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Monitoring and Simulation of Axial Deformation in a
High-Rise Twin Tower Connected Building: Fractional
Order Viscoelasticity Constitutive Method

Xianming Luo'; Yun Zhou?; Wenjie Zhang?;
Xiaofeng Zhou*; and Hui He, Ph.D.°

Abstract: This paper investigated the influence of axial deformation on the structural behavior of a high-rise twin tower connected building
during its construction. A comprehensive structural health monitoring (SHM) system was deployed, featuring embedded strain sensors within
specific vertical members. The SHM system collected strain data throughout the entire construction process, facilitating a detailed analysis
of axial deformation progression and variations among vertical components such as walls and columns. Through methodical simplifications
and theoretical assumptions, a calculation framework employing concrete shrinkage and creep models was proposed to quantify axial
deformation. A comparative analysis was conducted between the calculation results of various models and the measured data, revealing
significant discrepancies in the predictions of existing models. Additionally, it was observed that many parameters in these models are
challenging to obtain during the design and construction stage. Subsequently, this study introduces a novel time-varying constitutive model
based on fractional calculus viscoelasticity to address complexities in existing models and parameter acquisition challenges. The model is
characterized by its clear physical interpretation and concise computational parameters, calibrated utilizing measured strain data and Bayesian
optimization methods, which significantly enhances prediction accuracy and simplifies the calculation process. DOI: 10.1061/JSENDH.
STENG-13973. © 2025 American Society of Civil Engineers.
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Introduction

The development of high-rise buildings signifies an important
milestone in modern architecture and engineering, driving rapid
advancements in construction techniques and structural design.
With the continuous increase in height and complexity of high-rise
buildings, the impact of concrete creep and shrinkage characteris-
tics on structure has become increasingly significant and cannot be
ignored. In recent years, the materials used in high-rise buildings
have predominantly remained steel and concrete. Concrete creep and
shrinkage have historically been extensively researched in infra-
structural projects such as long-span bridges (Beltempo et al. 2018;
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Bazant et al. 2012) and dams (Prakash et al. 2018; Kang et al. 2017;
Su et al. 2015; Sortis and Paoliani 2007), primarily due to the strin-
gent material performance requirements. The structural deformations
caused by creep and shrinkage can lead to serious consequences,
including loss of prestressing force, excessive deflection, cracking,
and water seepage. For high-rise buildings, as the height of the
structure increases, the cumulative deformations of vertical mem-
bers caused by time-dependent properties of concrete can result
in significant deviations from the intended design elevations at
the top of the structure (Moragaspitiya et al. 2010; Jayasinghe and
Jayasena 2004), which can create challenges for subsequent instal-
lations of facades, elevators, and other facilities. Furthermore, the
differences in deformation of wall and column members can impose
additional internal forces on adjacent structural elements, leading
to structural cracking and reducing safety and durability. As a result,
the axial deformations induced by concrete creep and shrinkage
in high-rise structures have attracted significant attention from re-
searchers (Gao et al. 2020; Elnimeiri and Joglekar 1989; Russell
1980; Havlasek et al. 2021).

The shrinkage and creep properties of concrete have a develop-
mental history spanning nearly a century, resulting in various
calculation formulas and models such as Model Code 2010
(MC2010) (CEB-FIP 2010), ACI 209R (ACI 1992), Bazant and
Panula (BP) model (Bazant and Panula 1978), BaZant 3 (B3),
Bazant 4 (B4) model (Bazant and Murphy 1996; Wendner et al.
2013), and Gardner and Lockman 2000 (GL2000) model (Gardner
and Lockman 2001). However, due to the complex mechanics of
concrete and the fact that most existing models are empirical or
semiempirical formulas derived from regression analysis of exper-
imental data, there have still been many experimental and theoreti-
cal studies on concrete shrinkage and creep mechanisms in recent
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years (Bal and Buyle-Bodin 2013; Gandomi et al. 2016; Shen et al.
2020; Bouras and Vrcelj 2023; Zhu and Wang 2021).

To investigate the concrete shrinkage and creep in RC vertical
members during construction and their impact on high-rise structures,
the American Concrete Institute (ACI) conducted a systematic study
in the 1970s on long-term axial strain monitoring of vertical members
in three high-rise buildings (Russell 1980; Pfeifer et al. 1971; Russell
and Corley 1978). These studies demonstrated the feasibility of
predicting time-dependent deformation based on existing shrinkage
and creep models. Nowadays, most landmark buildings deploy
structural health monitoring (SHM) systems during construction
for safety assurance. For instance, Baker et al. (2007a, b) intro-
duced the Burj Khalifa, the world’s tallest building, and its SHM
system, confirming the validity of existing calculation models for
axial deformations caused by concrete shrinkage and creep. Li et al.
(2017) conducted structural health monitoring during the construc-
tion stage of the 660-m-high Ping-An Finance Center in Shenzhen
(China’s current tallest building), combining on-site measurements
with numerical analysis to study vertical deformations, using eleva-
tion reservation construction methods to moderately increase floor
height to compensate for axial deformations. Xia et al. (2011) uti-
lized a combination of finite-element (FE) analysis and on-site
monitoring to study stress—strain development for the 610-m-high
Guangzhou TV Tower. This included examining the shrinkage and
creep characteristics of concrete, the strain responses under extreme
events like typhoons and earthquakes, as well as stress—strain
variation laws during construction. Gao et al. (2020) performed
structural deformation monitoring and numerical analysis on a
335-m-high building in Wuhan, China. Their analysis compared
on-site monitoring data with FE model results considering con-
struction speed and the time-varying properties of concrete,
highlighting significant effects of construction sequence and envi-
ronmental humidity. Subsequently, Wang et al. (2020) predicted
axial deformations of mega columns and shear walls in high-rise
buildings using an improved B3 model based on humidity sensor
data. Su et al. (2013) provided a detailed introduction to the struc-
tural health monitoring system of the Shanghai Tower and outlined
preliminary development patterns of structural component stress—
strain during construction. Glisic et al. (2013) introduced a
high-rise building strain monitoring project by the Housing and
Development Board (HDB) of Singapore, analyzing nearly a dec-
ade’s worth of monitoring strain of vertical members from six
buildings using embedded optical fiber sensors, finding that the
monitoring results generally met specification requirements but
lacked accurate shrinkage and creep coefficients and uncertainties
in actual loads during construction.

