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1 INTRODUCTION

This report describes the second phase activity of the Portuguese group in the Precast
Structures ECS8 research project. The Portuguese group is composed by Laboratorio
Nacional de Engenharia Civil (LNEC) and the Civibral, S.A. precast company. This phase
follows the shaking table tests of a 2 stories structure of the same precast system, which is
commercialized by Civibral. More information about these tests can be found in the report

[Mendes et al. 2006].

The goal of the work presented in this document is to assess the seismic behaviour of
column-foundation and beam-column connections from the same precast system. To help
achieve this goal, 4 column-foundation and 10 beam-column connections were tested using
quasi-static, monotonic and cyclic tests, which were made imposing displacements to the
specimens. The column-foundation connections (CFC) can be categorized as socket
connections and the beam-column connections (BCC) as dry connections using only
mechanical devices to transmit forces between elements. All the specimens were supplied

and mounted by Civibral personal.

It was decided to test also scaled connections as used in the 2 stories structure tested in the
shaking table (1:3 geometric scale). This strategy allows a direct comparison to the results
from the previous tests, with improved accuracy, because, this way scaling problems are

avoided.

This report presents the results and the seismic behaviour analysis of the tested
connections. The text is organized in 7 sections. After this introduction, is discussed the
prototype-model idealization, and afterwards the results and analysis of the precast
connections. At last, the test conclusions, acknowledgments and bibliography are
presented. To make the text more readable, the majority of the test data is presented in 8

annexes and only summaries of results are presented in the main text.
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2 PROTOTYPE - MODEL IDEALIZATION

As mentioned before, 1:3 scaled joints were used in the tests in order to improve the
comparison with the results from the shaking table tests (see Figure 2.1 and [Mendes et al.

2006]).

Figure 2.1: 3D Visualization of the two stories structure tested on LNEC’s shaking table.

The similitude conditions are based in the following relationships: 1) the same materials of
the prototype — RC (2.1); and ii) a 1:3 geometric scale (2.2):
E,/E, =1, (2.1)
L,/L,=A=3. (2.2)
These relations defines all the relevant scale factors for a quasi-static test (see Table 2.1).

The data presented in Table 2.1, reveals that for obtaining the equivalent prototype
displacements it is necessary to multiply by 3 (A) the values obtained in the model, and, for
the forces and moments by 9 (A?) and 27 (1), respectively. Because the rotations and
strains are dimensionless, the equivalent values in the prototype are equal to the measured

in the model, so no scaling is required.
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Parameter Unit Symbol | Scale Factor ( ),/( ),
Length L L L,/L,=1=3
Modulus of elasticity | FL” |E E,/E, =1
Area L A A7=9
Volume L’ v =27
Displacement L d A=3

Rotation — 0 1

Weight F w 2=

Force F F A7=9
Moment F.L M A =27

Stress F.L~ o 1

Strain — € 1

Energy F.L Y 23 =27

Table 2.1: Similitude scale factors.
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3 COLUMN-FOUNDATION CONNECTIONS

3.1 Introduction

Four column-foundations connections (CFC) were tested (specimens P1 to P4). These
connections can be categorized as socket connections and were concreted by Civibral, in
their facilities, into two distinct elements: 1) the footings and ii) the columns. A cavity was
left on the footings top, where, afterwards, part of the column was inserted during
mounting. The gaps between the two elements were filled with mortar resulting in the final
layout of the specimens tested (see Figure 3.1). All the elements, including the mortar

filling the gaps, were tested after completing more than 28 days after concreting.

* -.] column

.

footin

eedyl Ak

Figure 3.1: Socket connection scheme.

Although, this type of connection was not used in the specimen tested in the shaking table,
as the column and footings were cast in one monolithic element (see [Mendes et al. 2006]),
it was considered relevant to test these type of elements, which are part of the precast

system commercialized by Civibral and very common in other precast solutions.

3.2 Testsetup

The tests were made using the LNEC’s uniaxial shaking table to impose displacements to
the specimens (see Figure 3.2). To ensure that the displacement imposed were not affected
by the flexibility and/or gaps of the layout, resulting in different values measured on the
displacement transducers LVDT DI and LVDT D2 (see Figure 3.2), a digital PID
algorithm [NI 2001] was implemented to control the real displacements imposed to the
specimen. A guiding system was also used to avoid truss deviations in the push

movements.
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Figure 3.2: Schematic view of the test setup.

More detailed information of the test setup is presented in the Annex A drawings and a

selection of photographs in Annex C (Figures C.1 to C.4).

The column axial load was simulated using a Dywidag bar inside the column that allows

choosing different levels of compression (see Figure 3.2).
The specimen was instrumented with the following type of sensors:

1. 3D optical displacement measuring system — Model K600 manufactured by
Krypton/Metris, was used to measure the displacements of several point in the

specimens (see Drawing n°12 and n°13 in Annex A);

2. Inductive displacement transducers — Models manufactured by RDP Electronics
were used to measure the shaking table and specimen top displacements. The last

one was also used to implement the PID algorithm;

3. Piezoelectric accelerometers — PCB Piezotronics, model 393A03, were used for the

dynamic characterization tests;

4. Load cells — Instron, model 2518-121 was used to measure the load installed in the
truss. A ring load cell, manufactured by LNEC, was used to measure the axial load

applied to the columns.
More information about these sensors technical specifications is available in Annex B.

Photographic and video recording were also made during the tests. The photographs were
taken using a digital camera and the video records were made using a tripod mounted

camera.

6 LNEC — Proc. 0305/17/15027



3.3 Test programme

The first specimen (P1) was tested monotonically up to 6.2% of drift and the specimens P2
to P4 were tested cyclically up to 5.1%. The value of the column’s axial load, applied by
the Dywidag bar, was chosen independently of the prior dynamic shaking table test,
because this type of connection was not implemented on that specimen. The initial idea
was to adopt usual service levels of axial load and then try to establish a basic parametric
study, to assess the effect of this parameter in the connection response. Due to reasons
presented afterwards, it was decided to stop the CFC tests with only 4 specimens tested,
and consequently, the parametric study was not completed has initially programmed. The
mean axial load installed on the column varied from about 100 kN (v=0.13) to 140 kN
(v=0.19), see Table 3.1.

. Disp. Range | Max. Drift Mean Axial Load
specimen | TestType | feom) | ) (himm)) | [N] v=N/(4.£,)
P1 Monotonic | [0.00; 10.20] | 6.2 (1500) -101.7 -0.14
P2 Cyclic [-7.00; 7.00] | 5.1(1375) -97.0 -0.13
P3 Cyclic [-7.00; 7.00] | 5.1(1375) -113.3 -0.15
P4 Cyclic [-7.00; 7.00] | 5.1(1375) -139.7 -0.19

Note: f.,, (C25/30) =33 MPa [CEN 2001]

Table 3.1: Test programme.

The monotonic test (specimen P1) was used to provide some basic characteristics of the
RC element, like the yielding displacement (8,) which was 3.70 cm (see Figure E.4).
However, the position where the displacements were imposed to the specimen, changed
from P1 (h=1.500 mm) to P2 and subsequent (h=1.375mm), to improve the maximum
available drift. To take in account this layout change, the equivalent 8, for the new

situation, was computed with the displacement curve of a cantilever column:

Y (dy, =0.037
ar(x):@[im2 —x—j@{ " (3.1)

L2 2 d(1.375)=0.875 0.037 =0.0323m

This value (6,=3.23 cm) was used to define the cycles adopted in the following tests as
presented in Table 3.2. The last series of cycles (cycle #9 in Table 3.2) were made with
increased velocity and with the maximum amplitude. This last series ended only when the
full collapse of the section occurred (in all cases with the rupture of steel reinforcements),

so the number of cycles varied from specimen to specimen.
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Cycle N° cycles Amplitude Drift Velocity
#1 3 16.7% 93, | £0.54 cm 0.39% 0.1 cm/s
#2 3 333%6, | #1.07cm 0.78% 0.1 cm/s
#3 3 66.7% 90, | +2.16 cm 1.57% 0.1 cm/s
#4 3 100.0% 6y, | £3.23 cm 2.35% 0.1 cm/s
#5 3 133.3% 0, | #4.30 cm 3.13% 0.1 cm/s
#6 3 166.7% 6y, | +5.38 cm 3.91% 0.1 cm/s
#7 3 200.0% o, | +6.46 cm 4.70% 0.1 cm/s
#8 3 Max. range | +7.00 cm 5.09% 0.1 cm/s
#9 n Max. range | £7.00 cm 5.09% 0.5-1 cm/s

Table 3.2: Definition of the cycles.

3.4 Observed behaviour

During the tests was possible to observe the following behaviour:

Initially, well defined bending cracks appeared through the column length (see
Figure C.5, C.9 and C.11);

Gradually, damage concentrated at about 0.35 m from the footing (see Figure C.5,

C.9, C.11 and Drawing n°4 in Annex A);

Some inclined cracks appear near the most damaged zone (see Figure C.4, C.5, C.9

and C.11), probably due to shear caused by moment variations;
The element collapsed after sustaining severe damage and reinforcement failure;

The base of the column and the column-foundation connection revealed a good
response, with very small relative displacements and very low visible damage (see

Figure C.5 to C.12);

After inspecting the reinforcements, additional bars were found inside the column

(see Figure C.6, C.12 and Drawing n°4 in Annex A).

In all CFC specimens, the collapse occurred in the column (=0.35 m from the footing), so

the column-footing connection was not involved in the collapse mechanism. For this

reason, the CFC tests were interrupted after testing 4 specimens.
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3.5 Experimental frequencies

Just before the CFC tests, the specimens were subject to dynamic characterization tests in
order to obtain some basic dynamic properties. It was identified the specimen’s natural
frequency in the direction of the cyclic tests, in order to compare them with the results
from analytical models and to access the relative stiffness of the specimens, enabling the
detection of any abnormal behaviour (e.g a major construction defect), that could produce
erroneous results. The experimental frequencies were identified using impact or ambient

vibrations and are presented in Table 3.3 and in Annex D.

Specimen Excitation Frequency [Hz]|
P1 Ambient 23.8
P2 Impact 20.3
P3 Impact 20.2
P4 Impact 19.1
Mean — 20.9

Table 3.3: Experimental frequencies (before the tests).

The results for each specimen reveal very similar numeric values, with only a slightly
difference in the higher frequency obtained for specimen P1 (23.8 Hz). This specimen’s
natural frequency was identified with ambient vibration, which in this case, produced
results with less quality (see Figure D-1), and proven to be less reliable than the impact
tests used in the following specimens (see Figure D-2 to D4). In conclusion, no abnormal

behaviour was identified in the specimens.

