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ABSTRACT

An experimental investigation into the degradation of load-paths in damaged diaphragms was conducted to provide answers
to the New Zealand structural engineering community following concerns that strut-and-tie load-paths could not cross wide
cracks that develop around the floor perimeter during earthquake loading demands. A full-scale super-assembly concrete
moment frame specimen with a hollow-core flooring system installed was subjected to realistic drift deformations to induce
damage in the floor, followed by in-plane shear deformation demands to assess the ability of the diaphragm to transfer load
between frames at different floor damage levels. It was found that compression struts could form across much wider cracks
in floors than previously anticipated. This was due to contact compressive stresses forming via loose aggregate that lodged
within rugged sinusoidal wide floor cracks. Additionally, it was found that diaphragm compression struts can only transfer
to the primary lateral load resisting frame through beam plastic hinges acting in minor axis shear following gaps opening
between the floor and columns at moderate drift demands. Smooth floor to column interfaces did not provide the same
residual rubble aggregate binding compressive load path observed in cracks within the floor. The primary driver of diaphragm
shear stiffness degradation was found to be torsional softening of the perimeter beams of the floor. This was caused by
simultaneous bi-directional demands applied to longitudinal beam bars and a phenomenon known as the bowstring effect
applying large torsional demands through the beam-floor continuity reinforcement. The diaphragm strength and rate of shear
stiffness degradation was found to be highly reliant on earthquake directionality. A set of generalised equations was developed
to describe the rate of diaphragm shear stiffness degradation with respect to magnitude and directionality of drift demands.

Part | of Il in this journal series details the full-scale super-assembly experiment conducted on a floor diaphragm at different
damage states and the observed behaviour during testing.

1 INTRODUCTION AND OBJECTIVES

The purpose of a floor diaphragm is to link frame and lateral  the flow of internal forces for many aspects of reinforced
load resisting elements to stiffen a structure subjected to concrete design and assumes that all compression forces
lateral loading, such as earthquake demands. In design a are borne through the concrete in compression “struts” and
rigid diaphragm assumption is typically used, meaning it is all tension forces are transferred through steel reinforcing
assumed the frames are perfectly linked through the floor acting as tension “ties”. Concrete is assumed to carry no
for the entirety of lateral loading. The strut-and-tie method tension and steel is assumed to carry no compression.

is generally used to identify and design load-paths for floor Examples of typical strut-and-tie solutions are displayed in
diaphragms (SNZ 2017). This method is used to understand  Figure 1.
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Figure 1: Strut-and-tie load-paths,
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(a) Significant floor perimeter cracking following the 2011 Christchurch earthquakes (Kam et al. 2011)
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(b) Loss of strut landing points due to significant perimeter cracking (Fenwick et al2010)
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Figure 2: Examples of significant floor perimeter cracking and loss of compression strut load paths

Evidence of possible deficiencies with current diaphragm
design assumptions for buildings with reinforced concrete
frame structures with precast concrete floors was observed
in the aftermath of the 2011 Christchurch earthquake.
Floors were found with large cracks and openings around
their perimeter where they connect to supporting beam and
column elements as shown in Figure 2a. This confirmed
previous concerns, for example as shown in Figure 2b.

The extensive perimeter floor cracking seen in concrete
frame buildings with precast floors is primarily due to
beam elongation in the frame. This creates deformation
incompatibility between the frame and floor, leading to
cracking at weak sections, which tends to be at the
interface between the beam and floor. In addition, cracks

were observed between individual precast flooring units,
providing evidence of diaphragm degradation out in

the floor span. Across these cracks it was commonly
observed that the floor reinforcing mesh had ruptured,
leading to the loss of the tension tie component of the
diaphragm load path. Examples of this form of diaphragm
damage are displayed in Figure 3.
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Figure 3: Cracking between individual precast concrete flooring units and mesh rupture observed following the

2011 Christchurch earthquakes (Henry and Ingham 2012)

These are some of the most recent findings that support
concerns that the assumptions justifying the use of the
strut and-tie method could be at least partially invalid. This
is because the compression strut portion of the load-path
cannot cross an air gap (in other words, it is impossible to
push on air) and loss of tension ties through mesh rupture
also eliminates the viability of the designed load-path.

