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Abstract: This paper addresses axial shortening predictfahe vertical concrete elements of tall buildings
with a particular focus on developing a reliable dmlofor high strength concrete (HSC). An establishe
reinforced concrete column shortening model usechémal strength concrete (NSC) is modified todpe
axial shortening in vertical elements made of H8& compare with the theoretical model, the axiarsming
measurements taken from the 83 storey World TowaidBg, Sydney (WTS), obtained during the
construction period, are used. The theoretical mbdeing the best match with the actual measuresnard
recommended for predicting axial shortening ofieattelements using HSC.
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1. Introduction

There are two basic types of shortening of columhieh affect the behaviour and functioning of tall
buildings; (i) axial shortening and (ii) differeatishortening. Axial shortening is the total cuntivia
shortening, which occurs due to elastic, shrinkaigeé creep deformations. Differential shortening is
the difference between two axial shortening restlthe same level. Axial shortening can poterntiall
cause problems to infrastructure of buildings idatg ventilation, water and sewerage pipes, and
heating systems, in addition to potential strudtprablems to facades, beams and slabs joining the
columns. A major consequence of significant difftie shortening of vertical elements (cores,
columns and walls) of a building is slab tilt, whign turn rotates and distorts non-structural
partitions.

It is essential that the problem of axial and défeial shortening of vertical elements should be
considered when building layout is designed to min¢ the effect of this problem. For this, reliable
methods are needed to accurately quantify the satdeaxial shortening. By judicially selecting
appropriate column sizes, reinforcement percentagdsoncrete strengths, the problems of axial and
differential shortening can be minimised. With #vent of advanced building technologies, use of
high strength concrete (HSC) is becoming more cominaghe construction of vertical elements of
tall buildings. Compared to conventional normaksgth concrete (NSC), HSC offers significantly
better structural engineering properties, such igheln compressive and tensile strengths, higher
stiffness and better durability. For predictionaxial shortening in tall concrete buildings with €IS
equations of elastic modulus, shrinkage and creeged on HSC data are mentioned here. These
include those proposed by Ahmad & Shah (1985), &quillo et al. (1981), Gilbert (2002), Huo et
al. (2001), McDonald & Roper (1993), Mendis et(4P97) and Mokhtarzadeh & French (2000).

The idealisation of a building structure represemtihe complete sequential construction cycle,
including the differential loading rates betweelnadnt structural elements, is essential. This lesab
an accurate definition of the loading history otleadjacent element to be employed in the predictio
of differential behaviour. Thus, the final outconzdsa cumulative (axial) and differential shortemin
analysis of the columns depend mainly on two ddtethe idealisation of the building with its
idealised construction cycle and the analyticaluosi model containing the concrete and steel
properties.
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The aim of this paper is to conduct an analytitatlg of axial shortening of the selected vertical
members in the World Tower Building, Sydney (WTS)hva view to develop a more reliable model
for axial shortening. This analysis utilises thesineeliable HSC equations of elastic modulus,
shrinkage strain and creep coefficient to calculla¢eaxial shortening of columns and cores.

2. Normal and high strength concrete models

NSC and HSC models for elastic modulus, shrinkawg eaeep prediction have been extensively
reviewed by Baidya et al. (2010). A summary of thest applicable models for both NSC and HSC
are given in Tables 1 and 2.

Table 1: Normal strength concrete models.