The aforementioned study focused on monitoring and simulating
the strain development of vertical members in high-rise buildings
during both construction and operational stages. However, it becomes
apparent that relying solely on existing codes and models for
calculations often proves inadequate. The strain data are typically
discontinuous, and the number of members from which strain is
collected is limited, lacking the conditions for systematic sum-
marization. Additionally, vertical members in high-rise structures
typically possess larger cross-sectional areas and reinforcement
ratios, significantly differing from the standard sizes of laboratory
specimens used in existing shrinkage and creep calculation formulas.
Furthermore, the uncertainty surrounding environmental and load
conditions at construction sites is considerably higher than that
encountered in controlled laboratory conditions. Hence, for an
accurate assessment of axial deformation, more precise and rational
models and calculation methods are imperative.

Fintel and Khan (1969) and Fintel et al. (1986) conducted early
research on axial deformation and compensatory methods during
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the construction stage of high-rise structures, incorporating non-
elastic deformations of vertical members. Pan et al. (1992) proposed
a calculation method for axial deformations considering concrete
shrinkage and creep based on the superposition principle. Pereira
and Glisic (2023) introduced a data-driven strategy to calibrate
creep and shrinkage models using SHM data, enabling predictions
of axial deformation behavior in high-rise buildings. Based on ex-
tensive case studies, Jayasinghe and Jayasena (2004) identified the
effects of construction sequence, speed, and concrete strength on
axial deformation, facilitating consideration of these factors during
preliminary design and construction stages. Sharma et al. (2004)
and Maru et al. (2001) proposed a simplified procedure for evalu-
ating creep and shrinkage effects in RC frames. In this procedure,
the inelastic axial forces, which get generated progressively with
time in various substructures, are assumed to arise only at an instant
time. Moragaspitiya et al. (2010) developed a compression-only
element placed at the top of each story in a structure to precisely
quantify axial deformations under different construction stages us-
ing FE methods. Kurc and Lulec (2013) explored several commonly
used structural analysis methods, and revealed that the axial loads
on columns and walls could vary by as much as 45%, depending on
the analysis type and considerations. Praveen Moragaspitiya et al.
(2013) proposed a mothed using structural vibration characteristics
to update the axial deformation during construction by establishing
a relationship between dynamic stiffness’s vibration properties
and axial deformation of static stiffness. Zhu et al. (2019) similarly
proposed an accurate and cost-effective method for measuring dy-
namic displacement in supertall structures by integrating acceler-
ation and strain data from SHM systems. Kwak and Kim (2006)
also conducted a time-dependent analysis on RC frame structures
considering construction sequence, and the creep deformation of
concrete is described in accordance with a first-order algorithm
based on the expansion of a degenerated kernel of the compliance
function, validated through a 10-story RC frame to verify the
proposed model’s effectiveness.

The mentioned studies employ various methodologies to en-
hance the precise calculation of axial deformations. However, most
of them indicate that the development of deformation in vertical
members largely depends on the construction sequence and condi-
tions, and that the difficulty in acquiring data for these methods
limits their feasibility in calculations. In terms of the constitutive
relationship of concrete material, the existing models are mostly
derived from regression analysis of experimental results and
involve numerous parameters, many of which have minimal impact
on the calculated results. This complexity poses significant challenges
for designers and construction decision-making. Additionally,
concrete shrinkage and creep typically occur rapidly within a short
period after casting or loading, leading to initial rapid development
of axial deformations during construction. However, the operational
conditions during the early stages of construction present difficulties
in acquiring comprehensive data. Therefore, a thorough exploration
of concrete properties, along with the application throughout the
entire construction process, is crucial for ensuring the structural
safety and reliability of skyscrapers. Hence, conducting an in-depth
study of concrete properties and investigating their developmental
patterns throughout the entire structural construction process are
crucial for ensuring structural safety and reliability.

This study focused on a particular high-rise twin tower con-
nected structure with varying heights, plan layouts, load conditions,
and construction progress. An SHM system was deployed during
the construction process to acquire time-varying strain data of
vertical members, and a constitutive relationship based on fractional
calculus (FC) derivatives is proposed to efficiently characterize
the time-varying deformations of the vertical members. In previous
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Fig. 1. Project overview: (a) elevation diagram of the structure; (b) connected floor; (c) typical floor plan of Tower A; and (d) typical floor plan of

Tower B.

research, Bayesian inference (Zhou et al. 2023) and an improved
Kalman filter (Zhou et al. 2024) were employed separately
for preliminary analysis and discussion of strain data obtained from
the SHM system. Bayesian inference was used to correct the
parameters of the time-dependent calculation formula as specified
in MC2010, thereby enabling better prediction of deformation
development. On the other hand, the improved Kalman filter was
used for filtering strain data, diagnosing anomalies, and providing
monitoring warnings in the field. Despite utilizing the same case
study and background, the research directions of this study diverged.
Additionally, the strain data previously obtained were limited
because the building had not yet been completed at that time.

Project Overview and SHM System

SNTO Meixi-Lake International Headquarters Center

The SNTO Meixi-Lake international headquarters center, located
in Changsha, China, was chosen for this research. It is a high-rise
twin tower connected structure. The structure consists of Tower A
and Tower B, both of which are framed core tube structures and
are connected by an aerial steel skybridge structure. Tower A has
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a building area of 96,000 m?, with 59 floors above ground and a
height of 279.65 m. Tower B covers an area of 63,000 m?, with 49
floors and a height of 219.65 m, as shown in Fig. 1(a). The steel
skybridge is positioned approximately 150 m above ground level,
consisting of a three-story steel truss structure with a span of
17.5 m, as depicted in Fig. 1(b). The vertical member of the building
comprises RC or steel-reinforced concrete (SRC) columns, except
for the columns connecting the connected story and the steel
skybridge, which are concrete-filled steel tubular (CFT) columns.
Strengthening layers are implemented in Tower A at Floors 24, 36,
and 48, featuring outrigger trusses to connect the core tube with the
frame columns. Figs. 1(c and d) illustrate the schematic layout for a
standard floor in Tower A and Tower B, respectively.

