sina +4.45) y,, —165sina — 77
B f, +0.55sina + 4.31

e (10)

Converting the temperature unit of formula (10) from K
to °C, we have:

pTS +( f, +0.99sina +4.45)(y, +273.15)

_ —273.15f, —322sin -1188
4 f, +0.55sina +4.31

(11)

The above analysis shows that the surface temperature of
the steel structural member is closely associated with p, TS, fp,
yp, and a. The sensitivity coefficients of the relevant
parameters are listed in Table 1.

During the temperature field analysis on the exposed
structural members the construction engineering, the precise
solution of thermal convection requires a thorough discussion
on the CHTCs of the members at different cross-sections and
wind directions. The thermal convection takes two forms: the
forced thermal convection driven by power or pressure, and
the natural thermal convection induced by density. The latter
form is included in the former. For simplicity, the influence of
the latter is so small as to be negligible.

In forced thermal convection, it is difficult to analyze the
thermal fluid from the angles of fluidity and dynamics. The
key parameter of CHTC computing is the Nusselt number,
which involves the Prandtl number and Reynolds number.
When the fluid passes the plate in a random direction, the
CHTC can be calculated by:

_MA I

fe "

(12)

Table 1. Sensitivity coefficients of relevant parameters

Highest Lowest
Relevant parameters
temperature temperature

(cos a, sin a) Horizontal -0.015 -0.025
’ Vertical -0.042 -0.042

p 0.362 0.249

s 0.216 0.024

YD 0.517 0.815

A -0.061 -0.037

0.027 0.029
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When the fluid passes the axial direction of the tubular
member vertically, the CHTC can be calculated by:

~ My x|

f ==

(13)

Let {'be the Prandtl number; » be the kinematic viscosity; S
be the temperature diffusion coefficient; SH, be the specific
heat capacity of the fluid; A be the absolute viscosity; y be the
air density at different altitudes; / be the thermal conductivity
coefficient of the air. Then, we have:

g=vlp (14)
v=Aly (15)
B=1/xSH, (16)

Let v be wind velocity. For a plate with the length of H along
the airflow direction, the Reynolds number can be calculated
by:

LN, =vH/v=vHy/A (17)

For a tubular member with a diameter of R, and an axis
vertical to the airflow direction, the Reynolds number can be
calculated by:

LNy =VR/vo=VRy/4 (18)

During the calculation of Reynolds number, the
characteristic diameter Ry of the cross-section of the special
steel structural member is roughly four times the hydraulic
radius R,. Table 2 presents the sensitivity coefficients of
relevant parameters for steel structural members with different
cross-sections. Note that x and y are the long side length and
short side length of the cross-section, respectively; g is the wall
thickness. For a non-ventilated rectangular steel tube with two

closed ends, the hydraulic radius R, of any member can be
calculated by:

Xy
- 2(x+y)

R, (19)

For a ventilated rectangular steel tube with two open ends,
the hydraulic radius R,, of any member can be calculated by:

_ Dy+(x-29)(y-29)]
v 2(x+y)2(x-2g9+y-29)

(20)

Let x and y be width and height, respectively; g1 and g be
the thicknesses of the flange and the web, respectively. For an
H-steel structure, the hydraulic radius R,, can be calculated by:

R — |:2Xg1+(y_291)gz:|
Y4(x+0,)+2(y-29,+9,)

21)

Let R and g be diameter and wall thickness, respectively.
For a ventilated circular steel tube with two open ends, the
hydraulic radius R, of any member can be calculated by:



Table 2. Sensitivity coefficients of relevant parameters for
steel structural members with different cross-sections

Building type and Highest Lowest
interface parameter temperature temperature

Rectaneular X 0.049 -0.084
e¢ mbi“ y 0.261 0.017
g -0.062 0.085

X -0.013 -0.037

) y 0.185 -0.016
H-steel 2 -0.038 0.041
o3 -0.046 0.062

. R 0.137 -0.115
Circular tube 2 0.027 0.039

7R*14-z(R-29)" 14
R, = (22)

! 7(R+R-29)

The mean Nusselt number of flat plate laminar flow can be
calculated by:

NS,, =0.67x[LN,, x3/PR

The mean Nusselt number of turbulent flow can be
calculated by:

(23)

NS,, =0.04x1%/LN,, x3/PR

When the wind direction is perpendicular to the axis of the
circular steel tube, the mean Nusselt number of a single
circular tube can be calculated by:

NS, =033x'%LN,

The mean Nusselt number of multiple circular tubes can be
calculated by:

24)

(25)

NS, . =0.33x:%LN, x PR

(26)

3. THERMAL DEFORMATION ANALYSIS

It is assumed that the chemical composition of the metallic
material of the steel structural member does not change. Let p
be the deformation rate; ecy be the peak stress; EW be the
dynamic recrystallization activation energy; DW be the
deformation temperature; GC be the gas constant; X, f, and #
be the relevant test parameters. Then, the relationship between
the strain rate, the deformation temperature, and the peak
stress satisfies the double-sinusoidal equation:

p=X[sinh(pz, )| exp (_ GCE-VIVDW j 7

If fe<0.5, i.e., the stress is low, formula (27) can be
simplified as:

(28)

W
=X, g"exp| —
P="E p( GC~DW)

Suppose f, ¢, and 7y satisfy x=¢/n. If fe>0.5, i.e., the stress
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is high, formula (27) can be simplified as:

(29)

P XZeXp((”g)(_Gc:.ij

Taking the natural logarithm and partial derivative on the
left and right sides of formula (29), respectively, we have:

