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Abstract. The Zhuhai Opera House has an external structure consisting of a type of spatial steel, where the
stress of steel elements varies with the ambient temperature. A structural health monitoring system was
implemented at Zhuhai Opera House, and the temperatures and stresses of the structures were monitored in
real time. The relationship between the stress distribution and temperature variations was analysed by
measuring the temperature and stresses of the steel elements. In addition to measurements of the structure
stresses and temperatures, further simulation analysis was carried out to provide the detailed relationship
between the stress distributions and temperature variations. The limited temperature measurements were
used to simulate the structure temperature distribution, and the stress distributions of all steel elements of the
structure were analysed by building a finite element model of the Zhuhai Opera House spatial steel structure.
This study aims to reveal the stress distributions of steel elements in a real-world project based on
temperature variations, and to supply a basic database for the optimal construction time of a spatial steel
structure. This will not only provide convenient, rapid and safe early warnings and decision-making for the
spatial steel structure construction and operation processes, but also improve the structural safety and
construction accuracy of steel space structures.
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1. Introduction

Structural health monitoring is being applied increasingly in spatial steel structures (Teng et al.
2015, Teng et al. 2012). The use of existing monitoring data to realize the structure of the
identified stress field distribution is significant in practical engineering (Yi et al. 2017, Mao et al.
2018). A structure is mainly influenced by temperatures and wind loads during operation. Certain
scholars have conducted research on the non-uniform distribution of thermal effects (Pei et al.
2008, Real et al. 2007). Research on spatial steel structure temperature effects mainly refers to
studying structural strain and stress under the temperature effect. A spatial steel structure, which is
a type of high-order statically indeterminate structure with a temperature response that is positively
correlated to the thermal expansion coefficient of structural materials, statically indeterminate
number of structures and non-uniformity of the temperature field distribution. Spatial steel
structures are generally exposed directly to the sun, and steel structure deformation, which is
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caused by temperature changes, includes axial, bending and surface deformations. Under
additional constraints, these deformations will result in a temperature sub-internal force. As the
structure span and bar length increase, the deformation caused by repeated changes in temperature
will accumulate continuously, resulting in fatigue damage to the structural member (Lin and
Stotesbury 1981). Therefore, studying the temperature effect is of great significance for the design
and safe use of spatial steel structures. Monitoring variables for structural health monitoring
mainly include temperature, displacement, strain and stress (Bueno and Sales 2010, Jiang and Hua
2013, Ni et al. 2011, Zhou and Hua 2008). Numerous studies have demonstrated the effectiveness
of structural health monitoring in surveillance (Cao et al. 2011), including frequency response
(Halling and Barr 2006, Mooney 2005, Friswell and Imregun 2007), the monitoring method (Taha
and Ross 2007), statistical processing (Czarnecki and Farrar 2000), displacement analysis and
strain analysis (Cardini and Dewolf 2008, Howell and Shenton 2006, Watson and Coleman 2007).

In this paper, based on the non-uniform environmental loads, stress variation analysis of spatial
steel structures using temperature measurements is proposed. First, the structural health
monitoring system for the small shell structure of the Zhuhai Opera House is introduced, including
the locations of temperature monitoring points. Second, the temperature distribution of the
structure is proposed, based on the structural temperature partition methods and temperature
measurements. By combining the small shell structure of the Zhuhai Opera House, the entire
process is illustrated and the stress variation analysis is provided, from which the stress statues
caused by temperature variations are offered.

2. SHM system of the small shell structure

For the small theatre, Zhuhai Opera House, the main body ground and underground height are
18 m and 4.5 m, respectively, while the shell height is 55.6 m. The temperature difference in
Zhuhai is significant, as the lowest temperature is approximately 5°C to 10°C, while the maximum
may reach 34°C to 36°C. Therefore, the influence of the thermal effect on the Zhuhai Opera House
should be considered. The small shell structure monitoring system includes the stress and
temperature monitoring. The locations for the stress and temperature monitoring are the same; that
is, 12 monitoring points were selected for installing the strain and temperature sensors, with two
sensors at one monitoring point.

Fig. 1 Monitoring points distribution
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Fig. 2 Side view of point distribution

The monitoring frequency is two times a day, and the specific measuring time is 8 to 9 o'clock in
the morning and 4 to 5 o'clock in the afternoon. The measuring points on the shell structure are
illustrated in Figs. 1 and 2. The numbering rule of the monitoring point is “S-n”, where S means
the small theatre of Zhuhai Opera House, n is the serial number of measuring point.

