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Abstract:

Precast and tilt-up construction methods requimgterary props to provide the necessary structural
support to panels during the erection phase. TEnaporary prop system must be capable of
supporting the panel against all loads until thegbdas been permanently secured. Traditionally,
the design for wind loading on temporary props besn considered through an equivalent static
load, including the serviceability condition thatbased on the ultimate wind load divided by a
factor of safety. Typical anchorage of the tempprop includes cast-in ferrules when fixing to

the precast panel and post-installed brace fixtwserts in the floor structure. The development of
a dynamic test procedure for prequalification o€lar systems for this application requires an
accurate review of wind loads expected throughloeiiritended service life of the temporary prop.

This paper considers modelling of the fluctuatimgpping forces associated with the design wind

condition for temporary structures for the purposisstablishing a test loading regime for the prop

connections to validate their sufficiency. A spattbased model is considered both directly and
indirectly (through time domain simulation via axd@m phase spectral modelling approach and a
rainflow cycle counting technique), to develop sadest loading regime.
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1. INTRODUCTION

Tilt-up and precast panel construction has beconueeasingly more popular worldwide for
economical structural solutions to low-rise offiaesidential and general commercial building
forms. This style of construction essentially depeld following the introduction of the mobile
crane in the mid 1940’s and was initially in dem&oadwarehouse construction (Crompton, 1992).
Despite the popularity of tilt-up construction otbe several decades of its widespread use world-
wide, the design for the temporary condition ofgming tilt-up or precast panels has been fraught
by controversy amongst the engineering professath im Australia and overseas as to what design
load conditions should be considered given the fiemary” nature of this propping. The
development of a dynamic test procedure for prefigation of anchor systems associated with this
“temporary” propping condition for tilt-up constrimn forms part of this controversy.

In Australia, The National Code of Practice fordas, Tilt-up and Concrete Elements in Building
Construction, published by the Australian Safetd &ompensation Council in 2008, governs all
design aspects of tilt-up panel construction pcactiReference is made to the requirements of
certification by a qualified structural engineer tbke design of the bracing whereby the design
structural engineer attests tol €ertify that the temporary bracing layout as dktd in the
drawings listed below has been checked for windlilmp and complies with AS 3850 Tilt-up
concrete and precast concrete elements for usealiidibgs and AS/NZS 1170.2 Structural Design
Actions — Wind actioris

The draft version of AS 3850 part 2, issued for pwmt 13" March — 14' April, 2013, states:
“Wind loads on elements that are temporarily bracgthll be determined from AS/NZS 1170.2
using annual probabilities of exceedance basedabies Table F1 and F2 of AS 1170.0 and wind
forces shall be divided by 1.5 when comparing theth the working load limit of temporary
braces. Where the ‘drop zone’ of the element iBiwithe building site a minimum importance level
2 in accordance with AS/NZS 1170.2 shall be usdwer&\the drop zone of the element is beyond
the building site boundary, the importance levele(§able F1 of AS/NZS 1170.0) of the adjacent
property shall be considered.”For Importance level 2 “sites”, this requiremeesults in a 100
Year Return Period (YRP) and 25 YRP wind for ultiemand serviceability conditions, respectively.

The application of 100 YRP wind conditions to thesign of fixing elements that may be in
temporary service for just a few days has beenstn@ce of some controversy amongst the
engineering profession. That these design conditamuld reasonably apply to the prop or brace
element that tends to be re-used a large numhkteme$ on subsequent panel propping applications
tends not to be the subject of this same contrgvers

Wang and Pham (2012) discuss various interpretatpiions for maintaining the rationale behind
the Building Code of Australia (BCA, 2010) for tliesign wind speed for temporary structures
(defined therein astructures with a total period of use to perform iitended purpose less than
one yeay. Wang and Pham show that design wind speeds dmilceduced up to 50% of those
recommended in the BCA depending on the Importdesel and reduced period of use. This can
translate to a corresponding reduction in wind soaflup to 75%, i.e. wind loads reduced down to
25% for one week of continuous use compared toymae of such use, whilst maintaining the
probabilities of exceedance of wind loads for steporary structures to be the same as for the
annual probabilities of exceedance required b\B@GA.

