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in form of |, which served as movable supports that sustain the lat-
tice joist. The left movable support was placed at 60 cm from the
extremity of the joist while the right movable support was placed at
20 cm from the opposite extremity.

The loading was applied through a hydraulic cylinder on the metal-
lic beam and the fixed wood support which transferred the force
to the position at 30 cm from the left support. If the loading was
applied closer to the left support, the transference to the concrete
base of the joist could be through the alternative mechanisms of
shear strength of concrete.

Two deflection indicators were used (R1 e R2) in the application
point of the loading to measure the vertical displacements. The
load speed was 3 mm/min in the piston of the press, and two joists
of each height were submitted to this test, totalizing 14 tests.

would present problems for the measuring of vertical displace-
ment. Therefore, it is noted that the obtained deflection for the
span in study is perfectly measurable, justifying the adopted
span. In the middle of this span two deflection indicators were
placed (R1 and R2) in order to measure the vertical displace-
ments at this position.

The loading speed was 3 mm/min in the piston* of the jack, and
it was applied through a hydraulic cylinder fixed in the steel
beam, in a way that the wood dispositive distributed the total
force F in two application points distant 86.66 cm from the sup-
ports (in addition to this load it was considered the self-weight
of the piece). Two specimens were tested for each lattice joist
height, totalizing 14 tests.

An important observation is that the concentrated load in the mid-
dle thirds generates a stretch of positive bending moment “almost”
constant. The “almost” is due to the presence of the distributed
self-weight. Another aspect is that in the central portion can occur
buckling of the upper bar.

2.2.3 Shear tests
Figure 12 illustrates a shear test, and Figure 13 represents a cor-

responding schematic drawing.
It was used a base composed by a steel beam with cross section
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4 The equivalent static load varies with the stiffness of the piece. Those with a larger stiffness have a larger equivalent static load. It was also observed that the loading curve is nonlinear, but as a reference it can be adopted a medium

value of 100 kgf/min = 1.0 kN/min.
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Figure 13 - Schematic of the shear test (dimensions in cm)
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Table 2 - Strength of specimens to compression
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3. Test results
S

Will be present the test results of the specimens and the bending
and shear tests.

3.1 Concrete specimens

Six pairs of cylindrical specimens of 10 cm x 20 cm molded with the
base of the concrete joists were tested on April 25th, 2012 and pre-
sented the results summarized in Table 2. Analyzing this table it is
noted that the medium strength to compression of the specimens
molded on March 2nd, 2012 is f_ = 36.2 MPa, and on March 15th,
2012is f_ =38 MPa.

When a standard deviation of 5.5 MPa is considered (FUSCO [9]),
the characteristic strengths to compression are 27.15 MPa e 28.95
MPa respectively. Utilizing these characteristic values the concrete
modulus of elasticity was estimated by the equations 1 and 2, ac-
cording to Brazilian Code ABNT NBR 6118 (2007) [10].

Figure 14 - Graphic of applied force versus vertical displacement of the joist VT 20 F2 (lattice
joist with height of 20 cm; second sample tested to flexion). Carga means load, and 1 kgf = 10 N
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E, =5600.f, 4]

Ecs = 0385'Eci (2)

E, is the initial tangent elasticity modulus of the concrete, E _ is the
concrete secant modulus of elasticity, and f, is the characteristic
strength of concrete to compression (all in MPa).

3.2 Bending tests results

Each test generated a graphic for applied force versus vertical displace-
ment as illustrated in Figure 14 from which was obtained the maximum
force resisted by the joist and the corresponding force to limit deflection.
The obtained results in the flexion tests with positive bending moment are
synthesized in Table 3. Figures 15 to 17 illustrate buckling of the upper
bar, rupture of a welded node, and buckling of the diagonals respectively.

3.3 Shear test results

As well as for bending test, each shear test generated a graphic
of applied force versus vertical displacement, as illustrated in Fig-
ure 18, indicating the maximum force resisted by the joist. The
obtained results are summarized in Table 4, and Figures 15 to 17
illustrate the indicated types of failure.

4. Analysis of the results®
E—

For bending and shear tests, will be considered the results and its
applications.

Figure 16 - Rupture of the weld

Figure 15 - Buckling of upper bar

4.1 Bending tests

In the positive bending tests, most of the joists reached failure by
buckling of the upper bar or compressed diagonals, with exception
of the joist with 25 cm of height, which by a deficiency in the weld-
ing, broke also in the weld (Figure 16).