3. Structural temperature partition method
3.1 Solar radiation cumulant

The meshed model was imported into the Ecotect Analysis 2011, as shown in Fig. 3. The time
points of the sunrise/sunset in Zhuhai for the entire year were counted and set up for the analysis
of incident solar radiation, as indicated in Fig. 4. Furthermore, the solar radiation cumulant W of
years 2014 and 2015 were calculated. Because the Ecotect Analysis can only calculate the period
for which the time points of the sunrise/sunset are nearly the same, while the time points of the
sunrise/sunset in the three months of each quarter differ, the average value of time points of the
sunrise/sunset were selected to calculate the solar radiation cumulant, as illustrated in Fig. 5.

Fig. 3 Ecotect Analysis model
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Fig. 5 Distribution conditions of solar radiation cumulant W in each quarter

3.2 Structural temperature partitions based on solar radiation cumulant value

According to the numerical variation in the solar radiation cumulant on the small shell surface,
the areas with numerical similarity in the cumulant value were classified as the same partition.

There were four partitions in total. Sorting the solar radiation cumulant values from high to low
yields W, > W, > W,;, > Wy, as shown in Fig. 6.
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Fig. 6 Temperature partitions of small shell

3.3 Standard and reference regions

Partition I11, which had the greatest number of sensors installed within the four partitions, was
selected as the standard region p. The reference region g was partition 1V, as it was the runner-up
in terms of sensor numbers. The average values of the two partition temperatures were T, and

Ty, respectively. These were selected as the representative values for the standard region.

4. Calculation method for temperature values in temperature partitions
4.1 Temperature variation ratio
The calculation formula for the temperature variation based on the solar radiation cumulant
value is expressed as
aT=2W )
cm

where ¢ denotes the specific heat capacity, m is the mass, AW is the variation value of the solar
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radiation cumulant, and AT is the temperature variation value. According to the above formula, if
there were no outside interference, AT and AW would have a linear relationship when ¢ and m were
unchanged. For the structures, if the environmental influence on the temperature fields is not
considered, in theory, the temperature variation value on the structure surfaces and variation of
solar radiation cumulant would have a linear relationship. Therefore, the temperature variation
ratio aiq can be identified as Eq. (2)

W-w, T,-T,
“OTwow, T, T @
p q p q

where W;, W, and W, denote the solar radiation cumulant values of partitions i, p and g,
respectively, while T;, T, and T, are the temperature values of partitions i, p and q, respectively.

The solar radiation cumulant values and temperature variation ratio of each partition can be
seen in Table 1.

4.2 Partition temperature representative values

In order to calculate the partition temperature representative values T,°, in addition to the

standard region p and reference region ¢, the simulative representative values of the other
partitions i were required, as shown in Eqg. (3)

TS = iq (TpM _TqM ) +TqM (3)

where a;q is the temperature variation ratio; T," is the average value of the measured temperature
of the standard region p; T," is the average value of the measured temperature of the reference
region g.

Only two monitoring points were arranged on the skylight parts. Therefore, the actual
monitoring temperature values were selected to determine the partition temperature representative
values, as the sensors were limited in number. That is, besides the standard region 111 and reference
region 1V, the simulative representative values of the other partitions were calculated using Eq.

@3).

Table 1 Sensor distribution conditions of each partition

Positions Partitions Sensor serial numbers W; (Wh/m?) Proportion a;
Sides 1 and 2 I S-1 49000 2.33
Sides 1 and 2 I -- 39400 1.67
Sides 1 and 2 1] S-2 S5 S-7 29800 1.00
Sides 1 and 2 v S-11 15400 0.00
Sides 3 and 4 I S-3 97000 2.18
Sides 3 and 4 I -- 87400 1.59
Sides 3 and 4 1] S-4 S-6 S-8 77800 1.00
Sides 3 and 4 v S-12 61480 0.00




Stress variation analysis based on temperature measurements at Zhuhai Opera House 7

Table 2 Actual monitoring temperature and simulative representative temperature of three days

Dates
Positions Partitions May 19" afternoon July 30" morning October 7" morning
AMT (°C) SRT(°C) AMT (°C) SRT (°C) AMT (°C) SRT (°C)