Notwithstanding possible future changes in theoratie of the BCA in its definition of temporary
structures and their one-time use to include tireopls corresponding to 6 months, 3 months, 1
month, or even as low as 1 week, we will “run with& current definition of one year as the design
working life both for props/bracing as well as fixts, (see Figs. 1(a) and 1(b) for schematics of a
typical prop and typical configuration of a tilt-gp precast panel).
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Figure 1(a): Typical prop used on tilt-up panekigure 1(b): Typical panel propping and bracing
(Tilt-up Precast Construction HandbadWarch 20123

2. WIND LOADING ON PANELS

Holmes (2007) provides a comprehensive descritfomind, its characteristics and loading effects
on structures, including promotion of their dynamiesponse. Much of this treatment and
understanding appears in the codes of practicevifoal loading on structures of several countries,
including Australia. Here, a wind loading model tbe along-wind response of a rectangular tilt-up
panel will be developed using a spectral modellapproach described in Holmes (2007) and
originally developed by Davenport (1961), and ed&zhhere by the authors.

2.1 Modelling Response of Tilt-up Panels to Along-windurbulent Wind Loading

Consider a propped, isolated, tilt-up panel (akig 1(b)) of widthB and heightH, and exposed

areaA, = B x H, responding dynamically to wind with a one-houramepeed ot and along-wind
fluctuations ofu(t), with a displacement amplitudgt) at the centroid of the pan&ly is the drag
(or pressure) coefficient is amg is the dynamic pressure. If the fluctuating windcke at the panel
centroid is taken aBy(t), air density ip and relative velocity,(t) of the moving panel against the
wind at the centroid is responsible for this foggithen, for panel velocity given by(t), we have:

Fo(t)=ps A, Cy :{%pur(t)z} A, C, (1)
R0 =3pA (T +uw}-ny

=~ oA, ClU +u)f + 1*-21{0 +uco))

=~ oA, C,U% +u?) + S pA, Cox20u) -3 pA, Cy 207

1 1 1. .
:EpAp Cd(U 2+uRM82)+pAp CUu(t) -pA, CUn

I _ 2)
= () -pA, C07
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From Eg. (2) the mean wind force on the panelattntroid is given by:
— [1 (~ 1 —
F :{Ep(U 2+URMSZ):lApCd :EpU 2(1+|u2) (3)

wherel, is the intensity of along-wind turbulence for gite category in which the panel is located.
In addition, fluctuating force at the panel cerdydt,(t), is given by:

F{t)=pU A C,u(t)= 2E% @

from which it can be shown that the coefficientvafiation of fluctuating wind force is twice that
for fluctuating along-wind wind speed i.e. twice timtensity of along-wind turbulencl,

Now the dynamic equation of equilibrium for fluctung displacement response of the panel at the
centroid ofy(t) can be modelled using a Single Degree of Free@IDOF) assumption in whioty

is the structural damping co-efficiem is the effective mass of the pivoted panel atddetroid,
andk the effective horizontal spring stiffness of thegs, also at the panel centroid, so that:

m/j + ¢, + ki = Ry (1) (5)
msi + (c,+c,)n + kn =F+F,(t) (6)

inwhichc, = p A, C,U represents, so-called aerodynamic damping.

The mean displacement at the centroid is given_yby% and the fluctuating component gft)

can be obtained from Eq. (6) by omitting the meand term.