Figure 17 — Buckling of the diagonals
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5 In this section several equations are presented. They were obtained by summation of bending moments, shear forces, and homogenization of cross section. The equation of Euler’s critical loading is also used, and in section 4.3 this

equation is adapted to make it suitable for use in this work.
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of some component of the joist or the rupture of a welded node.

pp - self-weight; PD - weight of the test device; F,,, = corresponding force to deflection of 5.2 mm (L/500); F,,

Table 3 - Bending tests results

Joist pp (kN) PD (kN) F i (KN) Fraiwe (KN) Type of failure
VT 06 F1 0.2355 0.1230 0.4100 0.8608 Buckling of the upper bar
VT 06 F2 0.2310 0.1230 0.3815 0.7667 Buckling of the upper bar
VT 08 F1 0.2275 0.1230 0.6650 1.1292 Buckling of the upper bar
VT 08 F2 0.2325 0.1230 0.6500 1.1344 Buckling of the upper bar
VT 12 F1 0.2850 0.1230 1.0635 1.3897 Buckling of the upper bar
VT 12 F2 0.2865 0.1230 1.0060 1.2456 Buckling of the upper bar
VT 16 F1 0.2605 0.1230 2.2168 2.6331 Buckling of the upper bar
VT 16 F2 0.2675 0.1230 1.9935 24128 Buckling of the upper bar
VT 20 F1 0.3100 0.1230 2.5176 3.0637 Buckling of the upper bar
VT 20 F2 0.3200 0.1230 2.7000 3.2138 Buckling of the upper bar
VT 25 F1 0.2735 0.1230 2.3877 2.9661 Buckling of the upper bar and rupture of the weld
VT 25 F2 0.2860 0.1230 2.0075 2.8193 Buckling of the diagonals and rupture of the weld
VT 30 F1 0.3380 0.1230 3.0411 4.5062 Buckling of the diagonails
VT 30 F2 0.3245 0.1230 2.7421 4.4563 Buckling of the diagonals

= force that produces the buckling

ilure

Another objective of the analysis of the results is determine
effective lengths of buckling for parts of the lattice, since
the consideration of the articulated nodes (Classic Me-
chanics) is not real in these structures. The actual length
of buckling allows the determination of a limit loading for
the structure.

Tables 5 and 6 present the values of the resisting moment
and the lengths of buckling, calculated based on test results,
according to the following procedure for buckling of the up-
per bar and buckling of the diagonals. The values shown in
Tables 5 and 6 were obtained according to the sections 4.1.1
and 4.1.2.

4.1.1 Bending test with failure by buckling of the upper bar

The resisting moment and the length of buckling will be considered
in this subsection.

a) Resisting moment

The test resisting moment is calculated by Equation 3.

PD+F
_ ppXx260 +( +2 viina )x 86.67= Pt | (3)

ensaio
8

Figure 18 — Graphic of applied force versus vertical displacement of
VT 30 V2 (lattice joist with height of 30 cm; second sample tested to shear)
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Joist pp (kN) PD (kN) Fronwe (KN)
VT 06 V1 0.2330 0.0145 1.6123
VT 06 V2 0.2320 0.0145 1.8478
VT 08 V1 0.2255 0.0145 2.1677
VT 08 V2 0.2380 0.0145 2.3358
VT 12 V1 0.2885 0.0145 2.4923
VT 12 V2 0.2750 0.0145 2.5695
VT 16 V1 0.2725 0.0145 4.3061
VT 16 V2 0.2645 0.0145 3.9242
VT 20 V1 0.3090 0.0145 3.5808
VT 20 V2 0.3195 0.0145 41217
VT 25 V1 0.2800 0.0145 3.7535
VT 25 V2 0.2820 0.0145 4.3165
VT 30 V1 0.3295 0.0145 3.8113
VT 30 V2 0.3380 0.0145 3.5237

pp = self-weight; PD = weight of the test device; F,
welded node.

failure

Table 4 - Shear test results

= force that produces the buckling of some component of the joist or the rupture of a

Type of failure

Buckling of the upper bar

Buckling of the upper bar

Buckling of the upper bar

Buckling of the upper bar

Buckling of the upper bar

Buckling of the upper bar

Buckling of the diagonails

Buckling of the diagonals

Buckling of the diagonals

Buckling of the diagonals
Buckling of the diagonals and rupture of the weld
Buckling of the diagonals and rupture of the weld

Buckling of the diagonals

Buckling of the diagonals

The value 260 cm is the theoretical span of the test; 86.67 cm is
the length of the middle third of the span, relative to the application
of the load; PD is the weight of the test device; PCR’test is the critical
loading that caused the buckling; and h is the height of the joist.
b) Length of buckling

Equations from 4 to 6 were used to calculate the length of buckling
when failure was by buckling of upper bar.

2
il 9L
CR,ensaio :2—SBS (4)
E f ,ensaio
T E g
ensaio s h (5)
g f sensaio

2
nE 1
B L (6)
[ ,ensaio M
ensaio
PCR'[est is the critical load that causes buckling; /, is the moment

of inertia of the cross section of upper bar; E_ is the modulus of
elasticity of the steel, assumed with value 21000 kN/cm?; £, is
effective length of buckling; M, is the bending moment relative to

the test; and h is the height of the joist.
4.1.2 Bending test with failure by buckling of the diagonals

In this subsection will be considered the shear force, the normal
force in a diagonal, and its respective length of buckling.

a)Shear force

Shear force of the test (V,

test

) is calculated by Equation 7.