Sides 1 and 2 | 29.35 29.58 29.65 29.51 29 27.76
Sides 1 and 2 1| 29.42 29.53 29.3 29.26 27.85 27.23
Sides 1 and 2 Il 29.48 29.48 29.01 29.02 26.7 26.7
Sides 1 and 2 v 29.4 29.4 28.6 28.6 25.8 25.8
Sides 3 and 4 | 29.75 29.56 29.1 31.59 25 28.23
Sides 3 and 4 1| 29.63 29.53 29.44 30.69 25.98 27.6
Sides 3 and 4 Il 29.5 29.5 29.78 29.78 26.97 26.97
Sides 3 and 4 v 29.45 29.45 28.25 28.25 25.9 25.9

Skylight | 29.3 29.3 28.7 28.7 25.8 25.8

Skylight 1 29.8 29.8 29.15 29.15 27.85 27.85

Skylight Il 29.55 29.55 28.93 28.93 26.83 26.83

*AMT = Actual Monitoring Temperature; SRT = Simulative Representative Temperature

The actual monitoring temperature values of May 19™ afternoon, July 30" morning and October 7™
morning in 2014 were selected for calculating the partition temperature representative values, as
shown in Table 2.

5. Stress distribution caused by temperature effect

In order to investigate the relationship between the overall temperature difference and response,
members that had tensile and pressure stresses in the top 100 were selected, with AT = +6°C. The
different T, ranges were selected to calculate the temperature values for different dates, and the
member stress distributions are shown in Table 3. As the variations in member stress positions
under different ranges were very small, members with tensile and pressure stresses in the top 100
were selected as research objects to observe these variations more conveniently. Therefore,
according to the stress distribution results, the member distribution on the morning of May 4"
(T,=0.11°C) was close to that in the afternoon of February 23" (T, = 0.99°C), while the member
distribution on the morning of April 5™ (T, = 2.75°C) was close to that in the afternoon of January
18™ (T, = 2.09°C).

Table 3 Temperature measurements for each period

May 4™ February 23  April 5" Jagtsjtahry
morning afternoon afternoon
afternoon
Mean square error of temperature T, (°C) 0.11 0.99 2.75 2.09
Overall temperature T (°C) 22.56 19.14 24.77 21.37
Initial temperature T, (°C) 18.97 18.97 18.97 18.97

Temperature difference AT (°C) 3.59 0.17 5.80 2.40
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6. Longitudinal response characteristics at different times within a year
6.1 Selection of key points of load effect

The key time describing the overall temperature change throughout the year is selected as the
key point, and the temperature field is simulated based on the measured temperature data of the
key points. To study the response distribution, the temperature effects and self-weight are applied
together in the finite element model, so that the responses at different key times can be obtained.

The temperature data for 2014 was selected as the research object because of the data integrity.
The selection of key points must consider two influencing factor types in the temperature field: the
overall temperature difference value and the mean square error of the temperature value. The
overall temperature difference value lies within the scope of [-12, 12] and two different situations
exist for each key point, namely 0 <T,<2and2<T,<5.

According to the above conditions, we can select the key points from the 2014 temperature data
and determine the regional temperature representative value to obtain the calculated response. The
key point temperature information for both cases can be seen in Tables 4 and 5.

6.2 Calculation results and conclusion analysis

As the temperature changes, the structural member response will always be under pressure,
intension, or fluctuating between tension and pressure. If the bar responses change within a wide
range, their performance will change or suffer fatigue damage, which will lead to local structural
defects and even affect the overall structural safety.

Table 4 Key point temperature information for 0 <T,<2
February 13" February April 211" August 11" October 13"

morning 22" morning morning afternoon morning
O"era"Tt‘(ir,‘g;erat”re 6.50 12.93 24.33 30.56 25.30
Mean square error
T (C) 0.47 0.57 0.15 0.67 0.93
Initial temperature 18.97 18.97 18.97 18.97 18.97
To ( Cd)ff
Temperature difference
AT (°C) -12.47 -6.04 5.36 11.59 6.33

Table 5 Key point temperature information for 2 <T,<5

January 12" January 22" April 5" June 4" April 9"
afternoon morning afternoon afternoon afternoon
O"era"Tt?{,’(‘:F;erat”re 7.98 12.88 24.92 30.93 25.10
Mean square error
T.(°C) 2.20 2.48 2.35 25 2.05
Initial temperature 18.97 18.97 18.97 18.97 18.97
To (°C)
Temperature difference -10.99 -6.09 5.92 11.96 6.13