Equation Reference Notation
Concrete {= f te (d
compressive (t) _ f (28) ACI Committee 209 = age of concre eé fays)
strength c AS 3600 (2001) a, B= constant used for
£ ®) compressive strength
C
. ACI Committee 318 .
Elastic : p = density of concrete
1.5
E.(t) = 0.0430~>,/ f.(t) | (2008) 3
ré]o?[lulus Q) 1Y c(® AS 3600 (2001) (kg/m)
(1) Pauw (1960)
(t )06 T = age of concrete (days)
-I)° . at loading
t,)= —— T ACI 209R-92 )
Crefef_p_ ¢ an 10+ (t-7)%° ¢ (1) ¢ (1) = final creep
2‘3 ;:len coefficient
t,T -
! — ks , ks = modification factor
¢(t,1) = Ky K3 ¢ecp AS 3600 (2001) s basic creep
— t * & sy = final shrinkage strairn
Zf;g‘ll?lkage Esh (1) = 35 + t €sh ACI209R-92 at time infinity
[
fsh(t) . .
&g, (1) =0.0008%, AS 3600 (2001) k= modification factor
Table 2: High strength concrete models.
Modified
equations | Equation Reference| Comments/Notation
related to
- Carrasquil ’
Ec = 3320./ fC +6900 lo et al. 21 <f,<83 MPa
ACI (1981)
Ahmad & | f = compressive
Ec = 3.385x 10 S p2 5 (f )0325 Shah strength at 28-days
(1985) (MPa)
Elastic 15 [ ¢ Mendis et %ofjutlzl?se fgi‘cé(?;];tfigirty
I — .
E:du us Ec - 0-043’7/0 f: + 20% al. (1997) | n =1.1-0.002 ¢ <
1
ferm mean
AS 3600 Gilbert compressive strength
_ 15 (2002) of concrete at 28 days
Ec = p77(0.024fcy +0.12) | A53600 | (MPa)
(2009) fems 100 MPa
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(w) = ultimate creep
t0-6 Huo et al coefficient
Creep ACI Vv = (V) —== < 4 {06 (2001) K T adjustment for
coefficient early age creep
Vi coefficient
é Gilbert | ko, ke, ko, ks =
cc — (2002) modification factor
AS3600 | fec = Ky kg Ky ks Pec AS 3600 | ¢.,= basic creep
(2009) coefficient
Mokhtarz | (&), = ultimate
( ) — t (6‘ ) adeh & shrinkage strain
Esh sh/u French | (&), =530
45 +t (2000) mic;jostrain
ACI
Shrinkage (E )u Huo et al. | Ks = adjustment for
strain sh (Kg + t) (2001) early age shrinkage
&n(t) ——
&n & = basic shrinkage
McDonald | strain
& . = &k K, & Roper | ke, ky = shrinkage
&s (1993) strain coefficient
AS 3600
Gilbert €c.se= €ndogenous
— 2002) shrinkage strain
=+ (
Ecs ‘Scse gcsd AS 3600 €ced = drylng
(2009) shrinkage strain

3. Reinforced concrete column HSC model

In this paper, a shortening model suitable for waking long term vertical deformations of HSC
columns obtained by modifying the existing NSC masi@resented. A constant load P is applied to a
short symmetrically reinforced concrete columnimett. For equilibrium, the load P must be resisted
by internal forces as given in Equation (1):

P = Ne(O + Ngt)
1)
whereN(t) is the internal force in concrete aNgt) is the internal force in steel.

Using the age-adjusted effective modulus methodME proposed by Bazant (1972), total axial
shortening strain of the column flkitoadings is given by:

5tota| = 5elastic + 5creep + 5shrinkage+ 5reinf orcement )

In Equation (2) the elastic, creep and shrinkaggrst can be estimated using corresponding ACI
and AS equations (or other models) as given ini@e& The full formulations of each component in
Equation (2) are given by Koutsoukis & Beasley @09

For the {' storey, the final cumulative column shorteningssfollows:

Ocumulative = Z total fori"storey 3)

Equation (3) summarises the application of the AEM® obtain the final axial shortening
predictions, for which the individual componentg (ielastic, creep, shrinkage and reinforcemest) ar
accumulated over the entire height of the column.
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4. Measurement of world tower building, Sydney

The WTS building (230 m high and 83 storey) corgdtrd in 2004, is one of the tallest buildings in
Australia. This building provided an opportunityrtenitor and record the axial shortening history of
selected columns. At different levels of the WT3ding, 28-day concrete strength varies from 32 to
60 MPa for the core and from 40 to 90 MPa for colamStrain gauge points were installed and
monitored mechanically on three columns TC1, TCd g9 from levels 14 to 39. These gauge
points were located in three stations on the féi¢eeocolumn at the base, at the top and in thelimid
The data was collected using a demountable mediagézige system (Demec gauge), with some
columns monitored for almost 200 days. Data wetlec®d for columns with concrete strengths of
50, 60, 80 and 90 MPa, giving useful results forCH&lumns. Also, internal strain gauges were
installed on various floors to measure the transiérstress from the concrete to the steel
reinforcement. The extensive field measurementltestere presented by Baidya (2005) and Bursle
(2006).

5. Comparison of observed and predicted axial shtening

The cumulative strain data of the WTS building wesed for comparison with theoretical results. A
combination of three equations - one for each abted modulus, creep coefficient and shrinkage
strain - is required to calculate column axial sking model as shown in Equation (2). Thus, a
number of empirical equations of elastic modulusep coefficient and shrinkage strain previously
derived for HSC and NSC were combined randomlptmfsix AS and eight ACI models to calculate
axial shortening of column. The combinations akegiin Tables 3 and 4. In this study, only readings
from level L26 to L33 of column TC1 were selected the analysis because adequate experimental
data were not as extensive for other levels andnaes. The exterior column TC1 (corner column
with two interior faces) was selected for monitgrimased on the symmetry of the building. Following
data were taken for all levels of the column TQbr{f L26 to L33): (i) 28-days concrete strength 80
MPa, (ii) cross-sectional area Z,n(ii) perimeter 4 m, (iv) reinforcement 1.2%, (w@sic shrinkage
strain 550 microstrain and (vi) average humidit§®%2t should be noted that the equations for alasti
modulus, creep and shrinkage proposed by Gilbéd0dp are now incorporated in the recently
released Australian standard AS 3600 (2009).