=(PD+F

ensalo ruina

)% 0,5+ ppx130 (7)

PD is the weight of the test device; F,,, . is the maximum force of
the test; and pp is the self-weight of the joist.
Axial force in a diagonal

The axial force of the test in a diagonal (N

o) 1S determined by

Equation 8°.
_ I/ensai(rg ftedrico 8
ensaio _T ( )
V.. is the shear force of the test; /i is the height of the joist;

and / f.theoret 1S the theoretical length of buckling of the diagonal
(Equation 9).

Lo =i +(abenura da tzreliga =§cm )2 . [passo do 1;(’) =20cm I (9)

c) Length of buckling
The length of buckling (f £ test ) is obtained by Equations 10 e 11.

nlE.d,

CReensaio — 2 (]0)

ensaio

[ ,ensaio

n’E. I,
N

ensaio

f ensaio

(I

Es is the modulus of elasticity of the steel, assumed as 21000
kN/cm?; ID is the moment of inertia of the cross section of the
diagonal bar; and N, is the axial force in a diagonal.

In Table 5 can be noted that, for the joists with height less than or
equal 20 cm, the effective length of buckling for the upper bar is

smaller than the distance between the nodes (20 cm). This is ex-

IBRACON Structures and Materials Journal + 2013 + vol. 6 +n°4

& This equation is due to the balance of forces in an upper node of the joist.
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Table 5 - Resisting moment and length of buckling obtained with
test results of the joists which presented bucking of the upper bar

JOis" pp (kN> PD (kN) Fluln (kN> Mtesi (chm) Miheore!lcul (kN'cm) M!est/Mtheorei el,teﬂ (cm) ef,!esi/zo Average

VIO6F1 02355 0.1230 0.8608  50.2867 19.7781 2.54 1254 063 .,
VIO6F2 02310 0.1230 07667  46.0626 19.7781 2.33 13.11 0.66 '
VIO8F1 02275 01230 11292 616578 26.3708 234 1308 065 .o
VIO8F2 02325 0.1230 1.1344  62.0457 26.3708 2.35 1304 065 '
VI12F1 02850 01230 1.3897  74.8154 39.5563 1.89 1454 073 o,
VI12F2 02865 01230 12456  68.6195 39.5563 173 15.18 0.76

VI16F1 02605 0.1230 26331 1279018 97.7105 131 17.48 087 ;g0
VI16F2 02675 01230 24128 1185826 97.7105 121 18.15 091

VI20F1 03100 0.1230 3.0637  148.1706 122.1381 121 18.16 091 -
VI20F2 03200 0.1230 32138 1550002 122.1381 127 17.75 0.89

VI25F1 02735 0.1230 29661  142.7549 152.6726 0.94 20.68 1.03 105
VI25F2 02860 0.1230 28193  136.7996 152.6726 0.90 21.13 1.06 '
VT 30 F1 - - - - - - - - _
VT 30 F2 - - - - - - - -

pp - self-weight; PD - weight of the test device; F,,, - force that causes buckling of some component of the joist or the rupture of a welded node;
M., — moment obtained in the test; M, - resistant moment; €., - effective length of buckling; 20 - length between welded nodes of the
upper flange, in centimeters; Average - medium value of &,,./20 for joists of same height.

plained by the stiffness that the welded node provides to this upper is small, increasing the length of buckling.

bar. In theoretical predictions, this node is considered as a perfect  Looking at Table 6, it is noted that the concrete base provides an
articulation. However, when the length of the diagonals increases  additional stiffness to the diagonals, decreasing the length of buck-
(joist with 25 cm of height) the stiffness given by the welded node  ling obtained with the test. The length of buckling of the diagonal of

Table 6 - Shear force and length of buckling obtained with the
test results of the joists which presented bucking of the diagonals

pp PD F

failure Vtes1 Ntes1 el,theore! Ntheore! N!esi/ ef,!es! ef,!est/ Avera e
(kN) (kN) (kN) (kN.cm) (kN.cm) (cm) (kN) N, (cm) &,.. -

VT 06 F1 - - - - - - - - - -
VIO6F2 - - - - - - - - - -
VT 08 F1 - - - - - - - - - -
VIOBF2 - - - - - - - - - -
VT 12 F1 - - - - - - - - - -
VI12FR2 - - - - - - - - - -
VT 16 F1 - - - - - - - - - -
VI16F2 - - - - - - - - - -
VT 20 F1 - - - - - - - - - -
VI20F2 - - - - - - - - - -
VI25F1 02735 01230 29661 16631 09054 2722 08581 106 2650 097
VI25F2 02860 01230 28193 15951 08684 2722 08581 101 2706 099
VI30F1 03380 01230 45062 24611 13074 3187 06259 209 2205 069
VI30F2 03245 01230 44563 24303 12911 3187 06259 206 2219 070

