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ABSTRACT

This paper presents an experimental verification of a method of evaluating local damage in steel beam-column
connections using modal vibratory characteristics under ambient vibrations. First, a unique testing method is proposed to
provide a vibration-test environment which enables measurements of modal vibration characteristics of steel beam-
column connection as damage proceeds. In the testing method, a specimen of structural component is installed in a
resonance frame that supports large fictitious mass and the resonance frequency of the entire system is set as the natural
frequency of a mid-rise steel building. The specimen is damaged quasi-statically, and resonance vibration tests are
conducted with a modal shaker. The proposed method enables evaluation of realistic damage in structural components
without constructing a large specimen of an entire structural system. The transition of the neutral axis and the reduction
of the root mean square (RMS) of dynamic strain response are tracked in order to quantify damage in floor slabs and
steel beams, respectively. Two specimens of steel beam-column connection with or without floor slab were tested to
investigate sensitivity of the damage-related features to loss of floor composite action and fractures in steel beams. In the
end, by updating numerical models of the specimens using the identified damage-related features, seismic capacities of
damaged specimens were estimated.
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1. INTRODUCTION

Post-earthquake damage assessments of buildings are particularly essential to support decision-making in evacuation
or re-occupancy policy for future earthquakes. In case of an emergency situation, stakeholders and occupants of
buildings face difficulties due to a lack of information on structural status (i.e., damage level or residual performance).
At the present moment, however, damage extent of buildings is visually assessed by registered inspectors, which requires
considerable labors and time. Especially for steel buildings, severe damage such as fracture at connections are hardly
identifiable by visual inspection in many cases since almost all steel members are covered by fire-proofing and
architectural finishing. In the 2011 Tohoku earthquake in Japan, for example, more than 95,000 earthquake-affected
buildings were suspected for safety and required over a three-month period inspection. It was also reported that
inspection was delayed or re-conducted due to the damaging aftershocks in some cases [1].

In response to this situation, Structural Health Monitoring (SHM), which utilizes information from state of the art
sensing systems deployed permanently to buildings, attracts a great attention as post-earthquake diagnosis tools. In
general, SHM systems in building applications can be classified in two, global and local monitoring, depending on their
objectives. Global monitoring senses overall behavior of structures (e.g. floor accelerations or story drifts), from which
the reduction of natural frequencies, story stiffness or hysteresis properties are evaluated [2], [3]. Local monitoring
senses responses at individual members (e.g., beam accelerations or strains), from which local damages at structural
members are identified [4], [5]. This is beneficial for the purpose to identify detailed damage information and to estimate
structural residual capacity by updating damaged structural elements with an analyzed model one by one [6]-[8]. For
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steel buildings, local monitoring may plays an important role because damage concentrate at member ends and the
overall responses remain similar until damage progress to very severe (e.g., large fractures at many locations). The other
challenge in steel buildings is a presence of composite actions mainly by floor slabs. A past research on local damage by
the authors on influence of floor slab to the lateral stiffness or vibratory characteristics of beam-column connection [9]
indicated that the influence was considerable enough to be equivalent to bottom flange fracture in some cases, and global
characteristics monitoring, such as identifications of natural frequency and mode shape, may not be sufficient to
distinguish these damages.

This research first presents a unique testing method which provides a vibration-test environment which enables
measurements of modal vibration characteristics of steel beam-column connection as damage proceeds. In the test,
beam-column connection specimens of a mid-rise steel building with and without floor slab were damaged and their
modal vibration characteristics were monitored using a wireless dynamic strain monitoring system [4]. In particular, the
transition of beam neutral axes caused by floor slab damages and the reduction of dynamic strain responses caused by
beam damages were investigated. Moreover, an analysis model of the specimen was built and updated using dynamic
strain responses. This model-updating was particularly interested as it provided estimates on the residual seismic
capacities of the specimens in terms of the quantities familiar to structural engineer (i.e., stiffness and strength).

