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A B S T R A C T   

Estimating the axial deformation of concrete vertical members in a structure is challenging due to the shrinkage 
and creep characteristics of concrete together with the uncertainties involved in the construction process. To 
address the resulting inaccuracies, this paper presents a novel method that employs Bayesian theory to enhance 
the predicted results by incorporating measured strain from vertical members and equations for time-varying 
properties of concrete. The following five uncertain parameters are considered: environmental humidity, con
crete strength, load transfer, concrete shrinkage calculation errors, and creep equation errors. The proposed 
method was experimentally evaluated on a twin tower high-rise building, with results showing that even with 
limited measured strain information, the uncertainty of the predicted results was significantly reduced and the 
predicted values were aligned closely with the measured values. The study also analyzed the impact of vertical 
deformation on the elevation deviation of adjacent wall-column members and the connected parts of the two 
towers.   

1. Introduction 

Since the 1950 s, a significant amount of research has been con
ducted on the shrinkage and creep characteristics of concrete materials, 
leading to the development of various prediction models such as the BP 
(Bazant & Panula) model [1], the modified BP models [2,3], the B3 
model [4], the B4 model [5], and the GL2000 model [6]. Some design 
specifications, such as ACI 209R-92 [7] and MC 2010 [8], also prescribe 
the time-dependent properties of concrete materials. Accurate predict
ing of these properties is crucial in optimizing design and construction 
strategies, ensuring the durability and safety of concrete structures 
throughout their entire service life. Accurate prediction of axial de
formations is crucial for effective structural design and analysis during 
the construction of tall structures, as the time-dependent properties of 
concrete play a significant role in these deformations. This is crucial as 
brittle partitions such as glass curtain walls, elevator shafts, or other 
areas can only accommodate a limited amount of vertical deformation 
[9]. Excessive axial deformation may cause elevator malfunctions, 

deformation or damage to pipelines, local cracking, and other abnormal 
functions [10,11]. Effectively addressing the supplementary de
formations resulting from the time-dependent characteristics of concrete 
materials poses a notable challenge during the design phase, particularly 
when dealing with tall structures characterized by prolonged construc
tion durations and substantial vertical dimensions [12,13]. Also, since 
the load conditions of vertical members during the construction stage 
are complex, it is essential to address in advance how to reasonably 
consider and eliminate the influence of additional deformation during 
the construction process. 

To address this issue, studies have been conducted on the effects of 
concrete shrinkage or creep characteristics on structural deformation. 
Zou et al. [14] conducted a one-year shrinkage and creep test on RC 
shear walls and found that under the same surface-to-volume ratio, the 
codes or proposed models underestimated the vertical deformation of 
RC shear walls. Wang et al. [15] predicted the axial deformation of a 
vertical member of a super-tall building using the modified B3 model 
and considering the distribution of structural component humidity. The 
traditional B3 model would overestimate the axial deformation of giant 
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vertical members if the humidity distribution is not considered. Baker 
et al. [16] considered the axial deformation of the Burj Khalifa tower 
during the design stage and verified that the existing calculation models 
and methods for predicting vertical displacement of super-tall structures 
were feasible. Zou et al. [17] predicted the axial deformation of vertical 
members in a super high-rise building using the shrinkage and creep 
equations provided by the MC 2010 and found that the error was rela
tively large during the early stage of concrete pouring, but gradually 
decreased as curing progressed. Similarly, Gao et al. [12] predicted the 
strain of a vertical member in a 335 m super high-rise structure in 
Wuhan, China and found that MC 2010 underestimated the shrinkage 
and creep of concrete. Zhao et al. [18] combined the B3 model with the 
fiber model to propose a method for predicting the section strain of a 
giant member and verified the model on a super high-rise structure. 
Tahmasebinia et al. [19] analyzed the overall vertical deformation of the 
Sydney Opera House and the damage to the prestressed cable in the 
concrete shell under shrinkage and creep effects. Xia et al. [20] moni
tored and analyzed the stress changes of several main components of the 
Guangzhou Tower in China during the construction phase. Since high- 
strength-low-shrinkage concrete was used in the project, the concrete 
shrinkage strain was only about 50% and the creep was only about 40% 
of the predicted value according to the ACI 209 code. By fitting a 
polynomial and calibrating its coefficients to the vertical deformation 
pattern of the entire structure, Blanc et al. [21] considered the complex 
axial deformation caused by creep during the construction process. 
Moragaspitiya et al. [22] proposed a method of updating the axial 
deformation of vertical members during the construction by establishing 
the relationship between the structural vibration characteristics and the 
axial deformation. 

