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1. SUMMARY

The results of the experimental part of a study dealing with the use of concentric steel X-
braces for the enhancement of the seismic performance of existing RC structures are
presented. From the results of the tests and the intuitive configuration of the lower
connections between diagonals and columns, a novel low-cost system is suggested, the
application of which may be quite beneficial in reducing seismic vulnerability of old and
new structures.

2. INTRODUCTION

Presented herein is the 2" part of the project [1], and considered experiments on a i) small-
scale portal frame model and its analytical prediction of response, and ii) small-scale portal
frame model fitted with X-braces. The background material and the bibliography, that
concerns the use of steel X-braces for the seismic rehabilitation of existing RC structures,
can be found in the companion paper, which presents the analytical part of the whole
study. After evaluating the baring capacity of the bare frame and calibrating it with its
theoretically predicted value, three experiments were conducted with different X-brace
configurations for the same RC frame. In all these, the lower column collars were not fixed
to the base, but were allowed to freely slide upwards and/or rotate in the column. Hence (a)
the potential damage would not propagate towards the upper floors, and (b) strains were
kept low, avoiding low-cycle fatigue fracture of the braces accompanied by stable
hysteretic loops. The overall behavior of all three designs appeared satisfactory, the
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strength as well as the ductility of the frame was improved and the inelastic response of the
braces resulted in high ability to dissipate energy in a reliable manner. After complete
failure of the braces, the strength of the system dropped to that of the damaged bare frame,
and the failure mode of the X-braces came through weld fracture of one of the bottom
collar edges. No cracking or fracture was observed on the braces or the gusset plates in
spite of severe inelastic straining under large cyclic loading.

3. ANALYTICAL PREDICTION OF EXPERIMENTAL RESPONSE OF THE BF

The dimensions and properties of the bare frame (BF) are shown in Fig. 1. During the
experiment, flexural failure of the columns was observed in the frame specimen as shown
on Fig. 2a. The first cracks in the columns occurred at a lateral load of approximately 6 kN
and the frame reached a maximum strength of 16 kN at a drift of 24 mm in the 1% cycle of
loading.
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Fig. 1 Dimensions and reinforcement of the bare frame used in the experiment

For the analytical prediction of the experimental response the software RUAUMOKO [2]
was utilized. A specialized concrete beam-column element, capable of accounting for
nonlinear material behavior, was used for modeling of the frame members, while moment
curvature and axial load-moment interaction diagrams were obtained with the software
MyBiAxial [3]. The material properties obtained experimentally from concrete cylinder
and steel bar specimens were also used. In Fig. 2b is presented the lateral strength of the
frame vs the frame drift from the experiments and the predicted curve from the analysis
with RUAUMOKO software. The computed force — displacement curve follows the
experimental one in spite of some deviations within the cracking region.
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4. EXPERIMENTAL PROGRAM

The following general design principles drove the design requirements of the X-braces:

(@) Strength of the X-Brace system not to exceed 5 times the strength (bending) of the
reinforced concrete bare frame.

(b) Stiffness of the X-brace system should be of the order of the stiffness of an infill
panel if the concrete frame had an infill brick panel.

(c) The gusset plate connections on the concrete frame have to be easily implemented
in existing “piloti” frames.

One key aspect of the design was the connection of the four corner gusset plates on the
concrete frame. Due to the difficulties of column-bottom gusset plates to be connected to
the foundation (either on foundation beams or slabs) it was decided that these gusset plates
will not be connected to the foundation in the horizontal direction. The connection to the
column side of the corner was through a collar, e.g. through welded steel plates around the
column. Again, the collar was not anchored on the column, it would rather be free to slide
up the column (sliding down is prevented by the bottom plate the gusset plate is welded on
and reacting against the ground).

The upper column and beam connection of the gusset plate was through a collar to the
column (similar to the bottom connection the column collar is not bolted on the column)
and through another collar to the beam. The collar to the beam, instead of bolts going
through the beams width, was chosen for the experimental study only due to ease of
implementation. In actual structures due to the floor slab beam collar cannot be
implemented and bolts to secure the steel plates on the side of the beam have to be used.
The column and beam collars were welded along the inner edge of the beam column corner
thus the beam collar prevented the column collar from sliding down and the column collar
prevented the beam collar from sliding sideways. A great advantage of these particular
connections of the X-Brace to the concrete frame was that in real existing structures with
pilotis the bottom and top column collars can be easily constructed since the columns at the
piloti levels are free all around. This particular connectivity allows for limited rotation
and/or upward motion of the bottom column collars only and only if the brace diagonals,
connected to the collar, are in tension. In addition this limited flexibility provides the
system with an additional apparent ductility.