These values can be compared to the analytical results of a cantilever system with
distributed mass. The expression for calculation the natural frequencies can be found in the

literature [Clough et al. 1993]. Computing for an uncracked specimen:

2 60.15*
(@) |EI_ 1-041672\/31X10 o = 26.1Hz

"=\ m 27 5.733%107 _ (3.2)
1.875

a=—-
L

As expected, the value obtained in (3.2) is higher than the ones from the experimental
campaign, mainly due to rotational flexibility of the footing-column base and due to
additional flexibility in the element (e.g cracking). The values obtained experimentally are

considered as coherent with the analytical model.
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3.6 Global forces and displacements

The time histories of the global forces, bending moments, displacements and rotations are
presented in Annex E. To compute some of those values it was necessary to take in
consideration the effect of the axial load system to the effective force applied to the
column. Analysing the Figure 3.3, it is possible to conclude that in a cross section where
the Dywidag bar is inclined from the vertical, the column receives less lateral force that the
one measured in the load cell, because part is contra balanced by the horizontal component
of the force installed in the Dywidag bar. Using the two measured displacements (L2 and
L3 in Drawing 13 of Annex A) it was possible to compute the rotation of the column and
then remove this effect, resulting in the effective forces and moments, identified with the

subscript “eff”.

F,=F.sin(a)

Meff= Feff . h

Figure 3.3: Effect of the axial load system in the effective force applied to the column.

A summary of the maximum global forces and displacements is presented in Table 3.4.
These results are very coherent, especially between the cyclic tests where the numeric
values are very close. The results from the monotonic test indicate smaller maximum
forces/moments and displacements, even after reaching higher drifts (6.2% vs. 5.1%). This
can result of very low residual stiffness in the monotonic specimen, so for the additional
drift (displacement) increment does not result in a real increment of force. On the other
hand, the cyclic tests can reach higher forces/moments due to incomplete crack closure
between cycles, which results in new contact points that allow reaching higher forces for

the same maximum drift.
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Applied Load | Effective Load Connection Connection
Specimen (F;) (Fetr) Moment (M.sr) | Rotation (0)
[kN] [kN] [kN.m] [°]
P1 17.6 12.7 19.1 0.23
P2 19.1 15.9 21.8 0.34
P3 19.3 154 21.2 0.36
P4 19.9 14.3 19.7 0.27
Mean 19.4 15.2 20.9 0.32
Note: “Mean values refer only to cyclic tests.

Table 3.4: Maximum forces and displacements.

With the simplified model presented in Figure 3.4, it was possible to compute an
estimation of the maximum resistance of the section. The maximum resisting bending

moment is presented in Table 3.5, for the case of an axial load of 111.4 kN (v=0.15).

M v=0.15
[ 2D
Fen =33 MPa
N cm
c:25/30{Ecm Z3 b
YYYYYYY _
fch AA ¢ Fo  A500 {Esum_—250800GNi|DPa
e sm = a
0.8x
>

Figure 3.4: Simplified model for estimating the ultimate resisting moment.

Reinforcements Mgy [kN.m]
4412 25.2
2412 15.1

Table 3.5: Ultimate resisting moment.

The bending moment distributes linearly in the column, so this value where the number of
reinforcements changes from 4 to 2 (h=0.35m, see Drawing n°4 in Annex A), can be

calculated from the maximum moment at the connection (20.9 kN.m):

M (h=0.35)=20.9%(1.50-0.35)/1.50 =16.0kN.m. (3.3)

When compared with the results obtained with the simplified model presented in Figure

3.4, where for 2¢12 the ultimate resisting moment is 15.1 kN.m, it is possible to conclude

that the collapse where the number of reinforcements changes is coherent with these

calculations.

The graph presented in Figure 3.5 represents a typical plot of the force vs. displacement at

the top of the column. In this case all the cycles until the full collapse of the element are

LNEC — Proc. 0305/17/15027 11



represented. The behaviour of the element was of good quality and typical of a monolithic
RC structure. It is visible stable hysteretic cycles resulting in high energy dissipation.
During the cycles pinching is not much present due to the presence of axial forces that
improves crack closing. The full collapse of the element occurred after cover spalling of
the compressed concrete, buckling of reinforcements, and finally, with the rupture of the
reinforcements, weakened by the concentration of rotations, buckling and fatigue (see

Figure C-8 and C-12).

P2 - Force vs Displacement

- | )

17.5 Yielding of|the /yy—j
e RN #i
15 remtorcements j’

12.5

I
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[y
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E 7.5

=

= 5 “ oy

= a5 upture of the / =

E rdinforcements 7 ,,%7;’;

g 0 | s 7
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B 7 Bauschinger,
R effedt
g s cAwayd

3 10 =

g /i

-12.5
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=20 e T T T T T T i
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Figure 3.5: Typical hysteretic cycles.

3.7 Local displacements

The relative displacements between column and footing were measured during the tests on
specimen P4. It was used two groups of two nearby measuring points, one connected to the
column and one connected to the footing (the position of the measured points is indicated
in Drawing n°13 on Annex A, see Figure C-11). The maximum values are presented in

Table 3.6.

These numeric values reveal that the relative displacements were very small (all <0.53
mm), even after very large drifts (>5%). This response indicate that the column and footing
move together as one element and the mortar in the joint is effective, confirming the

observed behaviour.
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Specimen | Position Direction | Relative Displacement [mm]
P4 L.24-25 x (horiz.) 0.22
P4 L.24-25 z (vert.) 0.48
P4 L24-25 | Jdx>+dz* 0.53
P4 L26-27 x (horiz.) 0.22
P4 L26-27 z (vert.) 0.43
P4 L2627 | Jdx*+dz* 0.48

Table 3.6: Maximum relative displacement between footing and column base.

3.8 Energy balance

In the system composed by the external forces, applied by the shaking table, and internal

forces, developed in the specimen, the total work #, must be null (even for non-

conservative systems):
W, =W, +W,=0. (3.4)

The internal work W, includes the recoverable elastic strain energy E, and the

irrecoverable hysteretic energy E, :
W =E +E,. (3.5)

Starting and ending the calculation of the accumulated internal work, with the specimen
not subjected to external forces, the accumulated internal work is due to the dissipated

hysteretic energy, which is equal to the input energy.

The total work done by the external forces, or input energy, is presented in Annex G and a

summary in Table 3.7. These values were obtained using the expression:

i = (dm _di)’ (3-6)

where:

F (F, ) —is the force measured in the load cell LC1 (effective force applied to the

column, see Figure 3.3);

d — 1s the imposed displacement measured at LVDT D2.

The input energy calculated using the effective force (F;) can be considered as the
symmetric of the work done by the specimen’s internal forces. In contrast, using the
measured force in the load cell (F) to compute (3.6), will result in the symmetric of the

internal forces of both specimen and Dywidag bar.
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. Total Input Energy
Specimen Type Force [kN.m] Differonce
P1 Monotonic Measured 1.47 1 3%
Pl Monotonic Effective 1.49 e
P2 Cycl¥c Measu_red 13.64 42.5%
P2 Cyclic Effective 9.57
P3 Cyclic Measured 11.89 B
P3 Cyclic Effective '
P4 Cyclic Measured 11.50 15.3%
P4 Cyclic Effective 9.97 -
Notes:
* value not presented due to synchronization problems between equipment;
In the cyclic tests the time histories were cropped at the end of the third 7 cm cycle.

Table 3.7: Total input energy.

P1-Input Energy
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Figure 3.6: Comparison between input energy calculated with the measured and effective force.

If all internal work done by the Dywidag bar is elastic, the resulting total work should not

be changed, because this recoverable energy reduces the amount of external energy

14
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necessary during the return to origin displacements. This is the case of the P1 monotonic

test (see Figure 3.6), where this effect is perceptible at the end of the time history.

Analysing the numeric results presented in Table 3.7 is possible to observe that for each
specimen the values obtain with the measured vs. effective force, differs up to 42.5%
(specimen P2). An explanation for this behaviour is related with the variations in the axial
load, which increases and decreases in each cycle due to element elongation, caused by
geometric configurations, and globally increases throughout the test due to concrete
dilatancy in the damage areas (see Figure 3.6). The changes in the axial load are already
taken in consideration in the effective force, but are not in the forces measured at the load
cell, so these values are influenced by this phenomenon. In conclusion, the value of the
total energy obtained by the measured force is higher then the obtained from the effective
force and this effect is more significant in the specimens where the variation of axial load
is higher, like specimen P2 (see Figure 3.6). These differences can also be related to non-

linear phenomena in the Dywidag bar or with synchronization errors.

In the tests for the specimens P3 and P4 the variation of axial load were reduced by

releasing some axial load during the test.

Analysing the data presented is possible to observe and conclude the following:

e Around ten times more energy was dissipated in the cyclic tests than in the

monotonic test;
e The total input energy required for the cyclic tests of each specimen was similar;

e The cycles are stable and the specimens were able to dissipate energy steadily. This
is visible through the gradual increments of input energy required to deform the

specimens in successive cycles.

It is interesting to notice that the variations on the energy input within each cycle are
higher for the input energy computed using the measured force, because it includes also the
energy absolved elastically by the Dywidag bar, which requires more energy but gives it
back to the system, causing higher variations in the accumulated energy time histories (see

Figure 3.6).
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3.9 Conclusions

With the data of the CFC tests presented in this report was possible to extract the following

conclusions:

16

The tested socket connections revealed a very good response in the monotonic and

cyclic tests;

The connections had enough resistance and presented no relevant stiffness

degradation during the tests;

The relative displacements between the two precast elements (column and

foundation) were very small;

The connection was not part in the collapse mechanism, which in all cases occurred

in the span of the element;
The collapse mechanism was typical of a monolithic reinforced concrete structure;

The additional reinforcements found inside the column are the cause of the collapse
mechanism at approximately 35 cm from the footing (see Drawing n°4 in the Annex

A);

The total area of reinforcements in the base of the column exceeds the maximum

value prescribed by some design codes A4, /A4, >4% (e.g. [CEN 2001];

The amount and distribution of the reinforcements found inside the column could be

optimized and improved to produce a more efficient response to seismic loads.
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4 BEAM-COLUMN CONNECTIONS

4.1 Introduction

Two types of beam-column connections (BCC) were tested in a total of 10 specimens (5
VL and 5 V type specimens). In the VL specimens the columns are connected to L shaped
beams (see Figure 4.1-b). During the erection of the structure, the beams are supported by
hollow box sections that are firmly connected inside the columns. On top of the beams
there is a steel plate where a pre-stressed bolt connects the plate to the hollow box. The
steel plate is also connected to the column using welded bolts. The voids in the connections
are filled with a mortar through an inclined hole. In the V specimens the connection is
similar to the VL type (see Figure 4.1-a). The major difference consists in using another

steel plate instead of the hollow box referred before.

Columns

(0.15x0.15m?)
T Fillet welds

Steel plate
(100x100mm?, t=2mm)

Beam
(outside: 0.15x0.23m?)

Pre-stressed bolts
(¢=16mm)

AN

Beam Hollow box
(0.10x0.23m?) (45x45x150mm?’,t=2mm)
a) V Specimens b) VL Specimens

Figure 4.1: Schematic view of the tested connections types.

