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Abstract: Estimating temperature-induced strain is of critical importance for structural safety 4 

assessment. Most previous studies estimated the temperature-induced strain by statistical analysis, 5 

resulting in the unexplainable physical meaning of the obtained model coefficients. In this paper, an 6 

analytical formula for the temperature-induced strain of supertall structures is derived based on the 7 

simulated temperature field. First, a supertall structure is simplified as a cantilever column and the 8 

theoretical relationship between the sectional two-dimensional temperature field and strain is derived. 9 

Afterwards, the structure is extended to a generalised cantilever column bounded by springs at the top 10 

end, and the theoretical relationship of temperature and strain is derived as well. The formula shows 11 

that the sectional strain is composed of the sectional average temperature-induced strain and the 12 

gradient temperature-induced strain along two horizontal directions. A finite element (FE) model is 13 

established to verify the derived strain formula. Finally, the formula is applied to a real supertall 14 

structure, the Wuhan Yangtze River Navigation Centre, on which a long-term structural health 15 

monitoring system has been installed. The temperature field of the whole structure is obtained by the 16 

FE heat transfer analysis, and the temperature-induced strain is calculated according to the derived 17 

formula. The average difference between the theoretically derived and the measured strain is less than 18 

7 με. This study provides a simple theoretical formula for calculating the temperature-induced strain 19 

of supertall structures, avoiding the complicated FE structural analysis. 20 
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1. Introduction  23 

Structural health monitoring (SHM) has been widely deployed in large-scaled civil structures for 24 

evaluating their safety conditions [1–3]. The collected data from the SHM system not only measure the 25 

real structural response but also, more importantly, the static response caused by the environment [4, 26 

5]. Variations in temperature-induced responses may mask the damage-induced response, which 27 

eventually results in erroneous evaluations. In recent years, a large number of supertall structures have 28 

installed SHM systems for performance evaluation [6–11]. The periodic fluctuation of temperature is 29 

the direct cause of changes in structural strain and displacement. However, research on estimating the 30 

temperature effect of supertall structures remains insufficient. 31 

Early supertall SHM projects mostly focused on a single aspect of structural deformation, building 32 

top displacement and acceleration whereas rarely considered the temperature effect [12–14]. Recently, 33 

scholars have gradually realised that the temperature effect on structures cannot be ignored. Tamura et 34 

al. [15] unexpectedly found that thermal stress could cause a 4-cm top displacement when they 35 

measured the wind-induced response of a building by using RTK-GPS. Breuer et al. [16] studied the 36 

effects of solar radiation and temperature changes on the horizontal displacement of the top of the 37 

Stuttgart TV tower. The results showed that the daily movement trajectory of the tower top was related 38 

to the periodic changes in sunlight and atmospheric temperature. Xia et al. [17] derived the horizontal 39 

displacement and inclination of the 600 m tall Canton Tower by using multi-sectional strain data. They 40 

[18, 19] comprehensively studied the temperature distribution and the associated action of the Canton 41 

Tower. The movement of the tower top on a sunny day in winter was 15.7 cm in the east–west direction 42 

and 15.5 cm in the north–south. From summer to winter, the entire tower tilted toward northeast with 43 

the horizontal movement of 15 cm approximately at the tower top. Su et al. [20] also separated the 44 

typhoon- and temperature-induced quasi-static responses of the structure and found that the former was 45 

less than the latter. 46 

Strain is an important static response parameter of a structure and closely related to its stress and 47 

displacement. The measured strain comes from various sources such as dead load, live load, winds, 48 

temperature, concrete shrinkage, concrete creep and other loads. Among these factors, concrete 49 

shrinkage and creep mainly occur at the initial stage of construction and gradually decrease with time. 50 

Temperature-induced strain exhibits a daily, seasonal and annual variation pattern. A number of studies 51 

have found that environment temperature-induced strain is more significant than other load-induced 52 

