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Abstract

High-rise reinforced concrete buildings have technical, economic and environmental advantages for high density development and 

they have become a distinctive feature for densely populated urban areas around the world. For this purpose, structural design 

of high-rise reinforced concrete buildings have become forward and particularly serviceability requirements gained more interest. 

Differential shortening of vertical members is one of the serviceability requirements; however, only a limited number of studies exist. 

In this study, a practical compensation method was proposed for the differential shortening of columns and shear walls in high-rise 

reinforced concrete buildings. In the proposed compensation method, vertical members were grouped and the total error was aimed 

to be minimized by penalizing the higher shortening differences in the groups to simplify the process of building construction. In 

order to validate the proposed method, a 32-storey high-rise building that was built in Izmir Turkey was investigated considering both 

the construction sequence and time-dependent effects as shrinkage and creep. Vertical shortening of columns and shear walls in the 

tower part of the building were calculated. Uniform-grouped compensation method and the proposed penalized errors compensation 

method with using L1-norm and L2-norm were applied for differential shortenings of columns and shear walls with considering 

different numbers of member groups. The magnitude of errors for each compensation method was presented and evaluated. Results 

of the numerical study reveal that the proposed penalized errors compensation method was capable of determining the compensation 

errors by minimizing the maximum errors efficiently.
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1 Introduction
The use of high-rise buildings has become necessary as 
a result of high-density and rapid urban development. 
High-rise buildings provide the opportunity to maximize 
the land use rate, create more living space for the increas-
ing population, gain more rentable space, make the struc-
ture economically viable and control urban sprawl with 
their relatively small carbon footprint. Since the amount 
of steel, concrete, glass and other construction materials 
needed to construct a single high-rise building is large, 
economic and environmental impacts are substantial. 
Therefore, structural design and particularly serviceabil-
ity requirements of high-rise buildings become forward. 
Serviceability requirements generally cover inter-sto-
rey drifts, top-storey lateral displacements, human or 
machine-induced floor vibrations, building accelera-
tions caused by lateral dynamic excitations, differential 

shortenings of vertical members as a consequence of 
time-dependent effects. Among these serviceability con-
ditions, the compensation of differential shortenings is an 
area in which the time-dependent structural behavior is 
significant and consequently a systematic approach has 
not been used widely.

Calculation of differential shortenings in high-rise 
buildings requires high degree of accuracy in analysis 
and usually obliges engineers to perform beyond the code 
based routine structural engineering calculations. In con-
ventional modelling of reinforced concrete buildings, it is 
assumed that all floors of the structure are subjected to 
dead and live loads simultaneously. However, it is a fact 
that, dead loads of the structural elements and floors are 
applied in step by step manner to the previously con-
structed members during the progress of construction [1]. 
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Behavior of a structure with the various loads applied in 
a single step differs significantly from that when the loads 
are applied in stages. Hence, in order to simulate the actual 
condition during the construction of the building, the 
building should be analyzed at every construction stage 
taking into account variation of loads [2]. The sequential 
application of dead loads has a great influence on the accu-
racy of the analysis results. Choi and Kim [3] were one 
of the frontiers and have stated that analysis of the entire 
structure could be obtained by one-substructure-at-a-time 
fashion by analyzing 10-storey RC building. Since these 
procedures, however, require elaborated computations and 
more solution time, a simplified approach was proposed 
by Choi et al. [4] to solve the problem without elaborated 
step-by-step analysis. In their study, instead of carrying 
out the repetitive analysis, an approach that modifies the 
finite element analysis solution by adding or subtract-
ing the correction forces calculated by the use of correc-
tion factors was proposed and 60-storey RC building was 
investigated using the correction factor method.

