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Observations of wide cracking around the perimeter of
floor diaphragms in concrete moment frame buildings
following earthquake shaking have led to concerns that the
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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 Il of Il in this journal series provides analysis of the cause and rate of diaphragm stiffness degradation based on
instrument data and visual observations as described in Part | (Parr et al. 2022). Analysis of the formation of residual
diaphragm load-paths and the relationship between torsional softening of beams with simultaneous bi-directional
demands is also investigated.

INTRODUCTION AND OBJECTIVES

to a small picture sitting within a larger picture frame, so it is
free to move and twist until the picture frame warps, leading
to the term “picture frame effect”. A comparison between
classic strut-and-tie load-path and the proposed picture
frame effect is displayed in Figure 1.

standard strut-and-tie design method for diaphragms does

not accurately represent realistic load-paths in floors after

In Part | of this journal series, experimental observations
from two full-scale super-assembly frame experiments

they are damaged. This is because the compressive strut
components of these load-paths cannot cross air gaps. This
could also invalidate the commonly used rigid diaphragm
assumption used in structural models for diaphragm
elements linking beam and column elements. A residual
load-path was proposed for damaged floors describing

the floorplate being wedged with large compressive struts
linking columns across the short diagonal once the support
frame warped into a rhomboidal shape in plan due to failure
of the designed load-path. This effect has been compared

of crack patterns and floor damage under lateral

loading and plan shear demands provided evidence
that compressive struts could cross wider cracks than
anticipated. It was proposed that residual contact stress
load-paths could develop across wide cracks until the
crack width reached approximately the aggregate size
used in the concrete mix. This was because aggregate
rubble was falling between the rugged interfaces of the
cracks leading to binding of the two sides of the crack.

PAPER CLASS & TYPE: GENERAL REFEREED

1 University of Canterbury
2 Holmes Consulting LP
3 Compusoft Engineering
4 BRANZ

172

Journal of the Structural Engineering Society of New Zealand Inc



SESOC Journal

l\fnerﬂa ﬁ‘orc:r:ws/‘I

(a) (b)

(a) Classic strut-and-tie load-paths
(Paulay 1996)

(b) Proposed “Picture Frame effect”
(Parr et al. 2022)

Figure 1: Classic strut-and-tie load-paths compared to proposed residual load-path following

cracking at floor perimeter

In addition it was found that gaps between the floor and
columns developed relatively early (at approximately 1%
to 1.5% drift). This meant diaphragm compressive struts
could only land within beams from this point on, meaning
the proposed “picture frame effect” required some
alteration (Parr et al. 2022).

In Part Il, analysis of instrumental data from the two
super-assembly experiments along with the experimental
observations presented in Part | will be used to quantify
the degradation rate of the diaphragm plan shear stiffness
and identify the primary mechanisms driving diaphragm
stiffness degradation.

The layout of the two super assembly experiments is
displayed in Figure 2 (a). For simplicity, the first super-
assembly experiment will be referred to as TEST 1 and
the second will be referred to as TEST 2 as displayed in
Figure 2.

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 (Parr et al. 2022).

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). Interior units seated on
beam plastic hinges are referred to as beta units (units 4
and 5 in the 2020 UC super-assembly experiment). 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 (Brooke 2022) (Parr et al. 2022).

TEST 1 used a standard starter bar configuration around
the entire floor perimeter, cast-in-place tie bars linking
the intermediate beams and a linearised 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 (Parr et al. 2022).

TEST 2 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 the 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 the
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 (Parr et al. 2022).

After the findings detailed in Part | (Parr et al. 2022) and
Section 2 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 1:2 directionality linearised oval protocol as
shown in Figure 2 (d). This was considered as the lower
bound of likely realistic earthquake directionalities based
on research conducted by (Nievas and Sullivan 2017).
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Figure 2: Standard loading protocols and locations of rhomboid loading protocols for the TEST 1 and

TEST 2 experiments (Biiker et al. 2022)

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 (Parr et al. 2022).

At different damage states within the floor in each test, the
standard loading protocol was stopped to enforce plan
shear deformation on the frame (referred to as a rhomboid
loading protocol). No drift rotation was applied during the

rhomboid loading as the purpose was to isolate the shear
stiffness behaviour of the frame and its ability to resist
warping via the floor diaphragm. The loading fixity while
pushing from strong walls during the rhomboid loading
protocols is displayed in Figure 3 and the force/distortion
demands of each rhomboid for both tests are displayed in
Table 1.