This two types of BCC are similar to the ones used in the specimen tested in the shaking
table (see [Mendes et al. 2006]), with the only difference in the V specimens, which has a
second steel plate instead of an angle steel section. All these connections are part of the
precast building system commercialized by Civibral, who supplied and mounted all
specimens. All the elements, including the mortar filling the voids, were tested after

completing more than 28 days after concreting.
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4.2 Test setup

The test setup used in the BCC tests is similar to the one from the CFC tests (see §3.2).
The LNEC’s uniaxial shaking table was used to impose displacements to the specimens
and the PID control algorithm was also used to control deviations from the prescribed
displacements, due to flexibility and/or gaps of the layout. The guiding system and the

truss, connecting the shaking table and the specimen, were also used (see Figure 4.2).

More detailed information about the test setup is presented in Annex A drawings and a

selection of photographs in the Annex C (Figures C.1 to C.4).

LVDT D1

LMEC'S UNIAXIAL SHAKING TABLE

il |

Figure 4.2: Schematic view of the test setup.

One important characteristic of the BCC test layout is related with the inversion of the
position of the columns and beams, meaning that the columns are in the horizontal position
and the beams in the vertical (see Figure 4.2). This position swap is caused by using the
shaking table to impose displacements and produces a slight compression at the joint,
caused by the self weight of the beam (123-144 kgf) and !4 the weight of the truss (=150
kgf). In the author’s opinion, although not an ideal solution, this fact did not influence

significantly the overall results of the BCC tests.

The sensors used in the measurements are identical to the ones used in the CFC tests (see
§3.2). The only difference consists in not using the ring load cell because no axial load is

required. Photographic and video recording were also made during the tests.

More information about the sensors technical specifications is available in Annex B.
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4.3 Test programme

As mentioned before, 5 V type and 5 VL type specimens were tested. The first specimen of
each group was tested monotonically to about 8-9% of drift. The rest of the specimens

were tested cyclically up to 4.3% of drift (see Table 4.1).

. Disp. Range Max. Drift Cycles

Specimen | Test Type p[crn] ’ [%] (h[mm]) (see Table 4.2)

Vi Monotonic | [0.00; 13.51] 9.0 (1500) -

V2 Cyclic [-6.50; 6.50] 4.3 (1500) #3, #4, #5, #6

V3 Cyclic [-6.50; 6.50] 4.3 (1500) #1, #2, #3, #4, #5, #6

V4 Cyclic [-6.50; 6.50] 4.3 (1500) #1, #2, #3, #4, #5, #6

V5 Cyclic [-6.50; 6.50] 4.3 (1500) #1, #2, #3, #4, #5, #6

VL1 Monotonic | [0.00; 13.00] 8.7 (1500) -

VL2 Cyclic [-6.50; 6.50] 4.3 (1500) #2, #3, #4, #5, #6

VL3 Cyclic [-6.50; 6.50] 4.3 (1500) #2, #3, #4, #5, #6

VL4 Cyclic [-6.50; 6.50] 4.3 (1500) #1, #2, #3, #4, #5, #6

VL5 Cyclic [-6.50; 6.50] 4.3 (1500) #1, #2, #3, #4, #5, #6

Table 4.1: Test programme.

The sequence and the amplitude of the cycles are presented in Table 4.2. Not all specimens

were subjected to the complete group of cycles as indicated in Table 4.1.

Cycle | N°cycles Amplitude Drift Velocity
#1 3 12.5% +0.81 cm 0.54% 0.05 cm/s
#2 3 25.0% +1.63 cm 1.09% 0.05 cm/s
#3 3 50.0% +3.25 cm 2.17% 0.05 cm/s
#4 3 75.0% +4.88 cm 3.25% 0.05 cm/s
#5 3 100.0% | £6.50 cm 4.33% 0.05 cm/s
#6 n 100.0% | £6.50 cm 4.33% 0.5-1 cm/s

Table 4.2: Definition of the cycles.

4.4 Observed behaviour
During the tests was possible to observe the following behaviour:

e Most of the damage was concentrated in the connection. Away from this zone, the

columns and beams sustained very low visible damage;
e The columns did not show signs of movement;

e Inall V specimens, the reinforcements connected by welds to the top steel plate lost
all connection to the RC beam, after spalling the concrete in a sudden, brittle local

failure (Figures C.17, C.19, C.21, C.23 and C.26). An inspection to the
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reinforcements revealed that the reinforcements connected to the top steel plate were

not inside the stirrups (see Drawing n°5 in Annex A);

e Most of the steel plates showed signs of gaps or high flexibility in the connection to
the beams (see Figures C.20, and C.31). The connection between the steel hollow
box and beam showed the same signs of inefficiency (see Figure C.30), but the
connection of the hollow box to the column, made by transversal welded

reinforcements had a much better behaviour and sustained lower visible damage;
e The bolt’s washers were also a source of flexibility (see Figure C.22);

e In all cases, the collapse of the connection happen after severe damage in the
concrete between the edge of the beam and the bolt connecting the plates (see

Figure 4.3, C.18, C.21, C.23, C.28, C.38 and C.40);

e After the tests, an inspection to the cross section of the beams found additional
reinforcements from those in the detailing drawings (see Drawings n°2, n°3 and n°5

in Annex A).

Highly damaged zone, leading to
total connection failure

Figure 4.3: BCC tests — Damage location.

4.5 Experimental frequencies

Just before the BCC tests, the specimens were subject to dynamic characterization tests, in
order to obtain some basic dynamic properties. Like in the BCC tests, it was identified the
specimen’s natural frequency in the direction of the cyclic tests, using impact or ambient
vibrations. The results obtained are presented in Table 4.3 and in Annex D. Very similar

values were obtainned, especially in the VL specimens. The V specimens have greater
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dispersion probably due to variations in the plate vs. element stiffness, but still give

coherent data. In conclusion, no abnormal behaviour was identified in the specimens,

through the experimental frequencies.

Specimen | Excitation Frefglze]ncy Specimen | Excitation Frefglze]ncy

Vi Ambient 26.7 VLI Ambient 25.5

V2 Impact 22.0 VL2 Impact 24.7

V3 Impact 27.5 VL3 Impact 24.8

V4 Impact 22.8 VL4 Impact 24.6

V5 Impact 23.7 VL5 Impact 23.8
Mean — 24.5 Mean — 24.7
Std. dev. — 24 Std. dev. — 0.6

Table 4.3: Experimental frequencies (before the tests).

Like in the CFC tests, these values can be compared to the analytical results from a

cantilever system with distributed mass (see §3.5). Computing for an uncracked specimen:

For the V specimens:

2 2 6 4
f1=(a1) EI _1.1364 \/31><10 1.318210 R
2 m 2 7.620x10 (4‘1)
1.875
o =—
L
For the VL specimens:
(o) [ET 1.1364% [31x10°1.541x10°
fi:—l _— ’ \/ ’ ) :47.6HZ
27 m 2 8.894x10 (4‘2)
1.875
o =—-

bL
The specimens have a very similar relation of stiffness and mass, confirmed by the
experimental and analytical results. As expected, the value obtained in (4.1) and (4.2) is

much higher than the ones from the experimental campaign, mainly due to high rotational

flexibility of the beam-column connection, which is not simulated in the analytical model.

Using a linear dynamic numeric model in a commercial finite element software [CSI 1997]
was possible to determinate a discrete number of frequency values, changing the rotational
stiffness of the beam-column connection. These values are presented numerically in Table

4.4 and graphically in Figure 4.4. Only the characteristics of the VL specimens were used
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because, as mentioned before, both specimen types have a very similar dynamic response,

resulting in similar frequencies.

Frequency [Hz]
N
(&)}

O 1 T T T

20000 40000 60000
Rotational Stiffness [kN.m/rad]

80000

o

100000

Figure 4.4: Numerical model — Frequency vs. rotational stiffness.

Ko Frequency Ko Frequency

[KN.m/rad] [Hz] [KN.m/rad] [Hz]

Inf. 47.56 2344 19.33

100000 45.02 1563 16.23
50000 42.84 781 11.82
25000 39.27 391 8.48
12500 34.17 195 6.05
6250 28.00 98 4.29
4688 25.36 49 3.65
4250 24 .47 24 215
3125 21.74 12 1.52

Table 4.4: Numerical model — Frequency vs. rotational stiffness.

Analysing the data expressed in Table 4.4, it is possible to conclude that, before the tests,
the experimental frequencies (around 24-25 Hz) are compatible with a connection

rotational stiffness around 4250-4500 kN.m/rad.

Through the analysis of the time histories from the connection bending moments and
rotations, was also possible to compute an estimation of the connection rotational stiffness.
These values are presented in Annex H and in Figure 4.5 to Figure 4.8. The data computed
represent the initial secant stiffness measured in the first increment of load in each

direction (AM=1 kN.m) and at the end of the first cycle of every amplitude increment.
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Figure 4.5: Connection rotational stiffness — Specimens VL — Sagging Moments.
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Figure 4.6: Connection rotational stiffness — Specimens VL — Hogging Moments.
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Specimens VL - Sagging Moments (M)
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Figure 4.7: Connection rotational stiffness — Specimens V — Sagging Moments.
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Figure 4.8: Connection rotational stiffness — Specimens V — Hogging Moments.

This data can be summarized in the values presented in Table 4.5. These results reveal
asymmetry in the response for each direction, and also, that the initial direction of the
imposed displacements is also relevant to the global results. In the case of the V
specimens, the maximum stiffness is obtain after some deformation (see Figure 4.6). This
is probably a consequence of gaps and flexibility in the steel plates connection to the

elements (see §4.4).

24 LNEC — Proc. 0305/17/15027



Rotati V Specimens VL Specimens
otation N _ + -
Ko (M) Ko (M) Ko (M) Ko (M)
[rad] [kN.m/rad] [kN.m/rad] [kN.m/rad] [kN.m/rad]
Initial 400-2100 500-1600 4000-5600 2600-13000
0.01 100-450 1500-2000 200-600 500-800
0.02 50-300 650-1500 100-300 300-500
0.03 30-100 400-600 100-300 200-300
0.04 30-100 400-600 100-200 100-200

Table 4.5: Range of values for the secant connection rotational stiffness.

The overall conclusion is that, before the tests, the connection rotational stiffness was
between 2000 and 5000 kN.m/rad, and after some cycles, the reduction is very significant
to values around 100 to 600 kN.m/rad. These values are considered as coherent with the

data from the numerical model (see Table 4.4).

A linear dynamic model using a commercial finite element software [CSI 1997] was also
used to compute the modal frequencies for several cases of beam-column connection

stiffness. The parameters of those models were the following:
e Model #1 — Fully restraint, Kg= o kN.m/rad,
e Model #2 — Mean value of the stiffness before the cycles, K¢=4300 kN.m/rad;

e Model #3 — Longitudinal connections: mean value of the stiffness after the cycles
for the, Ky=300 kN.m/rad. Transversal connections: minimum value of the stiffness

after the cycles, Ke=100 kN.m/rad (see Figure 5.1);
e Model #4 — Pinned connections, Kg= 0 kN.m/rad.