As well as elastic deformations, axial deformations may 
occur due to time-dependent effects such as creep and 
shrinkage of concrete in multi-storey reinforced concrete 
buildings. The amount of shortenings for vertical mem-
bers depends primarily upon the material characteristics, 
design parameters and loading parameters of the members. 
Material characteristics are modulus of elasticity, shrink-
age, specific creep; design assumptions are cross-sectional 
area, volume-to-surface ratio, percentage of reinforce-
ment; loading assumptions are progress of construction, 
progress of occupancy, environmental conditions such as 
temperature and humidity. Fintel et al. [5] proposed a pro-
cedure to predict column shortenings due to the time-de-
pendent behavior and discussed the consequences of these 
effects briefly in their study. Likewise, a general predic-
tion procedure was documented by the American Concrete 
Institute [6]. Accordingly, Gao and Bradford [7] proposed 
a method of analysis for the short-term and time-dependent 
response of slender, reinforced concrete columns using 
the age-adjusted effective modulus method. On the other 
hand, a practical approach based on incremental superpo-
sition method was presented by Pan et al. [8] for RC build-
ings up to 30 stories. Kwak and Kim [9] investigated con-
struction sequence and time-dependent effects such as 
creep and shrinkage numerically and presented an effec-
tive solution procedure by using 10-storey RC plane frame. 
Efficiency of their model was verified by comparison with 
results from previous analytical and experimental studies. 

Their analysis results were summarized as; greater differ-
ential column shortenings and bending moments are devel-
oped when the construction sequence and the time-depen-
dent deformations of concrete are considered; and greater 
serviceability problems in the non-structural members 
located between interior and exterior columns are induced 
by the differential column shortenings while the bending 
moments in beam members due to the column shortenings 
are not significant. For the purpose of developing a practi-
cal approach, Kim and Shin [10] had also studied a method 
in which stories were grouped and column shortening was 
considered with lumped construction sequences. It was 
stated that the proposed method which lumps more than 
two stories into one constructing unit yielded sufficiently 
close results to the exact model while it reduced the com-
puting time remarkably. Although this approach provided 
reduction in computing time it was required to define some 
limits about lumped storey size. Kim et al. [11] had pro-
posed a simplified analysis method with lumped construc-
tion sequences for the column shortening of tall buildings. 
In lumped construction sequence model, several building 
stories were lumped into one construction unit and the 
lumped units were assumed to be constructed at a time. 
The intention of the paper was investigating the effect and 
efficiency of lumped construction sequences on the column 
shortening and the internal forces of the horizontal mem-
bers. Different arrangement methods for the lumped mod-
els and their advantages were also investigated. Kurc and 
Lulec [12], worked on construction sequences, time-depen-
dent deformations and longitudinal reinforcement ratios by 
using several analysis approaches. A simplified model of 
an actual 37-storey building was used as a case study. Time 
dependent effects such as creep and shrinkage and the 
influence of modelling the longitudinal reinforcement con-
sidering axial load distribution were examined. The way 
the building was modelled and the type of analysis per-
formed significantly influenced the axial loads and defor-
mations of columns and walls. Besides, it was reported that 
shortening caused by creep and shrinkage significantly 
affected the amount of axial load carried by columns and 
shear walls. Creep was more effective in columns due to 
high compressive stresses, thus it was reported that a con-
siderable amount of load was transferred from columns to 
shear walls. Kim et al. [13] outlined an improved column 
shortening analysis method that was aimed to be used at 
the design stage of tall buildings. This method considered 
construction sequences, the restraining effect of horizontal 
members, as well as creep and shrinkage. In the method, 
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the whole analysis period was divided into two phases as 
before completion and after completion. It was underlined 
that the internal forces could be considerably overesti-
mated due to the lack of reduction effects of the horizon-
tal members to the differential shortening. For this reason, 
correction factors were introduced in the study and applied 
only to the before-completion phase to consider the grad-
ual nature of construction sequences. Column shortenings 
of a 70-storey reinforced concrete frame-shear wall build-
ing were investigated as a numerical example. Kim et al. 
[13] also noted that their study improved the previous study 
presented by Choi and Kim [3] by considering the inelas-
tic shortening due to creep and shrinkage. In order to be 
more practical and computer friendly, Kim [14] proposed 
an improved analysis method for column shortening of tall 
buildings based on a matrix analysis method of frames. The 
method was a step-by-step approach and it was applied for 
the exact displacement and internal forces for any elapsed 
time. Column shortenings of an 80-storey reinforced 
concrete frame-shear wall building were investigated as 
a numerical example and the analysis results showed that 
horizontal members, such as beams and outriggers, reduce 
the differential shortening between adjacent vertical mem-
bers and that the stiffest beams achieve the greatest reduc-
tion in the differential shortening. However, it was noted 
that the internal forces in the horizontal members devel-
oped in proportion to the reduced differential shortenings. 
On the other hand, Afshari et al. [15] investigated the long-
term behavior of special reinforced concrete moment frame 
structures in form of time-dependent shortening for 1000 
days using different non-linear staged analyses. In their 
study, empirical equations were derived and the ranges of 
application of these equations were proposed using para-
metric studies and extensive modelling. Moreover, Afshari 
and Kheyroddin [16] improved aforementioned study by 
performing modelling and nonlinear staged analysis on 
structures with different geometrical characteristics and 
environmental conditions. They proposed semi-empirical 
equations to estimate vertical displacement of columns 
caused by creep, shrinkage for buildings up to 30 stories.