2. SUBSTRUCTURE RESONANCE TEST

2.1 Test system for damage monitoring

The test system shown in Figure 1 was developed to damage a building substructure such as beam-column
connections with quasi-static cyclic loading and to investigate its inner-force distribution when subject to the natural
mode components of ambient vibrations. In order to excite substructure responses under the natural mode vibration of
the building where the substructure was taken from, the substructure was connected with additional mass and vibrated as
a simple SDOF system [Figure 1(a)].

Figure 1(b) shows the test system. A beam-column connection specimen was connected to a pin-frame which
supported the additional mass made of steel plates. For the quarter-scaled specimens explained in the following section,
the natural frequency of the system was adjusted to 1.7 Hz. In full scale, this frequency was equivalent to 0.85 Hz, a
typical natural frequency of mid-rise buildings. Cyclic loading was applied in the lateral direction by controlling the drift
angle of the specimen with a loading system consisted of a hydraulic jack and a pump, and a controller. The specimen
was unloaded to the initial state when notable damage occurred, and then the jack was detached temporarily. Resonance
test was conducted by inputting white noise with 0.5Hz-40Hz frequency band to the pin-frame using a modal shaker
(APS 113, APS Dynamics) firmly attached to the additional mass. The sampling frequency and measurement duration
were 100Hz and 150 second, respectively.

In summary, the test proceeded as follows: 1) seismic damages were induced to the substructure specimen by applying
lateral force using the quasi-static loading system; ii) at every notable damage stage, the loading system was detached
temporarily and the resonance at natural vibration mode was excited using a modal shaker.

2.2 Test specimens

There were two types of specimens, a beam-column connection with or without floor slab. The dimensions of a
specimen with floor slab are shown in Figure 2(a). The specimen had a story height of 1,000 mm and a beam span of
2,000 mm, which corresponds approximately to a quarter size of original scale. The column has a hollow steel section
(o0—100x100x9) and was made of SM490 steel with the nominal yield strength of 325 MPa. The beams were I-shapes
(H-100x60x6%8) made of SS400 steel with the nominal strength of 235MPa. In the figure, X1 and X2 denote the left
beam-ends and the right beam-ends respectively. Beam and column were welded with CJP groove welding using though-
type diaphragms. The floor slab (2000 mm x500 mm x120 mm) with reinforcing meshes was casted and connected with
the steel beam using hexagonal bolts (diameter 6 mm, height 20 mm, as a substitute of the headed stud) welded to the top
flanges with an interval at 40 mm. The additional mass supported by the pin-frame was 4,000 kg.

Proc. of SPIE Vol. 9435 94352E-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/27/2015 Terms of Use: http://spiedl.or g/terms



2.3 Sensing system

Dynamic strain sensors and acceleration sensors were used to measure the vibration responses of the specimens. The
data were collected though wireless communication modules NARADA (Civionics, LLC). Figure 2(b) shows the layout
of the sensors. The dynamic strain sensor was a PVDF (Poly Vinylidene Di Fluoride) film (DT1-028K, Tokyo sensor).
The PVDF film outputs approximately 12 mV per 1 micro strain and covers the broad range of frequency of 0.001 Hz to
a few MHz. Dynamic strain responses of the beams were measured at three sections (P1 to P3). At the beam sections, the
axial strains induced by bending moments were measured at the top and bottom flanges. At the column section, the axial
strains were measured at two facing column surfaces in the direction of loading. To identify the mode shape of the
specimen, six MEMS accelerometers (Silicon design, 2012-002) were placed on the top flanges of the beams. The
accelerometer had the frequency range of DC to 300 Hz and the output range of =2 g. The initial vibratory characteristics
of the specimen with the floor slab were examined at undamaged state. The RMS (root mean square) of the acceleration
response at the column top (AC7) was 0.024 m/s”. The first mode shape of the beams was point symmetry about the joint
as those observed in beams in building deformed laterally with story drifts. A typical RMS value of beam strain
responses was 6.4 ue. The identified resonance frequency was 1.84 Hz, which was close enough to the expected value in

the design, 1.7 Hz. At this resonance frequency, the dynamic strain responses had very low noise levels and high S/N
ratios.
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Figure 1. Substructure resonance test: (a) concept of system; (b) test setup.
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Figure 2.Specimen and sensing system: (a) dimensions; (b) sensor layout.
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3. LOADING PROTOCOL AND DAMAGE CASES

The loading was continued until the specimens significantly lost lateral load-resisting capacities. When notable
damage progressed in the specimens, the loading protocol was paused and Figure 3 and Table 1 show the overall
behavior and defined damage cases for each specimen.