Table 3: Different AS model combinations.

Model Elastic Modulus Creep Coefficient Shrinkage 8ain

1 Gilbert, 2002 Gilbert, 2002 Gilbert, 2002

2 Gilbert, 2002 Gilbert, 2002 MacDonald and Rope39
3 Mendis et al., 1997 AS 3600 (2001) AS 3600 (2001)

4 Ahmad and Shah, 1985 AS 3600 (2001) MacDonald aypkR 1993
5 Carrasquillo et al., 1981 Gilbert, 2002 MacDonald &oper, 1993
6 Pauw, 1960 AS 3600 (2001) AS 3600 (2001)

Table 4: Different ACI model combinations.

Model Elastic Modulus Creep Coefficient Shrinkage 8ain

1 Gilbert, 2002 Huo et al., 2001 Huo et al., 2001

2 Mendis et al., 1997 Huo et al., 2001 Mokhtarzadwath rench, 2000
3 Pauw, 1960 Huo et al., 2001 ACI| 209R-92

4 Carrasquillo et al., 1981 Huo et al., 2001 Huolet2®01

5 Ahmad and Shah, 1985 Huo et al., 2001 Huo et@D]12

6 Mendis et al., 1997 Huo et al., 2001 Huo et alQ120

7 Pauw, 1960 ACI| 209R-92 ACI| 209R-92

8 Carrasquillo et al., 1981 ACI| 209R-92 ACI| 209R-92
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Model predictions were compared with the field daftahe WTS building considering two different
cases: a) Case 1 - comparison of all fourteen rsoget models from AS and eight models from
ACI) at level L33 for column TC1, and b) Case 2mparison of six selected models (the best three
from AS and the best three from ACI) at levels £@® 33 for column TC1.

Case 1 was used to select the six best modelsifitrel comparison in case 2. For Casel, column
shortening predictions from the six AS models amghte AClI models were compared with the
observed values of column TC1 at level L33 usingetirend, prediction error and observed-versus-
predicted (scatter plots). From the analysis of ghediction errors Models 1, 3 and 5 from the AS
group and Models 8, 4 and 2 from ACI group (seeld8kand 4) were selected as the best models for
further analysis for all levels L26 to L33. Thelfdétails are given by Baidya (2005).

For Case 2, in order to pinpoint the best model ragrihe selected six models from the AS and
ACI groups for column TC1, more analysis of the esbed and predicted cumulative strains
(predicted minus observed) were performed on kgl by level basis from L26 to L33 using time-
trend and prediction error (see Figure 1 for L2§)njodel by model basis from L26 to L33 and (iii)
statistics of overall prediction error from L261i83 (see Figure 2).

The observed and predicted time-trends of cumudagivains for six models and their prediction
errors for level L26 are shown in Figure 1. Theaskied values covered a period from 70 to 177 days
after casting of concrete with observations maderagular time intervals. Figure 1 shows that the
AS (Models 1, 3 and 5) and ACI (Models 2, 4 andj®up of models over-predict cumulative strain
at early days (untillLl50 days for AS Model 1, Models 3 and 5, ailé0 days for all ACI models —
termed here as a “threshold period”), but aftes tthireshold period, these models tend to under-
predict cumulative strain. Even though this gentreaid is observed for all models, it is interegtia
note that the predicted and observed trend lingsradduce similar strains at various times.