Studies that are based on time-dependent analysis are 
particularly focused on high-rise buildings in recent years. 
Li et al. [17] worked on the second tallest building in the 
world and the tallest in China with a structural height of 
597 m and a total height of 660 m by a combined study of 
both on-site measurements and numerical analysis of the 
vertical deformations of the super tall building during its 
various construction stages. Results of the study revealed 

that a good agreement was found between the numerical 
results and the field measurements and it validated the influ-
ence of the time-dependent effects due to the construction 
sequence and the shrinkage and creep of concrete on the 
vertical deformations. Kim [18] investigated the effect of 
outrigger system on differential shortening in a tall build-
ing. Outrigger systems which are conventionally used to 
increase the lateral stiffness of the structural systems were 
considered and their effects on differential shortening of 
columns and walls were focused using 80 stories RC build-
ing. Optimum location of outrigger system was determined 
for reducing the differential shortening. Additionally, in 
order to enhance the applicability of the dual-purpose out-
rigger systems, Kim et al. [19] also investigated the amount 
of stress developed on the outrigger due to the reductions of 
the lateral displacement and differential axial shortening. 
On the other hand, Choi et al. [20] performed on-site mea-
surements for determining column shortenings in a high-
rise building. The monitoring system was applied to actual 
66th floor and 72nd floor of a 72-storey high-rise building for 
automatic and real-time measurements of the shortening 
of vertical members to achieve more precise construction. 
Alternatively, Pendharkar et al. [21] developed a neural 
network model for rapid prediction of the inelastic behav-
ior. Indeed it was reported that the methodology presented 
in their study could be extended for further rapid predic-
tion of inelastic deflections in high-rise frames in which 
the effect of axial shortening of the columns is significant.

Studies that are presented above are mainly focused on 
methods about determining the time-dependent behavior 
accurately rather using computational models or direct 
measurements on site. However, there are limited num-
bers of studies exist for improving the time-dependent 
structural behavior of high rise buildings based on com-
pensation methods. Park [22] suggested a compensation 
method for the differential column shortening in a high-
rise building and formulated it as an optimization prob-
lem. A simulated annealing algorithm was used to find 
optimal solutions. The proposed method was applied to 
the compensation of the differential shortening of the ver-
tical members in a 70-storey reinforced concrete building 
and 10 groups was determined as the number of groups 
required to have the optimum solution. Park et al. [23], pro-
posed another method base on moving average correction 
method for compensation of differential column shorten-
ings in high-rise buildings. In their study, the magnitude 
of the differential shortening in the vertical members was 
controlled without using any optimization technique.
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In this study, a new numerical compensation method 
was developed for differential shortening of vertical mem-
bers. Optimal groups of vertical members were deter-
mined and total differences between member shortenings 
and group averages were minimized. A numerical exam-
ple of 32-storey high-rise building from Izmir - Turkey was 
used to evaluate the efficiency of the developed algorithm 
by comparing the achieved results from uniform-grouped 
compensation results.

2 Compensation methods
Four types of compensation methods are generally used 
for differential shortening calculations of columns and 
shear walls of high-rise reinforced concrete buildings.