The time-dependent properties of concrete are influenced by 
numerous codes and exhibit significant variability. There is a large de
viation in predicted results between various codes and calculation 
models [23,24]. Especially the range of test data is limited, and most 
experiments were performed under controlled environmental conditions 
[25,26]. Consequently, laboratory experiments are insufficient to 
address the impact of concrete’s time-dependent properties on structural 
deformations during construction. To reduce this limitation, scholars 
have proposed probability theory and big data analysis methods to 

develop more accurate predictions of concrete’s shrinkage and creep 
properties. 

Madsen et al. [27] introduced the random model uncertainty factor 
to characterize the incompleteness and insufficiency of deterministic 
equations based on the BP model. Similarly, Li et al. [28] used the BP 
model to simulate concrete shrinkage and creep in a RC structure under 
stochastic loads and simplified the time-varying reliability problem in 
the stochastic process into a time-independent reliability problem for 
prediction. Bazant et al. [29] firstly predicted concrete shrinkage and 
creep using the Bayesian and numerical integration methods, but this 
method is only applicable to two or three input parameters and the creep 
effects are limited as linear changes with parameters. Bazant et al. 
[30,31] extended the prediction method for shrinkage and creep of 
concrete using sampling methods and used it to estimate the long-term 
deflection of a prestressed concrete segmented box girder bridge. 
Ojdrovic et al. [32] used a similar approach to significantly reduce the 
prediction error by introducing preliminary experimental data. Yang 
[33,34] also used Bayesian theory and early measured data to reduce the 
uncertainty of shrinkage and creep effects and analyzed the influence of 
input coefficients on creep effects. Han et al. [35] used importance 
sampling to ensure that the sampled data fall within the observed data 
range as much as possible to improve the prediction accuracy. Keitel 
et al. [24] used a sensitivity analysis method to compare the uncertainty 
of the creep prediction models GL2000, MC 2010, ACI 209, and B3, and 
found significant differences in the creep prediction results of different 
models. Gandomi et al. [36] proposed a new multi-objective genetic 
planning algorithm to establish a creep model suitable for a wide range 
of structural characteristics. Jin et al. [37] proposed a short-term creep 
test-based prediction method, introduced various creep models, and 
combined them to provide more reliable predictions of long-term creep 
behavior. 

The practical application of time-dependent properties equations for 
concrete in construction projects was challenged by the issue of inade
quate prediction accuracy. This is due to the lack of specific information 
regarding concrete materials during the design phase, as well as the 
uncertainties associated with the equations and construction site con
ditions. To address these issues, a super-tall twin-tower structure in 
Changsha was selected to evaluate the axial deformation of vertical 

Nomenclature 

The following symbols are used in this paper: 
Ac cross sectional area of specimen; 
c1 normalization constant that ensures the posterior 

probability=1; 
Eci elasticity modulus of concrete; 
Es elasticity modulus of reinforcement; 
fXm probability density function of the parameters; 
Pi predicted value; 
pn likelihood of n sampling; 
sXm standard deviation of the observed values; 
t0 load time from the concrete pouring; 
t0,adj adjusted age at loading according to temperature; 
ts concrete age at the beginning of drying; 
fcm compressive strength of concrete at the age of 28 days; 
J creep function; 
Js creep function considering reinforcement ratio; 
Jsi,j strain induced by the load applied at time j on the structure 

at time i; 
u perimeter of the member in contact with the atmosphere.; 
RH relative humidity of the environment; 
h nominal size of the member; 
Sθpost variance of the random variable’s posterior distribution; 

Xi measured value of time i; 
X observed result; 
Xm observed result of time tm; 
Xn

m calculated result corresponding to m time n sampling; 
αbs,αds1,αds2 influence factor of cement type; 
σc constant load applied on the specimen; 
σi load induced by floor i; 
εi total strain at time i; 
εc strain of concrete; 
εcn strain that is independent of the load; 
εcc creep strain; 
εcs shrinkage strain; 
εcbs basic shrinkage strain; 
εcds drying shrinkage strain; 
εshi shrinkage strain at time i; 
ρ reinforcement ratio; 
φ creep coefficient; 
φbc basic creep coefficient; 
φdc drying creep coefficient; 
θ1,θ2,θ3,θ4,θ5 Parameters for shrinkage, creep, humidity, concrete 

strength, and load uncertainty; 
θn uncertain parameters of n sampling; 
θpost mean of the random variable’s posterior distribution.  
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members under gravity load during the construction phase. Bayesian 
theory was used to incorporate the MC 2010 equation and other un
certain parameters as prior uncertain parameters. The strain sensor 
embedded in the structural members was utilized to update the posterior 
estimation results of vertical member strains, enabling real-time pre
diction, and updating of axial deformation of vertical members. 
Furthermore, the cumulative vertical displacement caused by the axial 
deformation on the column/wall and the connected structure was also 
calculated and analyzed to facilitate compensation for the height of 
vertical members during the construction process. 

