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Abstract

Advantages of Cold Formed Steel (CFS) structures are now well known all over the world.
The new goal is represented by the improvement of structural performances, in order to build
higher and safer constructions in seismic area. To this aim, in the framework of an Italian
project in cooperation with Lamieredil S.p.A. company, the University of Naples ““Federico
I’ developed a new Lateral Force Resisting System (LFRS), made of CFS frame braced by
Ultra High Strength (UHS) steel bars in *“V”” configuration. Three different configurations of
the LFRS, with increasing lateral capacities, were designed, and tested under monotonic and
reversed cyclic load protocols at the Lab of the Department of Structures for Engineering and
Architecture. In total, five tests on full scale 2400x2800 mm; (length x height) were carried
out. The paper provides all the details on the full-scale wall tests and discusses the obtained
results. Moreover, a test-based evaluation of behaviour factor is presented.
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1 INTRODUCTION

Many Italian reaserch projects, numerical and analytical studies demon-
strated the ability of steel systems to show very good structural [1-16].

The increasing market demand for high-performance and low-cost con-
structions oriented the choice of the last decades to a competitive and eco-
friendly solution: Lightweight Steel (LWS) systems made of Cold-Formed
Steel (CFS). In this field the University of Naples “Federico II” was really
active [17-25] and in this perspective an Italian Research Project, named as
ECCEISA [1], has recently finished, in which the main aim was the develop-
ment of an innovative LWS system with higher structural, energetic and envi-
ronmental performances. The core of the project was the evaluation of
seismic and thermal performances of a wall system braced with pre-tensioned
Ultra-High-Strength (UHS) steel bars.

The innovative wall system is mainly composed of: (1) UHS steel bracing;
(2) pre-tensioning devices; (3) chord studs; (4) tracks; (5) hold-downs; (6)
blocking profiles and flat straps.

The UHS steel bracing consists of two diagonal braces, which are pre-
tensioned dog bone shaped round bars having thread ends to allow their con-
nection and pre-tensioning. For the chord studs, a back-to-back C section was
selected, while for tracks a box section was chosen. The pre-tensioning device
is a U shape profile con-nected to the hold-down through a cylindrical hinge,
which allows the rotation in the plane of the wall.

A UHS steel (fy=1300 MPa, fu=1450 MPa) is adopted for the diag-onal
braces, while chord studs, tracks, blocking and flat straps are made of S280
GD+ Z steel grade, and devices for pre-tensioning and hold-downs are made
of S355 steel grade (fy=355 MPa, fu=470 MPa). More details about the inno-
vative wall and the design phase are available in [26].

The effectiveness and the limitations of the innovative wall system were
validated through an extensive experimental campaign carried out at Labora-
tory of the Department of Structures for Engineering and Architecture of
University of Naples “Federico II”’, which consisted of small-scale tests on
materials and nut-bar assemblies and full-scale wall tests. This paper de-
scribes in details the full-scale wall tests and the obtained results.

2 EXPERIMENTAL TESTS

The main core of the research project was the evaluation of seismic behav-
iour of the innovative wall system. To this purpose, five tests, including three
monotonic tests and two cyclic tests, were carried out on full-scale 2400 mm
long and 2800 mm high wall specimens. Two configurations of the innova-
tive wall system have been investigated, which were representative of Light
(L) and Medium (M) configurations developed. The label defines the speci-
men typology. Namely, the first letter indicates the test typology (M for mon-
otonic test and C for reversed cyclic test), the second letter is referred to the
wall specimen (L for specimen representative of Light configuration and M
for specimen representative of Medium configuration) and the number repre-
sents the test number; e.g. M_L1 means the monotonic test no. 1 carried out
on the specimen representative of the Light wall configuration. Both configu-
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ration specimens are represented in Figure 1. In both configurations and for
both protocols used, the bars were pre-tensioned before starting the test via a
torque wranch.

The test program is summarized in Table 1, in which the load type, loading
protocol and number of tests are shown.