2.2 Spectral Model of “Dynamically-enhanced” Along-windWind Loading on Tilt-up Panels

Alternatively, a spectral modelling procedure canaldopted for treatment of Eq. (6), which allows
for the introduction of an aerodynamic admittangection, yx(f), that essentially accounts for the
influence of the area or size effect of the panaleiducing the loading from the higher frequency,
smaller size eddies/gusts, as they tend not tdleeta envelope the whole area (are less corrélated
with progressively higher frequencies. Our inteteste is centred on the horizontal “spring force”
at the panel centroid, given ly(t). This force can alternatively be interpreted ddyaamically
enhanced” fluctuating wind load at the panel cedtflom which the fluctuating force in the props
can then be determined using statics and the gasimetry of the propping arrangement.

The spectral model for the “dynamically enhancedfidMoad at the panel centroid is described
diagrammatically in Fig. 2. In this mode&,(f) and S(f) are the spectral densities for along-wind
turbulence and “dynamically enhanced” wind loadhat panel centroid for the site conditions of
interest, respectively , represents the critical damping ratio associatiék combined structural
and aerodynamic dampind is the natural frequency of the pivoted panel angp assembly;

T(0)= pU A, C,(0) whilst T(f) is given byp U A, C, (f) which allows for frequency dependence

in the drag coefficientCy; 0.2 andoe? represent the variances in wind and wind forceaetyely.
xm(f) is the structure magnification function given by:

Xn(F) = = @

2

aUIRES)
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Figure 2: Diagrammatic description of spectral elbdg approach to wind load at panel centroid

2.3 Simulation of “Dynamically-enhanced” Along-wind Wind Loading on Tilt-up Panels

A spectral based random phase model can be ussthtdate the “dynamically-enhanced” along-
wind wind loading on tilt-up panelsw(t), based upon the procedure outlined in 82.2 above
(Haritos, 2010). Consider a time seriesFa[t) consisting of N points obtained at a regular time
step ofdt over a time period of duration @f (whereTy = Ndt), then a Fourier series representation

of Fw(t) for f = n/Ty, df = 1/Ty andg= Random (0 — 1), becomes:

2 2rmt 2mt, _ _
Fut) = Z (a, cosT— + B sm_l_—), a, =+/2S: (f)df cos@), b, =./2S. (f)df sin(@ (8)
n=1 d d

In order to “drive” Eq. (8) for the applicable sitesign wind speed conditiong(f) = T(0) can be
adopted and functional forms f@x(f), and for the along-wind speed spectr&(f) are required.

An expression proposed by Vickery (1968) can bel isethe aerodynamic admittance function,

9)

Xa(f) =

1
4/3
2f /A
1+ L °P
U
For the along-wind wind speed spectruff), there are a number of forms one can choose. Here,
Davenport’s form is adopted, viz:

fS,(f n,’ o1
u():40 f I—f

2 473 1
Up (1+ nfz)

Equation (8) can be realised using an Inverse Fastier Transform (IFFT) available in most
scientific packages, eg Matlab, Labview, etc, arnghen spreadsheets such as MS-Excel to produce
the “dynamically-enhanced” along-wind loading or tfiit-up panel under consideration for any
condition including the ultimate design wind coitit i.e. for the 100 YRP wind. What remains to
be determined in the model is the value ©f from knowledge ofVges - the design value

of 3-second gust wind-speed, for the site condstiooncerned, and a 100 YRP.

2.4 Relationship between Wind Speeds for Different Avexging Periods

Holmes and Allsop (2013) and Holmes and Ginger 8 @liscuss some issues that can arise when
raw anemometer data based upon different anemortgtes are used in design codes without
modification to account for variation in their “pEnse times”. The so-called “3-second” gust has
remained as the “averaging period” for the peak gakie in a one-hour storm period in AS/NZS
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1170.2. Whereas earlier AS versions of this codwiged relationships (Gust Factor) values for
different site conditions that allowed evaluatidn @ from Vges the later versions of this code
have instead adopted the modelling approach ofZtg.evaluate&,y, and no longer provide these
relationshipsCayn is expressed as:

H ZS 05
1+ 2|{ngs +Sg; E}

_ (11)
o (L+2g,1,)

