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Experimental study of hybrid precast concrete lattice girder floor at construction

stage
Abstract

As part of an on-going research project on the hybrid precast lattice girder floor system, a series of six
specimens were physically tested in the laboratory to investigate the behaviour of the floor at
construction stage. The purpose of the experimental tests was to improve the understanding of the floor
system at construction stage and examine the key parameters which influence its behaviour at both
serviceability and ultimate limit states. The results suggest that there is srj)r further optimisation

of the lattice girder floor system and that the current design methods may be overly conservative.

The lack of comprehensive test data on this floor system limits.the de ment of accurate models
which can predict the behaviour of the floor during construction. In ther, the development of strain
in the various components of the floor system (lattice girder, concrete plank and reinforcement) are
measured for a range of lattice girder planks. The use of the transformed area method and Eurocode 3
to predict the behaviour of the plank are investigated in this paper. The analytical model developed is
shown to be relatively accurate for pr ¢ the initial and deflection of planks with tall
girders but is not appropriate for plan ith low height girders. Areas requiring further research are
recommended in this paper to allow formulationof a generic model which would predict the behaviour

of the floor system accurately at construction stage.
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1. Introduction

The cost of formwork is a significant component of the total cost of an in-situ concrete frame.
In recent years, contractors have attempted to rationalise construction by implementing offsite
construction methods to minimise the amount of formwork required and reduce the quantity of
reinforcement installed on site. Offsite construction offers many advantages in terms of
efficiencies, quality control, time saving and health and safety. One such method is the use of
hybrid concrete lattice girder slabs as an alternative to in-situ flat slab_construction. Lattice
girder precast planks (Figure 1) may be designed and detailed for both one-way and two-way
spanning action.

Hybrid concrete construction (HCC) combines in-situ and precast concrete to utilise the
many advantages of both forms of construction. HCC offers ikd prefabrication, faster
construction times, improved quality control and significant cost savings. To maximise the
benefits of HCC, the design and construction.decisions in relation to any project must be
finalised at design stage. This will allow precast elements to be. manufactured and stored at the
precast factory and delivered ‘just-in-time’ to site. Traditional formwork traditionally accounts
for 40 per cent of in-situ frame coé& is dependent on weather and labour [1]. The use of
HCC means that a percentage of the frame is manufactured in a weather-proof factory, resulting

in faster construction and-reduced formwork costs.

1.1  Precast concrete lattice girder floor

One of the mo@lar forms of hyb? concrete floors is the lattice girder slab system. The
major advantage of this system is that it is an ‘in-situ structure’ (one-way or two-way
spanning); fully continuous and tied together without the need for shuttering on site [1]. The

lattice girder floor system is also known as Omnia slab, Filigree slab or half-finished slab in

the construction industry.

The ﬂ&ystem consists of steel lattice girders which are cast with the precast plank
(typically 50-70mm thick), as shown for example in Figure 1, and an in-situ concrete topping,
which when hardened, forms a composite concrete slab. The lattice girder trusses which
protrude from the precast plank serve a number of functions. The girders (i) provide stiffness
to the precast plank during the construction stage until the in-situ topping has reached sufficient
strength to ensure composite action, (ii) increase composite action between the precast plank
and in-situ topping, (iii) act as a spacer for the top layer of reinforcement in the slab which is

placed on site and (iv) are used as lifting points when unloading the planks on site. The bottom



layer of reinforcement is embedded in the precast plank and two-way action between adjacent

planks is created by the use of a ‘stitching bar’ which is laid perpendicular to the joint between

precast planks.

Figure 1 Precast concrete lattice girder plank

@&
The prec manufactured using steel moulds which ensures a high-quality
finish and gi ion to leave exposed soffits, if required. The top surface of the plank is

roughened to e nd betw e precast plank and in-situ topping (see, for example

Figure 1). The lanXbe manufactured up to 3400mm wide and 12000mm long, depending

on transp ictions to the site. Lattice girder floors require temporary propping until there
is sufficien ngth gain in the in-situ topping. The spacing and configuration of propping is
generally dicta y the load/span characteristics, spacing of the lattice girders and the
diameter of the top chord bar in the lattice girder. The height of the lattice girder is based on
the overall thickness of the hybrid concrete slab, as the lattice girder supports the top layer of
reinforcement.

Lattice girders are three-dimensional industrially manufactured elements constructed
using steel reinforcement. The steel used for lattice girders in Europe is typically grade BSOOA

and they consist of a top chord, two bottom chords and diagonal bars. The diagonal bars are

welded to the top and bottom chord by electric resistance welding. The standard distance
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between diagonal bars along the top chord is 200mm. The diameter of the bars in the lattice
girders typically range from Smm to 16mm and height of the girders required for most slabs

will generally be between 100mm and 300mm (Figure 2).

6-16mm dia.
Top chord N t
| i
Diagonal @ | | o 5-10mm dia.
ol ||
o
Bottom Chord (2No.) N 5-14mm dia.

! 60-110mm

Figure 2 Typical dimensions of lattice girders

At construction stage, the lattice girder plank must be able to support the self-weight of
the plank, construction loading and the weight of the in-situ concrete topping. In addition, the
deflection of the plank during co ction must be &d. The European standard EN
13747 [2] requires mid-span deflection between props or temporary supports to not exceed
10mm for spans up to 4m. Typically, contractors erect temporary propping at specified
maximum centres (determined by lattice girder plank designer) before the lattice girder planks
are erected on site (Figure 3)./At midspan (between props and/or supports), the top chord of
the lattice giromt resist the compressive forces and the tensile forces are resisted by a
combination of the reinforcement inﬁ plank, bottom chord of the lattice girder and the
concrete in the plank. At the location of the temporary props, the top chord is subject to tensile
forces and the compression forces are resisted by the concrete in the plank, embedded
reinforcement and the bottom chords of the girders. During design of the lattice girder floors,
four checks fo& construction stage must be undertaken: (1) demand does not exceed the
compression buckling resistance of the top chord (bending failure mode), (2) demand does not
exceed the compression buckling resistance of the diagonal (shear failure mode), (3) maximum
permitted deflection is not exceeded and (4) maximum crack width is not exceeded. The
configuration of the lattice girders (spacing and diameter of the reinforcement in the girder

truss) largely determines the behaviour of the plank at construction stage. For most girders, the

top chord compression resistance and deflection are the critical design checks at the



construction stage. However, for taller girders (greater than 200mm height), the diagonal
compression resistance can be critical as the length of the diagonal increases.