Construction Sequence

The primary structure of Tower B was initially cast on April 18,
2021, and reached its final elevation on July 19, 2023. Tower A
began casting on August 21, 2021, and topped out on November
29, 2023. The steel skybridge began construction after both towers
were topped out, employing a high-altitude modular assembly
method. The construction progress on-site is illustrated in Fig. 2.
The specific construction timelines for each floor of Tower A,
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Fig. 2. Construction process. (Images by Xianming Luo.)

as well as the cumulative gravitational and construction loads per
floor, are depicted in Fig. 3. During the entire construction stage,
there were two periods of suspension. The structural computational
model loads were adjusted to match the construction stage loads
[2.5 kN/m? (Fan et al. 2013)]. Subsequently, the bottom axial
forces of the monitored members on each floor were extracted,
cumulatively representing the load at the base level. From the load
variation, it is evident that, except for the Position A6, the wall load
exceeds that of the columns. However, due to the significantly
larger cross-sectional area of the shear walls compared to the frame
columns, the axial compression ratio of the walls is noticeably
lower than that of the columns. This finding is consistent with
conclusions drawn from previous studies (Blanc et al. 2021).
The reason for the lower wall load at Position A6 is that the wall
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section at this location is smaller, resulting in lower gravity loads
transmitted from above.

SHM System

To accurately assess the structural performance during construction
and investigate the differences in axial deformations among vertical
members as well as the cumulative effect of axial deformations
along the height on the construction, a comprehensive SHM system
was installed concurrently with the construction process. The com-
position of the SHM system and sensor numbering are illustrated in
Fig. 4. The strain acquisition system comprises a total of 58 vibrat-
ing wire strain gauges, primarily located on the vertical members
of Tower A, with each strain sensor accompanied by a temperature

x10% 22/Jan  22/Jul  23/Jan  23/Jul  24/Jan

Column Wall

Al A2 ]
n —— A3 —— A4 |

— A5 — A6

0 . . . . . .
0 100 200 300 400 500 600 700 800

(b) Time (days)

Fig. 3. Construction sequence and load of Tower A.
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sensor. At each floor where sensors were deployed, a data acquis-
ition device was installed to facilitate remote data collection via
wireless communication. Because the SHM system was implemented
after Tower A was already under construction and had progressed to
the 16th story, strain sensors were installed on the 1st, 4th, and 10th
floors, while sensors above the 10th floor were pre-embedded
within the vertical members to capture their complete deformation
process. Six strain sensors were installed on each floor, monitoring
three sets of vertical members.

Due to the complex and uncertain environment conditions at the
construction site, the data acquisition devices could not be installed
during the initial casting of the members. Installation of the devices
required the removal of the concrete formwork and meeting
specific site conditions. Therefore, before casting, data cables from
the sensors were led out from the top slab of the story. On the day of
casting, initial data from the strain sensors were manually collected
on-site to avoid disturbances caused by concrete casting, as shown
in Fig. 5. Subsequently, early strain data were manually collected
on-site intermittently. Once the site conditions were met, wireless
data acquisition devices were installed to obtain continuous strain
data. The wireless communication sampling frequency was fixed
at 10 min per reading. Additionally, accelerometer sensors were
installed at the four corner points of the floor. The section form and
reinforcement of the vertical members on the test floors are detailed
in Appendix I.

Data Results and Preprocessing Analysis

Strain and Temperature Data

Initial strain measurements of the vertical members required
manual readings, resulting in a lower frequency of strain data
during the early stages of casting. High-frequency strain data could
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only be obtained after the installation of wireless acquisition
devices, contingent on site conditions. Thus, the collected format
is as shown in Fig. 6, which provides strain and temperature data
for a set of vertical members on the 17th floor, spanning from the
start of casting until nearly 2 years after the structure’s topping out.
Figs. 6(a and b) respectively depict the collected data for the
locations of a column (A17-1) and wall (A17-2). It is evident that
strains increase rapidly during the initial casting period, with
columns exhibiting larger axial deformations than walls. The strain
development exhibits a plateau between Days 200 and 300, which
corresponds to periods of construction downtime, indicating that
the monitoring data align well with the actual construction process.
Additionally, the temperature data show a complete sinusoidal
waveform, reflecting seasonal variations.

Data Preprocessing

Differences in thermal expansion coefficients between sensors and
concrete create challenges in practically applying the raw data ob-
tained directly from the sensors. as well as the inconsistent data
collection frequency between manually collected early-stage data
and the subsequent automated data. Additionally, the automated
data collection often suffers from noise interference stemming from
construction or environmental change, making the analysis of strain
data inconvenient. Therefore, data processing procedures are
imperative to facilitate the subsequent use of the data.

Exclusion of Temperature Effects

Due to complex on-site conditions and the lack of temperature
compensation, the measured strain data include variations caused
by temperature-induced deformations. At time ¢, the strain induced
by temperature in concrete is deducted, as represented in Eq. (1)

e(t) = en(1) = [T()) = T(0)] - Ay, (1)
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Fig. 5. Strain gauge pre-embedment and data acquisition schematic: (a) placement of sensors before concrete casting; (b) initial data collection during

concrete casting; and (c) continuous automated strain data collection.

where ¢ = strain exclusive of temperature-induced effects, encom-
passing solely the shrinkage strain and the stress-dependent strain;
€,, = measured strain; 7 = sensor’s temperature; and Aa, = oy —
o, represents the linear expansion coefficient difference between
the sensor and concrete. Notably, Aq is set at 3 pe/°C based on
equipment recommendations and data conditions. Using data from
Sensor A17-1 as an illustration, Fig. 7 presents the strain results
before and after temperature correction. It is apparent from the
localized strain data that after the temperature correction, the
strain’s sensitivity to temperature variations diminishes.