In Model #3, the BCC stiffness was chosen taken in consideration the high damage in the
longitudinal connections and the severe damage in the transversal connections, which are

indicated in the shaking table test report [Mendes et al. 2006].

The numerical values obtained are presented in Table 4.6, and also, the updated
experimental results from the shaking table tests, which now include also the first torsion

mode frequencies and some minor corrections.

Comparing these results is possible to conclude that the data from Model #2 is very similar
to the frequencies from Cat 00 (before the test) and frequencies from Model #3 suits very
well the data obtained in Cat 04 (after the test). In conclusion, the results extracted from

the BCC cyclic tests are very coherent with the results from the shaking table test.
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Mode Linear Dynamic Models Experimental
Freg‘{lze]ncy M;fel M;gel M;gel M;jel Cat00 CatOl Cat02 Cat03 Cat 04
1" Trans. | 3.04 | 249 @ 141 | 132 2.9 2.3 20 14 | 12
1"Long. | 401 @ 3.18 @ 1.78 @ 132 3.2 2.9 27 | 24 19
1" Torsion | 5.65 | 4.68 @ 3.16 @ 2.88 4.5 42 3.8 3.3 :
2" Trans. | 10.39 | 9.79 = 869 | 8.61 9.0 7.7 66 | 55 49
2™ Long. | 11.59  10.66 = 9.03 = 8.61 14.3 126 | 115 96 @ 87
2" Torsion | 16.67 | 15.55 | 13.67 @ 13.34 - - - - -

Note:
" Value not presented due to insufficient accuracy.

Table 4.6: Numeric and experimental modal frequencies.

4.6 Global forces and displacements

The time histories of the global forces, bending moments, displacements and rotations are

presented in Annex E. A summary of those is presented in Table 4.7.

Applied Load Connection Moment | Connection Rotation
Specimen F' F M’ M oM )
[kN] [kN] [kN.m] [kN.m] [°] [°]
\'2! 3.2 -6.8 4.7 -10.2 6.0 -0.01
V2 3.0 -17.2 4.4 -25.8 1.7 -2.7
V3 3.0 -12.7 4.6 -19.0 0.9 -0.6
V4 3.1 -17.4 4.6 -26.2 3.0 -2.7
V5 4.6 -15.3 6.9 -23.0 3.5 -2.5
Mean 3.4 -15.7 5.1 -23.5 2.3 2.1
VLI 3.1 -6.0 4.7 -9.0 2.4 -0.5
VL2 2.4 -7.1 3.6 -10.6 0.0 -2.5
VL3 3.4 -8.4 5.1 -12.5 1.7 -3.0
VL4 3.2 -8.3 4.8 -12.5 1.0 -3.8
VLS 2.7 9.6 4.1 -14.4 1.3 0.5
Mean 3.0 -7.9 4.5 -11.8 0.9 -0.5
ljotes:
. Inversed displacement time history was imposed at the top of specimen (see Figure E.72, E107);
Mean values refers only to cyclic tests.

Table 4.7: Maximum forces and displacements.

For the V specimens the maximum force (moment) achieved in the cyclic was higher
(around 4.6 times) in the direction of hogging moments. This can result in a beneficial
effect, since in real situations the beams are subjected to hogging bending moments due to
permanent and live loads. Higher flexibility was also measured in the sagging moment’s
direction, as indicated in the values from the connection rotation (see Table 4.7). For the

VL specimens this behaviour was also visible but less significant (around 2.6 times
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higher). The maximum rotation was also achieved in the direction of the sagging moments,
which can be related to a worse response of the hollow box vs. beam connection. This

asymmetric response was found in all specimens.

Like occurred in the CFC tests, the results from the monotonic tests indicates lower
maximum forces/moments and displacements, even after reaching higher drifts (8.7-9.0%
vs. 4.3%). This can result of reaching a very low residual stiffness in the monotonic
specimen, and also, due to a better use of the available resistance caused by incomplete
crack closure between cycles, which results in new contact points that allows reaching

higher forces for the same maximum drift.

In the Figure 4.9 to Figure 4.12 is presented the force vs. displacement graph of all the
specimens tested. In the cyclic tests is possible to observe a very similar response between
the specimens. The only exception was in the VL3 specimen, where a sudden lost of
resistance in the hogging moment’s direction, changed the response of the specimen away
from the typical pattern, which was followed in the first displacement increment. This
behaviour could be related to an internal collapse (e.g. concrete crushing leading to a
macro-crack caused by a fragile zone or a pre-existing tension state) that reduced

prematurely the resistance in that direction.

In Figure 4.13 is represented typical force vs. displacement curves for both specimens’
types. Those graphs reveal a poor behaviour of the connection, which is very asymmetric
and with very low stiffness in the inversion of the displacements. This response can be
associated with the large gaps that develop in the connections due to premature damage.
Pinching is also present and is also a direct result of those gaps. The hysteretic cycles have
a very narrow shape and presents high degradation in successive cycles, which results in

low energy dissipation.

The collapse of the connection occurred after severe damage in the concrete between the
bolt, connecting the top and bottom steel plate (or hollow box), and the element’s edge. At
that stage, the connection resulted only of dowel type resistance and the steel plates/hollow

box lost completely their structural contribution (see Figure 4.3).
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Figure 4.9: V Specimens — Monotonic test — Force-displacement graph.
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Figure 4.10: V Specimens — Cyclic tests — Force-displacement cycles.
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Figure 4.13: Typical force-displacement cycles.

Three of the bolts used in the connections were subjected to tension tests. The results are

presented in Figure 4.14:

120 |
—3Sp. 1
100 —r ez
80 x —5Sp.3 Specimen | Max. Force
g I ‘ (¢=16mm) [kN]
g% , 1 95.4
2
40 2 99.6
, 3 105.0
20
Mean 100.0
0 T T T

0 2 4 6 8 10 12 14 16 18 20 22
Displacement [mm]

Figure 4.14: Results from the bolt’s tension tests.

The maximum resistance was around 100 kN and the force-displacement graphs showed
that the response is almost linear up to 80 kN of tension. Taking in consideration that the
maximum bending moment measured in the connection was of 26.2 kN.m (see Table 4.7),

the maximum force for the two bolts in each steel plate was:

1262 56 3kN. (4.3)
2 0.26

Consequently, during the tests the bolts response was probably elastic, not being able

contribute adequately to the energy dissipation. This response can be related to a design

30 LNEC — Proc. 0305/17/15027



strategy that is not optimized for seismic loads or another possible source for this problem
is related to scaling. Although correctly designed for the prototype, for any reason, the
specimens supplied by Civibral did not reproduce the mechanical characteristics of the

bolts in the scaled models.

4.7 Local displacements

Almost all of the deformability in the BCC specimens was concentrated in the connection,
meaning that neither the columns nor the beams had significant deformations. This
behaviour is visible in the very small displacements of the column presented in Table 4.8.
The Figures E.48, E.55, E.62, E.69, E.76, E.83, E.90, E.97, E.104 and E.111, which
represent the drift of several points in the beams (h=300, 600, 900, 1200 and 1500 mm),
shows very similar values, indicating that the beams are moving as a rigid body, with no

significant bending or shear deformation, confirming the observed behaviour (see 4.4).

. its ; ; ; ; Rel. Disp.
specimen | Poston | Direction | Direcion ¢ | Kol D
V1 L1 0.003 0.005 0.006
V2 L1 0.036 0.127 0.132
V3 L1 0.014 0.024 0.027
V4 L1 0.060 0.049 0.078
V5 L1 0.008 0.009 0.012
VL1 L1 0.012 0.013 0.018
VL2 L1 0.007 0.007 0.010
VL3 L1 0.006 0.007 0.009
VL4 L1 0.002 0.007 0.007
VL5 L1 0.006 0.008 0.010
Maximum L1 0.060 0.127 0.132

Table 4.8: Maximum relative displacement of the column.

To analyse the relative displacements between the different connection elements, several
measurements were made during the tests. In Figure 4.15 is presented the position of the
points (leds) were the displacements were measured, resulting in the data presented in

Annex F and in the maximum relative displacements presented in Table 4.9.
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Figure 4.15: Schematic representation of the measurements position.
Specimen Beam Plate vs. Beam Plate vs. Bolt Head vs. | Bolt Head vs. Beam
Beam [mm] Column [mm] Column [mm] plate [mm]
Position |L25-L23" L14-L13 | L25-L22 LI14-L15 | L26-L22 L16-L15 | L26-L25 L16-L14
(Figure 4.15)| Right Left Right Left Right Left Right Left
V2 3.48 7.64 3.93 0.52 3.87 0.39 2.38 0.67
V3 2.13 9.63 0.53 0.71 0.15 0.47 0.46 0.31
V4 8.87 9.24 2.13 1.22 3.32 0.31 2.49 1.32
\'A 10.66 14.60 0.27 0.43 0.33 0.24 0.31 0.43
Mean 6.29 10.28 1.72 0.72 1.92 0.35 1.41 0.68
Max 10.66 14.60 3.93 1.22 3.87 0.47 2.49 1.32
VL2 - 7.01 - 0.63 - 0.72 - 0.35
VL3 9.74 9.10 2.01 0.53 - 1.09 - 0.47
VL4 9.07 31.80 0.49 0.22 - 0.08 - 0.25
VL5 12.24 10.00 1.15 0.41 - 0.56 - 0.53
Mean 10.35 14.48 1.22 0.45 - 0.61 - 0.40
Max 12.24 31.80 2.01 0.63 - 1.09 - 0.53

Notes: ~Leds L25-24 were used to measure the relative displacements in the VL specimens.

Table 4.9: Maximum relative displacements between connection elements.

The data presented in Table 4.9 reveals small maximum relative displacements between

the bolt head and the beam plate (less than 1.32 mm), which can be related to the bolt’s

deformation. Higher values were measured, both in the displacements between the bolt

head and the column, and, between the beam plate and column. Both of these

displacements can be related with the deformability of the washers (see §4.4 and Figure

C.22) and due to damage in the concrete. On the other hand, the maximum relative

displacements between beam-plates and beams were quite large, reaching values higher

than 10 mm and up to 31.80 mm, which is quite large for this scaled specimen. The

32
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connection between steel plates and beams is the major source of deformability found in

the connection.

4.8 Energy balance

Using the same procedure used in §3.8, the total work done by the external forces (input
energy), which is related with the dissipated energy, is presented in Annex G and a

summary in Table 4.10.