(Zhu et al. [21]). Moreover, the temperature field of a structure is generally non-uniform, causing the 53 

variations in the strain and temperature not synchronised (Yang et al. [22]). Therefore, the strain is 54 
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related to the overall temperature field of the entire structure, not a single temperature point, which 55 

leads to the complicated relation between the strain and temperature.  56 

Obtaining the temperature field of the entire structure and calculating the temperature-induced 57 

response are two key steps for studying the temperature effect. FE heat transfer analysis has been 58 

developed for calculating the temperature field. Ni et al. [23] combined on-site monitoring data and FE 59 

heat transfer analysis to establish a temperature field model inside the concrete, which provided reliable 60 

input for the numerical simulation of temperature-induced deformation and internal forces. Su [24] 61 

calculated the temperature field of a single component of Canton Tower. By assuming the temperature 62 

field of the structure along the height is uniform, the temperature-induced deformation under several 63 

typical cases were calculated by manually inputting the temperature load. This divide-and-conquer 64 

approach is inefficient and cannot achieve real-time safety assessment. Gao et al. [25] proposed an 65 

efficient method for calculating the overall temperature field of a supertall structure. By establishing a 66 

virtual sun, the dynamic thermal boundary conditions under solar radiation were established and the 67 

dynamic temperature field of the whole structure was accurately simulated. In these heat transfer 68 

analyses, the steel bars were not modelled as the steel bars inside the concrete have negligible effects 69 

on the overall temperature field. However, in the structural FE analysis, the steel bars should be 70 

modelled as the contribution of steel bars to the sectional stiffness is larger. Including the steel bars 71 

will generate numerous elements, which is time-consuming for a large-scale supertall structure [25]. 72 

Statistical analysis is another method to estimate the relation between temperature and structural 73 

response. Hu et al. [26] have studied the quantitative relationship between displacement and multiple 74 

temperature of the Canton Tower in different seasons based on linear regression analysis. The results 75 

showed that a regularized linear regression model was able to describe the physical relationship 76 

between the temperature and displacement whereas an ordinary linear regression model could not. Bai 77 

et al. [27, 28] established the relationship between the strain and the temperature of a typical Tibetan 78 

timber building from 2-year monitoring data by combining singular spectrum analysis and polynomial 79 

regression. The disadvantages of the statistical analyses include the dependence on the accuracy of the 80 

measured data and the unexplainable physical meaning of model coefficients. Additionally, the 81 

statistical analysis predicts the structural response through the previous response data and relies on the 82 

authenticity of such data. This response–response mapping is prone to systematic deviations. For 83 

example, if the previous strain data includes structural damage, the established quantitative relationship 84 

between temperature and strain also includes structural damage and thus cannot reflect the original 85 

mechanical relationship between temperature and strain. 86 

In a word, a simpler and more efficient method is needed to calculate the temperature-induced 87 

response, especially the temperature-induced strain. This paper derives the theoretical temperature-88 
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strain formula for supertall structures and thus the complex mapping relationship between temperature 89 

and structural response is realized. The framework of this paper is as follows. Firstly, the virtual sun 90 

method for calculating time-varying temperature field is briefly described. Secondly, the theoretical 91 

temperature-strain formula of the cantilever and generalised cantilever columns is derived. Thirdly, an 92 

FE column model verifies the correctness of the formula. Finally, the temperature-strain formula is 93 

applied to calculate the temperature-induced strain of the 335 m tall Wuhan Yangtze River Navigation 94 

Centre.  95 

2. Time-varying temperature field calculation by virtual sun method 96 

2.1. Determination of the relative position of the sun 97 

The relative position of the sun (Fig. 1) can be determined by solar altitude angle β, solar azimuth 98 

angle α and the distance of the sun from the earth d. The distance d is treated as a constant given that 99 

its variation in one year is small. The solar altitude angle β and solar azimuth angle α are derived in 100 

[25] and expressed as 101 

 102 

Fig. 1. Relative position of the sun 103 
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where φ represents latitude, and τ is the radiation calendar angle. In the radiation calendar system, 106 

March 21 (vernal equinox) 0:00:00 is set as the reference with τ increasing by 15° per hour and changes 107 

from 0° to 131400°; m= 0, 1, 2, …, 364. 108 

2.2. Heat transfer equations and boundary conditions  109 

According to the Fourier heat transfer theorem and the energy conservation theorem, the 110 

governing equation for heat transfer problems can be established as [29] 111 

 
2 2 2

2 2 2x y z
T T T Tc k k k
t x y z

ρ ∂ ∂ ∂ ∂
= + +

∂ ∂ ∂ ∂
, (3) 112 

where x, y and z are the Cartesian coordinates; ρ (kg/m3) is the density of the material; c (J/(kg·°C)) 113 

represents the specific heat coefficient; T (°C) represents the temperature at coordinate point (x, y, z) 114 

and kx, ky and kz (W/(m·°C)) is the thermal conductivity coefficients of different directions. 115 