The behaviour of the lattice girder floor at the construction stage is relatively complex
because of the interaction between the concrete plank and steel lattice girder trusses. Although
some experimental testing has been conducted on the behaviour of precast concrete lattice
girder planks at construction stage [3—7], there is relatively little experimental data available in
the literature on the floor system during construction in view of the popularity of the floor as a
viable and efficient alternative to in-situ flat slab construction. laboratory testing
programme described in this paper utilised a comprehensive rangzlsors to measure the

deformation of the plank and the strain characteristics of all the key parameters (top chord,

¢ behaviour of the lattice
he intera‘ion of the
delling of the lattice

diagonals, bottom chord, reinforcement and, concrete) which effe
girder floor during construction. Without this knowledge i
various components of the floor system, the develop‘t 0

girder plank and potential optimisation is difficult.
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Figure 3 Temporary props prior to erection of lattice girder planks



2. Experimental set-up

A series of physical tests was undertaken on six precast concrete lattice girder planks in the
heavy structures laboratory in NUI Galway. The planks were manufactured by Oran Pre-Cast
in Galway, Ireland. This experimental study is part of an on-going research project which is
investigating the behaviour of the lattice girder floor system using experimental testing and
embedded sensors [8—13] in real buildings. The concrete plank for all six tests was similar,
except for the type of lattice girders used, which varied in each test. All planks were 3650mm
long, 65mm thick, 550mm wide and were manufactured with two WG girders at 250mm
centres (Figure 4). Many precast manufacturers require temporary propping at a maximum of
2.4 metres to limit deflection during construction. The span of planks was 3.6m (measured
from centre of bearing) in this experimental study and this was cted so that the possible
optimisation of the spacing of temporary propping could be investigated. It was considered that
manufacturing the planks with two lattice girders would allow the interaction between the
girders to be studied and is more representative of the lattice girder planks used in the industry.
The steel reinforcement in all planks (Grade BS00B) was H12 at 100mm spacing in both the
longitudinal and transverse directio the cover to twrcement at the plank soffit was

25mm. The concrete planks tested between 45-69 days after manufacture.
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Figure 4 Configuration of precast lattice girder plank tested



The configuration of the lattice girders used in the experimental testing is provided in
Table 1. The convention for identifying girders is the letter designating the type of girder (S’
for slab, “W’ for wall), the height of the lattice girder in centimetres, the diameter of the top
chord, diameter of the diagonal and diameter of the bottom chord (all expressed in millimetres).
For example, S29-14/07/06 refers to a slab lattice girder plank with a height of 29cm, top chord

diameter of 14mm, diagonal bar diameter of 7mm and a bottom chord diameter of 6mm.

Table 1 Details of test planks

Plank @ Top | @ Diagonal | @ Bottom Girder Lo‘dinal Plank
Reference Chord (mm) Chord Height Reinforcement | Thickness
(mm) (mm) (mm) (mm)
$29-14/07/06
14 7 6 290 H10-100 B2 © 65
2015

$29-14/07/06
14 7 6 290 H10-100 B2 65
2018

$22-14/07/06

14 7 6 H10-100 B2 65
2018 (

$10-14/07/06

14 7 6 100 H10-100 B2 65
2018

W22.5-
8 5 5 225 H10-100 B2 65
08/05/05 2018

W1o-1o/06/06”

10 6 6 100 H10-100 B2 65
2018

The lattice girder planks were loaded in four point bending using a 240kN hydraulic
actuator and spreader beam, as shown in Figure 5 and Figure 6. The load was transferred to the
plank from thé‘eader beams through 2 No. 40 x 5Smm square hollow sections (SHS) located
at approximately one-third span to ensure a constant moment within the central third of the
plank. A compressible board was located between the top of the plank (textured profile) and
the SHS to ensure uniform load is applied to the plank during the test. At the end supports, the
precast plank was supported on rollers, where the load was transferred through 50mm wide x
10mm thick steel bearing plates. To create a low friction slip membrane at the bearing of the

precast plank, two sheets of PTFE (Polytetrafluoroethylene) were positioned between the plank
soffit and bearing plates. Initially, a ‘seating load’ of approximately 10% of the expected load



followed by a return to zero was applied to the plank. The test was carried out using
displacement control, with a midspan displacement rate of 0.0lmm/sec. The test was

terminated when the midspan displacement reached 40mm (> span/100).

(SLIP MEMBRANE ON PLATE TO ALLOW
HORIZ. MOVEMENT DURING TEST)

o
— 240kN ACTUATOR C/W
Imm 203x203UC46 SPREADER BEAM
| 2No. 40x40x5mm SHS SPREADER
@  LocATION OF LVDT (7o) BETWEEN WEB OF GIRDER ON
TIMBER BEARER TO ENSURE UNIFORM DISTRIBUTION
LVOT (1No.) STEEL LATTICE GIRDER LVDT (2No.) LVDT (2No.} LVDT {2Mo.)
(250mm CENTRES) ﬁ) ] m
|::| \A {}
1_ ‘
{ | v L7 ! 1 o 7 50X10mm PLATE ON 50mm DIA. CHS
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Figure 5 Four

oint bending of precast plank

Figure 6 Experimental test set-up in laboratory
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2.1 Instrumentation

Seven LVDTs (Linear variable differential transformers) were used in each test to record the
vertical displacement of the plank at midspan, at the two load points on both sides of the plank
and at one of the supports. In addition, digital image correlation (DIC) was used in one of the
tests to measure the midspan deflection of the plank to investigate the accuracy and feasibility
of using DIC for subsequent load tests in the laboratory.

In order to study the interaction of the various components in the lattice girder plank, a
total of twenty three electrical resistance (ER) strain gauges were bo to the longitudinal
reinforcement, steel lattice girder and the concrete surface of the preIi

s (3.6m long, H10 at 100mm

lank. Five ER gauges

were bonded to one of the internal longitudinal reinforcement

centres) prior to manufacture of the precast plank (Figure 7a). The es are located at 200mm
from either end of the reinforcement bar and at 800mm CGN e reinforcement bar
(B2 reinforcement layer). One ER strain gauge was bonded to each of the bottom chords of
both lattice girders in each plank at midspan (Figure 7b). The ER gauges embedded in the
concrete were sequentially coated in wax, butyl coating tape Min;ﬁnastic (VM) tape prior
to casting of the concrete to protechs frorrNss (Figure 7).

Figure 7 ER strain gauges bonded to (a) longitudinal reinforcement, (b) bottom chord, (c) diagonal,
(d) top chord and (e) concrete surface



After manufacture of the plank, ER gauges were bonded to the diagonals of the both
lattice girders at the supports, as shown in Figure 7c (8 No. in total). Two ER gauges were
bonded to the top chord of both lattice girders at midspan (Figure 7d). These gauges were
positioned at 180 degrees to each other so that the buckling behaviour of the top chord could
be recorded during the test. Two ER gauges were bonded to the top surface of the precast
concrete plank at midspan to directly measure the strain at the top surface of the concrete plank
(Figure 7e). Data from the sensors were recorded every second during the testing. Two fixed
location webcams and a camcorder were also used to record the deformation of the precast
planks during the testing. The instrumentation used for the experimental testing of the lattice

girder planks are detailed in Figure 8 and Table 2.

\
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Figure 8 Schematic of instrumentation



Table 2 Table of Instrumentation (Refer to Figure 8 for drawing showing location of instrumentation)

Instrumentation Reference Location Quantity

At one support; at midspan and both load
LVDT LVDT 1-7 7
points on either side of the plank.

Surface ER On top surface (SUR) of plank at midspan, at
Gauge SUR-E, SUR-I edge of plank and between the two lattice 2
(GL=60mm) girders
Diagonal ER On diagonals (D) on both girders at'both
DA1-I/E, DA2-I/E ,
Gauge supports (external support= 1, internal 8
DB1-1/E, DB2-I/E
(GL=6mm) support =2
Top Chord ER On top chord (TC) at midspa both girders.
Gauge TCA-I/E, TCB-I/E Two gauges on each top chord at 180°C to ¢ 4
(GL =6mm) each other.