2. Time-dependent axial deformation calculation methods 

During the construction process of a structure, a serious consider
ation of the axial deformation of vertical members is crucial due to its 
critical role in managing the cumulative vertical displacement resulting 
from the escalating gravity loads. Since each vertical member has its 
unique properties, including cross-sectional dimensions, reinforcement 
information, load-bearing capacity, the axial deformation of each 
member is quite different. In this paper, a specific calculation method for 
the axial deformation estimation of the vertical members in super high- 
rise structures is been proposed. This methodology accounts for the 
time-dependent axial compressive behavior of concrete vertical mem
bers under incrementally escalating gravity loads, as well as the selec
tion of computational parameters. By accurately assessing the axial 
deformation, construction teams can compensate for the height of ver
tical members during the construction process. 

2.1. Shrinkage and creep model 

In accordance with the MC 2010 code [8], the shrinkage can be 
categorized into two distinct types: basic shrinkage εcbs(t), which occurs 
even if no moisture loss, and drying shrinkage εcds(t, ts), which occurs as 
an additional consequence of moisture loss. Similarly, creep can be 
classified as either basic creep or drying creep. Furthermore, the code 
provides an equation for calculating the deformation of members under 
variable loads based on the superposition principle. Therefore, consid
ering the changes in axial forces of the vertical members during the 
actual construction process of high-rise structures, this study evaluated 
the time-dependent behavior of concrete using the equation introduced 
by MC2010. 

The equation for determining the shrinkage strain of a member at 
time t is expressed as follows: 

εcs(t, ts) = εcbs(t) + εcds(t, ts) (1)  

where ts represents the concrete age at the beginning of drying in days. 

εcbs(t) = − αbs

(
0.1⋅fcm

6 + 0.1⋅fcm

)2.5

⋅10− 6⋅
(
1 − exp

(
− 0.2⋅

̅̅
t

√ ))
(2)  

εcds(t, ts) = εcds0(fcm)⋅βRH(RH)⋅βds(t − ts) (3)  

εcds0(fcm) = [(220 + 110⋅αds1)⋅exp( − αds2⋅fcm)]⋅10− 6 (4)  

βRH =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

− 1.55⋅

[

1 −

(
RH
100

)3
]

40 ≤ RH < 99%⋅
(

35
fcm

)0.1

0.25 RH ≥ 99%⋅
(

35
fcm

)0.1
(5)  

βds(t − ts) =

(
(t − ts)

0.035⋅h2 + (t − ts)

)0.5

(6)  

where fcm is the average compressive strength of concrete at the age of 
28 days; RH is the relative humidity of the environment; For 42.5 R 

cement, αbs=600, αds1=6, andαds2 = 0.012; h = 2Ac/u represents the 
nominal size of the member; Ac is the cross-sectional area of the member 
and u is the perimeter of the member in contact with the atmosphere. 

The creep strain of a member can be calculated at time t using the 
equation: 

εcc(t, t0) =
σc(t0)

Eci
φ(t, t0) (7)  

where Eci is the modulus of elasticity at 28 days of age and σc(t0) is a 
constant load applied on the member at time t0. The creep coefficient 
φ(t, t0) can be obtained using: 

φ(t, t0) = φbc(t, t0) + φdc(t, t0) (8)  

where φbc(t, t0) is the basic creep coefficient and φdc(t, t0) is the drying 
creep coefficient. 

φbc(t, t0) =
1.8

(fcm)
0.7⋅ln

((
30
t0

+ 0.035
)2

⋅(t − t0) + 1

)

(9)  

φdc(t, t0) = βdc(fcm)⋅β(RH)⋅βdc(t0)⋅βdc(t, t0) (10)  

βdc(fcm) =
412

(fcm)
1.4 (11)  

β(RH) =

(
1 −

RH
100

)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

0.1⋅
h

100
3

√ (12)  

βdc(t0) =
1

0.1 + t0
0.2 (13)  

βdc(t, t0) =

(
(t − t0)

βh + (t − t0)

)γ(t0)

(14)  

where βh = 1.5⋅h + 250⋅
(

35
fcm

)0.5
≤ 1500⋅

(
35
fcm

)0.5
; γ(t0) = 1

2.3+3.5/
̅̅̅̅̅̅̅
t0,adj

√ ; 

t0,adj is the adjusted age at loading according to temperature. 
To consider the actual construction process, the principle of super

position needs to be applied because the vertical members were sub
jected to gradually increased loads. This principle states that the total 
deformation of a structure under multiple load modes is equal to the sum 
of deformations caused by individual loads acting alone. Therefore, the 
total strain of a vertical member can be obtained by superimposing the 
strains during the construction process using Eqs. (1)-(14) under the 
constant load. This provides a more accurate prediction of the axial 
deformation of vertical members during construction. 