Based on these general requirements, three X-Brace designs were considered. The first
design called for single L20x3 brace members welded on the four gusset plates at the
corners of the portal frame and on the gusset plate at the center of the portal. The welds
were designed to have higher strength than the yield tension strength of the brace
members. This design resulted to 2.6 times higher strength and to 3.6 times higher stiffness
than the corresponding values of the bare frame as were measured from the experimental
results. The second X-Brace design called for double L20x3 brace members. This design
resulted in 5 times higher strength than the bare frame as was measured from the
experimental results. In the first two designs the experimentally obtained strength values
were relatively close to the values obtained in the preliminary design phase. The third
design called for single L25X3 brace members and the resulted strength and stiffness
obtained from the experiments were 1.9 and 3 times higher than the corresponding bare
frame values respectively.



4.1 Material Testing

Flat rectangular material specimens from all the steel (S235 grade) X-Brace designs were
cut and machined to the geometry according to E 8M-01 ASTM standard for uniaxial
tension of metals. These tests were performed with a rate of 0.5 mm/min on an INSTRON
electrohydraulic testing rig equipped with hydraulic grips. For the 1% and 3™ designs the
steel had f, = 325 MPa (38% higher than the nominal value used in preliminary design
calculations), &, = 0.178% and f, = 437 MPa. For the 2" design the steel had f, = 350 MPa
(48% higher than the nominal), &, = 0.17% and f, = 478 MPa.

4.2 Expected behavior of RC portal frame fitted with concentric steel X-braces

The expected behavior of the concrete frame with the X-braces, for all three designs under
lateral deformations consists of the stages described below. When the loading is reversed,
the same system goes through the same stages; however, the strength contributed by each
component of the system at every stage will not be the same as in the 1% loading cycle,
with the values attained expected lower.

(1) Elastic behavior: Both diagonals (tension and compression) are within the elastic
range. The RC frame contributes strength to the system without having reaches is (bare
frame) capacity.

(2) 1™ Inelastic Buckling: One of the diagonal elements under compression buckles
after having reached its critical buckling load. The drop of the compressive load following
buckling is being picked up by the concrete frame and by the diagonal in tension, which
increases its load until it yields. The concrete frame still contributes strength to the system
without having reached its capacity. The X-brace reaches its maximum capacity, by
inelastic buckling of one of the diagonals and yielding of the other.

(3) Plastic Hinging on Concrete Frame: One of the diagonal elements has experienced
buckling and the opposite tension diagonal has yielded, while the RC frame has reached its
maximum capacity.

5. EXPERIMENTAL RESULTS

Due to space limitations, only the description and the results of the 1* experiment will be
presented in this section.

The 1% X-brace specimen design with details of implementation within the concrete portal
frame is shown in Fig. 3a, while the corresponding instrumentation — strain gauge layout is
depicted in Fig. 3b.

The cyclic loading protocol used in this test is presented in Fig. 4, in terms of lateral
displacement imposed at the beam level by the actuator. The “Frame 1” LVDT was located
at the middle of the beam (capacity £22 mm) and its recordings were free of some limited
slippage/gap, which occurred between the actuator’s head and the specimen. The
recordings of this LVDT were used in the presentation of the experimental results except in
the cases were displacements larger than 22 mm were utilized. A total of 32 cycles of
loading were imposed on the concrete frame before the stop of the experiment due to
severe damage of the concrete and the X-brace system.
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Fig. 3 View of the 1% X-brace specimen (a) and instrumentation of the experiment (b)
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Fig. 4 Lateral displacement protocol imposed at the beam level

Figure 5 presents the force vs Frame 1 displacement for the initial 19 cycles of loading
(blue line). The red line is the experimental response of the bare frames under half cycle of
load (from a separate experiment with different specimen) while the green line represents
the backbone curve of the concrete frame with the X-brace. The maximum strength
contributed by the RC frame was 14 kN, while the one contributed by the X-brace was 36
kN. This value is close to the corresponding one from the preliminary design calculations
(40kN).

During the first 3 cycles no deformation (in or out of plane) of the members in the brace
was visible. In the 4™ cycle (for a disEIacement of £+4mm) the UL brace experienced out of
plane elastic buckling. During the 5 cycle this member experienced substantial inelastic
buckling (at a load of-50 kN), with a plastic hinge forming in the middle of its span.
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Fig. 5 Experimental lateral force vs horizontal displacement for the initial 19 cycles of loading