Bottom Chord
On bottom chords (BC) at midspan on both
ER Gauge BCA-I/E, BCB-I/E 4
—girders.
(GL=6mm)

On longitudinal reinforcement (B2), 3600mm
Reinft. ER Gauge long. Gauges positioned at 200mm, 1000mm,
B2-A-E 5
(GL=6mm) 1800mm, 2600mm and 3400mm respectively

from end of bar.

o

Note: GL = Gantb; E = external side of girder; I = internal side of girder

The tensile resistance of the conerete used to manufacture the concrete plank will determine

2.2 Concrete properties

the nature of cracking (width, extent) and the stiffness of the plank during construction stage.
When the tensile stresses at the plank soffit exceed the tensile resistance of the concrete, the
concrete wil;& and the tensile strains are resisted by the embedded reinforcement and the
bottom chord of the lattice girders. The concrete used to manufacture the precast planks in the
factory is strength class C40/50. A CEM II A-V cement (370kg/m®) and limestone aggregates
are the primary constituents in the concrete mix (Table 3). The precast planks are thermal cured
for approximately 10-12 hours at a minimum temperature of 32°C after manufacture so that
they can be removed from their steel moulds and stored at the precast factory.

Concrete cylinders and cubes were made and tested to measure the compressive

strength (EN 12390-Part 3 [14]) and modulus of elasticity (EN 12390-Part 13 [15]). The
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cylinders and cubes were cured in water and in air to match the environmental conditions of
the concrete planks that were tested in the laboratory. The mean characteristic compressive
strength based on testing cubes and cylinders (cured in water) at 28 days was 52.3 MPa (fcm),
with a standard deviation (o) of 1.44 MPa (The compressive strength of the concrete cubes
were multiplied by 0.8 to convert them to an equivalent cylinder compressive strength).
Concrete cylinders which were air cured and stored with the precast planks were tested on the
same day that the planks were tested in the laboratory. The planks were tested between 45 and
69 days after manufacture and the mean cylinder compressive strengtlws 54.1 MPa(c=2.17
MPa), which was very favourable when compared with values measured from the concrete
specimens stored in water (high ambient air temperatures at this time might partially explain
nt modulus of elasticity

.54 GPa). The measured

the compressive strength of the air cured specimens) . The mean

of the concrete cylinders cured in water at 28 days was 49.5GPa (c =
values for the compressive strength and modulus of elasticity indicate the importance of using
actual characteristic material properties rather than assumed properties based on the specified
grade of concrete used. In both cases, the measured modulus of elasticity and compressive

strength were significantly greater t(hose assumed inerties were based on a C40/50

grade of concrete.

Table 3 Concrete mix design for precast concrete planks (1m?)

C40/50 mix for lattice girder planks, w/c =0.35, Dmax= 10mm

Cement (lI-A-V 4ﬁ Aggregate (8-14mm) Sand (0-2mm) Water Plasticiser

(kg) (kg)' (kg) (litre) (litre)
370 900 950 130 2.2

2.3 Steel properties

the stiffness of the lattice girder plank at construction stage and the failure mode. Depending

The mechani%operties of the steel reinforcement in the lattice girder will typically govern
on the configuration of the lattice girder plank, the failure mode for the lattice girder plank will
be compression buckling of the top chord or the diagonals in the lattice girder. Samples of the
top chords (12No.) of all lattice girders in the precast planks tested in this project were cut after
the planks were tested and the material properties were evaluated by means of a tensile test
(EN ISO 15630-Part 1 [16]). The samples of top chord were taken close to the support, where
no buckling of the top chord had occurred during the load tests. The reinforcement used to

manufacture the lattice girder is grade BSOOA (characteristic yield strength = 500 MPa). The
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mean yield strength of the reinforcement in the top chords tested was 569MPa (minimum =
518 MPa, maximum = 639 MPa, standard deviation = 45.8MPa). The mean modulus of
elasticity of the top chords was 202 GPa (c = 17.4 GPa). The mean ratio of tensile ultimate

strength to yield strength based on the tensile tests undertaken was 1.09.

3. Test results

The results and findings from six laboratory tests are presented in this section. An initial test
(Specimen ID S29-14/07/06 2015) was undertaken in 2015 to assess the experimental set-up
and to investigate the optimum number of sensors required to accura?yj model the behaviour
of the lattice girder precast plank. The remaining tests were undertaken im 2018. Cracking and
crack propagation in the concrete plank was visually observed d all tests. However, many
cracks were difficult to observe because of the relatively small Q&Xf the cracks. At the end

of the test, the cracking pattern on the precast plank‘soffit was also recorded

3.1 Moment-deflection behaviour

The moment of resistance per girder (two girders in each plank) is plotted against the
average midspan deflection in Fig . The momen&on behaviour of the planks is
characterised by a linear relationship mitially until the onset of micro-cracking of the concrete,
which was visible on the soffit (or at the side originating at the soffit) of the plank. As the
cracks continue to grow and propagate, the stiffness of the lattice girder plank reduces until
peak load/moment is reached. Failure (and peak load) is typically initiated by buckling of the
top chord (benﬁ,g%ilure) or buckling of the diagonals (shear failure). Up to peak load, it is
observed that the moment-deflection ﬁve consists of a series of near-linear phases and load
steps which represent a loss of stiffness of the plank caused by either cracking of the concrete,
buckling of top chord or buckling of diagonal. Initial cracking was typically observed adjacent
to one of the Q‘oints (Figure 10a) and as the test developed cracking would develop along

the soffit of the k at a number of locations in the middle third of the plank (constant moment
zone).

In all tests conducted, it is noted in the moment-deflection plots (Figure 9) that the first
significant reduction in stiffness typically occurs at approximately the same midspan deflection
(3.0-4.5mm). When the concrete cracks, load redistribution occurs and the stiffness and
resistance of the plank is reduced suddenly. As the test is displacement control, the actuator

maintains the same displacement rate of loading (0.01mm/sec) but the rate of loading is lower

to take account of the reduced stiffness of the plank.
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The vertical deformed shape of the planks during the tests was typically symmetrical
until peak load. After peak load, relatively larger deflections of the planks occurred at the
location of failure/damage (i.e. top chord, diagonal etc.) in the planks. The average vertical
displacement at midspan and the two load points (measured by LVDTs on either side of the

plank) is shown in Figure 11 for the plank S29-14/07/06-2018.
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Figure 9 Moment-deflection behaviour of lattice girder planks
The moment-deflection characteristics for the two planks tested in 2015 and 2018 with

the same lattice girder configuration (S29-14/07/06) are very similar for the initial stages of the
load test. The behaviour of the two planks are slightly different at ultimate limit state and this
can be attributed to construction imperfections and differences in material properties for the
steel reinforcement, steel lattice girder and concrete. Although both planks have similar
configurations, small differences in the location of the girders (spacing, edge distance etc.),
geometry of the girders and material properties of the components of the lattice girder planks

will impact the behaviour of the plank at failure.
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Figure 10 Cracking on coh?hete plank
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Figure 11 Vertical displacement of lattice girder planks at different load levels

3.2 Initial cracking

During the tests, a number of audible cracks were noted in the laboratory during the
load tests and it is believed that these correspond to points at which the stiffness of the planks

are reduced due to cracking of the concrete plank. It is proposed that the first audible crack is
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the onset of the first micro-cracks during the load test. Typically, at a later stage during the test
cracking was observed in the concrete plank at the location of the load points. From a
theoretical viewpoint, cracking would be expected to occur on the plank when the tensile strain
capacity of the concrete (ectu) was exceeded during the load test. Some research has shown that
microcracks can form even if 50% of the tensile strength of the concrete is exceeded [17].
Although not explicitly mentioned in Eurocode 2 [18], the tensile strain capacity can be
determined by dividing the mean tensile strength of the concrete (fetm) and the mean elastic
modulus of elasticity of the concrete (Ecm). ,
€ctu = fetm/ Eem (Eqn. 1)

Based on the testing undertaken on samples made from the concrete used to manufacture the
precast planks, the mean compressive strength (fcm) of the concret en the planks were tested
was 54.1 MPa (c =2.17 MPa). The compressive strength was determined using cylinders tested
on the day of the tests and cured in the same environmental conditions as the planks tested
(cylinders and planks were cured side by side until testing). The mean tensile strength and
elastic modulus can be derived using the mean compressive strength (Eqn 3.4 and 3.5 in
Eurocode 2:Pt 1-1) so that an esti f tensile strainNy of the concrete plank can be
calculated. Using equation 1, the t:@train capacity of the concrete was estimated to range
from 88-125 microstrains. The lower and upper value for the tensile strain capacity depends on
whether the measured value for the elastic modulus is used (49.5 GPa, 6 = 1.54 GPa) or the
value derived using the mean compressive strength (34.8 GPa).