Joist

0.98
0.69

pp - self-weight; PD - weight of the test device; F,,, - force that causes buckling of some component of the joist or the rupture of a welded node;
V...~ shear force obtained in the test; N,., - normal force in a diagonal;

£,,..... - theoretical length of buckling; N, - resistant normal force; £,,., - effective length of buckling;

Average - medium value of &,,../¢,,..., for joists of same height.
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E., - concrete secant modulus of elasticity; d, ... coefficient E/E_;

product; El

test

Table 7 - Determination of the product of stiffness relating to the test

. ¢BS ¢B| Flim ECS x

Joist —om) (mm)  &N)  kN/emd) O (cm)
VIO6FI 60 42 04000 04000 820 171
VIO6F2 60 42 03815 03815 820 171
VIOBF1 60 42 06463 06463 820 186
VIOBF2 60 42 06405 06405 820 186
VI12F1 60 50 10635 10635 820 214
VI12F2 60 50 10060 10060 820 2.4
VI16F1 70 50 22168 22168 847 282
VIT6F2 70 50 19935 19935 847 2.82
VI20F1 70 50 25176 25176 847 320
VI20F2 70 50 27000 27000 847 3.0
VI25F1 70 60 23877 23877 847 36
VI25F2 70 60 20075 20075 847 36
VI30F1 80 60 30411 30411 847 480
VI30F2 80 60 27421 27421 847 480

@, - bar diameter of the upper flange; @, - diameter of the bars of the lower flange; F,,, = corresponding force to deflection of 5.2 mm (€/500);

x (cm) - center of gravity position of the homogenized section; IH - moment of inertia of the homogenized section; El,.., - theoretical stiffness
- stiffness product relating to the test; Average - average value of El,/El

(kﬂ'.héo;:z) Average

91.20 23358202 2399383 1.03 1.00
91.20 33582038 2288411 0.98

151.54 81253 3898997 1.00 0.99
151.54 3881253 3857008 0.99

324.53 8311565 6379359 0.77 0.75
324.53 8311565 6034448 0.73

768.59 19062852 13297379 0.70 0.66
768.59 19062852 11957924 0.63 '
1196.73 29681592 151017151 0.51 0.53
1196.73 29681592 61958331 0.55 '
1869.21 46360733 43225151 0.31 0.28
1869.21 46360733 20419021 0.26

3417.07 84751225 82419071 0.22 0.20
3417.07 84751225 6448368 0.19

for the joists of same height.

theoret

the joist 25 cm height is relatively larger than that of the joist with
30 cm. The possible explanation for this fact is that the failure of
the joist of 25 cm was characterized simultaneously by buckling
of upper bar, buckling of the diagonals, and eventually by rupture
of the weld. These combined effects reduced in a drastic way the
stiffness of the diagonals, approximating the effective length of
buckling of their respective theoretical value. Possibly these value
would be different if the weld execution was better.

4.1.3 Analysis of the maximum displacement (deflection)

On the Table 7 are presented the values of flexural rigidity (El),
calculated based on the results of the tests, according to the pro-
cedure described in this subsection.

a) Limit deflection

The limit deflection is calculated using the Equations 12 and 13.

2.F 0 1 260
alimite = e i S T T T 0,526‘”1 (]2)
1296 [(EI),.. 500 500
23.F. . 0° 1
EI = limite ]
e (3
E Alim

lim js the force corresponding to the deflection of 5.2 mm;
is the limit deflection obtained by the division of the span £ by 500,

equal to 5.2 mm in this case; / is the span between the supports
(260 cm); and (E ),est is the product of stuffiness relating to the test.
b)Theoretical value of (El)

The (El), . ValUE Was calculated to allow determination of the
ratio (El)../(EDyeoreica - It Was determined by homogenization of the
section in stage | (non-cracked concrete), and considering the se-
cant elasticity modulus of the concrete given by Equation 2. The
modular ratio is determined by Equation 14. The position of the
gravity center of the homogenized section and its moment of iner-
tia are obtained by Equations 15 and 16.

ES
0.5 (14
2 2 2
F)Zs(h_q’;s +C,om )+¢2“(¢§”+ Coom )}mé +h2b
— (15
B g +h b,
4 2
6 ol e I wa /
[H :%-I-%-I- q)ﬁ h+cnom_x_¢£ +¢ﬂ x_%_cnam na@+
63 |4 2] 1) 2
. hY o
b -
12 2
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Figure 19 - Cross section of the lattice joist
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The variables indicated in Equations 15 and 16 are illustrated in
Figure 19: X is the position of the gravity center of the homog-
enized section with reference in the base; IH is the moment of
inertia of the homogenized section; (I)BS is the diameter of the upper
bar; 0, is the diameter of the lower flange bars; /1 is the height
of the lattice; C,,,, is the concrete cover of the lower bars always
equal to 1.5 cm in the tests; bs is the lower width of the concrete
base always equal to 11 cm in the tests; hs is the height of the
concrete base always equal to 2,5 cm in the tests.