2.1 Direct compensation method 
In direct compensation method, the amount of the cor-
rection value for a vertical member required at each floor 
level is predicted directly by the shortening at the floor 
level. In this manner, precise compensation can be per-
formed with direct compensation method. However, direct 
compensation method requires different lengths of form-
works for a vertical member at each level since required 
levels will be different at each floor level. Direct compen-
sation method with the exact value of the correction for 
a vertical member at each floor level is a costly procedure. 
Also, it is not very practical and applicable for sites with 
high number of vertical members.

2.2 Constant-average compensation method
In constant-average compensation method, the correction 
amount for each floor is averaged by considering the total 
number of floors in the building. In this manner, all verti-
cal members are increased by the same amount of correc-
tion for each floor level in order to minimize the number 
of different correction values in the compensation process. 
However, this method minimizes the use of different form-
work but it introduces substantial differences between the 
predicted shortening values and the correction values after 
compensation. 

2.3 Uniform-grouped compensation method
In order to use the advantages of previously mentioned 
methods, vertical members are grouped and the correction 
amount for each group is averaged considering the number 
of floors in the group. It can be recognized that if the num-
ber of groups become larger, the number of members in 
the groups become smaller and accordingly the differences 
gradually reduce. 

The number of members that are grouped together in 
the uniform-grouped compensation method has direct 
influence on the efficiency of the compensation. Since 
the number of members in a group is equal for all groups, 
the number of groups is limited. On the other hand, if 
groups are formed with different numbers of members to 
achieve smaller shortening errors, groups are not uniform 
anymore. In this situation, an optimization technique is 
required to assign vertical members into groups efficiently.

2.4 Optimal compensation method
Optimization methods are used to find out the most effec-
tive and efficient solution to a specific problem among sev-
eral solutions [24]. These methods have become very use-
ful tools in various ranges of applications including to find 
optimal feature subset in pattern recognition applications 
[25, 26], optimal micro-structure parameters of a mechani-
cal resonator design [27], optimal aerodynamic shape [28], 
optimal circuit elements for electrode design [29], and 
optimal path for mobile autonomous robots [30]. From the 
structural engineering point of view, optimization methods 
for differential shortenings of vertical members in high-
rise buildings aims to find the minimum number of vertical 
member groups by considering the practical applicability 
of the compensation process on site. Thus, magnitudes of 
the compensation errors are targeted to be minimized by 
optimization techniques. A detailed explanation and appli-
cation of this method can be found in the literature [22]. 

3 Penalized errors compensation method 
The first step of the optimization is finding a suitable error 
function. In studies related to compensation of member 
shortenings, the minimization of the greatest error in each 
group is added as a constraint to the optimization prob-
lem [22], which makes the problem more complex. 

Especially in the machine learning literature, squared 
error (L2-norm) is preferred to penalize the bigger differ-
ences [31]. Thus, penalized errors compensation method 
was proposed in this study to exaggerate the effects of big-
ger values in the error function by eliminating the require-
ment of extra constraints.

The average correction value in the ith group, δi
c, can be 

calculated with Eq. (1).
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The error function can be defined as Eq. (2)
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among all possible groupings. 
Alternatively, in some special cases, absolute values 

(L1-norm) can also be used since this gives robust solu-
tions. In a recent study, Moravec [30] presented a com-
prehensive comparison for both norms. L2-norm gives 
stable solutions but L1-norm never guarantees the sta-
bility. In addition, L2-norm always gives a unique solu-
tion although L1-norm may give multiple solutions. 
Consequently, both L1-norm and L2-norm of the differ-
ences between average corrections and predicted shorten-
ings are investigated using the proposed penalized errors 
compensation method in this study. Their performances 
are examined by comparing to the results obtained by uni-
form-grouped compensation method.

In fact, direct and constant-average compensation meth-
ods are special cases of the proposed method. In the ideal 
case, these error functions generate 0 where the number of 
groups (Ng) equals to the number of floors (N) and the num-
ber of floors in each groups (Ni) equals to 1 (i.e. assuming 
that every groups has only one floor), which equals to the 
direct compensation method. Likewise, this optimization 
method can evolve to the constant-average optimization 
method where the number of groups (Ng) equals to 1. 

3.1 Implementation of the proposed compensation 
method 
A 168-line code was developed in Matlab R2019a [32] to 
implement the proposed penalized errors compensation 
method with using L1-norm and L2-norm separately. The 
flowchart of the algorithm is given in Fig. 1 for L2-norm. 