An estia of the tensile strain at the bottom of the plank during the test can be
determined by plotting the measured strains on the top surface of the plank and in the bottom
chord.of the girder and extrapolating the strain to the soffit of the plank. Theoretically, for the
initial stages of the load test, the lattice girder plank should be linear elastic and, therefore, the
strain profile from the top of the plank to the bottom of the plank should be linear. The strain
profile for th&l\m thick plank (522.5-08/05/05 girder) is shown in Figure 12 during the
linear elastic phase of the test. The graph plots the average strain at the top of the plank
(measured by two surface ER gauges bonded to the concrete surface at midspan) and the
average strain in the bottom chords (measured by four ER gauges bonded to the four bottom
chords at midspan) with increasing load. The graph is typical of the strain profile in all the
concrete planks and indicates that the top of the plank is subject to compressive strains and that
the neutral axis for the precast lattice girder plank lies within the concrete section. An estimate

of the tensile strain at the soffit of the plank is found by extrapolating the measured linear strain
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profile to the bottom of the plank. For this plank, the first reduction in stiffness and audible
crack was noted at an applied loading of 4.98kN and Figure 12 shows the change in strain

profile in the concrete plank up to the point immediately before the first change in stiffness.
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Figure 12 Measured strain profile in concrete plank (522.5_08/05/05)

By reviewing the video and measured data, it was found that the first audible crack in
the tests occurred at approximately the load which equates to the tensile strain at the plank
soffit to be in @e of 37-102 microstrains. Therefore, this suggests that the first reduction
in stiffness in the plank due to microcgdng on the plank soffit occurs when the tensile strain
in the bottom of the plank exceeds 50% of the tensile strain capacity of the concrete in the
lattice girder plank. This concept has the potential for designers to offer a conservative
predictor for first reduction in stiffness of the plank and the likelihood of microcracking on the

plank soffit dur onstruction.

3.3 [Initial Stiffness

In order to accurately predict the behaviour of the lattice girder plank during construction stage,
the initial stiffness (EI) of the plank must be known. Prior to the onset of micro cracking in the
concrete plank, there is a linear relationship between load and midspan deflection which can
be measured (Figure 9) to determine the initial stiffness of the lattice girder plank. The lattice

girder plank is a hybrid system and, therefore, its initial stiffness is due to the composite action
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between the lattice girders, concrete and steel reinforcement. When significant cracking in the
concrete plank occurs, the composite action ceases and the stiffness of the floor system is
primarily provided by the lattice girder and the reinforcement.

An analytical model of the lattice girder plank may be developed using the transformed
section method such that the steel components in the girder and steel reinforcement are
transformed to the equivalent concrete section. The modular ratio (ratio of the modulus of
elasticity of the steel (202 GPa) to the modulus of elasticity of the concrete (49.5 GPa)) used
is based on the material testing undertaken on the concrete and ste? the girder. The top
chord, diagonals, bottom chord and longitudinal reinforcement are transformed to the
equivalent concrete section. The stiffness provided by the diagenals will vary along the length
of the plank as the diagonals are inclined with respect to the HN):S of the lattice girder
plank. An average stiffness provided by the diagonals at mid-height of the lattice girder is used
in the analytical model (elliptical cross-section for diagonal is used). This allows the stiffness
of the lattice girder plank to be determined using conventional beam theory. The comparison
of measured initial stiffness in the plank (from testing) and the predicted initial stiffness using
the analytical model (transformed ion) are sho able 4. In addition, secondary
stiffness of the plank after the initial formation of first cracking measured during the test is
compared with the analytical model by omitting the stiffness of the concrete plank in the model.
This is a conservative estimate and a measure of the lower bound of the secondary stiffness, as
the concrete will still have some tensile and compressive strength after initial crack formation.
It is expected t@e will be some discrepancy between the measured and predicted stiffness
as the analytical model is sensitive t’le material properties and does not take account of
shrinkage, creep or tension stiffening when cracking starts. For planks with tall girders (greater
than 200mm), the analytical model calculated the initial stiffness and consequently the elastic
deflection of the lattice girder planks to an accuracy of between +2 and +53%. Although, the
scope of this study is limited to comparison with five types of lattice girders, the analytical
model has the potential to be used as a tool for predicting the initial stiffness and elastic
deflection of tall lattice girder planks at construction stage. It should be noted that the Concrete
Society [19] estimated that even the most sophisticated analysis can only estimate deflection
with an error of between +15% and -30% because of the number of factors which cannot be
accurately assessed. Similarly for the tall girders, the analytical model predicts the secondary
stiffness after the onset of initial cracking with an accuracy of +26% to -26%. It is expected
that the accuracy of the analytical model for the secondary stiffness would be a lower bound,

as it does not take account of the degree of cracking, tension stiffening and residual stiffness
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of the concrete plank after the first cracks form. As the analytical model after initial cracking
ignores the stiffness of concrete plank, the predicted stiffness is more representative of the
lattice girder plank when the concrete has fully cracked and behaviour is governed by the

stiffness of the steel lattice girder and the longitudinal reinforcement.

Table 4 Stiffness of lattice girder planks

Measured | Predicted Measured Predicted Estimated
Girder Initial Initial Ratio Secondary | Secondary Ratio contribution
Plank of of
Height Stiffness Stiffness Stiffness lfness of plank to
Reference K;, K;,
(mm) Kim Kip Kam Kap overall
Kim Kom
(kN/mm) | (kN/mm) (kN/ (kN/mm) stiffness (%)
S29-
14/07/06 290 1.53 2.35 1.54 1.33 | 1.49 1.12 15%
2015
S29-
14/07/06 290 1.54 2.35 1.53 1.18 1.49 1.26 15%
2018 |
S22- ’
14/07/06 220 1.35 1.37 1.02 1.06 0.79 0.74 20%
2018
S10- -
14/07/06 h 0.62 0.42 0.67 0.52 0.13 0.25 50%
2018
W22:5-
08/05/05 225 0.59 0.69 1.18 0.46 0.39 0.85 31%
2018
W10-
10/06/06 100 0.50 0.32 0.65 0.33 0.09 0.26 62%
2018

However, for the two planks with low height girders (100mm) that were tested, the
analytical model underestimates the initial stiffness by approximately -34% and the secondary
stiffness by approximately by -74%. It is proposed that accuracy of the analytical model for

planks with small height girders is diminished because the contribution of the concrete plank
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to the stiffness of the composite plank is more significant for planks with small height girders.
For the two planks with 100mm high girders, the contribution of the concrete to the overall
stiffness of the lattice girder plank is 50% (S10-14/07/06) and 62% (W10-10/06/06)
respectively. This contrasts with the three tall lattice girders tested in which the average
contribution of the concrete to the overall stiffness of the lattice girder plank is 22%. This
suggests that the analytical model is less accurate at modelling the bending behaviour of the
concrete plank because of the various properties which are not included in the model such as
creep, shrinkage and tension stiffening. In particular, accurate detewnon of the material
properties is critical to the accuracy of the analytical model. Because the model is based on the
transformed section method, the modular ratio (ratio of modulus of elasticity of steel and
concrete) is a very important factor with respect to the predictwness. Another possible
reason for the discrepancies between the analytical model and measured stiffness is that the
concrete plank may be considered a wide slender flange, so the assumption of plane cross-
sections remaining planar during bending for beam theory may not be applicable. The low

height girders are typically used for the production of twin wall precast wall panels.