The theoretical stiffness product (El) is given by Equation 17.

theoretical

) e (17)

In Table 7 it is observed that the concrete strength influences more
the effective product of stiffness of lower joists (less than 12 cm of
height) than the value for higher joists.

4.2 Shear test

The shear test results are shown in Tables 8 and 9. Looking at
these results it is clear that the upper bar buckling occurred in the
lowest joists (heights of 6 cm to 12 cm). For higher heights (16
cm a 30 cm) took place buckling of the diagonals. This is due to
the fact of the bucking length of the diagonals be reduced by the
embedding in the concrete base, lower height of the joists, and
stiffness of the welded node.

Table 8 refers to shear tests in which the failure occurred by buck-
ling of the upper bar. It presents values of resistant moment and
buckling length calculated in accordance with procedure indicated
in section 4.2.1.

Table 9 regarding to buckling of the diagonals, in addition to buck-
ing lengths, indicated values of shear force and axial force on the
diagonals, obtained with information presented in section 4.2.2.

4.2.1 Shear force test with failure by buckling of the upper bar

a) Resistant moment

Table 8 - Moments and lengths of buckling of the shear tests
in which the joists presented buckling of upper bar

pp PD Fl«:ilura Mthaora' Mtesi/

&) N (kN KNom) My, o Le/20 Average
VT 06 V1 0.2330 0.0145 1.6123 43.1339 19.7781 2.18 13.54 0.68 0.66
VT 06 V2 0.2320 0.0145 1.8478 49.2312 19.7781 2.49 12.68 0.63
VT 08 V1 0.2255 0.0145 2.1677 57.4921 26.3708 2.18 13.55 0.68 0.66
VT 08 V2 0.2380 0.0145 2.3358 61.9002 26.3708 2.35 13.05 0.65
VT 12 V1 0.2885 0.0145 2.4923 66.1685 39.5563 1.67 15.46 0.77 0.77
VT 12 V2 0.2750 0.0145 2.5695 68.1116 39.5563 1.72 15.24 0.76 '
VT 16 V1 - - - - - - - - _
VT 16V2 - - - - - - - -
VI 20 V1 - - - - - - - - _
VT 20 V2 - - - - - - - -
VT 25 V1 - - - - - - - - .
VT 25 V2 - - - - - - - -
VT30 V1 - - - - - - - - _
VT30 V2 - - - - - - - -

pp - self-weight; PD - weight of the test device; . - force that produces buckling of some component of the joist or rupture of a welded node;
M, - maximum moment of the test; M,...,- theoretical resistant moment; €, - effective length of buckling; 20 (cm) - length between the welded
nodes of the upper bar; Average - average value of the ratio £f,,,,, for joists of the same height.
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VT 06 V1
VT 06 V2
VT 08 V1
VT 08 V2
VT 12 V1
VT 12 V2
VT 16 V1
VT 16 V2
VT 20 V1
VT 20 V2
VT 25 V1
VT 25 V2
VT 30 V1
VT 30 V2

0,2725
0,2645
0,3090
0,3195
0,2800
0,2820
0,3295
0,3380

Table 9 - Shear and axial forces on the diagonals, and buckling lengths
of the shear tests in which the joists presented buckling of the diagonals

)
(kN)

0,0145
0,0145
0,0145
0,0145
0,0145
0,0145
0,0145
0,0145

FI‘czllure

(kN)

4,3061
3,9242
3,5808
4,1217
3,7535
4,3165
3,8113
3,5237

Vies
(kN)

3,8380
3,5050
3,2258
3,6971
3,3636
3,8506
3,4329
3,1878

N..q
(kN)

2,3132
2,1126
1,8319
2,0995
1,8313
2,0964
1,8237
1,6935

L

f,theoret

1(cm)

19,29

1929 08510 248 1224 0,63 0,62
22,72 06135 299 1315 058 056
22,72 06135 342 1228 054 '
2722 08581 213 18,63 0,68 0.66
2722 08581 244 1742 064 '
31,87 06259 291 18,67 0,59 060
31,87 06259 271 1938 0461 '

Ntheorel

(kN)

0,8510

N.../
N

2,72

theoret

I'f,!est

(cm)

11,70

Lf,!est/

Lf,!heoret

0,61

Average

pp - self-weight; PD - weight of the test device; F,
V,

test

length of buckling; Average - average value of the ratio €f,.../€

failure

fiedrico

- force that produces buckling of some bar of the joist or the rupture of a welded node;
- shear force of test; N,,,, - axial force on a diagonal; &,,...... - theoretical length of buckling; N
for joists of the same height.

- theoretical axial force; €,,., - effective

theoret

The resistant moment of the test (M ., ) was determined by Equa-
tion 18.