The thermal initial and boundary conditions are required for solving Eq. (3). The thermal initial 116 

condition is the end-time temperature field in the previous analysis, which can be set as a uniform 117 

temperature field. The thermal boundary condition is determined by the following equations [30] 118 

 s( )( ) 0c r a
c r

I Th h T T k
h h n
α ∂

+ + − + =
+ ∂

, (4) 119 

 9.8 3.8c rh h v+ = + , (5) 120 

where hc (W/(m2·°C)) is the convective coefficient between the structural surface and the atmosphere; 121 

hr (W/(m2·°C)) is the radiant heat transfer coefficient; hc and hr are in correlation with average wind 122 

velocity ν, which is simplified as Eq. (5); Ta (°C) represents the environmental temperature; αs (0 < αs 123 

< 1) is the absorptivity coefficient of the surface; I (W/m2) is the intensity of the solar radiation 124 

projected onto the surface; k (W/(m·°C)) represents the thermal conductivity coefficient and is assumed 125 

identical in three directions and n is the normal direction of the surface. 126 

When applying the thermal boundary conditions, the irradiation elements receive solar radiation, 127 

whereas the shade elements receive none. The irradiation and shade elements are distinguished by the 128 

hemicube method [31]. A virtual sun, determined by Eq. (1) and (2) is established in the FE model. The 129 

sun is treated as a radiation source, while the structural elements are treated as absorbers. The angle 130 

coefficient between the radiation source and the absorbers are calculated. If the angle coefficient is not 131 

equal to zero, then the radiation source can ‘see’ the absorber, which is defined as the irradiation 132 

element. Otherwise, the radiation source cannot ‘see’ the absorption element and is referred to as the 133 
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shade element. The value of the angle coefficient is used to distinguish the shade and irradiation 134 

elements automatically [25].  135 

3. Derivation of temperature-strain formulas for supertall structures 136 

After obtaining the whole temperature field of the structure, a structural FE model is generally 137 

established for calculating the temperature-induced response. Because the steel bars contribute a lot to 138 

the sectional stiffness, the structural FE model needs to build a large number of steel bar elements, 139 

which results in long calculation time and low calculation accuracy. In order to avoid this disadvantage, 140 

this paper will develop another method that can calculate the structural response without establishing 141 

a structural FE model. Considering that the deformation profile of the whole structure caused by solar 142 

radiation is the first bending mode [17], the supertall structure is equivalent to a multi-story and variable 143 

sectional cantilever column model (Fig. 2 (b)). In the model: the bottom is fully constrained; the core 144 

tube and the columns are connected by beams and slabs; the cross section of the core tube decreases 145 

linearly from the bottom to top. Under the effect of ambient temperature, the non-uniform temperature 146 

of the outer columns change significantly, resulting in greater strain variations than the core tube. 147 

Therefore, we will focus on the temperature-induced strain of the outer columns. For a column on each 148 

floor, its temperature-induced strain is independent of the strain of the upper and lower columns. It can 149 

be equivalent to a generalised cantilever column (Fig. 2 (c)), which is fully constrained at the bottom 150 

and constrained with axial and rotation springs at the top. The temperature-induced strain of a column 151 

is only related to the sectional temperature field. Firstly, the analytical calculation of the temperature-152 

induced strain for the cantilever column is derived, and then extended to the generalised cantilever 153 

column. This paper extends the traditional single-point temperature-strain formula (i.e., Δε = αΔT) to 154 

the sectional temperature field-strain formula for calculating the temperature-induced strain. 155 

Consequently, establishing a structural FE model is avoided. 156 

 157 

Fig. 2. Theoretical model 158 
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3.1. Cantilever column model 159 

As shown in Fig. 2 (d), the cantilever column has a height of H, and the bottom is fully constrained. 160 

Assume that the sectional temperature field at the initial time is constant 0, and at a certain time is T(x, 161 

y). Firstly, we completely constrain the top of the column so that the column does not deform. The 162 

stress at any point (x, y) in the section due to the temperature change is ( , ) ( , )x y E T x yσ α= , where E 163 

represents the elastic modulus and α is thermal expansion coefficient. At this time, the axial force to be 164 

applied at the top can be expressed as ( , ) ( , )NF x y dA E T x y dAσ α= =∫ ∫ . In addition to the axial force, 165 

the non-uniform distributed stress in the cross section also generates bending moments. The bending 166 

moments along the x- and y-axis are ( , )xM E T x y ydAα= ∫ , ( , )yM E T x y xdAα= ∫ . 167 