3.4  Deflection at construction stag(

The cost of temporary propping lattice girder planks during the construction phase is a
significant element for the contractor (€20-50/m?; based on information supplied by precast
manufacturer in Ireland). The higher figure would apply to projects with very high floor to
ceiling heights and, hence, the requir;ment for longer props. The props must be left in place
until the concreﬁﬁ\e in-situ toppin ches a specified compressive strength and the hybrid
concrete slab can support.its own seglg;eight and construction loading. The spacing of the
props is dictated by limiting the deflection of the planks during to construction. Typically,
lattice girder planks are manufactured in lengths such that they are continuous over at least one
line of tempo@lrops (i.e. multi-span behaviour). The European standard for precast concrete
floor products, 13747 [2], states that the midspan deflection of precast floors during
construction should not exceed 10mm for spans up to 4m. EN 13747 recommends that a
uniformly distributed load of 1kN/m? should be used for temporary loads (variable) during
construction. EN 1991-1-6 [21] covers actions during construction and provides guidance in
relation to construction loads for various types of construction activities and equipment and
also for construction loads during casting of concrete. It recommends a uniformly distributed

load of 1kN/m? for construction personnel and hand tools. For casting of concrete, it

recommends a minimum uniformly distributed load of 0.75kN/m? with an additional of 10%
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of the slab self-weight or 0.75kN/m? whichever is greater, over a 3m x 3m working area.
Typically in Ireland and the UK, a uniformly distributed of 1.5kN/m? is allowed for
construction loads and this figure is based on previous Irish and British codes of practice which
were superseded with the introduction of the Eurocodes in 2010.

Many designers when checking the behaviour of the lattice girder plank at construction
assume the plank is single span, ignore the stiffness of the concrete plank and assume the plank
is simply supported between supports and/or props. This implies that there is potential for
optimisation of the propping system if the behaviour of the floor at c?uction stage and the
critical design parameters are better understood. Using the initial stiffness determined from the
load tests, it is possible to determine the maximum span of the lattice girder plank (single span)
during construction supporting the self-weight of the in-situ topp nd a construction load of
1.5kN/m?. In Table 5, the maximum span and corresponding midspan deflection for each of
the planks tested is determined based on the plank resisting an applied moment equivalent to
bending moment at which the first cracking of the plank (Mecrack) Was recorded in the plank
during the load test (i.e. first reduction in plank stiffness). In addition, the deflection of the

the plank for the single span arr ent of 2.4m (common spacing of temporary prop

plank for various propping arrange can also be 1 igated. The predicted deflection of
-

systems) and double span arrangement of 3:6m (7.2m long plank) is also provided in Table 5
to illustrate the application of the test data to generate useful design data for the floor system
(predict deflection for various propping arrangements). The applied loading in all cases is the
self-weight of witu topping and the construction load (1.5kN/m?). It is noted in Table 5
where the cracking moment (Merack) i“ceeded and the expected deflection would therefore
be larger than the figure quoted in thé table as the lattice girder plank would have reduced
stiffness after cracking occurs. The importance of the diameter of the top chord to control

deflection at construction 1s highlighted by the fact that the two planks with similar heights

(100mm and ' /225mm) have significantly different deflection characteristics.

20



Table 5 Deflection characteristics of lattice girder planks during construction

(a) Midspan (b) Midspan
. Top Max Span Midspan deflection deflection
Girder . . when when
Plank Heiht chord (single deflection at robbin robbin
Reference & diameter span) Max Span' propping propping
(mm) (mm) (m) (mm) atL=2.4m atL=3.6m
(single span)? | (double span)?
(mm) (mm)
S29-
14/07/06 290 14 3.17 2.05 1.5 0.97
2018 1
S22-
14/07/06 220 14 3.61 2.19 1.46 0.91
2018 )
S10-
14/07/06 100 14 2.99 4.99 4.00 2.49
2018
N .
W22.5-
08/05/05 225 8 2.30 6\48 6.77° 4.223
2018
W10-
10/06/06 100 10 2.60 5.38 4.96 3.09°
) 4
2018
Notes

1) Maximum span for the plank based on initial cracking of the plank in the test (single span and
supporting self-weight of insitu concrete topping and construction loading (1.5kN/m?)).
2) Propping arrangements: (a) 2.4m Single span, (b) 7.2m Double span

j— Self-weight of insitu concrete topping and construction loading (1.5kN/m?)

2.4m

I

3.6m

T

3.6m

A

(a)

» o
> -

\ 4

&

(b)

3) Cracking moment is exceeded and therefore expected deflections would be larger than the
figure quoted in the table.
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The most critical parameter for controlling the deflection of the plank is the diameter
of the top chord. The deflection characteristics of planks S22-14/07/06 and W22.5-08/05/05,
whose girders are approximately the same height are significantly different because the cross
sectional area of the former is approximately three times greater than the latter (i.e. 14mm and
8mm diameter bars in the top chords, respectively). For the two propping arrangements
examined (single span, L = 2.4m; double span, L = 2 x 3.6m), the midpsan deflection of the
plank W22.5-08/05/05 is approximately 4.5 times the deflection of the plank S22-14/07/06.
The difference in the deflection characteristics of the two planks witl?iers which are 10cm
high (i.e. planks S10-14/07/06 and W10-10/06/06) were not as sizeable because the top chords
are 14mm and 10mm, respectively. However, as expected, the deflection of the plank with the
14mm top chords is approximately 20% less than the planks with m top chords for the two

propping arrangements examined. i,

3.5 Strain distribution

The development of strain in the top chords was broadly similar for all planks tested. Increasing
compressive strains (negative) were recorded during load test. The two strain gauges
bonded on each top chord (girder A and B in each plank, refer to Figure 8) allowed buckling
behaviour of the top chord to be measured. The measured strains in the top chords for the plank
S29-14/07/06-2018 are shown in Figure 13a and the buckling of the top chord in girder A is
clearly observed at peak load (approximately 32kN) causing excessive tensile strains on one
side of the top chord and excessive cgmpressive strains on the other side of the top chord. In
contrast, no buﬁwas observed in btop chord for S10-14/07/06-2018 (Figure 14a) when
the midspan deflection was 50mm. '

Strain gauges were bonded to each of the diagonals at the supports and in all tests the
intersection of first diagonal of the girder and bottom chord of the girder was located over the
support (50“@6). The measured strains from the diagonals in the tests are not consistent,
which suggests that imperfections in the diagonals may influence the induced strains in the
diagonals during the load tests. In an idealised lattice girder plank, it would be expected that
the diagonals would be subjected to increasing compressive strains as the load increases.
However in some tests, the measured strains between diagonals at opposite supports and at the
same support are inconsistent. The measured strains up to peak load for the diagonals at each
support for one girder in plank S29-14/07/06 are shown in Figure 13b. Initially, increasing
compressive strains (negative) are recorded but at approximately 25kN load, tensile strains are

recorded in the diagonals up to peak load. This may indicate that buckling of the top chord of
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girder A commences at this point and induces tensile strains in the diagonals as the top chord
buckles laterally in response to the increasing load. To contrast, the measured strains up to peak
load for the diagonals at each support for one girder in plank S10-14/07/06 are shown in Figure
14b. At both supports, one diagonal experiences tensile strains (positive) and one support
experiences compressive strains (negative). There is no change in the nature of the induced
strains during the load test and this is primarily due to the fact that buckling of the top chord
had not commenced at the end of the test. Similar findings were reported by Lofgren [4] in
which he conducted load tests on two similar lattice girder planks alyeasured inconsistent
strains in the diagonals similar to the findings as reported herein.