Specimen Type Cycles Total Input
(see Table 4.2) Energy [kN.m]
\'2! Monotonic — 0.44
V2 Cyclic #3, #4, #5, #6 1.86
V3 Cyclic #1, #2, #3, #4, #5, #6 2.65
V4 Cyclic #1, #2, #3, #4, #5, #6 1.65
V5 Cyclic #1, #2, #3, #4, #5, #6 2.07
Mean" — — 2.12
VL1 Monotonic — 0.73
VL2 Cyclic #2, #3, #4, #5, #6 0.90
VL3 Cyclic #2, #3, #4, #5, #6 1.02
VL4 Cyclic #1, #2, #3, #4, #5, #6 1.38
VL5 Cyclic #1, #2, #3, #4, #5, #6 1.22
Mean’ - — 1.30
1:10tes:
Mean values refers only to cyclic tests that completed the six amplitude levels;
In the cyclic tests the time histories were cropped at the end of the third 6.5 cm cycle.

Table 4.10: Total input energy.

Analysing these results reveals that, although the input energy required to perform the
monotonic tests was higher in the VL specimens, for the cyclic tests was required more
input in the V specimens. This indicates that stiffness and resistance degradation is more

significant in the VL specimens.

Comparing these values of the input energy with the values from the CFC tests (around 10
kN.m, see §3.8) reveals that, although not comparable directly, for a similar amount of
reinforcements and geometry (length and cross-section), the monolithic RC section has

much larger dissipation capacity then this type of connection (around 5 to 8 times higher).

LNEC — Proc. 0305/17/15027 33



4.9 Conclusions

The results from the beam-column connection tests made possible to establish the

following conclusions:

34

Most of the specimen’s deformability and damage was concentrated in the beam-
column connection and neither the columns nor the beams had significant
deformations. The connection between steel plates and beams was the major source

of deformability found in the connection;

The collapse of the connections occurred after severe damage in the concrete
between the bolt connecting the top and bottom steel plate (or hollow box) and the
beam’s edge. At that stage, the connection was only due to dowel type resistance

and the steel plates (hollow box) lost completely their structural contribution;

Analysing the data from the experimental frequency tests, it was possible to
conclude that the rotational stiffness of the connections was much smaller that the
equivalent for a monolithic element. Comparing with the results form a linear
dynamic numerical model, the initial connection rotational stiffness, compatible

with the experimental frequencies, is between 4250-4500 kN.m/rad,

Using the data of the connection’s bending moment and rotation, it was possible to
compute an estimation of the rotational stiffness evolution. The overall conclusion is
that, before the tests, the connection rotational stiffness was between 2000 and 5000

kN.m/rad, and after some cycles, the reduction is very significant, to values around

100 to 600 kN.m/rad;

In both connections the maximum force (moment) achieved in the cyclic tests was
much higher in the direction of hogging moments. This can be beneficial to resist
the additional hogging moments due to permanent and live loads. This behaviour

was more significant in the V specimens;

The force vs. displacement graphs of both specimens’ types were similar and
revealed a poor behaviour with low energy dissipation. The response was
characterized by asymmetry, high degradation, low stiffness, pinching and narrow

hysteretic cycles;
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Analysing the results of the input energy, it was possible to conclude that, although
more effective in the monotonic tests, the VL specimens presented higher

degradation resulting in a overall worse response that the one from the V specimens;

After testing the bolts used in the connections, it was possible to conclude that the
bolts behaviour was mainly elastic during the tests, consequently, this element’s
ductility was not explored for energy dissipation. This can be a consequence of a
design criteria, which is not optimized to resist earthquake loads, or caused by a

scaling problem;

The inspection of the beam’s cross sections revealed additional reinforcements from
those in the detailing drawings. These additional reinforcements did not influence
the overall performance of the connection, because they do not contribute,

significantly, to the confinement of the concrete near the connection.

In some cases, the detailing of the beam’s reinforcements was not the best solution
to resist cyclic or earthquake loads, like the case of the reinforcements found outside
the stirrups, which leads premature cover spalling and degradation of the

connection.

These type of beam-column connections have the advantage of being extremely
easy to mount, and therefore, reducing the time necessary for the erection of the
structure. However, a design revision is advised, especially for structures in medium
to high seismic areas. Some possible improvements are redesigning the bolts, in
order to make use of the non-linear behaviour, enabling more efficient energy
dissipation. Another simple improvement is to increase the resistance and
confinement of the concrete near the edge of the beam, using for example stirrups or
longitudinal reinforcements. A better seismic response could also be achieved by
reducing the flexibility and gaps found in the connections, which contributes to the

premature degradation of the connection.
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5 FINAL CONCLUSIONS

In this section, is presented an overall analysis of the tested precast building system. This
analysis comprehends not only the information collected in the cyclic tests presented in
this report, but also, the data from the shaking table test of the 2 stories specimen (see

[Mendes et al. 2006]).

The tested prototype is a typical precast system from Civibral and it is used mainly for
buildings. The structure has 2 stories with 4.5 m of height each and 10.5x12.0 m? in plan
(see Figure 5.1). This structure was designed by Civibral for PGA=0.375g with the elastic
stresses reduced by a behaviour factor of q=2.0. The specimen was subjected to earthquake

motions, with increasing intensity, in the LNEC’s triaxial shaking table.
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Figure 5.1: Characteristics of the specimen tested in the shaking table.

In the shaking table test the following observations and conclusion were made [Mendes et

al. 2006]:

e The majority of the visible damage was concentrated on the beam-column

connections;
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The analysis of the modal frequencies revealed a very intense stiffness degradation

(around 80% reduction in the transversal direction);

The interstory drifts reached very high values (around 3% in the last stage) and
estimated base shear was also very high (more than 50% the weight of the

specimen);

In the less intense test stages the beam-column connections revealed non-negletable
rotational stiffness and the overall behaviour was typical of a frame structure. At the
final stages the overall behaviour has governed by cantilever columns (inverted

pendulum response);

The beam-column connections revealed enough ductility to sustain the earthquake
input without collapsing, although with severe damage and only residual rotational

stiffness;

To design this structure for collapse prevention a conservative and real model is to

consider the beam-column connections as pinned;

The most probable collapse mechanisms identified were the local failure of the
beam-column connections and the global failure of the second floor columns

(because of higher interstory drifts and the good response of the column’s bases).

Combining this information with the data collected in the CFC and BCC tests, it is possible

to conclude.

38

Although the column-foundation connections were not implemented in the shaking
table specimen, the results from the cyclic tests showed a very good response, and,
that the connection is not involved in the collapse mechanism, which occurs in the
span of the column. It is possible to conclude that not using the column-foundation
connections did not influence significantly the response of the specimen tested in

the shaking table;

The good response of the specimen tested in the shaking table was mainly due to the
excellent behaviour of the columns. If also present in that specimen, the additional
reinforcements found in the CFC tests, could be responsible for that enhanced
column response. In that case, the amount of reinforcements would exceed the

maximum value prescribed by some design codes (e.g. [CEN 2001], and could not
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be coherent with the design criteria, namely, the behaviour factor used (q=2), and

represent a significant over-resistance.

e The data collected in the BCC cyclic tests, confirms the high degradation and
premature damage that occurred in the shaking table test. The response was also
characterized by narrow shaped hysteretic cycles, low stiffness and pinching, and
consequently, by low energy dissipation. These types of beam-column connections
have the advantage of being extremely easy to mount, however, the analysis to the
seismic behaviour presented in this report advises a design revision, especially for
structures to be constructed in medium to high seismic areas. Some possible

improvements for this system are mentioned in §4.9.
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B.1 Sensors Technical Data

Manufacture: RDP ELECTRONICS (www.rdpe.com);

Model: ACT2000, ACT4000 and ACT6000;

Stroke: £50mm (ACT2000);+100mm (ACT4000);+150mm (ACT6000)
Sensitivity: 15 mV/V/mm (ACT6000) to 30 mV/V/mm (ACT2000);
Energising supply: 5 Vrms, 5 kHz;

Linearity deviation: 0.08% (ACT2000) to 0.3% (ACT60000).

Table B-1: Inductive displacement transducers.

Manufacture: METRIS (www.metris.com);

Model: K600 Optical CMM;

Description: 3D measurement system, using three linear CCD cameras
and triangulation of infrared LEDs;

Measurement Capabilities: 3 degrees of freedom for each LED or 6
degrees of freedom for each group of 3 LEDs:

Sampling Rate: 3000 / # of LEDs (e.g. 20 LEDs - 150 S.s™);
Measurement Volume: 17 m® (e.g. Zone 2 (H,W,D): 2.4x3.3x5.0m’);
Single Point Accuracy: Up to 60 um;

Volumetric Accuracy: Up to 90 um;

Temperature Range: 15-40 °C.

Table B-2: Optical displacement transducers.

Manufacture: PCB PIEZOTRONICS (www.pcb.com);
Model: 337A26;

Sensitivity: 100 mV/g;

Measurement range: +50 g pk;

Broadband Resolution: 0.0001 g rms;

Frequency range: 0.5 to 5000 Hz.

Table B-3: Piezoelectric accelerometers.
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C.1 General View

Figure C.2: Data acquisition and shaking table control.
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C.2 Column-Foundation Connections Tests
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Figure C.4: Column-Foundation Tests — Typical led layout.

C-4 LNEC — Proc. 0305/17/15027




C.3 Specimen P1

Figure C.5: Specimen P1 — Cracking evolution.

Figure C.6: Specimen P1 — Reinforcing steel inspection and detail of the column-foundation connection.
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C.4 Specimen P2

Figure C.7: Specimen P2 — Global view (after the test).

Figure C.8: Sp.P2 — Detail of the collapse zone and of the column-foundation connection.
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C.5 Specimen P3

Figure C.9: Specimen P3 — Crack pattern evolution and cover spalling.

Figure C.10: Sp. P3 — Detail of the collapse zone and of the column-foundation connection.
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C.6 Specimen P4

Figure C.12: Sp. P4 — Details of the most damaged zone (all the concrete was loose) and of the column-

foundation connection.
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C.7 Beam-Column Connections Tests
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Figure C.13: Beam-Column Tests — General View.

Figure C.14: Beam-Column Tests — Typical led layout.
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C.8 Specimen V1

Figure C.15: Specimen V1 — Initial crack pattern.

Figure C.16: Specimen V1 — Cover spalling due to non-confined reinforcements.
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Figure C.17: Specimen V1 — Global view (during the test).

Figure C.18: Specimen V1 — Reinforcing steel inspection.
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C.9 Specimen V2

Figure C.20: Specimen V2 — Detail of the plate-beam relative displacements.
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Figure C.22: Specimen V2 — Detail of the bolt’s response.
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C.10 Specimen V3

Figure C.24: Specimen V3 — Detail of the plate-beam relative displacements.
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C.11 Specimen V4

Figure C.25: Specimen V4 — Detail of large gap between the column and the beam.

Figure C.26: Specimen V4 — General view (after the test).
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C.12 Specimen V5

Figure C.27: Specimen V5 — General view (after the test).