Next the constraints at the top are released. We need to apply external forces of NF ′ , xM ′  and 168 

yM ′  to make the cantilever column the same as the initial state. Assuming that the deformation of the 169 

section meets the plane section assumption, the strain caused by the axial force and bending moment 170 

at any point (x0, y0) are respectively: 
0

( , )
N

T x y dAF
EA A

α
ε ′ = = ∫ , 0 0

yx
m

x y

MM y x
EI EI

ε ′ = + , where 0ε ′  and 171 

mε ′  refer to the z-direction strains, Ix and Iy are moments of inertia with respect to the x- and y-axis, 172 

respectively. The total strain at any coordinate (x0, y0) is summed as 173 

 0 0 0

( , ) ( , ) ( , )
= m

x y

T x y dA T x y ydA T x y xdA
y x

A I I

α α α
ε ε ε′ ′ ′+ = + +∫ ∫ ∫ . (6) 174 

If take ( , )
A

T x y dA
T

A
′ = ∫ , 

( , )
ex

x

T x y ydA
T

I
′ = ∫ , 

( , )
ey

y

T x y xdA
T

I
′ = ∫ , then, 175 

 0 0 0 0( , )= ( )A ex eyx y T T y T xε α′ ′ ′ ′+ ⋅ + ⋅ . (7) 176 

The above formula shows the relationship between the strain and the sectional temperature field 177 

at arbitrary coordinates. T ′ 
A can be regarded as the sectional average temperature, and T ′ 

ex, T
′ 
ey can be 178 

regarded as the gradient temperature along the x-axis and y-axis directions, respectively. When the 179 

temperature remains constant along the y direction, then T ′ 
ex = 0. So does T ′ 

ey. At any time, when the 180 

sectional temperature field is known, T ′ 
A, T

′ 
ex and T ′ 

ey are all available. The strain of any point can then 181 

be calculated from the coordinates and the sectional temperature field. 182 

3.2. Generalised cantilever column model 183 
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The generalised cantilever column model is shown in Fig. 2 (c). The constraints of beams and 184 

slabs on the column are equivalent with axial and rotation springs at the top. The top axial spring 185 

stiffness, x- and y-rotation spring stiffness are k1, k2, and k3, respectively. A similar process is used to 186 

derive the temperature-strain formula under the temperature field T (x, y).  187 

The axial displacement at the column top is defined as generalised displacements u0. The x- and 188 

y-rotation angles at the top are defined as generalised rotation angles θx and θy, respectively. When the 189 

top is unconstrained, the equivalent force caused by the temperature field T (x, y) is calculated as190 

( , )NF E T x y dAα= ∫ , ( , )xM E T x y ydAα= ∫  , and ( , )yM E T x y xdAα= ∫  . The top springs will 191 

constrain the top displacement. The constrained displacement will produce internal forces. The 192 

equilibrium equation between the internal and external forces requires that, 0
1 0N

uF k u EA
H

− =  , 193 

2x x x xM k EIθ δ ′′− = , 3y y y yM k EIθ δ ′′− = , where δx and δy represent the lateral displacement at the top 194 

along the x- and y-directions, respectively.  195 

Consider the relationship between the top lateral displacement and the rotation. The expressions 196 

of Mx and My show that the bending moments Mx and My are directly caused by the temperature field 197 

T(x, y). Thus, Mx and My remain constant along the height direction. As the first derivative of the lateral 198 

displacement is the rotation and the first derivative of the rotation is proportional to the bending 199 

moment, the rotation is a linear function of height and the lateral displacement is a quadratic function 200 

of height. Moreover, the x-direction rotation angles at the bottom and top are 0 and θx, respectively. 201 

Then, the rotation equation at an arbitrary height z is expressed by 
0( ) 0 =x x

x z z z
H H

θ θδ −′ = +  . 202 

According to ( )x zδ ′ , we get ( ) x
x z

H
θδ ′′ = . ( )x zδ ′′   shows that the ( )x zδ ′′   remains constant in the 203 

height direction. When substitute ( )x zδ ′′  into 2x x x xM k EIθ δ ′′− = and then have 2
x x

x

M EIk
Hθ

= − . k3 204 

can be calculated in a similar manner. Therefore, k1, k2 and k3 are expressed as 205 