Proposed algorithm is repeated for the different num-
ber of groups from 1 to maximum number of groups (NG) 
and their minimum errors with corresponding combi-
nation of members are reported. The maximum number 
of groups can be decided by analyzing the results. Since 

Fig. 1 Flowchart of the proposed penalized errors compensation method 
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these analyses are time-consuming, limiting the number 
of groups is significant. Each group cycle starts with set-
ting the minimum error as infinitive and the correspond-
ing configuration is an empty set. Then, for each member 
configuration, the average compensation is calculated for 
each group. Next, the differences between average correc-
tions and predicted shortenings are calculated as mem-
bers' errors by using either L1-norm or L2-norm. Sum of 
these errors is the error of this configuration. If this error 
is less than aforementioned minimum error of the group, 
the error is set as the new minimum error and correspond-
ing configuration is saved. This algorithm is repeated for 
all groups and configurations as a whole.  

4 Numerical example
 A high-rise reinforced concrete building that was built in 
Izmir - Turkey was used to investigate the time dependent 
behavior and construction sequence effects numerically. 
Reinforced concrete high-rise building consists of 32 total 
floors; 3 basements, 1 ground floor, and 28 typical floors. 
The total height of the building above the foundation 
including basements is 114.5 m. Structural 3D model of 
the high-rise building was presented in Fig. 2 and the gen-
eral features of the building were summarized in Table 1. 

The typical floor plan for the tower part, column and 
shear wall labels were presented in Fig. 3 since the verti-
cal members were in the focus of interest. Tower part has 
35.3 m × 18.4 m plan dimensions and it has 3.5 m floor-to-
floor height.  

There were 9 columns and 6 shear walls in the tower 
part and their floor levels, dimensions, reinforcements 
were summarized in Table 2.

In conventional analysis of reinforced concrete build-
ings, buildings are generally analyzed in a single step 
which is based on the assumption that buildings are sub-
jected to full load when the construction is completed. 
In practice, dead loads due to the structural members are 
applied in separate stages as buildings are constructed sto-
rey by storey. There is a difference in the building behav-
ior between the conventional approach that the loads are 
applied in one step and the approach that the construc-
tion steps are taken into consideration. Hence, in order to 
simulate the actual behavior during the construction of 
the building, non-linear construction sequence analysis 
was performed. In the numerical analysis, ETABS soft-
ware [33] was used since many studies [12, 15, 16] were 
accomplished successfully in the literature.

Likewise, time-dependent analyses are usually neglected 
in most of the conventional analysis. However, creep and 
shrinkage are substantial factors that affect differential 
shortenings of vertical members in high-rise buildings 
and for this reason; CEB-FIP 2010 Model Code [34] was 
used for time-dependent analyses. Time dependent creep Fig. 2 High-rise reinforced concrete building model

Table 1 General information about high-rise building

Number of floors
3 Basement +
1 Ground +
28 Normal

Floor type
1st basement
2rd and 3nd basement
Ground floor
1-28 typical floor

Floor height
3.50 m
3.00 m
7.00 m
3.50 m

Total building height 114.50 m

Structural system RC frames with shear walls

Concrete class C40/50

Reinforcement class S420

Partition walls Aerated concrete blocks

Purpose of usage Residence

Living Area 2150 m2

Fig. 3 Typical floor plan of the tower part of the high-rise building
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coefficient and shrinkage behavior can be defined using 
material properties of concrete such as; relative humid-
ity percentage, cement type, starting age of shrinkage 
and notional thickness. In the numerical example, rela-
tive humidity was accounted as 50 %, cement type was 
PC42.5N, shrinkage starting age was considered as it had 
started with the member construction and notional thick-
ness values for each column and shear wall segment were 
calculated by using 2Ac/u relationship. In this relationship, 
Ac is the area of member cross section and u is the perim-
eter of the member in contact with the atmosphere. On the 
other hand, time-dependent effects assumed to be started 
with zero initial conditions to represent the unstressed state 
at the beginning of the construction and the construction 
period for each floor was accepted as 10 days. Besides, 3 
more days are accounted before loading.