570 Lo X 93

=(PD+F,
22

ensaw ruina ) CR ,ensalo ( ] 8)

PDis the weight of the test device; F/mzme is the force that causes
failure; ppis the self-weight; Pcm ., Is the critical loading that
causes buckling; and 4 is the height of the joist.

b) Length of buckling

The effective length of buckling concerning the test (Ef,test ) was

calculated using the Equations 19 to 21.

n’E.I
CR,ensaio = EZ—SBS (]9)
[ ,ensaio
_T PE.I nE T
ensaio f oo (20)

n’E .1,
M

ensaio

f ,ensaio

h

@)

Py o8 the critical load that causes buckling; £, is the modulus

of elasticity of steel, with assumed the value of 21000 kN/cm?;
1, is the moment of inertia of the cross section of the upper bar;
M ., is the maximum moment relative to the test; and / is the
height of the joist.

4.2.2 Shear test with failure by buckling
of diagonals

a) Shear force
The shear force of the test ( V., ) is given by Equation 22.

1 4
19  ppX43

=(PD+F
22 110

(22)

ensalo ruina

PD is the weight of the test device; Fp.
plied force; pp is the self-weight.

b) Axial force on a diagonal

To calculate the axial force of test on a diagonal (
237 was used.

is the maximum ap-

test ) Equation

_ Vensaio E 1 Jtedrico

2.1 @)

ensaio

Vst is the shear force of the test; gftheoret is the buckling
theoretical length of the diagonal (Equation 9); h is the height
of the joist.
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c) Length of buckling
The effective length of buckling (ff,,est ) is given
24 and 25.

by Equations

2
n E.1
CR,ensaio = Z—SD = ensaio (24)
f f.ensaio
n’.E.l
gf,ensaio = |[—= (25)
ensaio

[D is the moment of inertia of the cross section of the diagonal
bars; Es is the modulus of elasticity of steel, with the assumed
value of 21000 kN/cm?, N, is the axial force of test on a
diagonal.

It is observed in Table 8 that the effective length of buckling
obtained in the test for the upper bar is smaller than the dis-
tance of 20 cm between the nodes. This is explained by the
stiffness that the welded nodes provide to the upper bar. In a
theoretical calculation these nodes are considered as perfect
articulations.

In Table 9 it is noted that the concrete base provides additional
stiffness to diagonals, decreasing the effective length of buckling
obtained through the test. Again it is noted that the welded node
with a finishing deficiency in the joist of 25 cm of height generated
a relative length of buckling larger than in the joist of 30 cm.

4.3 Application of the results

As mentioned in item 1, in the assembly of slabs with lattice joists
there is a space between the scaffold support lines. As indicated,
the main objective of this work is to provide information for calculat-
ing the maximum spacing that can be used.

The position of the support lines defines a static scheme of the
joist, where each line can be simulated as a simple support, as
illustrated in Figure 20. With this static scheme are obtained bend-
ing moments and shear forces due to self-weight of the joist, weight
of fresh concrete, filling of the slab, workers and equipments used
in the phases of assembly and concreting. These efforts must be
resisted by the joists, as it was already commented.

The resistant efforts of the lattice joist are function of the buck-
ling lengths of the bars which compose the lattice. These buckling
lengths were determined in the tests. Therefore, the application of
the test results consists in finding the resistant moment and the
resistant shear force of each joist.

The failure modes observed in the tests were: buckling of the up-
per bar under effect of positive bending moment; buckling of the
diagonals due to shear; and failure of the weld in a node, also by
effect of shear. In the sequence, are determined equations for ob-
tain resistant moments and shear forces related to buckling of the
diagonals and rupture of the weld.

4.3.1 Buckling of the upper bar due to bending moment

Figure 21 shows the internal forces scheme of a joist solicited by a
positive bending moment.

The design resistant moment (M ) and the effective length of

d,res

Figure 20 - Static scheme and effort diagrams of a joist with the supports

g9+q

L1 L2

L3 L4

~ 1 ~1 7  ~_ | “

BENDING MOMENT

SHEAR

6360 I
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Figure 21 - Internal force scheme of a joist solicited by positive bending moment

L_f,theoretical,BS = ZOCm

PCR is the critical load of buckling of the upper bar; /; is the height
of the lattice; ES is the modulus of elasticity of steel, with the as-
sumed value of 21000 kN/cm?; IBSis the moment of inertia of the
cross section of the upper bar; and Average is the value indicate
in the last column of Table 8.

Safety is guaranteed when respected the condition:

i -
- \3:’, ' Mse
A
FBI
buckling ( ¢ 1 test ) are calculated using Equations 26 to 29:
Md,res 2 MSd (30)

Md,res = PCR h (26)
Msdis the design bending moment.

o n Z'ES"[BS (27) 4.3.2 Buckling of the diagonals due to shear

CR — 2
ff’ensaio Figure 22 illustrates the scheme of internal forces of a joist sub-
jected to shear.
The value of axial force ( )V ) which compresses a diagonal is
given by Equation 31.
_mlE, I 5 2
dyres £2 - ( 8) VSd“g wwérico.D
1 ensaio N =] 7f’ e, (3])
2.h
— 5 7y — 5 Js V_ is the shear force of design; 14 is the theore |cal
=0 . = d [ theoretical ,D
ff »ensaio gf IR Média=20.Média (29) Iersmgth of buckling of the diagonal, given by Equatlon 9; and

the height of the joist.
Critical axial force P D) that causes buckling of a diagonal is
given by Equations 32 and 33.