& ’ ‘ﬁﬁ ; ol !
L Configuration wall tested M Configuration wall tested

Figure 1 Specimen tested

Table 1 Test matrix for the monotonic and cyclic tests on full-scale walls

Test La- Wall type Load Protocol Num-
bel Type ber of
tests
M L Light Monotonic - 2
M M Medium Monotonic - 1
CL Light Cyclic CUREE 1
CM Medium Cyclic CUREE 1

An available steel frame set-up for in-plane wall tests was modified and
used for the experimental activity (Figure 2). The wall prototype was re-
strained to the laboratory strong floor by the bottom beam, which has a 300 x
180 x 30 (width x height X thickness) rectangular hollow section. Horizontal
loads were transmitted to the wall through the loading beam, which has a 200
x 120 x 10 mm (width x height x thickness) rectangular hollow section. The
out-of-plane displacements of the wall were restrained by two steel portal
frames equipped with roller wheels. The tests were performed by using a hy-
draulic actuator having a stroke displacement of 500 mm and a load capacity
of 500 kN. A sliding-hinge was placed between the loading actuator and the
loading beam, in order to avoid vertical load components.
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Load Actuslor  Load Col Lul'rm —A
"

Figure 2 Wall test set-up

Six LVDTs and two potentiometers were used to measure the specimen
displacements. In particular, three LVDTs (L1, L2 and L3) were installed to
record hold-down horizontal and vertical displacements, two LVDTs (L4 and
L5) for the upper beam vertical displacements, one LVDT (L6) for wall verti-
cal displacements and two potentiometers (P1 and P2) for wall horizontal dis-
placements. The strains in selected points of the diagonal bars and studs were
recorded by means of fourteen strain-gauges. Two strain-gauges were in-
stalled on each diagonal (SG1 and SG2 placed near the middle section, where
the diameter is reduced, and SG3 and SG4 placed where the section is maxi-
mum), four strain gauges were placed on the intermediate stud in two sections
(SG5 and SG6 placed on the upper section, SG7 and SG8 on the lower sec-
tion) and six strain gauges were placed on the right chord stud (SG9, SG10
and SG11 placed on the upper section and SG12, SG13 and SG14 placed on
the lower section). The instrumentation pictures are shown in Figure 3. A
load cell was used to measure the applied loads.
| P1and P2

11,12 and L3 $G9, SG10 and 5G11

LA

Figure 3 Photographs of wall test instrumentation
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2.1 Monotonic tests

Monotonic tests were carried out with displacements imposed at a rate of
0.10 mm/s until the collapse of specimens occurred. The data were recorded
with a sampling frequency equal to 10 Hz.

Three monotonic tests were carried out on two L and one M walls. Results
for M_L2 and M L1 specimens are provided in Errore. L'origine riferi-
mento non é stata trovata., in term of load (H) vs. inter-storey drift ratio (dr)
curves. The displacements used for the evaluation of inter-storey drifts were
measured by potentiometer P1, whereas load was provided by load cell.

Numerical values are provided in Table 2, according to the following pa-
rameters:

- Ho: wall strength corresponding to the end of the Phase (1);

- He: wall conventional yield strength evaluated according to
ECCS procedure [9];

- Hy: wall strength corresponding to the end of the Phase (2);

- Hp: maximum recorded load corresponding to the end of the
Phase (3);

- de: yield displacement evaluated according to ECCS procedure
[27];

- dmax: maximum displacement, evaluated in correspondence of
Hp

d.e: yield inter-storey drift ratio, equal to de/h;

- drmax maximum inter-storeydrift ratio, equal to dmax/h;

- ke: initial elastic stiffness corresponding to the tangent to ini-
tial part of the response curve, equal to He/de;

- W ductility, equal to the ratio between the conventional ulti-
mate displacement and displacement at conventional elastic limit load
dmax/ de or equally dimax/ dre.

Globally, for all the specimens the monotonic response showed a three-
phase lateral behaviour. In particular, the curves are characterized by three
different branches: (1) the first linear branch with a stiffness ke; (2) once
achieved Ho, the second branch characterised by a linear response having a
stiffness smaller than ke; (3) once achieved Hy, the third branch characterised
by a nonlinear response.