4.1 Time-dependent analysis results
High-rise reinforced concrete building was analyzed and 
linear static analysis, construction sequence analysis and 
time-dependent analyses results for C-25 column were 

plotted in Fig. 4. In time-dependent analyses, shrinkage 
and creep effects were considered at the end of construc-
tion period and at the end of 50 years period. 

Linear elastic analysis results show that vertical short-
ening of C-25 column increased due to an increase in the 
number of storey levels as expected since all of the loads 
were assumed to be applied in a single step. However, 
construction sequence analysis results indicated that ver-
tical displacements increased up to a floor level and after-
wards vertical displacements decreased even the floor 
level increases. This can be explained in a simple manner 
that high axial loads and short total length exist in lower 
number of stories and lower axial loads and high total 
length exist in upper number of stories. On the other hand, 
Fig. 4 shows that time-dependent effects such as creep and 
shrinkage increased the vertical displacements signifi-
cantly. Additionally, this analysis was repeated for all col-
umns that were located in the tower part of the high-rise 
building and their time-dependent vertical displacements 
for 50 years were plotted in Fig. 5. 

Likewise, all shear walls of the tower part were consid-
ered and their time-dependent vertical displacements for 50 
years were plotted in Fig. 6. Vertical displacements of shear 
walls were lower than the vertical displacements of columns. 

4.2 Compensation of vertical displacements
The differential length changes of columns and shear walls 
in high-rise buildings due to elastic, creep and shrinkage 
shortenings may cause unexpected damages on structural 
and non-structural members. For this reason, the amount 
of correction for vertical members is required at each floor 
level and they can be evaluated for compensation. 

Table 2 Column and shear wall dimensions and reinforcements of the 
tower part of the high-rise building

Member 
Labels Dimensions (cm) Floors Reinforcement

C-24, C-28
120 × 120 3rd and 2nd 

basement 40Ф22

110 × 110 1st basement - 
28th floor 32Ф22

C-25, C-26, 
C-27

130 × 130 3rd and 2nd 
basement 48Ф22

120 × 120 1st basement-
5th floor 40Ф22

110 × 110 6th – 28th 
floor 32Ф22

C-32, C-33

130 × 130 3rd and 2nd 
basement 48Ф22

120 × 120 1st basement - 
ground floor 40Ф22

110 × 110 1st – 28th floor 32Ф22

C-39, C-40 110 × 110 3rd bas. – 28th 
floor 32Ф22

W-1, W-6 990 × 40 All floors 94Ф16, 44Ф14

W-2 350 × 40 All floors 68Ф14

W-3 330 × 40 All floors 58Ф14

W-4 (560 + 3 × 310) × 40 All floors 119Ф18, 
64Ф14

W-5 (560 + 3 × 290) × 40 All floors 119Ф18, 
64Ф14

Fig. 4 Shortening of the C-25 column due to different types of analysis
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Differential shortenings of C-25 column were investi-
gated in details and compensation methods were applied 
separately, since C-25 column made the maximum differ-
ential shortening among all vertical members. Uniform-
grouped and the proposed penalized errors compensation 
method with using L1-norm and L2-norm were consid-
ered and their magnitudes of errors were compared. At 
first, uniform-grouped compensation method was applied 
with using 8 groups that had 4 members in each group. 
Accordingly, averages of each group were calculated and 
compensation for the column was determined accordingly. 
Analysis results for the differential shortenings of C-25 
column using uniform-grouped compensation method 
were presented with Fig. 7. 

Likewise, penalized errors compensation method with 
using L1-norm was applied to C-25 column and analysis 
results were presented with Fig. 8. 

Also, penalized errors compensation method with using 
L2-norm was applied to C-25 column and analysis results 
were presented with Fig. 9. 