It is also noted that the strains in the diagonals suggest that the load transfer in the lattice
girder is not shared equally between the diagonals and this ma&e to imperfections and
also the geometric layout of the diagonals (angle of inclination with respect to the horizontal
and vertical axis, distance from the support, distance from edge of plank). During the
manufacture of lattice girder planks, it is® not.uncommon because of tolerances and
manufacturing practices that the girder may not be perfectly symmetrical and, therefore, this
can result in non-symmetrical load t er within the ¢

The measured strains on th surface of the concrete planks tested were generally
consistent and there was little difference between strains from the two ER gauges bonded to
the concrete surface in the middle of the plank and at the edge of the plank. This suggests that
the transverse strains on the concrete‘surface are relatively uniform. The strains on the surface
of the plank arWessive which confirms that the neutral axis of the lattice girder plank lies
within the depth of the concrete plank‘le surface strains measured by the two ER gauges on
the top surface of planks S29-14/07/06rand S10-14/07/06 are shown in Figure 13c and Figure
14c, respectively. The reduction in load at the onset of micro-cracking indicating the reduced
stiffness of the plank after the onset of cracking of the plank soffit is clearly observed.

The ured strains in the bottom chords of the girders were generally consistent for
all tests conducted and had two distinct phases. Initially, up to the onset of the first cracking in
the concrete plank, increasing compressive strains are recorded. At first, this may appear
surprising but it confirms the strain profile plotted in Figure 12 which shows that the neutral
axis for the uncracked lattice girder plank lies below the bottom chords of the girder. Hence,
in the uncracked state, approximately the top half of the plank (65mm overall thickness) is in
compression. The bottom chords are positioned in the top portion of the plank as the girders sit
on the transverse reinforcement (H12 bars at 100mm centres) which are located 25mm above

the plank soffit to comply with cover requirements. This first phase of increasing compressive
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strains may be clearly identified in Figure 13d, which plots the measured strains in the four
bottom chords of the two girders in plank S29-14-07-06 up to peak load. The significant tensile
change in strain at approximately 11kN measured in the bottom chords indicates the point at
which the concrete plank cracks initially. After cracking of the concrete, the bottom chords in
combination with the longitudinal reinforcement in the plank must resist the tensile stresses
and this is clearly observed by the increasing tensile strains up to peak load.

The five ER gauges bonded to one of the longitudinal reinforcement bars (B2 layer,
H10 reinforcement at 100mm centres, 3.6m long) embedded in the cm?e are at 0.8m centres
and, therefore, allow the development of strain along the plank to beé measured. The measured
strains in the instrumented longitudinal reinforcement in plank S29-14/07/06 and S10-14/07/06
are shown in Figure 15. The ER gauges on the reinforcement baN‘tjelled in sequence A-E
(‘A’ is located 200m from end of the bar, ‘C’ is in the middle of the bar). Similar to the
measured strains at midspan in the bottom chords, the measured strain in the longitudinal
reinforcement has two distinct phases. This is€xpected as both the longitudinal reinforcement
and bottom chord are positioned on top of the transverse reinforecement during the manufacture
of the lattice girder plank. As descri reviously, wit ence to the strains in the bottom
chord, the measured strains in the 1¢dinal reinforcement were compressive up to the onset
of the cracking of the concrete plank. After cracking of the concrete plank, the longitudinal
reinforcement is subject to increasing tensile strains up to peak load.

The magnitude of the measured strains in the ER gauges located 200mm from the end
of the 3.6m nges A and E) at either end is typically small, as they are close to the
supports where the bending stresses are relatively small. The three central ER gauges (Gauges
B, C and D) are located at approximately midspan and adjacent to the load points on the support
side of the plank. The measured strains along the longitudinal reinforcement at the approximate
locations of the load points (Gauge ‘B’ and ‘D’) show slight differences which indicates that
after cracking of the plank commences, the strain distributions along the reinforcement are not
symmetrical. This'is confirmed by observing the crack formation during the tests as typically
cracking is initiated at one of the points and increased crack widths and deflection is noted in

the vicinity of the load points.
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Figure 13 Measured strains of specimen S29-14/07/06-2018
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Figure 14 Measured strains of specimen $S10-14/07/06-2018
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The strain profile for the longitudinal reinforcement during the load for plank S10-
14/07/06 1s shown in Figure 16. Figure 16a plots the measured strains along the longitudinal
reinforcement when the concrete plank is uncracked. Up to the first crack (load less than 6kN),

A 4
1s linear elastic and the recorded strains along the longitudinal bar are

the lattice girder ilink
compressive he bar is located a?e the neutral axis and broadly symmetrical. When

cracking occurs, the longitudinal reinforcement must resist the tensile stresses in the plank and
restrain the extent and width of cracking in the concrete. The strain reversal from compressive
to tensile strains after cracking is shown in Figure 16b, which shows the increasing tensile
strains along the reinforcement. The location of the large tensile strains adjacent to one of the
load points (~2 m from internal support, 1000mm from external support) indicates that
the cracking in the concrete plank is most extensive at this location. Also, it is noticeable that
the order of magnitude of the tensile strains in the reinforcement after cracking are significantly
greater than the compressive strains in the reinforcement prior to cracking. The observed
cracking of the soffit of plank during the load test confirms that the extent and width of cracks
were greatest adjacent to the load point closest to the external load point. The crack pattern on

the plank soffit adjacent to the external load point after the load test is shown in Figure 17. The
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cracks generally run in the transverse direction along the plank soffit and the crack widths were
greatest in the region adjacent to the external load point.

The main findings from analysis of the strain data from the ER gauges in the various
load tests are:

e Top chord — Increasing compressive strains until buckling occurs.

e Diagonals — Inconsistent strain data which suggests that manufacturing imperfections
and geometric layout of the girders can influence the load transfer mechanism in the
lattice girders. ’

e Top surface of concrete plank — Increasing compressive strains.

e Bottom chord — Increasing compressive strains whilst plank is linear elastic. After
cracking of concrete plank, increasing tensile strains.

e Longitudinal reinforcement — Increasing compressive strains whilst plank is linear
elastic. After cracking of concrete plank, increasing tensile strains.