M _L2 and M_M1 specimens showed the same collapse due to the tension
failure of the bar, whereas in M_L1 specimen, during the phase (3), nut fail-
ure happened, since only one 12 property Class nut was employed. The col-
lapse mechanism observed in M_L2 test is provided in Figure 5. Comparing
the results of two nominal identical tests, M_ L1 and M_L2, can be noticed
that:

- small differences in terms of Hy and H,, were revealed, equal to
about 3% and 1%, respectively;

- high differences in term of inter-storey drift ratios achieved
were registered, equal to about 19 and 51% for d.. and drmax, respec-
tively, since the M_L1 showed a brittle nut failure.
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Figure 4 Results of M_L2 and M_MI tests

e

Figure 5 M_L2 test: collapse mechanism

Table 2 Monotonic test results

Results of M M1 test

Test
Ho [kN]

He [KN]
H, [kN]

H, [kN]
de [mm)]
dmax
[mm]
dr.e [%0]
dr,max
[Yo]
Ke
[KN/mm]

ul-l

M L1

37.99
100.0
0
103.9
9
120.5
4

26.60

87.21
0.95

3.11

3.76
3.28

M L2
47.73

99.00
106.90

121.89
33.04

179.01
1.18

6.39

3.00
5.42

M_MI
71.01

125.00
144.32

162.18
23.80

118.86
0.85

4.25

5.25
4.99
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2.2 Reversed cyclic tests

Cyclic tests were carried out by adopting a loading protocol known as
“CUREE ordinary ground motions reversed cyclic load protocol” developed
for wood walls by Krawinkler et al. [28], modified according to the prescrip-
tion given in Velchev et al. [29]). The general cyclic protocol is summarized
in Figure 6. Since A obtained from monotonic results was not really different
between L and M configuration, the same specific protocol was adopted for
both C L1 and C_MI tests.

250.00

200.00

150.00

100.00

50.00

E AAAAAAAAAAA AAAAAAAAAAAAAAAAAAAAA A

D [mm]

0-00 'V"v'(vv'vW'V'Vvvvvvvvvvvvvvvvv Vv

-50.00

-100.00

-150.00

-200.00

-250.00
0 5 10 15 20 25 30 35 40 45
nr. cycles [-]

50

Figure 6 CUREE cyclic protocol adopted for C L1 and C M1 tests

The cyclic curves obtained (Figure 7) showed a behaviour rather symmet-
rical. The three-phase behaviour also characterized the cyclic response, but
only in pushing. In fact, for both specimens collapse happened immediately
reached the Phase (3) in pushing (positive range), whereas in pulling (nega-
tive range) the Phase (3) was not reached. Table 3 summarizes numerical re-
sults obtained. Both C_L.1 and C_MI1 specimens had the same collapse due to

the tension failure of the bar, as shown in Figure 8.
C_LI c Ml

150

H [kN]
H [kN]
»

8

100

-150 -200

Cyclic response for C_L1 test Cyclic response for C_ M1 test
Figure 7 Cyclic responses obtained
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Table 3 Cyclic test results

C_ C_
Test L1 M1
22. 21.
Hoy [kN] 00 00
90. 12
He [kN] 00 8.00
86. 14
Hy [KN] 75 6.22
11 15
Hp [kN] 6.24 1.40
25. 24,
de [mm] 76 36
dmax 70. 71.
[mm)] 60 84
0.9 0.8
dre [%] 2 7
dr,max 33 25
[%] 2 7
ke 3.4 5.2
[KN/mm] 9 5
3.6 2.9
p[-] 1 5

Figure 8 C_MI test: collapse mechanism

2.3 Discussion of results

The global behaviour of the innovative wall was evaluated through the
measurements obtained during monotonic and cyclic tests. Thanks to potenti-
ometers P1 and P2 the wall lateral behaviour was individuated. More consid-
erations can be done, if a comparison between monotonic and cyclic results of
nominally identical specimens (Figure 9) is conducted and, in particular, con-
sidering M_L2 and M_M1 as monotonic tests and C_ L1 and C_ M1 as cyclic
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tests. Results of M_L1 were not considered, since it showed nut failure, in-
stead of tension collapse of bar. It can be observed that:

- Cyclic protocol does not affect greatly the resistance of wall,
in fact, monotonic and cyclic H, difference is equal to about 5% and
7% for L and M configuration, respectively;

- Cyclic protocol greatly affects the displacement capacity of
wall, indeed the ductility of wall. In fact, difference in term of dr max is
equal to about 92% and 65% for L and M configuration, respectively;

- Monotonic and cyclic elastic stiffness exhibited similar values
for both L and M configurations (3.00 and 3.49 kN/mm for L configu-
ration and 5.25 and 5.25 for M configuration).