Comparison of compensation errors considering the 
uniform-grouped and the penalized errors compensa-
tion method with using L1-norm and L2-norm were per-
formed for C-25 column for 8 groups. Number of groups 
was accounted as constant and same for evaluating the mag-
nitude of errors of each compensation method. According 

Fig. 5 Vertical shortening of all columns in the tower part

Fig. 6 Vertical shortening of all shear walls in the tower part

Fig. 7 Compensation curve considering the uniform-grouped 
compensation method for eight groups

Fig. 8 Compensation curve considering the penalized errors 
compensation method with using L1-norm for eight groups

Fig. 9 Compensation curve considering the penalized errors 
compensation method with using L2-norm for eight groups 
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to the methodology, only uniform-grouped compensation 
method had a fixed number of group members and in this 
case it was 4. Penalized errors compensation method with 
using L1-norm or L2-norm, had variable number of group 
members but the total number of groups was 8. Analysis 
results showed that uniform-grouped compensation method 
give significantly higher errors than the other methods as 
shown in Fig. 10. Moreover, the proposed penalized errors 
compensation method results with using L1-norm and 
L2-norm were compared for eight groups. Analysis results 
revealed that error values are smaller when L2-norm is used.

In order to monitor the effects of number of groups, 
various analyses were performed for different number of 
groups for all columns in the tower part considering com-
pensation methods. Since uniform-grouped compensation 
method uses uniform number of members in groups; 2, 4, 
8 and 16 groups were formed with fixed number of group 
members as; 16, 8, 4 and 2 respectively. Maximum error 
and number of group relationships for all tower columns 
were determined using uniform-grouped compensation 
method in Fig. 11.

On the other hand, penalized errors compensation 
method with using L1-norm and L2-norm were applied for 
various numbers of groups. Grouping analysis for these 
methods stopped at number of 9 for the 32 storey build-
ing since the number of errors became low and stable. 
Maximum error and number of group relationships for all 
tower columns were presented for penalized errors com-
pensation method using L1-norm and L2-norm in Fig. 12 
and Fig. 13, respectively.

Likewise, maximum error and number of group rela-
tionships for all tower shear walls were presented using 
uniform-grouped, penalized errors compensation method 
with using L1-norm and L2-norm in Fig. 14, Fig. 15 and 
Fig. 16, respectively.

Compensation analyses results showed that maximum 
errors decreased as the number of group's increased for 
all columns and shear walls of the tower part. The pro-
posed penalized errors compensation method with using 
L1-norm and L2-norm presented better performance than 
the uniform-grouped compensation method since numbers 
of the members in their groups were flexible and accord-
ingly efficient groups were established. 

Fig. 10 Comparison of compensation errors considering the uniform-
grouped and the penalized errors compensation method using L1-norm 

and L2-norm 

Fig. 11 Number of groups and compensation errors relationships for 
uniform-grouped compensation method for columns in the tower part

Fig. 13 Number of groups and compensation errors relationships for 
penalized errors compensation method using L2-norm for columns in 

the tower part

Fig. 12 Number of groups and compensation errors relationships for 
penalized errors compensation method using L1-norm for columns in 

the tower part
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Time required for these analyses were monitored con-
sidering the number of groups in penalized errors com-
pensation method. Required time for each vertical mem-
ber was calculated and their mean and standard deviation 
were presented for vertical members in Table 3.

As it can be noticed from Table 3, the required time 
increased tremendously with the increase in the number 
of groups. On the other hand, selecting high number of 
groups may introduce construction programming difficul-
ties. Both of these concerns revealed the importance of 
selecting adequate number of groups for compensation in 
high-rise buildings. 

Lastly, another compensation approach was performed 
by considering all columns of a storey together in the tower 
part and compensation groups were formed accordingly. 
In this approach, the proposed penalized errors compen-
sation method was performed for all the columns of a sto-
rey together both using L1-norm and L2-norm separately. 
Since this approach aimed to consider compensation of all 
columns of a storey at the same time, the outcomes of the 
approach introduced relatively higher errors as shown in 
Table 4. Penalized errors compensation method with eight 
groups was used for comparison.

Likewise, compensation errors of shear walls were 
determined using penalized errors compensation method 
with eight groups for both approaches and results were 
presented in Table 5. 