With the reversal of loading the opposite diagonal was in compression and before the
completion of the 5™ cycle (+4 mm, +40 kN) the UR member experienced inelastic
buckling earlier than the previous cycle, accompanied with severely pronounced pinching
behavior. This was not only due to inelastic buckling and the accumulation of residual
displacements upon subsequent compression cycles, but also because when diagonals are
in tension the lower collars tend to rotate. In the 6™ cycle, the UL brace buckled once more
with reduced stiffness (-50 kN), while at approximately -11 mm there were horizontal
cracks observed at both the upper side of both columns at the interface with the beam. At
the end of this cycle a small vertical crack on the welding of the lower collar at the left
column was observed, which weakened the tension stiffness of the diagonal (LL to UR
corners) resulting in strength drop at the next two cycles. From that moment on and up to
the 24™ cycle damage accumulated in the two collars at the bases of the columns (crack on
welds), but the braces still contributed some strength for displacements higher than 15 mm.
After the 25" cycle and in spite of severe damage of the whole system, it appeared to have
reserved strength. This behavior was because the tension diagonal could still carry load
because the LR column collar had not failed (through weld rupture) yet and the system
strength came from vyielding in tension of one diagonal and the remaining strength of the
bare frame which had developed plastic hinges due to bending at the top and bottom of the
two columns. All the above phenomena and the evolution of the system’s behavior can be
seen in Fig. 6.
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The main observation of this experiment (similar behavior was also observed in the other
two experiments) was the large number of cycles sustained by the bracing system at large
displacement amplitudes with minor strength reduction (see Fig. 6, first 27 cycles), in spite
the extensive plastic deformations of the braces. This response is rather unusual for braces
anchored at their edges. In this study the two lower column collars, where the diagonals
were connected, were left free to slide vertically along the length of the columns when in
tension, a configuration which helped maintain low levels of strain in the diagonals and
resulted in extending their low-cycle fatigue life. Such a beneficial effect is sought after in
seismic rehabilitation applications, where high ductility is desired.

6. CONCLUSIONS

The most important conclusions drawn from this experimental work are the following:

(@) Steel concentric X-braces constitute a quite effective, low-cost and easy to
construct system for the seismic rehabilitation of RC frames.

(b) The inelastic response of the braces resulted in high ability to dissipate energy in a
reliable manner. The failure mode of the bracing system came through weld fracture of one
of the bottom column collars (connections with the X-braces), while no cracking or
fracture was observed on the brace members or on the gusset plates, in spite of the strong
inelastic straining experienced under large ductility cyclic loading.

(c) The brace anchoring system adopted (freely sliding along the length of the columns
and able also to rotate) appeared to have perform adequately in all cases engaging the
tension and compression diagonals of the brace and provide the frame with the observed
increased strength and ductility (energy dissipation) capacities.
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HHEPIAHYH

To pépog tOL TPOYPAUUOTOS 7OV TAPOLGLALETOL  €OM, OPOPE  TEPAUATA  TOV
npoypatoromdnkav 1) oe poviého amdod (yvuvov) miaiciov pkpng KAipaKog Kot otnv
AVOAVTIKY TPOPAEYT TNG AOKPIONG TOV, KOl 2) GE LOVTEAO TAOIGIOL UIKPNG KMULOKOG LUE
X-ovVvoéaovs. Metd Tov VTOAOYIGUO TNG PEPOLGAS IKOVOTNTOS TOV OTAOD TANLGIOV KOt
mv  Pabuovounon g odupova pe TN BeopnTikd  vmoloyioBeica T NG,
TpaypoatoromOnkay tpio TEPAUATO HE OLOPOPETIKES OATAEES X-GUVOEGUMV OTO 1010
mlaiclo and OZ. Xe OAa, o KoAdpa mepl TV PAoT TOV GTOAWMV 0EV KOTAGKELAGTIKOY
TOKTOUEVA, OAAG eleVBepa va oMoBaivouy Kab’ HYog Kot Vo GTpa@odV, LE OMOTEAEGLA
(0) amopuyn dwadoong g PAAPNG oe vrepkeipevoug opo@ovg kot (B) yopunAég TES
AVNYUEVOV  TOPOUOPPDOEDY  ATOPEVYOVTIOS €Tl KOTMON YOUNA®V  KOKA®V Kol
eMTLYYAvovTag oTafepovs voTepNTIKOLS Ppoyyovs. H cuvoAiikn amdkpion Kot Tov Tpidv
dtdEemv NToV IKOVOTOMTIKY], BEATIOONKE N avToy Ko 1 OAKILOTNTO TOV TAOIGIOL KO 1
OVEAQGTIKY] OTOKPIoN TV X-GUVOEGUMV 0ONYNOE GE UEYOAN duvaTOHTNTO AmoppOPNoNG
evépyewng. Agv moapatnpnOnkov pNyYHOTOGES OTIG CGLVOECELS Kol T KopPogldcpota,
TAPOAES TIG IOYVPES AVELUCTIKEG TOPAUOPPDOGELS VIO LEYAAES OVOKVKMEOUEVEG POPTICELS.
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