 1
0

NF EAk
u H

= − , (8) 206 

 2
x x

x

M EIk
Hθ

= − , (9) 207 

 3
y y

y

M EI
k

Hθ
= − . (10) 208 
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k1, k2 and k3 are stiffness and can be regarded as constants. The relationship between the 209 

generalised displacement and temperature can be derived from Eqs. (8) to (10): 0

1

NFu EAk
H

=
+  , 210 

2

x
x

x

M
EIk
H

θ =
+

, 
3

y
y

y

M
EI

k
H

θ =
+

. According to the plane section assumption, the strain in the section is 211 

linearly distributed, 0 yxu y x
H H H

θθε = + + . Take the obtained u0, θx and θy into 0 yxu y x
H H H

θθε = + + , we 212 

get 
1 2 3

yN x

x y

MF M y x
k H EA k H EI k H EI

ε = + +
+ + +

. Since FN, Mx and My are functions of the temperature 213 

field T (x, y), the strain at any point (x0, y0) can be obtained as 214 

 0 0
1 2 3

( , ) ( , ) ( , )

x y

T x y dA T x y ydA T x y xdA
y xk H k H k HA I I

E E E

ε α

 
 

= + + 
 + + +
 

∫ ∫ ∫ . (11) 215 

Let 216 

 
1

( , )
A

T x y dA
T k H A

E

=
+

∫
, 

2

( , )
ex

x

T x y ydA
T k H I

E

=
+

∫
, 

3

( , )
ey

y

T x y xdA
T k H I

E

=
+

∫
, (12) 217 

then, 218 

 0 0 0 0( , )= ( )A ex eyx y T T y T xε α + ⋅ + ⋅ . (13) 219 

It is noteworthy that Eq. (11) and (6) are similar and Eq. (11) degenerates into Eq. (6) as k1 = k2 = 220 

k3 = 0. Therefore Eq. (11) is more general.  221 

Eq. (13) shows that the strain occurs within a three-dimensional plane and consists of three 222 

components: the sectional axial deformation caused by TA, y-direction deviation deformation by Tex 223 

and x-direction deviation deformation by Tey.  224 

4. Formula verification by an FE model 225 

In this section, a generalised cantilever column model subjected only to temperature loads will be 226 

established. Based on the simulated temperature field, the temperature-induced strain is calculated from 227 

Eq. (11) and then compared with the strain calculated by the FE thermal-structure coupling analysis.  228 
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(a) FE model (b) A section 

Fig. 3. Generalized cantilever column model 

Table 1. Material parameters used in generalized cantilever column FE model 229 

Density 
/(kg/m3) 

Elastic 
modulus 
/(N/m2) 

Poisson’s 
ratio 

Thermal 
expansion 
coefficient 

/°C−1 

Thermal 
conductivity 
/W/(m·°C) 

Specific heat 
coefficient 
/(J/(kg·°C) 

2635 3.7×1010 0.28 10×10-6 2.33 921 

 230 

Fig. 4. Meteorological data 231 

As shown in Fig. 3, the generalised cantilever model is in a rectangular cross section with the 232 

dimensions of 0.9 m × 1.8 m × 4.5 m. The column is constrained by axial and rotation springs at the 233 

top and fully constrained at the bottom. These springs are added by applying surface effect elements 234 

SURF154 in ANSYS. The surface effect elements are attached to the top surface of the model for 235 
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simulating the axial and rotation springs. The stiffness of the axial and rotation springs are time-236 

independent, which are calculated according to Eqs. (8) to (10). k1, k2 and k3 are 1.33×1010 N/m, 237 

8.92×108 N·m and 3.58×109 N·m, respectively. The element mesh size is set as 80 mm. The material 238 

parameters of this model are shown in Table 1. Meteorological data from weather station (Fig. 4) is 239 

transferred into the third thermal boundary conditions and then applied on the outer surface of the 240 

model. A 336-hour heat transfer analysis is conducted for obtaining the time-varying temperature field. 241 

Point A (−0.85, −0.35) near the outer surface is selected to calculate the strain.  242 

Fig. 5 (a) shows the sectional temperature field at the 10th hour. TA, Tex and Tey at any time are 243 

calculated according to Eq. (12). The temperature-induced strain of Point A is calculated according to 244 