3.1 Specimen without floor slab

During the cyclic loading, two repetitive loading cycles were applied at respective drift angles of 0.5%, 1.0%, 2.0%,
3.0%, 4.0%, 5.0%, and 6.0%. The drift angle was computed as the lateral displacement of the column top over the
column height (i.e. story height). Then, loading was repeated at the drift angle of 8.0% until fracture occurred at the ends
of the both beams. The specimen yielded at the drift angle of 1.5%. A ductile crack initiated from the toe of the weld
access hole at the beam end X1 at the first cycle of 8% drift angle (ductility z=5.3). The crack propagated and formed a
fracture of the two third of the bottom flange during the second cycle of the same drift angle. At the third cycle, the
fracture progressed to the entire bottom flange. At the fifth cycle, facture reached from one third of the web to the entire
web. Finally, the test ended with the complete loss of the bending moment resisting capacity at one beam-end X1. In
total, seven damage cases were defined: Al at undamaged condition; A2 after initial yielding; A3 and A4 after reaching
plastic strength at the beam ends; A5 at the fracture of two third of the bottom flange at X1; A6 at fracture of the entire
flange and one third of the web at X1; A7 at the fracture of the entire flanges and webs at X1. No fracture was observed
at X2.

3.2 Specimen with floor slab

A loading protocol similar to that for the specimen without floor slab was adopted. For two repetitive loading cycles,
a drift angle of 0.25% was added. To collapse, cyclic loading was repeated at the drift angle of 6%. At small deformation,
small cracks initiated when the floor slab was subject to compressive force generated by the contact to the column
surface. At the drift angle of 0.50%, beam bending initiated cracks in both longitudinal and transverse directions of the
beam. As loading amplitude increased, the cracks spread large and deep. After the drift angle of 3.0%, there was no
notable crack growth in the floor slab; the number of small cracks increased around the column. The steel beam yielded
at the drift angle of 1.84%, and the ductile crack initiated at the toe of the weld access hole during the second cycle of
5.0% drift (1=3.2). The four fifths of the bottom flange at the beam-end X1 fractured during the first cycle of 6.0% drift
(1£=3.8). At the other beam-end X2, the ductile crack initiated from the toe of the weld access hole at the fifth cycle, and
then completely fractured at the same cycle. The loading ended when the half of the web of the beam end X2 fractured at
the sixth cycle. The ten damage cases were defined: B1 at undamaged condition; B2 to B7 for the slab damage; B8 at the
fracture of the bottom flange at X1; B9 at the fracture of the entire flange and web in negative and the bottom flange at
X2; B10 at the fracture of the half of the web at X2.
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Figure 3. Damage progress: (a) specimen without floor slab; (b) specimen with floor slab.
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Table 1 Damage case definition.

Case
(No slab) Al A2 A3, A4 A5 (X1) A6 (X1) A7 (X1)
Damage
extent
Drift angle 0% 2% 3-5% 8%
Ductility 0 1.3 2.0-3.3 5.3
Case
(With slab) B1 B2-B7 B8 (X1) B9 (X1, X2) B10 (X1, X2)
Damage
extent
Drift angle 0% 0.5-5% 6%
Ductility 0 0.3-3.2 3.8

4. DAMAGE SENSITIVE FEATURES

In this chapter, damage sensitive features for concrete cracks and steel beam fracture were introduced. The transition
of neutral axes and the reduction of dynamic strain responses were used for evaluating the loss of the composite action
for floor slab cracks and fractures on steel beams, respectively. Then, their sensitiveness to damages was examined with
the results of the resonance vibration tests.