niE._I

Per.p = gz—s (32)

[ ,ensaio

Figure 22 - Scheme of internal forces of a joist subjected to shear

Lbf,theoreticaI,BS = 200m

]

VSd
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[ ,ensaio = E f tedrico ,D Médla (33)

E_ is the modulus of elasticity of steel, with the assumed value

of 21000 kN/cm?; ID is the moment of inertia of the cross section

of each diagonal bar; £ ., is the effective length of buckling;
£ theoretical D is the theoretical length of buckling; and Average

is the value indicate in the last column of Table 9.

Safety is guaranteed when respected the condition:

P CR.D = N (34)

4.3.3 Failure of the weld

The shear force (V) relating to the weld strength of the top node of
the lattice must satisfy to Equation 35, adapted from NBR 14862
(2002) [3].

7 15154 41

40, (55)

(I)BS is the diameter of the bar which composes the superior flange
of the lattice; /1 is the height of the lattice; ¢, is the length be-
tween the nodes of the lattice, fixed in 20 cm.

Being Vsa the shear force of design in the transitory phase; safety
is guaranteed when is respected the condition:

node

Va SV (36)

4.3.4 Calculation of displacement

In the transitory phase is recommendable that the maximum dis-
placement of the joist is smaller than the value of the span divided
by 500 ( ¢ /500 )- The values of the product of stiffness (El) shall
be calculated as shown in Equation 37, using Equations 3, 15,
and 16.

(EI)=(El),,,.. .Média=E I, .Média 37)

tedrico

E s IS the concrete secant modulus of elasticity, calculated with
the characteristic strength fck,']H is the moment of inertia of the
homogenized section; and Average is the value indicated in the

last column of Table 7.

Figure 23 - Static scheme of the joist

pP=g+q

4.3.5 Example of application

This example considers the equations presented in jtems 4.3.1
to 4.3.4. The goal is to find the maximum span (* ) between
two supports for the joist TR 16 745.

a) Data of the example

Figure 23 illustrates the static scheme of the joist. A concrete
cover of 5 cm was adopted, with main inter-axis of 49 cm, and
transversal inter-axis of 129 cm. The width of the rib is 9 cm
and the filling is in expanded polystyrene (EPS) as Figure 24
illustrates. The concrete base of the joist was admitted withf[/ﬁ
= 35 MPa.

P is the total load uniformly distributed; g is the permanent
load (includes self-weight of the joist; filling, and fresh concrete
placed on the slab); ¢ is the variable load (includes workers
and equipments for concreting).

b) Loading

With the indicated characteristics a permanent load of 2.23 kN/
m? acts in the slab. A variable load of 1.50 kN/m? is adopted.
The loading for the verifications of ultimate limit state (ULS) is
considered with the coefficients of increasing for combination
of construction actions indicated in ABNT NBR 6118 [9] (Equa-
tion 38).

Figure 24 - Cross section of the main rib

Fresh concrete

‘5CITIL

m
U
(2}
16cm

Trussed

638
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pa=049.(2,23.13+1,50.1,2) = 2,30kN / mvigota  (38)

tensio =t o - Média =19.29.0.62=11.96 cm  (44)

However, the loading for verifying excessive deformation in Ser-
viceability Limit State is indicated in Equation 39, for almost perma-
nent combination of actions.

Paser =0,49.(2,23+1,50.0,4) = 1,39kN / m vigota (39)

c) Efforts in ULS
For the isostatic joist the values of the efforts are (Equation 40):

{€2 2
L 2875%10°™.0* (kN .cm  vigota)
88 (40)

=2t SO 510200 vigota

MSd

¢ is the searched span in centimeters.

d) Buckling of the upper bar due to bending moment (ULS)
This verification uses the equations from item 4.3.1. By Equation
29 is determined * f test (Equation 41), where Average value is
obtained in Table 5 for joist TR16745.

l =/ .Média =20.0,89=1780cm (4])

[ sensaio f ,tedrico

The resisting moment of design is calculated with Equation 28 and
the result is (Equation 42):

_PE Iy e 2100007 /64)
dtes ‘€2 17’802 .

f ensaio

M 16=123,36 kN.cm/ vigota (42)

The maximum value of ¢ in this verification of buckling is given by
Equation 43, using the condition:

Md,res 2 MSd
123,36 > 2,875x107.0?
¢ <207]14 cm = Valor 01

(&)

e) Buckling of the diagonals due to shear (ULS)

This verification is made with the equations from item 4.3.2. The
value of £ . is determined by Equation 33, with Average
value obtained in Table 9, for joist TR16745 (Equation 44).