Considering all columns or shear walls in the tower part 
together introduced higher errors than considering these 
vertical members solely. Likewise, vertical members that 

Fig. 14 Number of groups and compensation errors relationships for 
uniform-grouped compensation method for shear walls in the tower part

Fig. 15 Number of groups and compensation errors relationships for 
penalized errors compensation method with using L1-norm for shear 

walls in the tower part

Fig. 16 Number of groups and compensation errors relationships for 
penalized errors compensation method with using L2-norm for shear 

walls in the tower part

Table 3 Calculation time for compensation of vertical members  

Number of groups (Ng) Calculation time for vertical members  
(mean ± standard deviation in seconds)

1 0.0892 ± 0.0016

2 0.0902 ± 0.0032

3 0.1284 ± 0.0022

4 0.5420 ± 0.0149

5 3.5815 ± 0.0539

6 20.8805 ± 0.4762

7 99.3688 ± 2.8286

8 384.8728 ± 6.9591

9 1278.6038 ± 31.3292

Table 4 Compensation errors of columns using penalized errors 
compensation method for different approaches (8 groups)

Label
of column

Considering
each column seperately     

for compensation

Considering the
avarage of the 

floor columns for 
compensation

L1-norm L2-norm L1-norm L2-norm

Max. Error Max. Error Max. Error Max. Error

C-24 5.5 4.2 5.7 5.0

C-25 6.0 6.0 13.6 13.3

C-26 5.7 5.7 10.7 10.7

C-27 5.6 4.8 8.9 8.9

C-28 5.8 4.2 5.8 5.4

C-32 6.1 4.8 9.0 8.9

C-33 6.1 4.8 9.1 9.0

C-39 4.5 3.3 17.7 16.6

C-40 5.3 3.2 17.6 16.5

Avarage 5.6 4.6 10.9 10.5
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had relatively lower errors for the case of considering all 
columns or shear walls together showed that these vertical 
members' behaviors were close to the average. However, 
considering all members together and applying compen-
sation for a whole storey provides advantages in terms of 
construction technique. 

5 Conclusions
In this study, a compensation method was proposed for 
the differential shortening of columns and shear walls in 
high-rise reinforced concrete buildings. Numerical anal-
yses were performed and outcomes of the study can be 
summarized as follows.

• A high-rise building that consists of totally 32 floors 
was investigated considering construction sequence 
analysis, shrinkage and creep effects. Time-dependent 
analysis results for all columns and shear walls were 
presented and compensation methods were applied 
for determining the best compensation method by 
evaluating the magnitude of errors.

• Comparison of compensation analysis results of 
all columns and shear walls revealed that uni-
form-grouped compensation method provided rel-
atively high errors when it was compared with the 
proposed penalized errors compensation method. 

•  Additionally, penalized errors compensation method 
was applied with using L1-norm and L2-norm sepa-
rately and relatively lower compensation errors were 
monitored for L2-norm. 

• For all compensation methods, compensation errors 
generally decreased due to an increase in the num-
ber of groups. However, numerical analysis results 
of the investigated high-rise building show that 
increase in the number of groups more than eight did 
not improve the analysis results for penalized errors 
compensation method using L1-norm and L2-norm.

• The proposed penalized errors compensation method 
can also be used for determining the minimum 
number of groups that is required for compensa-
tion. Since computational time increases extremely 
for the increase in number of groups, determining 
the adequate number of groups become substantial 
both from computational and also constructional 
perspectives.

• The proposed compensation approach can be applied 
for any desired time period. 

• Another compensation approach that considers verti-
cal members of a storey together was also compared 
with the approach that considers vertical members 
separately using the proposed penalized errors com-
pensation method. If vertical members are consid-
ered together for compensation, construction steps 
decrease clearly but compensation errors increase 
noticeably. 

Table 5 Compensation errors of shear walls using penalized errors 
compensation method for different approaches (8 groups)

Label
of column

Considering
each column seperately 

for compensation

Considering the
avarage of the floor 

columns for compensation
L1-norm L2-norm L1-norm L2-norm

Max. Error Max. Error Max. Error Max. Error

W-1 4.1 3.3 5.3 4.1

W-2 4.4 4.4 11.0 9.9

W-3 4.4 4.4 11.7 10.6

W-4 3.0 3.0 14.3 12.3

W-5 3.0 3.0 11.3 11.3

W-6 4.0 4.0 3.9 4.7

Avarage 3.8 3.7 9.6 8.8
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