Figure C.28: Specimen V5 — General view of the most damaged zone.
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C.13 Specimen VL1

Figure C.29: Specimen VL1 — View of the initial damage.

Figure C.30: Specimen VL1 — Detail of the hollow box/beam interaction.
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Figure C.31: Specimen VL1 — Detail of the plate-beam relative displacements.

Figure C.32: Specimen VL1 — Reinforcing steel inspection.
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C.14 Specimen VL2

Figure C.33: Specimen VL2 — Detail of the hollow box/beam interaction.

Figure C.34: Specimen VL2 — Detail of the plate-beam relative displacements.
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C.15 Specimen VL3

Figure C.35: Specimen VL3 — Initial damage pattern.

Figure C.36: Specimen VL3 — General view of the most damage zone.

C-20 LNEC — Proc. 0305/17/15027




C.16 Specimen VL4

Figure C.37: Specimen VL4 — Detail of the initial damage.

Figure C.38: Specimen VL4 — General view of the most damaged zone (after the test).
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C.17 Specimen VL5

Figure C.39: Specimen VL5 — Detail of the initial cracking.

Figure C.40: Specimen VLS5 — Detail of the plate-beam relative displacements.
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D.1 Specimen P1

Channels: P1-Accl-Column Mid Span-Ambient;
Frames: N°20; Overlap=0.00%; N° points per frame=6000;

Window:None ; Decimate Factor: 1;
Auto Spectrum
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Figure D-1: Specimen P1 — Fundamental Frequency - FRF Peak Picking.
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D.2 Specimen P2

Input Channels: P2-Acc2-Column Bottom,;
Output Channels: P2-Accl-Beam Mid Span;
Frames: N°23; Overlap=0.00%; N° points per frame=2609;

Window:None ; Decimate Factor: 1;
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Figure D-2: Specimen P2 — Fundamental Frequency - FRF Peak Picking.
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D.3 Specimen P3

Input Channels: P3-Acc2-Column Bottom,;
Output Channels: P3-Accl-Beam Mid Span;
Frames: N°31; Overlap=0.00%; N° points per frame=1935;

Window:None ; Decimate Factor: 1;

Frequency Response Function
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Figure D-3: Specimen P3 — Fundamental Frequency - FRF Peak Picking..
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D.4 Specimen P4

Input Channels: P4-Acc2-Column Bottom,;
Output Channels: P4-Accl-Beam Mid Span;
Frames: N°37; Overlap=0.00%; N° points per frame=1622;

Window:None ; Decimate Factor: 1;
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Figure D-4: Specimen P4 — Fundamental Frequency - FRF Peak Picking..
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D.5 Specimen V1

Output Channels: V1-Accl-Column Mid Span;V1-Accl-Column Mid Span 2;
Frames: N°100; Overlap=0.00%; N° points per frame=1440;

Window:None ; Decimate Factor: 1;

Auto Spectrum
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Figure D-5: Specimen V1 — Fundamental Frequency - FRF Peak Picking.

LNEC — Proc. 0305/17/15027



D.6 Specimen V2

Input Channels: V2-Acc2-Column Bottom;
Output Channels: V2-Accl-Beam Mid Span;
Frames: N°16; Overlap=0.00%; N° points per frame=250;

Window:None ; Decimate Factor: 1;
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Figure D-6: Specimen V2 — Fundamental Frequency - FRF Peak Picking.
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D.7 Specimen V3

Input Channels: V3-Acc2-Column Bottom;
Output Channels: V3-Accl-Beam Mid Span;
Frames: N°17; Overlap=0.00%; N° points per frame=3529;

Window:None ; Decimate Factor: 1;

Frequency Response Function
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Figure D-7: Specimen V3 — Fundamental Frequency - FRF Peak Picking.
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D.8 Specimen V4

Input Channels: V4-Acc2-Column Bottom;
Output Channels: V4-Accl-Beam Mid Span;
Frames: N°35; Overlap=0.00%; N° points per frame=1714;

Window:None ; Decimate Factor: 1;
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Figure D-8: Specimen V4 — Fundamental Frequency - FRF Peak Picking.
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D.9 Specimen V5

Input Channels: V5-Acc2-Column Bottom;
Output Channels: V5-Accl-Beam Mid Span;
Frames: N°23; Overlap=5.00%; N° points per frame=2740;

Window:None ; Decimate Factor: 1;
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Figure D-9: Specimen V5 — Fundamental Frequency - FRF Peak Picking.
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D.10 Specimen VL1

Output Channels: VL1-Accl-Column Mid Span;

Frames: N°13; Overlap=0.00%; N° points per frame=1846;

Window:None ; Decimate Factor: 1;
Auto Spectrum

Pawer [dB.mg~2.pk]

Figure D-10: Specimen VL1 — Fundamental Frequency - FRF Peak Picking.
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D.11 Specimen VL2

Input Channels: VL2-Acc2-Column Bottom;
Output Channels: VL2-Accl-Beam Mid Span;
Frames: N°31; Overlap=0.00%; N° points per frame=194;

Window:None ; Decimate Factor: 1;

Frequency Response Function

35-
30-
25-
20—

297

15+
10+

Gain Factor [dE]

4=
3=
2=

D%W?

-1
23
_4_-|"'|"'|'"I"'I"'I"'I"'""""""""""

Phase [rad]

17
0.8

0.6
0.4
0.23
EI-:, i
]

Coherence

(T
2 4

‘.‘.‘.|.|.|.‘.‘.‘.‘.|.‘. |.|.Hll!.|!.|.|.|.|.|.|.|.|.|. ..l.l.'.l.'.l.'.'.l.'.'.'.!l.!llI!. .'..I.' '.'.'.'.|.|.|.|.|.|.‘.H|. Hh!l
m 12 14 15 18 20 22 24 2% 2B 30 32 34 3B B 40 42 4 4 4 50
Frequency [Hz]

il
&

1
3

Figure D-11: Specimen VL2 — Fundamental Frequency - FRF Peak Picking.
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D.12 Specimen VL3

Input Channels: VL3-Acc2-Column Bottom;
Output Channels: VL3-Accl-Beam Mid Span,;
Frames: N°31; Overlap=0.00%; N° points per frame=1935;

Window:None ; Decimate Factor: 1;
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Figure D-12: Specimen VL3 — Fundamental Frequency - FRF Peak Picking.
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D.13 Specimen VL4

Input Channels: VL4-Acc2-Column Bottom;
Output Channels: VL4-Accl-Beam Mid Span;
Frames: N°32; Overlap=0.00%; N° points per frame=188;

Window:None ; Decimate Factor: 1;
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Figure D-13: Specimen VL4 — Fundamental Frequency - FRF Peak Picking.
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D.14 Specimen VL5

Input Channels: VL5-Acc2-Column Bottom;
Output Channels: VL5-Accl-Beam Mid Span;
Frames: N°28; Overlap=0.00%; N° points per frame=2143;

Window:None ; Decimate Factor: 1;
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Figure D-14

: Specimen VL5 — Fundamental Frequency - FRF Peak Picking.
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E.1 Specimen P1

P1 - DA2-Top Displacement{LVDT)
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Figure E-1:— Specimen P1-DA2 Top Displacement.

P1 - LC1-Top Load(Load Cell)

N S e e e IS MR WA

Force [ki]

Bi oy o w2 omon

i

\

0] 100 200 300 400 500 a0a Jaa 200 900 1000 1100 1200
Time [s]

Figure E-2:— Specimen P1-LC1 Top Load.
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Figure E-3:— Specimen P1-LC1 Top Load (Effective).
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Figure E-4:— Specimen P1-Force vs. Displacement.
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Figure E-5:— Specimen P1-Force (Effective) vs. Displacement.

LNEC — Proc. 0305/17/15027




P1-Colummn Drift

-

[a}]

o

= \

i S
e \
~ ¥

Displacement [%%]
P

—

==

L]

o b b b b bon b bl
I

i
[

0] 100 200 300 400 500 200 J0a 00 00 1000 1100 1200
Time [5]

Figure E-6:— Specimen P1-Column Drift.
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Figure E-7:— Specimen P1-Column Axial Load.
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E.2 Specimen P2

P2 - DA2-Top Displacement{LVDT)
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Figure E-10:— Specimen P2-LC1 Top Load (Effective).
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P2 - Force vs Displacement
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Figure E-11:— Specimen P2-Force vs. Displacement.
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Figure E-12:— Specimen P2-Force (Effective) vs. Displacement.

LNEC — Proc. 0305/17/15027

E-9




bt
]

17.5

[y
[}

12.5

o I < T ¢ S T
[ I A NN o o (NN e N [N A I [N o

-10

P2 -LC1-Top Load(Load Cellj(all Cydes) [kM]

-12.5

-15-

-17.5

-20 -

P2 - Force vs Displacement

S

- 7 ®© -5 4 -3 -2 -1 0
P2 - DAZ-Top Displacement(LVDT)(All Cydes) [cm]

Figure E-13:— Specimen P2-Force vs. Displacement (All Cycles).
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Figure E-14:— Specimen P2-Column Drift.
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P2 - LCZ2-Column Axial Load(Load Cell}
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Figure E-15:— Specimen P2-Column Axial Load.
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E.3 Specimen P3
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Figure E-18:— Specimen P3-LC1 Top Load (Effective).
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Figure E-19:— Specimen P3-Force vs. Displacement.
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Figure E-20:— Specimen P3-Force (Effective) vs. Displacement.
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P3 - Force vs Displacement
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Figure E-21:— Specimen P3-Force vs. Displacement (All Cycles).
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P3 - LCZ2-Column Axial Load(Load Cell)
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Figure E-23:— Specimen P3-Column Axial Load.
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E.4 Specimen P4

P4 - DA2-Top Displacement{LVDT)
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Figure E-24:— Specimen P4-DA2 Top Displacement.
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Figure E-26:— Specimen P4-LC1 Top Load (Effective).
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P4 - Force vs Displacement
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Figure E-27:— Specimen P4-Force vs. Displacement.
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P4 - Force vs Displacement
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Figure E-29:— Specimen P4-Force vs. Displacement (All Cycles).
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Figure E-30:— Specimen P4-Column Drift.
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P4 - LC2-Column Axial Load(Load Cell)
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Figure E-31:— Specimen P4-Column Axial Load.
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E.5 Specimen V1

V1 - DA2-Top Displacement(LVDT)
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Figure E-32:— Specimen V1-DA2 Top Displacement.
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Figure E-33:— Specimen V1-LCI1 Top Load.
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Figure E-34:— Specimen V1-Beam Dirift.
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V1 - Force vs Displacement
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Figure E-35:— Specimen V1-Force vs. Displacement.
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Figure E-36:— Specimen V1-Beam Axis Drift.
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E.6 Specimen V2

V2 - DA2-Top Displacement(LVDT)
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Figure E-37:— Specimen V2-DA2 Top Displacement.
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Figure E-38:— Specimen V2-LCI1 Top Load.
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Figure E-39:— Specimen V2-Beam Dirift.
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V2 - Force vs Displacement