εc(t) = σc(t0)J(t, t0) +

∫ t

t0
J(t, τ) ∂σc(τ)

∂τ dτ + εcn(t) (15)  

J(t, t0) =
1

Eci(t0)
+

φ(t, t0)

Eci
(16) 

In Eq. (15) and (16), J(t, t0) is the creep function, representing the 
total stress-dependent strain per unit stress; εcn(t) is the strain that is 
independent of the load and includes thermal and shrinkage strains; and 
Eci(t0) is the elastic modulus of the concrete at time t0. 

2.2. Axial deformation in construction process 

The deformation of vertical members in a structure comprises of two 
types of deformations, instantaneous and time dependent. Time- 
dependent deformation is mainly caused by creep and shrinkage ef
fects. It is essential to calculate these deformations separately for each 
vertical member in each floor since they may have varying material and 
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geometric characteristics, as well as different environmental conditions. 
The calculation assumes that the vertical member is isotropic and only 
subjected to axial loads during the construction process. Therefore, the 
strain is assumed to be uniform along the vertical direction, and the total 
axial deformation can be obtained by multiplying the strain by the 
height of the member. 

To simplify the computation process and consider the impact of 
reinforcement, it is assumed that the bond force between the rein
forcement and concrete is negligible, and the loads are distributed 
proportionally based on the cross-section area of each material. Hence, 
Eq. (16) can be reformulated as: 

Js(ti) =
J(ti)

1 + ρEs/Eci(ti)
(17) 

In Eq. (17), ρ is the reinforcement ratio, and Es represents the elastic 
modulus of the reinforcement. 

During the construction process, the load acting on the vertical 
members varied with the concrete pouring time, requiring the division 
of deformation into n segments. It is assumed that the load during each 
time interval (σ1...σn) remains constant. The strain of the vertical 
member at each moment can be calculated using Eq. (18). There is no 
external load (σ1 = 0) during the first stage, and only shrinkage strain is 
generated. 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ε1

ε2

ε3

ε4

⋯

εn

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

−

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

εsh1

εsh2

εsh3

εsh4

⋯

εshn

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Js1,1 0 0 0 0 0

Js2,1 Js2,2 0 0 0 0

Js3,1 Js3,2 Js3,3 0 0 0

Js4,1 Js4,2 Js4,3 Js4,4 0 0

⋯ ⋯ ⋯ ⋯ ⋯ 0

Jsn,1 Jsn,2 Jsn,3 Jsn,4 ⋯ Jsn,n

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

⋅

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

σ1

σ2

σ3

σ4

⋯

σn

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(18) 

where εi is the total strain at time i, εshi is the shrinkage strain at time 
i, and Jsi,j represents the strain induced by the load applied at time j on 
the structure at time i. 

For frame-core tube, the lateral resistance system of the structure 
mainly relies on the core tube shear wall, which means that the bending 
moment and shear force carried by the frame column can be neglected. 
The load transmitted by the upper storey σi is obtained by extracting the 
axial force from the design structural model, which consists of dead load 
and a construction load of 2.5kN/m2 [38]. The creep and elastic 
deformation of a vertical member are closely related to the construction 
process (pouring time), while shrinkage is not related to it [39]. 

2.3. Uncertainty of axial deformation in vertical members 

Concrete shrinkage and creep are affected by various factors such as 
material properties, environmental conditions, and loading conditions. 
The uncertainties associated with these factors may result in variations 
in the magnitude of shrinkage and creep. These uncertainties can be 
broadly categorized into internal, external, and measurement un
certainties [27,29,31]. Internal uncertainties arise due to the stochastic 
nature of physical mechanisms involved in creep and are relatively 
small, so they are generally ignored in structural design. External un
certainties arise due to errors in material parameters and environmental 
factors that influence those parameters, such as humidity. Measurement 

uncertainties generally result from errors in strain measurements and 
can be excluded from test data. 

In this study, the external uncertainties associated with material 
properties and environmental conditions are considered. These un
certainties can significantly bias the prediction of shrinkage and creep in 
concrete structures, and therefore, their impact needs to be quantified 
and accounted for in structural design. It is imperative to acknowledge 
that the existing design equations in the code can potentially lead to 
considerable computational deviation [34]. This is due to the inherent 
degree of error that arises during the fitting process of the equations. 
Consequently, uncertain parameters θ1 and θ2 were introduced to ac
count for the errors in the shrinkage and creep equation calculations, 
respectively. By directly multiplying the uncertain variables with the 
calculation expressions such as Eq. (19) and Eq. (20), the resulting un
certainty in this form of expression is more consistent with the 
discreteness of experimental data [27]. The prior mean values of θ1 and 
θ2 are 1, based on the statistical analysis by previous researchers [8], the 
variance of these uncertain parameters is determined to be 0.451 and 
0.339, respectively. 