= Fixed Connection

mmm = Loading/Moving Connection

Figure 3: Fixity and loading of the specimen during rhomboid loading (positive shear distortion shown) (Parr

et al. 2022)
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Table 1: TEST 1 and TEST 2 Rhomboid applied displacement and shear distortion demands

+- Plan Shear Distortion, y (%)

Test 1

Test 2 Targeted state of

Rhomboid # + Shear

Distortion, vy
(%)

+ Force
(kN)

the diaphragm for
testing

+ Shear
Distortion, y

(%)

+ Force
(KN)

1 0.01 250

No/low damage
to designed load-
paths

0.005 250

2 0.05 500

Intermediate
damage to design
load-paths

0.02 500

450

0.06 600 High damage to
designed load-

paths

4 n/a n/a

0.25 700 Extreme damage
to designed load

paths

Note that the magnitude of each rhomboid loading
protocol was different depending on the level of damage
the specimen had sustained in previous standard
linearised circular loading cycles. This was done to
avoid prematurely damaging the specimen before it

had softened from the standard loading protocol. Doing
so would have lowered the reliability of results from
subsequent testing with both the standard loading
protocol and rhomboid loading protocols (Parr et al.
2022).

For more detail regarding the super-assembly specimens,
loading systems and loading protocols, refer to Part |
(Parr et al. 2022) or the thesis (Parr 2022).

The crack maps observed at the end of TEST 1 and
TEST 2 are displayed in Figure 4.

Note: The Bowstring Effect

Throughout this paper, a phenomenon known as the
“bowstring effect” will be referenced multiple times. The
bowstring effect describes the topping steel reinforcement
of a diaphragm acting in tension to restrict beam
elongation of a concrete moment frame. This creates

a balance between the beams attempting to extend
acting as a compression arch similar to a bow, and the
diaphragm topping reinforcement restricting this by acting
in tension similar to a bowstring as discussed in (Lindsay
2004) and (MacPherson 2005).
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Figure 4: Topping crack maps for TEST 1 and TEST 2 at conclusion of experiments (Parr et al. 2022)
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(a) North-south bowstring effect

E—I—- W (+X)
N (+Y)

(b) East-west bowstring effect

Figure 5: Directionality of the bowstring effect in the 2020 UC super-assembly experiment

If steel reinforcing in the floor topping ruptures this across the floor diaphragm. References to a north-south
can reduce or even eliminate the restriction to beam bowstring effect relate to a load-path (for the specimen
elongation provided by the bowstring effect. This is a described in Section 1) like the one displayed in Figure 5
critical factor in many of the observations relating to (a). References to an east west bowstring effect relate to
residual load-paths discussed in this report. a load-path like the one displayed in Figure 5 (b).

Throughout the paper there will also be distinction
between the bowstring effect acting in different directions
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2. ANALYSIS OF SUPER-ASSEMBLY
TEST RESULTS

2.1 DEGRADATION OF FRAME IN-PLANE SHEAR-
MODE STIFFNESS WITH INCREASING
DIAPHRAGM DAMAGE

As covered in Section 1, a core objective of the UC 2020

super assembly experiments was to determine how

load-paths evolve as a diaphragm degrades during an

earthquake. The observations from TEST 1 and TEST 2

provided some unexpected results.

When wide cracks form around the perimeter of a floor in
an RC frame structure, the anticipated behaviour was that
no compression struts would be able to form across the
crack openings between both the floor and columns as

well as the floor and beams until rhomboidal deformation
of the surrounding frame elements in plan led to binding
with the floor. When considering the force displacement
response of a structure with shear deformation applied,
this would have led to very low stiffness at low shear
deformations until binding occurred across the diagonal.
This is because the only elements contributing resistance
to shear deformation before binding would be the beams
orthogonal to the loading direction acting in shear and
bending about their weak axis as displayed in Figure 6.