C

AS/NZS 1170.2 defines all terms in Eq. (11) for #pectral model, and suggests that 3.7 and
Cayn be taken as 1.0 for natural frequencigs,greater than 1 Hz - the expected condition for
propped tilt-up or precast panels. (This condii®near equivalent to setting(f) =1 in the model

of Fig. 2). From Eq. (11), fdF, being turbulence intensity at the top of the pawel obtain:

2 05 12
1+2|h|:gszs+HngRSE:| = 1+ng|h ( )

and, by equating the Mean Wind Force at the cehiwbithe panel times the Dynamic Gust Factor
to the peak 3-second Design Wind Force thereaghain:

SR L2 2g,1,) = 2 pC AN (13
so that Vﬁ = J+12)x(1+ 74x1,) (14)

which is a form of Gust Factor for peak wind gust8-second duration from mean one-hour wind.

3. APPLICATION TO AN EXAMPLE PANEL

Here, we consider an example application to a &lgiti-up panel of the methodology detailed in
§2. This would allow the determination of a simathtdynamically-enhanced” design along-wind
force time-history on the tilt-up panel under colesation in the example. The resultant force trace
can then be investigated to interpret the loadpyjiad at the prop fixtures.

A testing machine that can operate in load corttsahn arbitrary control input (such as the load
history acting on a prop fixture obtained via thmwe simulation), can be directly used to test the
performance of a proposed fixture configurationiter‘fitness for purpose”. Alternatively, details
of the fixture force time history obtained from kua simulation can be investigated to obtain
alternative load testing procedures, eg via cyoleting using a rainflow analysis (Ariduru, 2004).

Another simulation approach, is to use a simplifieterpretation of the spectral modelling
procedure of 82, wherein the “dynamically-enhancgelign along-wind force spectrum is divided
into a small number of equal area divisions, (eqmplitude Fourier harmonics) with a random
phase (0 - 2). This much reduced term Fourier series can tleended to produce the simulated
“dynamically-enhanced” design along-wind force tiristory for the panel (Haritos, 2010). For N
Fourier wavelets in the series, the amplitude chea,, simply becomes), =v2/Nog,, which
for N = 8 equates tor/2. The corresponding frequency of the waveledk®h to be at ine half area
position within the area segment associated wite Wavelet sequence numbar, under
consideration. The frequency for th® wavelet in the serie$, is then obtained from:

2(N-n)+1 , _2(N-n)+1%}
%JF:%jsp(f)df (15)

0

[ s-(f)af =
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The maximum panel along-wind wind force in this mpdFmax occurs when all wavelets are in
phase, F,..=v2No., which foN = 8 equates to 4 times the RMS value. This vaduelase to
but greater than the value of 3.7 tarand the Dynamic Gust Factor ofl+2g,l, ggasting that
using N at least equal to 8 would be necessary for madglihe panel along-wind force time

history to obtain a reasonably good approximatmsitnulated along-wind wind force.

A closed form solution to Eq. (15) féris only realisable fog(f) ~ 1 which condition would imply
that panel ared\, in Eqg. (9) is small, say less than f |t f = 1 Hz, which is not a practical
condition for a tilt-up or precast panel. Consedjlyesm simple numerical technique that investigates
for the appropriate proportion of the entire argalar the along-wind wind force spectrum
associated with wavelet frequenfgycan instead be exercised to determine this wafrelgiency.

3.1 Properties of Example Panel

Figure 3 depicts some of the basic features ofett@mple tilt-up panel being considered here to
illustrate the alternative approaches for simugatime prop forces acting on the base fixtures from
the 1-hour along-wind Design Wind storm. In additia dynamic modal analysis suggests the first
mode frequency to be approximately 18 Hz, with alenshape as depicted in Fig. 3 for this panel.