Firstly, the primary environmental factor that affects concrete 
shrinkage and creep is humidity (RH). However, RH is often treated as a 
constant in calculation models. Therefore, to consider the meteorolog
ical conditions of the project location, RH is regarded as an uncertain 
parameter θ3 with a mean of 70 and a variance of 20. Secondly, due to 
the inherent uncertainty of concrete material, the concrete strength is 
often inconsistent with the design value. Thus, the concrete strength is 
set as an uncertain parameter θ4 with a mean of 60 and a variance of 20, 
based on the information obtained from the vertical members. Finally, 
the uncertainty in the load transmission in the structure is considered, 
where the axial load of each moment was multiplied by an uncertain 
parameter θ5 (has a mean of 1, a variance of 0.5), as shown in Eq. (21). 
The axial load of the vertical member may vary up to 45%, depending on 
the consideration and analysis method [40,41]. To facilitate the calcu
lation process, all uncertain parameters were assumed to follow a 
Gaussian distribution. The list of uncertain parameters about their 
meanings, prior means, and prior variances are all presented in Table 1. 

εcs(t, ts) = θ1⋅[εcbs(t) + εcds(t, ts) ] (19)  

εcc(t, t0) = θ2⋅
[

σc(t0)

Eci
φ(t, t0)

]

(20)  

σaxi = θ5⋅σi (21)  

3. Bayesian theory and updating methods 

Bayesian theory provides an effective approach for dealing with 
uncertain events by treating uncertain parameters as probability dis
tributions. In this way, pre-assumed uncertain parameter models can be 
used to analyze specific problems. By constructing the likelihood func
tion and updating the observed results, the probability distribution of 
the uncertain parameters can be continually updated to make the pre
dicted results more reliable. 

The basic expression for predicting and updating using the Bayesian 
method is as follows: 

P(θ1, θ2, θ3, θ4, θ5|X ) = c1P(X|θ1, θ2, θ3, θ4, θ5 )⋅P(θ1, θ2, θ3, θ4, θ5) (22)  

Table 1 
Uncertain parameters.  

Symbol θ1 θ2 θ3 θ4 θ5 

Meaning Shrinkage coefficient Creep 
coefficient 

Ambient humidity Concrete 
strength 

Load transfer coefficient 

Prior Mean 1 1 70 60 1 
Prior Variance. 0.451 0.339 20 20 0.5  
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where c1 is a normalization constant that ensures the posterior proba
bility is equal to 1; X denotes the observed result; P(θ1, θ2, θ3, θ4, θ5|X )

represents the posterior result, P(X|θ1, θ2, θ3, θ4, θ5 ) represents the 
likelihood function, and P(θ1, θ2, θ3, θ4, θ5) is the prior information; The 
observed data at each time point tm corresponds to a set of results Xm. By 
using Latin hypercube sampling (LHS)[42] and prior information, m can 
be calculated from each set of sampled results using Eq. (18), resulting in 
n sets of sampled results Xn

m. Assuming that the five uncertain parame
ters are independent, the Naive Bayes approach is adopted. According to 
the Naive Bayes method, the likelihood function can be expressed as: 

P
(
X
⃒
⃒θn

1,θ
n
2,θ

n
3,θ

n
4,θ

n
5

)
=
∏M

m=1
fXm (X|θ

n
)=
∏M

m=1

1
sXm

̅̅̅̅̅
2π

√ exp

[

−
1
2

(
Xm − Xn

m

sXm

)2
]

(23) 

where fXm is the probability density function of the parameters, sXm is 
the standard deviation of the observed values; and Xn

m is the calculated 
result corresponding to certain time point in each sampling; The con
stant multiplication factor can be discarded since all the probabilities of 
the parameters are relative values. Therefore Eq. (22) can be expressed 
as: 

P(θ1, θ2, θ3, θ4, θ5|X ) = c⋅exp

[

−
1
2
∑M

m=1

(
Xm − Xn

m

sXm

)2
]

= c⋅pn (24)  

where the constant term c can also be eliminated since 
∑

nP(θn|X) = 1, 
thus c = 1/

∑
nPn; The updated parameters were obtained by multi

plying the prior parameters with the corresponding likelihood term pn. 
Since the posterior distribution also follows a Gaussian distribution, the 
mean and variance of the random variable’s posterior distribution can 
be determined as follows: 

θpost
=

1
∑

n
pn

∑

n
pnθn

(25)  

Sθpost =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

∑

n
pn

∑

n
pn(θn − θpost

)
2

√
√
√
√ (26) 

The posterior distribution mean and variance of the structural 
response corresponding to θ are: 

Xpost
m =

1
∑

n
pn

∑

n
pnXn

m (27)  

SXpost
m

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

∑

n
pn

∑

n
pn(Xn

m − Xpost
m )

2
√
√
√
√ (28) 

By employing Bayesian inference, the sensor-instrumented members 
were updated and once the error reached a stable range, the updated 
parameters were utilized for predicting axial deformation of all the other 
vertical members. By continuously collecting strain data, an increasing 
amount of data becomes available for updates. As a result, the predicted 
results gradually converge towards a liable value. Utilizing the updated 
parameters, it becomes possible to further predict the axial compression 
deformation of vertical members, thereby compensating for the overall 
vertical deformation of the tower and enhancing construction quality. 
The process of Bayesian updating, and axial deformation prediction is 
depicted in Fig. 1. 