The critical normal force (PCR ) which causes buckling of the diagonals

is given by Equation 32, with the result being shown in Equation 45.

. wE.I, m*.21000 (x.0,42*/64)
Dy 11961

f ensaio

=221kN  (45)

The value of the normal force of compression ( ) in the diagonal
is given by Equation 31 and the result is shown in Equation 46.

_ Voo tericap _ 115.107 £.11,96

o T 430.10°/ (kN) (46)

N

In this verification of buckling of the diagonals, the maximum value
of ¢ is given by Equation 47 using the condition:

Perp 2N

2,21>430x107°/
£ <514,18 cm = Valor 02

(47)

f) Rupture of the weld (ULS)

The maximum shear force that can be applied in the joist so there
is no weld rupture of the upper node is given by Equation 35, item
4.3.3. The result is shown in Equation 48.

_15moieh 157m0,7%.16
44 4.20

v =4,62 kN

(43)

no

Safety is guaranteed when is respected the condition:

Ve, <V
11,5107 /< 4,62
<401,74 cm = Valor 03

(49)

g) Serviceability limit state of deflection

To determine the deflection is necessary to calculate the effective
stiffness product of the joist according to Equation 37 in which the
Average value is obtained in Table 7 for joist TR16745. Equa-
tion 50 illustrates this calculation considering the concrete secant
modulus of elasticity ECS obtained with Equation 2, and the mo-
ment of inertia IH of homogenized section, with Equation 16.

(ED) =E I, Média =2816,05. 67438 . 066 = 125376967 kN.em®  (50)
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The maximum displacement of this joist happens in middle of the
span /. According to the Classical Mechanic, its value is given by
(Equation 51):

Splt 5.00139 ¢

Flecha = = =
384 El 384.1253769,67

144,10 (em) (51)

The serviceability limit state of deflection is verified when is re-
spected the condition:

Flecha, ;. = Flecha
s 1aax10700 (92)
500

¢ <240,18 cm = Valor 04

h) Maximum span

Observing the four values obtained for Y4 , it is verified under the
conditions of this example that the maximum is the relative to buck-
ling of upper bar. Therefore, the maximum span that can be used
in this case is 207.14 cm.

5. Conclusion

EE

As explained in section 1 the lattice slabs are composed of inde-
pendent elements (lattice joists and filling elements) disposed in a
way to form a panel that when it receives a concrete layer, begin to
work as a single system.

During assembly of this structure must be placed scaffold support
lines to ensure the positioning of these elements, even when the
structure is subjected to loads such as the weight of concrete cov-
er, movement of workers, equipments, etc.

The aim of this study was to provide useful data for calculating the
economic scaffold support distance which ensures safety for the
workers during the construction of the slab and results in a struc-
ture without pathologies of execution.

For this, it was necessary to carry out tests of lattice joists in labo-
ratory in order to verify the actual behavior of these elements when
subjected to loading.

It was verified that, both for the bending tests as for the shear ones,
the joists with height lower than 20 cm had failure by buckling of
the upper bar, while for greater heights, failure occurred by buck-
ling of the diagonals, except the joist of 25 cm, which presented
failure of the weld.

By analyzing Tables 5 and 8 it is concluded that the joists with low-
er height presented lengths of buckling of the upper flange smaller
than the distance of 20 cm between the nodes. Therefore, these
nodes contributed to increase the stiffness of the upper flange.

In a similar way, with Tables 6 and 9 it is noticed that the concrete
base provides an additional stiffness to the diagonals, decreasing
the effective length of buckling obtained in the test.

The lengths of buckling obtained from the tests were useful to cal-
culate the maximum compression force which can be resisted by
the respective bars of the lattice. With this maximum resistant force
to compression, it was determined the resistant moment and the
resistant shear force of each joist.

In lattice slabs with any scaffold support distance, bending mo-
ments and shear forces are generated. These efforts must be
smaller than the resistant ones. The resistant moment is always
equal for the joists of same height and the same diameters of the
bars because the length of buckling is constant for them. This
length of buckling was defined and calculated in the tests.

The deflection is determined by the elastic line of the joist, which
depends on the static scheme and the scaffold support distance.
To calculate the deflection was necessary to determine a product
of stiffness (El) that represents what occurs actually in a lattice
joist, since the theoretical value of El can not be used because the
material is not elastic and not linear and homogeneous how admit
the Classical Mechanics.

Therefore, it was determined in the test the actual value of El for
the joist, which was used to calculate the deflection in the transitory
phase of assembling and concreting of the slab. It should be em-
phasized that this deflection must be lesser than #/500, threshold
value for visual acceptability according to ABNT NBR 6118:2007
[10] in the verification of serviceability limit state relating to exces-
sive deflection.

The example detailed in item 4.3.5 demonstrates the applicability
of the results and equations given in this paper. It is noted that the
presented calculation is simple and easy for computational pro-
gramming.

This research does not close the subject and, therefore, further
tests should be done in order to refine the results and analyze
joists with bars of other diameters.
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