The panel is 3m wide and 4m tall, 0.12m thick, agpnately 4 tonne in mass, and restrained by
two props inclined at 45 degrees. It is locateM@lbourne suburban conditions (Category 3) where
V100 = 41 m/s from Table 3.1 of AS/NZS1170.4. Considgnvind from any directioMy = 1, no
shielding,Ms = 1, or topographic effectd); = 1, then for z < 10, Table 4.1(A) yields a temrheight
multiplier of 0.83, so that the design ultimatee®-gust speed/4es becomes 0.88 41 = 34 m/s.
Table 6.1 notek, = 0.271, for, andly, so that from Eq. (14),U = 0557xV, . =190 m/s.

Table D2(A) of AS/INZS1170.2 provides equations #lidw the drag coefficienty, equivalent to
the net pressure coefficie@,, for walls, to be determined as 1.28 from the geoyre this panel.

3.2 Simulation of Design Wind Forces on Panel

The design along-wind panel wind force traég(t), was simulated for panel conditions as per §83.1
using an IFFT based MS-Excel program written fas fhurpose producing 4096 data points at 1
second intervals. One hour’s worth of data (360thtsd was extracted from this record and a
moving 3-second averaging filter applied to thedréo produce a 3-sec averaged versioRf)

for the purposes of comparison. In addition, 8nthé wavelet formulations of the panel wind force
trace, using the method outlined in 83 were alsalpced, again for comparison purposes.

Figure 4 depicts the 3-sec averaged versidagf) superimposed on the “raw” version for this

o 4

=
.

0.12m%5—.<— J =050 ;

Figure 3: Example tilt-up panel configuration anddal analysis model for first mode
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panel wind force record over the full one-hour mfidation. The peak 3-sec Gust Load in a one-
hour design wind storm would be given 0yp Cqy Ay V4es = 10.7 kN. The observed peak in the
“raw” version of the trace in Fig. 4 is 10.2 kN atite corresponding peak for the 3-sec filtered
version of this trace is 9.6 kN, suggesting tha thw version better describ&s(t) than the
filtered version for this particular simulated teac

Figures 5 and 6 present an 8 and 16 wavelet simonlaif the panel design wind force trace,
respectively for a one hour period reproduced s¢cbnd intervals. The peak value of wind force is
9.9 and 10.3 kN in Figs. 5 and 6 respectively whagain agrees quite well with the peak 3-sec
Gust Load on the panel for design conditions. Theva@elet simulation is understandably more
“detailed” in its reproduction of wind force fluations than the 8 wavelet simulation version.

Figure 7 compares the Cumulative Probability Deéesi{CPDs) and the Exceedance Probability
Density (EPD) curves for the three simulated trages IFFT and 8 and 16, equal amplitude
Fourier wavelets, for the one hour panel designdwiorce. Whilst there appears to be a small
deviation at the very extreme ends of the tailthase probability distributions, they are otherwise
in very close agreement, suggesting that any dfethteaces could be chosen to be statistically
representative of the panel design wind force dardin a one-hour storm.

Hence either the IFFT or the equal amplitude wawelethod, with as few as 8 Fourier terms, all
with random phases (0 «tRcan be used to simulate panel wind forces fordésign 100 YRP
condition. Testing of fixtures using the prop fotcace for this design condition (a scale versibn o
the panel force, 0.6-{\(t)/sin(®)/Npropsg could be offered as a prequalification test foctsfixtures.
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Figure 7: Cumulative and exceedance probabilitysidercurves for simulated wind force traces
3.3 A Dynamic Simplified Test Procedure for Prequalifiation of Anchor Systems

Recently, a simplified dynamic test procedure fa prequalification of anchor systems for props
in tilt-up or precast construction has been progaseDR AS 3850.1 (2013). This procedure is
based upon using a peak cyclic load of 1.5 timesMaerking Load Limit (WLL) of the prop — the
WLL is taken as 40% of the prop’s ultimate load, (utimate load)/2.5, leading to a peak load of
60% ultimate. In this simplified test procedurdest rig is set up with loading applied cyclicaily
tension to the anchor system from 0 to 60% of wterprop force for 1000 cycles at 1 to 2 Hz. The
guestion arises as to how does this testing regaiate to wind loading conditions, especially in
terms of conditions for ultimate wind loading? Amtempt to answer this question for this
Simplified Test Procedure (STP) is made here bygperihg cycle counting of the simulated 100
YRP wind loading traces of our example panel.