T O N = R N T -
[ONN [ T N U I T YOO YO YO O T N O U T N VO WO O U WO MO U AN MO O U |

V2 -LC1-Top Load({Load Cell) [kM]

e
(=
L

e
[
Ll

i
=
ol

e
o
Ll

-18-
- 7 ® - 4 -3 -2 -1 0 1 2 3 4 5 & F 8
V2 - DA2-Top Displacement(LVDT) [cm]

Figure E-40:— Specimen V2-Force vs. Displacement.
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Figure E-41:— Specimen V2-Beam Axis Drift.
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E.7 Specimen V3
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Figure E-44:— Specimen V3-Beam Dirift.
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V3 - Force vs Displacement
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Figure E-45:— Specimen V3-Force vs. Displacement.
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Figure E-46:— Specimen V3-Beam Axis Drift.
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E.8 Specimen V4

V4 - DA2-Top Displacement{LVDT)
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Figure E-47:— Specimen V4-DA2 Top Displacement.
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Figure E-48:— Specimen V4-LCI1 Top Load.
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Figure E-49:— Specimen V4-Beam Dirift.
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V4 - Force vs Displacement
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Figure E-50:— Specimen V4-Force vs. Displacement.
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Figure E-51:— Specimen V4-Beam Axis Drift.
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E.9 Specimen V5

V5 - DA2-Top Displacement{LVDT)
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Figure E-52:— Specimen V5-DA2 Top Displacement.
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Figure E-53:— Specimen V5-LCI1 Top Load.
;‘5 | L w—
i ISEREEEEE SN | SR EERNE W |
JE R B | B/ L U & R & SR | R SR S I
ST YYP1H L S 8 A A Y W A AV A 8 O S
e IRAAJR R A8/ 150 AR W AN 0 U A 1 NS 6 S A A W A6 O
" 410N /SR W R O A AN S R YA R O
S SR SEE TRV RN Y
b VSSESFSSESY

Time [5]

Figure E-54:— Specimen V5-Beam Dirift.
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V5 - Force vs Displacement
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Figure E-55:— Specimen V5-Force vs. Displacement.
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Figure E-56:— Specimen V5-Beam Axis Drift.
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E.10 Specimen VL1

VL1 - DAZ-Top Displacement{LVDT)
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Figure E-57: — Specimen VL1-DA2 Top Displacement.
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Figure E-58: — Specimen VL1-LC1 Top Load.
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Figure E-59: — Specimen VL1-Beam Drift.
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VL1 - Force vs Displacement
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Figure E-60: — Specimen VL1-Force vs. Displacement.
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Figure E-61: — Specimen VL1-Beam Axis Drift.
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E.11 Specimen VL2

VL2 - DAZ-Top Displacement{LVDT)
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Figure E-62:— Specimen VL2-DA2 Top Displacement.
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Figure E-63:— Specimen VL2-LC1 Top Load.
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Figure E-64:— Specimen VL2-Beam Drift.
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VL2 - LC1-Top Load(Load Cell) [kM]
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Figure E-65:— Specimen VL2-Force vs. Displacement.
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Figure E-66:— Specimen VL2-Beam Axis Drift.
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E.12 Specimen VL3

VL3 - DAZ-Top Displacement{LVDT)
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Figure E-67:— Specimen VL3-DA2 Top Displacement.
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Figure E-68:— Specimen VL3-LC1 Top Load.
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Figure E-69:— Specimen VL3-Beam Drift.
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VL3 - Force vs Displacement
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Figure E-70:— Specimen VL3-Force vs. Displacement.
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Figure E-71:— Specimen VL3-Beam Axis Drift.
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E.13 Specimen VL4

VL4 - DAZ-Top Displacement{LVDT)
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Figure E-72:— Specimen VL4-DA2 Top Displacement.
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Figure E-73:— Specimen VL4-LC1 Top Load.
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Figure E-74:— Specimen VL4-Beam Drift.
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VL4 - Force vs Displacement
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Figure E-75:— Specimen VL4-Force vs. Displacement.
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Figure E-76:— Specimen VL4-Beam Axis Drift.
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E.14 Specimen VL5

VL5 - DAZ- Top Displacement{LVDT)
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Figure E-77:— Specimen VL5-DA2 Top Displacement.
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Figure E-79:— Specimen VL5-Beam Drift.
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VLS - LC1-Top Load(Load Cell) [lkM]
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Figure E-80:— Specimen VL5-Force vs. Displacement.
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F.1 Specimen P1

P1 - Connection Bending Moment
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Figure F-1: Specimen P1 - Connection Bending Moment.
P1 - Connection Bending Moment (Effective)
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Figure F-2: Specimen P1 - Connection Bending Moment (Effective).
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Figure F-3: Specimen P1 — Connection Rotation.
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F.2 Specimen P2

oment (All Cycles)

P2 - Connection Bending M

S
I|l|]
———
]lllll|.|.
,|.|.|.|.,|.|.|
———
[y
I,l.l.l..l.l.l
I ——
_—
B -
-
ll]llll
—t
|.|.I.IJ|.|,I|.|I
|
-
——
|l|.|.|.|l|
T T
——
=T ]
llllllll
F = —aemm—
|.|,|J|.|
== T L] B
— -
-_—
EEEmnmEmmy
— ]
A — 1 -
h— 1
e —
-
——
P

tion Bending Moment.

Figure F-4: Specimen P2 - Connec

nt (Effective) (All Cycles)

me

P2 - Connection Bending Mo

A

!

M

i

f

|

SL RN TR AR R AR

[

WA A LA

|

AAREERILA

L N

WAL L

e

= 10

4
=

ime [s]

tion Be

(Effective).

nding Moment

imen P2 - Connec

Figure F-5: Spec

P2-Connection Rotation

[=]
-2
[y}
-
-2
-2
=]
=
1 ] R
— -o
-
—E—]
="
e ERENEEEENE i
| T
— o
— —
—
¢
—T u
a===SNUNERNNEER
" =
—_
M
I-I-|.I|.|.I|,||.|
— ]
]
I —— m——
L —— |
|.|.|.,|.|[II|I|I[r
. ——
| T
™|
L =
| -
| |
[ m
IJ|.||.|..|.|I.|
——
——"]
—
e [ | -
[T T
—
r=—"
n“[.
______________________________

33333333

ion Rotation

Figure F-6: Specimen P2 — Connect
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F.3 Specimen P3

P3 - Connection Bending Moment (All Cycles)
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Figure F-7: Specimen P3 - Connection Bending Moment.

P3 - Connection Bending Moment (Effective) (All Cycles)
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Figure F-8: Specimen P3 - Connection Bending Moment (Effective).
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Figure F-9: Specimen P3 — Connection Rotation.
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F.4 Specimen P4

P4 - Connection Bending Moment (All Cycles)
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Figure F-10: Specimen P4 - Connection Bending Moment.
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Figure F-11: Specimen P4 - Connection Bending Moment (Effective).
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Figure F-12: Specimen P4 — Connection Rotation.
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F.5 Specimen V1

V1 - Connection Bending Moment
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Figure F-13: Specimen V1 - Connection Bending Moment.
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F.6 Specimen V2

V2 - Connection Bending Moment
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Figure F-15: Specimen V2 - Connection Bending Moment.
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Figure F-16: Specimen V2 — Connection Rotation.
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F.7 Specimen V3
V3 - Connection Bending Moment
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F.8 Specimen V4

V4 - Connection Bending Moment
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Figure F-19: Specimen V4 - Connection Bending Moment.
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Figure F-20: Specimen V4 — Connection Rotation.
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F.9 Specimen V5

V5 - Connection Bending Moment
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Figure F-22: Specimen V5 — Connection Rotation.
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F.10 Specimen VL1

VL1 - Connection Bending Moment
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Figure F-23: Specimen VL1 - Connection Bending Moment.
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F.11 Specimen VL2

VL2 - Connection Bending Moment
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Figure F-25: Specimen VL2 - Connection Bending Moment.
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Figure F-26: Specimen VL2 — Connection Rotation.
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F.12 Specimen VL3

VL3 - Connection Bending Moment
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Figure F-27: Specimen VL3 - Connection Bending Moment.

VL3-Connection Rotation

1-

EU YRR R R EanliERe B BT
' VY

2 uun)

Rotation [7]
=
=

- =} R
0] 200 400 00 800 1000 1200 1400 1800 1800 2000 2200 2400 2600 2800 3000
Time [5]

Figure F-28: Specimen VL3 — Connection Rotation.
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F.13 Specimen VL4

VL4 - Connection Bending Moment
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Figure F-29: Specimen VL4 - Connection Bending Moment.
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Figure F-30: Specimen VL4 — Connection Rotation.
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F.14 Specimen VL5

VL5 - Connection Bending Moment
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Figure F-31: Specimen VLS5 - Connection Bending Moment.
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Figure G-1:— Specimen P1 — Foundation Relative Displacement — X Direction.
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Figure G-2:— Specimen P1 — Foundation Relative Displacement — Z Direction.
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G.2 Specimen P2
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Figure G-3:— Specimen P2 — Foundation Relative Displacement — X Direction.
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Figure G-4:— Specimen P2 — Foundation Relative Displacement — Z Direction.
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G.3 Specimen P3
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Figure G-5:— Specimen P3 — Foundation Relative Displacement — X Direction.
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Figure G-6:— Specimen P3 — Foundation Relative Displacement — Z Direction.
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G.4 Specimen P4

0.3
0.2-

DE%WN N
L
1.0 AL

]

10101,
ITRLR

e BN AT RTATAY
HE A

AL r‘\wu..
ey i
E i IR U U U U U !

|
I

e |
_111_|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
i) 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Time [s]

Figure G-7:— Specimen P4 — Foundation Relative Displacement — X Direction.
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Figure G-8:— Specimen P4 — Foundation Relative Displacement — Z Direction.
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Figure G-9:— Specimen P4 — Column/Foundation Rel. Displacement - Right — X Direction.
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P4-L14 L16 Relative Displacement Z direction
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Figure G-10:— Specimen P4 — Column/Foundation Rel. Displacement - Right — Z Direction.
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Figure G-11:— Specimen P4 — Column/Foundation Rel. Displacement - Left — X Direction.
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Figure G-12:— Specimen P4 — Column/Foundation Rel. Displacement - Left — Z Direction.
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G.5 Specimen V1
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Figure G-13:— Specimen V1 — Column Central Point Relative Displacement — X Direction.
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Figure G-14:— Specimen V1 — Column Central Point Relative Displacement — Z Direction.
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G.6 Specimen V2

V2-L1X Rel
0.004-
0.003
0.002= i
£ 0.0012 |1
A n ﬁ
i 0= I
= : I
Y 0.0012 |
. g Wil
S -g.002- ! \ b ¥
0.003=
'D.D[Jq'_-||||||||||||||||||||||||||||||||||||||||||||||
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time [s]