4.1 Detecting cracks of slab: Transition of neutral axis

According to the research by Sigurdardottir et al [10], the position of neutral axes in composite beam section can be
evaluated with a sufficient accuracy using strain measurements of steel beams. Thus, the transitions of neutral axis in
composite beam section were examined for static loading tests and resonance vibration tests. The dynamic neutral axis
was defined as the RMS ratio of dynamic strain responses at the top and the bottom flanges (émp and (sj;,ottom) and the
beam height H as follows:

gi
NA = ( top)RMS CH (1)

(8;mzmm )RMS + (gtlap )RMS‘

The static neutral axes were estimated as the ratio of static strains of the top and bottom flanges at the location P1 and
P2, separately for cases where concrete slab was in compression and in tension. The dynamic neutral axis was assumed
to be the average of the two static neutral axes as the concrete slab subject to compression and tension repeatedly under
ambient vibrations. The dynamic neutral axes shifted closer to the centroid of the steel beam section as the composite
action decreased with cracks.

Figure 4 shows the transitions of the dynamic neutral axis and the average of the static neutral axes both measured at
P1. The coordinate corresponds to the location in the beam section with zero corresponding to the centroid of the beam
section and positive and negative 0.5 corresponding to the top and bottom flanges. The results show that even small
cracks in concrete at Case B2 influenced the dynamic neutral axis and moved it down by 72%. After Case B2, it
gradually moved closer to the centroid as damage in the floor slab proceeded. It should be noted that the transition of the
dynamic neutral axis and the averaged static neutral axis were similar except at the initial state where the floor slab right
after fabrication also contributed in tension. The loss of composite action significantly correlated with the transition of
the dynamic neutral axis.
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Figure 4. Transition of neutral axis.

4.2 Detecting fracture of beam: Change of strain distribution

Ambient vibrations monitored at lateral-load-resisting members in buildings include components of the natural
vibration modes of the buildings. When a natural mode shape remains similar and building behaves linearly, the bending
moment distribution in the building at the natural mode is uniquely determined by the stiffness distribution of the lateral-
load-resisting members. In addition, the bending-moment ratios between different lateral-load-resisting members are
independent to the characteristics of input ground motions since the ratios remain same under equivalent modal static
loads. Kurata et al evaluated the damage extent of steel beams by evaluating the local changes in bending moment
distribution using dynamic strain responses [4], [5]. In the method, damage index SD based on changes in dynamic strain
distributions is defined by Eq. (2).

i i

R —R ,.
SD :’IT.]()O(%)’ R = (gheam)km

i
( reference ) RMS

2

where R’ is the ratio of dynamic strains at a monitored beam, &4, and any reference points, ejre,é,ence. The measurement
point at the monitored beam shall be reasonably away from damage location to avoid influence by the local strain
redistribution such as fracture (Li et al proposed the appropriate distance as around 2.0 times the depth of the steel beam
section in [5]). The SD of the damaged beam is expressed as the reduction of dynamic strain ratio at any damaged states
to undamaged state. In this resonance vibration test using the substructure specimen, the damage index SD* for beam-
column connection was slightly modified as:

i i

R, - R , ;
SD* = dT . 100(%) , R = (gheum )RMS ) (3)

i
( reference ) RMS

where dynamic strain responses of an intact column multiplied by the ratio of lateral stiffness (the ratio of the bending
moment) at a damaged state to that at the undamaged was used as the reference. That was because all the members in the
specimen were influenced by the local change in the bending moment distribution.