Data Smoothing and Reconstruction

The strain and temperature data collected remotely by the SHM
system are susceptible to significant noise attributed to construction
activities and environmental change. However, these noise effects
on the axial deformation of vertical members can be practically
disregarded. To facilitate research, data denoising and smoothing

22/Jul 22/Oct 23/Jan 23/Apr 23/Jul 23/Oct 24/Jan

is essential. Additionally, due to the inconsistent data acquisition
frequency before and after automatic collection, data resampling is
required. In this study, the Savitzky—Golay (SG) filtering (Savitzky
and Golay 1964) algorithm was employed to process the strain
data. The core ideal of this algorithm involves weighted filtering
of data within a window by fitting a high-order polynomial using
least-squares regression to determine the weighted coefficients.
Specifically, it filters 2n + 1 observations before and after time ¢
by fitting a k — 1 order polynomial, as follows:

x,:a0+al~t+a2~t2+...+ak,l~tk_l (2)

This equation can also be used to predict values before and after
the given time, forming 2n + 1 polynomials, combined to create
the following matrix, where e represents the error between the fitted
and measured values:

22/Jul 22/Oct 23/Jan 23/Apr 23/Jul 23/Oct 24/Jan
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Fig. 6. Strain and temperature data: (a) A17-1; and (b) A17-2.
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This equation can also be written as X = TA + E. By apply-
ing the least-squares method, the coefficient matrix A can be
calculated as

A=(T"-T)'.T". X (4)
The model filtering value P is then obtained as
P=T -A=T-(T"-T)"" - TT.X (5)

In this study, the polynomial degree was set to 3. For manually
collected data, the filtering window size was chosen as 8, while
for data automatically collected by the SHM system, the filtering
window size was set to 10,000. After filtering the data, the frequency
of the collected data remains inconsistent. Therefore, all data were
resampled at a frequency of 10 days. The processed results are pre-
sented in Fig. 8, demonstrating consistency with the original data.

Processed Strain Results

All strain sensor data for Tower A were processed using the methods
described previously, as shown in Fig. 9. The red line in the figure
represents the topping out date, with O days indicating the start date
of casting for the first floor. Due to uncertainties such as vibration

© ASCE

04025044-7

22/Jul  22/Oct 23/Jan 23/Apr 23/Jul 23/Oct 24/Jan
T T T T 60

400 1 (a) — 1
300 < Al17-1 1 40
200 12
100 { —— Strain M 0
0 Piecewise Temperature 10 )
S 400f (b) V' Smooth 60 T
g 300 ; 140 B
£ 200 F 120 §
n 100 —e— Strain N 20 ::::.
0 —©— Temperature 10 5
‘ Resample 60 =
400 (c) s =
300 N s S e SSSS S 140
200 - 1 20
------ FSeo
100 —©— Temperature 10
O 1 1 1
0 100 200 300 400 500 600

Time (days)

Fig. 8. Smoothed and resampled strain data.

during construction or formwork removal, some sensors were dam-
aged. Overall, the strain data show rapid development in the early
stages of casting. Notably, there is a distinct plateau stage between
December 2022 and February 2023. The overall strain data obtained
align well with the actual construction process, demonstrating the
rationality and reliability of the data.

Figs. 9(a and b) respectively show a set of adjacent vertical
members at Positions 1 and 2, comparing the strain development
at the 17th, 31st, and 36th stories. It is evident that the strain of the
columns is significantly greater than that of the walls, which is con-
sistent with previous related studies (Pfeifer et al. 1971; Wang et al.
2020; Fintel and Khan 1969; Wu et al. 2022). This is likely due to
the lower volume-to-surface ratio and larger axial compression
ratio of frame columns compared to shear walls, resulting in greater
deformations from shrinkage and load-related effects. Figs. 9(c—f)
present the measured strain results of two other sets of adjacent
vertical members, it reveals a consistent strain development pattern,
characterized by larger deformations in columns than in walls.
Considering the vertical distribution of members within the struc-
ture, except for Position 1, the axial deformation development at the
36th story appears to be greater than at other floors. This is likely
due to their location below the connecting story, which typically
has a greater mass than the standard story.

Standard-Based Strain Calculation Results

Time-Dependent Characteristics of Concrete by
Various Standards

The axial deformation of vertical members typically consists of
two parts: stress-dependent and stress-independent deformation.
Stress-dependent deformation includes elastic deformation and
creep deformation, while stress-independent deformation refers to
temperature and shrinkage. During the construction and service
states, the vertical members of the structure are in the elastic stage
(0 < 0.4f.). Therefore, the coordination between steel reinforcement
and concrete deformation is maintained without relative slippage
(Hubler et al. 2015; Mazloom 2008). Thus, only the time-dependent
characteristics of concrete need to be considered. Scholars typically
categorized the time-dependent characteristics of concrete under load
into elastic deformation, shrinkage deformation, and creep deforma-
tion. Shrinkage deformation begins to develop from the casting of
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Fig. 9. Strain results overview: (a) Position Al; (b) Position A2; (c) Position A3; (d) Position A4; (e) Position AS; and (f) Position A6.

the concrete, while elastic deformation and creep deformation start
from the moment the member is subjected to load. Unlike elastic
deformation, creep deformation continues to increase for a consid-
erable period after loading, but the rate of increase gradually slows
down. Existing models separate these three types of deformation for
calculation and then directly superpose according to the Boltzmann
principle to obtain the total deformation of the component, as shown
in Fig. 10.

MC2010 (CEB-FIP 2010) and ACI209R (ACI 1992) summarize
scholars’ research and provide equations for different time-dependent
deformations of concrete. The B3 (Bazant and Murphy 1996) and
GL2000 (Gardner and Lockman 2001) models are two widely
recognized theoretical models for concrete shrinkage and creep.
Appendix II lists the calculation equations for concrete elastic
modulus, shrinkage, and creep for these four models.

Deformation Calculation in the Construction Stage

Current codes’ and models’ equations are derived from fitting
shrinkage and creep test results of plain concrete. However, in prac-
tical engineering, plain concrete without reinforcement is typically
nonexistent. During the construction stage, vertical members are
subjected to cumulative loads, unlike the constant load in standard
creep tests. Additionally, due to the complexity of vertical member
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Fig. 10. Constituents of concrete deformation.
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cross-sectional reinforcement and the vertical gravity loads during

construction, the following assumptions and simplifications are

necessary for deformation calculations of these members:

1. Ignoring bond slip between steel reinforcement and concrete,
assume that the loads carried by both are distributed proportion-
ally based on the cross-sectional area. Because vertical members
typically have an axial compression ratio under 0.4 in service
conditions, concrete remains in the elastic stage, where the
deformation of steel reinforcement and concrete is essentially
coordinated. Therefore, to consider the influence of steel
reinforcement and for computational convenience, the elastic
deformation can be expressed as

_(r 1=p
ek ©)

where ¢, = elastic deformation; p = reinforcement ratio;
E = modulus of elasticity of steel; E. = modulus of elasticity
of concrete; and o = stress.