_|@lnp
2] o
| olnp
o= ) oy
Taking the natural logarithm of formula (27), we have:
. 1 EW 1
In[smh(,b’gcv)]=;Inp+m—glnX (32)

Taking the partial derivative of deformation rate on both
sides of formula (32), we have:
1 | dlnsinh
:{ (ﬂgcv)} (33)
o dinp N

Taking the partial derivative of 1/DW on both sides of
formula (32), the thermal deformation activation energy can
be calculated by:

(34

W =r7~GCFInSin f(Beey ):‘

a(L/DW)

The thermal deformation equation for conventional steel
structural members can be expressed as:

(35)

st o) 425

The overall action of p- and DW on the thermal deformation
of the steel structural member can be characterized by the
Zener—Hollomon (ZH) parameter:

E
ZH =
pexP(GC-DW) (36)
Combining formula (36) and formula (27), we have:
ZH = X [sinh (B, )| (37)

Taking the natural logarithm on both sides of formula (37),
we have:

IZH = In X +7In[ sinh(Be | (38)

Based on the W value obtained by formula (34), it is
possible to derive the ZH value under different deformation
conditions of the steel structure. The /n[sinh(fecy)] has a linear
relationship with /nZH. With the growth of ZH, the gcy will
increase through the thermal deformation of the steel structural
member. The correlation coefficient between the two
parameters is close to 0.99.



4. EXPERIMENTS AND RESULTS ANALYSIS bending thermal stresses of the steel structural member. Both
stresses are positively proportional to 7S. Every 100 W/m?
increment of TS pushed up the axial and bending thermal
stresses by 3 MPa and 0.8 MPa, respectively. Hence, the steel
structural member has better overall thermal stress in good

weather than in bad weather.

Figure 2 displays the influence of different heat transfer
parameters on temperature stress of the steel structural
member, including solar radiation strength 71, air temperature
yp, wind velocity v, and absorption rate of solar radiation o. It
can be seen that the 7S had a prominent effect on the axial and
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Figure 2. Influence of different heat transfer parameters on temperature stress of the steel structural member
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Besides, yp had a relatively obvious influence on the axial
thermal stress of the steel structural member. Every 1°C
increment of yp pushed up the axial stress by 1.5 MPa.
Meanwhile, yp had a relatively small impact on the bending
stress.

When v was slower than Sm/s, it exerted the greatest impact
on the axial thermal stress of the member. Every lm/s
increment of the wind velocity dragged down the axial stress
by 9.8 MPa. When v was greater than 5m/s, it had a small
impact on the axial stress of the member. Every 1m/s
increment of the wind velocity only reduced the axial stress by
1.8 MPa. When v was greater than 10m/s, the axial thermal
temperature changed no more. In this case, the wind velocity
had a small effect, and exhibited a nearly negative correlation
with the axial pressure. Every 1m/s increment of the wind
velocity merely lowered the axial stress by 0.25 MPa. Hence,
the temperature effect on the steel structural member is
insignificant if the member is well ventilated.

In addition, o is positively proportional to the axial and
bending thermal stresses of the member. Every 0.1 increment
of o pushed up the axial and bending stresses by 4.7 MPa and
1.4 MPa, respectively. Thus, the o of the surface coating of the
member must be fully considered to compute the temperature
effect more accurately.

Figure 3 displays the interpolation curves under different
deformation conditions of the steel structural member. The
relationship between lnecy and Inp is shown in Figure 3(a). The
reciprocal of the slope can be solved as 9.2133 according to
the fitted curve. The relationship between ecy and /np is shown
in Figure 3(b). The ¢ value can be solved as 0.0447 according
to the fitted curve. Based on 7 and ¢, it can be further
computed that x=¢/m;=0.00485. The relationship between /np-
and In[sinh(Pecy)] is shown in Figure 3(c). Through linear
regression, the test parameter # can be solved as 6.9. The
relationship between 1/GC*DW and In[sinh(fecy)] is shown in
Figure 3(d). The thermal deformation activation energy EW
can be solved as 398.661 kJ/mol, according to the fitted curve.
Finally, the test parameter X can be solved as 1.41x10%,
referring to the intercept of the steel structural member. From
all the parameters above, it is possible to construct the thermal
deformation equation for the member.

The relationship between /n[sinh(fecy)] and InZH is given
in Figure 4. It can be seen that In[sinh(fecy)] is linearly
correlated with /nZH, which agrees with the theoretical
analysis. The figure visually displays that ecy increases with
ZH during the thermal deformation of the steel structural
member.
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30 34 36 38
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40 42 44

Figure 4. Relationship between /n[sinh(fecy)] and InZH
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5. CONCLUSIONS

This paper investigates the temperature field and thermal
deformation of steel structural members in construction
engineering. Firstly, the authors summarized the relevant
parameters for the basic heat transfer modes, completed
simplified calculation of the temperature field of the steel
members, and discussed the CHTCs of the members were
discussed under different cross-sections and wind directions.
In this way, the thermal convection was solved accurately. On
this basis, the authors investigated the thermal deformation of
steel structural members, and constructed the thermal
deformation equation of conventional steel structural members.
Through experiments, the authors examined the influence of
different heat transfer parameters over the thermal stress of the
member, including solar radiation strength 7., air temperature
yp, wind velocity v, and absorption rate of solar radiation o.
Based on the experimental results, several suggestions were
provided for steel structure design. In addition, the
interpolation curves were plotted for the deformation of steel
structural members, and the steps of building the thermal
deformation equation for the members were detailed. Finally,
the relationship between In[sinh(fecy)] and InZH was drawn,
and the variation of the relevant parameters was discussed
during the thermal deformation of the said members.
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