The force displacement response of this anticipated
system would have looked like what is displayed in Figure 7.
Based on this model, higher damage states with wider
cracks would be associated with larger shear deformations
in the horizontal plane (in plan) required before jamming

Figure 6: Expected behaviour of the diaphragm and surrounding beams prior to binding across the diagonal
with stiffness contribution only provided by longitudinal beams acting in shear/moment about their weak

axis
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Figure 7: Expected Plan Shear Stiffness Behaviour with the Proposed “Picture Frame Effect”
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Figure 8: Observed plan shear stiffness behaviour for rhomboid loading protocols undertaken in TEST 1

occurred across the diagonals of the floor. Once jamming observed in the rhomboid protocols undertaken throughout

occurred, the stiffness would increase greatly. TEST 1 are displayed in Figure 8.

The true behaviour observed in the 2020 UC super The force-distortion behaviour observed in the rhomboid
assembly experiments deviated significantly from the protocols undertaken throughout TEST 2 are displayed in
anticipated behaviour. The force-distortion behaviour Figure 9.
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(b) Plan shear stiffness behaviour of all four rhomboids of TEST 2

Figure 9: Observed plan shear stiffness behaviour for the first three rhomboid loading protocols undertaken
in TEST 2

180 Journal of the Structural Engineering Society of New Zealand Inc



SESOC Journal

(a) Highly curved crack surface
along A1B1

(b) Slightly curved crack surface along A2B2

Figure 10: Curved and rugged wide crack interfaces in TEST 2

There is a stark difference between the idealised and
observed force-displacement results. Under real shear
distortion loading there is an immediate resistance to
shear deformation in plan at all damage states. The
reason for the discrepancy becomes clearer when the
crack patterns are considered. When considering the
perimeter cracks theoretically, it was assumed that once
a wide enough crack formed there would be no contact
across the crack and it could be idealised as a gap similar
to a saw cut, i.e., with a clean visible gap between the
two sides. The reality of cracking in floors is that it does
not result in clean, unobstructed cracks. Examples from
the 2020 UC super-assembly experiments are displayed
in Figure 10.

It is well known that aggregate interlock can transfer load
at small crack widths (<0.3 mm) (Vecchio and Collins
1986). The process of aggregate interlock requires pieces
of aggregate engaging with the other side of a crack.

As cracks run through the weak points in the interfacial
transition zones of the concrete, this creates a rugged,
three-dimensional interlocking surface that can transfer
compressive forces. The results from the super assembly
tests showed that compressive forces can also transfer
across crack widths much greater than 0.3 mm once
aggregate interlock is lost. However, at this higher level of
damage the process is different. For aggregate interlock,
the two sides of the crack can remain mostly intact and
close which contributes to compressive capacity under
loading, as the gap is very small.

For the observed wide crack compressive load-path, it

requires that rubble produced from grinding of the two
crack sides falls into the existing gap and gets jammed
at a tighter point in the crack. This means that the
compressive load path at wider crack widths is a rubble
aggregate contact stress compression mechanism.
Reverse cyclic loading of a structure evidently provides
enough grinding of the crack interfaces to create enough
rubble to keep replenishing the compressive load path,
up to surprisingly large crack widths. As new contact
surfaces are created by jammed rubble, these new
surfaces can also grind off protruding elements in the
crack to generate more rubble. Also, cracks near the
floor perimeter tend to be angled (such as the positive
and negative moment-shear cracks that are causes for
concern in hollow-core). This provides more locations for
pieces of rubble to get stuck and jam than assumed clean
vertical cracking would.

Cracks that form a curved surface are particularly
effective at creating rubble to replenish the compressive
load path. An example of this cracking layout from TEST
2 is displayed in Figure 10 (a). This cracking occurred
along the ends of units near the interface with beam
A1B1. It should be noted also that curved and angled
cracking surfaces in the floor (relative to the primary axes
of the structure) naturally developed near all corners

and columns due to the simultaneous bi directionality of
loading.

The most obvious case of load path replenishment

from rubble was visible in TEST 2 where a large wedge
of concrete at the topping near column B2 became
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dislodged from both sides of the major crack and

slotted into the gap, linking both sides of the crack. The
concrete wedge is displayed in Part | (Parr et al. 2022).
This wedge was unmoveable due to the compression

it was under until 5% drift, which displayed how it was
actively providing a compression load path up to this
point. Over multiple cycles the wedge was pushed up by
compression acting across inclined faces, so it was higher
than the concrete on either side of it. Under reverse cyclic
loading it would be expected that the wedge would rise
and fall depending on the drift direction. Instead, it was
continually pushed up. This displayed how additional
grinding of the contact surfaces had created extra rubble,
leading to the wedge being slowly squeezed out while
remaining in compression.