2. The influence of connected beam stiffness and outrigger trusses
between vertical members on the axial deformation can be
neglected. Horizontal connections between vertical members are
typically through horizontal members or outrigger trusses in
strengthened layers. However, the shear stiffness provided by
horizontal members (such as beams and slabs) is significantly
smaller than the stiffness required to prevent axial deformation
of vertical members. Hence, the vertical members can be inde-
pendently analyzed for axial forces (Elnimeiri and Joglekar
1989). Previous studies have indicated that outrigger trusses
can reduce to some extent the impact of differential axial defor-
mations (DASs) on the structure (Samarakkody et al. 2017; Kim
et al. 2019; Kim 2017). However, in this project, the outrigger
trusses were designed with a gap during initial construction to
avoid additional internal forces due to DAS. The outrigger
trusses were welded after the overall construction was completed,
as shown in Fig. 11. Therefore, during the construction phase,
the influence of the outrigger trusses can be disregarded, and the
vertical members can be considered as independent elements
subjected to axial forces.
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Fig. 11. Construction of outrigger truss.

3. Environmental loads-induced axial strains were disregarded,
with sole consideration given to the incremental gravity loads
from the upper levels. During structural construction, the axial
strains in vertical members primarily result from the cumulative
gravity loads imposed by the upper floors. The impact of envi-
ronmental loads on these strains is negligible. Consequently,
after excluding temperature-induced deformations, the strain
data were treated as containing only elastic and creep deforma-
tions caused by concrete shrinkage and upper loads.

4. Each story load was considered as instantaneously applied, and
the deformations generated by each story were directly super-
imposed for calculation. Although the increase in upper-story
loads does not occur suddenly, concrete casting process is typ-
ically completed within a short period. Therefore, for computa-
tional convenience, the load on each story was modeled as a step
function for analysis purposes.

Based on the assumptions and simplifications outlined, as well
as the four models discussed in the previous section, vertical
deformations of the members in this case were calculated. Taking
Position 1 as an example, the computed results for each story are
compared with the measured results in Fig. 12. The dashed lines in
the figure represent the calculated results for unmonitored story.
It can be observed that the results are generally of the same order
of magnitude as the measurements, albeit with slight deviations.
Among them, the MC2010 code aligns best with the measured

800

results, especially the strain results at the 36th story. The calculated
results trend from all models generally aligns with the measured
trend for the 17th story within the first 500 days after casting,
but after 500 days, the measured results are lower than the calcu-
lated results. This is likely due to the removal of temporary loads
during the construction process, leading to lower measured strain
compared with the constant loads considered in the calculations.
The ACI 209R results show minimal deviation from MC2010 in
terms of strain values, but both models’ strain results for the 54th
floor are higher than the measured results. The computed results
from B3 and GL2000 are slightly higher than those from MC2010
and ACI 209R, showing larger deviations from the measured
results. It is evident that existing models predict deformations with
some deviation from the actual strain results. This discrepancy is
attributed to the significant differences in the cross-sectional area
and reinforcement ratio of vertical members compared to standard
test specimens used to fit model parameters. Additionally, the com-
plex construction conditions and the inability to maintain a constant
environment on-site lead to significant deviations between concrete
shrinkage and model’s predicted results. Furthermore, construction
materials at the construction site are typically randomly stacked,
resulting in discrepancy between the loads used in calculations
and the actual loads.

The calculation equations in models and codes often involve
numerous parameters, such as concrete water-cement ratio and
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Fig. 12. Calculated and measured strain: (a) MC 2010; (b) ACI 209-R; (¢) B3; and (d) GL2000.
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slump, which are not obtainable during the design stage. Therefore,
there is an urgent need to develop a more concise and physically
meaningful time-dependent model for reinforced concrete.

Time-Dependent Models and Parameters Calibration

Fractional Order Viscoelasticity Model

FC (Hilfer 2000) refers to the operations of integration or differ-
entiation involving noninteger orders. Fractional order viscoelastic
models exhibit outstanding capabilities in describing the time-
dependent deformation behavior of materials. Compared to tradi-
tional integer-order viscoelastic models, fractional order models
excel in capturing long-term behavioral changes in materials and
structures.

In the natural world, materials exhibiting pure elasticity or pure
viscosity do not exist; the actual behavior always lies between these
two properties. In rtheology, pure elastic materials are symbolized as
springs, adhering strictly to Hooke’s law with a linear relationship
between stress and strain. Purely viscous materials are represented
as dashpots, adhering to Newton’s law where stress and strain exhibit
a linear relationship with the derivative with respect to time, as
illustrated in Fig. 13. Researchers combine various basic elements
to construct classical viscoelastic models such as Maxwell, Kelvin—
Voigt, and the standard linear solid (SLS) to depict stress—strain
relationships in a variety of materials. Due to each basic element
containing a parameter, chain models derived from combining
these elements possess numerous parameters, presenting challenges
in deriving theoretical solutions or fitting experimental data accu-
rately. Moreover, models composed of multiple basic elements
often lack physical interpretation, hindering the intuitive represen-
tation of the deformation composition of each model component.

For viscoelastic materials, the constitutive equation of an ideal
viscous material states that stress is proportional to the first-order
derivative of strain with respect to time (o (¢) o« D'e(t), where DX
denotes the x th-order derivative with respect to time). In contrast,
the constitutive equation of an ideal solid (spring) implies that
stress is proportional to the zeroth-order derivative of strain with
respect to time (o(¢) o« DYs(¢)). However, all real-world materials
lie between solids and liquids (spring-pot); hence, stress in all
materials is proportional to the zeroth- to first-order derivative

Ol B >
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Fig. 13. Fractional order constitutive properties.

of strain with respect to time (o(¢) o« D’(t), 3 € (0, 1)). Further-
more, the constitutive relationships of all material types can be
expressed as

‘86
o(t) = C, ddt’gt)

(7)

where Cj; = parameter of the material, where for an ideal elastic
material C3 = E (the elastic modulus), and for an ideal viscous
material Cjz =7 (the viscosity coefficient). The parameter (3
denotes the order of the material, where a value close to 1 signifies
behavior more akin to an ideal viscous material, while values closer
to 0 align with ideal elastic material characteristics.