Eq. (13). For comparison, the thermal-induced strain of the FE model is also calculated through the 245 

structural analysis and the strain field at the 10th hour is illustrated in Fig. 5 (b). The strain is linearly 246 

distributed in the section, which also verifies the plane section assumption. 247 

  

(a) Temperature field (b) Strain field  

Fig. 5. Temperature and strain fields of the column at 10th hours 

 248 

Fig. 6. Comparison between the theoretical and FE numerical strains of point A 249 
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FE model at a certain time is fitted to a plane equation, ε = α(c + by + ax), where ε represents strain, 252 

α=10×10-6/°C is the thermal expansion coefficient, and a, b and c are the fitting coefficients of the 253 

plane equation, which are corresponding to Tey, Tex and TA in Eq. (12). These three pairs of coefficients 254 

(c and TA, b and Tex, and a and Tey) are compared in Fig. 7 and the results are consistent. This verifies 255 

that the average surface temperature TA, the gradient temperature Tex and Tey cause axial strain, y-256 

direction and x-direction gradient strain, respectively. 257 

   

(a) TA with c (b) Tex with b (c) Tey with a 

Fig. 7. Relationship between temperature components and strain fitting coefficients 

Table 2. Maximum theoretical contribution ratio of three temperature components 258 

 
TA=T  

(°C) 

Tex=1/2ΔTx 

(°C) 

Tey=1/2ΔTy 

(°C) 

Contribution  

ratio of TA 

Contribution  

ratio of Tex 

Contribution  

ratio of Tey 

In Spring 10 6 6 45.46% 27.27% 27.27% 

In Summer 27 5 5 72.98% 13.51% 13.51% 

In Autumn 25 6 6 67.56% 16.22% 16.22% 

In Winter 8 5 5 44.44% 27.78% 27.78% 

Further, the contribution of TA, Tex Tey to the total strain is different. In general, TA contributes 259 

most to the strain. Consider the simplest possible situation: k1 = k2 = k3 = 0 and the temperature field is 260 

linearly distributed along the two sectional directions, which are ΔTx and ΔTy, respectively. The 261 

temperature-induced strain formula is simplified to: 0 0( , )= ( )A x y
x y

x yx y T T T
b b

ε α + ∆ + ∆ , which bx and 262 

by are the sectional heights along the x and y directions, respectively. Table 2 shows the average 263 

temperature T  and maximum temperature difference T∆   in Wuhan in one year. When the strain 264 

contribution ratio of Tex and Tey is the largest, / = / =1/ 2x yx b y b . The contribution of three temperature 265 
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components to the strain is shown in Table 2. It can be found that in four different seasons, the minimum 266 

contribution of TA to strain fluctuates between 44.44% and 72.98%, accounting for the largest 267 

proportion; the maximum contribution of Tex and Tey to strain fluctuates between 13.51% and 27.78%, 268 

accounting for the smaller proportion; When the average temperature decreases or the temperature 269 

difference increases, the contribution of Tex and Tey increases; conversely, the contribution of TA 270 

increases. In this FE example, Fig. 8 illustrates the three components during the 336 hours period. TA 271 

contributes more than 90% to the strain. The ratio change in Fig.8 meets the above rules. 272 

 273 
Fig. 8. Contribution of TA, Tex, Tey to the total strain 274 

5. Case study: a supertall structure 275 

5.1. Wuhan Yangtze River Navigation Centre and its SHM system 276 

The proposed strain calculation is applied to the newly completed Wuhan Yangtze River 277 

Navigation Centre, a supertall frame-tube structure with a total height of 335 m as illustrated in Fig. 278 

9(a). This building consists of a 66-floor square main body and a triangular steel roof. During the 279 

construction stage, the outer frames and inner core tube were constructed simultaneously. 280 

Fig. 9 (b) shows the typical floor of this skyscraper. The floor section has a constant size of 50.6 281 

m × 50.6 m, surrounded by 20 columns consisting of 4 concrete-filled tube (CFT) columns at the 282 

corners and 16 square steel-reinforced concrete (SRC) columns in the middle of each facade. The inner 283 

core tube is a square with the dimensions of 30.0 m × 30.0 m. The core tube and the columns are 284 

connected through concrete beams. 285 

A long-term SHM system has been installed on the structure to monitor the structural performance 286 

during both construction and service stages. Six monitoring sections have been selected along the 287 

height for temperature and strain monitoring. These monitoring sections are located on the 10th, 18th, 288 