This research seeks to experimentally investigate diaphragm
load-paths throughout different stages of earthquake-
induced damage. Based on previous research and post-
earthquake observations it is assumed that the designed
strut-and-tie load-path for floor diaphragms degrades and
(at least partially) fails under sufficient earthquake loading.
Leading from this initial assumption, the following questions
arise:

e How does the designed load-path degrade with respect
to drift demand?

e \What is the alternative load-path that develops as the
designed load-path degrades?

e What is the residual load sharing capacity of the
degraded diaphragm load-path relative to the stiff
idealised load-path?

The main useful outcome made clear from previous literature
was the necessity of creating a full-scale experimental rig for
the floor that included the structural frame of a reinforced
concrete building. This was due to multiple observations that
the main driver for the development of perimeter cracking

is beam elongation in the frame. It would not be possible

to create a representative model of diaphragm degradation
without realistic frame inelastic response driving the floor
damage.

The challenge encountered after these starting decisions
was in finding how to load a diaphragm frame specimen

in a way that could form a residual diaphragm load path
while being representative of a real structure. Previous
experimental studies related to earthquake performance of
precast flooring units in frame specimens have captured
degradation of the floor but did not capture the development
of a residual load-path.
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Figure 4: Loss of diaphragm load-path under uni-directional loading
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The reason degradation and development of floor load-
paths has not been captured in previous literature is
because it was not the purpose of previous testing to

try and capture these effects. Design of a test that could
capture these effects required two core assumptions to be
made at the planning phase.

The first of these assumptions is that realistic diaphragm
degradation and formation of a residual load path can
only develop under simultaneous bi-directional loading
conditions with the associated three-dimensional effects.
Simple geometry can show that a unidirectional push in
either of a frame’s primary axes would not lead to suitable
binding for load transfer in a floor with wide cracks around
the entire perimeter, as shown by the red hatched areas
in Figure 4. Additionally, the damage state of the corner
of a floor plate would not be realistic under unidirectional
loading and this is the most likely zone for a residual load
path to form.

As a simple example using rough geometry, for a 275 mm
total floor depth (200 mm hollowcore + 75 mm topping)

at 3% drift it would require a crack width of approximately
275 mm * 0.08 = 8.25 mm at the beam to floor interface to
prevent the possibility of any binding between the floor and
frame. Beam elongation for a single plastic hinge can reach
to approximately 30 mm, therefore forcing a crack width
well above what is required to remove the load-path even
under extreme drift demands.

This illuminates the need for simultaneous bidirectional
loading to engage a residual diaphragm load-path (or
at least “set the stage” for one to develop through the

imposed damage state). This is likely a major cause for
the lack of available literature on this topic because most
pseudo-static earthquake structural experimental studies
focus on unidirectional pushes to simplify the results.
However real earthquakes do not take into consideration
the cardinal directions so simultaneous bidirectional
loading is highly appropriate for capturing true diaphragm
behaviour.

The second assumption is that the frame does not
maintain its shape as the diaphragm degrades, but instead
warps in plan. As perimeter cracks become very wide it

is likely that simultaneous bidirectional loading would not
cause binding of the diaphragm and load transfer between
frame elements. However, at this stage of damage the
frames would not be linked and therefore would be
deforming independently of one another. This would create
torsional and warping deformation of the entire structure

in plan. Evidence of this kind of structural behaviour was
provided in recent shake table testing in Taiwan (Suzuki

et al. 2020). If the surrounding frame elements of the floor
were to warp into a rhomboidal shape in plan, this could
create an intermittent strut from the floor wedging across
the diagonals between columns of the warped frame as
displayed in Figure 5.