The average strains in the top chord (4No.), top surface of concrete plank (2No.) and
the bottom chords (4No.) for plank S29-14/07/06 and S10-14/07/06 are shown in Figure 18.
Similar to strain profile generated f oncrete planMre 12, the measured strains can
be used to analyse the strain distrib(‘;rough the overall section of the lattice girder plank.
When the concrete is uncracked, the lattice girder plank is linear elastic. After the initiation of
cracking of the concrete plank due to the tensile stresses, the stiffness of lattice girder plank
reduces and the majority of the stiffness is provided by the lattice girder and the tensile
reinforcement”concrete plank. The measured strains illustrate the increasing tensile
strains in the bottom chords and increasing compressive strains in the top chord as the load
increases. The strain profile for the S10-14/07/06 plank (Figure 18b) clearly shows the linear
elastic phase of the load test (up to ~5kN load) and the non-elastic phase after cracking of the

concrete 1S initiated.
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3.6 Ultimate limit state

y

Failure of the lattice girder planks is typically due to buckling of the top chord or diagonals in
compression.pof the diagonals is only critical for tall lattice girders (i.e. deep concrete

slabs) in which the buckling length diagonals can be critical. In all cases, the deflection

of the plank at failure (peak load) exceeded 10mm, which means that the serviceability limit
state of deflection and eracking of concrete were the critical design checks rather than the
ultimate limitstate. In tests conducted for this study, three failure modes were observed (Figure
19); buckling of the diagonal (1No.), buckling of the top chord between diagonals (3No.) and
lateral buckling of the top chord with lateral deformation (2No.). A summary of the failure
modes and peak loads for the tests conducted is shown in Table 6. When failure was due to
buckling of the diagonals, initial buckling occurred in diagonals close to the support and as the
load increased, buckling of other diagonals followed. When the failure mode was buckling of
the top chord, initial buckling was observed close to the load point at one-third span which is

the location of combined maximum moment and maximum shear acting on the plank.
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(b) lateral buckling of top chord (c) budkling of top chord between
[S29-14/07/06_2018) diagonals (W22.5-08/05/05)

A ]
' Figure 19 I!!llure mode of planks

>

Although the t ata is limited to six tests, the buckling failure mode of the top chord

with tall girder; 00mm) is more likely due to lateral buckling of the entire top

chord rather localised b ckwumen the diagonals. In contrast, buckling of the top
chord with shallow girders is due to buckling of the top chord between the diagonals. As the
length of diag i ses foﬁall girders, the lateral restraint provided by the diagonals to
consequently lateral buckling of the top chord is more likely than
buckling bet the top chords. This suggests the buckling resistance of the top chord for tall
girders is a function of the lateral restraint provided by the diagonals in addition to the diameter
of the top chord. The other interesting observation from the tests conducted was the different
failure mode for the same plank (S29-14/07/06) tested in 2015 and 2018. Although the initial
stiffness of both planks were very broadly similar (1.53kN/mm and 1.54kN/mm), the plank
tested in 2015 failed due to buckling of the diagonals and the plank in 2018 failed due to the
buckling of the top chord. There are several factors which could explain the different failure of
two planks with the same lattice girder configuration such as initial imperfections that can

result from the manufacturing process or handling of the lattice girder, material properties and
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restraint by diagonals. Based on the tensile tests conducted, the average yield stress for the top
chord of the plank tested in 2015 was 20% higher than the yield stress of the top chord of the
plank tested in 2018. The difference in material properties for the top chords of the two planks
would mean that the compressive resistance of the top chords in the 2015 plank were
significantly greater than the compressive resistance of the 2018 plank and may partially
explain why the top chord buckled in the 2018 test and not in the 2015 tests even if the girder
configuration and specification were similar. It is proposed to repeat this test for the next series
of tests. The difference in failure modes for the same plank also highlights the difficulty in
modelling the lattice girder plank and the importance of using accurate material properties in

Table 6 Failure mode of planks \

numerical modelling.

Girder Peak

Plank Reference | Height Load* Failure Mode
(mm) (kN)
$29-14/07/06
290 19.9 Bu f diagonals at support.
2015
$29-14/07/06
290 16.26 Lateral buckling of top chord.
2018
$22-14/07/06
220 20.36¢ Lateral buckling of top chord.
2018
’ Peak load was not reached when midspan deflection
$10-14/07/06 was 50mm. Buckling of top chord between diagonals
100 11.60
2018 was observed when midspan deflection was manually

increased to 66mm.

W22.5-08/05/05

225 3.95 Buckling of top chord between diagonals.
2018
W10-10/06/06
100 4.66 Buckling of top chord between diagonals.
2018
*Peak load per girder

The compression buckling resistance of the top chord and diagonal can be determined
by using the provisions in Eurocode 3 (Design of steel structures) [22]. Similar to most
structural codes of practice, the formulae for compression buckling provided in the Eurocodes

are based on the elastic buckling load developed by the mathematician Euler and buckling
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curves to take account of imperfections which are based on empirical data and the Perry-
Robertson formula. To accurately predict the buckling resistance of compression members one
must also allow for geometric imperfections, non-homogenous material properties, residual
stresses and end restraints conditions which may affect the actual behaviour of the top chord
and diagonal. The assumed buckling length of the top chord and diagonal are two of the key
parameters when predicting the compression buckling resistance. For the top chord, the
assumed buckling length is typically assumed by designers to be 300mm which equates to 1.5
times the distance between the diagonals (200mm). However, the buckling behaviour of the
top chord in the tests conducted suggest that the buckling length of the top chord is sensitive to
imperfections and material properties and that the degree of lateral restraint provided by the
diagonals may influence the buckling mode of the top chord. WiNd to the buckling length
of the diagonal, the actual length of the diagonal is easily defined but the degree of rotational
restraint provided by the concrete at one end and the top chord at the other is difficult to
determine. Using the formulae in Eurocode 3; the predicted peak load for the plank can be
determined by calculating the load which will produce a compression force equivalent to the
compression buckling resistance of top. chord and nal, respectively, and using the
smaller load as this will the critical failure load. A comparison of measured peak load and the
predicted failure load for the lattice girder planks tested is shown in Table 7 based on the
compression resistance of the top chord and diagonal determined in accordance with Eurocode
3. There is no guidance in the literature in relation to an appropriate buckling length of elements
of a lattice gierosed of solid steel reinforcement. The assumed buckling length of the
top chord was 300mm and the buckl’ length of the diagonal was assumed to 85% of the
length_of diagonal protruding from thé concrete plank (based on assuming pinned-fixed end
conditions and a buckling length = 0.85L). In addition, the modulus of elasticity of the steel
reinforcement was assumed to be 202GPa (mean modulus of elasticity of the top chords tested,
refer to Secti .3) and a material partial safety factor of 1.0 (ys) was adopted for the strength
of the steel reinforcement (ys = 1.15 defined in Eurocode 2 [18]).

It is clear from Table 7 that the current ultimate design check is conservative and the
global factor of safety for the lattice girder plank when comparing the peak load and the
predicted failure load (in accordance with Eurocode 3) ranges between 2.08 and 3.26. In
addition, the predicted failure mode (top chord or diagonal buckling) is not always in agreement
with the actual failure mode in tests. This suggests that further investigation is required to

accurately predict the buckling length for top chords and diagonals in the lattice girder during
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construction stage so that better predictive models may be developed for the ultimate limit state

behaviour of the lattice girder plank.