4. Case study 

4.1. Project overview 

The project is based on a currently under-construction super high- 
rise twin-tower building (Shengtong-Meixi Lake international head
quarters center) located in Changsha, China. The building comprises two 
buildings, Tower A and Tower B, with Tower A having a height of 
279.65 m and consisting of 59 floors, while Tower B has 49 floors and is 
219.65 m high. In Tower A, strengthening has been implemented on the 
23rd, 34th, and 45th floors, with each level incorporating three sets of 
outrigger trusses to connect the frame columns and shear walls. The 
structure of both towers features a frame-core tube design, and the 
connection between them is a high-altitude steel structure corridor with 
rigid connections, spanning three floors between the 35th to 37th floors 
of Tower A and between the 44th to 46th floors of Tower B, at a height of 
150 m. A schematic of the structure and a typical floor are shown in 
Fig. 2. 

4.2. Strain gauge instrumentation 

The vertical members located on the 1st floor of Tower B were cast in 
April 2021, whereas those of Tower A were cast in September 2021. In 
May 2022, a structural health monitoring system (Fig. 3(a)) was 
implemented when Tower A was constructed at the 16th floor. There
fore, the 17th floor of Tower A was firstly selected as a monitoring 
storey. The sensors are installed in three sets of wall and column 
members, as shown in Fig. 3. The basic information of the members is 
provided in Table 2. As the formwork was removed approximately 7 
days after the concrete pouring, the initial strain changes of the concrete 

Fig. 1. Bayesian inference process for predicting axial deformation.  

Y. Zhou et al.                                                                                                                                                                                                                                    



Engineering Structures 297 (2023) 116992

6

Fig. 2. SNTO Meixi Lake international headquarters center.  
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pouring were recorded manually. 

4.3. Predicted results 

Due to the time lags in the removal of formwork during the con
struction phase, all data were manually collected on-site at intervals of 
approximately 2 to 5 days. A cumulative period of 240 days was 
considered as the basis for calculations. The study employed LHS sam
pling to generate 50 sets of parameter data, calculated predictions, and 
updated results for axial deformations of concrete members using short- 
term measured data. The results are shown in Fig. 4 with (a)-(c) repre
senting the updated results for the A17-1 sensor position frame column 
(A-D × A-1) considering 15%, 50%, and 100% of the collected data 
respectively. It can be observed that the prior estimation underestimates 
the vertical deformation, but with the data points updated, the posterior 
estimation interval gradually decreases, and the estimation results 

approach the actual deformation. Fig. 4 (d)-(f) represent the updated 
results of the A17-2 sensor location shear wall (A-D × A-3). The obser
vation reveals that the prior parameter calculation tends to overestimate 
the actual deformation for shear wall members. However, as the number 
of considered test data points increases, this overestimation diminishes. 
Fig. 4 (g)-(l) shows the prediction process for the members at A17-3 (A-F 
× A-7) and A17-6 (A-B × A-5), which exhibit the same trend as A17-1 
and A17-2. 

Fig. 5 shows the prior and posterior distributions for the five un
certain parameters. It can be seen that after updating, the standard de
viation of the parameters decreases. According to the posterior 
parameter results, the shrinkage calculation results of the frame column 
(A17-1, A17-3) are smaller than the measured deformation, while the 
creep calculation equation is slightly lower than the collected data. 
Therefore, the posterior calculation coefficients θ1 and θ2 for shrinkage 
and creep, respectively, are greater than 1. However, for the shear wall 
members (A17-2, A17-6), the shrinkage prediction in MC 2010 is 
slightly higher than the measured value, and the creep calculation result 
is slightly higher than the measured value. The prior and posterior re
sults of the humidity θ3 and concrete strength coefficients θ4 remain 
almost consistent. But for the load transfer coefficient θ5, the load con
dition used in the prior calculation is too large, indicating that the actual 
load is much smaller than the previously assumed load. Comparing the 
predicted and collected data, it is found that the vertical deformation of 
the shear wall is smaller than that of the frame column, which is 
consistent with previous research findings [13,43]. Although shear walls 

Fig. 3. Strain gauge instrumentation.  

Table 2 
Information of vertical members.   