In other words, if the frame undergoes shear deformation in
plan, this could wedge the floor and instate a residual load
transfer mechanism to link the frames. For pseudo-static
testing this would require manually enforcing the shear
deformation in plan by moving one frame with hydraulic
actuators while keeping the other fixed in the manner shown
in Figure 5.
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(a) Damaged diaphragm with no viable
strut-and-tie load path at perimeter

L

(b) Shear deformation in plan creating the
proposed residual load-path

Figure 5: Proposed residual diaphragm load path - shear deformation in plan creating the “picture frame effect”
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This has not been attempted in previous experimental
studies on realistically damaged floor specimens, which
means it presents a research gap that will be covered by this
report. The proposed diaphragm shear distortion residual
load path has been compared to a picture sitting within a
rectangular frame that is too large for it, meaning it is free to
jostle within the frame until it either twists diagonally or the
frame warps diagonally into a rhomboid. For simplicity, the
effect will commonly be referred to as the “picture-frame
effect”.

Part | of this journal series explains the design and rationale
of the full-scale super-assembly experiment for capturing
residual floor diaphragm load-paths and explores the
observations made during testing. Analysis of instrument

data from the test can be found in Part Il (Parr et al. 2022).
Further detailed discussion of the experimental layout and
loading justification can be found in the thesis (Parr 2022).

2  SPECIMEN DETAILS AND LOADING

As detailed in a companion paper (Buker et al. 2022)

the two super-assembly experiments conducted at the
University of Canterbury (UFC) during 2020 and 2021

(Fig 8) were designed to provide realistic deformation
incompatibility demands under lateral loading into a

hollow core floor system via a support frame based on a
subsection of a typical ductile reinforced concrete moment
frame building. The two experiments used the same frame
and hollow-core layout shown in Figure 6.
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Figure 6: 2020 UC super-assembly experiment frame layout and nominal dimensions (Biiker et al. 2022)
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When referring to columns or beams their location on
the gridlines will be used. For example the south-eastern
column would be referred to as column A1 and the beam
spanning between column A1 and column B1 would be
referred to as beam A1B1.

Hollow-core units in different positions within the floor
system are commonly referred to by different names. The
units at the end of the floorplate seated on plastic hinge
zones of supporting beams next to longitudinal beams
are referred to as alpha units (units 1 and 8 in the 2020
UC super-assembly experiment). This is because they
have historically been the units of primary concern due
to deformation incompatibility with the surrounding frame
elements increasing likelihood of catastrophic failure.
Interior units seated on beam plastic hinges are referred
to as beta units (units 4 and 5 in the 2020 UC super-
assembly experiment). This is because they are the units
of secondary concern with considerable deformation
incompatibility demands with the surrounding frame but
were not focussed on as heavily in early research. In this
paper units not seated on plastic hinges of the beams
(units 2, 3, 6 and 7 in the 2020 UC super-assembly
experiment) will be referred to as intra-span units, as they
are seated within the span of the supporting beam. Further
explanation of terminology related to hollow-core units can
be found in a companion paper (Brooke 2022).

The two super-assembly experiments used different floor

detailing and loading protocols. The first experiment used

a standard starter bar configuration around the entire floor
perimeter, cast-in-place tie bars linking the intermediate

beams and a linearized circular loading protocol with 1:1
directionality of loading for the standard loading protocol.
The first bay of the specimen had no mesh crossing the
beam-floor interface. The second bay did have mesh
crossing the beam-floor interface to observe the effects of
a stronger connection on the hollow-core units, which had
been retrofitted against negative moment failure. The layout
of this experiment is displayed in Figure 7 (a) and will be
referred to in this report as TEST 1.

The second super-assembly experiment used different
starter bar configurations at the four support ends of the
two bays to encourage targeted local hollow-core failure
modes to initiate at the critical end. In the first (eastern) bay,
the northern end of the hollow-core units was designed as
critical end for failure, targeting loss of seating with a weak
mesh-only beam-floor interface. In the second (western)
bay, the southern end of the hollow-core units was
designed as the critical end for failure, targeting negative
and positive moment failures at the end of the starter bars
with high strength beam-floor continuity reinforcement. The
targeted critical failure ends of each bay were installed on
the diagonals opposite each other to minimise interaction
of failure modes that could affect results. Additionally,

D12 “stitching” bars were installed linking the two beta
units (unit 4 and unit 5) to strengthen the connection after
results from the TEST 1 experiment determined that this
was a critical weak point for both the gravity carrying

and diaphragm functions of the floor. The layout of this
experiment is displayed in Figure 7 (b) and will be referred
to in this report as TEST 2.
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Figure 7: Floor continuity reinforcement arrangements for TEST 1 and TEST 2 (Biiker et al. 2022)
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Figure 8: Experimental layout of the 2020 University of Canterbury super-assembly experiments (Biiker et al. 2022)

Displacement demands were applied to the specimen using
an arrangement of fourteen hydraulic actuators pushing and
pulling from a strong-wall as shown in Figure 8.