For Eq. (7), when o(¢) = ¢ and considering the relevant defini-
tions of FC, the analytical expression for the creep compliance of
this model can be obtained (Schiessel et al. 1995)

1

T CI(B+ ) : )

J(1)
where " represents the gamma function, expressed as
o0
(o) = / ere-1ds )
0

Fig. 13 also illustrates the difference in strain response between
the FC viscoelastic model with varying values of 3 and ideal solid
and viscous materials under step load. It is evident that as the order
[3 approaches 0, the strain response becomes closer to that of an
ideal elastic body, while for higher values of [, it tends toward a
more viscous behavior.

For the vertical members in this study, employing a single
spring-pot element to simulate concrete time-dependent character-
istics is evidently unsuitable. This model considers the component’s
deformation under loading, whereas in practical engineering
members, deformation commonly comprises elastic, creep, and
stress-independent deformation. Based on these characteristics, this
study proposes the time-varying model for vertical components
as shown in Fig. 14. This model comprises two springs, one spring-
pot, and one shrinkage basic element. The spring-pot element
represents concrete’s creep deformation, which is connected in series
with one spring unit (representing concrete’s elastic deformation)
and then in parallel with another spring unit (representing the
elastic deformation of steel reinforcement). Finally, a concrete
shrinkage element is arranged in series, related only to concrete
material properties and time.

In the proposed model, k. and k, can be regarded as the stiffness
provided by concrete and steel, respectively. For RC members, the
elasticities can be simplified as

kﬂ = Ec(l - ps) (10a)
k’y = Esp, (IOb)
Cs. B ke
Esh
ks

NV

Fig. 14. Constitutive properties diagram.
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where E. and E = elastic modulus of concrete and steel, respec-
tively; while p; = cross-sectional reinforcement ratio.

Considering that this constitutive model is used to represent the
axial deformation of vertical members and the deformation of the
model is directly superimposed with the shrinkage element on
the left side, the constitutive expression of the parallel model on
the left side can be written as

CsdPo(r)  dPey(t)  Cpksdey(r)

t) + I 3 3 3
os(1) ke dt® o ke de?

+ keeg(r)  (11)

where £4() = stress-dependent strain at time 7. Letting o (t) = ()
(Heaviside step function), the creep compliance function of the
model can be obtained. Performing the Laplace transform and
rearranging yields

1 ke + Cps”
N N CﬂkCS‘U + Cﬂkssﬁ + kcks

(12)

Because both the creep and elastic deformations of concrete are
linear, the overall strain of the model under constant axial force can
be expressed as

e(t) = J(1) - 0 +ew(1) (13)

The expression J(1) = £7'[J(s)] cannot be explicitly written in
the time domain. This study utilized the high-precision numerical
integration method proposed by Talbot (1979) for the inverse
Laplace transformation.

Bayesian Optimization of Parameters and Simulated
Results

Based on the assumptions in the section “Deformation Calculation
in the Construction Stage” and Eq. (13) for the time-varying defor-
mation under constant axial force, the strain expression for the nth
floor vertical member in this case during construction can be
written as follows:

Im—n

en(t) =Y J(t.1;) - o(t;) + en(2) (14)

[i=lny

where m = total number of stories in the building; #; = casting time
for the ith story; o(#;) = load induced by the upper casting at time #;;
and J(¢,1;) = strain at time ¢ resulting from the load at time ;.

It is evident that this model comprises four parameters: Cg, 3,
k., and k. Among these, k. and k; can be obtained from Eq. (10).
Hence, calibration is required for the parameters C and 3. Given
the relatively low dimensionality of the parameters, Bayesian
optimization was employed in this study to determine the optimal
values. Let the observed strain information be denoted as Y and the
calculated strain as Y*. Based on the results from the existing model
calculations, it is evident that MC2010 is relatively close to the
measured results. Therefore, the shrinkage calculation equation
from MC2010 is temporarily used for calculating €y,. The Bayesian
parameter optimization process is illustrated in Fig. 15, and the loss
function is constructed as the L2 norm of the difference between the
calculated and measured values

arg minc, sL(Cp. §) = arg minc, 4|Y —Y*[, (15

The results of J(z, ;) vary at different time instances #; as the
creep and elastic deformation of concrete decrease with the aging of
concrete. Therefore, the calculation parameters for axial deforma-
tion induced by the load of each story in the upper part are different.
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Fig. 15. Bayesian optimization workflow.

Based on the fitting analysis based on existing models, the results
consistently show that the parameter (3, representing the derivative
order, is not significantly affected by concrete age. The primary
influence is on the parameter Cs, and the regression analysis of
the existing model’s results yields the expression for Cy as

Cslto) =k - g1 (16)

where k = parameter required in the Bayesian optimization process
instead of Cg.

Upon optimizing the parameters of the vertical members based
on the obtained strain data, the updated calculation results are
presented in Fig. 16. It is evident that the calculated results of
the proposed model closely approximate the measured strain data
compared to existing models. However, some discrepancies be-
tween the calculated and measured strains still exist, notably in
the strain results for the 17th floor at Position 1. This discrepancy
is speculated to stem from variations in the vertical position of the
crane between Vertical members 1 and 2 because the crane’s
vertical position changed after construction reached a certain level,
resulting in differences between the actual and anticipated loads.
Moreover, most of the calculated errors occur during the initial
casting stages of the members. This is attributed to the susceptibility
of vertical members to environmental disturbances and temporary
loads during the initial curing stage. Notably, this issue is not
exclusive to practical engineering but is also observed in laboratory
experiments, where various models’ predictions in the early curing
and loading phases exhibit relatively lower accuracy compared to
the mid-to-late stages (Zou et al. 2019; Ojdrovic and Zarghamee
1996). Nevertheless, the strain results for the remaining vertical
members consistently align with the measured strains both in trend
and values.