A17-1 A17-2 A17-3 A17-4 A17-5 A17-6 

Reinforcement ratio, % 0.95 0.91 0.95 0.91 0.95 0.91 
nominal size h, mm 897 873 897 710 897 789 
Height, mm 4100 
Concrete strength, MPa 60 
Type of cement P II 52.5  
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sustain greater structural gravity loads, their larger cross-sectional areas 
result in lower axial stresses, therefore less deformation is related to the 
axial stress. 

To assess the accuracy and rationality of the predicted results, mean 
square error (MSE) is used to evaluate the error between predicted and 
measured data as shown in Eq. (29). 

MSE =
1
n
∑n

i=1
(Pi − Xi)

2 (29)  

where n is the number of collected data points; Pi is the predicted value 
(in this study, the posterior mean of the parameter was taken as the 

predicted value), and Xi is the measured value. 
The relationship between the prediction error and the number of 

considered data points is shown in Fig. 6. It can be observed that the 
prediction error decreases significantly with the increase of considered 
data points, and when the number of considered data points exceeds 10, 
the error remains within a constant range, indicating that the prediction 
results are within a credible range. Moreover, the comparison of pre
diction errors of vertical member reveal that, except for A17-6, the other 
members converged with relatively few observed data. Despite taking a 
longer time for A17-6 to converge, its computation error gradually ap
proaches that of other members as the number of considered data points 
increase. 

Fig. 4. Axial deformation strain prediction and results. (a)-(c): A17-1 column (A-D × A-1); (d)-(f): A17-2 wall (A-3 × A-D); (g)-(i): A17-3 column (A-F × A-7); (j)-(l): 
A17-6 wall (A-B × A-5). 
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Axial deformation calculations are also performed on the vertical 
members of other floors, as shown in Fig. 7, from which it can be 
concluded that the updated prediction results for the axial deformation 
of the vertical members are generally more accurate than those of the 
prior estimation. The deformation of the frame columns is generally 
larger than that of the shear walls, which is consistent with previous 
research findings. The estimation of axial deformation for the floors that 
have not yet been constructed is predicted based on a rate of 1 floor/15 
days. It is important to indicate that the accuracy of these predictions 
could be affected by various factors such as changes in construction 

conditions, environmental factors, and material properties, which 
should be taken into consideration in further predictions. 

5. Verification and calculation of vertical displacement 

5.1. Verification of vertical displacement 

To verify the cumulative effect of axial deformation of vertical 
members on the floor elevation, a leveling measurement was used to 
extend the 1-meter elevation line of each floor to the outside of the frame 
column. The vertical distance between each reflector was then observed 
using a total station, which was recorded as the measured vertical 
displacement, as shown in Fig. 8. In this project, the 1-meter elevation 
line of the 5th and 24th floors of Tower A were extended, and their 
vertical heights were measured at 426 days (construction up to the 30th 
floor) and 553 days (construction up to the 35th floor) after the first 
floor was cast. The recorded measurements showed a difference of 5 mm 
between the first observation result of 84.165 m and the second obser
vation result of 84.160 m. The calculated overall vertical displacement 
of the floors at 426 days and 553 days are shown in Fig. 9 (a) and (b), 
where the vertical displacement of each floor is the sum of all axial 
deformations of the vertical members below it. The difference between 
△2 and △1 in the figure is 4.81 mm, which is almost identical to the 
measurement result of 5 mm, indicating that the calculation method is 
reasonable considering the system error during the measurement 
process. 

5.2. Vertical displacement and compensation design 

Considering that the floor elevation has not been compensated in this 

Fig. 5. Prior and posterior parameter distribution.  

Fig. 6. Relationship between prediction error and considered data point.  
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Fig. 7. Axial deformation development for each floor.  
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project, it can be concluded from the previous analysis that the defor
mation of the frame columns is greater than that of the shear walls, 
resulting in a certain deformation difference that will accumulate with 
the increase of height. Taking a group of vertical members (A17-1, A17- 
2) as an example, their vertical displacements at the position of the 
connecting layer and the top floor are shown in Fig. 10, where the 
deformation difference would reach 13.63 mm when Tower A con
struction reaches the connecting storey, and the accumulated defor
mation difference may reach 40.24 mm when the construction reached 
the top floor. This deformation difference may cause the horizontal 
connecting beam to tilt and generate a large bending moment at the 
beam end if the rigid boundary condition was designed, which may 
result in floor inclination and structural cracking. Therefore, it is 

necessary to compensate for the deformation of adjacent vertical 
members in advance to prevent such issues happens. Alternatively, in 
the absence of such conditions, the design requires the implementation 
of a specialized hinge-to-rigid connection transition joint. 