Figure G-15:— Specimen V2 — Column Central Point Relative Displacement — X Direction.
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Figure G-16:— Specimen V2 — Column Central Point Relative Displacement — Z Direction.
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Figure G-17:— Specimen V2 — Distance (Beam Plate — Beam) — Left.
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V2- Distance (Beam Plate - Beam)-Right

Figure G-18:— Specimen V2 — Dis:rnliiBeam Plate — Beam) — Right.
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Figure G-19:— Specimen V2 — Dist:::i [(S]]3earn Plate — Column)  Left.
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Figure G-20:— Specimen V2 — Distance (Beam Plate — Column) — Right.
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V2- Distance (Bolt Head - Beam plate)-Left
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Figure G-21:— Specimen V2 — Distance (Bolt Head — Beam Plate) — Left.
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Figure G-22:— Specimen V2 — Distance (Bolt Head — Beam Plate) — Right.
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Figure G-23:— Specimen V2 — Distance (Bolt Head — Column) — Left.
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V2- Distance (Bolt Head - Column}-Right
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Figure G-24:— Specimen V2 — Distance (Bolt Head — Column) — Right.
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G.7 Specimen V3
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Figure G-25:— Specimen V3 — Column Central Point Relative Displacement — X Direction.
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Figure G-26:— Specimen V3 — Column Central Point Relative Displacement — Z Direction.
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Figure G-27:— Specimen V3 — Distance (Beam Plate — Beam) — Left.
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V3- Distance (Beam Plate - Beam}-Right
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Figure G-28:— Specimen V3 — Distance (Beam Plate — Beam) — Right.
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Figure G-29:— Specimen V3 — Distance (Beam Plate — Column) — Left.
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V3- Distance (Bolt Head - Beam plate)-Left
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Figure G-31:— Specimen V3 — Distance (Bolt Head — Beam Plate) — Left.
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Figure G-32:— Specimen V3 — Distance (Bolt Head — Beam Plate) — Right.

VW3- Distance (Bolt Head - Column)-Left

0.5-
0.45-
0.4-
0.35- w
0.3-
0.25-
0.2-
0.15-
0.1-
0.05-

Relative Displacement [mm]

I:|_||||||||||||||||||||||||||||||_|||||_|||||_||||||

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time [s]

Figure G-33:— Specimen V3 — Distance (Bolt Head — Column) — Left.
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V3- Distance (Bolt Head - Column}-Right
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Figure G-34:— Specimen V3 — Distance (Bolt Head — Column) — Right.
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G.8 Specimen V4
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Figure G-35:— Specimen V4 — Column Central Point Relative Displacement — X Direction.

V4-L17 Rel
0.02- ‘
0,013 ||| Y.
B
E -
E 3
E.-D.Ell_ ! Iy ! li ot | |
o 3
L T
e 1 g
L] =
1 . AN NN
{EER[IESS [SESR | EREEASEEEE:
0,04~ ; llJ u ll
L T T T T T e
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time [s]

Figure G-36:— Specimen V4 — Column Central Point Relative Displacement — Z Direction.
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Figure G-37:— Specimen V4 — Distance (Beam Plate — Beam) — Left.
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Figure G-38:— Specimen V4 — Distance (Beam Plate — Beam) — Right.
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Figure G-39:— Specimen V4 — Distance (Beam Plate — Column) — Left.
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Figure G-40:— Specimen V4 — Distance (Beam Plate — Column) — Right.
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V4- Distance (Bolt Head - Beam plate)-Left
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Figure G-41:— Specimen V4 — Distance (Bolt Head — Beam Plate) — Left.
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Figure G-42:— Specimen V4 — Distance (Bolt Head — Beam Plate) — Right.
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Figure G-43:— Specimen V4 — Distance (Bolt Head — Column) — Left.
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Figure G-44:— Specimen V4 — Distance (Bolt Head — Column) — Right.
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G.9 Specimen V5

V5-L1X Rel
0.008-
0.006- ’I h
'E 0.004- '
£ ]
= - W
T 0.002- '
§ !'
o :
=3 0 i 1 1
& N
-0.002- ! [ . f
'DIDD4_||||||||||||||||||||||||||||||||||||||||||||||
a 500 1000 1500 2000 2500 3000 3500 4000 4500
Time [s]
Figure G-45:— Specimen V5 — Column Central Point Relative Displacement — X Direction.
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Figure G-46:— Specimen V5 — Column Central Point Relative Displacement — Z Direction.
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Figure G-47:— Specimen V5 — Distance (Beam Plate — Beam) — Left.
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V5- Distance (Beam Plate - Beam}-Right
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Figure G-48:— Specimen V5 — Distance (Beam Plate — Beam) — Right.
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Figure G-49:— Specimen V5 — Distance (Beam Plate — Column) — Left.
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Figure G-50:— Specimen V5 — Distance (Beam Plate — Column) — Right.
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V5- Distance (Bolt Head - Beam plate)-Left
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Figure G-51:— Specimen V5 — Distance (Bolt Head — Beam Plate) — Left.
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Figure G-52-— Specimen V5 — Distance (Bolt Head — Beam Platc) — Right.
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Figure G-53:— Specimen V5 — Distance (Bolt Head — Column) — Left.
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V5- Distance (Bolt Head - Column}-Right
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Figure G-54:— Specimen V5 — Distance (Bolt Head — Column) — Right.

G-26 LNEC — Proc. 0305/17/15027




G.10 Specimen VL1
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Figure G-55: — Specimen VL1 — Column Central Point Relative Displacement — X Direction.
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Figure G-56: — Specimen VL1 — Column Central Point Relative Displacement — Z Direction.
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G.11 Specimen VL2
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Figure G-57:— Specimen VL2 — Column Central Point Relative Displacement — X Direction.
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Figure G-58:— Specimen VL2 — Column Central Point Relative Displacement — Z Direction.
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Figure G-59:— Specimen VL2 — Distance (Beam Plate — Beam) — Left.
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VL2- Distance (Beam Plate - Column)-Left
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Figure G-60:— Specimen VL2 — Distance (Beam Plate — Column) — Left.
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Figure G-61:— Specimen VL2 — Distance (Bolt Head — Beam Plate) — Left..
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Figure G-62:— Specimen VL2 — Distance (Bolt Head — Column) — Left.
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G.12 Specimen VL3
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Figure G-63:— Specimen VL3 — Column Central Point Relative Displacement — X Direction.
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Figure G-64:— Specimen VL3 — Column Central Point Relative Displacement — Z Direction.
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Figure G-65:— Specimen VL3 — Distance (Beam Plate — Beam) — Left.
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VL3- Distance (Beam Plate - Beam}-Right
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Figure G-66:— Specimen VL3 — Distance (Beam Plate — Beam) — Right.
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Figure G-67:— Specimen VL3 — Distance (Beam Plate — Column) — Left.
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Figure G-68:— Specimen VL3 — Distance (Beam Plate — Column) — Right.
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VL3- Distance (Bolt Head - Beam plate)-Left
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Figure G-69:— Specimen VL3 — Distance (Bolt Head — Beam Plate) — Left..
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Figure G-70:— Specimen VL3 — Distance (Bolt Head — Column) — Left.
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G.13 Specimen VL4
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Figure G-71:— Specimen VL4 — Column Central Point Relative Displacement — X Direction.
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Figure G-72:— Specimen VL4 — Column Central Point Relative Displacement — Z Direction.
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Figure G-73:— Specimen VL4 — Distance (Beam Plate — Beam) — Left.
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VL4- Distance (Beam Plate - Beam}-Right
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Figure G-74:— Specimen VL4 — Distance (Beam Plate — Beam) — Right.
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Figure G-75:— Specimen VL4 — Distance (Beam Plate — Column) — Left.
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Figure G-76:— Specimen VL4 — Distance (Beam Plate — Column) — Right.
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VL4- Distance (Bolt Head - Beam plate)-Left
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Figure G-77:— Specimen VL4 — Distance (Bolt Head — Beam Plate) — Left..
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Figure G-78:— Specimen VL4 — Distance (Bolt Head — Column) — Left.
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G.14 Specimen VL5
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Figure G-79:— Specimen VLS5 — Column Central Point Relative Displacement — X Direction.
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Figure G-80:— Specimen VL5 — Column Central Point Relative Displacement — Z Direction.
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Figure G-81:— Specimen VLS5 — Distance (Beam Plate — Beam) — Left.
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VL5- Distance (Beam Plate - Beam}-Right
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Figure G-82:— Specimen VL5 — Distance (Beam Plate — Beam) — Right.

VL5- Distance (Beam Plate - Column)-Left

0.45-

m
=
L
un

|

2 o
[
[

1 1 1
——

| -
o A
T AT A A AN 2 ST U
A

A

L O N L e e | L O e L e e e B |

2000 2500 3000 3500 4000 4500
Time [5]

= §
—_ .
(5]

[
[y
'
-

=]

[
oo
| T

Relative Displacement [mm]
=
5]

L T Y T T R IR T N O B B |
00 1000 1500

=]

Figure G-83:— Specimen VLS5 — Distance (Beam Plate — Column) — Left.
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Figure G-84:— Specimen VLS5 — Distance (Beam Plate — Column) — Right.

LNEC — Proc. 0305/17/15027 G-37




VL5- Distance (Bolt Head - Beam plate)-Left
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Figure G-85:— Specimen VL5 — Distance (Bolt Head — Beam Plate) — Left..
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Figure G-86:— Specimen VLS5 — Distance (Bolt Head — Column) — Left.
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Figure H-1: Specimen P1 — Input Energy.
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Figure H-2: Specimen P1 — Input Energy (Effective).

LNEC — Proc. 0305/17/15027 H-3




H.2 Specimen P2
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Figure H-3: Specimen P2 — Input Energy.
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Figure H-4: Specimen P2 — Input Energy (Effective).
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H.3 Specimen P3
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Figure H-5: Specimen P3 — Input Energy.
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Figure H-6: Specimen P3 — Input Energy (Effective).
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H.4 Specimen P4
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Figure H-7: Specimen P4 — Input Energy.
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Figure H-8: Specimen P4 — Input Energy (Effective).
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H.5 Specimen V1
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Figure H-9: Specimen V1 — Input Energy.
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Figure H-10: Specimen V2 — Input Energy.
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H.7 Specimen V3
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Figure H-11: Specimen V3 — Input Energy.
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Figure H-12: Specimen V4 — Input Energy.
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H.9 Specimen V5
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Figure H-13: Specimen V5 — Input Energy.
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Figure H-14: Specimen VLI — Input Energy.
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H.11 Specimen VL2
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Figure H-15: Specimen VL2 — Input Energy.
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Figure H-16: Specimen VL3 — Input Energy.
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H.13 Specimen VL4
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H.14 Specimen VL5

Figure H-17: Specimen VL4 — Input Energy.
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Figure H-18: Specimen VLS5 — Input Energy.
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