Table 7 Predicted failure of planks

Predicted Predicted
Predicted Actual based on based on Actual Global
Plank
Failure Failure Diagonal Top Chord Failure Load | Factor of
Reference
Mode Mode Resistance Resistance (kN)* Safety
(kN) N |
$29-14/07/06
Diagonal Diagonal 6.43 14.05 19.98 3.11
2015 )
$29-14/07/06 Top
Diagonal 6.43 14.05 16.26 > 253
2018 Chord e
Diagonal/
$22-14/07/06 Top
Top 9.77 10.66 20.36 2.08
2018 Chord
Chord
$10-14/07/06 Top To \
18.00 4, 11.60 2.39
2018 Chord Chor
W22.5- Top Top
2.69 1.39 3.95 2.85
08/05/05 2018 Chord Chord
W10-10/06/06 Top Top
11.19 1.43 4.66 3.26
2018 ’ord Chord i

*Failure load per girder

In all the tests conducted, failure of the bottom chords of the lattice girder was not
recorded. The bottom chords of the lattice girder in conjunction with the longitudinal
reinforcement resist the tensile forces during construction stage. To avoid tensile failure in the
concrete plan minimum area of longitudinal reinforcement is specified in the plank to
ensure that failure will occur due to the buckling of the top chord or diagonal.

Cracking was visually observed during the load tests and the cracking pattern on the
plank soffit was recorded after each test. For all tests, initial cracking was noted on the side of
the plank close to one of the load points and as the load increased the crack width would
increase and propagate along the plank soffit (Figure 10). Cracks were typically running along
the transverse direction of the plank (perpendicular with the span of the plank). The location
of the first observed cracking typically coincided with the location of the initial buckling of the
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top chord and, at failure, the crack widths were largest at the same location of the buckled
element (top chord or diagonal). At the end of the test, a series of transverse cracks were
typically observed in the middle third of the plank between the load points (Figure 20). In some
tests, in which peak load was reached relatively early during tests, additional transverse
cracking developed in the outer third of the plank between the supports and the load point. The
magnitude and extent of the largest transverse cracking was typically an indication of the
location of a failed element in the lattice girder. When a component of the lattice girder buckles

(top chord or diagonal), the tensile stresses and crack widths in the crete plank at that
location are increased as the bottom chords and longitudinal rcement must resist

additional load.

In addition to cracking on the plank soffit, some minor cracking was also observed on

typically‘ccurred in
facking of the plank

the top surface of the plank in some of the load tests (Fi
latter part of the tests and none were observed on theﬁur pri

soffit. Most cracking was observed adjacent.to the diagonals protruding from the plank and

were not reflected on the plank soffit alt&ugh cra ing w bs&d between the lattice

girders in one test (W22.5-08/05/05 of the re thought to be due to concrete
laitance (weak thin layer of fine aggregate and cement) and some of the cracking is in response

to the deformation of the lattice girder onents during the load test.

Transverse crackzon
plank soffit
{middle third of plank}

Load point

Figure 20 Transverse cracking on middle third of plank soffit
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(a) Surface cracking between (b) Surface cracking at (c) Surface cracking at
girders (W22.5-08/05/05) diagonals (522-14/07/06) diagonals (522-14/07/06)

Figure 21 Cracking on surface of plank

4. Conclusions

This paper describes six full-scale tests on precast concrete lattice girder planks which

were undertaken at NUI Galway to investigate the behaviou the hybrid concrete floor

system during the construction stage. During the constructi lanks are gmporarily
propped until the in-situ concrete topping is poured and the t ed when the in-situ
topping has achieved a specified minimum strength. concrete planks tested were similar

e of laﬁﬂg@rs (100-290mm) used
c

ru industry. Material testing

except for the lattice girder configuration Qd the r

were representative of the type of gir used in

was undertaken to determine the p eel in the lattice girder planks.

It is envisaged that the greater unders st floor system at construction stage
achieved through this experimental programme and previous research [9,10] will make it
possible to develop numerical models &hich can accurately predict the of the behaviour of the
lattice girder pla ﬂowmg cor;ruction. The comprehensive range of instrumentation
utilised in the tests allowed the behaviour of the various components in the lattice girder plank
(top chord, \E\(\)ttom chord, diagonaﬁqcrete, reinforcement) to be analysed. This rich data
will «contribute  to thxcllatively little experimental data available and will assist with the

development of accurat fumerical modelling. The experimental results illustrate that there is

nificant optimisation of the lattice girder precast floor system at construction

stage which could reduce the cost and labour required for temporary propping. Several
structural aspects can be concluded from the experimental tests conducted:

e The behaviour of the lattice girder plank has a number of distinct phases. The moment-

deflection relationship is linear and elastic initially until the onset of cracking on the

plank soffit. As load increases, the cracks widen and propagate, and the stiffness of the

plank reduces until peak load/moment is reached.
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During the linear elastic phase, the neutral axis for the lattice girder plank for all tests
was located below the longitudinal reinforcement in the concrete plank. The neutral
axis was typically located in the middle of the concrete plank (65mm thick).

The onset of cracking typically occurred at similar displacements for all tests and
appeared to be related to the tensile strain capacity of the concrete. Using the measured
strain profile on the lattice girder to extrapolate the strain on the plank soffit, it appeared
that cracking was initiated when the strain exceeded the tensile strain capacity of the
concrete. The tensile strain capacity was calculated using irylation from material
testing of the concrete used in the plank.

The initial stiffness and deflection of the lattice girder plank can be determined
relatively accurately for tall girders (height >200mm) u the transformed section
method. The elastic deflection of the lattice girder plank with tall girders can be
calculated to an accuracy of between +2 % and 4+53%.

The transformed section method may be used as a lower bound estimate for the
secondary stiffness of the of the lattice girder plank with tall girders.

The transformed section is not suita estimating the stiffness and
deflection of the lattice gir(&:k with small height girders (height = 100mm).
Experimental test data can be used to determine the deflection of the lattice girder
planks with variable propping arrangements and variable construction loading. Taking
account of the multi-span nature of lattice girder planks during construction can result
in signafﬁciencies for propping arrangements on site.

Failure of the plank at consméon stage is due to either buckling of the top chord
(bending failure) or buckling of the diagonal (shear failure). In all cases, deflection of
the plank at failure exceeded 10mm (maximum permitted deflection at construction
stage)

Impe&ns due to the manufacturing and construction process of the lattice girders
planks and differences in material properties can impact the behaviour of the lattice
girder plank at the construction stage.

The ultimate resistance of the lattice girder plank can be estimated using the
compression buckling resistance provisions in Eurocode 3. This method is sensitive to

the buckling length assumed for the top chord and diagonal of the lattice girder and the

material properties.
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4.1

An average global factor of safety of 2.7 was calculated when comparing the
experimental failure load and the calculated failure load using Eurocode 3. This

suggests that there is scope for more refinement to better predict the failure mode and

load.

Recommendations for future research

Based on the experimental testing conducted and comparison of predicted and actual

behaviour, it is recommended that further research should be undertak? the following areas:

Development of a general analytical model which can be used for the design of lattice
girder planks at construction stage.

Further experimental testing with different configurati of lattice girders (height,
spacing, top chord diameter, diagonal diameter, reinforc,;gl}

Further experimental testing investigation on both single span and multi-span propping
arrangements.

Degree of restraint provided by the diagonals to the top chord of the lattice girder.
Determine appropriate buckling lengths to be us checking the buckling resistance
of the top chord and diagonal of the lattice girder.

Impact of reinforcement in the concrete plank on the stiffness, deflection and crack
behaviour.

Contribution of diagonals of the lattice girder to the overall stiffness of the lattice girder
plank. ’

Modelling of tension stiffenin’d residual stiffness of concrete plank after cracking.
Parameter study to investigate yoptimisation of lattice girder configuration (top chord,
diagonal, bottom chord, girder height, girder spacing).

Design guide with more realistic temporary propping arrangements to control

deflection and cracking.

Appropriate factor of safety for lattice girder precast floor system at construction stage.
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