28th, 38th, 48th and 58th storeys, which correspond to the heights of 47.05, 83.05, 129.55, 176.05, 289 
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222.55 and 265.05 m, respectively. A weather station was deployed near the skyscraper to record the 290 

surrounding meteorological parameters, such as environmental temperature, wind speed, solar 291 

radiation, etc. 292 

  

(a) Perspective view (b) A typical floor of the structure 

Fig. 9. Wuhan Yangtze River Navigation Centre 

 293 

Fig. 10. Sensor layout of a typical monitoring section 294 

All six monitoring sections have the same sensor layout. As shown in Fig. 10, a typical monitoring 295 

sections consists of 32 vibrating wire strain gauges and eight temperature sensors. The strain gauges 296 

are distributed in the east, south, west and north zones. For example, in the east zone, one strain gauge 297 
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is installed in the CFT column, named S-E1 (‘S’ represents ‘strain’, and ‘E’ is for ‘east’), four in the 298 

SRC columns (named S-E2 to S-E5), one in the core tube (S-E6) and two in the beams (named S-E7 299 

and S-E8). The vibrating wire strain gauges can measure the strain and temperature of one point 300 

simultaneously. The temperature sensors are installed in the eight middle SRC columns, denoted as T-301 

A1 and T-A2 to T-D1 and T-D2. All strain gauges and temperature sensors are embedded in the concrete 302 

60 mm from the surface. The sampling rate of the strain gauges and temperature sensors is one reading 303 

per 10 min. 304 

5.2. The FE model 305 

 306 

(a) Entire solid model  307 

   
(b) Columns (c) Core tube (d) Beams and slabs 

Fig. 11. The FE model of Wuhan Yangtze River Navigation Centre 308 

An FE model is established according to the actual geometry of the structure on the ANSYS 309 

platform, as shown in Fig. 11. Given that the steel bars are embedded in the concrete and their cross-310 

sectional area is only approximately a tenth of the total section, the effect of the steel bars on the 311 

concrete temperature field can be neglected. Therefore, only concrete is included in the FE model. The 312 
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element type Solid90 is used for all elements, each consisting of 20 nodes with one thermal DOF at 313 

each node. The element mesh sizes of the columns, core tube, beams and slabs are approximately 0.12, 314 

0.20, 0.48 and 0.6 m, respectively. The mass density of the material is 2635 kg/m3. The equivalent 315 

elastic modulus of columns, core tube, beams and slabs are 3.7×1010, 4.44×1010, 3.33×1010 and 316 

3.07×1010 N/m2, respectively. The thermal expansion coefficient is 10×10-6/°C. Only temperature load 317 

is considered in the FE model. 318 

5.3. Simulation of time-varying temperature field 319 

The monitoring data from November 18 to December 16, 2017 were selected for the heat transfer 320 

analysis. During this period, the structure was constructed on the 28th floor. The FE model at this 321 

construction stage is released from the entire model. The meteorological data recorded from the 322 

weather station are shown in Fig. 12. The virtual sun method is conducted to obtain the time-varying 323 

temperature field during this period. Points T18-E3, T18-S4, T18-W3 and T18-N4 at four different 324 

directions are selected for comparison, as shown in Fig. 13.  325 

   

(a) Environment temperature (b) Average wind velocity (c) Solar radiation intensity 

Fig. 12. Meteorological data from November 18, 2017 to December 16, 2017 

 326 

(a) East point T18-E3 327 
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  328 

   (b) South point T18-S4 329 

 330 

(c) West point T18-W3 331 

  332 

   (d) North point T18-N4 333 

Fig. 13. Verification of the simulated temperature field 334 
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The root mean square difference (RMSD) between the simulated and measured temperature are 335 

calculated by 336 

 2

1

1 ( )
n

s m
i

RMSD T T
n =

= −∑ , (14) 337 

where n represents the number of measured points; Ts and Tm denote the simulated temperature and 338 

measured temperature, respectively. The relative root mean square difference (RRMSD) between the 339 

simulated and measured temperature are calculated by 340 

 
max min

RMSDRRMSD
T T

=
−

, (15) 341 

where Tmax and Tmin represents the maximum temperature and minimum temperature in the measured 342 

temperature, respectively; RRMSD indicates the relative difference between simulated and calculated 343 

temperatures. 344 

The RMSD and RRMSD of these four points are listed in Table 3. The maximum RMSD and 345 