For the two specimens with or without floor slab, the dynamic strain reduction was computed by the Eq. (3), and the
changes induced by local damages were tracked. Figure 5(a) shows the dynamic strain responses measured at the bottom
flanges for the specimen without floor slab at the sensor locations P1 and P2. Note that dynamic strains of the beams
were affected by steel yielding. The first significant reduction was observed in P1 at Case A5 with the two of third
bottom flange fracture. At the ultimate stage, the strain responses decreased by more than 99% at Case A7. The dynamic
strain measured at P2 decreased by 25% after Case A6 even no significant fracture was observed. That was probably
because of the extra reduction of the beam stiffness induced by the out-of-plain deformation of the pin-supported beam-
ends at very large deformation.

Figure 5(b) shows the dynamic strain responses measured at the bottom flanges of the specimen with floor slab.
Before fracture initiated, the dynamic strain at P1 remained similar until Case 7 and decreased by 25% with fracture of
the bottom flange at Case B8. However, the responses at P2 increased at most by 31% before fracture initiated mostly
due to the loss of composite action. This behavior was different from the responses observed at P1. Then, the responses
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decreased by 29% at Case B8 when the bottom flange at P1 fractured, and decreased by 98% at Case B9 when the
bottom flange and web completely fractured. At Case B10, however, the dynamic strain increased although any notable
damage progressed. That was likely because severe damage in the other side (X2) somewhat influenced the strain
response at P1.

The test results indicated that dynamic strain responses were insensitive to yielding but significantly sensitive to
fractures at beam ends. In some cases, however, they were also affected by out-of-plane deformation, loss of composite
action and severe damage in neighboring beam-ends. These influences need further investigations in future.

Strain Red.(%)
Strain Red.(%)

(b)

Figure 5 Changes in dynamic strain distribution: (a) specimen without floor slab; (b) specimen with floor slab.

5. SEISMIC CAPACITIES EVALUATION WITH DAMAGE-RELATED FEATURES

Based on the study of damage indices for the beam-column connection specimens, a model-updating strategy to
evaluate seismic capacities of damaged beam-column connections is explored. In the strategy, analysis models of
monitored beam-column connection are built and updated using dynamic strain responses.

5.1 Analysis model

The analysis models of the beam-column connection specimens were built using a general-purpose structural analysis
software, OpenSees [11]. The beams were divided into ten elements in axial direction and the columns were modelled
with single element. In the model, the beam and column elements were modeled using material nonlinear fiber sections.
The section of the steel beam had ten and four fibers along the height and thickness directions of the web, and one and
four fibers along the width and thickness directions of the flange. The panel zone was rigid. The beam ends were roller-
supported and the column base was pin-supported. To account for stiffness reduction associated with fracture, rotational
spring elements were inserted between the beams and the rigid panel. For the specimen with floor slab, the slab thickness
was same as the height of the hexagonal bolts, 30mm, assuming that the cover concrete had no contribution to stiffness
and strength: the details of the floor slab model is explained in the next section. The stress-strain relationship of steel was
bilinear with Young’s modulus £ of 205 GPa, a yield stress o;, of 330 MPa, and a strain hardening ratio 1.0%. Popovics
model [12] was used to the floor slab section with an initial elastic modulus of concrete, E., as 17.4 GPa, and a
compressive strength of 13.2 MPa (85% of the 28 days strength).

5.1.1 Damage model for floor slab

Figure 6 illustrates a damage model for the floor slab. The floor slab section is divided into five layers along the
thickness direction and ten elements along the longitudinal direction. The rule for updating the floor slab is as follows.
At each element, layers are erased when the applied bending moment at the middle of the slab element reaches
predefined values in negative bending. The initial threshold is set as 20% of the full-plastic strength of the steel beam, M,,
when the concrete at the outmost layer approximately reaches the tensile strength. As shown in the figure, all five layers
are erased in slab elements when subject to M,,.
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The analysis model is updated until the neutral axis height in the analysis model and the specimen identified by the
dynamic strain responses become close each other. Thus, the objective function J_EI,; for updating the analysis model is
defined as follows:

J_EI NA” - NAT 4)
o =—————<4da.
- NAT

where El,;is an effective bending stiffness of the damaged composite beam; NA"is the neutral axis height measured in
the experiment, and NA4® is the neutral axis height computed in the analysis model. The damage extent in floor slab is
estimated by identifying the height of the neutral axis with error less than a.