All optimized parameters are summarized in Appendix L.
Vertical member parameters for different types and floors are
depicted in Fig. 17. Notably, the parameter Cy predominantly
ranges between 50,000 and 80,000, with wall parameters generally
exceeding those of columns. Furthermore, Cj; slightly exceeds the
theoretical elastic modulus of concrete. Except for a few vertical
members on the 17th floor, the parameter (3 fluctuates around 0.1.
This indicates that the time-varying characteristics of concrete
under external loads are closer to an ideal solid. Overall, the derived
parameters fall within a reasonable range, demonstrating the
method’s applicability.

To analyze the composition parts and respective contributions to
time-dependent deformations, the strains of each part in model are
separated. For non-stress-related shrinkage deformations, which do
not couple with other deformations, they can be directly separated.
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Fig. 18. Composition of deformation: (a) A17-1; (b) A25-1; (c) A31-1; (d) A36-1; and (e) A54-1.

4
1210 0.2
e Column e Column
10F = Wall 0.15¢ = Wall
-8 N S R
R St e St U1 ] R S
6 $ e o - .
° L4 ° °
4l 0.05
2 * * * * * ! 0 * * * * * !
0 10 20 30 40 50 60 0 10 20 30 40 50 60
(a) Floor (b) Floor
Fig. 17. Optimized parameters: (a) Cg; and (b) .
800 800 800
(a) (b) (©
~ 600 600 600
3
.5 400 400 400
B
i 200’ 200’ 200
0 0 0
800 | (d) 8001 (e) 0 250 500 750 1000
. 600 600 Time (days)
W
z 400 400 1
R Creep f )
c% W Elastic T ]
200 200 Shrinkage "
Position Al
0 0
0 250 500 750 1000 O 250 500 750 1000
Time (days) Time (days)

© ASCE

04025044-12

J. Struct. Eng., 2025, 151(5): 04025044

J. Struct. Eng.



Downloaded from ascelibrary.org by HUNAN UNIVERSITY on 04/30/25. Copyright ASCE. For persona use only; all rights reserved.

However, in the model proposed in this study (Fig. 14), the elastic
deformation of concrete, creep deformation, and elastic deforma-
tion of steel reinforcement are mutually coupled. In the process of
calculating stress-dependent deformations J(#), numerical methods
are employed for the Laplace inverse transformation, as shown in
Eq. (13). Therefore, it is not feasible to directly extract the individ-
ual components contributing to stress-related deformations during
the solving process. Instead, the elastic deformations can be calcu-
lated using the equivalent elastic modulus, as shown in Eq. (6).
Subtracting these elastic deformations from J(¢) yields the creep
deformations. Although this approach may introduce slight dis-
crepancies compared to actual computational results, it adequately
fulfills analytical requirements.

Taking the example of Position 1 in Tower A, the composition
of each part is illustrated in Fig. 18. It is evident that for higher
floors, shrinkage deformation constitutes a larger proportion. This
conclusion is straightforward because higher floors bear smaller
upper loads, while shrinkage deformations are solely influenced
by material properties. Additionally, the proportions of elastic de-
formation and creep deformation are generally similar, with creep
deformation slightly less than elastic deformation. Therefore, it can
be deduced that during construction, elastic deformation accounts
for approximately half of the total deformation. This finding aligns
with previous literature (Gao et al. 2020; Baker et al. 2007b).
Hence, neglecting the time-dependent characteristics of concrete
in structural deformation calculations is not reasonable.

Conclusions

This study explored the development of vertical member strains and
their impact on structures during the construction of high-rise
buildings. Utilizing strain monitoring data from a specific high-rise

structure under construction, a viscoelastic model based on FC was

proposed. This model notably enhances the rationality and precision

of deformation simulations. The following is a summary of the
research findings:

* During the construction of a high-rise twin tower asymmetric
connected structure, a SHM system was installed to monitor
the strain development of vertical members. A comparative
analysis was conducted on the axial deformation differences
of wall-column and the strain development process at different
stories. It was observed that the trend of strain development
remained consistent with the actual construction sequence, and
the axial deformation of columns exceeded that of walls.

* By comparing the calculated results of different codes and
existing models with measured data, it was found that MC2010
performed relatively well in predicting the strain development.
However, there were still significant deviations from the mea-
sured results. The existing code requires numerous parameters,
some of which are challenging to obtain during the design or
construction stage, limiting its engineering applicability.

* A time-dependent constitutive model based on FC was proposed,
characterized by clear physical interpretation, and requiring
fewer parameters. Each element in the model distinctly repre-
sents the various components of deformation. For engineering
or laboratory experiments, fitting can be performed separately,
or a unified expression can be derived, simplifying and clarify-
ing the calculation of axial deformation over time.

* By adjusting the model parameters using measured data and
Bayesian optimization methods, the optimized model was em-
ployed to simulate axial deformation. Moreover, it enabled the
prediction of vertical deformations caused by concrete shrinkage
and creep decades after the service stage, significantly simplifying
the assessment of concrete time-dependent effects on the structure.

Appendix l. Information and Optimized Parameters of Vertical Members

Strain sensor ID/type Cross-sectional thickness Reinforcement

of specimen (column/wall) of wall (mm) ratio (%) f. (MPa) Height (mm) Optimized Cj Optimized 3
Al-1(C) 1,800 x 2,000 6.09 60 4,800 — —
Al-2 (W) 1,300 3.45 — —
Al1-3 (C) 1,800 x 2,000 5.96 — —
Al-4 (W) 1,300 2.60 — —
Al1-5 (C) 1,800 x 2,000 5.96 — —
Al-6 (W) 1,300 2.26 — —
A4-1 (O) 1,800 x 2,000 6.09 60 4,500 — —
A4-2 (W) 1,200 3.52 — —
A4-3 (C) 1,800 x 2,000 5.96 — —
A4-4 (W) 1,200 2.49 — —
A4-5 (C) 1,800 x 2,000 5.96 — —
A4-6 (W) 1,200 2.29 — —
A10-1 (C) 1,700 x 1,900 5.40 60 4,100 — —
A10-2 (W) 1,100 1.56 — —
A10-3 (O) 1,700 x 1,900 5.40 — —
A10-4 (W) 1,100 2.61 — —
A10-5 (C) 1,700 x 1,900 5.40 — —
A10-6 (W) 1,100 1.22 — —
Al17-1 (C) 1,700 x 1,900 0.95 60 4,100 55,271.46 0.08
A17-2 (W) 1,000 091 69,092.08 0.07
A17-3 (C) 1,700 x 1,900 5.40 58,401.15 0.06
A17-4 (W) 1,000 1.20 — —
Al17-5 (C) 1,700 x 1,900 5.40 — —
A17-6 (W) 1,000 1.20 67,130.98 0.12
© ASCE 04025044-13 J. Struct. Eng.
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Appendix I. (Continued.)