AT (°C)
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Therefore, to further understand this structural behaviour, based on the above 10 sets of conditions
for structure response information, we categorise three cases, namely always under pressure, always
in tension and fluctuating between tension and pressure, to describe the bar response characteristics
under 10 condition sets. The formulae for the response change amplitude of bar i are

T P
Always in tension AGi = Oirexi — Oin; 4)
_ P _ P
Always under pressure AGi =0maw—0" in (5)
. _ P
Fluctuating between tension and pressure AGi = Omaxi — Omini (6)

where Ag; represents the response change amplitude of bar i in 10 condition sets, Aoy, is the
response maximum tensile stress of bar i, Aoy, is the response minimum tensile stress of bar i,

Aoy, is the response maximum pressure stress of bar i, and Aoy, is the response minimum

pressure stress of bar i.

To ensure the bar response for the above conditions is described fully, in the process of
researching the amplitude of the bar response changes, the absolute value of the bar response should
also be explored. In order to compare the three changes omax, omin aNd Ac more conveniently, the
response change amplitudes Ag of bars were arranged in descending order, and the first 300 bars
were selected to compare the changes of omax and omin. This displays the response information of
bars always in tension, always under pressure and fluctuating between tension and pressure within
a year.

(1) Response information of bars that are always under pressure. The overall distribution of 10

sets of bars that were always under pressure can be seen in Fig. 7. The changes in o.,, and o,
are compared with the descending sorting of Ag, as shown in Fig. 8.

(2) Response information of bars that are always in tension. The overall distribution of 10 sets
of bars that were always in tension can be seen in Fig. 9. The changes in o, and o, are
compared with the descending sorting of Ag, as shown in Fig. 10.

(3) Response information of bars that fluctuate between tension and pressure. The overall
distribution of 10 sets of bars that fluctuated between tension and pressure can be seen in Fig. 11.

The changes in o), and o., arecompared with the descending sorting of A, as shown in Fig.
12.

Fig. 7 Overall distribution of 10 sets of bars always under pressure
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Fig. 11 Overall distribution of 10 sets of bars fluctuating between tension and pressure
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(4) Comparison and analysis of different bar response information types. The first 300 Ao bars
that were always under pressure were mainly concentrated in the circumferential baron sides 3 and
4. The first 300 Ao bars that were always in tension were mainly concentrated in the longitudinal
baron sidesl and 2. The first 300 Ao bars that fluctuated between tension and pressure were mainly
concentrated in the circumferential bar and beam on sides 1, 2, 3 and 4. The proportion of various
situations can be seen in Fig. 13, while the value range is displayed in Tables 6 and 7.

The overall response of the bars always in tension is larger than that of the bars always under
pressure. The maximum response is 64.3 MPa, which is approximately 18.6% of the steel yield
strength f, = 345 MPa. The largest amplitude change is 58 MPa, which is approximately 16.8% of
fy. For the bars fluctuating between tension and pressure, the maximum tensile stress is 52.1 MPa;
the maximum compressive stress is 40.9 MPa; the response change amplitudes are larger than
those of the bars always in tension or always under pressure; and the maximum value is 61.7 MPa,
which is approximately 17.9% of f,.



12 Wei Lu, Jun Teng, Lihang Qiu and Kai Huang

31.92%

B Always under pressure B Always in tension
Fluctuated between tension and pressure

Fig. 13 Proportion of different bar response information types

Table 6 Value range omax, omin @and Ac for bars always in tension or under pressure

Omax (MPa) Omin (MPa) Ao (MPa)
Bars always under pressure 43.7-10.8 30.6-0.5 33.1-85
Bras always in tension 64.3-7.0 20.8-1.8 58-5.7

Table 7 Value range oy, o, and Ac for bars fluctuating between tension and pressure

o (MPQ) o (MPa)

Ao (MPa)

Bars fluctuating between

- 52.1-1.3 40.9-1.9
tension and pressure

61.7-24.7

7. Conclusions

The temperature and stress data obtained by the sensors were used to analyse the actual
temperature effects of the steel space structures. The distribution and scale of the temperature and
stress fields were studied. The structure partitions and partition load values were investigated
based on the non-uniform distribution characteristics of the thermal effects. The structural
temperature partition methods based on solar radiation cumulant were obtained to recognise the
overall structural stress field, according to which the members in tension and pressure were sorted
to provide an improved understanding of structural behaviour when subjected to the thermal effect.
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