The key conclusion to be drawn from these results is that
diaphragm compressive load struts can be transferred

across wide cracks. If there is a sustained gravity load
path between the floor elements and the beam elements,
a diaphragm compressive load path will also be sustained
to much higher crack widths than previously anticipated.
The limitation on crack width to sustain this contact stress
compressive load path is unknown and would benefit
from future research. A suggested assumption would be
that the aggregate size used in the concrete mix is the
maximum width before a reliable contact stress load path
is lost, as individual pieces of aggregate are unlikely to
crush. With distortion across cracks that have significant
roughness and curved interfacial surfaces, cracks even
wider than the aggregate size may be able to sustain
intermittent struts. A depiction of compression strut
formation across wide cracks due to aggregate rubble
interlock is displayed in Figure 11. The aggregate size
used in the TEST 1 and TEST 2 floor topping concrete
mixes was 19 mm.

Formation of

aggregate
rubble from local
concrete crushing
near starter bars
and grinding of
crack interfacial
surfaces

Binding of
aggregate with
| minimal offset
across crack

(a) Compression strut load-path formation due to aggregate rubble binding when crack width <

concrete aggregate size

Aggregate falls
through the
crack once the
crack width is
significantly
greater than the
aggregate size

(b) Complete loss of compression strut load-path when crack width > aggregate size

Figure 11: Residual compression strut load-paths forming across wide cracks due to aggregate rubble

binding (Parr et al. 2022)
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The finding that residual contact stress compressive

load paths develop across wide cracks does not mean
that strut-and-tie load paths remain unaffected through
all damage states. If mesh rupture occurs as it did at

the end of the starter bars along beam A1B1, tension

tie load-paths are eliminated. Additionally, as discussed
in Part | (Parr et al. 2022), gaps had opened around all
the interfaces between columns and floor elements by
1% to 1.5% drift in both tests. As these interfaces were
vertical and smooth, the rubble load path replenishment
seen in the floors did not apply to these gaps. This
meant that it would not have been appropriate to make
the assumption for struts landing directly onto columns
typical in strut-and-tie analysis in the case of a relatively
small earthquake (the exception to this generally observed
rule occurred only for the interior column to floor interfaces
that were connected by tie bars as discussed later in Part |
(Parr et al. 2022) and Section 2.3 of Part Il).

Therefore the only remaining load-path for diaphragm
compression struts to land into the rest of the structure
was through the beams. While this held true for both
TEST 1 and TEST 2, the exact form of the load-path
degradation and rate of stiffness degradation was
different. This was caused by the difference in load-path
directionality between experiments and the stitching
retrofit employed to keep the beta units together in
TEST 2 which was not used in the TEST 1. Improved
roughening of beam-column cold joint casting interfaces
in TEST 2 described in Part | (Parr et al. 2022) likely also
caused differences in the point diaphragm degradation
initiated.

The secant stiffnesses obtained from both the TEST

1 (1:1 standard loading directionality ratio) and TEST

2 (1:2 standard loading directionality ratio) rhomboid
loading sequences relative to the previous maximum

drift the structure had been pushed to are displayed in
Figure 12. The measured applied force divided by the
shear strain, Fuon/y, is displayed in Figure 12 instead of
the effective shear modulus, G.. This is because the
effective shear surface area between the frame and floor
elements, A.g, is likely a changing variable as damage
increases and requires further research. Thus a reliable
value for G, cannot currently be obtained to provide

a typical shear stress/strain relationship. Also note the
effective shear modulus, G.g, is not an elastic shear
modulus (G) as elements of the system had experienced
plastic deformation and cracking for all datapoints. The
relationship between G, and Fy,./y is shown in Equation (1):

_ i _ F rhom
Gur= = en (1)

Rearranging provides the relationship in Equation (2):

Fl’ om
7; = Gerr Aerr (2)

The green dot and line in Figure 12 (a) depict the first
rhomboid of TEST 2. At this stage in testing only uni-
directional drift demands of 2% in the -Y drift direction

(a) Absolute values of plan shear stiffness

(b) Relative values of shear stiffness (%Giia)
compared to the initial observed stiffness in TEST 2
rhomboid #1

Figure 12: Residual compression strut load-paths forming across wide cracks due to aggregate rubble

binding (Parr et al. 2022)
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