00 AS Model 1 8000 400 8000
—_ odel —ACI Model 2
£ 3507 © Observations L 26 | 7000 £ 350 1 ob ) L 26, 7000
‘S : < ° servations
IS | — Observed Trendline L 5 | L
8300 1 load 6000 . § 800 1 — observed trendline 6000
£ 250 - 5000 £ E 250 { —Total load - 5000 £
c T 3
‘S 200 1 [ 4000 § 'S 200 | r 4000 8
3 82 s
2 150 A 3000 5 2150 4 3000 5
5 k]
§ 100 - F 2000 E 100 - F 2000
5 y = 18207)(0 5728 =1 y = 1.9552)(0.9343
o g s O 504 F 1000
50 RO=07141 | 1000 R® =0.6883
0 T T T r 0 0 T T T r 0
0 50 100 150 200 250
400 0 50 100 150 200 2508000 400 2000
— —ACI Model 4 L 26
AS Model 3
= 350 ode L 26 [ 7% =350 1 ) [ 7000
3 o Observations g 00 ° Observations 6000
g 8007 — Observed Trendline | 6000 g — Observed trendline —
£ 2507 _ Tomlload L 5000 £ £ 250 1 —Total load - 5000 £
= ~ o
5 200 L 4000 E § 200 - 4000 §
7 =B 3
2 150 1 3000 5 2 150 ~ 3000 5
8 k]
= ; L S 100 A - 2000
g1 y=oissax> [ 2090 g .
O 50 R?=06505 | 1000 O 50 - y =1.2854x"°* | 1000
o R’ =0.6815 0
0 : . . : 0 . . :
0 50 100 150 200 250
200 2 50 100 150 200 250 6000 400 000
— AS Model 5 —
2 350 L7000 __3s0q  ACIModel8 L 26 | 7000
8 o Observations L 26 £ o Observations
2 300 1 6000 & 300 1 r 6000
5 — Observed trendline =0 — Observed trendline —_
E 250 - 5000 €8 250 - 5000 €
= — Total load SE — Total load z
'S 200 4000 Sc 200 F 4000 8
7] = [ =
2 150 - - 3000 £% 150 + 3000 £
B =2 =
3 100 1 2000 & 100 - oz | 2000
£ ¥ = 0.0686x" ) y = 1.4852x
© 507 R? = 0.6301 1000 3 507 R2=06844 | 1000
0 T T T T 0 ] T T T T r 0
0 50 100 150 200 250 ] 50 100 150 200 250
Days since monitoring commenced Days since monitoring commenced

Figure 1: Time-trend between the observed and predicted ativellstrains — Level L26. For AS and
ACI model details, see Table 3 and 4.
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In the model wise analysis Baidya (2005) reporteat &ll three AS models (1, 3 and 5) perform
better in levels L29 and L31, and all ACI models42and 8) are better in levels L30 and L31. It is
noted that these models have high prediction efrotisemselves and are considered relatively better
or worse in this study from a subjective judgemé@nrie model predicting better than other models in
one level but performing poorly in other levelsigates that there is no universal model that isebet
and suitable for all levels.

When overall error statistics (mean, standard dievisand coefficient of variation of all levels
from L26 to L33 of column TC1 combined togetherg abnmpared, some models do stand out from
others in terms of their prediction ability (seejlitie 2). Figure 2 provides error bands (mean * std
dev) for the six selected models, indicating th& Model 2 has the lowest overall mean error when
prediction errors from all floors are put togetHarcontrast, AS Model 1 has the highest overathme
error.

Considering the ACI group Model 2, Model 4 and MidBleand in the AS group Model 5, Model 3
and Model 1, are the best to worst models, respaygtilf both ACI and AS groups are considered
together then ACI Model 2 gives the best predictibms noted that these observations are based on
comparing overall statistics of these selectedmsodels only. Full details are given by Baidya
(2005).

60

Mean
Mean + Std Dev

50 1 = = Mean - Std Dev

40

30 A

20 A

Model prediction errors (microstrain)

10 A - w = ==

AS Mod 1 AS Mod 3 AS Mod 5 ACI Mod2 ACl Mod4  ACI Mod8

Figure 2: Overall model prediction error: Overall mean + Sigbviation.

6 Conclusions

In addition to an analysis of prediction error edu(level wise and model wise), overall error
statistics (mean, standard deviation and coeffica@nvariation) are analysed to find out the best
performing model for each of the selected six med¢ithe AS and ACI groups. From this analysis, it
can be concluded that ACI Model 2 and AS Modelébthae best models (Figure 2). It is interesting to
note that elastic modulus (Mendis et al., 1997468 and Carrasquillo et al., 1981 for ACI), creep
coefficient (Gilbert, 2002 for AS and Huo et alg0d for ACI) and shrinkage strain (MacDonald &

Roper, 1993 for AS and Mokhtarzadeh & French, 2@0AClI) equations for these two best models
are taken from the equations applicable to HSCs Tihdicates that equations applicable to HSC
should be utilised when available.

Comparisons with field observations also show tlatelopment of accurate prediction methods
that will have general relevance to deformationbuiidings is complicated. This is partly due te th
fact that the factors that influence the creep siminkage deformations of insitu concrete are very
complex and highly variable and therefore it isfidifit to specify them accurately. More field
investigations generating quality data may helproup the prediction of elastic modulus, creep
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coefficients and shrinkage strains for HSC and N&@d thereby the prediction of axial and
differential shortening in vertical concrete mensher
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