3.4 Cycle Counting of Design Wind Forces on Propped Pats

Figure 8 depicts details of the Range-Mean cyclentofor the simulated one-hour 100 YRP design
wind load traces for the example panel using prog&ioFlo, (StoFlo, 2013), obtained from both
the IFFT based method and the 8-cycle equal andglitandom-phase Fourier method.

Block cycle testing using the Range-mean countsSign 8 would constitute an alternative testing
procedure that can be used instead of the ori¢pned time history trace to investigate performance
of prop-fixture assemblies under ultimate designdibading conditions.

Table 1 provides a summary of the results fromcye count investigations and relates these to
the mean (30% of ultimate = 3.21 kN) — which ioalse Amplitude, and the peak load of 6.42 kN
(or 60% of ultimate) — which is also the rangelaf simplified dynamic testing procedure of 83.3.
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Figure 8: Cycle counts of one-hour simulated desigrd traces (a) IFFT (b) 8-wavelet methods

Table 1: Percentage cycle counts with peak excgesiiiP peak of 60% ultimate

Percentage Cycl Mean= STF | Mean > STI| | Mean< STF Total witlF
Amp~ STP | Amp < STP| Amp > STP Peak> STP
IFFT trace 1.4% 9.6% 0.7%

8-wavelet trac 1.4% 7.4% 1.5%

StoFlo obtained 905 cycle counts from the one-HB&T simulated ultimate 100 YRP load trace
whereas 853 such counts were obtained from thel egualitude 8-wavelet random phase version.
This number of cycles compares reasonably well tigh1000 cycles of the STP. Table 1 suggests
that approximately 1 in 7 cycles in the one-houimate 100 YRP wind storm exceed the peak
value of 60% ultimate load of the STP, so that & ioycles have a Mean-Amp combination that
produces less than the peak of the STP.

It would therefore appear that the STP would noubeeasonable for prequalification testing of
anchor systems in propping applications of pametdtiup or precast construction.

4. CONCLUDING REMARKS

This paper has detailed simulation techniques, baped spectral modelling, that can be used to

model the wind loading of tilt-up or precast pané&lse models proposed are an IFFT random phase
procedure and an equal amplitude Fourier wavelptogeh that can use as few as 8 wavelets to
reproduce the time-history of wind loading for #ite conditions and geometry of the panel being

considered for the wind loading of interest.

When the wind loading condition corresponds tamdiie (100 YRP wind), the method can be used
to provide a time history over one-hour at 1-séeriwrals of the panel loading. This loading can then
be translated to a prop force time-history for theposes of investigating and comparing the
performance of various prop fixtures in terms opraqualification test for such fixtures. Cycle-
counting using rainflow analysis can be exercisedne modelled wind force time traces to obtain
a block cycle testing regime as an alternativeitect! signal testing. The cycle-counting method
however, loses information on frequency conterthastrace is reduced to a number of cycles with
associated Mean-Range characteristics.

A much simplified method, labelled here as the dyitaSimplified Testing Procedure, or STP, uses
1000 cycles at 1-2 Hz ranging from 0 to 60% ofroétte prop force on the prop-fixture test
assembly as the prequalification test of anchotesys in panel propping applications. This
procedure can be related to the ultimate one-hauod Voading condition following cycle counting
via a rainflow investigation of this simulated oiate wind loading condition. It is found from the
sample panel investigation performed in this papat 1 in 7 cycle counts at ultimate exceed the
peak load associated with the STP, which infers@haut of 7 cycles are below this peak.
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