5.1.2 Beam fracture model

A fracture near the joint affects the beam stiffness through two factors: (1) the moment inertia of the fractured section
and (2) the region neighboring to the fractured section with a reduced fixity [13]. In this paper, the region affected by
fracture is accounted by determining an equivalent fracture length, L.z as shown in Figure 7. Following the analytical
study on crack modelling by Sinha et al [14], the equivalent fracture length is defined as 0.75 times the beam depth. Then,
the beam element with the equivalent fracture length is replaced with a damage spring model.

The rotational stiffness of the spring k. is updated by using dynamic strains at beam bottom flanges. Given the
measured dynamic strain SD" and the analyzed SD®, and threshold a (1%), the objective function J k. for model
updating is defined as

S SD® - sp" S
=—<a.
_ke 7 a &)

5.2 Residual seismic performance

The residual capacities of the beam-column specimens were evaluated using the proposed model-updating strategy.
For illustration purpose, this paper only shows the model-updating results for the floor slab damage in the specimen with
floor slab and the beam fracture in the specimen without floor slab.

5.2.1 Floor slab damage

Figure 8 shows the residual seismic capacities of the specimen with floor slab estimated by the model-updating and
these identified by the quasi-static loading test. The damage cases considered were Case B2 to Case B7 where the loss of
composition action proceeded. The seismic capacities were evaluated in term of the lateral stiffness and the strength of
the beam-column connection specimen. In the analysis, these characteristics were estimated by monotonic pushover and
the test, they were identified from the force-displacement relationship. For all damage cases, the updated model had the
residual stiffness very similar to the measured with the error of 10%. The strength of the updated model also had very
good match with the test result with the maximum error of 21% at Case B3. The both results showed a strong potential of
the proposed mode-updating strategy for slab damage while a further investigation is desirable to improve accuracy.

5.2.2 Beam fracture

Figure 9 shows the results of the model updating for the specimen without floor slab. The fracture progressed from
Case AS to Case A7 were considered. The residual seismic capacities were evaluated in term of the lateral stiffness and
strength of the specimen, and the rotational stiffness of the damage spring. Note that quasi-static loading was not
conducted after Case A7 for a safety reason in the test and thus, at Case A7, the residual stiffness was estimated as
unloading stiffness and the strength was not obtained. The moment of inertia at the fractured section was estimated by
reconverting the spring model to the equivalent fracture model and was compared with that estimated from visual
observation. The errors in the estimated values to the measured were at most 20% for any characteristics. The model-
updating successfully tracked the reduction of the seismic capacities for the specimen without floor slab. In this study,
the number of damage cases was not enough to fully discuss the source of error and further researches are needed.
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Figure 8 Model-updating results for specimen with floor slab: (a) Residual stiffness of composite beam; (b) Loss of

composite action due to floor slab.
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6. CONCLUSIONS

This paper presented methods for evaluating damage extents and residual capacities for steel beam-column connections
using dynamic strain responses under ambient vibrations. In addition, a testing environment to verify the proposed
methods was developed. The notable findings are summarized as follows:

(a) The dynamic neutral axis computed by the RMS ratios of dynamic strain responses traced well the shifts of the static
neutral axis to the centroid of the steel beam due to the loss of composite action.

(b) The RMS of the dynamic strain responses measured at the bottom flange decreased as fracture increased. For the
specimen with floor slab, it was possible to separately examine the influence by the loss of composite action and by
beam fracture on these responses. However, further investigations are desirable to identify and remove source of
erTors.

(c) A model updating strategy using dynamic strain responses succeeded in estimating the residual stiffness and strength
of the damaged beam-column connection specimens with reasonable accuracy.

(d) Future studies are needed to quantify the level of uncertainty associated with the proposed strategy. In addition, the
influences of multiple damages in dynamic strain distributions should be studied using a multi-span frame model.
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