Considering that the building features a double tower connected 
structure, with the connecting part located at a height of 150 m and the 
plan size and height of Tower A both greater than those of Tower B, the 
elevation of the connecting part is expected to be affected by non- 
uniform settlement and different axial deformations. Therefore, the 
vertical displacement of the vertical members in connecting storey is 
calculated, as shown in Fig. 11, which indicates that when Towers A and 
B were simultaneously constructed up to the level of the connecting 
floor, the vertical displacement difference at the connecting part is 4.36 

Fig. 8. Precision level measurement of vertical displacement.  

Fig. 9. Measurement range and measured results.  
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mm, with Tower B showing greater deformation than Tower A. Based on 
the observed settlement, the bottom column settlement at this position 
isδA = 8 mm，δB = 8.8 mm, indicating that the elevation of the con
necting part of Tower A is 5.16 mm higher than that of Tower B. This is 
because although the plan size of Tower A is larger than that of Tower B, 
the larger cross-section size of the vertical members in Tower A, due to 
its greater height, corresponds to a smaller axial compression ratio, 
resulting in smaller axial deformation than Tower B. However, as the 
construction progresses and Towers A and B are completed, the accu
mulated vertical displacement of Tower A is significantly larger than 
that of Tower B; meanwhile, the vertical displacement difference at the 

connecting position is 15.39 mm, with the elevation of the connecting 
position of Tower A being lower than that of Tower B. Fig. 11 (c)-(d) 
presents the cumulative vertical displacement at another connecting 
point, with a vertical cumulative displacement difference of 5.55 mm 
when both towers are constructed up to the connecting storey, and with 
bottom settlements ofδA = 8.3 mm, δB=7.7 mm. Therefore, at this stage, 
the elevation of the connection level for Tower A is 4.95 mm higher than 
that of Tower B. After both towers are topped out, the difference 
increased to 10.05 mm. Given that the minimum distance between the 
towers at the connecting part in this project is only 15.5 m and 
considering the development of settlement differences between the 

Fig. 10. Vertical displacement difference between adjacent columns and walls.  

Fig. 11. Vertical displacement at the connected position.  
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towers, the inclination caused by the elevation difference at the con
necting part may exceed 1/1000. Therefore, it is necessary to compen
sate for the cumulative vertical displacement of the two towers during 
construction to ensure the safety of the structure. See Fig. 12. 

These findings suggest that the variation in elevation at the con
nected position is a time-dependent process that undergoes changes 
throughout the construction process. It is worth noting that the dis
crepancies in settlement contribute minimally to the overall elevation 
difference, as the latter is predominantly attributed to the cumulative 
axial deformation of vertical members. Furthermore, if the deformation 
difference of the vertical members is not compensated, it will have a 
certain impact on the structural members, regardless of whether it is the 
cumulative deformation difference of different vertical members within 
the tower or between connected positions of vertical members between 
towers. 

6. Conclusions 

A Bayesian-based method was proposed to predict the axial defor
mation of a super-tall twin tower structure, considering the time- 
dependent behavior of concrete. This approach utilizes the strain in
formation from vertical members to estimate the elevation error caused 
by the overall vertical displacement of the building. To reduce predic
tion errors, actual deformations were measured on-site, ensuring a 
consistency between predicted and actual deformations. By incorpo
rating a limited amount of measured data into the model, the accuracy of 
predictions was significantly improved, and a comprehensive under
standing of the vertical displacement and its impact on the elevation 
accuracy was obtained. The following provides a summary of the study’s 
achievements.  

1. A method has been developed for predicting the axial deformation of 
vertical members during construction, considering changes in axial 
loads. This method is based on the MC 2010 equations for calculating 
concrete inelastic deformation. The calculation process assumes that 
axial loads remain constant within each time interval, based on the 
discrete construction schedule for each floor. The method accounts 

for shrinkage, creep, and elastic deformation during each time 
interval.  

2. A Bayesian method was proposed to update the axial deformation 
prediction based on measured data. The uncertain parameters, 
including concrete strength, environmental humidity, calculation 
error, and load transfer error, were considered as Gaussian distrib
uted variables. By using the measured data and the naive Bayes 
method to establish the likelihood function, the real-time prediction 
and updating of parameters were achieved.  

3. As an example, several groups of wall-columns in a super high-rise 
twin-tower building under construction were embedded with strain 
sensors in the vertical structural components during the construction 
stage. The corresponding strain data was manually collected during 
the early stages of casting to obtain the development pattern of axial 
deformation throughout the construction process.  

4. The entire construction process of the vertical members deformation 
was analyzed. The results were validated using surveying techniques, 
and the cumulative vertical displacement difference between 
different vertical members and the elevation difference of the con
nected positions between towers were calculated and analyzed. The 
calculation results can be used to guide the compensation of vertical 
displacement differences during the construction process and 
improve the safety of the structure. 
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