Strain sensor ID/type

Cross-sectional thickness Reinforcement

of specimen (column/wall) of wall (mm) ratio (%) fo (MPa) Height (mm) Optimized Cp Optimized (3
A25-1 (C) 1,700 x 1,900 0.95 60 4,100 57,972.36 0.10
A25-2 (W) 1,000 1.41 — —
A25-3 (C) 1,700 x 1,900 5.40 49,041.10 0.10
A25-4 (W) 1,000 4.42 76,701.34 0.10
A25-5 (C) 1,700 x 1,900 5.40 77,811.26 0.10
A25-6 (W) 1,000 3.53 — —
A31-1 (C) 1,500 x 1,700 1.02 60 4,100 56,488.11 0.11
A31-2 (W) 800 0.94 78,487.43 0.12
A31-3 (C) 1,700 x 1,900 1.18 80,815.50 0.12
A31-4 (W) 800 1.23 77,569.16 0.11
A31-5 (C) 1,700 x 1,900 1.18 67,021.45 0.10
A31-6 (W) 800 1.21 87,186.23 0.09
A36-1 (C) 1,500 x 1,500 5.07 60 4,800 51,128.01 0.11
A36-2 (W) 700 1.44 68,108.50 0.11
A36-3 (C) 1,500 x 1,500 5.07 78,964.37 0.09
A36-4 (W) 700 3.39 61,759.28 0.10
A36-5 (C) 1,500 x 1,500 5.07 — —
A36-6 (W) 700 4.16 66,953.05 0.11
A45-1 (C) 1,200 x 1,400 1.25 50 4,000 — —
A45-2 (W) 500 1.27 — —
A45-3 (C) 1,200 x 1,400 1.25 82,235.62 0.12
A45-4 (W) 500 1.27 74,341.96 0.10
A45-5 (C) 1,200 x 1,400 1.25 — —
A45-6 (W) 500 1.27 59,548.93 0.10
A54-1 (C) 800 x 1,200 1.29 45 4,000 49,808.46 0.10
A54-2 (W) 400 1.26 — —
A54-3 (C) 800 x 1,200 1.07 — —
A54-4 (C) 800 x 1,200 1.07 — —
A54-5 (C) 800 x 1,200 1.07 — —
A54-6 (C) 800 x 1,200 1.38 — —

Appendix Il. Calculation Formulas for Various Standards and Models

Model Contents Calculation formulas
Fa(O\13 05
MC2010 Elastic modulus (MPa) E.(t)=21.5-10%- (Llio> felt) = fo - exp {sc . {1 — ( ) }}
) 0.1-f, \25 »
Shrinkage En(t, 1) = —ug m <107 - (1 —exp (-0.2 - \ﬁ)) + Ecaso * Bru * Bas
Ecds0 = [(220 +110- adsl) - eXp (_ads2) : fc} ! 1076
1.8 30 2
Creep o(t, 19) = W -In P +0.035) - (t—1t9) + 1) + Bac(fe) - BRH) - Bac(to) - Bac(t: to)
Jc 0
t
ACIT 209R Elastic modulus (MPa) E (1) = 5,056/ f(1); fei(t) = fo - ( n bt>
a
. r—1
Shrinkage et te) = Eghu BT -1
Eshu = 78074 - 107
Ysh = Vshie * Vsh,RH * Vshovs © Vshs © Vshap © Vshe © Vsha
(t— lo)oAﬁ
C tty) =——7——7
reep 90( 0) 10 + (t _ t0)0'6 Pu
oy =235
Ye = Yeu0 " YeRH * Vews Ve ’YC,L& Yoo
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Appendix Il. (Continued.)

Model Contents Calculation formulas
1/2
B3 Elastic modulus (MPa) E.(t) = 4,734\/F. (m)
. E.(607)
Shrinkage enlt,te) = =g - k- Ss(t — 1)1 6y = —Eu 57—
g (s 2e) shu * Kh ( ); Esn Ealte + 79
. t—t, 1/2
Eq = —0 @ [0.019w> ! £2028 1 270] - 107%; S,(t — t.) = tanh [ —<
Tsh
C J(t,19) 127+C(tt)+c(ttt)
reep Jhy) = olZ: To > los Le
Ve ‘
t
Co(t,19) = 185.4c%5£7090(1, 15) + 53.766<Y>4c°‘5fg0-9 “In[1 4 (t—19)*'] +20.3(a/c)™"" In (t_)
c 0
Calt 1o, 1) = 7.57 - 10° £ |egu| 0 \/exp (—8H (1)) — exp (—8H(17))
w(t ty) = Ec(to)J (1, 1p) — 1
B4
GL2000 Elastic modulus (MPa) E.(1) = 3,500 + 4,300/ f(1); f(2) = [ - (w)
) 30\ 1/2
Shrinkage et te) = egu - B(h) - Bt — 1.); € = 1,150 (f—) x 107°
(r— 1/2
r—1.) =
A ) {(z — 1) +0.15(V/S)?
([ _ t0)0'3 7\ 0.5 t—1to 0.5
C t,ty) = O(t.) |12 ———5—— — _
recp ot =0t o)+ (1) (A

+2.5(1 - 1.086(RH/100)2)<

t—ty 0.5
t— 1o+ 0.15(V/S)?

I — 1,

Note: The parameters in the equations were chosen according to conventional values: f. = compressive strength of concrete under normal curing conditions
after 28 days; t. = starting time when the component is exposed to air; 7, = time when load is applied; s., s, g1, Qqp = coefficient for cement type;
h = 2A./u; A, = cross-sectional area; u = perimeter of the component in contact with the external environment; a, b = curing condition and the coefficient for
cement type, respectively; k, = humidity correction coefficient; and «a;, i, = constants related to the cement type and curing condition.
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