The data obtained from LVDTs make possible the evaluation of hold-
down stiffness and, in particular, three stiffnesses were evaluated: vertical
stiffness kv, horizontal stiffness kn and rotational stiffness k;. The adding
source of deformability 1/k¢: produced by hold-downs was evaluated, accord-
ing to Equation 1, and it was in the range 2-3x107.

Equation 1

1 1
kot  ky + kp + 2k,
Where k1 and k2 are the adding source of global stiffnesses to vertical
translation and rotation offered by hold-downs and are evaluated with Equa-
tion 2 and Equation 3.

Equation 2

ky
T h?
Equation 3

k1

LZ
kz = E kv

Therefore, from the results, it can be assumed that hold-downs are rigid
and offer a perfectly rigid restrain to the system.

Furthermore, through the local measurements given by SG, it was possible
to evaluate the distribution of stresses and quantify the horizontal load ab-
sorbed by the frame and by the bracing. According to results, the contribution
offered by the frame is really important, absorbing 50% of total horizontal
load applied to the wall.

As far as inter-storey drift ratios are concerned, experimental values
achieved were in the range 2.6%-6.8% and were always higher than design
limit drift ratio considered (2.5%).
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Figure 9 Comparison between monotonic and cyclic results

3 TEST-BASED BEHAVIOUR FACTOR EVALUATION

A preliminary experimentally based evaluation of behaviour factor was
conducted. The behaviour factor (q) was defined by the ductility-related (Rq)
and overstrength-related (Ro) modification factors.

In particular, the ductility-related modification factor Rq represents the
ability of the structural system to dissipate seismic energy, whereas the over-
strength-related modification factor Ro represents the reserve of strength of
the designed structure. The behaviour factor (q) can be estimated using Equa-
tion 4, as given in Uang [56]:

Equation 4

q=Ra- Ry
Since fundamental periods for this structural system is generally in the
range 0.1-0.5 s, the ductility-related force modification factor R4 can be eval-
uated according to the principle of equal energy (Equation 5):

Equation 5

R,=.2u—1
where p is the ductility.

The Ry factor can be evaluated through the formulation provided by
Mitchell et al. [57]:

Equation 6

Ry = Rgq - ch ) Ry:'eld "Ry

where Rsq= Ho/Hq, with He and Hg design wall resistance and seismic de-
mand, respectively;

R, = Hyn/He, with Hyn design resistance associated by yielding of the brac-
es multiplied by the safety factor ymo;

Ryieta= Hy/Hyn, with Hy experimental yielding resistance;

Rsv=Hp/Hy, with H, experimental wall strength.

In order to neglect the design overstrength, in this study the assumption of
Rs¢= Ho/Hq = 1 has been made. Therefore, the Ro factor can be evaluated
through Equation 7:

Equation 7
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Hyy )
H. H,, H, H,

Table 4 shows the values of the behaviour factors obtained by the test-
based evaluation. For the cyclic tests Ro, Rq and q were evaluated considering
the average values in pushing and pulling phases. The test M_L1 was not
considered since it showed a brittle premature failure. The average test-based
values of behaviour factors are in the range of 3.09- 4.07 for the L Configura-
tion and 3.67- 4.07 for the M Configuration. On the safe side, it can be con-
cluded that a value of behaviour factor equal to 3 can be assumed for the L
configuration and a value equal to 2.5 for the M Configuration.

Hy B _Hy

Rﬂ:

Table 4 Test-based evaluation of behaviour factor

Test M L2 M Ml C L1 C Ml
M 5,42 4,99 3,61 2,95
Ra 3,14 3,00 2,49 2,21
Ro 1,30 1,22 1,24 1,14
q 4,07 3,67 3,09 2,53

4 CONCLUSIONS

In the framework of an Italian research project, developed in cooperation
with Lamieredil S.p.A. Company, an innovative wall system was developed
and tested. The experimental tests were performed at the Laboratory of DIST
(Department of Structures for Engineering and Architecture) of the University
of Naples “Federico II”. The experimental results showed satisfactory seismic
responses, in line with the theoretical previsions, if all the prescriptions are
followed. In particular, if not well designed, the nut used for the bar pre-
tensioning can cause a premature failure of the system and the displacement
capacity is strongly reduced. The walls, in which all the design prescriptions
were respected, exhibited satisfactory force and displacement capacity.
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