Internal loading frames consisting of arrow-frames and bi-
directional frictionless sliders were used to enforce realistic
demands between individual columns. The objective was
to keep the columns parallel during loading while avoiding
restriction or promotion of beam-elongation. This was
done to ensure the forces and deformation incompatibility
applied to the floor was representative of a real structure
subjected to lateral loading.

The control software for the actuators was programmed to
allow the structure to grow from beam-elongation outward
from the origin at column A1 depicted in Figure 9. The
concept of how the arrow-frame and bi-directional sliders
also facilitated this structural growth is shown in Figure 10.
Further details on the design philosophy of the experiment
can be found in the thesis (Parr 2022).

The beam-column casting interfaces of TEST 1 and TEST
2 were different. The bottom half of the longitudinal beams
in TEST 1 were cast with the pre-cast columns, meaning
there was no cold-joint. The top half of the longitudinal
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Figure 9: Specimen growth from the origin at column A1 due to beam elongation

beams were cast in-situ and had a smooth casting surface
against the pre-cast column interface. The support beams
of TEST 1 were cast in-situ and had an array of slightly
roughened and smooth casting interfaces with the pre-cast
columns.

After observations in TEST 1 of beams losing torsional
stiffness (as discussed in Section 3), all beams in TEST
2 were cast in situ against purposely roughened column
interface surfaces to provide better interlock across the
cold joint.

TEST 1 and TEST 2 also used different standard loading
protocols. TEST 1 used a linearised circular loading
protocol with directionality 1:1 to enforce the widest range
of possible deformations on the specimen and floor as
shown in Figure 11 (c). This was considered as the upper
bound of directionality expected from an earthquake. After
the findings detailed in Section 3 and Part Il (Parr et al.
2022) related to TEST 1, it was decided that TEST 2 would
have a more targeted directionality typical of a pulse or
near-fault earthquake shaking.

This led to the use of a 2:1 directionality linearised oval
protocol as shown in Figure 11 (d). This was considered as
the lower bound of likely realistic earthquake directionalities
based on research conducted by Nievas and Sullivan

(2017). This meant TEST 1 and TEST 2 would provide
an upper and lower bound of simultaneous bi-directional
actions imparted into a floor system respectively.

TEST 1 began with an approximation of the 2016 Kaikoura
Earthquake drift cycles for the prototype Wellington
building the specimen was based on to allow comparisons
to damage modes observed in real buildings. A standard
circular loading protocol of increasing drift demands was
then applied as shown in Figure 11 (a). TEST 2 started with
an approximation of the 1994 Northridge Earthquake to
simulate a pulse style loading followed by a standard oval
loading protocol of increasing drift demands as displayed in
Figure 11 (d).

At selected locations within the TEST 1 and TEST 2
loading protocols, the loading was switched to a rhomboid
loading protocol to enforce plan shear distortion into the
floor diaphragm and assess the diaphragm load paths.
The locations where the standard loading protocols (SLP's)
were stopped for rhomboid loading in TEST 1 and TEST 2
are displayed in Figure 11 (a) and (b).

The locations for stopping the standard loading protocol

to perform a rhomboid loading protocol were chosen
based on the desire to compare the stiffness and load path
changes from a relatively undamaged floor diaphragm to
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(a) Super-assembly specimen when subjected to positive east-west drift demands

= Original centrelines

: = Extended centrelines

(c) Super-assembly specimen after growth due to beam elongation following reverse cyclic demands

Figure 10: Loading frame system allowing for specimen growth without restraining or promoting beam elongation
in the 2020 UC super assembly experiments
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