RRMSD in these four points are 1.03 °C and 11.63%, respectively. The average RMSD and RRMSD in 346 

these four points are only 0.81 °C and 8.18%, respectively. The simulated temperature field agrees well 347 

with the calculated temperatures, which will be used for the calculation of the temperature-induced 348 

strain. 349 

Table 3. The RMSD and RRMSD between the simulated and measured temperature 350 

Point T18-E3 T18-S4 T18-W3 T18-N4 Average 

RMSD/°C 1.03 1.00 0.62 0.59 0.81 

RRMSD 7.16% 11.63% 7.03% 6.89% 8.18% 

5.4. Theoretical estimation of temperature-induced strain 351 

The structural temperature field at any time can be obtained through the FE simulation. The 352 

temperature-induced strain of the structural component is then calculated by using Eqs. (11) to (13). 353 

For example, for the column where the measuring point S18-E3 is located, the parameters in Eq. 354 

(11) are determined as follows: ∫T(x, y)dA, ∫T(x, y)ydA and ∫T(x, y)xdA are calculated by the simulated 355 

temperature field; H is the storey height; A = 3.24 m2 is the area of the column section; E = 3.7×1010 356 

N/m2; Ix = Iy = 0.87 m4 are the x-direction and y-direction moments of inertia; k1, k2 and k3 represent 357 

axial spring stiffness, x- and y-direction rotation stiffness and are caused by the surrounding beams and 358 
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slabs. In a real structure, k1, k2 and k3 are difficult to calculate. As Fig. 10 demonstrates, TA contribute 359 

most to the strain. Therefore, Eq. (11) is simplified as 360 

 
1

( , )
= ( , )

T x y dA
C T x y dAk H A

E

ε α≈
+

∫ ∫ , (16) 361 

where C = α/(k1H/E+A) is a constant. The above formula reveals that the strain is approximately 362 

proportional to ∫T(x, y)dA, which are available from the FE heat transfer analysis. Eq. (16) can be used 363 

to estimate the temperature-induced strain in a real structure. The calculated time–history strain the 364 

structure is compared with the measured one in Fig. 14. 365 

 366 

Fig. 14. The derived and measured strain 367 

Fig. 14 shows that the derived strain reflects the fluctuation and trend of the strain successfully. 368 

The RMSD and RRMSD between the derived and measured strain are 6.18 με and 6.6%, respectively. 369 

The difference between the two curves is mainly caused by three reasons: First, the simulated 370 

temperature field has errors with the actual temperature field. Second, the measured strain includes not 371 

only temperature strain but also those due to the construction load, concrete shrinkage, concrete creep 372 

and wind load. Third, the temperature-induced strain caused by gradient temperature is reduced in Eq. 373 

(16). Nevertheless, the small difference indicates that the temperature-induced strain dominates the 374 

total strain of the structure in practice.  375 

The method proposed in this paper provides a new method for estimating the temperature-induced 376 

strain in field monitoring without the FE structural analysis. The mechanism between temperature and 377 

strain is detailed described. The structural response due to other loads can be subsequently obtained by 378 

subtracting the pure temperature-induced strain from the measured total strain. 379 
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6. Conclusions 380 

In this paper, the temperature-strain formula is derived through the mapping relationship between 381 

the temperature field and strain. A generalised cantilever column FE model verifies the correctness of 382 

the temperature-strain formula. Taking the Wuhan Yangtze River Navigation Centre as the test bed, the 383 

temperature-induced strain was successfully estimated by a combination of FE heat transfer analysis 384 

and temperature-strain formula. The following conclusions are drawn. 385 

(1) Simplifying the bending-mode supertall structure into a generalised cantilever column is 386 

feasible when deriving the temperature-induced strain.  387 

(2) The temperature-induced strain for the columns or the core tube of a supertall structure is 388 

composed of three parts: the sectional average temperature-induced strain, the x-direction gradient 389 

temperature-induced strain and the y-direction gradient temperature-induced strain. The sectional 390 

average temperature contributes most to the strain. 391 

 (3) The measured strain fluctuates every day, which is mainly caused by temperature variations. 392 

Combining the FE heat transfer analysis and the temperature-strain formula derived in this paper, we 393 

can estimate the temperature-induced strain. The RMSE of the derived and measured strain is within 7 394 

με. 395 
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